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Abstract

This thesis studies techniques for maximising ffects of Cardiac
Resynchronisation Therapy (CRT) which is a modeenapy for chronic heart

failure.

The ability of echocardiographic parameters of naeatal dyssynchrony to identify
suitable candidate patients for CRT, and subsetuenoptimise the interventricular
delay, is disputed. In this study, | initially pen a systematic review to clarify the
nature and extent of this problem. | then perfoetadied mathematical simulations to

understand what is feasible in an ideal setting.

| then evaluate the realistic potential of sevaral-invasive approaches of optimising
CRT devices by formal evaluation head-to-head. ’damental requirement for any
marker in optimisation of CRT devices, or in sal@tiof patients for implantation, is
that the marker must be reproducible and must aharign the amount of

dyssynchrony changes.

| perform detailed experiments in patients whardgdrrogated a panel of
echocardiographic parameters to answer the questadating to the sensitivity of
each parameter and looked at methods to improseltlaok at the effect of
spontaneous variability, and the impact on eacl@idiographic method including
3D echocardiography, tissue Doppler imaging andeuiDoppler techniques

including velocity time integrals and pre-ejectiomes.

Finally, | perform an invasive study of the beab&at physiological changes which
occur after intra cardiac timings are altered,val@ate alternative approaches to

changes in cardiac performance that might be etsautomate.
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Introduction

This thesis addresses the mechanistic questiopraictical challenge for the
contemporary management of heart failure. Hedudrfis a growing burden in the
developed world, with an overall prevalence of 2\8%6ch rises further after 70
years of age (Dickstein et al. 2008). The numbeyemiple living with heart failure
will continue to increase due to a greater numlb@eople surviving myocardial
infarctions and an aging population (Cowie et 809). Developments in the
management of heart failure have led to treatmetitese patients moving
progressively from drug treatments alone, i.e. Adibitors (1987; Flather et al.
2000), beta blockers (Bristow et al. 1996), angisie 1l receptor blockers (Pitt et al.
2000) and aldosterone antagonists (Pitt et al. 1R@Bet al. 2001); to the addition of
cardiac resynchronisation devices (Bristow et @04 Cazeau et al. 1994; Cleland et
al. 2005) and now the beneficial effects of thes@aks can be maximised by fine
tuning the different programmable settings (Duetlhl. 2010; Ellenbogen et al.

2010; Perego et al. 2003; Vanderheyden et al. 200nnett et al. 2006a)

In this thesis | have studied the evolving scierafedyssynchrony assessment and
optimisation of resynchronisation devices. | seelriderstand whether the extensive
claims in these areas should be accepted at féwe. 'nproving ability to select
patients for CRT by identifying those who are liké respond would be clinically
valuable if true. | have studied this in a critigalantitative literature review in
Chapter 3. Once implanted, ensuring that we atengehe most from the device by
changing the atrioventricular (AV) or ventriculontdgcular (VV) delay is important
howeveras described in Chapter 4, it is essential thabawe a tool which is able to
detect the small changes which occur when intrdigarsettings are altered in a

reproducible manner.
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1.1 Origin of the dyssynchrony concept

In normal subjects, the ventricular walls contitagfether simultaneously — easily
observable be eyeball alone (Holloway et al. 20ilheart failure however, it is
equally evident by eyeball observation alone tbate patients have very disrupted

ventricular wall contraction which is dyssynchroeou

Left bundle branch block (LBBB) is common in hefaiture (Baldasseroni et al.
2002; Hawkins et al. 2007; Xiao et al. 1991) and tonceptually easy to understand
why this disruption of normal electrical conductiould lead to disrupted
mechanical contraction. Many studies demonstrdtedink between LBBB and poor
survival in heart failure, with a rise in mortalég the QRS duration becomes more
prolonged (Baldasseroni et al. 2002; Hawkins e2@0D7; Hochleitner et al. 1990;

Shamim et al. 1999; Stewart et al. 2011).

As a consequence of the observation, innovativerelghysiologists introduced the
concept of pacing the ventricles simultaneouskyvatdistinct sites to alleviate the
effect of LBBB (and of long PR intervals) (Auricchet al. 1999a; Cazeau et al. 1994;

Nelson et al. 2000).

1.2 Development of criteria for selecting patients —

problems and solutions

The dramatic success of biventricular pacing seenany studies propelled the field
into the limelight and in its wake came the assuompthat mechanical dyssynchrony
— a frequent counterpart of LBBB — must surelyteettue lesion being targeted. In
parallel with studies reporting the mechanical d¢erpart of electrical dyssynchrony
(LBBB), large scale clinical trials organised byméacturers demonstrated clear

effect on quality of life, 6 minute walk test, ejen fraction and symptoms (Cazeau
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et al. 2001; Cleland et al. 2005; Higgins et aD2Kapetanakis et al. 2011; Linde et
al. 2002; Sutton et al. 2006a; Young et al. 20063nfCRT in patients with heart
failure. CARE HF closed the debate on whether CRS$ teneficial: the survival

enhancement was large, unequivocal and incontibiert

Initial selection criteria included wide QRS duaattj and prolonged PR intervals
(Bristow et al. 2004; Cazeau et al. 1994). Entriedn for the majority of the studies
included a long QRS duration, a reduced ejectiaction, and NYHA 1lI/IV. There
has also been work on NYHA class Il (Adabag eR@l1; Linde et al. 2010; Moss et
al. 2009a) patients and those with a narrower QiR&tin (Beshai et al. 2007;
Cazeau et al. 2008; Ghio et al. 2004; van Bommal.&2010a) which have had varied

results.

At this stage the very large number of papers tegpassociations between
mechanical dyssynchrony and physiological respbesame the driver to encourage
detailed assessment of patients for mechanicalydghsony as part of their
evaluation for CRT implantation. Our centre wa®aaught up in this excitement
and published recommended protocols for mechadiysdynchrony assessment
(Lane et al. 2004). A forest of papers soon folldwEhey showed that the
identification of mechanical dyssynchrony coulddiceresponse (Bax et al. 2003a;
Chung et al. 2008a; Kapetanakis et al. 2005; Kayadda et al. 2011; Yu et al. 2004a).
The concept of identifying patients with dyssynetyevas championed by many,
assisting in identifying patients who would benefibst from CRT implantation.
Many techniques became available and are stillicoing to come to light, with the
reported ability to detect mechanical dyssynchrorngy manner that predicts response.
Mostly at the forefront was tissue Doppler imagamgl real time 3-dimensional

echocardiography.
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Unfortunately many patients in real life do notsheclear, favourable response
(Auricchio & Prinzen 2011) as the published reptetsi us to believe. Many
individual centres could not reproduce reliabledprgon, but assumed they were in
error (and hence did not publish). What was theaeaand why could we not

identify the cause of this problem? Is it becalsy tare selected incorrectly? Do they
require optimisation of their pacemaker settingswido we then proceed to optimise
these patients? Or is there a fundamental flawumuaderstanding and expectation of
CRT devices in heart failure patients? The hunstoetable mechanical dyssynchrony
marker to select patients for CRT implantation cared. Surely assessing many

favourable markers head-to-head was the way fordvard

Only a few people pushed back by arguing that machhdyssynchrony was never
the principal basis of the endpoint trials. Instdaetause it is clinically obvious that
electrical dyssynchrony surely can only be the @ednarm through mechanical
dyssynchrony, and the CARE-HF pivotal endpoint tneed a mechanical
dyssynchrony avenue of entry (albeit used by omtyireority of patients), most
accepted without hesitation that mechanical dydsymy ought to be worth

assessing, if only we could fathom how, as padetéction of patients for CRT.

1.3 The PROSPECT Crisis

The PROSPECT study was a disaster for those irufasfomechanical dyssynchrony
and people were forced to confront serious gapsinvihe reasoning (Chung et al.
2008a). The arguments included statements thag ttergres involved in PROSPECT
were not skilled or able to perform these measungsn@ven though these were the

leading centres!), and that there were differenthimees used across different centres.
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However, these alone could not explain the abpatire of prediction by mechanical

dyssynchrony.

Looking back through the literature, despite thenoh@nt reputation of a large
number reporting that mechanical dyssynchrony otiett response almost
exclusively (Bax et al. 2003a; Bleeker et al. 20R&petanakis et al. 2011), there
was a smaller group of less highly cited papergradicting these findings (Diab et
al. 2011; Marcus et al. 2005). In the early phdsaythesis | worked with others to

systematically review these to understand whydbrgradiction is in the literature.

1.4 The next step...

Many research centres are now focussing work ongry reduce mechanical
dyssynchrony by optimising the settings of the desi(Bax et al. 2003a; Chung et al.
2008a; Duvall et al. 2010; Inoue et al. 2005a; daret al. 2006a; Sawhney et al.
2004; Scharf et al. 2005; Thomas et al. 2009; Tiietaal. 2010; Zhang et al. 2008;
Zuber et al. 2008). This materialised due to ald&zproportion of patients not
responding to CRT implantation (Reuter et al. 2008 question arose.... Why do
these patients not respond and benefit as expektado we handle this, as the
device is already implanted? The immediate attracnswer once the device is
implanted is to attempt to improve the settings poigntially improve the function of
the device for that particular patient. Hence thesideration of optimising the
settings: firstly altering the timings of the atremtricular (AV) delay and secondly
the ventriculo-ventricular (VV) delay. Shortening@longed AV delay by atrially
sensed RV pacing has already been shown to beitiah@flochleitner et al. 1990),
long before CRT devices were used; so AV adjustmeasta potential avenue to

consider in CRT also.
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Optimising the intra-cardiac settings has potelgtimélo mechanisms of action. First,
changing the AV delay timings can result in imprdv¥ding of the ventricle if it
permits long filling time while preventing atrigleetion being uninterrupted by
ventricular systole (Ritter et al. 1999). Secorfthasing the ideal VV delay setting
should reco-ordinate the activation timings of ¢leatricle and improve mechanical

dyssynchrony (Sogaard et al. 2002; Vanderheydah 2005).

After implantation of a resynchronisation devigefypical UK practice relatively few
patients undergo routine optimisation even thougidajines recommend that AV and
VV delay should be optimised, and even though cdihirials have only demonstrated
survival benefit of individually-optimised CRT (CQaccio et al. 2011; Cleland et al.
2005). Are we, as clinicians, right to cut cornieosn the trial-validated, guideline-
mandated process? To address this, | examine e dm@ence of optimisation in

Chapter 4.

Conflicting studies also emerged as to what wasdialle way to optimise intra
cardiac timings of CRT devices successfully (Chengl. 2008a; Duvall et al. 2010;
Parreira et al. 2005; Thomas et al. 2009; Turdadt.€2010; Vesely et al. 2008;

Whinnett et al. 2006Db).

26



1.5 The Problem

There are two very large unanswered practical guestvith regards to CRT which

are inter-related.

(1) Which patients are in need of resynchronisationvanidh are not i.e. what is
a good measure of dyssynchrony out of the manyhidnat been reported to be

reliable predictors of benefit?

(2) Once implanted, how should we determine the besihgjs of the two

ventricular leads?

Provided that CRT works by reducing mechanical giyssrony, there is a systematic
solution to these questions. First we need todindol that can accurately, reliably
and reproducibly measure small changes in mecHadysaynchrony. We can then
test this tool for its ability to identify patientgho would benefit from CRT, by
running a trial comparing CRT-on versus CRT-off,aowide spectrum of values of
this variable at baseline. Following implantatiarg should then be able to optimise

VV delay to minimise this marker of dyssynchrony.

1.6 The different families for measuring mechanical

dyssynchrony

Measuring mechanical dyssynchrony has a wide J#itighnd at present there is no
single method that has been shown to be used itipleutentres which can reliably

measure it, hence it is unclear as to what to dotmally?

Echocardiography has been widely studied and irp@na 3 and 4 | have reviewed

current literature to identify those parametersolthave been used for both selecting
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and predicting response to CRT implantation, anddlfeasible for guiding

optimisation.

For each of the imaging techniques, measurementdmaade within the left

ventricle, or as a comparison between the rightleftdentricle.

1.6.1 Measurements focusing between the right and left ventricle
Doppler timings for guiding selection for CRT dexicnplantation have included the
difference between ejection of the right and leftvicle, namely the inter-ventricular

ejection delay using pulmonary Doppler flow andti@adDoppler flow measurements.

1.6.2 Measurements focusing within the left ventricle

Tissue Doppler imaging conventionally is used fggsynchrony assessment by
looking at the left ventricular walls and estabilighthe timings for contraction of the
different walls. Most commonly quoted in the litene is the 2 segment, 6 segment of
12 segment model (Bax et al. 2003a; Diab et al1208btabartolo et al. 2004; van

Bommel et al. 2010b; Vesely et al. 2008; Yu etab4a).

3 dimensional echocardiography is used for dyssymghassessment in some centres
(Kapetanakis et al. 2005) and divides the left nelatinto multiple segments.
Dyssynchrony assessment is performed on each s gegments reaching their

minimal volume.

Doppler timings are recommending in some local glings (Lane et al. 2004) and
can be used as guide to selection for implantatiawever, the aortic pre-ejection

time is only half of the story, because it addregbke left ventricle only.
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1.6.3 Final pathway echocardiographic measurements for
optimisation

Stroke volume can be assessed using Doppler angeleasused in some centres to

guide optimisation (Gorcsan et al. 2004b). ThihesLVOT VTl measurement which

is the resulting cardiac flow that is ejected aftdroused as a surrogate for cardiac

output.

29



1.7 How do we evaluate a proposed marker for assessing
dyssynchrony and guiding optimisation?

Any marker proposed for this purpose must meetiassef criteria

1) At bare minimum, the method proposed must be abteliably detect
changes which occur when intra-cardiac timingschenged experimentally

within an individual with everything else kept ctard.

2) The measured outcome or marker should be indepefrdemthat which is
used to optimise, so that individual samples ofican error are not used to

validate themselves.

These are cheap and quick to perform on any teaemdpich is proposed as a
method for optimisation, and in fact should be naady before clinical studies

and trials are performed as these will be dooméelssrthey are satisfied.
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1.8 Aims of this thesis

Within this thesis | shall probe the plausibilitiitbe “dyssynchrony-response”
hypothesis, and examine the basic science for dewve echocardiographic protocols

for CRT optimisation. My individual aims are aslfols:

1.8.1 To evaluate and understand the current literature on cardiac
resynchronisation therapy.
| critically review the world literature on CRT amgkethods of predicting those who
may benefit from CRT implantation. | cover largelamall studies to gain a full
overview of the work that have been performedyviaw our local data of
echocardiographic variability of ejection fractiamarker often used as an endpoint.
| provide mathematical algorithms to understanddibdgree of correlation possible
between measurements and outcomes, so that claitins literature may be viewed

in the context of actual possible findings.

1.8.2 How can we ensure protocols for optimisation are not a waste
of time, but in fact reliable?

| perform a mathematical simulation to understdredffect of signal and noise on

the reliability and reproducibility of optimisatianethods. | evaluate the literature to

determine how this relates to the methods employegkntly for optimisation

purposes and will suggest ways we can use prottizalsre robust for clinical use.

1.8.3 Are echocardiographic markers plausible candidates for
measuring dyssynchrony that can be measured by CRT?
Many echocardiographic markers have been propaspedtantial criteria to select

patients for CRT implantation. | aim to test a semf these markers for their ability
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to detect changes in mechanical dyssynchrony fpemxental manipulation of

dyssynchrony i.e. alteration of VV delay.

| assess the clinical implications of their varioaproducibility values, not only for

optimisation of CRT devices but also for selectidpatients for CRT implantation.

1.8.4 Assess the effect of changing atrioventricular delay on
invasive flow, invasive pressure and non-invasive pressure.
My thesis also addresses the interplay betweerdidlowr and arterial blood pressure

in the immediate aftermath of changes in AV delay

| aim to identify the beat-by-beat changes whicbunavhen AV delay is changed
from a favourable to a non favourable AV delayiegttWith high temporal precision
| measure invasive and non-invasive pressure arasive flow, to assess whether
improvements in pressure and cardiac output pdadistving improvements in AV

delay.
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2 Methodology

2.1 Patient recruitment

Patients were recruited from the Imperial Colleg¢INHealthcare trust if they met
the selection criteria, mentioned in individual pteas. They were given the
opportunity to discuss the study and provided w&itbtter and an information sheet
(Appendix 1 and 2). Patients who agreed to padiei in the study signed consent

forms (Appendix 3). Patients were free to withdfaem the study at any time.

2.2 Equipment

2.2.1 Echocardiography

Echocardiography was performed in all patientsgigire Philips IE33 machine
(Figure 2-1). This machine was chosen as it is tbperform both the advanced 3
Dimensional (3D) echocardiography and tissue Dapplaging (TDI) required for
some sections of the study in addition to the nmoutine 2D spectral Doppler

necessary for the other sections of the study.

The IE33 enabled me to acquire images which wemgpadible with the 3D analysis
software Tomtec (4D analysis CAP, Tomtec GmBH, tstielessheim, Germany)
and the tissue Doppler analysis software, Philifzb@.1with cardiac motion analysis
(CMQ). Echocardiographic imaging was performedlinhee study patients in the
outpatient setting, which meant that this machias therefore an ideal choice given

its features and locality for this use.
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2.2.2 Transducers

Both transducers which were used in this study fawvewave Crystal technology
that is able to transfer energy with greater preniand efficiency and hence superior
overall quality (Yu et al. 2009) compared to prexdechnology. A watery based gel
is applied to all transducers to improve contagignance between the probe and

patients skin.

2.2.2.1 Transthoracic Probe 2D

2D studies and Doppler images were acquired usiadhilips S5-1 sector ultrasound
transducer (Figure 2-1). This is a phased arragewith frequencies between 1 and
5MHz. Phased array probes can be swept througlkewalume without physically
needing to turn the probe. This is possible becatifee multiple elements making

up the probe and which can be pulsed at diffeierd.

2.2.2.2 Transthoracic probe 3D

3D echocardiography was performed using a X3-liratray transducer (Figure
2-1) which is fully compatible with the IE33 machiand enables triggered full
volume images required for the real time 3D imagdéerefore, full volume pyramid
shaped datasets are acquired and can be manipusenhetric assumptions can be
corrected for. This probe operates at frequena@ésden 1 and 3MHz. A minimum

frame rate of 20Hz has been used throughout thdy/st
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Philips IE33 echocardiography machine

S

Philips S5-1 transducer

Philips X3-1 transducer

Figure 2-1: Photograph of the Philips IE33 machineised for data acquisition
(top panel), with the 2D probe (middle panel) andie 3D probe (bottom panel).
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2.3 Echocardiographic measurements used throughout

the studies for optimisation processes.

All of the echocardiographic measures that | ailticanalysed in my studies have
been used in previously published research intonigdition, and have been proposed
as valuable tools for guiding the optimisation s both in the research arena and in

routine clinical practice.

A clear and visible ECG trace was recorded witleelocardiographic images to

allow timings to be calculated with precision aeéerence to the QRS complex.

2.3.1 Doppler assessment of VV delay

Pulsed wave Doppler was used in both (a) ejectaw flyssynchrony and (b)
velocity time integral measurements. Both of theeasures have been used in
published studies of echocardiographic optimisatibbiventricular pacemakers
(Bertini et al. 2008; Duvall et al. 2010; Fischéak 2009; Lane et al. 2004; Parreira

et al. 2005; Turcott et al. 2010; van Geldorp eR@ll1; Vanderheyden et al. 2005).

2.3.1.1 Ejection flow dyssynchrony — acquisition

Ejection flow dyssynchrony was measured in 2 w&ystly aortic pre-ejection time
(APET), calculated from QRS onset to commencemefidw from left ventricular
outflow tract (Figure 2-2) and, secondly, interventlar mechanical delay (IVMD)
calculated as the difference between onset of lE¢tejn and RV ejection (Lane et al.
2004). Both have been demonstrated to be suggedtimgaventricular and

interventricular delay respectively (Cazeau e2@03).

Firstly we acquired pulsed wave (PW) Doppler imagebe left ventricular outflow.

Images were taken from the apical 5-chamber vieth thie pulse wave Doppler
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cursor at the left ventricular outflow tract appraately 1 cm below the aortic
annulus with the PW-Doppler (Lopez-Candales & E@dal8011). For the right
ventricular outflow tract, the PW Doppler was shiyeplaced approximately 1cm

distal to the pulmonary valve (Lopez-Candales &|Bde 2011).

Eight beats were acquired at each VV delay nam#leRitation first at 40ms, 20
ms, LV excitation first at 20ms, 40ms and 60ms, sintultaneous ventricular
excitation at VV Oms. All acquisitions were madesatl-expiration to minimise

respiratory variation.

During spectral Doppler imaging the position of ttensducer needs to allow the
blood flow to be parallel to it (and hence paraitethe sound waves). Any different
inclination of the probe will result in inaccurdiod velocity to be measured unless
corrections are made. Therefore | took great @aasmsure not only that the angle was
correct, but also that the subsequent images al#® thhe same careful consideration

when acquiring Doppler on subsequent beats / days.

2.3.1.2 Ejection flow dyssynchrony — analysis

The analysis was performed by me, a single expegtkoperator, offline which
ensured that there was no haste in the measuremighthe patients present but
instead time and a calm environment to analyseldit@ ensured an accurate and
precise analysis. All images were stored in DICQfat to a specialised
echocardiography image storage and analysis syMenicon UK (Mc Kesson, CA).

Offline analysis was performed here.
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Figure 2-2 Measuring aortic pre-ejection time.

In the top panel | have shown the image that isiaed with the QRS clearly seen
and the pulsed wave Doppler trace shown belowhie. [bwer panel demonstrates the
measurement taken from the onset of the QRS (theeudrtical line) and the timings
(the red horizontal line). This was performed fog pulmonary flow in a similar
manner.
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2.3.1.3 Velocity-time Integral — acquisition

Images were taken from the left ventricular outflwact as described above. A clear
pulsed wave Doppler image was acquired as showigure 2-3 and again 8 beats

were acquired at each VV delay at end expiration.

2.3.1.4 Velocity-time Integral — analysis

Offline analysis was manually traced and resultedigitised velocity time integral
(VTI) tracings. These VTI values were measurecefirh patient, at each VV delay,

at eight beats per VV delay.

Figure 2-3 An example of a velocity time integralracing of a pulsed wave
Doppler image.
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2.4 Segmental assessment of VV delay optimisation

Routinely the left ventricle is divided into a 16X¥ segment model (Flachskampf &
Daniel 2010; Liodakis et al. 2009) for other usashsas reporting stress echo in
addition to dyssynchrony assessment, and in aaifiaishion for 3 dimensional echo

this process has been adopted (Kapetanakis €1G@8).2

For TDI imaging we are able to look at individuadli® and adopt either a 2, 6 or 12
segment model (Chung et al. 2008a; Yu et al. 200¥s)xan be used either for intra
ventricular dyssynchrony assessment (most commaonliyterventricular

dyssynchrony. In some cases these are combinede@g overall value to consider

dyssynchrony (Lane et al. 2004).

2.4.1 3D echocardiography

The development of real time 3D echocardiograptabkad LV assessment to be
performed in yet another way (Corsi et al. 2005hKet al. 2004; Soliman et al.
2007a). Real time 3D echocardiography has the patevantage of eliminating
any geometric assumptions that may occur when gaki@asurements of the left
ventricle. As such good results had been obtainewine centres; it has been

assumed that other uses for this modality may laésbeneficial.

Real time 3 dimensional echocardiography considiiss segments of the ventricle
separately (Figure 2-4) and therefore also endb&esperators to assess the
intraventricular delay of the LV by calculating thene to minimal volume of each

segment as a percentage of the cardiac cycle.
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Figure 2-4 Segmental division of the left ventricle
In the bottom left corner we can see the ventdoked up into 16 segments (plus
apex), each of which corresponds to a differemdw@d section of the ventricle.

41



The systolic dyssynchrony index (SDI) (Gimenesl.e2@08; Kapetanakis et al. 2011;
Monaghan 2006) is a value which is the standariatien of the time to minimal
volume of all 16 segments of the left ventricleloiver value correlates to less
dyssynchrony. In a synchronous ventricle, we wadtla value of approximately 3%
to 5%. As the ventricle becomes more dyssynchrotiaaswill increase. Values
above 10% are said to be predictive of responbe/emtricular pacing (Kapetanakis

et al. 2011).

Changing VV delay towards an optimal setting, stidbkrefore lead to a lower SDI
value, and therefore should theoretically be amt@ktool for guiding optimisation

of VV delay. The use of 3D assessment of dyssymghhas been used in some
centres for predicting response to biventricularpg (Kapetanakis et al. 2005), but it

has not been fully assessed for VV optimisation

2.4.1.1 3D echocardiography- acquisition

Echocardiography was performed by myself usingdBel matrix array transducer.
Full-volume datasets were acquired over 4 cardyates using this matrix array
transducer, each recorded over 4 consecutive eaisnts were in the left lateral
decubitus position and images were recorded fravapical 4 chamber view with the
left ventricle clearly identified. Acquisitions hadminimum frame rate of 20 frame/s
in keeping with ASE guidelines (Chung et al. 2008bycsan et al. 2004b), with the
patient breath holding at end expiration. For eé¢hdelay four replicate

measurements were taken.
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2.4.1.2 3D echocardiography- analysis

Measurements of 3DE volumes were performed offdisiag semi-automated border
detection software (4D analysis CAP, Tomtec GmBHtddschlessheim, Germany), a
method that has been well validated both for mesamsants of ejection fraction
(Jenkins et al. 2009; Kuhl et al. 2004), and atsccalculating the systolic
dyssynchrony index (SDI), a method which attemptgredict response to CRT

(Kapetanakis et al. 2011; Liodakis et al. 2009).

The apical 4 chamber is used as the reference,phattethe apical 2 and 3 chamber
views derived automatically from a 60 degree rotabetween planes, using manual
adjustments as required. | chose the frames for BRYESV measurement in
accordance with American Society of Echocardiogyaglidelines. EDV
measurements were taken at the frame followingaiitlve closure and ESV were
measured on the image with the smallest left veutar cavity. Initial contours were
set by tracing the endocardial borders end-diastwld -systolic images in the apical
views. | traced the contours using the automatrdérodetection (Figure 2-5). Further
manual editing was performed to ensure the smobtlatimeation in the border
between diastole and systole. A 3D mesh and theeaeigl model of the 3D shell are
created. From this data, the software created vioheme curves and determines the
time to minimum volume for each of the 16 segmenhite standard deviation of these
timings is then calculated automatically by thewafe which gives the systolic

dyssynchrony index.
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Figure 2-5 An example of drawing around the endocalium which is shown here
for the 4 chamber view.This is repeated for 2 chamber and 3 chamber, wthie
results in the 3D reconstructed ventricle.
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Time-volume curves are produced (Figure 2-6) aedsistolic dyssynchrony index
was calculated with the analysis performed by niyseleach VV delay. Four
replicate measurements were taken at each VV delagrefore 4 optimisation
processes were performed. In Figure 2-7 | have nlisshematic diagrams of time
volume curves of a synchronous ventricle along aidgssynchronous ventricle so

that it is clearly shown how the systolic dyssymetyrindex is calculated.
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Figure 2-6 The dyssynchrony curves of a normal syhconous ventricle as seen when analysis is performie All segments reach the time
to minimum volume at a similar time. An SDI valgethen calculated.
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Figure 2-7 Schematic diagram showing the segmentahalysis with each coloured line representing a segent of the ventricle.
Each 16 segments have a black line that denotdsriee¢o minimal regional volume. The SDI calcubatis the standard deviation of all of
these time points. On the left there is a synchusnentricle, and hence would calculate a low & the right there is a dyssynchronous

ventricle with a high standard deviation and hemga SDI.
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2.4.2 Tissue Doppler Imaging- technology
For tissue Doppler imaging, the colour Doppler fearates were at least 90 frames/s
in all subjects, with pulse repetition frequen@&$00 Hz to 1 kHz, resulting in

aliasing velocities of 16 to 32 cm/s.

LV dyssynchrony using TDI has been proposed usevgral walls of the ventricle
and several methods of calculating the maximuml lelvdyssynchrony (Chung et al.
2008a; Yu et al. 2002). Since none of the method®ntly available have been
deemed to be able to recommend improvement inragedection for CRT beyond
current guidelines (Chung et al. 2008a), we teateticalculated various possible
combinations including 2 segment, 6 segment angejthent analysis (Sogaard et al.
2002; Yu et al. 2005). This therefore incorporaaéidvalls and different levels within

the ventricle.

2.4.2.1 Tissue Doppler Imaging-acquisition

Studies were performed using the IE33 and images algtained using a 3.5MHz
transducer. Apical images of the left ventricleluing the level of the mitral annulus
were acquired with a minimum frame rate of 90 Hpr(Ean et al. 2004b). Images
were acquired with LV cavity positioned in the aenf the sector showing clear
myocardial definition. 4 chamber, 3 chamber antt&wber views of the left
ventricle were acquired with the patient holdingithbreath at end-expiration. A
minimum of 4 cycles were acquired, triggered to@S complex and saved in

cineloop format, allowing 4 separate analyses.

2.4.2.2 Tissue Doppler Imaging-analysis

We calculated offline (a) the time from onset of ®® onset of S wave and (b) the

time from onset of QRS to the peak of S wave fee@ment, 6 segment and 12
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segment tissue Doppler measurements. To obtair-tiehecity curves, a sample
volume was placed within the segments at the regiamterest (Figure 2-8). 2
segments involved the basal septum and basalllatalia. 6 segments involved the
basal septum, lateral, anterior, inferior, posteaiod anteroseptal walls. 12 segments
consisted of the 6 of the 6 segment model and theilevel counterpart. All

measurements were taken at rest at end expiration.

To assess LV dyssynchrony, the interval to-peatobgsselocities was obtained by
placing sample volumes in desired walls. The optmas defined by, firstly, the
absolute range (maximum minus minimum) of timesveenh segments of the left
ventricle (Bleeker et al. 2007a; van Bommel eR@ll0Ob) and, secondly, the standard
deviation of these dispersion times using 2-segnteségment and 12-segment
models. For the 2 segment model a cut-off of >6(hasspreviously been quoted as a
marker of dyssynchrony (Bax et al. 2003a). FoR-adgment model often the Yu
index is championed (Yu et al. 2002; Yu et al. 2008h a cut off >32ms as the
standard deviation between the 12 segments akrghbld for dyssynchrony. |
considered that the more synchronous the venttilobesmaller the value for the delay
between the walls. The greater the dyssynchromygtbater the delay between the

walls.

Colour coded TDI was chose in preference over plulgve TDI since you can get
several segments analysed in the same heart lbanhatyse offline (Bleeker et al.
2007c). We used Philips Qlab 7.0 3DQ and 3DQ adz@software the QLAB Strain

guantification plug-in which allowed segmental a3& of the tissue Doppler traces.
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Basal Septum

Peak S wave

Onset S wave

Onset QRS

Figure 2-8 An example of a TDI trace where the regin of interest is the basal

septum which is where the cursor is positioned irhe top panel.

The subsequent tissue Doppler trace is seen in the bottom panel. Measurements are
taken from (a) the time from onset of QRS to onset of S wave and (b) the time from
onset of QRS to the peak of S wave.
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2.5 QRS duration as a marker for optimisation of CRT

QRS duration is used as a guide to help seleamatfor CRT implantation (Barnett
et al. 2007). Therefore the question could be daiget if it is a useful and
recommended method for selection, could it alsadssl for optimisation?
(Tamborero et al. 2011; Vidal et al. 2007). To &dther weight to this we know that
a longer QRS duration is associated with increasedality (Shamim et al. 1999)
and furthermore, even within the normal refererazgges it is associated with a

greater LV mass, LVEDV and LVESV(Stewart et al. 20Yerra et al. 2006)

2.6 Pacemaker programmers

Patients had either Medtronic or Boston Scienbfientricular pacemakers /ICD’s
implanted, therefore we used both these pacema&grgmmers to manipulate both

the AV and VV delay settings in order to perfornagh studiesHigure 2-9).

In the non-invasive studies we used both prograraimethe standard way to enable

connection between the patient and the programmer.

The patient’s pre study settings were recordebleabeginning of the study. We then
changed the atrioventricular (AV) and ventriculoyrecular (VV) delays as per each
study protocol, documented in each chapter. We alseable to change the atrial
rate of the pacemaker. At the end of each studithis patients initial pacemaker

setting were re-program
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Figure 2-9 A photograph of the Boston Guidant paadanused in the study (left panel) and a closefupe programmer screen (right panel) as
programmed during one of my experiments.
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2.7 Invasive study

Temporary biventricular pacing was performed igible subjects. A quadripolar
electrode catheter (Josephson Curve, Bard Vikiray placed in the right atrium
(usually the right atrial appendage) and a pen&pl@ctrode catheter was placed at
the right ventricular apex. An AL1 and/or a chansteath was used to gain access to
the coronary sinus and an ATW wire was positiomed lateral or posterior-lateral
coronary sinus branch for LV temporary pacing(Labal. 2008). LV capture was

verified using a 12 lead ECG.

In this study a CRT pacemaker (Medtronic InSyntB042) was connected

extracorporally and transitions made via a stangamg&maker programmer.

2.7.1 Invasive study - acquisition

The protocol consisted of a series of transitisamfAV delay 40ms to 120 ms.
Measurements were recorded for at least 100 beéiseband 100 beats after the
change in AV delay. To minimise the effect of ramdweariation, triplicate runs of the
experimental protocol were conducted so that eatienqt’s dataset was composed of
an average of 3 runs, aligned by beat and regdsterthe time point of transition

from 40 ms to 120 ms. Heart rate was fixed at 1@0bpall patients by atrially
pacing. Stable pacing and sensing for all 3 paaiings was monitored throughout the

protocol in all patients.

2.7.2 Invasive pressure and flow measurements
Aortic pressure was measured using a fluid fillatheter positioned in the aorta
approximately 5 cm from the aortic valve. The ctheressure was initially

normalised to the pressure wire signal with thesguee wire positioned at the tip of
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the catheter. The aortic flow was measured witloa fvire (Volcano FloWire 1400)

also approximately 5 cm from the aortic valve witthe aorta.

2.7.3 Non-invasive blood pressure measurements - Finometer
technology

Beat-by-beat blood pressure was recorded usingitimaneter system (Finapres

Medical Systems, Amsterdam, Holland). The bloodguee is measured based on the

arterial-volume clamp method (Imholz et al. 1998n&z 1973), after a cuff is placed

in the middle finger.

This is a form of plethysmograph which uses lighhon-invasively detect changes in
microvascular blood volume (Dorlas & Nijboer 198%ircott & Pavek 2008). The
main components within the cuff are an inflatabtebadder and a plethysmograph
with an infra red light source and light deteciine front-end unit is connected to the
air bladder by a hose and to the light source atelatior by a cable (Bogert & van
Lieshout 2005). This front-end unit is then coneddib the main unit and pump,

Figure 2-10.
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Figure 2-10 A Finometer unit (top panel) which ki@s connections at the front as
described: the main unit is strapped to the badk@patients arm with the cuff
around the index finger (bottom panel).
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By applying a finger cuff and monitoring pressuresiable to detect the change in
volume as the amount of pressure requires will vays is then digitised when there
is a change in pressure which occurs i.e. when AV\odelay settings are altered for
example. Transient changes in both volume and pregw/hich are proportional) will
allow optima to be identified. This has been inigeged by Whinnett et. al who have
identified that the Finometer, an advanced pletlognaph, can indeed be used to
optimise changes in both AV and VV delay (Whinregtal. 2006a). Maximising
blood pressure is the ultimate aim given low SBRInegs are a predictor of mortality

in the heart failure patient population (Abrahanale2008; Adams, Jr. et al. 2005).

The pressure is recorded based on the amount sgyreerequired to keep a constant
arterial diameter. Hence there is a pulsatile fgetin the patient’s middle finger
although if the trace is not good, then the othvegdrs can be used. There is a balloon
which is within the finger cuff that inflates andfthtes in order to maintain a constant
pressure. Prior to commencing the recordings, tisesecalibration process that
occurs. The amount of cuff pressure required tontmract the intra-arterial pressure
Is what gives the indirect measure of the changetra-arterial pressure (Wesseling

et al. 1985).

The Finometer has been well validated for a metifadonitoring blood pressure
(Schutte et al. 2004) and is widely recommendeal\zaid technology for the
measurement of changes in arterial blood presgunki(et al., 1987; Smith et al.,
1985; Wesseling et al., 1985). It has also beed t@merecording changes during

optimisation protocols in the research setting (Wikit et al. 2006a).
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2.7.4 Surface ECG

A three lead ECG recording was continuously meakstmeall of the patients
undergoing invasive testingigure 2-11). The leads were positioned (1) on the right
side of the chest just below the right claviclg,d8 the left side of the chest, just
below the left clavicle and (3) on the lower ch@sét above and left of the umbilicus
(Pope 2002). Those undergoing non-invasive ecldamgnaphy without the invasive

protocol had the ECG recorded on the echocardibgragachine only.

Sep .02 12:11

Figure 2-11 An example of the ECG acquisition whockurs simultaneously with the
invasive measurements
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2.7.5 Acquisition system

Analogue output feeds of all the signals were takara National instruments DAQ-
Card Al-16E-4 (National Instruments, Austin, TX)daacquired in digital form using
Labview (National Instruments, Austin, TX), Figuzel2. All the raw data was stored

in text files for use in the subsequent offline lgsis.

2.7.6 Analysis software
The data for non-invasive blood pressure, invakleed pressure and invasive flow
was collected as mentioned and analysed with custidtware based ion the Matlab

platform (MathWorks, Natick, MA).

This software allows automated analysis, therefioaay more replicates can be
analysed in a shorter space of time. This improkesignal-to-noise ratio.
Automation also removes human error which can oifcueasuring traces and

recordings by manual methods.

The Matlab platform was the platform upon which $simaulation for AV and VV

optimisation was performed. This is described itadlen Chapter 4.
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Figure 2-12 A snap shot of the data acquisitioniesyson Labview where all data is
recorded
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2.8 Exclusion of ectopic beats

Throughout all the studies, | wanted to maximisegrecision of all measurements to
ensure that we are accurately and fairly assegsioly of the measurement
parameters. Ventricular ectopic beats were exclaaedthe beat following this
ectopic was also excluded. This is because theiedveat had a cardiac output which
was not representative of a normal beat i.e. tle br too much cardiac output as
shown by echocardiography and the subsequent bdahk compensatory additional
or lesser blood volume within it therefore a greatgtput. This can be seen by the

echocardiographic images below which demonstragepthint, Figure 2-13.

Figure 2-13 showing ectopic and a normal beat witk'TI measured. We can see
the final beat in the frame (on the right) is amal beat following the ectopic. The
difference in VTl is visibly noticeable.

This is also reflected in the end product of ouipitthe blood pressure which is
being measured (Figure 2-14) and hence these ibpghis Finometer non-invasive

and aortic invasive blood pressure tracings shbaldxcluded in a similar fashion.
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ECG

839 840 841 842 843 B4

Invasive

blood

pressure | | | | | |
539 840 841 842 843 844

Non

invasive

blood

pressure | | | | |
839 840 41 842 843 44

Figure 2-14 An example of an ectopic beat whilst trding ECG, invasive blood pressure and non invage blood pressure.
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3D echocardiography measured the dyssynchrony ibgexiperimposing 4 beats to
create a full volume image which is only relialdflénere are at least 4 beats of similar
RR lengths. Therefore ectopic beats will lead tac¢king artefacts” and these
therefore needed to be excluded. AF patients atenpswith arrhythmias could not
therefore be included in the study as the techryoh@ge does not allow accurate
recordings and readings which are truly represimetat the hypothesis we are trying

to demonstrate.

During invasive data collection there were timegewkhe patient would move due to
discomfort of being on the catheter laboratoryddbl a length of time. Therefore, on
the matlab traces we can see that these are astefat not true recordings. Hence |
have excluded these anomalies from the analysiagare that what is calculated and
measured is a true reflection of the intra carttmtg manipulations. | am aware that
the beat-to-beat variability that is present issi@mt and cannot be eliminated, but by
ensuring we have a dataset which is firstly freartéfact i.e. either movement or
equipment failure but still includes all other datee can then get a true understanding

of physiological changes and answers to the hygattvee have queried.
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2.9 Methods of Analysis — Acquiring data

2.9.1 Single measurements

When performing each of the studies, individual sse@aments were taken at each
AV or VV delay. This was then repeated multiplegsnwhen using advanced echo
modalities of 3D echocardiography (Chapter 5), {Chapters 5 and 6), PW Doppler

measurements (Chapters 5 and 7) and invasive nesasots (Chapter 8).

These single measurements were analysed to aggesmant between replicate
measurements within the same modality and betweedifferent modalities. | then
analysed this data to calculate the agreemend, ateiss correlation and scatter

between replicate optimisations processes.

2.9.2 Averages of multiple measures

A major component of my study hinged on the conoeéfproving the signal-to-
noise of the measurements to ensure optimisatipariermed in the best way
possible rather than randomly performed and hofmngprove patient outcomes
according to chance. | have shown in Figure 2-1thisischematic diagram how |

have measured beats and averaged them.

A well know phenomenon to reduce the noise compisdn average multiple
values and hence improve the signal-to-noise qu@lgé Cam L 1986; Pabari et al.
2011). This is the rationale for the many imagkave acquired and analysed in this
study. The theory behind this is explained in Caagt and will demonstrate the

effect on actual measurements in Chapters 5, @and
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6 replicate measurements of one VV delay transition

A B C D E F

Single repeated Average of 2 Average of 3

measures replicates replicates
EEICDIETE [Ealc olEr]

|

Determine the optimal VV delay

Calculate the standard deviation of optima between the values
for each of the averaging techniques

Figure 2-15 Schematic diagram showing how we measda single beats, average-of-two and averages-of-&& to ensure each beat was
independent.We then calculated the standard deviation fronofftenum derived.
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2.10 Calculation of Intraclass Correlation Coefficient

The intraclass correlation coefficient (ICC) quéas the extent to which
measurements differ between settings because afrgedifference between settings
versus random biological variation. | used the KB@Quantify how well each
modality could detect a genuine improvement ari$iomm a change in VV delay, as
distinct from background spontaneous beat-to-baaability. An ICC close to 1
indicates that changes in settings make a relgtlaege difference to the
measurement in comparison to random beat-to-betvey. An ICC close to 0
indicates that random beat-to-beat differencesedatively large in comparison to the

genuine effect of changing settings, Figure 2-16.
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Figure 2-16 Intuitive description of intraclass corelation coefficient, as applied
to dyssynchrony measures.
Replicate measures at the same setting are ligdigie slightly different values
(small dots). Averaging the measures from thersggives the means (large blue
dots). If the scatter between the means is of amsike to the scatter between all raw
individual measurements (top panel), then reprdalitgi is very good i.e. ICC = 1. If
the scatter between the means is much smallerthieescatter between all raw
individual measurements, then reproducibility i®pioe. ICC = 0 (bottom panel).
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3 Limits to predictability of response to
biventricular pacing from dyssynchrony
indices, and systematic analysis of
impact of study design on findings
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3.1 Abstract

3.1.1 Background

Can markers of mechanical dyssynchrony stronglgrdahe ventricular remodelling
by biventricular pacing (cardiac resynchronisativerapy, CRT)? The aim of this
chapter is to quantify the fundamental limits oe tonsistently-observable

coefficient of determination @ arising from variability between repeat
echocardiographic measurements and between sueeesschanical dyssynchrony
measurements. It examines the literature and irsdacenall retrospective study in the
test-retest distributions of changes in Ejectioackon (EF) over time, when no

intervention has occurred.

3.1.2 Method and Results
First, | quantified the mathematical depressionligervable Rbetween
dyssynchrony criteria and response arising fronmtgeeous biological variability of

response markers over time, and test-retest vhtyati dyssynchrony measurements.

Second, | compared actual publisheédvRlues, between externally-monitored
randomised controlled trials (EMRCTSs) and highlyisk-single-centre studies

(HSSCSs).

Inherent variability in dyssynchrony markers andaswees of ventricular remodelling
such asALVEF, AESV orAEDV means that even if a perfect dyssynchrony ptedi
of response is found (underlying-R), observable Roetween dyssynchrony and
ALVEF cannot sustainably exceed 0.33 (i&SV,<0.34; forAEDV, <0.27).
Interestingly, many Rvalues published in HSSCS exceed these mathembirtiitsl

whereas none in externally-monitored studies did@werall HSSCSs seem to

68



overstate Rby >5 to 20-fold (p=0.002), whether responsal¥EF, AESV or

AEDV.

Finally, | assessed the spread of repeAtel in a real-life population of general
cardiology patients undergoing follow-up in a t@ni centre. We found 1298 patients
reporting the distribution dAdEF on measurements 3 to 12 months apart within a 5
year period. The standard deviatiora®F for these patients was 18.6%. This is

wider than the scatter seen in the control arntk@RCT's.

3.1.3 Conclusions

Even in an elaborately conducted prospective stiitg/not realistic to expect to find
a significant correlation betwe&ktF achieved by CRT and outcomes (or baseline
dyssynchrony). Itis unlikely to happen howevells#t the operator, whatever the

method of measuring EF and even if an alternatararpeter to EF is used.

Even more unrealistic is to hope that analysioafine clinical measurements will
show responses that can be predicted. Overalfjralings suggest HSSCSs often
overstated the predictability of response by meahdyssynchrony markers. In
many cases they report values exceeding the mativaiamits imposed by
spontaneous variability. Even if they continuatise in the literature, markedly
positive results will fail to be replicated in inskndent, blinded hands with neutral
external monitoring. These results favour testihgiechanical dyssynchrony
markers using scientific quality standards as tsascexternally monitored RCTs, and

suggest that prediction will be poor.
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3.2 Background

There are questions raised regarding the abilititha reliability of dyssynchrony
markers to predict response to biventricular pademsa In this study | have
collaborated with my colleague Dr S. Nijjer, to foem a systematic review of the
literature to assess the degree to which dyssynghmarkers can predict response to
biventricular pacemakers. We evaluated both exligrneonitored randomised

controlled trials (EMRCTSs) and highly-skilled-siegtentre studies (HSSCSSs).

| then reviewed our local datasets of echocardiogrperformed in patients to
identify and assess commonly measured echocargioigrparameters, such as

ejection fraction to assess their test- retestocyribility.

Biventricular pacing is thought to deliver its bétsein heart failure through
resynchronisation of dyssynchronous cardiac mechhafinction, hence the term
“cardiac resynchronisation therapy” (CRT) (Abraheinal. 2002; Bristow et al. 2004;
Cazeau et al. 2001; Cleland et al. 2005; Gras @08R; Young et al. 2003) The
correlation coefficient (r) and its square, thefioient of determination (B, are
commonly used to quantify the strength of the assion between variables such as a
baseline parameter and an outcome measure; forpdeabaseline mechanical
dyssynchrony and the degree of reverse remodedfiieg biventricular pacing. The
R? statistic is important because it indicates hoveimof the variability of future
outcomes between patients can be correctly pretifoten baseline information. “R

is always positive, with values close to 1 indicgtthat all the differences in
outcomes between patients are fully predictablmftioe baseline marker, and values
close to 0 indicating no predictive value. Somalis (Bax et al. 2003a; Bleeker et

al. 2007a; Yu et al. 2004c) demonstrate higlv&lues between baseline mechanical
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dyssynchrony and echocardiographic outcome measireeas other (Chung et al.

2008a; Marcus et al. 2005; Miyazaki et al. 201@vslimuch weaker relationships.

The failure of dyssynchrony markers to consisteptbdict response to biventricular
pacing is a cause of concern. Unsurprisingly, raetfal dyssynchrony is not
included in guidelines which instead rely on elealrdyssynchrony as denoted by
wide QRS (Hawkins et al. 2009). Nonetheless, thestfor new and more robust
mechanical dyssynchrony markers or more complescteh algorithms continues, in

the hope of giving higherRalues.

In this study | test whether the current processksxamining patient sets for
variables that predicted outcomes well, is a rali@trategy to solve to the problem of
unreliable prediction of response. In particulfaa, marker (or combination index) is
found with excellent prediction of response, hoghhian its Rbe when
independently re-tested beyond the initial cohartvnen in real clinical practice?
The answer cannot b&-Rl because of unavoidable variability or uncertaint
measurements. But the precise impact of this bdit\ahas never been addressed.
Both mechanical dyssynchrony markers (Palmierl.2G10; Vesely et al. 2008) and
commonly used outcome markers of reverse remodéilave variability when re-
tested in the same patient as opposed to re-asallyai stored image. The clinically
relevant measure of variability of any diagnoséisttmust capture all sources of
variability. The complete test must be performidsh, conducted and analysed with

blinding to the first result.

| calculate the limit on Rby using randomised controlled studies and tdsste
studies to determine for the first time the impafathese variability’s on B In this

study | calculated the’Rhat one should realistically expect and providénaple,
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usable tool for clinicians and researchers to wtdad to what extent low test-retest
reproducibility, and spontaneous changes in mamdety/ function, attenuate

associations in studies of biventricular pacingoese.

Having reviewed the world literature, | also wantedest whether data in my local
hospital showed the same properties of surprisingdie test retest reproducibility of
repeated echocardiographic EF assessments. | fbahoh my hospital
reproducibility was very wide meaning that thereswartainly no chance of defining
echocardiographic responders in any meaningful waay therefore all claims of

others saying that they have done so should beedegeptically.

This evaluation is fundamental in understandingfantther unravelling to puzzle of

dyssynchrony and response to cardiac resynchramddierapy.
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3.3 Methods

3.3.1 Quantitative separation of device-mediated, versus
spontaneous, changes in LVEF
Patients undergoing biventricular pacing have tweeds that affect the pre-to-post
change in the chosen echocardiographic outcomeureeésg. change in ejection
fraction,ALVEF). Firstly, inherent phenomena will contributeindividual patients’
ALVEF even without device implantation. This inchsdtrue biological variability
and measurement error intrinsic to the assessmemitjue. The size of this effect
can be assessed by size of the variance (the sgustandard deviation) in the
control population in randomised controlled triagsessing biventricular pacing.
Secondly, the device itself will impose an effestautcome measure, over and above
the inherent variation. Individual patients haiféeding responses to the device,
some improving and some worsening. Thereforey#nance of th\LVEF should
be larger in the device population of a randomisiadl (Figure 3-1). If the variance
of ALVEF is the same as in the control population, tthendevice had a perfectly

uniform effect on that chosen marker across aleptd.
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nothing
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Figure 3-1 The variance of the intervention groups only partly due to the
intervention.
Control populations in randomised controlled triaiiventricular pacing have
changes in their outcome markers, such as LVEF,2¥Bnd LVEDV even without
intervention. This change is measured by the mae4SD) of the change in LVEF
(ALVEF) and represents inherent or unpredictable gbdleft panel). Those
undergoing biventricular pacing will have a furtiobiange in LVEF over and above
inherent changes and therefore have a wider varismntLVEF (right panel). This is
shown schematically as the grey section. Onlydbmponent is related to the device
and therefore only this section SEVEF is potentially predictable by any baseline

marker.
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Baseline dyssynchrony markers are typically onhasueed once but will also have
an inherent variability within a given patient aamctoss the population being studied.

Only test-retest reproducibility studies can revbal extent of this.

When correlating two variables such as mechanigsdyhchrony and
echocardiographic outcome,(or determining the predictive value of one oa th
other &), then the variance of both combines in an adeli@shion to depress the
relationship (Equation 3-1). We have termed thisRhcontraction factor. This is the
maximal R that can be calculated between those variablethébipopulation. Below
I have shown the derivation of the formula for e¢antion factor. Appendix 4 shows

the derivation of the formula.

The contraction factor can be calculated easillgafstandard deviation of tiaein the
outcome measure is known for both the control aantsdevice arms of a randomised
control trial are known. It is not sufficient tadw the distribution of the initial and
final LVEFs. Rather, the distributiaof the changd,e. the standard deviation &f is

needed. This can be used in the following calcnfat

. o*(&control_arm)
o*(Aintervention_arm)

o(Acontrol_arm)
o (Aintervention_arm)

Equation 3-1 R? contraction factor caused by inherent variability VEF, wheres
is standard deviation ard is variance.

75



This formula can also be used for the baseline amachl dyssynchrony measure.
The two contraction factors are then multipliedl&termine the combined contraction

factor. The observed’® then calculated as shownBquation 3-2

Combined R? Contraction Factor

A
r A
R? contraction factor R? contraction factor
Observed R2 = UnderlyingR2 x imposed by X imposed by
Dyssynchrony Marker Response Marker

Equation 3-2 The combined contraction factor which takes iningideration the R
contraction factor due to the dyssynchrony markerthe response marker
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Figure 3-2 How inherent variability in two measuresreduces the maximum
achievable R between them.

Imagine a dyssynchrony marker that can perfectyligt response, as long as
measurement noise could somehow be eliminated [(pankn practice there is
natural variability in measurements of EF (panebBdl of the dyssynchrony marker
(panel C). These noise properties combine togetiutiplicatively to depress the
actually-observable Rvalue (panel D). In this example case, it is mathically
impossible for Rvalue over 0.56 to be observed sustainably.
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The following provides a worked example. In theRAICLE-ICD Il trial (St John
Sutton et al. 2003), in the control axhVEF has a standard deviation of 6.2. In the
biventricular pacing armALVEF has a standard deviation of 8. The SIALYEF is
larger in the device arm, because additional ch&gecurring over and above the
inherent variability in LVEF. The effect of spont&ous, inherent variation in LVEF
can be calculated by measuring ttfecBntraction factor as 1-(6.2/8F 0.40. That s,

in the MIRACLE-ICD population, if one attempteddssess any baseline marker as a

predictor ofALVEF, the maximum Rthat could be determined would be 0.40.

If a mechanical dyssynchrony marker was used tdigrtheALVEF, then we must
assess the contraction factor applied by the \iitiain the mechanical dyssynchrony
marker and multiply together with the 0.40 alreadiculated. For example, if the
mechanical dyssynchrony marker has a contracticiorfaf 0.50, then the maximum
observable RbetweemALVEF and the mechanical dyssynchrony marker wilDb0

x 0.50 = 0.20. Therefore, regardless of the tnaedying relationship between
dyssynchrony and theLVEF, the maximum Rthat can be measured will be 0.20

with these example figures.

This calculation is distinct from the proportiontbE mean effect that is caused by the
device: that proportion is simply 1 minus the ratidhe mean effect in the control

arm divided by the mean effect in the device arhis Thay be as high as 100%, even
if the proportion of between-patient variabilityused by different responses to the

device is far lower. The two are independent phesran
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3.3.2 Data extraction from published studies

A systematic review of studies assessing the resptmbiventricular pacing was
performed using EMBASE and Medline databases (Ei§u8). The terms ‘cardiac
resynchronisation therapy’, ‘biventricular pacirgid ‘dyssynchrony’ were used and
abstracted reviewed for relevance. Further papers identified through review of

citations including the extensive review by Hawkatsl, 2009 (Hawkins et al. 2009).
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“Cardiac
resynchronisation
therapy” OR
“biventricular pacing”
AND “dyssynchrony
marker”

1286 records:
EMBASE 306
Medline 377

A 4

\ 4

706 records screened

Limit to English: 104 excluded
Limit to Human: 127 excluded
349 Duplicates removed

168 Full-text articles
assessed for eligibility

55 included articles

538 excluded: not relevant, not
present sufficient data, review

Figure 3-3 Systematic search strategy
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All published studies that assessed mechanicalydghsony markers against the
change in LVEFALVEF), ALVESV andALVEDV were analysed in detail and data
extracted (Abraham et al. 2004; Bank et al. 2008 & al. 2003a; Bleeker et al.
2007a; Bleeker et al. 2007b; Bordachar et al. 2@Hica et al. 2009; De Boeck et al.
2008; Delgado et al. 2008; Deplagne et al. 2008zBnfante et al. 2007; Duncan et
al. 2006; Faletra et al. 2009; Gorcsan et al. 20G4acsan et al. 2007; Kaufman et al.
2010; Liodakis et al. 2009; Marcus et al. 2005; $4aret al. 2008; Mele et al. 2006;
Norisada et al. 2010; Notabartolo et al. 2004; Fark. 2010; Penicka et al. 2004,
Pitzalis et al. 2002; Pitzalis et al. 2005; Porcitral. 2006a; Sassone et al. 2007;
Soliman et al. 2007b; Soliman et al. 2009; St J8utton et al. 2003; Suffoletto et al.
2006; van Bommel et al. 2010b; Van de Veire e2@07; Wang et al. 2010; Yu et al.
2003; Yu et al. 2004a; Yu et al. 2005; Yu et a0 We extracted For calculated it
from the correlation coefficient between the meatardyssynchrony marker and
outcome measure, using the published data in tgliald or graphical form. The

weighted averages of thé Rere calculated using the size of the study.

The landmark EM-RCTs of biventricular pacing welsoaassessed, specifically to
compare the spread (standard deviatioIOfEF, ALVESV andALVEDV in the
control and intervention arms (Abraham et al. 2@&shai et al. 2007; Cappola et al.
2006; Cleland et al. 2008; Cleland et al. 2005¢f@t al. 2011; Ghio et al. 2006;
Ghio et al. 2009; Linde et al. 2008; Lubitz etZ010; Moss et al. 2009b; Solomon et
al. 2010; St John Sutton et al. 2003; Sutton 2G06b; Wikstrom et al. 2009). The
spread of the in the control arm shows the intrinsically unpctdble element of the

spread ofA in the intervention arm.
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3.3.3 Data from my hospital’s database assessing ejection fraction

at repeated studies
1298 patients who attended a general cardiologyccdit a teaching hospital in
London who had more than one echocardiogram wehedad. All the
echocardiograms were stored on Medcon systemsLwitimeasurements and
calculated ejection fractions at each attendance w@mpared. | looked to see how
AEF changed with each successive measurement. Egadunement was compared

to the first measurement and each preceding measute

Patients were included if they had repeat echoograms which enabled me to
calculate the EF. This was not a study designgettform the most robust and
reproducible measurements using a study protoookdbher a review of the
echocardiograms performed in standard clinicaltpracAll patients had at least two
echocardiograms performed. Some had further ectiogcgiams - up to 3, 4, 5 or 6

echocardiograms between July 2004 and June 2009.

To find the data, a search was performed on thechledatabase using the

instructions shown in Figure 3-4.
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3.3.4 Medcon search utility

Go to http://connserver/crn Log on using Username and Password

Click Query Studio (top left)

3.3.4.1 Part I: Create report layout

Under the ‘Insert Data’ tab, drag and drop fielusttyou want to be in your final
report. This should include fields that you will éearching in, as well as patient
identifiers and any other Echo data you may need.

To locate fields, go to ‘Echo 2’

For demographic details, look under Common

For echo data, look under Echo

When you drag and drop them across to the maingramew column will form.

3.3.4.2 Part II: Create search

1. To search, click Edit Data in the top left
2. Click the column you wish to search in

3. Click Filter

4. Search criteria will come up at the bottomhaf tmain frame.
5. You can add multiple search criteria.
6. The search will then run automatically.

7. When finished, click ‘Manage File’ and exporia@SV or XLS sheet.

Figure 3-4 Step by step method to search Medcon to performcises for
echocardiograms as performed in this study
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3.3.5 Statistics

Values are shown as mean (95% confidence intematgpt where otherwise
indicated. Comparisons between classes of studg made using Student’s unpaired
t test and the Mann-Whitney U test. A p value 0i05 was predefined as statistically
significant. Stata/SE 10.0 for Windows (Stata Clofp College Station[ex) were

used to perform the statistical analysis.
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3.4 Results

3.4.1 Reported R? for echocardiographic response in EMRCTs and
HSSCs
52 reports were identified and assessed. The ityayeere retrospective cohort
studies either with or without matched controlsfgened in highly skilled single
centres (HSSC) with specific interest in echocagdiphic dyssynchrony markers and
a track record of innovation in the field (Abrahatral. 2004; Bank et al. 2009;
Bleeker et al. 2007b; Bordachar et al. 2010; Catad. 2009; De Boeck et al. 2008;
Delgado et al. 2008; Deplagne et al. 2009; Diaa+itd et al. 2007; Duncan et al.
2006; Faletra et al. 2009; Gorcsan et al. 2004afidan et al. 2010; Liodakis et al.
2009; Marcus et al. 2005; Marsan et al. 2008; Melal. 2006; Norisada et al. 2010;
Notabartolo et al. 2004; Park et al. 2010; Penatkal. 2004; Pitzalis et al. 2005;
Porciani et al. 2006b; Sassone et al. 2007; Solehah 2007b; Soliman et al. 2009;
St John Sutton et al. 2003; Suffoletto et al. 20@6r Bommel et al. 2010b; Van de
Veire et al. 2007; Wang et al. 2010; Yu et al. 2008 et al. 2005). The Reported
in these studies between individual dyssynchronskera and echocardiographic
response to biventricular pacingL(VEF, ALVESV or ALVEDV) are tabulated in

Table 3-1.
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Table 3-1 A comparison of the baseline dyssynchronariables found to predict
response in externally monitored randomised contrdéd trials with those found
highly skilled single centre studies.Correlation coefficients and coefficient of
determination (B are presented. Abbreviations are those usdtkioriginal
publication

cardiac Observed Observed
Response Trial Baseline Variable n correrlart'lon r? Trial Baseline Variable n correrlart'lon R?
coefficient coefficient
Highly skilled single centre studies Externally menitored Randomised Controlled Trials
ALVEF Bax 2003 'dl'lzl\:vepta Hateral 25 0.47 0.22 CONTAK: Marcus 2005 SPWMD 78 -0.11 0.01
Pitzalis 2005 SPWMD 51 0.69 0.48 MADIT-CRT: Pouleur 2011  Transversestrain - g -0.29 0.08
Dyssynchrony
Marsan 2008 Systolic dyssynchrony 5 07 0.49
index
Weighted Average 0.42 Weighted Average 0.07
SALVEF  Penicka 2004 Sum asynchrony 49 073 0.53
Mele 2006 SPWMD 37 0.07 0.005 No EM-RCT reported this outcome
TP5-5D 37 0.86 074
SPWTD 37 053 0.28
Weighted Average 0.39 Weighted Average -
Mitral
ALVEDV  Pitzalis 2002 SPWMD 20 073 0.53 MIRACLE: Cappola 2006  regurgitation 776 0.0022 0.000005
index
MIRACLE: Cappola 2006 QRS Width 776 0.12 0.01
CONTAK: Marcus 2005 SPWMD 78 -0.14 0.02
MADIT-CRT: Pouleur 2011 2NSVerse strain o) 025 0.08
dyssynchrony
Weighted Average 0.53 Weighted Average 0.02
ALVESV Pitzalis 2002 SPWMD 20 07 0.49 CARE-HF: Ghio 2009 VMDD 735 Mot published -
Yu 2003 Ts-50 30 -0.76 0.58 CONTAK: Marcus 2005 SPWMD 98 01 0.01
Bax 2004 Lzl‘::pta I-lateral 80 0.84 071 REVERSE: Linde 2009 IVMD 487  Not published -
Yu 2004 TDI-Ts-5D 54 074 055 MADIT-CRT: Pouleur 2011 ;i"sverse strain - 261 025 0.06
TDI-Ts-12 54 -06 0.36
SRI-Tsr-50 54 -0.01 0.00
P35-12 54 -0.28 0.08
Yu 2005 Ts-5D-12-ejection 56 -0.61 0.37
Ts-5D-6-gjection 56 -0.52 0.27
Ts-12-ejection 56 -0.6 0.36
Ts-6-ejection 56 -053 028
Porciani 2006 Ts-5D 59 -0.32 0.10
oExcT 59 -0.48 0233
Yu 2006 TDI-5D-12 55 -0.76 0.58
TDI-SD-6 55 -0.63 0.40
Diff-12 55 -0.64 0.41
Diff-6 55 -0.62 033
Sep-lat 55 -0.54 0.29
Sep-Post 55 -0.49 024
Marsan 2008 Systolic dyssynchrony 56 0.6 0.36
Bank 2009 IVCT 64 -0.24 0.06
TTz, Delay 64 -0.14 0.02
TVIs, Delay 54 -0.12 0.01
50 Rad-6 64 -02 0.04
Soliman 2009 5D1 (3DE) a0 0.56 0.31
“an Bommel 2010 LV Dyssynchrony 361 0.38 0.14
Miyazaki 2010 SPWMD 117 0.32 0.10
5-L Delay 117 -0.05 0.00
Tv-5D 117 0.15 0.02
Te-5D 117 0.38 0.14
Te-dif 117 0.43 0.18
Weighted Average 0.24 Weighted Average 0.05
WALVESV Mele 2006 SPWMD 37 -0.42 0.18
TP5-50 37 -0.01 0.0001 No EM-RCT reported this outcome
SPWTD 37 -0.73 0.53
Delgado 2008 AS-P (radial strain) 161 041 017
SDtess 161 0.26 0.07
Wang 2010 RDI-6 basal segments 30 042 018
RDI-6 mid-LV segments 30 075 0.56
RDI-12 (combination) 30 0.62 0.38
Woeighted Average 0.22 Weighted Average =
ANYHA Mo HSSCS reported this outcome MIRACLE: 5t John Sutton 20 IVMD 323 0.12 0.01
AQol Mo HSSCS reported this outcome MIRACLE: 5t John Sutton 20 IVMD 323 019 0.04

Weighted Average 0.03




Table 3-2 Calculation of the contraction factor forALVEF, ALVESV and
ALVEDV in externally monitored randomised controlled trials assessing
biventricular pacing. The maximum possible’Ror any parameter to th&EF in
each study is presented for each studyrepresents change. SDD - standard
deviation of differenceX)

Mandatory ceiling on R? value

R .
esponse Study Breakdown of variability |mposef:| solely by. o
measure unpredictable variability in
response measure
Unpredictabl .TOt,a,l . .
variability in . Point
eelementof . Calculation .
- intervention estimate of
variability .
arm maximal
. 2
SDD of ‘ SDD of achievableR
Total N intervention value
control arm
arm
ALVESV MIRACLE ICD Il 153 57 77 1_(57/77)2 0.45
CARE-HF 735 42.8 66.6 1—(42.8/66.6)2 0.59
MADIT-CRT 1366 16.3 312 1—(16.3/31.2)2 0.73
REVERSE 487 23.4 29.5 1-(23.4/29.5) 0.37
RETHINQ, 142 5.1 561 1-(5.1/5.61)? 0.17
RESPOND 55 441 46.9 1-(44.1/46.9) 0.12
Variance Weighted Average 0.50
ALVEDV ~ MIRACLE ICD II 154 62 76 1-(62/76)° 0.33
CARE-HF 735 50.7 74.5 1-(50.7/74.5) 0.54
MADIT-CRT 1366 14.4 332 1.(14,4/33,2)2 0.81
REVERSE 487 28 334 1—(28/33.4)2 0.3
RETHINQ 142 7.14 5.36 1—(7.14/5.36)2 -0.77
RESPOND 55 47.6 51.9 1-(47.6/51.9) 0.16
Variance Weighted Average 0.40
ALVEF CONTAK-CD 490 10.3 104 1_(10.3/10.4)2 0.02
MIRACLE ICD 11 153 6.2 8 1-(6.2/8)* 0.4
CARE-HF 735 4.5 8.5 1-(4.5/8.5)° 0.72
MADIT-CRT 1366 3 5 1-(3/5)° 0.64
REVERSE 487 6.5 9.3 1-(6.5/9.3)2 0.51
RETHINQ 142 0.99 1.22 1.(0,99/1,22)2 0.34
RESPOND 55 11.7 15.7 1.(11,7/15,7)2 0.44
Variance Weighted Average 0.48
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TheALVESV, ALVEDV, ALVEF values in RETHINQ had distinctive propertibsait
make them potentially unsuitable for this analydtgst, the test-retest reproducibility
(i.e. delta in the control arm) had a variance i@t an order of magnitude smaller
than that of all of the other studies. Seconddik&ibutions of delta values for these
echo markers where observers had a choice of baatalyse, were skewed, with a
relative curtailment of tail trending towards dé&teation, and relative extension of the
tail trending towards improvement. These phenonvera not present in the
markers that were continuous variable where ordiygle measurement was
realistically possible, such as exercise duratidlthough the study carefully blinded
assessors to allocation, the report did not steteit blinded them to prior
measurements. Reluctance to state values far frmmmpeasurements, together with
the understandable preference in real-life clinpraktice to prefer to document

improvement, might have been the reason for thesmalies.

| calculated the contraction values frtVESV, ALVEDV and ALVEF from the
externally monitored RCT’s and have shown the maxini¢ values in Table 3-2.
This formula can also be applied to non echocardglgic markers of response as

shown in Table 3-3.
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Table 3-3 R contraction factor for non-echocardiographic markes of response

to biventricular pacing. The maximal achievable’Rolumn shows the maximuntR
that any predictor could find when correlated agiaamy of these outcome measures.
A represents change. SDD - standard deviation ferdifice ). Abbreviations:

6MWD - six minute walk distance; peak Y©peak oxygen consumptiongW coz -
ratio of minute ventilation () and minute production of G@QVcoy), a measure of
ventilatory response to exercise.

Mandatory ceiling on R? value
imposed solely by

Response measure Study Breakdown of variability . L
unpredictable variability in
response measure

. Total
Unpredictable e .
variability in Point
element of . . .
o intervention estimate of
variability )
arm Calculation maximal
achievable
SDD of control . SbD Of 2
intervention R™ value
arm
arm

6MWD (m) COMPANION 93 96 1-(93/96)° 0.06
CONTAK 103.8 104.8 1—(103.8/104.8)2 0.02

MIRACLE 98 109 1-(98/109) 0.19

Peak VO, (ml/kg/min) CONTAK 43 44 1-(4.3/4.4) 0.05
MIRACLE 32 32 1-(3.2/3.2) 0.00

Quality of Life Score CONTAK 30 30.6 1—(30/30.6)2 0.04
MIRACLE 21.7 25.1 1-(21.7/25.1) 0.03

Quality of Life Improvement (%) COMPANION 23 26 1—(23/26)2 0.22
Ve/Vcos MIRACLE 5.2 6.2 1-(5.2/6.2) 0.30
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3.5.1 Impact of R? contraction factor arising from the dyssynchrony
variable

| assessed the published variability of mechardgasynchrony markers between

repeated echocardiograms in the same patientréesit reproducibility, Table 3-4).

The full variability is not reflected in simple measurements of identical previously-

acquired images because this omits biological fditya over time.

There are two studies reporting in detail the testst inherent variability of
mechanical dyssynchrony on entirely separate ectimgaams (Table 3-4). In one
study (Palmieri et al. 2010) within-patient varatiand between-patient variation was
small when performed in specialist hands. The @at&D within one patient is from
their Table 3, and the SD across the populatidrom their Table 1. From these, the
R? contraction factor due to the mechanical dyssyorhmarker can be calculated as
1-(SDuithin patient! SDhetween patieatz. The other study (Vesely et al. 2008) assesstd te
retest reliability of TDI mechanical dyssynchrongmiers and presents thé R
contraction factor directly. Where test-retestafaility of a baseline variable is
known in the form of a correlation coefficientimat coefficient is a suitable estimate
of the R contraction factor if that variable is used asedjztor of a response. In
(Vesely et al. 2008), r between test and rete2ts#gment dyssynchrony is 0.26 for
reader A, and 0.43 for reader B, giving an averdgstretest r value of 0.35 (Table

3-4).
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Table 3-4 Test-retest variability of dyssynchrony rarkers within individuals, in
populations who are candidates for biventricular pgemaker implantation. Most
studies did not report test-retest reproducibility.

Manatory Ceiling on R2 arising from
variability in Dyssynchrony Marker

Dyssynchrony marker Study \n\fithin Beltween Estimatedz limit
Patient 5D Patient 5D onR
Inter ventricular mechanical delay
Pulsed flow Doppler Burri et al 2007 not reported 26 Incalculable
Duncan et al 2006 not reported 22 Incalculable
De Boeck et ol 2008 not reported 25 Incalculable
Bordachar et al 2010 not reported 29 Incalculable
Intra ventricular mechanical delay
Pulsed tissue Doppler
onset of systolic motion - 2 segment Burri et al 2007 not reported 20 Incalculable
onset of systolic motion - 4 segment Penicka et ol 2004 not reported 37 Incalculable
onset of systolic motion - (5-L) Bleeker et al 2007 not reported 49 Incalculable
peak of systolic motion - 2 segment Burri et al 2007 not reported 34 Incalculable
onset of systolic motion Penicka et ol 2004 not reported 37 Incalculable
onset of systolic motion Burri et al 2007 not reported 29 Incalculable
peak of systolic motion Burri et al 2007 not reported 33 Incalculable
peak of systolic motion - 4 basal segments Bax 2004 not reported 49 Incalculable
peak of systolic motion - 12 segments Yu etal 2003 not reported 17 Incalculable
onset of systolic motion - 2 basal segments (5-L) Soliman et al 2007 not reported 48 Incalculable
peak of systolic motion - 2 basal segments (5-L) Soliman et al 2007 not reported 44 Incalculable
onset of systolic motion - 2 basal segments (AL-1S)  Palmieri etal 2010 32 42 1-(32/42)° =042
onset of systolic motion - 2 basal segments (A-1) Palmieri etal 2010 22 27 1-(22/27)° =034
onset of ejection Foley efal 2011 29 76 N 1-(28/76)°  =0.85
Colour Tissue Doppler
peak of systolic motion - 2 basal segments (5-L) Van Bommel et al 2010 not reported 51 Incalculable
peak of systolic motion - 2 basal segments (5-L) Conca et ol 2009 not reported 50 Incalculable
peak of systolic motion - 2 basal segments (5-L) Yu et ol 2007 not reported 54 Incalculable
peak of systolic motion - 2 basal segments (5-L) Faletra et ol 2009 not reported 75 Incalculable
peak of systolic motion - 2 opposite segments Yu et ol 2007 not reported 32 Incalculable
peak of systolic motion - 2 segment Shanks et ol 2010 not reported 42 Incalculable
peak of systolic motion - 2 segment Conca et ol 2009 not reported 50 Incalculable
peak of systolic motion - 2 segment De Boeck et ol 2008 not reported 57 Incalculable
peak of systolic motion - 2 segment Vesley et al 2008 not reported  not reported - 0.35
peak of systolic motion - 4 segment Vesley et al 2008 not reported  not reported - 0.46
peak of systolic motion - 6 segment Notabartolo et al 2004 not reported 137 Incalculable
peak of systolic motion - 6 segment Conca et ol 2009 not reported 41 Incalculable
peak of systolic motion - 12 segment De Boeck et ol 2008 not reported 16 Incalculable
peak of systolic motion - 12 segment Deplagne et al 2009 not reported g Incalculable
peak of systolic motion - 12 segments Yu et ol 2007 not reported 39 Incalculable
peak of systolic motion - 12 segments 50 Conca et ol 2009 not reported 15 Incalculable
peak of systolic motion - 12 segments 50 Yu et al 2004 not reported 13 Incalculable
peak of systolic motion - 12 segments 50 Faletra et ol 2009 not reported 19 Incalculable
peak of systolic motion - 12 segments 50 Yu et ol 2007 not reported 15 Incalculable
peak of systolic motion - 12 segments 50 Van de Veire et ol 2007 not reported 16 Incalculable
peak of systolic motion - 2 basal segments (AL-15) Palmieri et al 2010 23 81 1-[23,-"81]2 =092
peak of systolic motion - 2 basal segments (A-1) Palmieri et al 2010 29 105 1-{29,-"105]2 =092
peak of systolic motion - 12 segments 50 Palmieri et al 2010 10 22 1-[10,-"22]2 =0.79
peak of disastolic motion - 2 segment Shanks et ol 2010 not reported 49 Incalculable
Tissue synchronization imaging Gorcsan et al 2004 not reported 158 Incalculable
Conca et ol 2009 not reported 15 Incalculable
Faletra et ol 2009 not reported 35 Incalculable
M-Mode
Septal posterior wall motion delay (SPWMD) Bleeker et al 2007 not reported 119 Incalculable
Pitzalis et al 2002 not reported 92 Incalculable
Pitzalis et al 2005 not reported 96 Incalculable
Diaz-Infante et al 2007 not reported 113 Incalculable
Sassone et al 2007 not reported 46 Incalculable
Foley et al 2011 91.7 99.3 1-(91.7/99.8)* =0.16
Lateral wall postsystolic displacement (LWPSD) Sassone et al 2007 not reported 24 Incalculable
3D Systolic dyssynchony index Marsan et al 2008 not reported ] Incalculable
Faletra et al 2009 not reported 3 Incalculable
Conca et ol 2009 not reported 1 Incalculable
Deplagne et al 2009 not reported ] Incalculable
Liodakis et al 2010 not reported ] Incalculable
Soliman et al 2009 not reported ] Incalculable
Transverse strain
time to peak transverse strain - 12 segments 5D Pouleur et al 2011 64 63 1-{91.?,-"99.8]2 =-0.03
LV pre-gjection period Duncan et al 2006 not reported 16 Incalculable
De Boeck et ol 2008 not reported 26 Incalculable
Bordeachar et al 2010 not reported 41 Incalculable
RV pre-gjection period Duncan et al 2006 not reported 10 Incalculable

Combined inter and intra ventricular dyssynchrony
Pulsed tissue Doppler Penicka et ol 2004 not reported 65 Incalculable




3.6 True limits to correlation between baseline and delta
response: Combined contraction factor from both

sources of variability

Published studies provide only limited informatiorfully determine the combined
contraction factor (calculated from the productontraction factors imposed by the
outcome marker and the mechanical dyssynchronyenariedictor). We therefore

provide a theoretical contraction factor basedhendata available, in Table 3-5.
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Table 3-5 The true limit to the observed Rfor the correlation betweenALVEF and dyssynchrony markers is a product of theirtwo R
contraction factors. Shaded rows represent thed@ntraction factor arising from variability il VEF (range 0.34-0.44). Shaded columns
represent the estimated range 6cBntraction factor arising from variability in tidgssynchrony markers for which data is availabl8g-
0.90). The resulting ceiling on observabfevglues (total shaded region) is modest. Arrowsasgnt values quoted in published studies

2 .
R contraction R? contraction factor imposed by variability in dyysynchrony marker

oy vty NN N N N

ALVEF 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

0.1 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

\ 0.2 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18
\ 0.3 0.03
\ 0.4 0.04
0.5 0.05

0.6 0.06 0.12 0.18 0.24 0.30 0.36 0.42 0.48 0.54

0.7 0.07 0.14 0.21 0.28 0.35 042 0.49 0.56 0.63

0.8 0.08 0.16 0.24 0.32 0.40 0.48 0.56 0.64 0.72

0.9 0.09 0.18 0.27 0.36 0.45 0.54 0.63 0.72 0.81

1 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90
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3.6.1 Echocardiographic data from my local hospital database

All 1298 patients had undergone at least 2 scames distribution of the first scan
across all 1298 patients had mean 60.6 percentatgeamnd SD 19.0. For the second
scan, mean was 60.5 and SD 17.5. There was ndisagmitrend in the mean from

the first to the second, p = 0.923.

Of these, 337 patients had undergone a third ssashown in Table 3-6.This subset
too, showed no significant difference in means leetwthe first and last scans p =
0.800. Likewise, in the progressively smaller sibsé patients who had 4, 5 and 6
scans, there was no significant difference betwesihand last scans (p >0.05 for all

comparisons, Table 3-7).

This dataset showed that the passage of time wasaoeing a progressive increment
or decrement in average EF, neither in the fullocbhor in any of the sub cohorts

who had had a larger number of scans.
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Table 3-6 The distribution of EF for patients who tad 2, 3, 4, 5 or 6 scans performed.

All patients, 2 scans Patients with 3 scans Patient with 4 scans Patients with 5 scans Patients with 6 scans
LVEF (%) n 1298 337 136 45 16

mean SD mean SD mean SD mean SD mean SD
Scan 1 60.6 19.0 63.6 16.5 63.8 15.7 64.5 15.5 64.0 17.7
Scan 2 60.5 17.5 63.0 16.1 63.1 16.0 64.0 16.0 66.0 20.0
Scan 3 64.6 19.9
Scan 4 63.9 13.7
Scan 5 67.9 9.7
Scan 6 64.6 16.3
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Table 3-7 The scatter (SD) between the first scamd each subsequent scaifhis shows that the scatter does not change signifly
whether the first scan is compared to tifea2 to the &, hence the passage of time is not a factor. Idstés the variability of measurement
which is causing the wide scatter (SD).

All patients, 2 scans Patients with 3 scans Patient with 4 scans Patients with 5 scans Patients with 6 scans
A LVEF 1298 337 136 45 16

mean SD mean SD mean SD mean SD mean SD
A (Scan 1 - Scan 2) 0.0 18.6 -0.5 18.0 -0.7 17.0 -0.5 16.1 1.9 19.0
A (Scan 1 - Scan 3) 0.5 20.7
A (Scan 1 - Scan 4) -0.1 18.7
A (Scan 1 - Scan 5) 3.8 16.4
A (Scan 1 - Scan 6) 0.6 16.7
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The change in EF, i.AEF, between immediately successive scans therbfura
value of approximately zero. Of interest was itsdard deviation across the patient
population, which is an index of reproducibility thie variable. As shown in Table
3-8, this SD oAEF had values between 15.7 and 21.1 in all theoredy sized
cohorts of patients. There was no tendency foStheof AEF to become narrower
later in any sequence of scans. This supportsaheept that this variability is
random. | have not calculated the F test p valu¢hiwe comparisons of the standard
deviations because the interlinking of the suceesSD’s would break Fisher’s

original assumption.
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Table 3-8The scatter (SD) ofAEF between immediately successive scans is showiole

All patients, 2 scans Patients with 3 scans Patient with 4 scans Patients with 5 scans Patients with 6 scans
A LVEF 1298 337 136 45 16

mean SD mean SD mean SD mean SD mean SD
A (Scan 1 - Scan 2) 0.0 18.6 -0.5 18.0 -0.7 17.0 -0.5 16.1 1.9 19.0
A (Scan 2 - Scan 3) -1.4 12.9
A (Scan 3 = Scan 4) -0.6 15.3
A (Scan 4 = Scan 5) 3.9 12.8
A (Scan 5 - Scan 6) -3.2 16.3
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3.7 Discussion

In this study | present a method for calculating t¢eiling on the achievable€’ Ralues
between any baseline echocardiographic markeregtreimechanical dyssynchrony
and subsequent response to biventricular pacingiay be a surprise how low this
ceiling is for both dyssynchrony markers in widesgh use, and echocardiographic
measures of long term response. This mandatolipgeaipplies even if a new
mechanical dyssynchrony marker is found that pdyfencapsulates all aspects of
dyssynchrony status. The sustainablevifl never exceed this ceiling. Even
supplanting individual variables with a combinatiadex will not evade this limit
because it arises from spontaneous variabilityreriten individual patients and in

the measurement processes.

Reports of new dyssynchrony markers and combinatidexes with strong
predictive powers may continue to arise, but thalygsis shows with certainty that
when tested in independent environments the sadtiaii will be small. A different

approach to improving our selection for CRT maydwugired.

3.7.1 The fundamental ceiling on observable R?

Regression dilution is a well-recognised concetatistics but less so in medical
literature (Hutcheon et al. 2010). With any outcoradable and any predictor
variable, the greater the test-retest variabitityhie predictor and/or the response —
whether due to biological factors, measurement enrcandom noise — the more the
observed Rbetween predictor and response must be dilutedrtisizero except in
exceptionally rare chance circumstances. Evdreiuinderlying ‘true’ relationship
(i.e. between imaginary versions of the variabtes/lich the random variability had

been stripped away) is a perfect correlation 00 1tBis can never be observed in
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practice unless the variability’s are vanishingtyadl (Francis et al. 1999; Hutcheon et

al. 2010).

Studies of prediction of response have assumedhbatariability of predictors and
of outcome measures was small and statisticalljnpartant. This study
demonstrates that this not true, and that thereforeommunity’s expectation of

predictability of CRT response from current stuegidns is set far too high.

3.7.2 Minimising contraction in R? values

Critics of the PROSPECT study suggested that pcwoaardiographic technique was
responsible for poor predictive ability of mechahidyssynchrony markers. The
present study shows that variability is importdmit, highlights that all sources of test-
retest variability conspire to limit predictabiliof response. Data on test-retest
variability between separate echocardiographid@essre surprisingly sparse, but
are fundamental to knowing the maximum crediblatlwhthe ability of a variable

(or index constructed from such variables) to predisponse. Our data from the
echocardiograms analysed, showed results for efefrtaction reproducibility in

keeping with findings in 1997 (Otterstad et al. 7p9

A vital step before embarking on a clinical studyte predictive value of a
mechanical dyssynchrony marker should be assessihgatest-retest

reproducibility in formal, blinded conditions. Botést and re-test acquisitions should
be performed on separate days at the very leagtrafierably with longer intervals

between measurements.

Ideally this test-retest reproducibility shoulddmnducted by a group independent of
the originators of the marker because even smadldsi destroy the scientific value of

the result. Many candidate indices will fail aitstetage, allowing the effort and
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expense of trials to be expended fully on a smak¢of indices which have passed

basic scientific testing.

It is not sufficient to analyse intra-observer amgr-observer ability to reproduce
measurements from the same acquired images (Zhahg2€11), because this omits
biological and other temporal sources of variapsiich as subtle differences in (for
example) probe position. Such image re-analysigeispensive and needs no
additional patient effort, and may be a usefulyepreliminary step to identify a few
highly unsuitable modalities where observers caagotée on interpretation of even
identical digital images. Conducting entirely sgparscans is necessary to capture the

true test-retest reproducibility that is relevantimiting predictability of response.

The test-retest reproducibility of both the baselmechanical dyssynchrony markers
and the response variables should then be evalirated context of Table 3-4.
Unless they are much narrower than the populatistnifolition of these variables, the
methods should be refined before any major studhitiated. Effort expended on
maximising the ratio of signal (between-patientiaaility) to noise (within-patient

variability), is indispensable to improving predlct of response.

Spontaneous variability of measurements acrossitinmey hospital was measured.
The data from my centre shows variability no bethet that of formal
reproducibility. My study is retrospective and thy@erators concerned were not
acquiring data with reproducibility in mind, butéway this makes it a more

favourable representation of clinical practice.

The fact that successive pairs of several EF’s skdavo greater scatter is not
surprising. What is surprising is that the scatetiween two echoes many sessions

apart was same as those sequentially. This proagshtis is not due to evolution of
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biological processes which would have taken muaolgéo to take effect but instead

due to measurement variability.

3.7.3 Opportunities and limits of replicate averaging

One may not always have the luxury of starting withetter marker. If a marker has
substantial noise variability, contraction ot noise can be minimised by making
multiple measurements of each variable and tharguesi average of these as the
patient’s final value. However, although noise Widoe reduced (Pabari et al. 2011),
signal would not be increased. Thus sustainableaRie will not rise above the
underlying value which indicates how much the ulyeyg (between patient)
variability in response is genuinely due to undedy(between patient) variability in
the marker. For markers with no relationship &pmnse, no degree of replication
could make their Rvalue with response high, sustainably. Increasplication can

only improve R contraction due to noise.

Simply increasing the number of patients recruitétinot raise the ceiling on R
rather it will enforce the same mathematical cgiktl the more firmly, since there is

less scope for fluke high values.

Often when making multiple replicates for averagih@ conventional to attempt to
make each replicate as similar to each other aslpgjes However, it is actually
preferable for measurements to be made withoutereée to each other. Thus the
random disturbances in the replicates are statlitimdependent of each other.
Fundamentally, cardiovascular variables may fluetwsver periods of hours or days
in a manner that is not captured in recordingsaasieconds apart but which becomes
important when measurements days or weeks apacbarpared. This means that if,

say, 10 measurements are to be averaged, the averglgt be more repeatable if the
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measurements were done on 10 separate days tHahsutcessive beats. This
extreme example illustrates the principle thatiogpé measures which fail to fully
sample the intrinsic variability give less helpavlerages than those that do. In
reality, resources preclude multiple days of meamants, but one should adopt the
principle by giving as much opportunity as possibledifferent noise elements in
each of the multiple measurements: using the &mge of echocardiographs,
sonographers, times of day, prior rest or actiatg, Equally, intolerably elaborate
markers of mechanical dyssynchrony or responsectratot be replicated under the
pressures of clinical practice will not be applieato clinical practice or the

generality of patients.

The final advantage of replicate measurement,nfloated “another day, other hands,
other eyes”, it can expose irreproducibility of somarkers allowing their early

dismissal such that efforts can be focused ondhewith adequate properties.

Whilst readily available and convenient, repeatgtbeardiography has significant
variability. Otterstad et al (1997) showed thate&ted echocardiograms a week apart
in post infarct patients without change in therdpd a coefficient of variation of 7-
19%. Serial echocardiographic recordings and L\Asneements are influenced by
small differences in angulation and placement efttansducer. Loading conditions,
adrenergic drive and the post-absorption state afteeal also interact. Obesity and
COPD, common in the heart failure population aisotlimage quality. Adjustment
needs to be made when considering apparent changaschocardiographic

variable considering ascertainment error.
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This data demonstrates that the variability betw2enhocardiograms, measuring
ejection fraction, is between 15% and 20%. Thebisve the 10% or 15% threshold

for detecting response which is the cut-off in matydies (Deplagne et al. 2009).

At least a 10% error should be expected if lookorga one-way change. Thus,
setting a 15% change as cut-off for response ntlaig be too close to change
occurring due to error and natural variation. Rennore, it is known that whilst both
very low and high LVEFs can be accurately deterchieehocardiography is less
accurate in determine LVEFs between 30-50% - thgeaxpected in this patient

population (McGowan & Cleland 2003).

Dyssynchronous ventricles are also harder to atalyrameasure the LVEF. Ghio et al
(2009) has suggested that dysynchronous ventagpsar worse than they are — that
is the measured LVEF is lower than what is gengtading produced. Thus CRT

may just allow measurement of this true LVEF, @amgstshow an apparent

improvement.

3.7.4 Why some HSSCSs report higher R? than EMRCTs (and higher
than mathematically sustainable limits)
Several factors may have contributed to HSSCSatiegaignificantly higher R

values than the sustainable values found in EMRT@ble 3-2).

(a) Chance association: the apparently higlv&ues found may represent
statistical chance, which have been noticed antighda with preferential
enthusiasm. This could occur as submission baas fesearch groups and/or

acceptance bias from journals.

(b) Russian-doll publication: Successive HSSCSs patitins from the same site

may have overlapping patient cohorts. Patienthtmigderstandably be
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added to a growing database, from which publicatimaturally arise. HighR
occurring by chance in early cohorts would repdgtedntribute to

subsequent publications.

(c) Preferential recruitment of patients: Selectiomxtra patients who have
unusually severe or mild mechanical dyssynchronwlm have unusually

large changes in the response variable will hayeifitant impact on the R

(d) Lack of blinding: The Rbetween mechanical dyssynchrony markers and
response markers can only reliably inform real{ifespective clinical
practice if each measurement is performed by obkseihlinded to the other
relevant measurements in that patient. For exampdehanical dyssynchrony
should be measured without knowledge of the LVEig, &ce versa.
Concealment of ECG (which shows biventricular pgapikes) is essential
during analysis if unbiasetlLVEF is sought. The majority of the EMRCTs
report some degree of blinding; almost all of tHfeS€Ss did not (OR 81,
95% CI 6.3-1046.0, p<0.01 for response markers30R, Cl 3.5-399.4,

p<0.01 for dyssynchrony markers).

(e) Selective inclusion or exclusion of particular pats: HSSCSs may receive
unusual referral patterns distorting the distribntof dyssynchrony markers
away from the pattern typically seen by futureicthpractice and in
EMRCTs. Finally, HSSCSs, if done without the adagetof formal,
sequentially-numbered, prospective enrolment deptt may end up
analysing an incomplete subset of the populatighaitcentre: patients with

notably strong concordance between physiologicpéetation and clinical
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response are especially unlikely to be forgotten their preferential

recollection would persistently biag Rpwards.
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Table 3-9 Differences in study design between highskilled single centre studies
(HSSCS) and externally monitored randomised controfrials (EMRCTS).

EF ILVESV/LVEDV Dyssynchrony Study
measurements  measurement measurements
stated to be stated to be  only made after
blinded blinded formal enrolment

Study

Externally monitored randomised controlled trials

CONTAK (Marcus 2005) Yes Yes Yes
MIRACLE (Sutton 2003) Yes Yes Yes
CARE-HF (Ghio 2009) Yes Yes Yes
REVERSE (Linde 2009) Yes Yes Yes
MADIT-CRT (Solomon 2010) Yes Yes Yes
MADIT-CRT (Pouleur 2011) Yes Yes Yes
RETHINQ No No Yes
RESPOND Yes Yes Yes

86% 86% 100%

Highly skilled single centre studies

Pitzalis et al 2002 No No Yes
Bax et al 2003 No Yes Unknown
Yu et al 2003 (AJC) No No Yes
Gorcsan et al 2004 No No Yes
Notabartolo et al 2004 No No Yes
Penicka et al 2004 Yes Yes Unknown
Yu et al 2004 No No Unknown
Pitzalis et al 2005 No No Yes
Yu et al 2005 (JACC) No No Yes
Mele et al 2006 No No Unknown
Porciani et al 2006 No No Unknown
Suffoletto et al 2006 No No Yes
Yu et al 2006 No No Yes
Gorcsan et al 2007 No No Yes
Soliman et al 2007 No No Unknown
Yu et al 2007 No No Yes
Delgado et al 2008 No No Unknown
Jansen et al 2008 No No Yes
Masan et al 2008 No No Yes
Van de Veire et al 2008 No No Unknown
Deplagne et al 2009 Yes Yes Unknown
Soliman et al 2009 No No Yes
Park et al 2010 No No Yes
Bordachar et al 2010 No No Unknown
Kaufmann et al 2010 No No Unknown
Norisada et al 2010 No No Unknown
Van Bommel et al 2010 No No Unknown
Wang et al 2010 No No Unknown
Shanks et al 2010 No Yes Unknown
% 14% 250%
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Figure 3-5 Comparison of highly skilled single cemeé studies (HSSCSs) and externally monitored randoised controlled trials
(EMRCTSs) for reported R?values between baseline dyssynchrony markers andrexardiographic markers of response to biventricula
pacing
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3.7.5 Clinical Implications

Clinicians are skilled in handling biological vevibty. It may be difficult for
clinicians to believe that variability of a sizead#dly accommodated in clinical
practice can have such serious implications fodipt®n of response. But clinicians
appropriately merge technical knowledge with hursiahi, for example one might
enthuse patients who show even a small posktlWeEF (saying it is a small
improvement, giving them the benefit of placebo)levhefraining from dismaying
patients who show a small negatveVEF (saying it is essentially unchanged,
protecting them from nocebo). Statistics of pradicbf response cannot, however,
apply this doublethink. Variability imposes a rekably low ceiling onsustainable
predictability of response which our disciplinei®pent clinical research strategy is

unlikely to dissolve.

The R contraction factor arising from variability il . VEF had a weighted average
of 0.48. Even if there was a dyssynchrony markiér very high R contraction
factor from its own variability, the resulting deij on the total Rcontraction factor

is at most modest. This means that no matter wiatries to use to predict response
to biventricular pacing, the predictive value ddttimethod would be at most modest,
and in danger of being almost no clinical valuée predicament would persist for

any response marker with wide blinded test-retagtility.

While individual dyssynchrony markers continue &vé their own proponents, other
workers are seeking combined indices to give bettediction of response. Our study
shows that failure of prediction will occur everthva perfect index of propensity to
benefit which might includall aspects of dyssynchrony aalil other aspects of

clinical status, assembled perfectly into a singéal score. Failure of prediction is
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guaranteed due to spontaneous variability in theomne measure and test-retest

uncertainty in the predictor value itself.

Even if all within-patient variability could be glinated in a dyssynchrony marker
(and in the response variable) this would not aatozally make it possible to predict
response reliably. Any given marker (or combinatoedictor variable) may or may
not contain the information necessary to prediciie This paper does not quantify
this particular restraint on prediction becauseanity the information is not yet
available. This paper does show that the onlylldigource of such information is

carefully-blinded studies such as EMRCTs.

Our current research efforts and resources expandadentifying strong predictors
of response in longitudinal studies, would be ettgpended first screening
predictors (single or conjoint) for test-retestragfucibility and outcome markers to
eliminate from consideration those with substargantaneous variability with time.
If this “first stage” takes forever, then at lea& will not have wasted effort on
premature reports of strong predictions of respaviseh will be universally found

not to stand the test of time.
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3.8 Limitations

This study is limited by the nature of publishededavailable for analysis. Not all
studies present sufficient information to deterntime distribution of the change
induced by biventricular pacing. Few studies pmesest-retest reproducibility of
either predictors or outcome measures. | have ugewbusly performed EM-RCTs
which have control populations not undergoing bixiealar pacing to ensure | have
accurately determined the inherent variabilityegponse markers over the time

periods over which response to implantation is radiyrcalculated.

3.9 Conclusions

This study shows that no externally-monitored twdl have reliable prediction (e.g.
R?>0.5) by any current baseline marker of mechamigasynchrony of any current
marker of response to biventricular pacing, aceosspresentative range of patients,
with measurements carried out in the currently emtional manner. This can be
deduced confidently from the inherent variabilitythese measurements, which

mandatorily contract the“Ralue.

It may by these reasons be time to critically reasthe HSSCS literature on
echocardiographic prediction of response to medaadiyssynchrony. The
overstatement of relationship strength, of the oadé& to 20-fold, and indeed the
large proportion of the studies showing relatiopstrengths exceeding the
mathematically achievable limits indicates thisrapgh of HSSCSs to identifying

predictive markers of response is highly unsatisfgc

It would be preferable to see a suspension of &teral, but misguided, competition
to describe high correlations between baseline emartdf mechanical dyssynchrony

and response, until two conditions are met:
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(1) Techniques for measuring mechanical dyssynghbacome available which have
high test-retest reproducibility in the hands ofltiple centres beyond their prime

developers;

(2) Techniques for measuring “response” are avighalhich consistently show
minimal between-individual scatter in patients wimmlergo no intervention, over the
time periods similar to those over which biventlarypacing response is typically

measured, and with analyses blinded and externadlyitored.

The latter is essentially biologically impossiblgygesting the current approach
should be set aside. Fascination with, and unatiicceptance of, near-perfect
prediction of individual-patierALVEF from baseline characteristics has evolved
uniquely in the environment of cardiac dyssynchrdrack of a solid ceiling on what
can be claimed, and perhaps perception by autimorgoarnals that the competition is
for highest (and not the most reliable) value, rhaye conspired to yield the present

glut of excessive assertions.
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4 The Puzzle of Optimisation: When is an
optimisation not an optimisation?
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4.1 Abstract

4.1.1 Background

Impact of variability in the measured parameteaigly considered in designing
clinical protocols for optimisation of atrioventular (AV) or interventricular (VV)
delay of cardiac resynchronisation therapy (CRi this article | approach this
question quantitatively using mathematical simokain which the true optimum is

known, and examine practical implications using sogal measurements.

4.1.2 Method and Results
| calculated the performance of any optimisatioocpss that selects the pacing
setting which maximises an underlying signal, sasflow or pressure, in the

presence of overlying random variability (noise).

If signal and noise are of equal size, for a 5-chaptimisation (60,100,140,180,220
ms), replicate AV delay optima are rarely identicat rather scattered with a standard

deviation of 45 ms.

This scatter was overwhelmingly determinpd=(-0.975, p <0.001) by Information

Signal
t Signal+ Noise

Conten , an expression of signal-to-noise ratio. Averagmgtiple

replicates improves information content.

In real clinical data, at resting heart rate infation content is often only 0.2—0.3;
elevated pacing rates can raise information corgleave 0.5. Low information
content (e.g. < 0.5) causes gross overestimati@ptihisation-induced increment in
VTI, high false positive appearance of change itinogm between visits and very

wide confidence intervals of individual patient iopam.
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4.1.3 Conclusions

AV and VV optimisation by selecting the setting sy maximum cardiac function
can only be accurate if information content is hi§hmple steps to reduce noise such
as averaging multiple replicates, or to increageaisuch as increasing heart rate, can

improve information content, and therefore viapjlif any optimisation process.
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4.2 Background

After implantation of a resynchronisation devices@ntricular pacemaker or
defibrillator) not all patients undergo optimisatieven though guidelines recommend
that AV and VV delay should be optimised, and etrerugh clinical trials have only
demonstrated survival benefit of individually-opte®d CRT. Are clinicians right to
cut corners from the trial-validated, guideline-rdated process? To answer this, the

basic science of optimisation needs to be examined.

For optimisation of atrioventricular (AV) delay, mononly a range of AV settings is
tested, while monitoring a marker of cardiac fumetsuch as echocardiographic
velocity-time integral (Scharf et al. 2005; Thoneasl. 2009; Valzania et al. 2008)
VTI, a surrogate of stroke volume (Barold et al0&por left ventricular dP/dt (Gold
et al. 2007; Kass et al. 1999) The pacemaker gdttignt gives the best cardiac
function is then defined as the optimum. A simpascess can also be carried out for

the delay between activation of left and right viendar leads (VV delay).

However, every measurement has uncertainties, whight conceal the true
optimum. This uncertainty in our measurement of {6F of any other marker for
monitoring cardiac function (De Boeck et al. 2008rcott et al. 2010; Zhang et al.
2008) arises from numerous factors including naturdogical variability (Turcott et
al. 2010). Therefore, repeating the “optimisatiootpcol” often provides different

optima, as shown in Table 4-1.
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Optimization Optimization Optimization ~ VTI VTI VTI
#1 #2 #3

#1 #2 #3
- . - . ) :

15.94 16.47

16.24 15.85 16.36

13.78 13.79 15.02

16.08 15.75

Apparent AV optimum:  160ms 40ms 80ms

Figure 4-1: An example of clinical data from typicd patient undergoing three
separate Doppler optimisation processes (#1, #2 a#8) a few minutes apart,
using one heartbeat of velocity-time integral as # measurement to be
maximised.In this patient, the small differences in veloditye integral between the
three optimisation processes are enough to catfseetiit AV delay settings to be
identified as apparently optimal on the three ocres
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There are several clinically important questionsstFif the optimum is not
necessarily the ‘true’ underlying optimum, can wéeast express its precision, for

example as a 95% confidence interval?

Second, can we trust the measured increase in ¥@lgood estimate of the ‘true’

average underlying increase in VTI?

Third, if optimisations 6 months later show thatmypgatients’ optima have changed,
would this imply that patients require more frequenoptimisation (Barold et al.

2008; Porciani et al. 2006a; Zhang et al. 2008)?

Finally, how can the precision of the optimisatmntocol be maximised?

It would be difficult and contentious to attemptalmswer these questions by doing
clinical studies. This is partly because in clihigeactice it is normally assumed that
the apparent optimum is indeed the true optimunaf{deast the nearest of the tested
settings to the true optimum). Persons other tharoperator conducting the
optimisation process itself rarely entertain thegility that spontaneous variability
of the monitored measurement during the optimisgpi@cedure arising from beat-to-
beat variability and inherent measurement uncdstdias caused the optimum to be
misidentified. Confidence intervals are not repofiar individual clinical patients’
optima (Anselmino et al. 2009; Gold et al. 200h&¢€ et al. 2005; Valzania et al.

2008).

In this study, therefore, | created mathematicalusation having properties exactly
like real-life studies, but in which I could trukpow the underlying optimum, despite
the presence of overlying noise. To understanddakstic balance between

underlying optima and overlying noise we lookegublished studies of optimisation.
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4.2.1 Information content

A convenient way of quantifying in real-life optigations the relative contributions of
underlying true signal information versus overlynagdom noise (illustrated in Table
4-2) is using “information content”. Signal, in $hgontext, is the genuine underlying
between-setting difference in VTI, which for comatidnal convenience can be
expressed as a variance (average of the squaretalbetween the underlying value
of each setting and the mean of all settings). &laisrrespondingly, is the unwanted
variability that occurs when measures are repeatélie same setting. This too can be
expressed as a variance (average of the squaretalbetween individual replicate
measurements at a setting and the underlying \wdltheat setting). The advantage of
using variances is that their sum is the total oleskvariance. The variance observed
over a series of settings can be decomposed iateatiance arising from the genuine
between-setting differences (signal magnitude)taedemainder which is noise
variance. The proportion of the total variance whgsignal, can be called

“information content”, Equation 4-1.

. SignalVariance
Information Content= — . . _
Equation 4-1 SignalVariance+ NoiseVariance

The reasons to use information content rather siraply signal-to-noise ratio are
three-fold. First, the information content conventig varies between 0 and 1, rather
than extending to infinity. Second, it is symmethiaoise content is 1 minus
information content, which makes it clear that éhare two contributors to observed
differences between settings. Third, it is numéigddentical to the intraclass

correlation coefficient, a simple index of reprothiity used in biological research.
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4.3 Published data

Information content can be calculated in any stiadyvhich both the overall
variability and the noise variability are availabl@resent, in Table 4-1, information
content for three detailed physiological studiesdiected in research environment
where special attention was given to accuracy @b et al. 1999a; van Geldorp et
al. 2011; Whinnett et al. 2006a). For each rowhd table, | calculated for each
patient the signal size (expressed as a variamecedhe noise size (expressed as a
variance), and displayed the average values aafiogatients. Each study had
measurements at more than one heart rate, or via timan one monitoring technique,
and so had more than one row. Where raw data dfpteuteplicates was available to
us (Whinnett et al. 2006a), noise variance was tifiethdirectly. Where data of only
a single replicate was available (van Geldorp.e2@l1), noise variance was defined
as the dispersion (expressed as a variance) afiatavaway from a best-fit regression
parabola between the observed measurements aAd/ telay. Where noise
variance was published graphically (Auricchio etl®99a), it was read off the graph.
Signal variance was defined as the total obseraedmce of that patient minus noise
variance. Because the protocols differed betwadgdiest, this table should not be used
to compare optimisation technologies, but rathst fo obtain an idea of the realistic
range of information content achievable. It shcaddemembered that these were
conducted in ideal research environments when thaseeffectively no time
pressure. Routine clinical practice, because of fimessure, typically falls short of
such ideal protocols that might require as many58% beats to be acquired and

analysed (Auricchio et al. 1999b).
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Table 4-1 : Information content calculated from published studies of optimisation(Auricchio et al. 1999b; van Geldorp et al. 2011;
Whinnett et al. 2006a)

Average Pacing Parameter Number of Signal size The noise Information content of
heart parameter Definition of 1 Number of used for patlgnts with expressed size parameter, whgn used
. Study . replicates - sufficient raw expressed  as ann-replicate
rate being replicate optimisation o
- (R) optimisation . asa average (meant
(bpm)  optimised variance :
data variance sem)
Average of first 5 % change in 4 (ois 18. 5
resting AV beats at an AV delay 5 aortic pulse 1§p s q 1’3 © 1074% 4576 % 0.20+0.15
Auricchio  setting, minus pressure and 13)
etal  average of previous 6
. beats at reference % change in LV 4 (pts 18, 5, 2 2
resting AV setting (intrinsic S dP/dt 17 and 13) 18.21% 1944 % 032£005
Relative
Average of first 8 change in 5 )
90 AV beats at an AV delay 1 stroke volume 20 21.78%° 8.70% 0.63 £0.05
van setting, minus by Nexfin
Geldorp average of previous
etal 10 beats at reference Relative
setting (intrinsic change in ) )
%0 AV conduction) ! stroke volume 20 40.31% 2384% 0.71£0.05
by echo
Relative
change in 29.06 3.81
%0 AV 8 systolic blood 10 mmHd — mmHd 0.57+0.09
pressure
Average of first 10
beats at an AV delay Relative
Whinnett  setting, minus change in 35.58 2.44
10 AV etal  average of previous 8 systolic blood 10 mmHd — mmHd 086+0.02
10 beats at reference pressure
setting (AV 120ms)
Relative
change in 55.07 4.60
130 AV 8 systolic blood 10 mmHE  mmHg 0.90 £ 0.01
pressure

121



In this study | present a simple way to establhimpact of spontaneous beat-to-
beat variability, by simulating an optimisationwich there is a known underlying
optimum setting at which cardiac function is besitl alternative settings at which
cardiac function decays away. In the simulatioar then superimpose random
variability simulating clinical beat-to-beat varility (the “noise”). This simulation
gives information whose applicability is completglgneral across any method of
optimisation that is based on selecting the settimigich gives the most favourable

value of a cardiovascular measure.

| aimed to determine:

* how reliable optimisation is

* how one can quantify the confidence interval of ahgerved optimum

* whether one should trust an apparent incremerdrgiac function

« whether the observation that optima change oves v good reason to

increase the frequency of repeat optimisation,fanadly

* whether there are any straightforward steps weadento improve the quality

of the optimisation process.
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4.4 Methods

4.4.1 Observed measurement = underlying signal + superimposed
noise
| constructed a simulation to identify the impathoise variance, which is the
random variability occurring between one beat amatlzer. This noise is
superimposed on the signal, which is the “true”arhdng effect of the pacemaker
setting changes in real patient data. In clingraktice signal and noise cannot be
separated in individual raw data points becausk sach observed measurement
contains both contributions mixed together. (Howeieeplicate measurements are
made, their inter-replicate variance can be sutddaitom the total variance of the

observed raw data to reveal the signal variance).

4.4.2 Simulation

In keeping with real patient data, the underlyirggal in this model was constructed
as an inverted parabola with its peak — the untgeylgptimum — at 140 ms. The
vertical size of the parabola was scaled to hagaldsired signal magnitude. The
magnitude was defined as the average of the sqdasedtion from the mean: this
definition is computationally identical to that\driance. Separately, we programmed
noise as normally-distributed random values wittameero and variance as desired.
The signal and noise were added together to ctieat&mulated observations. This
process was repeated separately for each simydateht. For each analysis in this

study, 1000 patients were simulated.

| tested signal and noise sizes over a wide ramgédor clarity in this paper | have
presented a limited number of values, ensuringtttefull spectrum of relative sizes

of signal magnitude and noise variance are encosepgas
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4.4.3 Identification of optimum

| defined the optimal setting as the one which gaeehighest measurement of
cardiac function (Barold et al. 2008; Nishimuraktl995; Zhang et al. 2008).
Because of the presence of noise, the measuree whthis optimum may not be the
same as the underlying optimum. The measured hemaoalg parameter is not
specified, but it could represent VTI (Barold et2008), blood pressure or dP/dt. The
measurement is expressed without physical unitssifoplicity and generality.
Because signal and noise always will have the samtgethe choice of the unit has no

impact on reliability of optimisation.

4.4.4 Confidence intervals of the optimum

| simulated repeat optimisations within the santBvidlual, and collected the
resulting optima in order to see how widely thegnoa were scattered. | defined the
95% confidence interval of a single optimisatiorLeé@6 x the standard deviation of
this collection of observed optima. This is thefaence interval that would be
appropriate to report for each patient’s individoptimisation, although by this
method it is of course necessary to carry out sewgtimisations per patient in order

to calculate the confidence interval.
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Figure 4-2 Observed measurements are composed ofderlying true difference
between settings (“signal”, top panel) and beat-teat variability (“noise”,
middle panel) which may be small (left) or large (ight) relative to the signal.

The relative sizes of underlying signal and overdgynoise determine whether the
observed measurements (bottom panel) reflect therlying signal faithfully (left) or
not (right). When the noise variability is relatiyéarge (right), the observed optimum
(arrow) is often not the true optimum (140 ms ircakes in this figure).
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4.5 Results

4.5.1 Impact of information content on consistency of detecting
optimum, using a single beat at each setting.

With signal and noise both configured to be theesaine, the underlying curved

shape of the signal was not always evident in isewved measurements (signal +

noise). Nevertheless inevitably, in each run, drn® settings yielded the highest

measurement and was duly selected as the obsewpdthtim”. Since this was not

always the true underlying optimum, the observethepshowed some scatter (as

shown schematically in Figure 4-2).

For each combination of signal and noise size ahgjtied the observed scatter of
optimisation as the standard deviation of diffeeehetween the optima obtained on
two successive optimisations of the same patiesaldulated the information content

from the known sizes of signal and noise.

When signal and noise were equal, there was amgatiion scatter (standard
deviation) of 45 ms. Making the signal magnitudeapmade the scatter of the
observed optimum wider. Making the signal largesdmthe scatter of the observed
optimum narrower (Figure 3, Spearman rank cor@atioefficientp = 0.973, p =
0.021). When the noise was made smaller, the sadtthe observed optimum
narrowed. When the noise was made larger, theesadtthe observed optimum

widened (Figure 3; = 0.991, p = 0.0017).
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Figure 4-3 Scatter between successive optima incsss when noise variance is
increased (Top panel) and decreases when signal nétgde is increased (Middle
panel). Information content, encompassing the relativesf signal and noise, has a
powerful effect on the scatter between succesgtiena. The bottom panel shows the
effect of information content (the proportion ofrigace that arises from signal) on
the scatter between successive optima.
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The information content was the overwhelming deteamt of the scatter of optima
(p = 0.979, p<0.001, Figure 4-3). In the worst casnario, i.e. information content
near zero, the scatter of optimisation was ~80thesimplied range, 60 — 220 ms,

covers the full range of settings over which thmwugations are performed.

This can be compared to the expected behavioun ehtirely worthless optimisation
method which would be to use no physiological infation but simply to select one
of the settings (60, 100, 140, 180, 220 ms) atosandnd announce it to be the
optimum. From first principles, the mean “optimusXpected from such an approach
is 140 ms, and the expected variance (averageesgtideviate from that mean) is
simply (8G+40%+0*+407+80%)/5 = 3200 m§ giving an expected optimisation scatter
(SD of difference, SDD) of2 x Y3200 = 80 ms. This forms an effective limit on how
poorly reproducible any optimisation amongst thestéings can be: SDD can never

be more than 80 ms, for this range of tested ggsttin

Figure 4-3 shows that the information content ne¢edse rather high before the
scatter of optimisation even comes close to valuaisclinicians may consider
acceptable. Even to get the SDD of successive apdioavn to 25 ms, for example,

we need information content of 0.91, i.e. signahtise ratio of 10:1.

128



4.5.2 Size of confidence interval of the observed optimum
| calculated the size of the confidence intervathef observed optimum for a range of
possible signal and noise size combinations (aektbre information content) as

shown in Table 4-2.

4.6 Impact of averaging multiple replicates on reproducibility

| tested the impact of changing a clinic’s optiniisa policy to making, not just a
single measurement at each pacemaker settingebeitad raw replicates (3, 10, 30 or
100), with average of all those replicate raw measents in that patient being
plotted and used to select that patient’s optimattirgy. This process improved the
fidelity with which the observed measurements méd the underlying physiological

value.

Effectively, the absolute impact of noise was redlid-or example, using averages of
3 replicate raw measurements reduced effectiveen@sance to one-third (Table
4-2). With this elevation of the signal-to-noiséi@athe shape of the underlying signal
was more faithfully depicted in the observed measients (Figure 4-4, left panels),

and the true optimum more likely to be detectedffe 4-4, right panels).
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Table 4-2Effect of signal and noise on the information conta, and on widths of 95% confidence limits.

For simplicity the confidence intervals are showentced on the “true” value. Greater information teo gives narrower confidence intervals.
The effect of averaging multiple replicate measwests is to reduce the effective noise and therafareow the confidence interval.

Properties of isolated measurements  Effective properties of averaged replicate measurements

Number of  Effective Effective  Scatter of Size of 95%
Signal  Noise  Information replicate noise information optima, SDD  confidence interval of
magnitude variance content  measurements variance content (ms) an observed optimum
1 1 0.50 1 1.00 0.50 45 + 62
1 1 0.50 3 0.33 0.75 37 + 51
1 1 0.50 10 0.10 0.91 24 + 33
1 1 0.50 30 0.03 0.97 12 + 16
1 1 0.50 100 0.01 0.99 0 + 0
1 10 0.09 1 1.00 0.50 66 + 91
1 10 0.09 3 0.33 0.75 58 + 80
1 10 0.09 10 0.10 0.91 42 + 58
1 10 0.09 30 0.03 0.97 35 + 49
1 10 0.09 100 0.01 0.99 26 + 36
1 100 0.01 1 1.00 0.50 74 + 103
1 100 0.01 3 0.33 0.75 74 + 102
1 100 0.01 10 0.10 0.91 68 + %4
1 100 0.01 30 0.03 0.97 57 + 79
1 100 0.01 100 0.01 0.99 43 + 60
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Figure 4-4 Impact of switching from single measurements to avage of multiple
measurements for the optimisation process.

For simplicity of presentation, the simulated patiseall have the same underlying
optimum (140 ms) and the signal magnitude and tiigervariance for a single
measure, is set to be 1. The top panel simulati@sispation with a single
measurement made per setting per patient. The lweepanels simulate multiple
measurements made for each setting in each pageeit, patient’s optimum being
determined using the averages of that patient’scegp measurements. | display
detailed optimisation curves in 10 example pati¢left) and the overall distribution
of the observed optimum in 1000 patients (right).
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4.6.1 Apparent versus true size of improvement on optimisation

| measured the apparent size of the increase im#asured variable upon
optimisation. To make the results easy to interpr&mulated patients to arrive in the
optimisation clinic with a reference setting of 108 and undergo an optimisation
procedure. In each case the underlying true optinsuld0 ms, but because of noise

variability, the setting selected as optimum mayHie or another setting.

| calculated several aspects. First, the propodigmatients in whom the observed

optimum was a correct reflection of the underlyinge optimal AV delay.

Second | calculated by how much the observed optimppeared to be better than
the reference state. In reality | also knew how Imilne underlying optimum was
better than the underlying reference state, aegdnted this value too, for
comparison. This enabled me to report the extemhich the apparent increase over-
or under-estimated the underlying benefit. It Wasags an over-estimation, as shown
in the column “Extent of lllusion” in Table 4-3. €lsize of this illusion was strongly
determined by the information content, with lowgfiormation contents leading to

larger illusory improvement (= —-0.975, p <0.001).

Third, | calculated the observed difference betwibert'best” setting and “worst”
setting. Because | knew the underlying differenenvieen the true best and worst, |
was able to report this too, for comparison. Adaias thereby able to calculate the

illusory element.
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Figure 4-5 Relation between variability and apparat benefit of optimisation.

The presence of noise on its own does not consligiefiate the apparent difference
between 2 predetermined settings, since the nffiset & sometimes positive and
sometimes negative. However, it can inflate théed#ihce between a predetermined
setting and the apparently-best setting. When tisesefficient noise to cause a
setting which is not the underlying optimum to agp® be the optimum (because it
happens to have had a positive noise element)ileaare effectively selecting the
setting whose noise is most positive. This intredua consistent, positive, bias whose
size increases as the noise becomes more domiecenide the most positive noise
element is larger, and because in noisier enviromsit@ere is a larger group of
settings amongst which the apparent optimum mightgibly be drawn. As a result,
larger noise consistently inflates the differenetneen the apparent optimum and
any reference setting. Likewise the difference leetwvmaximum and minimum is
also artefactually inflated by increases in noise.
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Table 4-3 Impact of information content on the sie of the apparent benefit of optimisation.

For each combination of signal and noise variameeshow the apparent benefit of optimisation (dakewd from the measured data including
noise) and the true benefit (calculated from theewlying benefit with no noise). The illusory elemé& also shown, defined as the degree to
which the apparent measured increase overstatésithmcrease.

Benefit from optimization: Benefit from optimization:
optimum minus worst optimum minus reference
Apparent True Apparent True
Signal Noise Information measured underlying Extent of measured underlying Extent of
magnitude variance content increase  increase illusion increase  increase illusion

1 1 0.50 3.3 2.1 + 54% 1.1 0.5 +105%
1 10 0.09 7.8 2.1 +263% 3.2 0.5 +497%
1 100 0.01 23.7 21  +1008% 11.2 0.5 +2002%
10 1 0.91 7.5 6.8 +11% 1.9 1.7 +10%
10 10 0.50 10.4 6.8 + 54% 3.3 1.7 +98%
10 100 0.09 24.8 6.8 +267% 10.5 1.7 + 522%
100 1 0.99 219 214 + 2% 0.4 5.3 +0%
100 10 0.91 23.6 214 +10% 5.6 5.3 + 6%
100 100 0.50 329 214 + 54% 11.2 53 +110%
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4.6.2 Apparent change in optimum over time
| simulated repeating the optimisation process dffte passage of time, keeping the
underlying optimum the same between sessionsculleaéd whether the observed

optima seemed to change between sessions, andxbyoh.

For each signal and noise combination, | obseriieddsulting distribution of
differences between the optima found at tHard 2° optimisation visits. Figure 4-6
shows these distributions which have informationtent of 0.91, 0.50 and 0.09
respectively. Since the true underlying optimuwh @bt change between visits, all
changes in observed optimum were false. The propoof patients of patients giving

this false apparent change in optimum is showndri dhading.

Low information content was strongly linked to fiielihood of false-positive

detection of change in optimum € 0.975, p < 0.001)

When signal and noise were of equal size (inforomationtent ~ 0.50) about two-
thirds of the patients have spurious apparent @®irgoptimum between visits. Even
when the signal-to-noise ratio was 10:1, givingrdarmation content of 0.91, still
one-third of patients had spurious apparent chamgegtimum. Only when signal-to-
noise ratio reached 30:1 (information content ~7}).€id the proportion of patients
getting false-positive apparent change in optintiadaa clinically respectable 7%

(top panel, Figure 4-6).
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Proportion of patients Proportion of patienmts
whose optima falsely ~ whose optima are
Information  appeared to have  correctly identified as

content changed unchanged
0.99 0% 100%
0.97 7% 93%
0.91 31% 69%
0.75 56% 44%
0.50 65% 35%
0.25 75% 25%
0.23 73% 27%
0.09 78% 22%
0.03 80% 20%
0.01 79% 21%
When information content is 0.91 31% of patients have
false detection of
40% change in optimum
Proportion
of patients

. L

Apparent change in optimum from 1%t to 2" visit (ms)

When information content is 0.50

65% of patients have
false detection of
40% change in optimum
Proportion
of patients I

Apparent change in optimum from 1%t to 2" visit (ms)

When information content is 0.09 78% of pati?nts have
false detection of change
40% in optimum
Proportion
of patients I

Apparent change in optimum from 1¢t to 21 visit (ms)

Figure 4-6 Impact of information content on the probability of falsely detecting
a change in optimum.

A group of patients is simulated attending theroation clinic twice, with their
underlying optima truly unchanged between visite &#lculate the apparent change
in optimum between visit 1 and visit 2. The tabllews the percentage who have a
spurious apparent change depending on the infasmatintent. Graphically we can
see that when information content is high (top baody 33% of patients have a
spurious apparent change in optimum. When infomnatbntent is slower (middle
and bottom panels), the proportion of patient hgnarspurious apparent change in
optimum becomes much higher. It should be notetsiihgly randomly choosing
between 5 settings, gives an 80% (4/5) rate ofigpsidetection of change in
optimum, which is no worse than the bottom panel.
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4.7 Discussion

In this study | have shown that uncritically sellegtthe pacemaker setting which
gives the best value of a monitored variable mioghlittle better than random
selection amongst a set of AV settings. Theseffigslare generally applicable to any
optimisation method that relies on testing a sesfesettings while monitoring some
measure of cardiac function (such as echocardibgraelocity-time integral or
pressure or any other cardiovascular marker) agl picking the setting that gives

the highest measurement.

It is overwhelmingly important for signal-to-nois&tio (information content) to be

high, otherwise a series of illusions automaticalige in any clinical data analysis.

4.7.1 Illusion 1: “"We have selected the true underlying optima”

One tends to assume that the setting which givehitfhest measurement is the best.
However, our study shows that only a very small amof variability is enough to
seriously compromise this assumption because tieebiological effect may also be
very small. With signal and noise of equal sizegwample, in ~ 50% of cases (Figure

4-6) the optimum detected will not be the true mpitm but an erroneous alternative.

The confidence interval of a clinical optimisatismever reported and (surprisingly)
rarely asked for. A wide confidence interval wilve immediate comprehensibility to
any clinician reviewing the result. The simplestwa calculate the confidence
interval of optimisation is to carry it out on seaeoccasions (e.g. immediately, one
after the other) and calculate the standard deviaiihe 95% CI would be the mean £
1.96xstandard deviation. To make this reasonaliglvane would need to perform at
least 3 or 4 optimisations. Of course this wouleekemely time-consuming, and is

therefore not realistic for routine clinical pragiwith current monitoring techniques.
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Alternatively one can determine information contehthe clinic’s optimisation
process in general. This could be calculated ondelzen applied to all similar
patients without having to carry out multiple replie optimisations in each new
clinical patient. Fortunately, information contéseasy to calculate: it is essentially
the intraclass correlation coefficient. This carchkiulated quickly for a
representative group of patients by any laboraf®hys is similar, in principle, to

using concepts of statistical power analysis tdineuclinical practice.

4.7.2 Illusion 2: “"The optimisation increased flow (or pressure) by X
and was therefore worthwhile”

It is tempting to average the apparent increment®iocity-time integral (or

whatever measure was used for optimisation) actigvan optimisation service, and

believe that, first, (a) the process is almost gliacreasing stroke volume, (b) the

size of the average increase in stroke volumeisviich sounds clinically

worthwhile and (c) that since the increment inistally significant it is not likely to

be a chance finding.

This study reveals all three of these tempting kmiens to be wrong. First, the
setting selected as apparently optimum will alwagge a higher measured cardiac
function than the reference setting (except wheee¢ference setting happens to be
selected as the optimum). Even if an optimisati@thod was just roulette amongst n
tested settings, then in (n-1)/n cases (i.e. al@legys) it would be selecting an
optimum different from reference. Therefore, theesnent that stroke volume is

higher on the optimal setting is meaningless.

Second, ironically, the worse the optimisation roditthe larger the illusionary

increase in stroke volume.
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Third, unless carefully constructed (Turcott et28110), the statistical test is assessing
whether or not changes in stroke volume are rangldistributed (some positive,
some negative) with a mean of zero. But each p&iercrement will always be

either positive or zero (never negative), so therage increment will always be
statistically significantly positive unless the gaesize is very small. Indeed, the
worse the optimisation method, the more likelydpparent increment is to be

statistically significantly positive.

4.7.3 Illusion 3: “"The optimum has changed between X months and
now”

A well established and indispensable optimisationicmay start to consider how
often these optimisations should be carried outqiBni et al. 2006a; Zhang et al.
2008). Is the contrast between patients’ optimaubsequent visits a useful guide?
My analysis now shows that if a technology has pof@rmation content (low signal-
to-noise ratio) reproducibility will be poor. Foxample when signal and noise are
approximately equal (information content = 0.5p ahonths (or any other time) the
optimum will falsely appear to have changed, putkfgugh noise, 65% of the time
(Figure 4-6). Ironically, the worse the optimisatijorocess, the more the data will
seem to encourage more frequent optimisationsgiMeaway clue to this would be

that however frequently we re-optimise, there watilll be a similar proportion who

would seem to need a change in setting.

4.7.4 Illusion 4: “"We should not waste time making multiple
replicate measurements at each setting in clinical practice”
In a busy clinical department, it may seem an uessgry multiplication of work to

make more than one measurement at each settingadhst may seem rational to
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concentrate on ensuring that each measurememjusred and analysed properly by
well-trained staff. Unfortunately, the reasonslieat-to-beat variability in
measurement are many, and inadequate skill onatte@pthe sonographer or
interpreter is typically not the dominant contrilbat Rather, there is substantial beat-
to-beat variability in transvalvular blood flow, neicular volumes, arterial blood
pressure and dP/dt. These variations may be desparation and numerous other
less-easily monitored physiological processesttia place over periods of seconds
and minutes. They will not disappear through wislktinking alone. Instead,
averaging multiple replicate acquisitions givesaysowerful method to reduce the
effective noise. Effective noise (the varianceh& averaged value from R replicate
raw measurements) falls in direct proportion to, JRviding a simple way to
improve the information content. Another strategyllood pressure recordings, is to

elevate heart rate, since this increases the sire ignal (Whinnett et al. 2006a).

4.7.5 Illusion 5: "We should optimise using whatever measurement
method we are most familiar with”

Inter- and intra-observer variability may not be ttominant source of noise, rather

there may well be genuine biological variation begw beats. Even with excellent

clinical acquisition and measurement techniquthafbiological variability is large in

comparison to the true signal between settingsymmétion content will be low. One

should quantify information content directly and aesume that the technique with

which we are most familiar has a high informatiomtent.
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4.7.6 Illusion 6: “"Between separate beats, variability in my

laboratory is only X%, therefore this measure is suitable for

use in optimisation”
That X%, being the ratio between variability andameneasurement, is not the
relevant ratio for quality of optimisation. Relisityi of optimisation depends on the
ratio between beat-to-beat variability (noise) aetlveen-setting variability (signal).
The ratio is much less favourable than X%. For eama VTl measurement might
have a mean value of 10 cm, and a standard daviatid cm, giving a coefficient
variance of 10%. However, the relevant signal islfiocm but the standard deviation
between-settings which may only be (for exampleinl In this case, the information

1
content would bel*1 = 0.5. The naive figure of 10% variability, in iation, is of

no relevance.
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4.8 A simple method of calculating information content of
a cardiovascular measure used clinically for
optimisation

Because this study was carried out using computeriation, it was possible to know

the size of the true underlying signal, as wellhessize of the noise, and thereby state

the information content directly.

In vivo, one can calculate information content bgasuring total variance and noise
variance, since although the underlying signal ntage cannot be directly observed,
it is the difference between them. We need to caumtyseveral optimisations in the
same patients. Suppose one carries out R repBetdeof optimisations in one patient.
First calculate the variance of all the raw measiemgs (V). Then one can calculate
the mean measurement at each pacemaker settintheanthe variance @ of these
means. ¥, will tend to be smaller than;)}, because the impact of noise is reduced by
the averaging process. The lower the informatiortera in the measurement, the
larger its noise in comparison to its signal, dmeréfore the more markedIly,Mvill
differ from V. In brief, the information content is approximateie ratio \, / Viaw,
when R is large. More elaborately, accommodatimgrfmot always being large

(Equation 4-2).

Equation 4-2
R V

m

1

Information content = R-1V,, R-1
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An example of how to calculate information contiend single patient, using only
standard spreadsheet software, is shown in Figir€4dlculation of information

content using raw clinical data from a single pdtie

E Microsoft Excel - WONOD - Screenshot - simple calc of IC.xls
&) Fle Edit View Insert Fgrmat  Jools  Data  Window  Help

DEH SR &GBR@ 9™ =55 s -f verdans -1 -[Blr U ===
KB - A =SKKA1PK1H2] - 1/K24-1)
AB ¢ |[p E | F 6 | H | [ [ v | K | 1L
3
4 AV setting Raw measurements at each setting, Mean at each setting, of
5 R replicates R replicates
6
| 7 i dintaluiiniatats b
8 40 11.3 8.5 11.9 9.8 ' 10.4 |
9 i ;
10 80 12.4 13.1 13.8 11.9 i 12.8 |
11 ; 1
12 120 15.3 10.8 15.5 12.7 i 13.6
13 | ;
14 160 10.9 13.1 10.5 12.5 ' 11.7 3
15 ; |
16 200 6.6 11.7 11.0 6.7 : 9.0
17 S T
18 !
19 ; Y
20 Variance of raw data, V,_,: Variance of means, V.
21 5.25 2.70
22 Excel formulas: =VARFP(E8 H19) =VARP (K8 :K16)
23
24 Number of replicates, R = 4
25
26 Information content of a single measurement: | 0.35|
27 Excel formula: =K24,(K24-1)*K21-H21 - 1-{K24-1)
28
29 | R V, 1
30 N
31 R - 1 V?“QW R o 1

Figure 4-7 Calculation of information content usingraw clinical data from a
single patient.

In this example of real-life data from one patiehteplicates of measurements at 5
settings are entered into a table (columns E t@hi},the mean at each setting
calculated (column K). The variance of the raw datzalculated (Cell H21) using the
formula shown immediately below it; the same isaltor the variance of the means
(Cell K21). Information content is calculated irlld€26 using the formula shown
immediately below it. The formulae shown are inrayppiate form for standard
spreadsheet software such as OpenOffice or Midr&safel. In particular,

information content for several early patients (wWauld need to undergo replicate
measurements) can be averaged to allow the labgrtatcalculate typical confidence
intervals to be reported alongside optimal settingsiture patients.
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In practice, the examples of published data onrmé&tion content in Table 4-1 show
that even with time-consuming methodology includinigigh number of replicates

and many beats measured per replicate, informabatent can still be low.

4.9 How many replicates are really needed in clinical

practice?
Clinicians cannot afford to waste time in clinipahctice on performing unnecessary
numerous measurements during optimisation. Noyghpcan they waste time
performing apparent optimisations that they shémlolw will be worthless before the
patient even lies down on the couch. To chooserrally the number of replicates to

perform it is vital to decide how precisely theipat's optima is to be identified.

In clinical practice each individual physician cdecide what level of precision is
suitable in their context and can easily calcullieienumber of replicates required to
achieve this as long as the information conterat sihgle replicate of their local
method is known. The numbers of replicates requmed range of such

combinations is shown in Table 4-4.

For example, a clinician may wish to know the AMiojum with a 95% confidence
interval of £ 10 ms. How many replicates are ndediEpends on the heart rate at
which optimisation is to be carried out (Table 48ifudies at resting heart rate have

found rather low information contents around 0.3.

If a confidence interval of optimisation @10 ms is wanted in this context, from
Table 4-4 it can be seen that the number of regelcaeeding to be conducted at each

setting is 59.
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Table 4-4The number of replicates required when optimisaisoperformed to reduce the scatter of AV optirbtamed to a range of
acceptable confidence intervals.

ICC of single  For 95% confidence interval of an
replicate individual-patient optimum to be:

+5ms +10ms +15ms +20ms +30ms

Required "effective ICC" of the multiple replicates
0.974 0.962 0.93 0.877 0.56

Projected

behaviour of VV Number of replicates required to achieve this

optimisation 0.02 1836 1240 651 349 62

algorithms which

average 18 - 20 0.05 712 481 252 135 24

beats per single

replicate 0.1 337 228 120 64 11

~ 0.2 150 101 53 29 5

Actual behaviour

of AV optimisation 0.3 87 59 31 17 3

algorithms which

average 18 - 20 0.4 56 38 20 11 2

beats per single

replicate (Table 1)  \_ 0.5 37 25 13 7 1
0.6 25 17 9 5 1
0.7 16 11 6 3 1
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At higher heart rates such as 90 bpm, informatmrent is approximately 0.5 to 0.7
for several methods (Table 4-1). Achieving a coatfice interval of + 10 ms now only
requires 11-25 replicates, as shown in Table 4higlwvmight be achievable. At
higher heart rates still, the number of replicatesded continues to fall as

information content increases (Figure 4-8).

1 _
o
o
0.8 -
o
) 0.6 - ®
Information
Content
0.4 -
0.2 -
0
rest 90 110 130

Heart rate (bpm)

Figure 4-8 The effect of heart rate on information contentrirdatasets of published
studies regardless of method used for AV optinosati
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Adjustment of VV delay, in contrast, exerts a msahaller signal effect on
physiological measurements than AV adjustment; factor of about 5-7 fold
(Whinnett et al. 2006b). Even if the variation lndx pressure is just 5-fold smaller,
the information content is roughly 25-fold smaklebecause it is the variances
(squared deviates) that matter. Therefore, evamasg a favourably elevated (90
bpm) heart rate, a favourable range of AV optinisainformation contents of 0.5-
0.7, and a possible relative signal variance foraf\1/7¥ to (1/5¥, the information
content for VV would lie between 0.01 and 0.0%dh be seen from Table 4-4 that
this necessitates well over 500 replicates at satting to achieve the desired

precision of optimisation.

Although there are detailed descriptions of metiaslprotocols (Auricchio et al.
1999b) even putting together 1500 beats of data dotgive high information
content. Multi beat averages reduce noise, bugiifas is small, information content
may still be small. High heart rate raises signagnitude (Whinnett et al. 2006a) and

has allowed a higher information content to be ioleth
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4.10 Clinical Implications

No clinical optimisation protocol currently speesia number of replicates to be
carried out, while giving a quantitative reasonimbis may be because the impact of
noise has not been considered or measured. It otdyerrational to conduct an
optimisation without ensuring adequate precisiothefoptimum. Although there may
be a clinical imperative to be seen to be doingetbing, we should not necessarily
give in to perceived pressure to conduct a plageboedure. Worse still, if the
apparent optimisation is in fact no different tadamisation amongst a constrained
range, it is inescapable that half of all such pdares worsen cardiac efficiency

rather than improve it.

If we want our optimisation service to be delivgriclinical valuable results, there are
three generic steps we should take. First, it gartant to have as large an underlying
signal as possible. For blood pressure changkasibeen reported that the signal is
larger in absolute terms at higher heart rates #tdower heart rates (Whinnett et al.

2006a).

Second, noise should be as small as possible. Bigdshot criticise operators for
inadequate care when they may simply be correalgisuring biological variability.
Instead the measured variable and protocol shaultekigned to have a high

information content.

Third, we can take averages of multiple replicaeasurements of cardiac function at
each AV delay setting. An R-fold replication wikhve the same beneficial effect as
reducing the noise variance of individual measurgmby R-fold. This can be
applied to any measurement technique, but of caxasees the cost of increased

labour.
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Realisation of these inherent properties of optatnis, should encourage us all to
mandatorily report the noise and information coht#rour monitored variable in our
hands. We should be able to therefore presentothigdence interval with every

optimisation we carry out. This may be uncomfortabl

| emphasize that in this article | am not recomneg@dne method of measurement
(e.g. VTI or pressure) over another, nor suggestingther measurement should be
invasive or non-invasive. The choice of measurdnmrerdality for optimisation
should be prejudged by personal preference or bas&dchim, but rather selected on
the balance of relevant properties. The most ingmbproperty of optimisation (a
process that recommends small adjustments to p&eersettings) is the precision
with which the recommendation is given. This chaeeutral and simply provides

a language to rationally evaluate, discuss andorgthis precision.
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4.10.1 Practical Recommendations

This analysis is completely general to all optirtimaschemes which test a range of
settings and select the one with the greatest merasmt. Any laboratory conducting
optimisation can use Equation 4-2 and Figure 4-Gatoulate their typical
information content. In concert with device phyais, who can recommend an
acceptable confidence interval, the laboratorysssmhow many replicates are

required.

Such an estimated number of replicates requireg applies to an “average” patient
in the population. The size of the signal may Vaetween patients. For example one
patient may have a particularly critical dependenic\AV setting, and another a
below-average amount of dependency. The formerdvoeéd fewer replicates to
identify the optimum within a given size of confra interval, and the later would
need more. Similarly, one patient may have moreentor one of many reasons,
including deeper respiration due to acute physiobkdglistress; chronic lung disease
that enhances ventilatory fluctuation in haemodyiganobesity impairing image
quality; agitation impairing probe position mairégce. This would necessitate more

replicates.

But while individual patients may have differenictneeds for replication, all
patients will need more replicates if the optimmatechnique has poor information
content. Any protocol document (which specifieatimisation technique) to be
credible must at least give quantatively sound guig as to the number of replicates
needed for an average patient to obtain optimisatith a level of precision widely
considered reasonable. If a protocol does not gjiod guidance, clinical time
pressures may lead to all patients having optineisatthat are, on average, worthless

(helping half slightly, and harming half slightly).
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4.11 Conclusions

Information content, the proportion of the obserddterences in the measurements
at different settings that is genuinely due todhange in settings, has an
overwhelmingly important impact on the meaningfskef the pacemaker
optimisation processes. Although easy to meastierarely reported or commented

on, and may be surprisingly low unless steps &ent& improve it.

Low information content leads to frequent misidicaition of the optimum.
However, worse than this, it inflates the appabamtefit of optimisation: counter-
intuitively, the worse the optimisation method, tedter it will superficially appear

(unless one asks about information content).

Worst of all, because low information content ma&eparent optima more variable,
the poorer the optimisation method, the more fratjy®ne will feel compelled to re-

optimise the patient (unless we ask about inforomatontent).

Information content is easy to improve for any t@ghe. All that is needed is (a) to
use a technique where the underlying difference/den settings is as large as
possible, (b) to use a technique with beat-to-bbaaability as small as possible and

(c) to make multiple measurements at each settidgcalculate the average.

If, despite these steps, information content Iletv, clinical resources could be
saved by selecting a setting arbitrarily or everaatiom, with no additional loss to
the patient’s physiology. We do not make this sstiga for fun but to point out the
seriousness of the present situation. Optimisasiomt optimisation when it is

roulette.
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5 Validating markers of mechanical
dyssynchrony by experimental
manipulation of interventricular
timings: What is needed to make them
a reasonable prospect for Cardiac
Resynchronisation Therapy selection?
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5.1 Abstract

5.1.1 Background
In optimisation of CRT (and even selection for ianghtion) we may be
underestimating the impact of beat-to-beat vammaitnoechocardiographic

measurements.

A simple screening test of a proposed dyssynchnoauker is that its value should be
stable between heartbeats but change dramatichiy wterventricular delay is
experimentally manipulated across a wide rangeth&nas that an optimal

interventricular delay should minimise dyssynchrony

The optimisation process exposes this most clelaglyause genuine small changes in
cardiac function (signal) must be detected amopgtntially large beat-to-beat

variation (noise).

5.1.2 Methods and Results

In this study of biological variability, | perforrde2592 echocardigraphic
measurements in 13 patients with CRT. | performegghsate, replicate measurements
at a series of interventricular delays using sdvmtential optimisation modalities.
These were (i) 3D systolic dyssynchrony index, {igsue Doppler imaging, (iii)

aortic pre-ejection time, (iv) interventricular nm@amical delay, (v) LVOT VTI and

(vi) QRS duration. Variability in acquisition or tveesen observers over time is

eliminated.

Agreement between successive optimisations wasvitlwKappa values of 0.24 for
SDI, 0.02 for TDI, 0.36 for aortic pre-ejection &#y0.14 for IVMD, 0.40 for LVOT

VTl and 0.47 for QRS duration
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The intraclass correlation coefficient (ICC), whighantifies measurement
reproducibility, was low for all methods when siagheasurements were taken
(ranging from 0.32 to 0.63), but improved when paf measurements were averaged
(0.51 to 0.74, p=0.0008). The scatter betweenaatdioptima obtained is lower when

pairs of measurements were taken, p=0.007 acrbssetiods.

5.1.3 Conclusions

The relative sensitivity of these dyssynchrony reesko detect even large changes in
VV delay (as distinct from spontaneous beat-to-baatbility) appears to be very
poor. Under these blinded conditions these mechhdyssynchrony markers cannot
reliably discriminate even large changes in intetueular delay, and can be quickly

rejected as candidates for predicting clinical hiéfrem CRT.

VV delay optimisation by any of the echocardiograghchniques is not realistic
unless multiple replicates are performed and awetaglore concerningly, even
dyssynchrony assessment to select patients foairtgtion may need averaging of far

more replicate measurements than is currently destrto have any hope of success.

It would save time and expense if markers consdifreclinical trialling under
formal scientific conditions first underwent scregnfor plausibility by such a stage

of inexpensive, active experimentation.
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5.2 Background

What properties should a marker of dyssynchrongfduirst, it should be stable from
one beat to the next, which can readily be te§edond, it should change when the
amount of dyssynchrony changes: this can be téstetianging the VV delays
settings of a Cardiac Resynchronisation TherapyT()Gfacemaker. For a marker of
dyssynchrony to have any hope of being diagnosficakeful, the impact of changes
in VV delay setting must be much greater than thact of random beat-to-beat
biological variability. This “signal-to-noise” infmation should be helpful in
evaluating potential markers of dyssynchrony (Padtaal. 2011), and may be pivotal

for designing approaches to optimisation of VV gela

There are several echocardiographic markers whightrbe used to detect
dyssynchrony or be used to optimise the atrioveutr or interventricular delay
settings of a CRT device once implanted. Potetgiziniques for VV optimisation
include maximisation of LVOT VTI (Mortensen et 2D04; Thomas et al. 2009),
minimisation of 3D dyssynchrony (Kapetanakis e805; Liodakis et al. 2009) or
minimisation of the differences in tissue Dopplerihgs (Yu et al. 2004b). The latter
techniques are of special interest because theyyasynchrony markers also used for

selecting patients for implantation.

In this study | carry out an acid test of markdrdyssynchrony. | eliminate between-
patient variability, between-observer variabilitydagradual changes in clinical status.
With all these kept constant, | experimentally npaiate dyssynchrony through a
wide range of values to confirm or refute the &pitif individual dyssynchrony

markers to detect this.

155



| have systematically quantified the discriminaotver of these echocardiographic
indices in a formal head-to-head evaluation toadpcibly detect changes in
mechanical dyssynchrony elicited by changes in #lay Specifically, | distinguish
the genuine changes caused by change in VV dedaytine natural random
biological variation occurring between beats. Talie | measure several

independent beats, at each of several VV delaysach patient.
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5.3 Methods

5.3.1 Study Population

13 outpatients with biventricular pacemakers oehtvicular defibrillators previously
implanted for clinical indications (Barnett et 2007) were invited to enter this
detailed study of approximately 10 hours of echdicagraphic recording per patient.
All patients were free from decompensation for tgethan 3 months and no changes
to medication were made 4 weeks prior to enteifiegstudy and until all data had
been collected. All patients had intrinsic sinugthim, heart rate 70 £ 17bpm, with
100% biventricular pacing (AsVp) and a fixed AV aglprogrammed to the standard

nominal setting of 120ms.

At the time of the study, 1 patient was NYHA cldsé were NYHA Il and 8 were
NYHA lll. Time between implantation and enrolmeras\32 months (range 8 months
to 63 months. 5 subjects were male and 8 femaip8gears + 8 years (mean = sd).
The cause of heart failure was ischemic in 5 subjaed idiopathic dilated in 8
subjects. 11 patients were taking angiotensin-adimgeenzyme inhibitors or
angiotensin-Il receptor antagonists, 10 were takieig-blockers, 6 were taking
spironolactone and 6 were taking a diuretic (looth@zide). Patients gave informed

consent for this study which was approved by tleallethical committee.
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5.4 Protocol

In each patient optimisation of VV delay was perfed using each of the potential
markers: (i) 3D systolic dyssynchrony index (SIif), Tissue Doppler imaging
(TDI), (iii) aortic pre-ejection time, (iv) intervericular mechanical delay (IVMD),
(v) LVOT VTl and (vi) QRS duration . The range\w¥ delays investigated was RV
first 40ms, 20ms, VV Oms, LV first 20ms, 40ms ai@ing. and replicate
measurements were performed as described belowtindous ECG monitoring
from limb leads confirmed that all patients wer@%0AsBIVp throughout the

measurements.

For most patients this required 3 or 4 visits afesal hours each, which were carried
out within 2 weeks of each other. All the measumaimesing a particular modality
(e.g. tissue Doppler) across all replicates angademaker settings were conducted
within one visit by one experienced operator farhepatient. This ensured that the
only variability being quantified was beat-to-bbailogical variability, a variation

that cannot be attributed to between-operator désagents or to a substantial change

in patient status. 2592 measurements were maaealnaind | analysed all results.

5.5 Echocardiography

Echocardiography was performed in all patientsgitie Philips IE33 machine able
to acquire the advanced images for 3 dimensioratiasue Doppler
echocardiography, in addition to the more commatiice Doppler measurements.
Tissue Doppler studies and pulsed wave (PW) Doppiages were acquired using
the Philips S5-1 sector ultrasound transducer. @weardiography was performed

using a X3-1 transducer.
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5.5.1 Modalities used for optimising VV delay

5.5.1.1 LVOT — Velocity Time Integral

LVOT VTI images were taken from the apical 5-chambew with the pulse wave
Doppler cursor at the left ventricular outflow trapproximately 1 cm below the
aortic annulus. Eight beats were acquired at eachladfay, by a single operator, at
end expiration. Offline analysis was manually tcheed resulted in digitised VTI
tracings. The optimal VV delay setting was defimsdhat at which the LVOT VTI

was greatest in magnitude.

5.5.1.2 Ejection flow dyssynchrony

Ejection flow dyssynchrony was measured in 2 waystly aortic pre-ejection time
(APET) by measuring the time delay from onset ofSgR onset of flow (Lane et al.
2004). Second we calculated the interventriculachmaical delay (IVMD) as the
delay between RV ejection and LV ejection usingspdlwave Doppler across the
LVOT and RVOT respectively. Eight beats were acegiiat each VV delay. All
acquisitions were made at end-expiration to mingmespiratory variation. For both
APET and IVMD methods, the optimum VV setting wadided as that which made

the delay the smallest.

5.5.1.3 Tissue Doppler imaging

Colour coded tissue Doppler imaging was used fquadtion and analysis, using the
2 segment model from the onset of QRS complexd@#ak of the systolic wave
form (Bax et al. 2003a; van Bommel et al. 2010Ipical images of the left ventricle
including the level of the mitral annulus were aced with a minimum frame rate of
90 Hz (Gorcsan et al. 2004b). Images were acqwiddLV cavity positioned in the

centre of the sector showing clear myocardial dadim with the patient holding their
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breath at end-expiration. A minimum of 4 cycles evacquired, allowing 4 separate
analyses. Time—velocity curves were obtained uagisgmple volume placed within

the segments at the region of interest at the baigsbl and septal (Bax et al. 2003a,;
Chung et al. 2008a) segments. Analysis was peridfféne using Philips Qlab 8.1

with cardiac motion analysis (CMQ) software.

The time-to-peak systolic velocity was measurecefzh wall from the onset of the
QRS to the highest peak on the velocity curve withe aortic ejection period. If two
peaks were seen, we used the timing of the higiezst, and if two peaks of equal
velocity were seen, the timing of the earliest p@ak used. The optimal VV setting

was that at which the delay between septal andalgteak S’ velocities was smallest.

5.5.1.4 3D Echocardiography: Systolic dyssynchrony index

3D echocardiography was performed using a X3-Isttacer. Four-chamber apical
views of the heart were acquired with the left viete clearly identified. Full-volume
datasets were acquired; each recorded over 4 agnsebeats. Acquisitions had a
minimum frame rate of 20 frame/s in keeping withEAGuidelines, with the patient
breath holding at end expiration. For each VV, gétar replicate measurements

were taken.

Offline analysis was performed using Tomtec analgsiftware, version 2.0 (Tomtec
GmBH, Germany). The three views used for primalysis are the 4 chamber view,
3 chamber and 2 chamber simultaneously at 60 degres. End-systolic and end-
diastolic frames were identified, once the vengrisls aligned to eliminate
foreshortening. Automatic border detection was ttemmied out and corrected as
appropriate. A segmented shell is created (Figtkgdnd time-volume curves and

the systolic dyssynchrony index were calculatedn(@ies et al. 2008), with the
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analysis performed by myself. The optimal VV seftwas that at which the systolic

dyssynchrony index was smallest.
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Figure 5-1 A shell is created with all segments mobered.
We can see segments 4,5,10 and 11 in the example.abach of the 16 segments
have the time to minimal volume measured.
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5.5.2 Calculating the agreement of selecting the optimal VV delay
setting within the same modality

For each of the dyssynchrony markers, | made meltgplicate acquisitions at each
of the tested VV delays thus mimicking multipleiopsations and allowing me to
measure the extent to which variation between measents at different VV delays
were genuinely due to changes in VV delay, versugly natural biological
variation. For aortic pre-ejection time, intervecitar mechanical delay and LVOT
VTI | made 8 replicate measurements. For 3D SDIHDY which are more time

consuming, | made 4 replicate measurements.

The agreement is quantified as the number of psegwomparisons between replicate
optimisations, by the same method, that yield #maesoptima, Figure 5-2. |
calculated the number of times the same optimaobtaned when repeat
optimisation processes were performed within tmeesmodality, and displayed this

as a percentage of the number of pairwise comperis@ade.
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5.5.3 Calculating Kappa within the same modality

The Kappa statistic gives the excess proporticegoéement. above the agreement
that would arise by chance alone, for each inddidnodality studied. [ initially
calculated the distribution of ‘optimal’ settingsrass the replicate measurements for
each modality, Ruing Using this value, | then calculated the expetged| of

agreement by chance;nRice for that modality, as follows:

Equation 5-1

I:)chance = z (Psettiﬂgz)

| then calculated the raw agreement for that mogalefined as the number of
occasions when two replicates gave the same optimtine same patient, divided by

the number of comparisons made. Expressed fornthlkyjs:

Equation 5-2

_ Number of agreements within patie
I:)raw - N 1

replicates -
N xN replicates 2

patients

Finally | obtained Fleiss’ Kappa in the usual way:

Equation 5-3

-P

chance
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5.6 Calculating the scatter of detected optima between repeated
optimisations for each separate modality

Using the individual ‘optimum’ VV delay settingsrfeach of the replicate

optimisations for a specific modality, we calcuthtbeir scatter, i.e. the standard

deviation between the replicate optima, and contptirese values of ‘scatter’

between the 6 separate modalities.

5.7 Quantification of the genuine effect of interventricular delay
versus random variability
The intraclass correlation coefficient (ICC) wasdiso quantify how well changes in
synchrony were detected in amongst background moidespontaneous variability.
This was calculated for each modality across dlepss. As previously described, an
ICC close to 1 indicates that changes in settingkena relatively big change in the
measurement parameter in comparison to the ran@atatt-beat variability. An ICC
close to O indicates that the random beat-to-biéfarences are relatively big in
comparison to the genuine effect of changing sgtinCC was defined as the
variance of the means of the values from eachefabted VV delays, divided by the

variance of all the values within that patient tloat particular modality.
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5.8 Results

5.8.1 Assessment of each of the 6 dyssynchrony markers as
candidates for VV optimisation using single measurements

First | present the distributions of optimisatioeasures for single measurements.

This mimics a simple, rapid clinical optimisatioropess in which each VV setting is

applied in turn with a single measurement madeéch.

As described, for each of the dyssynchrony markemgde not one but multiple
replicate acquisitions at each of the tested V\hwireplicate measurements for
aortic pre-ejection time, interventricular mechahigelay and LVOT VTI, and 4

replicate measurements for 3D SDI and TDI.

5.8.1.1 Probability of selecting the same optimum on replicate optimisations

Within method agreement of optima could not be diesd as good for any of the
modalities. 3D systolic dyssynchrony index had 38jfeement (Figure 5-2), tissue
Doppler imaging 21%, aortic pre-ejection time 49&terventicular mechanical delay

31%, LVOT VTI 54% and QRS width 58%.

The kappa values for the within modality agreenazat0.24 for 3D systolic
dyssynchrony index, 0.02 for tissue Doppler imagih86 for aortic pre-ejection
time, 0.14 for interventricular mechanical delayl®@for LVOT VTI and 0.47 for
QRS duration. These low values indicate the pooeeagent within each

dyssynchrony marker and itself on successive beats.
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3D Systolic dyssynchrony index

: WV opti rtion of
Across all 13 patients, average _ oplimum proportion 0
within-patient agreement Patient 1 palrs that agree
P g Sq M 60 7]
3 § #2603 306
£2 # 60
Systolic dyssynchrony index S " w40
Tissue Doppler imaging 21% Patient 2
Aortic pre-ejection time 49% g ™ 0 ]
g5 # 20 1/6 Across all
Interventricular mechanical delay 32% £ m 2 13 patients
LVOT VT 549 © #4 0 average agreement
0 o o
QRS duration 58% : °
Patient 13
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85 # 40 ] 36
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Figure 5-2 Agreement between replicate VV optimisations lgyghme method. Inset shows method of calculatisg/étiue for 3D SDI.

Similar calculations were done for the other methddhe agreement is quantified as the number olvisa comparisons between replicate
optimisations, by the same method, that yield #reesoptima.
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5.8.1.2 Probability of two different optimisation methods agreeing on an
optimum

| then examined the agreement, between one metitdreother, on what the
optimum VV setting was. | used each of the singldicates in turn. The agreement
between methods was poor, within many cases tlet ¢d\agreement being not much

different from pure chance.

Figure 5-3 demonstrates how the agreement waslasdduiand shows both the raw

agreements and kappa valued between methods.
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Patient 1 Aortic pre ejection time

Optimisation A Optimisation B Optimisation C  Optimisation D
Agreement between modaities for selecting VV optima. 20 20 20 40 \
- Optimisation A 60 X X X X
Pair of dyssynchrony markers Raw agrgement Kappa ,% £ . OptimisationB 60 X X X X
on optimum s 3
& @S Optimisation C 60 X X X X
TDIvs APET 13% 0.15 ©  Optimisation D -40 X X X N = 116
TDlvs IVMD 1% 0.17 Patient 2 Aortic pre ejection time
TDIvs LVOT VTI 1% 0.14 Optimisation A Optimisation B Optimisation C  Optimisation D
TDI vs QRS duration 21% 0.16 20 20 20 20
APET vs IVMD 259, 0.18 i; _é é Optimisation B -20 X X X X Across all 13 patients
APET vs LVOT V| 28% 019 Q g S Optimisation C 20 \/ V V V average agreement
OptimisatonD 0 X X X X = 4/16 = between methods
APET vs QRS duration 21% 0.18 . 14
APET vs SDI 14% 0.16 o °
IVMD vs LVOT VTI 13% 0.17 Patient 13 Aortic pre ejection time
IVMD vs QRS duration 15% 0.19 Optimisation A Optimisation B Optimisation C Optimisation D
IVMD vs SDI 31% 0.16 40 0 40 40
LVOT VTl vs QRS duration 16% 0.5 e g OpimsatonA 20X X X X
2 £ 5 OptimisationB 40 v X \ V
LVOT VTl vs SDI % 0.15 B S Opfimisation C 40 N X N N j
O »
QRS duration vs SDI 11% 0.16 © S Optimisation D 40 N X N N = 916

Figure 5-3 Example of how agreement between methsdavas calculated3D Systolic dyssynchrony index versus Aortic gpection time)

The top panel shows an example of how the perceraggeement between 3D systolic dyssynchrony inteasurements and APET
measurements was calculated with data shown foti8dl3 patients. The lower panel shows the peéagenagreement and kappa values
between each combination of the 6 dyssynchrony engrk
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5.8.1.3 The Scatter of VV optima obtained at repeated optimisations

| calculated the scatter (standard deviation) bebhntee optimal VV delay settings on
replicate optimisations for each method, as showanrepresentative patient in Figure
5-4 below. The smaller the scatter for a methloel nbore consistent the VV optima

within individual patients will be using that metho

For 3D SDI the scatter of optima was 23 ms, TDhE aortic pre-ejection time 14

ms, IVMD 28ms, LVOT VTI 21 ms and QRS duration 14.m
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Figure 5-4 Calculation of scatter of optimum VV déays in a representative patient using repeat measements of aortic pre-ejection

time as the marker of dyssynchrony.
There were 6 separate optimisation sequences pertbusing APET, generating 6 optimal VV delay sgdi We guantified the scatter of
optima by calculating the standard deviation ottecaf the individual optima identified, each medkby* |
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5.8.1.4 Quantification of genuine change versus biological variation.
Intraclass correlation coefficient

| calculated the intraclass correlation coeffici@@C), which indicates the extent to
which difference between single measurements trdiit VV delays is due to true

differences between the VV delays rather than randeat-to-beat variation.

The data from a representative patient, using@pra-ejection time as the
dyssynchrony marker, is shown in Figure 5-5. Asloaseen, the scatter between
replicate measurements was small in comparisanetbétween-setting differences,
hence a high ICC was obtained in this example piatising aortic pre-ejection time

as the modality.

The ICC for single replicates across all patierds @.34 for 3D systolic
dyssynchrony index, 0.32 for tissue Doppler measergs, 0.57 for aortic pre-
ejection time, 0.47 for interventricular mechanidalay, 0.54 for LVOT VTI and

0.63 for QRS duration.
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Figure 5-5 Six replicate measures at each VV delaysing aortic pre-ejection time as the dyssynchrongnarker.
The replicate measures at each setting are notlgxlae same. The ICC is defined as the ratio betwtbe variance of the means at each setting,
and the variance of all the raw data points. s #xdample the ICC is 0.74.
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5.9 Multiple Replicate Measurements

| then examined the effect of using averages otipialreplicate measurements of the

variable being optimised, instead of single measerds.

For those modalities where 8 replicates were ptessilamely aortic pre-ejection
time, IVMD and LVOT VTI, | grouped the raw repli@measurements into 4 groups
of 2 “averaged measurements”. For TDI and 3D SDénell replicates were
possible, | grouped the raw replicate measuremeta groups of 2 “averaged

measurements”.

5.9.1 The effect of multiple measurements on the scatter of VV
optima obtained

The scatter of optima obtained fell, when averadgmirs of measurements are

taken, instead of single measurements. The sadttgtima fell from 23 ms to 18 ms

for 3D SDI, from 28 ms to 15 ms for TDI, from 14 mes10 ms for aortic pre-ejection

time, 28 ms to 22 ms for IVMD, 21 ms to 16 ms fMQ@T VTI and 14 ms to 10 ms

for QRS duration (p = 0.00047, Figure 5-6).
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Figure 5-6 The scatter of VV optima obtained using each dysssony parameter at
rest with single measurements and averaging peaitate measurements.
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5.9.2 The effect of multiple measurements on the intraclass
correlation coefficient

The intraclass correlation coefficient were systica#ly higher for the averaged

measurements than single measurements acrossdalities. Using single

measurements compared to using averaged pairedirapsnts increased the ICC

from 0.34 to 0.59 for 3D SDI, from 0.32 to 0.51 DI, from 0.57 to 0.72 for aortic

pre-ejection time, 0.47 to 0.59 for IVMD, 0.54 t®® for LVOT VTI 0.63 to 0.74 for

QRS duration (p = 0.00084, Figure 5-7).
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Figure 5-7 The Intraclass correlation coefficient of each adig for single and
averaged paired measurements.
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5.9.3 Responders and Non-responders
69% of patients (9/13) were clinical responderifging CRT implantation and the

other 31% patients (4/13) did not clinically impeov

There was no significant difference between the f@Cesponders vs. non
responders (p = 0.44) across all modalities tededwas there a significant

difference in the scatter of optimal VV delay obtd (p = 0.53).

The Intraclass correlation coefficient between Resp ~ onders and Non-responders
(p=0.44)

-~-- 3D SDI
ICC 1 -
— 4m- - Aortic Pre-
0.9 - ejection time
0.8 -
—a— Interventricular
0.7 Mechanical
delay
0.6 -
---@-- LVOTVTI
0.5 -
0.4 -
—m—ECG
0.3 -
0.2 - ..
R
---¢-- TDI QRS - peak
0.1 S wave
0
Responders Non-responders

Figure 5-8: The intra class correlation coefficient betweempoesiers and non-
responders showed no significant difference acatisaodalities (p=0.44).
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The scatter of VV optima obtained on replicate optimisatio ns between
Responders and Non-responders (p = 0.53)

scatter -—<-- 3D SDI
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Figure 5-9: The scatter of VV optima obtained when replicaterogations are
performed showed no significant differences betwesponders and non-responders
across all modalities tested (p=0.53).
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5.10 Discussion

My study shows that each of these dyssynchrony ensitkas a very high beat-to-beat
variability. Specifically this variability is largegompared to the genuine changes in
dyssynchrony elicited by changes in pacemaker gmimogether this means that
single measures of any of these markers cannastieally be used to optimise
interventricular delay of a CRT device. Moreovencs such beat-to-beat variability
swamps the effect of changing VV timings withiniadividual they are likely to even
more powerfully swamp the effect of differenceslyssynchrony between

individuals making it unlikely that single measuets of any of these could be a

reasonable prospect for a selection criterionrfgelant of CRT device.

The methodology of this study permitted me to detee the absolute lower limit of
measurement variability possible for each of thegecardiographic parameters,

because | have eliminated any sonographer, obsertemporal influence.

5.10.1 Why this study design, rather than any other, to assess a
dyssynchrony marker?

| developed this study design because it wouldnatite study findings to be
reconfirmed (or refuted) by others without unduediem, and because it efficiently
places a lower limit on the measurement variabillyen though patients, operators,
and equipment may differ, when all of these ard kepstant, and interventricular
delay changed dramatically, markers of dyssynchebiould vary correspondingly. |
had hoped that for each patient, each marker wshadel its own clear optimum, and

that different markers might mutually agree regagdhe optimum.

In fact | found that not only did markers not agvath each other, but they did not

even agree with themselves: test-retest reproditgibf the optimum was poor.
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The greatest problem with all of the echocardiogamodalities used for VV
optimisation is the large beat-to-beat variabilityelation to the genuine effect of
changes in VV delay, meaning that replicate opttnis sequences (even performed
a few minutes apart) produce different optima. Aeghnique for VV delay
optimisation should reliably detect the same optmayery time it is carried out. To
achieve this, the measurement must reliably disnate genuine changes in

underlying value from spontaneous beat-to-beatdatons (i.e. have a high ICC).

In this head-to-head comparison of these 6 modalltfound that all performed
poorly: high beat-to-beat variability, high scatetween optima and low ICC. There
is therefore an inevitable poor agreement of optaetaveen different modalities.

One might expect the advanced echocardiographi@litied (3D echocardiography
SDI and tissue Doppler) - which directly measuediissynchrony between the
different myocardial segments - to perform bettantthe other modalities that
measure either upstream (e.g. QRS duration) or giveam (e.g. APET, IVMD and
LVOT VTI) effects of this dyssynchrony. But thegnsistently performed no better,

and often worse, than the other modalities.

While there have reports of tight reproducibility these markers (Liodakis et al.
2009; Yu et al. 2004a), in other reports conducieder stringent blinded conditions
test-retest reproducibility was underwhelming agrest is noted to be much less
than perfect (Chung et al. 2008a; De Boeck et@82Turcott et al. 2010; Vesely et
al. 2008) which is an inevitable consequence oétisisctory test-retest
reproducibility in one or both markers. Such cormgman of an optimisation technique
with itself is rarely reported on, except wherdeitthe same or another operator
reassesses the same data again, rather than reagqni entirely new dataset at a

later time point. Because of this variability, thés mathematically little hope of
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good agreement between modalities for detectimgnaistent optimum (Thomas et al.
2009), and consequently even less chance of V\imigsikion resulting in
improvements in clinical endpoints. Any measurentleat incorporates less separate
constituent measures may perform better becalss iless sources of beat-to-beat
variability and hence potential for error. Thisynexplain why LVOT VTI and

APET (which both only a single measurement per \élad setting) have, both in this
study and others (Thomas et al. 2009), been showawe a higher probability of
detecting the same optimum on different optimisetjdess scatter of optima and a
higher ICC than techniques such as TDI and 3D 8Mbldgh require measures of

several different myocardial walls/ segments fahedV delay setting).

5.10.2 Can anything be done to improve the situation?

Averaging of replicate optimisation sequences reduhbe impact of the beat-to-beat
variability, and therefore reduces the scatteriamutoves the ICC of replicate
optimisations. Although planners should incorpothts process into all optimisation
protocols (and in particular into any study protdooping to have a chance of
demonstrating any clinical benefit from VV optimtisa), this is rarely performed
because of the extra time needed for acquisitiohdaa analysis per patient. The
resulting trial, although possessing a high patierdughput, may have no hope of

efficacy.

5.11 What do these results mean for clinical VV delay optimisation?

To be practical for clinical purposes, an optinm@aprocess needs to consume only a
reasonable amount of time, while achieving an aetd@ degree of reproducibility.
This study shows that for all the modalities testaatraging replicate measurements
is essential to have a reasonable reproducibitéen with averages of 4 or 8

replicates, this study showed that reproducibiligs still not at such a level that is
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likely to be considered acceptable to most climsiaMore replicates and hence more

time would be required.

| can estimate easily how long it would take to su@a enough replicates to achieve
an optimisation to a level that a clinician miginidf acceptable. If a raw optimisation
technique had a scatter of optima (SD) of 28msgdoice the SD to 5ms, so that the
95% confidence interval could be +10ms, would regj(28/55 replicates, i.e. 31
replicates. In Table 5-1 we show how many repleateuld be needed for each of
the methods tested. Even in experienced handan itake up to 5 minutes to acquire
and analyse a 3D image, therefore 30 minutes $omgle-replicate optimisation
between 6 settings using 3D dyssynchrony. To nath@wncertainty of the optimum
to £10ms would require 22-fold replication: thiswlid consume 11 hours, a time so
long that it would be unlikely to be clinically aqatable. Yet to carry out fewer
replicates means accepting an uncertainty in thienop that is correspondingly
wider and therefore itself may be clinically ungatable. If these dyssynchrony
markers cannot consistently distinguish betweemdteally different paced
interventricular delays within an individual, themether they could ever be used for

CRT selection criteria is questionable?
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Scatter (ms) for single replicate The number of replicates required to

optimisation across all patients confidently provide optima + 10ms
3D SDI 23 22
Tissue Doppler imaging - 2 seg 26 26
Aortic Pre Ejection time 14 8
Interventricular mechanical delay 29 33
LVOT VTI 21 18
QRS duration 14 7

Table 5-1Calculation of the number of replicates requi@@rtovide reliable optima with a 95% confidencesintal of + 10ms, for each
method.
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| recommend that research and clinical practicé witssynchrony markers should
specify explicitly the number of replicates thavshl be measured and averaged,

based on (blinded) measurements of beat-to-beiatiy .

5.11.1 Why are our results “"worse” than commonly supposed

| have not excluded any patients and hence thosehati difficult images to acquire
and analyse were included. This was not a studyevhgicked the best images, but
instead those which were representative of the @&/ce population who have, in

some cases, more challenging image quality.

| have included successive beats without any ekaigsexcept for ectopic beats and

the subsequent beat which would be altered asuét céthe ectopic.

| used no more sophistication in our analysis tivarhave reported. Other groups and
studies may have used more subtleties, exclusieramalysis, unblinding collateral
information but these may not been published dy explained. This may have
meant that subsequent externally-monitored, prasdg-recruited trials which were
required to use openly declared methods, were ddaanfailure (Chung et al.

2008a). | have used published protocols at fatieeva

Although no multi-centre trials have been perforrf@dvV delay optimisation,
similar factors may explain the discrepancy betwiberclinical results of small
single-centre trials of echocardiographic measurg¢rmoedyssynchrony to guide CRT
device implantation (Bax et al. 2003a; Bleekerle2@07c) and those of the large
multicentre clinical trials such as PROSPECT, wtsalprised some experts by
failing to identify a single echocardiographic mbiyathat could predict CRT

response (Chung et al. 2008a).
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5.11.2 Would more training help?
This centre does not have below-average standésksllpbut a track record of
research in echocardiography and our practice atdadire not below real-world

clinical practice.

| do not believe that my blinded test-retest repkility data are necessarily poorer
than that reported by others (De Boeck et al. 200&cott et al. 2010). Quite often
what is reported as reproducibility turns out tahe variation between one viewing

and another, of the same recorded heart beat (Ztaaig2011).

| have applied the published protocols for thesasueements, in the way that routine
clinical users are expected to implement them. drilg modification | have made is
blinding, i.e. withholding during analysis-time thalue of the VV delay, a normal

scientific precaution to prevent unintentional biashe result.

| performed the studies, conducted the scans aulé the measurements, after
training within the field. While it is possible thadditional training may have helped,
it is not clear from the literature what furtherdtion of training would be required,

and what its specific content might be.
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5.12 Limitations

In this study | have not studied every echocardipfgrc marker that has been
proposed but rather conducted a detailed analysisedeat-to-beat variability versus
ability to detect things in VV synchrony for a widpectrum of echocardiographic
markers. | was mindful of the acquisition time Isaasking these patients to undergo.
Analysis time was also not inconsequential. | lveia principal finding of my study
is not that any particular echo marker is inadegaata single measurement, but
rather that one cannot assume that markers wadldeguate without specific
assessment. For a single echocardiographic marlstudy such as this is not difficult
to do, and | believe that any centre about to eknbarsuch a marker for clinical
purposes in optimisation (or even selection) maghtsider conducting such a brief
study with their chosen marker, to gain reassur#imaiethe marker behaves as they

expect, or to modify their plans accordingly.

This study focussed on short-term variability, amaly be criticised for not including

a re-assessment some months or years later. Howengiperiods of time permit
substantial biological changes to become estaliljdbehe extent that any
discrepancy between initial and final echocardipgr@a measurements might easily
be evolution of disease. Echocardiographic optitiueacannot therefore be faulted
for evolving over such periods of time. Instead, styydy focussed on short-term
variability where there was no real possibilitytthhanges were due to evolution of
disease. In normal clinical practice, one presugnhbpes that ones decision remains
valid at least between one consultation and thé méxch is substantially longer than
the few heartbeats over which we have tested dedtegl optimisations and found

them wanting.
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| believe that this study shows that so greateshiiological beat-to-beat variability of
many of the echocardiographic indices proposedsderin optimisation (and also for
selection) that the prime attention should be tmeeiidentifying markers not subject
to such variability, or performing high numbersreplicate measurements of existing

markers.

5.13 Conclusions

This study shows that all of the modalities tedtdyuiding VV optimisation
performed poorly on an early test of validity, ndyrtbe ability to detect that VV
delay has been changed across a wide range ofgsetBeat-to-beat test-retest
reproducibility is poor. Protocols using these sugaments to assess dyssynchrony
either in the context of VV delay optimisation @sassment for suitability for CRT
implantation, should state beat-to-beat reprodliitand the number of replicate
measurements that should be made and averagedkéotheareproducibility of the

average acceptable.

The complete disagreement between the candidasymiytsrony markers within
individual patients undergoing changes in synchmmeans that the number of these

which are a candidate for quantifying dyssynchr@gt most 1, and perhaps zero.

High beat-to-beat biological variability may exmplavhy some echocardiographic
markers, even when physiologically extremely plalgsihave as single
measurements been disappointing in selecting gatienCRT implantation. This
study design can be applied to assess the platysdfilany proposed dyssynchrony
marker, before investigators embark on clinical$rattempting to demonstrate the

marker’s ability to either predict CRT responsegoide VV optimisation.
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6 Rapid method for evaluating and
improving plausibility of tissue Doppler
protocols for assessment of
dyssynchrony in patients being
considered for cardiac
resynchronisation therapy
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6.1 Abstract

6.1.1 Background

Conventionally tissue Doppler imaging (TDI) protéetor quantification of
dyssynchrony do not undergo early screening fatired sensitivity to genuine
changes in synchrony versus spontaneous beat-tasgability. | show how this can
be done and precision improved. | demonstrate egipin to the questions of whether
to measure (a) onset or peak of velocity; (b) @ 62 segments; (c) “earliest-to-

latest” or standard deviation of timing; and (d)gte or multiple replicates.

6.1.2 Methods and Results

Patients with CRT in situ, underwent a detailedqeol of replicate measurements
and blinded analysis, at VV delays from RV-firstdto LV-first 60ms. | quantified
ability to detect genuine changes in synchronyaisitraclass correlation coefficient,
ICC, (0 = completely overwhelmed by noise, 1 = ety consistent). Tissue
Doppler velocity traces were obtained and timing wafined in each of the

2x3x2x2=24 potential combinations as listed above frojddd).

Single measures of dyssynchrony had low ICC, rapffimm 0.32 to 0.54. Averages
of pairs of measurements improved ICC significafrityn 0.50 to 0.72 (ANOVA p<
0.001). ICC was not significantly affected by measyito onset or peak (p = 0.31),
the number of segments measures 2 vs. 6 vs. 1D (@8} or measuring absolute

differences in wall timings or standard deviatipn=(0.86).

Scatter between replicate optima showed broadimgas pattern being significantly

narrower with averages of two than singles (ANO\WO®01).
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6.1.3 Conclusions

Despite physiological plausibility, tissue dyssyrmty assessment will never reliably
categorise patients if it is unreproducible withifew seconds. Manipulating
interventricular delay experimentally allows singkntres to test (and improve) the
ability of protocols to detect mechanical dyssyoclyr Averaging at least 2
measurements appears essential, but alone may mwoidigh, since ICC remains low
and the width of the 95% confidence limit of opdiif# x standard error) very wide.
Reliable long term prediction is unrealistic whskensitivity to dyssynchrony remains

low.
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6.2 Background

As shown in many studies, tissue Doppler imagirl)1s a potential choice for
selection of patients suitable for Cardiac resyonlsation therapy. This analysis
demonstrates that there is inherent beat-by-begtbiity and the TDI 2-segment

analysis was disappointing as demonstrated in €hapt

This chapter focuses in more depth to the altereatavailable with tissue Doppler
imaging, namely the analysis of multiple segmentsch some perceive to give a

better, more comprehensive and fuller assessmeheafyssynchronous heart.

PROSPECT, the largest, prospective, externally-toozd multicentre trial of
predictability of response to CRT from dyssynchramgrkers, showed no significant
predictability (Chung et al. 2008a). This at fissemed a surprising contrast to
numerous unblinded studies which had consistehtiyva strong predictability of
response from baseline tissue Doppler measurer(igatset al. 2003a; Bleeker et al.
2007c; Gorcsan et al. 2004a; van Bommel et al. B0YQ et al. 2003; Yu et al.

20044a; Yu et al. 2005).

It is not clear whether the error lies in one sngfiudy, or simultaneously in
numerous others, but the lack of a gold standartd$sue Doppler mechanical
dyssynchrony has limited scope for a convincingctgsion. It is not even clear of
how to establish a gold standard for dyssynchreayhat we can determine how
precisely each proposed Tissue Doppler index issares it, before embarking on

an expensive trial.

Blinded test-retest reproducibility is crucial fmy technique to have any hope of
precise predictive power. This is rarely reportedtissue Doppler measurements:

instead, authors often report two analyses of éneesdigital data, i.e. the same

192



heartbeat (Zhang et al. 2011). Predictive methadts poor test-retest reproducibility
cannot reliably predict the future, because a patgéth many very different values in
the present will only have one future. There mayie¢hods to improve
reproducibility but unless it is recognised to lo®mpin the first place, clinical

researchers may not think to implement them.

But how reproducible is reproducible enough? Tkellef irreproducibility that is
acceptable depends on the size of the genuinedtites that the test is designed to
measure. While the current confusion preventsars knowing the true degree of
dyssynchrony in any individual patient, we do knibvat it must change when the VV
delay of a CRT pacemaker is changed especiallstesnatically varied over a wide
range from one extreme to another (De Boeck &(0fl8; Pabari et al. 2011; Turcott

et al. 2010).

In this study | present a method for quantifying ghausibility of clinical tissue
Doppler protocols for assessing mechanical dysswngh | used this method to
address several open questions of how dyssynclsttoyld be quantified and show
how this method could be used in the future to omprdyssynchrony assessment

protocols efficiently, so that future trials mididve prospect for success.
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6.2.1 Which tissue Doppler model is correct for assessing
dyssynchrony?

This question is still under active debate (Chuingl.e2008a; De Boeck et al. 2008;

Palmieri et al. 2010; Zhang et al. 2011). Individeentres tend to champion design

choices adopted locally without much evidence thase choices are advantageous

over the alternatives and little appetite to cauy small, simple and relatively

inexpensive blinded experiments on these questions.

In this study | experimentally manipulate synchrampatients who already have
CRT and quantify the sensitivity of detection odsk changes in synchrony (as
opposed to random beat-to-beat variability) of masi proposed methods for tissue
Doppler assessment of dyssynchrony. Using a prelbpgotocol of many hours of
detailed acquisition, followed by blinded measuratmesimultaneously address, in

factorial form, 4 choices in design of tissue D@p@ssessment protocols:

Single measurements or averaging multiple measursnper VV delay?

Measuring to onset, or peak, of S wave?

2, 6 or 12 segmental analysis?

Earliest-to-latest interval or standard deviatibtimings?
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6.3 Methods

6.3.1 Tissue Doppler dyssynchrony assessment

There are many ways of using tissue Doppler imatpragssess dyssynchrony. While
there are numerous aspects to tissue Doppler,weniernhe most routine of
approaches, namely heterogeneity colour-codedetiBsyppler timings, there remain
many choices that a protocol designer can makeseTltigoices include (a) how many
wall segments to consider, (b) whether to measomiad from QRS to onset of
systolic velocity or to peak, (c) whether to catdelthe difference in timing from
earliest to latest or as a standard deviation diftwaings, and finally (d) whether it is
worth making the effort to measure more than oragtheeat at each wall and take the

average.

6.3.1.1 2, 6 or 12-segment model

The simplest subdivision of the ventricle is inimtwalls, septal and lateral, with
measurements made at basal levels which has beere® to be diagnostic for

mechanical dyssynchrony when it exceeds 60ms (Bak 2003a; Bax et al. 2003b).

A 6-segment approach can also be used (Chung22G8a), by adding the basal
segments of the anterior, inferior, posterior angt@septal walls to the 2-segment

model.

A 12-segment model, which extends the 6-segmenthindadditionally including
measurements at mid-wall level is also widely res@mnded (Yu et al. 2002; Zhang

et al. 2011).

6.3.1.2 Earliest to latest or standard deviation of wall timings

Earliest to latest timings is the difference betw#e wall which contracts earliest

and the wall which contracts last (Bax et al. 2Q03b
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A standard deviation of timings is also used asagkar of dyssynchrony, which
calculates the standard deviation of multiple wadls6 or 12 (Yu et al. 2002; Zhang

et al. 2011).

6.4 Study population

11 outpatients with biventricular pacemakers oehtvicular defibrillators previously
implanted for clinical indications (Barnett et 2007) were invited to enter this
detailed study of tissue Doppler imaging. All pateewere free from decompensation
for greater than 3 months and no changes to meaticaere made 4 weeks prior to
entering the study and until all data had beerectdld. All patients had intrinsic sinus
rhythm, with 100% biventricular pacing (AsVp) anéixed AV delay programmed to
the standard nominal setting of 120ms. 2 patieatsdnly septal and lateral walls
imaged due to poor visualisation of the other wdllss is in keeping with feasibility
reported in other studies (Bax & Gorcsan 2009).yMere included in the

appropriate analysis i.e. 2 segment analysis.

At the time of the study, 1 patient was NYHA cl&sé were NYHA 1l and 6 were
NYHA 1ll. Time between implantation and enrolmerasv31 months (range 8
months to 63 months. 4 subjects were male and @lérage 67 years * 8 years. The
cause of heart failure was ischemic in 4 subjeatsidiopathic dilated in 7 subjects.
10 patients were taking angiotensin-converting ereynhibitors or angiotensin-II
receptor antagonists, 8 were taking beta-blockevegre taking spironolactone and 4
were taking a diuretic (loop or thiazide). Patiegdse informed consent for this study

which was approved by the local ethical committee.

Each underwent a detailed protocol of replicatesueaments and analysis under

blinded conditions, at a series of VV delays frowtfitst 40ms to LV-first 60ms.
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6.5 Measurements

6.5.1 Image Acquisition

Tissue Doppler imaging was performed with a 2.5 MiHase array transducer. The
gain settings, filters and pulse repetition frequyewere optimised. Apical images of
the left were acquired with the sector size andideptimised for the best frame rate,
with a minimum frame rate of 90 Hz (Gorcsan eR8D8) . Images were acquired
with the areas of interest i.e. the mitral valvawlos, in the centre of the sector
showing clear myocardial definition. Tissue Dopplelocity traces were obtained at
the standard 12 sites by acquiring 4 chamber, Bhbbaand 2 chamber views of the

left ventricle with the patient holding their breatt end-expiration.

Pacemaker settings were changed in the usual warpgpam a range of VV delays:
RV first at 40ms, 20ms, VV 0Oms, LV first 20ms, 40arsl 60ms. | acquired 4 sets of
replicate measurements (from separate beats) oficbssue Doppler images. For
each of the 4 replicate optimisations a separdienam VV delay was identified as
the VV delay giving the least dispersion in timioigsegmental contraction. This

yielded 4 replicate assessments of VV optimisation.
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6.5.2 Image Analysis
Images were digitised and analysed offline usinigjgzhQlab 7.0 3DQ and 3DQ

advanced software. Several questions were to lveeaed in my analysis:

1. lused either (1) the first and (2) the averag2 dplicate measurements per

VV delay setting to identify the optimum VV delagting

2. Timing was defined as either (a) the time from o$®RS to onset of S

wave and (b) the time from onset of QRS to the ek wave (Figure 6-1).

Onset Peak
Onset S wave

of QRS I

Onset
of QRS

S wave

TDI trace TDl trace

dr-—mm e ——————
e ——————

ECG ECG

Figure 6-1 Demonstration of measuring from onset of QRS twebnf S wave (left
panel) and from onset of QRS to peak of S wagh(ipanel)

3. Multiple segmental analysis was performed. | useél@ahd 12 segment tissue
Doppler analysis. To obtain time—velocity curvesample volume was
placed within the segments at the region of intaresfor the septal wall as

shown below in Figure 6-2.

4. Dyssynchrony was defined as either (i) absolutiedihce between the

earliest and latest segments or (ii) standard tleviaf the segments.
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Figure 6-2 showing a tissue Doppler image of the 4 chambmawmwith the basal
septal wall highlighted. Below is the time-velocttyrve which is produced.

2 segments involved the basal septum and basedllatells; 6 segments involved the
basal segments of the septum, lateral, anterifarian, posterior and anteroseptal
walls; and 12 segments involved the basal and egdents of the septum, lateral,
anterior, inferior, posterior and anteroseptal svallll measurements were taken by

me.
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6.6 Results

6.7 Using single measurements versus averages of paired
measurements

Using averages of paired measurements compareagle sneasurements when

performing optimisation of VV delay for all moded$ tissue Doppler imaging

analysis showed a higher ICC as shown in TableafelFigure 6-3, ANOVA

repeated measures p<0.001, F=361.
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Table 6-1 Across all patients there was a statisticallyigant improvement in the intraclass correlatamefficient when averages of paired
measurements were used compared to single measuseme

Intraclass correlation coefficient

Using single Using averaged paired
measurements measurements

Measuring to Onset of S wave

2 segment 0.32 0.57

6 segment (earliest to latest) 0.49 0.67

12 segment (earliest to latest) 0.47 0.69

6 segment (standard deviation) 0.48 0.63

12 segment (standard deviation) 0.54 0.72
Measuring to Peak of S wave

2 segment 0.32 0.50

6 segment (earliest to latest) 0.42 0.64

12 segment (earliest to latest) 0.43 0.66

6 segment (standard deviation) 0.39 0.61

12 segment (standard deviation) 0.44 0.63

_ J
Y

ANOVA p<0.001 (F=361)
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Figure 6-3 The ICC increases significantly across all pasiemd all measurement
methods, when averages of paired measurementsegarucomparison to single
measurements.
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Scatter of optimum

Using single Using averaged paired
measurements (ms) measurements (ms)

Measuring to Onset of S wave

2 segment 28 15

6 segment (absolute difference) 18 9

12 segment (absolute difference) 23 12

6 segment (standard deviation) 16

12 segment (standard deviation) 21 6
Measuring to Peak of S wave

2 segment 26 24

6 segment (absolute difference) 19 11

12 segment (absolute difference) 13 4

6 segment (standard deviation) 22 14

12 segment (standard deviation) 12 8

- J
'

ANOVA p=0.001 (F=25.8)

Table 6-2The scatter of the optima obtained across aleptgidecreases
significantly when averages of paired measuremangsised compared to single
measures.
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Figure 6-4 The scatter of optima is significantly narroweremraverages of pairs of
measurements are used compared to single measusemen
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6.7.1 Measuring to onset of S wave or to peak of S wave.

The intraclass correlation coefficient (ICC), whiallicates the extent to which
difference between single measurements of TDIfédrént VV delays is due to true
differences between the VV delays was calculatbe. [CC averaged across all
patients for 2, 6 and 12 segment tissue Dopplegiimggis shown in Table 6-3. There
was no significant difference when measuring eiff@n the onset of QRS to the

onset of S wave or from onset of QRS to the pedBRS.

205



Table 6-3 Intra class correlation coefficients of rasuring to the onset of systolic wave and to theegk of systolic wave.There is no
significant difference in the intra class corraatiwhether you measure to the onset of systolieveavo the peak.

Intraclass correlation coefficient

Measuring to Onset of Measuring to Peak of

S wave S wave
Using single measurements
2 segment 0.32 0.32
6 segment (earliest to latest) 0.49 0.42
12 segment (earliest to latest) 0.47 0.43
6 segment (standard deviation) 0.48 0.39
12 segment (standard deviation) 0.54 0.44
Using averages of paired measurements
2 segment 0.57 0.50
6 segment (earliest to latest) 0.67 0.64
12 segment (earliest to latest) 0.69 0.66
6 segment (standard deviation) 0.63 0.61
12 segment (standard deviation) 0.72 0.63
N\ J
Y

ANOVA p=ns (0.31)

206



The scatter of the optimum obtained when measureaidissue Doppler were take
at a series of VV delays are shown in Table 6-408g all methods of analysis of 2,6
and 12 segment analysis showed no significantréifiiee between measuring to the

onset of the S wave or measuring to the peak csthave, ANOVA p= 0.90.

207



Table 6-4 Scatter of optimum measuring to the onset of sigsicave and to the peak of systolic wave.
There is no significant difference in the scatteogtima obtained whether you measure to the asfsgfstolic wave or to the peak.

Scatter of optimum

Measuring to Onset of Measuring to Peak of

S wave S wave
Using single measurements
2 segment 28 26
6 segment (earliest to latest) 18 19
12 segment (earliest to latest) 23 13
6 segment (standard deviation) 16 22
12 segment (standard deviation) 21 12
Using averages of paired measurements
2 segment 15 24
6 segment (earliest to latest) 9 11
12 segment (earliest to latest) 12 4
6 segment (standard deviation) 8 14
12 segment (standard deviation) 6 8
N\ J
Y

ANOVA p=ns (0.90)
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6.7.2 Comparison between differences of absolute values and
standard deviation calculations of the timings of 6 and 12
segment models of tissue Doppler analysis

Measuring the absolute difference between the wélise segments measured

compared to the standard deviation of the timirfgh®walls made no difference to

the ICCor to the scatter of optima obtained across 6 orefPnental analysis. This is

shown in Table 6-5.
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Table 6-5Measuring earliest to latest versus standard temidetween wall timings. The Intraclass correlatcoefficient and the scatter of the
optima are not significantly different when theliest to latest timings are used, or whenever thedard deviation of timings are used for 6 or
12 segment TDI models.

Intraclass correlation coefficient Scatter of optimum (ms)
Earliest to latest Standard deviation Earliest to latest Standard deviation
between walls between wall timings between walls between wall timings
Using single measurements
6 segment (onset) 0.49 0.48 18 16
12 segment (onset) 0.47 0.54 23 21
6 segment (peak) 0.42 0.39 19 22
12 segment (peak) 0.43 0.44 13 12
Using averages of paired measurements
6 segment (onset) 0.67 0.63 9 8
12 segment (onset) 0.69 0.72 12 6
6 segment (peak) 0.64 0.61 11 14
12 segment (peak) 0.66 0.63 4 8
- ~ J K ~ J
ANOVA p=ns (0.86) ANOVA p=ns (0.68)

210



6.7.3 2 versus 6 versus 12 segments

There is no effect on the intra class correlatioefficient whether 2, 6 or 12
segments were used. There is weak evidence ordlftersof the optimum identified
(ANOVA p=0.035) with a trend to a wider scattertwé 2-segment model (Table

6-6).
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Table 6-6 The effect of measuring 2, 6 or 12 segments for dalysis.

The top panel shows the effect on the intra claslation coefficient and the lower panel showeséffect of the scatter of the optimum
identified when repeated optimisations have beefopeed.

Intraclass correlation coefficient

Using single measurements (ms) Using averages of paired measurements (ms)
Measuring to Onset of Measuring to Peak of S Measuring to Onset of Measuring to Peak of S
S wave wave S wave wave
2 segment 0.32 0.32 0.57 0.50 comparing 2, 6 and 12-segments
6 segment 0.49 0.42 0.67 0.64 ANOVA p=ns (0.38)
12 segment 0.47 0.43 0.69 0.66
Scatter of optimum
Using single measurements (ms) Using averages of paired measurements (ms)
Measuring to Onset of Measuring to Peak of S Measuring to Onset of Measuring to Peak of S
S wave wave S wave wave
2 segment 28 26 15 24 comparing 2, 6 and 12-segments
6 segment 18 19 9 11 ANOVA p=0.035
12 segment 23 13 12 4
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6.8 Discussion

This study shows that for all methods of analysialpur coded tissue Doppler
imaging measurements there is high spontaneouddsbaiat variability and a
correspondingly low intra class correlation coefnt i.e. poor signal-to-noise ratio.
Single measures of any of the approaches here tegalistically claim to be reliable
predictors of the future because they do not evedigt themselves a few seconds

later.

6.8.1 Beat-to-beat variability taboo
Blinded beat-to-beat variability is rarely discusse unblinded studies that report

marked predictor values of dyssynchrony for clihmatcomes.

Sometimes reanalysis of the same heart beat (bsatie or different operator) is
reported (Zhang et al. 2011) but this is not tegtst reproducibility because it omits
biological variability between beats. Reanalysishaf same beat yields correlation
coefficients in the range of 0.95 to 0.99 (Palmétral. 2010) which can therefore be

seen to be only a very small minority of the clalig relevant total variability.

It is possible that some centres have developedamsitioning of the patient and /
or probe, or have special protocols for selectiegtb that have unusual consistencies
but, if so, these appear not to have been disclasdgut readers at a disadvantage

when reproducing the work locally.
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6.8.2 Inability to detect resynchronisation when it occurs

Difficulties in detecting resynchronisation ariserh the lack of certainty in the

results obtained. This is particularly concernmwgen a measurement is performed on
2 consecutive occasions and grossly different tesué obtained. The method used,
whether it be tissue Doppler imaging, as in thislgt or an alternative is then brought
into question. To ensure that we are reliably datgaesynchronisation, we need to

have narrow confidence intervals, within whichrisaceptable range.

In this study | have shown the scatter of optimbat have arisen when tissue

Doppler imaging has been used in various modéladitested a wide range of tissue
Doppler definitions of dyssynchrony including testithe definitions of timings based
on the onset of S-wave, and the peak of S-wavldw a comprehensive analysis of

the various possibilities. | tried hard not to faven criterion over another.

The 95% confidence interval of these values equépwith the knowledge of the

range of values we may obtain whether we needdo us

* single measurements or averaging multiple measuresnper VV delay?

* measure to onset, or peak, of S wave?

* 2,6 0r 12 segmental analysis?

» earliest-to-latest interval or standard deviatibtimings?

Figure 6-5 shows the confidence intervals of essué Doppler parameter and the

reduction in width of confidence intervals whenrpdimeasurements are averaged.
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Figure 6-5The width of 95% confidence intervals which wilireound the optimum
detected are shown above for each possibilitysstie Doppler measurements used.
The graphical representation shows the dramatiiingein this width when averages
of pairs are used. Numerically we can see the sstallidth with 12 segment earliest

to latest using paired measurements.



6.8.3 Implications for protocol designs and reproducibility

To ensure that a design protocol will reliably tesiat it is meant to i.e. identify the
optimal setting with the method used, then it ipamiant to establish the test retest
reproducibility to ensure we are happy with theuhss and that this will then give a
result which has an acceptable confidence intefvatate, the highly transparent
studies looking at test-retest reproducibility h#aiéed to confidently point towards
tissue Doppler imaging as a method which can bd fmehis purpose (De Boeck et

al. 2008; Vesely et al. 2008).

However, every method can be improved upon andehese averages of multiple
settings to improve the sensitivity and reducectridence interval of the optimum

obtained (Pabari et al. 2011).

Some groups have repeatedly demonstrated thatramdded TDI is suitable and able
to identify patients for CRT implantation. Otheogps have found that this modality
is limited in its test-retest reliability (Vesely&. 2008) and in a multicentre trial the
results for all criteria of TDI analysis were mot@Shung et al. 2008a). These
differences could be clarified if protocols weresig@ed using the suggestions arising

from this study
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6.9 Limitations

This study may be criticised for having too fewigats, but this was a detailed
meticulous protocol which was time consuming fa gatients and not ethical to
apply to even more patients until methods are iwgule- which could then be tested
by this new method, on even a single pilot patiengstablish at least one adequate

ICC before formally designing a future study.

We did not follow up the patients for a periodiofi¢ afterwards and rescan them,
with good reason. Because each patient (at eatthgddtad a wide variety of
possible optimal values, any setting could be obgito be optimal by one criterion or
another. Without establishing a specified protdookelecting an optimal value,
looking back from the future to find a fit would&k confirmation bias which would

artificially enhance correlation coefficients.

TDI has many limitations however it is still onetbe most extensively studied
echocardiographic methods for assessment of LWadgésony. Limitations include
(1) angle dependency which can alter velocitiesiBaantly, (2) measurements of
wall motion does not indicate whether it is acibamtraction or passive motion, with
even akinetic walls being dragged across, anchgjdct that several views are
required for all walls to be evaluated becauswalls cannot be captured in a single
apical plane. Multiple acquisitions mean that difg beats are being used for

different walls (Agarwal et al. 2009).
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6.10 Conclusions

Tissue Doppler imaging as a marker for optimisii)TGs disappointing. It has a low
sensitivity even for detecting large changes appdeponentially with everything else
held constant. With all the potential combinatiohsneasurements available to us
namely measuring (a) onset or peak of velocity2(l§ or 12 segments and (c)
“earliest-to-latest” or standard deviation of tigjmone convincingly improved the
sensitivity of this marker to a level that mightieasonable to apply in day-to-day
clinical practice. Averaging multiple replicatescisrrently the only plausible
approach to reducing the wide confidence interaalsimproving ICC in order to
make tissue Doppler imaging a reliable predictat mrarker for optimising CRT.

However the number of replicates needed may npataable.
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7 Comparison of the reproducibility of
left ventricular outflow tract velocity time
integral (LVOT VTI) versus peak velocity
(V,..x) as targets for optimisation of VV
delay in cardiac resynchronisation
therapy.
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7.1 Abstract

7.1.1 Background

Clinically practised echocardiographic optimisatairvVV delay in Cardiac
Resynchronisation therapy (CRT) typically seeksitxximise flow through the left
ventricular outflow tract (LVOT), conventionally ssssed using the velocity—time
integral (VTI). In this study | compare VTI maxinatson against maximisation of

peak velocity (Vax, to determine which provides a more reproducipmum.

7.1.2 Methods

| measured LVOT VTI and Max at 6 different settings of VV delay in 40 subjeatsl
determined the optimal VV delay settings using dacppler measure. We compared
the scatter of the identified optima and the irdigss correlation coefficient (ICC, a

measure of signal-to-noise ratio) between the gebriques.

7.1.3 Results

Optimisation by Vhax showed a smaller scatter between repeat optimrsa{SD 4ms
narrower, p=0.001) than optimisation by VTI. Usengerages of triplicate measures
for optimisation showed a smaller scatter thanlsingeasures (SD 5ms narrower,

p<0.0001).

ICC was significantly stronger forp\xthan VTI (by 0.13, p<0.0001). It was higher

for averages of triplicate measures (by 0.05, p3D.0

Despite the greater precision, time taken to aeadyS-setting optimisation was

shorter using Maxthan VTI (17.5 versus 59.1 seconds, p<0.0001).
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7.1.4 Conclusions

For optimisation purposes, it is critical to beeatw detect small differences in signal
reliably, and time is at a premium. Measuring pealkcities takes one-third of the
time to analyse and delivers significantly morecpse localisation of the optimum
than measuring VTI. Clinicians choosing to optinN8é delay by LVOT Doppler
might therefore be advised to use peak velocityaretage multiple replicates if

economy and precision are desired.
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7.2 Background

There remains controversy regarding whether progriag different ventriculo-
ventricular delay (VV delay) settings makes anyedlénce to patients with cardiac
resynchronisation therapy (CRT) devices. If CRTru¢y about resynchronisation,
intuitively the programmed VV delay must be impatta&However, the question of
the reproducibility of the standard methods formpgation is rarely addressed on a
formal blinded basis. If VV delay optimisation slhe rejected as worthless because
of apparent lack of differences in haemodynamieaff between different VV delay
settings, then the term resynchronisation might béscalled into question. Although
the range of VV delay settings tested during oation may not have included one
that achieves perfect resynchronisation, it musefsarely included some highly
undesirable ones. If it does not matter which isgtis selected then the marked
benefit proven for biventricular pacing might beserg from mechanisms other than

resynchronisation of the LV walls (Kyriacou et2011).

Cardiac resynchronisation therapy provides clingeal prognostic benefit to patients
with heart failure (Abraham et al. 2002; Boriana€t2006; Cazeau et al. 2001)
therefore it is rational to attempt to maximise tigenodynamic improvement derived
from the devices, by optimising the programmedrsggt Clinically however,
echocardiographic VV delay optimisation is not mely performed for two main
reasons; because of the time involved to perfortmagation algorithms and because
the endpoint studies so far have not consisterthgahstrated clinical improvement

(Boriani et al. 2006; Vanderheyden et al. 2005).

It is difficult however to find in the literaturéé early simple studies demonstrating

that, in an objective environment, VV optimisatican actually be carried out (i.e.
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yields the same results a few minutes later). Withlois confirmation, it is not
possible to be certain that the VV optimisationgeaures now being carried out are
reliably identifying a consistent value for eacHiindual, or just yielding a random
value. If current VV optimisation protocols are eimible, then failure of VV
optimisation to yield consistent clinical improvemte might reflect on the protocols

rather than on the concept of resynchronisatiaifits

To be of practical value, a protocol must yield siaene VV delay optimum on
successive optimisations, especially over the gkamt. If it does not then either the
true optimum is varying over such short time ings\in which case optimisation
can never realistically keep up with it to allownststent resynchronisation), or the
protocol is unreliable at detecting the true optim@n which case the protocol should
be improved). A likely strong driver of the relaiprecision or variability of a VV
delay optimisation protocol is the signal-to-naiago of the variable being measured

during optimisation (Pabari et al. 2011; Whinnétale 2008)

Currently there is no gold standard echocardiogcapieasure used to guide the non-
invasive optimisation of VV delay in CRT devicekhaugh left ventricular outflow
tract — velocity time integral (Geibel et al. 19%Hwhney et al. 2004; Sogaard et al.
2002) (LVOT VTI, also called ‘stroke distance’), apractical surrogate for stroke
volume is widely used, especially in the reseasthrgy (Bertini et al. 2010; Bleeker
et al. 2007c; Boriani et al. 2006; Duvall et al1R20Geibel et al. 1991; Sawhney et al.
2004; Sogaard et al. 2002; van Gelder et al. 20@agerheyden et al. 2005; Zuber et
al. 2008). However if LVOT VTl is insufficiently producible (Jansen et al. 2006a),
then using it to guide optimisation will yield vable “optima”, and conclusions
drawn from studies using this method may underedérthe benefit of optimisation.

Even if it takes more time to deliver a more repr@ile technique for optimisation,
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such investment is a sine qua non before expeclinigal benefits. If we had a better
way of detecting the optimum, that had been rigslpavaluated, the clinical
improvement and endpoints may be stronger and pwreincing therefore

encourage clinicians to do more routinely.

An inherent property of Doppler echocardiograplssessment of LVOT flow is the
physiological variability between beats. Optimisatdf VV delay requires detection
of genuine persistent changes in cardiac functeiwéen VV settings (“signal”),
which may be small in comparison to the beat-ta-kagdability (noise) of the
Doppler trace. A likely strong driver of precisiohVV optimisation is the signal-to-

noise ratio of the variable being measured (Padiaai. 2011).

In this study | conduct head-to-head comparisooM®T VTI and peak velocity
(Vmax for optimisation of VV delay in patients with CRIBvices. First, | quantify the
relative immunity of each method to noise, usingjititra class correlation (ICC)
(Muller & Buttner 1994). This is a number betweeir@licating a method for which
a biological variability completely overwhelms amganingful signal) and 1
(indicating a measure in which differences betwssttings are perfectly identical on

each evaluation with no disruption by biologicatiahility).

Second | describe the reproducibility of the twaoimgsation techniques by
determining the scatter of the VV optima obtainadepeat optimisations. |
calculated the standard deviation (SD) of VV optiinwen serial repeat optimisations
within the same individuals on the same day. Igealccessive optimisations should
derive the same optima, hence the standard devi¢®iD) or scatter would be zero. In
reality there may be slight differences in the m@tiwhen successive optimisations

are performed therefore if 6 optimisations areqrened, 6 optima will be obtained.
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The standard deviation (SD), or scatter, is theagof these results. To measure the
change in signal when VV delays are changed, we teeehoose a measure with the
greatest reproducibility and signal-to-noise réBabari et al. 2011; Whinnett et al.

2008).

Third, | evaluate the impact of conducting and agerg multiple replicates of each
measure (instead of a single measure) on the morsenity (ICC) and scatter (SD)
between replicate optimisations. This will minimibe scatter between optima on
repeat optimisation (Pabari et al. 2011). | wouleldict that in order to further
improve the reproducibility of the algorithm, aveirsg repeat optimisations would be
necessary, further increasing the time taken fquttion and analysis of data during

an optimisation procedure.

Finally I determine whether using LVOT\instead of LVOT VTI reduces the
acquisition and analysis time, hence enhancindehsibility of clinical VV

optimisation of CRT devices.
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7.3 Methods

7.3.1 Study Population

40 consecutive outpatients with biventricular paakens or biventricular
defibrillators previously implanted for standarchial indications (Barnett et al.
2007) were enrolled into this study. 28 subjectseweale and 12 female, age 73 £

7.7 years (mean * sd).

The cause of heart failure was ischemic in 15 stbjend idiopathic dilated in 25
subjects. At the time of the study, 1 patient WN&4HA class |, 17 were NYHA Il and
22 were NYHA 1ll. 34 patients were taking angictgmnconverting enzyme inhibitors
or angiotensin-Il receptor antagonists, 32 weratpketa-blockers, 18 were taking

spironolactone and 27 were taking a diuretic (loofhiazide).

All patients were 100% biventricularly paced areeffrom decompensation for

greater than 3 months.

The time between CRT device implantation and enealnmto the study was
32.3months (range 3 months to 75 months). Thedad was placed in the optimal
position that was possible during implantationl getients were 100%
biventricularly paced during the study and AV delegs programmed to the nominal

setting of AV 120ms.

Patients gave prior written informed consent fas #tudy which was approved by the

local ethical committee.
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7.3.2 Protocol

Patients lay awake, recumbent in the left lateositpon on a couch having rested
supine for at least 10 minutes. 2 operators wegsgmt — one to reprogram the CRT
devices via a telemetry head, and the second waracitpe Doppler
echocardiographic images. The echocardiographebivaged as to the pacemaker

settings programmed by the other operator.

The programmed VV delay was changed in a randomrpashd the VV delay
settings that were tested were left ventriculaivaton first by 60ms, 40ms, 20ms

and Oms and right ventricular activation first ln¥s and 40 ms.

7.3.3 Measurements

Echocardiography was performed on a single vidihéhospital with the same
experienced operator conducting all echocardiogcapleasurements using a Philips
IE33 machine with a S5-1 transducer. Measuremeaets taken from the apical 5-
chamber view with pulse wave Doppler sampled atdftesentricular outflow tract
approximately 1 cm below the aortic annulus asppdtished guidelines (Gorcsan et

al. 2008). Six beats were acquired at each VV delagnd expiration.

7.4 Analysis

Measurements of peak velocity and VTI were condlioffline, under timed
conditions, in a random order, with the operatard#d to the programmed VV delay.
VTI measurements were made by tracing around tve énvelope manually as per
usual practice. The peak measurement was madetfimsame captured images but

independently of, and blinded to, the VTI tracing.
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7.4.1 Determination of Optimal VV delay

The VV delay at which the Doppler signal was maximas identified for both the
Vmaxand VTl measurements, producing an optimal VV yléa each of the 2
parameters for each patient. This was conductedes so that six replicate

optimisation sequences were performed in eachrgatie

7.4.2 Calculation of the effect of averaging replicate optimisation
sequences on the scatter of identified optima

| determined the effect of averaging replicate mpgation data, ensuring that no raw

measurement that was used to determine one optigwmtrjbuted to the

determination of another optimum. This ensured tti@optimum VV delay

identified from each replicate optimisation sequewas independent.

In each patient, | averaged the raw VTI anghymeasurements at each setting for
each of the 6 replicate optimisation sequencegairs (averages of two
measurements) or triplets (average of 3 measurandiite 6 raw data measurements
provided three sets of “averages of two” valuesefach VV delay. From this data, |
then identified the three optima arising, for b¥hl and peak velocity. When |
averaged the triplicate sets of raw data, thisipex/two sets of “averages of three”,
and from this we were then able to identify twoimgt for each of VTI and Max

Table 7-1.
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Table 7-1: Data from one patient showing all raw masurements of VTI from 6
separate optimisation sequencesThis demonstrates how we averaged raw data as
pairs and triplets, and calculated the betweemuaptcatter (SD)

VV delay setting (ms)

40 -20 O 20 40 60 OptimumVWV Scatter of
Analyzed as Singles LVOT VTI (cm) delay (ms) optimum (SD)
#1 13.3 [15.9] 151 156 158 156 -20 3
s ., ™ 13.0 150 139 154 15.3 40
TS #3 13.7 14.1 153 15.2 14.1 0
£ 8 > 23.1ms
£5 #4137 150 153 151 14.9 20
Q un
o #5 13.0 14.8 153 15.2 15.0 40
#6 132 144 156 15.2 15.2 40 J
Analyzed as averages
of Pairs of data
C #1} 13.1 155 145 155 15.4 40
5. *
89 } 13.7 146 154 15.1 145 20 9.4 ms
Eo #4
+~ QO
S7 #s
#6} 13.1 14.6 155 15.2 15.1 40
Analyzed as averages
of Triplets of data
#1
§ o #2 p 133 150 148 154 15.0 40
= O
@ c #3
2 o 0Oms
£g ™
s #5} 133 148 154 15.4 15.1 40
#6
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Using the optimal VV delay settings identified fragach of the 6 replicate sequences,
we then calculated the scatter of optima usingdstathdeviation, for both LVOT VTI
and Vinax. An example patient is shown in Figure 7-1 demmatisig the scatter of

optimal VV delay obtained by VTI and¥x
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. . . optimum varies between replicates,
Velocity time integral scatter (SD) 7.5ms

R NN

-~

-40 -20 0 20 40 60
VV delays tested (relative to LV, ms)

optimum same between replicates,
scatter (SD) Oms

30 A

n
D

-40 -20 0 20 40 60
VV delays tested (relative to LV, ms)

Figure 7-1: An example patient comparing the scatteof the values for optimal
VV delay between velocity time integral and peak Jecity.

The top panel shows the optima obtained when &cegploptimisations were
performed using VTI and the bottom panel showstitena obtained when 6
replicate optimisations were performed using,y The scatter (SD) of the values of
optima was calculated from this data to be 7.5m¥ and Oms for Wax
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| then assessed the effect of averaging repligatientsations on the scatter of optima,
using the 6 individual values, the 3 pairs of regqié averages and the 2 groups of
triplicate averages. While a narrow scatter (gagaaducibility) does not guarantee
that the method is good, a wide scatter (poor ehpibility) does guarantee that it is

poor.

7.4.3 Calculation of Intraclass Correlation Coefficient

The intraclass correlation coefficient (ICC) quéies the extent to which
measurements differ between settings because afrgedifference between settings
versus random biological variation. As describethie methodology section, the ICC
guantifies how well each modality could detect awgee improvement arising from a
change in VV delay, as distinct from backgroundnépneous beat-to-beat variability.
ICC close to 1 indicates that the changes are wetedhen settings are altered,
whereas ICC close to 0 indicates that spontaneaigbility is large in comparison to

changes which occur hence true detection of chengelikely.

7.4.4 Calculation of within-patient agreement of replicate
optimisations

| calculated the within-patient agreement of optimb#ained using repeated data

acquisition, using Fleiss’s Kappa, for VTI and Yar.x separately. If each time an

optimisation was performed the same optimum waaioéd, then Kappa = 1. If the

optima obtained on replicate optimisations agrdg as often as expected by chance,

then Kappa would be zero.
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7.4.5 Calculation of between method agreement of VV optimisation
| calculated the agreement between VTI apgderived VV optimum using the
absolute percentage agreement between the two dsetued using Fleiss kappa as

described above.

7.4.6 Calculation of time taken to perform analysis of VTI and V,ax.
| timed how long it took to analyse a full optimtisa process. We measured the time
taken to trace the LVOT velocity time integral atk VV delay setting in each

patient. This was then repeated for measurementsQf

7.4.7 Statistical Analysis

Stata version 11.0 for Windows (StataCorp LP, @al8tation, Texas) was used for
statistical analysis. A 2 x 3 mixed linear modebwised to quantify the effects of
using VTI versus ¥ax to guide optimisation, and of using single measanats
versus averages of pairs or triplicate measureniengnalysis. Fleiss kappa values
were calculated for within and between patientltssComparison of time taken
using Vinax vVersus VTI for analysis was performed using agquhirtest. A p value

<0.05 was considered significant.
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7.5 Results

In all enrolled patients, acquisition of images amehsurements of LVOT )\ and

LVOT VTI were possible for all VV delay settings.

7.5.1 Relative characteristics of VTI based optimum versus V,ax
based optimum

The scatter between repeated optima obtained wees f@maller) for Whaxcbased

optimisation than for VTI-based optimisation (exgwed as standard deviation, p =

0.001, Table 7-2, top panel).

V max Mmeasurements were more immune to spontaneoubi@yithan VTI
measurements. The ICC, was significantly higheMgs than for VTI

(p<0.0001),Table 7-2 bottom panel.

7.5.2 Consequences of averaging replicate measurements
The scatter of replicate optimisations was improfredrower) by moving from
single measurements to averages of pairs or wiplethe raw VTI and Vax

measurements (p<0.0001), as shown in Table 7-2.

For both \axand VTI, spontaneous variability was smaller usimgrages of pairs or
triplets of measurements rather than single measnts, as shown by a higher ICC

(p<0.0001), Table 7-2.
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Table 7-2The scatter and intraclass correlation coefficienfor both V 4 and
VTI

The scatter (or standard deviation) for single messs average-of-two and average-
of-three measures (across all patients) is showhdth VTI and \4a«in the top
panel. Intraclass correlation coefficient is sarliy compared in the bottom panel.

Scatter (Standard Deviation, ms)

VTI Vmax
Singles 18.1 15.3
Pairs 14.9 8.2 p<0.0001
Triplicates 7.8 5.4
H_/
p= 0.001

Intraclass Correlation Coefficient (ICC)

VTI Vmax
Singles 0.48 0.59
Pairs 0.55 0.68 ¢ p<0.0001
Triplicates 0.57 0.72
H_J
p< 0.0001
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7.5.3 Within-patient agreement of VV optima obtained on replicate
optimisations

The within-patient agreement of VV optima seleactetth repeat optimisations was

better (higher) using Vaxthan using VTI when assessed using both percentage

absolute agreement and Fleiss kappa methods (ébgeaicentage agreementy

59.8% versus VTI 47.3%, p=0.015, Fleiss kappax0.51 versus VTI 0.36).

Averaging triplicate measures further improved witpatient agreement (VTI from

47.3 to 62.5%, p=0.023,Mxfrom 59.8 to 72.5%, p=0.035).

7.5.4 Between method agreement of VV optimisation

The VV optimum obtained by VTI and¥x agreed in 23 out the 40 subjects
(absolute percentage agreement 58%, Fleiss kappa  76% of cases the
optimum by one method was withit20ms of the optimum by the second method,

when using single optimisations, Figure 7-2.
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Proportion of 60 -
optimizations (%)
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The difference in VV optimum obtained using VTl and Vmax (ms)

Figure 7-2 The difference in the VV optimum obtained betw®@n and Vinax across
all patients. In 58% of cases the optimum was #meesfor both VTI and Wax For

76% of cases the optimum by VTI and Vmax were wittdms of each other. It
should be noted that "+ 20 ms" permits, in mosesathe second optimum to be any
of 3 of the 6 tested settings.
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7.5.5 Responders and non-responders

Of the 40 subjects, 28/ 40 (70%) were clinical cagfers. In the responder group the
ICC was greater when measured using¢ompared to VTI, 0.65 vs 0.55, p=0.021
across 28 patients. In the non-responder group platients, there was no significant
difference although a trend to a greater ICC inMhgc measurements vs. VTI

measurements, 0.65 vs 0.51 respectively, p=0.20.

The scatter of the VV optimum obtained showed alairpattern. The scatter was
smaller using Waxcompared to using VTI in the responder group, tdsOvs. 18.8
ms (p=0.028). In the non-responder group, thereneasignificant difference
between Vmax and VTI in the scatter of VV optimaamhed 17.6ms vs 16.4ms

(p=0.72).

The smaller number of patients who were clinical-nesponders (12 rather than 28)
is the likely reason for the lack of evidence statistically significant difference

between responders and non responder groups.
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Time taken to perform optimisation analysis

It was more than 3 times faster to perform theymsiof a full optimisation protocol

using Vinaxthan VTI, (17.5 vs. 59.1 seconds, p<0.0001), FEguB.

W single @ 2s B 3s

Time to A0 7

analyse 1
(secs) P

150 -

100 -

a) ]

18

O |

Peak \Elodity LVOT VT

Figure 7-3 Time taken to analyse single measures, 2's ands3issed for the single,
averages-of-two and averages-of-three calculations.

239



7.6 Discussion

These data highlight the characteristics, bothdiaable and challenging, of using
Doppler echocardiography to guide the optimisatbwV delay in CRT devices.
The inherent variability in Doppler measurementsveen beats must be taken into
consideration when assessing its suitability fa& msoptimisation protocols. If
assumed to be negligible, this variability (“noisean easily swamp the “signal”,
which often changes only subtly between differattisgs, making consistent

identification of the optimal VV delay problematieabari et al. 2011)

This study shows that any attempt at optimisingd&lay using LVOT Doppler must
be accompanied by verification that the scattewbeh replicate measurements is
either small (which is unlikely) or quenched byfsént replication and averaging,

to make the optimisation process credible.

The head-to-head comparative data indicate that\4ia.x to guide VV optimisation
takes less time and gives a more reproducible ajptipand therefore would seem to

be unambiguously preferable to using VTI.

These findings have implications for the interptietaof studies where an
optimisation protocol was trialled for effects dmical endpoints (Ellenbogen et al.
2010) but for which precision of the optimisatimmocedure has not been evaluated
(or has not been published). The necessary evalugtitest and retest (i.e. separate
data, not re-evaluation of the same JPEGS) repiitityc with observers blinded on

the second occasion to the results obtained frenfirtbt.
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7.6.1 How can an incomplete picture be better?
Recommending measurement of peak velocity rattzer Y| for the purpose of
optimisation seems to run counter to many axionechocardiography, and | do not

do this lightly.

First, VTI gives a more complete picture, becatsaptures the profile of flow
throughout ejection, whereas peak velocity onlyssss a single instant. Second, VTI
allows calculation of stroke distance (Colocousiale1977), and therefore stroke

volume and cardiac output, which are physiologycafid clinically valuable to know.

| do not consider these considerations incorremtunimportant, but rather that they
are less important than delivering the fundamemiglirement without which
optimisation is doomed to fail before it beginsattfs, to be reliable in detecting the
very small changes in cardiac function occurrinthwilterations in VV delay. For
this very specific requirement, capturing a moreplete picture does not help if that
bigger picture contains more additional noise tih@oes additional signal. Nor is it
clinically essential to establish estimates ofdtreke distance, stroke volume or
cardiac output for each tested setting unless thessesures have the best signal-to-
noise ratio. If knowledge of these variables isréels they can be assessed at the
optimised setting, i.e. after (rather than as pBrthe optimisation process. | would
argue that a less comprehensive picture can berlettthe purpose of optimisation,

provided it has a higher signal to noise ratio.
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7.7 The importance of assessing signal-to-noise ratio

when planning optimisation algorithms

Echocardiography is attractive to use as a toglide optimisation because it is non-
invasive and widely available with no additionakogtor training needed.
Nevertheless the choice of what technology to asejhich variable within that
technology is most suited should not be based oh superficial concerns but rather

on a sound basis.

In principle, the first step in assessing the $ilits of a proposed variable for

guiding optimisation would be to establish its atlass correlation coefficient while
VV delay is adjusted. If the ICC is close to lisian plausible candidate variable to
take forward for further testing (for example, loétreproducibility of the optimum
obtained at separate visits). If the ICC is ~0.5ouwrer, it is not a plausible candidate
(Pabari et al. 2011). This initial screening testld just need a few (for example 6)
replicate measurements at each of the range afgethtended to be used clinically
(for example 6 settings). These 36 measurementsmadake more than half an hour
to conduct per patient, unless the method is udlyst@mplex (in which case it is

unlikely to be ready for routine use) and need dr@ydone for a dozen or so patients.

This elementary step is a prerequisite beforengsairecommendation of how to

conduct clinical optimisation.
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7.7.1 Averaging multiple measurements

Conducting multiple replicates is an important dtapreducing the impact of
unwanted noise (Francis et al. 1999) and hencemsixig the precision of any
measurement technique, but it is not always praidticdo this under the time
constraints of clinical practice. Most researcht@cols involve multiple replicates to
be made, although many study reports do not statenany replicates have been
averaged or if simply the best-looking recordindha replicates at each setting has

been selected as representative.

If using LVOT Doppler signals to guide optimisatjdhe present study shows that
using Vinax allows more than 3 times more optimisations tabaysed within the
same timeframe as analysing a single optimisatsamguVTI. In addition, Vhaxis

more reliably sensitive to the genuine changes éatvgettings.

7.7.2 How to have confidence in the method of optimisation

The natural variability (or noise) in the Doppléegrsal is likely to make identification
of the true underlying VV optimum difficult. Theitical information is the test-retest
reproducibility of the VV optimum (from data acogidtin separate visits) of any
method recommended in a guideline, or carried mahi endpoint trial? The present
analysis, and previous studies (Turcott et al. 202Binnett et al. 2006a) suggests
that the reproducibility is poor using guidelinesenmended methods, and therefore
may have been poor in trials (unless those triséslisome undisclosed steps to
reduce noise). Other centres have had greaterssiagth better reproducibility, but
the conclusion that must be drawn is that reprdalityi of this technique varies
either between operators and / or centres (Thotres 2009; Turcott et al. 2010) . If
this is the case, rather than rejecting the conokyl optimisation altogether if the

trials do not show endpoint benefits, we mightdraput efforts into developing
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methods for optimisation that are confirmed, inepeindent hands, to be reproducible

between visits, with appropriately blinded operator

Such studies are very much cheaper and quickes,tardl are an essential prelude to

longer-term outcome studies. That they have nat peelished is a surprise.

7.8 Limitations

This study did not set out to examine, or predetponse to CRT implantation. It did
not set out to measure long-term outcomes at eatiimised setting, because there is
no point trying to do so until we have a technitjust recommends a single optimum
consistently for one patient (Ellenbogen et al.@abari et al. 2011). For measuring
VTI | took the standard approach which involvegimg around the outer perimeter
of the VTI envelope (Bertini et al. 2010; TribooW et al. 1994). There are other
methods using automated algorithms which mightrday improve the precision
obtainable. These however are not generally aVailabused in the standard clinical
practice setting. Since | was addressing the maajuestion of how the precision of
optimisation could be improved above guideline-repended methods, in a real-
world clinical setting without using any new advadanodalities, | adopted the

method conventionally used during clinical optintica.

This study does not consider more modern echoagguajic measurements than
spectral Doppler, for example tissue Doppler aist(Bertini et al. 2010) which may
require additional training for both acquisitiondaamnalysis. All echocardiographers
are familiar with measuring spectral Doppler pealowity from routine assessment
especially of valves (Minners et al. 2008). Howevlee approach taken in this study

might also be taken for any number of other potémtiarkers, and would allow
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markers to be screened for plausibility before utadkéng prolonged studies (Pabari

et al. 2011).

| should highlight again that | am not disputing important role for VTI
measurement in clinical practice, as this permitduation of stroke volume and
thereby cardiac output. Rather, | am just addrgs$ia specific question of which
measurement gives the best reliability to deteztsthall changes occurring when VV

delay is changed, which is the key requiremenglially identify an optimum.

7.9 Conclusion

Whether VV optimisation of CRT devices is worthvehdr not has not been settled. If
it is not, i.e. the programmed VV delay is not imtpat, then the term
“resynchronisation” is no longer tenable. If, oe tither hand, VV delay does matter,

then it is essential for optimisation methods wegieproducible results.

Following the guideline protocol, which is to uséQT VTI to guide VV delay
optimisation, gives an unreliable optimum. LVOT,/ obtained in a similar manner,
is 3 times quicker to analyse and yields an optinmione reproducible. This
advantage of using peak velocity for optimisati®iseen even more clearly when

multiple measurements are averaged, making thengatiions more precise.
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8 Invasive pressure and flow
measurements during AV delay
improvement reveal a compensatory
peripheral vasodilator response which
attenuates the initial blood pressure
increment: implications for the design
of AV optimisation protocols
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8.1 Abstract

8.1.1 Introduction

With synchrony of ventricular contraction alreaégtored by cardiac
resynchronisation therapy (CRT), optimisation oioaentricular (AV) delay relies

on improving filling. Although when AV delay is impved blood pressure
immediately rises, there is a subsequent part@lrde Is this secondary decline
because (1) non-invasive measurements are uneli@lcardiac function increment
is short-lived or (3) peripheral vasodilatation e&? | conducted invasive

experiments to answer this.

8.1.2 Methods and Results

Nine patients with heart failure, CRT and undenyieft bundle branch block,
underwent changes in AV delay from 40 to 120 nssmiultaneously measured beat-
by-beat invasive aortic pressure and flow, and ineasive pressure (Finometer).
Triplicate experiment runs were performed and ay&alao minimise biological

noise.

There was an immediate increment in invasively mestsblood pressure of
+14.7+2.0mmHg (p=0.0001), but after the initialldgats there was a secondary
progressive decline to a lower plateau of +8.0+Irttg (p=0.004). The initial
increment was caused by a prompt rise in flow byl +8.4% (p=0.007) which did not
drop later. The secondary fall in pressure wasexhby a delayed gradual decline in
total peripheral resistance. Finometer-derivedineasive blood pressure tracked

invasive pressure closely (r=0.97).
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8.1.3 Conclusion

When AV delay is made more favourable, only theéanspressure increment is
caused by increase in stroke volume. The secoasgure decline is caused by
systemic vasodilatation. Non-invasive blood pressimanges in parallel with

invasive pressure when AV delay is altered, theeefoay be a convenient, accessible
target for CRT optimisation. Design of AV optimigat protocols, which face severe
challenge of signal versus noise, might benefitnfrecognition that not all beats are

equally informative: the first few after a trangitiare most signal-rich.
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8.2 Background

Following the work carried out using echocardiodgmad was not entirely satisfied
with the signal-to-noise ratio of the echo paramsetéven Doppler echocardiography
has a relatively unsatisfactory signal-to-noiserdherefore | looked at ways to
reduce signal further, improve the signal wheraig@rdiac timings are changed and
hence eliminate the hindering factors which afesdtocardiography as a modality in

understanding changes that occur after timingsikeesd.

This lead to the next study which | performed; nueiaig) invasive flow and pressure
simultaneously on a beat-by-beat basis when irrdiac timings are changed from
one setting to another. To improve the signal-ts@aoatio | used AV delay settings

of 120ms to 40 ms and this provides greater changemodynamic measure hence a
greater signal is visible (Pabari et al. 2011; Wikih et al. 2006b), and performed

replicate measurements as described below to ngaithe noise (Pabari et al. 2011).

Over 100,000 times per year in USA and Europe a{@ueaningham D et al. 2011), a
CRT device is implanted but after each procedueectimician is left with an
undesirable conflict between theory and practiaeo®e hand, carefully conducted
randomised controlled clinical trials have demaattsitl that qualitative optimisation
(by visual inspection of transmitral Doppler) dows significantly improve outcomes
compared with a standard setting of 120 ms AV d@iienbogen et al. 2010). Yet
on the other hand the sole theoretical reasomipfanting these devices is to
improve intra cardiac timings in order to maximgsediac function and improve
symptoms. It would be inconsistent with the staderpose of the devices if, in
patients with appropriate biological targets (LBBBd wide QRS), AV delays

ranging as widely as 31ms to 300 ms (Cleland €xGfl1; Ellenbogen et al. 2010;
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Whinnett et al. 2006b) and VV delays from RV-fil§lms to LV-first 40 ms, made

no difference to the physiological effect of thevide (Inoue et al. 2005b).

One potential explanation for this apparent disaney is that many of these studies
used the iterative method for AV delay optimisatoa qualitative technique that
employs visual inspection of Doppler traces to detiee optimum setting. This has
imperfect reproducibility (Raphael CE. et al. 20Tlircott et al. 2010) and may not

have identified the optimal setting for individysdtients with high fidelity.

Quantitative optimisation is the alternative whsttould now be explored. It requires
making measurements at each setting and estalgligieir uncertainty, so that it can
be confirmed that the setting which appears tdhbeoptimal is not simply the highest
by chance (Pabari et al. 2011). Quantitative pressiweasurements, made invasively
at the time of implant, consistently show a cleaximum within individual subjects
(Auricchio et al. 1999a; Perego et al. 2003) amuldfore pass the first hurdle for an
optimisation process to be considered valid. Hisatly, AV delay has been
optimised using assessments in diastole suchrantitaal filling pattern, whereas the

primary target of LV pacing is considered to betaslys mechanical dyssynchrony.

There are a variety of approaches to develop ama@sive quantitative process
suitable for use in an outpatient setting. Theskide quantitative non-invasive beat-
by-beat pressure monitoring (van Geldorp et al120%hinnett et al. 2006a), and
guantitative echocardiographic measurements otitglome integral (Jansen et al.
2006b; Thomas et al. 2009) (i.e. stroke volume)weler, there are 2 important

guestions.

First, the immediate primary change in pressurer athanging the AV delay is

followed by a secondary decline after a few secqdsinnett et al. 2011). One
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explanation for this is that the increased duratibfilling for a single beat at the time
of change in AV delay produces a transient increéa$®/ volume that allows a
transient increase in stroke volume. If that isadase, the increment seen during such
protocols may be largely reflecting transient phreana which are not likely to affect
long term physiology, and meanwhile any genuinsipnt physiological benefits of
the change in AV delay may be difficult to detetthe presence of this irrelevant
transient increment. Alternatively, the decline nnegresent potentially-beneficial
homeostatic responses i.e. partial relaxation ®ftsoconstriction characteristic of

heart failure.

Second, although non-invasive blood pressure médlyoee practical mode of
optimisation, it is not clear if non-invasive megsuents adequately track invasive

measurements in the context of pacemaker optiroisatith sufficient fidelity.
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8.3 Methods

8.3.1 Protocol desigh elements for reliability of results

8.3.1.1 Invasive acquisition.

| examined carefully the temporal pattern of conenr changes of aortic pressure and
flow when a pacemaker setting is changed. | usddestablished invasive methods
that deliver beat-to-beat measurements. Simultasted used non-invasive beat-to-
beat blood pressure measurements to assess taityfin tracking the invasive

blood pressure measurements, and therefore tHalitydor measuring the blood

pressure response during AV delay optimisation.

8.3.1.2 Signal and noise.

Measurement imprecision and physiological varigpiliequently obscure the
underlying true, albeit often small, changes duarginical optimisation procedure
and therefore we took special steps to maximissitieal (Whinnett et al. 2011) (by
guaranteeing a large haemodynamic effect) and ninmsge noise (Pabari et al. 2011)

(by performing multiple replicates in each patiesiich could then be averaged).

8.3.1.3 Minimising noise: replication and selection of variables.

The purpose of this experiment was to establisasively and with temporal
precision, the time course of the sequence of @wirtgaortic pressure and flow after
a change in AV delay of a CRT device. | did not wanstudy the effect of
resynchronisation itself, but only that of a chaimg@V delay, and therefore |
compared states that were biventricularly paceeé.réason no previous study has
reported on this time course is that the changesuartle in comparison to
spontaneous beat-by-beat biological variabilitygdfsion is increased (i.e. standard

error of the mean is reduced) by using a measuteansmall spontaneous biological
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variability and by averaging multiple replicate exmental runs. | chose to track
changes in stroke volume using Doppler flow velpbiécause using standard
techniques its spontaneous variability is ~5% imparison to ~11% for
thermodilution (Lehmann & Platt 1999); and becaihseDoppler provides beat-by-

beat information which is necessary to examinetthis course.

8.3.2 Maximising signal: only two AV delays.

| chose two AV delay settings that, despite beireglpfined, would consistently
provide contrasting cardiac outputs. One was 4@hish would cause truncation of
the A wave and therefore poor cardiac output. Ttherovas 120 ms which was
designed to be different by enough to provide sautigtlly better physiology and yet
not so much longer as to risk fusion in any ofglhgents. | did not make
measurements in any modes without biventriculaimgglsecause | wanted to lavish
all the available experimental time on answeringrasisely as possible the question
of AV delay alteration within the range during whifull biventricular pacing was

definitely in place.

| did not test any further AV delays (and specificdid not explore the “good”
region closely) because increasing the number oflAMys by N-fold would increase
the acquisition time for the patient not just Nefddut approximately N 5-fold. The
reason is that the shape of haemodynamic respsmsevied approximately
parabolically (Whinnett et al. 2006b) near the wpim, so an AV delay N times
closer to the optimum would have haemodynamic &ffebl 2 times closer to the
optimal, and would therefore by the Central Limitebrem require ~N 4-fold more
replicate measurements per AV delay to resolvealifierence to the same level of

certainty. Therefore, for example, doubling of thenmber of AV delays tested
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increases the number of measurements requirecaienpto achieve the same

resolution between settings by ~25=32-fold.

8.4 Study population

Patients eligible for CRT implantation accordingptablished guidelines (Barnett et
al. 2007) (NYHA Il or IV heart failure, QRS> 150mSF < 40% and on maximal
medical therapy) and required coronary angiogragshyart of their standard clinical
investigations were recruited from Imperial CollégidS trust cardiology outpatients.
Exclusion criteria were significant coronary steéeagquiring revascularisation, or
any degree of aortic stenosis or aortic regurgitaéissessed as being greater than
mild, atrial fibrillation or incomplete ventricularapture when pacing. Patients gave

informed consent for this study which was approvgdhe local ethical committee.
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8.5 Measurements

8.5.1 (a) Invasive measurements

Aortic pressure and flow were respectively asseasew a fluid filled catheter and
Doppler flow wire (Volcano FloWire 1400) positionedthe aorta approximately 5
cm from the aortic valve. The experiment was desiigio use standard Doppler flow
velocity measurements rather than standard thetotmei measurements for two
reasons. First, the coefficient of variation betwesasurements was 2-fold smaller
(5.6% versus 11.0%(Lehmann & Platt 1999) respéegiivand therefore the changes
in flow could be detected with the same precisidath W times fewer repetitions of the
protocol. Second, Doppler flow velocity measureragabvide data with very high
temporal precision in comparison with thermodilatiand thereby permit the time

course of effect to be more precisely evaluated.

8.5.2 (b) Non-invasive blood pressure measurements

Beat-to-beat systolic and diastolic blood press(®&° and DBP) were also
measured non-invasively simultaneously using aggiethysmograph device
(Finometer, Finometer Medical Systems, Netherlantisls system uses a cuff placed
around the finger with a built-in photo-electriefilysmograph and volume-clamp
circuit which dynamically follows arterial pressute yield the beat-to-beat arterial
pressure waveform (Imholz et al. 1998; Penzel.t332; Smith et al. 1985; van et

al. 1985).
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8.5.3 Pacing protocol

During coronary angiography, temporary biventricyggacing was performed in
eligible subjects. A quadripolar electrode cathélesephson Curve, Bard Viking)
was placed in the right atrium (usually the rigtiish appendage) and a pentapole
electrode catheter was placed at the right ver#i@apex. An AL1 and/or a channel
sheath was used to gain access to the coronary aimtban ATW wire was positioned
in a lateral or posterior-lateral coronary sinuanwh for LV temporary pacing(Lane et

al. 2008). LV capture was verified using a 12 |1&42G.

A CRT pacemaker (Medtronic InSynch Il 8042) wasmected extracorporally and
transitions made via a standard pacemaker progranid@® pacing mode was used
with heart rate was fixed at 100bpm in all patidntstrially pacing. Stable pacing
and sensing for all 3 pacing wires was monitoredughout the protocol in all
patients. By lengthening the paced AV delay progiuety, we checked in each
patient that the AV delay at which the right vecuiar lead began to sense or the
QRS began to change shape was well beyond 120amge(240 ms to 320 ms). This

ensured full biventricular pacing at paced AV 120 m

The protocol consisted of a series of transitisomfAV delay 40ms to 120 ms.
Measurements were recorded for at least 100 be&tssband 100 beats after the
change in AV delay. To minimise the effect of ramdweariation, triplicate runs of the
experimental protocol were conducted so that eatienqt’'s dataset was composed of
an average of 3 runs, aligned by beat and regdsterthe time point of transition

from 40 ms to 120 ms.
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8.5.4 Total Peripheral Resistance

To detect changes in total peripheral resistanB&Rjwe used the formula:

Total PeripheraResistance - -
Strokedistancex LVOT crosssectionahreax heartrat

MeanArterial Pressure )
e

Because LVOT cross sectional area and heart ratained constant, fractional

changes in total peripheral resistance could bautsed as:

Fractionakhangeén TPR = Fractionalchangén( MeanArterial Pressura

Strokevolume

8.5.5 Data Acquisition and Analysis
Simultaneous recordings of invasive flow, aortizasive blood pressure and non-
invasive blood pressure were measured on a bebeélybasis throughout the

protocol.

Data were acquired using a NIDAQ Al-16E-4 analotuehgital card (National
Instruments, Austin, TX) and Labview (National inshents, Austin, TX). We
analysed data using custom software, based on #tlal/platform (MathWorks,

Natick, MA)(Davies et al. 1999) .

8.5.6 Statistics

Values are presented as mean + sem, unless otkestaied. Paired comparisons of
continuous variables were made using Student'egaitest. A p-value of <0.05 was
taken as statistically significant. Statview 5.@&lInstitute Inc., Cary, NC) was used

for statistical analysis.
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8.6 Results

8.6.1 Patient characteristics

A total of 9 subjects (8 male, mean age 63 yeargje 42 to 80 years underwent this
study. At the time of study, 7 were NYHA classdhid 2 were NYHA IV. The cause
of heart failure was ischemic in 3 and idiopathlatéd in 6. All patients had left
bundle branch block on their native ECG with a QRi&tion mean of 175 ms and
standard deviation of 16 ms. All patients wererigkangiotensin-converting enzyme
inhibitors or angiotensin-Il receptor antagonistsyere taking beta-blockers, and 8
were taking a diuretic (loop or thiazide). 8 ouBgbatients had an echocardiogram at
our institution. Non-invasive assessment of cardiaput by the LVOT integral

method was 3.8 I/min £ 0.24 I/min at rest pre inmpdeion.

8.7 Phases of Response to change in AV delay from 40 to 120 ms.

We observed a multiphasic pattern of responsedrinyasive measurements acquired
during the change in AV delay from 40-120 ms, irsabjects. There were 4 phases
to the response including 2 plateau phases. Hiesinitial beat had an unnaturally

long diastolic period preceding it and thereford hdarge stroke volume Figure 8-2.

258



@
20 - @ Early Plateau

15 ° 0.0 L 3PS @
L) °e%e,
°®
10 L4 PY )
° °
0»..--..-..\ T T T 1

5
2 - e\ 10
! @ !
! Early LT T T T T T T
20 ! @ Plateau !
‘ L ® i
1 [ ] 1
15 : t e ' @
Change in ! N—
invasive i IR (11 Late Plateau
10 4 i | o, o o °
(mmHg) ' : o oo
i | +0... 0% g0 .00’.0: s ..0“ o] |90 ...:. ! o
| ARG ARIC JART ..0 % ®
5 - . ' : .
Pre - transition !
0‘0'.’...‘ 0...’ o % 5 i * i
0 ... Y L JREE 4 YY) .. ..‘I b T I T T T T T T 1

o
.\
-jf) 4 T309%ed) ' 0 10 30 40 5 60 70 8

5
e e I Beats since transition

AV 120ms
AV 40ms Pacemaker setting
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Figure 8-2 Change in invasive flow, shown beat-by-beat, as Alelay is changed from 40 to 120ms across all patisn
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plateau and a further increase between the eatgaul and late plateau.
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Second, there was a period of about 10 beats (Beafisl) with a substantially
elevated blood pressure (Figure 8-1) and somewbeted flow (Figure 8-2). Over
the next approximately 10 beats there were futhanges, and then a new plateau

was evident as a fourth phase from beat 20 onwards.

The invasive pressure early plateau, defined ats [2e@ 11, was elevated at 14.7
mmHg + 2.0 mmHg, (p=0.0001) above baseline. Theepéteau (phase 4) (from beat
20 onwards) was 8.0 mmHg = 1.8 mmHg above basghn@.003). This was

significantly lower than the early plateau (p=0.0@4gure 8-1.

Invasive flow velocity integral had an early plaiez 9.1% + 2.4% (p=0.007) above
baseline. After this it did not show a fall butfatt was maintained at this elevated

level with a maximum in the late phase of 10.3%6%4 (p=0.004) above baseline.

8.7.1 Comparison between invasive and non-invasive blood
pressure measurements following the change in AV delay from
40-120ms
Non-invasive blood pressure showed an identicaépabf response to that of
invasive pressure, as shown in Figure 8-3. Thedjwessure early and late plateaus
from non-invasive measurements were 14.3 mmHg #rirfHg and 8.2 mmHg + 3.2
mmHg respectively above baseline. These are sitoiltre invasively measured
increments, Figure 8-3. The beat-by-beat datadorinvasive and aortic pressure

showed parallel behaviour (Figure 8-4, r=0.97).
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120 ms to 40 ms, from Figure 3 (r=0.97).
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8.7.2 Reverse transitions: 120 ms to 40 ms

In a post-hoc analysis we examined the data tlthbban acquired during reverse
transition, i.e. from 120 ms to 40 ms. There is@dn invasive blood pressure to
-14.4 mmHg +2.3 mmHg below baseline (p=0.0004h&period from beats 2 to 11
(Figure 8-5), and a parallel drop in flow VTl to 2% + 1.6 % (p=0.0001), Figure
8-6. Pressure the rises a little (p=0.0006) soithtte late phase of 20 beats onwards
it is —=7.8mmHg relative to baseline (p=0.002). Tpastial recovery is not caused by a
rise in flow VTI, which is not significantly diffemt in the late phase and remains

clearly lower than before the transition (p=0.000Bigure 8-7).
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8.7.3 Mechanisms: Delayed change in Total Peripheral Resistance
From the pre-transition state, total peripheraktaace (TPR) is no different in the
early plateau phase but then falls during thepédeeau. This is shown in Figure 8-7
demonstrating the effect on TPR with the transifroim 40ms to 120 ms, and the

reverse effect when transition made from AV 120tond0 ms.
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Figure 8-7 Beat-to-beat changes in Total PeripherdResistance across all patients
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There is a delay of a few beats after which thewe progressive change in total
peripheral resistance between AV delay 40 ms andl&dy 120 ms, and rise in
resistance between 120ms 40ms which is highligbyettie grey shaded area. It then
change then stabilises over subsequent beatstd¢viehreached after 20 beats. A 5-
beat moving average line is also shown.
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8.8 Discussion

This study employs an experimental methodology witteliberately high signal-to-
noise ratio to permit temporal resolution of tharmges in blood pressure and aortic
flow following changes in AV delay. It does not adsis the mechanism of action of
cardiac resynchronisation itself, since all pasdmd full CRT pacing throughout, but
rather focuses only on the effect of changes inté\hg on downstream physiology
in the systemic arteries. It shows an immediatesase in aortic pressure and flow
forming an early plateau following transition frohvV 40 ms to AV 120 ms. A few
seconds later there is a further increment in #f@meompanied by a fall in pressure,
which is likely to represent secondary systemimdéatation. Beat-by-beat non-
invasive blood pressure closely tracks changesviasive aortic blood pressure
during this manipulation confirming the validity tifis approach for blood pressure
monitoring during haemodynamic optimisation of CHRese observations may be

helpful in designing CRT optimisation protocols.

8.8.1 Relevance to quantitative optimisation of CRT

CRT exerts its benefits by changing intra cardiatnigs. Even small improvements
in cardiac function if sustained can be worthwli@eland et al. 2005), but
measurement imprecision and spontaneous physialogaciability within

individuals makes optimisation difficult (Franci®2L; Pabari et al. 2011). Averaging
multiple replicate measurements to improve prenig¢ice Cam L 1986) is laborious if
not automated. Protocols are typically not desigaadi verified to deliver precision
of optimisation, and so even carefully-conductedpaint research (Cleland et al.
2005; Ellenbogen et al. 2010; Pabari et al. 2014y not be definitively testing the

clinically important hypothesis that precise AV iopisation is helpful.
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Non-invasive measuring of blood pressure is nobarfortable and might be fully
automated. Nevertheless, it faces two challerfgest, there are two classes of
consequences of improving AV delay: sustained img@maoent of cardiac function,
and a mere transient “bump” caused by a singleaaycle with a longer diastole.
Only sustained consequences matter. The initi@dfmessure increment with
improvement in AV delay is followed by a partialctiae after a few beats (Whinnett
et al. 2011). If the secondary decline is of batspure and flow in concert then the
earlier initial apparent haemodynamic benefit mayust a transient “bump” rather

than sustained.

Second, non-invasive measurements might not fdiyhfeflect invasively defined
changes. Although beat-by-beat non-invasive blaedsure (Imholz et al. 1998;
Lansdorp et al. 2011; Schutte et al. 2004) has bekdated extensively it has
generally not been in patients undergoing manipnatf intra cardiac timings and so
validity in this context is less clear. So far, mpessure-based haemodynamic
optimisation have therefore used incontrovertibleasive measurements (Auricchio

et al. 1999a; Kass et al. 1999; Nelson et al. 2000)

8.9 Immediate and delayed effects of changes in pacemaker

settings
This study is unique in performing beat-by-beatudtaneous invasive measurements
of aortic pressure and flow, and being explicithsdjned to deliver a large “bump” in
pressure and flow by changing AV delay (WhinnetileR006b). The cardiac cycle at
the instant of transition has an abnormally long Ryterval for that single beat only,
because the pacemaker maintains the P-P interddeagthens the P-R interval
instantly. One beat therefore has very prolongéddiand a much greater stroke

volume (Figure 8-2), but in the reverse stateli2z ms to 40 ms, where the PP
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interval is prolonged and RR interval is unalteti@d prominent first beat change
does not occur. This is shown in the schematicrdragpelow (Figure 8-8), where the
changes which occur between the “PP” and “RR” wrglsrwhen the AV delay is

changed from 40ms to 120ms and from 120ms to 40encl@arly illustrated.

From the second beat onwards there is a platelmitéd duration during which
stroke volume is elevated and aortic systolic presare both increased. A similar
rise of non-invasive systolic pressure was also.s€Elis early plateau is presumed to
be an instant, direct cardiac effect of changgsmiremaker setting that increases

cardiac output.

The early plateau is followed by a phase of sigatiiit fall in pressure caused by a fall
in total peripheral resistance (Figure 8-7) andhyoa fall in flow. The most likely
explanation is progressive vasodilatation in tlieutation, which does not begin
immediately after the AV delay transition but aféeeshort delay. Its onset (defined by
the early plateau ending and being replaced bynandard trend in pressure) is
approximately beat 13, and it is established (ook#te late plateau) by
approximately beat 18. The R-R interval is 600 md therefore we can say that this
secondary vasodilatation process begins to marates8 seconds and seems to be

established by ~11 seconds.
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Figure 8-8 Asymmetrical impact of AV-lengthening ad AV-shortening. In the top panel change occurs from AV 40 to &0 The PP
intervals are uninterrupted because at the poitrbokition there is a single prolonged RR interVais results in a greater diastolic filling
period and hence a greater stroke volume. The lpaeel shows the transition from 120 to 40 mshis tase, the RR interval is uninterrupted
and the stroke volume is therefore maintained ikt consistently within the first beat at tramnsit. Instead it is the PP interval that is

increases.
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8.9.1 Is AV delay optimisation dead in the wake of SMART AV?

The SMART AV trial which showed that neither qualive selection of preferred
transmitral Doppler flow pattern nor an electripabcess designed to mimic this
process, conferred statistically significant beinedfi any of the endpoints measured.
However, widely-used optimisation methods can dsagn many patients (Turcott et
al. 2010), has two implications. First, disagreeimgthods cannot all be correct:
almost all must be incorrect. Second, however wetiducted, a trial of one method

is no guide to the expectation from another.

A 3-phase process for developing optimisation smenay be fruitful. First, list
methods that have satisfactory test-retest repibiitic under blinded conditions.
(Transmitral Doppler pattern optimisation may nekdmg on this list, since its
between-observer and within-observer agreement idemtical data is poor (Raphael
CE. et al. 2011), so that its test-retest reprdallityi must certainly be worse).
Second, identify those that cluster together, aggegosely on the optimum under
blinded conditions, and separating those that (teebping reproducible) disagree
with the main cluster of methods. Third, of thest&r of reproducible, mutually-
agreeing methods, trial the most clinically-conesnj using the careful rigorous

approach of SMART-AV.
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8.10 Limitations

These experiments were conducted in humans anddesrgned to elicit information
with sufficient precision using an experimentaltpowm| of acceptable duration. As a

result, there are several limitations.

First, 1 did not conduct thermodilution cardiac jpuit measurements. As a result, |
cannot confirm what the beat-by-beat effect ofinadilution cardiac output would
be. However, thermodilution is not well suited $oich sensitive temporal resolution
and its susceptibility to spontaneous variationg@peven in expert hands is twice
that of beat-by-beat Doppler aortic flow VTI, armtefore would require four times

as many patients to be studied and yield infornrmatvah the same confidence.

Second, | only studied a single transition: AV 4@m420ms. This study was not an
optimisation protocol but sought quantitative temgbanformation about the
downstream physiology to inform design of optimisatprotocols. | therefore cannot
state with certainty that the time courses of eff@t changes between other pairs of

settings would be the same.

Third, this study of the acute invasive haemodymramannot confirm whether these
changes are sustained over days or years. To bether there are even later phases

would be possible by this approach in humans.

Finally, the number of patients studied was najdasut the design was able to
resolve the time course with high fidelity becaaaeh patient underwent repeated
beat-to-beat direct invasive measurements (atterguabise), and the signal was
arranged to be large. My patients were not seldicteany characteristic other than
those listed in the enrolment criteria and areeg@ntative of patients referred for

CRT.
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8.11 Conclusions

Non-invasive blood pressure has been proposedotanizing AV delay in CRT, but
the immediate pressure increment partially fadekiwea few seconds. These
simultaneous invasive blood pressure and flow nreasents show that this
secondary fall in non-invasive blood pressure isanfailure of non-invasive
monitoring, nor the end of a short-lived improveini@ncardiac output, but rather a
manifestation of reduction in peripheral resistatieg may indeed be desirable.
Aortic flow, invasive aortic pressure and non-invadinger blood pressure all rise
together immediately following a change in AV de&ad therefore early
measurements of these are plausible candidategpfionisation. However, after a few
seconds pressure delays somewhat. Planners desaptimisation protocols may
choose to measure pressure for its favourable wb@ecteristics and potential for

non-invasive measurements, but they should do Swui delay.
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9 Synthesis

In this thesis | have identified that beat-to-bdaatogical variability of all the widely
recommended markers of dyssynchrony is far toelésgde realistically used in
optimisation. Although making multiple repetitiocan alleviate this problem, the
number of replicates needed is very large and nmghbe clinically practical unless
either markers become available that are measunatiienigher precision, or
automated methods become available to make muitipeesurements less time-

consuming.

Since these echocardiographic markers have suph lerat-to-beat variability there
is no chance they will predict response to thelle¥eeliability that is claimed in
many publications. The response markers also mxiagic variability which is wide
compared to the spectrum of changes seen in rasddroontrolled trials. Moreover,
from my local data, such variability appears te@aimmediately and not be
particularly dependant on passage of a long tifitgs indicates that the variability
should not be assumed to be genuine variationinical status, but rather should be
suspected to be spontaneous beat-to-beat varyahidit does not have clinical

meaning.

As a result of the above, many highly skilled spksi centres have reported strong
predictors of response which must either be a adémce, inadvertent self deception
or intentional mis-representation, because thegexe¢he limit of mathematical
possibility. Studies conducted to normal sciensfiandards consistently stay within
these limits. Therefore a large number of thesesapeed to be abandoned (and
perhaps retracted). In future, studies of poorgiteshould not be initiated, or if

initiated and completed, not given credence initeeature.
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With my colleagues | have identified two key prgugements, without which it

makes no sense to embark upon an attempt of relpabtiction:
Reliable measures of response i.e. thsehwemain stable within individuals

Candidate dyssynchrony markers with gdodied test-retest reproducibility

In parallel with my non-invasive work, | have alsenducted an invasive study to
establish, without fear of contradiction, the reatpotential of flow and pressure
measurements in optimisation of CRT. This study alestrated that flow
measurements, which might potentially be measuyegthocardiographic measures,
show a sustained increase following a change &vauirable AV delay, whereas
pressure initially rises but then partially decin&his shows that measuring flow
could be used for optimisation purposes providadyh reproducibility was obtained.
Pressure measurements are a plausible alternatidezan be measured just as
reliably non-invasively, but are best measurededarly phase after the change in

the intra-cardiac settings.
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9.1 The puzzle of dyssynchrony and response

| have identified that there is substantial differe between centres of dyssynchrony
markers to determine response. By mathematicaltylzding the maximal possible
R? values of these markers and the maximumadRies of ejection fraction

variability, | have calculated the best possibfes&ue for prediction: the “contraction
factor of R”. Therefore, | am able to confidently state thas inot realistic to expect

a good correlation between dyssynchrony markergasdiction ofAEF.

The AEF, when repeated echocardiographic measuremengsp@gormed at our
local hospital, showed that the standard devidtigtveen these repeated values
ranged between 10 and 20%. This is not dissinol@ublished values of EF
variability of at least 10% (Otterstad et al. 199IM)is demonstrates the implausibility
of definitions of response of 10-15% being religptgdicted by any baseline marker
or combination of markers. The real puzzle iswloy dyssynchrony does not
successfully predict response in some studiesybytanyone takes seriously any

studies that say it does.

The responsibility may lie more properly with usassaudience for several

weaknesses in application of normal scientificiqui.

Sound-bite SusceptibilitAs a community we accepted uncritically the ndozediac
resynchronization therapy”. With repetition it bewobvious that quantifying
mechanical dyssynchrony (which can only refer totsreular timings, since atrium
and ventricle should not be synchronous) would gfyategree of benefit. Obvious,
but not necessarily true. Experimental investigabbthe mechanism of action
remains at an early stage. A neutral term suclbi@eritricular pacing” might reduce

cognitive distortion.
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Authority AwePhysical science audiences judge a scientificriigdiy the precise
nature of the experiment, the attention to detadl the track record of previous
results being verified by others. Cardiological i@ades may not apply the same level
of scrutiny (e.g. bias-resistance is rarely debaded may suffer from the availability
heuristic (judging the credibility of sources fraheir visibility rather than their track
record of reliability). Audiences could usefullystere habits from their earlier

scientific training.

AmnesiaHearing of each successive novel predictive maskigr progressively more
excellent predictive capacities, cardiological @mdies often forget to ask what
happened to yesterday’s markers. If two differeatkars predict excellently, they
must agree almost perfectly; if the latter is & tase, the former is not credible.

Audience memory would help resist successive catnstents.

Paralysis.Physical scientists, hearing of an efficacious agproach, rush back to try
it out in small experiments. Cardiological audienagay feel unable to do this. Yet
simple experiments taking only minutes can quickjgct some claims. One example
is evaluation of blinded test-retest reproducipjlgnd application of the formulae in
this thesis. Another is adjustment of interventacwelay in a single biventricular
pacemaker patient, with blinded measurement of ar@chl dyssynchrony. Any
reliable marker will show a clear, reproducible immam. If not, it cannot credibly

classify dyssynchrony status across different ptdi@Pabari PA et al. 2012).

Wishful thinkingWe all want our specialty of echocardiographyéadlevant.
Reports of successful application are therefomnisitally popular. But this is failure
to separate our individual skill as echocardiogeaphfrom the ability of one

echocardiographic technique to deliver what isnakad. Distinguishing falsity of a
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hypothesis from personal inadequacy requires ceytag is worthwhile, since it is

the hallmark of science.

Cryptic commentingeven when experts carefully review available mdthand
tabulate that dyssynchrony markers are intensdhevable to noise and sometimes
choice of measurement location so that there ksafisdialling in” any clinically
desired level of dyssynchrony (Abraham et al. 208&Yyertheless the published
conclusion may not be quantitatively clear on thelication for claims of response

prediction (MacRoberts MH & MacRoberts BR 1984).

Bias blindnessWe frequently confuse bias (which arises from gtelsign) with
chance (which is addressed by p values). Large/ stizés reduce the impact of
chance, but increase the false statistical sigmfie of the effects of bias. Even the
most methodical of clinician audiences — guideboelies — consistently consider
observational studies (if large) as the same lelvel/idence (“B”) as a randomised
controlled trial. We should become alert to the faat large study size increases

susceptibility to bias.

Test-retest tabodVe confuse re-measurement of identical digital iesagith
genuine test-retest reproducibility, entirely igngrthe majority of variability which
occurs between beats. Test-retest variability @rebdily checked by clinicians

(Finegold et al. 2012).
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9.2 The puzzle of optimisation

The concept of optimisation was initially thougbtie fairly simple. By changing
intra-cardiac timings to a more favourable settmgn individualised manner per
patient, it would surely be possible to give thégrd some advantage. This may
sound plausible, but in reality | have identifienhse flaws with this concept. In an
ideal world, if we were measuring a noise-free pater as settings were changed,
then we could confidently state that that we warproving patient settings. However
any real life parameter which is measured hasrafsignt noise component, and this
noise (when measured as a single beat), is in alaticsases much larger than the
genuine difference between settings. For this meabe protocols that are claimed to
permit optimisation by making a single measurenag¢tach of several settings and
then choosing the setting with the highest measen¢nare almost all incorrect and
the claimed positive results are almost all thaltsof wishful thinking on behalf of

the researchers.

| have mathematically shown the impact of signal aaise on the effectiveness of
optimisation. | have demonstrated that the inforamatontent (the relative amount of
useful information versus random variability) hasemormous effect on reliability of
optimisation. | have identified a series of illussoregarding optimisation of CRT that
frequently afflict the literature, demonstrating timportance of asking for the
confidence interval of any observed optimum. Thievwes us all to evaluate how
much we should trust an apparent change in optifien a second optimisation

process.

| have shown what steps are important in improvitegquality of the process of

optimisation. These are as follows:
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(a) reducing the noise component by performindgjcafe measurements at each

setting

(b) maximising the signal, for which we know thesheeliable approach is increasing

the heart rate in some parameters

(c) being aware that large confidence intervalsearse misinterpretation of the

reliability of optimisation of CRT.
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9.3 Biological variability of optimisation using a spectrum

of echocardiographic parameters

In this thesis | studied a selection of echocandipfic markers, head-to-head, as
potential tools for VV optimisation of CRT devicésiave scrutinised each parameter
looking at the biological variability which impaa® the feasibility of each as a
potential optimisation tool. | have identified thhe advanced modalities of 3D
echocardiography and tissue Doppler imaging dematesa poor signal-to-noise
ratio yet take longer to acquire and analyse. Theersimplistic pulsed Doppler
methods, namely LVOT VTI and aortic pre-ejectiandgs show a better signal-to-
noise ratio, resulting in a lower spread of reswl®n repeated optimisation
processes are performed. All parameters improveid signal-to-noise ratio when
multiple replicates of each setting are used. Tiaken, for acquiring and measuring
each traces at each setting, then becomes thenlinstiep restricting the level of

precision that can be achieved.

Any of the above parameters could, in principleubed for selection of those
suitable for CRT and for optimisation of VV del&8ut multiple measures would be
required to achieve adequate signal-to-noise regeommendations for protocols are
usually made without regard to how many replicatesld be needed to achieve the
bare minimum level of precision that might be cdesed clinically adequate.
Calculating that number of replicates is surprisibg very much higher indeed than

the numbers described in protocols or recommendedidelines.

Finally, exploring simple opportunities to improwpon conventional parameters, |
compared the velocity time integral to the pealkoeiy of LVOT Doppler traces as

alternatives for optimisation of CRT. Better sigt@noise ratio was obtained with
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peak velocity. Meanwhile, time to analyse was alsorter with peak velocity than
VTI, so that more replicates could be averagetiéensame time frame, making peak

velocity an even better candidate for optimisabdCRT devices.
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9.4 The effect of AV delay optimisation on invasive
pressure and flow measurements: implications for

the design of AV optimisation protocols

The detailed invasive study | performed showeda teat-by-beat basis, the changes
which occur when AV delay is altered. Pressuredased initially but then dipped
away over the subsequent few beats to settleater Iplateau. This behaviour is
mirrored closely by the non-invasive blood pressufgich means the non-invasive
signal is not in error. This opens up the poss$ibdi using non-invasive Finapres -

type signal as a method for CRT optimisation.

My data showed that flow rises initially with a finer rise temporally aligned with a
fall in pressure. | have explained this second@yirdpressure and rise in flow, by a
change in peripheral resistance which | interpsed gavourable phenomenon in heart
failure patients who are characteristically inaestof pathological vasoconstriction.
From a practical point of view, for the design ptimisation protocols, my work
shows that the greatest signal size in presswaetiee first few beats post transition of
settings. In contrast if flow is used as the opgattion parameter, there is less urgency
to make the measurements because in later beatgytied is not systematically

smaller.
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9.5 Recommendations for performing optimisation of

Cardiac Resynchronisation Therapy devices

When performing an optimisation process, the aito getect small changes in the
measured parameter as intra cardiac timings areedltFor this to be reliable, i.e. to
achieve a small scatter on the optima obtaineapeated optimisations requires a
high intraclass correlation in the measurementsgogiade. My thesis demonstrates
that this is mathematically possible but would beyMaborious and time consuming
because a large number of replicates will be requiFfherefore it is rational to adopt
a method whose intrinsic signal-to-noise ratioaah as possible, so that the
number of replicates needed are as small as peskittt example peak velocity is on

these grounds a better candidate than VTI.

A second consideration is that one should favoethods where the measurement
and analysis time per beat is small. In clinicalgpice it is the analysis time which is
by far the most time consuming component. In fulupgocess of automating some or
all of this would be likely to increase speed amdpfecision of the optimisation
process. Algorithms which could automatically meashe peak velocities would be

attractive.

The difference between beats is a greater sourcariability than operator
uncertainty regarding how to draw round the beEterefore | would not expect
automation of measurement of VTI to necessarigatly help through elimination of
individual-beat measurement error, but by makirgpgsible to average multiple
beats at little cost in time it could make it atially realistic to perform high-replicate,

reliable optimisations in routine practice.
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A pilot study is already underway to see if VT| daautomatically calculated. A
similar algorithm might also be implemented for pgalocity. This would assist
those using outflow measurements for optimisatio8RT devices in which beat-to-

beat variability can mainly be reduced by multimplicate measurements.

There is no reason to be limited to either Pea&orsl or VTI as a parameter. Any
variable would be a possibility but those with ajex noise would require a much
greater level of repetition to achieve the samelle¥ precision of optimum. For each
doubling of noise, we know that the number of regikes required increases 4 fold.
Looked at another way, if the degree of uncertaifithe optimum is considered
unsatisfactorily wide, the number of replicates banncreased to narrow it. But
achieving a halving of this uncertainty requirepragimately 32 times more

replicates.
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9.6 Impact on selection criteria for Cardiac

Resynchronisation Therapy devices

As has been demonstrated, signal-to-noise of thareed echocardiographic
modalities is poor when single measurements arfenpeed. Therefore despite claims
made in the literature, it is not plausible thairegle assessment of mechanical
dyssynchrony can tell us anything useful aboufpigent (since it varies so
extensively between beats). Many of the claims nfadthe success of predicting

response are definitely incorrect and should badvéwn.

Current practice and guidelines focus on ECG caitemnd at present there is little
basis to press for echocardiography to be addedage contributor. Chapter 5
demonstrates that QRS duration has a good signadise ratio which further
improves upon multiple replicates, and is quick @RIS duration can be
automatically calculated. However the criteria miidgical plausibility of optimum
obtained is not always fulfilled, even if the criteof reproducibility and agreement
with repeated optimisations are met (Kyriacou eR@l 2). For this reason | believe

that QRS duration alone cannot confidently be w@sed selection criterion.

Additional use of an echocardiographic criterioquiees careful thought as there
needs to be grounds for confidence in the paranustst. Each department is likely to
have a preferred method, which, they feel if usa@ftlly could assist with selection.
However, the record - even amongst carefully arguieccal research papers that
have undergone peer review - shows that most sktfezlings are misplaced
optimism. Feelings of a local department, withotgreperfunctory statistical scrutiny
or peer review, are even less likely to be reliaBlet instinct should not be believed

to be reliable, because the record shows cleaalkyitis unreliable.

288



Proposals for a future selection criterion woulédhgery careful stepwise evaluation.
The first step would be establishment of the gesunonest test-retest reproducibility
of both the marker and the planned marker of respoffter this a protocol could be
designed, to have sufficient replicates. The nunolbeeplicates should be determined
not by just guessing, asking an expert (who in guesses), or plucking a number
from the air but rather by calculation from the ke&afis properties and the level of

precision required (Pabari et al. 2011).
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9.7 Recommendations for future studies

Although most optimisations are performed at neatients experience their most
severe symptoms when they are exercising. Therattertifying the benefits of
optimisation during exercise would be the nextdagstep forward. | have been
collecting pilot data in 11 patients to demonsttheeeffect of AV optimisation on

peak cardiac power output measured whilst cyclimga supine bicycle.

| have demonstrated that in 10/11 patients (91%ha@ependently established
optimal AV delay shows individually detectable ieases in both flow and pressure.
In all patients cardiac power output increases wdtanpared with a non-optimal

delay.

In this thesis | have demonstrated that ultimat@liyyost any parameter can in
principle be used for optimisation of CRT but obiag a sufficiently large signal-to-
noise ratio is essential. This is shown in thisthevhen measurements are made at
rest, and likely to be even more important on mesments taken during exercise

where noise is only going to be a greater component

Beat-to-beat variability, which is inherent and wnidable, means that a bias resistant
protocol of systematically averaging multiple repte measurements is essential. My

thesis lists strategies for achieving this.
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10 Appendices
10.1 Appendix 1: Invitation letter

St Mary'’s !EZB

NHS Trust

St Mary's Hospital
International Centre for Circulatory Health,
59-61 North Wharf Road,
London
W2 1LA

Direct Dial: 020 7594 1093
Direct Fax: 0707 505 5876

Dear Sir / Madam

You are being invited to participate in a research study. You have been recruited from either a Heari
failure or Pacemaker clinic where it has been identified that you may be suitable to participate in this
research project.

Before you decide, it is important for you to understand why the research is being done and what it will
involve. Please take time to read the following information carefully and discuss it with others if you
wish. Ask us if there is anything that is not clear or if you would like more information. Take time to
decide whether or not you wish to take part. Thank you for reading this.

Please find attached a Patient Information sheet and contact details should you have any further
questions

Thank you for considering participating in this project

Kind Regards

Dr Punam Pabari
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10.2 Appendix 2: Patient information leaflet

Non Invasive Haemodynamics to Probe PhysiologyEsttbcardiographic
Dyssynchrony in Chronic Heart Failure

What is the purpose of the study?

Patients with heart failure are limited greatlythgir symptoms and often require
emergency admissions to hospital. Day to day dgtisirestricted and there is an
increased risk of death associated with the camditVe know that the heart pumping
mechanism is often not in a coordinated fashioeretfore “dyssynchronous” leading
to inefficient working of the heart.

Specialist pacemakers, Cardiac Resynchronisatienaply, (CRT), have been shown
to improve the symptoms and survival of certainugoof patients, in addition to
maximum medical treatment. There are selection oustin place for choosing
patients who will benefit from these CRT deviceswhver we are unclear which will
predict the best long-term outcome. A beneficiapmnse, by improving co
ordination of ventricle contraction, is seen byimprovement in blood pressure on
altering pacemaker settings. At present a propodigatients do not respond as
predicted after CRT implantations or show the eigubbenefits.

This study aims to research the different imagireghods of echocardiography to
maximise the best outcome in terms of blood pressesponse at different pacemaker
settings. The study will then progress to lookteinges in blood pressure once the
optimal, the best, pacemaker setting had beenifdehtThis will give us a greater
understanding into the long term benefits of imjpmgyacemaker settings in patients
with CRT.

We hope this study will give a greater insight imtisich methods of selecting patients
for CRT devices provides greatest benefit, and dredptimising pacemaker settings
will give long term benefits and therefore a wosthile pursuit.

Why have | been chosen?

You will probably have been contacted and askedhéne/ou would be interested in
helping with our research following an outpatieragpointment at the heart failure
and / or pacemaker clinic, where we have notedcymrently have a CRT pacemaker.

You can participate in our research providing §fmat have a Cardiac
Resynchronisation Therapy pacemaker fitted and Ifesiéure.

Do | have to take parf?

No. Your decision to participate or not to partat within this study is completely
free and voluntary. You have the right to refusevall as to withdraw your
participation at any time (even if you agree todaihout giving a reason. If you
decide not to participate or to withdraw, it wibtraffect the quality of your care or
treatment, nor the relationship you have with ydoctor and nursing team. Should
you withdraw, your doctor will recommend appropegiatinical treatment and follow-
up to ensure your safety.
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What will happen to me if | take part?

When you arrive for the testing, we will ask yodieocomfortably on a bed, remove
your top half clothing, and we will attach severaces of monitoring equipment
such as an ECG machine and a blood pressure mamiyour finger.

The study takes between 2 — 3 hours and you wiidked to lie on your side and
back while we take various echocardiographic imagjescialised ultrasound scans of
your heart. During this time the pacemaker settimtjsoe altered and the images
taken at each setting. We will be taking contimimeasurements of blood pressure
during the testing, and these along with the imaglesn will give us information to
analyse. The pacemaker settings will be changétkisame way as the technicians
use when you attend the pacemaker clinic, in amleheck the pacemakers. The
settings will be returned to what they were when girived at the hospital, before
you go home.

This is a totally painless procedure however, drat time during the study you feel
uncomfortable, or wish to stop, then we will terat@immediately.

What are the side effects of this treatment when tang part?

This research does not involve any blood testgydaun invasive procedures.

Pacemaker settings will be altered during the studyreset to the original values
prior to you going home.

What if something goes wrong?

Imperial College London holds insurance policiesollapply to this study. If you
experience harm or injury as a result of taking pathis study, you will be eligible
to claim compensation without having to prove thaberial College is at fault. This
does not affect your legal rights to seek compénisat

If you are harmed due to someone's negligence ythemay have grounds for legal
action. Regardless of this, if you wish to complanhave any concerns about any
aspect of the way you have been treated duringdbese of this study then you
should immediately inform the

Investigators (Dr Punam Pabari or Dr Darrel Fraf@87 594 1093).

The normal National Health Service complaint cormgéamechanisms are also
available to you. If you are still not satisfiedtiwthe response, you may contact the
Imperial College Clinical Research Office.

What are the possible disadvantages and risks ofkiag part?

This research does not involve any blood testggjreontrast dye or invasive
procedures.

Some people find undergoing echocardiography unedatfle as it requires lying on
the bed in various positions. We will allow for bBks during the scanning periods to
alleviate this.

Occasionally the blood pressure measuring devieel-inapres, can cause tingling.
This is short-lived and stops once removed.
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What are the possible benefits of taking part?

This research will not benefit you directly. Howeué will contribute to our
understanding of physiological changes which odeuing optimisation of cardiac
resynchronisation therapy and improve our seleaiigmatients for these devices.

This may help with the development of treatments management of heart failure in
the future.

What if new information becomes available?

Sometimes during the course of a research prajeut,information becomes
available about the treatment being studied whatliccinfluence your willingness to
participate. If this happens, your research doeibitell you about it and discuss
whether you want to or should continue in the studlyyou decide not to carry on,
your research doctor will make arrangements forr yawe to continue. If you decide
to continue in the study you will be asked to sagnupdated consent form.

Also, on receiving new information your researclestdo might consider it to be in
your best interests to withdraw you from the stutie/she will explain the reasons
and arrange for your care to continue.

If the study is stopped for any other reason, ydub& told why and your continuing
care will be arranged.

What happens when the research study stops?

By the end of this process we hope to understane mdmout the physiological
changes which occur when cardiac resynchronisaléoices are optimised, i.e. have
the settings changed to maximise benefits, aneagrunderstanding of changes
which occur for long term benefits.

What if something goes wrong?

We will take every care in the course of this stuatyd the risk involved is minimal.
However, if through our negligence, you should suény harm then you will be
compensated and a full investigation will be coriddc

There are no adverse effects expected.

Will my taking part in this study be kept confidential?

If you agree to take part in this study, data addld about you will be entered on to a
computer. However, all data entered will be in aargymous format and any
information obtained from this investigation thahde identified will remain
confidential.

What will happen to the results of the research suy?

Scientific data from this study may be presentetiettings and published so that the
information can be used to help others, but youtiggation in the study will not be
made known and will be kept strictly confidential.

Who is organising and funding the research?

This research is supported by the British Heartnigation.
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Who has reviewed the study?

This study has been reviewed the Brompton, Hacked NHLI Hospital NHS Trust
Research Ethics committee.

If you have any further questions please do natdteso contact:

Dr Punam Pabari on 0207 594 1093

Thank you for taking the time to consider participa ting in this study
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10.3 Appendix 3: Consent form

St Mary'’s m

NHS Trust

St Mary's Hospital
International Centre for Circulatory Health,
59-61 North Wharf Road,
London
W2 1LA

Direct Dial: 020 7594 1093
Direct Fax: 0707 505 5876

Centre Number::
Study Number:
Patient Identification Number for this trial:

CONSENT FORM

Title of Project: Use of Non Invasive Haemodynamic s to Probe Physiology of

Echocardiographic Features of Cardiac Dyssynchrony in Chronic Heart Failure
Name of Researcher: Dr Punam Pabari Please tick box
| confirm that | have read and understand the information sheet dated 22/11/2007 (|

for the above study. | have had the opportunity to consider the information, ask questions
and have had these answered satisfactorily.

| understand that my participation is voluntary and that | am free to withdraw at any time O
without giving any reason and without my medical care or legal rights being affected.

| understand that relevant sections of any of my medical notes and data collected during

the study, may be looked at by responsible individuals from St Mary’s Hospital NHS Trust, O
Imperial College and Regulatory bodies, where it is relevant to my taking part in this

research. | give permission for these individuals to have access to my records.

I understand the risks and benefits of the study and have had any questions answered. | O
am aware of who to contact should | have any further queries.

| agree to my GP being informed of my participation in the study. O
| agree to take part in the above study. O
Name of Patient Date Signature
Name of Person taking consent Date Signature

(if different from researcher)

Researcher Date Signature
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10.4 Appendix 4: Determining the contraction factor

A series of measurements of a varial¥eirf a particular patient (e.g. tiéh patient)
will not always be identical, but rather be scatterandomly with a meatis;) and
an error components:), i.e.x = #x + % The same applies for another varialje,

= M + % The statistical term “error” in this context dgemates observer error,

equipment error, operator error, and genuine bic&yariability, all of which

contribute to the scatter. The combined errotimdescribed by its varian&e =

The size of this error variance in comparison w4dize of the variance in the true

underlying value€ H=; is an important characteristic of any measurecbjickl

variable. This is described by the intraclassealation coefficient:

o,
icc., = ‘

g‘#x[ + G‘E‘x[

The same can be said for If one tries to estimate the correlation betweandy,
then the observed coefficient of determinafi(x;,y;) will not be the R between the

underlying variable&(uyi, Uyi) but lower:

Gz#l’i Gz.“_‘,'i
R? %, V) = R (Hx;, Byi) x %y +oey O, oty
= R (M, ) x ICC, , ICC,.
The factor! €€ x 155, is the maximum Rthat can be observed betweeandy;

even if there is a perfect correlation betwé&enand*»:.

In this paperx is a baseline dyssynchrony marker grftbr exampleALVEF) is a

change in response marker over time. In this iimifd)rtunatelymcxi is not known
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for most dyssynchrony markers because blinded¢tsst studies have not been

performed, or not been reportehf.cﬂ , In contrast, can be estimated from

randomised controlled trials that performed blindedlysis. The variance of the

ﬂ’p}.[
changes over time in the control asAfAcontroram) is? F: T 77 | the

Gzﬁd;.[
corresponding variance in the intervention @ifinervention am) is° F2: ¥ 77 €y

Although these are not the same individual patjghtesrandomised trial design

ensures that they are comparable so that the elifferbetween thera? (Aintervention

oy,

am)- 6°(Acontrol am) 1S @n estimate of the elusifey: ¥ »;  Thus from an

individual trial, the estimate dECs; is 1-

(o2 (Ag(control armyN /(o2 (Ay(intervention arm)) ).

Estimate of the Rcontraction factor = ICC,,

caused by

14

B ( o(Aconcrot arm) ))‘

G(ﬁinrar vention arm

natural variability in response variable

That last expression relies only to the standaxiiatien of A in the control and
device arms, and is therefore easy to calculateails that report the distributions of
A. It is not sufficient to know the distribution tfe initial and final LVEFs. Rather,

the distributionof the change,e. the standard deviation &f is needed.

From a single trial, the estimate 16, may overestimate or underestimate the true
value. It will not be reliable in any study whehete is a breakdown in blinding.

Although a breakdown in blinding is not likely te bdmitted, it can become obvious
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from the pattern oAy;. The characteristic features of breakdown in ligdn

endpoint measurements of a trial are:

« Unusually narrows®Ay; in comparison to those of other trials with ostielys

similar methods;

* Markedly asymmetri@d values - for variables whose increase is desiyaiée
upper limit of the 95% confidence interval muchtfier from the median than

the lower limit is; for variables whose decreasddsirable, the converse.

1

Averaging estimates across multiple trials, weiyity theirn/sampiesize gllows a

combined estimate fdC»: to be developed for each class of response vangble

such aALVEF.
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