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Abstract

Background

Myocardial perfusion imaging with cardiovascular magnetic resonance (CMR) is
bound by spatigemporal constraints Standard perfusion CMR techniques permit
the acquisition of 31 myocardial slices with a spatial resolution e8rBm. However,
acceleration techniques can be applied to achieve higher spatial resolution (<2mm)
or 3-dimensional (3D) acquisitions with ieersed spatial coverage (B slices).
Acceleration can also be used to simultaneously acquire perfusion data at different
time-points in the cardiac cycle. Accordingly, this thesis includes studies that modify
the standard approach to perfusion CMR in@rtb investigate the impact of spatial

resolution, spatial coverage and cardiac phase of acquisition.

Methods and Results

Study 1 and 2 compared highsolution and standardesolution perfusion CMR in
patients with suspected coronary artery disease EAStudy 1 found high
resolution acquisition had greater diagnostic accuracy compared to standard
resolution for detecting CAD (area under curve [AUC]: 0.93 vs. 0.83; p<0.001); and
study 2 found it also had greater diagnostic accuracy for specificatifyleg 3

vessel CAD (AUC: 0.90 vs. 0.69; p<0.0001). Study 3 compareedalghion and 3D
perfusion CMR inpatients with CAD and found limitedgreement between
myocardial ischemic burden estimates (95% limits of agreemeft68%, 9.82%).
Study 4 and compared systolic and diastolic acquisitions using standard perfusion

CMR (limited to 1 slice) and 3D perfusion CMR respectively. Both studies found

13



higher estimates of myocardial blood flow (MBF) in diastole compared to systole at
stress (p<0.05). Styd6 utilised accelerated perfusion CMR to compare MBF
estimates at 5 different timgoints in the cardiac cycle in healthy volunteers.
Estimates of stress MBF peaked at ahdstole and fell steadily to erslystole

(p<0.0001).

Conclusion

By altering the gatial resolution, spatial coverage and cardiac phase of acquisition
of perfusion CMR, we have gained valuable insights into the relative impact of these

parameters on both qualitative and quantitative assessment ofasctia.
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CABG = coronary artery bypass grafting
CAD = coronary artery disease

CMR = cardiovascularagnetic resonance
CoV = coefficient of variation

CT = computed tomography

EPI = echo planar imaging

ESC = European Society of Cardiology
FFR = fractional flow reserve

FOV = field of view

k-t = kspace and time

LADc left anterior descending

LCX = leftircumflex

LGE= latgadolinium enhancement

LV = left ventricle

LVEF = left ventricular ejection fraction
LVEDV = left ventricular eftiastolic volume
LVESV = left ventricular esgstolic volume

MBF = myocardial blood flow

27



MCV = maximal cyclic variation

MI = myocardial infarction

MIB = myocardial ischaemic burden
MPR = myocardial perfusion reserve
MRI = magnetic resonance imaging
PET = positron emission tomography
PCA = principal component analysis
PCI = percutaneous coronary intervention
QCA =guantitative coronary angiography
RCA = right coronary artery

ROC = receiver operating characteristic
ROI = region of interest

SENSE = sensitivity encoding

SPECT = single photon emission computed tomography

SNR = signal to noise ratio

SSFP = steady stdtee precession

T =Tesla

TE = Echo Time

TR = Repetition Time

2D = 2dimensional

3D = adimensional

1VD = ivessel coronary artery disease

2VD = vessel coronary artery disease

28



1 Introduction

1.1 Background

Coronary artery disease (CABXa leading cause okdth and disability worldwide.

In the United Kingdom (UK) alone there are an estimated 2 million people with
angina costing the UK economy £9.0 billiedr (British Heart Foundation, 2010)
National and international guidelines recommend a iefr of investigative
strategies in those presenting with chest pain to inform diagnosis, risk stratify and
determine the need for revascularisati@iihn et al., 2012; Montalescot et al., 2013)
These may involve anatomical imaging of the coronary arterial tree with computed
tomography (CT) or invasive Xay coronary angiography; or assessment for
functionally significant coraary artery stenosis with singl@hoton emission
computed tomography (SPECT)psjiron emission tomography(PET), stress

echocardiography otardiovascular magnetic resonance (CMR)

CMRproduces high resolution images which can be acquired in any plane and allows
assessment of global and regional cardiac function, myocardial perfusion,
myocardial viability, tissue characterisation and proximal coronary anatoally
within a single studynd without the use of ionising radiation. This unique multi
parametric approach leads to a high diagnostic accuracy for the detection of CAD
and the assessment of myocardial ischaemia to guide appropriate therapy (Figure

1.1)
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Cine imaging Cine imaging Perfusion imaging

LGE imaging

Figurel.1 CMR Techniques

Panels A and B are cine images (sfasrs and 4chamber views respectively) which give
anatomical and functional information.aRel C is a stress perfusion imagfgowing an
inferior perfusion defect (iite arrow) in the mieventricular slice. Panel D is late gadolinium
enhancement (LGE) imaging showing inferior wall transmural myocardial infarction (white
arrow). Panel E shows coronary magnetic resonance angiography (MRA) demonstrating a
mid right coromry artery stenosis. Panel F is an example of tdreensional volume

rendered contrast enhanced MRA showing the right coronary artery.

1.2 Perfusion CMR

1.2.1 Myocardial Ischaemia

The detection of resrsible myocardial ischaemia is a cornerstone the
investigation and treatment of patients with stable CAD. Large scale studies have
shown that in the absence of induciblschaemia patients with CAD have an
excellent prognosis with an adverse event rate of less than 1% per annum

(Hachamovitch et al.,aD3b; Klocke et al., 2003)arge perfusion defects and defects
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in multiple coronary territories, however, suggest a poor progn@skandrian et al.,
1993; Klocke et al., 2003; Hachamovitch et al., 1988addition, those with a low
burden of ischaemiahave been found to gaidittle benefit from coronary

revasculariation compared to optimal medical theragghaw et al., 2008)

1.2.2 Perfusion CMR Technique

The feasibility ofyocardialperfusionimaging withCMR was first reported in 1990
and since then the technique has undergone continuous technical development,
experimental validation, and clinical evaluati¢htkinson et al., 1990) In contrast

to nuclear imaging techniques, perfusion CMR idyaamiccontrast technique,
which monitors the firsfpassof a Ttshortening contrast agent bolus through the
myocardium during a hyperaemic state. In territories supplied by significantly
stenosed coronary arteries, the dynamic wastof contrast media (CM) and thus
signal enhancement is diminished. Severdiledént magnetic resonance imaging
(MRI) pulse sequences have been used for perfusion CMR, such as spoiled gradient
echo, balanced steady state free precession (SSFP) and segmented edo plan
imaging (EPIjKellman & Arai, 2007; Gebker et al., 2007A) of these pulse
sequences are Tdensitive and are thus suitable to track thedrbrtening effect of

the CM. Importantly, in the muktentre, multtvendor MRIMPACT study, several
different pulse sequences were used with similar performaf8ehwitter et al.,

2008)

The Tishortening CM agents currently used for perfusion CMR are gadolinium
based and diffuse partly into the extracellular space unlike the potassium analogues
used in SPECT imaging that are taken up by perfused myocardiueraklypa is
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typically induced with an adenosine infusion via a brachial vein (140mcg/kg/min)
over 3 min. During the firgbass, the patient is instructed to hold their breath to
eliminate respiratory motion artefacts. Stress induced images can be compared t
an acquisition at rest after 205 min, when most of the CM has washed out of the
myocardium. Although absolute quantification of regional myocardial blood flow is
possible, analysis of perfusion images in clinical practice is most commonly

qualitative {isual).

Most perfusion CMR studies also include late gadolinium enhancement (LGE)
imaging, acquired 5 min after the completion of perfusion CMR to detect areas
of infarction and provide a morphological assessment of viability. Unlike nuclear
techniques, the assessment of scar in CMR is thus not based on a matched stress
rest perfusion defect, but on direct morphological assessment. Provided the
transmural extent of infarction on LGE imaging is <50% there remains a good
likelihood of contractile recovgrafter revascularisation with either percutaneous
coronary intervention or coronary artery bypass graft{i@erber, 2008; Kim et al.,

2000)

As wellas the lack of exposure to iomg radation, the major advantage of CMR
versus SPECT perfusion imaging is considered to be its higher spatial resolution
(typically 23mm versus 80mm), which allows the detection of smaller perfusion

defects and the recognition of subendocardsdhaemigPanting et al., 2002)

1.2.3 Clinical \alidation of Perfusion CMR

The use ofperfusion CMR as a first line diagnostiool in patients with suspected

CAD has been the subject of several recent clinical studies and-anatgses
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(Greenwood et al., 2012; Schwitter et al., 2013; Jaarsma et al., 2012; Hamon et al.,
2010) The most recent metanalysis of 37 studies demonstrated a pooled
sensitivity of 89% (95%Cl: 884%) and pooled specificity of 76% (95%ClI:-78%)

of CMR for the detection of angiographicadlgfined IHD (Jaarsma et al., 2012n

the large single centre @AARC study (n=752), CMR had higher sensitivity (87% vs.
67%, p<0.0001), similar specificity (83% vs. 83% p=0.916) and greater overall
diagnostic accuracy (area under curve [AUC]:0.89 vs. 0.74, p<0.0001) compared with
SPECTGreenwood et al., 2012)The subsequenmulti-centre, multtvendor MR
IMPACT I trial alseonfirmed a greater overall diagnostic accuracy for CMR
compared to SPECT (AUC: 0.75 vs. 0.6, p=0.018) with a higher serzitivayer
specificity (Table 1. Bchwitter et al., 2013, 2012)lealth economic analyses have
demonstrated that diagnostic pathways integrating stress peoiusCMR can be
more cost effective than other strategies including the most common practice of
exercise treadmill testinETT{Walker et al., 2013)n addition, the prognostic value

of a negative stress CMR (perfusion or dobutamine) has been further confirmed with
corresponding annualised event rates for myocardial infarction (MI) and death of
KM2 K @ ST Nyea dISviNip period (Table 1.{)ipinski et al., 2013; Gargiulo et

al., 2013; Bingham & Hachamovitch, 2011)

The 20B European Society of Cardiology (ESC) guidelines on the management of
stable CAD recommend neanvasive stress imaging as the filisie strategy for
investigating suspected angina in patients with a-f&t probability of 1585%
(Class | recommendationjith stress perfusion CMR as oneloé suggested options

(Table 1.2)XMontalescot et al., 2013)The 2012 ACCF/AHA sheain guidelines
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reserve Class | recommendations for exercise ECG, nuclear perfusion imaging and
stress echocardiography based on their more extensive historical data and the
option for nonpharmacological stress, but do allocate a Class lla recommendati

to stress perfusion CMR for several scenarios, reflecting its growing evidasee

(Tablel.2XFihn et al., 202).

Tablel-1 Large $ale Clinical Validation of &fusion CMR

Authors Year Study design n Results

Diagnostic accuracy

Hamon et al 2010 Meta-analysis 2154 Sensitivity = 89%
35 studies Specificity = 80%

Greenwood etal 2011 Prospective 752 Sensitivity= 87%
Singlecentre Specificity = 83%
Schwitter etal 2012 Retrospective 515 Sensitivity = 67%
Multi-centre Specificity = 61%
Jaarsma et al 2012 Meta-analysis 2841 Sensitivity = 89%
37 studies Specificity =76%

Prognostic data

Bingham et al 2011 Retrospectie 908 AER fonegative stress

. CMR <1%/year
Singlecentre

Lipinski et al 2013 Meta-analysis 11636 AER for negative stress
. CMR <1%lyear
19 studies*

Gargiulo et al 2013 Meta-analysis 12178 AER for negative stress

_ CMR = 1%/year
14 studies

* including 4 studies using dobutamine stress for inducible-malion abnormality
including 6 studies using dobutamine stress for inducible-malion abnormality
AER =ambined annualised event rate (cardiac death or myocardial infarction)
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Table1-2 ESC and AHA Recommendations for Perfusion CMR in Stable CAD

Recommendation Class

ESC Guidelindg013)

CMR is a recommended initial test to diagnose CAD in patients
intermediate PTP (1B5%)

CMR used for diagnosis of CAD may be combined with clinical assessm
event riskstratification

CMR is a recommended test for patients with known CAD for new or recu
symptoms (once instability excluded)

CMR is a recommended test after Ml (before or after discharge) to de
ischaemia from bystander lesions if further revascularisation
considered[w5]

ACCF/AHA Guideling2012)

CMR is reasonable as the initial test to diagnose CAD in patients lla
intermediate (1690%) or high (>90%) PTP and unable to exercise

CMR can be useful as thmitial test to diagnose CAD in patients wi  lla
intermediate (1090%) or high (>90%) PTP, able to exercise but witt
uninterpretable resting ECG.

It is reasonable to use CMR in patients with known CAD, requiring progr  lla
risk assessment and who aneable to exercise

CMR is reasonable to assess patients with known CAD who have n lla
worsening symptoms (but not unstable) and who are unable to exercise

ESC = European Society of Cardiology; ACCF = American College of Cardiology FoliH#&ation
American Heart Association; CMR = cardiovascular magnetic resonance; CAD = coronary artery
disease. PTP = Ptest probability. Note that CMR in this table refers specifically to stress perfusion
CMR.
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1.2.4 Challenges of Perfusion CMR

Combined withthe assessment of ventricular function by €iimaging, and viability

by LGE imaging, perfusion CMR allows fordbmprehensive assessment of CAD
(Plein et al.,2004; Bodi et al., 2005However, standard perfusion CMBespite
having higher spatial resolution than SPECT and PET) sti#f giétdver spatial
resolution thancine or LGE imaginGMR techniquegGreenwood et al., 2012;
Schwitter et al., 2008; Wolff et al., 2004; Keijer et al., 2000a, 2000b; Sakuma et al.,
2005; Gerber, 2008; Kim et al., 2000; Jahnke et al., 2007; Panting et al., 2002;
Atkinson et al., 1990)The main reason for thigmitation is thatperfusion CMR is
bound by spatietemporal constraints adata acquisition is limited to short windows

in each cardiac cycle in order to limit the effects of cardiac motion and treckatpid
myocardial passage of contrasbtandard perfusion CMR techniquéserefore
permit the acquisition of 3 myocardial slices with a spatial resolutionooily 2-
3mm.Acquisitionof cine and LGE CMR data on the other hand is typically segmented
and acquired over several heartbeats to boost spatial resmuftypically 1.51.8

mm) and/or signato-noise ratio (SNR).

For this reason, there has bea high demand for devgbment of perfusion CMR

methods that carboost spatial resolutiorto match that of other CMR methods.

{ SOSNI f &dzOK GSOKyYyAljdzSa INBE y2¢ | Ol At of
improve spatial resolutior2mm(high-resolution perfusion CMRwvithout sacrificing

temporal resolution or spatial coverage. Alternativellye speedup afforded by

accelerationtechniques can be used to achievgiBensional (3D) acquisitions with
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increased spatial coverage (18 slices} in order toovercome theassumptons of

the standard 34 slice approach

1.3 Basic Principles of MRI

Prior to discussing acceleration techniquasplicable to CMRit is necessary to

review our understanding of howRI signals are generated and of the spatial
encoding scheme usedavhich isnherently responsible for the relatively low imaging

speed of MRI. When a subject is placed in the magnetic field, it causes millions of
LINPG2ya 2N WaLIAyaQ Ay GKS o02Reée (2 SAGKSN
energy spins) or against it ¢fienergy spins). The small difference in energy
between the two spin populations constitutes the magnetisation used for imaging

and is proportional to the field strength of the scanner. Short excitation pulses of
radiofrequency (RF) energy (preparatiorulge) are applied to disrupt the
magndisation equilbrium¢ WY A E& 2 ¥ LINBLI NI GA2y Qd ¢ KA &
move to a higher energy state (align against the field) and some to move to a lower
energy state (align with the field). After the excitatiopreparation pulse,
magnetisation returns to its equilibrium and a small RF signal is emitted which is then
detected by sensitive receiver coils and used to form an image after amplification

and processing.

A slice selection gradient (Gs) or magnetitdfis applied at the same time as the
preparation pulse to direct the excitation effect to the image slice of interest.
Additionally, once the slice selection process has created resonance within the

selected slice, two further gradients are applied ahtigngles to each other within
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the imaging plane. Firstly, the phase encoding gradient (Gp) is applied for a specified
time such that when it is switched off, the protons will have changed their relative
phase by a prescribed amount depending on their pasialong the gradientwhich
GKSNEF2NBE S| 9SSy QRKRRS RDDIAY {fSORWYKRITRS (GKS
gradient (Gf) is applied to encode the frequency of the signal and the signal is
simultaneously sampled. This sequence of slice selection, pkaseding,
frequency encoding and signal sampling is repeated many times with a repetition

interval knownasi KS WNBLISTRAGAZ2Y GAYSQ 6

The final signals are therefore quite complex and contain frequencpded and
phaseencoded data which is then stor@da virtual grid or matrix known &sspace.

A single data point ik-space contributes to the whole image and conversely a single
pixel in the image may have contributions from all of the MRI signals collected. The
data in the centre ok-space holds mst of the signal content and therefore provides
the image contrast. If only the centre kfspace is obtained, the image formed is
high in signal but of low resolution. The data at the edgdssgace hold fine detail

of the image and therefore define sit spatial resolution. A sophisticated
mathematical process (Fourier transformation) is required to extract the individual
components from each dimension kfspace and reconstruct the image. However
powerful, data acquisition ik-space is very time consung as conventionally only
one data point can be sampled at a time and consequently MRI is not-timeal
technique. For example, acquisition of a typical image of 128 x 128 pixels would take
400 ms, thus allowing acquisition of only 2 slices per heeat. Doubling the

resolution to 256 x 256 pixels would at least double the acquisition time and allow
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imaging of only one slice. Therefore, imaging spepdechniques are required if a

sufficient number of slices are to be imaged with an increased spatalution.

1.4 Acceleration Techniques

There are essentially two ways to accelerate data acquisition with MRI: dither
space is sampled faster, or fewer pointkiapace and/or time are sampled (spatio
temporal undersampling). Previously, advances in accelerated imaging have come
from developments in gradient hardware and gradient encoding sudiéPdand

spiral imaging that allow faster samplingle$pace(Mansfield, 1984; Meyer et al.,
1992) However, it seems unlikely that there will be further advances in speed from
these areas, since physiological limits for peripheral nerve stimulation and
radiofrequency depositio have been reachedSchaefer, 1998) Any further
reduction in scan time or data acquisition is therefore only possible by reducing the
amount of acquirek-space data bg given factor (acceleration factor). This is not a
simple strategy however, as undersamplingkedfpace causes signal aliasing in the
reconstructed image if the Nyquist sampling limits are exceeded. Imaging-sjpeed
techniques are able to avoid or resolvhis aliasing without significantly
compromising image quality because image series often exhibit a high degree of

spatiotemporal correlations and image redundancy.

Although several methods of accelerated imaging have now been described and this
continues to be an area of active research, we will only discuss the most notable
examples and those relevant to perfusion CMR H{&i@zerke & Plein, 2008)ve will

also pay preferential attention to advanced acceleration techniques where speed
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can be invested into spatial resdilon or spatial coverage to facilitate high

resolution and 3D perfusion CMR respectively

1.4.1 Basic Acceleration Methods

The basic methods of acceleration below are commonly used to reduce the
acquisition time per slice per cardiac cycle in perfusion GMlst this is helpful in
reducing breatkhold durations and motion artefact during stress imaging with high
heart rates, coverage is still limited te43slices with a relatively standard-tane
spatial resolution of 2 mm. More advanced acceleratida required to afford
sufficient investment of speedp in spatialresolution or coverage without

compromisingSNR.

1.4.1.1 Echo Planar Imaging

Although a number gbulse sequences are usddr perfusionimaging, one of the

most common i€Pland this is becausgis one of the fastest techniques available.
Conventional imaging sequences acquire only one lickesplace per heart beat and

are therefore slow to acquire a full dataset. In EPI pulse sequences, several lines of
k-space lines are acquired together ltling one single RF excitation. This pulse
design has been validated in larger trials with good results and therefore is

frequently used in perfusion CMRV/olff et al., 2004; Schwitter et al., 2001, 2008)

The initial part is very similar to a standaelquence but the frequency encoding
gradient is successively -spplied with alternating direction which generates
multiple gradient echoes (signals) all from a single RF excitation. In order to rapidly

sample the multiple echoes before they decay, a wide receiver bandwidth is used.
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To ensure that each echo fills a different linekedpace, a small phase encoding

gradient is applied prior to each sampling.

The benefits of the fast imaging time are not without cost. EPI is relatively demanding
on the scanner hardware, in particular on gradient strengths, gradient switching
times, andreceiverbandwidth. In addition, the decay of multiple echoes and the
high receiver bandwidth result in a low SNR and therefore EPI can be vulnerable to

image artefacts and distortions.

1.4.1.2Interleaved Notched Saturation

In dl pulse sequences, the magneti®on recovery time (TI) plays a major role in
determining contrast,SNRand the maximum number of sections that can be
acquired. A preparation pulse with a long Tl provides higher SNR and better contrast,
but the consequent delay inserted between preparatiand acquisition reduces

spatial coverage.

¢CKS WAYUISNISIFZPSR y200KSR al ddzNy GA2yQ (S
conventional pulse sequences used in mséction perfusion CMRSlavin et al.,

2001) Firstly, there is no insertion of physical dead time into the sequence to allow
relaxation between prepar&dn and acquisition of each section. Secondly, the
consecutive preparation and acquisition pulses do not affect the same segtion

instead any given section is prepared before acquisition of the preceding section.

This is achieved by an alternative methofl magnetization preparation using a
preparation pulse with a notched profile. Saturation bands are created on both sides

2F GKS Wy200KQZ ¢KAOK Aa OSYdiINBR adzOK 0
are unaffected by the preparation pulse. The pmese of the notch essentially

41



decouples the preparaticacquisition combination and enables the most time

efficient implementation of long TI recovery without sacrificing section coverage.

1.4.1.3Parallel Imaging

Among all the different parallel imaging technapipresented to date, sensitivity
encoding (SENSE) and generalized autocalibrating partial paratiguisition
(GRAPPAhave been the most successful and are now widely available on
commercial MRI systen{®ruessmann et al., 2001; Griswold et al., 20@2&ntral to
parallel imaging is the availability of dedicated receiver coils. The speed
achieved by undesamplingk-space (skipping phase encoding steps) during the
acquisition. For example, in twlold undersampling, only every other linelegpace

is filled which would ordinarily lead to significant image aliasing. However, the
missing information is Fpopulated, based on differences in perception of the signal
by multiple receiver coils positioned around the object. This reconstruction process
therefore requires knowledge of the coil sensitivity map3D plot of how the signal
varies with distance froneach receiver coil. Coil sensitivity maps are formed from
the central lines ok-space and can either be acquired as a separater&smelution
reference scan (SENSE); or as part of the acquisition with a few profiles of fully
encoded data for coil calibtian (GRAPPA). By comparing the signal from each
receiver coil and with reference to the coil sensitivity map, there is sufficient data to

reconstruct the image without aliasing.

In dynamic imaging applications such as perfusion CMR, the undersampliegpat
can be shifted as a function of time, such that coil sensitivity maps can be estimated

from a time-average image. This therefore removes the need for separate calibration
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data. The use of interleaved sampling for calibration purposes in combinattbn wi
SENSE reconstruction is knownt@sporal sensitivity encodingflSENSEKellman

et al., 2001)

Theoretically, in parallel imaging the unaliasing is possible as long as the acceleration
factor (undersampling factor) does not exceed the number of receive coils. In
practice however it is difficult to achieve acceleration greater th&8fald without

NR penalties and unresolved aliasing. Nonetheless, the significant reduction in
acquisition time that can be achieved means that parallel imaging techniques are a
well-established method of accelerating perfusion CMR and almost any MRI

application(Kozerke & Plein, 2008)

1.4.2 AdvancedAccelerationMethods

Accderating data acquisition with parallel imagiogEPimethods has beestandard
practice in perfusion CMiRr over a decade, butade-offs in SNRndartefactslimit

the achievable ecelerationto 2-3 fold. In a typicalstress perfusion studythese
methodsstill only permit the acquisition of 3t myocardial slices with an 4plane
spatial resolution of 23mm. More recently proposed¥ LINIAY22NG f $avé&lS Q
techniquesallow much higher acceleration factofsr data acquigion (Kozerke &
Plein, 208; Tsao & Kozerke, 2012)re W LINJAY22Nd f QriRcibIS @not limited to
CMR or eveMRIper se anchasalso been applied t€Tand PET(Chen et al., 2008;
Christian et al., 2010Priorknowledge methods are based on the observation that
imagedata sets exhibit considerable correlation in space and tierfusion CMR
datasetsin particular contain a high degree of temporal redundancy, because data

are acquired at a single time point in the cardiac cycle usingdga@ and during
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breath-holding, so that most of the image is static and the predominant change
between neighbouring time frames is related to the relatively slow contrast passage.
This image redundancy can be exploited by undersampling data in the tme (
domain in addition to the moreonventional undersampling in the spatikigpace)

domain(Kozerke & Plein, 2008; Motwani et al., 2011; Tsao & Kozerke,.2012)

Examples of these spatemporal (or k-t) undersampling techniques aket broad
linearacquisitionspeed up techniquekft BLASTk-t sensitivity encodingkét SENSE)

and k-t principal component analysi&-{ PCA). Irk-t BLASTk-t SENSE aridt PCA

perfusion CMR sequences, undampling isapplied alongk-space and time whilst
26 aLl GAFE NBaz2tdziAzy AYF3IAS OWINI AYyA)
during the acquisitior(Plein et al., 2007) A nonaliased, full image series is then
reconstructed using prior knowledge derived from the training d&tigure 1.2)In

k-t SENSE andt PCA receiver coil sensitivity information is additionally employed

to facilitate image reconstructiarurther tchnical déails beyond the scope of this
introduction can be found in recent technical review$sao & Kozerke, 2012;

Kozerke & Plein, 2008)

Other related methods havalsobeen proposeduch ashe highly constrained baek
projection reconstruction (HYPR) methadwhichspatial and temporal redundancy
are exploited seriallfKozerke & Plein, 2008; Tsao et al., 2003; Ge et al., 2009)
HYPR and its variarksspace data is acquired with undersampled radial projections
and oveall rotation of the undersampling pattern at different time poir{Ge et al.,
2009; Mistretta et al., 2006; Ma et al., 2018) image reconstruction, a fully sampled
composite image is formed by populating missing data from neighbouring time
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frames. This very lotkemporal resolution composite is then used to constrain back
projection of the undersampled data acquired for each individual time fréGeet
al., 2009; Ma et al., 2012pther promising acceleration techniquesich as spiral
imagingare in early developmenibut their clinical utility has yet to be assessed

(Salerno et al., 2011; Shin et al., 2013; Chen et al., 2012)

With thetechniques listecbove, it is possible to accelerate image acquisition up to

a factor of 10 times or more. This spee@ has been utilisd to improve spatial
resolution (highresolution perfusion CMR) or to acquire 3yocardial perfusion

data within a single acquisition shot facilitating greater spatial covefligeedia et

al., 2010; Shin et al., 2008; Plein et al., 2008a; Manka et al., 2010, 2012; Jogiya et al.,

2012)

(a) (b) (c)

é ~ Image
- »
reconstruction

ﬁ

Aliased image Training data

Figurel.2 k-t acceleration techniques

(@) In kt BLAST andkSENSE, data acquisition is accelerated by usat®pling along the
spatial encoding (k) and time) (axes whicheads to an aliased image. (b) Low resolution
W{i NA-3A yRik dlsb @btained to determine data correlatiorise. W LINJRy22Nd £ .JdR 3 S Q
Finally, a noraliased full image series is reconstructed usistatstical modeterived from

the training data BLAST= broad linear speagl technique; SENSE=sensjtiencoding.

45



1.5 Highresolution Perfusion CMR

l t K2dAK y2 | OOSLIISR RSTAyAlA2z2zYy SEAaGAZ
NB a 2 f dzii A 2 y-planerisSlyfionisfo&ter thgh 2mm, making the resolution
comparable to that of other common CMR metlsdrhe first feasibility study of
high-resolution perfusion CMR usedf@d k-t SENSE to achieve arpiane spatial
resolution of 1.5mm in a group of Mdlunteers(Plein et al., 2007) Image quality

was similar to that from a standanegsolution sequence (iplane spatial resolution

of 2.6mm) but there was a sigicant reduction in the extent of dark rim artefact

(mean thickness: 1.7 vs. 2.4mm; p<0.01) (Figure 1.3).

Standard-resolution High-resolution

Figurel.3 Dark Rim Artefact: Standardesolution vs High-resolution

A 60yearold man wth suspected angina underwent stress perfusion CMR at 1.5
both standardresolution (2.5mm #plane) and highresolution (1.5mm #plane
acquisition. Higkresolution acquisition was facilitated byf@d kt BLAST acceleratio
There were no signifant stressnduced perfusion defects seen with either acquis
(mid-ventricular slices shown) but there was significant darkartefact on the standar
resolution images (arrows). SubsequeriaX angiography confirmed normal coron

arteries

46



Images acquired at higresolution also displayed an increased SNR compared to
standardresolution when corrected for pixel sizefacilitated by constraining the
reconstruction with the low resolution, high SNR training data. In 3 of the volunteers,
higherk-t SENSE acceleration factors of 8 and 10 were successfully used, without

compromise in image quality or temporal signal intensity profiles.

The reduction of dark rim artefact with higlsolution acquisition was confirmed in
another volunteer study (n=1{Maredia et al., 2010)in this study, mean artefact
thickness was 3.4 mm with standaresolution, compared to only 1.1mm withkat
SENSE higfesolution acquisition (p<0.001). Dark rim artefacts are a common
finding in conentional perfusion CMR and are thought to be caused by magnetic
susceptibility effects, Gibbs ringing and cardiac motion during acqui¢ibioBella et

al., 2005) As these artefacts are dirdgtproportional to voxel size, the use of high

resolution perfusion CMR offers a significant advantage (Figures 1.3 and 1.4).

Following the feasibility studies in volunteers, higisolution perfusion CMR has
been validated in several patient studies (Teab.3Maredia et al., 2010; Plein et al.,
2008a, 2008b; Manka et al., 2010 the first of these, Plein et al used an identical
sequence to their previous volunteer study (1.5Ffoll kt SENSE, 4plane
resolution 1.4mm) in 51 patients with known or suspected QABIn et al., 2008a)
Highresolution acquisition w&s found to have a high image quality and high
diagnostic accuracy (area under the curve [AUC] = 0.85) against quantitative
coronary angiography (QCA). Notably, the diagnostic accuracy in -gesgel
disease and muhlvessel disease was similar (AUC:70\&. 0.82 respectively)
suggesting that sufficient spatial resolution to resolve a transmural ischaemic
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gradient can overcome one of the major limitations of perfusion imaging in multi
vessel disease i.e. its dependence on a reference area of normakmerf(Figures

1.5 and 1.6). Other benefits of highsolution acquisition noted in the study were
better integration with cine and LGE data and minimal dark rim artefact. A
subsequent study demonstrated the clinical feasibility of gsolution perfusion

CMR at 3.0T and confirmed the expected improvement in image quality and SNR

compared to 1.5T (Table 1(B)ein et al., 2008b)

DRA occurs early ~1 voxel width

\

-

Frame 0 Frame 3

Lasts < 8 frames

w R

Frame 5 Frame 6 Frame 7

Figurel.4 Dark Rim Artefact

This example shows a midventricular slice during standesdluion perfusiorRCMR. Dat
rim artefact @rrows) is a frequent finding and relates to several factors including c
Y20A2Yy3S DA0OQ& NAYIAYyIAS adzZAOSLIIAOGATL A
myocardium and blood pool. Although dark rim artefacts may mimic perfusion defec
can be distinguished by characteristic features: they occur at the arrival ohsbinirthe
left ventricular cavity and before its arrival in the myocardium (Frame 1); they t
disappear within 8 to 10 frames (Frame 7); their location is usually typical for a pa
pulse sequence; and their width roughly equates to thglane spatial resolution, whic

was 2.5 mm in this example (FrameBRA = dark rim artefact
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High-resolution

Figurel.5 Sandard-resolution vs. highresolution stress perfusion CMR

A 53 yr old man had proximal LAD 80%het#s on xay angiographyStandardresolution
acquisition at 1.5Bhows a subtle anterior wall perfusion defect (white arrows) at the
basal (A), midrentricular (B) and apical (C) level. With higholution acquisition (using

fold kt BLAST) the antier defect is much better defined-£) and the presence of a

Manka et al followed with an extension of the BENSE technique at 3.0T to achieve
8-fold acceleration and an 4plane spatial resolution of 1.tam which was then
evaluated in 20 patients with suspected CAD. The combined benefits of higher field
strength and greater acceleration led to an incremental improvement in spatial

resolution and an even greater AUC of 0.94 (95% CIl:@98)Manka et al., 2010)

Most recently, in the only study to offer a direct comparison (and which forms part
of the currentthesis), higkresolution perfusion CMR {®Id k-t BLAST, #plane
spatial resolution 1.6mm) was found to have a significantly greater overall diagnostic
accuracy compared to standardsolution in 100 patients with suspected CAD (AUC

0.93 vs. 0.83; p <001). The improved diagnostic performance was attributed to
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better detection of subendocardiadchaemia (Figures 1.5 and J{Motwani et al.,
2012a)As the endocardial layer is the most vulndeako ischaemiathe ability to
confidently detect subendocardial perfusion defigtn be expected tomprove the
detection of CAD in a perfusion stu@@ache & Schwartz, 1982Jurthermore, a
recent study by Hautvast al showed that higkresolution perfusion CMR data can

be used to acurately quantify transmural perfusion gradients atitese new
measurements may serve as diagnostic markers for the detection and
characterigtion of epicardial coronary disease as well as microvascular disease

(Hautvast et al., 2011)

The HYPR method was usedaire recen singlecentre studyjn a variant known as
slidingwindow conjugategradient HYPR (6 contiguous slices, 1.6mm in plane spatial
resolution) The studydemonstrated clinical feasibility and a high diagnostic
accuracy in 50 patients with suspected QMa et al., 2012)Whereas the previous
studies have all used QCA as their reference standard, Letckievalidated high
resolution perfusion CMR against invasive pressure derived fratonal flow
reserve (FFRJ011) In the 42 patients studied, higlesolution perfusion CMR {5
fold k-t BLAST, #plane resolution 1.&im)had a high diagnostic accuracy (AUC=0.92)
for the detection of hemodynamically significant lesions (FFR<{QG&ie et al.,
2011) To have a noinvasive method that so closely correlates with FFR is highly
attractive and more widespread use could have a significant impact on clinical
pathways- especially in patients with anatomically complex and rmugigsel disease
(Tonino et al., 2010However, whether highesolution perfusion CMR conveys a

diagnostic increment against FFR is not certain and notably in a previous study using
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FFR<0.7%s the reference standard, Watkins et al found a high level of diagnostic
performance with a standarcesolution acquisition (sensitivity 91%, specificity
94%), comparable to the higiesolution method used by Lockie at(#atkins et al.,

2009)

Stress

Left Coronary Artery Right Coronary Artery

Figurel.6 High-resolutionPerfusion CMR in Mulvessel CAD

A 48yrold lady with suspected angina underwent stress perfusion CMR 4
using a higkresolution (1.4mm #plane) technique facilitated by-fld kt-BLAS
Stressinduced perfusion defects were seen in all threetteies (arrows, A, B) a
are clearly demarcated as subendocardial. Subsequesy Angiography revealt
significant threevessel disease (arrows, C, D). This case highlights the at
high-resolution acquisition to overcome the potential effectbalincedschaemii
in multrvessel disease by detecting transmural perfusion gradients

subendocardiailschaemia
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Table1-3 Diagnostic Performance of Advanced Perfusion CMR

n Field Strength & Spatial Resolution & Reference standard &

Acceleration Spatial Coverage Diagnostic Accuracy

HighField Strength

Cheng2007 61 3.0T - 2.6mm 4slices (NC) QCA>50%  0.87
Ebersberger 116 3.0T - 3.0mm 3slices (NC) QCA>75% o 0.93
2013 CCwXn o

HighResolution
Plein 2008 51 15T 5 xkt-SENSE 1.4mm 4 slices (N& QCA>50%  0.8%

Plein 2008 33 15T 5xktSENSE 1.5mm 4slices (N& QCA>50% 0.8«
Plein 2008 33 3.0T 5xktSENSE 1.3nmm 4slices (N&)  QCA>50% 0.8%
Manka2010 20 3.0T 8xktSENSE 1.Imm 3slices (NC) QCA>50% 0.9%4
Motwani2012 100 15T 8xktBLAST 1.6mm 3slices(NC) v/ ! xp. 0.9%
Lockie 2011 42 3.0T 5xk-tBLAST 1.2nm 3 slices (NC) FFR<0.75 0.9

3-D
Manka 2011 146  3.0T 6 xk-t SENSE 2.3mm 16 slicegWwH) v/ ! xp . 0.83

Manka 2012 120 15T 10xktPCA 2.0mm 16 slices (WH) FFR<0.75 0.8%
Jogiya 2012 53 3.0T 10xktPCA 2.3mm 12 slices (WH) FFR<0.75 0.918

HYPR
Ma 2012 50 3.0T SWCGHYPR 1.6mm 6slices(WH) v/ ! xp.0.90

Un thesestudies, temporal resolution was 2Rintervals whereas in all others it was-Rnterval.
4ln these studies, diagnostic accuracy was calculated by reegpegating characteristic analysis
and expressed as area under the cufiie.these studies, diamstic accuracy was expressed as the
proportion of correctly classified subjects (true positives + true negatives) among all subfeRts.
fractional flow reserveHYPR highly constrained bacfrojection reconstructionSENSE =
sensitivity encodingBLAST broad linear speedip technique PCA principal component analysis
SWCGHYPRslidingwindow conjugategradient HYPRNC = nofcontiguous; WH= whotbeart;
QCA = quantitative coronary angiography.
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1.6 ThreeDimensional Perfusion CMR

Conventionally cardiac coverage with perfusion CMR limited to 34 non
contiguous slices through the left ventricle (LV). However, nuclear perfusion studies
have demonstrated that the extent of hypoperfusion and overalocardial
ischaemidourden (MIB)is a strong marker aflinicaloutcome (Brown et al., 1983;
Hachamovitch et al., 1998} is unknown how accurately MIB can be measured from
non-contiguous image sectionsTherefore, despite thedemonstrated high
diagnostic accuracy afonventional 2dimenional (2D) perfusion CMR, the lack of

complete myocardial coverage remainp@ential limitation of the method
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Figurel.7 Example of 3D &fusion CMR

12 shortaxis slices are covered rather than the conventional 3 slices seen in standard
imaging. Perfusion defects (arrows) are seen in the inferior segments from base to-apex (A
L), mid anterolateral segments-tg, and lateral segments from migntricle b apex (AH)

¢ consistent with the severe RCA and-tisigonal disease seen at coronary angiography
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The same speedp methods that permit higilesolution myocardial perfusion CMR
can also be used to acquire a single 3D stack covering all or a largetfmopbthe

heart whilst preserving adequate temporal and spatial resolution (Figures 1.2 and
1.8)Schwitter et al., 2008 Advanced acceleration methods allow the acquisition of
3D data covering the whole heart in up to 16 contiguous slices within an acquisition
duration of less than 200m@®1anka et al., 2011)The most significant advantage of
3D acquisition is that contiguous spatial coveradaad the true extent of perfusion
defects to be visualisedShin et al., 2008)Additionally, although data in the
literature regarding the incidence of pure apical ischaemia is lacking and it is
presumed to be rare, thénability of 2D perfusion CMR to image the apical cap is
sometimes stated as a limitatiapand this is overcome by 3D acquisit{&ikington

et al., 2004; Schwitter et al., 200&nother limitation of conventional 2D perfusion
CMR is that each slice is aogd in a different phase of the cardiac cycle (Figure
1.8). In practice this means that the acquisition cannot be optimised for all slices and
may coincide with rapid cardiac motion in some slices, leading to motion artefacts in
the images. In 3D acquisin all data are acquired in the same cardiac phase and the
time-point for acquisition in the cardiac cycle can be optimised to minimise artefact.
Furthermore, the cardiac phase can be matched with other acquired data such as
LGE imaging for improved -tegistration. As a related benefit, 3D acquisition also
permits the optimal choice of the saturation recovery time and the ability to scan at
high heart rates because only opeeparation pulse and one readout per heart beat

is applied(Shinet al., 2008, 2010)The optimal phase within the cardiac cycle for 3D
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acquisition is the subject of ongoing research, with-sgdtole and midliastole the

favoured optiongShin et al., 2010)

A 100-200ms

Early Systole Mid Systole Early Diastole
I

B T

undersampled
3D readout

Undersampled k-space

| Fully sampled training data

—_—> ke

@ @ @ Reconstructed
3D perfusion images.

@ @ @ @ All slices are at
the same timepoint

@ @ @ @ in cardiac cycle

Figurel.8 PulseSequence Diagrams for 2D and 3D Perfusion CMR

In 2D perfusion CMR\), 34 noncontiguous slices are acquired in different phases of the
cardiac cycle in order to maximise spatial coverage. Each slice is acquired afteaticgat
pre-pulse (black bar)A shared prepulsecan be used to save time brdsuls in different
contrast characteristics for eachcd. In 3Bperfusion CMRB), a single saturation preulse

is followed by a saturation recovery timegand undersampled 3D perfusion data reatd

The use of advanced spaemporal undersampling allows sufficient data acquisition to
reconstruct 1216 contiguous slicesi.e.oleK S+ NI 02 @S NI IS ® acguirésl Wi NI A
with the undersampled data in an interleaved fashiés all perfugpn dda in the 3D
technique are acquired at the same point in the cardiac cycleret@nstructed sliceall
appearin the same cardiac phase.

55



In middiastole, the heart is usually at its most stationabyt the relatively thin
myocardium can compound thdfect of dark-rim artefact and limit the assessment
of thetransmurality perfusiordefects. End-systole on the other hanghas a shorter
guiescent period buthe thicker myocardium reduces the effect of dark rim artefact
and facilitates the grading of €ect transmurality Systolic acquisition is al$ess
sensitive to RR variability and arrhythmia, which is relevant to the increasing burden
of patients with atrial fibrillatiodShin et al., 2010)Notably, recent studies have
found significant differences between systolic and diastolyocardial blood flow
estimates with perfusion CMf@otwani et al., 2012b; Radjenovic et al., 2028y

the choice ofeither cardiac phase for 3D myocardial perfusmaytherefore be of
physiological interest or relevant to certain disease processes such as hypertrophic

cardiomyopathy(Rakowski & Carasso, 2007; Shin et al., 2010)

3D myocardialperfusion CMR is therefore laighly promising develpment and
recent studies have shown it to be clinically feasible, highly accurate and to have a
potential role in the assessment and follayp of MIB (Manka et al., 2011; Shin et

al., 2008; Manka et gl2012; Jogiya et al., 2012 the first clinical study of 3D
perfusion CMR, Manka et al evaluated 146 patients with suspected CADktising
acceleration to achieve 1§lice coverage and an-plane spatial resolution of 2.3mm
(Manka et al., 2011)Image quality was consistently high and the overall sensitivity,
specificity, and diagnostic accuracy to detect significant CAD {KZ0#%0) were 92%,
74% and 83% respectively, comparable to conventional 2D perfusion(kKa&iika

et al., 2011; Greenwood et al., 201FBurthermore MIB (expressed as a percentage

of LV myocardial hypenhancement to total LV myocardiumjas calculated from
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3D perfusionCMRdata (Figurel.9). In 48 patients that had a repeat scan after PCI,
there was a relative reduction WlIB of 79 + 25%, highlightg the potential role of
3D perfusion CMR to serially monitor the response to -mufhaemictherapies
(Manka et al., 2011)In addition, the quantification ofschaemicburden using
myocardial hypeenhancement volumetry (with ra arbitrary signal intensity
threshold of 2 standard deviations below remote myocardium) was found to be

highly reproducible on intreeader and inteireader assessment.

While the previous studyused QCAx50% as the reference standard for CAD, two
recent studies (one at 1.5T and one at 3.0T) have validated 3D perfusion CMR against
FFR and shown high diagnostic accuracy of the methtaahka et al., 2012; Jogiya

et al, 2012) Inastudy by Manka et al, 3D perfusion CMR at 1.5T was found to have

a sensitivity, specificity and diagnostic accuracy of 90%, 82% and 87% respectively
(2012) At 3.0Tastudy by Jogiya et al found similar figures of 91%, 90% and 91%
respectivelyJogiya et al., 2012Both of these studies further verified the feasibility

and reproducibility of ischaemic burden quantification using volumetry of
myocardial hypeenhancement. Additionally, Manka et al also found that the
guantfied MIBhad a high diagnostic accuracy (AUC=0.90) for identifyingl&fied

CAD- with an optimal cutoff value of >4.4%2012)

Although FFR isidely considered the invasiveference standard for determining
the hemodynamic significance of a coronary stenosis, it does not provige an
information about the magnitude of consequerischaemia This deficiency
highlights a potential role for 3D perfusion CMRand in both of the validation
studies against FFR, it demonstrated a higbelnaemidurden with proximal lesions
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compared to dital lesiongManka et al., 2012; Jogiya et al., 2Q12)rthermore,
Jogiya et al, found a strong correlation (r = 0.82; 95% CI: 0.70 to 0.89; p<0.0001)
between theMIB on 3D perfusion CMR and the Duke Jeopardy scw@reich is a

validated invasive assessment is€haemicburden based on lesion severity and

location(2012)

Figurel1.9 MIB Quantification with 3D Perfusion CMR

Panel (A) shows consecutive slices of a 3D perfusion CMR scan during adenosine stress in a
patient with significant stenoses in the proximal right coronary artery and distal left anterior
descading coronary artery. Panel (B) shows identical images illustrating volumetry of
myocardial hypeenhancement using a signal intensity threshold of 2 standard deviations
below remote myocardiumréd areas). The volume of myocardial hygmhancement was

304% of total myocardium. 3D =d3mensional; CMR = cardiovascular magnetic resonance
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1.7 Limitations of Highly Accelerated Perfusion CMR

k-t techniqgues add complexity to the acquisition of perfusion CMR and they are
sensitive to respiratory motion and cardiarrhythmias. In order to reduce
respirationrelated artefacts when using these techniques, fewer dynamic images
tend to be acquired compared with conventional methods and more emphasis is
placed on respiratory coachin@lein et al., 2008aYhe acquisition of fewer dynamic
imagesdoes however confer a risk of inadequate temporal sampling of myocardial
contrast passage, particularly if there is significant arrhythmiand therefore
patients with arrhythmia may not be ideal for these techniqués.practice, the
breath-hold capaciy of patients can be maximised by clear breathing instructions,
trial runs and acquisition in inspiration. Alternative strategies are shallow respiration
throughout the acquisition or a more focused bredtbld during myocardial
contrast passagéManka et al., 2010Previous studies have shown that in compliant
patients, respiratory artefacts are rare and tetadoccur at the end of a breathold;

if the timing of the acquisition is correctly synchronised to the breaoid
command, such artefacts rarely interfere with image interpretat{plotwani et al,
2012a) Furthermore, recent improvements such lkas PCA are less sensitive to
respiratory motion and improve temporal fidelity (comparedk® SENSE arkit
BLAST reconstructions which can suffer from temporal blurring) becausge
reconstruction is constrained using temporal basis functions derived from the low
resolution training data acquired in every heartbe@®edersen et al., 2009)
Advanced motion correction techniques that allow fdeeeathing throughout

acquisition are also in developmefRedersen & Kelle, 2008)
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A further limitation is that the described reconstruction techniques all assume the
heart remains entirely static but there are of course small movements throughout
the cardiac cycle which can cause motmetated artefacts including DRA. 3D
acquisition is moreulnerable to motioarelated artefact than 2D acquisition, as well
as respiratory artefact, because of its larger temporal footprint (length of acquisition
is approximately 200ms for 3D vs. <100ms for most 2D acquisitions).

Finally, and this applies tolalndersampling methods, reducing the number of
sampled data points leads to an SNR reduction that is proportional K& 1ivhere

R is the acceleration fact¢Kozerke & Plein, 2008n k-t methods, the actual SNR
reduction may, however, be much less if the dygrics of the object are highly

correlated in successive tinfeames(Gebker et al., 2007b)

1.8 High Spatial Resolution or Full Cardiac Coverage?

Whether the benefits of high gpial resolution such as detection of subendocardial
ischaemia and reduction of darkm artefact outweigh the potential benefits of
whole-heart coverage including more reliabkehaemiaquantification is a complex
and as yet unanswereguestion. Initialstudies albeit in selected and small patient
populations, suggest that the diagnostic accuracy of the two approaches is similar
but there has not yet been a direct hedothead comparison and further lareggeale
studies are require@Motwani et al., 2012a; Manka et al., 2010, 2012; Jogiya et al.,
2012) In clinical practice, the two different approaches may have specific benefits
for individual patients. In a patient with a d@vo suspicion of CAD, the available

limited data on diagnostic accuracy suggest that either technigquer indeed
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conventionaDperfusion CMR would be appropriate choices. However, in a patient
who has already undergone angiography and is found to have diffuse-veskel
disease with possible PCl gats, highresolution acquisition might be favourable on
account of its ability to detect subendocardisthaemian the presence dbalanced
ischaemia(Figure 1.6). Irpatients with a history of myocardial infarction and
suspected perinfarctischaemiaa 3D perfusion scamay betterallow matching of
LGEand perfusion images over the entire heart with more reliadpentification of
peri-infarct ischaemia- rather than an assumption based on three sparse slices.
Figuresl.10- 1.13 show examples of pi@nts undergoing both acquisitions and the

relative merits (Table 1.4)f both techniques are discussed in each case.

An alternative strategy to either higtesolution or wholeheart coverage would be

to divide the speedip afforded by acceleration teciques between spatial
resolution and cardiac coverage. However, at present there is insufficient data to
adequately define the optimal compromise between these parameters. The
subendocardial layer is the most vulnerableischaemiaand therefore sufficiat
spatial resolution to resolve a transmural perfusion gradient is preferabled this
remains a significant advantage of CMR over SRB@¥nwood et al., 2012)
However, it is unclear how far this notion needs to be taken or whether the spatial
resolution used in recent largecale studks is sufficient particularly given the high
levels of diagnostic performance. Only a lasgale clinical study comparing
acquisitions of varying spatial resolution and differing degrees of cardiac coverage
can answer this question. Furthermore, wheth&n optimal compromise is best

acquired throughout the cardiac cycle with a nugliice 2D approach, éoloc with a
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3D approach or with newer techniques such as HYPR would also have to be
determined. Finally, beyond studies of diagnostic accuracy wenakso to evaluate
whether the various approaches differ in their quantificationissthaemicburden,
particularly given the increasing use of CMR for this purpose in clinical studies and

for accurate prognostic informatiofBingham & Hachamovitch, 2011)

Tablel-4 Relative Merits of HighResolution and 3Perfusion CMR

HighResolution Perfusion CMR 3D-Whole Heart Perfusion CMR

Greater detection of subendocardigchaemia Assesses true extent of perfusion defec

Less dark rinartefact High SNR
Similar spatial resolution to LGE imaging Single selected phase for all slices
Quantitative analysis of TPG Quantitative assessment of MIB

3D = 3dimensional; CMR =cardiovascular magnetic resonance; SNR=tgignae ratio;
LGE= latggadolinium enhancement; TPG= transmural perfusion gradient; MIB= myocardial

ischaemidourden.
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Figurel.10 3D versus Highesolution Perfusion CMRCase 1

A 62yearold man with a history of previous bypass surgery 10 years agoesented with
increasing angina. The top panel dimensional shows 3D perfusion CMR at strass if2.5
plane resolution, 12 slices); the middle panel shows LGE imaging (1.5fanénmesolution)

and the bottom panel shows higksolution stress perfusion CMR (1.1mmplene
resolution, 3 slices)all performed on the same patient at 310 Both 3perfusion and high
resolution techniques show inferior perfusion defects from base to apex. The benefit of
whole-heart coverage with the 3D technique is demonstrated in this case, as hypoperfusion
is seen to extend beyond the scar into the apical capp@ogel, arrows) which is not covered

by the threeslice highresolution technique. On the other hand, the perfusion defects and
their transmural extent are better delineated with the higisolution technique particularly

at the midventricular level. By nue of their similar irplane spatial resolution, it is easier to
correlate LGE images with higésolution perfusion CMR on a per slice basis, compared to
the 3D technique.
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3D StressPerfusion

LGE Imaging

High-resolution Stress Perfusion

X-ray angiography

-

Figurel.11 3D versus Higiiesolution Perfusion CMRCase 2

A 45yearold man with previous PCI to the LABpresented with significant angina. The top
paneldimensional shows 3D perfusion CMR slices) at stress; the middle panel shows LGE
imaging and the bottm panel shows highesolution (1.1mm iplane) stress perfusion CMR

- all performed at 3.6I'. 3D perfusion CMR shows stregRiced hypeperfusion throughout

the anterior wall from base to ap&x.e. well beyond the area of scar seen in the-ariterior

wall on LGE imaging. This example shows the benefit of sukal® coverage with the 3D
acquisition, as the -8lice highresolution techniques did not demonstrate any significant
ischaemiabeyond the established scar in the mightricle. Xray angiograply confirmed a
subtotal occlusion of a large diagonal branch, accounting for the antesatraemia(black
arrow). VLAwertical long axis.

64



3D Stress Perfusion

Figurel.12 3D versus HighesolutionPerfusion CMR Case 3

A 57yearold man presented with worsening angina after a myocardial infarction 6 months
ago. The top panelimensional shows stress 3D perfusion GMRslices); the middle panel
shows LGE imaging; and the bottom panel shows-tegblution (1.1mm #kplane) stress
perfusion CMR- all performed at 3.0r. Both 3D perfusion and higésolution perfusion
techniques show an inferior perfusion defect from base to apex consistent with the infarction
seen on LGE imaging. However, theysdn defects are better delineated at hig¢solution

and a small amount of pennfarct ischaemiacan be seen in each of the 3 slices (arrows)
beyond the established scar on corresponding LGE images. With 3D acquisition, the lower
spatial resolution (Bmm inplane) means that the borders of the perfusion defect within
each slice are less distinct and are more difficult to distinguish fromrotarértefact in the

mid to apical anteroseptal regions (endocardial border opposite dagies).li
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3D Stresg:rfusnon

X-ray angiography.

Figure1.13 3D versus Highesolution Perfusion CMRCase 4

The top paneblimensional shows stre®D pefusion CMRthe middle panel shows LGE
imaging; and the bottom panel shows higésolution (1.1mm #plane) stress perfusicddMR

- all performed at 3.0T. The 3D techniqgue demonstrated significant stréssed
hypoperfusion in the inferior wall from base to apemdaextending into the basal
inferolateral segments; but there was also significant elamk artefact in the septum
(endocardial border opposite dashed linesjay)angiography confirmed total occlusion of
the mid left circumflex artery (arrow). Due to tkparsity of coverage, the-dice high
resolution technique only detected a significant perfusion defect at thevenitticular level

and therefore significantly underestimated tleehaemidourden in this case, compared to
the 3D technique. Additionallinterpretation of the apical highesolution slice is difficult as

it is significantly more diastolic than the other slices, which is a disadvantage of all 2
dimensional acquisitions which employ a simgjiet technique. By comparison, with 3D
perfusionCMR all slices are acquired at the same point in the cardiac cycle which makes it
easier to determine the extent of perfusion defects across different myocardial sections.
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1.9 Other Advances in Perfusion CMR

1.9.1 Perfusion CMR at-Fesla

CMR imagin@t 3T offers an increasedSNRand increased contrast enhancement
(Araoz et al., 2005; Gutberlet et al., 2008veral studiehave demonstrated the
clinical feasibilityof myocardial perfusion CMR at @hd one direct comparison to
1.5T by Chengt al (n=61) found that 3T perfusion imaging provided a superior
diagnostic accuracy in singlessel (AUC: 0.89 vs. 0.70; p< 0.05) and in ivedsel

disease (AUC: 0.95 vs. 0.§2< 0.05)2007)Tablel.3).

More recently,a study by Ebersberget al (n=116), compared perfusion CMR at 3T

to a clinical routine algorithm in which coronary stenoses exceeding 75% on coronary
angiography were deemed pathological and FFR measurements were perfarmed i
intermediate lesions (505%)(2013) In this study, 3Tperfusion CMR provided a
consistently high image quality and an excellent diagnostic performance for

detecting significant CAD (AUC = 0.93).

In clinical practice, CMR at 3T has in the past been hampered by artefacts related to
magnetic field inhomogeneitgeand dielectric shading as well as restrictions related
to local energy depositioriBernstein et al., 2006)These challenges are largely
overcome today, for example with the introduction of meth@nsmit radiofrequency
magnetic resonance imaging (MRI) techniques which reduce dielectric shading and

improve homogeneityf the MRI signalWillinek et al., 2010)
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1.9.2 Quantitative Perfusion CMR

One of the limitations of myocardial perfusion imaging and standard visual
interpretation is the dependence on a reference area of normafyseon. This can

be a particular impediment in diffuse or balanced mubssel disease, although the
high resolution of CMR usually allows the detection of erdwardial perfusion
gradients as a marker of widespread ischaemia in such instances. Tia¢idingi of

visual analysis can also be avoided by using absolute quantification of myocardial
blood flow (MBHPatel et al., 2010)The current clinical referencstandard to
guantify MBF noninvasively iPET (Knuuti et al.,, 2009; Uren et al.,, 1994)
Quantitative analysis of myocardial perfusion CMR follows similar principles as
guantitative PET, butithout exposure to ionizing radiation and with highefalane
spatial resolution. Following earlieralidation in animal models and volunteers,
recent clinical studies have demonstrated high diagnostic accuracy of CMR derived
estimates of absolute MBF and myocardial perfusion reserve (MPR) against both
QCAandFFRCosta et al., 2007; Lockie et al., 2011; Motwani et al., 2012b; Patel et
al., 2010; Futamatsu et al., 200A direct comparison of quantitative CMR and PET
demonstrated good agreement between the two methods for the measient of

MPR but agreement for absolute MBF values at rest and stresweaiser(Morton

et al., 2012)

The scope for quantitative perfusion CMR in clinical ficacand cardiovascular
research is immense but there remain a number of limitations that currently
constrain this advance. The most important of these is a lack of standardisation in

image acquisition, contrast dosing protocols, ppsbcessing and mathmeatical
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modelling- but efforts to standardise these are under way. There is also no widely
available, validated software for quantitative analysis and therefore research groups
generally use different #mouse solutions. Recently, several studies haved use
duatbolus method of contrast administration to improve accuracy of the analysis,
and there have also been improvements in ppsbcessing usinghon-rigid
registration techniques that allow pixely-pixel quantfication(Utz et al., 2008; Hsu

et al., 2012; Salerno & Kramer, 2013)

1.10 Implicationsof Cardiac Phasen Perfusion CMR

MBF follows a phasic pattern due to the interaction between myocardium and
coronary vessels. As early as 1695, Scaramucci was the first to speculate that cardiac
contraction cases a phasic impedimentMiBF- and since then micrangiography
techniques have directly observed the compression of intramyocardial vessels
confirming this hypothesi§Yada et al., 1993; Hiramatsu et al., 1998; Kassab et al.,
1993) In contrast to other orgns, coronary arterial inflow is predominantly diastolic
when myocardial tension is low, and venous outflow is systolic when myocardial
tension is high(Sabsiton Jr & Gregg, 1957t has been shown that even in distal
extramural coronary arteries, virtually no forward flow occurs during systole under
physiological conditiongChilian & Marcus, 1982, 1985; Carew & Covell, 1976;
Eckstein et al., 1963; Kajiya et al., 198%his phasic nature of MBF raises a number

of important considerations for perfusion CMR.

Firstly, in perfusion CMRata acquisition is limited to short windows in the cardiac

cycle (typically-100ms) in order to limit the effects of cardiac motioks a result,
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each of the 34 slices obtained with standard 2D perfusion CMR are acquired at
different time-points in the ardiac cycle in order to preserve spatial coverage.
However, given that MBF is not uniform throughout the cardiac cycle, the impact of
a variable phase of acquisition is speculated to affect quantitative estimates of MBF
using CMR. This is particularlypontant given the desire to develop and better
standardise quantitative perfusion CMR analysis as discussed above. Notably, a
previous volunteer study demonstrated significantly greater stress MBF estimates in
diastole than systol€Radjenovic et al., 2010jlowever, whetkr these findings exist

in disease and whether they have potential diagnostic consequences has not been

studied before.

Secondly, the development of 3D perfusion CMR, facilitated by advanced
acceleration, now allows for contiguous whdleart coverage all in a single cardiac
phase which can be freely chosen. However, the optimal cardiac phase for
acquisition has yet to be determined or standardisghin et al., 2008)Most
previous 3D perfusion CMR studies have aegldlata in systole but to date it is
unknown whether systolic or diastolic acquisition leads to better image quality or
diagnostic yieldMid-diastole is an attractive window for data acquisition as the
heart is at its most stationary, but has the disadieaye of being more prone to dark

rim artefact due to partial volume effec{Plein et al., 2007, 2008fKellman & Arai,
2007) Endsystole has a shorter quiescent period but on the other hand is less
sensitive to R variability and arrhythmiéGharib et al., 2007)Finally, as with 2D
perfusion CMR it is unknown whether quantitative estimates of MBF from 3D data

demonstrate significanphasic differences and whether these are clinicedlevant.
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As part of this thesis, we investigate the impact from variable phase of acquisition
by utilisingnovel 2D and 3D pulse sequendesdirectly comparesimultaneous

acquisitiors of systolic andliastolic perfusion data

1.11 Aims of Thesis

Perfusion CMR is a highly accurate method for detecting, ®ADis hinderedby
spatialtemporal constraintsAdvanced acceleration techniques have been used
improve spatial resolutiojor alternatively achiev8D wholeheart coverage but it

is not clear which of these alternative strategies offers greater benefit. Acceleration
can also be used to simultaneously acquire perfusion data at differentyioigs in

the cardiac cycle. The latter is particularlyportant as the impact of a variable
cardiac phase of acquisition on quantitative estimates of MdBfoorly understood.
Accordingly, this thesis includes studies that modify the standard approach to
perfusion CMR in order to investigate the relative impafctpatial resolution, spatial
coverage andcardiac phase of acquisition on both qualitative and quantitative
assessment ofschaemia We have specifically focused on the following aims and
each is dealt with in the subsequent chapters wah appropriate introduction,

methods, results and discussisaction

1. To compare the diagnostic accuracy @D highresolution and standard

resolutionperfusion CMR ipatients with suspecte@€ADc [Chapter 2.

2. To compae estimates ofMIB in patients with angiographic threeesselCAD

using2D hightresolution and standardesolutionperfusion CMR, [Chapter 3
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. To compare image quality, diagnostic confidence and estimates of MIB by 2D

high-resolution and 3D perfusion CMRChapter 4

. To compareestimates of MBF from quantitative 2D perfusion ChtRRuired in
systole and diastole;and determinethe diagnostic accuracgf both cardiac

phases in patients with suspect€AD¢ [Chapter §

. To establish the feasibility of quantitative 3D perfusidMR for the detection

of CAD and to compare systolic and diastolic estimates of¢BRapter 6]

. Todetermine if quantitativeperfusion CMRcan accurately track physiological

variations inMBFthroughout the cardiac cycle[Chapter 7
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2  Study 1- Highresolution Versus Standardesolution

Perfusion CMRor the Detection of Coronary Artery Disease

2.1 Abstract

Background Although accelerated higbpatiatresolution perfusion CMR has been
shown to be clinically feasible, there has not yet been a direct comparison with
standardresolution methods. We hypothesised that higher spatial resolution
detects more subendocardiadaema and leads to greater diagnostic accuracy for
the detectionof CAD. This study compared the diagnostic accuracy ofreggiution

and standareresolutionperfusion CMRn patients with suspected CAD.

Methods and ResultsOnehundred and eleven patigs were recruited to undergo

two separde perfusion CMR studies at T.50ne with standarglesolution (2.5x
2.5mm inplane) and one with highesolution (1.6x 1.6 mm in-plane) acquisition.
Highresolution acquisition was facilitated by eigiold k-t BLASTacceleration. Two
observers visually graded perfusion in each myocardial segment groa#scale.
Segmental scores were summed to produce a perfusion score for each patient. All
patients underwent invasive coronary angiography and CAD was defingd@osis

¥ pUuE: fdzYAYylLf RAFYSGSNI o6ljdza yaAadlrGaA@s
successfully obtained in 100 patients. In patients with CAD (n=70), more segments
were determined to have subendocardiathaenia with highresolution than with
standardresolution acquisition (279 vs.108; p<0.001). Higéolution acquisition

had a greater diagnostic accuracy than standasblution for identifying single
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vessel disease (area under the curve [AUC]: 0.88 vs. 0.73; p<0.001) evensiti

disease (AUC: @8 vs. 0.91; p=0.002) and overall (AUC: 0.93 vs. 0.83; p<0.001).

ConclusionsHighresolution perfusion CMR has greater overall diagnostic accuracy
than standardresolution acquisition for the detection of CAD in both single and

multi-vessel disease and detects more subendocarsidlaenia.
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2.2 Introduction

Myocardialperfusion imagingvith CMRis a highly accurate method of detecting
significant CAD in single and mwléssel diseasgschwitter et al., 2008; Sakuma et
al., 2005; Greenwood et al.,, 201Becent comparative studies have suggested a
higher diagnostic accuracy of CMR compared S8BEC{Greenwood et al., 2012)
This increase in accuracy is thought to relate in part to the higher spatial resolution

of CMR (typically-3 mm versus 40 mm).

With recently developed spatitemporal undersampling methods suchlasBLAST
and k-t SENSEhe inplane spatial resolution of perfusion CMR can be improved
further, from 23 mm to 2 mm (Tsao et al., 2003)The feasibility and clinical
applicability of highresolution perfusion CMR has been demonstrated in a number
of studies(Gebker et al., 2007b; Plein et al., 2008a, 2008b; Maredia et al., ;A0it0)

to date only one smalcale study in volunteers has directly compared high
resolution and standardesolution acquisition. In their study, Maredia et al
demonstated a reductionin endocardial dark rim artefacnd improved image

quality of highresolution perfusion imaged/aredia et al., 2010)

We hypothesised that in patients with CAD, hgpatiatresolution perfusion CMR
would improve detection of subendocardiaschaenia and thus the overall

diagnostic accuracy compared with standaesolution perfusion CMR.
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2.3 Methods

2.3.1 Population

A ¥ s A -

I G241t 2F mmm LI GASYyda oAGK adza4d§0G SR
probability of CAD was calculated based on their age, sex and symfiinsamond

& Forrester, 1979) All had undergonerowere scheduled to undergo diagnostic
coronary angiography within the previous/next 30 days as part of routine clinical
care. No coronary intervention or clinical events occurred between angiography and
recruitment. Exclusion criteria were contnadicatons to CMR, adenosine or
gadolinium contrast agents; a history of recent (within 6 months) myocardial
infarction or unstable angina; or poorly controlled arrhythmias. Patients were
instructed to refrain from caffeine for 24hrs prior to their CMR study cwttinue

cardiac medications as normal. All patients gave written consent to participate and

the study was approved by the regional ethics committee.

2.3.2 CMR protocol

Studies were carried out on a II5CMR system (Philips Healthcare, Best, The
Netherlands) usig a fiveelement cardiac phased array receiver coil for signal
reception. All patients underwent two CMR studies on separate days within 4 weeks.
For each patient, both scans were performed before or after coronary angiography.
hy 2yS 200 RKQ2 LIS NIF dAHA2Ilyy RWNIAS &SI dzSyOS
a highresolution method accelerated witk-t BLAST was employed. The order of

methods was randomly chosen.
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For both techniques, perfusion data was acquired in 3 shrig slices (basal, mid

and apial) in each R interval. The standard pulse sequence was a saturation
recovery gradient echo method accelerated wBENSFEacceleration factor 2, half
Fourier sampling, partial echo, repetition time (TR) 2.7 ms, echo time (TE) 1.0 ms, flip
angle 13, image acquisition time per slice 136 rag)gle saturation préulse per R

R interval shared over three slices, matrix 144 x 144, median field of view (FOV) 360
mm, 2.5 x 2.5 mm Hplane spatial resolution)The highresolution pulse sequence
used a similasaturation recovery gradient echo method, but was accelerated with
k-t BLAST (acceleration factor 8 with 11 training profiles, no partial Fourier or partial
echo acquisition, TR 3.4 ms, TE 1.7ms, flip abfleone saturation prepulse per

slice, imageacquisition time per slice 103 ms, matrix 192 x 192, meé&@v 310

mm, and 1.6 x 1.6 mm-4plane spatial resolution).

For both studiesstress perfusion commenced after 4 minutes of an intravenous
adenosine infusion (140 mcg/kg/min), during an intravendnmdus injection of
dimeglumine gadopentetate (Magnewiét Schering AG, West Sussex, UK) and a
15ml saline flush delivered at 5ml/s while the patient held their breath in-end
expiration. For the standarcesolution method, a contrast agent dose of
0.05mmolkg bodyweight was used during perfusion data acquisition as in previous
studies with this pulse sequen¢&reenwood et al., 2012)n order to compensate

for the lower signato-noise ratio associated with the smaller voxel size, a contrast
agent dose of 0.1mmol/kg bodyweight was used for the higgolution method,
consistent with previous reportglein et al., 2008b, 2007; Manka et al., 20 R3st

perfusion imaging was performed 15mins later using identical imaging parameters.
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Late gadolinium enhanced imaging (LGE) was performed in all patients on their first
visit using conventional methods (1.6 x 1.6 mnpiane spatial resolution) with a
cumulative contrast agent dose of 0.2mmol/kg bodyweight (the same for both
protocols)(Kramer et &, 2008) During standardlesolution perfusion CMR scans,
this cumulative dose was achieved by administration of an additional bolus of

0.1mmol/kg bodyweight of contrast agent immediately following rest perfusion

2.3.3 CMR analysis

CMR images were interpied in random order by 2 observers (S.P., M.M; 10 years
and 1 year experience in CMR) acting in consensus and blinded to all clinical
information (QMASS 6.1.6 , Medis, Leiden, The Netherlands). Visual analysis used a
16-segment American Heart AssociatioAHA) model(Cerqueira et al., 2002)
Perfusion in a segment was considered abnormal if signal intensity was reduced
compared with remote myocardial segments or an endocardial to epicardial
perfusion gradient within a segment was presé€Rtein et al., 2008a)Additionally,

any perfusion defect was required to persishger than the contrast media first
pass to distinguish it frorartefact Corresponding LGE images were reviewed-side
by-side with the perfusion data. Perfusion defects present at stress but not rest and
occurring outside any hyperenhanced myocardiabues on LGE images were
considered as inducible defects according to the Duke algoriiem et al., 2006)
Perfusion in each myocardial segment was graded orpaidt scale (transmural
ischaenma index) from 63 (0= normal, 1= inconclusive, 2 subendocardial defect,

3 = transmural defect). All segmental scores were summed to produce a perfusion

score (@48) for each patient. In addition, perfusion scores were calculated for the
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left anterior descending (LAD), left circumflex (LCX) and right coronary artery (RCA)
territories according to the :8egment AHA model adjusted for arterial dominance
(Cerqueira et al., 2002; Marie et al., 1993)mage quality was graded4l (1 =
unusable, 2= poor, 3= adequate, 4 excellent) by consensus of the two observers.
Occurrence of artefacts related to k-t reconstruction, respiratory motion,
electrocardiograplt gating, and endocardial darikn artefactwas scored between

0 and 3 (0= none, 1= minor, 2 = moderate, 3 = seke). Darkrim artefacts were
recorded if an endocardialark rimappeared at the arrival of contrast in the left
ventricular (LV) cavity and prior to contrast arrival in the myocardium (Figdje 1
Where present, the maximum width adark rim artefact was measured with

electronic callipers at standardized window settings.

2.3.4 Quantitative coronary angiography

Quantitative coronary angiography (QCA) was performed (QCAPIus, Sanders Data
Systems, Palo Alto, California, USA) on alayXangiography images by an
experienced observer blinded to clinical and CMR data (M.M.; 6 years of experience

in coronary angiography). Each myocardial segment was ascribed a coronary artery
territory according to the standard AHA -$8@gment model adjusted for arterial
dominance(Cerqueira et al., 2002; Marie et al., 1998)gnificant CAD was defuh
FY3A2ANI LIKAOFftEe a adSyzaira x prE: RAFY!

FNOSNASAE 2NJ GKSANJI oNY yOKSa gAOK F RALFYSE

2.3.5 Statistical analysis

Analysis was performed using SPSS 17.0 (SPSS, Chicago, Diatbl &8 presented

as mean = SD. Group means were compared using the paired Studstt Ordinal
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data were compared using Géguare or Wilcoxon signe@nk tests as appropriate.

All statistical tests were twitailed and a p value <0.05 was considesgghificant

Receiveroperating characteristic (ROC) analysis was performed on a per patient
basis using summed perfusion scores to determine the diagnostic accuracies of
standard and highN\B a 2t dziA2y | OljdziaAdAzy G2 RSGSO
QCA.! aSO2YyRINE Fylfearazr dzaAy3a I aaSyz2an
Optimal perfusion score cwiff values were determined as the values that
maximized the sum of sensitivity and specificity. Diagnostic accuracies are presented

as areas under theurve (AUCs) and compared using the methods described by
Delong and Delon@elLong et al., 1988The study wadesigned to have a statistical

power of 80% to detect a 10% difference in AUC with an alpha level of 0.05
Sensitivity, specificity and positive/negative predictor values were also calculated for

each technique but these values were not directly comparedh& study was not

statistically powered for such analysgsng, 2003)

2.4 Results

2.4.1 Study population

A total of 111 patients were enrolled in the study. In 5 patients, both standard and
high-resolution CMR scans could not be completed (3 patients were claustrophobic
and 2 patients declined to return for a second visit). Three patients successfully
compleed both scans but -Kay angiography was cancelled for clinical reasons
unrelated to the CMR findings. Three patients had to be excluded due to technical
problems on either one of their visits. Therefore, 100 patients (90% of the cohort)
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were included in tlk final analysis and all images were of analysable quality. Clinical
details of the 100 study patients (74% men, mean age 61 £+ 7 yrs) are summarised in

Table2.1.

Table2-1 Patient Characteristics

*Pre-test likelihood of CAD is expressed as median % (interquartile range)

Parameter Data (n=100)
Age (yrs £ SD) 617
Male, n (%) 74 (74)
Medical history, n (%)
Hypertension 67 (67)
Hypercholesterolemia 65 (65)
Diabetes Mellitus 18 (18)
Smoking 42 (42)
Family history of CAD 37 (37)
Previous Ml 12 (12)
Previous PCI 8 (8)
Atrial Fibrillation 2 (2)
LV Ejection Fraction , % 58+9
Pretest likelihood of CAD,% (IQR)* 51 (3165)
Presenting cardiac symptoms, n (%)
Nonranginal chest pain 22 (22)
Atypical angina 37 (37)
Typical angina 32 (32)
Dyspnoea 9 (9)
Angiography findings, n (%) **
No significant disease 30 (30)
Onevessel disease 32 (32)
Twovessel disease 14 (14)
Three-vessel disease 24 (24)
LAD disease 46 (46)
LCX disease 42 (42)
RCA disease 43 (43)

FF{AIYAFAOLYG /!5 RSTAYSR a O2NRBYINE aiSyz
CAD = coronary artery disease; IQR = interquartile range; Ml = myodatiatieiion; PCI =
perautaneous coronary intervention
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QCA confirmed significant CAD in 70 patients (70%). Thidypatients (32%) had
singlevessel disease and 38 patients (38%) had mreksel disease (twordhree

vessel disease) (Table 2.Ih termsof anatomic location of coronary artery stenoses,

46 patients (46%) had significant LAD stenoses, 42 patients (42%) had significant LCX
stenoses and 43 patients (43%) had significant RCA stenoses. Typical examples of
patients withischaemia are shown indtires 1.5and 2.1. The hemodynamic stress
response achieved with adenosine during standard and-tegblution imaging was
similar (ratepressure product, mmHg x beats/min: 10262491 vs. 1024F 2279;
p=0.90) All patients were in sinus rhythm and heaate allowed acquisition at each

RR interval in all. All 12 patients with a clinical history of MI but no additional

patients had evidence of hyperenhancement on LGE imaging.

2.4.2 Detection of CAD

The diagnostic accuracy (AUC) of staneasblution perfusionCMR for the
RSGSOGA2Y 2F /! 5 & Figue2.p Bhe aptimmidpgriosiod skdred £ S H
cut2 FF Ot dzS 6Fa RSISNNYAYSR a xnX gKAOK

84% and 73% respectively (TaBlI8).

The diagnostic accuracy ofhigh & 2 f dzi A 2y LISNF dzaA 2y wdsaw (2
significantly higher with an AUC of 0.93 (p<0.001) (TaBleFxgure 2.2 The optimal

perfusion scorecu2 T+ @I f dzS g1+ a faz2 xn 6AGK GKAZ
sensitivity and specificity of 91%@&@B80% respectively (Tab23). Similar diagnostic
LISNF2NXYIFyOS 41 a aSSy dzaAy3a I+ /!5 (KNBaK:
high-resolution perfusion CMR remained significantly higher than standard
resolution acquisition (AUC:0.92, 95% CI @&77vs 0.83, 95% CI 0.-.4; p<0.001).
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The statistical power for the comparison of AUCs was 0.93 (alpha 0.05, beta 0.07)

(Hanley & McNeil, 1983)

The diagnostic performance of highS a 2 t dzi A2y | OljdzA AAGA2Y

significantly greater than standamsolution for bothsinglevessel disease (AUC:

0.88 vs. 0.73; p< 0.001) and mulessel diseas(AUC: 0.98 vs. 0.91; p=0.00Rable

High-resolution stress ;;erfusion-CMR
Figure2.1 Case ExampleStandard vsHigh-Resolution Perfusion CMR

An inferiorscar with thinning of the myocardium is seen in all images (open arrc¥:
Darkrim artifact seen on the basal slice (dashed arrows, A) at stangsalution (2.5mr
in-plane spatial resolution) is not present at higisolution (G)BY virtue of theiidentica
spatiatresolution, LGE imaging and higésolution perfusiot€CMR allow for a bett
correlation between scar and perfusion than LGE imaging and standard resolution pe
CMR. An area of peinfarct ischemia (small arrows, H) is thereforerenclearly identifie
at high-resolution. In this patient, coronary angiography showed a chronic total occlu:
GKS NAIKG O2NRYFINE FNISNE FyR GKS LI
83

g2



Table2-2 Diagnostic Accuracy of Standarésolution and Highresolution

perfusion CMR for the Detection &AD

Area Under Receivedperator Characteristic Curve

Standardresolution Highresolution

Overall 0.83 (0.750.91)
Singlevessel disease 0.73 (0.660.86)
Multi-vessel disease 0.91 (0.830.99)

LAD disease 0.81 (0.710.90)
LCX disease 0.73 (0.640.83)
RCA disease 0.81 (0.72-0.90)

0.93 (0.880.98)
0.88 (0.790.97)
0.98 (0.951.00)
0.92 (0.860.97)
0.87 (0.790.94)
0.88 (0.810.95)

p value
<0.001
<0.001
0.002
<0.001
<0.001
0.08

of CADO X p J£’2

A Y

+F fdzSa SELINBaaSR |

YSEY 0 dpz

True positive rate (Sensitivity)

=c=Standard-resolution

== High-resolution

0 0.2 0.4 0.6

0.8 1

False negative rate (1 - Specificity)

O2yFARSYOS

Figure2.2 ROQCurves Standardresolution vs Higkresolution Perfusion CMR

Standard and higiesolution perfusion CMR both had a high diagnostic accuracy for the de
a0 Sy 2 aresblutiondtesthiniqué W& suiiekia. R he areas under the
were 0.83 for standardesolution and 0.93 for higtesolution(p<0.001).
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Table2-3 Sensitivity, Specificity and Predictive values for Standagdolution and
High-resolution perfusion CMR for the detection 6AD

Standardresolution Highresolution

Overall

Sensitivity, % 84 (7491) 91 (8296)
Specificity, % 73 (5586) 80 (6291)
PPV, % 88 (7794) 91 (8296)
NPV, % 67 (4882) 80 (6192)
Singlevessel disease

Sensitivity, % 78 (6189) 88 (7196)
Specificity, % 73 (5586) 80 (6291)
PPV, % 76 (5788) 82 (6593)
NPV, % 76 (5689) 86 (6795)
Multi -vessel disease

Sensitivity, % 84 (6993) 95 (8299)
Specificity, % 93 (7397) 97 (82100)
PPV, % 91 (7698) 97 (8599)
NPV, % 82 (6493) 94 (7899)

Values are expressed as percentage (95% confidence intanghfre quoted at optimal
perfusion score cubff thresholds (determined by receiveperator curve analysis).
/ 2NRBYFNE I NISNE RAaASIF&AS RSTFAYSR | aPpmx: adas

negative predictive value.

2.4.3 Detection of anatomic location of CAD

Highresolution acquisition had a significantly higher diagnostic accuracy than
standardNB a2 f dzi A2y Ay GKS [!5 IyR [/ - §{SNNX

(AUC: LAD 0.92 vs. 0,8 CX 0.87 vs. 0.73; both p values <0.001). Differences for the
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RCA territory did not reach statistical significance (AUC: 0.88 vs. 0.80; p =0.08) (Table

2.2).

In singlevessel disease (n=32), both standard and t@golution imaging identified
perfusiondefects in only one territory in a similar number of patients (25 [78%] vs.
27 [84%]; p=0.75). However, in multssel disease, higiesolution imaging
identified perfusion defects in more than one territory in significantly more patients

than standard esolution (32 [84%] vs. 23 [61%]; p = 0.04).

2.4.4 Subendocardialschaema

Using the 16egment model, 1120 myocardial segments were available from the 70
patients with CAD for further analysis. With higisolution acquisition, significantly
more segments we determined as having subendocardisthaenia (transmural
index score of 2) than with standardsolution (279 vs. 108; p<0.001); and there was

a significant reduction in the number of segments determined as being normal (692
vs. 831; p<0.001) or incolusive (47 vs. 70; p= 0.04) (Fig@.8). By contrast, the
number of segments assessed as having transngschbenma was similar with both

techniques (102 vs. 111; p =0.56).

2.4.5 Image quality

Overall image quality (median score = 3 for both; p =0.58 pateflactscore (median
score = 0 for both; p = 0.10) were similar for both standard and-tagblution
technigues. Howeverdark rim artefact was significantly less frequent with high
resolution (8% vs. 30 %; p<0.001) and when it did occur it was less ntlaakedith

standardresolution (1.7 = 0.3 vs. 3.3 + 0.8 mm; p<0.001). Fifteen-feigbiution
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data sets (15%) were affected kst reconstructionartefacts at stress and/or rest
due to respiratory motiorg but this did not affect myocardial contrast passaand

generally occurred at the end of a breatlold.

p<0.001
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Figure2.3 Distribution of Transmuralschaema Index
Ly LIGASYGa sAGK O2NRY!Il NEB -resulitiGnNd®rfusioh &N
determined significantly more segments as having subendocaistibbenia than the

standard resolution technique; and fewer as normal or inconclusive.

2.5 Discussion

This study has demonstrated a high diagnostic accuracy for both standard and high
resolution perfusion CMR. However, the higdsolution technique outperformed

the standardresolution technique with greater diagnostic accuracy in sivglesel
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disease, mui-vessel disease and overall. In particular, higéolution acquisition
was better at distinguishing a multessel pattern of disease. These benefits are
likely to be derived from better detection of subendocardsthaenm at greater
spatial resolution. Our findings may therefore have important implications for the
non-invasive assessment of myocardsthaenm and for defining the role of high

resolution perfusion CMR in current clinical practice.

CMR perfusion imagingquires rapid data acquisition, which necessitates a trade

off between spatial resolution, temporal resolutioBNRand spatial coveragek-t
BLAST exploits correlations in time and space to accelerate data acquisition and the
speedup afforded can be wxl to improve spatial resolution with relatively
preserved SNRMotwani et al., 2011; Kozerke & Plein, 2008; Plein et al., 2008a)
Although the clinical feasibility &ft BLAST and similar acceleration techniques such
as k-t SENSE have been demonstratéitkir advantages over commonly used
standardresolution methods has not been defined in a clinical setftagbker et al.,
2007Db; Plein et al., 2008a, 2008b; Maredia et al., 20i0Oparticular there has been

no previous direct comparison between standard and higgolution techniques in

a patient population.

In this study, the overall diagnostic accuracy of standasblution perfusion CMR

for detecting angiographically defideCAD was within the range of previous studies
with an AUC of 0.83 compared to 0.86 by Schwitter et al, 0.78 by Cheng et al and
0.89 in the perfusion analysis of the-MBRC study2008; 2007; Greenwood et al.,

2012) Similarly, the overall diagnostic accuracy of kgolution perfusion CMR
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was within the range of previous studies uskitgSENSE d¢t BLAST with an AUC

of 0.93 conpared to 0.94 by Manka et al and 0.85 by Plein ¢2@10; 2008a)

We speculate that thedemonstrated superiority of highesolution acquisition
relates to a better specificity due to reduction in subendocardak rimartefacts
and a greater sensitivity due to better detection of subendocaidiidiaenma (Table
2.3). Previous work investdging dark rimimageartefacts has shown the prominent
role of spatial resolution on the occurrence and extent of drigfact (Plein et al.,
2007; Di Bella et al., 20Q%he significant reduction in both frequency and severity
of dark rim artefact with highresolution acquisition seen in this study confirms

similar findings in a previous volunteer stu@aredia et al., 2010)

In this study, highesolution perfusion CMR detected more segments with
subendocardialschaenia than the standardesolution method. The two possible
explanations for this observation areahstandardresolution acquisition failed to
detect subendocardiaschaenia in some patients or that higlesolution acquisition
over-estimated ischaenia in normal segments. Without an available reference
standard for determining subendocardiaschaenia this question cannot be
conclusively resolved. However, given that the overall diagnostic accuracy for
detection of CAD was significantly better with higdsolution than standard
resolution, the more plausible explanation is that higisolution acquision leads

to better detection of subendocardiabchaenm. As well as the benefits this
provides in typical CAD detection, higgsolution perfusion CMR could potentially
provide an improved tool for the evaluation of conditions where there are

microvascur perfusion abnormalities at the subendocardial level, such as
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syndrome X, hypertensive heart disease or hypertrophic cardiomyog8tayton &

Marwick, 2010)

In this study, contrast agent dose was optimiskedl visual analysis. However,
guantitative methods for the estimation of myocardial blood flow (MBF) based on
myocardial perfusion CMR data have been validated in animal models and applied
to clinical studiegChristian et al., 2004; Costa et al., 2007; Patel et al., 2610
resolution perfusion CMR offers further intriguing opportunities for quantitative
analysis such sharper delineation of transmural perfusion grad{éfgatvast et al.,
2011) However, tle algorithms applied for the reconstruction of higisolution
perfusion CMR data acquired with spatemporal undersampling methods give rise

to a degree of lowass temporal filtering, posing additional challenges to
guantitative assessment. Recent déygments such a%-t Principal Component
Analysis are likely to overcome some of these challenges and will require evaluation

in future studiegPedersen et al., 2009)

One of the limitations of myocardial perfusion imaging and visual analysis is the
dependence on a reference area of normal perfusion. This is a particular impediment
in diffuse or multivessel diseasethe group of patients who are at greatest risk and
would benefit most from accurate diagnosis and correct-sisktification(Emond et

al., 1994) The ability of highesolution perfusion CMR to adequately resolve
subendocardiaischaenfa and transmural perfusion gradients should therefore be a
major advantage as it reduces the need for maima-patient comparison. Our study
demonstrated this advantage as 84% of patients with rrudsel disease were

correctly identified as having perfusion defects in more than one territory compared
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to only 61% with standardesolution. This finding is obaosiderable significance as

the assessment of muiltiessel disease has long been recognised as a weakness of
myocardial perfusion imaging. With SPECT, as few as 29% of patients with known
angiographic threesessel disease (3VD) are recognised as hauiugiiole perfusion
abnormalities in all three coronary artery territori@Shristian et al., 1992%imilarly,

in the only study that has evaluated standaeskolution perfusion CMR specifically

in the setting of angiographic 3YEhe detection of a 3VD pattern was only 57%
(Chung et al.,, 2010)Therefore, the demonstrated ability of higlsolution
acquisition to more accurately identify the extent fchaenm in multivessel
disease may represent a significant sfepwvard in nonrinvasive imaging with

potential implications for correctly stratifying and managing tigh-risk group.

2.6 Study limitations

k-t BLAST adds complexity to the acquisition of perfusion data. In particular, the
method is sensitive to respiratory motion and cadiarrhythmia. In our study,
respiratory artefacts affected 15% of higresolution studies which is similar to
previous studiegPlein et al., @Q08b, 2008a) For this reason image quality and
artefactscores for both techniques were similar, despite the significant reduction of
dark rim artefact seen at higkresolution. Newer spatibemporal undersampling
methods for highresolution acquisitiorare less susceptible to respiratory motion
but were not available at the time of this studiyedersen etl., 2009) Potentially

these techniques could offer the demonstrated benefits of higbolution
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acquisition without the respiratoryartefact trade-off - but this is yet to be

investigated.

This study was powered to detect a difference in overaljdastic performance as
defined by the AUC of ROC analysis, but not to compare individual sensitivity or
specificity values in a dichotomous model as this would have required a very large
sample siz€Eng, 2003) Such large comparative studies pose considerable logistic
challenges and are unlikely to be conducted for incremental optimisations of an
established imaging test such as perfusion CMR. The presented diagnostic ascuracie
must also be interpreted within the context of referral bias as all patients had been
clinically preselected for coronary angiography. We also acknowledge that because
transmuralischaenic index can only be assessed at a segmental level, data clustering
may affect the analysis of its distributieut as each patient contributed the same

number of segments, the presented estimates remain valid.

Finally, similar to the majority of previous perfusion CMR studies, another limitation
was the use of Xay caonary angiography to determine the presence of significant
CAD as this only provides an anatomical rather than functional assessment of a
coronary artery stenosis. Howeversray coronary angiography remains the most
widespread investigation in cliniedécision making and thus relates shstudy to

realworld practice.
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2.7 Conclusions

This study showed that accelerated, higdsolution perfusion CMR imaging has
higher diagnostic accuracy that standaeskolution acquisition for the detection of
CAD in bothsingle and multvessel disease. Dark rim artefact is reduced and the
extent of multivessel disease is better identified at higdsolution. Higkspatiat
resolution perfusion CMR may also provide an improved tool for identifying

subendocardial ischaemia.
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3  Study 2- Assessment oMyocardiallsdhaemic Burden
in Angiographic Thre&/essel Coronary Artery Disease Using

High-Resolution PerfusiolCMR

3.1 Abstract

Aims This study compared the myocardialhiaenic burden (MIB) in patients with
angiographic threeves®l CAD(3VD) using highesolution and standardesolution

perfusion CMRmaging.

Methods: 105 patients undergoing coronary angiography had two separate
stress/rest perfusion CMR studies, one with standagsblution (2.5mm inplane)

and one with higklresolution (1.6mm in-plane). Quantitative coronary angiography
(QCA)Wwas used to define patients with angiographic 3VD. Perfusion CMR images
were anonymised, randomly ordered and visually reported by 2 observers acting in
consensus and blinded to all clinigand angiographic data. Perfusion was graded in
each segment on a-goint scale and summed to produce a perfusion score and

estimate of MIB for each patient.

Results In patients with angiographic 3VD (n=35), higBolution acquisition
identified more abnormal segments (A23.8 vs. 5.3 4.0; p=0.004) and territories
(2.4+£0.9 vs. 1.6 1.1; p=0.002) and a higher overall perfusion score (20.7 vs.
11.9+9.4; p®.0001) per patient compared to standardsolution. The number of
segments with subendocardial fsema was greater with highesolution

acquisition (195 vs. 101; p<0.0001). Hypoperfusion in all three territories was
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identified in 57% of 3VD patients byghresolution compared to only 29% by
standardresolution (p=0.04). The areaunder-curve (AUC) for detecting
angiographic 3VD using the estimated MIB was significantly greater with high

resolution than standargiesolution acquisition (AUC=0.90 vs. 0.690.0001).

Conclusion In patients with angiographic 3VD, thehsenic burden detected by
perfusion CMR was greater with higésolution acquisition due to better detection
of subendocardial ismema. Highresolution perfusion CMR may therefore be

preferred for risk stratification and management of this higsk patient group.
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3.2 Introduction

ThreevesselCAD(3VD) is found in approximately 9% of patients undergoing elective
coronary angiography and these patients have a considerably poorer prognosis than
those with less extensive disea@emond et al., 1994 Detection of 3VD with nen
invasive imaging can be challenging due to the effects of balandeakista leading

to falsenegative results in up to 20% oasegChristian et al., 1992; Martin et al.,
1992) This limitation has been wealocumented with SPECTand although its
overall sensitivity for detectin@ADin multi-vessel disease is &5%, it often only
detects perfusion defects in one territofChristian et al., 1992; Mahmarian et al.,
1990; DePasquale et al., 1988)n one SPECT study, inducible perfusion
abnormalities in all three territories were identified in only 12% of patients with

known angiographic 3V{Zhung et al., 2010)

Myocardial perfusionimaging with CMRs a highly accurate method for the
detection ofsignificant CAQSchwitter et al., 2008; Sakuma et al., 2005; Greenwood
et al., 2012) One of the major advantageof perfusion CMR compared to SPECT is
its higher spatial resolution (typically3&nm versus 80mm). Balanced ibaema

can lead to diffuse subendocardial hypoperfusion and although there are few
comparisons between perfusion CMR and SPECT in 3VDexpasted that the
higher resolution of CMR can better resolve the transmural perfusion gradient in
balanced istaema and thereby potentially improve the detection of 3{Bache &
Schwartz, 1982)With recently developed spati@mporal undersampling methods
such ak-t BLASTthe spatiakesolution of perfusion CMR can be improved further

to under 2mm (Tsao et al., 2003)
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Several studies have demonstrated the feasibility and accuracy ofrésghution
perfusion CMRPIlein et al., 2008a, 2008b; Manka et al., 20l6ckie et al., 2011;
Motwani et al., 2012a) In a direct comparison, we have previously shown that-high
resolution perfusion CMR has a higher overall diagnostic accuracy compared to
standardresolution imaging in patients with suspected CAD. Thivipus study
included a small subset of patients with mutagssel diseas@Motwani et al., 2012a)

The present study aims to compare the distribution of and extent dfaisoia in
patients with 3/D detected by both techniques and tests the hypothesis that
improved performance of high resolution CMR is due to better detection of

subendocardial id@memnmia in 3VD.

3.3 Methods

3.3.1 Study population

Onehundredandfive patients were included in this analysil had undergone
coronary angiography for suspected angina within the last 30 days. Seventy patients
were prospectively recruited; 35 had 3VD on quantitative coronary angiography and
35 normal coronary arteries on angiography and served as a control .giatp

from 24 of the patients with angiographic 3VD have been previously reported with
different endpoints (diagnostic accuracy rather than pattern ofhesema or
ischaemc burden) (16). Additionally, we selected 35 consecutive patients with
angiographe 1VD or 2VD from this previous study to prevent a spectrum bias for the
secondary analyses relating to myocardiah&mc burden(Motwani et al., 2012a)

Exclusion criteria for all patients wee contraindications to CMR, adenosine or
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gadolinium; or a history of recent (within 6 months) myocardial infarction, unstable
angina or revascularisation. Additionally, patients with angiographic 1VD or 2VD and
co-existing moderate coronary artery steress(i.e. 4669%) in other territories were

not included. All patients gave written consent and the study was approved by the

regional ethics committee.

3.3.2 CMR protocol

All patients underwent a standangksolution and a higiesolution perfusion scan
on sepaate days (within 4 weeks) using a-I.Sscanner (Intera, Philips Healthcare,

Best, The Netherlands).

The standard pulse sequence was a saturation recovery gradard method
accelerated wittSENSEacceleration factor 2, repetition time (TR) 2.7ms, ethe

(TE) 1.0ms, flangle=15°, acquisition time per slice 136ms singlesaturation pre
pulse per RR interval shared over three slices, matrix=144 x 144, mediandield
view (FOV) 360 mm, inplane spatial resolutiorr 2.5 mm). The highresolution
pulse sequence used a similar saturation recovery graskehb method, but was
accelerated withk-t BLAST (acceleration factor 8 with 11 training profiles=TR
3.4ms, TE 1.7ms, flipangle= 15°, one saturation prepulse per slice, Guisition

time per slice= 103ms, matrix=192x192, medid&OV= 310 mm, inplane spatial
resolution=1.6 mm). For both techniques, perfusion data were acquired in 3 short
axis slices in each-R interval. For both studies, stress perfusion started after
4minutes of an intravenous adenosine infusion (140g/kg/min) during an intravenous
bolus injection of dimeglumine gadopentetate (Magnevist; Schering AG, West

Sussex, UK) and a 15mL saline flush delivered at 5mL/s. Contrast dose and
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administration protocols dr both studies were chosen to optimise their visual
analysis performance based on experience with both pulse sequence and their use
in previous studies. For the standamelsolution method, a contrast dose of 0.05
mmol/kg body weight was used during perimis acquisition, identical to previous
studies with this pulse sequen¢&reenwood et al., 2012; Motwani et al., 2012&)
compensate for the loweSNRassociated with smaller voxel size, a contrast dose of
0.1mmol/kg body weight was used for the higésolution method, consistent with
previous reports(Motwani et al., 2012a; Plein et al., 2008b, 2007; Manka et al.,

2010)

Rest perfusion imaging was performed 15minutes ldt&Emagng was performed
in all patients on their first visit using conventional methods (1.6miplame spatial
resolution) and a cumulative contrast dose of 0.2mmol/kg body weight (the same
for both protocols). During standaneksolution perfusion CMR scans, igh
cumulative dose was achieved by administration of an additional contrast bolus of

0.1mmol/kg body weight immediately after rest perfusion.

3.3.3 CMR analysis

CMR images were anonymised, randomly ordered and visually reported by 2
observers (S.P., M.M; 10 adyears experience respectively) acting in consensus
and blinded to all clinical and angiographic data (QMASS 6.1.6, Medis, Leiden, The
Netherlands). In case of disagreement, arbitration from a thirdeoler was sought

(JPG, 10 yearexperience)Using al6-segment model, perfusion in a segment was
considered abnormal if signal intensity was reduced compared with remote

myocardium or an endocarditd-epicardial perfusion gradient was pres€Riein et
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al., 2008a)Cerqueira et al., 2002Additionally, any perfusion defect was required

to persist longer than the contrast firgtass to distinguish it from artact.
Corresponding LGE images were reviewed-bidside with the perfusion data.
Perfusion defects present at stress but not rest and occurring outside any
hyperenhanced myocardial tissue on LGE images were considered as inducible
defects. Perfusion in eAcsegment was graded on apéint scale (transmural
isthaema index: 0= normal, 1= inconclusive, 2= subendocardial defect, &
transmural defect). A typical example of perfusion images is seen in Rduul|
segmental scores were summed to produgeeafusion score (@8) for each patient.
Myocardial ishaenic burden as a percentage of the total myocardium (MIB%) was
estimated by dividing the perfusion score by 48 and multiplying by 100
(Hachamovitch et al., 2003a)n patients with 3VD, perfusion scores were also
calculated for the left anterior descending (LAD), left circumflex (LCX)ight
coronary artery (RCA) territories according to AHA segmentation adjusted for arterial

dominance(Cerqueira et al., 2002)

Image quality was graded4 (1 = unusable, 2 = poor, 3 = adequate, 4 = excellent).
Occurrence of artefacts related tdk-t reconstruction, respiratory motion,
electrocardiographic gating, and endocardial dark rim was scoi@g00= none, 1 =

minor, 2 = moderate, 3 = severe). Where present, the width of dark rim artefact (a
frequent finding in perfusion CMR at the myocareéod pool interface relating to

OF NRAI O Y2GA2YySX DAOOQA NAY3IAYy3IAI &adzaOSLI

measured with electronic callipe(Motwani et al., 2012a; Di Bella et al., 2005)
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Standard-resofution
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Figure3.1 Case ExampléStandard vsHigh-resolution Perfusion CMR

Standad and highresolution stress perfusion CMR in a patient with thx@ssel coronary
artery disease. Standamsolution shows perfusion defects (arrows) in the bastdrior

(A), midinferior, midinferoseptal (B), apicalnterior and apicainferior segnents (C). High
resolution shows a similar distribution of perfusion defects but demonstrates additional
ischaema in the basalateral (D), mieanterior and midanterolateral segments (E) with a
circumferential defect in the apical sli€E). Perfusiomlefects are also better delineated at

high-resolution and the transmural extent of ls@ema more clearly seen.

3.3.4 Quantitative coronary angiography

Quantitative coronary angiography (QCA) was performed (QCAPIus, Sanders Data
Systems, Palo Alto, Californid$SA) by an experienced observer blinded to CMR data
(M.M.; 7 years of experience in coronary angiography). Stenoses were assigned to
the appropriate myocardial segments of an AHAs&g§ment model using standard
criteria adjusted for arterial dominance arldsion location(Patel et al., 2010;

Cerqueira et al., 2002As per convention, significant CAD was defined as luminal
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the RCA. Normal coronary arteries were defined as an absence of any siemosis: @
Collateral circulatin was graded according to the Rentrop classification (RC)
depending on the angiographic findings of the occluded artery using the best
injection: 0=no collateral circulation; ¥ collateral filling of side branches without
visualization of any epicardiakgments; 2= collateral partially filling the epicardial

segment; 3= collateral completely filling the epicardial segmdiiRentrop et al.,

1985)

3.3.5 Statistical analysis

Analysis was performed using SPSS 17.0 (SPSS, Chicago, Me&fbvglues were
compared using paired Studemitests. Ordinal data were compared using -Chi

square or Wilcoxon signe@nk tests as appropriate. Paired proportions were
compared using Ob S Y I NI & Tikelpattériiof ish&aididétermined by both
G§SOKYAldzSa F2NJ LI GASyda 6A0GK | y3A23INF LK)
statistic. MIB% was compared across 1VD, 2VD and 3VD groups usingagne
Fylrteaira 27F @ NAhoy 0 RectiReopératoy har&rteristicl? a U
(ROC) curve analyses were performed on summed perfusion scores for individual
territories and on MIB% per patient. Areaderthe-curve (AUC) for both imaging
techniqgues were compared using methods describedDiej.ong and DeLong. All

tests were twetailed and p<0.05 was considered statistically significant.
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Table3-1 Patient Clinical Characteristics

Parameter Data (n=105)

Age, yrs 68 £ 10

Males 75 (71)

Medical history
Hypertension 65 (62)
Hypercholesterolemia 62 (59)
Diabetes Mellitus 18 (17)
Smoking 43 (41)
Family history of CAD 39 (37)
Previous Ml 14 (13)
Previous PCI 10 (9)
Atrial Fibrillation 1(1)

LV EjectiorFraction, % b5+11

Angiography findings
No significant disease 35(33)
Onevessel disease 25 (24)
Two-vessel disease 10 (9)
Threevessel disease 35 (33)
LAD disease 51 (49)
LCX disease 50 (48)
RCA disease 49 (47)
Significant lesions per patient 14+1.2
Total significant lesions 150
70-90% stenoses 109 (73)
90-99% stenoses 35 (23)
Chronic total occlusions 6 (4)

Values are mean =SD or n (98jgnificantCADdefinedl a70% QCA
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3.4 Results

3.4.1 Study population

105 patients were enrolled in the study, including 35 with 3VD by QCA. Of these 35
patients, 32 qualified as angiographic 3VD on the basis of significant stenoses in the
proximal coronary segmentand no patients qualified as angiograptdVvD on the

basis of distal coronary segment diseaBarther demographics are given in Table
3.1. All 14 patients with a clinical history of MI (but no additional patients) had
evidence of hyperenhancement on LGE imaging. A chronic total occlusionif&sr O)
seen in 6 patients (all in the group with prior MI) and 2 of these patients were in the
3VD group. There were no patients with more than one CTO. In 2 cases of CTO
(neither in the 3VD group) there was mild collateral flow (RC=2), but in the remaining

4 cases there was no or minimal collateralization ¢RIC

3.4.2 Image quality ancartefacts

There was no significant difference in thaenodynamic stress response during
standard and highesolution imaging (ratgressureproduct, mmHg x beats/min:
10251+ 2321 vs. 1020k 2109; p=0.92). No images were graded as unusable and
therefore there were no exclusions from the image analysis for either technique.
Image quality (median score=3 for both; p=0.67) anefactscores (median=0 for
both; p=0.06) were simildor both standard and highesolution imaging across the

full spectrum of patients (n=105). akk rim artefactwas significantly less frequent
with high-resolution (7% vs. 26 %; p=0.03) and when it did occur, it was less marked

than with standareresolution (1.6+ 0.2 vs. 3.2t 0.8 mm; p=0.004). Seven high
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resolution data sets (10%) were affected lby reconstruction artefacts at stress
and/or rest due to respiratory motion, but this did not affect myocardial contrast

passage and generally occurred at the end of a breath hold.

3.4.3 Detection of 3VD pattern

In patients with angiographic 3VD (n=35), perfusitwfiects in all three territories
were detected in 29% of patients (10 of 35) by standasblution and in 57% of
patients (20 of 35) by higtesolution imaging (p=0.04) (Figure 3.2). Overall, there
was poor agreement between the two techniques in detarimg the pattern of
ischaema in patients with angiographic 3VD (kappa=0.09, 95%0QI0 to 0.29)

(Figure 3.2).

3.4.4 Detection of CAD in each territory

In patients with angiographic 3VD (n=35), separate ROC analyses of perfusion scores
for each of the Zoronary territories were performed. The AUC for each territory in
patients with angiographic 3VD was greater with higholution than with standard
resolution imaging, but reached statistical significance oalytlie LCX territory
(Table 3.2)With stardard-resolution imaging, diagnostic accuracy was significantly
lower for the LCX than for the LAD (0.62 vs. 0.82; p< 0.01) or RCA territory (0.62 vs.
0.83; p=0.02). With higresolution, diagnostic accuracies were more homogenous
between territories (altiough still lowest in the LCX territory) with no statistical

difference between them (LAD: 0.85 vs. LCX: 0.83 vs. RCA: 0.90; all p values>0.05).
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Figure3.2 Distribution ofIschaenia Detected by Perfusio€MR

(A) In patients with 3VD (n=35), hypoperfusion in all three territories was detected in 57% us
resolution imaging but in only 29% using standeggolution (p=0.04). (B) There was also
agreement between highesolution and standardesoltion imaging in degrmining the distributio

of ischaenm in patients with 3VD (kappa=0.09, 95%-@E0-0.29). IT Fschaenic territories.
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Table3-2 Diagnostic Performance of Perfusion CMR in E&elritory in Patients
with 3VD

Area Under ROC Curve (95% CI)

Standard Resolution High Resolution P value
LAD 0.82 (0.690.95) 0.85 (0.730.97) 0.62
LCX 0.62 (0.4€0.79) 0.83 (0.760.95) 0.02
RCA 0.83 (0.7€0.95) 0.90 (0.861.00) 0.27

3.4.5 Detection of subendocardial ischaemia

560 myocardial segments were available from the 35 patients with angiographic
3VD. Of these, 420 were determined as angiographically hypoperfused and used for
further analysis. With highesolution acquisition, signdantly more of these
hypoperfused segments were determined as having subendocardiaeasta than

with standardresolution (195 vs. 101; p<0.0001); and there was a significant
reduction in the number of segments determined as being normal (135 vs. 212;
p<0.001) or inconclusive (15 vs. £80.00). The number of segments assessed as
having transmural idmema was similar with both techniques (75 vs. 67; p=0.25)

(Figure 33).
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Figure3.3 Distribution of Transmuralschaenia Index
In patients with threevessel disease (n=35), higgsolution perfusion CMR determir
significantly more segments as having subendocarsiidlaenme and fewer as normal

inconclusive compared with standarelsolution imaging.

3.4.6 Detection of ishaemic burden

In patients with angiographic 3VD (n=35), the overall extent of myocardiaaata
detected was significantly greater with higésolution than standargesolution
imaging, with more abnormal segmentsrpatient (7.2t 3.8 vs. 5.3 4.0; p=0.004),
more abnormal territories per patient (2.4 0.9 vs. 1.6t 1.1; p=0.002), a higher
perfusion score per territory (5.2 4.3 vs. 4.4 5.0; p=0.01) and a higher overall
perfusion score per patient (2047.7 vs. 11.9+ 9.4; p<0.0001) (Figurg.1l, Table

3.3).
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Table3-3 Ischaemic Burden UsindgPerfusion CMR in Patients with 3VD

Standardresolution Highresolution P value

Mean abnormal segments per patien 5.314.0 7.2+3.8 0.004
Mean abnormal territories per patient 16+10 24+09 0.002
Mean perfusion score per patient 11.9+9.4 201 +7.7 <0.0001
Mean perfusion score per territory 4.7+5.0 59143 0.01

When the full spectrum of 105 patientsere assessed, higiesolution found a
significant upward trend in estimated MIB% in those with significant CAD (n=70)
across advancing disease groups (1VE: 1% vs. 2VD: 3915% vs. 3VD: 4216%;
p<0.0001jMotwani et al., 2012a)However, with standardesolution, there was no
discriminate difference in estimated MIB% across the disease groups (1¥D124

vs. 2VD: 25 6% vs. 3VD: 2619%; p=0.53) (Figui@4).

Accordingly, on RO@nalysis, the AUC for detecting angiographic 3VD using the
estimated MIB% was significantly greater with higkolution (AUC=0.90, 95% CI:
0.84-0.96) than standardlesolution (AUC=0.69, 95% 0.620.76; p<0.0001) (Figure
3.5). For higkresolution the opimal MIB% threshold to detect angiographic 3VD was
31% which resulted in a sensitivity and specificity of 80% (95%-80%¥and 90%
(95% CI: 8@5%) respectively. For standarelsolution, the optimal threshold was
23%, which resulted in a sensitivitgcaspecificity of 51% (95% CI1-88%) and 78%

(95% CI. 686%), respectively (Figugeb).
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Myocardial Ischemic Burden %

&0 = p<0.0001

L 4
L 2

p=0.87

Standard-resolution High-resolution

Figure3.4 MIB: Standardresolution vs Higkresolution Perfusion CMR
In patients with significant coronary &y disease (n=70), higksolution perfusion Ch
was able to detect significant differences in myocargiehaenic burden (MIB) acro

disease categories unlike standamesolution imaging (error bars=SEM).
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Figure3.5 Diagnostic accuracy of MIB to detect 3VD
(B) The area under curve (AUC) for detecting 3VD using MIB amongst patiet
suspected angina (n=105) was significantly greater with -héglolution than standar

resolution (AJC= 0.90 vs.0.69; p<0.0001).VD= vessel disease

3.5 Discussion

This study shows that in patients with angiographic 3VD,-tegblution perfusion
CMR detects a greater l&@emc burden than standardesolution and more
frequently identifies a 3VD patterof isdhaema due to a higher detection rate of

subendocardial idmema.
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The evidence for using perfusion CMR in patients with 3VD is limited. Although
previous studies evaluating perfusion CMR have included patients with 3VD, they
have rarely reportedseparate results for this specific patient population. In the
published data, the incidence of patients with 3VD was only 2% (2 patients) in the
study by Sakuma et al, 15% (8 patients) in the study by Ishida et al, and 19% (7
patients) in the study by Sclitter et al (2005; 2003; 2001) Although other studies

may contain larger numbers, patients wi8YD are rarely analysed separately and
they are usually grouped together with patients found to have 2S€hwitter et al.,

2008; Greenwood et al., 2012; Schwitter et al., 20I3)ly one study to date has
been specifically designed to evaluate standegdolution perfusion CMR in patients

with 3VD (n=78) and it demonstrated a sensitivity of 85%C0AD detection and
superiority of perfusion CMR compared with SPEZILINg et al., 2010Pata on the

use of highresolution perfusion CMR in the specific 3VD population is even scarcer.
However, in a recent related analysis, we reported on 38 patients wittographic
multi-vessel disease (24 had 3VD) and found a greater diagnostic accuracy for the
detection of CAD (any perfusion defect) with higisolution perfusion CMR
compared to standarglesolution imaging (AUC, 0.98 vs.0.91; p<0.002); but the
pattern of perfusion defects detected and the isemic burden were not assessed

(Motwani et al., 2012a)

3.5.1 Detection of subendocardial i$mema

The finding in the present study that higlsolution acquisibn identified
significantly more idtaemc segments and in particular more segments with

subendocardial ismema in angiographic 3VD is consistent with the expected
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improvement in subendocardial definition with higher spatial resolution. Although
we havepreviously demonstrated this finding across the full spectrum of CAD, it was
important to confirm that this advantage is maintained in the 3VD population,
against the competing challenge of balanced&sa (Motwani et al., 2012a)lt
means that one of the major limitations of myocardial perfusion imaging and visual
analysis in 3VD i.e. its dependence on a reference area of normal perfusion, can be
overcome to some extent with higlesolution echniques that are able to resolve
subendocardial is@mema and transmural perfusion gradients, reducing the need for
intra-patient comparison. An alternative approach dgiantitative analysis of
standard perfusion CMR and although this has been showatetttify patients with

3VD better than visual analysis, it remains a tioo®suming research tool until
technical developments lead to greater automatiqRatel et al. 2010) The
significant reduction of dark rim artefaetith high-resolution may also partially
account for its improved detection of subendocardiahesenia and notably there
were fewer inconclusive segments with higgsolution acquisition comparedot
standardresolution (Figure 3). Previous work investigatimdark rim artefacthas
shown the prominent role of spatial resolution on the occurrence and extent of this

artefact(Plein et al., 2007; Di Bella et al., 2005)

3.5.2 Detection of 3VD pattern

Standardresolution perfusion CMR identified defects in all three perfusion
territories in only 29% of patients with angiographic 3VD (10 of 35) (F&ayeln
the published CMR literature there is only one study that investigates énees

qguestion and it found a significantly greater figure of over 50% using standard
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resolution techniquegChung et al.,, 2010However, this previous retrospective
study only analysed patients with 3VD, without a control group; and additionally did
not use LGEnaging to exclude areas of infarction from induciblé&ama, both of

which are likely to have led to a positive bias. In the comparative SPECT literature,
we see the ability to detect a 3VD pattern is similarly only 29% in one series and as

low as 12%n another(Christian et al., 1992; Chung et al., 2010)

With the highresolution perfusion CMR method, twice as many patients with
angiographic 3VD i.e. 57% (20 of 35) were correctly classified as having a 3VD pattern
of isthaemia (Figure8.2). The improvedletection of a 3VD pattern of isaenia with
high-resolution compared to standacdesolution acquisition was due to better
detection of isbaema in the LCX territory and more subendocardiah@sma
detection. Disease of the LCX territory can be diffimutletect because this territory

is farthest from the radiofrequency coil and because visual, unlike quantitative
assessment analysis, cannot correct signal intensity for distance from ti{€leitg

et al., 2007; Chung et al., 20100 keeping with previous studies, higksolution
acquisition used a higher contragbse (in order to compensate for the lower SNR
associated with smaller voxel size) and arguably this may have contributed to its
superior performance in the LCX territdiMotwani et al., 2012a; Plein et al., 2008Db,

2007; Manka et al., 2010)

Rather than inadequacy of the perfusion &wss, the low detection rate of
ischaema in multiple territories by different imaging modalities may reflect at least
in part the inadequacy of the angiographic endpoint in these studies including our
own. In a subanalysis of the FAME study, only 14%pafients with angiographic
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3VD (n=115), had concordantv@ssel functional disease determined by fractional

flow reserve (FFR) (i.e. FFR<0.80 in all 3 veFsmt#)o et al., 2010)

3.5.3 Estimation of isbhaemic burden

It can be argued that in clinical practice, it is less relevant whether a functional scan
depicts a typical threeessel pattern if there is myocardial ieema involving a
significantproportion of total myocardium. An accurate assessment didasaic
burden is important because the extent oflisema is a marker of patient prognosis

¢ and a large idwenic burden supports aggressive medical treatment and
angiography with a view to regcularization regardless of the territorial pattern of
perfusion defectHachamovitch et al., 1998, 2003a; Wijns et al., 2010; Shaw et al.,
2008) When MIB% was estimated using higlolution CMR, it was found to
reliably digriminate angiographic 3VD from less extensive disease and normal
controls (AUC=0.89) (Figuseb). This was not the case for standaesolution CMR,

for which MIB% had a significantly poorer diagnostic accuracy (AUC=0.69; p<0.0001)
and was not able to t@bly differentiate between patients with 1VD, 2VD or 3VD
(Figure3.4). The latter observation regarding standaes$olution perfusion CMR,

has been previously noted by Patel et al who found similar estimatesadgaic
burden in patients with angiogphic singlevessel disease and 3VD with visual
assessment (21% vs. 31%,; p=0.26); but a significant difference if quantified with
myocardial perfusion reserve analysis (25% vs. 60%; p£Pdi8) et al., 2010)A
similar phenomenon has been described WRET(Parkash et al., 2004Jhe higher
spatial resolution ok-t BLAST perfusion CMR acquisition appears to overcome this

limitation seen with lower spatial resolution imaging methods.
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Although there is no agreed reference standard for MIB% the current data suggest
that standardresolution imaging underestimates MIB%and this should be
considered in the interpretation of future perfusion CMR studies that may use a
particular threshold of idtaenic burden as a defined erabint or inclusion criteria.

In the nuclear suistudy of COURAGE, patients with a MIB% >10% laslea risk

of death or MI if they underwent revascularization rather than optimal medical
therapy alone(Shaw et al., 2008Notably, there has been no direct comparison of
CMR and 3ECT for MIB% assessmeriiut if the threshold defined for SPECT is
applied to the CMR data in this study, 24 of 35 patients with angiographic 3VD had a
MIB% >10% using standareisolution perfusion CMR, compared to 33 patients with
the highresolution tetinique. Thus, highresolution perfusion CMR may offer an
improved noninvasive assessment of f@emc burden and help identify the

optimal therapeutic approach.

3.6 Study Limitations

We accept our findings are mainly technical and further studies with dimitaome
data would be required to support the proposed incremental value of -high
resolution perfusion CMR. We also accept that although we hypataéilse superior
performance othighrresolution perfusion CMR relates to greater spatial resolution
and beter detection of subendocardial isaema, we cannot exclude the influence
of other factors such as differences BNR between scans and the difference in

contrast protocols used as compensation.
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A functional endpoint such as FFR would have been preferabit this is not easily
achievable given the logistics of performing multiple FFR assessments on serial and
complex stenoses in three diffusely diseased arteries to define each subject.
However, our findings predominantly relate to comparative diffeesimn isbaemc
burden assessment between the two techniques rather than their absolute ability to

detect any ishaemia.

Because the visual CMR analysis was performed by two observers acting in
consensus, inteobserver and intraeobserver variability foperfusion scoring were
not tested; however, arbitration from a third reader was only required in 5 out of

the 210 analyses (3 with standard and 2 with higholution).

Finally, quantitative methods for the estimation MfBFbased on perfusion CMR
data hawe been validated in animal models and applied to clinical st@das! et al.,
2010) However, in this study, contrast agent dose and administration (shugjles
technique) were optimised for visual analysis and therefore quantitative analysis was
not performed. Although, highesolution perfusion CMR offers further intriguing
opportunities for quantitative analysis such as quantitation of transmural perfusion
gradients, the algorithms applied for the reconstruction of kigholution perfusion
CMR data acquired with tempowgpatial undersampling methods give rise to a
degree of lowpasstemporal filtering, posing additional challenges to quantitation
of MBF including an underestimation biéildautvast et al., 2011; Jerostterold,
2010) Recent developmentsuch ask-t Principal Component Analysis are likely to
overcome some of these challenges but will require evaluation in future studies
(Pedersen et al., 2009)
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3.7 Conclusions

Highresolution perfusion CMR increases the observeddsoic burden and
distribution of istiaema detected in angiographic 3VD. The incremental value of
high-resolution acquisition focorrectly identifying, stratifying and management of

this highrisk group has to be determadl in further clinical studies.
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4 Study 3- ThreeDimensional versus HigResolution
Perfusion CMR: Rilot Study Comparind/lyocardial

Ischaemic Burden Estimates

4.1 Abstract

Background Typically, myocardial perfusion imaging witllilnensional (2D)
cardiovascular magnetic resonance (CMR) acquires datd imyocardial slices at

a spatial resolution of-3mm. However, accelerated data acquisition can facilitate
higher spatial resolutio2mm) or 3D wholdneart coverage (up to 16 slices). This
studyaims to comparemage quality, diagnogt confidence and quantitatioaf
myocardial ischemic burdgiMIB) between 2D highresolution and 3D wholéeart

perfusion CMR.

Methodsand results 27 patients with stable angina underwent both higlsolution

2D and wholeheart 3D perfusion CMR. Total perfusion defect (TPD) and total scar
burden (TSB) areas were contoured and expressed as percentage myocardium. MIB
was calculated by subtracting TSB frdfD. Image quality, artefact and diagnostic
confidence scores were similar for both techniques (p>0.05). The mean MIB from
high-resolution and 3D acquisition was similar (4.3 + 5.2% vs 4.1 + 4.9%; p=0.81),
with a strong correlation between techniques (r0=72; p<0.001). There was no
systematic bias for estimates of MIB between techniques (mean biad #%, 95%

Cl:1.7 to 1.3%) and the 95% limits of agreement wat&% to 7.2%. When used to
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categorize MIB as >10% or <10%, there was only fair agreemnsémeén the two

techniques (kappa = 0.29, 95%-01120.70).

ConclusionsThere is strong correlation and broad agreement between estimates
of MIB from both techniquesHoweverthe 95% limits of agreement arelatively
wide and therefore a larger compative study is needed before they can be
considered interchangeableparticularlyaround the clinically relevarit0%

threshold
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4.2 Introduction

Myocardial perfusion imaging witBMRis a highly accurate method for diagnosing
CAD but its role in quantifying myocardigchaenc burden (MIB) is less certain
(Greenwood et al., 2012; Hamon et al., 2Q10he lack of complete myocardial
coverage with standard 2D perfusion CMR}(@hort axis slices only) means that any
assessment of MIB is an extrapolation. MIB measured by SREEHh ha the
advantage of wholdeart coveragehas been shown to be an important prognostic
marker and can help identify patients most likely to benefit from revascularisation

compared to medical therapy alor{felachamovitch et al., 1998; Shaw et al., 2008)

However,the introduction ofaccelerated data acquisition using spatgmporal
undersampling methods, has led to the option of 3D whodart perfusion CMR, or
alternatively 2D perfusion CMR with higher spatial resolution (<2(Mofwani et

al., 2013) Potentially, 3D perfusion CMR presents a direct alternative to SBECT
the measurement of MIBwithout any interslice assumption§logiya et al., 2014)

On the other hand, higher spatial resolution acquisition has been shown to have
several othe benefits such as reduced darkn artefact, greater detection of
subendocardialscraema and particular diagnostic strength in patients with multi
vessel diseas@lein et al., 2008a; M&a et al., 2010; Motwani et al., 2012a, 2014a)
Althoughboth of these method$iave been shown to have high diagnostic accuracy
and have been validated against FFR, it is not known how their estimates of MIB
compare(Lockie et al., 2011; Jogiya et al., 2012; Manka et al., 20bh2)decision
whether to investacceleration into 3D covagefor the purpose of MIB assessment

or into higher spatial resolution, partly depends on the question of whetfié
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estimates differbetween the two methods Therefore, thispilot study directly
compares image quality, diagnostic confidence and quiaatibn of MIB between

2D highresolution and 3D whoklaeart perfusion CMR.

4.3 Methods

4.3.1 Patient Population

Thirty patients with stable anginand scheduled for coronary angiography on a
clinical basisvere recruited to undergboth a highresolution 2D and 8D perfusion
CMR scan on two separate dayishin 8weeks. The order of methods was randomly
chosen. No coronary intervention or clinical events occurred between the two scans.
The presence or absence of significant CAD in patients was defined by quemtitat
coronary angiography (QCA) as detailed bel@xclusion criteria were contra
indications to CMR, adenosine or gadolinium contrast agents; a history of recent
(within 6 months) myocardial infarction or unstable angina; or poorly controlled
arrhythmias Patients were instructed to refrain from caffeine for 24hrs prior to their
CMR study but continue cardiac medications as normal. All patients gave written

consent to participate and the study was approved by the regional ethics committee.

4.3.2 CMR Protocol

All studies were performed on a 3.0T scanner (Achieva TX, Philips Healthcare, Best,
The Netherlands) equipped with dusburce parallel radiofrequency transmission

technology and a 32hannel cardiaceceivercoil.
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Highresolution and 3D perfusion CMR acqinsis used the optimal imaging
parameters derived from previougbublished studies (Motwani et al., 2012a; Jogiya
et al., 2012; Manka et al., 2012, 201Epr highresolution perfusion imaging, a
spoiledsaturation recoveryastgradient echo sequence wased (TR/TE/flip angle:
2.7ms/1.0ms/20°; saturation prpulse delay 120ms, 1 saturation prepulse per slice,
image acquisition time per slice 134ms; no partial Fourier or partial echo acquisition;
typical field of view 340 x340 mm; 5 foldt BLASTbroad-use linear acquisition
speedup technique]acceleration with 11 interleaved training profiles; 3 shaxis
slices [basal, mid ventricle and apical] with 10mm thickness and IL2mm
acquired inplane spatial resolution). For 3D nbgsion imaging, aspoiled fast
saturation recovery gradientecho sequence was used (TR/TE/flip angle
1.8ms/0.7ms/15°; saturation prepulse delay 150ms; linkapace encoding; 70%
partial Fourier acquisition in two dimensions; typical field of view 350 x 350mm; 10
fold k-t acceleration and 11 training profiles leading to a net acceleration of 7.0;
typical acquisition duration 192m&;t BLAST reconstruction; reconstructed to 12
contiguous shoraxis slices with voxel size Z3.3x5mm?). Stress perfusion images
were acquied during intravenous adenosifirduced hyperaemia administered for
4min at 140mcg/kg/min. Consistent with previolks BLAST facilitated perfusion
CMR studies, an intravenous bolus of 0.075mmol/kg of gadobutrol (Gadovist, Bayer
Schering Pharma, Berlinefany) was administered at a rate of 4.0ml/s followed
by a 20ml saline flush. Stress perfusion CMR was followed by cine imaging covering
the left ventricle in 1012 shortaxis sections. Rest perfusion CMR was performed

15min after stress, using identicaimaging parameters. Late gadolinium
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enhancement (LGE) imaging was performed in all patients on their first visit only,
after an additional 1.5min usinga 2D T1 weighted segmented inversion recovery
gradient echo method ([TR/TE/flip angle 4.9ms/1.9ms/15%nversion time
individually adjusted according to Lotkcker scan; spatial resolution 1.35 x 1.35 x
10 mm; contiguous shoixis slices to cover L\)ase examples of both acquisitions

are shown irFigures 1.141.13 and Figure 4.1
4.3.3 CMR Analysis

4.3.3.1Visual Andysis

Perfusion CMR images were anonymised, randomly ordered and visually reported
by 2 observers3P, AKM; >10yrs and 2yrs experience respecliy®ymnass MR 7.5,
Medis, Leiden, The Netherland$he presence or absenceaperfusion defect was
recorded by both observers acting independentlyn case of disagreement,
arbitration froma third observer was sought (JPG, wEOexperienck A perfusion
defect was defined as an area of reduced signal intensity on stress perfusion images
compared to remotemyocardium or the presence of an endocard@epicardial
perfusion gradientPlein et al., 2008a)Additionally, any perfusion defect was
required to persist longer than the contrast figgass to distinguish it frorartefact
Corresponding LGE images were reviewed-bidside wih the perfusion data.
Perfusion defects present at stress but not rest and occurring outside any-hyper
enhanced myocardial tissue on LGE images were considered as inducible defects
(ischaenm)(Motwani et al., 2012a) Image quality and diagnostic confidence were
graded by both observers in consenslmage quality was graded 0 to 3 fQun-

interpretable, 1= poor, 2 =adequate, 3= hgh). Occurrence of artefacts relatedke
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t reconstruction, respatory motion, electrocardiogragh gating, and endocardial

dark rim artdact was scored between 0 and 3fGone, 1= minor, 2= moderate, 3

= severe). Using the AHA 16 segment model, diagnostic confidence was recorded
for each perfusion territory (0= uncertain, 1= low confidence, 2= high

confidence]Cerqueira et al., 2002)

4.3.3.2Myocardial Ischaenic Burden

For both highresolution and 3D acquisitions, the total perfusion defect (TPD) as
percentage myocardium was determined by dividing the area of any perfusion
defect by the area of total myocardium (both contoured on stigsgusion images)

and multiplying by 100. All perfusion defects were contoured by an experienced
observer(AKM, 2yrs experiengat the frame of maximal myocardial signal intensity
determined by a region of interest drawn in remote myocardium. Contiguous
perfusion defects across different perfusion territories were contoured as a whole;
non-contiguous perfusion defects were contoured separately and summed. Total
scar burden (TSB) in percentage myocardium was determined by dividing the total
area of any hyprenhancement by the area of total myocardium (both contoured on
LGE images) and multiplying by 18ocardial hyperenhancement for LGE images
were defined as areas with signal intensi® SD above the mean signal intensity of
remote myocardiunKidambi et al., 2013Jor each acquisition, MIB as percentage
myocardium was calculated as by subtracting TSB from TPD. Any negative values for
MIB were normalised to zero (i.e. mrhaenia). To determine the reprodubility of

MIB assessment, the analysis was repeated in 10 randomly selected patients 1
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month later by the same observer (AKMhd by a second observer (DPR, >3 years

of experience) blinded to the rels of all previous analyses.

4.3.4 Quantitative coronaryangiography

Quantitative coronary angiogragh(QCA) was performed (QCAPIus, andata
Systems, Palo Alto, CASA on allanonymised Xay angiography image#l1.M. 8
years experience in coronary angiographygignifiant CAD was defined
angiographtally asluminal stenosisx 1% diameter in any of the main epicardial

coronary arteriesort8 A NJ 6 NI yOKS& gmiK I RAFYSGSNI 2-

4.3.5 Statistical Analysis

Analysis was performed using SPSS version 21.0 (SPSS Inc, Chicago, lllinosis, USA). All
data arepresentedas mean = Snless otherwise stated. Group means were
compared using paired Studenttdsts. Ordinal data were compared using the
Wilcoxon signedank test. Linearcorrelations were assessedusing Pearson
correlation coefficients.All statistical tests wee 2-tailed and a p value <0.05 was
considered significantAgreement between highesolution and ® perfusion CMR
measurements fof PD and MIB were was assessed using BAintan analysis; and

the degree of agreement was determined as mean absoluterdifiee (bias) + 2 SDs

of the mean difference (95% limits of agreemernithe categorisation of MIB as <

10% or >10% by both techniquést & O2 YLJ NBR dzaAy 3 To2KSyQ
assess reproducibility, the coefficients of variatioa\{Efor intra and nter-obsewver

measurements were calculated.
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3D Stress Perfusion

LGE Imaging

‘

2D High-resolution Stress Perfusion

Figure4.1 3D versus Highesolution Perfusion CMR Case 5

A 45year-old man with previous PCI to the LAD presented with significant angina. The top pan
3D perfusion CMR (12 slices) at stress; the middle panel &i@hiveaging; and the bottom panel sho
2D high-resolution (1.1 mm uplane) perfusion CM& stress, all performed at 3.0 T. 3D perfusion
shows stresenduced hypoperfusion throughout the anterior wall from base to apex, well beyo
area of scar seen in the maohterior wall on LGE imaging (solid arrows = scar; dashed arriseisaenia
beyond scar)The 3slice 2D high-resolution techrgque did not demonstrate any significaigchaenm
beyond the established scar in the mightricle. Xray angiography confirmed a subtotal occlusion
large diagonal branch, accounting for the anteiigrhaenia.
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4.4 Results

4.4.1 Study population

Of the 30recruited patients, 28 completed both perfusion CMR acquisitions (2
patients did not return for a second scan due to claustrophobia). Data from one
patient was excluded due to a mistimed contrast injectidaring their high
resolution perfusion acquisition. Therefore, paired perfusion CMR scan data from 27
patients were asilable for the final analysis. All of these 27 patients underwent
coronary angiography within 6 weeks of their second CMR scan (8 {sabiefore

CMR; and 19 patients after CMR), and all had evidence of significant CAD as defined
by QCA. Furtheriaical details of the 2 patients are summarised in Taldel. The

mean interval between perfusion CMR scans was 17 + 38 days. There was no
sigrificant difference in the haemodynamic stress response durdiy high
resolution and 3D wholeheart perfusion CMRmaging (rate¢pressure product,

mmHg x beats/min: 10274 226 vs. 10219 + 2259; p=0.89).

4.4.2 Diagnostic Confidence anidnage Quality

No imagesvere graded as unusable and therefore there werdumther exclusions
from the image analysis for either techniqguenage quality (median score = 2 for
both; p=0.52) and artefact scores (median = 1 for both; p=0.87) were similar for both
techniques. Diagostic confidence was high for both techniques in all three perfusion

territories (all median scores = 2; all p values between methods were > 0.05).
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Table4-1 Patient Characteristics

Parameter Data (n=27)
Age (yrs £ SD) 64+ 11
Sex, n (%)
Male 23 (85)
Female 4 (15)
Clinical history n (%)
Hypertension 11 @1)
Hypercholesterolemia 15 66)
Diabetes Mellitus 4 (15)
Smoking 9 33
Previous Ml 16 (59
Previous PCI 8 30)
CCS Angina Scale, n (%)
No angina or atypical symptoms 1(4)
Class 1 11 (41)
Class 2 11 (41)
Class 3 4 (15)
Class 4 0 (0)
CMR Imaging data
LV EDMmlI/m?) 90+21
LV ESMml/m?) 40+ 14
LV SUmlI/m?) 49+10
LVmassindex(g) 48+11
LV EF (%) 54 +8
Angiographic data
No significant CAD 0 (0)
1vD 17 (63)
2VD 5(19)
3VvD 5(19)
LAD disease 19(70)
LCX disease 11 (41)
RCA disease 12 (44)

CCS = Canadian Cardiovascular Society Angina Grading Scéd; vantricular; EDV=
end-diastolic volume; ESV = esgstolic volume; EF = ejection fraction; CAD = coronary

arterydiseaseRSFAY SR |4 aGSy2ara xtmx>0T 5 I @S
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4.4.3 Total Perfusion Defect

All 27 patients (100%) were found to have perfusion disféy both observersTPD

by 2D highresolution and 3Dwhole-heart acquisition showed strong positive
correlation (r= 0.75; p<0.001) and there was no significant difference in mean TPD
values (9.1 £ 5.7% vs 7.8 + 5.8% respectively; p=0.A&¢ was no systematic bias

for estimates of TPD between techniques (mean biak.26%, bias 95% €2A:8 to

0.4%) and the 95% limits of agreement we9e3% to 6.8%Figure 4.2

4.4.4 Myocardiallschaenic Burden

MIB by2D high-resolution and 30whole-heart acqusition showed strong positive
correlation (r = 0.72; p<0.001) and there was no significant difference in mean MIB
values (4.3 + 5.2% vs 4t14.9% respectively; p = 0.8Bigure 43). Theae was no
systematic bias for estimates of MIB between techniquesgmbias =0.17%, bias

95% CH1.7 to 1.3%) and the 95% limits of agreement wei®5% to 72% (Figure

4.4).

Out of the 27 patients, MIB was found to be >10% by both methods in 3 patients;
and <10% by both methods in 17 patients (including 4 patientsantMIB of 0% by

both methods). In 7 of the 27 patients the two methods disagreed at the 10%
threshold: in 3 patients, the higiesolution method estimated MIB as > 10% but 3D
acquisition estimated it as <10% (MIB difference = 4.1 + 2.6%); and in Atpatie
high-resolution method estimated MIB as <10% but 3D acquisition estimated it >
10% (MIB difference = 9.3 = 1.2%). Overall, when used to categorise MIB as >10% or
<10%, there was only fair agreement between the two techniques (kappa = 0.29,

95% Cl:0.12:0.70)(Figure 43).
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All 16 patients with a prior history of Ml had evidence of hyperenhancement on LGE
imaging. There were no cases of LGE hyperenhancement without a clinical history of
MI. In 8 out of the 16 patients (50%) with prior MI, a negatMIB value was
determined with both 2D and 3D methods (normalized to zero for subsequent
agreement analyses). There were no cases where only one of the techniques

determined a negative MIB value.

After categorisingpatients into prior Ml (n=16) or no Ml (n=11), there were no
significant differences in mean MIB values between 2D and 3D methods for either
group (MI: 1.9 £ 3.9% vs 1.4 £+ 3.3%, p = 0.55; No MI: 8.4 + 4.7% vs 8.6 £ 3.7%, p =
0.93). Similarlythere was nosystematic bias for estimates of MIB between
techniques for either the MI group (mean bias0=41%, bias 95% €11:8 to 1.0%,

95% limits of agreement5.7% to 5.0%) or the no MI group (mean bias = 0.23%, bias

95% C13.5 to 4.0%, 95% limits of agreemerit0.0% to 10.5%).

4.4.5 Reproducibility

The ntra-observer GV for MIB estimates from higtesolution and 3D perfusion
CMR were9% and 12%respectively. Correspondingo for interobserver

reproducibility were 14% and 15%&spectively.
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Figure4.2 TPD (%): 2D Higlesolution vs. 3D Perfusion CMR

The BlandAltman plot showsno systematic bias for estimates of TPD between 2D-

resolution and 3D techniguésiean bias =1.26%, bias 95% €2:8 to 0.4%) anthe 95% limit

of agreement were9.3% to 6.8%TPD = total perfusion defect as percentage myocardil
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2D High-resolution MIB (%)

0 5 10 15
3D Whole-heart MIB (%)

Figure4.3 Correlation between lfjh-resolution and 3Destimates of MIB

There was strong positive correlation between estimates of MIB fromrasghution 2[
perfusion CMR and from 3D perfusion CR 0.72 p<0.001) The dotted line indicat
the 10% MIB threshold. MIB = myocardial ischaemic burden
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Figure4.4 MIB (%): 2D Highesolution vs. 3D Perfusion CMR

The BlandAltman plot shows no systematic bias for estimates of MIB between 2E
resolution and 3D perfusion CMR technig(regan bias =0.17%, bias 95%l:-1.7 tc
1.3%) and the 95% limits of agreement wefté% to 7.2%aMIB = myocardial ischaen

burden as percentage myocardium
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4.5 Discussion

The main findings of this study af® image quality and diagnostic confidence scores
are similar for boti2D high-resolution and 3Dvhole-heart perfusion CMRand 2)
although there is strong correlation and broad agreement between estimates of MIB
from both techniques, the 95% limits of agreement egkatively wide and therefore

a larger comparative study is néed before they can be considered interchangeable

- particularly when categorisg MIB as either side of 10%.

An accurate assessment BfiB is important because the extent adchaenm is a
marker of patient prognosisn the nucleaimagingsub-studyof COURAGE, patients
with a MIB>10% had a lower risk of death oil Mthey underwent revasculaasion
rather than optimal medical therapy alor{&haw et al.2008) Most data onMIB
have been derived from SPECT studlm# with advances in accelerated data
acquisition, 3D whokléeart perfusion CMR has become feasible and its role in
assessing MIB hadso beenevaluatedin a number of recent studie&Shin et al.,
2008; Jogiya et al., 2012; Manka et al., 2012; Jogiya et al., 2014; Manka et al., 2011)
In the first study, 3D perfusion CMR was shown to perform better than conventional
2D acquisition in estimating the size of perfusion defects in phant@@tsn et al.,
2008) Snce then severalclinical studies have demonstrated its feasibility and high
level of reproducibility for measuring MIB jpatients (Jogiya et a] 2012; Manka et

al., 2012, 2011)In particular, estimates of MIB from 3D perfusion CMR have been
used to confirm a reduction irschaenic volume following®CJ) have shown strong

correlation with the Duke Jeopardy Score (an invasive indeschienic burden)
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and have also been validated against FFR for the detection of significaiivi@Aka

et al., 2011; Jogiya et al., 2012; Manka et al., 2012)

A recent study by Jogiyat al found strongcorrelation between B perfusion CMR

and SPECT estimates of NHBS8 patients with confirmed perfusion defects on both
modalities(2014) Although the latter study found no systematic bias between 3D
perfusion CMR and SPECT estimatedIB, and therefore suggestd potential
interchangeability, thed5% limis of agreemat were relatively wide -14.3% to
13.1%). Considering that a 10% MIB threshold is often used to direct clinical
management, this caution is particularly relevant at the lower end of the MIB
spectrum givenhe clinical impact oéven a5-10%absolutedifference Nonetheless,
disagreementetween 3D perfusion CMR and SPECT estimates of MIB at the 10%

thresholdonly occurred in 3 out of 38 casesthe latter study(Jogiya et al., 2014)

On the other hand, investing acceleration into hgisolution 2D perfusion CRI
rather than 3D wholéheart coverage, also has potentiaénefits for MIB estimation
compared to standard 2D acquisition. As well as beingdesseptible to dark rim
artefact and having better slice correlation with LGE (which is acquired at a simila
spatial resolution)high-resolution perfusion CMRas alsobeen shown to detect
greater amounts osubendocardial ischaemia comparedgtandardresolution2D
acquisitions with particular benefit in patients with mulvessel diseas@Votwani
et al., 2012a, 2014a)In ore direct comparisonn 35 patients witrangiographically
confirmed3-vessel CAD, onR4 patients were found to hava MIB >10%vith a2D
standardresolution perfusiorCMR methoadtompared to 33 wth the highresolution
technigue(Motwani et al., 2014aHowever, unlike 3D wholkeart perfusion CMR,
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the 2D highresolution method has not yet b@ecompared to SPECT or angiographic

scores for MIB estimation.

Asboth 3D and higheesolution2D perfusion CMR offer compety benefits in MIB
estimation,their comparisonn the current studys well justified Although there has
been no previous directamparison of 3D wholdeart and 2D highesolution
perfusion CMR, the study by Jogiga al did compare MIB estimates from 3D
acquisition with estimates from 3 slices selected from Hzne 3D wholeheart
dataset (2014) The authors explicitly acknowledgedetHimitations of such an
extrapolation, including the impact of resolution and timing of acquisition in the
cardiac cycle, but the data offer sonmesight intothe impact of threeslice versus
whole heart estimates of MIB\lthough MIB estimatei Jogiy®S G | f an@ré@ & ( dzR
smaller from the threeslice analysisompared towhole-heart analysis (5.7% vs 6.8%
p=0.03), there was no difference in assigning patients to either medical or
revascularisation therapy when usinglinicalthreshold of 10% MIBJogiya et al.,

2014).

In our study, whichis the first direct comparison of higesolution2D and whole

heart 3D perfusion CMR acquisitiathere was only fair agreement across the 10%
MIB threshold(kappa = 0.29)In 4 of 27 cases, 3D perfusion CMR identified a
MIB>1®b, but estimates with 2D higiesolution perfusion CMR were <10%; and
conversely therewere 3 cases where MIB was > 10% with 2D egolution
perfusion CMR but not with 3D acquisitiofnese differences with potential clinical
impactlikelyrelate to thecompeting merits of both techniquese. complete spatial
coverage for ischemia detection including the apical cap with 3D acquisition, versus
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better detection of subendocardial ischemiathv high-resolution acquisition. As
these factorsare likely to afect individual patients differently according to tine
specific distribution of CAD, a singlest approach is difficult to define.
Furthermore with similar image qualityartefactand diagnostic confidence scores
for both 3D and higiresolution perfusion CMR, it remains difficult to conclude on
the preferred approach for MIB estimationparticularlyin the absence oé& true

reference standard

An additional finding in this studyas a negative MIB value, with both techniques
This was seemn 50% of patients with prior MAnd for the purpose of analysis was
considered to represent inducible ischemia. A potential reason for the occurrence of
negative MIB valuesnay be an issue of @amlequate ceregistration between
perfusion and LGE imaging slic8sich misregistratiomwould be expected tchave
most impact on the 2D perfusion technique in which only 3 perfusion slices must be
related to 12 LGE imaging slices. However, whilst 3D penfi@VIR may offer better
sliceto-slice registration with LGE imaging by virtue of greater spatial coverage, the
2D highresolution perfusion technique offebetter intra-slice registration by virtue

of the similar spatial resolution as LGEE2 vs 1.3nm). Which of these effects is the
most important in an individual patient, for an individual perfusion defect, cannot be
predicted, and depends on the precise inslice and interslice extent of any
perfusion defect, as well as the relative contributimiscar and ischemia. However,
both effects clearly have the potential to lead to the scenario where quantified TSB
from LGE imaging is larger than the TPD from either the 2Dragghution or 3D

whole-heart perfusion sequencefurthermore, it isrecognized that an infarct
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detected on LGE imaging may sometimes be underestimated or not seen on
perfusion imaging as a result of small size, heterogeneous infarct tissue
characteristics, or recanalization of the culpesselKlem et al., 2006 he findings
in this study highlight the difficulties in reliably assessing-péairct ischemia which
ideallyrequires intimate registration of perfusion and LGE imagegrms of both

spatial coverage anspatial resolutiorg and not just one variable in isolation.

Finally, therelativelywide 95% limits of agreement between 3D and higbolution
estimates of MIB in this studguggest thatestimates of MIBmay not be used
interchangeablyat present¢ particularly when categorising patients either side of

the 10% threshold. We would also apply the same argument to previous
comparisons of MIB by SPECT and 3D perfusion CMR. Instead, there is a need to
define the optimal prognostic MIB threshold foradeof these techniques separately

in future studies.

4.5.1 Study limitations

We acknowledge this is a pilatudy and only a larger study with prognostic
outcomes will determine whether the differences seen in MIB between techniques
are clinically meaningful. dthetheless, the findings from this exploratory data are a
reminderof the heterogeneityof availableperfusion CMR methodand theneed for
greater standardisation given the potential influence of factors such as spatial

resolution, temporal resolution anspatial coveragéNagel & Shaw, 2014)

This study investigated a population with a relatively high prevalence of previous Mi

(n=16) but we were primarily interested in the assessment of induagdbamia.
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In some cases, the presence of scar may have limited the detection of superimposed
inducibleischaenma, and it is possible that the assessmeniszhaenia may have

been more accurate in populations without previous Miimilarly, although a
population with a broader spectrum of MIB would have been more comprehensive,

our focus at the lower end around the 10% threshold is the most clinically relevant.

We acknowledge the use of QCA is an imperfect reference standard for ischemia.
However, our main airwas to compare the size of perfusion defects in patients with
CAD between techniques, rather than-egamine their diagnostic accuracy which
has been done previously. Although FFR is clearly a better endpoint for perfusion
studies, we considered QCA an gdate endpoint for this purposeFollowing this

initial pilot study, a larger study witan FFR endoint is planned.

4.6 Conclusion

This study adds to the ongoingetate about the comparative benefitef either
higher spatial resolution or greater spatial coverage in perfusion €M where
the optimal tradeoff lies Although estimate of MIB from highresolution and 3D
perfusion CMR are strongly correlated, the 95% limits of agreementedaigvely
wide andtherefore a larger comparative study is neededletermine if theycan be
considered freely interchangeabteparticularly around the clinically relevant 10%
threshold. Moreover, there is a need to define the optimppedgnostic MIB threshold

for each of these techniqueseparately.
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5  Sudy 4- Systolic versus Diastolic Acquisition in

Myocardial Perfusion Imaging with CMR

5.1 Abstract

Aim: The aim of this study was to compare myocardial blood flow (MBF) between
systole and diastole and determine theadnostic accuracy of both phases in

patients with suspecte@€AD

Methods: All patients gave written consent and the study was approved by the
regional ethics committee. Following coronary angiography, 40 patients (27 men, 64

+ 8 yrs) underwent stress/regierfusionCMRat 1.5T, acquired at endystole and
mid-diastole simultaneously. Based on angiographic stenosis >70%, patients were

Of FaaAFASR a KFE@Ay3 W 15Q 2N Wy2 airdaya
aS3AYSyia ¢6SNB INBegaBSR 1 Ra oRBGFEARNTEY 2
aidsSyz2araid 2N WNBY2GSQo a.C IyR Y&20l NRA
for each segment; and mean values in each phase were compared with paired t tests.

The diagnostic accuracy of each phase was determined reitkiveroperator

characteristic analysis.

ResultsTwenty-one patients (53%) had CAD. Resting MBF was similar in both phases
for normal and CAD patients (p>0.05). Stress MBF was greater in diastole than
systole in normal, remote and stenoslependent ggments (3.7% 1.50 vs. 3.1%
1.10 ml/g/min; 2.75+ 1.20 vs. 2.38& 0.99 ml/g/min; 2.49+ 1.07 vs. 2.23 0.90

ml/g/min; p<0.01). MPR was greater in diastole than systole in all segment groups
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(p<0.05). The diagnostic accuracy of diastole and systole were similar (area under

curve 0.79 vs. 0.82; p=0.30).

Conclusion Perfusion VIR estimates of stress MBF and MPR were greater in
diastole than systole in patients with and without CAD. Howeveth lpbiases had
similar diagnostic accuracy. These observations may be relevant to other dynamic

perfusion methods, includinGTand echocardiography.
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5.2 Introduction

The mechanical interaction between the myocardium and intramyocardial vessels
yields a uniquesoronary blood flow profile. Left coronary artery (LCA) blood flow is
predominantly diastolic when myocardial tension is low. Cardiac contraction in
systole causes compression of intramyocardial vessels with virtually no forward or
even retrograde systaliflow in the LCAYada et al., 1993; Hiramatsu et al., 1998;
Chilian & Marcus, 1982; Kajiya et al., 1985; Sabsiton Jr & Gregg, Bi®d flow in

the right coronary artery (RCA) shovess phasic variation with a small systolic
preponderance because right ventricular peak systolic pressure is much lower than
aortic peak systolic pressure and because the right ventricular wall offers less
mechanical compressive resistance. The distal 8gfents which supply part of
the left ventricle are however subject to the samaenodynamic conditions as the

LCA(Heller et al., 1994)

In dynamic myocardial perfusion imaging®yIR, CTgr contrast echocardiography,
myocardial blood flow (MBF) is estimated by tracing the myocardial passage of a
contrast agent. In order to limit the effect$ cardiac motion, data acquisition needs

to be limited to short windows in the cardiac cyc®D acquisition methods, which
prevail InOMR, typically acquire several sections of the heart in different phases of
the cardiac cycle in order to maximise sphtiaverage, while i8D methods, such

as CT or recent 3OMR methods, one cardiac phase is typically-gegermined for

data readout. In particular in view of the technical constraints, the potential effects
of cardiac phase on the acquired data and otinestes of MBF are generally not
considered in 2DMR methods. However, given the variability of coronary arterial
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inflow throughout the cardiac cycle, the impact of the cardiac phase on estimates of

MBF may be substantial.

A recent volunteer study has denstrated significantly greater perfusicdBMR-
estimates of MBF during hyperaemic stress and myocardial perfusion reserve (MPR)
in diastole than systoléRadjenovic et al., 201L0Yhether these relationships exist

in disease and whether there are potential diagnostic coouemces of varying

estimates of MBF between cardiac phases has not been investigated before.

The aim of this study was to compare MBF between systole and diastole and

determine the diagnostic accuracy of both phases in patients with susp&aé

5.3 Methods

5.3.1 Study Population

Forty patients who had undergone clinically indicated diagnostic coronary
angiography within the previous 30 days were recruited. All patients gave written
consent and the study was approved by the regional ethics committee. No coronary
intervention or clinical events occurred between angiography and recruitment.
Exclusion criteria were contiiadications toOMR imaging, adenosine or gadolinium
contrast agents or acute coronary syndrome within 6 months. Patients refrained

from caffeine for 24hrs prior t&MR. Cardiac medications were continued as normal.

5.3.2 OMR Imaging

QMR imaging was performed on a 1I5interaCV system (Philips Healthcare, Best,

the Netherlands) with a fivelement cardiac phased array receiver coil. Stress
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perfusionimaging was performed after 4 minutes of intravenous adenosine (140
mcg/kg/min) infusion. A bolus of 0.05 mmol/kg dimeglumine @zehtetate (Gd
DTPA) (Magnevist, Schering, Berlin, Germany) followed by 15 mls of saline flush
were injected into an antecubital vein at 5 ml/s (Spectris®, Medrad, Indianola, PA).
Rest perfusion images were acquired 15 minutes later followdd3®magng using

a standard protoco{Kramer et al., 2008)

Perfusion data were acquired the same 2D migentricular slice in both end
systole and midliastole using identical preparation and readout settings
(Radjenovic et al., 201 ulse sequence details were as follows: saturation recovery
gradientecho, 150ms preparation pulse delay, repetition time (TR) 2.7ms, echo time
(TE) 1.0ms, flip angle 15°, acquisition duration 135msfol parallelimaging

(SENS[Efield of view 320m, matrix 160 x 160mm, spatial resolution 2 x 2 x 1mm

5.3.3 Image Quality

Image quality was graded as£poor, 2=adequate, 3=excellent) by consensus of
two observers (S.P., M.M., 10 years and 1 year experience in perf@éh
imaging). The occurrerof endocardial dark rim artefacts was scored asifone,

1 =mild, 2=moderate, 3= severe). The width of any artefacts was measured using
electronic callipers with standardized window settings. All systolic and diastolic
images were analysed in sepée reporting sessions and randomly ordered by

readers blinded to the results for the other phase.
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5.3.4 Quantitative Image Analysis

Myocardial contours excluding any dark rartefact were outlined in QMass 6.1.6
(Medis, Leiden, the Netherlands) and segmeniatb 6 equiangular segments
(Cerqueira et al., 2002Yhe systolic arterial input function (AIF) was used for both
systolic and diastolic analysis to avoid potential variations in the AIF between phases
(Radjenovic et al.,, 2010)Signal intensity/time data were converted to
concentration/time data and MBF at stress and resitimated with Fermi
constrained deconvolution in MATLAB (The Mathworks Inc., Natick,(MAJsch
Herold et al., 1998; Biglands et al., 20IMPR was calculated by dividing hyperaemic

by resting MBF.

Ten random studies (60 segments) werearalysed one month later by the same
observer (M.M.) and by a second observer (A.L.) blinded to all previous analyses (one
FYR p @SINBEQ SELISNASYOS: NBaLISOGAGSteood
5.3.5 Coronary Angiography Analysis

X-ray angiography images were analysed by an experienced\adys@n.M, 6 years
experience) blinded t€@MR and clinical data. Quantitative coronary angiography
(QCA) was performed with QCAPIus (Sanders Data Systems, Palo Alto, California,
USAW{ AIYAFAOlIYG /!5Q g+a RSFAYSRmétet I (0 f
reduction) in vessels with a diameter of >2mm. Stenoses were assigned to
myocardial segments adjusted for arterial dominance and lesion locéHatel et

al., 2010; Cerqueira et al., 2002; Marie et 4b93) In patients with significant CAD,
Y&2O0FNRALFf &aS3YyYSyida oSNBSIOSYRIVNFABRA PHRD ¢

R2oyaiNBIFY 2F  aA3ayAFAOlI Yy &doBsgftddh a0 21
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coronary vessel or considered upstreafmany significant stenosisjand these two
groups were analysed separately. This distinction was undertaken as MBF and MPR
is reduced in remote segments in patients with CAD. Segments from patients without

lye aA3AYATAOIY G adSyxyasn OSNBND2Y aNRSANBF
5.3.6 Statistical Analysis

Analysis was performed using SPSS version 17.0 (SPSS, Chicago, Dat&) 8k
presented as mean = SD. Group means were compared using paired and unpaired
Studentt Sa G a FLIWINBLINAFGS® 5A&0NBGS RIGI
or Wilcoxon signedank tests as appropriate. All tests were titedled and a p value

<0.05 was considered statistically significant.

Receiveroperating characteristic (ROC) #&wses were used to determine the
diagnostic accuracy of quantitativ@ViR analysis in systole and diastole and to
determine the MPR with the greatest sensitivity and specificity to detect significant
CAD. Areas under the curve (AUC) were determined fromRO€ analyses for
systole and diastole and then compared using validated methods described by

Delong and DelonfPelong eal., 1988)

Arepeated measures on@ay analysis of variance test for withsnbject difference
(with GreenhouseGeisser correction for mulsample sphericity and Bonferroni
adjustment for posthoc analysisjvas used to compare the relationship (aady
trends) between MPR and severity of diseaSensitivity and specificity were
compared between systole and diastole using the McNemar tesia- and inter

observer variabilities for MPR quantification were calculated as the absolute
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difference betwen two measurements in percent of their mean aactording to

the methods of Bland and AltmgMartin Bland & Altman, 1986)

5.4 Results

5.4.1 Study Population

The patient characteristics of the 40 study patients (27 men, mean age 64 + 8 yrs)
are outlined in Table.1. QCA confirmé significant CAD in 21 patients (53%).
Thirteen patients (33%) had one vessel disease, seven (18%) hag$ael disease

and one (3%) had threeessel disease (Talie2).

AllOMR scans and data analyses were completed. A typical example of a patkent w
ischaenm is shown in Figur®.1l. A total of 240 segments in 40 patients were
therefore available for analysis in both systole and diastole. From the 19 patients
GAGK y2 AAIAYATFAOFLYyG /!5 2y v/!3X mmn Wy2
patients with significant CAD on QCA, 126 segments were derived and these were
FTdzNI KSNJ RAGARRBLISWRSE yaiyQ WHEHYSYAKE 6R2oYy &
aiSyz2arao yR yy WNBY2I(Sabstrackd VeSsgliioa 6 & d.
upstream of significant stersis). Only 5 patients had evidence of myocardial
infarction on LGE imaging (the same 5 patients with a clinical history) and this
involved only 4 of the 240 segments in the perfusion analysis (bearing in mind that

only the midventricular slice was analydg
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Table5-1 Baseline Patient Characteristics

All (n=40) CAD (n=21) No CAD (n=19 p Value

Demographics
Male, n (%) 27 (68) 16 (76) 11 (58) 0.37
Age, yrs 64 +8 65+8 63+8 0.49

RiskFactors for CAD, n (%)

Smoking 9 (23) 8 (38) 1 (5) 0.02
Hypertension 22 (55) 16 (76) 6 (30) 0.01
Diabetes 5 (13) 5 (24) 0 (0) 0.05
Previous PCI 4 (10) 4 (19) 0 (0) 0.11
Previous Ml 5(13) 5 (24) 0 (0) 0.05

Medications, n(%o)

Aspirin 32 (80) 21 (100) 11 (58) <0.01
Beta-Blocker 25 (63) 19 (90) 6 (32) <0.01
ACEInhibitor 23 (58) 19 (90) 4 (21) <0.01
Statin 25 (63) 20 (95) 5 (26) <0.01
Nitrate 6 (15) 6 (29) 0 (0) 0.02
Calcium Channel blocker 12 (30) 6 (29) 6 (32) 1.00

OMR imaging data

LVEF % 606 617 50+5 0.42
LVEDV, ml 150 = 22 153+ 16 147 £ 27 0.44
LVESV, ml 6314 66 + 14 60 14 0.19
LV Mass, g/m 93+ 25 100 £ 25 8724 0.11
Stress Heart Rate (beats/min) 80 + 15 79 £12 82+13 0.65
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Table5-2 Coronary Angiography Findings

QCA findings Patients, n (%)
No significant stenoses 19 (48)

Any stenoses >70% 21 (53)
1-vessel disease 13 (33)
2-vessel disease 7 (18)
3-vessel disease 1(3)

LMS disease 3(8)

LAD disease 9 (23)

LCX disease 4 (10)

RCA disease 6 (15)

N

1

DIASTOLE SYSTOLE

DIASTOLE SYSTOLE

Figure5.1 Case ExampleSystolic vs. Diastolic Acqusition

ExampleperfusionOMRimageswith acquisition in diastole and systol€his patier
had a subtotal occlusion of theft anterior descending arterfzorresponding stre
perfusion defects (white arrows) are seen in theesor, anteroseptal an

inferoseptal segments of a migntricular slice acquired in both diastole and sy:
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5.4.2 Image Quality

On per patient analysis (n=40), overall image quality was better for systole than
diastole (mean score 2.7430.51 vs. 2.250.74 respectively; p=0.002) with a greater
incidence of dark rinartefact in diastolic images (n=10 [25%] vs. n=1 J3%gure.

5.2). The corresponding meantefactscores were 0.531.01 for diastole and 0.03
+0.16 for systole (p=0.008). The meamefactwidth was 2.4mm for diastole; and

the single dark rinartefactin systole had a width of 2/&m and was graded as only
mild. Four of the 10 artefacts in diastole were graded as severe, 3 as moderate and

3 as mild.

DIASTOLE SYSTOLE #

Figure5.2 Dark rim artefact: Systole vs Diastole
In this exampledark rimartefacts (white arrows) are seen on the diastdiMR perfusic
image(mid-ventricular level)n the septal and lateral ggnents during adenosine stress lan¢

not seeron the corresponding systolinage.
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5.4.3 Quantitative Image Analysis

5.4.3.1Per Patient Analysis

In the patients with CAD (n=21), the mean resting MBF was similar between phases
(1.13£0.46 ml/g/min in systole vs. 1.1#40.47 ml/g/min in diastolep=0.40). Stress

MBF however was greater in diastole than systole (2:49.07 ml/g/min vs.
2.23+0.90 ml/g/min; p=0.004) and so was the MPR (22677 vs. 2.03 0.56;
p=0.02). The same relationship was found in patients with no significant CAD (n=19).
The mean resting MBF was similar between systole and diastole @.Q232
ml/g/min vs. 1.12+ 0.31 ml/g/min; p=0.5). Stress MBF was greater in diastole than
systole (3.5% 1.22 ml/g/min vs. 3.1& 1.07 ml/g/min; p=0.02) and so was the MPR

(3.44+1.78 vs3.05+ 1.61; p=0.10).

5.4.3.2Per Segment Analysis

The above relationships remained present on segmental analysis (n=240) in each of

the three groups of segments (Figurs3 and %4) i.e. MBF was not different

between phases at rest, but both stress MBF and MPR were significantly greater in
RAFaG2tS GKIyYy -RSLESY2R Sy A owWarioSyyv2sa AMNE Y 2 (i S
control segments (n=114) (p values<0.00here was a good o®lation between

systolic MPR and diastolic MPR (r=0.78; p<0.0001) between all segments.
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[l systole

4500 [ piastole

p<0.0001

3.00

MPR

2.004

1.00 1

Normal Remote Stenosis-dependent
CAD group ———

Figure5.3 MPR Systole versus Diastole
A comparison of MPR between systole and diastole. Segmental MPR (médhis Stow

for normal segments, remote CAD segments and stedegisndent CAD segments.

5.4.4 Diagnostic Performance

Ly o6020K aeaiz2fS FyR RALFLaAG2tST GKS YSIy
segments (systole 2.780.75, diastole 3.1& 1.11),A Y G SNX¥SRA I GS Ay G
CAD segments (systole 2.28.69, diastole 2.52n ®dy o0 YR t2¢Said Ay
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difference between all segment categories (p values0OsP.and for the trend

(p<0.001) (Figures.3 and5.4).
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Figure5.4 MPR for CAD detectionSytolic and Diastolic Boxplots
Systolic and diastolic MPR by disease category. Boxplots show mean (dot), maditite anc
standard deviation values for each category. Optimal diagnostic MRBffsuare plotted a

dashed line (1.95 in systole, 2.04 in diastole).
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ROC analysis (using all 240 segments) for distinguishing angiographically significant
stenosis fromnon-significant stenosis (combining remote CAD and normal control
segments), revealed similar diagnostic accuracies for the MPR in both systole and
diastole (AUC of 0.82 and 0.79 respectively; p=0.30). The optimal MR calue,
defined as the value ih optimal sensitivity and specificity, was 1.95 for systole and
2.04 for diastole. At these thresholds the sensitivity and specificity were 79% and
76% respectively for systole and 77% and 73% for diastole. There was no significant
difference between sysle and diastole for diagnostic accuracy (AUC), sensitivity or

specificity (p values >0.05) (Figur&,5Tables.3).

There was no significant difference between the ratio of diastolic stress MBF to

systolic stress MBF across the three groups of segniefits/ 2 NY | £t Q MPHNp N D
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Figure5.5 ROC curve of quantitative perfusiddMR using MPR.
The area under the curve was 0.82 for sysanie 0.79 for diastole (p=0.30).
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Table5-3 Diagnostic Performance of Perfusi@@R: Systole vs. Diastole

Systole Diastole p Value
AUC 0.82 (0.760.89) 0.79 (0.720.87) 0.30
Sensitivity 79%[30/38](64-90) 76% [29/38] (6688) 0.99
Specificity 77% [155/202] (7B2) 73% [147/202] (679)  0.31

*(95%Clgiven in brackets). Sensitivityd specificity expressed ag[f#action]

5.4.5 Intra-observer and Interobserver Variability

Intra-observervariability of MPR measurement was similar in systole and diastole
(2.0£12.6% vs. 2.216.7%; p=0.96); as was irHebserver variability (4.8£17.9% vs.
4.9+ 19.1%; p=0.98). On Bladtman analysis the intraand interobserver bias
was similar foboth phases (intrabbserver bias:0.04+0.49 vs-0.10£ 0.71; inter

observer bias: 0.020.72 vs. 0.1& 0.81, for systole vs. diastole, respectively).

5.5 Discussion

This study has shown that in patients with suspected and confirmed CAD, estimates
of MBRoy OMR imaging are similar in systole and diastole at rest, but are significantly
higher in diastole during maximal hyperaemic stress. Accordingly, the MPR is greater

in diastole. Diagnostic accuracy is similar between the two phases.

The differences imyperaemic MBF between systole and diastole in this study are
consistent with the reduced effects of adenosimediated vasodilatation in systole
when myocardial contraction compresses intramyocardial vegbi#lamatsu et al.,

1998; Yada et al., 1993Dur ddéa are also consistent with the sparse existing
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literature. A study of 5 healthy subjects with a dpalase 3D perfusioBMR method
showed no differences between the two phases with sgomntitative analysis of
resting perfusion(Shin et al., 2010)A study in 17 healthy volunteers usiag2D
perfusionCOMR method confirmed similar MBF values at rest but higher estimates of
diastolic MBF at stregRadjenovic et al., 201.0Pne small animal study using real
time myocardial contrast echocardiography demonstrated higher estimates of MBF
using enddiastolic fames than with eneystolic frames under hyperaemic stress
(Leongpoi et al., 2001Pur results show that the differences betwesystolic and
diastolic MBF seen in animal and volunteer studies are also found in patients with

CAD and in the presence of myocardéahaenia.

The optimal MPR cuiff values to detect significant CAD (1.95 for systole and 2.04
for diastole) were withirthe range (1.82.06) reported in previous studi¢Rieber et

al., 2006; Futamatsu et al., 2007;%dadi et al., 2000; Watkins et al., 2009; Costa et
al., 2007) Quantitative analysis with MPR yielded high diagnostic accuracies in both
systole and diastole (AUC 0.82 and 0.79 respectively). Importantly, due to study
design and the limitations of 2D acquisition, these results were obtained from only
a single midventricular section. Sensitivity in particular may be higher if more

sectionsare acquired, for example in future 3D perfusidvR imaging studies.

Dark rimartefactis a frequent finding in myocardial perfusi@NIR imaging and it is
GK2dzaKG G2 NBEFGS (2 aSOSNIt FIFO0G2NER Ay
by truncation ofk-space, noruniformity of k-space weighting due to saturation

recovery and readout, and partial volume cancellation between the ergbem and

blood pool(Kellman & Arai, 2007Although dark rim artefacts may mimic perfusi
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defects, they can usually be distinguished by characteristic features i.e. they are most
intense at peak signal intensity in the left ventricle cavity, are transient (persist for
less than 10 dynamic images) and their location is usually typical fotiaydar pulse
sequence. Our study found dark riamtefact was significantly more abundant in
diastole (only 1 mildirtefactin systole) and this is consistent with previous studies
(Plein et al., 20D, 2008b) Dark rimartefact may be more pronounced in diastole
because the myocardium is thinner, making it more prone to partial volume effects

at a given spatial resolutiofiKellman & Arai, 2007)

In conventional 2D myocardial perfusi@R methods, cardiac phase cannot be
freely chosen as multiple 2D sections of the heart are acquireztessively
throughout the entire cardiac cycle. Thus, the impact of phase on estimates of MBF
in 2D myocardial perfusio@VIR imaging may be difficult to consider and potentially
even complicate data analysis. However, the adven8BfOMR and CT imaging
allows for contiguous coverage of the whole left ventricle in a single cardiac phase,
which avoids misregistration problemsbut the optimal phase has yet to be
determined (Shin et al., 2008)In middiastole the heart isusually at its most
stationary, but as shown, may be more affected by darkaitefact Endsystole has

a shorter quiescent period, but is less sensitive tB Rariability and arrhythmia,
which is relevant to the increasing burden of patients with afitaillation (Kellman

& Arai, 2007) Systole is less affected by dark rim artefacts amttaur delineation

is easier because of the thicker myocardium. Given the comparable diagnostic
performance between the two phases in this study, systole may thus be the favoured

cardiac phase for data acquisition@VR imaging, if a choice can be made.
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In this study, MPR was greatest in segments of patients with no CAD, intermediate
in remote segments of patients with CAD and smallest in segments downstream of
a significant stenosis (FiguBe3). This stepwise reduction in MPR related to the
severity of CAD has been shown in previous studies using positron emission
tomography and fractional flow reservgockie et al., 2011; Watkins et al., 2009
Costa et al., 2007; Aaadi et al., 2000; Rieber et al., 2006; Patel et al., 2@4D)
shown in previous PET studies, coronary flow and myocardial perfusion reserve are
impaired in patients with CAD even in the absence of fiaviting stenosis dued
endothelial dysfunction and alterations in the microcirculation associated with CAD
and its risk factor¢Beanlands et al., 1995; Muzik PhD & Duverd®@8; Wang et

al., 2006) In addition to existing literature, our data have shown that the ratio of
diastolic to systolic stress MBF is similar in the absence of CAD, in the presence of

significant coronary stenosis and in remote myocardium in CADmistie

5.6 Limitations

Like the majority of previous myocardial perfusi@VR studies, we used-bay
angiography to determine the presence of significant coronary stenosis. Although
MPR performed well in our study, perfusion imaging is a measurement of the
haenpbdynamic consequences of a stenosis rather than its anatomy so that QCA is
an imperfect reference standardLockie et al., 2011)lit is also impa@ant to
acknowledge that myocardial segments and vessel territories do not always match;
and that both remote and stenostependent myocardium can be found in the same

myocardial segments which are limitations of per segment analyses.
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In order to obtain gstolic and diastolic perfusion data in the same location and
within the same acquisition using conventional €MIR imaging, this study was
limited to the assessment of a single nvidntricular slice. This was a technical
necessity and only by compromisitegnporal resolution with consequent impact on

the validity of MBF estimates could we have overcome this limitation. Clearly, only
analysing a single slice will have led to an underestimation of diagnostic performance
in both systole and diastole. Furtheare, this study could not assess differences
between cardiac phases in apical and basal myocardial segments, which may behave
differently to the midventricular location. Future studies using 3D myocardial

perfusionOMR will be needed to address these issu

Quialitative visual analysis was not performed as the limitation to a single slice is not
in keeping with clinical practice and it was felt this would be an inadequate endpoint

to judge the difference between the two phases.

5.7 Conclusion

In conclusion systole and diastole provide similar estimates of MBF at rest in
patients with suspected CAD; but measurements of MBF during stress are
consistently greater in diastolén normal, remote CAD and stenosispendent CAD
segments. However, in this study tbeerall diagnostic accuracy of both phases was
similar. If open to choice, systole may be the preferred phase as the thicker
myocardium is less demanding on spatial resolution and is less proadet@act
These results are relevant to any form of dynamigocardial perfusion assessment

and are of particular relevance to the promising developments irfCBIR and CT
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perfusion imaging where the cardiac phase for data acquisition can be specifically

chosen.
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6  Study 5- Quantitative ThreeDimensional Perfusion

CMRIin Systole and Diastole

6.1 Abstract

Background:2D perfusion CMR remains limited by a lack omplete myocardial
coverage. 3[perfusion CMR addresses this limitation and has recently been shown
to be clinically feasible. However, the feasibility andgotial clinical utility of
guantitative 3D perfusion measuraents, as already shown with Zi2rfusion CMR
andPET has yet to be evaluated. The influence of systolic or diastolic acquisition on
myocardial blood flowNIBF estimates, diagnostic accuracydiimage quality is also
unknown for 3D perfusion CMR. The purpose of this study was to establish the
feasibility of quantitative8D perfusion CMRr the detection ofCADand to compare

systolic and diastolic estimates MIBF.

Methods: Thirty-five patientsunderwent 3Dperfusion CMR with data acquired at

both endsystole and midliastole. MBF and myocardial perfusiorseeve (MPR)

were estimated on aper patient and per territory basis by Fergonstrained
deconvolution. Significant CAD was defined as siehoa X1 /82 2y | dzI

coronary angiography.

Results:Twenty patients had significant CAD (involving 38 out of 105 territories).
Stress MBF and MPR had a high diagnostic accuracy for the detection of CAD in both
systole (area under curve [AUC]: 0.95 and 0.92, respectively) and diastole (AUC: 0.95

and 0.94). mere were no significant differences in the AUCs between systole and
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diastole (p values >0.05). At stress, diastolic MBF estimates were significantly greater
than systolic estimates (no CAD: 3£21.50 vs. 2.7%0.42ml/g/min, p<0.0001; CAD:
2.13+£0.45\s. 1.98+ 0.41ml/g/min, p<0.0001); but at rest, there were no significant
differences (p values >0.05). Image quality was higher in systole than diastole

(median score 3 vs. 2, p=0.002).

Conclusions Quantitative 3Dperfusion CMR is feasible. Estimates MBF are
significantly different for systole and diastole at stress but diagnostic accuracy to
detect CAD is high for both cardiac phases. Better image quality suggests that systolic

data acquisition may be preferable.
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6.2 Background

Myocardial perfusion imaging wit€MRis a highly accurate technique for the
detection of CAD(Greenwood et al., 2012However, conventional acquisition with
2Dmethods covers only-8 nortcontiguous slices of thieVat each RR interval, and

therefore incomplete myocardial coverage remaansignificant limitation.

Recent technological advances have allowed unprecedented acceleration of
dynamic CMR and the development 8D myocardial perfusion CMR methods
providing full LV coverage with preserved temporal and spatial resolMitanis et

al., 2011; Shin et al., 2013; Chen et al., 20TB)ee recent studies have shown-3D
perfusion CMR to be clinically feasible and highly accurate for the detection of CAD
with visual perfusion assessme(lanka et al., 2011, 2012; Jogiya et al., 2012)
However, the feasibility and potential clinical application of deriving quantitative

estimates ofMBF from 3perfusion CMR has not yet been studied.

A further limitation of conventional 2[perfusionCMR is that each slice is acquired
in a different period of the cardiac cycle. Two recent quantitative studies have shown
a significant difference in MBF estimates derived from the samevendricular slice
acquiredin systole and diastole with 2perfuson CMR(Radjenovic et al., 2010;
Motwani et al., 2012h)As well as limiting quantitative comparisons between slices
these significant phasic differences impact on irdardy and longitudink
comparisons of MBF. Unlike Ziérfusion CMR, 3D acquisition allows acquisition of
data from the entire myocardium in the same, optimised period ofdardiac cycle.
Most previows 3Dperfusion CMR studies have acquired data in systole but to date it

is unknown whether systolic or diastolic acquisition leads to better image quality and
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diagnostic yield. Furthermore, it is unknown whether quantitative estimates of MBF
from 3D data émonstrate the same phasic differences previously reported for 2D

techniques(Radjenovic et al., 2010; Motwani et &Q12b)

The purpose of this study was therefore to establishféesibility of quantitative 3D
perfusion CMR for the detection d@ADand to compare systolic and diastolic

estimates ofMIBF.

6.3 Methods

6.3.1 Population

Forty consecutive patients with known orspected CAD were recruited. All patients
were imaged within 30 days of clinically scheduled diagnostic coronary angiography.
No revascularization or clinical events occurred between angiography and CMR.
Exclusion criteria were contraindications to CMR raa$ne, or gadolinium contrast
agents, recent myocardial infarction (MI) or unstable angina (within 6 months), or
poorly controlled arrhythmias. Patients were instructed to refrain from caffeine for
24 hours before their CMR study but continue cardiac rathns as normal. The
study was approved by the regional ethics committee and all patients gave written

consent.

6.3.2 CMR protocol

All studies were performed on a 3.0T scanner (Achieva TX, Philips Healthcare, Best,
The Netherlands) equipped with dusburce paallel radiofrequency transmission

technology and a 32hannel cardiac coil. For perfusion imaging, a 3D spoiled turbo

165



gradientecho sequence was used (TR/TE/flip angle 1.8ms/0.7ms/15°; saturation
prepulse delay 150ms; linekispace encoding; 70% partkdurier acquisition in two
dimensions; typical field of view 350 x 350mm; 10 flitl acceleration and 11
training profiles leading to a net acceleration of 7.0; typical acquisition duration
192ms,k-t principal component analysis (PCA) reconstructionpmstructed to 12
contiguous slices with voxel size 2.3x2.3x5)idogiya et al., 2012; Vitanis et al.,

2011)

Two k-t undersampled 3D dataets were acquired in each-RR interval, each
preceded by a noiselective saturation prepulse. Vertical and horizontal lamgs

cine images were used to identify appropriate trigger delays for systolic and diastolic
acquisitionfRadjenovic et al., 2010; Shin et al., 2010; Motwani et al., 2012b)
Additionally, because of the longitudinal lengthening of the heart from systole to
diastole, the position of the endystolic and midliastolic perfusion stacks (12 slices
each) were individually planned from the chosen systolic and diastolic cine frames
(Figure6.1)(Radjenovic et al., 2010; Motwani et al., 201ZIHe same trigger delays

were used for stress and rest acquisitions.

Stress perfusion images were acquired during intravenous adenosioeed
hyperaemia administered for 4min at 140mcg/kg/min. Consistent with previous 3D
perfusion CMR studies, an intravenous bolus of 0.075mmol/kgyaxfobutrol
(Gadovist, Bayer Schering Pharma, Berlin, Germany) was administered at a rate of
4.0ml/s followed by a 20ml saline flush. Stress perfusion CMR was followed by cine
imaging covering the left ventricle in 4I2 shortaxis sections. Rest perfusi@MR

was performed 15min after stress, using identical imaging paramdi&Emaging
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was acquired in the same sheakis geometry as perfusion imaging after an

additional 1015min using conventional 2D methods (T1 weighted segmented
inversion recovery gdient echo; TR/TE/flip angle 4.9ms/1.9ms/15°; inversion time
individually adjusted according to Lotkcker scan; spatial resolution 1.35 x 1.35 x

10 mm).

Figure6.1 3D Acquisition Plannindgor Systoleand Diastole

Because of the longitudinal lengthening of the heart from systole to diastole, the position of
diastolic (red) and endystolic perfusion stacks (yellow) (12 slices each) were individually plann
the chosen diastolic (Panel A)bsystolic (Panel Byeghamber cine frames. Panel C shows both s

superimposed on the chosen esyktolic frame.

6.3.3 Image quality

Systolic and diastolic perfusion images were analysed in separate reporting sessions
in random order (MM, 2 yeamxperience of perfusion CMR). Overall image quality
was scored as follows:Hnon-diagnostic, = poor, 2=adequate and 3 excellent.

The occurrence ddrtefactrelated to respiratorymotion, k-t reconstruction ordark

rim artefactwas scored as follosv 0=none, 1= mild, 2 = moderate and 3 = severe.
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6.3.4 Myocardialblood flow estimation

Perfusion images were processed offline using previously validatdtbugse

software (PMI 0.4; written inOL 6.4 (ITT Visual Information Systems, Boulder,
COJHuber et al., 2012)All shortaxis slices with clearly identifiable LV cavity
enhancement during firspass perfusion and with >75% circumferential LV

myocardium were included in the analy§idanka et al., 2011, 2012)

6.3.4.1Per patient analysis

Following manual rigid motienorrection, a circular region of intese (ROI) was
drawn in the basal LV cavity in diastole, to derive the arterial input function (AIF).
The same (diastolic) AIF was used for both systolic and diastolic estimates of MBF in
order to avoid potential variations in the AIF between phases withssguent
effects on MBF estimatiofRadjenovic et al., 2010)

A wholeheart myocardial region of interest (ROI) excluding dagk rim artefact

was drawn for both systolic and diastolic perfusion images. Signal intetnsigy

data were converted to concentratietime data by subtracting the baseline signal,
and global MBF was estimated at stress and rest using constrained deconvolution
with a dehyed Fermimodel applied to the first pas@lerosckHerold et al., 1998;
Costa et al., 2007; Motwast al., 2012b)MPR was calculated asess MBF divided

by rest MBF.

6.3.4.2Per territory analysis

The above analysis was repeated on a per territory basis using teediiient AHA
model adjusted for coronary dominan¢€erqueira et al., 2002All slices from an
individual patient were first visually allocated to basal, mid or @pections of the
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model. For each perfusion territory, a myocardial ROl was then outlined including all
segments pertaining to that territory across all slices according to theetjfhent
AHA model. MBF and MPR estimates were obtained using the samghatgas for

the whole-heart ROI.

6.3.4.3Intra-observer and interobserver variability
Thirty random territories were r@analysed 1 month later by the same observer
(M.M.) and by a second observer A.K. (2yrs and 1yr experience respectively). A.K.

was blinded to tle results of all previous analyses.

6.3.5 Quantitative coronary angiography

Quantitative coronary angiography was performed (QCAPIus, Sanders Data Systems,
Palo Alto, CA, USA) on anonymisedayX angiography images (M.M. 6 years
experience in coronary angiograyh Significant CAD was defined as luminal stenosis

KT > RAFYSGSNIAY Fyeé 2F GKS YFAYy SLAOIFNR
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6.3.6 Statistical analysis

Analysis was performed using SPSS 17.0 (SPSS, Chicago, IL). Data are psesented
meanzSD. Group means were compared using paired or unpaired Stutdsts;t

or within-subjects analysis of variance with Greenho@sssser correction for mutti
sample sphericity, as appropriate. Ordinal data were compared using the Wilcoxon
signedrank test. Receiveoperating characteristic (ROC) analysis was performed on

a per territory basis, to determine the diagnostic accuracy of MPR to detect

significant CAD. Diagnostic accuracies are presented as area under the ROC curve
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(AUC); and were comped between systole and diastole using methods described
by Delong and Delong. Optimal MPR-offtvalues, for both cardiac phases, were
defined as values that maximised the sum of sensitivity and specificity. A secondary
ROC analysis was performed to ewduthe diagnostic accuracy of stress MBF
diastolic/systolic ratio. To assess reproducibility, the coefficients of variation (CoV)
for intra- and interobserver measurements were calculated. Because three
coronary territories were examined per patient, th@atra-cluster correlation
coefficient (ICC) was calculated for MPR estimates to determine the design effect
and the need to adjust data for clustering. All statistical tests wetal@d and a p

value <0.05 was considered significant.

6.4 Results

6.4.1 Study popuation

Five of the 40 recruited patients were excluded: 3 because of claustrophobia and 2
owing to technical problems (1 mistimed contrast injection; 1 significantly altered
patient position between stress and rest scans). A total of 35 patients (105argron
territories) were therefore available for analysis. TaBld shows the baseline
patient characteristics. QCA confirmed significant CAD in 20 patients (57%) and 38
coronary territories (36%)0nly 3 patients had evidence of Ml on LGE imaging (the
same3 patients with a clinical history of MI), and this involved only 3 of the 105
territories analysedFigure6.2 shows an example of the stress perfusion images

acquired in a patient with significant CAD.
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Table6-1 Patient Characteristics

Parameter Data (n=35)
Age (yrs = SD) 62+8
Sex, n (%)
Male 26 (74)
Female 9 (26)
Risk Factors, n (%)
Hypertension 18 (1)
Hypercholesterolemia 19 (54)
Diabetes Mellitus 6 (17)
Smoking 14 (40)
Previous Ml 3(9)
Previous PCI 3(9)
Angiography findings, n (%) *
No significant disease 15 (43)
Onevessel disease 6 (17)
Twovessel disease 10 (29)
Three-vessel disease 4 (11)
LAD disease 17 (49)
LCX disease 10 (29)
RCA disease 11 (31)

F{AIYATAOLYG RAZASHAS RSTAYSR & O2NBYF NE  &d
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Stress Perfusion - Diastole

Figure6.2 Case Examplé8D-Perfusion CMR in Systole and Diastole

This example shows 3igrfusion CMR in a Agearold man with angina. Stresaduced
perfusion defects are seen infdaierally from base to apex and antetaterally from mid
ventricle to apex in both diastole arsystole. However, perfusion defects are difficult to
discern fromdark rim artefact in diastole and are more clearly delineated with systolic
acquisition. Lategadolinium enhancement imaging did not reveal any myocardial infarction.
X-ray coronary angiogphy revealed 80% stenosis of a large diagonal branch and significant

proximal disease in a large dominant left circumflex artery.
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6.4.2 Image quality

Overall image quality was better in systole than in diastole (median image quality
score: 3 vs. 2 respectilye p=0.002). In diastole, there was a greater frequency of
dark rimartefact(19 patients [54%] vs. 9 patients [26%] and a higher ovaratfact

score compared to systole (median scores: 1 vs. O respectively; p<0.0001). In 5
patients (14%), perfusion iages (both cardiac phases) were affected by
reconstruction artefacts at stress and/or rest due to respiratory motion, but all of
these artefacts occurred at the end of the bredtbld and did not affect analysis of

the first-pass perfusion images.

6.4.3 Myocardial blood flow estimation

Estimates of MBF and MPR for both cardiac phases are seen in @akek On per

patient (n=35) and per territory analysis (n=105), mean resting MBF was similar in
both cardiac phases (all p values>0.05); but mean stresk &2l MPR were
significantly greater in diastole than systole (all p values <0.001). These relationships
existed in normal and CAD subgroups, as well as overall (all p values <0.01) (Tables
6.2-6.4). In both cardiac phases, stress MBF and MPR were sagtiifilower in the
presence of CAD than in normal patients (all p values<0.01) or normal territories (all

p values<0.0001) (Talsé.2-6.4).

Analysis of the normal patient group (n=15) found no significant regional differences
in stress MBF, rest MBF or MPR between the LAD, LCX or RCA perfusion territories

in both phases (all p values <0.05) (Tah).
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Table6-2 Estimates of MBF and MPR fromC3mensional Perfusion CMRPer Patient Analysis

Stress MBF (ml/min/g) Rest MBF (ml/min/g) MPR

Systole Diastole P Systole Diastole p Systole Diastole p

Normal (n=15) | 2.88 +0.32 3.47 +0.41 p<0.0001| 1.28 £ 0.17 1.26 £ 0.15 p=0.45| 2.27 £ 0.37 2.78 + 0.40 p<0.0001
CAD (n=20) 2.32+0.42 2.53+0.47 p<0.0001| 1.32+£0.19 1.28 +0.21 p=0.06| 1.82 + 0.54 2.08 + 0.74 p<0.001

Overall (n=35) | 2.56 + 0.47 2.93 £ 0.65 p<0.0001| 1.30 £0.18 1.27 +0.19 p=0.06| 2.01 + 0.08 2.38 +0.05 p<0.0001

Table6-3 Estimates of MBF and MPR fromC3mensional Perfusion CMRPer Territory Analysis

Stress MBF (ml/min/g) Rest MBF (ml/min/g) MPR

Systole Diastole p Systole Diastole p Systole Diastole p

Normal (n=67) | 2.75 £ 0.42 3.21 £ 0.50 p<0.0001| 1.24 + 0.15 1.25 + 0.15 p=0.27| 2.26 + 0.43 2.59 + 0.44 p<0.0001
CAD(n=38) 1.98 +£0.41 2.13 +£0.55 p<0.0001| 1.24 £ 0.15 1.26 £ 0.14 p=0.20| 1.63 +£0.14 1.72 +0.19 p<0.01

Overall (n=105) 2.47 + 0.55 2.82 + 0.71 p<0.0001| 1.24 +£0.15 1.25 £+ 0.15 p=0.10| 2.03 £ 0.52 2.27 £ 0.61 p<0.0001

All values expressed as mean * SIBF = myocardial blood flow; MP= myocardial perfusion reserv
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Table6-4 Regional Estimates of MBF and MPRer Territory (n=105)

Normal CAD

Systole Diastole p Systole Diastole p
Stress MBF (ml/min/g)
LAD 2.91+0.35 3.43+0.46 p<0.0001 2.11+0.46 2.28 £ 0.52 p<0.001
LCX 2.63+0.33 3.10 £ 0.44 p<0.0001 1.90+0.28 2.04 £0.28 p<0.01
RCA 2.77+£0.51 3.16 + 0.55 p<0.0001 1.85£0.39 1.97 +0.40 p<0.0001
Rest MBF (ml/min/g)
LAD 1.26+£0.17 1.30+0.17 p=0.10 1.21+0.12 1.23+£0.12 p=0.52
LCX 1.26£0.17 1.24+£0.13 p=0.56 1.22+0.14 1.20+£0.10 p=0.27
RCA 1.20+0.13 1.23+0.15 p=0.28 1.28+0.13 1.24 £ 0.16 p=0.26
MPR
LAD 2.35+0.42 2.68 £0.48 p<0.0001 1.75+0.37 1.87 £0.51 p=0.02
LCX 2.12+0.35 2.52 £0.38 p<0.0001 1.58+0.32 1.72 £ 0.29 p<0.01
RCA 2.33+0.51 2.59+0.48 p<0.001 1.46+0.34 1.60 +£0.34 p<0.01

All values expressed amean + SD. MBF = myocardial blood flow; MPR = myocardial

perfusion reserve; LAP left anterior descending coronary artery; LCX = left circumflex

coronary artery; RCA= right coronary artery.

Based on MPR estimates, the ICC for this study was low (r1 [EB@0CI:0.25 to

0.41]) with a design effect of 1.18 where cluster size=3. This shows that the study
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size of 105 coronary territories does not significantly dimintakistical power.
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Table6-5 Comparison of Bgional MBF and MPR Estimatesn Normal Patients

(n=15)

Perfusion Territory

LAD LCX RCA p
Stress MBF (ml/min/g)
Systole 295+0.36 2.66+0.29 2.88+0.46 P=0.11
Diastole 3.51+046 3.19+0.27 3.27x0.47 P=0.10
Rest MBF (ml/min/g)
Systole 1.27+0.17 1.29+£0.19 1.20+0.13 p=0.25
Diastole 1.29+0.17 1.27+0.14 1.22+0.15 p=0.47
MPR
Systole 2.36+042 210+0.32 2.45%0.53 P=0.06
Diastole 2.76+045 254+0.33 2.71+0.48 P=0.27

All values expressed as mean + SD. MBF = myocardial blood flow; MPR = myocardial
perfusion reserve; LAB left anterior descending coronary artery; LCX = left circumflex

coronary artery; RCA= right coronary artery.

6.4.4 Diagnostic performance

6.4.4.1Stress MBF
On a per territory analysis (n=105), the use of stress MBF alone had a high overall
diagnostic accuracy fahe detection of CAD which was similar in both cardiac

phases (AUC=0.95 for both; p=0.70). The optimal stress MBé&ffcualue was
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2.31ml/min/g for systole and 2.60ml/min/g for diastole. At these thresholds, the
sensitivity and specificity were 92% a88% respectively for systole; and 95% and
96% for diastole. There was no significant difference between the diagnostic
accuracy of MPR or stress MBF alone for either cardiac phase (both p values >0.05)

(Figure6.3)

6.4.4.2MPR

On per territory analysis (n=105),MR also had a high overall diagnostic accuracy for
the detection of significant CAD, and this was similar in both cardiac phases (AUC,
systole: 0.92 vs. diastole: 0.94; p=0.41) (FiguB&. The optimal MPR cuiff value

was 1.75 for systole and 2.02 foradtole (Figure6.4). At these thresholds, the
sensitivity and specificity were 82% and 93% respectively for systole; and 87% and
94% for diastole. The diagnostic accuracy of MPR to detect CAD in each of the 3
coronaryterritories is shown in Table.®¢ and no significant differences were seen

between cardiac phases.

6.4.4.3Diastolic/systolic stress MBF ratio

The diastolic/systolic stress MBF ratio was significantly lower for territories with CAD
than in normal territories (1.07+0.06 vs. 1.17+0.11; p<0.000h)ROC analysis, the
diagnostic accuracy (AUC) of this ratio to detect significant CAD was 0.79. The
optimal cutoff value for the ratio was 1.10 which gave a sensitivity of 82% and

specificity of 76% (Figu5).
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Figure6.3 Diagnostic Accuracy of Quantitative 3Berfusion CMR

(A) Receiveoperator characteristic curves shows a high diagnostic accuracy in both syst
diastole for MPR (area under curve [AUC]: 0.92 vs.reégpkctively; p=0.41). (B) Use of stress
alone also had a high diagnostic accuracy in both cardiac phases (AUC: 0.95 for both; p=

in fact there was no significant difference compared to MPR (p>0.05 for both cardiac phas:
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Figure6.4 Myocardial Perfusion Reserve Threshold

The scatteiplots show myocardial perfusion reserve (MPR) values from normal and signi
diseased perfusion territories with both systolic and diastoliepgusion CMR (x=mean value, s
line = median value). The optimal MPR-offtvalues determined by receiv@perating characterist

analysis are also plotted (dashed lines, 1.75f§@tole and 2.02 for diastole).

Table6-6 Diagnostic Accuracy of Quantitative 3perfusion CMR; Per Territory
(n=105)

AUC for MPR

Systole Diastole P

All territories ~ 0.92 (0.870.98)  0.94 (0.820.99)  p=0.41

LAD 0.89 (0.780.99)  0.90 (0.791.00)  p=0.76
LCX 0.88 (0.770.99)  0.98(0.931.00)  p=0.34
RCA 0.92 (0.860.99)  0.98(0.931.00)  p=0.50

Area under the curve (AUC) and (95% confidence interval) L& anterior descending

coronary artery; LCX = left circumflex coronary artery; RCA= right coronary artery.
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Figure6.5 Diastolic/Systolic Stress Myocardial Blood Flow Ratio

The ratio of diastolic to systolic myocardial blood flow at stress was significantly lo
territories with coronary artery diseag€AD) than in normal territories (1.07 + 0.06 vs.
+ 0.11; p<0.0001). On receiwgperator characteristic analysis, the diagnostic accuracy
under the curve) of this ratio to detect significant CAD was 0.79. The optirvaf gatue fo

the ratio was 1.10, which gave a sensitivity of 82% and specificity of 76%.
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6.4.5 Reproducibility

6.4.5.1Stress MBF

The mean absolute difference between invaserver measurements of stress MBF
was similar in systole and diastole (0.8®.14 vs. 0.35% 0.16; p=0.18); andhe
corresponding CoVs were 16% and 17% respectively. The mean absolute difference
between interobserver measurements of stress MBF was also similar in systole and
diastole (0.41+ 0.22 vs. 0.4% 0.20; p=0.11) with coasponding CoVs of 18% for

both.

6.4.5.2MPR

The mean absolute difference between intbhserver measurements of MPR was
similar in systole and diastole (0.300.15 vs. 0.36x 0.13; p=0.09); and the
corresponding CoVs were both 18%. The mean absolute difference between inter
observer measurementsf¢PR was also similar in systole and diastole (8.83.7

vs. 0.41+0.15; p=0.07) with corresponding Z® of 20% and 21% respectively.

6.5 Discussion

The main findings of ik study are 1) quantitative 3@erfusion CMR is feasible and
has a high diagnostiaccuracy for the detection of CAD; 2) similar to 2D studies,
estimates of stress MBF and MPR from 3D data are significantly greater in diastole
than systole; and 3) the diastolic dominance of stress MBF estimates is reduced in

ischaenm.

One of the limitatons of myocardial perfusion imaging and standard visual

interpretation is the dependence on a reference area of normal perfusion. This is a
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particular impediment in diffuse or balanced mutgssel disease. This limitation can
be avoided by using absolutpiantification of MBRPatel et al., 2010)At present,

the most robust technique to quantify MBF noninvasiveRES- but its widespread
clinical application has been slowed by limited acqésgander et al., 201). PET
imaging also involves exposure to ionizing radiation, and its spatial resolution limits

evaluation of transmural flow differences in normal thickness myocardium.

Over the last decade, several animal, normal volunteer and patient studies have
validated the use of CMR for absolute MBF quantification against microsphere and
invasive coronary flow reserve measuremef@éiristian et al., 2004; Jerosktterold

et al., 2002; Wilke et al.,, 1997)urthermore, several clinical studies have
demonstrated high diagnostic accuracy of CMR derivednestis of absolute MBF

and MPR against both QCA and fractional flow res@@esta et al., 2007; Lockie et

al.,, 2011; Motwani et al., 2012b; Patel et al., 2010; Futamatsu et al., 2007)
Nonetheless, the lack of complete myocardial coverage has been a significant

limitation of conventional 2Eperfusion CMR for this purpose.

This study has for the first time demonstrated the feasibityquantitative whole

heart 3D perfusion CMR. Shiet al have previously reported senguantitative
measures (timantensity curve indices) of resting myocardial perfusion from a 3D
acquisition in 3 healthy volunteersbut no stress acquisition or absolute MBF
guantitation was performedShin et al., 2010) The MBF values derived witlD3
perfusion CMR in normal patients in the present study are comparable to values
from PET studies and the previous CMR literatyg&slringola et al., 2011;
Chareonthaitawee et al., 200150r example, in a large study of 160 healthy men and
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women with PET, the mean resting MBF was 0.98 + 0.23 ml/min/g (&a6g§&.05
ml/min/g) and the mean stress MBF was 3%70.85ml/min/g (range 1.85.99
ml/min/g)(Chareonthaitawee et al., 20Q1)ntra and interobserver reproducibility
for stress MBF and MPR in our study was also similar to that seen perf2iSion

CMR and PET studi@dorton et al., 2012; Larghat et al., 2013)

The finding of lower estimates of stress MBF in systole compared to diastole is
consistent with the expected physiology and a number of previous studies.
Physiologically, one explanation is that during systole, the effect of adenosine
mediated vasodilatation is diminished by the compression of intramyocardial vessels
(Hiramatsu et al., 1998)fwo previous 2fperfusion CMR studies have shown the
same phasic differences with higher stress MBF estimates in diastole, but no
difference between the phses at rest(Radjenovic et al., 2010; Motwani et al.,
2012b) One previous 3Perfusion CMR study confirmed similansi-quantitative
measures of resting myocardial perfusion between systole and diastolg¢ no
stress perfusion was performd&hin et al., 20100ur study has now demonstrated
that these phasic fflerences are also seen with 3i@rfusion CMR quantitation and
underline the importance oftating the phase of acquisition in future studies to

allow comparison in the literature.

Quantitative analysis with MPR yielded high diagnostic accuracies in both systole and
diastole (AUC: 0.92 and 0.94 respectively). The optimal MPBffcualues for
detecting significant CAD (1.75 for systole and 2.02 for diastole) were within the
range of 1.5Q2.06 reported in previous 2Perfusion CMR studief._ockie et al.,
2011; Rieber et al., 2006; Costa et 2007; Motwani et al., 2012b; Futamatsu et al.,
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2007) Recently, in 2fperfusion CMR, Hubest al (n=31) showed that the use of
stress MBF alone had a similar diagnostic accuracy as MPR (AUC 0.92 vs. 0.84
respectively; p<0.18Muber et al., 2012)0ur study ha shown a similar finding in 3D
perfusion CMR and the implication is that a rest perfusion sequence could potentially
be omitted in quantitative studies, thus reducing both scanning and-pastessing

times without a loss in diagnostic yield (Fig6t8).

The noted reduction in diastalisystolic stress MBF ratio in territories with CAD is
consistent with  previous invasive studies measuring coronary flow velocity
throughout the cardiac cyclSegal et al., 1992The loss of diastoldominance has
been explained by the increased influence of a significant stenosis on flow during
periods of low vascular resistance and low intramyocardial tension (diastole); as
compared with that during periods of high vascular resistance and high
intramyocardial tension (systol€gpaan et al., 1981As such, the diastolic/systolic
stress MBF ratio is a novel diagnosticléx with moderate diagnostic accuracy

(AUC=0.79) and this may warrant further evaluation in future studies.

In our quantitative study, both phases had similar diagnostic performance and
reproducibility. However, similar to previous 2D studies, diast@e more prone to

dark rimartefactwith an adverse effect on image quality; and this is thought to relate
to the thinner myocardium, making it more prone to partial volume effects at a given
spatial resolution(Motwani et al., 2012b)For this reason, as well as the fact that
contour delineation is easier in systole because of the thicker myocardium, we would
suggest systole abe preferred phase faBD perfusion CMR acquisitiorparticularly

for quantitative studies. Although analysis time was not specifically measured, each
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3D perfusion dataset took approximately 20min to analyse on a per patient basis
(including stress and st analyses for either the systolic or diastolic cardiac phase).
Quantifying 3D perfusion CMR can be simpler than quantifying conventional 2D
datasets, because as in our study, fewer dynamic images are often acquired and
there is a degree of temporal filteng due to the undersampling in the temporal
domain which reduces the amount of tir@nsuming manual motion correction

required.

Finally, there is considerable scope for quantitative perfusion CMR in clinical practice
and therefore the feasibility of 3Whole-heart coverage and quantitation is an
important step forward. Nonetheless, there still remain a number of other
limitations that hold back the wider clinical adoption of quantitative perfusion CMR.
The current lack of standardisation in image aedign, contrast dosing protocols,
post-processing, mathematical modelling and interpretation is addressed by an
international standardisation task forq&ramer et al., 2013; SchitNgenger et al.,
2013) There is also no widely available and validated analysis software for
quantitative analysis of perfusion CMR data and research groups generally-use in
house solutions. Analysis can be thmensuming, precluding routine clinical
application. Finally, the incremental value of quantitative analysis of myocardial

perfusion CMR analysis eds to be shown in large clinical studies
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6.6 Study Limitations

The spatietemporal undersampling methods required for 3D data acquisition are
sensitive to respiratory motion, cardiac arrhythmia andJpass temporal filtering

all of which pose additionathallenges to quantitative assessment. Lp&ass
temporal filtering in particular may lead to underestimation of MBF. We reduced
these limitations by use of the constrainedk-t PCA framework for image
reconstruction, which has been shown to improve termaddiidelity, permitting
robust measurements of MBF at very high acceleration fa@fadersen et al.,
2009). The latter is also less prone to respiratariefactas temporal basis functions
are derived based on the lovesolution training data acquired in every heartbeat

(Vitanis et al., 2011)

Although MPR pedrmed well in our study, perfusion imaging is a measurement of
the haenmodynamic consequences of a stenosis rather than its anatomy, and
therefore our use of QCA is an imperfect reference standard. Following this initial
feasibility study, future validatiomgainst fractional flow reserve is planned in a
larger clinical population. Another limitation, common to many previous studies, is
the potential effect of data clustering as three perfusion territories are examined per
patient (Lockie et al., 2011; Rieber et al., 2Q08pwever, the design effect of this

was low (1.18) owing to a small ICC and cluster size.

Finally, the model used for estimating MBF assumes a linear relaiareen signal
and contrast agent concentration i.e. ignoring saturation effects in the LV blood pool
which can lead to underestimation of MB&ourbron, 2010)This is particularly

relevant as we used aelatively high contrast agent dose of 0.075mmol/kg
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bodyweight to be consistdg with previous 3Dperfusion CMR studies. Proposed
solutions include the use of a ndimear signal model combined with precontrastT1
mapping and/or the use of a small pb®lusto measure the AlF. However, such
methods add further complexity to data acquisition and ppsicessing- and
therefore neither was used in this study. Furthermore, there is currently no evidence
that either of these potential solutions actually leads improved diagnostic
accuracy for the detection of CAD in the clinical setting. In fact the only study directly
addressing this question came to the opposite conclusion i.e. the use oflaoprs

AIF was found to reduce diagnostic accuracy compared toghesdolus approach

(Groothuis et al., 2010)

6.7 Conclusions

We have shown that quantitative 3perfusion CMR is feasible and can be used to
detect CAD with high diagnostic accuracy. In addition, we have shown that there are
signifcant differences in systolic and diastolic MBF estimates and therefore the
phase of acquisition and AIF should always be stated in future 3D quantitative
studies. Both cardiac phases provide comparable diagnostic yield, albeit at different
thresholds. Beguse systolic images had fewer artefacts and higher image quality,

systole may be the preferred phase for acquisition of 3D perfusion data.
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7  Study 6- Quantification of Myocardial Blood Flow
with Cardiovascular Magnetic Resonance throughout the

Cardiac §cle

7.1 Abstract

Background Myocardial blood flow (MBRjyaries throughout the cardiac cycle in

response to phasic changes in myocardial tension.

Objectives This aim of this study was to determine if quantitative myocardial
perfusion imaging wittCMRcan accurately track physiological variationsMBF

throughout the cardiac cycle.

Methods: 30 healthy volunteers underwent a single stress/rest perfusion CMR study
with data acquisition at 5 different time points in the cardiac cycle (esystole,
mid-systole, enesystole, earlydiastole and endliastole). MBF was estimated on a
per-subject basis by Fermsbnstrained deconvolution. Interval variations in MBF
between successive time points were expressed as percentage change. Maximal
cyclic variation (ME) was calculated as the percentage difference between

maximum and minimum MBF values in a cardiac cycle.

Results At stress, there was significant variation in MBF across the cardiac cycle with
successive reductions in MBF from ethidstole to early, mid- and endsystole, and
an increase from eariyto end-diastole (enddiastole: 4.50t 0.91 vs. earhgystole:
4.03+0.76 vs. miekystole: 3.68 0.67 vs. enebystole 3.3 0.70 vs. earhldiastole:

4.11+0.83 ml/g/min; all p values <0.0001). In all caghe maximum and minimum
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stress MBF values occurred at edidstole and enesystole respectively (mean MCV
=26+ 5%). There was a strong negative correlation between MCV and peak heart
rate at stress (r.88, p<0.001). The largest interval variatiostiess MBF occurred
between endsystole and earkgiastole (24+ 9% increase). At rest, there was no
significant cyclic variation in MBF (eddstole: 1.24+ 0.19 vs. earhgystole: 1.2&

0.17 vs.miesystole: 1.28 0.17 vs. enesystole: 1.2 0.19 vsearly-diastole: 1.2%

0.19 ml/g/min; p=0.71).

Conclusion Quantitative perfusion CMR can be used to #iovasively assess cyclic
variations in MBF throughout the cardiac cycle. In this study, estimates of stress MBF
followed the expected physiologicaletnd, peaking at endiastole and falling
steadily through to eneystole. This technique may be useful in future

pathophysiological studies of coronary blood flow and microvascular function.
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7.2 Introduction

Myocardial blood flow (MBF) varies throughaile cardiac cycle in response to
changes in myocardial tension and phasic compression of the myocardial
microcirculation(Sabsiton Jr & Gregg, 1957; Goto et al., 1991; Spaan et al., 1981;
Matsumoto & Kajiya, 2005 The squeezing effect of myocardial contraction causes
arterial blood inflow to peak during diastole when myocardial tension is low, and
venous outflow to peak during systole when myocardial tension is high. Diseases
such as diabetes, atherosclerosis, cantjopathies, and arterial hypertension result

in functional and morphologic microvascular changes, which may precede clinical
signs and symptoms. Quantitative assessment of MBF and characterization of cyclic
myocardial perfusion variation in these diseasesay offer valuable additional

information relating to microvascular integrity and function.

Over the last decade, several animal, normal volunteer and patient studies have
validated the use o€EMRfor absolute MBF quantification against microsphere and
invasive coronary flow reserve measureme(@hristian et al., 2004; Jerosktterold

et al., 2002; Wilke et al., 199AVith conventional CMR methods perfusion data are
acquired in a different cardiac phase for each slice. Previouste®r and patient
studies have now shown a significant difference in MBF quantified using CMR
between acquisition in systole and diastole, suggesting that cardiac phase needs to
be considered when interpreting CMRrived MBF valueRadjenovic et al., 2010;
Motwani et al., 2012b, 2014bAlthough the development of 3D perfusion CMR,
which allows the specd phase of data acquisition to be chosen, may overcome this
concern in the future, these differences remain a challenge for CMR perfusion.
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However, they also provide the opportunity to interrogate cyclic variations in
perfusion as a unique diagnostic tpohot assessable by positra@amission

tomography, which assess myocardial perfusion cumulatively.

So far, temporal and spatial constraints on dynamic CMR perfusion imaging have
restricted previous volunteer and patient studies to assessing MBF betwegtwanl|
different time points in the cardiac cycle, and it is therefore unknown whether CMR
has the capability to track changes in MBFoughoutthe cardiac cycléRadjenovic
etal., 2010; Motwani et al., 2012b, 2014A5vanced acceleration techniques, based

on spatiotemporal undersampling, which have mostly been employed to achieve
higher spatial resolutioncan also be used to improve temporal resolution in
perfusion CMR studies. The purpose of the study was to capitalise on the dynamic
aspect of CMR perfusion data acquisition and assess whether quantitative perfusion
CMR can accurately follow the expectelypiological variation in MBifRroughout

the cardiac cycle.

7.3 Methods

7.3.1 Study Population

Thirty-three healthy volunteers were recruited. Exclusion criteria included any
history of cardiovascular disease, diabetes mellitus, hypertension, hyperlipidaemia,
smoking or any contraindications to CMR, adenosine, or gadolibasad contrast
agents. Th study protocol was approved by the local ethics committee, and written
informed consent was obtained from all volunteers. All volunteers were instructed
to refrain from caffeine for 24 hours before their CMR study.

191



7.3.2 CMR protocol

All volunteers underwena single stress and rest perfusion CMR study performed on

a 1.5T scanner (Intera, Philips Healthcare, Best, the Netherlands) equipped with a
five-element cardiac phased array receiver coil. Perfusion data were acquired in a
single midventricular 2D slicat 5 different time points in each-R interval (early
systole, midsystole, enesystole, earlydiastole and endliastole) facilitated byk-t
BLASTacceleration (Figur&.l). Details of the perfusion pulse sequence were as
follows: 2D saturation recovegradientecho sequence accelerated witHf@d k-t
BLAST andl interleaved training profiles, no partial Fourier or partial echo
acquisition, TR 3.4ms, TE 1.7ms, flip af§feone saturation prepulse per slice (i.e.

per time point), image acquisitionnie per slice 103ms, matrix 192 x 192, median

FOV 310 mm and-plane spatial resolution 1.6 x 1ném.

Vertical and horizontal longxis cine images were used to identify appropriate
trigger delays for each of the 5 time poir{Radjenovic et al., 2010; Motwani et al.,
2012b, 2014b; Shin et al., 2010Additionally, because of the longitudinal
lengthening of the kart from systole to diastole, the position of the midntricular
perfusion slice at each time point was individually planned from the chosen end
diastolic, early systolic, mislystolic, enesystolic and earkiastolic cine frames

(Radjenovic et al., 2010; Motwani et al., 2012b, 2014b)

Stress perfusion images were acquired during intravenous adenosineed
hyperaemia (140mcg/kg/min administered for 4min). An intravenous bolus of 0.05
mmol/kg gadopentetate dimeglumine (Magnevist, Schering, Germany) was

administered at a rate of 4.0ml/f®llowed by a 20ml saline flush. Stress perfusion
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CMR was followed by cine imaging covering the left ventricle in shastsections.
Rest perfusion CMR was performed 15min after stress, using identical imaging

parametersLGHmaging was not performed.

EARLY-SYSTOLE MID-SYSTOLE END-SYSTOLE EARLY-DIASTOLE END-DIASTOLE

¥ ) '@

ml/g/min
Stress MBF ! ) . i ) 6
. R

9/'\ >

Stress Perfusion CMR

)

Figure7.1 Quantitative Perfusion CMR throughout the Cardiac Cycle

This example shows stress perfusion CMR (top row) in a healthy volunteer acquired at 5 diffe
points throughout the cardiac cycle a single midrentricular slice facilitated by-®Id kt BLAS
acceleration. Corresponding stress and rest MBF estimates are shown as myocardial map
and bottom row respectively). Stress MBF shows significant cyclic variation peakinegdiastold
and steadily falling throughout systole. The maximal interval change in stress MBF is seen
endsystole and earbgiastole. No significant cyclic variation was seen in rest MBF. C
cardiovascular magnetic resonance; BLAST = broad lineaisgico speeeup technique; MBF

myocardial blood flow
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7.3.3 MBF estimation

Perfusion images were processed offline using previously validatdtbugse
software (PMI 0.4; written in IDL 6.4 (ITT Visual Information Systems, Boulder,

COjMotwani et al., 2014b; Huber et al., 2012)

7.3.3.1Persubject analysis

Following manual rigid motienorrection, a circular region of interest (ROI) was
drawn in the LV cavity at erdiastole, to derive tharterial input function (AIF). The
same (eneldiastolic) AIF was used for all estimates of MBF in order to avoid potential
variations in the AIF between phases with subsequent effects on MBF estimation

(Radjenovic et al., 2010; Motwani et al., 2012b, 2014b)

A wholeslice myocardial ROI excluding any damnk artifact was drawn on perfusion
images for each dhe 5 time points. Signal intensgiyme data were converted to
concentrationtime data by subtracting the baseline signal. Global MBF was
estimated at stress and rest using constrained deconvolution with a delayed-Fermi
model applied to the first pagderosckHerold et al., 1998)Myocardial perfusion

reserve (MPR) was calculated as stress MBF divided by rest MBF.

Interval variations in MBF or MPR between successive time points were expressed
as percentage change. Maximal cyclical variation (MCV) in MBF was calculated as the

percentage difference between maximum and minimum values in a cardiac cycle.

7.3.3.2Perterritory analysis
The above analysis was repeated on a per territory basis by segmenting the perfusion

slices according to the i§egment American Heart Association mqda&rqueira et
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al., 2002) For each perfusion territory, a myocardial ROI includingsediments
pertaining to that territory was outlined. MBF and MPR estimates at each time point

were obtained using the same algorithms as for the per subject analysis.

7.3.3.3Reproducibility
Persubject analysis was repeated on perfusion data from ten random tesus 1
month later by the same observer (M.M.) and by a second observer A.K. (3yrs and

2yrs experience respectively). A.K. was blinded to ésalts of all previouanalyses.

7.3.4 Statistical analysis

Analysis was performed using SPSS 17.0 (SPSS, Chicdgata are presented as
mean+SD. Mean perfusion values (MBF and MPR) were compared at the 5 different
time points using onavay repeated measures analysis of variance (ANOVA) with
GreenhouseGeisser correction for muisample sphericity and Bonferonni
adjustment for posthoc analysis. Mean perfusion values at each time point were
compared between perfusion territories using standard ANOVA. -atnd inter
observer reproducibility for MBF, MPR and MCV were assessed by calculating
coefficients of variabn (CoVs): SD of the differences divided by the mean. All

statistical tests were twdailed and a p value <0.05 was considered significant.
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7.4 Results

7.4.1 Study population

Thirty-three healthy volunteers were recruited. One volunteer could not complete
the scandue to claustrophobia. Data from 2 other volunteers were excluded due to
technical problems preventing analysis (1 excessive heart rate variability, 1 mistimed
contrast injection). All remaining images were of analysable quality. Data from a total
of 30 vdunteers (90 perfusion territories) were therefore available for the final
analysis. Clinical details of the 30 study volunteers (18 men; mean aggrpage

summarized in Table 7.1.

Table7-1 Healthy Voluneer Demographics

Parameter Data (n= 30)
Age (yrs) 222
Sex, n (%)
Male 18 (60)
Female 12 (40)
LV function
EF % 61+5
EDV, ml 140 + 26
ESV, ml 59+ 14
LV Mass, g/ 82 +22
Hemodynamics at Peak Stress
Heart Rate (beats/min) 81+9
Systolic blood pressure (mmHg) 127 £ 20
RPP (mmHg x beats/min) 10226 + 2319

Data n + SCEDV= endliastolic volume; ESV = esgstolic volume; RPP = rgpeessure product
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7.4.2 Myocardial blood flowestimation

7.4.2.1Per subject analysis

Estimates of MBF and MPR at each of the 5 time points in the cardiac cycle are seen
in Table7.2. There was significant cyclic variation in stress MBF (p<0.0001) and MPR
(p<0.0001) with successive reductions from ehastole to early, mid and end
systole, followed by an increase from eardy end-diastole (all postoc p values
<0.01) (Tabl& .2, Figuresr.2-7.4). In all cases, the maximum and minimum stress
MBF values occurred at erttiastole and enesystole respectively with a mean MCV

of 26x5% (Figur@.4). There was a strong negative correlation between MCV and
peak heart rate at stress (16:88, p<0.001) (Figurgs). The largest interval variation

in stress MBF occurred between engstole and earbgiastole (24+ 9% increase)
(Figure7.2). The largest interval variation in MPR occurred betweensstiole and
early-diastole (31 20% increae) (Figurer.3). At rest, there were no significant

cyclical variations in MBF (p=0.71) (Tah® (Figurer.1).

7.4.2.2Per territory analysis

Estimates of MBF and MPR in each perfusion territory at each of the 5 time points in
the cardiac cycle are seen iable7.2. There were no significant differences in stress
MBF, rest MBF or MPR between perfusion territories at each of the 5 cardiac phases
assessed (all p values > 0.05) (Tab®). There was significant cyclic variation in
stress MBF and MPR in all 8rfusion territories (all p values <0.0001) (Tabl2).

MCV for stress MBF was similar in all perfusion territories (left anterior descending
[LAD]: 27+8% vs. left circumflex [LCX]+5P6 vs. right coronary artery [RCA]: 25

5%; p=0.45). The largesttaénval variation in the LAD, LCX and RCA perfusion
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territories was the increase in stress MBF and MPR betweersgstdle and early

diastole and the magnitude was similar in all 3 territories (stress MBE:1286 vs.

25+ 9% vs.24 + 9%, p=0.62; MPR: 3122% vs. 2'& 23% vs27 + 24%, p=0.79

respectively). There was no significant cyclical variation in rest MBF in any territory

(Table7.2).

Table7-2 Estimates of MBF and MPR throughout the Cardiac Cycle

Enddiastole Earlysystole Mid-systole Endsystole Earlydiastole P
Global
Stress MBF 4.50+0.91 4.03+0.76 3.68+0.67 3.31+0.69 4.11+0.83 p<0.0001
Rest MBF 1.24+0.19 1.28+0.17 1.28+0.17 1.27+0.19 1.29+0.19 p=0.71
MPR 3.63+0.95 3.19x0.66 292+0.66 2.62+0.63 3.40%0.92 p<0.0001
LAD perfusion territory*
Stress MBF 4.38+0.87 3.88+0.78 3.59+0.64 3.19+0.67 3.99+0.80 p<0.0001
RestMBF 1.25+0.16 130%+0.14 1.24+0.11 125+0.13 1.21+0.13 p=0.14
MPR 354+0.74 3.01+x0.60 291+053 258x+0.58 3.35%+0.80 p<0.0001
LCX perfusion territory*
Stress MBF 4.40+0.94 3.93+0.70 3.58%+0.67 3.21+0.69 4.01+0.85 p<0.0001
RestMBF 1.25+0.08 1.28+0.17 1.24+0.14 124+0.14 1.23+0.12 p=0.60
MPR 3.52+0.73 3.12+x0.65 293+0.63 260x0.56 3.29%0.85 p<0.0001
RCA perfusion territory*
Stress MBF 4.55+0.90 4.13+0.76 3.78%+0.67 3.41+0.69 4.21+0.85 p<0.0001
Rest MBF 1.33+0.15 1.38+0.17 1.38+0.20 1.39+0.19 1.33+0.19 p=0.50
MPR 346+0.78 3.03x0.60 2.78+0.60 2.49%0.57 3.24+0.83 p<0.0001

* Additionally there were no significant differences in mean perfusion values (MBF or MPR) between
territories at any point in the cardiac cycle (all p values >0.05). MBF = myocardial blood flow in
ml/min/g; MPR = myocardial perfusion reserve; LAD = |dftréor descending; LCX = left circumflex;

RCA =right coronary artery
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Figure7.2 Cyclic Variation in Stress MBF

Mean stress MBF in healthy volunteers (n=30) showed significant cyclic vatabioghout
the cardiac cycle (p<0.0001). Box plots for stress MBF show the interquartile rang
median (dividing black line) and mean (red cross) with whiskers extending to
interquartile range. There were successive reductions in stress MBFefiddiastole tc
early, mid- and endsystole, and a significant increase from eatty enddiastole (all |
values <0.0001) (trend shown by red line). The maximal interval change in stress I

between enesystole and earkdiastole (25% increaséylBF = myocardial blood flow
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Figure7.3 Cyclic Variation in MPR

Mean MPR in healthy volunteers (n=30) showed significant cyclic variation through
cardiac cycle (p<0.0001). Box plots for MPR showirttezquartile range (box), medii
(dividing black line) and mean (red cross) with whiskers extending to 1.5 x interquartile
There were successive reductions from-diagtole to early, mid- and endsystole, and
significant increase from earlyo end-diastole (all p values <0.01) (trend shown by red
The maximal interval change in MPR was between-syistble and early diastole (3

increase). MPR = myocardial perfusion reserve
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Figure7.4 Individual Stress MBF estimates in Healthy Volunteers
There was significant cyclic variation in stress MBF in all volunteers (n=30). In all cases
MBF occurred at endiastole and the minimum at ergl/stole. The mean maximal cyclic varia

in stress MBF was 26%. MBF = myocardial blood flow
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Figure7.5 Correlation between MCV and Peak Heart Rate at Stress

There was a strong linear negative correlation between the maxayddic variation (MCV) in

stress MBF and the peak heart rate during adenesidaced maximal hyperaemia in healthy

volunteers (n=30). MBF = myocardial blood flow

202



7.4.2.3Reproducibility
Intra-observer CoVs for stress MBF, rest MBF, MPR and MCV in stress MBF were 9%,
11%, 15% and 10%, respectively. Corresponding CoVs for-obgerver

reproducibility were 14%, 16%, 18% and 12% respectively.

7.5 Discussion

The main findings of this study ar®) quantitative perfusion CMR can track
physiological changes in myocardial perfusion throughout the cardiac cycle; 2)
estimates of stress MBF and MPR in healthy volunteers show significant cyclic
variation with successive reductions throughout systole andncrease in diastole;

3) the greatest interval change in stress MBF and MPR occurs betweesysiote

and earlydiastole; 4) there is no significant cyclic variation in rest MBF estimates.

The finding of significant cyclic variation in stress MBFMPR® is consistent with

the expected physiology relating to phasic changes in myocardial tension. In vivo
animal studies directly visualising the microcirculation with angiography show
significant compression of intramyocardial vessels during sygtééla et al.,
1993)15). In humans, coronary flow patterns across the cardiac cycle have been
directly measured with intracoronary pressure wires. Daetes showed that blood

flow in the left coronary aery (LCA) is predominantly diastolic i.e. when myocardial
tension is low(2006) During systole, they found a dominant forweardvelling
pushing wave, which is reflected when reaching the microvascular bed because of
the higher myocardial tension, and this results in virtually no forward flow, or even

retrograde flow. Therefe, our observation that MBF estimates successively fall
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throughout systole and increase in diastole is consistent with these described

coronary flow patterns.

The greatest interval change in stress MBF and MPR was seen betwesystolé

and earlydiastde (Table7.2, Figureg.1-7.3). This is in keeping with invasive studies
that show LCA inflow velocity peaks in eatigstole(Davies et al., 2006}t is also
consistent with an observation by Daviesal that there is a transient secondary
forward-travelling pushing wave in early diastole seen in LCA waveforms. This
secondary waveoincides with closure of the aortic valve and accelerates blood

further towards the myocardium.

Helleret al showed that arterial waveforms in the proximal RCA have significantly
less phasic variation because right ventricular peak systolic pressomects lower

than aortic peak systolic pressure and because the right ventricular wall offers less
mechanical compressive resistanéeeller et al., 1994However, they also showed

that distal RCA branches (posterior descending and posterolateral coronary arteries)
show the same diastolic dominance as the left coronary system as they subtend LV
myoardial segments subjected to the same phasic changes in myocardial tension as
the rest of the LV. Consistent with this observation, we found no significant
differences in MCV in stress MBF between the left coronary (LAD and LCX) and RCA
perfusion territores- and they showed the same pattern of phasic variation across

the 5 time pointgTable7.2).

Three previous quantitative perfusion CMR studies (including 1 utilising 3D data
acquisition) have also shown significant differences in stress MBF and MP&ragco

to phase, with significantly higher values in diastgRadjenovic et al., 2010;
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Motwani et al., 2012b2014b) A recent semguantitative study also found steeper
myocardial timeintensity curves in diastole compared to systghkchimi et al.,
2014) However, all of these previous studies have bégmted to the assessment

of myocardial perfusiomt only two different time points in the cardiac cycle. The
current study is the first to assess variation in MBF estimidwesighoutthe cardiac
cycle in humans and determine the overall trend between 5 selected time points.
Recently, cyclic changes mmyocardial perfusion have also been examined in rats
(n=6) by Troaleret al using a novel steadgulsed arterial spin labelling (ASL)
approach to map MBR014) Dynamic MBF maps were obtained with an extremely
high temporal resolution (6ms) offering even more comprehensive coverage
throughout the cardhc cycle than in our study. However, the acquisition time using
this technique in rats was approximately 12min (at a heart rate of 400 bpm),
preventing application of this method to humans where even longer acquisition
times would be required. Furthermordghe use of myocardial ASL in humans to
guantify MBF remains limited by inadequate sigttahoise ratio (SNR) efficiency,
high physiological noise, and timing restrictions related to cardiac and respiratory
motion (Zun et al., 2009)Nonetheless, this small study in rats showed a similar
phasic variation in stress MBF estimates, whichkeel in diastole and steadily fell in

systole with an overall mean MCV of £8%.

In our study, there was no significant cyclic variation in rest MBF estimates (Table
7.2, Figure7.1). This is in keeping with the result of the 3 previous volunteer and
patient studies, which also showed no significant difference between rest MBF

estimates in systole and diasto(Radjenovic et al., 2010; Motwani et al., 2012b,
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2014b) A fourth study assessing sequantitative measures of resting myocardial
perfusion also found no significant difference between systole and diaESbim et

al., 2010) A possible explanation for a lack of cyclic variatiomesting MBF is
sufficient autoregulation in the microvascular network at rest, which is only
overcome in the stress state by adenosinduced maximal hyperaemia or
significant tachycardia. Only the recent study in rats utilising ASL showed a significant
cyclic variation in resting MBF, but this was under the influence of isoflurane
anaesthesia which is known to induce coronary vasodilatation and therefore not
representative of a true physiological resting stéf@oalen et al., 2014; lltis et al.,
2005) Additionally, the resting heart rate in rats is significantly higher than in
humans (322+43 bpm in the study by Troaégml) and therefore these findings are

not necessarily translatable to human physiold@yoalen et al., 2014)

Finally, we found a strong negative linear correlation between MCV and peak heart
rate during stress (Figuré.5). Notably, this observation was also seen in the
aforementioned study in rats by Troalet al (2014) A possible explanation is the
capacitive property of the myocardial vascular system due to an abundant capillary
network. The latter serves to dampen the rapid fluctuations in pressure seen with
increasing heart rates in order to maintain a steady downstream blooddlihe so

Ol t B SRR WS a aGranR, 193 A el heart rates the effects of phasic
myocardial tension are relatively unppsed by capacitance and thus a greater MCV

is seen which is in keeping with our findings.

In summary, we have demonstrated that significant phasic differences in MBF
estimates quantified with CMR are seen not only at polar ends of the cardiac cycle
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but aso throughout the cardiac cycle. Considering the nature of coronary
haemodynamics, cyclic MBF changes may reveal new physiological information
because they are a function of coronary flow, myocardial contraction and
microvascular condition. Thereforesing CMR to assess MBF throughout the cardiac
cycle and determine parameters such as MCV, may be useful in the future
assessment of diseases known to alter microvascular function such as diabetes or

atherosclerosis but further studies in these diseastates are needed.

7.6 Study Limitations

The spatietemporal undersampling method required to accelerate perfusion data
acquisition is sensitive to respiratory motion, cardiac arrhythmia andgdass
temporal filtering- all of which pose challenges to quantitee assessment. Low

pass temporal filtering in particular may have led to underestimation of MBF.

To obtain systolic and diastolic perfusion data in the same location and within the
same acquisition, this study was limited to the assessment of a sindheantricular
section. This was a technical necessity and meant we could not assess phasic
differences in apical and basal myocardial segments, which may behave differently
from the midventricle. Future studies with more advanced acceleration and 3D
perfusion data acquisition are needed to address these issbasthese strategies

also come with additional challenges for absolute MBF quantitation.

Finally, the model used for estimating MBF assumes a linear relationship between
signal and contrast agerdoncentration i.e. ignoring saturation effects in the LV

blood pool, which can lead to underestimation of M@&eéurbron, 2010)Proposed
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solutions include the use of a ndimear signal model combined withrggcontrast
T1-mapping and/or the use of a small pb®lus to measure the AIF. However, such
methods add further complexity to data acquisition and ppsicessing- and
therefore neither was used in this study. Furthermore, there is currently no evidence
that either of these potential solutions actually leads to improved diagnostic
accuracy in the clinical setting (e.g. for the detectiorCéfD. In fact the only study
directly addressing this question came to the opposite conclusion i.e. the use of a
pre-bolus AIF was found to reduce diagnostic accuracy compared to a-bwigke
approach(Groothuis et al.,, 2010)Additionally, our findings are based on intra
individual comparisons and the relative changes in perfusion valuesghout the
cardiac cycle, and therefore underestimation in absolute MBF due to saturation

effects is less relevant.

7.7 Conclusions

Quantitative perfusion CMR can be used to siovasively track cyclical variations in
MBF throughout the cardiac cycle. In thistudy, estimates of MBF followed the
expected physiological trend, peaking at esidstole and falling steadily through to
end-systole. This technique may be useful in future physiological or pathological

studies of coronary flow and microvascular fuonaot
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8 Hnal Conclusions

The evidence for the use of perfusion CMR in the assessment of CAD, both as a
clinical and cardiovascular research tamntinues to grow rapidly. Many important
perfusion CMR studies have been published over theS3astars someproviding
large-scale clinical alidation and prognostic data, and others describing more

technical advances in acquisition and quantitation.

In this thesis we have fosed on recent advances in acceleratpgyfusiondata
acquisition Advanced accelerain techniques have been used to improve spatial
resolution, or alternatively achieve 3D whdieart coverage; but at the initiation
of this thesisjt was not cleaif either strategy offered any incremental benefit over

standard techniques or how they epared to each other.

Acceleration(or sacrifice of spatial coveragean also be used to simultaneously
acquire perfusion data at different timgoints in the cardiac cyclélhsisimportant
as the impact of a variable cardiac phase of acquisitionuamtitative estimates of

MBFwith CMR was alspoorly understoodat the outset of this research.

Acordingly, this thesis includestudies that manipulatethe standard approach to
perfusion CMRising advanced acceleration techniquasprder to investigte the
relative impact of spatial resolution, spatial coverage and cardiac phase of
acquisition on both qualitative and quantitative assessmeriscfiaenma. Our main

findings were as follows:
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8.1 Spatial Resolution

High spatial resolution perfusion CMR hgeater overall diagnostic accuracy
than standardresolution acquisition for the detection of CAD in both single and
multi-vessel disease, and also detects more subendocdstiaenia.
Highresolution perfusion CMR increases the observed MIB and distibof
ischaenma detected in angiographic 3VD compared to stanet@sblution
acquisition due to better detection of subendocardisthaenia. However, the
incremental value of highesolution acquisition for correctly identifying,
stratifying and managup this highrisk group has to be determined in further
clinical studies.

There is significantly lesgark rim artefactwith highresolution compared to
standardresolution perfusionCMR. The highesolution technique is however
more prone to respiratory ashk-t reconstruction artefacts. Overall therefore,
image quality scores are similar between higisolution and standard

resolution techniques.

8.2 Spatial coverage

Image quality artefactand diagnostic confidence scores are similar for &ith
high-resolution and 3D perfusion CMR

There is strong correlation and broad agreement between estimates of MIB from
both 2D highresolution and 3D wholbdeart perfusion CMR techniques.

However, the 95% limits of agreement are relatively wide and therefore a larger
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comparative study is needed before they can be considered interchangeable

particularly around the clinically relevant 10%B threshold.

8.3 Cardiac Phase

i.  Inboth 2D and 3D quantitative perfusion CMR studies, systolic estimates of MBF

are significantly lower than diastolic estimates, but both phases can be used to

detect CAD with high diagnostic accuracy.

The phase of equisition should ideally be statedfiature quantitativeperfusion
CMRstudies

For both 2D and 3perfusion CMRthere was significantly higher image quality
and lesgdark rim artefactwith systolic acquisition compared to diastogdut
similar diagnostic accuracy for detecting CABerebre, where open to choice,
such as witlBDtechniques, perfusion data acquisition in systolprsferable.
Quantitative perfusion CMR can be used to swasively track cyclical
variations in MBRhroughoutthe cardiac cycle, and estimates of MBF apgear
follow the expected physiological trend, peaking at ehastole and falling
steadily through to engystole. This technique may be useful in future

pathophysiological studies of coronary blood flow and microvascular function.
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10 Appendix

10.1 Ethics ApprovaForm Studyl and2

Kej)
NHS

Research Ethics Administration Office

50 Lancaster Park Road

Harrogate

28 July 2006 HG2 75x

Telephone: (01423) 554450
Facsimile: (01423) 553392

Professor Stephen G. Ball e-mail’ Christine Garreft@hdft nhs uk
Professor of Cardiology

Academic Unit of Cardiovascular Medicine
Level G, Jubilee Wing

Yorkshire Heart Centre

The General Infirmary,

Leeds

LS1 3EX

Dear Professor Ball

Full title of study: Assessment of myocardial perfusion by Magnetic
Resonance Imaging: Evaluation of accelerated
acquisition techniques

REC reference number: 061Q1107145

The REC gave a favourable ethical opinion to this study on 18 July 2006.

Further notification has been received from local site assessor following site-specific

assessment. On behalf of the Committee, | am pleased to confirm the extension of the

favourable opinion to the site. | attach an updated version of the site approval form, listing all
sites with a favourable ethical opinion to conduct the research.

Research governance approval

The research should not commence at any NHS site until research governance approval from
the relevant NHS care organisation has been confirmed.

Statement of compliance

The Committee is constituted in accordance with the Governance Arrangements for Research
Ethics Committees (July 2001) and complies fully with the Standard Operating Procedures for
Research Ethics Committees in the UK.

061Q1107/45 Please guote this number on all correspondence

Yours sincerely

v -a Gw-0e

Mrs Christine Garrett
Committee Co-ordinator

Enclosure: Site approval form

Copy to: Dr Jonathan Gower, Department of Research and Development
University of Leeds.

HARROGATE LOCAL RESEARCH ETHICS COMMITTEE
An advisory committee to North and East Yorkshire and Northern Lincolnshire Strategic Health Authority
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Harrogate Local Research Ethics Committee
LIST OF SITES WITH A FAVOURABLE ETHICAL OPINION

For all studies requiring site-specific assessment, this form is issued by the main REC to the Chief Investigator and sponsor with the favourable opinion letter and
following subsequent notifications from site assessors. For issue 2 onwards, all sites with a favourable opinion are listed, adding the new sites approved.

REC reference number: 06/Q1 107/45 Issue number: Date of issue: 28 July 2006

Chief Investigator: Professor Stephen G. Ball

Full title of study: Assessment of myocardial perfusion by Magnetic Resonance Imaging: Evaluation of accelerated acquisition techniques

This study was given a favourable ethical opinion by Harrogate Local Research Ethics Committee on 18 July 2006. The favourable opinion is extended to each of
the sites listed below. The research may commence at each NHS site when management approval from the relevant NHS care organisation has been confirmed.

Principal Investigator Post Research site Site assessor Date of favourable Notes
opinion for this sife
Professor Stephen Ball Professor of Cardiology Leeds Teaching Leeds (West) Research 28/07/2006
Hosp itals NHS Trust Ethics Committee

Approved by the Chair on behalf of the REC:

. Q.u_br e (~awef* ... | Signature of CWr/Administrator)
(delete as applicable)

R U -

. [Name)

() The notes column may be used by the main REC to record the early closure or withdrawal of a site (where notified by the Chief Investigator or sponsor), the
suspension of termination of the favourable apinion for an individual site, or any other refevant development. The date should be recorded.
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10.2 Ethics ApprovaFornt Study 3

NHS

National Research Ethics Service

Leeds (West) Research Ethics Committee
First Floor

Millside

Mill Pond Lane

Leeds

LS6 4RA
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Facsimile:

05 October 2010

Dr Sven Plein

Consultant Cardiologist, Wellcome Intermediate Clinical Fellow
University of Leeds

Academic Unit of Cardiovascular Medicine

G floor, Jubilee Wing

Leeds General Infirmary

LS1 3EX

Dear Dr Plein

Study Title: Assessment of myocardial perfusion by Magnetic
Resonance Imaging: 3T Optimization of acquisition and
analysis methods in patients with heart disease.

REC reference number: 10/H1307/103

Thank you for your letter of 29 September 2010, responding to the Commitiee’s request for
further information on the above research and submitting revised documentation.

The further information was considered in correspondence by a sub-committee of the REC
A list of the sub-committee members is attached.

Confirmation of ethical opinion

On behalf of the Committee, | am pleased to confirm a favourable ethical opinion for the
above research on the basis described in the application form, protocol and supporting
documentation as revised, subject to the conditions specified below.

Ethical review of research sites

The favourable opinion applies to all NHS sites taking part in the study, subject to
management permission being obtained from the NHS/HSC R&D office prior to the start of
the study (see “Conditions of the favourable opinion” below).

The Committee has not yet been notified of the outcome of any site-specific assessment
(SSA) for the non-NHS research site(s) taking part in this study. The favourable opinion
does not therefore apply to any non-NHS site at present. | will write to you again as soon as
one Research Ethics Committee has notified the outcome of a SSA. In the meantime no
study procedures should be initiated at non-NHS sites.

Conditions of the favourable opinion

The favourable opinion is subject to the following conditions being met prior to the start of
the study.

This Research Ethics Committee is an advisory committee to Yorkshire and The Humber Strategic Health Authority

The National Research Ethics Service (NRES) represents the NRES Directorate within
the National Patient Safety Agency and Research Ethics Committees in England
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Management permission or approval must be obtained from each host organisation prior to
the start of the study at the site concerned.

For NHS research sites only, management permission for research (‘R&D approval”) should
be obtained from the relevant care organisation(s) in accordance with NHS research
governance arrangements. Guidance on applying for NHS permission for research is
available in the Integrated Research Application System or at http://www.rdforum.nhs.uk.

Where the only involvement of the NHS organisation is as a Participant Identification Centre
(PIC), management permission for research is not required but the R&D office should be
notified of the study and agree to the organisation’s involvement. Guidance on procedures
for PICs is available in IRAS. Further advice should be sought from the R&D office where
necessary.

Sponsors are not required to notify the Committee of approvals from host organisations.

It is the responsibility of the sponsor to ensure that all the conditions are complied
with before the start of the study or its initiation at a particular site (as applicable).

Approved documents

The final list of documents reviewed and approved by the Committee is as follows:

Document Version Date

Investigator CV 15 July 2010
Protocol 1.1 01 September 2010
REC application 19 July 2010

Letter of invitation to participant

Participant Information Sheet 1.1 01 September 2010
Response to Request for Further Information 29 September 2010
Participant Consent Form 1.1 01 September 2010
Evidence of insurance or indemnity 08 October 2009

Statement of compliance

The Committee is constituted in accordance with the Governance Arrangements for
Research Ethics Committees (July 2001) and complies fully with the Standard Operating
Procedures for Research Ethics Committees in the UK.

After ethical review

Now that you have completed the application process please visit the National Research
Ethics Service website > After Review

You are invited to give your view of the service that you have received from the National
Research Ethics Service and the application procedure. If you wish to make your views
known please use the feedback form available on the website.

The attached document “After ethical review — guidance for researchers” gives detailed
guidance on reporting requirements for studies with a favourable opinion, including:

* Notifying substantial amendments
e Adding new sites and investigators
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e Progress and safety reports
e Notifying the end of the study

The NRES website also provides guidance on these topics, which is updated in the light of
changes in reporting requirements or procedures.

We would also like to inform you that we consult regularly with stakeholders to improve our
service. If you would like to join our Reference Group please email

referencegroup@nres.npsa.nhs.uk.

[10/H1307/103 Please quote this number on all correspondence |

Yours sincerely

Dr Rhona Bratt
(¥ chair
Email: Elaine.hazell@leedsth.nhs.uk

Enclosures: List of names and professions of members who were present at the
meeting and those who submitted written comments

“After ethical review — guidance for researchers”
Copy to: Mrs Rachel E de Souza
R&D, Leeds Teaching Hospitals NHS Trust

Petra Bijsterveld
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10.3 Ethics ApprovaForm Study4 and 6

heek ) G

NHS

Leeds (West) Research Ethics Committes
£ Ficar, Wislizome Wing

Leeds Genemal Infrmany

Great George Strest

Lesc

LE1 3EX

Teephone: 0113 3352 6T&8
Facsimie: 0113 252 2863

05 September 2005

Professor Stephen Ball

Professor of Cardiclogy

Leeds Teaching Hospitals MHS Trust
nstitute of Cardiovascular Research

G Floor, Jubilee Building

Leeds General Infirmarny

Le=ds

L51 3EX

Dear Professor Ball

Full title of study: Assessment of myocardial perfusion by Magnetic
Resonance Imaging: Optimisation of acquisition and
analysis methods

REC reference number: 08Q1205M42

Thank you for your letter of 14 August 2005, responding to the Committee’s request for
further informiation on the above research and submitting revised documentation.

The further information has been considersd on behalf of the Committes by the Chair.
Confirmation of ethizal opinion

COin behalf of the Committes, | am pleased io confirm a favourable ethical opinion for the
abowe research on the basis deseribed in the application form, profocol and supporting
documentation a5 revised.

The favowrable opinicn applies te the research sites Iisted on the attached form.
Conditions of approval

The favourable opinion is given provided that you y with the conditions set out in the
attached docurment. Yiou are advised fo study the tions carefully.

Approved documents
The final list of docments reviewsd and approved by the Committes is a5 follows:

Mermsion™ | .

Application ™ _ =13 June 2005
Lnyectinaire CVf __{ Hone Specfied)
Probocal 1 [None Specied)
Copies of Advertisements 1 Mone Specied)
GPConsultant Infomation Sheets 1.5 13 June 2005

An adwisory commities i 'West Yorkshire Siraiegic Health Authority
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050205142 Fage 2

Parficipant | nformation Sheet 2 Mone Specited
Barficipant Consent Form 2 {Mione Speciied)
Responss to Request for Further Infomation 14 August 2005

Management approval

The study should not commence at any MHS site until the local Principal Inwestigator has
obtained final management approval from the R&D Department for the relevant NHS care
organisation.

Maotification of other bodies

The Committes Admnstrator will notify the research sponsor and the RAD Departrnent for
MHE care organisation|s) that the study has 3 favourable ethizal opinion.

Statement of compliance
The Commites is constituted in accordance with the Governance Armangements for

Ressarch Ethics Committess (July 2001) and complies fully with the Standard Cperating
Procedures for Research Ethics Committess in the LEL

0531205142 Please quaote this number on all comespondence
With the Committes’s best wishes for the success of this project,
“fours sincenely

P
Lucy Enswver
Assistant Administrator
On Behalf Of
Dr John Puntis
Chairman

Endlosures:

Standard approval conditions
Site approval form (5F1)

571 ket of approved shes
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Lesds (Wesf) Reasarch Ethics Committss

LIST OF SITES WITH & FAVOURABLE ETHICAL OPINION
For ail studles requiring ske-speckic assessment, this form ks Issued by the main REC fo the Chief Investigator and Sponsor with the favourabie apinlon leffer and
flowing subsagquent nofMcations fom ske assessors. For [ssue 2 onwands, ab sies with 3 favourabie opinion are isfed, Joding fhe new sfes approved.

REC referance number. (S/Q1206M 42 |28Us nuUMbsar: I Dats of lasus; 0% Sepfember 2005

Chial Investigator: | Professor Stephan Ball

Full Btia _H_u.r.ﬂr.ﬁ | Assessmeant of myocandal panfirsion by Magnedc Resonance Imaging: Opfmisabion of scquistion and analys's methods
This sludy was ghen 3 fvourable effical opinion by Leeds (West] Research Ethics Commiffes on 07 Sepdember 2005 The fevouahle opinion 15 exfended 1o aach
of the skes Wsfed beiow. H..____m__.m_,m_m.w_.na__._ﬂm.___._u_u.:iq__m__._ﬂ.m af each NHE she iﬁﬁ:%__ﬂnﬂrﬁﬂﬂﬂﬂaﬁ refeyant NHE care n_ﬁ_._—“m.miu.:__umh_wﬁm___._ canfmegl
_— ~ S
Principa’ investigalior Fost Fazasth sig _Emg Ciafe of favourahis m____&____m.m.
_ _ apinkon fr this ste !
i
Profesanr Slephen Ball Professor of Camdiclogy LEEDS TEACHING Leeds {IWest] Research 052005 |
HOSHRITALS NHS Emics Commides _
S R | TRUET !

Approjed byk he Chalr on behalf of the REC:
J —r

__E_mfm_mha - h_n O
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10.4 Ethics ApprovaForn Study 5

The Leeds Teaching Hospitals NHS

NHS Trust
Rék: Sompphice Do Research & Development
22/09/2011 Leeds Teaching Hospitals NHS Trust
34 Hyde Terrace
- | Leeds
LS2 9LN
Dr Sven Plein
Consultant Cardiologist, British Heart Foundation Senior Clinical Research Fellow Tel: 0113 392 2878
University of Leeds Fax: 0113 392 6397
Academic Unit of Cardiovascular Medicine
G floor, Jubilee Wing f&d@:eegstz-n:&ut
| Leeds General Infirmary 4 wwaleecsth.ohs.u
LS1 3EX

Dear Dr Sven Plein

Re: NHS Permission at LTHT for: Systolic Versus Diastolic Myocardial
Perfusion Imaging: A Three-Dimensional Cardiovascular Magnetic
Resonance Study.

LTHT R&D Number: CD11/9960
REC: 11/YH/0309

| confirm that NHS Permission for research has been granted for this project at The
Leeds Teaching Hospitals NHS Trust (LTHT). NHS Permission is granted based on
the information provided in the documents listed below. All amendments (including
changes to the research team) must be submitted in accordance with guidance in
IRAS. Any change to the status of the project must be notified to the R&D
Department.

Permission is granted on the understanding that the study is conducted in
accordance with the Research Governance Framework for Health and Saocial Care,
ICH GCP (if applicable) and NHS Trust policies and procedures available at
http://www.leedsth.nhs.uk/sites/research_and_development/.

This permission is granted only on the understanding that you comply with the
requirements of the Framework as listed in the attached sheet “Conditions of
Approval”.

If you have any queries about this approval please do not hesitate to contact the
R&D Department on telephone 0113 392 2878.

Indemnity Arrangements
The Leeds Teaching Hospitals NHS Trust participates in the NHS risk pooling

scheme administered by the NHS Litigation Authority 'Clinical Negligence Scheme
for NHS Trusts' for: (i) medical professional and/or medical malpractice liability; and

Chairman Mike Collier cer Chief Executive Maggie Boyle

The Leeds Teaching Hospitals incorporating: <
Chapel Allerton Hospital  Leeds Dental Institute  Seacroft Hospital {1 W
St James's University Hospital ~ The General Infirmary at Leeds Wharfedale Hospital w1a280

238



(i) general liability. NHS Indemnity for negligent harm is extended fo researchers
with an employment contract (substantive or honorary) with the Trust. The Trust
only accepts liability for research activity that has been managerially approved by the

R&D Department.

The Trust therefore accepts liability for the above research project and extends
indemnity for negligent harm to cover you as investigator and the researchers listed
on the Site Specific Information form. Should there be any changes to the research
team please ensure that you inform the R&D Department and that s/he obtains an

appropriate contract, or letter of access, with the Trust if required.

Yours sincerely

Assogefate Director of R&D

Approved documents

The documents reviewed and approved are listed as follows

Document Version Date of document |
NHS R&D Form 3.4 21/07/11

SSI Form 3.1 12/07111
Directorate Approval 08/08/11

Protocol 1.0 July 2011

REC Letter confirming favourable opinion 18/09/11

Patient information sheet (REC Approved) 1.1 July 2011

Consent form (REC Approved) 1.1 July 2011

Letter of invitation (REC Approved) 1.0 July 2011

GP letter (REC Approved) 1.0 July 2011
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