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Abstract	

Heart	disease:	Coronary	heart	disease	is	a	major	cause	of	mortality	and	morbidity	in	the	UK	

and	globally.	It	is	managed	with	medical	therapy	and	coronary	revascularisation	to	reduce	

symptoms	and	reduce	risk	of	major	adverse	cardiovascular	events.	When	patients	present	with	

chest	pain,	it	is	important	to	risk	stratify	those	that	would	most	benefit	from	invasive	coronary	

assessment	and	those	that	can	be	managed	with	medical	therapy	alone.	Myocardial	perfusion	

techniques	have	been	developed	in	order	to	do	this.		

Cardiovascular	magnetic	resonance	(CMR)	with	stress	perfusion:	CMR	allows	the	non-

invasive	assessment	of	coronary	artery	disease	(CAD).	Under	conditions	of	vasodilator	stress,	a	

gadolinium	based	contrast	agent	is	injected	and	during	the	first	pass	through	the	left	ventricle,	

perfusion	defects	can	be	observed.	There	is	a	strong	evidence	base	for	perfusion	CMR	but	the	

technique	is	qualitative,	relies	on	experienced	operators	and	potentially	misses	globally	low	

perfusion	such	as	in	cases	of	“balanced”	ischaemia.			

Quantitative	perfusion	CMR:	In	contrast,	quantitative	perfusion	techniques	allow	the	

calculation	of	myocardial	blood	flow	(MBF).	It	is	more	objective,	less	reliant	on	the	expert	

observer	and	can	give	additional	insights	into	microvascular	disease	and	cardiomyopathy.	As	

well	as	being	less	subjective,	quantitative	perfusion	has	other	advantages	for	example	it	allows	

full	assessment	of	ischaemic	burden	and	may	contain	prognostic	information	that	could	be	

used	to	risk	stratify	and	improve	patient	care.	However,	quantitative	perfusion	has	been	

outside	the	realm	of	routine	clinical	practice	due	to	difficulties	in	acquiring	suitable	data	for	full	

quantification	and	the	laborious	nature	of	analysing	it.		

Perfusion	mapping:	Peter	Kellman,	Hui	Xue	and	colleagues	at	the	National	Institutes	for	

Health,	USA	developed	the	“perfusion	mapping”	technique	to	address	these	limitations.	

Perfusion	maps	are	generated	automatically	and	inline	during	the	CMR	scan	and	each	voxel	

encodes	myocardial	blood	flow.	This	allows	the	instant	quantification	of	MBF	without	complex	
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acquisition	techniques	and	post	processing.	In	this	thesis	I	have	taken	perfusion	mapping	and	

deployed	in	the	real-world	at	a	scale	an	order	of	magnitude	higher	than	prior	quantitative	

perfusion	studies,	developing	the	evidence	base	for	routine	clinical	use	across	a	broad	range	of	

diseases	and	scenarios:		

In	coronary	artery	disease:		I	have	shown	that	perfusion	mapping	is	accurate	to	detect	

coronary	artery	stenosis	as	defined	by	3D	quantitative	coronary	angiography	in	a	single	centre,	

50	patient	study.	Transmural	and	subendocardial	perfusion	are	particularly	sensitive	to	detect	

coronary	stenoses	with	performances	similar	to	expert	readers.	There	is	a	high	sensitivity	and	

high	negative	predictive	value	making	perfusion	mapping	a	good	“rule-out”	test	for	coronary	

disease.	

Quantitative	perfusion	and	prognosis:	I	investigated	whether	stress	MBF	and	myocardial	

perfusion	reserve	(MPR)	calculated	by	perfusion	mapping	would	encode	prognostic	

information	in	a	1049	patient	multi-centre	study	over	a	mean	follow	up	time	of	605	days.	Both	

stress	MBF	and	MPR	were	independently	associated	with	death	and	major	adverse	

cardiovascular	events	(MACE).	The	hazard	ratio	for	MACE	was	2.14	for	each	1ml/g/min	

decrease	in	stress	MBF	and	1.74	for	each	unit	decrease	in	MPR.	This	work	can	now	be	taken	

forward	with	prospective	studies	in	order	to	better	risk	stratify	patients,	including	those	

without	perfusion	defects	on	clinical	read.	

Reference	ranges	and	non-obstructive	coronary	disease:	I	sought	to	determine	the	factors	

that	contribute	to	perfusion	in	a	multi-centre	registry	study.	In	patients	with	no	obstructive	

coronary	artery	disease,	stress	MBF	was	reduced	with	age,	diabetes,	left	ventricular	

hypertrophy	(LVH)	and	the	use	of	beta	blockers.	Rest	MBF	was	influenced	by	sex	(higher	in	

females)	and	reduced	with	beta	blockers.	This	study	suggests	patient	factors	beyond	coronary	

artery	disease	(and	therefore	likely	microvascular	disease)	should	also	be	considered	when	

interpreting	quantitative	perfusion	studies.	
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In	cardiomyopathy:	I	also	investigated	myocardial	perfusion	in	cardiomyopathy	looking	at	

Fabry	disease	as	an	example	disease.	In	a	prospective,	observational,	single	centre	study	of	44	

patients	and	27	controls	I	found	Fabry	patients	had	reduced	perfusion	(and	therefore	likely	

microvascular	dysfunction),	particularly	in	the	subendocardium	and	was	associated	with	left	

ventricular	hypertrophy	(LVH),	glycophospholipid	storage	and	scar.	Perfusion	was	reduced	

even	in	patients	without	LVH	suggesting	it	is	an	early	disease	marker.		

	

In	conclusion,	in	this	thesis,	I	have	developed	an	evidence	base	for	quantitative	perfusion	CMR	

and	demonstrated	how	it	can	be	integrated	into	routine	clinical	care.	Perfusion	mapping	is	

accurate	for	detecting	coronary	artery	stenosis	and	encodes	prognostic	information.	Further	

work	in	this	area	could	enable	patients	to	be	risk	stratified	based	on	their	myocardial	perfusion	

in	order	to	reduce	the	morbidity	and	mortality	associated	with	epicardial	and	microvascular	

coronary	artery	disease.	Following	on	from	this	work,	two	further	British	Heart	Foundation	

Clinical	Research	Training	Fellowships	have	been	awarded	to	further	investigate	quantitative	

perfusion	in	patients	following	surgical	revascularisation	of	coronary	disease	and	in	patients	

with	hypertrophic	cardiomyopathy.	 	



	

6	
	

Impact	statement	

In	this	thesis	I	have	shown	that:	

For	single	centres:		Quantitative	perfusion	can	be	readily	integrated	into	routine	clinical	

workflow;	it	is	fast	with	no	post	processing	and	analysis	required.	Perfusion	mapping	can	be	

relied	upon	for	the	accurate	diagnosis	of	coronary	artery	disease	and	operators	can	have	

confidence	in	the	results.	Additional,	prognostic	information	is	provided	alongside	coronary	

disease	assessment.	

For	multi-centres:		Perfusion	mapping	allows	the	standardised	analysis	of	myocardial	

perfusion,	removing	operator	variability	and	therefore	bias	of	centre	size	and	expertise.	There	

can	be	direct	comparison	between	centres,	allowing	serial	monitoring	of	patients.		

For	patients:	Following	perfusion	CMR	patients	can	be	confidently	diagnosed	with	coronary	

disease	and	have	CAD	more	definitively	ruled	out	if	they	have	globally	normal	perfusion.	They	

can	greater	understand	their	risk	of	a	major	adverse	cardiovascular	event	depending	on	their	

myocardial	perfusion.	I	performed	the	largest	quantitative	perfusion	CMR	study	that	looks	at	

outcomes	and	the	first	multi-centre	study	in	any	modality	of	quantitative	perfusion.	For	

patients	with	Fabry	disease	specifically	this	was	the	first	perfusion	CMR	study	in	Fabry	disease,	

and	the	largest	Fabry	cohort	studied	with	any	perfusion	modality.	I	have	shown	that	

myocardial	perfusion	is	impaired	in	Fabry	patients	and	thus	microvascular	dysfunction	is	a	

component	in	the	pathophysiology	of	the	disease.	This	may	provide	insights	into	other	forms	of	

cardiomyopathy	going	forward.	

For	trials:	I	have	shown	that	quantitative	perfusion	is	a	new	potential	biomarker	for	clinical	

trials.	Perfusion	could	be	a	drug	target	for	macrovascular	and	microvascular	disease	and	this	

work	can	be	taken	forward	to	see	if	patient	outcomes	can	be	improved	by	better	targeting	

those	with	impaired	perfusion.	 	
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1. Introduction 
	
The	following	review	articles	have	been	based	on	this	introduction:	
Knott	KD,	Fernandes	JL,	Moon	JC.	Automated	Quantitative	Stress	Perfusion	in	a	Clinical	
Routine.	Magn	Reson	Imaging	Clin	N	Am.	2019	Aug;27(3):507-520.	doi:	
10.1016/j.mric.2019.04.003.	Epub	2019	May	13.	
Seraphim	A*,	Knott	KD*,	Augusto	J,	Bhuva	AN,	Manisty	C,	Moon	JC.	Quantitative	
cardiac	MRI.	J	Magn	Reson	Imaging.	2019	May	20.	doi:	10.1002/jmri.26789.	[Epub	ahead	of	
print]	Review.	*Joint	first	author.	
	

1.1 The scale of the problem 
	

Cardiovascular	disease	(CVD)	is	the	leading	cause	of	death	globally	(1).	In	the	United	Kingdom	

(UK)	around	7	million	people	are	living	with	CVD	and	each	year	152,000	people	die	as	a	result	

of	it	(2).	It	is	estimated	that	the	associated	total	healthcare	costs	are	around	£9	billion	annually	

(3).	More	recently,	there	have	been	improvements	in	the	detection	and	treatment	of	CVD	and	

these	have	resulted	in	falling	rates	of	cardiovascular	death	over	several	decades,	Figure	1.		

Figure	1.	Death	rate	from	cardiovascular	disease	by	gender,	UK.	The	rates	of	death	from	

cardiovascular	disease	are	falling	in	the	UK	for	men	and	women	but	remain	high.	From	the	

British	Heart	Foundation,	UK	factsheet,	November	2018	(4).	
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1.2 Coronary artery disease and the chronic coronary syndromes 
	
CVD	is	a	collection	of	diseases	that	affect	the	heart	and	circulatory	system.	The	most	common	

of	these	is	coronary	artery	disease	(CAD).	CAD	is	the	build-up	of	atheromatous	plaque	in	the	

coronary	arteries.	This	is	a	slow	process,	often	building	up	over	decades.	It	begins	with	lipid	

deposits	in	the	arterial	wall	and	the	atheromatous	cascade	ultimately	results	in	luminal	

narrowing.	The	luminal	narrowing	causes	a	mismatch	between	the	myocardial	blood	supply	

and	demand,	particularly	on	exertion,	causing	chest	pain	(angina).	Should	the	atherosclerotic	

plaque	rupture,	the	subsequent	thrombotic	cascade	results	in	heart	attacks	and	death.	Around	

66,000	deaths	are	attributed	to	CAD	each	year	in	the	UK	(3).	

There	are	treatment	options	available	for	CAD	such	as	lifestyle	changes,	medical	therapy	and	

invasive	interventional	procedures.	Aspirin	and	statins	have	been	shown	to	reduce	the	rate	of	

death	and	myocardial	infarction	when	used	for	both	primary	and	secondary	prevention	and	

form	the	mainstay	of	medical	management	(5–7).	Obstructive	CAD	can	also	be	treated	

invasively	with	percutaneous	coronary	intervention	(PCI)	or	coronary	artery	bypass	graft	

(CABG).	In	the	context	of	myocardial	infarction	(typically	plaque	rupture	with	subsequent	

thrombotic	occlusion	of	a	coronary	artery),	urgent	invasive	revascularisation	is	lifesaving	and	

recommended	by	all	the	major	guidelines	(8–11).	However,	more	recent	clinical	trials	have	

shown	the	need	for	caution	with	invasive	management	in	patients	with	stable	angina.		

The	most	recent	European	Society	of	Cardiology	(ESC)	guidelines	(12)	make	a	distinction	

between	acute	coronary	syndromes	(ACS,	including	myocardial	infarction	and	unstable	angina)	

and	chronic	coronary	syndromes.	These	chronic	coronary	syndromes	(CCS),	were	previously	

labelled	“stable	CAD”,	and	are	heterogenous	and	highlight	the	dynamic	nature	of	coronary	

artery	disease.	They	encompass	the	following	clinical	situations:	
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1. Patients	with	suspected	CAD	and	stable	symptoms	

2. Patients	with	new	onset	heart	failure	or	left	ventricular	(LV)	impairment	and	suspected	

CAD	

3. Patients	<	1	year	following	ACS,	with	or	without	symptoms	

4. Patients	>1	year	following	ACS,	with	or	without	symptoms	

5. Patients	with	angina	and	suspected	microvascular	dysfunction	or	vasospasm	

6. Asymptomatic	patients	with	CAD	detected	on	screening.	

	

The	functional	(haemodynamic)	significance	of	the	epicardial	coronary	lesion	is	also	important	

in	determining	the	appropriate	management	for	the	patient.	This	functional	significance	can	be	

determined	invasively	by	fractional	flow	reserve	(FFR)	by	measuring	the	pressure	proximal	

and	distal	to	a	lesion	during	vasodilator	stress.	It	was	shown	in	the	multi-centre	Fractional	

Flow	reserve	versus	Angiography	for	Multivessel	Evaluation	(FAME)	trial	that	performing	PCI	

on	a	lesion	with	obstructive	stenosis,	as	determined	by	FFR,	resulted	in	a	reduction	in	the	

composite	endpoint	of	death,	non-fatal	MI	and	repeat	revascularisation	when	compared	to	

purely	angiographically	guided	PCI	(13,14).	Performing	PCI	in	addition	to	medical	therapy	may	

be	superior	to	medical	therapy	alone	in	those	with	functionally	significant	disease	(15).	

Additionally,	intermediate	coronary	lesions	have	low	event	rates	if	there	is	no	ischaemia	

(16,17).	However,	angiography	and	FFR	uses	ionising	radiation,	is	invasive	and	consequently	

has	risks	associated	with	it	(18,19).	The	Objective	Randomised	Blinded	Investigation	with	

optimal	medical	therapy	or	angioplasty	in	stable	angina	(ORBITA)	study	(20)	compared	PCI	to	

a	sham	PCI	procedure	in	patients	with	stable	chest	pain	and	found	that	there	was	no	difference	

in	a	patient’s	symptoms	or	improvement	in	exercise	tolerance	between	the	groups	at	a	follow	

up	of	6	weeks.	This	suggests	there	is	a	significant	placebo	effect	from	PCI.	Overall,	non-invasive	
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testing	is	desirable	to	screen	for	those	patients	in	which	invasive	management	may	be	

appropriate.	

	

Patients	with	microvascular	dysfunction	often	do	not	have	flow-limiting	epicardial	coronary	

disease	but	disease	of	the	coronary	microcirculation.	This	may	cause	angina	(which	can	mimic	

epicardial	coronary	disease),	anxiety	and	potentially	other	psychological	symptoms	(21).	

Whilst	invasive	angiography	and	haemodynamic	assessment	can	be	useful	in	the	work-up	of	

these	patients	(22),	the	mainstay	of	treatment	is	lifestyle	and	medical	therapy.	Microvascular	

dysfunction	is	also	thought	to	play	a	key	role	in	the	heart	muscle	diseases	such	as	hypertrophic	

cardiomyopathy	and	Fabry	disease	although	there	is	somewhat	limited	evidence	in	these	rarer	

conditions.	

In	this	thesis	I	will	evaluate	chronic	coronary	syndromes	including	CAD	and	microvascular	

dysfunction	using	non-invasive	perfusion	cardiovascular	magnetic	resonance	(CMR)	in	various	

patient	cohorts.		
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1.3 Non-invasive functional imaging in the real world 
	

Non-invasive	functional	imaging	techniques	have	been	developed	and	are	recommended	in	the	

contemporary	clinical	guidelines	for	the	assessment	of	patients	with	suspected	CAD	/	CCS	

(12,23,24).	In	Europe	and	the	United	States,	the	most	widely	available	imaging	modalities	are	

cardiac	computed	tomography	coronary	angiography	(CTCA),	stress	echocardiography	(echo),	

cardiovascular	magnetic	resonance	(CMR),	single-photon	emission	computed	tomography	

(SPECT)	and	positron	emission	tomography	(PET).	With	the	exception	of	CTCA,	they	assess	

CAD	indirectly	by	observing	perfusion	(or	ischaemia	with	stress	echo)	at	the	level	of	the	

myocardium.	Each	of	these	tests	have	high	sensitivity	and	specificity	for	the	detection	of	CAD	in	

large	clinical	trials	(25–29).	CMR,	SPECT	and	PET	typically	use	a	vasodilator	stressor	agent	

(such	as	adenosine)	and	a	contrast	agent	to	demonstrate	areas	of	hypoperfused	myocardium	

under	conditions	of	maximal	vasodilatation.	The	perfusion	defects	infer	inducible	ischaemia	in	

the	region	of	interest.	In	contrast,	stress	echo	typically	uses	an	inotropic	agent	such	as	

dobutamine	to	demonstrate	ischaemia	directly.	Non-invasive	testing	is	recommended	in	

international	guidelines	as	the	first	line	investigation	in	low	to	medium	risk	patients	with	

suspected	coronary	artery	disease	(12,23,24).	

There	have	been	a	multitude	of	studies	demonstrating	generally	impressive	results	for	non-

invasive	imaging	in	the	diagnostic	accuracy	of	CCS,	and	this	would	be	expected	to	translate	into	

substantial	improvements	in	the	management	of	patients.	However,	this	has	not	always	

translated	into	real-world	experience.	Studies	have	found	that	non-invasive	tests	do	not	

provide	as	much	incremental	improvement	in	evaluating	CCS	as	would	be	expected	from	the	

randomised	controlled	trials	above	simple	clinical	risk	assessment	models.	A	real-world	

registry	study	included	398,978	patients	from	663	hospitals	attending	for	invasive	coronary	

angiography	of	which	83.9%	had	a	prior	non-invasive	test	(68.6%	positive)	(30).	Patients	with	
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a	positive	non-invasive	test	had	only	a	slightly	higher	prevalence	of	obstructive	coronary	

disease	(deemed	>50%	stenosis	in	a	major	coronary	artery)	-	41.0%	vs	35.0%.	There	was	only	

minimal	incremental	benefit	of	adding	non-invasive	testing	over	Framingham	risk	score,	

clinical	risk	factors	and	symptoms	(C-statistic	0.761	vs	0.764	with	the	additional	ischaemia	

test)	and	a	positive	non-invasive	test	was	less	associated	with	CAD	than	major	clinical	risk	

factors.	However,	this	study	was	limited	by	including	resting	electrocardiogram	and	resting	

echocardiogram	in	the	non-invasive	testing	models	and	the	non-randomised	nature	of	the	

study.	In	another	large	registry	study	of	549,078	patients	in	224	hospitals,	those	with	the	most	

non-invasive	imaging	tests	had	the	highest	rates	of	admission,	coronary	angiograms	and	

revascularisation	(31).	Readmission	for	acute	myocardial	infarction	did	not	differ	between	

those	who	had	non-invasive	testing	and	those	that	didn’t.	In	that	study	over	96%	of	the	testing	

was	performed	with	SPECT	and	stress	echo.		

	
1.3.1	Cardiovascular	magnetic	resonance	
	
CMR	with	stress	perfusion	assesses	the	first	myocardial	passage	of	a	gadolinium	based	contrast	

agent	during	vasodilator	stress	(and	repeated	at	rest)	to	detect	myocardial	hypoperfusion.	

From	when	it	was	initially	described	in	1990,	it	has	now	been	validated	against	angiography	

(32–34)	and	invasive	FFR	(35–38)	in	numerous	clinical	trials.	A	normal	perfusion	CMR	scan	is	

reassuring,	with	a	low	subsequent	cardiovascular	event	rate	(39–41).	The	Cardiovascular	

magnetic	resonance	and	single-photon	emission	computed	tomography	or	the	diagnosis	of	

coronary	heart	disease	(CE-MARC)	trial	prospectively	enrolled	752	patients	with	suspected	

angina	and	at	least	one	cardiovascular	risk	factor	for	perfusion	CMR,	SPECT	and	invasive	

coronary	angiography.	They	demonstrated	that	CMR	was	superior	to	SPECT	in	detecting	

coronary	artery	disease	(26).	In	a	five	year	follow	up	study	of	the	original	CE-MARC	cohort,	an	
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abnormal	CMR	was	found	to	be	a	stronger	predictor	of	MACE	than	SPECT,	independent	of	

cardiovascular	risk	factors	(42).	

More	recently,	the	magnetic	resonance	perfusion	or	fractional	flow	reserve	in	coronary	disease	

(MR	inform)	trial	prospectively	randomised	918	patients	with	stable	angina	and	at	least	2	

cardiovascular	risk	factors	to	a	perfusion	CMR	or	an	invasive	FFR	guided	management	strategy	

(43).	Patients	with	>	6%	ischaemia	on	CMR	(>1	myocardial	segment)	or	an	FFR	of	<0.8	were	

revascularized.	The	investigators	found	a	CMR	guided	approach	was	non-inferior	to	an	FFR	

guided	approach	in	regard	to	major	adverse	cardiovascular	events	(MACE)	at	one	year.	There	

were	fewer	revascularisations	in	the	CMR	group	and	no	difference	in	percentage	of	patients	

free	from	angina	between	the	groups.		

Another	large	study	that	looked	at	outcomes	following	CMR	was	the	Clinical	Impact	of	Stress	

CMR	Perfusion	Imaging	in	the	United	States	(SPINS)	trial	(44).	This	was	a	13	(USA-based)	

centre	registry	study	of	2,349	patients,	which	followed	up	patients	for	4	years	after	the	

perfusion	CMR.	They	found	that	in	those	patients	without	ischaemia	or	infarction,	the	rate	of	

adverse	cardiovascular	outcomes	(cardiovascular	death	or	non-fatal	MI)	was	very	low	(<1%)	

and	that	perfusion	CMR	was	a	cost-effective	test	in	these	patients.	

Additional	advantages	of	CMR	include	the	modality	using	no	ionising	radiation,	having	

unlimited	imaging	planes	(allowing	imaging	regardless	of	patient	anatomy	or	body	habitus),	it	

enables	optimal	assessment	of	cardiac	systolic	function	(using	cine	imaging	for	chamber	

volume	analysis)	and	tissue	characterisation	including	detecting	myocardial	infarction	and	

viability	assessment	(using	the	delayed	enhancement	technique)	(45–47).	Consequently,	in	the	

UK,	the	field	of	CMR	has	been	growing	at	the	expense	of	nuclear	ischaemia	testing.	

In	usual	clinical	practice,	CMR	with	stress	perfusion	involves	the	acquisition	of	three	short	axis	

left	ventricle	(LV)	slices	(basal,	mid	and	apical)	and	occasionally	a	long	axis	view	at	stress	and	

at	rest	during	the	first	pass	of	a	gadolinium	based	contrast	agent	(48).	The	reporting	physician	
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compares	the	stress	and	rest	images	for	each	slice	and	notes	the	presence	of	reversible	

“perfusion	defects”	which	are	areas	of	myocardial	hypoperfusion	present	at	stress	but	not	at	

rest.	The	amount	of	myocardial	ischaemia	can	be	estimated	using	the	American	Heart	

Association	segment	model	(49).	The	LV	is	divided	into	17	segments	–	6	basal,	6	mid,	4	apical,	

plus	the	apical	cap.	The	proportion	of	hypoperfused	segments	gives	an	estimation	of	LV	

ischaemia,	with	each	segment	representing	approximately	6%	myocardial	ischaemia.	Figure	2	

shows	an	example	of	perfusion	CMR	images	for	a	patient	with	right	coronary	artery	stenosis.	

Perfusion	CMR	is	highly	operator	dependent	and	requires	a	high	level	of	expertise	with	level	3	

accredited	operators	(the	highest	European	Association	of	Cardiovascular	Imaging,	EACVI,	

accreditation)	performing	significantly	better	at	identifying	CAD	than	level	2	and	level	1	

operators	(50).	Furthermore,	simply	adjusting	the	window-level	of	the	images	can	alter	the	

apparent	extent	of	hypoperfusion,	which	can	lead	to	underestimating	or	overestimating	the	

degree	of	ischaemia.	There	is	also	the	possibility	of	missing	truly	“balanced”	ischaemia	

(ischaemia	in	all	3	coronary	vessels)	which	would	cause	global	hypoperfusion	rather	than	a	

relative	perfusion	defect.	A	more	robust	alternative	is	fully	quantitative	perfusion	CMR	where	

absolute	blood	flow	is	quantified	in	the	myocardium.		
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Figure	2.	Perfusion	CMR	for	a	patient	with	obstructive	right	coronary	artery	stenosis.	The	

basal,	mid	and	apical	LV	slices	(left	to	right)	are	shown	under	conditions	of	vasodilator	stress	

(A)	and	rest	(B).	The	inferior	perfusion	defect	can	be	visually	appreciated	(black	arrows)	in	the	

basal	and	mid	slices.	
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The	diagnostic	performance	of	CMR	has	been	compared	to	coronary	angiography	in	several	

single	centre	(34,51,52)	and	a	few	multi-centre	studies	(53,54).	The	majority	of	those	

comparing	CMR	with	MPS	have	been	single	centre	(26,55,56).	These	studies	are	potentially	

subject	to	“Expert	Centre	Bias”.	This	is	the	phenomenon	in	which	a	centre	shows	that	one	

modality	is	superior	to	another	but	at	least	some	of	the	difference	may	be	explained	by	the	lack	

of	expertise	in	the	other	modality,	the	use	of	out-dated	equipment	or	image	analysis	software	

(57,58).	For	example	the	sensitivity	and	specificity	of	SPECT	was	66.5%	and	82.6%	

respectively	in	CE-MARC	compared	to	90%	and	86%	respectively	in	a	202	patient	single	centre	

study	in	1996	(59).	

Meta-analyses	have	been	performed	which	show	that	perfusion	CMR	is	highly	accurate	for	the	

detection	of	CAD	(35,38)	.	However,	there	are	several	limitations	with	combining	the	studies	in	

the	meta-analyses	due	to	the	considerable	heterogeneity	with	the	studies.	For	example,	in	their	

meta-analysis,	Hamon	et	al.	found	that	the	concentration	of	gadolinium	used	varied	from	0.025	

to	0.15mmol/kg.	There	is	currently	no	consensus	of	the	most	appropriate	dose	and	two	studies	

have	found	conflicting	results.	The	first	found	that	a	dose	of	0.05mmol/kg	was	at	least	as	

efficacious	as	higher	doses	(0.15mmol/kg)	(53).	The	second,	Magnetic	Resonance	Imaging	for	

Myocardial	Perfusion	Assessment	in	Coronary	artery	disease	trial	(MR	IMPACT),	showed	the	

most	efficacious	dose	was	0.1mmol/kg	(the	highest	dose	used	in	the	study)	(60).	There	is	also	

a	variation	in	the	clinical	protocol	used	in	perfusion	studies.	The	most	“real-world”	setting	

would	be	to	use	a	multiparametric	CMR	approach	(a	combination	of	cine,	scar	imaging	in	

addition	to	the	perfusion).		This	has	been	shown	to	improve	the	diagnostic	accuracy	of	

coronary	artery	disease	(52,61,62).	This	is	not	done	in	all	trials	with	some	considering	only	the	

stress	and	rest	perfusion	components	of	the	CMR	scan	and	so	could	potentially	have	reduced	

the	pooled	accuracy	in	meta-analyses.		
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Furthermore,	there	is	much	heterogeneity	in	the	stress	protocol.	In	perfusion	CMR,	one	of	3	

main	stressor	agents	are	chosen	-	adenosine,	dipyridamole	and	regadenoson.	It	has	been	

suggested	that	adenosine	is	superior	to	dipyridamole	but	there	is	limited	evidence	and	further	

work	is	needed	(35).		

The	SCMR	have	produced	guidelines	(48)	on	the	standardisation	of	perfusion	CMR	but	within	

this	there	is	uncertainty	and	scope	for	variation.	The	protocol	at	Barts	Heart	Centre	involves	an	

adenosine	infusion	at	a	rate	of	140mcg/kg/min	for	4	minutes	which	should	be	increased	to	

175mcg/kg/min	if	there	are	no	symptoms	and	no	heart	rate	response	(increase	by	10	beats	

per	minute,	bpm)	after	2	minutes.	However	haemodynamic	response	to	adenosine	correlates	

poorly	with	stress	myocardial	blood	flow	(63).	This	calls	into	question	the	appropriateness	of	

using	haemodynamic	and	symptom	assessment	to	ensure	adequacy	of	adenosine	stress.		

Medication	may	also	impact	the	adequacy	of	vasodilator	stress.	Studies	have	shown	that	beta	

adrenoreceptor	blockade	reduces	the	extent	and	severity	of	perfusion	defects	in	MPS	studies	

(64)	and	for	this	reason	they	may	be	withheld	for	3-5	days	prior	to	the	scan	in	some	centres.	

This	may	be	the	case	with	other	anti-anginal	agents	such	as	calcium	channel	blockers	and	

nitrates	(65).	Such	studies	have	not	taken	place	for	CMR	but	similar	effects	may	occur.	

Medications	are	not	routinely	halted	before	perfusion	CMR	and	in	the	literature	to	date	a	

variety	of	protocols	regarding	medication	suspension	have	been	used.	

Splenic	switch	off	is	a	useful	sign	of	stress	adequacy	(66).		Adenosine	and	dipyridamole	(but	

not	regadenoson)	reduces	splenic	blood	flow,	in	contrast	to	the	increase	in	myocardial	blood	

flow,	and	the	spleen	darkens	in	adequately	stressed	patients.	The	splenic	switch	off	sign	has	

not	been	used	routinely	in	clinical	trials,	and	so	the	sensitivity	of	the	test	may	have	been	

underestimated	in	these	trials	compared	to	contemporary	practice	in	real	world	centres	in	

which	the	splenic	switch	off	sign	is	routinely	used	to	assess	stress	adequacy.	There	are	

drawbacks	to	the	splenic	switch	off	sign.	It	is	only	possible	to	see	splenic	switch	off	during	the	
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scan	once	the	contrast	has	been	administered	so	does	not	allow	for	further	or	increased	

stressor	dose	during	the	scan.		

Further	heterogeneity	exists	in	the	variety	of	scanner	vendors,	magnetic	field	strength	(1.5	vs	3	

Tesla,	T),	perfusion	sequence	and	post-processing	software.	The	technique	is	qualitative	(a	

relative	difference	in	perfusion	is	appreciated)	and	reliant	on	operator	experience	and	

familiarity	with	the	local	setup.	To	gain	this	clinical	experience	and	attain	results	as	impressive	

as	the	trials	therefore	is	problematic,	particularly	in	low	volume	centres.	

	

1.3.2	Myocardial	Perfusion	Scintigraphy	
	

Myocardial	Perfusion	Scintigraphy	(MPS)	with	Single	Photon	Emission	Computed	Tomography	

(SPECT)	was	the	first	widely	available	imaging	test	used	to	non-invasively	assess	coronary	

disease.	Early	studies	in	the	1980s	showed	good	sensitivity	and	specificity	for	the	detection	of	

coronary	artery	disease	(25,67,68),	comparable	to	recent	CMR	and	stress	echo	data.	Typically,	

a	radio-isotope	is	injected	and	myocardial	uptake	compared	under	conditions	of	stress	and	

rest.	The	heterogeneity	of	approaches	is	particularly	varied.	There	are	a	multitude	of	stressor	

agents,	radionuclear	isotopes,	stress	durations,	analysis	approaches	and	analysis	software.		

The	choice	of	stressor	agent	employed	is	typically	the	same	as	CMR	(adenosine,	dipyridamole	

or	regadenoson)	but	also	exercise	can	be	used.	Although	not	directly	compared,	a	number	of	

studies	have	shown	high	diagnostic	accuracy	with	each	of	them	(e.g.	(69–71)).	Caution	should	

be	used	in	pooling	accuracy	across	each	of	these.	A	potential	benefit	of	MPS	is	the	ability	to	use	

exercise	as	a	stressor	which	is	more	straightforward	and	physiological	than	with	other	

modalities.	It	is	important	to	ensure	the	exercise	is	sufficient	as	sub-maximal	exercise	can	

reduce	the	sensitivity	of	the	test	(67).	Combining	exercise	and	adenosine	may	reduce	side	

effects	but	does	not	improve	the	sensitivity	and	may	improve	scan	tolerance	(72).	Rather	than	
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a	contrast	agent,	MPS	uses	a	radio-isotope	which	is	taken	up	by	the	myocardium.	The	choice	of	

radio-isotope	is	most	commonly	thallium,	MIBI	or	tetrofosmin.	They	all	have	similar	

sensitivities	when	compared	head	to	head	but	there	are	some	technical	differences	between	

them	(73).	The	methodology	of	the	MPS	in	any	given	centre	may	deviate	from	the	trial	

protocols	due	to	the	heterogeneity	in	approach.	

Referral	bias	is	prominent	in	many	MPS	studies	and	may	therefore	influence	study	outcomes	

and	the	conclusions	drawn	from	them.	For	example,	many	of	the	studies	only	perform	the	gold	

standard	test	of	invasive	angiography	on	patients	who	have	an	abnormal	MPS.	The	sensitivity	

of	the	test	is	therefore	artificially	increased	and	the	specificity	decreased,	but	this	may	reflect	

real	world	experience.	One	trial	where	referral	bias	was	minimised	was	the	CE-MARC	trial	(26)		

in	which	all	patients	had	MPS,	CMR	and	invasive	coronary	angiography.	This	may	in	part	

explain	why	the	diagnostic	accuracy	of	MPS	was	lower	in	this	study	than	other	studies	(74).	A	

large	study	in	which	only	patients	with	abnormal	MPS	had	coronary	angiography	had	a	

sensitivity	of	98%	and	specificity	of	13%.	However,	once	corrected	for	referral	bias,	this	

changed	to	65-67%	and	67-75%	respectively	(depending	on	methodology	of	correction)	(75).	

Therefore,	the	real-world	sensitivity	and	specificity	of	MPS	is	likely	to	be	somewhat	lower	than	

the	clinical	trials.	With	advances	in	technology,	the	most	up	to	date	MPS	scans	involve	latest	

generation	cameras,	reconstruction,	attenuation	and	resolution	correction	algorithms	(76).	

However	not	all	centres	have	such	techniques	and	technology	available.	Older	studies	using	

out-dated	equipment,	compared	to	new	technology	(such	as	CMR)	in	more	modern	studies	

may	under-estimate	the	diagnostic	capabilities	of	up	to	date	MPS	techniques.	

 
1.3.3	Stress	echocardiography	
	

While	vasodilator	stress	echocardiography	is	possible,	the	most	common	stressor	agents	are	

dobutamine	or	exercise.	Rather	than	vasodilate	and	create	perfusion	mismatches	in	regions	
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supplied	by	stenosed	epicardial	coronary	arteries,	they	work	by	increasing	myocardial	oxygen	

demand	and	inducing	wall	motion	abnormalities.	Viability	information	can	also	be	obtained:	If	

the	myocardium	is	hypokinetic	at	rest	but	improves	with	low-dose	dobutamine	it	is	likely	to	be	

viable	(77,78),	known	as	the	biphasic	response	to	stress.	The	trial	data	for	sensitivity,	

specificity	and	accuracy	is	comparable	to	other	imaging	modalities	and	there	are	similar	biases	

in	the	studies	which	should	influence	their	interpretation.		

First	of	all	there	is	some	heterogeneity	in	protocol	and	image	analysis.	There	are	however,	

international	society	guidelines	which	can	be	followed	such	as	the	European	Association	of	

Echocardiography	and	AHA	guidelines	(79,80)	to	minimise	this	heterogeneity.		Dobutamine	is	

infused	at	an	increasing	concentration	at	3-minute	intervals	(5	to	40	mcg/kg/min)	and	if	target	

heart	rate	(85%	maximal)	is	not	attained	atropine	may	also	be	given.		At	each	stage	of	the	test	a	

visual	assessment	is	made	as	to	whether	the	myocardium	is	normokinetic,	hypokinetic,	

akinetic	or	dyskinetic.	Image	quality	and	image	interpretation	is	variable.	One	study	estimated	

that	the	image	quality	in	up	to	30%	of	exercise	stress	echoes	was	suboptimal	(81).	One	way	to	

improve	image	quality	and	increase	sensitivity	and	specificity	is	to	use	contrast	(82).	This	adds	

heterogeneity	to	studies	and	is	not	routinely	done	at	all	centres.		

There	is	a	wide	range	of	variability	in	the	exercise	protocol	performed.	Some	centres	use	a	

modified	Bruce	protocol,	others	supine	bicycle.	Therefore,	the	level	of	exercise	achieved	may	

be	variable	and	comparing	studies	is	problematic.	It	is	also	vital	to	ensure	a	patient	remains	

under	exercise	conditions	when	they	move	from	treadmill	to	couch	in	exercise	treadmill	tests	

and	acquire	images	as	quickly	as	possible.	Despite	these	limitations,	studies	have	compared	

exercise	and	dobutamine	stress	to	a	gold	standard	of	coronary	angiography	and	shown	them	to	

have	high	sensitivity,	specificity	and	diagnostic	accuracy	(83,84).	
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There	are	again	biases	in	the	data	which	impact	on	the	real-world	applicability.	Some	of	these	

are	the	same	as	other	functional	tests	for	example	the	gold	standard	has	generally	been	visual	

assessment	at	coronary	angiography	(83,84).	Whether	this	biases	in	favour	or	against	stress	

echo	is	questionable.	Also	the	studies	have	been	predominantly	single	centre	with	the	

associated	problems	of	generalisability	(29,85–88)	

There	are	also	more	general	issues	with	the	applicability	of	the	trial	results.	In	some	patient	

groups	stress	echo	has	been	found	to	be	less	reliable.	For	example	in	akinetic	myocardial	

segments	the	sensitivity	of	stress	echo	to	predict	viability	falls	significantly	and	may	be	as	low	

as	68%	(89).	Sensitivity	also	falls	in	patients	with	impaired	LV	function	although	may	still	be	

preferable	to	MPS	due	to	its	higher	positive	predictive	value	(90).	In	summary,	although	the	

sensitivity,	specificity	and	accuracy	in	an	optimised	patient	population	are	high,	this	is	unlikely	

to	be	the	case	in	the	real	world.	

 
1.3.4	Positron	Emission	Tomography	
	

Cardiac	PET	perfusion	is	accurate	in	detecting	functionally	significant	coronary	artery	disease	

(91–93).	Perhaps	the	unique	feature	for	PET	has	been	accurate	quantification	of	myocardial	

perfusion	and	not	solely	rely	on	a	purely	visual	assessment.	Quantitative	PET	has	also	shown	

the	prognostic	value	of	myocardial	perfusion	reserve	in	large	cohorts	of	patients	(94–96).	PET	

relies	on	the	principle	of	coincidence	detection	of	pairs	of	high-energy	photons	produced	from	

the	annihilation	of	an	emitted	positron	with	a	free	electrode.	With	hybrid	CT	technology,	there	

is	the	ability	to	correct	for	attenuation	and	scatter	which	often	causes	artefact	in	MPS	(97).	

Similar	to	other	technologies,	there	are	technical	features	that	can	improve	image	quality	

including	filtered-back	projection	and	iterative	reconstruction	approaches.	In	general,	PET	

takes	place	in	expert	centres	due	to	the	limited	availability	of	PET	and	centralisation	of	

scanners	due	to	requirements	for	on-site	cyclotrons	or	large-scale	production	of	tracers.	
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Similar	to	other	functional	modalities,	there	is	a	substantial	heterogeneity	to	the	approach	and	

trial	data	and	a	number	of	pitfalls	are	those	shared	with	other	imaging	modalities.	For	example,	

the	choice	of	vasodilator	stressor	agent	(similar	to	CMR	and	SPECT),	whether	to	hold	

medication	prior	to	the	scan	and	the	gold	standard	to	which	PET	has	been	assessed	has	

typically	been	visual	assessment	of	invasive	coronary	angiography	(92,93).		The	choice	of	

tracer	is	more	complex	and	depends	on	a	variety	of	factors.		

The	main	tracers	in	clinical	use	are	15O-water,	82Rb	and	13N-ammonia.	15O-water	and	13N-

ammonia	require	an	on-site	cyclotron	(98,99).	Previously	this	has	been	prohibitive	but	with	

more	widespread	use	of	PET	in	oncology	studies	this	is	becoming	more	widely	available.	

However,	15O-water	requires	more	specialist	processing.	82Rb	can	be	produced	in	a	generator	

off-site	with	a	good	shelf	life	of	around	5	weeks.	However,	large	batches	are	produced	

requiring	the	site	to	have	high	patient	numbers	(98).	The	tracers	are	also	interpreted	

depending	on	whether	they	are	suited	to	qualitative	perfusion	defects	or	quantitative	

perfusion	(100).	15O-water	has	a	high	extraction	fraction	so	is	highly	accurate	for	myocardial	

blood	flow	quantification,	but	the	short	half-life	and	fast	tissue	washout	prevent	qualitative	

assessment.	13N-ammonia	allows	better	qualitative	assessment	whilst	allowing	good	

quantitative	perfusion	(although	not	as	accurate	as	15O-water).	82Rb	is	the	most	generally	

available	tracer	but	has	a	shorter	half-life	than	13N-ammonia	with	a	consequent	reduction	in	

visual	image	quality	and	with	a	lower	extraction	fraction	reducing	the	accuracy	of	quantitative	

perfusion.	

For	PET	studies	using	tracers	in	which	quantitative	myocardial	perfusion	is	performed,	there	is	

considerable	heterogeneity	between	software	packages.	Monroy-Gonzalez	et	al	analysed	the	

scans	of	91	patients	with	normal	perfusion,	reversible	perfusion	defects	and	fixed	perfusion	

defects	using	three	widely	used	and	clinically	available	software	packages	(101).	There	were	

considerable	differences	with	the	calculated	myocardial	blood	flow	(MBF)	between	software	
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packages,	particularly	in	the	patients	with	reversible	perfusion	defects	and	normal	perfusion.	

There	are	also	heterogeneities	in	MBF	depending	on	the	tissue	model	used	to	quantify	

perfusion	(102,103).	This	has	implications	when	making	diagnoses	of	coronary	artery	disease	

based	on	absolute	cut-off	values	for	MBF.	

	

1.3.5	Cardiac	CT	
	

In	the	UK	and	worldwide,	there	remains	a	debate	around	the	importance	of	ischaemia	testing	

as	a	first	line	investigation	for	chest	pain.	An	alternative	viewpoint	is	that	an	anatomical	test	

should	be	used	initially.	Unlike	the	previously	discussed	imaging	modalities,	cardiac	CT	is	an	

anatomical	rather	than	functional	test	for	the	presence	of	obstructive	coronary	artery	disease.	

A	coronary	calcium	score	can	give	important	prognostic	information	(104–106)	and	the	

coronary	angiogram	can	show	the	presence	of	obstructive	coronary	artery	disease.	The	

relative	cost-effectiveness,	availability	and	high	negative	predictive	value	(107,108)	have	

resulted	in	the	National	Institute	for	Health	and	Clinical	excellence	(NICE)	in	the	UK	

recommending	it	as	the	first	line	investigation	for	all	patients	presenting	with	typical	and	

atypical	angina	and	functional	tests	only	if	there	is	diagnostic	uncertainty	(24).	This	differs	

somewhat	from	the	European	Society	of	Cardiology	guidelines	whereby	the	recommendation	

for	cardiac	CT	remains	first	line	only	for	patients	at	low	or	intermediate	risk	of	coronary	artery	

disease	and	they	continue	to	recommend	functional	test	for	patients	at	intermediate	risk	(109).	

Sensitivity	and	specificity	for	the	detection	of	coronary	artery	disease	has	been	shown	to	be	

extremely	high	in	a	number	of	clinical	trials,	94-100%	and	89-91%	respectively	in	meta-

analyses	(110–112)	and	this	contributed	to	the	increased	interest	in	the	field.	However,	there	

are	a	number	of	inherent	biases	in	the	trial	data	that	reduce	its	generalisability	and	
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applicability.	The	biases	are	similar	yet	subtly	different	to	those	for	the	functional	ischaemia	

tests.		

First	of	all,	it	is	unsurprising	that	the	apparent	sensitivity	and	specificity	of	cardiac	CT	is	higher	

than	functional	imaging	modalities	due	to	the	fact	that	we	are	comparing	an	anatomical	test	to	

the	gold	standard	of	invasive	coronary	angiography	which	is	also	an	anatomical	test.	Again,	we	

have	a	problem	of	using	a	poor	gold	standard	but	for	cardiac	CT	this	results	in	a	positive	bias	in	

favour	of	CT	compared	to	the	negative	bias	seen	with	functional	tests.	Meta-analyses	of	CT	

studies	use	visual	assessment	of	invasive	coronary	angiography	or	quantitative	coronary	

angiography	(QCA),	typically	with	a	cut	off	of	50-70%	stenosis	being	called	positive.	FFR	has	

not	been	commonly	used	as	the	gold	standard	comparator	and	so	the	presence	of	disease	may	

be	there,	but	the	lesion	felt	not	to	be	functionally	significant	at	invasive	angiography	and	so	

does	not	change	management	of	the	patient.	Intermediate	stenoses	may	or	may	not	be	flow	

limiting	and	this	is	difficult	to	determine	from	visual	analysis.	One	study	that	did	use	FFR	as	a	

gold	standard	was	the	NXT	study	(113).	Diagnostic	accuracy	of	cardiac	CT	with	and	without	

CT-FFR	was	compared	to	a	gold	standard	of	invasive	coronary	angiography.	The	sensitivity	for	

cardiac	CT	remained	high	at	94%	but	specificity	dropped	to	34%.	The	values	for	CT-FFR	were	

86%	and	79%	respectively,	indicating	the	additional	value	of	the	functional	assessment.	

The	next	bias	with	cardiac	CT	is	using	trial	data	focusing	on	low-intermediate	risk	patients	

with	a	potentially	lower	prevalence	of	flow-limiting	coronary	artery	disease	and	extrapolating	

the	results	to	higher	risk	populations.	For	example	the	EVINCI	trial	found	cardiac	CT	to	be	

more	accurate	than	functional	imaging	tests	(114)	in	a	low	CAD	prevalence	European	

population.	The	problem	with	this	is	that	the	diagnostic	accuracy	is	very	high	in	low	risk	

patients,	but	this	is	not	necessarily	the	case	with	the	higher	risk	patients.	High-risk	patients	

may	have	abnormal	findings	on	CTCA	which	are	either	artefactual,	precluding	sufficient	

analysis	or	are	not	functionally	significant.	For	example	the	prospective	multicentre	imaging	
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study	for	evaluation	of	chest	pain	(PROMISE)	trial	randomised	patients	with	no	history	of	

coronary	disease	attending	chest	pain	clinic	to	either	an	anatomical	imaging	strategy	with	

cardiac	CT	or	a	functional	imaging	strategy	(115).	They	demonstrated	that	there	were	more	

invasive	angiograms	performed	in	patients	who	were	investigated	with	CT	than	those	with	a	

functional	test	but	there	was	no	difference	in	cardiovascular	outcomes.	In	a	large	real	world	

patient	population	including	low	and	high	risk	patients,	the	diagnostic	accuracy	may	be	

significantly	lower	than	what	is	seen	in	trials	with	a	lower	prevalence	of	coronary	artery	

disease.		

Similarly,	despite	the	apparent	greater	detection	of	coronary	artery	disease,	the	prospective	

longitudinal	trial	of	FFR	CT:	outcome	and	resource	impacts	(PLATFORM)	trial	randomised	

patients	to	CT	or	CT	derived	FFR	to	compare	the	percentage	of	patients	with	no	obstructive	

coronary	disease	at	angiography	(116).	The	study	showed	that	85.9%	of	those	referred	for	a	

coronary	angiogram	following	an	abnormal	CT	coronary	angiogram	had	no	obstructive	

coronary	artery	disease.	This	compared	to	7.7%	in	the	group	with	the	additional	functional	

imaging	component.	CT	stress	perfusion	has	also	been	developed	in	which	the	passage	of	

contrast	is	observed	during	vasodilator	stress	(117).	This	technique,	when	used	in	

combination	with	CTCA	is	potentially	more	accurate	than	CT	FFR	when	compared	to	invasive	

FFR	at	the	expense	of	a	higher	radiation	dose	(118).	

Finally,	similar	to	functional	imaging,	the	technology	available	is	different	in	the	typical	real-

world	centres	compared	to	expert	centres.	As	for	other	imaging	modalities	there	are	a	number	

of	vendors,	scanner	models	and	post-processing	software.	This	makes	extrapolating	the	data	

from	these	centres	to	the	general	cardiology	community	problematic.	

1.3.6	Summary	
	
Despite	excellent	clinical	trial	evidence	of	non-invasive	imaging	in	the	detection	of	coronary	

artery	disease	it	is	not	always	mirrored	by	real	world	performance.	This	is	mostly	down	to	
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inherent	bias	in	clinical	trial	data,	variability	in	protocol,	image	acquisition	and	post-processing	

and	the	use	of	sub-optimal	gold	standards.	In	order	to	improve	real	world	performance,	it	is	

important	to	standardise	protocols,	make	image	analysis	less	subjective,	ensure	patients	are	

sufficiently	stressed,	design	clinical	trials	to	minimise	bias	and	to	compare	like	with	like.	

Practical	ways	that	this	could	be	done	would	be	to	produce	Society	guidelines	for	the	

standardisation	of	stress	imaging	protocols.	This	would	allow	greater	comparison	between	

centres	and	better	generalisability	of	study	results.	An	example	of	standardising	image	analysis	

would	be	to	make	non-invasive	imaging	techniques	more	quantitative.	This	would	remove	the	

subjective	element	of	image	analysis.	For	example,	CT-FFR	and	CT	perfusion	(including	

quantitative	perfusion)	data	is	promising	and	provides	a	more	objective	way	of	assessing	

coronary	anatomy.	Another	example	is	quantitative	perfusion	CMR	which	has	historically	been	

solely	a	research	tool.	In	the	field	of	stress	echo,	strain	imaging	during	stress	has	shown	

promise	in	improving	the	diagnostic	accuracy	and	may	make	the	analysis	more	objective	(119).	

Furthermore,	contrast	should	be	used	routinely	and	perhaps	with	3D	stress	echo	becoming	

more	widely	available,	image	acquisition	time	will	be	reduced	improving	quality	of	assessment.	

In	the	field	of	PET	there	is	increasing	interest	in	newer	18F	labelled	tracers	which	hope	to	

combine	the	image	quality	and	perfusion	quantification	without	the	need	for	an	on-site	

cyclotron	(120).	

Multi-centre	studies	with	outcome	data	are	required	for	each	imaging	strategy.	The	MR	

INFORM	is	one	such	trial	in	CMR,	which	compared	outcomes	for	patients	undergoing	an	

invasive	FFR	strategy	of	perfusion	CMR	(43).	Major	adverse	cardiovascular	end-points	were	

not	significantly	different	in	those	managed	according	to	a	functional	imaging	or	invasive	

angiography	with	FFR	strategy.	Similarly,	in	CT,	the	coronary	CT	angiography	and	5-year	risk	

of	myocardial	infarction	(SCOT-HEART)	trial	has	shown	that	patients	managed	with	a	CTCA	in	

addition	to	standard	care	had	a	lower	rate	of	death	or	non-fatal	MI	at	5	years	compared	with	
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standard	care	alone,	without	increasing	the	rate	of	coronary	angiography	(121).	However,	in	

the	symptoms	and	quality	of	life	analysis	of	patients	in	the	SCOT-HEART	trial,	Williams	et	al.	

found	that	those	patients	in	the	CT	arm	had	less	marked	improvements	in	symptoms	and	

quality	of	life	compared	to	the	patients	treated	with	the	standard	of	care	(122).	The	reasons	for	

this	were	not	elucidated	in	the	trial	but	it	is	plausible	that	there	were	some	patients	who	had	

anginal	symptoms	due	to	microvascular	dysfunction	and	vasospastic	which	was	not	detected	

by	the	CT	scan.	It’s	possible	that	these	patients	had	anti-anginal	therapy	discontinued	as	there	

was	no	obstructive	epicardial	disease	seen	on	CT.	Non-invasive	functional	testing	could	

potentially	identify	reduced	myocardial	perfusion	in	this	group	of	patients	which	would	allow	

targeted	therapy.		

In	this	thesis,	I	will	attempt	to	improve	the	non-invasive	assessment	of	patients	with	CCS	by	

addressing	some	of	the	limitations	in	CMR	perfusion.	I	will	develop	an	evidence	base	for	

quantitative	CMR	in	the	diagnosis	of	coronary	artery	disease	and	the	investigation	of	

microvascular	dysfunction	and	will	investigate	where	there	is	useful	prognostic	data	in	fully	

quantitative	perfusion	with	respect	to	patient	outcome.	 	
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1.4 The advantages of fully quantitative perfusion in CAD 
	

Fully	quantitative	perfusion	has	been	well	established	and	well	validated	in	the	PET	literature	

conferring	advantages	in	the	diagnosis	of	CAD	but	also	extending	beyond	this.		Quantitative	

PET	perfusion	was	shown	by	Gould	et	al	to	be	highly	sensitive	and	specific	for	the	detection	of	

CAD	(123).	The	coronary	flow	reserve	(CFR,	the	ratio	of	stress	myocardial	blood	flow	to	rest	

myocardial	blood	flow)	was	deemed	abnormal	if	less	than	3.0	and	95%	specific	and	100%	

sensitive	for	the	detection	of	CAD	in	a	50	patient	cohort.	Furthermore,	quantitative	PET	

perfusion	has	been	validated	against	FFR.	In	104	patients	at	moderate	risk	of	CAD,	absolute	

quantification	had	a	significantly	higher	positive	predictive	value,	negative	predictive	value	

and	diagnostic	accuracy	for	the	detection	of	functionally	significant	stenoses	in	comparison	

with	standard	PET	perfusion	(124).	The	inter-observer	variability	of	perfusion	assessment	was	

also	lower	with	absolute	quantification.	Quantitative	perfusion	in	CMR	has	been	shown	to	be	

non-inferior	to	expert	clinical	observers	(level	3)	and	superior	to	level	1	and	level	2	operators	

(50).	

In	patients	with	multi-vessel	coronary	atherosclerosis,	quantitative	perfusion	is	advantageous.	

PET	studies	have	found	that	it	is	possible	to	appreciate	more	extensive	ischaemia	with	

quantitative	techniques	than	with	qualitative	approaches	in	patients	with	multi-vessel	disease	

(125).	Similarly,	in	CMR,	the	myocardial	blood	flow	(MBF)	and	the	myocardial	perfusion	

reserve	(MPR,	stress	MBF	to	rest	MBF,	which	is	similar	to	CFR	in	PET	studies)	has	been	shown	

to	effectively	discriminate	between	single	and	three-vessel	disease	in	a	way	that	was	not	

possible	with	qualitative	perfusion	(126),	in	an	influential	but	small	study	of	30	patients.		In	

summary,	more	extensive	CAD	is	better	characterised	with	quantitative	perfusion	which	may	

lead	to	more	appropriate	patient	management.		
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1.5 Advantages of quantitative perfusion beyond obstructive CAD 
	

Beyond	the	investigation	of	potentially	obstructive	CAD,	quantitative	analysis	has	additional	

advantages	over	qualitative	perfusion.	There	is	important	prognostic	information	encoded	in	

the	stress	MBF	and	the	perfusion	reserve,	which	is	likely	to	be	related	to	the	extended	

spectrum	of	CCS.	This	has	been	studied	with	PET	previously.	In	a	256	patient	study	referred	for	

ammonia	PET	perfusion	for	standard	clinical	indications,	the	cohort	included	150	patients	with	

known	CAD	and	the	entire	cohort	was	followed	up	for	a	mean	of	5.5	years	(94).	The	rates	of	

death	and	major	adverse	cardiovascular	events	(MACE)	were	higher	in	patients	with	a	CFR	less	

than	2	than	in	patients	with	a	CFR	greater	than	2.	This	was	true	for	patients	with	perfusion	

defects	indicative	of	obstructive	coronary	disease	and	for	those	without.	Patients	with	

perfusion	defects	and	a	CFR	<2	had	worse	outcomes	than	those	with	a	CFR	>2.	Similarly	

patients	with	no	perfusion	defects	but	a	CFR	<2	did	worse	than	those	with	a	CFR	>2.		

Myocardial	perfusion	is	also	important	in	patients	with	non-ischaemic	cardiomyopathies.	

Neglia	et	al.	prospectively	recruited	67	patients	with	LV	impairment	to	undergo	PET	perfusion	

imaging	(127).	Following	a	mean	of	45	months	follow	up,	they	found	that	patients	with	the	

most	severely	impaired	stress	MBF	(≤	1.36	ml/g/min)	and	rest	MBF	(≤	0.65ml/g/min)	had	the	

worst	outcomes.	These	patients	had	a	relative	risk	of	death	or	progression	of	heart	failure	of	

3.5	and	3.3	compared	to	those	with	stress	MBF	>	1.36	ml/g/min	and	rest	MBF	>	0.65ml/g/min	

respectively.	The	five-year	event	free	survival	was	35.8%	in	patients	with	stress	MBF	≤	1.36	

ml/g/min	compared	to	79%	in	those	with	MBF	>	1.36ml/g/min.	Following	multiple	linear	

regression,	they	found	that	stress	MBF,	resting	heart	rate	and	end	diastolic	volumes	were	

independently	associated	with	outcome.		

Myocardial	perfusion	is	also	impaired	in	other	cardiomyopathies.	For	example,	patients	with	

hypertrophic	cardiomyopathy	(HCM)	commonly	have	symptoms	including	chest	pain	and	have	
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electrocardiogram	(ECG)	abnormalities	such	as	deep	T	wave	inversion,	which	are	often	

associated	with	ischaemia.	This	may	at	least	in	part	be	related	to	microvascular	dysfunction	

(128)	and	acute	and	chronic	ischaemic	injury	is	seen	at	autopsy	(129).	Perfusion	abnormalities	

have	been	seen	with	SPECT	and	are	associated	with	syncope,	cardiac	arrest	and	ventricular	

arrhythmias	in	young	patients	(130).	Patients	with	HCM	have	impaired	stress	perfusion	

compared	to	healthy	controls	(see	example	Figure	3).	These	perfusion	abnormalities	are	

associated	with	areas	of	fibrosis	and	hypertrophied	myocardium	but	may	also	be	present	in	

non-hypertrophied	segments	(131).		Furthermore,	perfusion	is	an	independent	predictor	of	

death	and	adverse	cardiovascular	events	in	HCM.	In	a	prospective	cohort	study,	Cecchi	et	al	

enrolled	51	HCM	patients	and	12	controls	with	atypical	chest	pain	for	quantitative	PET	

perfusion	(132).	They	found	that	following	a	mean	follow	up	of	8.1	years,	those	with	the	most	

severely	impaired	perfusion	had	a	higher	incidence	of	death,	progression	in	New	York	Heart	

Association	(NYHA)	functional	class	or	sustained	ventricular	arrhythmias	than	those	with	less	

pronounced	perfusion	abnormalities.		

Similarly,	perfusion	is	affected	in	other	cardiomyopathies	that	have	a	hypertrophic	phenotype.	

Fabry	disease	(FD)	is	a	multi-system	disorder	that	occurs	due	to	a	defect	in	the	alpha-

galactosidase	enzyme.	An	inability	to	break	down	sphingolipids	results	in	accumulation	in	

tissues	such	as	the	brain,	kidneys	and	the	heart	(133).	Cardiac	sphingolipid	accumulation	

occurs	slowly	over	decades	and	ultimately	can	result	in	heart	failure,	arrhythmia	and	death.	

CMR	has	been	used	to	investigate	the	pathological	processes	occurring	in	the	myocardium.	

Sphingolipids	accumulate	in	the	myocardium	and	over	time	there	is	inflammation,	LVH	and	

eventually	fibrosis.	The	sphingolipid	accumulation	can	be	detected	with	CMR	as	low	

myocardial	native	T1,	the	LV	mass	measured	with	cine	imaging,	the	inflammation	as	high	

myocardial	T2	and	scar	with	LGE	and	extracellular	volume	fraction	(ECV)	(134,135).	There	

have	been	PET	studies	in	which	perfusion	has	been	shown	to	be	impaired	in	FD	and	perfusion	
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has	not	been	shown	to	change	in	response	to	alpha-galactosidase	enzyme	replacement	therapy	

(ERT)	(136).	No	studies	have	looked	at	the	relationship	between	perfusion	and	the	other	

disease	processes	in	FD,	which	is	possible	with	multiparametric	CMR.		

	

Figure	3.	CMR	with	stress	perfusion	for	a	patient	with	apical	HCM.	The	2	chamber,	base,	mid	

and	apical	LV	slices	are	shown	at	stress	(A)	and	rest	(B).	There	is	a	circumferential	perfusion	

defect	in	the	hypertrophied	apex	(arrows).	
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1.6 Methods of quantifying perfusion CMR 
	

1.6.1	Semi	quantitative	perfusion	

In	order	to	improve	upon	the	subjective	nature	of	CMR	perfusion	imaging,	semi-quantitative	

CMR	techniques	were	first	developed.	These	techniques	rely	on	the	measurement	of	signal	

intensity	(SI)	in	the	myocardium	during	the	first	pass	of	contrast.	The	analysis	requires	the	use	

of	dedicated	software.	Signal	intensity-time	curves	are	plotted	for	each	myocardial	segment	

and	give	a	semi-quantitative	assessment	of	myocardial	perfusion.	There	are	many	different	

semi-quantitative	methods	including	the	contrast	enhancement	ratio	(CER),	the	myocardial-to-

LV	upslope	index	ratio	and	upslope	integral	ratio	(137).	

The	CER	is	calculated	for	each	myocardial	segment	according	to	the	following	equation,	where	

the	SI	peak	is	the	maximum	signal	intensity	measured	during	the	passage	of	contrast	in	the	

region	of	interest	and	the	SI	baseline	is	the	mean	baseline	SI	measurement:	

CER	=	(SI	peak	–	SI	baseline)	/	SI	baseline	

The	myocardial	to	LV	upslope	is	calculated	by	dividing	the	initial	upslope	of	the	myocardial	

time-signal	intensity	curve	by	the	initial	upslope	of	the	LV	blood	pool	myocardial	time-signal	

intensity	curve	(51):	

Myocardial	to	LV	upslope	index	=	Upslope	SI	myocardium	/	Upslope	SI	blood	

The	upslope	integral	ratio	is	the	area	under	the	curve	of	the	upslope	of	the	myocardial	SI-time	

for	the	region	of	the	myocardium,	having	adjusted	for	the	baseline	(138):	

Upslope	integral	ratio	=	Area	under	the	curve	(upslope	–	baseline)	

These	methods	have	been	compared	to	absolute	MBF	quantification	in	patients	using	PET	

perfusion	(51)	and	invasive	angiography	(139)	and	in	animal	models	using	microspheres	

(137).	
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Semi-quantitative	perfusion	has	given	mixed	results	in	clinical	studies.	Schwitter	et	al.	

compared	the	myocardial	LV	upslope	index	to	PET	and	quantitative	angiography.	Against	the	

gold	standard	of	PET,	it	performed	well	with	a	sensitivity,	specificity	and	area	under	the	curve	

(AUC)	of	91%,	94%	and	93%	respectively	for	the	detection	of	CAD.	Compared	to	quantitative	

angiography	(diameter	stenosis	>50%)	the	diagnostic	performance	remained	high	but	lower	

than	the	PET	comparison	-	87%,	85%	and	91%	for	sensitivity,	specificity	and	AUC	respectively	

(51).		

Mordini	et	al.	also	compared	semi-quantitative	perfusion	CMR	to	quantitative	coronary	

angiography	with	inferior	results	(139).	They	found	that	the	sensitivity,	specificity	and	AUC	for	

the	CER	method	was	57%,	91%	and	78%	respectively,	LV	to	myocardial	upslope	method	87%,	

68%	and	82%	respectively	and	the	upslope	integral	ratio	83%,	68%	and	75%	respectively.	

At	low	MBF	values	all	of	the	semi-quantitative	perfusion	methods	have	a	linear	relationship	

with	absolute	blood	flow	as	measured	with	microspheres	in	animal	studies	(137).	However,	as	

the	absolute	flow	increases	(such	as	during	exercise	or	with	vasodilator,	hyperaemic	flow),	the	

semi-quantitative	methods	all	underestimate	flow	and	the	linear	relationship	is	lost	(Figure	4).	

Of	these,	the	most	robust	semi-quantitative	method	appeared	to	be	the	upslope	integral	ratio,	

which	maintains	the	linear	relationship	with	flow	until	an	MBF	of	around	3ml/g/min.	However	

above	this	rate,	flow	is	underestimated.	The	CER	and	the	LV	to	myocardial	upslope	ratio	

methods	perform	even	less	well.	They	begin	to	underestimate	absolute	MBF	from	1ml/g/min.		

	

Figure	4.	The	relationship	between	semi-quantitative	perfusion	analysis	and	absolute	blood	

flow	as	measured	using	microspheres	in	a	canine	model.	Each	of	the	semi-quantitative	

techniques	maintain	a	linear	relationship	until	1ml/g/min	after	which	point	the	CER	and	

myocardial	to	LV	upslope	ratio	lose	this	linearity.	The	upslope	integral	method	performs	best,	

but	only	up	until	flow	rates	of	around	3ml/g/min.	From	Christian	et	al	(137).	
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Practically,	the	procedure	for	semi-quantitative	perfusion	calculation	is	time	consuming	and	

complex.	Endocardial	and	epicardial	contours	are	traced	on	each	LV	short	axis	perfusion	slice	

and	adjusted	for	each	phase	(typically	at	least	50	phases).	This	can	make	the	analysis	of	each	

scan	laborious	and	puts	the	process	beyond	routine	clinical	use	(see	Figure	5).	

In	summary,	the	non-linear	relationship	between	semi-quantitative	perfusion	and	absolute	

MBF	with	the	underestimation	of	hyperaemic	flow	and	the	time	taken	to	perform	the	analysis	

make	semi-quantitative	assessment	of	perfusion	not	enough	of	an	incremental	improvement	

relative	to	qualitative	approaches	to	be	integrated	into	routine	clinical	practice.	
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Figure	5.	An	example	of	semi-quantitative	perfusion	analysis	for	a	patient	with	RCA	stenosis.	

Epicardial	(green)	and	endocardial	(red)	contours	are	manually	drawn	on	each	slice	and	for	

each	phase	(A).	Slide	B	demonstrates	that	the	signal	intensity	in	the	remote	myocardium	

(purple	arrow	and	purple	curve)	is	higher	than	in	the	ischaemic	segment	(blue	arrow,	blue	

curve).	Following	semi-quantitative	analysis	with	the	contrast	enhancement	ratio,	a	bulls-eye	

plot	for	each	AHA	demonstrates	the	impaired	perfusion	inferiorly.	

	

	

	

1.6.2	Absolute	quantification	of	perfusion	with	CMR	

To	improve	the	accuracy	of	perfusion	quantification,	absolute	quantitative	CMR	methods	have	

been	developed.	The	absolute	quantification	of	perfusion	has	several	challenges	and	is	

significantly	more	technically	difficult	than	semi-quantitative	approaches.	Multiple	steps	are	

required;	the	first	is	the	accurate	measurement	of	the	arterial	input	function	(AIF),	which	is	the	

concentration	of	contrast	delivered	to	the	myocardium	over	time.	Typically	this	is	measured	

from	the	LV	blood	pool	or	sometimes	the	aortic	root.	It	is	also	necessary	to	accurately	measure	

the	myocardial	response	to	the	contrast	bolus,	ideally	at	the	same	time	as	the	AIF.		After	these	

measurements	are	made	there	is	a	final	deconvolution	step	in	which	the	measured	contrast	

concentration	in	the	myocardium	can	be	converted	to	an	absolute	MBF	(140).	

In	order	to	elicit	a	measurable	myocardial	response	(with	adequate	signal	to	noise),	a	high	

concentration	of	contrast	is	required.	However,	during	the	first	pass,	gadolinium	is	very	
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concentrated	in	the	blood	pool,	resulting	in	T1,	T2	and	T2*	loss.	At	high	concentrations	in	the	

blood	pool,	there	is	thus	a	non-linearity	between	the	signal	intensity	and	gadolinium	

concentration	(141).	These	effects	are	less	significant	at	the	lower	concentrations	of	

gadolinium	passage	through	the	myocardium.	Consequently,	it	is	not	possible	to	optimise	a	

single	measurement	(read-out)	technique	for	both	the	AIF	and	myocardium.	Quantifying	

perfusion	using	a	single	bolus	of	high	concentration	gadolinium	is	thus	a	complex	process.		

To	overcome	these	challenges,	two	approaches	have	been	developed	to	ensure	accurate	

measurement	of	the	AIF	and	the	myocardial	response	to	gadolinium.	They	are	the	“dual	bolus,	

single	sequence”	and	“single	bolus,	dual	sequence”	techniques	and	both	correlate	well	with	

absolute	MBF	measured	using	microspheres	in	animal	models	(142).		

The	dual	bolus	single	sequence	approach	involves	the	administration	of	an	initial	low	dose	of	

contrast	which	is	used	to	accurately	measure	the	AIF.	The	low	dose	allows	the	linear	

association	between	the	SI	and	the	gadolinium	concentration	in	the	blood	pool.	Subsequently,	a	

second,	higher,	dose	of	contrast	is	administered	to	elicit	a	measurable	myocardial	response	

(137).	This	approach	has	practical	limitations.	Firstly	it	takes	longer,	requiring	2	acquisitions	

each	for	stress	and	rest.	It	is	also	cumbersome	for	use	in	clinical	practice	in	that	it	is	difficult	to	

fit	into	a	departmental	workflow,	which	largely	has	prevented	it	from	being	used	at	scale	

routinely.		

An	alternative	is	the	single	bolus,	dual	sequence	approach.	As	the	name	suggests,	this	approach	

uses	two	sequences;	one	sequence	to	measure	the	AIF	and	a	second	sequence	to	measure	the	

myocardial	response	to	a	single,	high	concentration	contrast	bolus.	Initially	described	by	

Gatehouse	et	al,	the	technique	uses	a	low	resolution,	short	pre-pulse	delay,	gradient	echo	

sequence	acquired	immediately	after	the	R	wave	to	measure	LV	blood	pool	signal	(the	AIF)	

followed	by	a	long	recovery	delay,	high	resolution	gradient	echo	or	balanced	SSFP	readout	to	

measure	the	myocardial	signal	(143).	The	higher	resolution	sequence	is	optimised	for	the	
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myocardium	and	allows	multi-slice	coverage	of	the	LV,	in	the	same	way	as	a	standard	perfusion	

sequence.	This	approach	is	advantageous	as	a	single	contrast	bolus	is	used	and	requires	no	

modification	to	the	perfusion	protocol	for	the	clinical	workflow	in	contrast	to	the	dual	bolus	

approach.	Also,	only	one	acquisition	is	required	for	stress	and	rest.	

As	well	as	measuring	the	AIF	and	myocardial	signal,	additional	steps	are	required	to	develop	a	

high	quality,	quantitative	sequence	that	is	equally	robust	for	clinical	care.	This	includes	

ensuring	there	is	adequate	temporal	and	spatial	resolution	to	detect	perfusion	defects,	the	

ability	to	convert	SI	into	gadolinium	concentration	and	the	use	of	a	suitable	model	of	the	

myocardium	in	order	that	the	gadolinium	concentration	can	be	converted	into	the	MBF.	There	

are	several	models	of	blood	myocardial	contrast	exchange	that	have	been	used	in	quantitative	

perfusion	(144).	Increasing	model	sophistication	requires	increasing	computational	power	but	

is	potentially	more	accurate.		However,	in	trials	to	date,	the	approaches	have	not	been	

standardised	and	there	are	a	variety	of	different	approaches	available,	which	has	made	

comparisons	between	them	difficult	(145,146).	

The	first	fully	quantitative	CMR	studies	utilised	the	dual	bolus	method.	In	dog	models,	it	was	

found	that	there	was	a	good	correlation	between	fully	quantitative	MBF	and	microspheres	up	

to	flow	rates	of	5ml/g/min	for	vasodilator	stress	and	rest	perfusion	(137).	An	advantage	of	

CMR	over	PET	is	the	superior	spatial	resolution.	This	enables	transmural	gradients	in	flow	to	

be	appreciated	in	CMR	where	it	has	not	been	possible	with	PET.	Christian	et	al	found	a	high	

correlation	between	microspheres	and	perfusion	CMR	for	endocardial	and	epicardial	flow	with	

r=0.92	and	r=0.95	respectively	(137).	Similarly,	for	the	dual	sequence	method,	there	is	a	high	

correlation	between	fully	quantitative	perfusion	CMR	and	microspheres.	One	study	found	

r=0.91	for	transmural,	r=0.89	for	endocardial	and	r=0.92	for	epicardial	flow	(Figure	6)	(144).		 	
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Figure	6.	Correlation	between	MBF	measure	by	single	and	dual-bolus	perfusion	CMR	and	

microspheres.	Correlation	between	MBF	measured	by	single	and	dual-bolus	perfusion	CMR	

and	microspheres.	From	Christian	et	al	(142).	

	

	

	

Quantitative	perfusion	has	also	been	compared	to	invasive	angiography	and	FFR	with	good	

diagnostic	accuracy	at	1.5	and	3T	(147,148).		It	also	has	a	higher	diagnostic	accuracy	than	

semi-quantitative	CMR	perfusion	compared	to	QCA	(139).	In	the	few	studies	against	PET,	CMR	

demonstrated	similar	accuracy	for	the	detection	of	significant	coronary	artery	disease.	

However,	depending	on	the	CMR	quantification	method,	the	absolute	MBF	correlation	is	

somewhat	variable	(149,150).	

As	well	as	the	technical	challenges	in	the	acquisition	of	data	in	which	fully	quantitative	

perfusion	can	be	calculated,	there	are	also	challenges	in	the	post-processing	and	analysis	of	
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results.	In	a	similar	way	to	the	semi-quantitative	perfusion	analysis,	both	the	dual	bolus	and	

dual	sequence	techniques	require	considerable	post-processing,	which	is	time	consuming.	For	

a	typical	study,	LV	endocardial	and	epicardial	borders	would	need	to	be	manually	traced	for	

each	of	the	50	stress	and	rest	measurements	on	each	of	the	3	LV	slices.	This	analysis,	which	

could	take	around	one	hour	per	scan,	is	not	convenient	or	practical	for	routine	clinical	use.	This	

has	meant	that	despite	the	technological	advances,	CMR	with	stress	perfusion	has	remained	a	

qualitative	technique	and	quantitative	analysis	has	not	been	incorporated	into	clinical	care.	

	

In	summary,	a	quantitative	stress	perfusion	technique	robust	for	clinical	practice	requires	the	

following:	

a) Precise	measurement	of	the	arterial	input	function	(AIF)	

b) Precise	measurement	of	myocardial	enhancement	curves	

c) Sufficient	temporal-spatial	resolution	to	detect	disease		

d) The	ability	to	convert	signals	above	into	contrast	concentrations	[Gd]	

e) A	model	of	blood	myocardium	contrast	behaviour.	

f) The	computing	power	to	solve	the	model	to	derive	myocardial	blood	flow	

	

In	order	for	this	to	be	useful	to	clinical	care,	the	above	should	be	done	with	sufficient	accuracy,	

without	significant	time	penalty	and	in	a	generalisable	way.	Within	each	stage	there	are	

additional	requirements	and	complications.	There	is	the	requirement	to	image	extremely	fast,	

every	heartbeat	for	at	least	3	slices	to	achieve	good	spatial	resolution	across	the	myocardium.		

The	images	should	be	motion	corrected	to	improve	patient	experience	(by	allowing	them	to	

breathe	freely	during	the	acquisition)	and	accuracy.	This	also	facilitates	automation	and	allows	

for	segmentation	of	the	blood	pool	and	also	the	myocardium	without	the	need	for	manual	

contours	of	each	measurement.	To	make	quantitative	perfusion	available	clinically,	the	
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quantitative	process	would	need	to	occur	without	user	input.	It	should	also	permit	quality	

control	overview	by	the	reporting	physician	without	necessarily	being	present	for	the	scan.	For	

example	through	the	additional	display	of	quality	control	outputs	such	as	displaying	the	AIF	

curves,	heart	rate	and	ECG	triggering	during	the	acquisition	and	the	rates	and	depths	of	

breathing	of	the	patient.	Finally	the	quantitative	output	should	be	displayed	in	a	standardised	

format	for	clinicians	to	allow	easy	interpretation.	

	

1.6.3	Myocardial	perfusion	mapping	

The	concept	of	parametric	mapping	has	matured	in	recent	years	with	the	publications	of	

consensus	statement	documents	detailing	the	use	for	parameters	such	as	T1,	T2	and	T2*	time	

(151).		Essentially,	the	parameter	(for	example	T1)	is	encoded	in	each	voxel	(three-

dimensional	pixel)	in	a	map.	This	allows	absolute	quantification	of	the	parameter	in	a	region	of	

interest	without	the	need	for	reference	tissue	simply	by	drawing	a	region	of	interest	on	the	

map	using	any	analysis	software	available	to	the	clinician.	Furthermore,	the	production	of	

suitable	colour	look	up	tables	enables	the	easy	appreciation	of	normality	and	abnormality	if	it	

is	designed	so	that	the	colour	changes	outside	the	upper	and	lower	limit	of	normal.	A	major	

step	forward	in	quantitative	perfusion	is	myocardial	perfusion	mapping	(152).	In	the	perfusion	

maps,	each	voxel	encodes	myocardial	blood	flow	in	ml/g/min	and	can	be	outputted	for	stress	

and	rest.		

Kellman	and	colleagues	developed	the	perfusion	mapping	technique	which	they	implemented	

using	the	Gadgetron	framework	(153).	They	recognised	that	fully	automatic,	in-line	

reconstruction	of	quantitative	perfusion	maps	was	essential	for	adoption	in	a	clinical	

workflow.	As	mentioned	previously,	developing	a	sequence	optimised	for	perfusion	

quantification	is	technically	challenging.	The	approach	taken	in	perfusion	mapping	is	as	

follows:	
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1.						Saturation	Pre-pulse:	A	new,	90	degree	pre-pulse	with	higher	efficiency	saturation	

preparation	was	incorporated	which	was	based	on	the	latest	SASHA	refinement	work	T1-

mapping	implementation	(154).	

2.					A	dual-sequence,	single	bolus	approach:	The	sequence	acquires	low	resolution	blood	pool	

images	to	derive	the	AIF	curve	(143).	The	AIF	acquisition	was	modified	to	optimise	the	

linearity,	reduce	biases,	and	minimise	duration	by	incorporating	parallel	imaging,	raw	filtering,	

adaptive	coil	combining,	and	acquiring	2	echoes.	The	reconstruction	estimates	and	corrects	for	

T2*	losses	(Figure	7)	to	avoid	clipping,	and	uses	a	Bloch	calculation	to	further	linearise	for	

saturation	recovery	(155).	

3.						Read-out	imaging	reconstruction	approaches:	Parallel	image	reconstruction,	raw	filtering,	

adaptive	coil	combination,	signal	to	noise	ratio	(SNR)	unit	scaling,	surface	coil	intensity	

correction	(156–160).	

4.						Advanced	motion	correction	(MOCO):	Latest	generation	MOCO	using	non-rigid	image	

registration	and	an	iterative	approach	to	deal	with	changing	contrast.	The	initial	MOCO	applied	

to	free	breathing	late	enhancement	(161,162)	was	improved	for	perfusion	with	time	varying	

contrast	(163),	and	subsequently	revised	for	T1	mapping	to	incorporate	a	synthetic	reference	

approach	(164).	The	implementation	used	an	iterative	scheme	incorporating	concepts	from	

each	of	these	approaches	(155)	which	is	based	on	T1	mapping	and	real-time	cine	approaches.	

5.						Automatic	blood	pool	detection:		Initial	implementation	of	a	semi	quantitative	method	

using	automatic	blood	pool	segmentation	(155,163).	This	is	based	on	blood	pool	detection	for	

synthetic	ECV	mapping	(165)	and	have	been	improved	and	optimised	for	the	low	resolution	

blood	pool	images	in	the	current	in-line	implementation	which	used	a	dedicated	dual	sequence	

for	deriving	the	AIF	(166).	

6.						Gadolinium	look-up	table:	A	per-readout	level	Bloch	simulation	to	correlate	signal	

intensity	saturation	recovery	(SR)/	proton	density	(PD)	vs	Gd	concentration.	This	is	computed	
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from	exact	imaging	sequence	parameters	and	passed	on	to	the	Gadgetron	on-the-fly	and	based	

on	inline	Bloch	simulation	first	used	inline	for	the	dark	blood	LGE	approach	(167).	Look-up	

tables	are	calculated	on-the-fly	in	the	image	reconstruction	(155).	

7.						Model	selection:	There	are	multiple	potential	tissue	models	that	can	be	used	to	estimate	

myocardial	blood	flow.	A	pixel	level	deconvolution	using	a	model	free,	Fermi	and	two	

compartment	exponential	approach	were	all	considered	but	ultimately	a	more	sophisticated	

model	was	selected		–	the	blood-tissue	exchange	(BTEX)	model	which	is	more	physiological	

(166,168,169).	

8.						Analysis	method:	Partial	differential	equation	solution	of	tracer	kinetics	for	4	unknown	

parameters	from	the	BTEX	model:	F:	myocardial	blood	flow	(ml/g/min),	V:	plasma	volume	

(ml/g),	Visf:	nominal	interstitial	volume	(ml/g),	PS:	symmetric	permeability-surface-area-

product	(ml/min/g)		

9.						Analysis	implementation:	The	image	reconstruction	and	calculation	of	quantitative	

perfusion	maps	is	implemented	using	the	Gadgetron	architecture	software	framework	(153).	

	

In	summary,	the	AIF	is	measured	through	the	acquisition	of	low-resolution	images	

immediately	after	the	R	wave.	T2*	loss	is	minimised	by	using	a	short	readout,	wide	bandwidth	

and	short	duration	radiofrequency	pulse	and	2	echoes	acquired	to	directly	estimate	and	

correct	for	T2*	decay.	Latest	generation	respiratory	MOCO	is	applied	and	the	blood	pool	

automatically	segmented	in	order	to	extract	the	AIF.	The	signal	is	then	converted	to	a	

gadolinium	concentration	using	Bloch	signal	calculations.	The	myocardial	imaging	is	

performed	using	a	single	shot	gradient	echo	or	balanced	SSFP	readout.	Following	MOCO	and	

normalisation	for	surface	coil	intensity,	the	signal	intensity	in	the	myocardium	is	converted	to	

a	gadolinium	concentration.	Finally	absolute	myocardial	blood	flow	is	calculated	for	each	voxel	

of	tissue	using	the	BTEX	model.		
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The	outcome	is	a	dual	sequence	approach	in	which	“standard”	perfusion	images	are	outputted	

alongside	perfusion	maps	automatically	and	inline	at	the	scanner	with	no	user	input	required	

(Figure	8).	An	additional	advantage	is	that	a	single	bolus	of	contrast	is	required	which	is	easier	

for	clinical	workflow	and	the	sequence	is	completely	free-breathing	which	is	more	tolerable	for	

patients.	Furthermore,	by	using	the	Gadgetron	framework,	which	is	open	source	and	

potentially	deployable	by	all	scanner	manufacturers,	this	approach	raises	the	possibility	of	a	

standardised	approach	to	image	reconstruction	and	analysis	across	healthcare	systems.		Initial	

validation	work	has	been	promising.	It	has	been	found	to	have	a	similar	intra-subject	

coefficient	of	variation	to	PET	(around	8-12%)	(170)	which	is	clinically	acceptable.	Also,	

perfusion	mapping	has	recently	been	validated	against	PET,	demonstrating	good	correlation	at	

a	regional	and	global	level	in	patients	with	suspected	coronary	artery	disease	(150).	

Consequently,	for	the	first	time	quantitative	perfusion	CMR	is	possible,	within	the	clinical	

workflow,	with	minimal	analysis	time	and	requiring	no	post	processing	(see	example	Figure	9	

and	Figure10).	Theoretically	there	should	not	be	a	significant	difference	in	values	obtained	by	

scanning	at	1.5	vs	3T	or	between	scanners,	but	this	has	not	been	investigated	in	phantom	

models	or	volunteers.	Whilst	minor	adjustments	in	the	sequence	to	provide	additional	data	

(e.g.	pulmonary	transit	time	and	integration	of	artificial	intelligence	analysis)	are	anticipated,	

major	changes	to	the	sequence	are	unlikely.		

Artefacts	may	arise	due	to	factors	such	motion	correction	failure,	miss-identification	of	the	LV	

blood	pool	for	the	AIF	assessment	and	ECG	miss-triggering.	Although	it	is	not	possible	to	adjust	

the	maps	subsequently,	in	clinical	practice,	there	are	quality	control.	These	include	blood	pool	

identification	images	outputted	to	demonstrate	correct	identification	of	the	LV	blood	pool,	AIF	

graphs	to	show	the	AIF	curve,	heart	rate	ECG	trigger	graphs	on	the	scanner	as	well	as	the	

perfusion	map	outputs.	This	allows	the	reporting	clinician	to	interrogate	the	raw	data	from	

which	the	maps	are	created	and	have	confidence	in	the	perfusion	maps	outputted.	 	
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Figure	7.	Arterial	input	function	estimation.	In	(A)	the	signal	intensity	is	plotted	for	the	first	

and	second	echoes,	and	following	correction	for	T2*	loss.	The	gadolinium	concentration	over	

time	is	then	calculated	(B).	

	

	

	
	
	

Figure	8.	A	summary	of	perfusion	mapping.	A	summary	of	perfusion	mapping.	The	outcome	is	a	

standard	perfusion	image	alongside	a	perfusion	map.	From	Kellman	et	al	(154).	
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Figure	9.	Example	perfusion	maps	for	a	patient	with	RCA	disease	(same	patient	as	Figure	2).	
The	stress	maps	(A)	and	rest	maps	(B)	are	demonstrated.	The	MBF	in	the	hypoperfused	
myocardium	is	0.60	ml/g/min,	compared	to	3.22	ml/g/min	in	the	remote	myocardium	and	
1.00	ml/g/min	at	rest.	
	

	
	
	
Figure	10.	Perfusion	maps	for	a	patient	with	apical	HCM	(same	patient	as	Figure	3)	for	stress	
(A)	and	rest	(B).	The	MBF	is	as	low	as	0.40	ml/g/min	in	the	apex,	1.84	ml/g/min	in	remote	
myocardium	and	0.96	ml/g/min	at	rest.	
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1.7 Outstanding questions for quantitative CMR perfusion 

 

Although	there	have	been	considerable	advances	with	quantitative	perfusion	there	remain	

outstanding	issues.	These	include	the	establishment	of	normal	ranges,	the	need	to	understand	

how	factors	such	as	ageing	and	the	presence	of	comorbidity	affects	perfusion,	the	validation	of	

the	technique	in	epicardial	coronary	artery	disease	and	microvascular	dysfunction	and	to	

determine	whether	there	is	prognostic	information	included	in	perfusion.	By	beginning	to	

answer	these	questions,	it	is	possible	to	facilitate	the	technique	in	clinical	practice.	 	
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2. Research aims and objectives 
	

2.1	Hypothesis	

● Quantitative	perfusion	assessment,	with	perfusion	mapping,	can	be	used	to	accurately	

diagnose	coronary	stenoses	in	patients	with	suspected	coronary	artery	disease.		

● Perfusion	mapping	can	detect	patients	with	reduced	stress	MBF	and	MPR	and	these	patients	

are	at	increased	risk	of	major	adverse	cardiovascular	events.	

● Myocardial	perfusion	is	affected	by	physiological	(e.g.	ageing)	and	pathological	factors	(e.g.	

co-morbidity)	in	the	absence	of	obstructive	coronary	artery	disease.	

● Quantitative	perfusion	may	be	abnormal	in	heart	muscle	disease	including	Fabry	disease	

cardiomyopathy,	even	before	overt	hypertrophy	and	is	associated	with	other	markers	of	

disease	severity.	

	

2.2	Aims	

● To	determine	the	diagnostic	accuracy	of	perfusion	mapping	in	CAD	in	comparison	to	invasive	

coronary	angiography.	

● To	investigate	whether	patients	with	reduced	stress	MBF	and	MPR	have	an	increased	risk	of	

death	and	major	adverse	cardiovascular	events.	

● To	assess	the	effects	of	patient	factors	on	myocardial	perfusion	in	the	absence	of	obstructive	

epicardial	coronary	artery	disease	in	patients	referred	for	CMR	scans.	

● To	study	the	determinants	of	myocardial	perfusion	in	Fabry	disease.	
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3. Methods 
	

3.1 Ethical approval 
	

Upon	starting	the	project,	I	sought	ethical	approval	for	the	prospective	recruitment	of	

participants	to	the	study.	Whilst	prospective	CMR	research	studies	were	being	performed	at	

Barts,	there	were	no	prospective	studies	using	stress	perfusion	and	so	new	ethics	were	

required.	The	stages	included	local	Barts	Heart	Centre	peer	review,	University	College	London	/	

University	College	London	Hospital	sponsorship	(16/0782)	and	ultimately	approval	from	the	

UK	National	Health	Service	Research	Ethics	Committee	(NHS	REC)	and	Health	Research	

Authority	(HRA).	Integrated	research	application	system	ID	217617,	research	ethics	committee	

reference	17/SC/0077.	Study	title:	An	observational	cohort	study	to	investigate	the	accuracy	

and	reproducibility	of	myocardial	perfusion	mapping	in	the	assessment	of	coronary	artery	

disease	and	cardiomyopathy.	This	study	conformed	to	the	Declaration	of	Helsinki	and	all	

participants	gave	written	informed	consent	to	participate.	

Additionally	an	application	was	granted	by	the	Barts	BioResource	to	use	CMR	and	registry	data	

from	the	Barts	Cardiovascular	Registry	(BCR).	This	is	a	sub-study	within	the	BCR	(IRAS	ID	

143355,	REC	reference	14/EE/0007).	Similarly,	all	participants	gave	written	informed	consent	

to	participate.		

3.2 Study outline 
	

The	study	included	prospectively	recruited	patient	cohorts,	which	included	healthy	volunteers	

and	patients	with	coronary	artery	disease	and	cardiomyopathy.	There	were	also	cohorts	of	

patients	clinically	referred	for	perfusion	CMR	with	suspected	coronary	artery	disease	within	the	

BCR.	Our	collaborators	at	the	Royal	Free	Hospital	and	Leeds	University	were	simultaneously	
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investigating	perfusion	mapping	and	so	some	aspects	of	quantitative	perfusion	(repeatability,	

assessment	of	multi-vessel	coronary	disease)	are	not	part	of	this	thesis	but	were	contributed	to	

as	a	co-author.			

	

3.2.1	General	inclusion	and	exclusion	criteria.	

The	general	study	inclusion	criteria	were:	

● Age	over	18	years	

● The	ability	to	consent	for	a	CMR	study.		

The	exclusion	criteria	were:	

● Pregnancy	or	breastfeeding	

● Renal	impairment	with	an	eGFR	<30ml/min,	preventing	the	administration	of	a	

gadolinium-based	contrast	agent	

● Severe	asthma	or	chronic	obstructive	pulmonary	disease	preventing	administration	of	

adenosine	

● Significant	cardiac	conduction	disease	(second	or	third	degree	atrio-ventricular	block)	

preventing	administration	of	adenosine	

● A	non-MRI	conditional	cardiac	implantable	electronic	device.		

3.2.2	Healthy	controls	

All	healthy	controls	were	recruited	for	a	perfusion	CMR.	In	addition	to	the	above,	additional	

exclusion	criteria	were:	

● Cardiovascular	risk	factors	including	hypertension,	diabetes	mellitus,	dyslipidaemia	and	

smoking.	

● Known	coronary	artery	disease	(including	previous	PCI	or	CABG).		

● A	diagnosis	of	cardiomyopathy	(dilated,	amyloid,	hypertrophic	or	arrhythmogenic)	

3.2.3	Coronary	artery	disease	



	

55	
	

50	patients	were	prospectively	recruited	from	the	coronary	angiogram	(+/-	PCI)	waiting	list	at	

Barts	Heart	Centre.	They	had	a	history	of	chest	pain	and	suspected	coronary	artery	disease.	

They	were	deemed	of	sufficient	risk	of	CAD	to	warrant	invasive	coronary	angiography	by	their	

clinical	team	and	were	recruited	from	the	angiography	waiting	lists.	All	patients	had	a	stress	

perfusion	CMR	(with	automated	inline	perfusion	mapping)	before	coronary	angiography.	

Patients	were	excluded	from	the	study	if	they	had	a	history	of	previous	coronary	artery	bypass	

grafting	(CABG),	chronic	kidney	disease	with	a	eGFR	<30mmol/l,	cardiomyopathy	

(hypertrophic,	arrhythmogenic,	dilated,	amyloid	cardiomyopathy),	contraindication	to	MRI	or	

contraindication	to	adenosine.		

3.2.3	Real-world	cohorts	

Since	2016,	the	perfusion	mapping	sequence	has	been	implemented	on	the	clinical	scanners	at	

Barts	Heart	Centre.	Over	1300	patients	have	been	scanned	clinically	and	recruited	to	the	Barts	

Cardiovascular	Registry	(BCR).	Those	with	known	cardiomyopathy	(amyloid,	hypertrophic	or	

arrhythmogenic)	were	excluded.	There	were	two	real-world	cohorts	studied.	The	first	were	all	

comers	that	underwent	stress	perfusion	CMR	and	consented	to	the	BCR	were	included	in	the	

study.	A	similar	cohort	of	patients	were	included	from	the	RFH	and	the	same	exclusion	criteria	

were	applied.	

In	the	second	real-world	cohort,	patients	referred	for	perfusion	CMR	at	five	centres:	Barts	Heart	

Centre	(BHC),	United	Kingdom	(UK);	St	Luca	Hospital	Milan,	Italy	(Milan);	University	of	Leeds,	

UK	(Leeds);	Harefield	Hospital,	UK	(HH);	Royal	Free	Hospital,	UK	(RFH)	between	May	2016	and	

December	2019	were	recruited.	All	patients	had	undergone	contemporaneous	invasive	or	

computed	tomography	coronary	angiography	(CTCA),	without	interval	coronary	event	or	

intervention	within	6	months.	Patients	with	coronary	artery	disease	(diameter	stenosis	on	

coronary	angiography	>50%),	previous	coronary	revascularisation	or	cardiomyopathy	

(hypertrophic,	arrhythmogenic,	dilated,	amyloid)	were	excluded.	In	addition,	patients	with	
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previous	infarction	/	scar	(ischaemic	or	non-ischaemic	aetiology)	seen	with	late	gadolinium	

enhancement	were	excluded.	Patient	demographic	data	and	medication	were	documented	from	

the	medical	notes.	This	cohort	was	used	to	determine	the	factors	influencing	perfusion	in	the	

absence	of	obstructive	coronary	artery	disease.		

3.2.4	Fabry	disease	

Patients	with	Fabry	disease	were	recruited	from	the	Fabry	clinic	at	the	Royal	Free	Hospital	or	

cardiomyopathy	clinic	at	Barts	Heart	Centre.	All	patients	had	confirmed	Fabry	disease	on	genetic	

mutation	analysis.	All	patients	who	attended	these	clinics	were	eligible	for	recruitment	and	they	

were	approached	to	under	CMR	including	stress	perfusion	analysis.	44	patients	with	Fabry	

disease	were	recruited.	The	patient's	cardiovascular	history,	symptoms	and	FD	treatment	status	

were	assessed	with	a	questionnaire	at	the	time	of	CMR..		In	addition	to	the	general	exclusion	

criteria	above,	Fabry	patients	with	known	coronary	artery	disease	were	excluded.	  
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3.3 CMR scan 
	

Prospective	CMR	scanning	was	performed	at	1.5	Tesla	(Aera,	Siemens	Healthcare,	Erlangen,	

Germany)	and	based	on	a	standard	clinical	perfusion	approach	(48),	Figure	11.	Details	of	a	the	

standard	CMR	scan	for	all	prospectively	recruited	patients:	

3.3.1	Pilot	imaging	

Each	study	began	with	single	shot	pilot	images.	The	sequence	parameters	were	as	follows:	

repetition	time	(TR):	2.67ms,	echo	time	(TE):	1.2ms,	slice	thickness:	8mm,	field	of	view	(FOV):	

360	x	360mm,	read	matrix:	256,	flip	angle	80o.	

3.3.2	Cine	imaging	

Following	acquisition	of	pilot	imaging,	balanced	steady	state	free	precession	(SSFP)	cine	images	

were	acquired.	The	views	acquired	were	2	chamber,	4	chamber,	3	chamber,	coronal	left	

ventricle	outflow	tract	(LVOT)	and	short	axis	aortic	valve.	Following	stress	perfusion,	an	LV	

short	axis	cine	stack	was	acquired.	Typical	parameters	were:	TE:	1.1ms,	TR:	2.66ms,	in-plane	

pixel	size	1.8	x	1.8mm,	slice	thickness	8mm,	flip	angle	(FA)	72°.	The	standard	approach	was	

retrospective	gating	with	end-expiratory	breath-holding	but	this	was	optimised	in	cases	of	

arrhythmia	and	instead	a	prospective	acquisition	was	used.	

3.3.3	T1	and	T2	mapping	–	cardiomyopathy	cohort	

T1	mapping	was	performed	before	and	after	contrast	administration	in	the	Fabry	disease	

cohort.	The	T1	sequence	used	was	a	balanced	SSFP	based	modified	look-locker	inversion	

recovery	(MOLLI)	sequence	(171).	The	pre-contrast	MOLLI	used	was	the	5s(3s)3s	variant	which	

means	that	there	is	an	inversion	with	a	5	second	acquisition,	followed	by	3	seconds	recovery,	

followed	by	another	inversion	with	3	seconds	of	image	acquisition.	The	post-contrast	MOLLI	

was	4s(1s)3s(1s)2s	–	inversion	with	4	seconds	image	acquisition,	1	second	recovery,	second	

inversion	with	3	seconds	acquisition	and	1	second	recovery	and	finally	an	inversion	with	2	
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seconds	acquisition.	The	MOLLI	sequence	has	additional	features	including	motion	correction	

(MOCO),	phase	sensitive	inversion	recovery	(PSIR)	and	error	maps	(highlighting	areas	of	

increased	pixel	standard	deviation).	Synthetic	extracellular	volume	fraction	(ECV)	maps	were	

outputted	inline	from	the	pre	and	post	contrast	T1	maps	(165).	

T2	mapping	was	performed	before	contrast	administration.	The	sequence	was	a	balanced	SSFP	

with	3	single	shot	images	acquired	at	increasing	T2	preparation	times	(0ms,	25ms,	55ms).	

Typical	imaging	parameters	were:	TR = 2.4ms,	TE = 1ms,	FA = 70°,	read	matrix	192;	slice	

thickness	8mm;	field	of	view	360	x	360	mm.	

3.3.4	Perfusion	imaging	

Perfusion	images	were	acquired	for	3	short	axis	LV	slices.	The	same	slice	position	was	used	for	

stress	and	rest	perfusion.	The	sequence	was	a	dual-sequence,	saturation	recovery	(SR)	sequence	

acquired	during	the	first	pass	of	a	gadolinium	based	contrast	agent	(152).	Low-resolution	

images	of	the	blood	pool	are	acquired	immediately	after	the	R	wave	trigger	(from	the	most	basal	

LV	slice)	in	order	for	the	AIF	to	be	measured,	using	a	single	shot,	gradient	echo	readout.	Typical	

AIF	parameters	are	listed	in	Table	1.	Short	readout,	wide	bandwidth,	short	duration	RF	pulses	

minimise	T2*	losses.	A	two	echo	acquisition	allowed	an	improved	estimation	T2*	during	first	

pass	of	contrast.	At	the	start	of	the	scan,	proton	density	(PD)	weighted	images	are	acquired	to	

correct	for	surface	coil	variation	and	correct	for	AIF	noise.	The	acquisition	is	accelerated	with	

parallel	imaging.		
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Table	1.	Typical	parameters	of	the	AIF	sequence.	Adapted	from	Kellman	et	al	2017	(152).	

Abbreviations:	FLASH	–	fast	low	angle	shot,	TE	–	echo	time,	TR	–	repetition	time,	FA	–	flip	angle,	

FOV	–	field	of	view,	PE	–	phase	encoding,	TI	–	inversion	time,	SR	–	saturation	recovery.	

	

	 FLASH	

TE	 0.76	&	1.76	ms	

TR	 2.45	ms	

FA	 5°	

Matrix	 64x48	

FOV		 360x270x10	mm3	

Phase	Encoding	order	 Linear	

Parallel	imaging	 TPAT3	

TI	 23.8ms	

SR	prep	 6-pulse	

Imaging	duration	 42ms	

Total	duration	 68.2ms	

	

The	myocardial	sequence	uses	the	same	saturation	preparation	pulse	sequence	as	the	AIF.	There	

is	a	trigger	delay	(TD)	and	single	shot	balanced	SSFP	readout.	Parallel	imaging	also	speeds	up	

the	acquisition.	For	typical	parameters	see	Table	2.	
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Table	2.	Typical	sequence	parameters	for	the	myocardial	sequence.	Abbreviations:	SSFP	–	steady	

state	free	precession,	TE	–	echo	time,	TR	–	repetition	time,	FA	–	flip	angle,	FOV	–	field	of	view,	PE	

–	phase	encoding,	TS	–	saturation	delay,	SR	–	saturation	recovery.	

	

	 SSFP	

TE	 1.04ms	

TR	 2.5ms	

FA	 50°	

Matrix	 192x111		(1.9x2.4mm2)	

Partial	Fourier	 3/4	

FOV	(typical)	 360x270x8mm3	

PE	order	 Linear	

Parallel	imaging	 TPAT3	

TS	 105ms	

SR	prep	 5-pulse	

Imaging	duration	 70ms	

Total	duration	 142ms/slice	

3	slices	+	AIF	 495ms	
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Myocardial	blood	flow	maps	were	created	automatically	and	inline	at	the	scanner	using	the	

Gadgetron	framework	(153).	The	BTEX	model	(172)	was	used	to	calculate	the	MBF	for	each	

pixel	based	on	the	AIF	and	the	myocardial	response.	

3.3.5	Late	gadolinium	enhancement	

A	gadolinium	based	contrast	agent,	Gadoterate	meglumine	(Dotarem,	Guerbet,	S.A.	France).	Was	

administered	in	two	split	boluses	at	time	of	stress	and	rest	perfusion.	The	total	dose	was	

0.1mmol/kg	and	each	0.05mmol/kg	bolus	was	given	through	a	power	injector	at	a	rate	of	4ml/s	

followed	by	a	25ml	saline	flush	and	LGE	was	performed	5-15	minutes	after	contrast	

administration.		The	sequence	is	a	free-breathing	MOCO	single	shot,	balanced	SSFP,	inversion	

recovery	sequence	with	8	repeated	measurements	(averages).	Magnitude	and	PSIR	

reconstructions	were	used.	Image	parameters	were	modified	according	to	each	patient	and	the	

inversion	time	(TI)	manually	set	to	null	the	myocardium,	typically	between	300	and	400ms.	

Typical	image	parameters	were:	FOV	360	x	270mm2,	spatial	resolution	1.4	x	1.9	x	8mm,	matrix	

size	256	x	144,	TE	1.2ms,	TR	2.8ms.	

	
	 	



	

62	
	

Figure	11.	The	CMR	protocol	used	during	subject	scanning.	Abbreviations:	Ch-	Chamber,	SAX	–	
short	axis,	MOLLI	–	modified	look	Locker	lnversion	recovery	
	

	 Notes	

Sequence	 	

Localisers	 	

White	and	black	blood	axis	stack,	 	

2Ch,	SAX	pilots	 	

Long	axis	cines	-	2CH	,	4CH,	and	3CH	 	

Native	T1	mapping:	MOLLI	5s(3s)5s	
- Basal,	mid	and	apical	SAX	slices	

Cardiomyopathy	scans	
Repeat	if	artefacts	or	gating	error	

T2	mapping:	
- Basal,	mid	and	apical	SAX	slices		

Cardiomyopathy	scans	
Repeat	if	artefacts	or	gating	error	

SSFP	Perfusion	test	 Repeat	if	artefacts	

Adenosine	stress		 	

Start	adenosine	infusion	 140mcg/kg/min	for	4	minutes,	if	no	
symptom	/	heart	rate	response,	increase	to	

175	and	then	210mcg/kg/min	

Adenosine	stress	perfusion:	base,	mid,	apex	 SSFP	sequence	

Short	axis	stack	cines	 	

At	10	mins	post	stress	perfusion:	 	

Rest	perfusion:	base,	mid	apex	 Same	slice	positions	as	stress	

EGE	(2CH,	4CH)	 	

LVOT	cine,	aortic	valve	cines	 	

Late	enhancement	imaging	(LGE)	 	

3	x	Long	Axis	LGE	(2CH,	4CH	and	3CH),	SAX	 	

At	15	mins	post	rest	perfusion:	 	

Post	contrast	T1	mapping:	MOLLI	4s(1s)3s(1s)2s	
		-	Basal,	mid	and	apical	SAX	slices	(3	slices)	

Cardiomyopathy	scans	
Same	FOV	size	as	pre	contrast	T1	map	

Finish	 	
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3.4 CMR image analysis 
	

3.4.1	Parametric	map	analysis	

CMR	images	were	predominately	analysed	using	commercially	available	software	(CVI42,	

Calgary,	Canada).	Parametric	map	analysis	(stress	and	rest	perfusion,	T1,	T2	and	ECV)	was	

performed	in	a	dedicated	analysis	module.		Endocardial	and	epicardial	contours	were	manually	

traced,	the	superior	and	inferior	RV	insertion	points	identified	on	each	short	axis	slice	and	the	

mitral	valve	plane	and	cardiac	apex	were	drawn	on	a	long	axis	reference	image.	The	contours	

were	offset	by	10%	to	minimise	contamination	(e.g.	blood	pool	/	pericardium)	and	therefore	

partial	volume	effects.	From	these	contours	a	polar	map	is	produced	where	each	AHA	segment	

(except	the	apical	cap)	demonstrates	the	parameter	measured	(for	example	MBF	or	T1).	Global	

“mean”	values	were	also	calculated	using	the	analysis	module.	An	example	of	perfusion	map	

analysis	is	shown	in	Figure	12.	

During	the	progression	of	the	project,	advances	were	made	in	the	perfusion	maps	generation.	

Automatically	contoured	perfusion	maps	using	an	artificial	intelligence	(AI)	approach,	without	

the	need	for	user	interaction	were	produced	for	all	patients	in	the	outcome	cohort,	Figure	13.	

The	AI	tool	performs	automatic	segmentation	LV	myocardium	using	a	convolution	neural	net	

(CNN)	approach	(173).	The	LV	cavity	and	myocardium	were	delineated	and	the	epicardial	fat	

and	papillary	muscles	were	excluded.	The	global	MBF	was	then	calculated	as	a	mean	of	the	pixel	

values.	The	automatically	contoured	perfusion	maps	were	visually	checked	for	errors.	

3.4.2	LV	volume	analysis	

LV	volume	analysis	was	performed	by	manually	contouring	the	endocardial	borders	in	end	

diastole	and	systole.	Papillary	muscles	were	excluded.	LV	mass	analysis	was	performed	by	

contouring	the	epicardial	and	endocardial	borders	at	end	diastole.	Papillary	muscles	were	

included	in	LV	mass.		
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3.4.3	Late	gadolinium	enhancement	(LGE)	analysis	

The	presence	or	absence	of	LGE	was	noted	on	read	of	the	images.	Where	relevant,	LGE	was	

quantified	using	a	dedicated	analysis	module	in	CVI42	using	a	semi-automated	method.	The	

“remote”	myocardium,	free	of	LGE,	was	identified	with	a	manually	drawn	region	of	interest.	

Pixels	greater	than	5	standard	deviations	above	the	remote	myocardium	were	automatically	

detected	as	positive	for	LGE.	LGE	is	then	quantified	on	a	global	and	segmental	basis.	

	

Figure	12.	Example	of	manual	perfusion	maps	analysis.	The	endocardial	(red)	and	epicardial	

contours	are	manually	drawn	and	RV	insertion	points	identified.	A	10%	offset	was	then	applied.	

The	MBF	for	each	segment	was	then	recorded.	
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Figure	13.	Automatically	contoured	perfusion	maps	using	artificial	intelligence.	Basal,	mid	and	

apical	short	axis	stress	perfusion	maps	(left	to	right)	for	a	patient	in	the	outcome	cohort.	The	

yellow	and	green	contours	demonstrate	the	first	and	second	myocardial	segments	for	each	

slice	respectively.	This	allows	appreciation	of	errors	in	the	AI	algorithm.	Global	and	regional	

perfusion	can	then	be	documented.	
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3.5 Invasive coronary angiography 
	

In	the	prospective	coronary	artery	disease	perfusion	mapping	validation	study,	invasive	

angiography	was	performed	in	accordance	with	standard	clinical	practice.	The	major	epicardial	

vessels	and	large	side	branches	(intermediate,	large	diagonal	and	large	obtuse	marginal)	with	

visual	luminal	stenosis	>30%	were	reconstructed	based	on	the	angiographic	data	using	three-

dimensional	quantitative	coronary	angiography	(3D	QCA)	methodology	(174).	This	was	

performed	using	specialised	software	(QAngio	XA	3D	RE,	Medis	Specials	by,	Leiden,	the	

Netherlands).	Two	end-diastolic	angiographic	projections	(>25	degrees	apart)	with	no	overlap	

or	foreshortening	of	the	segment	of	interest	were	selected	for	analysis	to	allow	accurate	

delineation	of	the	lumen	silhouette.	The	analysis	was	performed	by	a	single	operator	blinded	to	

CMR	data,	Dr	Anantharaman	Ramasamy	under	the	supervision	of	Dr	Christos	Bourantas	who	

ensured	internal	quality	control.		 	
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3.6 Registry cohorts 
	

A	high	proportion	of	patients	attending	Barts	Heart	Centre	for	a	clinical	CMR	scan	are	recruited	

to	the	Barts	cardiovascular	registry	(BCR).	Similar	registries	are	in	place	with	our	collaborators.	

The	BCR	is	a	research,	audit	and	educational	health	resource	sponsored	by	Barts	Health	NHS	

Trust	(REC	reference	14	/	EE	/	0007).	It	includes	a	database	of	patient	data,	blood	samples	and	/	

or	soft	tissue	samples.	All	patients	who	attend	Barts	Heart	Centre	for	a	scan	(e.g.	

echocardiogram,	CMR,	CT),	invasive	investigation	or	clinic	appointment	are	potentially	

recruited.	Participants	provide	written,	informed	consent	to	participate	and	have	the	option	of	

withdrawing	consent	at	any	time.	Patients	are	often	recruited	whilst	waiting	for	their	CMR	scan.	

All	patients	attending	BHC	are	eligible	for	recruitment.	There	are	currently	>20,000	patients	in	

the	registry	and	patients	who	had	a	perfusion	CMR	including	perfusion	mapping	were	included	

in	the	cohort	studied	here.		

Demographic	details	(age,	sex,	height,	weight,	body	surface	area),	CMR	details	(LV	volumes,	LV	

ejection	fraction,	LGE	and	perfusion	defects)	and	co-morbidities	(including	previous	coronary	

revascularisation,	hypertension,	dyslipidaemia,	diabetes	mellitus,	smoking,	cancer)	were	

documented	from	the	clinical	notes.	

All-cause	mortality	was	identified	through	a	search	of	the	NHS	spine	records	system.	Major	

adverse	cardiovascular	events	(MACE)	were	determined	through	thorough	review	of	the	

medical	records.	MACE	events	included	myocardial	infarction,	stroke,	heart	failure	and	coronary	

revascularisation.	Early	revascularisation	events	(<	90	days	after	CMR)	were	excluded	to	

prevent	the	inclusion	of	events	occurring	as	a	result	of	the	CMR.		

	

	  



	

68	
	

3.7 Statistical analysis 
	

Statistical	analysis	was	performed	in	SPSS	(IBM	SPSS	statistics,	Version	25.0).	Numerical	

variables	are	presented	as	mean	±	standard	deviation	or	median	(interquartile	range)	

depending	on	the	normality	of	the	data.	Categorical	variables	are	presented	as	absolute	values	

and	percentages.	Comparison	between	numerical	variables	was	performed	using	an	

independent	t-test	or	Mann	Whitney	U	test.	The	chi-square	test	was	used	for	categorical	

variables.	A	p	value	of	<0.05	and	was	considered	statistically	significant.		

In	the	coronary	artery	disease	chapter,	receiver	operator	characteristic	(ROC)	curves	were	

calculated	to	determine	the	accuracy	of	the	perfusion	maps	in	detecting	a	coronary	artery	

stenosis.	The	area	under	the	curve	(AUC)	of	ROC	curves	were	compared	using	the	method	of	

DeLong	et	al.	(175).	

In	the	perfusion	in	non-obstructive	coronary	disease	and	the	Fabry	disease	chapters,	a	simple	

linear	regression	analysis	was	performed	to	determine	the	factors	that	contribute	to	stress	MBF.	

Subsequently,	the	variables	that	were	significantly	associated	were	used	in	a	multiple	linear	

regression	analysis.	A	mixed	effects	linear	regression	model	controlled	for	subject	dependency	

in	the	segmental	perfusion	analysis	of	the	Fabry	cohort.	

In	the	outcome	cohort,	Cox	hazard	regression	analysis	was	performed	to	determine	whether	

perfusion	was	associated	with	death	and	MACE	adjusting	for	demographics,	CMR	parameters	

and	co-morbidities.	A	sensitivity	analysis	using	a	penalised	model	was	performed	to	obtain	

Firth’s	bias-adjusted	estimates	to	ensure	there	was	no	bias	in	the	estimated	coefficient.	Kaplan	

Meier	survival	estimates	were	then	plotted	for	the	upper	and	lower	50th	percentiles	of	stress	

MBF	and	MPR.	Harrel’s	C	indices	compared	stress	MBF	and	MPR	in	their	association	with	

outcome.	
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4. Results 1. Perfusion mapping in coronary artery disease 
	

The	following	manuscript	is	based	on	this	chapter:	

	

	“Quantitative	myocardial	perfusion	in	coronary	artery	disease:	a	perfusion	mapping	study”.	

Knott	KD,	Camaioni	C,	Ramasamy	A,	Augusto	JA,	Bhuva	AN,	Xue	H,	Manisty	C,	

Hughes	RK,	Brown	LAE,	Amersey	R,	Bourantas	C,	Kellman	P,	Plein	S,	Moon	JC.	

J	Magn	Reson	Imaging.	2019	Jan	25.	doi:	10.1002/jmri.26668.	
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4.1	Summary	

This	study	was	the	first	to	use	the	fully	quantitative	perfusion	mapping	CMR	technique	in	

patients	with	coronary	artery	disease	planned	for	invasive	coronary	angiography.	I	investigated	

the	diagnostic	performance	of	perfusion	mapping	in	detecting	obstructive	CAD	in	patients	

scheduled	to	undergo	coronary	angiography.	

This	observational	cohort	study	included	50	patients	who	underwent	CMR	with	perfusion	

mapping	and	invasive	coronary	angiography	and	a	comparator	group	(n=24)	of	healthy	

volunteers	that	had	perfusion	CMR	alone.	Receiver	operator	characteristic	curves	were	

calculated	for	stress	MBF	and	myocardial	perfusion	reserve	to	diagnose	severe	(>70%)	stenoses	

as	measured	by	three-dimensional	quantitative	coronary	angiography	(3D	QCA).	The	diagnostic	

performance	of	transmyocardial,	subendocardial	and	subepicardial	MBF	were	evaluated.	For	

this	chapter,	I	obtained	ethics,	recruited	all	of	the	patients	and	volunteers	and	personally	

scanned	them	prior	to	angiography.	I	analysed	the	CMR	data,	performed	the	statistical	analysis	

and	drafted	the	chapter	and	manuscript.	

Patients	with	suspected	CAD	had	lower	stress	MBF	and	MPR	than	volunteers	even	in	vessels	

with	<50%	stenosis	(2.00	vs	3.08ml/g/min	respectively).	As	stenosis	severity	increased	(<50%,	

50-70%,	>70%),	MBF	and	MPR	decreased.	To	diagnose	the	most	severe	stenoses	(>70%),	

endocardial	and	transmyocardial	stress	MBF	out-performed	MPR	(area	under	the	curve	0.92	

(95%	CI	0.86-0.97)	vs	0.90	(95%	CI	0.84-0.95)	and	0.80	(95%	CI	0.72-0.87)	respectively).	An	

endocardial	threshold	of	MBF	of	1.31ml/g/min	provided	a	per	coronary	artery	sensitivity,	

specificity,	positive	predictive	value	(PPV)	and	negative	predictive	value	(NPV)	of	90%,	82%,	

50%	and	98%,	with	a	per-patient	diagnostic	performance	of	100%,	66%,	57%	and	100%	

respectively.		

In	conclusion,	perfusion	mapping	has	high	accuracy	for	the	detection	of	severe	coronary	artery	

disease.	In	particular	it	has	a	high	sensitivity	and	NPV	making	it	a	good	test	to	“rule-out”	CAD.	
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4.2	Introduction	

Non-invasive	imaging	allows	the	detection	of	CAD	by	identifying	areas	of	the	myocardium	that	

are	relatively	hypoperfused	during	vasodilator	stress	(28,34,35).	Employing	a	non-invasive	

imaging	strategy	as	the	first	line	investigation	potentially	reduces	the	rates	of	unnecessary	

invasive	coronary	angiography	(and	the	associated	complications)	and	allows	targeted	invasive	

strategies	in	which	the	intervention	is	applied	to	the	coronary	artery	which	supplies	the	area	of	

hypoperfused	myocardium.	However,	false	negative	non-invasive	tests	can	also	be	harmful	and	

prevent	the	invasive	assessment	of	potentially	significant	coronary	artery	disease.	It	is	therefore	

essential	that	the	non-invasive	test	is	highly	accurate	to	be	useful	clinically	(31).	

Whereas	the	standard	first	past	stress	perfusion	CMR	used	clinically	is	well	validated,	there	is	a	

high	level	of	operator	dependence	and	the	potential	to	miss	balanced	ischaemia.	In	contrast,	

quantifying	myocardial	blood	flow	(MBF)	has	the	potential	to	be	less	operator	dependent	(126)	

and	to	more	accurately	detect	more	extensive	ischaemia	(125)	but	has	not	been	as	well	

validated	in	clinical	practice.		

Developing	quantitative	perfusion	CMR	for	clinical	use	has	been	challenging	and	labour	

intensive	as	highlighted	in	chapter	2.	These	problems	have	limited	the	uptake	of	quantitative	

perfusion	in	clinical	care,	despite	the	potential	benefits.	Off-line	techniques	are	improving	and	

reducing	the	work	of	the	operator,	but	operator	input	and	the	requirement	to	import	images	to	

custom	tools	is	still	holding	back	the	field	and	this	has	also	limited	clinical	uptake	(176).	

Perfusion	mapping	(152)	solves	many	of	these	problems	due	to	its	automated	nature	and	

pictorial	display	of	myocardial	blood	flow	(MBF)	in	a	colour	map	(Figure	14).	Perfusion	mapping	

shows	a	good	correlation	with	quantitative	PET	(150,177).	

In	order	to	validate	the	technique	for	clinical	practice,	we	investigated	the	diagnostic	

performance	of	perfusion	mapping	in	patients	suspected	of	having	coronary	disease	and	

scheduled	for	invasive	coronary	angiography.	
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Figure	14.	Example	of	perfusion	maps	in	health	and	coronary	artery	disease.	Stress	(A-C)	and	

rest	(E-G)	perfusion	maps	for	a	64	year-old	healthy	volunteer	and	a	patient	with	80%	stenosis	

of	the	LCx	and	occlusion	of	the	RCA	(I-K,	M-O)	respectively.	The	polar	maps	(L	and	P)	indicate	

that	the	patient’s	stress	MBF	is	lowest	in	the	RCA	territory	(0.96ml/g/min)	and	2.09-

2.70ml/g/min	in	remote	myocardium.	The	volunteer’s	stress	MBF	is	2.43-3.17ml/g/min	and	

rest	MBF	0.42-0.79ml/g/min.	
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4.3	Methods	

Patients	were	prospectively	recruited	from	the	coronary	angiogram	(+/-	PCI)	waiting	list	at	

Barts	Heart	Centre.	They	had	a	history	of	chest	pain	and	suspected	coronary	artery	disease.	In	

total	50	patients	were	recruited.	All	patients	had	a	stress	perfusion	CMR	(with	automated	inline	

perfusion	mapping)	before	coronary	angiography.	Patients	were	excluded	from	the	study	if	they	

had	a	history	of	previous	coronary	artery	bypass	grafting	(CABG),	chronic	kidney	disease	with	

an	eGFR	<30mmol/l,	cardiomyopathy	(hypertrophic,	arrhythmogenic,	dilated,	amyloid	

cardiomyopathy),	contraindication	to	MRI	or	contraindication	to	adenosine.	A	healthy	volunteer	

cohort	of	24	individuals	was	simultaneously	recruited.		

CMR	studies	

All	CMR	scans	were	performed	at	1.5T	using	a	standard	protocol	(48).	The	protocol	included	

cine	imaging,	stress	and	rest	perfusion	(with	perfusion	mapping)	and	late	gadolinium	

enhancement	(LGE)	imaging,	see	chapter	3	for	the	full	CMR	protocol.	Perfusion	mapping	was	

performed	as	previously	described	in	the	methods	chapter	(152)	producing	three	short	axis	LV	

slices	at	stress	and	rest.	

The	perfusion	maps	were	analysed	using	CVI42.	The	LV	endo-	and	epicardial	borders	were	

manually	contoured.	A	10%	offset	from	the	epicardium	and	endocardium	was	applied.	

Segmental	flow	according	to	the	American	Heart	Association	(AHA)	17	segment	model,	minus	

the	apical	cap,	was	documented	(49),	Figure	15.	The	epicardial	and	endocardial	borders	were	

also	offset	in	CVI42	by	50%	sequentially	to	determine	the	endocardial	and	epicardial	MBF	

respectively	for	each	segment	(Figure	16).	The	coronary	artery	territories	were	defined	as:	

	

Left	Anterior	Descending	(LAD)	-	segments	1,	2,	7,	8,	13,	14	

Left	Circumflex	(LCx)-	segments	5,	6,	11,	12,	16	

Right	Coronary	Artery	(RCA)	-	segments	3,	4,	9,	10,	15	
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The	mean	MBF	of	the	two	adjacent	myocardial	segments	with	the	lowest	flow	in	each	coronary	

territory	was	recorded.	This	was	to	ensure	that	there	was	no	bias	against	distal	coronary	

stenosis.	For	example	the	flow	in	a	coronary	artery	territory	with	a	distal	stenosis	could	be	

artificially	increased	by	the	normal	flow	values	from	myocardium	supplied	by	territories	

proximal	to	the	stenosis.	Using	the	mean	of	the	lowest	two	segments	has	been	a	standard	

analysis	approach	in	other	perfusion	studies	(148).	The	MBF	was	calculated	in	this	way	for	each	

coronary	territory	at	stress	and	rest	and	the	ratio	of	these	gave	the	MPR.	Segments	with	

subendocardial	and	transmural	LGE	suggesting	previous	myocardial	infarction	in	these	

segments	were	excluded.	

Additionally,	the	data	was	analysed	on	a	per-patient	basis	where	the	lowest	(mean	of	the	lowest	

2	adjacent	segments)	MBF/MPR	in	any	coronary	territory	was	considered.	

Invasive	angiography	

Invasive	coronary	angiography	was	performed	by	the	patient’s	cardiologist	using	a	standard	

approach.	Subsequently,	the	angiograms	were	analysed	offline	as	described	previously	with	

three-dimensional	quantitative	coronary	angiography	(3D	QCA)	(174)	in	dedicated	software	

(QAngio	XA	3D	RE,	Medis,	Leiden,	the	Netherlands).	The	large	epicardial	vessels	including	side	

branches	(such	as	intermediate,	large	diagonal	and	large	obtuse	marginal)	with	visual	luminal	

stenosis	>30%	were	reconstructed	in	the	software.	The	branches	were	attributed	to	the	

coronary	territory	as	per	the	AHA	segment	diagram	(Figure	15).	Two	end-diastolic	images	of	

each	vessel	(>25	degrees	apart)	with	no	overlapping	or	foreshortening	of	the	segment	of	

interest	were	selected	to	allow	accurate	contouring	of	the	lumen	silhouette.	The	lumen	

centreline	and	borders	were	automatically	detected	by	the	software	and	manual	adjustments	

were	made	if	necessary	by	an	interventional	cardiologist	blinded	to	the	CMR	results.	For	each	

coronary	stenosis	the	diameter	stenosis	(DS)	was	calculated.	The	lesions	were	grouped	into	

three	DS	groups:	<50%	(mild),	50-70%	(moderate)	and	>70%	(severe).	
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Statistical	analysis	

Numerical	values	were	compared	using	an	independent	sample	t-test	and	categorical	variables	

compared	using	the	chi-square	test.	P	values	<0.05	were	considered	statistically	significant.	To	

determine	the	accuracy	of	perfusion	mapping	in	determining	a	coronary	artery	stenosis	>70%,	

receiver	operator	characteristic	(ROC)	curves	were	calculated.	From	the	ROC	curves,	the	

sensitivity,	specificity,	positive	predictive	value	(PPV)	and	negative	predictive	value	(NPV)	of	the	

perfusion	maps	for	diagnosing	a	patient	with	CAD	was	calculated.	The	area	under	the	curve	

(AUC)	of	the	ROC	curves	were	compared	according	to	DeLong	et	al.	(175).	

	

Figure	15.	The	American	Heart	Association	(AHA)	segment	model	demonstrating	the	

myocardium	supplied	by	each	coronary	artery	(minus	the	apical	cap).	Red	–	left	anterior	

descending	(LAD),	blue	–	left	circumflex	(LCx),	yellow	–	right	coronary	artery	(RCA).	
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Figure	16.	Perfusion	map	analysis.	An	example	of	perfusion	map	analysis	for	a	single	mid	LV	

slice.	Endocardial	and	epicardial	borders	were	manually	traced,	RV	insertion	points	identified	

and	the	LV	segmented.	Left	panel-	the	borders	are	offset	by	10%	to	minimise	partial	volume	

effects	at	the	blood-myocardial	and	myocardial-pericardial	borders.	Right	panel	-	the	

epicardial	border	is	offset	by	50%	to	measure	endocardial	flow.	
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4.4	Results	
	

50	patients	were	recruited.	All	patients	underwent	a	research	perfusion	CMR	and	invasive	

coronary	angiogram.	Baseline	patient	and	volunteer	characteristics	are	shown	in	Table	3.	

Patients	were	older	(58.2	vs	37.3	years,	p<0.0001),	a	higher	proportion	was	male	(87%	vs	50%,	

p=0.003)	and	had	more	comorbidities	than	volunteers.	

Perfusion	mapping	analysis	was	possible	in	all	150	coronary	territories	but	3D	QCA	analysis	was	

not	performed	in	28	vessels	due	to	technical	limitations	with	inadequate	images	for	analysis	due	

to	the	problems	with	the	acquisition.	Reasons	for	this	included	there	not	being	two	views	at	

least	25	degrees	apart,	foreshortened	images	or	images	that	overlapped	in	the	segment	of	

interest.	Therefore	in	total,	122	vessels	and	their	corresponding	myocardial	territories	were	

included	in	the	final	analysis.	The	diameter	stenosis	was	<50%	in	81	vessels,	50-70%	in	20	

vessels	and	>70%	in	21	vessels.	18	patients	(36%)	had	at	least	1	vessel	with	a	severe	stenosis	

(>70%).	In	the	volunteer	cohort,	all	72	coronary	territories	were	analysed	by	perfusion	

mapping.		

Volunteers	had	higher	stress	MBF	and	MPR	than	patients	even	in	the	myocardial	segments	of	

patients	supplied	by	vessels	that	were	angiographically	unobstructed	(DS	<50%	stenosis).	The	

global	MBF	was	3.07ml/g/min	in	healthy	volunteers	compared	to	2.00ml/g/min	in	patients	with	

DS	<50%.	The	MBF	and	MPR	fell	with	increasing	severity	of	stenosis	(Figure	17).	Rest	MBF	was	

not	significantly	different	between	volunteers	(0.86ml/g/min)	and	the	remote	myocardium	

(0.80ml/g/min,	p=0.32)	or	ischaemic	myocardium	of	patients	(0.77ml/g/min,	p=0.24).	

The	diagnostic	accuracy	of	endocardial	stress	MBF,	transmyocardial	stress	MBF	and	MPR	for	

detecting	a	>70%	coronary	artery	stenosis	was	calculated	from	receiver	operating	characteristic	

(ROC)	curves	using	the	patient	data	(Figure	18),	excluding	segments	with	infarction,	detected	

from	LGE	(8	myocardial	territories).	The	most	accurate	was	endocardial	stress	MBF	(AUC	0.92,	
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95%	CI	0.87-0.97)	although	not	statistically	significantly	different	(p=0.051)	from	

transmyocardial	stress	MBF	(AUC	0.90,	95%	CI	0.84-0.95).	MPR	was	less	accurate	(AUC	0.81,	

95%	CI	0.71-0.91)	than	either	endocardial	(p=0.01)	or	transmyocardial	(p=0.04)	stress	MBF.	

The	ROC	curves	were	used	to	determine	the	optimal	diagnostic	threshold	for	transmyocardial	

stress	MBF,	endocardial	MBF	and	MPR.	For	endocardial	stress	MBF,	the	optimal	threshold	on	a	

per	vessel	basis	was	1.31ml/g/min	with	sensitivity,	specificity,	PPV	and	NPV	of	90%,	85%,	55%	

and	98%	respectively.	For	transmyocardial	MBF	the	optimal	threshold	was	1.50ml/g/min	with	

sensitivity,	specificity,	PPV	and	NPV	of	90%,	78%,	47%	and	97%,	respectively.		

A	per-patient	based	analysis	(rather	than	a	single	coronary	vessel	basis)	was	also	performed.	

The	optimal	value	for	endocardial	stress	MBF	was	<1.31ml/g/min	with	sensitivity,	specificity,	

PPV	and	NPV	of	100%,	74%,	73%	and	100%	respectively.	With	a	transmyocardial	stress	MBF	of	

<1.5ml/g/min	in	any	coronary	territory,	the	sensitivity,	specificity,	PPV	and	NPV	was	100%,	

70%,	70%	and	100%,	respectively.		
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Table	3.	Patient	and	volunteer	characteristics.	Patients	were	significantly	older,	a	greater	

proportion	were	male	and	they	had	more	co-morbidities	than	the	volunteers.	

		 Patients	(n=50)	 Volunteers	(n=24)	 p-value	

Age	(years)	 58.2	 37.3	 <0.0001	

Gender	(%	male)	 86	 50	 0.003	

Height	(cm)	 172	 173	 0.556	

Weight	(kg)	 83	 77	 0.083	

BSA	 1.99	 1.92	 0.181	

LVEDV	(ml)	 145	 153	 0.389	

LV	mass	(g)	 116	 103	 0.090	

EF	(%)	 66	 66	 0.924	

Diabetes	(%)	 16	 0	 0.004	

Hypertension	(%)	 58	 0	 <0.0001	

Hypercholesterolemia	(%)	 68	 0	 <0.0001	

Smoker	(%)	 46	 0	 <0.0001	

AF	(%)	 6	 0	 0.226	
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Figure	17.	MBF	(blue	bars)	and	MPR	(red	bars)	in	volunteers	and	patients	according	to	

coronary	vessel	stenosis.	Stress	MBF	(blue)	is	lower	for	patients	than	volunteers	(p<0.001),	

even	in	territories	supplied	by	vessels	with	<50%	stenosis.	Stress	MBF	is	significantly	lower	in	

the	myocardium	supplied	by	vessels	with	>70%	stenosis	than	<50%	(p<0.001)	and	50-70%	

stenosis	(p<0.001).	MPR	(red)	is	lower	in	patients	than	volunteers	(p=0.009).	MPR	is	lower	in	

the	myocardium	supplied	by	vessels	with	>70%	stenosis	than	<50%	(p<0.001)	and	50-70%	

stenosis	(p=0.03).	
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Figure	18.	Receiver	operating	characteristic	curves	for	MBF	and	MPR	diagnosing	coronary	

stenosis.	The	curves	plot	sensitivity	against	1-	specificity	for	transmyocardial	MBF	(red),	sub-

endocardial	MBF	(blue)	and	MPR	(green)	in	diagnosing	a	coronary	stenosis	>70%.	Endocardial	

stress	and	transmyocardial	stress	are	superior	to	MPR	(p=0.01	and	p=0.04	respectively).		
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4.5	Discussion	

This	study	shows	that	CMR	perfusion	mapping	is	accurate	for	the	detection	of	coronary	artery	

disease	and	it	can	be	easily	performed	within	a	routine	clinical	workflow.	I	found	that	stress	

MBF	(both	endocardial	and	transmyocardial)	were	more	accurate	than	myocardial	perfusion	

reserve	in	these	cases.	Overall,	the	technique	was	highly	sensitive,	had	good	specificity	and	a	

high	NPV	on	a	coronary	territory	and	whole	patient	basis.		I	found	that	if	the	MBF	was	

>1.5ml/g/min	in	every	myocardial	territory,	there	was	no	significant	obstructive	CAD.	We	could	

immediately	visualise	this	on	the	colour	perfusion	maps,	which	allows	the	clinician	to	quickly	

and	easily	rule	out	significant	CAD.	

An	advantage	of	absolute	perfusion	quantification	is	that	it	takes	away	the	subjective	

interpretation	of	perfusion	CMR.	The	disadvantage	with	dual-sequence	quantitative	perfusion	

was	the	time-consuming	post-processing	required.	With	perfusion	mapping,	this	is	eliminated	

and	a	step	forward.	Also,	the	technique	uses	a	single	contrast	bolus	which	is	much	more	

acceptable	clinically	as	opposed	to	dual	bolus	techniques	which	can	be	cumbersome	for	the	

radiographer	or	technician	performing	the	scan.	These	factors	mean	that	perfusion	mapping	is	

easy	to	introduce	into	clinical	CMR	with	minimal	changes	needed	from	standard	practice.	It	is	

also	important	that	we	have	shown	that	perfusion	mapping	has	a	high	diagnostic	accuracy.	In	

this	study	we	have	found	similar	accuracies	for	perfusion	mapping	in	the	diagnosis	of	CAD	to	

expert	visual	reads	in	studies	such	as	CE-MARC	(26).	These	are	significant	improvements	on	the	

quantitative	perfusion	techniques	to	date.			

The	principle	of	parametric	mapping	has	expanded	greatly	over	the	last	few	years.	Essentially,	a	

colour	map	is	output	in	which	each	pixel	encodes	a	parameter.	In	much	the	same	way	that	T1	

and	T2	mapping	have	provided	great	insight	into	characterising	the	myocardium	(151),	

perfusion	mapping	permits	instant	visualisation	of	tissue	perfusion	without	the	need	for	a	

reference	comparator.	In	our	study	we	have	found	a	high	NPV,	which,	assuming	there	is	an	
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appropriate	colour	look	up	table,	a	readily	appreciable	normal	scan.	The	finding	is	also	

consistent	with	the	PET	literature	where	normal	quantitative	perfusion	has	a	high	NPV	(178).	

The	values	that	we	have	found	in	our	study	are	reassuringly	consistent	with	those	seen	in	the	

PET	literature	(for	both	healthy	volunteers	and	coronary	artery	disease	patients)	(178).	This	is	

despite	an	expected	variation	in	the	MBF	and	MPR	parameters	due	to	the	heterogeneity	

involved	with	any	non-invasive	test,	including	variations	in	study	protocols,	sequences	and	

tracers.	

Whether	the	stress	MBF	or	the	MPR	(the	ability	to	increase	the	stress	perfusion	from	the	rest	

perfusion	baseline)	is	a	better	myocardial	biomarker	of	occlusive	epicardial	CAD	has	been	hotly	

debated	and	contentious	with	inconsistent	results.	Some	studies	have	found	MPR	to	be	a	better	

predictor	but	in	our	study	(and	also	other	studies	(178).),	the	opposite	was	the	case.	We	found	

that	it	is	the	peak	stress	MBF	that	was	the	most	accurate	for	the	diagnosis	of	CAD.	MPR	may	be	

inferior	in	the	detection	of	CAD	because	the	denominator	of	MPR	–	rest	flow	is	independently	

regulated	through	the	autonomic	nervous	system	and	is	likely	influenced	by	factors	such	as	

gender,	resting	heart	rate,	contractility	and	wall	stress	that	are	not	related	to	peak	flow.	

Therefore,	the	peak	MBF	may	be	normal,	but	if	the	rest	MBF	is	(for	example)	high,	perhaps	due	

to	an	elevated	resting	heart	rate	secondary	to	anxiety	the	MPR	would	be	abnormally	low.	In	our	

study	we	did	not	find	MPR	to	indicate	a	higher	likelihood	of	coronary	stenoses	than	MBF.	

Obstructive	epicardial	coronary	artery	disease	reduces	the	peak	stress	MBF	and	this	can	be	seen	

on	the	perfusion	maps.	However	epicardial	flow	is	not	the	only	determinant	of	myocardial	

perfusion	and	so	MBF/MPR	is	not	specific	to	CAD.	This	would	explain	the	lower	specificity	and	

PPV	(85%	and	55%	respectively	for	endocardial	MBF)	that	we	found	in	the	study,	compared	to	

the	sensitivity	and	NPV	(90%	and	98%	respectively)	in	our	study.	Other	explanations	that	could	

lead	to	‘False	positives’	using	a	fixed	threshold	approach	to	perfusion	map	analysis	include	

microvascular	disease	(179),	submaximal	response	to	adenosine	or	a	combination	of	these	
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factors.		Also,	epicardial	CAD	and	microvascular	disease	may	co-exist	and	this	has	been	shown	in	

other	quantitative	studies.	For	example	it	has	been	shown	using	PET	that	perfusion	falls	with	an	

increasing	coronary	calcium	score	(180).	In	our	study	population	we	had	patients	who	had	

single	vessel	CAD	but	reduced	myocardial	perfusion	in	multiple	coronary	artery	territories.	It	is	

conceivable	that	as	well	as	the	occlusive	CAD	they	also	had	co-existent	microvascular	

dysfunction.	Such	a	scenario	would	result	in	a	false	positive	if	the	results	were	considered	on	a	

per	vessel	analysis	but	a	true	positive	on	a	per	patient	analysis.		

The	difference	in	stress	MBF	between	patients	with	a	DS	<50%	and	volunteers	is	interesting	and	

may	be	explained	by	microvascular	disease.	The	patients	had	co-morbidities	including	

cardiovascular	risk	factors	(including	coronary	disease)	and	smoking	history.	They	were	also	

older	than	the	volunteers.	Elucidating	what	MBF	values	are	“normal”	in	patients	with	co-

morbidities	is	also	necessary	to	avoid	false	positives.	

The	study	is	limited	by	the	small	sample	size	(n=50)	and	in	the	absence	of	power	calculations	

the	results	are	hypothesis	generating	and	require	further	trials	to	validate	the	findings.	The	

reference	standard	used	was	QCA	rather	than	a	functional	reference	of	FFR	which,	although	

better	than	a	purely	visual	assessment,	is	a	limitation.	Furthermore,	the	total	atheroma	burden	

was	not	quantified	and	only	focal	stenoses	were	assessed.	It	is	possible	additional	insights	can	

be	gained	from	total	atheroma	burden	on	MBF.	

	
4.6	Conclusion	
	
In	summary,	we	have	shown	that	stress	perfusion	cardiovascular	magnetic	resonance	imaging	

with	automated	inline	perfusion	mapping	is	accurate	(against	3D	QCA	analysis	of	invasive	

coronary	angiography)	for	the	detection	of	epicardial	occlusive	coronary	artery	disease	and	can	

be	implemented	relatively	easily	into	the	clinical	workflow.	It	has	a	high	sensitivity,	and	high	

negative	predictive	value	which	make	it	a	good	test	to	rule	out	obstructive	CAD.	If	a	patient	has	a	



	

85	
	

normal	perfusion	map	(in	which	all	pixels	encode	an	MBF	above	the	normal	cut-off	values)	with	

a	suitable	look	up	table,	a	clinician	can	quickly	rule	out	CAD.		
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5. Results 2 - The prognostic significance of myocardial perfusion 
	

The	following	publication	is	based	on	this	chapter:		

	

The	Prognostic	Significance	of	Quantitative	Myocardial	Perfusion	–	an	Artificial	Intelligence	

Based	Approach	Using	Perfusion	Mapping	

	

Knott	KD,	Seraphim	A,	Augusto	JB,	Xue	H,	Chako	L,	Aung	N,	Petersen	SE,	Cooper	JA,	Manisty	C,	

Bhuva	AN,	Kotecha	T,	Bourantas	CV,	Davies	RH,	Brown	LAE,	Plein	S,	Fontana	M,	Kellman	P,	

Moon	JC.	Circulation.	2020	Feb	14.	doi:	10.1161/CIRCULATIONAHA.119.044666.	
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5.1	Summary	

	

In	this	study	I	investigated	the	relationship	of	myocardial	perfusion	to	patient	outcome	in	

patients	referred	for	CMR.		

As	myocardial	perfusion	represents	the	blood	that	ultimately	reaches	the	myocardium,	it	is	

determined	by	a	combination	of	flow	down	the	epicardial	coronary	arteries	and	the	

microvascular	circulation.	I	sought	to	determine	whether	the	patients’	stress	MBF	and	

myocardial	perfusion	reserve	were	prognostic,	over	and	above	conventional	risk	factors.	

This	was	a	two-centre	study	of	patients	who	were	referred	for	a	clinical	CMR	to	investigate	

potential	coronary	artery	disease.	Perfusion	maps	were	performed	for	all	patients	and	the	

maps	were	analysed	automatically	using	an	artificial	intelligence	(AI)	approach	to	derive	the	

global	stress	MBF	and	MPR.	To	determine	the	associations	of	stress	MBF	and	MPR	with	death	

and	major	adverse	cardiovascular	events	(MACE)	having	adjusted	for	conventional	risk	factors,	

cox	proportional	hazard	models	were	performed.	The	MACE	events	recorded	were	myocardial	

infarction,	stroke,	heart	failure	hospitalisation,	late	revascularisation	and	death.	

In	this	study	we	followed	up	1049	patients	for	a	median	of	605	days	(interquartile	range	464-

814	days).	During	the	period	of	follow	up	there	were	42	(4.0%)	deaths	and	183	MACE	events	

in	174	(16.6%)	patients.	Even	after	adjusting	for	other	conventional	risk	factors,	stress	MBF	

and	MPR	were	independently	associated	with	both	death	and	MACE.	The	adjusted	hazard	ratio	

(HR)	for	a	1ml/g/min	decrease	in	stress	MBF	ratio	was	1.93	(95%	CI	1.08-3.48,	P=0.028)	for	

death	and	2.14	(95%	CI	1.58-2.90,	P<0.0001)	for	MACE.	The	adjusted	HR	for	a	1	unit	decrease	

in	MPR	was	2.45	(95%	CI	1.42-4.24,	P=0.001)	for	death	and	1.74	(95%	CI	1.36-2.22,	P<0.0001)	

for	MACE.	Even	if	there	was	no	history	of	CAD	and	no	perfusion	defects	on	clinical	read	

(n=783)	perfusion	was	still	prognostic.	MPR	was	independently	associated	with	both	death	

and	MACE,	whereas	stress	MBF	was	independently	associated	with	MACE	only.	
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In	conclusion,	in	this	study	I	have	shown	that	reduced	myocardial	perfusion	provides	a	strong,	

incremental	predictor	of	adverse	cardiovascular	outcomes.	Going	forward,	further	studies	are	

required	to	see	whether	impaired	perfusion	can	be	treated	and	modify	future	cardiovascular	

risk	and	reduce	events.			

For	this	chapter	I	submitted	an	ethics	request	to	the	Barts	Bioresource,	compiled	the	list	of	

patients,	determined	the	patient	risk	factors	for	the	majority	of	patients	and	searched	the	NHS	

spine	for	deaths	and	the	patient	record	for	MACE	events.	I	then	performed	the	statistical	

analysis	and	drafted	the	chapter	and	manuscript.	
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5.2	Introduction	

The	chronic	coronary	syndromes	(CCS)	are	a	heterogeneous	group	of	cardiovascular	disorders	

including	large	vessel	or	epicardial	coronary	artery	disease	(CAD)	and	microvascular	

dysfunction	(12).	These	conditions	both	adversely	affect	the	amount	of	blood	that	perfuses	the	

myocardium	and	are	associated	with	adverse	outcomes	(181).	Investigations	are	often	

required	to	diagnose	and	tailor	appropriate	therapy	to	patients	with	CCS.	A	non-invasive	risk-

stratification	test	is	desirable	particularly	if	it	provides	prognostic	information	to	the	clinician.		

Non-invasive	tests	for	cardiovascular	risk	stratification	in	symptomatic	and	asymptomatic	

patients	have	been	developed.	Quantitative	cardiac	PET	has	been	the	most	developed	

technique	used	to	quantify	the	MBF	at	stress	and	rest	and	therefore	the	MPR.	Myocardial	

perfusion	has	been	shown	to	be	prognostic	in	PET	studies	in	patients	with	suspected	CAD	(94–

96,182)	and	also	in	patients	with	cardiomyopathy	(132).	

The	latest	iterations	of	the	perfusion	mapping	technique	use	artificial	intelligence	(AI)	to	

automatically	segment	the	maps	providing	immediate	global	and	regional	quantification.	AI	

has	been	used	in	CMR	for	volume	analysis	to	enable	widespread,	precision	measurement	

(183),	but	has	not	been	applied	to	perfusion	imaging	before.		

In	this	two-centre	study	we	investigated	whether	quantitative	perfusion	biomarkers	(stress	

MBF	and	MPR)	were	associated	with	adverse	outcomes	in	all-comers	referred	for	perfusion	

CMR.		
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5.3	Methods	

Patients	

Included	in	the	study	were	consecutive	patients	referred	for	stress	perfusion	CMR	at	Barts	

Heart	Centre	(BHC)	and	the	Royal	Free	Hospital	(RFH),	London,	UK.	Patients	were	aged	over	18	

years	and	recruited	from	March	2016	to	August	2018.		

The	cardiovascular	risk	factors	were	documented	from	the	patients’	electronic	record	and	from	

the	NHS	spine.	The	risk	factors	recorded	were	hypertension,	diabetes	mellitus,	dyslipidaemia,	

previous	revascularisation	(including	PCI	or	CABG),	atrial	fibrillation	(AF),	stroke	or	transient	

ischaemic	attack	(TIA),	smoking	status	and	history	of	cancer.	The	follow	up	outcomes	recorded	

were	all	cause	mortality	and	major	adverse	cardiovascular	events	(MACE).	MACE	events	

included	myocardial	infarction,	stroke,	heart	failure	admission,	revascularisation	(>90	days	

following	CMR)	and	deaths.	Early	revascularisation	(<90	days)	were	excluded	to	prevent	bias	

from	the	ischaemia	on	the	CMR	resulting	in	a	MACE	event.	A	committee	(authors	KK,	AS,	JA)	

who	were	blinded	to	the	quantitative	perfusion	data	adjudicated	the	MACE	events.	Death	was	

ascertained	from	a	query	of	the	NHS	spine.	Other	events	were	reviewed	and	agreed	upon	

following	review	of	the	clinical	notes,	(clinic	letters,	discharge	summaries	and	GP	records).	

Clinicians	treating	the	patients	were	not	involved	in	event	adjudication.	

Cardiovascular	Magnetic	Resonance	Scan	

The	CMR	scans	were	performed	at	1.5	(Aera)	or	3	Tesla	(Prisma,	Siemens	Healthcare,	Erlangen,	

Germany)	according	to	a	standard	clinical	approach	(48).	The	stress	and	rest	quantitative	

perfusion	maps	were	immediately	generated	at	the	time	of	the	scan	(152).		

Image	analysis	

The	clinical	CMR	images	were	analysed	by	a	European	Association	of	Cardiovascular	Imaging	

accredited	cardiologist.	The	LV	volumes	(systolic	and	diastolic)	and	ejection	fraction	were	

calculated	for	each	patient.	It	was	documented	whether	late	gadolinium	enhancement	(LGE)	
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was	present	and	whether	it	was	infarct	pattern	(subendocardial,	coronary	distribution)	or	

non-infarct	pattern	(mid-myocardial	or	subepicardial).		

Three	LV	short	axis	(base,	mid	and	apex)	perfusion	maps	were	generated	at	stress	and	rest	

(152).	The	analysis	of	the	perfusion	maps	was	performed	using	an	AI	tool.	Using	a	convolution	

neural	network	(CNN)	approach	the	tool	automatically	segmented	the	LV	cavity	and	

myocardium.	The	AI	excluded	papillary	muscles	and	epicardial	fat	(184).	The	average	pixel	

value	across	all	3	short	axis	slices	was	used	to	determine	the	global	MBF.	Subsequently	the	

MPR	was	calculated	as	the	stress	MBF	divided	by	the	rest	MBF.	An	advantage	of	the	AI	

approach	is	that	the	contouring	was	performed	without	bias	and	in	a	blinded	fashion	to	other	

CMR	and	MACE	outcome	data.	For	an	example	of	the	AI	contouring	see	Figure	19.	The	

contoured	perfusion	maps	were	checked	subsequently	as	a	quality	control	mechanism	to	

ensure	there	were	no	significant	errors	with	the	maps.	If	errors	were	observed	the	maps	were	

discarded	from	analysis	(for	examples	of	reconstruction	errors,	see	Figure	20).	The	errors	

were	due	to	the	AI	incorrectly	identifying	sites	other	than	the	LV	blood	pool	for	arterial	input	

function	analysis,	ECG	miss-triggering	or	motion	correction	errors.	The	myocardial	blood	flow	

calculation	would	be	highly	inaccurate	in	these	cases	and	so	they	were	not	used	in	the	analysis.	

Once	the	AI	contouring	had	been	performed,	it	was	not	possible	to	make	further	manual	

adjustments	to	the	contours.	For	each	patient	the	stress	MBF,	rest	MBF	and	MPR	was	recorded.	

Statistical	analysis	

To	compare	means	either	the	student	T-test	(if	normally	distributed)	or	Mann	Whitney	U	test	

(if	not	normally	distributed)	were	used	for	continuous	variables	and	the	chi-square	test	was	

used	for	categorical	variables	(2-sided	Fisher	exact	test).	

To	determine	the	association	of	myocardial	perfusion	(stress	MBF,	MPR)	with	outcome	(death	

and	MACE)	cox	proportional	hazard	regression	analyses	was	performed.	The	model	adjusted	

for	age,	sex,	co-morbidities	(previous	revascularisation,	CAD,	hypertension,	dyslipidaemia,	
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diabetes	mellitus,	AF,	stroke	/	TIA,	smoking	and	cancer)	and	CMR	parameters	(EDV,	LVEF,	

LGE).	As	the	event	rates	were	relatively	low	and	there	were	a	large	number	of	variables,	a	

sensitivity	analysis	was	additionally	performed	to	obtain	Firth’s	bias-adjusted	estimates	(185).	

Kaplan	Meier	survival	estimates	were	calculated	for	the	stress	MBF	and	MPR.	In	this	analysis	

the	data	was	censured	at	the	date	of	death,	MACE	or	last	follow	up.	To	compare	the	ability	of	

stress	MBF	and	MPR	to	predict	outcome	Harrel’s	C-indices	were	calculated.		

Shoenfeld	residuals	were	used	to	test	the	proportionality	assumptions	for	each	variable	using	a	

Bonferroni	corrected	significance	level	of	p<0.0008.		Plotting	deviance	residuals	against	each	

predictor	variable	and	assessing	the	locally	estimated	scatterplot	smoothing	(LOESS)	curve	

assessed	functional	form.	To	ensure	that	missing	data	did	not	affect	results,	models	were	run	

with	and	without	imputation	of	missing	data.	As	the	models	gave	similar	results,	only	complete	

case	results	are	presented.		
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Figure	19.	AI	automatic	segmentation	of	stress	perfusion	maps.	The	analysis	was	performed	

with	no	user	input	and	demonstrated	for	two	different	patients.	Three	short	axis	(base,	mid	

and	apical)	left	ventricle	slices	are	shown	for	a	76-year-old	male	with	dyslipidaemia	and	no	

MACE	(A)	and	a	64-year-old	female	with	hypertension	and	atrial	fibrillation	who	died	within	

24	months	of	the	scan	(B).	Stress	myocardial	blood	flow	was	2.25ml/g/min	in	(A)	and	

1.52ml/g/min	(B).	The	myocardium	is	additionally	segmented	as	per	the	American	Heart	

Association	model	with	the	first	segment	from	each	slice	outlined	in	yellow	and	the	second	in	

green.	

	

	
	 	



	

94	
	

	
Figure	20.	Examples	of	reconstruction	errors.	Examples	of	perfusion	map	reconstruction	

errors	for	5	different	patients	(A-E)	compared	to	a	correct	reconstruction	(F).	As	a	result,	the	

LV	myocardium	is	visually	highly	artefactual	and	the	segmentation	unreliable.	
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5.4	Results	

Patient	demographics,	comorbidities	and	CMR	parameters	

In	total	1356	patients	were	referred	for	stress	perfusion	CMR	between	September	2016	and	

August	2018	at	BHC	and	the	RFH.	There	were	143	patients	who	were	excluded	based	on	the	

exclusion	criteria.	45	(3%)	patients	were	excluded	due	to	lack	of	stress	response	(determined	

by	change	in	heart	rate,	symptoms,	splenic	switch	off).	In	15	cases	(1%)	there	were	significant	

perfusion	map	errors	preventing	analysis	(see	Figure	20).	There	were	104	patients	(8%)	who	

were	lost	to	follow	up.	These	patients	were	referred	for	CMR	from	local	district	general	

hospitals	who	were	not	follow	up	by	Barts	Health	/	Royal	Free	and	did	not	have	accessible	GP	

records.	In	total	1049	patients	were	included	in	the	final	analysis	(889	BHC,	160	from	RFH,	

Figure	21).	Rest	perfusion	was	not	done	in	31	cases	and	so	MPR	data	was	not	available.	In	total	

there	were	1018	patients	with	MPR	data.	

In	the	final	analysis	group,	the	mean	age	was	60.9	+/-13	years.	702	(67%)	were	male,	298	

(28%)	had	diabetes	mellitus,	630	(60%)	hypertension,	510	(49%)	dyslipidaemia,	318	(30%)	

previous	revascularisation,	360	(34%)	smoking	history,	63	(6%)	previous	stroke	or	TIA,	141	

(13%)	AF,	108	(10%)	current	or	previous	history	of	cancer.	The	mean	EDV	across	all	patients	

was	157+/-	52ml,	LV	mass	119	+/-	38g,	mean	EF	for	these	patients	was	60	+/-	13%,	309	(30%)	

patients	had	subendocardial,	infarct	pattern	LGE	and	133	(13%)	had	non-infarct	pattern	LGE.	

See	Table	4	for	a	summary	of	patient	baseline	data	and	CMR	data.	Across	all	the	patients,	the	

mean	stress	MBF	was	2.06+/-0.71	ml/g/min	and	MPR	was	2.48+/-0.82.	The	median	follow	up	

was	605	(interquartile	range	464-814)	days.	

Predictors	of	MACE	
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There	were	42	(4.0%)	deaths	and	183	MACE	events	in	174	(16.6%)	patients.	The	MACE	events	

were	28	(2.7%)	non-fatal	myocardial	infarction,	10	(0.95%)	strokes,	18	(1.7%)	heart	failure	

admissions	and	127	(12.1%)	late	revascularisations.		

The	mean	MBF	of	patients	that	died	was	1.70+/-0.65	ml/g/min	vs	2.08	ml/g/min	+/-	0.71	

(P=0.001)	in	patients	that	survived.	The	mean	MPR	was	1.97	+/-	0.74	in	the	group	that	died	

and	2.50	+/-	0.81	in	the	group	that	survived	(P<0.001).	Similarly,	the	mean	stress	MBF	in	the	

total	events	(death	or	MACE)	group	was	1.62+/-0.56	ml/g/min	vs	2.15	+/-	0.71	ml/g/min	in	

the	event-free	group	(P<0.001)	and	the	mean	MPR	was	2.04	+/-	0.76	vs	2.57	+/-	0.80	

respectively	(P<0.001).		

Patients	that	had	a	MACE	were	commonly	male	(78.2%	vs	64.7%,	P=0.001),	older	(65.9	+/-	

10.2	vs	59.9	+/-	13.1	years,	P<0.0001),	had	more	prior	revascularisations	(40.8%	vs	28.3%,	

P=0.002),	were	more	commonly	diabetic	(42.0%	vs	25.7%,	P<0.0001),	hypertensive	(75.3%	vs	

57.0%,	P<0.0001),	dyslipidaemic	(62.6%	vs	45.8%,	P<0.0001),	were	more	likely	to	have	had	a	

previous	stroke	or	TIA	(9.8%	vs	5.3%,	P=0.034),	were	more	likely	to	be	smokers	(42.5%	vs	

32.7%,	P=0.014),	had	similar	rates	of	AF	(12.6%	vs	13.6%,	P=0.808),	and	similar	rates	of	

cancer	(13.8%	vs	9.6%,	P=0.102).	In	terms	of	CMR	parameters,	there	was	similar	LVEDV	in	

patients	who	died	or	had	MACE	and	in	those	that	didn’t	(161.8	+/-	57.0ml	vs	155.9	+/-	51.3ml,	

P=0.174),	higher	LV	mass	(129.0	+/-	41.9g	vs	117.1	+/-	37.4g,	P=0.0002)	and	lower	LVEF	(56.9	

+/-	15.6%	vs	60.8	+/-	12.8%,	P=0.002).	They	had	more	infarct	pattern	LGE	(54.0%	vs	24.6%,	

P<0.0001)	and	similar	non-infarct	pattern	LGE	(10.3%	vs	13.1%,	P=0.382).	See	Table	5.	For	a	

breakdown	of	perfusion	data	and	MACE	for	each	field	strength	and	site	see	Table	6	and	Table	7.	

To	elucidate	the	factors	contributing	to	death	and	MACE,	cox	hazard	regression	analysis	was	

performed.	Even	after	accounting	for	other	risk	factors,	stress	MBF	and	MPR	were	associated	

with	events.	Higher	MBF	and	MPR	was	associated	with	a	lower	incidence	of	events.	On	

multivariate	Cox	regression	analysis,	age,	stress	MBF	or	MPR,	EF	and	history	of	cancer	were	
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significantly	associated	with	death.	Age,	a	history	of	dyslipidaemia	and	stress	MBF	or	MPR	

were	associated	with	death	or	MACE.	For	each	1ml/g/min	reduction	in	stress	MBF,	the	

adjusted	hazard	ratio	(HR)	for	death	was	1.93	(95%	CI	1.08-3.48,	P=0.028)	and	for	MACE	was	

2.14	(95%	CI	1.58-2.90,	P<0.0001).	For	each	1-unit	reduction	in	MPR,	the	adjusted	HR	for	

death	was	2.45	(95%	CI	1.42-4.24,	P=0.001)	and	for	MACE	was	1.74	(95%	CI	1.36-2.22,	

P<0.0001).	See	Table	8.	The	effect	of	MBF	and	MPR	on	outcome	was	investigated	with	a	

standardized	hazard	model	and	using	Harrel’s	C-index.	The	standardized	hazard	model	

compared	the	effect	of	a	1	standard	deviation	(SD)	decrease	in	MBF	and	MPR	on	outcome.	The	

effect	size	was	larger	for	MPR	than	stress	MBF	for	death	(standardized	HR	2.08	vs	1.56	

respectively)	but	not	for	total	MACE	(standardized	HR	1.59	vs	1.79).	Similarly,	Harrell’s	C-

index	suggests	that	the	predictive	ability	is	better	for	MPR	(C-index=0.69	(95%	CI:	0.61-0.77)	

than	for	MBF	(C-index=0.63	(95%	CI:	0.54-0.73)	when	predicting	death,	but	both	variables	

have	similar	predictive	ability	for	the	total	MACE	(0.68	(0.64-0.73)	MBF	vs.	0.68	(0.64-0.72)	

MPR).	A	sensitivity	analysis	using	Firth’s	penalised	model	did	not	show	bias	caused	by	low	

event	rates.	

Kaplan	Meier	survival	estimate	curves	for	MBF	and	MPR	were	calculated	for	death	(Figure	22)	

and	MACE	(Figure	23).		

Patients	were	analysed	by	median	stress	MBF	/	MPR.	The	median	stress	MBF	was	1.99	

ml/g/min	and	the	median	MPR	2.40.	Those	with	MBF	in	the	lowest	50th	percentile	had	higher	

rates	of	death	MACE	compared	to	the	highest	50th	percentile.	Death	and	MACE	was	5.3%	and	

26.1%	respectively	if	the	stress	MBF	was	below	the	median	and	2.7%	and	7.0%	respectively	if	

perfusion	was	above	the	median.	Death	and	MACE	was	6.3%	and	24.6%	respectively	if	the	MPR	

was	below	the	median	and	2.0%	and	8.6%	respectively	if	perfusion	was	above	the	median.	

There	were	266	patients	(25.4%)	with	a	perfusion	defect	on	clinical	review	of	the	standard	

perfusion	images.	In	patients	with	perfusion	defects,	deaths	were	not	significantly	different	
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from	those	with	uniform	perfusion	(14	(5.3%)	vs	28	(3.6%),	P=0.276),	but	MACE	was	higher	

(103	(39%)	vs	71	(9.1%),	P<0.0001).		

In	the	group	of	patients	with	no	perfusion	defects	on	clinical	review,	an	additional	multivariate	

Cox	regression	analysis	was	done.	Death	was	associated	with	age,	EF,	history	of	cancer,	history	

of	hypertension	and	MPR	but	not	stress	MBF.	MACE	was	associated	with	age,	history	of	cancer	

and	both	stress	MBF	and	MPR.	The	adjusted	HR	for	a	1-unit	decrease	in	MPR	was	similar	to	the	

entire	cohort:	2.22	for	death	(95%	CI	1.16-4.23,	P=0.015)	and	1.65	for	MACE	(95%	CI	1.14-

2.38,	P=0.008).	The	HR	for	each	1ml/g/min	decrease	in	stress	MBF	was	2.28	(95%	CI	1.43-

3.66)	for	MACE	(P=0.001).		

When	patients	with	previous	CAD,	history	of	MI	or	LGE	were	excluded,	another	Cox	hazard	

regression	analysis	was	performed	for	death	and	MACE.	Death	was	associated	with	age,	history	

of	cancer,	dyslipidaemia	and	MPR.	MACE	was	associated	with	age,	a	history	of	cancer	and	both	

stress	MBF	and	MPR.	For	death,	the	adjusted	HR	for	a	1-unit	decrease	in	MPR	was	2.49	(95%	CI	

1.01-6.13,	P=0.049).	For	MACE	the	adjusted	HR	for	a	1-unit	decrease	in	MPR	was	2.38	(95%	CI	

1.30-3.77,	P=0.003)	and	for	a	1ml/g/min	decrease	in	stress	MBF	was	2.15	(95%	CI	1.20-3.83,	

P=0.010).		
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Figure	21.	Flow	chart	demonstrating	the	outcome	study	process.	There	were	1049	patients	

included	in	the	analysis.	143	patients	met	the	exclusion	criteria,	there	were	reconstruction	

errors	in	perfusion	maps	in	15	cases	and	there	were	45	cases	of	inadequate	stress	(no	splenic	

switch	off).	104	patients	were	lost	to	follow	up.	There	were	183	MACE	events	in	174	patients	

including	42	deaths.	
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Table	4.	Baseline	characteristics	of	the	patient	population	studied	including	patient	

demographics,	CMR	data	and	outcomes.		

	 N	=	1049	

Demographics	 	

Age	(years)	 60.9	+/-	13	

Sex	n	(%	male)	 702	(70)	

Co-morbidities	 	

Hypertension,	n	(%)	 630	(60.1)	

Dyslipidemia,	n	(%)	 510	(48.6)	

Diabetes	Mellitus,	n	(%)	 298	(28.4)	

Previous	PCI	/	CABG,	n	(%)	 319	(30.4)	

AF,	n	(%)	 141	(13.4)	

Stroke	/	TIA,	n	(%)	 63	(6.0)	

Smoking	history,	n	(%)	 360	(34.3)	

Cancer,	n	(%)	 108	(10.3)	

CMR	parameters	 	

LVEDV,	ml	 157	+/-	52.2	

LV	mass,	g	 119	+/-	38.4	

EF,	%	 60.+/-	13.4	

Infarct	pattern	LGE,	n	(%)	 309	(29.5)	

Non-infarct	pattern	LGE,	n	(%)	 133	(12.7)	

Stress	MBF	(ml/g/min)	 2.06	+/-	0.71	

MPR	 2.48	+/-	0.82	

Outcome	 	

Death,	n	(%)		 42	(4.0)	

MACE,	n	(%)	 174	(16.6)	

Myocardial	infarction,	n	(%)	 28	(2.7)	

Stroke,	n	(%)	 10	(0.95)	

Heart	failure	admission	n,	(%)	 18	(1.7)	

Late	revascularisation,	n	(%)	 127	(12.1)	
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Table	5.	Patient	characteristics	of	those	that	had	a	MACE	event	and	those	that	did	not.		

	 MACE	

N=174	

No	MACE	

N=875	

Significance	

(p-value)	

Demographics	 	

Age	(years)	 65.88	+/-	10.21	 59.88	+/-	13.14	 <0.0001	

Sex	n	(%	male)	 136	(78.2)	 566	(64.7)	 0.001	

Co-morbidities	 	

Hypertension,	n	(%)	 131(75.3)	 499	(57.0)	 <0.0001	

Dyslipidemia,	n	(%)	 109	(62.6)	 401	(45.8)	 <0.0001	

Diabetes	Mellitus,	n	(%)	 73	(42.0)	 225	(25.7)	 <0.0001	

Previous	PCI	/	CABG,	n	(%)	 71	(40.8)	 248	(28.3)	 0.002	

AF,	n	(%)	 22	(12.6)	 119	(13.6)	 0.808	

Stroke	/	TIA,	n	(%)	 17	(9.8)	 46	(5.3)	 0.034	

Smoking	history,	n	(%)	 74	(42.5)	 286	(32.7)	 0.014	

Cancer,	n	(%)	 24	(13.8)	 84	(9.6)	 0.102	

CMR	parameters	 	

LVEDV,	ml	 161.80	+/-	56.98	 155.86	+/-	51.26	 0.174	

LV	mass,	g	 129.01	+/-	41.93	 117.05	+/-	37.40	 0.0002	

EF,	%	 56.88	+/-	15.58	 60.83	+/-	12.78	 0.002	

Infarct	pattern	LGE,	n	(%)	 94	(54.0)	 215	(24.6)	 <0.0001	

Non-infarct	pattern	LGE,	n	(%)	 18	(10.3)	 115	(13.1)	 0.382	

Stress	MBF	(ml/g/min)	 1.62	+/-	0.56	 2.15	+/-	0.71	 <0.0001	

MPR	 2.04	+/-	0.76	 2.57	+/-	0.80	 <0.0001	
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Table	6.	Perfusion	and	MACE	events	by	field	strength	(Tesla,	T).		

	
	
	 1.5T	

(n=679)	

3.0T	

(n=370)	

Significance		

(P	value)	

Stress	MBF	

(ml/g/min)	

2.07	 2.06	 0.807	

MPR	 2.49	 2.47	 0.801	

Death,	n	(%)	 25	(3.7)	 17	(4.6)	 0.511	

MACE,	n	(%)	 116	(17.1)	 58	(15.7)	 0.603	

	

Table	7.	Comparison	of	MACE	events	by	field	strength	and	site.		

	
	 MACE	

(n=174)	

No	MACE	

(n=875)	

Significance		

(P	value)	

Stress	MBF	1.5T	

(ml/g/min)	

1.61	 2.16	 <0.0001	

MPR	1.5T	 1.94	 2.60	 <0.0001	

Stress	MBF	3.0T	

(ml/g/min)	

1.64	 2.13	 <0.0001	

MPR	3.0T	 2.24	 2.52	 0.020	

BHC	MBF	(ml/g/min)	 1.58	 2.11	 <0.0001	

BHC	MPR	 2.06	 2.54	 <0.0001	

RFH	MBF	(ml/g/min)	 1.76	 2.41	 <0.0001	

RFH	MPR	 1.97	 2.72	 <0.0001	
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Table	8.	Cox	proportional	hazard	models	for	a	1ml/g/min	decrease	in	stress	MBF	and	1	unit	

decrease	in	MPR.	*	The	models	are	adjusted	for	age,	sex,	left	ventricular	(LV)	end	diastolic	

volume,	LV	mass,	LV	ejection	fraction,	late	gadolinium	enhancement,	previous	

revascularisation,	diabetes,	hypertension,	dyslipidaemia,	stroke	history,	atrial	fibrillation	and	

cancer.	Stress	MBF	and	MPR	were	independently	associated	with	death	and	major	adverse	

cardiovascular	events	(MACE)	even	after	adjustment	for	the	other	risk	factors.	Abbreviations	

hazard	ratio	(HR).	

	

Predictor	 	 	 Death	 Death	and	MACE	
Stress	MBF	
(ml/g/min)	

Unadjusted	
	
	
Adjusted*	

HR	(95%	CI)	
P	value	
	
HR	(95%	CI)	
P	value	

2.28	(1.39-
3.75)	
P=0.001	
	
1.93	(1.08-
3.48)	
P=0.028	
	

3.02	(2.34-3.89)	
P<0.0001	
	
2.14	(1.58-2.90)	
P<0.0001	
	

MPR	 Unadjusted	
	
	
Adjusted*	

HR	(95%	CI)	
P	value	
	
HR	(95%	CI)	
P	value		

2.72	(1.70-
4.39)	
P<0.0001	
	
2.45	(1.42-
4.24)	
P=0.001	

2.40	(1.91-3.01)	
P<0.0001	
	
1.74	(1.36-2.22)	
P<0.0001	
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Figure	22.	Kaplan	Meier	survival	estimate	curves	for	stress	MBF	and	MPR.	Stress	MBF	(A	and	

B)	and	MPR	(C	and	D).	In	red	are	the	survival	curves	for	the	highest	50th	percentile	and	in	blue	

lines	the	lowest	50th	percentile	of	patients.	B	and	D	are	magnified	graphs	of	A	and	B	

respectively	and	demonstrate	the	curve	separation.	Rates	of	death	are	higher	with	impaired	

perfusion.	Patients	in	the	highest	50th	percentile	have	higher	rates	of	death	than	the	patients	in	

the	lowest	50th	percentile	of	MBF	and	MPR	(P=0.032	and	P=0.01	respectively).	
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Figure	23.	Kaplan	Meier	survival	estimate	curves	for	MACE	for	stress	MBF	and	MPR.	Stress	

MBF	(A)	and	MPR	(B).	In	red	are	the	survival	curves	for	the	highest	50th	percentile	and	in	blue	

the	lowest	50th	percentile	of	patients.	Patients	in	the	lowest	50th	percentile	of	MBF	and	MPR	

had	higher	rates	of	death	(P<0.001	for	both).	
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5.5	Discussion	

In	this	multicentre	study	of	1049	patients	we	have	shown	that,	over	a	median	605	day	follow	

up	period,	stress	MBF	and	MPR	are	associated	with	death	and	MACE.	This	is	the	largest	

quantitative	perfusion	CMR	outcome	study	that	has	been	conducted	and	we	have	shown	that	it	

is	possible	to	quantify	perfusion	automatically	and	inline	at	scale	using	CMR	with	clinically	

meaningful	results.		

Stress	MBF	and	MPR	are	associated	with	outcomes	over	and	above	other	cardiovascular	risk	

factors.	Using	an	artificial	intelligence	approach,	the	technique	can	be	applied	at	scale	to	large	

datasets	with	instantaneous	results.	We	have	shown	that	a	1	SD	increase	in	stress	MBF	

(0.71ml/g/min)	or	MPR	(0.82)	is	associated	with	a	reduced	risk	of	death	by	36%	and	52%	and	

MACE	by	54%	and	37%,	even	after	adjusting	for	other	risk	factors.	The	technique	is	appealing	

from	a	clinical	perspective	but	also	in	research	both	as	an	endpoint	in	clinical	studies	and	in	

therapeutics	to	see	whether	there	are	medical	therapies	that	can	improve	perfusion	and	

potentially	improve	outcomes.		

This	study	confirms	the	prognostic	relevance	of	myocardial	perfusion,	which	has	previously	

been	shown	in	PET	studies	(94–96,182).	Herzog	et	al	recruited	256	patients	and	followed	them	

up	for	a	median	5.4	years	(94).	They	found	that	even	in	patients	with	“normal”	perfusion	(i.e.	

no	perfusion	defects),	an	abnormal	MPR	(<2)	was	associated	with	worse	outcomes.	The	

survival	curves	converged	after	3	years	suggesting	a	warranty	period	of	normal	PET	perfusion.	

Murthy	et	al	2011	followed	up	2783	patients	for	a	median	1.4	years	(95).	They	measured	the	

extent	of	a	perfusion	defect	with	a	visual	estimate	and	quantitative	perfusion.	Patients	in	the	

lowest	tertile	of	coronary	flow	reserve	(CFR,	equivalent	to	MPR)	(<1.5)	had	a	5.6	times	

increased	risk	of	cardiac	death	compared	to	the	highest	tertile.	Quantification	allowed	the	re-

classification	of	intermediate	risk	patients	on	visual	estimation	to	high	risk.	They	found	peak	

stress	MBF	was	a	less	powerful	predictor	than	CFR.	Taqueti	et	al	2014	followed	up	329	
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patients	for	a	median	3.1	years	(182).	When	they	compared	CFR	to	angiographic	score,	CFR	

associated	with	outcome	independently	of	angiographic	coronary	stenoses.	Patel	et	al	2019	

followed	up	12594	patients	for	a	median	of	3.2	years	to	identify	all-cause	mortality,	adjusted	

for	the	interaction	between	early	revascularisation	and	CFR	(96).	Patients	had	a	survival	

benefit	based	on	early	revascularisation	regardless	of	type	of	revascularisation	or	level	of	

ischemia.		

Perfusion	mapping	has	been	previously	directly	compared	to	rubidium	PET	in	patients	with	

stable	CAD	with	CMR	and	PET	studies	on	the	same	day	(150).	In	this	study	Engblom	et	al	found	

that	the	absolute	MBF	correlated	well	between	the	techniques	on	a	global	(r=0.92)	and	

regional	(r=0.83)	basis	(150).	Kotecha	et	al	compared	perfusion	mapping	with	invasive	

coronary	physiology	with	FFR	and	IMR	(186).	Myocardium	perfused	by	coronary	stenoses	with	

a	positive	FFR	had	reduced	perfusion	than	myocardium	perfused	by	FFR	negative	arteries.	

When	the	IMR	was	high	(suggestive	of	microvascular	dysfunction)	and	FFR	normal,	the	

perfusion	was	intermediate.	It	has	also	been	shown	that	the	perfusion	mapping	is	a	relatively	

robust	technique	with	a	similar	repeatability	to	the	published	PET	data	in	healthy	volunteers	

(170).	With	our	study	demonstrating	the	prognostic	performance	of	perfusion	mapping	this	is	

a	further	validation	of	the	technique.		

There	has	only	been	one	previous	quantitative	perfusion	outcome	CMR	study,	a	single	centre	

study	using	a	dual	bolus,	single	sequence	approach	to	quantification.	In	that	study,	Sammut	et	

al	found	impaired	myocardial	perfusion	reserve	to	contain	prognostic	information	in	a	395	

patient	cohort	followed	up	for	a	median	460	days	(187).	They	used	a	set	threshold	(1.5)	of	MPR	

for	ischaemia	in	each	segment	and	determined	the	number	of	ischaemic	segments.	That	study	

considered	only	a	composite	MACE	endpoint	and	there	was	no	data	on	stress	MBF.	In	our	study	

we	used	a	pixel-wise	quantitative	model	which	potentially	allows	a	more	reliable	estimate	of	

ischaemic	burden	rather	than	a	segmental	model.	Furthermore,	the	Sammut	group	used	the	



	

108	
	

dual	bolus	technique	which,	although	highly	accurate,	has	limitations	in	the	integration	into	

routine	clinical	care	as	it	requires	centre	expertise	in	carrying	out	the	study	in	a	robust	manner	

and	labour	intensive	post	processing.	In	order	for	quantitative	CMR	perfusion	to	be	used	

routinely,	it	requires	an	automated	process.		

The	pixel-wise	perfusion	mapping	approach	with	full	automation	of	analysis	using	AI	has	made	

a	large-scale	multicentre	study	feasible.	The	size	of	the	study	has	allowed	us	to	explore	the	

prognostic	significance	of	perfusion	adjusted	for	other	conventional	risk	factors	of	MACE	and	

mortality.	Automated	map	output	and	MBF	analysis	is	now	comparable	to	the	PET	technique.	

Additionally,	in	this	study,	we	have	shown	that	even	in	patients	without	perfusion	defects	on	

clinical	review,	perfusion	contains	similar	prognostic	information.	This	finding	supports	the	

potential	use	of	outputting	MBF	and	MPR	in	the	clinical	setting	to	allow	for	risk	stratification	of	

patients,	even	when	there	is	no	perfusion	defect	seen.		

Whether	stress	MBF	or	MPR	is	more	predictive	of	outcome	has	been	debated	extensively.	Our	

study	contributes	to	this	debate,	although	with	the	relatively	small	number	of	deaths	in	the	

study,	the	finding	that	MPR	is	more	predictive	of	death	than	stress	MBF	should	not	be	

overstated.	However,	the	result	is	consistent	with	the	PET	literature	in	which	MPR	has	been	

found	to	be	superior	for	death	than	stress	MBF.	In	one	study,	Gupta	et	al	followed	up	4029	

patients	for	a	median	of	5.6	years	and	found	MPR	to	be	more	predictive	of	cardiovascular	death	

than	MBF	(188).	If	both	the	MPR	and	MBF	were	abnormal,	patients	had	the	worst	outcomes.	If	

MPR	and	MBF	were	normal,	the	patients	had	the	best	outcomes.	If	the	MBF	was	impaired	but	

MPR	normal,	patients	had	a	low	event	rate	but	if	the	MPR	was	impaired	and	MBF	was	

abnormal	the	event	rate	was	intermediate.	It	is	possible	that	the	ability	of	the	myocardium	to	

vasodilate	in	response	to	stress	is	more	important	than	the	absolute	peak	MBF	and	that	would	

explain	these	findings.	Other	explanations	would	include	the	cancelling	out	of	biases	/	

systematic	errors	in	the	stress	and	rest	perfusion	in	the	MPR	which	improves	the	accuracy.	A	
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PET	specific	confounder	is	the	use	of	the	rubidium	tracer.	The	extraction	fraction	of	rubidium	

is	lower	than	the	gold	standard	15O-water	which	potentially	reduces	the	accuracy	of	the	

measurement	of	peak	stress	MBF.	

It	is	not	surprising	that	patients	with	impaired	myocardial	perfusion	have	worse	outcomes.	

The	explanation	for	the	impaired	perfusion	is	likely	multifactorial	and	due	to	both	pathology	of	

the	epicardial	coronary	arteries	and	the	myocardial	microvasculature.	When	an	expert	

observer	reviews	a	perfusion	image,	they	compare	the	relative	signal	intensity	in	one	part	of	

the	myocardium	to	another.	This	relies	on	the	assumption	that	at	least	one	segment	of	the	

myocardium	is	supplied	by	a	“normal”	epicardial	vessel	and	has	“normal”	microvascular	

function	and	can	therefore	be	a	reference	for	the	other	myocardial	segments.	It	is	possible	that	

either	the	microvasculature	is	globally	impaired	or	that	there	is	abnormal	epicardial	flow	in	all	

of	the	coronary	arteries	and	this	would	not	be	appreciated	on	clinical	read	but	could	

potentially	be	adversely	prognostic	for	patients.	For	example,	it	has	been	shown	that	coronary	

arteries	which	are	diffusely	disease	can	have	impaired	vasodilatation	and	a	continuous	fall	in	

pressure	along	the	course	of	the	artery	resulting	in	ischaemia	but	no	distinct	stenosis	(189).	

Microvascular	dysfunction	in	the	absence	of	coronary	artery	disease	can	also	cause	perfusion	

abnormalities	(186,190).	Although	MBF	and	MPR	are	independently	associated	with	outcome	

above	conventional	risk	factors,	there	is	likely	some	interplay	and	we	observed	that	patients	

with	lower	MBF	and	MPR	had	more	traditional	cardiovascular	risk	factors,	suggesting	they	

may	also	be	associated	with	impaired	perfusion.	It	is	possible	that	myocardial	perfusion	is	

additionally	a	surrogate	marker	for	general	vascular	health	and	this	explains	the	association	

with	the	MACE	events	observed.	

We	found	no	significant	differences	between	stress	MBF	and	MPR	at	1.5	vs	3	Tesla.	The	RFH	

cohort	had	slightly	higher	MBF	compared	to	the	BHC	cohort	(2.27	vs	2.03	ml/g/min,	p<0.01)	

with	similar	MPR	(2.57	vs	2.47,	p=0.17).		
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Limitations	

There	is	a	potential	for	bias	in	the	study	with	the	relatively	low	number	of	events	and	large	

number	of	variables	entered	into	the	models.	However,	we	additionally	performed	a	sensitivity	

analysis	to	check	for	biases	and	similar	results	were	observed	making	this	less	likely.	As	this	

study	is	observational	in	nature,	the	associations	observed	do	not	definitively	indicate	

causation.	In	our	study	we	adjusted	for	several	potential	confounders	/	cardiovascular	risk	

factors.	Despite	this	it	is	still	possible	that	unmeasured	confounders	influenced	the	results.	In	

this	study	we	used	the	electronic	patient	record	to	determine	MACE	events.	It	is	therefore	

possible	that	some	events	were	missed.	This	limitation	is	however	also	found	in	the	previous	

perfusion	outcome	studies.	We	used	all-cause	mortality	rather	than	cardiovascular	death	in	

our	study.	That	was	because	the	NHS	spine	is	readily	searchable	for	mortality	data,	compared	

to	the	Office	for	National	Statistics.	Furthermore,	cause	of	death	can	be	influenced	by	mis-

classification	bias.		There	was	a	relatively	large	number	of	patients	who	were	lost	to	follow	up	

(for	which	we	could	obtain	no	follow	up	data).	I	do	not	have	the	characteristics	of	this	group	of	

patients,	and	this	is	a	limitation.	

In	our	study	we	found	that	despite	the	robust	nature	of	the	technique,	there	were	still	errors	in	

1.1%	of	perfusion	maps.	Sources	of	error	include	motion	correction	failure,	miss-identification	

of	the	LV	blood	pool	and	ECG	miss-triggering.	Although	this	resulted	in	the	exclusion	of	

patients	from	our	study,	in	real	clinical	practice,	there	are	quality	control	measures	for	each	of	

these	problems.	First	of	all	there	are	blood	pool	identification	images	outputted,	AIF	graphs,	

heart	rate	ECG	trigger	graphs	on	the	scanner	as	well	as	the	perfusion	map	outputs.	This	allows	

the	reporting	clinician	to	interrogate	the	raw	data	from	which	the	maps	are	created	and	have	

confidence	in	the	perfusion	maps	outputted.	

5.6	Conclusion	
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We	have	shown	in	the	largest	quantitative	perfusion	CMR	study	to	date	(and	the	first	multi-

centre)	that	myocardial	perfusion	(MPR	and	MBF)	is	associated	with	death	and	MACE	

independent	of	other	risk	factors.	The	automated	nature	of	the	technique,	and	the	use	of	

artificial	intelligence	in	the	analysis,	allow	for	large-scale	use	of	quantitative	perfusion	in	the	

clinical	and	research	setting.	Going	forward	the	study	provides	the	foundation	for	randomised	

interventional	studies	to	see	whether	modifying	MBF	and	MPR	is	possible	and	whether	this	

impacts	upon	patient	outcome.	
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6. Results 3 - Perfusion in non-obstructive coronary disease 
	

6.1	Summary	

Myocardial	perfusion	depends	on	the	blood	flow	down	the	epicardial	coronary	arteries	and	the	

microvasculature.	In	order	to	understand	the	microvascular	component	of	MBF,	I	explored	

MBF	influences	at	stress	and	rest	in	patients	with	unobstructed	epicardial	coronary	arteries.	

Further	understanding	of	the	microvasculature	could	help	optimise	epicardial	coronary	artery	

disease	detection	and	potentially	serve	as	an	independent	diagnostic	and	therapeutic	target.	

Reference	ranges	are	also	needed	for	quantitative	perfusion	in	clinical	practice.	

In	this	study	242	participants	with	unobstructed	epicardial	coronary	arteries	and	no	

myocardial	scar	(mean	+/-	standard	deviation	age	56.0	+/-	12.8	years)	from	5	European	

centres	underwent	perfusion	mapping	at	stress	and	rest.	The	factors	influencing	MBF	were	

determined	using	univariate	and	multivariate	linear	regression.		

Mean	rest	perfusion	was	0.91+/-0.24	ml/g/min.	Factors	independently	associated	with	rest	

MBF	were	sex	and	the	use	of	beta	blockers.	Rest	perfusion	was	higher	in	females	and	lower	in	

patients	on	beta	blockers.	Stress	MBF	was	2.53+/-0.82ml/g/min.	Factors	independently	

associated	with	reduced	stress	MBF	were	increasing	age,	diabetes,	increasing	left	ventricular	

mass	and	the	use	of	beta	blockers.	Stress	MBF	falls	10%	over	19	years	and	diabetes	drops	the	

MBF	by	the	equivalent	of	being	27	years	older.	Similarly,	the	presence	of	LVH	would	be	the	

equivalent	of	ageing	by	20	years.	

These	data	may	help	develop	reference	ranges	in	quantitative	perfusion	for	the	detection	of	

epicardial	coronary	artery	disease,	input	to	improve	other	modelling	techniques	(for	example	

CT	FFR),	and	advance	perfusion	mapping	as	a	technique	to	measure	microvascular	function.		 	
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6.2	Introduction	

Myocardial	perfusion	depends	on	the	epicardial	flow	down	the	coronary	arteries	and	the	

microvasculature.	Historically	the	predominant	focus	is	on	epicardial	disease,	but	the	

prevalence	of	this	is	falling	and	many	patients	who	undergo	invasive	angiography	do	not	have	

obstructive	coronary	artery	disease	to	explain	their	symptoms	(31).	The	major	adverse	

cardiovascular	event	rates	(MACE)	in	these	patients	with	chest	pain	but	non-obstructive	

coronary	artery	disease	is	higher	than	the	general	population	(191)	refocusing	attention	on	the	

coronary	microcirculation.	

Microvascular	dysfunction	not	only	confounds	techniques	targeting	epicardial	disease	

detection	(such	as	PET,	perfusion	mapping	or	FFR	based	approaches),	but	is	a	diagnosis	and	

therapeutic	target	in	its	own	right.	Regulating	perfusion	through	endothelial	dependent	and	

independent	mechanisms,	(192,193)	the	microvasculature	can	be	assessed	with	quantitative	

perfusion	techniques	(194).	Microvascular	dysfunction	can	be	measured	invasively	at	coronary	

angiography	with	the	index	of	microcirculatory	resistance	(IMR),	or	non-invasively	with	

perfusion	imaging.	Previous	studies	have	shown	that	microvascular	dysfunction	can	alter	flow	

as	much	as	epicardial	stenoses	(186).	If	not	recognized,	this	could	potentially	lead	to	an	

increase	in	downstream	testing.	Regardless	of	cause,	reduction	in	myocardial	blood	flow	is	a	

useful	biomarker	associated	with	prognosis	and	may	be	a	therapeutic	target.	It	is	important	for	

clinicians	to	understand	factors	that	influence	perfusion	and	any	insights	into	the	biology	of	the	

microcirculation	that	perfusion	mapping	can	provide.		Also,	as	MBF	is	affected	by	both	the	

microvasculature	and	epicardial	compartments,	the	accurate	diagnosis	of	epicardial	coronary	

disease	from	quantitative	perfusion	techniques	requires	knowledge	of	the	impact	of	the	

microvasculature	on	MBF.	Accordingly,	in	this	multi-centre	study	we	sought	to	establish	

factors	associated	with	myocardial	blood	flow	using	perfusion	mapping	in	symptomatic	

patients	in	whom	epicardial	coronary	disease	had	been	excluded.		 	
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6.3	Methods	

Population	

Patients	referred	for	perfusion	CMR	at	five	centres:	Barts	Heart	Centre	(BHC),	United	Kingdom	

(UK);	St	Luca	Hospital	Milan,	Italy	(Milan);	University	of	Leeds,	UK	(Leeds);	Harefield	Hospital,	

UK	(HH);	Royal	Free	Hospital,	UK	(RFH)	between	May	2016	and	December	2019	were	

recruited.	Institutional	approval	was	obtained	for	data	sharing	and	all	data	was	anonymised.	

All	patients	had	undergone	contemporaneous	invasive	or	computed	tomography	coronary	

angiography	(CTCA),	without	interval	coronary	event	or	intervention	within	6	months.	

Patients	with	coronary	artery	disease	(diameter	stenosis	on	coronary	angiography	>50%),	

previous	coronary	revascularisation	or	cardiomyopathy	(hypertrophic,	arrhythmogenic,	

dilated,	amyloid)	were	excluded.	In	addition,	patients	with	previous	infarction	/	scar	

(ischaemic	or	non-ischaemic	aetiology)	seen	with	late	gadolinium	enhancement	were	

excluded.	Patient	demographic	data,	clinical	history	and	medication	were	documented	from	

the	medical	notes.	Also	included	in	the	cohort	were	27	healthy	volunteers	who	were	

prospectively	recruited	and	only	underwent	CMR.	These	were	individuals	with	no	risk	factors	

for	coronary	artery	disease	and	were	taking	no	medication.		

CMR	protocol	

For	full	details	see	the	methods	chapter.	In	brief,	CMR	scans	were	performed	at	1.5	(Aera)	and	

3	Tesla	(Prisma,	Siemens	Healthcare,	Erlangen,	Germany)	using	a	standard	clinical	protocol	

(48).	Stress	and	rest	perfusion	mapping	was	performed	as	described	previously	for	3	LV	short	

axis	slices.		

CMR	analysis	

MBF	was	calculated	automatically	inline	using	an	artificial	intelligence	based	approach	in	

which	the	endocardial	and	epicardial	borders	are	automatically	traced	on	the	perfusion	maps	
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during	scanning,	outputting	global	(and	regional)	MBF	across	the	three	slices	for	both	stress	

and	rest	(195)	–	Figure	24.		

Coronary	angiography	

Invasive	coronary	angiography	was	performed	according	to	standard	protocols.	Severity	of	

stenoses	were	graded	by	an	expert	interventional	cardiologist.	For	the	CTCA	scans,	coronary	

lesion	severity	was	graded	by	an	expert	observer	according	to	the	Society	of	Cardiovascular	

Computed	Tomography	(SCCT)	guidelines	(196).	Patients	were	included	if	all	vessels	were	

visually	unobstructed	(<50%)	and	/	or	a	negative	pressure	wire	study	was	negative	(Fractional	

flow	reserve	FFR	>0.80).	

Statistics	

Comparison	between	numerical	variables	was	performed	using	independent	t-test;	chi-square	

test	for	categorical	variables.	Variables	were	assessed	for	collinearity	with	a	variance	inflation	

factor	threshold	<3	chosen.	Univariate	linear	regression	analysis	was	used	to	describe	the	

associations	between	demographics,	co-morbidity	and	CMR	parameters	and	stress	and	rest	

MBF.	A	stepwise	multivariate	model	identified	independent	associations	with	each	of	these	

parameters.	Only	statistically	significant	univariate	associations	were	included	in	the	

multivariate	models.	A	p	value	of	<0.05	was	considered	statistically	significant.	From	the	

multivariate	model,	an	equation	relating	these	variables	to	stress	MBF	was	derived	using	the	

beta	coefficients.	

	 	



	

116	
	

Figure	24.	An	example	of	perfusion	map	analysis.	Contours	were	drawn	automatically	using	an	

artificial	intelligence	analysis	approach.	Displayed	is	a	mid-ventricular	slice	at	rest	(A)	and	

stress	(B).	The	global	MBF	was	recorded.	MPR	was	calculated	as	the	ratio	of	stress	MBF	and	

rest	MBF.			

	

Figure	25.	Flow	chart	demonstrating	the	study	process.	242	patients	were	included	in	the	final	

analysis.	Initial	univariate	and	then	multivariate	linear	regression	models	were	created.	LGE	=	

late	gadolinium	enhancement.	

	



	

117	
	

6.4	Results	

302	eligible	participants	were	screened	across	the	5	sites	including	27	healthy	volunteers	

(mean	age	+/-	sd,	38	+/-	11.8	years).	59	were	excluded	due	to	positive	late	enhancement	

imaging.	Therefore	242	(including	the	volunteers)	were	included,	169	from	BHC,	12	from	HH,	

17	from	Leeds,	6	from	Milan	and	38	from	RFH,	133	patients	had	undergone	invasive	coronary	

angiography	and	82	CTCA		(Figure	25)	The	median	time	between	CMR	and	angiography	was	42	

days	(IQR	7	to	107	days).	The	mean	age	was	56.0	+/-	12.8	years,	114	were	male	(47.1%).	See	

Table	9	for	a	full	summary	of	the	cohort.		

The	mean	stress	MBF	was	2.53	+/-	0.82	ml/g/min	and	rest	MBF	0.91	+/-0.24	ml/g/min.		

Compared	to	females,	males	were	a	similar	age	and	had	a	similar	proportion	of	co-morbidities	

and	medication	(Table	10).	Males	had	similar	EF	and	LVEDVi	but	higher	LVMi	than	females.	

Stress	MBF	was	higher	in	females	than	males	(2.63	+/-	0.83	vs	2.42	+/-	0.81	ml/g/min,	

p=0.049).	Rest	MBF	was	also	higher	in	females	(0.83	+/-	0.24	vs	0.97	+/-	0.22	ml/g/min,	

p<0.001).	

A	univariate	analysis	was	performed	to	explore	which	factors	are	associated	with	stress	MBF.	

Demographics,	co-morbidities	and	CMR	parameters	were	assessed	(Table	11).	There	was	no	

significant	collinearity	of	variables.	Stress	MBF	was	associated	with	increasing	age,	diabetes,	

hypertension,	dyslipidaemia	and	LV	mass	indexed	for	BSA.	Reduced	stress	MBF	was	also	

associated	with	the	use	of	beta-blockers,	ACE-inhibitor	/	ARB,	antiplatelet	agents,	statins,	

diuretics,	calcium	channel	blockers	and	oral	hypoglycaemic	agents	on	univariate	analysis.	

These	factors	were	then	inputted	into	a	multivariate	linear	regression	analysis	in	a	stepwise	

method	and	the	factors	associated	with	reduced	perfusion	were	increasing	age,	diabetes,	use	of	

beta-blockers	and	increased	LVMi	(Figure	26).	The	overall	R2	was	0.236	(Table	12).	From	this	

model,	the	following	equation	for	the	estimation	of	stress	MBF	can	be	achieved:	
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Stress	MBF	=	2.66–0.015(age-60)–0.013(LVMi-57)-0.405(presence	of	diabetes)	–	0.365(use	of	

beta	blocker)	

	

A	similar	analysis	was	performed	for	rest	perfusion.	In	the	univariate	analysis	female	sex,	

LVEDVi,	LVMi	and	beta	blocker	use	were	the	factors	associated	with	perfusion	(Table	13).	In	

the	stepwise	multivariate	linear	regression,	female	sex	was	associated	with	increased	

perfusion	and	beta	blocker	use	was	associated	with	reduced	perfusion	(Figure	26,	Table	14).		
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Table	9.	Summary	of	the	cohort	data.	Data	are	represented	as	mean	+/-	standard	deviation	for	

continuous	variable	or	number	and	percentages	for	discrete	variables.	

	

	 Overall	cohort	

N=242	(%)	

Age	(years)	 56.0	+/-12.8	

Co-morbidity	

Diabetes	 49	(20.2)	

Hypertension	 114	(47.1)	

Dyslipidaemia	 91	(37.6)	

Smoker	 56	(23.1)	

Medication	

Beta	blocker	 108	(44.6)	

ACEi/ARB	 85	(35.1)	

Antiplatelet	 111	(45.9)	

Statin	 123	(50.8)	

Diuretic	 25	(10.3)	

Nitrate	 16	(6.6)	

Calcium	channel	blocker	 54	(22.3)	

Oral	hypoglycaemic	agent	 32	(13.2)	

Insulin	 4	(1.7)	

CMR	parameter	 	

LVEDVi	(ml/m2)	 74.78	+/-	18.56	

LVMi	(g/m2)	 56.04	+/-	13.94	

EF	(%)	 65.20	+/-	8.72	

Stress	MBF		 2.53	+/-	0.82	

Rest	MBF	 0.91	+/-	0.24	
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Table	10.	Summary	of	co-morbidity,	medication	and	CMR	data	by	sex.	Data	are	represented	as	

mean	+/-	standard	deviations	for	continuous	variable	or	number	and	percentages	for	discrete	

variables.	

	

	 Male	

N=114	(47.1%)	

Female	

N=128	(52.9%)	

P	

Age	(years)	 54.3	+/-	12.3	 57.6	+/-	13.0	 0.044	

Co-morbidity	 	 	 	

Diabetes	 27	(23.7)	 22	(17.2)	 0.209	

Hypertension	 55	(48.2)	 59	(46.1)	 0.738	

Dyslipidaemia	 48	(42.1)	 43	(33.6)	 0.172	

Smoker	 32	(28.1)	 24	(18.8)	 0.086	

Medication	 	

Beta	blocker	 51	(44.7)	 57	(44.5)	 0.974	

ACEi/ARB	 44	(38.6)	 41	(32.0)	 0.286	

Antiplatelet	 58	(50.9)	 53	(41.4)	 0.140	

Statin	 59	(51.8)	 64	(50.0)	 0.785	

Diuretic	 8	(7.0)	 17	(13.3)	 0.110	

Nitrate	 5	(4.4)	 11	(8.6)	 0.189	

CCB	 21	(18.4)	 33	(25.8)	 0.170	

OHA	 18	(15.8)	 14	(10.9)	 0.266	

Insulin	 2	(1.8)	 2	(1.6)	 0.907	

CMR	parameter	 	

LVEDVi	(ml/m2)	 75.0	+/-	18.1	 70.9	+/-	15.7	 0.063	

LV	mass-I	(g/m2)	 59.1	+/-	12.4	 49.9	+/-	10.3	 <0.001	

EF	(%)	 65.2	+/-	7.96	 65.2	+/-	9.37	 0.975	

Stress	MBF		 2.42	+/-	0.81	 2.63	+/-	0.83	 0.049	

Rest	MBF	 0.83	+/-	0.24	 0.97	+/-	0.22	 <0.001	
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Table	11.	Univariate	regression	analysis	for	the	dependent	variable	stress	MBF.	

	

	 Beta	 P	 LCI	 UCI	

Age	(years)	 -0.02	 <0.001	 -0.028	 -0.013	

Sex	(m	vs	f)	 -0.208	 0.049	 -0.416	 -0.001	

Diabetes	 -0.540	 <0.001	 -0.791	 -0.289	

HTN	 -0.364	 0.001	 -0.568	 -0.160	

Chol	 -0.286	 0.009	 -0.499	 -0.074	

Smoker	 -0.015	 0.908	 -0.262	 0.233	

LVEDVi	(ml/m2)	 0.001	 0.785	 -0.005	 0.007	

LVMi	(g/m2)	 -0.012	 0.006	 -0.020	 -0.003	

LVEF	(%)	 0.001	 0.890	 -0.011	 0.013	

B	blocker	 -0.563	 <0.001	 -0.761	 -0.366	

ACE/ARB	 -0.341	 0.002	 -0.556	 -0.127	

Antiplatelet	 -0.217	 0.041	 -0.425	 -0.009	

Statin	 -0.377	 <0.001	 -0.580	 -0.173	

Diuretic	 -0.476	 0.060	 -0.814	 0.138	

Nitrate	 0.049	 0.820	 -0.372	 0.469	

CCB	 -0.336	 0.008	 -0.583	 -0.088	

OHA	 -0.417	 0.007	 -0.721	 -0.113	

Insulin	 -0.466	 0.263	 -1.283	 0.352	
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Table	12.	Stepwise	multiple	linear	regression	analysis	for	stress	myocardial	blood	flow.	R	for	

the	model	is	0.486,	R2	=	0.236.		

	

	 Unstandardized	

Coefficients	

Standardized		

Coefficients	

95.0%	Confidence	

Interval	for	B	

	 Beta	 Standard	

Error	

Beta	 P	 Lower	

Bound	

Upper	

Bound	

(Constant)	 4.305	 0.312	 	 <0.001	 3.691	 4.919	

Age	(years)	 -0.015	 0.004	 -0.238	 <0.001	 -0.023	 -0.007	

Beta	Blocker	 -0.365	 0.100	 -0.224	 <0.001	 -0.562	 -0.168	

Diabetes	 -0.405	 0.118	 -0.199	 0.001	 -0.638	 -0.172	

LVMi	(g/m2)	 -0.013	 0.004	 -0.192	 0.001	 -0.020	 -0.005	
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Table	13.	Univariate	regression	analysis	for	the	dependent	variable	rest	MBF.	
	

	 Beta	 P	 LCI	 UCI	

Age	(years)	 0.001	 0.343	 -0.001	 0.003	

Sex	(m	vs	f)	 -0.161	 <0.001	 -0.216	 -0.107	

Diabetes	 -0.030	 0.424	 -0.105	 0.044	

HTN	 0.028	 0.336	 -0.029	 0.086	

Chol	 -0.055	 0.064	 -0.114	 0.003	

Smoker	 -0.019	 0.574	 -0.086	 0.048	

LVEDVi	(ml/m2)	 -0.002	 0.017	 -0.003	 0.000	

LVMi	(g/m2)	 -0.004	 <0.001	 -0.006	 -0.002	

LVEF	(%)	 0.002	 0.138	 -0.001	 0.006	

B	blocker	 -0.064	 0.031	 -0.121	 -0.006	

ACE/ARB	 -0.033	 0.270	 -0.092	 0.026	

Antiplatelet	 0.028	 0.345	 -0.030	 0.086	

Statin	 -0.012	 0.690	 -0.070	 0.046	

Diuretic	 0.026	 0.566	 -0.063	 0.114	

Nitrate	 0.068	 0.286	 -0.057	 0.192	

CCB	 0.003	 0.930	 -0.064	 0.070	

OHA	 -0.027	 0.545	 -0.116	 0.061	

Insulin	 0.019	 0.870	 -0.206	 0.243	
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Table	14.	Stepwise	multiple	linear	regression	analysis	for	rest	myocardial	blood	flow.	R	for	the	

model	is	0.329,	R2	=	0.108	

	

	 Unstandardized	

Coefficients	

Standardized		

Coefficients	

95.0%	Confidence	

Interval	for	B	

	 B	 Standard	

Error	

Beta	 P	 Lower	

Bound	

Upper	

Bound	

(Constant)	 1.007	 0.024	 	 <0.001	 0.959	 1.055	

Sex	(m	vs	f)	 -0.141	 0.030	 -0.293	 <0.001	 -0.199	 -0.083	

Beta	

Blocker	

-0.073	 0.030	 -0.151	 0.014	 -0.132	 -0.015	



Figure	26.	Summary	of	the	determinants	of	myocardial	perfusion	after	adjusting	for	

confounders.	Stress	perfusion	falls	with	age,	diabetes	mellitus,	beta	blocker	use	and	increasing	

LV	mass.	Rest	perfusion	is	higher	in	females	and	reduced	with	beta	blocker	use.	
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6.5	Discussion	

Using	quantitative	perfusion	mapping	in	five	centres	across	Europe	in	242	patients	with	chest	

pain	but	no	obstructive	coronary	artery	disease	or	myocardial	scar,	these	data	show	that	

myocardial	perfusion	is	variable	and	determined	by	a	combination	of	patient	demographic,	

pathological	and	medication	factors.		We	have	found	rest	flow	is	higher	in	females,	and	lower	in	

those	taking	beta	blockers.		

Stress	MBF	falls	with	increasing	age,	diabetes,	beta	blocker	use	and	increasing	LV	mass.	

Examples	of	estimated	stress	MBF	for	a	35-year-old	with	an	indexed	LV	mass	55g/m2	and	no	

co-morbidities	or	medication	would	be	3.07	ml/g/min.	For	a	similar	70-year-old	it	would	be	

2.54	ml/g/min	(18%	lower)	and	2.14ml/g/min	if	also	diabetic	(30%	lower).	Therefore,	stress	

MBF	falls	with	increasing	age	(a	10%	fall	over	18	years	or	5-6%	fall	for	each	decade)	and	is	

lower	in	diabetes	(equivalent	to	being	27	year	older),	in	those	with	higher	LV	mass	(2	SD	

increase	in	LV	mass	-	LVH	-	would	be	equivalent	to	being	20	years	older)	and	in	patients	taking	

beta-blockers	(equivalent	to	being	24	years	older).	The	overall	effect	is	large:	for	example,	a	

70-year-old	diabetic	would	have	30%	lower	stress	MBF	than	a	35-year-old	non-diabetic;	add	

LVH	and	beta	blockers	and	MBF	is	less	than	half	that	of	the	35-year-old.	

Stress	MBF	is	associated	with	factors	that	may	impair	the	ability	to	vasodilate.	Our	data	shows	

that	ageing	and	diabetes	are	associated	with	reduced	maximal	myocardial	hyperaemia	despite	

the	presence	of	unobstructed	coronary	arteries.	Plausible	explanations	for	this	include	disease	

of	the	cardiac	microvasculature	(179),	autonomic	dysfunction	(88),	reduced	vasodilatation	and	

impairment	in	the	regulation	of	coronary	flow	(197)	or	blunted	adenosine	sensitivity.	The	

MESA	study	(198)	also	found	that	age	was	the	factor	most	strongly	associated	with	stress	

perfusion	and	perfusion	reserve.		Invasive	studies	too	have	found	patients	with	abnormal	

microvascular	function	are	typically	older	and	this	is	perhaps	mediated	by	both	endothelial-

dependent	(vasodilators	such	as	acetylcholine,	substance	P)	and	independent	mechanisms	(the	
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ability	of	smooth	muscle	to	relax)	(199).	Microcirculatory	dysfunction	in	diabetes	has	been	

observed	in	mostly	small	PET	and	invasive	studies	(200,201).	Mechanisms	include	

hypertrophic	remodelling	of	the	small	arteries	(202),	reduced	capillary	density	(203)	and	the	

oxidative	stress	caused	by	hyperglycaemia	(204).		

We	did	not	find	an	independent	association	of	stress	MBF	or	rest	MBF	with	hypertension,	

smoking	and	dyslipidaemia.	Hypertension,	familial	hypercholesterolemia	and	smoking	have	

previously	been	shown	to	be	associated	with	reduced	perfusion	reserve	(205–208).	These	

studies	are	typically	small	and	have	a	highly	selected	patient	cohort.	Due	to	the	wide	range	of	

ages	in	our	study	and	the	strength	of	association	with	age,	other	factors	with	a	smaller	

contribution	to	perfusion	may	be	masked.	In	MESA	(198)	hypertension	and	cholesterol	were	

associated	with	MPR	if	age	and	sex	were	excluded.		The	population	in	MESA	was	asymptomatic	

individuals	and	as	such	had	no	angiographic	confirmation	of	absence	of	epicardial	coronary	

disease.	Our	results	add	to	the	literature	by	suggesting	that	ageing	has	the	biggest	impact	on	

perfusion-	and	is	a	process	that	can	be	accelerated	by	additional	contributory	factors	such	as	

co-morbidity.	

The	impact	of	beta	blockers	and	other	medication	on	myocardial	perfusion	is	controversial	

with	a	number	of	small	contradictory	studies.	Here,	beta-blocker	use	was	associated	with	

reduced	stress	perfusion.	In	SPECT	imaging	beta	blockers	have	been	shown	to	reduce	the	

extent	of	perfusion	defects	(64).	The	current	guidelines	do	not	recommend	that	beta	blockers	

are	omitted	prior	to	CMR	and	this	is	not	something	done	routinely	(48).	What	is	not	clear	from	

our	study	is	whether	the	beta	blocker	effect	is	causal	or	a	surrogate	for	other	unmeasured	risk	

factors.	It	may	be	that	patients	taking	beta	blockers	are	more	likely	to	have	microvascular	

dysfunction	or	that	beta	blockers	directly	affect	stress	(and	rest)	MBF.		Prospective	studies	of	

scanning	patients	with	and	without	prior	omission	of	beta	blockers	would	be	useful.		
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These	data	have	several	implications.	If	myocardial	blood	flow	values	are	to	be	used	clinically	

to	diagnose	epicardial	coronary	artery	disease,	there	may	need	to	be	reference	ranges	that	

account	for	age,	sex	and	co-morbidity.		Our	data	suggest	that	the	threshold	for	declaring	a	

study	positive	for	epicardial	coronary	artery	disease	would	be	different	for	different	groups	for	

example,	in	a	similar	way	to	CT	calcium	scores	having	age	defined	reference	ranges.	This	would	

prevent	potential	false	positive	perfusion	CMR	and	unnecessary	invasive	investigations	whilst	

at	the	same	time,	using	quantitative	perfusion,	help	to	better	classify	patients	as	having	likely	

microvascular	dysfunction.	

Although	a	distinction	should	be	made	between	the	measurement	of	myocardial	versus	

coronary	blood	flow,	our	findings	highlight	the	potential	limitations	associated	with	both	

invasive	FFR	estimation	as	well	as	the	use	of	advanced	computational	modelling	methods	such	

as	Computed	Tomography	FFR	(CTFFR),	in	terms	of	the	physiological	assumptions	incorporated	

in	both	techniques.		A	fundamental	principle	for	both	modalities	is	that	pressure	differences	

across	stenotic	vessels	(directly	measured	or	simulated)	can	be	used	to	derive	an	estimate	of	

coronary	flow	impairment.	Achieving	maximal	vasodilatation	is	a	key	component	of	invasive	

FFR	assessment,	and	a	necessary	step	for	achieving	a	near-linear	relationship	between	

pressure	and	flow	within	the	coronaries.		Similarly,	computational	modelling	methods	are	

based	on	the	input	of	boundary	conditions	such	as	microvascular	resistance	and	its	response	to	

adenosine-mediated	vasodilation	(209).		If	there	is	elevated	microvascular	resistance	there	is	a	

drop	in	the	pressure	gradient	and	an	increase	in	FFR	(210).	It	is	possible	that	incorporating	

more	patient-related	variables	(such	as	age,	diabetes,	LV	mass)	into	the	assessment	of	a	

coronary	stenosis	would	further	improve	the	technique.		

From	a	clinical	biomarker	perspective,	impaired	myocardial	perfusion	may	be	targetable	with	

therapy	and	would	be	an	interesting	endpoint	in	clinical	trials.	Whilst	impaired	perfusion	is	
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associated	with	poorer	outcomes,	it	is	unknown	whether	intensive	management	of	these	

individuals	will	improve	outcomes.		

In	the	absence	of	epicardial	coronary	disease,	our	findings	likely	reflect	pathophysiology	of	the	

myocardial	microvascular	compartment	–	the	data	is	substantially	based	on	subjects	referred	

for	chest	pain	for	cardiac	investigation.		The	observed	associations	of	resting	MBF	with	female	

sex	are	consistent	with	the	PET	literature	(211,212).	One	PET	study	has	implied	that	rest	MBF	

is	higher	in	patients	with	microvascular	disease	(182)	than	those	without.	However	in	that	

study	microvascular	disease	was	defined	non-invasively	as	a	coronary	flow	reserve	<2	(there	

was	no	invasive	IMR	assessment).	We	did	not	make	the	same	comparison	in	our	study	as	we	

sought	to	discover	what	patient	factors	contribute	to	rest	MBF	rather	than	define	which	

patients	had	microvascular	disease.	Also	it	is	likely	that	microvascular	disease	is	a	continuum	

and	using	a	cut-off	value	for	flow	reserve	is	somewhat	arbitrary.		

In	our	study	we	do	not	have	invasive	data	in	the	form	of	IMR	to	determine	whether	the	impact	

of	these	factors	on	myocardial	perfusion	is	down	to	microvascular	disease.	Other	factors	could	

contribute	such	as	residual	caffeine	(despite	patients	abstaining	for	24	hours),	reduced	

response	to	adenosine	or	adenosine	receptor	down	regulation	with	ageing	or	co-morbidity.	

However	the	focus	of	this	study	was	not	to	diagnose	microvascular	disease	but	to	determine	

the	factors	that	contribute	to	myocardial	perfusion	in	patients	without	obstructive	epicardial	

disease.	This	is	required	to	avoid	false	positives	and	to	perhaps	determine	age	specific	normal	

ranges	for	quantitative	perfusion.		Additionally	PET	and	CMR	studies	have	shown	there	is	

important	prognostic	information	in	myocardial	perfusion	without	invasive	data	to	show	this	

is	down	to	microvascular	disease	(94,213).		

Limitations	

This	is	a	non-randomised,	observational	study	and	so	there	are	inherent	limitations	in	the	

study	design.	However	our	patient	sample	is	representative	of	the	population	seen	in	clinical	
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practice	in	the	UK	and	Europe.	No	sample	size	calculation	was	undertaken	before	the	study	and	

as	such	the	findings	are	hypothesis	generating.		

6.6	Conclusions	

In	the	absence	of	obstructive	epicardial	coronary	disease,	stress	MBF	falls	with	age,	diabetes,	

increased	LV	mass	and	beta	blockers;	rest	perfusion	is	associated	sex	and	beta	blocker	use.	

These	changes	are	large	and	diabetes	and	LVH	are	associated	with	perfusion	reductions	

equivalent	to	over	2	decades	of	chronological	ageing.	These	data	may	help	develop	reference	

ranges	and	input	to	other	modelling	techniques	(e.g.	CT	FFR).	Further	work	is	needed	to	see	

whether	these	changes	occur	in	volunteers	(not	individuals	referred	for	CMR),	whether	they	

are	modifiable	and	whether	MBF	measurement	can	be	used	as	a	surrogate	endpoint	in	trials	of	

microvascular	disease	therapy.	
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7. Results 4 - Perfusion mapping in Fabry disease 
	

The	following	publication	is	based	on	this	thesis	chapter:	“Quantitative	Myocardial	Perfusion	in	

Fabry	Disease”.		

Knott	KD,	Augusto	JB,	Nordin	S,	Kozor	R,	Camaioni	C,	Xue	H,	Hughes	RK,	Manisty	C,	Brown	LAE,	

Kellman	P,	Ramaswami	U,	Hughes	D,	Plein	S,	Moon	JC.		

Quantitative	Myocardial	Perfusion	in	Fabry	Disease.	Circ	Cardiovasc	Imaging.	2019	

Jul;12(7):e008872.	doi:	10.1161/CIRCIMAGING.119.008872.	
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7.1	Summary	

In	this	study,	I	investigated	myocardial	perfusion	in	cardiomyopathy,	with	Fabry	disease	(FD)	

the	chosen	disease	model.		

Fabry	disease	(FD)	is	a	slowly	progressive	multisystem	X-linked	lysosomal	storage	disease	in	

which	sphingolipids	are	deposited	in	tissues	in	the	body	including	the	myocardium.	Cardiac	

involvement	in	FD	is	associated	with	adverse	outcomes	through	arrhythmias	and	heart	failure.	

There	has	been	much	interest	in	myocardial	phenotype	development	in	order	to	improve	

treatment	and	decide	the	optimum	timing	for	treatment.		

Using	CMR,	we	have	increased	our	understanding	of	the	myocardial	phenotype	development	

and	several	processes	have	been	elucidated.	These	include	glycophospholipid	storage,	LVH,	

inflammation	and	fibrosis.		Multiparametric	CMR	has	been	used	to	more	precisely	quantify	

these	disease	processes.	As	well	as	hypertrophy	and	fibrosis	(seen	with	late	gadolinium	

enhancement	on	CMR),	glycophospholipid	storage	can	be	measured	using	T1	mapping	and	

oedema	and	inflammation	measured	using	T2	mapping.	Microvascular	dysfunction	may	also	

play	a	role	in	the	pathogenesis	of	the	cardiac	FD.	A	full,	multiparametric	assessment	of	FD	

including	microvascular	dysfunction	has	not	previously	been	performed.	As	CMR	does	not	use	

ionising	radiation,	studying	early	myocardial	FD	is	also	more	acceptable	than	nuclear	imaging	

modalities.	In	this	prospective,	observational	study	we	set	out	to	investigate	the	relationship	

between	microvascular	dysfunction	and	glycophospholipid	storage,	hypertrophy,	fibrosis	and	

oedema	in	patients	with	FD.	

I	recruited	44	FD	patients	(mean	49	years,	43%	male,	24	(55%)	with	LVH)	and	27	healthy	

controls	to	undergo	multiparametric	CMR	including	adenosine	stress	perfusion	mapping.	

Myocardial	blood	flow	(MBF)	was	measured	and	its	associations	with	other	processes	

investigated.			
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I	found	that	compared	to	patients	with	no	LVH	(LVH-)	FD,	those	with	LVH	(LVH+)	FD	had	

higher	LV	ejection	fraction	(73%	vs	68%),	more	LGE	(85%	vs	15%)	and	a	lower	stress	MBF	

(1.76	vs	2.36ml/g/min).	The	reduction	in	stress	MBF	was	more	pronounced	in	the	

subendocardium	than	subepicardium.	LVH-FD	had	lower	stress	MBF	than	controls	(2.36	vs	

3.00ml/g/min,	p=0.002).	Across	all	FD,	LGE	and	low	native	T1	were	independently	associated	

with	reduced	stress	MBF.	On	a	segmental	basis	stress	MBF	was	independently	associated	with	

wall	thickness,	T2,	ECV	and	LGE.		

	In	conclusion,	this	study	has	shown	that	FD	patients	have	reduced	perfusion	compared	to	

controls,	the	subendocardium	is	particularly	affected	and	there	are	greater	reductions	in	

perfusion	associated	with	LVH,	glycophospholipd	storage,	inflammation	and	scar.	Perfusion	is	

reduced	even	when	the	patient	does	not	have	LVH.	This	finding	suggests	that	microvascular	

dysfunction	may	be	an	early	disease	feature	and	could	contribute	to	the	progression	from	

storage	to	fibrosis	(and	hence	heart	failure	and	arrhythmia).	Because	it	may	relate	to	

endothelial	rather	than	myocyte	storage,	it	may	be	more	readily	treatable	and	is	a	candidate	to	

be	used	as	a	surrogate	endpoint	in	therapeutic	trials	of	enzyme	replacement	and	more	novel	

therapies.			

For	this	chapter	I	utilised	the	ethics	as	explained	previously,	recruited	the	patients	and	

performed	the	majority	of	the	CMR	scans.	I	then	analysed	the	scans,	performed	statistical	

analysis	and	wrote	the	chapter.	 	
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7.2	Introduction	

Fabry	disease	(FD)	is	an	X-linked	lysosomal	storage	disease	caused	by	mutations	in	the	gene	

encoding	the	α-galactosidase	A	enzyme	(GLA).	As	a	result	sphingolipids	cannot	be	broken	

down	and	instead	accumulate	in	the	body's	tissues,	predominately	the	heart,	skin,	kidneys	and	

brain	(133).	The	effects	on	the	myocardium	are	gradual	with	sphingolipids	typically	

accumulating	over	years	and	decades	but	ultimately	cause	LVH,	arrhythmias,	heart	failure	and	

death	(214,215).		These	cardiac	complications	are	the	main	drivers	of	adverse	outcomes	in	FD.	

There	has	been	much	interest	in	therapy	for	FD	with	a	view	to	restore	activity	of	the	GLA	

enzyme.	This	was	up	until	recently	solely	enzyme	replacement	therapy	(ERT)	which	was	

administered	as	an	infusion.	There	are	now	oral	options	with	the	newer	oral	chaperone	

therapies	(OCT).	By	restoring	enzymatic	activity	these	treatments	aim	to	reduce	sphingolipid	

deposition	in	the	myocardium	and	other	organs	and	thus	prevent	these	adverse	events	(216–

218).	The	best	time	to	initiate	therapy	is	not	definitively	known	and	so	elucidating	the	disease	

processes	in	FD	is	desirable	in	order	to	improve	patient	outcomes.	Multiparametric	

cardiovascular	magnetic	resonance	(CMR)	has	been	used	to	characterise	several	of	these	

processes	within	the	cardiac	FD	phenotype	development.	It	appears	there	is	an	initial	

sphingolipid	storage	phase	in	which	sphingolipids	accumulate	in	the	myocardium	and	this	can	

be	detected	as	low	myocardial	T1	using	T1	mapping	(219).	Following	this	there	is	triggered	

LVH	with	focal	and	then	more	widespread	inflammation	leading	to	myocardial	fibrosis	(135).	

Inflammation	and	fibrosis	typically	start	in	the	basal	inferolateral	wall	and	can	be	detected	on	

CMR	with	LGE	(220,221).	Oedema	has	been	visualised	using	T2	mapping	(high	T2)	and	

believed	to	signify	inflammation	and	myocyte	death	and	is	associated	with	elevated	troponin	in	

the	bloodstream	(134).	There	may	also	be	sex	differences	in	the	phenotype.	As	the	condition	is	

X-linked,	males	often	present	early	and	have	more	pronounced	LV	hypertrophy.	The	

combination	of	myocardial	fibrosis	and	sphingolipid	storage	often	results	in	pseudo-
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normalisation	in	myocardial	T1	(135).	In	summary	it	seems	the	disease	processes	are	

sphingolipid	storage,	hypertrophy,	inflammation	and	fibrosis	and	are	consistent	with	other	

organ	involvement	in	FD.		In	addition	to	myocyte	storage,	FD	also	causes	endothelial	storage	

and	microvascular	dysfunction	(222,223)	but	this	has	not	been	well	characterised	in	the	heart.			

Microvascular	dysfunction	can	be	assessed	using	non-invasive	imaging	and	PET	has	been	the	

gold	standard	for	quantitative	myocardial	blood	flow	assessment	(224).	PET	has	limitations	

including	the	relatively	low	spatial	resolution,	reducing	the	accuracy	of	regional	myocardial	

perfusion	assessment,	it	also	uses	ionising	radiation	which	limits	the	repeated,	serial	

assessment	of	patients	and	the	acceptability	of	performing	PET	early	in	the	disease	course.	

Furthermore	PET	does	not	give	the	same	multiparametric	assessment	that	you	get	from	CMR	

such	as	T1	and	T2	as	discussed	above	(18,47).	In	this	way	we	can	directly	compare	regional	

flow	differences	with	regional	changes	in	T1	or	T2	which	is	not	possible	with	other	imaging	

modalities.	Additionally,	the	superior	spatial	resolution	allows	the	assessment	of	endocardial	

and	epicardial	myocardial	blood	flow.	CMR	perfusion	mapping,	being	fast	and	free	from	

ionising	radiation,	has	potential	in	a	wide	range	of	circumstances	including	serial	assessment	

and	assessment	in	early	disease.	In	hypertrophic	cardiomyopathy	(HCM),	microvascular	

dysfunction	has	been	noted,	and	found	to	increase	with	LVH	and	LGE	and	may	even	occur	

early,	before	hypertrophy	(131,225).	Also,	impaired	myocardial	perfusion	on	non-invasive	

imaging	in	HCM	is	associated	with	adverse	outcomes	(132).		In	FD,	there	have	been	a	few	PET	

studies	on	myocardial	perfusion	where	perfusion	was	relatively	reduced	(226)	and	not	

improved	by	ERT	(136,227).	The	studies	to	date	have	had	a	small	number	of	patients	and	have	

not	explored	the	relationship	of	MBF	to	the	other	myocardial	pathological	processes	in	FD	–	

sphingolipid	storage,	LV	hypertrophy,	inflammation	and	fibrosis.		

In	this	study	we	recruited	FD	patients	and	control	subjects	for	multiparametric	CMR	including	

myocardial	perfusion	mapping	to	further	explore	the	relationship	of	myocardial	perfusion	with	
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other	myocardial	abnormalities	in	FD.	We	hypothesised	that	microvascular	dysfunction	is	

common	and	occurs	early	in	FD	and	would	be	associated	with	markers	of	disease	severity	

including	sphingolipid	storage,	fibrosis	and	oedema.
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7.3	Methods	

44	patients	with	FD	and	27	healthy	control	subjects	were	recruited.	FD	patients	and	controls	

underwent	multiparametric	CMR.	The	patient's	cardiovascular	history,	symptoms	and	FD	

treatment	status	were	assessed	with	a	questionnaire	at	the	time	of	CMR.	The	healthy	control	

cohort	had	no	cardiac	symptoms	or	co-morbidities	and	were	not	taking	any	cardiac	

medications	as	mentioned	previously.		

CMR	scans	

All	CMR	scans	were	performed	at	1.5	Tesla	as	described	in	the	methods	chapter.	The	protocol	

included	long	and	short	axis	cine	imaging,	native	T1	mapping	(MOLLI),	T2	mapping,	stress	and	

rest	perfusion,	late	gadolinium	enhancement	(LGE)	and	post	contrast	T1	mapping	(see	

Methods	chapter).	The	native	and	post	contrast	T1	maps	were	used	to	derive	the	synthetic	

extracellular	volume	fraction	(ECV)	using	the	method	described	by	Triebel	et	al	(165).	The	

same	basal,	mid	and	apical	short	axis	slice	locations	were	used	for	T1,	T2	and	ECV	mapping.	

Perfusion	images	were	acquired	for	basal	mid	and	apical	LV	short-axis	slices.	The	slice	

locations	were	matched	as	best	as	possible	to	the	T1	and	T2	maps.	Splenic	switch	off	was	

confirmed	for	all	subjects	to	confirm	adequate	stress	(66).	

CMR	analysis	

The	CMR	data	was	analysed	using	CVI42,	as	previously	described	(see	Methods	chapter).	The	

endo-	and	epicardial	contours	were	manually	drawn	and	the	right	ventricular	(RV)	insertion	

points	identified	for	each	of	the	parametric	maps.	The	endo	and	epicardial	contours	were	then	

offset	by	10%	and	an	AHA	segment	model	(49)	was	created	for	each	parameter	(e.g.	T1,	T2,	

stress	and	rest	MBF,	ECV).	Polar	maps	for	16	AHA	myocardial	segments	(minus	the	apical	cap)	

were	generated	as	well	as	the	global	mean	value,	which	was	the	mean	of	the	parameter	

averaged	across	all	myocardial	segments.	In	order	to	investigate	transmural	perfusion	

gradients,	the	endocardial	and	epicardial	stress	MBF	was	determined	by	adjusting	the	contour	
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offsets	in	turn	in	CVI42	to	50%	of	the	myocardium.	LV	volume	analysis	was	performed	by	

contouring	the	endocardium	and	epicardium	of	each	LV	short	axis	slice	in	diastole	and	systole	

as	previously	described.	Papillary	muscles	were	excluded	from	the	LV	volume	and	included	as	

LV	mass.	The	maximal	diastolic	wall	thickness	was	measured	using	a	dedicated	module	of	

CVI42.	LV	hypertrophy	was	defined	as	a	maximum	wall	thickness	greater	than	12mm	(228).		

LGE	was	assessed	for	each	myocardial	segment	using	a	dedicated	CVI42	module.	A	region	of	

interest	was	manually	drawn	in	visually	normal	myocardium	and	pixels	with	a	signal	intensity	

5-standard	deviations	above	that	of	the	normal	myocardium	were	automatically	identified	as	

LGE	(229).		Whether	or	not	there	was	LGE	present	was	noted	for	each	segment	and	globally.		

Statistical	analysis	

ANOVA	or	Kruskal-Wallis	analysis	(for	parametric	and	non-parametric	variables	respectively)	

was	used	to	compare	FD	patients	who	had	LVH	with	those	who	did	not	have	LVH.	A	chi-square	

test	was	used	to	compare	categorical	variables.	Pairwise	comparisons	between	groups	were	

performed	using	a	Bonferroni	adjustment.		

The	factors	that	may	contribute	to	stress	MBF	were	assessed	with	a	simple	linear	regression	

analysis.	After	this	initial	analysis,	a	multiple	linear	regression	analysis	was	performed	

including	the	variables	associated	with	stress	MBF	from	the	simple	regression	analysis.	A	“per	

patient”	analysis	was	performed,	inputting	age,	sex,	treatment	status,	indexed	EDV,	indexed	LV	

mass,	LVEF,	mean	T1,	T2,	ECV,	the	presence	of	LGE	and	LVH.	Also	a	“per	segment”	analysis	was	

performed	in	which	the	effect	of	each	CMR	variable	on	stress	MBF	was	considered	on	an	AHA	

segment	basis.	LV	wall	thickness,	native	T1,	T2,	ECV	and	percentage	of	LGE	per	segment	were	

treated	as	continuous	variables.	A	mixed	effects	linear	regression	controlled	for	subject	

dependency.	 	
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7.4	Results	

44	patients	of	which	19	were	male	(43%)	and	with	a	mean	age	49	years	were	recruited.	30	

patients	(68%)	were	being	treated	for	FD	with	either	ERT	(21	patients)	or	OCT	(9	patients).	24	

patients	(55%)	had	LVH	and	23	patients	(52%)	had	myocardial	late	gadolinium	enhancement.	

Patients	had	higher	LV	mass	indexed	for	body	surface	area	(90.6	vs	52.3g/m2,	p<0.001),	a	

higher	ejection	fraction	(70%	vs	65%,	p=0.007),	lower	septal	native	T1	(959	vs	1015ms,	

p<0.001)	and	higher	septal	T2	(49.3	vs	47.5ms,	p=0.025	(Table	15)	compared	to	the	controls.	

The	healthy	control	group	were	a	similar	age	to	the	LVH	negative	FD	patients	(38.1	vs	42.3	

years,	p=0.264).	Patients	with	LVH	were	older	(54.6	vs	42.3	years,	p=0.006)	and	more	likely	to	

be	male	(62.5	vs	20%,	p=0.003)	than	the	LVH	negative	FD	group.	They	also	had	a	higher	EF	

(72.8	vs	66.7%,	p=0.03)	and	a	higher	indexed	LV	mass	(117.4	vs	58.43g/m2,	p<0.001)	(Table	

16).	Compared	to	the	control	group,	a	greater	proportion	of	LVH	negative	FD	patients	were	

female.	There	were	no	other	significant	differences	between	the	groups	(Table	16).	Of	the	LVH	

negative	patients,	7	(35%)	had	low	septal	T1.	The	patients	on	ERT	had	more	advanced	cardiac	

FD	than	those	on	no	therapy.	They	had	a	higher	LV	mass	(115	vs	60	g/m2),	lower	native	T1	

(933	vs	1000ms),	and	a	higher	proportion	of	patients	had	LGE	(77%	vs	21%).	All	patients	on	

ERT	had	been	receiving	therapy	for	>1	year.	The	OCT	group	was	composed	of	patients	who	had	

previously	been	on	ERT	long-term	and	patients	who	had	recently	started	on	FD	therapy.	The	

shortest	duration	of	therapy	in	this	group	was	6	months.	They	had	a	more	advanced	cardiac	

phenotype	than	patients	with	no	therapy	but	less	advanced	than	those	on	ERT.	The	mean	LV	

mass	was	77g/m2,	mean	T1	959ms,	and	LGE	in	38%	of	patients.	

The	cardiovascular	risk	factor	profile	was	similar	in	the	LVH	positive	and	LVH	negative	FD	

patients	groups.	Only	atrial	fibrillation	(AF)	was	statistically	higher	in	the	patients	with	LVH	-	5	

(21%)	vs	0	patients	(0%)	in	the	LVH	negative	group,	p=0.02.	4	(17%)	LVH	positive	patients	

were	hypertensive	vs	3	LVH	negative	patients	(15%),	p=0.88	,	4	(17%)	vs	1	patient	(5%)	had	
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hyperlipidaemia,	p=0.21,	3	(13%)	vs	1	patient	(5%),	p=0.40	had	renal	impairment,	1	(4%)	vs	2	

patients	(10%),	p=0.46	had	a	previous	stroke	respectively	for	LVH	positive	and	LVH	negative	

FD	patients.	Across	the	entire	FD	group,	a	minority	had	symptoms.	8	(33%)	LVH	positive	and	4	

(20%)	LVH	negative	patients	had	palpitations.	6	(25%)	LVH	positive	patients	and	1	(5%)	of	

LVH	negative	patients	were	breathless.	4	(17%)	LVH	positive	patients	and	2	(10%)	LVH	

negative	patients	had	chest	pain.	30/44	patients	were	New	York	Heart	Association	functional	

class	I	(68%),	12	patients	were	class	II	(27%)	and	2	(5%)	patients	had	mobility	limited	by	

musculoskeletal	problems.	

The	overall,	mean	stress	MBF	across	all	segments	was	lower	in	FD	patients	than	controls	(2.04	

vs	3.00	ml/g/min,	p<0.001).	Rest	MBF	was	the	same	(0.85	vs	0.86,	p=0.85	for	patients	vs	

controls	respectively).	Stress	MBF	was	lower	in	patients	with	LVH	(1.76	vs	2.36	ml/g/min,	

p=0.005)	than	in	those	with	no	LVH.	However,	stress	MBF	was	also	lower	in	LVH	negative	FD	

compared	to	controls	(2.36	vs	3.00ml/g/min,	p=0.002,	Figure	27	and	Figure	28).	Patients	with	

chest	pain	and	/	or	breathlessness	had	a	lower	stress	MBF	than	those	patients	with	no	

symptoms	(1.68	vs	2.11ml/g/min,	p=0.039)	indicating	possible	microvascular	disease	causing	

those	symptoms.	

Endocardial	perfusion	was	lower	than	epicardial	perfusion	in	FD	patients	(1.84	vs	2.13	

ml/g/min,	p=0.022)	but	not	in	the	healthy	controls	(2.85	vs	3.10	ml/g/min,	p=0.271).	This	was	

only	significant	in	those	patients	with	LVH	(1.50	vs	1.88	ml/g/min,	p=0.013)	but	not	in	LVH	

negative	patients	(2.25	vs	2.44	ml/g/min,	p=0.2078)	(Figure	29).	

A	linear	regression	analysis	was	used	to	see	which	of	the	patient	demographic	(age,	sex),	

treatment	(ERT/OCT),	and	CMR	parameters	(indexed	EDV,	EF,	indexed	LV	mass,	presence	of	

LGE,	LVH,	native	T1,	T2	and	ECV)	were	associated	with	stress	MBF	in	FD.	Age,	native	T1,	T2,	

ECV,	LGE	and	LVH	were	associated	with	stress	MBF	and	therefore	put	into	the	multivariate	
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model.	In	the	multivariate	model,	the	factors	independently	associated	with	perfusion	were	the	

presence	of	LGE	and	low	T1	(R2	for	the	model	0.572,	p<0.001,	Table	17).		

A	second	multivariate	model	was	performed	to	predict	regional	stress	MBF	in	FD.	In	total	704	

segments	were	included	in	a	multivariate	model	which	included	segment	wall	thickness,	native	

T1,	T2,	ECV	and	LGE.	The	model	controlled	for	within	subject	dependency.	Myocardial	wall	

thickness	was	associated	with	reduced	stress	MBF	(Figure	30).	The	other	factors	

independently	associated	with	low	stress	MBF	were	high	T2,	high	ECV	and	the	presence	of	LGE	

(Table	18).		
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Table	15.	Characteristics	of	patients	with	Fabry	disease	and	controls.	Data	are	presented	as	

mean	+/-	standard	deviation	unless	stated.	Abbreviations:	BSA	–	body	surface	area,	ERT	–	

enzyme	replacement	therapy,	LVEDVi	–	Left	ventricular	end	diastolic	volume	indexed	for	BSA,	

LVESVi	–	left	ventricular	end	systolic	volume	indexed	for	BSA,	LVEF	–	left	ventricular	ejection	

fraction,	LGE	–	late	gadolinium	enhancement,	MBF	–	myocardial	blood	flow.	

	 	
Fabry	Disease	

	
n=44	
	

	
Controls	

	
n=27	

	
P	value	

Age	(years)	 49.0+/-13.5	 38.1+/-11.8	 0.001	

Male,	n	(%)	 19	(43.2)	 14	(51.8)	 0.484	

Height	(cm)	 170.3+/-10.5	 173.2+/-10.3	 0.265	

Weight	(kg)	 72.2+/-13.1	 77.2+/-14.7	 0.137	

BSA	 1.8+/-0.20	 1.9+/-0.21	 0.061	

ERT/OCT,	n	(%)	 30	(68.2)	 0	(0)	 <0.001	

LVEDVi	(ml/m2)	 81.9+/-18.9	 78.1+/-14.3	 0.367	

LVESVi	(ml/m2)	 26.0+/-12.5	 26.8+/-6.3	 0.757	

LVEF	(%)	 70.1+/-9.6	 65.5+/-4.2	 0.007 

LV	mass	indexed	(g/m2)	 90.6+/-41.0	 52.3+/-9.3	 <0.001	

LVH,	n	(%)	 24	(54.5)	 0	(0)	 <0.001	

LGE,	n	(%)	 23	(52.3)	 0	(0)	 <0.001	

Septal	T1	(ms)	 959.1+/-60.6	 1015.2+/-32.0	 <0.001	

Septal	T2	(ms)	 49.3+/-3.3	 47.5+/-2.4	 0.024	

Septal	ECV	(%)	 25.7+/-2.4	 24.3+/-2.6	 0.025	

Stress	MBF	(ml/g/min)	 2.04+/-0.56	 3.00+/-0.76	 <0.001	

Rest	MBF	(ml/g/min)	 0.85+/-0.26	 0.86+/-0.26	 0.848	
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Table	16.	Demographic,	treatment	and	CMR	data	for	Fabry	disease	(FD)	patients	and	controls.	

FD	patients	have	been	divided	into	patients	with	left	ventricular	hypertrophy	(LVH+)	and	with	

no	hypertrophy	(LVH-).	Values	are	presented	as	mean	+/-	standard	deviation	unless	stated.	

The	P	value	for	trend	has	been	calculated	using	ANOVA	or	Kruskal-Wallis	for	parametric	and	

non-parametric	variables,	respectively,	and	chi-square	for	categorical	variables.	Pairwise	

comparisons	between	groups	were	performed	using	a	Bonferroni	adjustment.	*	p<0.05	Vs	FD	

LVH-,	†	p<0.05	vs	Controls.	

	

	

	

FD	LVH+	

(n=24)	

	

FD	LVH-	

(n=20)	

	

Controls	

(n=27)	

	

P	value	

for	

trend	

Age,	years	 54.6+/-10.9*,†	 42.3+/-13.4	 38.1+/-11.8	 <0.001	

Male,	n	(%)	 15	(62.5)*	 4	(20)	 14	(51.8)	 0.015 

BSA	 1.85+/-0.21	 1.83+/-0.19	 1.93+/-0.21	 0.166	

ERT/OCT,	n	(%)	 23	(96)*	 7	(35)	 N/A	 <0.001	

LVEDVi	(ml/m2)	 83.1+/-24.0		 80.3+/-10.3	 78.1+/-14.3	 0.380	

LVESVi	(ml/m2)	 25.7+/-15.4	 26.4+/-8.1	 26.8+/-6.3	 0.201	

LVEF	(%)	 72.8+/-9.5*,†	 66.7+/-8.8	 65.5+/-4.2	 0.001	

LV	mass	indexed	(g/m2)	 117.4+/-37.2*,†	 58.4+/-11.3	 52.3+/-9.3	 <0.001	

LGE,		n	(%)	 20	(83.3)*	 3	(15)	 0	 <0.001	

Septal	T1	(ms)	 936.5+/-60.7†	 985.0+/-50.1	 1015.2+/-32.0	 <0.001	

Septal	T2	(ms)	 50.4+/-3.8†	 47.8+/-1.7	 47.5+/-2.4	 0.009	

Septal	ECV	(%)	 25.9+/-2.6	 25.5+/-2.1	 24.3+/-2.6	 0.072	

Stress	MBF	(ml/g/min)	 1.76+/-0.49*,†	 2.36+/-0.44	 3.00+/-0.76*	 <0.001	

Rest	MBF	(ml/g/min)	 0.77+/-0.16	 0.93+/-0.33	 0.86+/-0.26	 0.188	
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Table	17.		A	multiple	linear	regression	model	for	factors	influencing	the	global	mean	stress	

myocardial	blood	flow	(MBF).	Independent	associations	with	stress	MBF	were	T1	time	(low	T1	

associated	with	impaired	flow)	and	late	gadolinium	enhancement	(LGE).	Age,	T1,	T2	and	

extracellular	volume	fraction	(ECV)	were	continuous	variables;	LGE	and	left	ventricular	

hypertrophy	were	categorical	variables.	The	R2	for	the	model	was	0.572,	p<0.001.	

	
	 Beta	 Standard	

error	

95%	CI	Lower	

Bound	

95%	CI	Upper	

Bound	

P	value	

Constant	 1.239	 1.458	 -1.731	 4.210	 0.402	

Age	(years)	 -0.009	 0.007	 -0.022	 0.005	 0.190	

LVH	 0.089	 0.205	 -0.986	 0.105	 0.668	

T1	 0.003	 0.001	 0.000	 0.006	
0.040	

T2	 -0.013	 0.025	 -0.066	 0.028	 0.426	

LGE	 -0.546	 0.220	 -0.986	 -0.105	
0.017	

ECV	 -0.031	 0.029	 -0.081	 0.033	 0.394	
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Table	18.	Mixed	effects	linear	regression	model	for	factors	influencing	segmental	(regional)	

stress	myocardial	blood	flow	(MBF).	The	model	controlled	for	within	subject	dependency.	

Segmental	wall	thickness,	native	T1,	T2,	ECV	and	late	gadolinium	enhancement	(the	percentage	

of	LGE	in	each	AHA	segment)	were	included	in	the	model.	All	variables	were	continuous	

variables.	The	factors	independently	associated	with	stress	MBF	were	wall	thickness,	T2,	ECV	

and	LGE.	

	

	 Beta	 Standard	

error	

95%	CI	Lower	

Bound	

95%	CI	Upper	

Bound	

P	value	

Intercept	

	
2.630	 0.526	 1.597	 3.662	 <0.001	

Wall	thickness	

(mm)	

-0.031	 0.006	 -0.043	 -0.020	
<0.001	

T1	

(ms)	

-0.000	 0.000	 -0.001	 0.001	 0.662	

T2	

(ms)	

-0.013	 0.005	 -0.023	 -0.003	
0.009	

ECV	

(%)	

0.021	 0.005	 0.010	 0.031	
<0.001	

LGE	(%)	 -0.005	 0.002	 -0.043	 -0.020	
0.002	
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Figure	27.	Multiparametric	CMR	assessment	in	the	Fabry	disease	study.	The	images	show	a	

healthy	volunteer	(A),	FD	patient	with	no	left	ventricular	hypertrophy	(B)	and	FD	patient	with	

LVH	(C).	From	left	to	right	the	images	for	each	patient	/	volunteer	are	diastolic	steady	state	

free	precession	cine	images,	native	T1	maps,	T2	maps,	stress	MBF	maps,	LGE	all	at	a	similar	

slice	location.	In	(A),	healthy	control,	all	of	the	images	are	normal	–	no	LVH,	normal	T1,	normal	

T2,	normal	stress	MBF,	no	LGE.	In	(B)	there	is	no	LVH,	low	T1	(indicating	sphingolipid	storage),	

normal	T2,	no	LGE	(B).	In	(C)	there	is	severe	LVH,	sphingolipid	storage	(including	T1	

pseudonormalisation	where	there	is	fibrosis),	high	T2	in	LGE	areas	and	extensive	LGE.	The	

figure	demonstrates	the	fall	in	with	increasing	disease	severity	and	this	is	most	pronounced	in	

the	endocardium.	
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Figure	28.	Box	and	whisker	plots	for	stress	MBF	in	FD	and	controls.	The	boxes	show	the	median	

(line	within	the	box)	and	interquartile	ranges	(IQR,	upper	and	lower	end	of	the	box)	for	MBF.	

The	tips	of	the	whiskers	demonstrate	the	values	1.5	x	the	IQR.	Outliers	(beyond	the	whiskers,	

>1.5x	the	IQR)	are	displayed	as	circles.	Patients	without	FD	have	higher	MBF	than	FD	patients.	

This	is	the	case	even	for	patients	who	did	not	have	(LVH,	p=0.002).	FD	patients	with	LVH	have	

lower	stress	MBF	than	those	patients	who	did	not	have	LVH	(p=0.005).	
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Figure	29.	Stress	MBF	in	controls	and	patients	with	FD.	The	endocardial	(orange)	and	

epicardial	(blue)	MBF	is	demonstrated.	The	box	shows	the	median	and	interquartile	ranges	

(IQR)	for	MBF.	The	whiskers	represent	1.5	x	the	IQR.	Outliers	(>1.5x	the	IQR)	are	indicated	by	

the	circles.	There	is	an	epicardial	to	endocardial	perfusion	gradient	in	FD	patients	with	left	

ventricular	hypertrophy	(LVH+,	p=0.013)	but	not	in	patients	without	LVH	(p=0.208)	or	healthy	

controls	(p=0.271).	
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Figure	30.	A	segmental	analysis	of	stress	MBF	and	segmental	wall	thickness	in	FD.	The	boxes	

display	the	median	and	IQR	for	MBF.	The	whiskers	show	1.5	x	the	IQR.	Outliers	1.5-3x	the	IQR	

are	indicated	by	the	circles.	As	wall	thickness	increases,	the	stress	myocardial	blood	flow	

(MBF)	falls	(p<0.001).		
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7.5	Discussion	

In	this	study	we	have	shown	that	patients	with	Fabry	disease	have	lower	stress	myocardial	

blood	flow	than	age	matched	healthy	controls.	This	is	even	the	case	if	the	FD	patients	have	

normal	LV	wall	thickness.	As	the	severity	of	the	FD	increases,	perfusion	worsens	and	this	is	

shown	by	the	association	with	LVH,	oedema	/	inflammation	(high	T2)	and	fibrosis	(high	ECV	

and	the	presence	and	extent	of	LGE).	

The	results	presented	here	are	the	first	in	which	a	multiparametric	CMR	assessment	of	patients	

with	FD	has	been	performed	including	myocardial	perfusion.	There	have	been	some	PET	based	

perfusion	studies	but	as	PET	does	not	permit	multiparametric	assessment	these	studies	were	

unable	to	assess	perfusion	in	the	context	of	other	myocardial	disease	processes	in	FD.	Our	

study	is	also	larger	than	previous	FD	perfusion	studies	in	any	modality	and	the	first	to	directly	

compare	LVH	negative	FD	patients	with	healthy	controls.	These	results	presented	here	are	

consistent	with	the	PET	literature	that	showed	impaired	perfusion	in	FD	patients	(136,227).	

These	previous	PET	studies	attempted	to	assess	the	effect	of	treatment	with	ERT	on	perfusion.	

One	study	showed	no	improvement	in	perfusion	with	ERT,	but	the	other	study	found	a	

correlation	between	pre-treatment	relative	wall	thickness	and	post-treatment	changes	in	flow	

reserve.	From	this,	the	group	suggested	that	patients	treated	with	ERT	early,	might	benefit	

with	improvements	in	perfusion.	The	multiparametric	nature	of	CMR	allows	further	future	

exploration	of	this	suggestion	as	the	disease	stages	of	FD	are	more	readily	investigated	from	

storage	to	hypertrophy	to	inflammation	and	fibrosis	(134,219,220).		

The	myocardial	perfusion	appears	to	be	affected	early	in	the	disease	course	(i.e.	before	the	

onset	of	LVH)	of	FD	and	is	subsequently	associated	with	severity	of	disease.	However	the	exact	

timing	of	perfusion	in	the	disease	course	requires	further	investigation.	For	example	the	

relation	of	perfusion	to	sphingolipid	storage	could	be	investigated	in	cohorts	of	LVH	negative	

patients	with	normal	and	low	myocardial	native	T1.	There	was	not	the	statistical	power	to	do	
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this	in	the	current	study.	The	T1	lowering	effect	of	sphingolipid	deposition	is	due	to	myocyte	

storage.	It	is	possible	that	there	is	endothelial	storage	too	and	if	this	was	the	case	perfusion	

abnormalities	could	occur	before	or	at	the	same	time	of	myocyte	storage	and	could	be	the	

earliest	abnormality	detected	by	CMR	in	FD.	Alternatively,	perhaps	there	is	a	threshold	effect	

whereby	a	certain	amount	of	storage	is	required	to	be	detected	as	a	low	T1	on	a	CMR	scan	and	

that	changes	in	MBF	are	more	sensitive	with	perfusion	mapping.	In	the	podocytes	of	the	

kidneys	sphingolipids	appear	to	clear	faster	than	other	cells	in	response	to	ERT	(230).	Perhaps	

in	a	similar	way,	endothelial	cells	in	the	heart	may	also	clear	sphingolipids	faster	and	so	early	

treatment	with	ERT	may	be	useful	in	preventing	microvascular	dysfunction.	Based	on	our	

results,	perfusion	could	prove	to	be	a	surrogate	endpoint	in	drug	studies	and	may	provide	

insights	into	drivers	of	hypertrophy	and	inflammation	and	fibrosis	in	FD.		

There	have	also	been	histological	studies	in	FD,	which	have	looked	at	the	microvasculature	of	

the	myocardium.	In	one	study,	Chimenti	et	al	compared	endomyocardial	biopsies	of	

symptomatic	FD	patients	who	had	chest	pain	to	a	group	of	FD	patients	with	no	symptoms	

(231).	They	noted	several	pathological	findings	with	the	biopsies.	The	endothelial	cells	were	

swollen	and	proliferating	due	to	sphingolipid	storage	and	the	lumens	of	the	arterioles	were	

narrowed	due	to	hypertrophy	and	hyperplasia	of	the	smooth	muscle	cells	and	increased	

fibrosis	within	the	intimal	and	medial	layers.	They	found	that	the	pathological	patterns	were	

more	often	associated	with	perivascular	myocardial	fibrosis	surrounding	the	most	affected	

vessels	and	that	the	degree	of	luminal	stenosis	was	lower	in	patients	without	symptoms.	Our	

study	is	in	agreement	with	these	histological	validations.	Using	CMR	we	have	shown	the	

relation	of	impairment	of	myocardial	perfusion	to	LVH,	sphingolipid	deposition	(low	T1)	and	

fibrosis	(high	ECV	and	LGE).		As	few	studies	have	considered	microvascular	dysfunction	in	FD	

(or	hypertrophic	cardiomyopathy),	there	has	been	minimal	evidence	into	its	treatment.	With	

perfusion	mapping	this	is	now	possible.	As	well	as	ERT	and	OCT	other	medications	may	have	
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an	impact	on	myocardial	perfusion.	In	a	hypertensive	LVH	model,	it	has	been	suggested	that	

the	combination	of	angiotensin-converting	enzyme	(ACE)	inhibitors	and	thiazide	diuretics	

improve	microvascular	function.	This	has	been	demonstrated	in	animal	(rat)	models	and	small	

human	studies	but	the	effect	in	FD	is	unknown	(232,233).	

As	previously	mentioned,	another	advantage	of	CMR	compared	to	PET	is	the	ability	to	analyse	

transmyocardial	perfusion	gradients	due	to	the	higher	spatial	resolution.	We	have	found	that	

the	subendocardium	is	particularly	vulnerable	to	impaired	perfusion	in	FD.	The	

subendocardium	is	in	general	susceptible	to	ischaemia	and	even	in	healthy	animal	models	it	

seems	that	stress	MBF	in	the	subendocardium	is	relatively	reduced	compared	to	the	

subepicardium.	Furthermore,	this	transmyocardial	gradient	is	more	pronounced	in	heart	

failure	models	due	to	chronic	subendocardial	fibrosis	(234).	It	is	possible	that	a	similar	

mechanism	is	responsible	for	the	myocardial	perfusion	gradients	seen	in	the	FD	patients	with	

LVH	in	our	study	and	that	chronic	fibrosis	that	preferentially	affects	the	sub-endocardium	is	

responsible	for	the	more	pronounced	perfusion	reductions	in	these	patients.			

The	ECV	in	Fabry	patients	(across	the	entire	cohort)	was	higher	than	in	controls.	Although	not	

specifically	investigated	(and	with	no	histological	confirmation),	this	is	likely	due	to	diffuse	and	

focal	fibrosis	in	the	Fabry	patients,	particularly	in	those	with	LVH	and	would	be	partially	

reflected	by	LGE	in	some	of	these	patients.	

Limitations	

As	this	is	an	observational	study	there	are	associated	limitations.	We	suggest	that	the	

impairment	in	perfusion	that	we	have	observed	is	due	to	microvascular	dysfunction	(rather	

than,	for	example,	impaired	response	to	adenosine	in	these	patients)	but	without	a	histological	

correlation	this	cannot	be	confirmed.	Similar	limitations	exist	with	the	other	CMR	tissue	

characterisation	parameters	that	we	assume	to	reflect	sphingolipid	storage,	inflammation	and	
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fibrosis.	As	a	sample	size	calculation	was	not	performed	prior	to	the	study,	the	findings	are	

hypothesis	generating	and	require	further	validation	in	larger	studies.	

7.6	Conclusion	

Myocardial	perfusion	in	Fabry	disease	is	impaired	compared	to	healthy	controls,	even	before	

the	onset	of	left	ventricular	hypertrophy.	The	perfusion	impairment	is	associated	with	

sphingolipid	storage	and	myocardial	fibrosis	and	on	a	regional	basis	with	oedema	and	

hypertrophy.	It	appears	that	microvascular	dysfunction	is	affected	early	in	the	disease	course	

and	furthermore,	perfusion	mapping	can	be	used	clinically	as	an	end-point	in	clinical	trials	

including	outcome	studies.		
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8. Discussion and Conclusions 

 

Background	

The	goal	of	this	thesis	was	to	investigate	perfusion	mapping	in	order	to	build	a	body	of	

evidence	to	facilitate	the	introduction	of	quantitative	perfusion	cardiovascular	magnetic	

resonance	into	clinical	practice	in	a	similar	way	that	T1	and	T2	mapping	have	now	become	

routine	techniques.	The	approach	taken	was	to	investigate	patients	with	suspected	coronary	

artery	disease	prior	to	coronary	angiography,	determine	whether	quantitative	myocardial	

perfusion	was	prognostic,	explore	factors	that	may	contribute	to	perfusion	in	order	to	begin	to	

develop	reference	ranges	and	to	investigate	patients	with	cardiomyopathy,	using	Fabry	

Disease	as	the	exemplar	disease.	

	

Key	findings,	limitations	and	clinical	implications	

Quantitative	perfusion	mapping	in	coronary	artery	disease	(CAD).	In	this	study	I	demonstrated	

that	quantitative	perfusion	calculated	using	perfusion	mapping	was	accurate	for	the	detection	

of	CAD	using	3D	quantitative	coronary	angiography	as	the	truth	standard.	The	technique	was	

particularly	useful	in	excluding	CAD	with	a	high	negative	predictive	value	and	sensitivity	on	

both	a	“per-vessel”	and	“per-patient”	basis.	The	specificity	and	positive	predictive	value	were	

also	good.	Practically,	with	a	suitable	colour	look-up	table,	this	enables	the	clinician	to	easily	

review	the	perfusion	maps,	and	if	the	maps	are	uniformly	yellow	(in	our	look-up	table),	they	

can	have	confidence	that	the	likelihood	of	coronary	artery	disease	is	low.	I	found	that	stress	

MBF	was	more	accurate	for	the	detection	of	CAD	than	MPR.	This	study	was	the	largest	
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quantitative	perfusion	CMR	study	that	prospectively	recruited	patients	and	looked	at	

diagnostic	accuracy.	The	main	limitation	of	the	study	was	the	three-dimensional	quantitative	

coronary	angiography	gold	standard,	rather	than	a	functional	gold	standard.	The	3D	QCA	is	

however	a	better	method	than	visual	assessment	of	coronary	angiography.	Subsequently,	our	

collaborators	at	the	Royal	Free	have	validated	the	technique	against	fractional	flow	reserve	

with	similar	results.	Similarly	overall	atheroma	was	not	quantified	and	only	focal	stenoses	

were	considered.	Another	limitation	is	the	relatively	small	sample	size	and	that	no	sample	size	

calculation	was	carried	out	prior	to	the	study.	Although	the	largest	such	study	at	the	time	and	

provides	good	evidence	for	perfusion	mapping,	the	50	patient	study	of	patients	from	a	diverse	

area	of	London,	the	results	should	only	cautiously	be	extrapolated	to	other	settings	and	other	

patient	groups	and	requires	larger	studies	for	validation.	Overall,	this	study	provides	validation	

of	perfusion	mapping	in	diagnosing	coronary	artery	disease	and,	in	particular,	ruling	out	CAD	

in	patients	with	entirely	normal	quantitative	perfusion.	Clinically	this	provides	evidence	for	

using	perfusion	maps	as	a	rule	out	technique	for	CAD.	Further	work	is	required	going	forward	

to	validate	with	larger,	multi-centre	cohorts	the	accuracy	of	perfusion	mapping	both	as	a	rule	

out	and	rule	in	technique	for	diagnosing	CAD.		

	

The	prognostic	significance	of	quantitative	perfusion	mapping.	This	was	a	study	in	which	

patients	referred	for	CMR	studies	at	Barts	Heart	Centre	and	the	Royal	Free	Hospital	were	

recruited.	In	total	there	were	1049	patients	included	in	the	study	with	a	median	follow	up	of	

605	days	(IQR	464-814	days).	The	perfusion	maps	were	analysed	for	the	first	time	with	an	

artificial	intelligence	LV	segmentation	approach	to	improve	accuracy	and	reliability	and	

eliminate	bias.	After	adjusting	for	co-morbidities,	both	stress	MBF	and	MPR	were	associated	

with	death	and	MACE.	A	1ml/g/min	decrease	in	MBF	was	associated	with	an	adjusted	hazard	

ratio	for	MACE	of	2.14.	A	1-unit	decrease	in	MPR	was	associated	with	an	adjusted	hazard	ratio	
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for	MACE	of	1.74.	Similar	results	were	seen	even	if	there	were	no	perfusion	defects	on	clinical	

read	and	if	patients	with	previous	CAD	were	excluded.	This	study	was	the	first	multicentre	

perfusion	outcome	study	using	any	imaging	modality	and	the	largest	quantitative	perfusion	

outcome	study	using	CMR.	The	observational	nature	of	the	study	is	a	limitation	and	

associations	do	not	necessarily	imply	causation.	Also,	there	is	a	potential	for	bias	as	there	were	

a	large	number	of	covariates	and	relatively	few	outcomes.	However,	a	sensitivity	analysis	was	

additionally	performed	to	check	for	this	and	stress	MBF	and	MPR	remained	prognostic.	Finally,	

a	small	number	of	events	may	have	been	missed	as	the	electronic	record	was	relied	upon	to	get	

this	data.	In	summary,	this	study	showed	that	quantitative	perfusion	mapping	encodes	

prognostic	information.	MBF	and	MPR	could	be	used	as	additional	clinical	parameters	to	

stratify	patients	and	target	those	at	highest	risk.	Also,	perfusion	could	be	used	as	an	endpoint	

in	clinical	trials,	to	see	if	prognosis	can	be	improved	by	targeting	myocardial	perfusion.	

Whether	MPR	or	MBF	is	the	more	useful	marker	is	debatable.	We	attempted	to	answer	this	

question	by	comparing	the	predictive	performance	of	these	parameters.	Our	results	suggest	

that	MPR	may	be	the	stronger	predictor	in	respect	to	mortality	but	not	combined	MACE	

outcomes.	The	reason	for	this	is	unclear	and	requires	further	work	and	understanding.	It	is	

possible	that	the	ability	to	vasodilate	in	response	to	stress	is	more	important	than	the	absolute	

MBF.	For	example,	patients	who	are	already	vasodilated	at	rest	due	to	epicardial	disease	or	

microvascular	dysfunction	would	have	a	blunted	vasodilatory	response	to	stress	and	would	

have	a	reduced	ability	to	increase	their	MBF	compared	to	healthy	comparators.	Another	

explanation	could	be	that	the	minor	differences	in	the	calculated	MBF	with	different	field	

strengths,	different	hospital	sites	and	different	patient	populations	are	corrected	for	with	the	

MPR.	It	is	also	conceivable	that	MPR	would	be	more	comparable	across	different	imaging	

modalities	for	example	with	PET	than	the	absolute	MBF	as	there	are	many	factors	involved	in	

the	calculation	of	MBF.	However,	the	number	of	deaths	in	our	study	was	relatively	few	and	so	



	

157	
	

the	comparison	between	stress	MBF	and	MPR	should	not	be	over-stressed.	Also,	in	contrast,	I	

found	that	stress	MBF	was	more	accurate	for	the	detection	of	coronary	artery	disease	than	

MPR	in	the	perfusion	mapping	CAD	chapter.	Further	work	and	longer	term	follow	up	is	

required	to	fully	answer	these	questions.	The	results	of	the	recent	ISCHEMIA	trial	have	

questioned	the	role	of	ischaemia	in	the	prognosis	of	patients	with	stable	coronary	artery	

disease.	However,	that	study	focused	on	medical	vs	revascularisation	for	patients	with	

coronary	artery	disease	and	significant	ischaemia	on	functional	imaging.	There	was	no	

difference	in	outcome	if	the	patient	was	managed	medically	or	revascularised	with	PCI	or	

CABG.	The	ISCHEMIA	study	did	not	use	quantitative	perfusion	and	it	is	possible	that	the	

severity	of	ischaemia	would	have	been	re-classified	if	fully	quantitative	perfusion	was	used.	

Secondly,	ischaemia	is	often	due	to	a	combination	of	epicardial	and	microvascular	dysfunction.	

Although	the	epicardial	stenosis	was	treated,	there	was	no	specific	treatment	for	the	

microvasculature.	Thirdly,	only	a	small	percentage	of	patients	in	the	study	had	a	perfusion	

CMR	as	the	ischaemia	test.	Finally	medical	therapy	is	very	good	for	the	treatment	of	stable	CAD	

and	the	additional	benefit	of	coronary	intervention	is	unclear.	In	summary,	whilst	our	study	

(and	others)	has	shown	the	prognostic	value	of	ischaemia,	others	have	not	shown	this	can	be	

modified	with	revascularisation.	Studies	focusing	on	improving	absolute	MBF	with	medical	

therapy	or	coronary	intervention	could	be	considered	in	the	future.	

	

Perfusion	in	patients	with	unobstructed	coronary	arteries.	Perfusion	is	influenced	by	the	

epicardial	coronary	arteries	and	the	microvasculature.	I	therefore	sought	to	determine	what	

factors	would	influence	perfusion	in	patients	with	unobstructed	coronary	arteries	and	no	

myocardial	scar	in	order	to	begin	to	understand	what	is	“normal”	for	patients	with	cardiac	co-

morbidities.	I	showed	that	rest	myocardial	blood	flow	was	higher	in	females	and	lower	with	

the	use	of	beta	blockers.	The	stress	perfusion	was	reduced	with	increasing	age,	diabetes,	
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increasing	left	ventricular	mass	and	the	use	of	beta	blockers.	This	was	a	retrospective	analysis	

of	patients	referred	for	clinical	perfusion	scans	and	so	has	limitations.		However	it	does	give	an	

insight	into	factors	that	influence	microvascular	perfusion.	Further	work	is	required	to	develop	

patient	specific	reference	ranges	and	explore	whether	patient	factors	could	be	used	to	improve	

the	modelling	of	techniques	that	simulate	epicardial	coronary	flow	such	as	CT	FFR.	Larger	

studies	would	be	required	to	validate	our	findings	as	sample	size	calculations	were	not	

performed.	

	

Quantitative	perfusion	mapping	in	Fabry	disease.	In	this	study	I	prospectively	recruited	patients	

with	Fabry	disease	for	a	perfusion	scan	with	quantitative	perfusion	mapping.	This	was	to	

investigate	the	utility	of	quantitative	perfusion	in	patients	with	cardiomyopathy	and	determine	

at	what	stage	perfusion	was	affected	in	the	natural	history	of	Fabry	disease.	This	study	showed	

that	perfusion	is	impaired	in	Fabry	disease	and	that	the	process	seems	to	occur	early	in	the	

disease	course.	Fabry	patients	with	no	left	ventricular	hypertrophy	had	reduced	perfusion	

compared	to	an	age-matched	control	cohort.	Furthermore,	perfusion	was	increasingly	

impaired	with	increasing	disease	severity.	Markers	of	disease	severity	include	native	T1,	T2,	

LVH	and	late	gadolinium	enhancement.	With	increasing	abnormalities	in	these	known	disease	

markers,	perfusion	was	increasingly	impaired.	The	subendocardium	was	particularly	

vulnerable	to	impaired	perfusion.	This	was	the	first	quantitative	perfusion	CMR	study	in	Fabry	

disease	and	the	first	to	investigate	perfusion	as	part	of	a	full,	multiparametric	assessment.	

There	have	only	been	minimal	Fabry	studies	across	all	modalities	and	these	have	generally	

involved	PET	perfusion.	Therefore,	it	was	also	the	largest	perfusion	study	in	Fabry	across	all	

modalities.	There	are	however	limitations	with	the	study.	Firstly,	whilst	we	assume	the	

impaired	perfusion	reflects	microvascular	dysfunction	in	Fabry	patients,	another	explanation	

could	be	impaired	response	to	adenosine.	Also	we	did	not	perform	myocardial	biopsies	on	
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these	patients.	Although	it	is	assumed	that	the	parametric	mapping	reflects	disease	stages	such	

as	myocyte	sphingolipid	and	inflammation	this	has	not	been	proven	in	our	study.	This	lack	of	

histology	limitation	is	common	to	the	majority	of	Fabry	studies.	Sample	size	calculations	were	

not	performed	and	so	the	findings	are	hypothesis	generating.	In	summary	this	study	showed	

that	perfusion	is	impaired	in	Fabry	disease,	particularly	in	the	subendocardium	and	worsens	

with	increasing	disease	severity.	Perfusion	mapping	has	been	shown	to	provide	disease	

insights	in	cardiomyopathy	and	perfusion	could	be	used	as	an	outcome	in	interventional	drug	

studies.	As	CMR	does	not	use	ionising	radiation	it	is	a	more	suitable	technique	for	serial	

repeated	scans	than	PET.	For	example,	after	a	period	of	treatment	the	CMR	could	be	repeated	

to	see	the	effect	of	the	drug	on	perfusion	and	other	parameters.	Although	we	have	seen	that	

perfusion	is	impaired	prior	to	the	development	of	LVH	with	the	numbers	in	our	study,	we	did	

not	have	the	statistical	power	to	detect	whether	perfusion	falls	even	earlier	in	the	disease	

course.	For	example	whether	it	falls	before	the	sphingolipid	storage	phase,	whether	these	

disease	phases	are	independent	or	if	there	is	inter-play	between	them.	This	will	require	further	

work.	Additionally,	in	PET	studies	in	patients	with	hypertrophic	cardiomyopathy,	perfusion	

has	been	shown	to	be	related	to	patient	prognosis.	Whether	quantitative	perfusion	CMR	

conveys	prognostic	information	remains	unknown	in	Fabry	disease.	It	seems	logical	that,	as	

impaired	perfusion	is	associated	with	other	factors	markers	of	disease	severity,	then	it	would	

have	adverse	prognostic	implications.	However,	whether	this	is	an	independent	risk	factor	is	

unclear.	This	is	another	area	that	warrants	further	investigation.	Patients	with	high	risk	of	

sudden	cardiac	death	in	Fabry	disease	are	treated	with	an	implantable	cardioverter	

defibrillator	(ICD).	The	decision	algorithm	is	less	strong	than	for	HCM	but	ICDs	are	more	

commonly	implanted	in	patients	with	ventricular	arrhythmias	and	/	or	extensive	scarring.	It	is	

possible	that	perfusion	is	an	additional	biomarker	that	could	better	stratify	patients	at	risk	of	

sudden	cardiac	death	in	Fabry	disease.	



	

160	
	

	

Ongoing	and	future	work	/	collaborations	

Following	these	initial	validations,	work	has	been	taken	forward	on	a	number	of	fronts	at	UCL	

/	Barts	Heart	Centre	to	further	investigate	myocardial	perfusion	in	heart	disease.		

	

1. Predictors	of	functional	recovery	from	surgical	revascularisation	of	poor	ventricles.	This	

BHF	funded	study	by	Dr	Andreas	Seraphim	is	ongoing	and	involves	multiparametric	CMR	

before	and	after	bypass	surgery	in	patients	with	impaired	LV	function.	I	contributed	to	

the	grant	application	and	have	remained	involved	with	the	study.	One	of	the	parameters	

being	investigated	is	the	MBF,	to	see	whether	a	change	in	MBF	is	related	to	change	in	LV	

function.	The	work	builds	upon	the	quantitative	perfusion	data	in	CAD	presented	in	this	

thesis	and	has	resulted	in	publications	in	JACC	and	Frontiers	in	Cardiovascular	Medicine.		

2. The	extended	spectrum	of	apical	hypertrophic	cardiomyopathy.	In	this	BHF	funded	study	

by	Dr	Rebecca	Hughes	is	investigating	patients	with	apical	hypertrophic	cardiomyopathy	

and	athletes	with	hypertrophy	with	perfusion	mapping	CMR	to	gain	insights	into	the	

disease	processes.	I	have	also	contributed	to	the	grant	application	and	ongoing	work	in	

the	area.	The	work	builds	on	the	cardiomyopathy	perfusion	work	presented	in	this	thesis.	

	

Conclusion	

	

In	this	thesis	I	have	presented	data	that	show	quantitative	perfusion	is	accurate	for	the	

detection	of	coronary	artery	disease.	Peak	vasodilator	stress	MBF	seems	more	accurate	than	

MPR	and	the	high	negative	predictive	value	and	sensitivity	make	quantitative	perfusion	with	

perfusion	mapping	a	good	test	to	rule	out	angiographically	significant	coronary	disease.		

Myocardial	perfusion	is	associated	with	patient	outcome,	with	major	adverse	cardiovascular	
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events	increasing	with	worsening	perfusion.	This	is	the	case	even	after	adjusting	for	

conventional	risk	factors.	Myocardial	perfusion	in	patients	without	obstructive	coronary	artery	

disease	is	influenced	by	multiple	patient	factors	including	age,	diabetes,	LVH	and	the	use	of	

beta	blockers.	Myocardial	perfusion	is	also	abnormal	in	Fabry	disease.	It	seems	to	fall	relatively	

early	in	the	disease	course,	before	the	onset	of	left	ventricular	hypertrophy.	The	endocardium	

is	particularly	susceptible	to	impaired	perfusion,	and	perfusion	progressively	worsens	with	

disease	severity.		

Quantitative	perfusion	has	previously	been	outside	the	realm	of	clinical	practice	but	with	the	

evidence	presented	here	I	have	shown	that	it	is	feasible	to	perform	absolute	quantification	in	

the	clinical	routine.	The	information	provided	by	quantitative	perfusion	is	useful	in	patients	

with	coronary	artery	disease	and	cardiomyopathy.	
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9. Academic outputs 
	

9.1 Study funding 
	

● British	Heart	Foundation	Clinical	Research	Training	Fellowship	awarded	2017	–	award	

number	FS/17/34/32901.	

Other	BHF	grant	applications	awarded	that	I	have	contributed	to:		

• Predictors	of	functional	recovery	from	surgical	revascularisation	of	poor	ventricles.	Dr	

Andreas	Seraphim.	

• The	extended	spectrum	of	apical	hypertrophic	cardiomyopathy.	Dr	Rebecca	Hughes.	
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Chew	PG,	Knott	K,	Dall'Armellina	E,	Swoboda	PP,	Xue	H,	Greenwood	JP,	Moon	JC,	
Kellman	P,	Plein	S.	Fully	automated,	inline	quantification	of	myocardial	blood	
flow	with	cardiovascular	magnetic	resonance:	repeatability	of	measurements	in	
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9.3 Presentations 
	

First	author	presentations	during	the	studentship	only:	
	
9.	The	Prognostic	Significance	of	Quantitative	Myocardial	Perfusion	Mapping.		Knott	KD,	
Seraphim	A,	Augusto	JB,	Xue	H,	Chacko	L,	Aung	N,	Petersen	SE,	Cooper	JA,	Brown	LAE,	Manisty	
C,	Plein	S,	Fontana	M,	Kellman	P,	Moon	JC.	An	oral	presentation	at	SCMR	2020,	Orlando,	
USA.	
	
8.	Quantitative	perfusion	mapping	in	Fabry	disease.	Knott	KD,	Augusto	JB,	Nordin	S,	Kozor	R,	
Camaioni	C,	Xue	H,	Hughes	RK,	Manisty	C,	Brown	LAE,	Ramaswami	U,	Hughes	D,	Kellman	P,	
Plein	S,	Moon	JC.	An	oral	presentation	at	EuroCMR	2019,	Venice,	Italy.	
	
7.	Using	systolic	SAPPHIRE	to	optimize	T1	mapping	for	thin-walled	hearts	and	arrhythmia.	
Knott	KD,	Alfarih	M,	Augusto	JB,	Boubertakh	R,	Chaturverdi	N,	Hughes	AD,	Moon	JC,	
Weingartner	S,	Captur	G.	A	poster	presentation	at	EuroCMR	2019.	
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6.	Myocardial	perfusion	falls	early	and	tracks	disease	severity	in	Fabry	disease.	Knott	KD,	
Augusto	JB,	Nordin	S,	Camaioni	C,	Kellman	P,	Kozor	R,	Manisty	C,	Xue	H,	Brown	LAE,	
Ramaswami	U,	Hughes	D,	Plein	S,	Moon	JC.	A	poster	presentation	at	SCMR	2019,	Seattle	
USA.	
	
5.	Optimising	T1	mapping	for	thin-walled	hearts	–	a	systolic	approach	using	SAPPHIRE	adds	
value.	Knott	KD,	Alfarih	M,	Augusto	JB,	Boubertakh	R,	Chaturverdi	N,	Hughes	AD,	Moon	JC,	
Weingartner	S,	Captur	G.	A	poster	presentation	at	SCMR	2019,	Seattle	USA.	
	
4.	Myocardial	perfusion	is	influenced	by	age,	gender,	diabetes,	myocardial	fibrosis	and	the	use	
of	beta-blockers:	a	perfusion	mapping	study.	Knott	KD,	Camaioni	C,	Bhuva	AN,	Xue	H,	Manisty	
C,	Brown	LAE,	Pugliese	F,	Bourantas	C,	Kellman	P,	Plein	S,	Moon	JC.	A	poster	presentation	at	the	
British	Society	of	Cardiovascular	Magnetic	Resonance,	Edinburgh,	UK,	May	2018.	
	
3.	Quantitative	perfusion	in	patients	at	high	risk	of	coronary	artery	disease.	Knott	KD,	
Camaioni	C,	Cash	L,	Bhuva	AN,	Brown	LAE,	Xue	H,	Manisty	C,	Bourantas	C,	Plein	S,	Kellman	P,	
Moon	JC.	An	oral	presentation	at	the	SCMR/ISMRM	workshop,	International	Conference,	
Barcelona,	Spain,	February	2018	
	
2.	Myocardial	perfusion	reserve	falls	in	diabetes	and	with	increasing	age	–	a	perfusion	mapping	
study.	Knott	KD,	Camaioni	C,	Bhuva	AN,	Captur	G,	Xue	H,	Manisty	C,	Bourantas	C,		Plein	S,	
Kellman	P,	Moon	JC.	A	poster	presentation	at	the	British	Society	of	Cardiovascular	Magnetic	
Resonance,	Manchester,	UK,	March	2017.	
	
1.	Myocardial	perfusion	mapping	in	a	patient	with	apical	hypertrophic	cardiomyopathy.	Knott	
KD,	Bhuva	AN,	Scully	P,	Xue	H,	Manisty	C,	Kellman	P,	Herrey	AS,	Moon	JC.	An	oral	presentation	
at	the	Society	for	Cardiovascular	Magnetic	Resonance	International	Conference,	
Washington	USA,	February	2017.	
		

9.4 Invited presentations and teaching  
	
Rapid	Cardiac	Magnetic	Resonance	Project	and	Conference,	Lima	Peru,	January	2019.	Senior	
faculty	–	Prof	James	Moon,	Dr	Ron	Jacob,	Dr	Malcolm	Walker,	Dr	Katia	Menacho.	I	gave	talks	on	
various	CMR	topics	and	assisted	in	the	hands-on	case	reporting	sessions.	
	
MRI	for	Cardiac	Device	Patient	Study	Day,	Barts	Heart	Centre,	London,	UK.	Regular	speaker	on	
the	course,	lecture	on	the	safety	/	guideline	aspects	of	scanning	a	patient	with	a	cardiac	device.	
Senior	faculty	–	Dr	Charlotte	Manisty,	Dr	Anish	Bhuva,	Dr	John	Baksi,	Prof	James	Moon.	Regular	
dates	throughout	2018	and	2019.	
	
University	College	London	examining	/	teaching.		
● Marked	essays	for	the	Cardiology	MSc	
● Examiner	MSc	clinical	cardiology	case	presentations	
● Second	year	medical	student	reflective	essay	examiner	
● Second	year	medical	student	small	group	tutor	
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Course	organiser	/	faculty	on	the	“CMR	Workshop	on	CMR	Stress	Imaging”.	Organised	the	2-
day	international	workshop	along	with	course	director	Prof	Steffen	Petersen.	Gave	a	talk	on	the	
second	day	on	quantitative	CMR	perfusion.	6	monthly	courses	from	2017-2019.	
	
Co-organiser	of	the	CMR	radiographer	improvement	course,	2-day	course	at	Barts	Heart	
Centre.	Participants	travelled	from	throughout	the	UK	(and	Europe)	to	attend	the	course.	
Duties	included	formulating	the	programme,	arranging	the	speakers,	contacting	sponsors,	
choosing	an	appropriate	venue,	giving	a	presentation	on	ECG	interpretation	and	running	an	
imaging	post	processing	session.	
	
Clinical	trainer	and	faculty	member	British	Cardiovascular	Society	2018-2022.	Training	
participants	in	sessions	on	CMR	scanning	and	image	post-processing.	 	
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9.5 Collaborations 
	

● Dr	Peter	Kellman,	Director	of	the	Medical	Signal	and	Image	Processing	Program	at	the	

National	Heart	Lung	and	Blood	Institute,	National	Institutes	of	Health,	Bethesda,	

Maryland,	USA.	

● Dr	Hui	Xue,	Deputy	Director	of	the	Medical	Signal	and	Image	Processing	Program	at	the	

National	Heart	Lung	and	Blood	Institute,	National	Institutes	of	Health,	Bethesda,	

Maryland,	USA.	

● Prof	Steffen	Petersen,	Professor	of	Cardiovascular	Medicine,	Queen	Mary	University	of	

London.	

● Dr	Marianna	Fontana,	Consultant	Cardiologist	Royal	Free	Hospital	and	Associate	

Professor	University	College	London.	

● Prof	Sven	Plein,	Professor	of	Cardiology,	University	of	Leeds.	 	
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