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Abstract	
	
Introduction.	Calcific	aortic	valve	disease	(CAVD)	and	atherosclerosis	are	
important	public	health	problems.	Our	ability	to	allocate	patients	to	treatment	
strategies	optimally	and	monitor	progression	is	limited.	Hybrid	positron	
emission	and	computed	tomography	(PET/CT)	is	able	to	demonstrate	both	
anatomy	(CT)	and	molecular	processes	(PET)	in	vivo.	The	18F-sodium	fluoride	
(18F-fluoride)	isotope	has	shown	promise	in	early	cardiovascular	studies.	The	
purpose	of	this	thesis	was	to	elucidate	the	mechanisms	of	cardiovascular	18F-
fluoride	uptake	and	define	how	18F-fluoride	PET/CT	might	play	a	role	in	the	
assessment	of	CAVD	and	atherosclerosis.	
	
Methods.	Three	cohorts	were	recruited	constituting	patients	with:	CAVD,	
coronary	atherosclerosis	and	carotid	atherosclerosis.	Using	in	vitro,	ex	vivo	and	
in	vivo	techniques,	a	model	of	the	mechanism	of	18F-fluoride	uptake	and	its	
pharmacology	was	elaborated.	In	observational	clinical	studies,	18F-fluoride	
and	18F-FDG	uptake	in	aortic	valvular,	coronary	and	carotid	arterial	tissue	was	
assessed.	Techniques	for	uptake	quantification	were	evaluated	for	accuracy	and	
reliability.	Tissue	uptake	was	related	to	established	clinical	and	image-based	
variables	as	well	as	prospectively	gathered	clinical	outcome	data.	
	
Results.	In	the	CAVD	cohort,	121	volunteers	were	recruited.	18F-fluoride	
PET/CT	correlated	with	tissue	markers	of	active	calcification	and	predicted	the	
genesis	of	new	areas	of	calcification	within	the	aortic	valve.	18F-fluoride	uptake	
was	associated	with	disease	progression	and	clinical	events.	
	
In	the	coronary	cohort,	80	volunteers	were	recruited.	In	patients	with	acute	
myocardial	infarction	the	highest	coronary	18F-fluoride	uptake	was	seen	in	the	
culprit	plaque	(median	maximum	tissue-to-background	ratio:	culprit	1·66	[IQR	
1·40–2·25]	versus	highest	non-culprit	1·24	[1·06–1·38],	p<0·0001).	In	patients	
with	stable	angina,	plaques	with	focal	18F-fluoride	uptake	were	associated	with	
more	high-risk	features	on	intravascular	ultrasound	than	those	without	uptake.	
	
In	the	carotid	cohort,	38	volunteers	were	recruited	(26	+12,	separate	studies).	
18F-fluoride	plaque	uptake	was	associated	with	neurovascular	symptoms	(log10	
mean	standardized	uptake	value	0.29±0.10	versus	0.23±0.11,	P=0.001)	as	well	
as	image	and	tissue	derived	features	of	high-risk	plaque.	18F-fluoride	
selectively	highlighted	areas	of	pathologically	high	risk	nascent	
microcalcification	and	was	proven	to	have	pharmacological	properties	highly	
favourable	for	PET	imaging.	
	
Conclusions.	18F-fluoride	PET/CT	is	a	valuable	tool	for	exploring	pathobiology	
in	CAVD	and	atherosclerosis	may	represent	an	attractive	method	for	assessing	
response	to	novel	therapies.
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Lay	Summary	
	

Narrowing	of	the	aortic	valve	(aortic	stenosis)	and	hardening	of	the	arteries	

(atherosclerosis)	are	related	diseases	responsible	for	a	huge	burden	of	death,	

illness	and	suffering	in	the	world.	Our	ability	to	accurately	assess	these	diseases	

in	order	to	choose	or	measure	the	effects	of	treatment	remains	limited.	
	

Hybrid	positron	emission	tomography	and	computed	tomography	(PET/CT)	is	a	

scanning	technique	that	allows	doctors	to	look	at	the	physical	structures	in	the	

body	at	the	same	time	as	the	underlying	active	biological	processes.	Two	such	

processes	of	particular	importance	in	aortic	stenosis	and	atherosclerosis	are	

inflammation	and	calcification	(this	is	when	tissues	become	hardened	with	

limescale-like	deposits).	
	

The	purpose	of	this	research	was	to	show	how	PET/CT	is	able	to	demonstrate	

calcification	in	the	arteries	and	aortic	valve	and	also	to	explore	what	the	value	of	

doing	so	might	be	to	a	patient.	This	use	of	scanning	for	calcification	was	then	

compared	to	scanning	for	inflammation	which	is	the	traditional	method.	
	

Using	a	variety	of	techniques,	I	have	demonstrated	that	PET/CT	is	able	to	

demonstrate	the	process	of	on-going	calcification	in	the	aortic	valve.	It	does	so	

by	specifically	highlighting	the	very	earliest	and	tiniest	deposits	of	calcium.	

Showing	such	“active	calcification”	in	the	aortic	valve	appears	to	predict	

whether	or	not	a	patient’s	illness	is	going	to	get	worse	or	not.	In	the	arteries,	

demonstrating	“active	calcification”	with	PET/CT	highlighted	areas	of	disease	

that	were	particularly	prone	to	causing	heart	attacks	or	strokes.	Compared	to	

using	PET/CT	to	measure	inflammation,	the	calcification	method	performed	

better.	
	

These	findings	show	that	using	PET/CT	to	measure	calcification	may	permit	

doctors	to	choose	treatments	for	their	patients	more	effectively.	The	method	

may	also	allow	researchers	to	better	test	new	treatments	by	proving	a	way	of	

measuring	the	activity	of	disease	in	more	detail.
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1.1	Overview	
Calcific	aortic	valve	disease	and	atherosclerosis	are	prevalent	disorders	with	a	

large	global	impact	because	they	associated	with	an	enormous	burden	on	

patients	and	their	families	as	well	as	healthcare	providers	and	purchasers	alike.	

Cardiovascular	procedures	are	common	but	costly	and	potentially	risky	

interventions.	Although	our	knowledge	of	the	natural	history	and	treatment	of	

these	conditions	has	improved	in	the	last	four	decades,	much	remains	poorly	

understood	and	there	is	scope	for	improvement.	

	

Many	treatments	are	available	for	both	CAVD	and	atherosclerosis	but	our	ability	

to	select	optimally	patients	who	will	benefit	the	most	frequently	remains	

limited	and	is	often	based	on	outdated	and	basic	clinical	or	anatomic	markers	of	

risk	and	disease	activity.	Improving	risk	stratification	and	patient	selection	has	

been	highlighted	as	a	key	research	priority	by	international	expert	groups. (1)	

Improving	our	ability	to	identify	patients	at	particularly	high	or	low	risk	will	

permit	us	to	improve	outcomes	through	more	targeted	intervention.	This	will	in	

turn	result	in	optimal	resource	allocation;	a	critical	feature	of	modern	medicine.	

	

Clinical	imaging	with	hybrid	positron	emission	tomography	and	computed	

tomography	(PET/CT)	has	shown	promise	in	this	respect	in	the	domains	of	

CAVD	and	atherosclerosis.	The	technique	is	able	to	resolve	pathobiology	at	the	

molecular	as	well	as	the	anatomic	level.	It	is	possible	that	such	imaging	may	

provide	a	way	of	better	understanding	and	objectively	measuring	CAVD	and	

atherosclerosis	in	vivo.	

	

The	aim	of	this	thesis	is	therefore	to	investigate	the	potential	of	hybrid	clinical	

PET/CT	imaging	in	CAVD	and	atherosclerosis.



	 20	

	
1.2	Calcific	Aortic	Valve	Disease	
1.2.1	Epidemiology	
Calcific	aortic	valve	disease	(CAVD)	is	the	most	common	cause	of	acquired	

aortic	valve	stenosis	and	the	third	leading	cause	of	cardiovascular	disease. (2)	

The	prevalence	(in	a	Western	Population;	Tromsø)	is	approximately	0.2%	

among	adults	between	the	ages	of	50	and	59	years	rising	to	nearly	10%	in	those	

between	80	and	90	years. (3)	If	symptomatic,	untreated	severe	aortic	stenosis	is	

associated	with	a	high	risk	of	mortality	(approximately	50-70%	at	2	years) (4).	

It	is	the	commonest	cause	of	valve	replacement	in	Europe	and	North	America. 

(5-7)	Indeed	the	number	of	aortic	valve	interventions,	be	they	by	open	surgical	

replacement	(AVR)	or	trans-catheter	aortic	valve	implantation	(TAVI),	is	high	

and	rising. (6,7)	CAVD	is	therefore	associated	with	a	significant	disease	burden	

and	high	healthcare	costs	in	our	ageing	population.	

	

1.2.2	Normal	Aortic	Valve	Anatomy	and	Function	
The	normal	aortic	valve	lies	at	the	junction	between	the	left	ventricular	outflow	

tract	and	the	origin	of	the	aorta.	It	has	three	extremely	thin,	semilunar	

diaphanous	leaflets	or	cusps.	These	are	attached	to	a	coronet	shaped	“annulus”	

(a	misnomer)	made	of	a	condensation	of	collagen	fibres.	The	leaflets	are	

comparatively	sparsely	populated	by	cells.	The	ventricular	and	aortic	aspects	

are	covered	by	a	layer	of	valvular	endothelial	cells	(VECs;	whose	normal	

orientation	is	perpendicular	to	blood	flow,	unlike	that	of	vascular	endothelial	

cells)	interspersed	with	pericytes.	Within	the	leaflets	reside	valvular	interstitial	

cells	(VICs).	These	remodel	and	maintain	leaflet	microarchitecture	by	either	

synthesising	or	degrading	components	of	the	extracellular	matrix. (8,9)	

Normally,	these	cells	remain	quiescent	although	are	capable	of	significant	

phenotypic	plasticity	in	states	of	development	and	disease.
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The	valve	leaflets	are	made	of	three	discreet	layers.	The	“innermost”	(on	the	

ventricular	side)	is	called	the	ventricularis	and	is	composed	of	radially	arranged	

elastin	fibres.	The	“outermost”	is	called	the	fibrosa	and	consists	primarily	of	

inelastic	collagen	fibres	arranged	concentrically	(parallel	to	the	aorta).	A	final	

component	called	the	spongiosa	is	located	at	junction	of	the	valve	and	annulus	

between	the	ventricularis	and	fibrosa.	It	is	composed	of	loose	connective	tissue	

and	possibly	functions	either	like	a	hinge	or	a	“lubricant”	between	the	two	other	

layers;	this	is	speculative	however	and	the	precise	function	has	not	been	shown	

with	confidence.	During	systole,	the	leaflets	“open”	and	flatten	against	the	aortic	

intima	permitting	unobstructed	laminar	flow	of	blood	into	the	aortic	lumen.	In	

diastole,	the	moment	that	aortic	pressure	exceeds	that	of	the	pressure	in	the	

relaxing	ventricle,	the	leaflets	snap	shut	and	prevent	regurgitation	of	blood	into	

the	ventricular	cavity.	Unlike	the	mitral	valve,	this	is	an	entirely	passive	

phenomenon	with	no	requirement	for	energy	expenditure.	The	leaflets	

distribute	and	resist	this	mechanical	force	evenly	thanks	to	their	macroscopic	

geometry	as	well	the	concentric	alignment	of	inelastic	collagen	fibres	within	the	

fibrosa.	The	radially	oriented	elastin	fibres	within	the	ventricularis	complement	

the	collagen	by	stretching	in	the	radial	direction	thus	permitting	increased	

leaflet	coaptation	and	competence.	Together	the	layers	provide	the	necessary	

tensile	strength	to	prevent	prolapse	and	regurgitation	and	also	to	dampen	the	

blood	pressure	impulse	in	concert	with	the	elastic	aorta.	Another	key	function	

of	two	of	the	three	leaflets	is	to	direct	blood	flow	into	the	coronary	ostia	during	

diastole.	This	exposes	the	aortic	aspect	of	the	leaflets	to	more	oscillatory	blood	

flow	and	varying	shear	stresses.
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1.2.3	Pathogenesis	
CAVD	is	characterized	by	the	progressive	thickening,	stiffening	and	restriction	

of	the	aortic	valve	leaflets.	This	in	turn	results	in	progressive	obstruction	of	the	

left	ventricular	outflow	tract	and	secondary	effects	on	the	myocardium.	The	

cardiomyocytes	initially	undergo	an	adaptive	hypertrophic	response	to	the	

chronically	increased	afterload	but	ultimately	the	ventricle	begins	to	fail	for	a	

variety	of	reasons	and	the	patient	becomes	symptomatic	and	at	high	risk	of	

death. (8)	The	focus	of	this	section	and	indeed	this	thesis,	with	be	on	the	

pathological	processes	that	occur	within	the	valve	itself	and	not	on	the	

secondary	myocardial	effects.	

	

A	comprehensive	causal	sequence	explaining	the	genesis	of	CAVD	remains	

elusive.	The	disease	shares	many	risk	factors	with	atherosclerosis	including	

male	sex,	increasing	age,	chronic	kidney	disease,	tobacco	smoking	and	the	

metabolic	syndrome	(hypertension,	obesity,	hypo-activity,	type	2	diabetes	

mellitus,	hyperlipidaemia).	Other	risk	factors,	such	as	a	bicuspid	aortic	valve,	

are	unique	to	CAVD.	There	are	also	genetic	variants	known	to	predispose	to	the	

disease. (10,11)	

	

These	risk	factors	can	induce,	or	are	associated	with,	biological	phenomena	

such	as	increased	systemic	inflammation,	increased	oxidative	stress	or	

abnormal	valvular	stresses.	These	combine	to	produce	chronic	valvular	

endothelial	injury	and	dysfunction	that	lead	to	the	initiation	of	certain	

pathological	processes	within	the	valve	itself:	inflammation,	angiogenesis,	

hypoxia,	cell	death,	fibrosis	and	calcification.	These	then	interact	with	each	

other	in	a	positive	feedback	loop	to	further	drive	the	process	of	increasing	valve	

stiffness,	increasing	mechanical	stress,	increasing	inflammation	and	increasing	

calcification	and	fibrosis	(see	Figure	1.1).	CAVD	is	therefore	often	described	as	

occurring	in	two	phases:	initiation	and	propagation.	
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Processes	and	influences	are	represented	by	blue	arrows.	Cellular	migration	or	phenotypic	

switching	by	orange	arrows.	Abbreviations:	Lp(a),	Lipoprotein	little	a;	oxLDL,	oxidised	low-

density	lipoprotein;	ROS,	reactive	oxygen	species;	VIC,	valvular	interstitial	cells.	Updated	and	

adapted	from	Vesey	et	al(9)	

	

Figure	1.1	|	Overview	Of	The	Pathogenesis	Of	Calcific	Aortic	Valve	Disease	
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1.2.3.1	Initiation	

Endothelial Injury, Systemic Inflammation, Oxidative Stress and Lipid Infiltration 

The	likely	primary	event	in	the	evolution	of	CAVD	is	endothelial	injury.	This	is	

multifactorial.	Direct	mechanical	stress	plays	a	role	demonstrated	by	the	

observation	that	bicuspid	aortic	valves	(with	abnormal	and	poorly	distributed	

mechanical	stresses)	are	universally	affected	by	CAVD. (10,12)	The	fact	that	the	

non-coronary	cusp	(with	little	diastolic	blood	flow	and	therefore	less	shear	

stress)	is	the	most	severely	cusp	affected	in	CAVD	supports	the	hypothesis	that,	

as	in	atherosclerosis,	low	shear	stress	over	the	aortic	aspect	of	the	leaflet	

contribute	to	endothelial	dysfunction	and	disease	initiation.		

	

Mediated	though	a	variety	of	pathways,	diabetes	mellitus,	the	ageing	process,	

hypertension	and	tobacco	smoking	increase	systemic	inflammation	and	

heighten	metabolic,	osmotic	and	oxidative	stress.	This	aggravates	endothelial	

injury	and	further	drives	disease	initiation. (11,13)		

	

Once	the	integrity	and	health	of	the	endothelium	is	compromised,	oxidised	low-

density	lipoprotein	and	lipoprotein(a)	enter	the	subendothelial	space	on	the	

aortic	side	of	the	valve	triggering	a	localised	inflammatory	response.	The	

endothelial	injury	itself	and	the	oxidised	lipid	provide	a	strong	signal	for	the	

recruitment	and	infiltration	of	macrophages	(derived	from	circulating	

monocytes),	T-lymphocytes	and	mast	cells.	This	process	is	mediated	by	cell	

surface	adhesion	entities	such	as	intercellular	adhesion	molecule	1	and	vascular	

cell	adhesion	molecule	1.	A	vicious	circle	of	increasing	inflammation,	increasing	

endothelial	damage,	increasing	lipid	infiltration	and	increasing	cell	death	is	then	

established.
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1.2.3.2	Propagation	

Calcification upon Calcification 

Our	understanding	of	the	mechanisms	underlying	the	induction	and	

maintenance	of	valvular	calcification	is	incomplete.	It	is	certain	that	multiple	

complex	mechanisms	are	at	play.	Historically,	it	was	believed	that	valvular	and	

indeed	vascular	calcification	was	an	entirely	passive	and	degenerative	process	

and	that	all	the	relevant	and	tractable	biology	had	already	happened	earlier	in	

the	disease	process;	the	calcium	and	fibrosis	was	merely	burnt	out	remains.	

Starting	with	the	observation	of	intra-valvular	mature	chondral	and	osseous	

tissue	at	the	microscopic	level	and	moving	to	demonstrating	the	presence	and	

activity	of	a	host	of	chondrogenic	and	osteogenic	genes,	proteins	and	cells	at	the	

biomolecular	level,	it	is	now	clear	that	cardiovascular	calcification	is	a	highly	

active	and	regulated	process. (14,15)		

	

As	shown	in	Figure	1.2,	there	is	a	spectrum	of	putative	mechanisms	leading	to	

cardiovascular	calcium	deposition.	Truly	dystrophic	calcification	is	believed	to	

arise	from	the	simple	precipitation	of	amorphous	calcium	phosphate	deposits	

from	the	high	concentrations	of	calcium	and	phosphate	salts	released	during	the	

process	of	cell	death,	particularly	uncontrolled	cell	death;	oncosis	(leading	to	

tissue	necrosis).	There	is	little	to	no	biochemical	regulation	of	this	process.	The	

trigger	is	cellular	oncosis	or	caspase-dependent	apoptosis	which	in	turn	is	

caused	by	the	endothelial	damage,	lipid	infiltration,	oxidative	stress	and	

consequent	inflammatory	response	that	has	already	been	discussed.	

	

At	the	other	end	of	the	spectrum,	true	skeletal	osteogenesis	may	be	

recapitulated	within	cardiovascular	tissue.	This	leads	to	the	formation	of	

organised	bony	and	cartilaginous	tissue	which	may	even	be	host	to	myeloid	

tissue.	This	has	been	shown	histologically	and	also	by	the	demonstration	of	

activation	of	well-defined	osteogenic	genetic	programs	and	the	presence	of	

related	proteins	within	the	valve. (11)	This	process,	in	contrast	to	dystrophic	

calcification,	is	highly	regulated.	Indeed,	as	in	the	skeleton,	bone	is	laid	down	by	
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osteoblasts	and	then	absorbed	by	osteoclasts	–	such	remodelling	is	subject	to	

modulation	by	a	variety	of	systems,	notably	the	receptor	activator	of	nuclear	

factor	kappa	B	(RANK)/	receptor	activator	of	nuclear	factor	kappa	B	ligand	

(RANKL)/osteoprotegerin	(OPG)	axis	–	an	important	putative	pharmacological	

target	in	treating	CAVD.	So-called	non-classical	extra-skeletal	osteogenesis	(or	

“pseudo-skeletal”)	has	also	been	implicated.	This	process	is	characterised	by	the	

presence	and	activity	of	some	osteogenic	and	chrondrogenic	gene/protein	

pathways.	The	cells	involved	are	not	canonical	osteoblasts,	osteoclasts	and	

related	entities,	but	rather	other	transdifferentiated	cells	that	express	certain	

osteogenic/blastic/clastic	markers	(e.g.	Runx2/Cbfa1).	There	are	several	

potential	candidate	originator	cells	(see	figure	1.1),	but	the	exact	pathways	

remain	under	investigation.	The	process	of	osteoblastic	trans-differentiation	is	

driven	by	a	variety	of	inflammatory	signalling	moieties	and	also	potentially	by	

the	RANK	ligand.

Figure	1.2	|	Putative	Mechanisms	of	Cardiovascular	Calcification	
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The	final	pathway	is	the	most	recently	demonstrated.	Work	by	Aikawa	and	co-

workers(16)	has	demonstrated	(in	the	mouse	and	human)	that	macrophages	

themselves	(and	potentially	other	cells	e.g.	vascular	smooth	muscle	cells)	may	

be	able	to	directly	calcify	matrix	through	the	release	of	microcalcification-

generating	matrix	vesicles.	

	

What	all	these	pathways	share	in	common	is	similar	triggers:	pro-inflammatory	

signalling,	the	presence	of	oxidised	lipid	and	Lp(a),	the	increased	presence	of	

reactive	oxygen	species	and	cell	death	signalling.	A	wide	variety	of	molecular	

techniques	has	demonstrated	the	central	role	of	the	macrophage(17)	and	a	

variety	of	proinflammatory	cytokines	(interleukin	[IL]-1b,	IL-6,	IL-8,	[TNF]-a,	

insulin-like	growth	factor-1,	and	transforming	growth	factor	[TGF]-b. (18)	An	

array	of	linked	calcific	pathways	including	the	Notch, (19) Wnt/b-catenin, (20) 

and	RANK/RANKL/OPG	are	also	implicated. (21)	This	process	of	“inflammo-

calcific”	coupling	occurs	very	early	in	the	genesis	of	aortic	stenosis. (20-22)	

	

Alongside	progressive	calcification,	valvular	tissue	also	undergoes	fibrosis	

leading	to	further	exacerbation	of	stenosis	and	haemodynamic	stress.	

Angiogenesis	is	also	stimulated	by	the	hypoxic	and	inflammatory	milieu	of	the	

thickened	valve	leaflet	leading	to	the	formation	of	fragile	neovessels	highly	

prone	to	rupture	and	haemorrhage.	These	processes	together	all	lead	to	further	

pro-inflammatory	and	pro-calcific	signalling	and	a	positive	feedback	loop	of	

ever-increasing	calcification,	fibrosis	and	valve	stenosis	(Figure	1.1).	

	

Why Is Calcification Perhaps The Most Important Process In CAVD? 

Given	that	lipid	infiltration	and	inflammation	are	key	initiating	processes	in	

CAVD	and	that	HMG-CoA	reductase	inhibitors	(statins)	have	a	proven	track	

record	in	atherosclerosis	(which	shares	many	pathological	features	with	CAVD),	

there	was	interest	in	using	statins	as	disease	modifying	agents	in	CAVD.		Three	

randomised	studies	of	HMG-CoA	reductase	inhibition	in	CAVD	have	been	

published;	SALTIRE(23),	ASTRONOMER(24)	and	SEAS(25).	The	results	were	
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concordant	and	disappointing;	no	effect	on	disease	progression	was	

demonstrated.	The	failure	of	statins	in	these	trials	led	to	the	reappraisal	of	the	

role	of	inflammation	in	CAVD	and	the	idea	that	it	might	only	be	an	initiating	

insult.	It	is	possible	that	the	subsequent	vicious	circle	of	progressive	

calcification	and	fibrosis	is	a	more	tractable	entity	to	target.	A	new	focus	of	

therapeutics	has	therefore	been	on	pharmacological	agents	targeted	at	arresting	

calcification;	agents	of	particular	interest	are	the	bisphosphonates	or	

denosumab	(a	monoclonal	osteoprotegerin	analogue;	see	Pawade	et	al. (26) for	

a	detailed	description	of	their	putative	mechanisms	of	action	in	CAVD).
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1.2.4	Current	Imaging	Strategies	And	The	Need	For	A	New	Paradigm	
At	present,	the	management	of	CAVD	is	based	on	surveillance	of	a	variety	of	

cardiac	haemodynamic	parameters	using	echocardiography	and	more	recently	

CT	calcium	scoring. (27,28)	The	key	echocardiographic	parameters	are	inferred	

from	the	velocity	of	the	transvalvular	jet	of	blood	assessed	by	Doppler	

ultrasound.		Once	the	degree	of	valvular	obstruction	becomes	severe,	

intervention,	be	it	by	surgical	valve	replacement	or	transcatheter	implantation,	

is	indicated	when	symptoms	become	apparent.			This	approach	is	well	

established	but	has	limitations.	Symptoms	are	fickle	in	the	context	of	the	older	

and	multi-morbid	population	of	the	current	era.	It	is	also	increasingly	

recognised	that	echocardiographic	parameters	of	ventricular	function	can	be	

unreliable	in	the	context	of	severe	CAVD	and	multi-morbidity. (29)		

Fundamentally,	echocardiography	and	symptoms-based	management	is	

focussed	on	the	end	stage	of	disease	and	provides	no	information	on	the	biology	

within	the	valve	itself.	There	is	also	increasing	evidence	that	ventricular	fibrosis	

can	occur	prior	to	symptoms	developing	and	that	such	fibrosis	is	not	necessarily	

reversible	with	valve	replacement. (30)		

	

Given	the	limitations	of	the	current	paradigm,	a	new	approach	to	disease	

assessment	and	monitoring	that	is	able	to	resolve	disease	activity	within	the	

valve	tissue	itself	is	likely	to	prove	valuable	not	only	in	terms	of	clinical	decision	

making	but	also	in	terms	of	assessing	response	to	novel	medical	therapies.	The	

cost	of	clinical	trials	in	aortic	stenosis	can	be	very	high	and	as	we	have	seen	

from	the	statin	studies,	disappointing.	The	ability	to	assess	the	effect	of	a	new	

treatment	in	vivo	with	a	reliable	imaging	derived	surrogate	outcome	and	prove	

biological	plausibility	could	potentially	reduce	costs,	prevent	many	false	starts	

and	bring	disease	modifying	agents	more	rapidly	to	the	market.	
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1.3	Atherosclerosis	
1.3.1	Epidemiology	
Atherosclerosis	is	a	disorder	of	global	significance. (31)	Myocardial	infarction	is	

the	leading	cause	of	death	in	the	Western	World	and	stroke	is	the	leading	global	

cause	of	disability	and	dependency.	Atherosclerosis	is	responsible	for	countless	

deaths	as	well	as	an	enormous	burden	of	morbidity	and	disability	as	well	as	vast	

healthcare	expenditure.	Although	significant	advances	have	been	made	in	

understanding	this	disorder	and	reducing	its	toll,	much	remains	unknown	about	

how	best	to	prevent	and	treat	it.	

	
1.3.2	Pathogenesis	

1.3.2.1	The	Central	Role	of	Inflammation	
It	is	now	well	recognised	that	atherosclerosis	is	fundamentally	an	inflammatory	

disease	as	opposed	to	a	simple	disorder	of	lipoprotein	trafficking.	Peter	Libby,	a	

US	researcher	and	leader	in	the	field	has	written	the	key	reviews. (32-34)	

	

A	variety	of	biological	entities	(such	as	increased	systemic	inflammation,	

oxidative	stress,	elevated	angiotensin	2	levels,	etc.)	associated	with	the	classic	

atherosclerotic	risk	factors	(obesity,	diabetes,	hypertension,	hyperlipidaemia,	

tobacco	use,	etc)	act	as	irritant	stimuli	on	endothelial	(EC)	and	vascular	smooth	

muscle	cells	(VSMC).		

	

Under	normal	circumstance,	ECs	resist	adhesion	of	circulating	cells,	but	when	

stimulated	by	cytokines,	they	and	VSMCs,	are	induced	to	express	adhesions	

molecules	(e.g.	vascular	cell	adhesion	molecule	(VCAM)-1,	intercellular	

adhesion	molecule1	(ICAM-1),	etc. (35))	which	cause	circulating	monocytes	and	

lymphocytes	to	adhere	to	the	endothelium	and	begin	the	process	of	ingress	into	

the	sub-intima	where	the	crucial	interaction	with	oxidised	sub-intimal	

lipoprotein	deposits	will	occur.
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1.3.2.2	Chicken	or	Egg?	
It	remains	an	open	question	as	to	whether	lipid	ingress	or	an	inflammatory	

process	is	the	first	event	in	atherogenesis.	Tabas(36)	has	strongly	argued	in	

favour	of	the	“lipid	first”	hypothesis	yet	describes	lipid	ingress	occurring	in	

areas	of	“susceptible	intimal	thickening”	where	the	endothelium	is	relatively	

permeable	and	certain	“pro-retentive”	sub-intimal	proteins	are	to	be	found.	This	

begs	the	questions;	what	leads	to	the	initial	intimal	thickening?	There	are	clear	

and	strong	mechanistic/causative	links	with	circulating	low-density	lipoprotein	

(LDL);	Libby	even	describes	LDL	satisfying	Koch’s	postulates. (37)	The	huge	

success	of	the	statin	trials(38)	supports	this	view	but	the	disappointing	results	

of	newer	highly	potent	lipid	modifying	agents	such	a	CETP	inhibitors(39)		in	

reducing	cardiovascular	events	perhaps	points	to	a	more	complicated	picture	

that	evades	simple	explanation.	In	any	case,	there	is	certainly	a	parallel	process	

of	increased	endothelial	permeability	facilitating	the	ingress	of	both	

inflammatory	cells	and	lipoprotein.	

	

1.3.2.3	A	Question	of	Balance	
The	monocyte	is	a	key	player.	Once	adhered	to	the	endothelium,	this	cell	then	

migrates	into	the	sub-intimal	space	under	the	influence	of	cytokines	such	as	

monocyte	chemoattractant	protein-1	(MCP-1).	There,	it	transdifferentiates	into	

the	macrophage	and	expresses	scavenger	receptors	(Toll-like	receptors(40))	for	

modified	lipoproteins	(and	other	damage	associated	molecular	signatures	

(DAMPS)	such	as	the	heat	shock	proteins)	under	the	influence	of	macrophage	

colony	stimulating	factor(M-CSF).(41-43) The	macrophage	then	begins	to	

phagocytose	oxidised	low	density	lipoprotein	and	begin	the	process	of	

becoming	a	foam	cell.	This	whole	process	represents	a	complex	interplay	

between	resident	vascular	cells	(ECs	and	VSMCs),	which	release	pro-

inflammatory	cytokines,	and	foreign	inflammatory	cells.	The	T-lymphocyte,	

although	present	in	plaque	in	far	fewer	number	than	the	macrophage	is	

believed	to	act	as	a	co-ordinating	entity.	T-cells	are	recruited	into	the	plaque	by	

IL-1	(interleukin	1)	&	IL-6	themselves	induced	by	gamma	interferon	(IFG). (44) 
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The	exact	way	in	which	T-cells,	and	other	members	of	the	adaptive	immune	

system,	influence	atherogenesis	remains	under	investigation	but	it	seems	likely	

that	the	TH1	sub-population	is	important;	releasing	pro	inflammatory	

interleukin-1β	(IL-1β),	IFG	and	tumour-necrosis	factor	(TNF). (34) Regulatory	

T-cells	(TREGS)	may	play	a	counter-balancing	role	to	the	pro-inflammatory	

influence	of	TH1	cells. (45) Mast	cells,	under	the	influence	of	IL-6	and	IFG,	

eosinophils	and	B-cells	have	also	been	implicated. (46)	

	

Whether	a	plaque	progresses	or	regresses	is	a	question	of	balance	between	pro-	

and	anti-inflammatory	processes.	Not	unlike	the	T-cell,	the	macrophage	

demonstrates	polarity;	the	notion	of	proinflammatory	M1	and	anti-

inflammatory	M2	macrophage	is	now	well	established. (34,47)	When	pro-

inflammatory	processes	dominate	(presumably	in	the	continuing	presence	of	

“irritants”	–	continued	tobacco	ingestion,	untreated	hypertension,	etc.),	the	

plaque	milieu	degenerates	into	an	“unstable”	state.	Macrophages	release	

reactive	oxygen	species	and	interstitial	collagenases	such	as	matrix	

metalloproteinase-1,	8	and	13	(MMP)	promoting	weakening	of	the	fibrous	cap. 

(48)		They	and	VSMCs	also	express	pro-coagulant	tissue	factor	which	is	of	

critical	importance	in	the	event	of	plaque	rupture.	

	

In	atherogenesis,	the	concept	of	the	“necrobiome”	is	also	of	great	importance;	in	

a	state	of	uncontrolled	inflammation,	the	normally	controlled	processes	of	cell	

death	and	clearance	of	cellular	debris	and	apoptotic	bodies	(efferocytosis)	are	

overwhelmed. (34,47) Death	signalling	is	increased	and	greater	oncosis	results	

in	further	inflammatory	activation,	further	lipid	oxidation	and	a	positive	

feedback	loop	of	increasing	inflammation	and	increasing	cell	death.	This	leads	

to	an	inflamed	intra-plaque	necrotic	core	and	a	greater	probability	of	plaque	

rupture.	

	

In	contrast,	when	pro-atherogenic	stimuli	are	reduced,	the	influence	of	M2	

macrophages	and	TREGS	dominates.	Pro-inflammatory	signalling	is	reduced,	

VSMCs	assume	a	different	phenotype	and	migrate	to	the	cap	(under	the	



	 33	

influence	of	platelet	derived	growth	factor	(PDGF))	where	they	multiply	and	

secrete	collagen	and	other	matrix	proteins	generating	a	thicker,	more	stable	

fibrous	cap.	At	the	same	time,	the	“necrobiome”	becomes	more	controlled,	with	

apoptosis	dominating	and	the	balance	of	efferocytosis	resulting	in	an	efficient	

clearance	of	cell	debris	and	apoptotic	bodies.	A	virtuous	circle	of	reduced	

inflammation	and	controlled	cell	death	and	efferocytosis	ensues	and	the	plaque	

stabilises.	

	

1.3.2.4	Towards	A	Greater	Understanding	Of	Intimal	Atherosclerotic	

Calcification	
As	has	already	been	discussed	in	the	introductory	section	on	the	

pathophysiology	of	CAVD,	our	appreciation	of	the	role	that	tissue	calcification	

plays	in	atherosclerosis	has	radically	changed.	Far	from	being	a	passive	and	

“degenerative”	process,	vessel	mineralization	appears	to	be	a	controlled	

response	to	a	variety	of	insults,	particularly	oxidized	inflammatory	lipid. (49,50) 

This	process	has	many	similarities	to	the	organising	calcific	response	to	

tuberculosis	infection	where	lipid-rich	bacterial	cell	walls	become	oxidized	

through	leukocyte	activity.	The	chronic	caseating	necrotic	inflammation	

associated	with	tuberculosis	cannot	be	resolved,	so	is	effectively	“walled	off”	or	

replaced	by	calcium.	It	is	therefore	perhaps	no	surprise	that	direct	links	

between	atherosclerotic	macrophage	driven	inflammation	and	the	induction	of	

pro-calcific	pathways	have	been	identified	by	Aikawa	and	co-workers. 

(13,16,51) Indeed,	they	have	shown	that	macrophages	themselves	release	

matrix	vesicles	capable	of	inducing	calcification. (50)The	presence	of	cellular	

necrosis	and	increasing	numbers	of	apoptotic	bodies	secondary	to	impaired	

efferocytosis	are	also	likely	to	potentiate	this	relationship	further.	

Hydroxyapatite	nanocrystals	themselves	may	also	further	drive	the	

inflammatory	cycle	by	setting	up	a	positive	feedback	loop	of	increasing	

calcification,	increasing	inflammation,	and	increasing	cell	death.
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1.3.2.5	From	Evolving	Plaque	to	Clinical	Event	
Atherosclerosis	may	lead	to	clinical	syndromes	in	several	ways.	The	cycle	of	

inflammation	and	subsequent	healing	and	scarring	may	cause	stenosis	that,	

despite	collateralisation,	leads	to	a	supply/demand	mismatch	in	the	

downstream	tissues.	The	clinical	manifestations	depend	on	the	tissues	involved:	

angina	with	the	coronary	arteries,	intermittent	claudication	with	the	peripheral	

arteries	and	mesenteric	angina	with	the	visceral	arteries.	The	brain,	which	has	a	

very	high	and	unchanging	resting	metabolic	demand	isn’t	commonly	affected	by	

supply/demand	mismatch.	These	are	stable	phenomena	and	can	be	dealt	with	

in	a	controlled	and	elective	setting.	The	more	challenging	acute	clinical	

presentation	of	atherosclerosis	(myocardial	infarction,	stroke,	acute	mesenteric	

ischaemia	and	acute	limb	ischaemia)	relate	to	acute	plaque	events.	Plaque	

causes	acute	clinical	events	most	commonly	in	one	of	three	ways;	plaque	

rupture,	plaque	erosion	and	intra-luminal	calcified	nodule(48,52,53)	(see	figure	

1.3).	

Figure	1.3	|	The	Principle	Mechanisms	Of	Acute	Plaque	Events	

The	white	dots	are	micronodules	of	calcium,	the	red	dots	are	inflammatory	cells.	
The	yellow	crescent	is	the	lipid	pool.	The	red	area	within	the	plaque	is	the	necrotic	
core.	The	red	lines	are	fragile	neo-vessels.	The	purple	areas	are	thrombus.	The	
larger	white	regions	are	macrocalcific	deposits.	
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In	plaque	erosion,	the	endothelium	overlying	the	plaque	(which	is	usually	of	

small	volume	with	a	thick	cap	and	minimal	inflammation)	is	denuded	and	

platelets	then	aggregate	on	the	exposed	proteoglycans	and	smooth	muscle	cells.	

The	thrombus	may	then	embolise	and	cause	distal	ischaemia	and	infarction.	

Plaque	erosion	is	more	commonly	seen	in	young	female	smokers. (52)	In	highly	

calcified,	even	ossified	arteries,	a	coralline	nodule	may	project	into	the	lumen.	

This	nodule	has	no	anti-thrombotic	endothelial	covering	and	may	lead	to	

platelet	aggregation	and	embolism.	

	

Plaque	rupture	is	the	most	important	mechanism.	Usually,	a	large	inflamed	and	

necrotic	lipid	core	bursts	through	a	thin	fibrous	cap.	The	highly	thrombogenic	

contents	of	the	necrotic	core	are	then	exposed.	The	atheromatous	debris	may	

then	embolise	causing	atheroembolism,	or	a	thrombus	may	form	on	the	exposed	

material.	The	thrombus	may	cause	occlusion	of	the	vessel	at	the	plaque	(a	

typical	mechanism	in	a	ST	elevation	myocardial	infarction)	or	fragments	of	

thrombus	may	embolise	and	occlude	smaller	downstream	vessels	(a	typical	

mechanism	in	ischaemic	stroke).	

	

The	reason	that	the	plaque	core	bursts	is	not	fully	understood.	One	putative	

mechanism	is	that	much	like	in	a	pointing	abscess,	proteases	and	other	lytic	

enzymes	released	by	inflammatory	cells	increase	the	number	of	small	molecules	

thus	increasing	oncotic	pressure	within	the	core	causing	more	water	to	diffuse	

into	it.	This	in	turn	leads	to	a	higher	hydrostatic	pressure	and	then	rupture.	

Clearly	a	thinner	fibrous	cap	or	a	greater	degree	of	inflammation	and	an	

unfavourable	necrobiome	will	be	associated	with	a	higher	risk	of	rupture.	

	

Intra-plaque	haemorrhage	may	also	play	a	role. (54)	The	ischaemic	necrotic	

core	of	the	plaque	stimulates	the	ingress	of	tiny	blood	vessels	from	the	vaso	

vasorum	in	a	process	called	angioneogenesis.	These	neo-vessels	are	very	fragile	

and	prone	to	haemorrhage.	The	haemorrhage	may	stimulate	further	

inflammation,	cell	death	and	plaque	rupture.	
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Another	more	recently	proposed	mechanism	concerns	microcalcific	deposits.	As	

I	have	already	discussed,	inflammation	and	cell	death	appear	to	lead	directly	to	

the	nucleation	of	nano-	and	eventually	micro-scale	deposits	of	calcium	apatite.	

When	located	deep	within	the	plaque	they	are	probably	of	little	deterministic	

significance	to	the	integrity	of	the	cap.	However	a	group	has	hypothesized	and	

demonstrated(55-57),	through	the	use	of	finite	element	analysis	of	coronary	

plaque	microCT	data,	that	microcalcific	deposits	in	the	fibrous	cap	may	lead	to	

interfacial	debonding	at	the	calcium-soft	tissue	interface	and	focally	increased	

tissue	stress	in	the	thin	fibrous	cap.	This	could	lead	to	a	focal	point	for	plaque	

rupture	(see	figure	1.4).	

	

	
Finite	element	analysis	of	ex	vivo	coronary	plaques	has	suggested	microcalcifications	located	in	
the	fibrous	cap	may	destabilise	the	plaque	by	increasing	focal	tissue	stress.	Image	from	
Maldonado	et	al	2012(56).	
	
The	hypothesis	of	microcalcification	has	some	further	support	from	clinical	

studies	using	CT	coronary	angiography.	Motoyama	et	al(58)	

showed	that	“spotty	calcification”	(as	opposed	to	large	macrocalcific	deposits)	

are	frequently	seen	on	CTCA	in	culprit	lesions	in	acute	coronary	syndrome	

patients.	

Figure	1.4	|	Could	Microcalcification	Directly	Cause	Plaque	
Destabilisation	Through	Alteration	Of	Fibrous	Cap	Stresses?	
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It	remains	of	course	difficult	to	infer	causality	between	microcalcification	and	

plaque	rupture;	the	relationship	may	be	epiphenomenal.		As	has	previously	

been	discussed,	inflamed	necrotic	plaques	are	likely	to	microcalcify.		They	may	

rupture	independently	of	small	calcium	deposits	simply	by	virtue	of	

inflammation	and	the	other	processes	that	have	been	discussed.	Nevertheless,	it	

is	reasonable	to	conclude	that	microcalcification	is	a	high-risk	histopathological	

feature	of	plaque	and	its	clinical	identification	may	provide	an	interesting	and	

potentially	useful	biomarker	of	plaque	vulnerability.		
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1.3.3	In	Search	of	The	Vulnerable	Plaque	
When	making	clinical	decisions	about	when	to	intervene	in	the	context	of	both	

stable	and	unstable	atherosclerotic	syndromes	in	the	carotid	or	coronary	

circulations,	it	is	the	case	that	luminal	stenosis	remains	the	dominant	

biomarker.	Stenosis	is	simple	in	principle,	reproducibly	measured	non-

invasively	whether	by	angiography	or	Doppler	ultrasound	and	has	a	proven	

track	record	of	providing	prognostic	information	and	helping	direct	therapeutic	

decisions.	Yet	it	is	nevertheless	a	fickle	surrogate	marker	of	plaque	behaviour.	

Plaques	that	rupture	or	erode	and	cause	events	are	not	necessarily	stenotic	due	

to	the	process	of	positive	remodelling,	indeed	severely	stenotic	but	fibrocalcific	

lesions	may	be	stable. (59)		

	

In	acute	symptomatic	situations	(acute	myocardial	infarction,	stroke,	etc.)	the	

benefits	of	intervention	on	a	stenotic	artery	(carotid	endarterectomy(60)	or	

percutaneous	coronary	intervention(61))	are	not	in	doubt	but	there	is	often	

uncertainty	about	whether	or	not	there	has	been	an	acute	plaque	event	per	se	

and	if	so,	which	plaque	has	been	the	culprit.	This	is	particularly	the	case	in	

ischaemic	stroke	where	approximately	26%	of	events	are	deemed	cryptogenic; 

(62)	a	significant	fraction	of	these	unexplained	strokes	are	believed	to	arise	

from	non-occlusive	plaque.	It	is	also	not	infrequent	to	excise	an	entirely	stable	

looking	plaque	at	carotid	endarterectomy	performed	for	a	neuroischaemic	

episode.	The	ability	to	detect	the	presence	or	absence	of	a	culprit	or	vulnerable	

plaque	confidently	would	make	a	huge	difference	to	how	atherosclerosis	is	

treated.	

	

In	stable	atherosclerosis	the	situation	is	more	complex	and	controversial.	When	

assessing	the	coronary	circulation	for	potential	pathology,	there	is	an	array	of	

potentially	useful	diagnostic	modalities.	Some,	such	as	angiography	(invasive	or	

non-invasive)	are	aimed	at	establishing	coronary	anatomy	and	sometimes	

plaque	morphology,	others,	whether	any	putative	occlusive	disease	is	

associated	with	inducible	myocardial	ischaemia.		A	vast	sum	of	money	is	spent	
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in	the	US	on	assessing	parameters	of	myocardial	perfusion.	Many	argue	that	this	

“ischaemia”	based	strategy	is	irrational	given	that	we	know	non-obstructive	

plaques	can	rupture	and	cause	major	adverse	cardiovascular	events. (59)	It	has	

also	been	difficult	to	prove	that	intervention	in	the	context	of	stable	angina	does	

in	fact	reduce	the	risk	of	myocardial	infarction	or	cardiovascular	death.	This	is	

perhaps	best	illustrated	by	the	ongoing	major	controversies	over	the	DECREASE	

trial(63) and	the	continuing	debate	about	carotid	intervention	in	asymptomatic	

disease. (64-66)	As	such,	a	more	nuanced	plaque-based	approach	to	treatment	

allocation,	as	opposed	to	one	based	purely	on	stenosis	or	inducible	ischaemia,	

might	be	more	rational.	The	ability	to	identify	a	“vulnerable”	or	high	risk	(and	

not	necessarily	obstructive)	plaque	by	demonstrating	inflammation	or	active	

microcalcification,	as	previously	described	in	this	introduction,	may	also	

provide	a	powerful	way	of	monitoring	the	response	to	novel	pharmacological	

interventions.	



	 40	

1.4	Hybrid	Positron	Emission	Tomography	and	Computed	

Tomography	
1.4.1	Positron	Emission	Tomography	

1.4.1.1	Fundamentals	
Positron	Emission	Tomography	(PET)	is	a	non-invasive	molecular	imaging	

technology	that	is	able	to	resolve	and	quantitate	in	vivo	a	theoretically	limitless	

number	of	biological	processes	by	radiolabelling	tuneable	biomolecules	and	

then	detecting	them	at	picomolar	concentrations	using	a	scanning	platform.	

	

The	modality	takes	advantage	of	the	fact	that	it	is	now	reasonably	

straightforward	to	generate	“proton	heavy”	isotopes,	usually	by	bombarding	

suitable	targets	with	protons	in	a	cyclotron.		The	most	commonly	used	isotopes	

in	PET	imaging	are	11C,	13N,	15O	and	18F,	others	that	are	less	commonly	used	

include	64Cu,	76Br,	82Rb,	68Ga	and	124I.		18F	is	the	most	popular	as	its	half-life	

of	110	minutes	is	a	good	compromise	of	factors	(long	enough	to	permit	easier	

handling,	delivery	and	therefore	off-site	commercial	manufacture,	but	short	

enough	to	make	the	isotope	less	of	a	concern	in	terms	of	radiation	dose	and	

safety).	Using	a	hot	cell	(an	automated,	miniaturised	and	radiation	shielded	

chemistry	laboratory),	these	reporters	can	then	be	chemically	incorporated	into	

a	biomolecule,	drug	or	peptide	of	interest	before	being	administered	to	a	patient	

as	a	radiotracer.		One	of	the	major	challenges	and	expenses	in	PET	science	is	the	

reliable,	standardised	and	efficient	production	of	bespoke	complex	radiotracers.	

	

Once	administered,	the	radiotracer	localizes	to	and	interacts	with	the	biological	

process	of	interest.		At	a	given	moment,	the	unstable	reporter	isotope	will	

undergo	β+	decay;	an	excess	proton	is	converted	into	a	neutron	thus	restoring	

the	optimal	balance	of	protons	and	neutrons	in	the	nucleus.		This	conversion	

also	entails	the	generation	of	an	electron	neutrino	and	a	positron.		The	emitted	

positron	(with	an	energy	of	a	few	MeV)	then	travels	for	a	distance	in	the	tissue	

(the	positron	range)	before	thermalising	and	combining	with	an	electron	to	

form	a	positronium.	The	positronium	then	decays	by	annihilation	and	generates	
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two	511	keV	photons	emitted	at	nearly	180	degrees	to	each	other	(acollinearly).		

The	photons	go	onto	to	be	detected	by	scintillators,	coupled	to	photomultiplier	

tubes,	arranged	into	a	ring	detector.		They	are	then	‘electronically	collimated’	in	

time	by	co-incidence	(i.e.	only	photons	that	strike	the	scintillator	crystals	within	

a	3-12	nanosecond	time	window	are	counted	as	a	true	co-incidences).		It	

therefore	becomes	possible	to	localise	the	annihilation	event	along	a	line	of	co-

incidence	(line	of	response).		With	enough	events,	the	data	acquired	during	

scanning	can	be	reconstructed	using	statistical	software	into	an	interpretable	

image.		Although	data	on	many	millions	of	events	is	collected,	this	is	still	

significantly	less	than	CT,	and	as	such,	random	co-incidences,	detector	dead-

time,	photon	attenuation,	photon	scatter	and	other	factors	that	increase	the	

noise	in	PET	significantly	require	correction	by	statistical	algorithms.		The	

spatial	resolution	of	PET	is	also	fundamentally	limited	by	the	positron	distance	

(0.5	mm	with	18F)	and	acollinearity.		As	such,	the	resolution	for	most	clinical	

PET	systems	is	approximately	4-5	mm.	This	improves	to	approximately	700	µm	

with	a	pre-clinical	microPET	platform.	

	

In	order	to	aid	image	analysis,	the	PET	scanner	is	usually	employed	as	a	hybrid	

system	incorporating	a	CT	scanner	that	allows	for	attenuation	correction	and	

for	an	anatomically	detailed	CT	dataset	to	be	accurately	registered	with	the	

functionally	detailed	PET	dataset	as	the	subject	does	not	need	to	move.	The	CT	

dataset	may	be	augmented	with	the	use	of	varying	CT	protocols	(ECG	gating	for	

example)	and	the	use	of	iodinated	contrast	with	the	patient	in	the	same	

position.		

	

1.4.1.2	Static	Positron	Emission	Tomography	
Most	clinical	PET	scans	are	obtained	with	the	scanner	in	static	3D	mode.	This	is	

analogous	to	representing	the	PET	data	as	a	photograph	(as	opposed	to	a	

movie).	Usually,	the	tracer	is	injected	into	the	patient	outside	the	scanning	

room.	A	period	of	time	is	then	allowed	to	pass	(uptake	time)	whilst	the	tracer	

makes	its	way	around	the	body,	distributes,	is	taken	up	in	the	tissues	and	
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pharmacological	steady	state	is	achieved	(the	uptake	time	will	vary	according	to	

the	tracer	pharmacology	and	the	pathology	under	investigation).	The	patient	is	

then	moved	through	to	the	scanner.	The	body	can	be	then	be	scanned,	or	

“photographed”,	in	approximately	22	cm	thick	axial	slabs	or	“beds”.	All	the	co-

incident	events	in	one	bed	are	counted	and	placed	in	a	single	time	“bin”.	The	

time	of	acquisition	for	a	single	bed	can	be	varied	but	is	usually	set	at	about	15	

minutes	(more	time	=	more	co-incident	events	=	less	noise	OR	a	lower	dose	of	

tracer).	The	main	limitation	is	time	on	the	scanner	(expensive	and	discomfort	

for	the	patient	(who	needs	to	stay	still))	and	also	the	amount	of	coverage	

required	(more	beds	=	more	time).	The	data	from	each	slice	can	then	be	decay	

corrected	and	the	whole	data	set	integrated	into	one	volume	and	fused	with	a	

CT	volume	of	choice	(usually	the	attenuation	correction	dataset).	Static	PET	

acquisitions	are	not	strictly	quantitative	but	have	the	advantages	of	offering	

coverage	of	multiple	beds	(i.e.	the	whole	body	may	be	scanned)	and	of	being	

clinically	more	user	friendly	to	analyse	than	the	alternative	method	(see	

“Dynamic	Positron	Emission	Tomography”	below).	

	

Semi-Quantitative Uptake Measurement  

In	order	to	quantify	radiotracer	uptake	in	the	tissues,	static	PET	image	data	are	

analysed	on	commercially	available	software	packages	and	regions	or	volumes	

of	interest	(ROI/VOI)	are	drawn	on	the	CT	images	and	then	translated	to	the	

PET	images.		Radiotracer	uptake	is	normally	quantified	as	tissue	radioactivity	

normalised	to	the	injected	dose	and	body	surface	area	by	the	following	

equation:	

	

!"#(%) = ((%)
) ÷ +	

	

where	SUV	is	the	Standardised	Uptake	Value,	t	is	the	time	of	measurement,	c	is	

the	radioactivity	of	the	tissue	within	the	region	of	interest,	a	is	the	decay	

corrected	injected	activity	and	w	is	either	body	weight,	lean	body	weight	or	

body	surface	area.	All	voxels	in	the	volume	of	interest	have	a	separate	SUV	and	
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most	software	packages	will	quote	their	mean,	minimum,	maximum	and	

standard	deviation.		It	has	also	become	conventional	to	normalise	tissue	SUV	to	

image-derived	blood	pool	activity	(normally	from	caval	or	atrial	lumens)	to	

generate	a	Tissue	(or	Target)	to	Background	Ratio:	

	

,-. = 	 ,01123	#45	!"#(%)-6778	9776	!"#	(%)	

	

This	is	of	particular	use	in	cardiovascular	PET	when	the	tissues	of	interest	are	

often	affected	by	overspill	from	the	blood	pool.	

	

1.4.1.3	Dynamic	Positron	Emission	Tomography	
In	contrast	to	static	PET	imaging	(“photography”),	dynamic	PET	scanning	may	

be	regarded	as	more	akin	to	filming	a	movie.	This	method	is	the	gold	standard	

for	truly	quantitative	PET	and	can	facilitate	a	huge	variety	of	in	vivo	biological	

and	pharmacological	experiments.	In	brief,	the	scanner	is	used	in	“list”	mode	

and	scanning	started	at	the	moment	of	injection	of	radiotracer.	The	co-incidence	

data	are	then	recorded	as	they	vary	with	time.	It	is	usually	only	possible	to	scan	

a	single	bed	(i.e.	a	focussed	area	of	anatomy)	in	list	mode.	The	patient	must	

remain	still	in	the	scanner	for	usually	at	least	an	hour	(depending	the	isotope	

and	PET	experiment	being	performed).	The	technique	is	also	usually	

supplemented	by	arterial	blood	sampling;	initially	continuously,	then	

intermittently.	This	permits	a	precise	estimate	of	the	plasma	concentration	of	

isotope	as	it	varies	with	time.	The	blood	concentration	or	blood/plasma	activity	

curve	derived	from	this	data	will	serve	as	the	“input	function”	used	to	“drive”	

the	mathematical	modelling	that	can	be	subsequently	performed	to	explore	the	

pharmacodynamic	and	kinetic	properties	of	the	tracer	under	investigation.	For	

complex	PET	radiotracers	blood	sampling	is	mandatory	as	it	permits	analysis	of	

the	metabolised	products	of	the	radiotracer	using	high-performance	liquid	

chromatography.		
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1.4.2	PET/CT	In	Cardiovascular	Disease	

1.4.2.1	18F-Fluorodeoxyglucose	
18F-Fluorodeoxyglucose,	or	more	properly	2-deoxy-2-(18F)fluoro-D-glucose	

(18F-FDG)	was	first	administered	to	humans	in	1976(67)	with	the	aim	of	

demonstrating	cerebral	and	total	body	glucose	utilisation.		Cells	with	high	

metabolic	demand	express	large	quantities	of	various	GLUT	transporter	sub-

types	and	metabolise	glucose	quickly	thus	generating	a	gradient	across	the	cell	

membrane	that	causes	a	continuous	large	influx	of	glucose.		18F-FDG	directly	

competes	with	glucose	for	transportation	by	GLUT	and	then	undergoes	

phosphorylation	to	18F-FDG-6-phosphate	by	hexokinase.		Owing	to	the	strict	

specificity	of	phosphoglucose	isomerase	for	glucose-6-phosphate,	18F-FDG-

phosphate	is	not	altered	and	is	unable	to	progress	down	the	glycolytic	pathway.		

It	thus	becomes	trapped	within	the	cell	and	its	continuing	accumulation	allows	

detection	by	the	PET.		18F-FDG	is	thus	able	to	identify	clusters	of	cells	with	very	

high	rates	of	glucose	uptake.		Consequently,	18F-FDG	is	not	specific	to	one	cell	

type	but	will	accumulate	in	any	cell	with	increased	metabolic	demand	e.g.	

neurons,	active	muscle	cells,	neoplastic	cells	and	activated	inflammatory	cells.	

	

As	a	result	of	its	ubiquity,	18F-FDG	remains	the	only	putative	PET	marker	of	

inflammation	to	have	been	investigated	in	clinical	studies	of	CAVD.	In	PET	

imaging	of	atherosclerosis,	pioneered	by	Rudd(68),	Fayad(69)	and	

Tawakol(70,71),	it	was	hypothesized	that	macrophages,	the	key	players	in	the	

inflammatory	milieu	of	the	high-risk	plaque,	were	responsible	for	the	observed	

signal.		This	was	evidenced	in	Rudd’s	original	paper	using	tritiated	deoxyglucose	

autoradiography.	Others	have	demonstrated	a	correlation	between	plaque	SUV	

and	CD68	macrophage	immunohistochemical	staining	in	humans(70).	These	

data	complement	observations	that	macrophages	have	high	baseline	levels	of	

glycolysis	that	increase	dramatically	when	the	cell	becomes	activated. (72,73)	

This	may	be	particularly	germane	in	the	hypoxic	environment	of	the	plaque	

where	glycolysis	may	be	the	only	pathway	available	for	the	generation	of	ATP. 

(74,75)	Indeed,	pre-clinical	and	clinical	data	have	suggested	that	hypoxia	may	
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be	the	most	important	factor	governing	the	uptake	of	18F-FDG	by	macrophages. 

(76)	Whether	it	is	inflammation,	hypoxia	or	a	combination	of	both	driving	

increased	GLUT	expression	by	macrophages,	a	growing	body	of	clinical	studies	

indicate	that	18F-FDG	highlights	a	pathological,	hypermetabolic	state	in	the	

arterial	wall	that	appears	to	improve	with	statin	therapy. (77)	Although	there	

have	been	no	data	published	at	the	time	of	study	exploring	the	mechanisms	of	

18F-FDG	uptake	in	the	aortic	valve,	it	seems	highly	likely	that	similar	

mechanisms	should	also	govern	uptake.	
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1.4.2.2	18F-Fluoride	
18F-fluoride	(delivered	as	a	solution	of	sodium	fluoride;	18F-fluoride)	was	first	

mooted	as	a	bone	tracer	in	the	seminal	paper	by	Blau	in	1972. (78)	It	has	since	

established	a	track	record	in	PET	imaging	of	bone	metabolism	and	disease	with	

an	excellent	safety	record. (79-98)	It	has	been	used	in	humans	to	assess	disease	

activity(80,83)	and	indeed	response	to	treatment	in	osteoporosis(86)	and	

Paget’s	disease. (91)	By	virtue	of	its	rapid	elimination,	high	target	specificity	and	

availability	for	binding,	it	has	pharmacokinetic	and	pharmacodynamics	

properties	that	are	ideally	suited	to	imaging,	resulting	in	a	high	target	to	

background	ratio. (79,88)		

	

It	is	often	argued	that	18F-fluoride	is	a	marker	of	bone	deposition(93)	or	

osteoblastic	activity	but	the	reality	is	more	complex. (78,95,96)	Bone	crystal	is	

predominantly	composed	of	calcium	orthophosphate	crystal	that	approaches	

mineral	calcium	hydroxylapatite.	In	purely	physicochemical	terms,	the	fluoride	

ion	is	incorporated	onto	the	apatite	surface	by	chemisorption	and	substituted	

for	a	hydroxyl	group.		In	physiological	conditions,	this	not	a	simple	process;	the	

original	4-step	description	by	Blau	still	stands	today.	fluoride	must	first	be	

delivered	to	the	bone	by	blood	(1)	and	then	leave	the	plasma	to	enter	the	

extracellular	fluid	(ECF)	(2).	The	fluoride	will	then	enter	the	shell	of	bound	

water	enveloping	the	crystal	(3)	before	eventually	undergoing	full	

incorporation	(4).	Steps	one	and	two	are	predominantly	determined	by	blood	

flow.	Steps	three	and	four	are	however	critically	dependent	upon	the	surface	

area	of	apatite	available	for	incorporation.	In	bone,	this	relates	to	increased	

osteoblast	and	osteoclast	activity.	Osteoblasts	generate	matrix	vesicles,	and	the	

propagation	of	new	regions	of	tiny	nano-crystalline	apatite	particles,	whilst	

osteoclasts	promote	the	dissolution	of	solid	blocks	of	established	mineral.	As	a	

consequence,	18F-fluoride	uptake	reflects	a	combination	of	increased	

osteoblastic	and	osteoclastic	activity,	thus	acting	predominantly	as	a	marker	of	

bone	turnover.	Indeed,	this	hypothesis	is	now	firmly	supported	by	a	large	and	

expanding	body	of	experimental	and	clinical	PET	data.(81,84,85,88,89,95)
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1.4.4.3	Proposed	Mechanism	Of	18F-Fluoride	Uptake	In	Cardiovascular	

Tissue	
18F-fluoride	uptake	in	the	aorta	and	carotid	arteries	was	first	published	by	

Derlin. (97,99)	He	made	the	key	observation	that	some	heavily	calcified	lesions	

did	not	demonstrate	increased	PET	uptake,	and	indeed	that	CT	calcium	scores	in	

the	aorta	did	not	correlate	well	with	18F-fluoride	uptake.	Subsequent	studies	

have	confirmed	the	disconnect	between	18F-fluoride	PET	and	CT	calcium	

scoring,	which	similar	to	bone,	probably	relates	to	calcification	activity	and	the	

effects	of	surface	area	on	18F-fluoride	binding.	

	

	

	

	

	

As	I	have	already	described	in	the	introduction,	in	the	early	stages	of	CAVD	and	

similarly	within	the	milieu	of	the	high-risk	or	indeed	ruptured	atherosclerotic	

plaque,	microcalcification	is	likely	to	represent	a	complex	and	regulated	healing	

response	to	the	inflammation,	hypoxia	and	cell	death	characteristic	of	these	

lesions.	My	central	hypothesis	is	that	it	is	likely	that	these	foci	of	calcium	

nanocrystals	provide	an	extremely	high	surface	area	to	which	18F-fluoride	can	

Figure	1.5	|	Putative	Mechanism	for	18F-Fluoride	Microcalcification	Selectivity	

The	total	volumes	of	material	in	each	example	of	this	diagram	do	not	change,	but	as	
the	unit	of	division	becomes	smaller,	the	surface	area	available	for	absorption	
massively	increases.	The	“block”	on	the	left	is	analogous	to	an	established	lump	of	
field	calcification	in	a	stable	atherosclerotic	plaque	(low	surface	area	to	volume	ratio),	
the	situation	on	the	right	is	akin	to	the	countless	nucleating	nanocrystals	of	calcium	in	
a	necrotic	unstable	plaque(56,57)	(a	very	high	surface	area	to	volume	ratio)	
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absorb,	resulting	in	increased	uptake	of	this	tracer	in	regions	of	newly	

developing	and	active	micro-calcification.		

	

By	contrast,	in	a	stable	atherosclerotic	plaque,	where	healing	has	occurred	and	

the	calcium	has	coalesced	into	a	large	but	unitary	volume	or	“field”	of	macro-

calcification,	most	of	the	calcium	is	internalised	and	“hidden”	from	the	isotope.		

	

The	situation	in	the	latter	stages	of	aortic	stenosis	is	perhaps	more	nuanced.	

Here	the	valve	is	characterised	by	an	extensive	calcification	process	that	is	co-

ordinated	by	osteoblasts	in	a	manner	more	akin	to	skeletal	bone	formation,	

involving	many	of	the	same	humoral	factors.	Indeed,	lamellar	bone,	

microfractures	and	haemopoetic	tissue	have	all	been	observed	in	the	end-stages	

of	the	disease.	The	mechanism	of	18F-fluoride	binding	in	these	valves	is	

therefore	more	likely	to	be	similar	to	that	of	bone,	reflecting	the	deposition	of	

new	micro-calcific	deposits	on	the	surface	of	the	valve,	the	remodelling	of	

existing	calcium	towards	the	end-stage	bone	phenotype	and	perhaps	isotope	

delivery	through	angiogenesis.	

	

In	summary,	18F-fluoride	is	believed	to	act	as	a	marker	of	new	and	evolving	

microcalcification	and	calcium	turnover	patients	with	atherosclerotic	plaque	

and	CAVD.	Given	its	proven	specificity	and	excellent	kinetics	in	bone	and	

metastatic	disease	patients	and	complete	lack	of	myocardial	spillover,	the	

isotope	holds	major	advantages	over	18F-FDG	as	an	imaging	biomarker	of	

disease	activity	and	plaque	risk	in	both	CAVD	and	atherosclerotic	plaque.	
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1.4.4.4	Clinical	Studies	of	18F-FDG	in	CAVD	
To	the	date,	only	two	published	studies	have	examined	the	use	of	18F-FDG	in	

the	imaging	of	valvular	glycolytic	activity. (100,101)	The	first	published	report	

of	18F-FDG	uptake	in	the	aortic	valve	was	produced	by	Marincheva-Savcheva	

and	colleagues	in	2011. (100)		This	was	a	retrospective	study	of	patients	having	

whole	body	18F-FDG	PET	CT	for	oncological	staging.		The	group	identified	a	

cohort	of	42	patients	with	a	diagnosis	of	CAVD	and	age-matched	these	patients	

to	a	second	cohort	of	42	cancer	patients	without	CAVD.		Patients	with	CAVD	

were	stratified	in	to	echocardiographically	mild,	moderate	and	severe	groups.		A	

semi-quantitative	assessment	of	CT	valvular	calcification	was	made.		PET	scans	

were	manually	registered	with	CT	scans	and	ROIs	were	drawn	in	the	centre	of	

the	aortic	valves	(to	minimise	overspill	from	myocardial	uptake).		Tissue-to-

background	ratios	were	computed	by	normalising	valvular	SUVs	to	blood	pool	

uptake	in	the	right	atrium.		Intra-	and	inter-observer	reproducibility	studies	

were	undertaken	and,	in	a	subgroup,	the	authors	addressed	the	ability	of	18F-

FDG	to	predict	disease	progression.	

	

To	date,	Dweck	has	performed	the	largest	prospective	study	of	PET	CT	18F-FDG	

imaging	in	patients	with	CAVD. (101)	A	total	of	121	patients	were	recruited	and	

were	representative	of	the	full	spectrum	of	CAVD	severity	including	20	subjects	

with	aortic	valve	sclerosis	and	20	age-	and	sex-matched	controls	with	normal	

aortic	valves.	Baseline	echocardiography	was	performed	along	with	dedicated	

18F-FDG	and	18F-fluoride	PET	CT	imaging	and	CT	calcium	scoring	of	the	aortic	

valve. (102)	Patients	were	also	asked	to	adhere	to	a	carbohydrate-free	diet	prior	

to	their	18F-FDG	scan	in	order	to	minimise	myocardial	uptake	by	encouraging	

the	heart	to	switch	from	glucose	to	free	fatty	acid	metabolism.	PET	CT	analysis	

was	undertaken	using	dedicated	PET	CT	analysis	software	(OsiriX	version	3.5.1	

64-bit;	OsiriX	Imaging	Software,	Geneva,	Switzerland).	
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Relationship	Between	FDG	Uptake	And	Aortic	Stenosis	Lesion	Severity	

The	key	finding	from	Marincheva-Savcheva’s	study	was	that	aortic	valve	18F-

FDG	uptake	was	significantly	higher	in	CAVD	patients	compared	to	controls	

(median	TBR	1.53	[IQR:	1.42-1.76]	versus	1.34	[1.20-1.55];	p	<	0.001).	There	

was	also	an	apparent	increase	in	18F-FDG	uptake	upon	moving	from	mild	to	

moderate	aortic	stenosis	(1.50	[1.36	to	1.75]	versus	1.70	[1.52	to	1.94]).	

However	18F-FDG	uptake	reduced	in	those	with	severe	disease	(1.51	[1.38	to	

1.54]),	leading	the	authors	to	conclude	that	CAVD	occurs	in	two	distinct	stages:	

an	early	principally	inflammatory	stage	followed	by	a	second	stage,	decoupled	

from	inflammation,	and	dominated	by	a	process	of	active	calcification	

reminiscent	of	osteogenesis. (18)	Dweck’s	findings	largely	reproduced	those	of	

Marincheva-Savcheva,	in	that	he	observed	a	steady	although	modest	positive	

correlation	between	18F-FDG	uptake	by	all	measures	and	aortic	stenosis	

severity	but	did	not	see	the	fall	in	18F-FDG	uptake	in	patients	with	the	most	

severe	lesions.	This	discrepancy	may	be	attributable	to	survival	bias	in	the	

severe	patients	(they	are	more	likely	to	progress	to	surgery	and	thus	drop	out	of	

analysis),	the	small	numbers	of	patients	in	the	first	study,	the	problems	with	

reproducibility	in	one	study	or	unaccounted	differences	in	the	different	study	

population.	The	summary	findings	of	both	studies	are	shown	in	Figure	1.6.	It	

should	be	noted	that	in	both	trials,	large	overlaps	in	TBR	ranges	between	

groups	were	observed,	indicating	that	although	statistical	differences	were	

present,	the	ability	of	18F-FDG	to	distinguish	between	categories	with	

confidence	is	limited.	
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Figure	1.6	|	Valvular	18F-Fluorodeoxyglucose	TBRmax	Uptake	
According	To	Echocardiographic	severity	

Marincheva-Savcheva	(red)	and	Dweck	
(blue).		Dots/diamonds	are	median,	
whiskers	are	interquartile	range	
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Predicting	Clinical	Outcome	and	Disease	Progression	In	CAVD	

In	a	sub-group	of	patients	with	serial	echocardiographic	data	available	(n	=	19),	

Marincheva-Savcheva	showed	that	subjects	with	a	valvular	TBR	greater	than	

the	median	had	a	higher	chance	of	progression:	5	of	6	patients	with	above	

median	TBR	progressed	compared	to	2	of	9	patients	with	below	median	values.		

This	result	only	just	reached	statistical	significance	(p	=	0.04)	and	the	binary	

definition	of	progression	was	loose	(any	increase	in	severity	class	in	any	of	the	

echocardiographic	criteria).	

	

Reproducibility,	Methodological	Strengths	and	Weaknesses	

The	Marincheva-Savcheva	study	was	important	in	terms	of	proof-of-principle	

but	was	limited	by	several	factors.			The	study	was	necessarily	retrospective	and	

the	patients	were	not	primarily	selected	on	the	basis	of	their	cardiac	disease.	

Moreover,	the	PET/CT	protocols	were	neither	standardised	nor	optimised	for	

demonstrating	valvular	inflammation.		The	analysis	was	also	limited	by	poor	

intra-observer	reliability,	with	an	intra-class	correlation	coefficient	of	0.55	

(95%	CI:	0.27	-	0.73),	although	curiously,	the	inter-observer	reliability	was	

much	better:	intra-class	correlation	coefficient	(ICC)	=	0.97	(95%	CI:	0.96	to	

0.98).		Therefore,	the	results	need	to	be	interpreted	with	caution.		Dweck’s	

group	benefited	from	pre-specified	and	consistent	PET/CT	acquisition	

protocols,	a	prospectively	recruited	cohort	and	a	standardised	follow-up	

schedule.	He	explored	multiple	methods	of	analysing	valvular	18F-FDG	uptake,	

and	concluded,	like	Marincheva-Savcheva,	that	the	“centre-valve”	approach	

produced	the	best	intra-	and	inter-observer	reliability	with	narrow	limits	of	

agreement(101).	In	keeping	with	Marincheva-Savcheva	findings,	the	group	also	

found	that	analysis	was	significantly	hampered	by	overspill	of	signal	from	

myocardial	tissue	near	the	aortic	annulus.	This	occurred	despite	dietary	

modification	and	may	have	contaminated	the	valvular	signal.	Furthermore,	as	

with	any	PET	image	analysis	of	relatively	small	volumes,	the	absolute	measured	

activities	may	have	been	reduced	by	partial	voluming	artefact.	
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1.4.4.5	Clinical	Studies	of	18F-Fluoride	in	CAVD	
At	the	time	of	writing,	only	two	clinical	studies	have	been	published	exploring	

the	role	of	18F-fluoride	PET	CT	imaging	in	CAVD(101,103).	Hyafil	and	

colleagues	employed	a	retrospective	design	looking	at	a	small	cohort	(n	=	5)	of	

oncological	and	rheumatological	patients	who	happened	to	have	a	diagnosis	of	

CAVD.	A	control	cohort	of	10	patients	without	CAVD	was	randomly	selected	

from	the	population	who	had	undergone	PET/CT.	SUVmax	and	TBRmax	values	

were	obtained	by	drawing	ROI	around	the	aortic	valve	and	within	the	right	

atrial	lumen.	Studies	of	intra-	and	inter-observer	reliability	were	also	

undertaken.	In	Dweck’s	study,	as	described	above,	a	cohort	of	121	patients	

underwent	18F-fluoride	PET	CT	along	with	18F-FDG	PET	CT	and	CT	calcium	

scoring	of	the	aortic	valve.	

	

Relationship	Between	18F-fluoride	And	Lesion	Severity	

Both	studies	demonstrated	that	stenotic	aortic	valves	showed	considerably	

higher	18F-fluoride	uptake	than	normal	valves	(see	figure	1.7).		Hyafil	

compared	normal	with	severe:	valvular	TBRmax	1.5	(IQR	1.5	to	1.7)	versus	2.2	

(IQR	2.0	to	2.7)	respectively.		Dweck	recruited	from	across	the	CAVD	severity	

spectrum,	again	demonstrating	increased	activity	versus	controls	and	a	strong	

positive	correlation	(much	stronger	than	18F-FDG)	between	stenosis	severity	

and	all	measures	of	18F-fluoride	uptake.	This	clear	relationship	remained	if	

severity	was	assessed	by	other	echo	parameters	(time-velocity	integral:	

r2=0.546,	P<0.001;	aortic	valve	area:	r2=0.387,	P<0.001;	dimensionless	index:	

r2=0.527,	P<0.001)	or	indeed	by	the	aortic	valve	calcium	score	(r2=0.641,	

P<0.001).		
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However	as	described	by	Derlin(97)	in	the	aorta,	18F-fluoride	activity	appeared	

to	provide	distinct	and	complementary	information	to	CT	calcium	scoring,	with	

regions	of	18F-fluoride	uptake	frequently	observed	in	the	absence	of	underling	

calcium	on	CT	and	vice	versa.	

	

Predicting	Outcome	and	Disease	Progression	with	18F-Fluoride	

At	the	time	of	study,	no	prospective	data	on	18F-fluoride	and	clinical	outcomes	

or	disease	progression	had	been	published.	This	will	be	a	key	area	of	study	in	

proving	the	potential	utility	of	this	tracer	in	CAVD	and	forms	a	major	part	of	this	

work.	

	

Reproducibility,	Methodological	Strengths	and	Weaknesses	

Hyafil’s	study	reported	on	measurement	reliability	for	both	SUVmax	and	TBRmax	
and	found	these	to	be	excellent.	These	results	closely	match	Dweck’s	with	all	

measures	of	18F-fluoride	uptake	(SUVmean,	SUVmax,	TBRmean	and	TBRmax)	

demonstrating	intra-class	correlation	coefficients	for	intra-	and	inter-observer	

reproducibility	>0.95.		Furthermore,	Bland-Altman	analysis	showed	no	fixed	or	

proportional	biases,	with	the	majority	of	data	points	falling	within	narrow	limits	

of	agreement.		These	results	were	significantly	better	than	those	for	18F-FDG,	
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Figure	1.7	|	Valvular	18F-fluoride	TBRmax	uptake	according	to	
echocardiographic	severity	

Valvular	18F-fluoride	maximum	tissue-
to-background	ratios	from	Hyafil	(red)	
and	Dweck	(blue).	Dots/diamonds	are	
median,	whiskers	are	interquartile	range	
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the	discrepancy	being	explained	by	the	lack	of	myocardial	18F-fluoride	uptake	

causing	problems	with	spillover.	

	

Studies	to	date	do	have	limitations.		Hyafil’s	study	provided	proof	of	principle	

but	was	small,	retrospective	and	involved	patients	having	scans	for	indications	

other	than	cardiovascular	disease.		Furthermore,	as	with	Marincheva-

Savcheva’s	paper,	PET/CT	acquisition	protocols	were	neither	standardised	nor	

optimised	for	cardiovascular	imaging.		
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1.4.4.6	Clinical	Studies	of	18F-Fluoride	in	Atherosclerosis	
18F-fluoride	PET/CT	has	only	recently	been	explored	in	the	context	of	cardiovascular	

disease.	A	summary	of	all	papers	published	prior	to	the	work	presented	in	this	thesis	

is	summarised	in	table	1.1.	The	key	papers	are	here	described	in	more	detail.	

	

Thorsten	Derlin	and	co-authors(97)	provided	the	first	written	report	in	2010	on	the	

potential	utility	of	18F-fluoride	in	imaging	pathological	cardiovascular	calcification.	

They	retrospectively	studied	75	patients	who	had	undergone	18F-fluoride	PET/CT	

for	the	detection	of	metastases.	They	assessed	the	vasculature	for	visible	calcification	

on	CT	and	also	for	radiotracer	uptake.	They	made	two	key	findings:	

	

1. 18F-fluoride	uptake	was	more	reliably	present	when	a	patient	had	a	history	of	

cardiovascular	events.	

2. Although	there	was	a	relationship	between	CT	and	PET	defined	calcification,	

this	was	nuanced	with	many	vessel	segments	being	CT	positive	but	PET	

negative	whilst	others	were	PET	positive	but	CT	negative.	

	

They	concluded	that	18F-fluoride	PET	may	provide	complementary	data	on	

atherosclerotic	plaque	physiology	to	that	provided	by	CT.		

	

Derlin	then	followed	up	his	first	paper	with	two	linked	and	highly	novel	reports. 

(98,99).	The	first	paper(99)	studied	18F-fluoride	alone.	Using	similar	methodology	to	

his	first	paper	he	studied	a	larger	cohort	of	oncologic	patients	(n=269)	and	this	time	

focussed	on	the	carotid	artery	and	patient	clinical	features.	His	findings	essentially	

confirmed	that	of	the	first	study,	namely	that	CT	defined	calcification	was	related	to	

18F-fluoride	uptake	and	that	patients	with	a	higher	burden	of	CV	risk	factors	had	

higher	uptake	of	18F-fluoride.		
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Table	1.1	|	Clinical	Studies	of	18F-Fluoride	PET/CT	in	Atherosclerotic	Cardiovascular	Disease	

Abbreviations:	CT,	computed	tomography;	CV,	cardiovascular;	PET,	positron	emission	tomography;	RF,	risk	factors;	SUV,	standardised	uptake	value;	TBR,	target	to	
background	ratio

	 Population	 Study	Design	 n	 Radioisotope	 Key	findings	
Derlin	
2010(97)	

Oncologic	 Retrospective	
case	series	

75	 18F-fluoride	 Association	between	vascular	18F-fluoride	uptake	and	CV	events	
Different	pattern	of	uptake	to	arterial	calcium	on	CT	

Beheshti(104)	 Oncologic	 Retrospective	
case	series	

51	 18F-fluoride	 Association	between	CV	18F-fluoride	and	age	

Derlin	
2011a(99)	

Oncologic	 Retrospective	
case	series	

269	 18F-fluoride	 Association	between	vascular	and	cardiac	18F-fluoride	uptake	and	CV	RF	
Different	pattern	of	uptake	to	arterial	calcium	on	CT	
Good	inter-	and	intra-rater	reproducibility	

Derlin	
2011b(98)	

Oncologic	 Retrospective	
case	series	

45	 18F-fluoride	&	
18F-FDG	

Association	between	vascular	18F-fluoride	uptake	and	CV	RF	
Association	between	vascular	18F-FDG	and	CV	RF	
Differential	uptake	of	18F-fluoride	and	18F-FDG	in	vasculature	
Good	inter-	and	intra-rater	reproducibility	for	both	isotopes	

Li	2012(105)	 Oncologic	 Retrospective	
case	series	

61	 18F-fluoride	 Association	between	coronary	18F-fluoride	uptake	and	CV	RF	
Different	pattern	of	uptake	to	arterial	calcium	on	CT	

Dweck	
2012(106)	

Aortic	stenosis	 Prospective	
cohort	

119	 18F-fluoride	&	
18F-FDG	

Coronary	18F-fluoride	PET/CT	feasible	
Coronary	18F-FDG	PET/CT	difficult	(spillover)	
Good	inter-	and	intra-rater	reproducibility	for	coronary	18F-fluoride	
18F-fluoride	uptake	higher	in	coronary	plaque	versus	control	
18F-FDG	uptake	same	in	coronary	plaque	versus	control	
Different	pattern	of	uptake	to	arterial	calcium	on	CT	
Association	between	CV	18F-fluoride	and	CVRF	
Potential	for	18F-fluoride	to	identify	culprit/high-risk	plaque	

Quirce	
2013(107)	

Carotid	
atherosclerosis	

Case-control	 15	 18F-fluoride	 Potentially	higher	18F-fluoride	uptake	in	symptomatic	versus	
asymptomatic	plaque	

Blomberg	
2014(108)	

Chest	pain	 Case-control	 38	 18F-fluoride	 Association	between	whole	heart	18F-fluoride	and	CV	risk	
“Corrected”	SUV	potentially	more	reliable	than	TBR	
18F-fluoride	uptake	higher	in	patient	versus	controls		

Morbelli	
2013(109)	

Oncologic	 Retrospective	
case	series	

80	 18F-fluoride	 Association	between	vascular	18F-fluoride	and	CV	risk	
Different	pattern	of	uptake	to	arterial	calcium	on	CT	
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The	authors	also	observed	that	in	some	instances,	18F-fluoride	uptake	appeared	

to	be	less	than	expected	in	patients	with	calcified	plaque	on	statins	and	

speculated	that	this	might	support	the	notion	of	18F-fluoride	as	an	in	vivo	

marker	of	response	to	pharmacotherapy.	The	second	paper(98),	although	

smaller	(n=45)	compared	18F-fluoride	to	18F-18F-FDG.	Again,	oncologic	patient	

scans	were	studied	retrospectively.	Both	tracers	correlated	with	some	CV	risk	

factors.	Uptake	quantification	was	found	to	be	reliable	although	interestingly,	

18F-fluoride	appeared	to	perform	slightly	better	than	18F-FDG.	The	key	finding	

was	the	relationship	between	18F-FDG	and	18F-fluoride	uptake.	True	co-

incidental	uptake	of	both	tracers	was	comparatively	rare.	The	authors	

hypothesized	that	18F-FDG	and	18F-fluoride	highlighted	different	stages	of	the	

atherosclerotic	process	–	with	18F-FDG	identifying	an	early	predominantly	

inflammatory	stage	whilst	18F-fluoride	highlighted	the	later	stages	where	the	

plaque	becomes	complex	and	advanced	and	the	calcific	processes	(occurring	in	

response	to	necrosis	and	apoptosis)	predominate.	

	

Marc	Dweck	et	al(106)(from	our	group)	published	an	important	18F-fluoride	

paper	in	2012.	This	report	was	based	on	a	re-analysis	of	a	prospective	cohort	

study	looking	at	the	role	of	18F-fluoride	and	18F-FDG	in	CAVD	(see	above	in	

“Clinical	Studies	of	18F-Fluoride	in	CAVD”).	The	group	recruited	120	patients	

(100	with	aortic	stenosis	20	disease-free	controls)	all	of	whom	were	subjected	

to	18F-fluoride	and	18F-FDG	PET/CT.	The	scans	were	re-analysed	with	a	focus	

on	the	uptake	of	isotope	into	the	coronary	circulation.	Inter-	and	intra-observer	

repeatability	studies	were	carried	out.	Tracer	uptake	was	compared	in	those	

with	and	without	coronary	atheroma	(as	defined	by	the	presence	of	coronary	

calcification)	and	uptake	was	also	compared	to	Framingham	cardiovascular	risk	

scores.	The	key	findings	were	that	18F-fluoride	coronary	PET/CT	was	feasible	

and	quantification	by	SUV	analysis	was	repeatable.	For	reasons	of	signal	

spillover	from	adjacent	mycocardium,	coronary	18F-FDG	analysis	was	

frequently	impossible	and	indeed	proved	less	repeatable.	18F-fluoride	uptake	

was	higher	in	atherosclerotic	coronary	arteries	compared	to	disease-free	

arteries.	No	such	observation	was	seen	for	18F-FDG.	As	previous	reports	have	



	 58	

shown	18F-fluoride	was	associated	with	the	presence	of	cardiovascular	risk	

factors,	established	cardiovascular	risk	scores	and	prior	major	adverse	

cardiovascular	events.	Again,	confirming	the	findings	of	Derlin	and	others,	there	

were	segments	of	coronary	artery	that	were	calcified	but	not	18F-fluoride	avid	

and	conversely	others	that	were	18F-fluoride	avid	but	not	obviously	calcified	

indicating	that	18F-fluoride	is	more	than	an	expensive	variant	of	the	CT	calcium	

score.	Finally,	an	interesting	single	observation	was	made.	One	patient	was	

recruited	shortly	after	suffering	a	non-ST	elevation	myocardial	infarction.	The	

confirmed	culprit	artery	showed	intense	18F-fluoride	uptake	raising	the	

tantalising	possibility	that	the	isotope	might	have	a	role	beyond	mere	global	risk	

prediction	and	rather	might	give	more	specific	information	about	individual	

plaque	vulnerability.	This	paper	has	in	large	part	led	to	much	of	the	work	in	this	

thesis.	

	

Quirce(107)	and	colleagues	published	the	first	prospective	study	of	18F-fluoride	

PET/CT	in	acute	carotid	atherosclerotic	pathology.	The	paper	is	really	only	

notable	for	being	the	first	and	is	significantly	limited	by	its	size	(n=15),	very	

rudimentary	analysis	and	lack	of	any	form	of	validation,	histological	or	

otherwise.	The	results	suggested	that	18F-fluoride	uptake	might	be	increased	in	

acute	symptomatic	carotid	plaque	compared	to	asymptomatic	lesions	though	

the	results	did	not	achieve	statistical	significance.	

	

Blomberg	et	al(108),	as	part	of	the	CAMONA	trial,	published	an	interesting	sub-

study	addressing	the	question	of	whether	delaying	imaging	(at	three	different	

time	points:	45,	90	and	190	minutes)	with	18F-fluoride	might	have	a	positive	

impact	on	arterial	image	quality	and	uptake	quantification	reliability	by	

reducing	the	amount	of	blood	pool	signal	and	thus	signal	contamination	of	the	

arterial	wall.	Importantly,	the	authors	found	that	the	TBR	varied	with	the	delay	

time;	as	blood	pool	activity	decreased,	the	TBR	naturally	increased.	They	

speculated	that	despite	TBR	proving	the	most	popular	semi-quantitative	

measure	in	the	literature,	it	might	not	in	fact	be	the	most	reliable	as	subjects	
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can’t	necessarily	be	assumed	to	clear	18F-fluoride	at	the	same	rate.	They	found	

that	the	“corrected	SUV”	was	less,	if	at	all,	vulnerable	to	this	effect:	

	

!"#$ = "#$&'(()* − "#$,-../ 	
	

Where	cSUV	is	the	corrected	SUV,	SUVtissue	is	the	SUV	within	a	region	or	volume	

of	interest	incorporating	the	vessel	under	study	(including	the	blood	within	it)	

and	SVUblood	is	the	SUV	from	the	blood	pool	(taken	in	their	study	from	a	volume	

of	interest	within	the	right	atrium).	The	authors	also	noted	that	for	all	time	

points	(with	the	exception	of	TBR	at	45	minutes)	18F-fluoride	uptake	correlated	

with	CV	risk.	

	

1.5	Summary	
All	the	data	published	at	the	time	that	the	work	described	in	this	thesis	was	

undertaken	suggest	that	18F-fluoride	PET/CT	might	play	an	interesting	role	in	

assessing	atherosclerosis	in	a	variety	of	anatomical	sites.	Vascular	18F-fluoride	

PET	imaging	has	been	shown	to	be	feasible	and	repeatable.	The	isotope	appears	

to	have	highly	favourable	pharmacodynamic	and	pharmacokinetic	properties	

for	vascular	imaging.	A	clear	relationship	with	cardiovascular	risk	has	been	

demonstrated	and	then	reproduced	across	multiple	studies	and	critically,	there	

doesn’t	appear	to	be	a	simple	linear	relationship	on	a	per-plaque	basis	between	

CT	defined	calcium	and	18F-fluoride	uptake.	
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1.6	Aims	
My	aims	were	to	build	on	my	group’s	previous	work	and	deepen	understanding	

of	how	the	18F-fluoride	and	18F-FDG	PET	radiotracers	report	on	aortic	valve	

stenosis	and	atherosclerotic	plaque:	

	

Calcific	Aortic	Valve	Disease	

1. To	provide	a	mechanistic	explanation	of	18F-FDG	and	18F-fluoride	

uptake	in	the	aortic	valve.	

2. To	assess	whether	baseline	18F-FDG	and	18F-fluoride	are	able	to	predict	

disease	progression	and	clinical	outcomes	in	patients	with	CAVD.	

3. To	compare	such	predictive	capability	to	other	established	and	evolving	

imaging	methods.	

	

Atherosclerosis	

1. To	provide	a	comprehensive	mechanistic	model	of	18F-fluoride	uptake	

in	atherosclerotic	plaque.	

2. The	provide	a	pharmacokinetic	and	pharmacodynamic	model	of	18F-

fluoride	uptake	in	patients	with	atherosclerosis.	

3. To	validate	semi-quantitative	static	PET	uptake	assessment	with	

quantitative	dynamic	PET.	

4. To	examine	the	reproducibility	of	18F-fluoride	uptake	assessment	in	

coronary	and	carotid	atherosclerotic	plaque	and	compare	this	to	18F-

FDG.	

5. To	compare	18F-FDG	and	18F-fluoride	PET/CT	of	atherosclerotic	plaque	

with	other	plaque	imaging	modalities	as	well	as	histological	plaque	

assessment.	

6. To	assess	whether	18F-fluoride	PET/CT	is	able	to	identify	“culprit”	

(acute	plaque	deemed	to	have	cause	an	acute	ischaemic	syndrome)	or	

“high-risk”	atherosclerotic	plaque.	
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1.7	Hypotheses	
Calcific	Aortic	Valve	Disease	

1. 18F-FDG	uptake	will	reflect	valvular	inflammation	defined	by	increased	

macrophage	infiltration.	

a. Chapter	3	

2. 18F-fluoride	uptake	will	reflect	valvular	calcium	nanocrystal	formation	

and	calcium	turnover	by	binding	hydroxyapatite.	Such	binding	will	be	

dependent	of	the	surface	area	of	crystal	available	for	chemisorption.	

a. Chapter	3	

b. Chapter	6	

3. Baseline	18F-FDG	PET	uptake	will	predict	future	disease	progression	

and	clinical	events.	

a. Chapter	3	

b. Chapter	4	

4. Baseline	18F-Fluoride	PET	uptake	will	predict	future	disease	

progression	and	clinical	events.	

a. Chapter	5	

b. Chapter	6
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Atherosclerosis	

1. 18F-fluoride	will	reflect	the	genesis	of	calcium	nanocrystal	formation	

(triggered	itself	by	intra-plaque	necrosis	and	inflammation)	in	

atherosclerotic	plaque	by	binding	hydroxyapatite.	Such	binding	will	be	

dependent	of	the	surface	area	of	crystal	available	for	chemisorption.	

a. Chapter	5	

b. Chapter	6	

2. 18F-fluoride	will	demonstrate	pharmacokinetic	and	pharmacodynamic	

characteristics	suitable	for	plaque	imaging	

a. Chapter	5	

3. 18F-fluoride	uptake	will	be	increased	in	clinically	adjudicated	carotid	

and	coronary	“culprit”	plaque	compared	to	control	lesions	that	have	not	

caused	a	clinical	event.	

a. Chapter	4	

b. Chapter	7	

4. 18F-fluoride	uptake	will	be	increased	in	carotid	and	coronary	plaque	

with	imaging	defined	phenotypic	markers	of	high-risk	compared	to	

plaque	of	stable	phenotype.	

a. Chapter	4	

b. Chapter	7	

5. Principally	for	reasons	of	target	selectivity,	18F-fluoride	will	compare	

favourably	in	terms	of	hypotheses	3	and	4	when	compared	to	the	current	

gold-standard,	18F-FDG.	

a. Chapter	4	

b. Chapter	7	
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Chapter	2 –	Methods	
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2.1	Patient	Populations	
2.1.1	Aortic	Stenosis	Studies	

The	patients	recruited	for	the	studies	of	CAVD	were	recruited	from	cardiology	

clinics	with	NHS	Lothian.	5	cohorts	in	total	were	recruited:	these	comprised	

disease	free	controls,	patients	with	aortic	valve	sclerosis	and	3	cohorts	with	true	

aortic	stenosis	divided	into	mild	moderate	and	severe	categories.	Further	

details	can	be	found	in	Chapters	3	and	4.	

	

2.1.2	Carotid	Atherosclerosis	

Two	cohorts	of	“carotid”	patients	were	recruited.	

1. Subject	cohort	of	recently	neurologically	symptomatic	patients	(transient	

ischaemic	attack	or	stroke	or	amaurosis	fugax)	with	a	≥50%	stenosis	by	

NASCET(110)	criteria	for	men	and	>70%	for	women.	

2. Control	cohort	of	recently	neurologically	symptomatic	patients	

(transient	ischaemia	attack	or	stroke)	not	attributed	to	carotid	artery	

stenosis.	

Patients	were	recruited	from	stroke/neurology	clinics	or	directly	from	stroke	

wards	in	NHS	Lothian.	The	full	inclusion/exclusion	criteria,	study	protocols,	

recruitment	data	etc.	may	be	found	in	Chapters	5,	6	and	7.	

	

2.1.3	Coronary	Atherosclerosis	

Two	cohorts	of	coronary	patients	were	recruited	from	cardiology	clinics,	in-

patient	cardiology	wards	and	coronary	care	in	NHS	Lothian.	

1. “Unstable”	cohort:	patients	with	acute	ST-segment	elevation	or	non-	ST-

segment	elevation	myocardial	infarction	

2. “Stable”	cohort:	patients	with	stable	angina	pectoris	undergoing	planned	

invasive	coronary	angiography	

Full	details	of	the	inclusion/exclusion	criteria,	study	protocol	and	recruitment	

can	be	found	in	Chapter	5.
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2.2	Ethical	Considerations	

All	studies	described	in	this	thesis	were	conducted	with	full	institutional	ethics	

committee	board	review	and	approval.	Two	committees	were	consulted:	South	

East	Scotland	Research	Ethics	Committee	and	the	West	of	Scotland	Regional	

Ethics	Committee.	All	patients	freely	gave	their	written	and	informed	consent	

and	the	research	was	conducted	in	accordance	with	the	Declaration	of	Helsinki	

of	the	World	Medical	Association.	

	

The	studies	were	registered	with	the	relevant	European	Union	body	and	also	on	

www.clinicaltrials.gov.	
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2.3	Positron	Emission	Tomography	/	Computed	Tomography	
All	patients	were	recruited	and	scanned	on	the	Edinburgh	Royal	Infirmary	site	

and	 specifically	at	 the	Clinical	 and	Research	 Imaging	Centre	 (CRIC)	within	 the	

Queen	Elizabeth	University	Building.	

	

Patients	were	greeted	and	taken	through	to	the	designated	clinical	area.	A	brief,	

standardised	 medical	 assessment	 was	 undertaken.	 The	 patients’	 height	 and	

weight	were	measured.	The	scales	used	were	regularly	 calibrated.	For	 cardiac	

subjects	(Chapters	3,	4	and	5),	an	ECG	was	undertaken.	This	was	not	the	case	for	

carotid	patients.	An	18	Gauge	peripheral	 intra-venous	 catheter	was	 then	 sited	

and	 blood	 drawn	 for	 a	 baseline	 set	 of	 standardised	 biochemical	 and	

haematological	 parameters	 (see	 relevant	 Chapters	 for	 more	 detail).	 As	 per	

protocol,	additional	blood	was	then	taken	in	a	cool	box	to	a	core	laboratory	for	

centrifugation,	 separating	 into	 aliquots	 and	 storage	 at	 -80°C	 for	 subsequent	

biomarker	analysis.	After	confirming	that	consent	was	still	present	for	scanning,	

subjects	 were	 taken	 through	 to	 a	 series	 of	 shielded	 rooms	 and	 prepared	 for	

isotope	injection.	

	

All	scanning	was	done	using	the	same	device:	a	64-	multidetector	Biograph	mCT	

manufactured	 by	 Siemens	 Medical	 Systems	 (Erlangen,	 Germany).	 Device	

calibration	 and	 quality	 control	 was	 regularly	 carried	 out	 by	 trained	 PET	

physicists	and	radiographers.		

	

2.3.1	Isotope	generation	

For	the	original	CAVD	studies	(Chapters	3	and	4),	both	18F-FDG	and	18F-fluoride	

were	 manufactured	 by	 a	 commercial	 producer	 (Erigal	 Ltd,	 Keele).	 For	

subsequent	 coronary	 and	 carotid	 studies,	 the	 CRIC	 had	 had	 a	 cyclotron	 and	

functioning	hot	cells	established	and	therefore	 isotopes	were	manufactured	 in	

house	 according	 to	 established	 GMP-compliant	 protocols.	 	 18F-FDG	 and	 18F-

fluoride	were	quality	controlled	and	filtered	to	remove	micro-organisms	by	the	

accredited	radiochemistry	suite	team.		
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2.3.2	Injection	for	Static	PET	Acquisitions	

The	isotope	was	drawn	up	into	a	syringe	using	a	semi-automatic	system	in	order	

to	minimize	radiation	exposure	to	the	operator	in	a	dedicated	room.	The	precise	

radioactivity	 of	 the	 tracer	 solution	 was	 then	 measured	 and	 the	 time	 of	

measurement	 recorded.	 The	 volume	 in	 the	 syringe	 was	 adjusted	 in	 order	 to	

ensure	the	target	dose	was	achieved.	The	isotope	was	then	carried	through	to	the	

shielded	uptake	room	and	then	injected	in	to	the	patient	and	flushed	with	10mLs	

of	saline.	The	time	of	injection	was	recorded.	Patients	then	rested	for	the	relevant	

time	 (see	 below).	 Prior	 to	 transfer	 into	 the	 scanner,	 patients	 were	 asked	 to	

micturate	 in	 order	 to	minimise	 signal	 from	 the	 bladder	 and	 avoid	 discomfort	

whilst	lying	still	on	the	scanning	table.	

	

2.3.2.1	18F-FDG	Dosing	and	Uptake	
In	all	studies,	the	target	dose	for	18F-FDG	was	200	MBq	and	the	uptake	time	was	

set	at	90	minutes.	For	details	of	achieved	target	doses	and	uptake	time	as	well	as	

variability,	please	see	relevant	chapters.	One	patient	 in	 the	main	carotid	study	

(Chapter	7)	was	accidentally	given	an	oncologic	dose	of	350	MBq.	This	event	was	

logged	through	the	relevant	research	and	clinical	governance	systems	and	a	full	

explanation	and	apology	offered	to	the	patient.	

	

2.3.2.2	18F-Fluoride	Dosing	and	Uptake	
In	all	aortic	valve	and	coronary	studies	(Chapters	3,	4	and	5),	the	target	dose	for	

18F-fluoride	was	125	MBq	and	the	uptake	time	was	set	at	60	minutes.	For	the	

carotid	studies,	I	elected	to	use	a	target	dose	of	250	MBq.	This	was	in	order	to	

reduce	noise	(which	had	occasionally	been	a	problem	in	some	of	our	work	with	

the	lower	dose)	and	more	importantly	to	give	the	same	dose	to	that	given	in	the	

published	 literature(88)	 for	 the	 dynamic	 studies	 (see	 below).	 For	 details	 of	

achieved	 target	 doses	 and	 uptake	 time	 as	 well	 as	 variability,	 see	 relevant	

chapters.	
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2.3.2.3	CAVD	Studies	-	Scanning	

18F-Fluoride	

After	 uptake	 patients	were	 transferred	 on	 to	 the	 PET	 scanning	 table.	 Patients	

were	asked	to	lie	supine	with	their	upper	limbs	abducted	above	their	head.	They	

were	connected	to	a	3-lead	ECG	monitor,	permitting	ECG	gating	of	the	CT	calcium	

score.	Patients	were	scanned	feet	first.	An	attenuation	correction	CT	scan	(non-

enhanced	low-dose	120	kV	and	50	mAs,	pitch	0.8,	field	of	view	780mm,	5mm	slice	

thickness,	 3mm	 increment,	 B19f	 LowDose	 kernel,	 standard	 filtered	 back	

projection	 reconstruction	 algorithm)	 was	 performed.	 This	 was	 followed	 by	 a	

standard	3D	static	PET	acquisition	covering	two	10-minute	bed	positions	centred	

over	the	valve.	An	ECG-gated,	breath-held	CT	scan	(non-enhanced,	40	mAs/rot	

[CareDose],	100	kV,	Pitch	0.24,	field	of	view	210mm,	3mm	slice	thickness,	1.5mm	

increment,	 B35f	 kernel,	 standard	 filtered	 back	 projection	 reconstruction	

algorithm)	was	then	performed	in	order	to	derive	aortic	valvular	and	coronary	

arterial	calcium	scores.			

	

Patients	 were	 then	 discharged	 from	 the	 CRIC	 with	 standardised	 instructions	

aimed	at	minimising	close	physical	contact	with	infants	or	pregnant	people	for	

24	hours.		

	

18F-FDG	

Scans	were	conducted	similarly	with	a	few	variances:	

• Patients	were	 asked	 to	 relax	 and	move	 as	 little	 as	 possible	 in	 order	 to	

reduce	skeletal	muscle	uptake	of	18F-FDG.	

• All	patients	were	asked	to	adhere	to	a	carbohydrate-free	diet	for	24	h	prior	

to	their	scan	in	order	to	suppresses	myocardial	uptake.	

• PET	beds	were	acquired	over	15	minutes	each	(as	opposed	to	10	minutes	

for	18F-fluoride)	
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2.3.2.4	Coronary	Studies	–	Scanning	

18F-Fluoride	

These	 studies	were	 conducted	 similarly	 to	 the	 18F-fluoride	 aortic	 valve	 scans	

with	the	following	differences:	

• The	PET	 acquisition	was	made	 over	 two	10-minute	 beds	 (covering	 the	

thoracic	 cavity)	 in	 list-mode.	 ECG	 and	 respiratory	 monitor	 data	 was	

collected	synchronously.		This	permitted	retrospective	gating	of	PET	data	

to	 minimise	 the	 effects	 of	 cardiac	 and	 respiratory	 motion	 (“motion	

correction”).	

• Coronary	artery	calcium	assessment	and	CT	coronary	angiography	were	

undertaken	immediately	after	the	PET	acquisition.	In	brief:	

o Calcium	 Score:	 ECG-gated	 breath-held	 CT	 scan	 (non-contrast-

enhanced,	 40	mAs/rotation,	 120	 kV;	 CareDose,	 Siemens	Medical	

Systems)	

o Coronary	angiogram:	330	ms	rotation	time,	100	(body	mass	index	

[BMI]	<25	kg	m-2)	or	120	(body	mass	index	>25	kg	m-2)	kV	tube	

voltage,	160-245	mAs	tube	current,	3.8	mm	rotation-1	 table	 feed,	

prospective	 (heart	 rate	 regular	 and	 <60	min-1),	 or	 retrospective	

(heart	rate	>60	min-1)	electrocardiogram-gated.	Depending	on	the	

body	mass	index,	a	bolus	of	80-100	mL	of	contrast	(400	mgI/mL;	

Iomeron,	Bracco,	Milan,	Italy)	was	injected	intravenously	at	5	mL	

s-1,	 after	 determining	 the	 appropriate	 trigger	 delay	 using	 a	 test	

bolus.	

	

18F-FDG	

Coronary	18F-FDG	PET/CT	scans	were	undertaken	as	described	for	aortic	valve	

scans	with	 the	 addition	 of	 the	 gating	 strategies	 described	 in	 the	 immediately	

preceding	section	
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2.3.2.5	Carotid	Studies	–	Scanning	(Static	Acquisitions)	

18F-Fluoride	

After	60	minutes	of	uptake,	patients	were	positioned	on	the	PET	scanner	table	

“head-first”	and	with	their	arms	by	their	sides.	A	rigid	neck	collar	was	fitted	to	

reduce	movement	and	standardise	position.	An	attenuation-correction	CT	scan	

(non-enhanced,	 low	 dose	 120	 kV,	 50	 mAs)	 was	 performed	 followed	 by	 PET	

acquisition	 covering	 2	 bed	 positions	 with	 the	 first	 centred	 over	 the	 carotid	

bifurcation.	 Data	 were	 acquired	 in	 3-dimensional	 mode	 for	 20	 minutes	 (10	

minutes	per	bed).	A	CT	carotid	angiogram	was	then	performed	without	moving	

the	subject	(Care	Dose	4D,	120	kV,	145	mA,	rotation	time	0.5	seconds,	pitch	0.8.	

Contrast:	50	mL	Niopam	370).	

	

18F-FDG	

Patients	were	fasted	for	6	hours	before	scanning.	Scanning	took	place	as	above	

but	with	15	minutes	per	bed	position	and	no	angiogram	was	obtained.	

	

2.3.2.6	18F-fluoride	Dynamic	Acquisitions	
A	subset	of	patients	(n=5)	underwent	 fully	dynamic	PET	acquisitions.	Of	 these	

five,	three	had	an	arterial	cannula	sited	in	their	right	radial	artery.	

	

Patients	 had	 an	 intra-venous	 cannula	 sited	 and	 a	 right	 sided	 radial	 arterial	

catheter	sited	using	an	aseptic	standard	technique	(Seldinger	 for	arterial	 line).	

Baseline	samples	were	drawn	off	from	the	venous	cannula	as	above	as	well	as	a	

separate	pre-injection	sample	from	the	radial	line.	The	radial	line	was	connected	

via	 a	 length	 of	 tubing	 to	 an	 Allogg	 ABBS	 device	 (see	 figure	 2.1;	 Allogg	 AB,	

Mariefred,	 Sweden).	 This	 device	 (see	 figure)	 comprises	 a	 non-reversible	

peristaltic	pump,	shielded	radiation	detector	(itself	comprised	of	a	scintillation	

crystal	made	of	bismuth	germanate,	a	photomultiplier	and	amplifier)	and	data	

logger	(connected	to	an	in-built	PC).	By	drawing	blood	continuously	(at	5	mL	s-1)	

through	 the	 detector,	 the	 device	 permits	 the	measurement	 (at	 high	 temporal	

resolution)	 of	 the	 arterial	 blood	 radioactivity	 as	 it	 varies	 with	 time.	 This	
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(certainly	for	simple	radiotracers	such	as	18F-fluoride	that	are	not	metabolised)	

gives	an	excellent	assessment	of	 the	pharmacokinetics	of	 the	 tracer	and	more	

importantly	allows	the	investigator	to	derive	an	exact	input	function	for	driving	

models	of	radioisotope	binding.	It	is	the	gold-standard	for	truly	quantitative	PET.	

The	continuous	sampling	only	occurs	for	the	first	15	minutes	as	this	is	when	the	

variation	in	blood	radioactivity	is	at	its	highest	(the	pattern	is	of	an	immediate	

rise	 to	peak	activity	and	 then	 an	exponential	 decay	–	 see	Chapter	6)	and	also	

limits	blood	loss.	

	

Image	reproduced	from	manufacturer’s	brochure	

Figure	2.1	|	The	Allogg	ABSS	
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The	patient	was	then	positioned	supine	with	the	head	and	neck	immobilised	with	

a	rigid	neck	collar.	An	attenuation	correction	CT	scan	was	obtained	(as	above).	

The	Allogg	device	and	PET	acquisition	was	then	commenced	synchronously.	PET	

acquisition	 was	 in	 list	 mode	 (with	 the	 single	 bed	 centred	 on	 the	 carotid	

bifurcation).	A	few	seconds	after	the	initiation	of	blood	sampling	and	scanning	

the	18F-fluoride	was	injected	into	the	patient.	Scanning	continued	for	80	minutes.	

Arterial	 blood	 samples	 were	 taken	 at	 regular	 intervals.	 Figure	 2.2	 shows	 an	

example	 of	 an	 experiment	 in	 action.	 At	 the	 end	 of	 the	 scan,	 the	 patient	 was	

discharged	 as	 previously	 described.	 The	 baseline	 and	 multiple	 post-injection	

arterial	samples	were	then	taken	to	a	separate	lab	in	a	shielded	container.	1	mL	

Aliquots	of	whole	blood	were	pipetted	into	dedicated	sample	tubes	and	placed	in	

the	Gamma	counter	cassette.	The	remaining	blood	was	then	centrifuged	(10-15	

mins	 at	 2,000G)	 and	matching	 plasma	 aliquots	 were	 pipetted	 into	 tubes	 and	

added	to	the	cassette.	The	cassette	was	then	loaded	into	the	Gamma	counter	and	

the	sample	assayed.	Great	care	was	taken	throughout	the	experiment	to	ensure	

the	timings	(PET,	Allogg,	samples)	were	documented	and	synchronised.	The	final	

radioactivity	measurements	were	then	decay	corrected	to	the	beginning	of	the	

scan	(as	the	PET	data	are)	and	used	to	calibrate	the	initial	15	minutes	of	data	from	

the	Allogg	device.	Finally,	a	decay	corrected	truly	arterial	plasma	input	function	

curve	was	derived	and	used	to	perform	the	pharmacological	analyses	described	

in	Chapter	5.	
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Arterial	blood	sampling	in	progress.	A	typical	curve	can	be	seen	on	the	monitor.	

Figure	2.2	|	A	Fully	Dynamic	18F-fluoride	PET	Study	
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2.3.3	Image	Reconstruction	and	Motion	Correction/Compensation	

2.3.1	CAVD	
Static	PET	scans	were	reconstructed	using	the	Siemens	Ultra-HD	algorithm.	This	

algorithm	 incorporates	 time-of-flight	 data.	 No	 motion	 correction	 or	

compensation	was	undertaken	in	this	early	study.	

	

2.3.2	Coronary	
When	imaging	very	small	structures,	such	as	coronary	arteries,	the	presence	of	

tissue	motion	can	severely	degrade	visual	 image	quality	and	quantitative	data.	

The	 only	 practical	 method	 available	 at	 the	 time	 of	 study	 for	 PET	 motion	

correction/compensation	 was	 gating.	 This	 technique	 involves	 discarding	 PET	

data	which	is	obtained	during	portions	of	the	cardiac	and/or	respiratory	cycles	

associated	 with	 excessive	 tissue	 movement.	 Therefore,	 only	 co-incidences	

sampled	when	the	tissues	are	relatively	static	are	used	to	develop	the	sinograms	

and	reconstruct	the	PET	images.	Although	the	PET	scans	in	the	coronary	cohort	

were	acquired	with	the	potential	for	correction	of	both	respiratory	and	cardiac	

motion,	including	respiratory	gating	led	to	the	loss	of	excessive	amounts	of	co-

incidence	 events	 and	 the	 statistical	 noise	 increased	 to	 unacceptable	 levels.	

Therefore,	 only	 electrocardiogram-gated	 cardiac	 motion	 correction	 was	

undertaken.	 The	 scans	were	 reconstructed	 using	 data	 only	 from	 the	 diastolic	

phase	(50–75%	of	the	R-R	interval).	The	Siemens	Ultra-HD	algorithm	was	used.	

	

2.3.4	Carotid	
Static	and	dynamic	PET	scans	were	reconstructed	using	the	Siemens	Ultra-HD	

algorithm.	No	motion	correction	or	compensation	was	required	beyond	the	use	

of	 a	 rigid	 neck	 collar.	 The	 co-incidence	 events	 in	 the	 dynamic	 data	 sets	were	

parsed	into	time	bins	in	the	manner	described	by	Frost	and	colleagues	in	their	

studies	of	18F-fluoride	uptake	in	bone.(88)	
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2.4	Ex	Vivo	&	In	Vitro	Techniques	
2.4.1	Tissue	Sampling	

Tissue	specimens	(aortic	valve	and	carotid	endarterectomy	specimens)	were	

retrieved	at	the	moment	of	surgical	excision	in	the	operating	room.	They	were	

handled	in	a	sterile	manner,	carefully	oriented	and	then	photographed	for	gross	

morphological	analysis	(see	figure	2.3	for	example).	They	were	then	snap	frozen	

in	liquid	nitrogen,	placed	in	a	sterile	container	and	transferred	to	a	-80°C	fridge	

for	subsequent	batch	processing	and	analysis.	

	

	

	

Figure	2.3	|	Example	Of	Excised	
Carotid	Plaque	
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2.4.2	Histology	

All	specimens	were	processed	and	analysed	in	a	core	laboratory	by	a	team	of	

permanently	employed	expert	technical	staff	(SuRF,	Edinburgh	University,	

Edinburgh).	Specimens	were	retrieved	from	the	-80°C	fridge,	thawed	and	then	

processed	as	required	by	the	relevant	experiment	(see	Results	chapters	for	

details).	Gentle	de-calcification	was	undertaken	when	necessary	and	

appropriate	(i.e.	when	no	staining	for	calcium	or	phosphate	was	to	be	

undertaken)	using	ethylenediaminetetraacetic	acid	(EDTA).	This	permitting	

specimen	mounting	in	paraffin	and	standard	microtome	sectioning.	When	

staining	for	mineral,	specimens	were	not	decalcified	but	rather	embedded	in	

OCT	Compound	(Optimal	Cutting	Temperature	Compound)	and	then	sectioned	

on	a	dedicated	cryostat	(details	found	in	Chapters	3,	6	&	7).	This	naturally	

resulted	in	sub-optimal	sectioning	(given	the	variance	in	hardness	between	the	

hard	and	soft	elements	of	the	tissue	samples)	but	was	absolutely	necessitated	

by	the	nature	of	the	experiment.	The	use	of	methylmethacrylate	embedding	was	

considered	but	owing	the	cost,	in	terms	of	the	potential	negative	effects	of	

subsequent	antibody	binding,	a	decision	was	made	to	use	cryostat	sectioning.	

	

Commonly	used	histological	stains	for	general	tissue	structural	analysis	were:	

• Haematoxylin	and	eosin	

• Masson’s	Trichrome	

• Movat’s	Pentachrome	

	

Histological	stains	for	calcification	were:	

• Alizarin	Red	(mineral	calcium)	

• Von	Kossa	(Phosphate)	

	

All	staining	was	executed	following	standardised	protocols.	For	details	please	

refer	to	the	relevant	results	Chapters.
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2.4.3	Immunohistochemistry	

Specimens	were	prepared	and	sectioned	as	for	histological	analysis.	For	most	

immunohistochemical	processing	an	automated	system	(BOND	robot,	Lecia	

Biossytems,	Nussloch,	Germany)	was	used	(exception	–	data	presented	in	

Chapter	6;	staining	for	these	batches	was	done	by	hand).	Secondary	antibody	

reporting	employed	the	horseradish	peroxidase	method.	

	

A	wide	variety	of	antibody	targets	were	employed.	For	details,	please	refer	to	

the	relevant	Chapters.		Examples	with	their	“targets”	include:	

• Anti-CD68	–	Macrophages	

• Anti-smooth	muscle	actin	–	Arterial	media	

• Anti-CD31	–	Endothelium	

• Anti-tissue	non-specific	alkaline	phosphatase	–	pro-mineralization	

enzyme	

• Anti-cleaved	caspase-3	–	Apoptosis	

	

Appropriate	positive	and	negative	controls	were	obtained	in	all	cases	and	non-

specific	binding	of	the	secondary	antibody	was	always	assessed	by	omitting	the	

primary	antibody	in	a	set	of	parallel	experiments.	
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2.4.4	Autoradiography	

Autoradiography	is	a	technique	employed	to	assess	the	2-dimensional	spatial	

binding	distribution	of	a	radiolabelled	agent	(usually	a	tritiated	biomolecule	but	

in	this	body	of	work,	the	positron	emitting	isotope	18F-fluoride)	within	a	

sample	of	tissue	at	the	histological	to	naked	eye	level	of	magnification.	Briefly,	

the	specimen	of	interest	(which	in	this	work	was	either	a	section	or	a	whole	

specimen	then	subsequently	sectioned)	was	incubated	in	a	standardised	

solution	of	18F-fluoride	for	a	specified	period	of	time	(see	Chapters	3,	5,	6	&	7	

for	details).	The	sample	was	then	rinsed	several	times	and	placed	on	a	freshly	

blanked	phosphor	screen.	An	overnight	exposure	was	then	undertaken	(mainly	

to	minimise	operator	dose).	The	screen	was	then	read	using	a	FujiFilm	FLA-

5100	Fluorescent	Image	Analyser	(Raytek	Scientific	Limited,	Sheffield,	UK)	in	

Edinburgh	or	a	PerkinElmer’s	Cyclone	Plus	Phosphor	Imager	(Waltham,	

Massachusetts)	in	Cambridge.	Images	were	then	be	registered	to	adjacent	

sections	stained	for	a	variety	of	epitopes/tissue	structural	components	and	

comparisons	drawn.		An	example	from	some	calcified	arterial	tissue	is	shown	in	

figure	2.4.	

	

Figure	2.4	|	18F-Fluoride	Autoradiography	

	

IHC,	immunohistochemistry	
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Figure	2.5	|	Ex	Vivo	Clinical	PET/CT	
Scanning	Of	Carotid	Plaque	Specimens	

2.4.5	Ex	Vivo	PET/CT	using	Clinical	Scanner		

For	a	set	of	experiments	described	in	Chapter	5,	a	clinical	hybrid	PET/CT	

scanner	(Biograph	mCT,	Siemens	Medical	Systems,	Erlangen,	Germany)	was	

used	to	perform	ex	vivo	18F-fluoride	PET/CT	of	carotid	endarterectomy	

specimens.	The	aim	of	this	experiment	was	to	gain	an	appreciation	for	the	3-

dimensional	distribution	of	18F-fluoride	uptake	within	a	carotid	plaque	thus	

permitting	us	to:	

	

1. Assess	the	relation	between	CT	visible	calcium	deposits	and	18F-fluoride	

uptake	

2. Parse	the	specimens	into	regions	of	relatively	high	and	low	18F-fluoride	

uptake	and	analyse	these	regions	histologically	and	

immunohistochemically.		

	

A	clinical	system	was	used	because	at	the	time	we	did	not	have	a	micro	PET/CT	

system	installed	(see	next	section).	Briefly,	endarterectomy	specimens	were	

incubated	in	a	clinically	relevant	concentration	of	18F-fluoride	for	60	minutes	

before	being	serially	rinsed	in	PBS	(see	Chapter	5	for	details).	Specimens	were	

photographed	in	situ	on	the	scanning	table	(to	confirm	orientation	and	avoid	

confusion	when	looking	at	the	PET	images)	and	then	scanned.	Examples	of	

PET/CT	images	and	photographed	specimens	are	shown	in	Figure	2.5.	
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Specimens	were	then	divided	into	segments	that	showed	comparatively	high	or	

low	18F-fluoride	uptake	prior	to	being	decalcified	in	EDTA	(in	this	instance)	and	

then	processed	as	described	in	the	histology	section	above	and	in	Chapter	5	

where	more	detail	can	be	found.	
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2.4.6	Micro	PET/CT	

Although	the	ex	vivo	clinical	PET/CT	system	experiments	yielded	interesting	

and	useful	results	(Chapter	5),	the	experiments	were	limited	by	the	

fundamentally	achievable	resolution	of	clinical	PET	and	CT	systems.	The	natural	

next	step	was	to	use	a	higher	resolution	pre-clinical	system	(NanoScan	PET/CT	

(Mediso,	Budapest,	Hungary).		The	resolution	of	the	clinical	PET	system	we	used	

is	estimated	at	4	mm,	the	NanoScan	has	a	quoted	resolution	of	0.5	mm;	nearly	

an	order	of	magnitude	higher.	This	would	permit	me	to	explore	in	much	greater	

detail	the	relationship	between	CT	visible	calcium	and	18F-fluoride	uptake	as	

well	as	perform	a	higher	resolution	analysis	of	the	spatial	distribution	of	18F-

fluoride	within	a	carotid	plaque	and	the	relationship	with	important	molecular	

markers	of	plaque	pathology	(e.g.	enzyme	markers	of	calcification	and	

inflammation).	

From	Mediso	device	brochure	

	

The	micro	PET/CT	experiments	were	very	similar	to	those	using	the	ex	vivo	

clinical	PET/CT.	Scanning	was	carried	out	in	separate	experiments	on	the	same	

system	in	Cambridge	(Chapter	6)	and	Edinburgh	(Chapter	7).		In	brief,	after	

Figure	2.6	|	NanoScan	Preclinical	
micro	PET/CT	System	
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incubation	in	18F-fluoride	and	rinsing,	specimens	were	placed	in	sealed	plastic	

tubes	and	then	loaded	into	the	micro	PET/CT	scanner.	PET	data	were	acquired	

over	30	min	in	list	mode.	Data	were	reconstructed	using	a	3D	ordered-subset	

expectation-maximization	(OSEM)	algorithm.	The	final	images	were	isotropic	

with	300	µm	voxels.		

	

Two	sets	of	micro	CT	were	performed	immediately	after	micro	PET	acquisition,	

using	high	and	low	zoom.	Images	were	reconstructed	using	a	modified	cone	

beam	filtered-back	projection	method.	Micro	PET	and	micro	CT	data	were	co-

registered	using	previously	established	default	shifts	and	then	analysed.		For	

more	detail,	please	refer	to	Chapters	5	and	7.
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2.4.7	In	Vitro	Pharmacology	Studies	

To	study	the	pharmacological	properties	of	18F-fluoride,	two	principle	sets	of	

experiments	were	undertaken	(these	studies	were	conducted	in	Cambridge).	

	

2.4.7.1	Electron	Microscopy	
In	order	to	test	the	hypothesis	that	18F-fluoride	binds	to	specifically	to	calcium	

hydroxyapatite	and	not	to	other	targets	within	plaque	we	used	an	electron	

probe	micro	analyser	to	directly	measure	the	presence	of	fluoride	(non-

radioactive)	within	calcified	and	soft	tissue	areas	of	carotid	endarterectomy	

specimens.	As	described	above,	undecalcified	carotid	plaque	specimens	were	

mounted	in	OCT	compound	and	sectioned	using	a	cryostat.	Sections	were	placed	

on	custom-made	Melinex	discs	and	allowed	to	dry.		Sections	were	incubated	

with	sodium	fluoride	(non-radioactive).	Sections	were	then	rinsed	in	distilled	

water	and	allowed	to	dry.	The	discs	were	stuck	to	scanning	electron	microscope	

stubs	and	coated	with	carbon	in	an	Edwards	Auto	306	evaporative	carbon	

coater.	Imaging	was	carried	out	using	a	Philips	FEI	XL-30	FEG	scanning	electron	

microscope.	Spectra	were	collected	using	an	Oxford	Instruments	

SiLi	atmospheric	thin	window	detector	running	INCA	software	(ETAS	Group,	

Stuttgart,	Germany).	Hydroxyapatite	standards	were	also	scanned	as	positive	

controls.	Areas	of	soft	and	“hard’	tissue	were	scanned	within	the	specimen	and	

fluoride	quantity	compared	between	areas	of	macro-	(>50	µm	diameter)	and	

micro-	(<50	µm	diameter)	calcification	were	compared.	Details	are	found	in	

Chapter	6.	

	

2.4.7.2	Gamma	Counter		
In	order	to	explore	the	pharmacodynamic	and	pharmacokinetic	properties	of	

18F-fluoride	three	experiments	were	undertaken.	

	

1. Concentration–response	curves	were	derived	by	exposing	carotid	

sections	to	increasing	concentrations	of	18F-fluoride	prior	to	washing	
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and	then	assay	in	a	gamma	counter	(Packard	Cobra	II	E5003,	GMI,	

Ramsey,	Minnesota).	

	

2. To	derive	association	curves,	whole	carotid	specimens	were	taken	out	of	

an	incubating	solution	of	18F-fluoride	at	set	time	points.	Specimens	were	

then	washed	in	PBS	and	assayed	in	the	gamma	counter.	Mean	decay-

corrected	activity	was	then	plotted	against	time.	

	

3. For	dissociation,	following	incubation	in	18F-fluoride,	specimens	were	

continuously	washed	in	PBS	and	assayed	at	set	time	points	using	the	

gamma	counter.	Again,	mean	decay-corrected	activity	was	plotted	

against	time.	

	

Exact	details	of	these	experiments	are	set	out	in	Chapter	6.
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2.5	Image	Analysis	
2.5.1	Clinical	PET		

2.5.1.1	Static	PET	
Analysis	of	static	clinical	PET	data	was	undertaken	in	all	studies	using	Osirix	

(OsiriX	64-bit;	OsiriX	Imaging	Software,	Geneva,	Switzerland).	PET	data	(18F-

fluoride	or	18F-FDG)	were	examined	and	then	fused	to	relevant	CT	datasets.	It	

the	automated	fusion	was	not	adequate,	manually	adjustments	were	made.	

Regions	of	interest	(ROI)	were	then	drawn	around	the	anatomy	of	interest	on	

the	CT	dataset.	ROI	were	then	transferred	to	the	PET	data	set	and	the	voxel	by	

voxel	SUV	data	extracted	and	recorded.	

	

The	exact	analysis	method	for	the	aortic	valve	has	been	published	previously. 

(101)	In	brief,	the	PET	and	CT	volumes	were	reoriented	so	that	the	valve	could	

be	assessed	axially.	ROI	were	then	drawn	around	the	perimeter	of	the	valve	or	

the	centre	of	the	valve	(only	for	18F-FDG	to	avoid	myocardial	spillover).	In	an	

update	to	the	original	analysis,	we	also	limited	the	extent	of	ROI	used	in	the	z-

axis	to	3	slices	(centred	on	the	slice	with	the	highest	voxel	of	activity)	to	try	and	

avoid	“diluting”	the	signal	from	the	valve	as	well	as	improve	reproducibility.	We	

called	this	technique	“most	diseased	segment”	or	MDS	and	used	it	for	the	

coronary	and	carotid	analyses	as	well	(see	figure	2.7).	Three	main	parameters	

were	extracted:	

1. Max	SUV	–	The	SUV	from	the	voxel	with	the	highest	uptake	in	all	three	

regions	

2. Mean	Max	SUV	–	the	average	of	the	highest	single	voxel	from	each	region	

3. Mean	SUV	–	the	average	from	all	voxels	within	all	regions		

	

These	variables	were	(from	valve/carotid/coronary)	were	then	indexed	to	the	

blood	pool	SUV	to	calculate	TBR	as	described	in	the	introduction.	Blood	SUVs	

were	derived	from	the	superior	vena	cava	in	most	circumstances.	More	detail	

for	aortic	valve	analysis	can	be	found	in	Chapter	3.	
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Carotid	and	coronary	analysis	was	undertaken	in	a	similar	manner.	ROI	were	

drawn	around	the	adventitial	borders	of	the	arterial	segment	or	plaque	of	

interest.	Further	detail	on	analysis	methodology	for	the	carotid	and	coronary	

analysis	can	be	found	in	Chapters	5	and	7	respectively.	An	example	of	carotid	

analysis	is	shown	below.	

	

	

Three	main	variables	were	extracted	per	plaque	–	the	single	voxel	of	highest	value	(red	box),	the	

average	of	the	highest	voxels	from	each	slice	(mean	max,	orange	box)	and	the	average	of	all	

voxels	with	the	three	regions	of	interest	(green	box).	

	

PET,	positron	emission	tomography;	SUV,	standardised	uptake	variable	

Figure	2.7	|	Derivation	of	Plaque	Max,	Mean	Max	and	Mean	SUV	by	MDS	Method	
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2.5.1.2	Dynamic	PET	
Dynamic	analysis	was	undertaken	using	the	industry	and	research	standard	

software,	PMOD	(PMOD	v3.408,	PMOD	Technologies	LLC,	Zürich,	Switzerland).	

Dynamic	PET	datasets	were	time	binned	as	per	Frost	and	Hawkins	(12	x	10	s,	4	

x	30	s,	12	x	240	s) (79,88)	and	uploaded	onto	the	PMOD	workstation.	When	

available,	directly	measured	plasma	activity	curves	(see	18F-fluoride	Dynamic	

Acquisitions	section)	were	formatted	for	compatibility	with	PMOD	and	also	

uploaded.	Dynamic	and	CT	datasets	were	then	registered	automatically	(and	

nudged	if	required	using	obvious	fiducial	markers	–	cervical	spine,	mandible,	

calcified	plaque).	Volumes	of	interest	were	then	drawn	on	the	tissues	of	interest	

(plaque	at	the	carotid	bifurcation	or	a	vertebral	body)	and	tissue	activity	curves	

generated.	For	subjects	where	no	blood	sampling	was	available,	plasma	activity	

curves	were	estimated	by	using	an	image-derived	input	function.	In	order	to	

generate	these,	volumes	of	interest	were	drawn	within	the	lumen	of	the	

proximal	common	carotid	artery.	

	

For	analysis,	the	image	data	were	first	reviewed	for	evidence	of	18F-fluoride	

uptake,	image	quality	and	patient	movement.	The	CT	angiogram	was	scrutinized	

for	plaque	presence,	location	and	characteristics.	The	PET	data	were	then	

resliced	as	part	of	automated	registration	to	the	CT	data.	Volumes	of	interest	

were	then	generated	by	drawing	regions	of	interest	on	sequential	axial	slices	on	

the	registered	data	sets.	Volumes	were	drawn	to	separately	incorporate	internal	

carotid	artery	plaque	(where	present)	and	a	vertebral	body.	Vertebral	data	

were	obtained	as	a	comparator	and	also	as	a	way	of	ensuring	our	data	were	

commensurate	with	the	work	of	others.	Tissue	activity	curves	were	then	

generated	and	assessed	and	Patlak(111,112)	analysis	undertaken	using	the	

relevant	software	bolt-on.	More	detail	is	available	in	Chapter	6.
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2.5.2	Clinical	CT	

2.5.1.1	Calcium	Scores	
Evaluation	of	the	aortic	valve,	coronary	and	carotid	calcium	scores	was	

performed	using	calcium	score	analysis	software	(Vitrea,	Vital	Images,	

Minnetonka,	USA).	Vessel	specific	and	total	Agatston	calcium	scores	were	

derived.	The	Agatston	score	was	calculated	in	Agatston	units	(AU)	by	

multiplying	the	area	of	a	region	of	interest	by	a	weighting	factor	selected	

dependent	on	the	peak	signal	within	the	region	of	interest.	Vessel	and	total	

scores	were	obtained	by	adding	the	weighted	scores.	

	

2.5.1.2	Carotid	Plaque	Analysis	
CT	plaque	analysis	was	also	undertaken	on	a	dedicated	software	platform	

(Vitrea,	Vital	Images,	Minnetonka,	USA)	using	the	methodology	specified	by	the	

manufacturer.	Briefly,	a	vessel	centre	line	was	created	semi-automatically	and	

then	adjusted	manually.	Separate	circles	were	then	generated	and	adjusted	

around	the	adventitial	and	lumen	borders	of	the	vessel.	Plaques	were	then	

parsed	into	calcified,	fibrofatty	or	necrotic	segments	using	standardised	

Hounsfield	unit	ranges.	The	absolute	volumes	and	percentage	volumes	of	these	

segments	were	then	calculated	and	recorded.	Other	parameters	such	as	plaque	

burden,	diameter	stenosis	and	remodelling	index	were	also	calculated	and	

recorded.	An	example	is	shown	in	Figure	2.8.	
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The	curved	planar	reformat	of	the	vessel	of	interest	is	shown	on	the	right.	On	the	left,	the	vessel	

is	 shown	 in	 three-dimensional	 context.	 The	multiple	 cross-sectional	 images	 show	 the	 circles	

marking	the	boundary	of	the	adventitia	(red)	and	the	lumen	(blue/green).	The	data	output	is	also	

seen	in	the	boxes	touching	the	three-dimensional	image.	

	

Figure	2.8	|	Screen	Grab	From	CT	Carotid	Plaque	Analysis	
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2.5.3	Micro	PET/CT	

3D	images	after	data	reconstruction	were	analysed	using	VivoQuant	version	

1.23,	(InviCRO,	Boston,	Massachusetts)	software.	Files	were	cropped	to	reduce	

file	size	and	remove	experimental	artifacts	from	matter	outside	the	specimen.	

Once	an	image	containing	only	the	signals	associated	with	the	carotid	was	

achieved,	the	colour	intensities	of	both	modalities	were	manually	adjusted	to	

match	the	histology	and	autoradiography	signals	as	closely	as	possible.	After	

that,	the	“Distance/Annotation”	function	was	selected	and	5–8-mm	linear	

transects	were	made	across	slices	in	the	transverse	plane	of	carotids.	The	raw	

data	were	then	downloaded	and	graphs	showing	micro	CT	densities	and	micro	

PET	units	along	the	transect	lines	were	later	reconstructed	with	Matlab	

(Mathworks,	Natick,	Massachusetts).	To	quantify	PET+/CT-,	PET+/CT-	and	PET-

/CT+	regions	in	3D,	the	“3D	ROI	Tool”	function	was	selected.	First,	micro	PET	

data	were	thresholded	using	the	Otsu	method	to	delineate	the	extent	of	PET+	

signal.	On	the	micro	CT	data	we	defined	densities	over	1000	Hounsfield	Units	

(HU)	as	calcification.	To	detect	PET+/CT+	signal,	we	selected	PET+	delineated	

3D	areas	and	used	Global	thresholding	for	voxels	³1,000	HU	of	the	micro	CT	

data	in	this	area.	To	detect	PET-/CT+	areas,	we	selected	all	remaining	micro	CT	

data	and	applied	the	³1,000	HU	Global	threshold.	The	data	were	downloaded	

and	analysed	with	Microsoft	Office	Excel	(Microsoft,	Redmond,	Washington).
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2.5.4	Immunostaining	and	Autoradiography	

For	 aortic	 valve	 and	 carotid	 analyses	 presented	 in	 Chapters	 3,	 4	 and	 5,	

immunohistochemical	 images	were	 taken	 on	 a	 Zeiss	Axioskop2	 fitted	with	 an	

Axiocam	MRc	digital	camera	using	Axiovision	software.	Total	vessel	and	plaque	

cross-sectional	area	was	calculated	using	Image	Pro	Plus	5	(Rockville,	MD,	USA).	

Staining	was	quantified	by	a	using	a	colour	combination	that	only	detected	the	

brown	 DAB	 stain.	 This	 was	 set	 as	 a	 manual	 threshold	 value,	 irrespective	 of	

intensity.	Immunohistochemical	markers	were	expressed	as	number	of	cells	per	

mm2	or	percentage	staining	of	total	cross-sectional	area.	

	

For	 the	data	 in	Chapter	6,	 two-dimensional	histological,	 immunohistochemical	

and	 autoradiography	 image	 analysis	 was	 performed	 using	 ImageJ/Fiji	 (NIH,	

Bethesda,	 Maryland)	 and	 various	 relevant	 plug-ins	 (TurboReg33,	 JACoP34,	

Analyze	Particles,	etc.).	Correlation	between	histology	(Alizarin	Red)	sections	and	

autoradiography	images	was	achieved	by	using	thresholded	binary	images	of	the	

different	signals.	These	thresholded	images	were	also	filtered	with	Gaussian	blur	

and	thresholded	again,	to	create	segmentation	masks	that	overcome	the	issue	of	

inherent	resolution	differences	between	histology	and	autoradiography.	

	

DAB-stained	immunohistology	(i.e.	CD68,	CD31	etc.)	sections	were	analysed	in	a	

manner	similar	the	that	described	for	the	aortic	valve	analyses.	Autoradiography	

images	were	resized	to	match	the	size	of	the	immunohistology	images.	

	

All	two-dimensional	histology	images	were	subjected	to	background	subtraction	

and	histogram	equalization.	

	

More	details	are	documented	in	Chapters	3,	4,	5,	6	and	7.	
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2.6	Statistics	
Throughout	this	thesis,	continuous	variables	are	expressed	as	either	mean	±	

standard	deviation	for	normally	distributed	data	and	median	(interquartile	

range;	IQR)	for	skewed	distributions.	95%	confidence	intervals	are	quoted	

when	relevant.	Normality	was	visually	assessed	using	a	frequency	histogram	

and	confirmed	or	refuted	with	the	D’Agostino-Pearson	omnibus	test.	Where	

possible	non-parametric	datasets	have	been	log-transformed	to	achieve	

normality	and	permit	the	use	of	parametric	tests.	

	

Comparison	of	two	continuous	datasets	was	undertaken	with	either	a	paired	or	

unpaired	t-test	for	parametric	data	or	the	Wilcoxon	matched	pairs	or	Mann-

Whitney	U	test	for	non-parametric	data.	Correlation	between	two	continuous	

datasets	was	undertaken	with	either	Pearson’s	r	or	Spearman’s	Rho	again	

subject	to	the	normality	of	the	variables	tested.			

	

Categorical	data	are	presented	as	n	(%)	and	were	compared	when	appropriate	

using	a	contingency	table	and	Fisher’s	exact	test	or	the	c2	test.		

	

To	assess	inter	and	intra-observer	reproducibility	the	intra-class	correlation	

coefficient	(ICC)	was	calculated	and	Bland-Altman	analysis	undertaken.	For	

repeatability	of	categorical/ordinal	datasets	Cohen’s	kappa	coefficient	was	

calculated	

	

Adjusted	and	unadjusted	Cox	regression	models	were	employed	in	one	analysis	

to	explore	the	relationship	between	PET	uptake	and	clinical	end	points.	

	

Statistical	analyses	were	performed	with	the	use	of	Graph	Pad	Prism	version	6.0	

(GraphPad	Software	Inc,	California,	USA),	SPSS	version	18	(SPSS	Inc,	Chicago,	

IL)	and	RStudio	version	0.98.501	(2013).	
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Statistical	significance	was	taken	as	two-sided	P	<	0.05.	Advice	was	sought	when	

required	from	a	statistician.	More	details	are	nested	within	relevant	sections	of	

the	data	chapters.
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Chapter	3 –	18F-Fluoride	And	18F-FDG	Hybrid	
Positron	Emission	Tomography	And	Computed	
Tomography	In	Calcific	Aortic	Valve	Disease	–	
Mechanisms	Of	Action;	Histological	And	Clinical	
Imaging	Based	Validation
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3.1	Publication	in	Context	
3.1.1	Background	

Dr	Marc	Dweck’s	original	doctoral	work	was	centred	on	the	“Ring	of	Fire	

Study”(8,113).	This	was	a	prospective	observational	controlled	cohort	study	

carried	out	at	Edinburgh	University	and	the	Royal	Infirmary	of	Edinburgh.	The	

study	experimental	participants	were	patients	with	aortic	stenosis	(of	varying	

degrees	of	severity)	already	enrolled	in	a	clinical	surveillance	program.	The	

control	patients	were	age	and	sex	matched	individuals	without	aortic	stenosis.	

Subjects	were	scanned	using	clinical	PET/CT	with	18F-FDG	and	18F-fluoride.	

	

The	three	aims	of	the	original	study	were	as	follows:	

1. To	test	the	feasibility	of	using	18F-FDG	and	18F-fluoride	PET/CT	to	

assess	CAVD.	

2. To	establish	technique	repeatability.	

3. To	undertake	an	in	vivo	pathobiological	assessment	of	the	relative	

importance	of	inflammation	and	calcification	at	different	stages	of	the	

CAVD.	

	

The	results	of	this	work,	specifically	focused	on	the	aortic	valve,	have	been	

published(8)	and	described	in	the	introduction	to	this	thesis.	In	brief,	the	study	

showed	that	aortic	valvular	PET/CT	was	feasible,	repeatable	and	that	

radiotracer	uptake	correlated	with	traditional	imaging	biomarkers	of	disease	

severity.	18F-fluoride	appeared	to	perform	better	than	18F-FDG.
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3.1.2	Aims	of	Further	Study	

Dr.	William	Jenkins	and	I	undertook	to	perform	a	follow-up	study	exploring	the	

potential	mechanisms	of	valvular	18F-FDG	and	18F-fluoride	uptake	and	how	

they	might	explain	the	findings	of	the	original	report.	We	aimed	to	use	

histological	and	immunohistochemical	experiments	to	validate	the	radiotracers	

as	well	as	in	vivo	follow-up	scans	to	address	this	question.	We	also	asked:	would	

18F-FDG	or	18F-fluoride	uptake	predict	imaging	defined	disease	progression?	

	

3.1.3	Contributions	

The	work	described	in	this	paper	was	undertaken	as	a	joint	effort	between	Dr	

Dweck,	Dr	Jenkins	and	I.	Dr	Dweck	provided	the	baseline	data	from	his	original	

work	and	supervised	Dr	Jenkins	and	I	in	the	subsequent	work.	Dr	Jenkins	and	I	

both	collected	the	follow-up	data	for	the	patients,	devised	and	executed	the	

histological,	immunohistochemical	and	autoradiography	experiments	and	the	

subsequent	analyses.	We	carried	out	the	statistical	analysis	and	drafted	the	

paper.	

	

	

	

	

	

	

	

	

	

	

	

Published	as:	Dweck	MR,	Jenkins	WSA,	Vesey	AT,	Pringle	MAH,	Chin	CWL,	

Malley	TS,	et	al.	18F-Sodium	fluoride	Uptake	Is	a	Marker	of	Active	Calcification	

and	Disease	Progression	in	Patients	With	Aortic	Stenosis.	Circulation:	

Cardiovascular	Imaging	2014	Mar	18;7(2):371–8.	
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3.2	Abstract	
3.2.1	Background	
18F-Sodium	fluoride	(18F-fluoride)	and	18F-Fluorodeoxyglucose	(18F-FDG)	are	

promising	novel	biomarkers	of	disease	activity	in	aortic	stenosis.	We	compared	

18F-fluoride	and	18F-FDG	uptake	with	histological	characterization	of	the	aortic	

valve	and	assessed	whether	they	predicted	disease	progression.		

	

3.2.2	Methods	

Thirty	patients	with	aortic	stenosis	underwent	combined	positron	emission	and	

computed	tomography	using	18F-fluoride	and	18F-FDG	radiotracers.	In	12	

patients	undergoing	aortic	valve	replacement	surgery	(10	for	each	tracer),	

radiotracer	uptake	(mean	tissue/background	ratio)	was	compared	with	CD68	

(inflammation),	alkaline	phosphatase,	and	osteocalcin	(calcification)	

immunohistochemistry	of	the	excised	valve.	

	

3.2.3	Results		

In	18	patients	(6	aortic	sclerosis,	5	mild,	and	7	moderate),	aortic	valve	

computed	tomography	calcium	scoring	was	performed	at	baseline	and	after	1	

year.	Aortic	valve	18F-fluoride	uptake	correlated	with	both	alkaline	

phosphatase	(r=0.65;	P=0.04)	and	osteocalcin	(r=0.68;	P=0.03)	

immunohistochemistry.	There	was	no	significant	correlation	between	18F-FDG	

uptake	and	CD68	staining	(r=−0.43;	P=0.22).	After	1	year,	aortic	valve	

calcification	increased	from	314	(193–540)	to	365	(207–934)	AU	(P<0.01).	

Baseline	18F-fluoride	uptake	correlated	closely	with	the	change	in	calcium	

score	(r=0.66;	P<0.01),	and	this	improved	further	(r=0.75;	P<0.01)	when	18F-

fluoride	uptake	overlying	computed	tomography–defined	macrocalcification	

was	excluded.	No	significant	correlation	was	noted	between	valvular	18F-FDG	

uptake	and	change	in	calcium	score	(r=−0.11;	P=0.66).
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3.2.4	Conclusion	
18F-fluoride	uptake	identifies	active	tissue	calcification	and	predicts	disease	

progression	in	patients	with	calcific	aortic	stenosis.
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3.3	Introduction	
The	mechanisms	underlying	aortic	stenosis	(AS)	remain	incompletely	

understood,	and	the	accurate	prediction	of	disease	progression	remains	a	

challenge. (114)	Calcification	and	inflammation	are	thought	to	play	key	

pathophysiological	roles.	Indeed,	the	amount	of	established	calcium	in	the	valve	

correlates	with	disease	severity	and	predicts	future	adverse	cardiovascular	

events. (115,116)	Although	computed	tomography	(CT)	and	echocardiography	

can	provide	measures	of	established	valvular	calcification,	they	cannot	directly	

assess	ongoing	calcification	activity,	which	is	considered	to	be	the	main	driver	

of	disease	progression.	

	

Recent	reports	have	investigated	two	positron	emission	tomography	(PET)	

radiotracers,	18F-sodium	fluoride	(18F-fluoride)	and	18F-	fluorodeoxyglucose	

(18F-FDG),	as	measures	of	calcification	activity	and	inflammation,	respectively,	

in	the	aortic	valve, (101)	coronary	arteries, (106,117)	and	major	vessels. (98)	

18F-FDG	PET	has	become	a	widely	used	tool	for	the	assessment	of	inflammation	

in	the	aorta	and	carotid	arteries,	with	uptake	correlating	with	macrophage	

burden. (70)	Several	studies	have	investigated	its	uptake	in	AS,	although	

histological	validation	is	lacking.	(100,101)	18F-fluoride	has	been	used	as	a	

bone	tracer	for	>40	years,	displaying	increased	activity	in	conditions	associated	

with	increased	bone	metabolism	such	as	Paget’s	disease.	In	bone,	it	is	thought	to	

bind	and	then	incorporate	into	exposed	hydroxyapatite	crystals	via	an	exchange	

mechanism	with	hydroxyl	groups	to	form	fluorapatite.	Given	that	

hydroxyapatite	is	also	a	key	structural	component	of	calcification	in	the	aortic	

valve	and	vascular	atheroma,	it	is	presumed	that	similar	mechanisms	explain	its	

accumulation	in	these	tissues.	However,	this	remains	hypothetical.	The	

principal	aims	of	the	present	study	were,	therefore,	to	validate	the	use	of	18F-

fluoride	and	18F-FDG	in	AS	by	comparing	in	vivo	radiotracer	uptake	with	

immunohistochemistry	of	calcification	and	inflammation	in	excised	valvular	

tissue	and	to	investigate	whether	either	of	these	agents	predicts	disease	

progression	at	1	year.
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3.4	Methods	
3.4.1	Patient	Populations	

Two	cohorts	of	patients	with	AS	were	recruited	into	this	study	

1. 12	patients	undergoing	valve	replacement	surgery,	and		

2. 18	patients	with	asymptomatic	disease	under	surveillance	at	the	

Edinburgh	Heart	Centre.	The	latter	cohort	was	randomly	selected	for	

repeat	scanning	from	a	larger,	previously	described	population	who	

underwent	baseline	PET	imaging. (101,106,118)		

All	patients	were	>50	years	of	age,	and	exclusion	criteria	included	a	normal	

aortic	valve,	insulin-dependent	diabetes	mellitus,	end-stage	renal	failure,	life	

expectancy	of	<2	years,	and	metastatic	malignancy.	Patients	with	severe	AS	

were	excluded	from	the	cohort	of	patients	under	surveillance	because	of	the	

potential	for	disease	progression	and	symptom	development	before	the	follow-

up	1-year	scan.	The	study	was	performed	in	accordance	with	the	Declaration	of	

Helsinki	and	after	local	research	ethics	committee	approval.	All	patients	

provided	written	informed	consent	before	participating.		

3.4.2	Baseline	Assessment		

All	patients	underwent	full	clinical	assessment	at	baseline,	and	AS	severity	was	

assessed	using	Doppler	and	2-dimensional	echocardiography	by	means	of	the	

peak	transvalvular	velocity,	mean	gradient,	and	aortic	valve	area	according	to	

American	Heart	Association/American	College	of	Cardiology	guidelines. (119)		

Aortic	sclerosis	was	defined	as	thickening	of	the	aortic	valve	cusps	in	the	

absence	of	accelerated	flow	(<2	m/s)	through	the	valve.	Combined	PET	and	CT	

scans	of	the	aortic	valve	were	performed	using	a	hybrid	scanner	(Biograph	

mCT;	Siemens	Medical	Systems,	Erlangen,	Germany)	60	minutes	after	

administration	of	125	MBq	of	18F-fluoride.	Subsequently,	a	second	PET/CT	scan	

was	performed	using	the	same	hybrid	scanner	90	minutes	after	administration	

of	200	MBq	of	18F-FDG.	Glucose	is	a	major	energy	source	of	the	myocardium,	so	

that	intense	18F-FDG	uptake	frequently	occurs,	spilling	over	and	contaminating	
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the	signal	in	the	valve.	We	attempted	to	reduce	myocardial	uptake	by	asking	

patients	to	avoid	carbohydrates	for	24	hours	before	their	18F-FDG	scan,	thereby	

switching	the	myocardium	from	glucose	to	free	fatty-acid	metabolism.	

Myocardial	18F-FDG	uptake	was	assessed	within	regions	of	interest	(ROIs)	

placed	in	the	basal	septum	of	the	left	ventricle	and	classified	as	being	

adequately	suppressed	if	mean	standard	uptake	values	were	<5.0. (120) An	

ECG-gated	breath-hold	CT	scan	(non-contrast	enhanced,	40	mA/rot	[CareDose];	

100	kV)	was	performed	for	calculation	of	the	aortic	valve	calcium	score	using	

dedicated	analysis	software	(VScore;	Vital	Images,	Minnetonka,	MN)	on	axial	

scans. (23) Particular	care	was	taken	to	differentiate	valvular	calcium	from	that	

in	the	aortic	root	and	mitral	valve	annulus. (117)	At	1-year	follow-up,	patients	in	

the	surveillance	cohort	underwent	repeat	clinical	asessment	and	CT	calcium	

scoring	using	the	same	protocol.		

3.4.3	Quantification	of	Aortic	Valve	PET	Activity	

18F-fluoride	and	18F-FDG	uptake	in	the	aortic	valve	was	quantified	using	an	

OsiriX	workstation	(OsiriX	version	3.5.1	64-bit;	OsiriX	imaging	Software,	

Geneva,	Switzerland)	as	reported	previously. (120,121)	Briefly,	fused	PET-CT	

images	were	reoriented	into	the	plane	of	the	valve	and	circular	ROIs	drawn	on	

adjacent	3-mm	slices	until	the	entire	valve	had	been	examined.	For	18F-

fluoride,	ROIs	were	placed	around	the	perimeter	of	the	valve	while	excluding	

the	aortic	root	(whole-valve	technique).	To	reduce	the	potential	for	myocardial	

18F-FDG	activity	contaminating	the	aortic	valve	signal,	ROIs	for	this	tracer	were	

drawn	in	the	centre	of	the	valve	as	previously	described	(centre-valve	

technique). (100,120) Within	these	ROIs,	mean	standard	uptake	values	were	

calculated	for	each	slice,	averaged,	and	corrected	for	blood	pool	activity	to	

provide	mean	tissue/background	ratios.	Mean	tissue/background	ratios	were	

selected	prospectively	for	subsequent	comparisons	with	histology	and	disease	

progression	because	this	measure	was	felt	to	best	represent	tracer	uptake	

across	the	valve	as	a	whole.
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3.4.4	Distribution	of	18F-fluoride	in	the	Aortic	Valve	Relative	to	

Calcium	Scoring	

We	undertook	a	voxel-by-voxel	analysis	comparing	the	distribution	of	calcium	

on	CT	with	18F-fluoride	uptake.	ROIs	were	drawn	around	the	valve,	and	each	

voxel	was	assessed	for	the	presence	of	calcium	(>130	HU)	and	increased	18F-

fluoride	uptake	(tissue/background	ratio	max	>1.97	based	on	the	highest	

uptake	in	the	control	cohort	of	our	previous	study) (120)	using	dedicated	

software	MATLAB	(Mathworks	Inc.,	Natick,	MA).	We	hypothesized	that	regions	

of	completely	novel	calcium	development	might	have	an	even	more	important	

effect	on	disease	progression,	and	therefore	we	calculated	the	percentage	of	the	

valve	with	increased	radiotracer	uptake	in	the	absence	of	underlying	calcium	on	

CT	(%	of	PET-positive	but	CT-negative	voxels).	

	

3.4.5	Histological	Assessment	

In	the	patients	undergoing	aortic	valve	replacement,	the	aortic	valve	was	

removed	at	the	time	of	operation,	with	care	taken	to	preserve	the	integrity	of	

the	valve	architecture.	Samples	were	then	fixed	in	4%	paraformaldehyde	for	24	

hours.	Plaques	were	decalcified	in	EDTA	for	10	days	and	embedded	in	paraffin,	

and	5-μm	sections	were	prepared.	Immunohistochemical	staining	for	

osteocalcin	(antihuman	mouse	mAb	ab13418;	Abcam),	CD68	(antihuman	mouse	

clone	PG-M1	m0876,	DAKO),	and	tissue	nonspecific	alkaline	phosphatase	

(TNAP;	antihuman	rabbit	pAb	CAT#LF	PA50004;	Abfrontier)	was	then	

undertaken	after	heat-induced	epitope	retrieval	using	a	Citrate	Buffer	pH	6	

(Novocastra	Leica	microsystems)	in	a	decloaking	chamber.	Osteocalcin	staining	

required	no	heat-induced	epitope	retrieval.	Sections	were	stained	using	a	Leica	

Vision	Biosystems	Bond-X	immunostaining	robot.	After	blocking	in	peroxide	for	

10	minutes,	sections	were	incubated	with	the	specific	antihuman	antibodies	for	

2	hours	at	room	temperature	at	the	following	dilutions:	osteocalcin	1:200,	TNAP	

1:100,	and	CD68	1:100.	All	incubation	steps	were	followed	by	washing	in	

TBS/Tween.	Sections	for	osteocalcin	and	CD68	were	incubated	for	15	minutes	

with	pre-polymer/post-primary	followed	by	15	minutes	with	polymer	(HRP)	
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for	all	antibodies	before	3,3′-diaminobenzidine	visualization	and	haematoxylin	

counterstain.	Sections	were	dehydrated	in	graded	ethanol	and	cleared	in	xylene	

before	cover	slipping	in	Pertex.	

	

Images	were	taken	on	a	Zeiss	Axioskop2	fitted	with	an	Axiocam	MRc	digital	

camera	using	Axiovision	software.	Tissue	cross-sectional	area	on	each	section	

was	manually	delineated	using	Image	Pro	Plus	5	(Rockville,	MD).	

Immunohistochemical	staining	for	osteocalcin	and	TNAP	was	identified	by	

visual	assessment	and	quantified	using	automated	colour-based	segmentation	

by	a	trained	observer	blinded	to	the	PET	data.	Staining	was	expressed	as	a	

percentage	of	the	total	valve	area.	Macrophage	infiltration	using	CD68	was	

assessed	using	a	similar	approach	but	with	an	object	size	set	threshold	applied	

at	20×10	pixels	to	limit	counting	to	cell-sized	objects.	The	density	of	cell	staining	

in	the	valve	tissue	was	expressed	as	cells	per	square	millimetre.	This	technique	

was	also	used	to	identify	cellular	staining	for	TNAP	and	osteocalcin.	

	

3.4.6	Reproducibility	Studies	
Inter-observer	reproducibility	of	the	immunohistochemical	data	was	

investigated.	Tissue	staining	with	alkaline	phosphatase,	CD68,	and	osteocalcin	

was	quantified	in	5	valves	independently	by	2	trained	observers.	

	

3.4.7	Autoradiography	

Clinical	PET	systems	have	limited	resolution.	To	gain	further	information	about	

the	precise	localization	of	the	18F-fluoride	signal	in	aortic	valve	tissue,	we	

undertook	autoradiography.	Non-decalcified	valvular	tissue	was	rapidly	cooled	

in	dry	ice	and	then	sectioned	at	7-μm	thickness	using	a	cryostat	(CM1520;	

Wetzlar,	Germany).	Sections	for	autoradiography	were	mounted	on	Superfrost	

slides	(Gerhard	Menzel,	Braunschweig,	Germany)	before	treatment	with	spray	

fixative.	Sections	were	bathed	in	a	solution	of	18F-fluoride	at	a	concentration	

close	to	in	vivo	imaging	concentrations	(1	kBq/mL)	for	60	minutes	and	then	

rinsed	with	PBS.	A	freshly	blanked	phosphor	screen	was	then	placed	over	the	

slides	and	an	overnight	exposure	undertaken.	The	screen	was	then	read	using	a	
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FujiFilm	FLA-5100	Fluorescent	Image	Analyser	(Raytek	Scientific	Limited,	

Sheffield,	UK).	Sections	adjacent	to	those	used	for	autoradiography	were	stained	

for	elemental	phosphate	(i.e.	calcium	orthophosphate)	using	Von	Kossa	stain,	

and	after	surface	decalcification	in	situ	with	Von	Ebner	solution,	for	TNAP	and	

osteocalcin.	Sections	were	then	manually	registered	and	examined	for	co-

localization	with	18F-fluoride	signal.	

	

3.4.8	Statistical	Methods	

Continuous	variables	were	assessed	for	normality	both	visually	and	using	the	

D’Agostino-Pearson	test.	Variables	were	expressed	as	either	mean±SD	or	

median	with	interquartile	ranges	(IQRs)	subject	to	whether	they	approximated	

a	normal	distribution.	Categorical	data	were	presented	as	n	(%).	The	95%	

normal	range	for	differences	between	sets	of	immunohistochemical	

measurements	(the	limits	of	agreement)	were	estimated	using	Bland–Altman	

analysis	by	multiplying	the	SD	of	the	mean	difference	by	1.96. (122)	Intra-class	

correlation	coefficients	with	95%	confidence	intervals	were	calculated	for	inter-

observer	variation.	Baseline	and	follow-up	calcium	scores	approximated	a	

normal	distribution	and	were	compared	using	a	paired	t	test.	However,	despite	

attempts	at	data	transformation,	the	changes	in	calcium	scores	were	not	

normally	distributed,	and	correlations	with	CT	progression	data	were	assessed	

using	Spearman	correlation	and	linear	regression	analysis.	The	limitations	in	

using	linear	regression	in	the	context	of	a	non-normal	distribution	are	

acknowledged.	A	2-sided	P<0.05	was	regarded	as	statistically	significant.	

Statistical	analysis	was	performed	with	the	use	of	Graph	Pad	Prism	version	

6.0(GraphPad	Software	Inc,	San	Diego,	CA).
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3.5	Results	
3.5.1	Histology	Cohort	

Twelve	patients	with	symptomatic	AS	were	recruited	into	the	histology	cohort	

(8	men;	76±6	years	of	age;	peak	aortic	valve	velocity,	4.6±0.9	m/s).	Patients	

underwent	PET	scanning	a	median	of	92	days	before	surgical	aortic	valve	

replacement.	Eight	patients	received	both	18F-fluoride	and	18F-FDG	PET	scans.	

In	addition,	2	had	a	single	18F-fluoride	scan,	whereas	2	more	had	a	single	18F-

FDG	scan.	Thus,	10	valves	were	available	for	the	histological	validation	of	each	

tracer.	No	patient	had	a	significant	perioperative	complication	(Table	3.1).	

Effective	myocardial	suppression	of	18F-FDG	activity	was	achieved	in	40%	

(median	myocardial	standard	uptake	value,	5.4;	IQR,	1.9–10.4).	

Categorical	data	are	displayed	as	n	(%).	Normally	distributed	data	are	displayed	as	mean±SD.	

Non-normally	distributed	data	are	distributed	as	median	(interquartile	range).	AVR	indicates	

aortic	valve	replacement;	FDG,	fluorodeoxyglucose;	18F-NaF,	18F-Fluoride;	PET,	positron	

emission	tomography;	and	TBR,	tissue/background	ratio.

Table	3.1-	Baseline	Clinical	Data	-	Histology	Cohort	



	

	 106	

3.5.2	Immunohistochemistry	and	Autoradiography	

All	valve	samples	displayed	positive	cellular	staining	for	TNAP	(225	cells/mm2	

valve	tissue;	IQR,	143–328),	osteocalcin	(130	cells/mm2	valve	tissue;	IQR,	85–

274),	and	CD68	(172	cells/mm2	valve	tissue;	IQR,	73–271;	Figure	3.1;	Table	

3.2).	Extensive	TNAP	and	osteocalcin	staining	was	also	observed	in	the	

extracellular	matrix,	occupying	approximately	a	sixth	of	the	valve	area	sampled	

(17±5%	and	17±7%,	respectively;	Figure	3.1;	Table	3.2).	

	

On	autoradiography,	18F-fluoride	uptake	was	observed	to	co-localise	closely	

with	staining	for	structural	calcium	phosphate,	TNAP,	and	osteocalcin	(Figure	

3.1).	However,	signal	was	also	clearly	apparent	in	areas	free	of	macroscopically	

visible	calcium,	thus	highlighting	the	sensitivity	of	18F-fluoride	in	the	detection	

of	newly	evolving	calcification	

Categorical	data	are	displayed	as	n	(%).	Normally	distributed	data	are	displayed	as	mean±SD.	

Non-normally	distributed	data	are	distributed	as	median	(interquartile	range).	ICC	as	value	

(95%	confidence	interval).	ICC	indicates	intra-class	correlation	coefficient;	n/a,	not	applicable;	

and	TNAP,	tissue	non-specific	alkaline	phosphatase.

Table	3.2	|	Histology/Immunohistochemistry	Data	



	

	 107	

A–F,	Fixed,	decalcified,	and	paraffin-embedded	aortic	valve	tissue	after	exposure	to	tissue	
nonspecific	alkaline	phosphatase	(TNAP),	osteocalcin,	and	CD68	antibodies.	A–C,	Widespread	
positive	staining	for	TNAP,	osteocalcin,	and	CD68	(magnification	×4)	in	the	extra-cellular	matrix,	

which	is	also	observed	on	an	individual	cellular	level	(D–F,	magnification	×20),	respectively.	G-I,	
three	adjacent	and	consecutive	aortic	valve	leaflet	sections	displaying	positive	

immunohistochemical	staining	for	osteocalcin	(I,	magnification	×4)	that	co-localises	to	areas	of	
maximal	18F-fluoride	(18F-NaF)	uptake	on	autoradiography	(H).	These	likely	represent	areas	of	
ongoing	calcification	activity,	which	extend	beyond	the	areas	of	established	calcium	identified	in	

black	by	Von	Kossa	stain	(G,	magnification	×4).

Figure	3.1	|	Histology	And	18F-Fluoride	Autoradiography	Of	Excised	Aortic	
Valve	Tissue	From	Patients	With	Aortic	Stenosis.	
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3.5.3	Reproducibility	Of	Immunohistochemistry	

Inter-observer	reproducibility	was	good	for	the	quantification	of	osteocalcin	

and	TNAP	staining,	as	well	as	CD68	cell	counting.	All	observations	were	

characterized	by	an	absence	of	fixed	or	proportional	biases,	narrow	limits	of	

agreement	(−13.4%	to	9.3%,	−8.0%	to	5.0%,	and	−7.9%	to	9.6%,	respectively),	

and	interclass	correlation	coefficient	values	of	0.90	(0.35–0.99),	0.88	(0.60–

0.97),	and	0.99	(0.99–1.00),	respectively	(Table	3.2).	

	

3.5.4	Correlation	With	Radiotracer	Uptake	

There	was	a	good	correlation	between	in	vivo	valvular	18F-fluoride	uptake	and	

both	alkaline	phosphatase	(r=0.65	[95%	confidence	interval,	0.03–0.90];	

P=0.04)	and	osteocalcin	(r=0.68	[0.10–	0.91];	P=0.03;	Figure	3.2)	staining	of	the	

excised	tissue.	In	comparison,	there	was	no	association	between	18F-FDG	

uptake	and	CD68	staining	in	the	valve	(r=−0.43;	P=0.22).
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A,	18F-fluoride	(18F-NaF)	versus	tissue	nonspecific	alkaline	phosphatase	(TNAP).	A	correlation	
was	observed	between	the	percentage	aortic	valve	tissue	staining	for	TNAP	and	the	valvular	

18F-fluoride	uptake	(mean	tissue	to	background	ratio	[TBR]);	r=0.65,	P=0.04.		
	
B,	18F-fluoride	versus	osteocalcin.	A	correlation	was	observed	between	the	percentage	surface	
area	of	the	valve	stained	with	osteocalcin	and	the	aortic	valve	18F-fluoride	PET	activity	(mean	

TBR);	r=0.68,	P=0.03.	
	
C,	18F-Fluorodeoxyglucose	(FDG)	versus	CD68.	No	correlation	was	observed	between	CD68	
staining	on	immunohistochemistry	and	18F-FDG	PET	activity	in	the	aortic	valve	(mean	TBR);	

r=−0.43,	P=0.22.

Figure	3.2	|	Correlations	Between	In	Vivo	Aortic	Valve	Positron	Emission	Tomography	
(PET)	Activity	And	Histological	Markers	Of	Calcification	And	Inflammation	
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3.5.5 Imaging	Defined	Disease	Progression	
Of	the	18	patients	(75±6	years	of	age;	17	men;	peak	aortic-jet	velocity,	2.6±0.9	

m	s-1)	reassessed	at	a	median	interval	of	386	days	(Table	3.4),	6	had	aortic	

sclerosis,	7	had	mild	AS,	and	5	had	moderate	AS.	Effective	myocardial	

suppression	of	18F-FDG	uptake	was	achieved	in	66%	(median	myocardial	

standard	uptake	value,	3.6;	IQR	[2.0–5.4]).	A	correlation	was	observed	between	

baseline	aortic	valve	calcium	scores	on	CT	and	18F-fluoride	activity	on	PET	

(r=0.74	[0.42–0.90];	P≤0.001).	However,	as	described	previously,	the	pattern	of	

18F-fluoride	uptake	was	distinct	from	the	distribution	of	established	calcium. 

(121,123,124)	Indeed	18F-fluoride	uptake	in	the	absence	of	underlying	calcium	

occupied	a	median	of	8.3%	(IQR	1.6–23.4)	of	the	total	valve	area,	emphasizing	

that	18F-fluoride	provides	distinct	and	complementary	information	to	CT	

calcium	scoring	(Figure	3.1).	

Categorical	displayed	as	total	number	(%).	Median	(interquartile	range).	CT	indicates	computed	

tomography;	18F-FDG,	18F-fluorodeoxyglucose;	and	18F-NaF,	18F-sodium	fluoride	

Table	3.3	|	Baseline	Clinical	Data	–	All	Patients	
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At	1	year,	aortic	valve	calcium	scores	increased	from	314	(193–540)	to	365	

(207–934)	AU	(P<0.01).	Interestingly,	these	regions	of	novel	calcium	developed	

in	much	the	same	distribution	as	the	observed	baseline	18F-fluoride	uptake	

(Figure	3.3	A	&	B).	Indeed,	we	observed	a	correlation	between	baseline	valvular	

18F-fluoride	PET	uptake	and	the	change	in	calcium	score	after	1	year	(r=0.66	

[0.27–0.86];	P=0.003;	Figure	3.3	C).	This	was	similar	to	that	observed	for	the	

current	gold	standard	method	of	prediction:	the	baseline	calcium	score	(r=0.58	

[0.15–0.82];	P=0.01;	Figure	3.3	D).	This	association	improved	further	when	only	

increased	18F-fluoride	uptake	in	the	absence	of	underlying	CT	

macrocalcification	was	considered	(r=0.75	[0.42–0.90];	P=0.01).	No	statistically	

significant	correlation	was	observed	between	18F-FDG	uptake	and	the	

subsequent	change	in	CT	calcium	score	(r=−0.11	[−0.56	to	0.39];	P=0.66;	Figure	

3.3	E).
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A	and	B,	Coaxial	short	axis	views	of	the	aortic	valve	from	2	patients	with	mild	aortic	stenosis	
(top	and	bottom).	On	baseline	CT	scans	(left)	established	regions	of	macrocalcification	appear	

white.	Baseline	fused	18F-fluoride	PET	and	CT	scans	(middle)	show	intense	18F-fluoride	uptake	

(red,	yellow	regions)	both	overlying	and	adjacent	to	existing	calcium	deposits	on	the	CT.	One-

year	follow-up	CT	scans	(right)	demonstrate	increased	calcium	accumulation	in	much	the	same	

distribution	as	the	baseline	PET	activity.	

	
C–E,	Predictors	of	progression	in	aortic	valve	calcium	score.	An	excellent	correlation	was	
observed	between	baseline	18F-fluoride	(18F-NaF)	activity	in	the	aortic	valve	and	the	

subsequent	change	in	calcium	score	at	1	year	r=0.66,	P<0.01	(C).	This	matched	the	current	gold	
standard	predictor	of	disease	progression,	the	baseline	calcium	score	r=0.58,	P=0.01	(D).	By	
contrast,	there	was	no	correlation	with	18F-Fluorodeoxyglucose	(FDG)	activity	in	the	valve	

r=−0.11,	P=0.66	(E).

Figure	3.3	|	Change	In	Aortic	Valve	Computed	Tomography	(CT)	Calcium	Score	
And	18F-Fluoride	Positron	Emission	Tomography	(PET)	Activity	After	One	Year	
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3.6	Discussion	
We	provide	the	first	preliminary	evidence	that	valvular	18F-fluoride	uptake	acts	

as	a	marker	of	calcification	activity	in	patients	with	AS.	Not	only	did	uptake	

values	demonstrate	a	correlation	with	histological	markers	of	active	

calcification	(TNAP	and	osteocalcin),	but	they	were	also	a	good	predictor	of	the	

subsequent	progression	in	aortic	valve	CT	calcium	scores	at	1	year.	In	contrast,	

18F-FDG	uptake	did	not	correlate	with	CD68	staining	on	histology	or	the	

progression	in	calcium	scores.	Our	data	indicate	that	18F-fluoride	holds	

promise	as	a	biomarker	of	disease	activity	in	patients	with	AS.	

	

The	pathophysiology	of	AS	is	incompletely	understood,	delaying	the	

development	of	biomarkers	and	effective	medical	therapies.	Calcification	and	

inflammation	are	thought	to	play	a	key	pathological	role(114)	so	that	non-

invasive	markers	of	their	activity	are	of	interest	in	better	understanding	the	

cause	of	this	condition	and	in	predicting	disease	progression.	

	

Recent	studies	have	investigated	18F-fluoride	PET	as	a	marker	of	vascular	

calcification	in	AS(8)	and	atherosclerosis	affecting	the	aorta, (125)	coronary, 

(117,121)	and	carotid	arteries. (126)	However,	this	is	the	first	study	to	provide	

histological	validation	of	18F-fluoride	uptake	in	vascular	tissue.	In	bone,	18F-

fluoride	is	thought	to	incorporate	onto	the	surface	of	hydroxyapatite	crystal. 

(126)	Given	that	hydroxyapatite	is	also	a	key	component	of	vascular	

calcification,	it	too	has	been	the	presumed	radiotracer	target	in	AS	and	

atherosclerosis.	This	hypothesis	is	supported	by	our	autoradiography	and	

immunohistochemical	data,	demonstrating	a	good	correlation	between	18F-

fluoride	activity	and	osteocalcin	staining:	a	well-recognized	osteogenic	protein	

that	itself	binds	to	hydroxyapatite.	

	

Given	that	18F-fluoride	binds	to	a	structural	component	of	vascular	

calcification,	why	then	does	it	not	simply	label	all	regions	of	macrocalcification	

identified	by	CT?	Indeed,	it	is	common	for	regions	of	dense	calcium	on	CT	to	
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show	no	18F-fluoride	uptake.	This	phenomenon	is	probably	related	to	the	

available	surface	area	of	exposed	hydroxyapatite	crystal	to	which	the	18F-

fluoride	ion	can	adsorb	and	the	biological	inactivity	of	established	areas	of	field	

calcification.	18F-fluoride	uptake	is	much	greater	at	sites	of	evolving	“powdery”	

microcalcification	than	established	regions	of	field	calcification	in	which	the	

core	of	hydroxyapatite	is	internalized	and	therefore	hidden	from	the	18F-

fluoride	tracer.	Thus,	18F-fluoride	binds	more	readily	to	regions	of	developing	

calcium	and	acts	as	a	marker	of	calcification	activity,	providing	distinct	

information	to	calcium	scoring.	In	contrast,	the	latter	quantifies	regions	of	

established	macroscopic	calcium	in	the	valve	but	cannot	inform	whether	the	

process	of	calcification	is	quiescent	or	active.	Again,	this	hypothesis	is	supported	

by	our	data.	We	have	demonstrated	a	strong	correlation	between	in	vivo	18F-

fluoride	uptake	and	staining	for	one	of	the	key	enzymes	regulating	

mineralisation:	TNAP.	This	enzyme	is	expressed	in	the	early	stages	of	new	

calcium	formation	and	is	known	to	work	by	breaking	down	pyrophosphate:	a	

potent	inhibitor	of	mineralization. (127)	Furthermore,	as	one	would	expect	

from	a	measure	of	activity,	baseline	18F-fluoride	uptake	closely	correlated	with	

the	subsequent	change	in	calcium	score	at	1	year.	Indeed,	18F-fluoride	uptake	

performed	as	well	as	the	current	gold	standard	method	of	prediction,	the	degree	

of	established	calcium	in	the	valve	at	baseline. (115,128)	However,	larger	

studies	are	now	required	to	compare	these	two	techniques,	whereas	calcium	

scoring	may	be	easier	to	obtain;	changes	in	the	18F-fluoride	PET	signal	are	

likely	to	occur	more	quickly,	making	it	a	more	attractive	technique	with	which	

to	assess	the	early	and	more	immediate	effects	of	novel	treatment	strategies.	

	

Interestingly,	the	pattern	of	18F-fluoride	uptake	may	be	important,	with	18F-

fluoride	uptake	remote	from	established	macrocalcification	on	CT	offering	the	

best	prediction	of	calcium	score	progression	in	our	cohort.	The	spatial	

resolution	of	PET/CT	is	~4	mm,	and	we	acknowledge	that	the	voxel-by-voxel	

analysis	used	to	establish	this	observation	is	at	the	limit	of	resolution	for	PET	

imaging.	Nevertheless,	the	strong	correlation	with	progression	is	of	interest	and	
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indicates	that	further	investigation	of	the	spatial	distribution	of	18F-fluoride	

uptake	is	warranted.	

	

The	results	of	valvular	18F-FDG	imaging	were	somewhat	disappointing	and	

surprising	given	previous	data	suggesting	an	important	role	for	inflammation	in	

AS. (129)	Although	correlations	between	18F-FDG	uptake	and	macrophage	

burden	have	previously	been	demonstrated	in	regions	of	aortic	and	carotid	

atheroma, (130)	we	were	unable	to	replicate	this	with	respect	to	the	valve.	

There	are	several	explanations	for	this	discrepancy.	The	first	is	the	close	

proximity	of	the	valve	to	the	myocardium.	As	discussed,	avid	uptake	of	18F-FDG	

by	the	left	ventricular	myocardium	can	spill	over	into	the	aortic	valve	

contaminating	its	signal.	Unfortunately,	despite	the	stringent	dietary	

restrictions	and	centre-valve	analysis	technique,	it	remains	possible	that	

myocardial	contamination	occurred,	confounding	the	correlation	with	CD68	

immunohistochemistry.	Poor	myocardial	suppression	was	achieved	in	the	

histology	group,	perhaps	reflecting	their	advanced	disease	and	symptomatic	

status.	Alternative	methods	have	been	used	to	reduce	further	this	myocardial	

uptake,	including	administration	of	heparin(131)	and	a	high-fat	drink	before	

scanning. (132)	However,	these	make	the	practicalities	of	scanning	more	

difficult	and	have	yet	to	show	a	clear	advantage	over	dietary	restrictions.	An	

alternative	explanation	for	the	poor	correlation	with	histology	is	that	the	aortic	

valve	18F-FDG	signal	relates	to	uptake	by	non-macrophage	cell	types	within	the	

valve,	such	as	osteoblasts,	or	is	governed	by	external	factors,	such	as	hypoxia. 

(76)	In	this	scenario,	one	might	still	expect	18F-FDG	to	predict	disease	

progression,	but	once	again	this	was	not	evident	in	our	cohort.	It	would	

therefore	seem	that	18F-FDG	holds	less	potential	as	a	predictor	of	disease	

progression	than	18F-fluoride	does,	although	it	remains	possible	that	longer	

periods	of	follow-up	are	required	to	detect	such	an	association.	Indeed,	on	

occasion,	we	also	observed	18F-fluoride	activity	that	did	not	translate	into	a	

detectable	change	in	calcium	score	at	1	year.	AS	is	a	slowly	developing	

condition,	so	it	is	likely	to	take	time	for	relatively	low	levels	of	18F-fluoride	or	

18F-FDG	uptake	to	translate	into	new	areas	of	macrocalcification	detectable	on	
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CT	imaging.	Larger	studies	with	longer	follow-up	are,	therefore,	required	to	

address	this	issue,	confirm	our	preliminary	data,	and	assess	whether	18F-

fluoride	PET	can	predict	disease	progression	with	respect	to	echocardiographic	

parameters	of	valvular	stenosis.	

	

3.7	Conclusions	
We	provide	the	first	preliminary	data	to	support	18F-fluoride	as	a	marker	of	

valve	calcification	activity	in	AS	and	as	a	potential	method	for	predicting	disease	

progression.
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Chapter	4 –	18F-Fluoride	and	18F-FDG	Hybrid	
Positron	Emission	Tomography	and	Computed	
Tomography	in	Calcific	Aortic	Valve	Disease	–	
Prospective	Clinical	Validation	
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4.1	Publication	In	Context	
4.1.1	Background	

In	the	last	chapter,	I	showed	how	we	built	on	the	original	data	and	analyses	

arising	from	the	Ring	of	Fire	Study.	(120)	We	showed	that	18F-fluoride	PET/CT	

highlights	areas	of	nascent	and	biologically	active	calcification	by	demonstrating	

that	tracer	uptake	into	the	valve	correlated	with	immunohistochemical	markers	

of	calcification.	The	observation	that	18F-fluoride	uptake	frequently	identified	

regions	of	future	aortic	valve	calcification	on	follow-up	CT	provided	further	in	

vivo	validation	of	our	histological	findings.	However,	the	prospective	imaging-

based	data	were	limited	(18	patients).	We	felt	that	we	couldn’t	yet	draw	firm	

conclusions	on	the	predictive	capability	of	18F-fluoride	with	such	small	

numbers	and	with	purely	imaging	defined	disease	progression.	

	

We	were	also	somewhat	surprised	to	find	that	18F-FDG	didn’t	behave	as	we	had	

originally	hypothesised.	18F-FDG	failed	to	correlate	with	the	relevant	

inflammation	parameter	(CD68	staining)	and	didn’t	predict	imaging	defined	

disease	progression.	We	felt	it	was	possible	that	the	follow-up	hadn’t	been	long	

enough	or	that	the	numbers	weren’t	large	enough	to	detect	an	association.	Of	

course,	conversely	it	was	also	possible	that	such	an	association	(between	

cardiovascular	18F-FDG	uptake	and	macrophage	infiltration)	might	not	be	as	

strong	as	had	originally	been	suspected	–	others	have	made	this	observation. 

(76,133)	

	

In	this	project,	we	set	out	to	complete	the	follow-up	of	the	full	original	Ring	of	

Fire	cohort	with	the	aim	of	seeing	whether	either	18F-FDG	or	18F-fluoride	

could	predict	disease	progression	or	clinical	events	in	a	larger	cohort.
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4.1.2	Aims	of	Further	Study	

We	aimed	to	answer	the	following	questions:	

1. Does	18F-FDG	uptake	predict	aortic	stenosis	disease	progression	as	

defined	by	standard	imaging-based	parameters?	

2. Does	18F-fluoride	uptake	predict	aortic	stenosis	disease	progression	as	

defined	by	standard	imaging-based	parameters?	

3. Can	either	tracer	predict	relevant	clinical	events?	

4. Does	either	18F-FGD	or	18F-fluoride	add	further	predictive	information	

to	existing	validated	variables?	

	

4.1.3	Contributions	

Dr	Jenkins	and	I	led	this	work,	supervised	by	Dr	Dweck.	We	both	analysed	the	

data	and	drafted	the	paper	together.	For	the	purposes	of	this	thesis	monograph,	

the	original	manuscript	has	been	converted	to	a	traditional	monograph	format	

for	narrative	clarity.	

	

	

	

	

	

	

	

	

	

	

	

Published	as:	Vesey	AT*,	Jenkins	WSA*,	Shah	ASV,	Pawade	TA,	Chin	CWL,	White	

AC,	et	al.	Valvular	18F-fluoride	and	18F-Fluorodeoxyglucose	Uptake	Predict	

Disease	Progression	and	Clinical	Outcome	in	Patients	With	Aortic	Stenosis.	

Journal	of	the	American	College	of	Cardiology.	2015	Sep	8;66(10):1200–1.	

*equal	contribution
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4.2	Abstract	
4.2.1	Background.	

18F-fluoride	and	18F-fluorodeoxyglucose	(18F-FDG)	are	positron	emission	

tomography	(PET)	radiotracers	of	calcification	and	inflammation	activity	

respectively.	We	sought	to	assess	their	ability	to	predict	disease	progression	

and	clinical	outcome	in	patients	with	aortic	stenosis.		

	

4.2.2	Methods		

PET	and	computed	tomography	(CT)	were	performed	in	121	volunteers	(72±8	

years,	68%	men)	with	and	without	aortic	valve	disease	(20	controls;	20	aortic	

sclerosis;	25	mild,	33	moderate,	and	23	severe	aortic	stenosis)	using	18F-

fluoride	(125	MBq)	and	18F-FDG	(200	MBq).	Disease	progression	was	assessed	

at	1-	and	2-years	using	CT	aortic	valve	calcium	score	and	echocardiography.	The	

primary	clinical	outcome	endpoint	was	a	composite	of	cardiovascular	death	and	

aortic	valve	replacement	(AVR).	

	

4.2.3	Results		

Aortic	valve	calcium	score	increased	by	61	(5–226)	AU	yr-1	and	aortic	valve	

mean	gradient	increased	by	0.7	(-0.2–2.9)	mmHg	yr-1.	Baseline	valvular	18F-

fluoride	uptake	correlated	strongly	with	the	rate	of	progression	in	aortic	valve	

calcium	score	(r=0.80,	P<0.001),	matching	that	observed	for	the	baseline	aortic	

valve	CT	calcium	score	(r=0.88,	P<0.001)	and	outperforming	that	observed	for	

18F-FDG	(r=0.43,	P=0.001).	Modest	correlations	were	observed	between	18F-

fluoride	and	18F-FDG	valvular	uptake,	aortic	valve	CT	calcium	score,	and	the	

echocardiographic	measures	of	disease	progression	(mean	aortic	valve	

gradient;	r=0.36,	P<0.001;	r=0.32,	P=0.001	and	r=0.26,	P=0.001	respectively).	

After	a	median	of	1,232	(IQR	1148-1322)	days,	23	patients	had	undergone	AVR	

whilst	5	had	died	from	a	cardiovascular	cause.	After	age	and	sex-adjustment,	

aortic	valve	CT	calcium	score,	valvular	18F-fluoride	and	18F-FDG	uptake	were	

independent	predictors	of	clinical	outcome	(HR	32.0	(8.0-130.4),	P<0.001,	1.46	

(1.24-1.71),	P<0.001,	and	1.59	(1.21-2.09),	P=0.002	respectively).	
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4.2.4	Conclusions	

Valvular	18F-fluoride	uptake	matches	the	aortic	valve	CT	calcium	score	and	

outperforms	18F-FDG	in	predicting	the	progression	of	aortic	valve	calcification	

and	stenosis.	Each	of	these	novel	imaging	methods	are	independently	

associated	with	an	adverse	clinical	outcome.	
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4.3	Introduction	
Aortic	stenosis	is	the	commonest	form	of	valvular	heart	disease	in	the	

developed	world	and	a	major	cause	of	morbidity	and	mortality,	affecting	0.5%	

of	the	adult	population	and	rising	to	12%	of	those	aged	over	75	years.	This	

translates	to	2.7	million	elderly	patients	in	North	America	and	4.9	million	

patients	in	Europe	alone.(134)	Furthermore,	with	a	progressively	increasing	

life-expectancy,	the	health	burden	attributable	to	this	condition	is	only	set	to	

increase.(2)	However,	despite	its	prevalence,	we	lack	biomarkers	of	disease	

activity,	accurate	clinical	methods	of	predicting	disease	progression,	and	

medical	therapies	capable	of	halting	the	disease	process.		

	

Our	understanding	of	the	pathogenesis	of	aortic	stenosis	has	evolved	over	

recent	years.	What	was	considered	a	passive	and	degenerative	process	is	now	

appreciated	to	be	a	complex	and	highly	regulated	response	to	injurious	stimuli	

with	inflammation	and	calcification	playing	key	roles. (101)	In	particular,	

calcification	appears	to	be	of	increasing	importance	since	it	may	determine	

disease	progression,	drive	progressive	leaflet	thickening,	and	narrow	the	valve	

orifice. (11,101)	

	

Our	group	and	others	have	investigated	combined	positron	emission	

tomography	(PET)	and	computed	tomography	(CT)	as	a	means	of	measuring	

inflammation	and	calcification	activity	in	aortic	stenosis	and	other	

cardiovascular	diseases. (100,120,135,136)	18F-Fluorodeoxyglucose	(18F-

FDG)	is	a	PET	radiotracer	and	glucose	analogue	taken	up	by	metabolically	active	

cells.	In	the	vasculature,	its	uptake	localizes	to	sites	of	macrophage	infiltration	

and	activity.	On	this	basis	18F-FDG	has	become	widely	used	as	a	marker	of	

vascular	inflammation,	and	for	testing	the	safety	and	efficacy	of	novel	therapies. 

(130,136)	18F-fluoride	is	an	alternative	radiotracer	that	binds	hydroxyapatite,	

the	key	structural	component	of	cardiovascular	calcification.	This	process	is	

critically	dependent	upon	the	surface	area	of	apatite	available	for	incorporation	

and	is	increased	when	either	new	calcium	is	being	laid	down	in	nanocrystalline	



	 123	

form,	or	when	established	areas	of	field	calcification	are	being	remodelled	by	

osteoclasts.	18F-fluoride	thus	highlights	in	vivo	calcification	activity,	and	holds	

promise	as	a	biomarker	of	disease	activity	in	aortic	stenosis.	Indeed,	in	our	

recent	pilot	study	of	18	patients,	valvular	18F-fluoride	PET	uptake	correlated	

closely	with	histological	markers	of	valvular	calcification	activity	and	with	the	

progression	of	aortic	valve	CT	calcium	scores	after	1	year. (136)		

	

The	aim	of	the	current	study	was	to	assess	the	ability	of	these	two	tracers	to	

predict	longer-term	disease	progression	and	adverse	clinical	outcomes	in	a	

larger	prospective	cohort	of	patients	with	calcific	aortic	valve	disease.
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4.4	Methods	
4.4.1	Patient	Population	

Patients	aged	>50	years	with	aortic	sclerosis	and	mild,	moderate	or	severe	

aortic	stenosis	attending	the	outpatient	department	of	the	Edinburgh	Heart	

Centre	were	approached	for	recruitment	in	this	prospective	cohort	study	

alongside	age-	and	sex-matched	control	subjects,	as	described	previously. 

(118,120,121)	Exclusion	criteria	were	insulin-dependent	diabetes	mellitus,	

end-stage	renal	failure,	life	expectancy	of	<2	years,	and	metastatic	malignancy.	

The	study	was	performed	with	the	written	informed	consent	of	all	participants,	

with	research	ethics	committee	approval,	and	in	accordance	with	the	

Declaration	of	Helsinki.	

	

4.4.2	Baseline	Assessment	

All	participants	underwent	full	clinical	assessment	at	baseline	and	aortic	

stenosis	severity	was	assessed	using	Doppler	and	two-dimensional	

echocardiography	by	means	of	the	peak	transvalvular	velocity,	mean	gradient,	

peak	gradient	and	aortic	valve	area	(calculated	using	the	continuity	equation)	

according	to	American	Heart	Association/American	College	of	Cardiology	

guidelines. (137)	Multiple	acoustic	windows	with	the	S51	and	D2cwc	probes	

(Philips	Medical	Systems,	the	Netherlands)	were	assessed.	Aortic	sclerosis	was	

defined	as	thickening	of	the	aortic	valve	cusps	in	the	absence	of	accelerated	flow	

(<2	ms-1)	through	the	valve. (137)	We	also	assigned	the	valve	a	semi-

quantitative	echocardiographic	calcium	score	(ECS)	as	described	by	Rosenhek	

at	al. (128)	Finally,	aortic	stenosis	disease	severity	was	assessed	using	an	ECG-

gated	breath-hold	CT	scan	(non-contrast	enhanced,	40	mA/rot	[CareDose],	100	

kV)	that	was	used	to	measure	the	aortic	valve	CT	calcium	score. (120)		

	

PET/CT	scans	of	the	aortic	valve	were	performed	as	described	previously(120)	

using	a	hybrid	scanner	(Biograph	mCT,	Siemens	Medical	Systems,	Erlangen,	

Germany)	60	min	after	administration	of	125	MBq	of	18F-fluoride.	On	a	

separate	occasion,	a	second	PET/CT	scan	was	performed	using	the	same	hybrid	
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scanner	90	min	following	administration	of	200	MBq	of	18F-FDG. (120)	In	an	

attempt	to	minimise	cardiomyocyte	uptake	of	18F-FDG,	patients	were	asked	to	

avoid	carbohydrate	for	24	h	prior	to	their	18F-FDG	scan. (132)		

	

4.4.3	Image	Analysis	

Calcium	score	analysis	was	performed	on	axial	scans	by	an	experienced	

investigator	(WJ)	blinded	to	clinical	data	using	dedicated	analysis	software	

(Vitrea	Advanced,	Vital	Images,	Minnetonka,	USA).	Care	was	taken	to	

differentiate	valvular	calcium	from	that	in	the	aortic	root	and	mitral	valve	

annulus.		

	

Valvular	18F-fluoride	and	18F-FDG	uptake	quantification	was	performed	using	

an	OsiriX	workstation	(OsiriX	version	3.5.1	64-bit;	OsiriX	Imaging	Software,	

Geneva,	Switzerland)	as	reported	previously. (120,138)	Briefly,	fused	PET/CT	

images	were	re-orientated	to	the	short-axis	plane	of	the	aortic	valve	and	

circular	regions	of	interest	(ROI)	drawn	on	adjacent	3	mm	slices	until	the	entire	

valve	apparatus	had	been	examined.	For	18F-fluoride,	ROIs	were	placed	around	

the	perimeter	of	the	valve	excluding	the	aortic	root	(whole-valve	technique).	

For	18F-FDG,	ROIs	were	drawn	in	the	centre	of	the	valve	to	reduce	the	impact	of	

myocardial	spill	over,	as	described	previously	(centre-valve	technique). 

(100,120)	From	these	regions,	standard	uptake	values	(SUV)	were	used	to	

calculate	tissue-to-background	ratios	(TBR)	in	the	valve,	after	correcting	for	

blood	pool	activity	measured	within	the	lumen	of	the	superior	vena	cava.	We	

have	previously	noted	difficulty	in	defining	the	limits	of	the	valve	in	the	z-axis.	

As	well	as	introducing	potential	for	bias	and	variability,	this	problem	frequently	

results	in	signal	dilution	if	more	slices	than	necessary	are	assessed.	In	keeping	

with	an	image	analysis	technique	established	in	the	aorta, (69)	we	therefore	

also	calculated	a	modified	“most	diseased	segment”	SUV	(SUVMDS)	in	the	aortic	

valve.	This	was	based	upon	the	average	of	the	SUVmean	values	derived	from	the	2	

adjacent	slices	within	the	valve	that	had	the	highest	signal.	This	value	was	then	
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used	to	calculate	the	most	diseased	segment	TBR	after	blood-pool	correction	

(TBRMDS).	

	

In	order	to	assess	the	reproducibility	of	our	methods	for	measuring	the	CT-

calcium	score,	the	echocardiographic	calcium	score	and	the	valvular	PET	

uptake,	the	scans	from	25	study	subjects	with	a	range	of	aortic	valve	disease	

were	selected	at	random	and	analysed	independently	by	two	observers.	

	

4.4.4	Assessment	of	Disease	Progression	

Subjects	who	had	survived	and	had	not	undergone	AVR	were	invited	to	return	

for	repeat	clinical	assessment	and	echocardiography	at	both	1	and	2	years	after	

enrolment.	A	single	experienced	echocardiographer	performed	each	

echocardiogram	under	standardised	conditions.	Annualized	rates	of	

echocardiographic	progression	for	aortic	stenosis	were	calculated	over	three	

time-points:	baseline,	1	year	and	2	years.	

	

A	subgroup	of	patients	underwent	repeat	CT-calcium	scoring	after	1	year. (136)	

To	limit	their	exposure	to	ionizing	radiation,	these	subjects	did	not	undergo	

further	calcium	scoring.	In	the	remaining	eligible	patients,	repeat	CT	scoring	of	

the	valve	was	performed	after	2	years.	The	annualized	change	in	CT	calcium	

score	was	calculated	for	all	subjects.	For	both	echocardiography	and	CT,	the	

same	scanner	and	imaging	protocol	was	used	for	all	the	baseline	and	follow	up	

scans.		

	

4.4.5	Follow-up	for	Clinical	Events	

The	primary	outcome	measure	was	a	composite	of	cardiovascular	mortality	or	

aortic	valve	replacement	(AVR). (138)	All	deaths	were	captured	from	the	

General	Register	of	Scotland.		Cardiovascular	death	was	defined	as	death	due	to	

myocardial	infarction,	sudden	cardiac	death,	heart	failure,	stroke,	death	related	

to	cardiovascular	procedures,	and	death	due	to	other	cardiovascular	causes.		

Each	death	was	classified	as	cardiac	or	non-cardiac	by	two	independent	
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investigators	blinded	to	the	imaging	data,	with	any	discrepancy	resolved	by	

consensus.	All	events,	including	AVR	(either	surgical	or	transcatheter),	were	

confirmed	by	independent	review	of	each	patient’s	healthcare	record.	All	

patients	were	managed	in	our	tertiary	cardiac	centre,	and	reviewed	at	a	multi-

disciplinary	meeting	prior	to	undergoing	aortic	valve	replacement.	Only	

patients	with	established	indications	according	to	contemporary	guidelines	

were	referred	for	AVR. (139)		

	

4.4.6	Statistical	Methods	

Continuous	variables	were	expressed	as	either	mean	±	standard	deviation	for	

normally	distributed	data	and	median	(interquartile	range;	IQR)	for	skewed	

distributions.	Non-parametric	datasets	were	log-transformed	in	an	attempt	to	

achieve	normality.	Parametric	(unpaired	Student’s	t-test)	and	non-parametric	

(Mann-Whitney	U)	tests	were	used	for	normally	distributed	and	skewed	data	

respectively.	Categorical	data	were	presented	as	n	(%)	and	compared	when	

appropriate	using	a	contingency	table	and	Fisher’s	or	Chi-squared	tests.	

Correlation	was	undertaken	with	either	Pearson’s	r	or	Spearman’s	Rho	subject	

to	the	normality	of	the	variables	tested.		

	

To	assess	inter	and	intra-observer	repeatability	of	the	two	PET	analysis	

techniques	and	the	aortic	valve	CT-calcium	scoring,	the	intra-class	correlation	

coefficient	(ICC)	was	calculated	and	Bland-Altman	analysis	undertaken.	Due	to	

its	categorical	nature,	repeatability	studies	of	the	echocardiographic	calcium	

score	were	assessed	using	Cohen’s	kappa	coefficient.	

	

Adjusted	and	unadjusted	Cox	regression	models	were	used	to	assess	whether	

18F-fluoride	and	18F-FDG	were	associated	with	aortic	valve	replacement	or	

cardiovascular	mortality.	Statistical	analyses	were	performed	with	the	use	of	

Graph	Pad	Prism	version	6.0	(GraphPad	Software	Inc,	California,	USA),	SPSS	

version	18	(SPSS	Inc,	Chicago,	IL)	and	RStudio	version	0.98.501	(2013).		

Statistical	significance	was	taken	as	two-sided	P	<	0.05.	
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4.5	Results	
4.5.1	Study	Population	

A	total	of	121	patients	were	recruited	(aged	72±8	years;	69%	male)	and	

underwent	both	18F-fluoride	(66±7	min	after	124±10	MBq)	and	18F-FDG	(94±7	

min	after	197±14	MBq)	PET/CT	imaging	of	their	aortic	valve.	The	study	cohort	

comprised	20	control	subjects,	20	patients	with	aortic	sclerosis,	and	25	patients	

with	mild,	33	with	moderate,	and	23	with	severe	aortic	stenosis	as	described	

previously.	Subjects	were	well	matched	for	age,	sex,	and	comorbidity	(Figure	

4.1,	Table	4.1).	

AV,	aortic	valve;	CT,	computed	tomography;	FDG,	fluorodeoxyglucose;	PET,	positron	emission	

tomography	

	

Figure	4.1	|	Study	Flow	Chart 
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Table	4.1	|	Baseline	Clinical	Characteristics	

Parametric	data	are	presented	as	mean±SD.	Non-parametric	data	are	presented	as	median(IQR).	

Categorical	data	are	presented	as	number	(percentage).	ACE,	angiotensin	converting	enzyme;	AIIRB,	

angiotensin	2	receptor	antagonists;	AS,	aortic	stenosis;	AV,	aortic	valve;	CAD,	coronary	artery	disease;	

FDG,	Fluorodeoxyglucose;	TBR,	tissue	to	background	ratio;	AU,	arbitrary	unit;	LV,	left	ventricle;	LVH,	left	

ventricular	hypertrophy	

	 All	Patients	 Echocardiography	
Follow-up	Cohort	

Calcium	Score	
Follow-up	
Cohort	

Patients	who	had	a	
Clinical	Outcome	
(AVR/CV	Death)	

n	 121	 99	 87	 28	

	

Age	 72±8	 72±8.5	 72±8	 70±7	

Male	 83	(69)	 66	(65)	 45	(51)	 19	(68)	

Body	Mass	Index	 27±4	 28±4	 28±6	 28±4	

Systolic	Blood	

Pressure	(mmHg)	

142±18	 143±19	 144±19	 144±17	

Co-morbidity	
Diabetes	Mellitus	 18	(15)	 13	(13)	 12	(14)	 3	(11)	

Hypertension	 73	(60)	 59	(60)	 53	(61)	 16	(53)	

Documented	CAD	 43	(35)	 36	(36)	 38	(44)	 8	(28)	

Current	smoker	 14	(12)	 11	(11)	 7	(8)	 4	(14)	

Creatinine		

(µmol	L-1)	
89.3±25.6	 90.2±28.3	 88.4±24.8	 86.6±25.6	

Medications	
ACE	inhibitors	 47	(39)	 36	(36)	 36	(41)	 12	(43)	

AIIRB	 13	(11)	 11	(11)	 10	(11)	 3	(11)	

Beta	Blockers	 48	(40)	 41	(41)	 40	(46)	 10	(33)	

Statins	 65	(54)	 54	(54)	 54	(62)	 16	(57)	

Echocardiography	
AV	jet	vel.	(m	s-1)	 2.8	(1.7-3.7)	 2.6	(1.7-3.6)	 2.6	(1.7-3.6)	 3.3	(2.4-4.0)	

AV	peak	gradient	

(mmHg)	

31	(11-53)	 28	(11-51)	 28	(12-51)	 43	(24-63)	

AV	mean	gradient	

(mmHg)	

16	(6-29)	 14	(6-27)	 14	(6-27)	 23	(12-34)	

AV	area	(cm2)	 1.34	(0.98-2.09)	 1.37	(1.06-2.12)	 1.33	(1.06-1.99)	 1.15	(0.84-1.64)	

Calcium	Score	 1.6±0.9	 1.5±0.9	 1.5±0.9	 2.0±0.9	

ECG	Findings	
LVH	 28	(23)	 19	(19)	 17	(20)	 7	(25)	

LV	Strain	 13	(11)	 9	(9)	 8	(9)	 5	(17)	

PET/CT	
AV	Calcium	Score	

(AU)	

554	(19-1762)	 530	(13-1515)	 585	(46-1487)	 1542	(314-3386)	

Log10	AV	Calcium	

Score	

2.74		

(1.27-3.25)	

2.72		

(1.11-3.18)	

2.77	

(1.66-3.17)	

3.18	

(2.50-3.53)	

18F-FDG	Dose	

(MBq)	

196.6±13.9	 197.0±13.8	 197.0±12.0	 196.6±14.7	

18F-fluoride	Dose	

(MBq)	

123.8±9.5	 123.6±9.0	 124.0±7.8	 128.2±9.6	

18F-FDG	Valve	

uptake	(TBRMDS)	

1.38±0.19	 1.35±0.15	 1.46±0.21	 1.45±0.23	

18F-fluoride	Valve	

uptake	(TBRMDS)	

1.80±0.47	 1.73±0.45	 1.64±0.45	 2.20±0.45	

Time	in	study	
(days)	

742±38	 743±38	 739±32	 443	(325-796)	
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4.5.2	Image	Analysis	Reproducibility	Studies	

The	novel	TBRMDS	method	demonstrated	superior	inter-observer	

reproducibility	compared	to	the	established	TBRmean	approach	for	the	

quantification	of	valvular	18F-FDG	uptake.	The	two	techniques	performed	

equally	well	with	respect	to	18F-fluoride	(see	Table	4.2)	

	

Baseline	uptake	of	the	two	radiotracers	across	the	cohort	using	the	TBRmean	

technique	have	been	reported	previously. (120)	The	TBRMDS	technique	resulted	

in	no	major	differences	compared	to	the	original	observations	(Table	4.4),	with	

valvular	radiotracer	uptake	increasing	in	line	with	the	extent	of	valvular	

calcification	(Figure	4.3A).	Moreover,	the	choice	of	uptake	analysis	technique	

had	no	impact	on	the	strength	of	the	correlations	observed	between	baseline	

PET	uptake	and	disease	progression	(Table	4.5).	Given	the	improved	inter-

observer	reliability	for	18F-FDG,	TBRMDS	was	used	for	all	subsequent	analyses.	

	

The	intra-	and	inter-observer	repeatability	of	aortic	valve	CT	calcium	scoring	

(Agatston	technique(102))	was	excellent	(Table	4.3,	Figure	4.2)	with	

echocardiographic	calcium	score	performing	more	modestly	(Table	4.3).
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Table	4.2	|	Most	Diseased	Segment	Versus	Mean	Whole	Valve	Technique	for	18F-
Fluorodeoxyglucose	And	18F-Fluoride	

 TBRmean TBRMDS 

 Mean absolute 
differencea 

Intra-class 
coefficientb 

Mean absolute 
differencea 

Intra-class 
coefficientb 

18F-fluoride 0.07 (-0.13-0.27) 0.98 (0.96-0.99) -0.08 (-0.31-0.15) 0.99 (0.97-0.99) 

18F-FDG 0.06 (-0.22-0.34) 0.76 (0.52-0.89) <0.001 (-0.11-0.11) 0.97 (0.94-0.99) 
a	Mean	difference	between	tissue	to	background	ratio	(TBR)	measurements	(95%	limits	of	

agreement)	
b	intra-class	coefficient	(ICC)	values	(95%	confidence	intervals)	

	

Table	4.3	|	Agreement	Studies	–	Aortic	Valve	Calcium	Quantification	
 Inter-observer Intra-observer 

Bias (95% limits of 
agreement)a 

ICC 
(95% CI)b 

Bias (95% limits of 
agreement) a 

ICC 
(95% CI) b 

CT Calcium Score (AU) 22 (-35 – 79) 1 (1.0-1.0) 10 (-67 - 88) 1 (1.0-1.0) 

	

 Inter-observer ! (SE)c Intra-observer ! (SE)c 

Echo Calcium Score 0.447 (0.138) 0.501 (0.132) 
a	mean	difference	
b	Intra-class	correlation	co-efficient.	2-way	mixed	effects	for	absolute	agreement.	
c	Kappa	statistic	

AU,	Arbitrary	units	

	

	

	

Mean	difference	plotted	against	average	CT	calcium	score	for	intra-observer	(A)	and	inter-
observer	(B)	agreement.
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Figure	4.2	|	CT	Calcium	Scoring:	Bland-Altman 
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Table	4.4	|	Radiotracer	Uptake	Quantification	Methods	–	Minimal	Impact	On	
Average	Uptake	Estimates	

AVR,	aortic	valve	replacement;	CV,	cardiovascular,	meanCV,	centre	valve	technique;	FDG,	

fluorodeoxyglucose;	meanMDS,,most	diseased	segment	technique;	meanWV,	whole	valve	

technique;	SUV,	standardised	uptake	value;	TBR,	tissue	to	background	ratio

	 All	
Patients	

Echocardiography	
Follow-up	Cohort	

Calcium	Score	
Follow-up	Cohort	

Patients	who	had	a	
Clinical	Outcome	
(AVR/CV	Death)	

n	 121	 98	 87	 28	

18F-FDG	
(meanCVTBR)	 1.34±0.17	 1.32±0.14	 1.33±0.18	 1.42±0.15	

18F-FDG		
(meanMDSTBR)	 1.38±0.19	 1.35±0.15	 1.46±0.21	 1.45±0.23	

18F-fluoride	
(meanWVTBR)	 1.75±0.42	 1.69±0.41	 1.66±0.41	 2.08±0.38	

18F-fluoride	
(meanMDSTBR)	 1.80±0.47	 1.73±0.45	 1.64±0.45	 2.20±0.45	
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Table	4.5	|	Radiotracer	Uptake	Quantification	Methods	–	Minimal	Impact	On	
Correlations	With	Parameters	Of	Disease	Progression	

Baseline	
Imaging	

Assessment	

Rate	of	Change	
in	AV	Calcium	
Score	(AU	yr-1)	

Rate	of	change	in	
aortic	jet	velocity	
(m	sec-1	yr-1)	

Rate	of	change	in	
mean	gradient	
(mmHg	yr-1)	

Rate	of	change	in	
peak	gradient	
(mmHg	yr-1)	

Rate	of	change	
in	Aortic	Valve	
Area	(cm2	yr-1)	

18F-fluoride		
meanMWVTBR	

r=0.79	
(0.69-0.86)	

P<0.001	

r=0.20	
(0.00-0.39)	

P=0.04	

r=0.29	
(0.10-0.47)	

P=0.003	

r=0.29	
(0.09-0.47)	

P=0.004	

r=0.13	
(-0.08-0.33)	

P=0.20	

18F-fluoride		
meanMDSTBR	

r=0.80	
(0.60-0.86)	

P<0.001	

r=0.23	
(0.03-0.41)	

P=0.001	

r=0.32	
(0.13-0.50)	

P=0.001	

r=0.32	
(0.12-0.49)	

P=0.001	

r=0.11	
(-0.10-0.31)	

P=0.29	

18F-FDG		
meanCVTBR	

r=0.47	
(0.28-0.62)	

P<0.001	

r=0.23	
(0.03-0.42)	

P=0.02	

r=0.26	
(0.06-0.44)	

P=0.01	

r=0.33	
(0.14-0.50)	

P<0.001	

r=-0.12	
(-0.32-0.08)	

P=0.23	

18F-FDG		
meanMDSTBR	

r=0.43	
(0.23-0.59)	

P<0.001	

r=0.28	
(0.08-0.46)	

P=0.005	

r=0.30	
(0.10-0.47)	

P=0.002	

r=0.36	
(0.17-0.53)	

P<0.001	

r=-0.14	
(-0.33-0.07)	

P=0.18	

18F-fluoride		
meanMWVSUV	

r=0.64	
(0.49-0.75)	

P<0.001	

r=0.28	
(0.08-0.46)	

P=0.006	

r=0.36	
(0.16-0.52)	

P<0.001	

r=0.34	
(0.14-0.51)	

P<0.001	

r=0.10	
(-0.12-0.29)	

P=0.34	

18F-fluoride		
meanMDSSUV	

r=0.67	
(0.53-0.77)	

P<0.001	

r=0.23	
(0.03-0.41))	

P=0.02	

r=0.32	
(0.13-0.49)	

P=0.001	

r=0.34	
(0.15-0.51)	

P<0.001	

r=0.15	
(-0.06-0.34)	

P=0.02	

18F-FDG		
meanCVSUV	

r=0.41	
(0.21-0.57)	

P<0.001	

r=0.26	
(0.07-0.45)	

P=0.004	

r=0.25	
(0.05-0.44)	

P=0.01	

r=0.29	
(0.09-0.47)	

P=0.004	

r=0.01	
(-0.20-0.20)	

P=0.98	

18F-FDG		
meanMDSSUV	

r=0.42	
(0.23-0.59))	

P<0.001	

r=0.29	
(0.09-0.46)	

P=0.004	

r=0.31	
(0.11-0.48)	

P=0.002	

r=0.31	
(0.11-0.48)	

P=0.002	

r=0.27	
(0.08-0.45)	

P=0.008	

AV	Calcium	
Score(AU)	

r=0.88	
(0.82-0.92)	

P<0.001	

r=0.36	
(0.16-0.53)	

P<0.001	

r=0.40	
(0.21-0.56)	

P<0.001	

r=0.46	
(0.27-0.61)	

P<0.001	

r=0.060	
(-0.15-0.27)	

P=0.54	

Aortic	Jet	
Velocity		
(m	sec-1)	

r=0.79	
(0.70-0.86)	

P<0.001	

r=0.28	
(0.08-0.45)	

P=0.006	

r=0.40	
(0.22-0.56)	

P<0.001	

r=0.39	
(0.21-0.55)	

P<0.001	

r=0.08	
(-0.13-0.27)	

P=0.45	

MeanCV,	centre	valve	technique;	FDG,	fluorodeoxyglucose;	meanMDS,,most	diseased	segment	

technique;	meanWV,	whole	valve	technique,	fluoride,	Sodium	fluoride;	SUV,	standardised	uptake	

value;	TBR,	tissue	to	background	ratio.	Values	in	parentheses	are	95%	confidence	intervals



	

	 134	

4.5.3	Patient	Follow-up	

One	year	after	enrolment,	107	subjects	returned	for	clinical	follow-up	and	

echocardiography.	As	part	of	a	pilot	study,	20	subjects	had	received	a	repeat	

ECG-gated	cardiac	CT	at	one	year	and	did	not	undergo	further	CT	at	two	years. 

(136)		

	

Ninety-nine	subjects	(81%)	returned	for	repeat	clinical	assessment	and	

echocardiography	at	the	2-year	time	point	(median	736	[722–760]	days	from	

enrolment).	Seventy-seven	of	these	subjects	received	repeat	CT	calcium	scoring.	

Including	the	patients	scanned	at	1	year,	a	total	of	97	(78%)	subjects	underwent	

a	repeat	ECG-gated	cardiac	CT	during	the	2-year	follow	up	period.	CT	scans	

were	not	interpretable	in	10	subjects	(including	2	at	the	1-year	time	point)	due	

to	motion	artifact	and	were	excluded	from	subsequent	analysis.	In	the	

remaining	patients	(n	=	87),	the	annualized	change	in	the	aortic	valve	CT	

calcium	score	was	calculated	and	used	for	future	analysis	(Figure	4.1).	

	

Across	all	disease	cohorts,	modest	progression	of	each	echocardiographic	

measure	of	aortic	stenosis	severity	was	observed	(Table	4.6).	Peak	aortic	jet	

velocity	increased	by	0.08	(-0.02–0.18)	m	s-1	yr-1,	the	mean	transvalvular	

gradient	by	0.7	(-0.2	–	2.9)	mmHg	yr-1	and	the	peak	gradient	by	1.3	(-0.3	–	4.0)	

mmHg	yr-1.	The	aortic	valve	area	fell	by	-0.06	(-0.14	–	0.02)	cm2	yr-1.	By	

contrast,	relatively	large	annualized	changes	in	the	CT	valvular	calcium	scores	

were	observed	(61	[5	–2	26]	AU/year,	P	<0.001),	especially	amongst	patients	

with	moderate	(289	[106	-	443]	AU	yr-1)	and	severe	disease	(342	[163	-	583]	AU	

yr-1;	Table	4.6	and	Figure	4.3).	

	

Clinical	outcomes	were	assessed	at	a	median	of	1,232	(1,148	-	1,322)	days	after	

enrolment.	At	this	point,	23	(19%)	patients	had	undergone	either	aortic	valve	

replacement	(AVR;	n=22)	or	transcatheter	aortic	valve	implantation	(n=1).	

There	were	7	(6%)	deaths	in	total:	five	subjects	died	of	a	cardiovascular	cause	
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and	two	of	sepsis.	Overall,	28/121	(23%)	subjects	were	adjudicated	to	have	

reached	the	primary	end-point	(Table	4.6).
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Table	4.6	|	Disease	Progression	And	Clinical	Outcomes	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
AV:	aortic	valve;	AU:	arbitrary	unit

Variable	 All	patients	 Control	Subjects	 Aortic	Sclerosis	 Mild	Aortic	Stenosis	 Moderate	Aortic	Stenosis	 Severe	Aortic	Stenosis	
Baseline	Echocardiography	
No.	of	patients	 121	 20	 20	 25	 33	 23	
Baseline	aortic-jet	velocity	(m	s-1)	 2.8±1.2	 1.3±0.2	 1.7±0.2	 2.5±0.2	 3.4±0.3	 4.6	±0.6	
Baseline	mean	gradient		
(mmHg)	

16.2	
(5.9-29.2)		

3.6±1.0	 5.9±1.4	 13.2±2.7	 25.2±4.1	 48.6±15.4	

Baseline	peak	gradient		
(mmHg)	

31.1	
(11.0-53.0)	

7.1±2.1	 11.1±2.6	 25.8±5.0	 46.5±7.5	 84.2±24.8	

Baseline	aortic-valve	area	(cm2)	 1.34		
(0.98-2.09)		

2.54±0.49	 2.27±0.41	 1.42±0.30	 1.13±0.27	 0.76±0.21	

Follow-Up	Echocardiography	
No.	of	patients	 99	 20	 17	 24	 26	 12	
Change	in	aortic	jet	velocity	(m	s-1	yr-1)	 0.08		

(-0.02-0.18)	
P<0.001	

0.05	
(-0.03-0.09)	

0.03	
(-0.08-0.08)	

0.08	
(-0.01-0.18)	

0.17	
(0.07-0.30)	

0.10	
(-0.11-0.19)	

Change	in	mean	gradient	
(mmHg	yr-1)	

0.7	
(-0.2-2.9)	P<0.001	

0.1	
(-0.5-0.3)	

0.0		
(-0.7-0.6)	

1.0		
(-0.3-2.2)	

3.2		
(0.7-5.0)	

2.6		
(-0.1-5.3)	

Change	in	peak	gradient		
(mmHg		yr-1)	

1.3		
(-0.3-4.0)	
P<0.001	

0.4	
(-0.3-0.7)	

0.3	
(-0.9-1.1)	

1.4	
(-0.2-3.1)	

4.1	
(1.6-9.0)	

3.2	
(-3.7-6.8)	

Change	in	aortic-valve	area	(cm2	yr-1)	 -0.05	
(-0.14-0.02)	
P<0.001	

-0.10	
(-0.25--0.01)	

-0.04	
(-0.12-0.07)	

	

-0.09	
(-0.16--0.02)	

-0.05	
(-0.13--0.03)	

-0.04	
(-0.08--0.02)	

Baseline	Computed	Tomography	
No.	of	patients	 112	 20	 20	 23	 30	 19	
Baseline	AV	Calcium	score	 554		

(19-1762)	
0	

(0-3)	
46	

(2-224)	
489	

(281-693)	
1427	

(777-2215)	
3386	

(1770-6211)	
Log10	Baseline	AV	Calcium	Score	 1.79	

(0.70-2.35)	
0.30	

(0.0-0.91)	
1.28	

(0.0-1.71)	
1.81	

(1.68-2.13)	
2.46	

(2.02-2.65)	
2.53	

(2.21-2.75)	
Follow-Up	Computed	Tomography	
No.	of	patients	 87	 18	 18	 21	 24	 6	
Change	in	AV	calcium	score	(AU	/	year)	 61		

(5-226)	
2	

(0-8)	
19		

(0-52)	
64	

(48-134)	
289	

(106-443)	
342		

(163-583)	
Log10	change	in	AV	Calcium	score	/	year	 0.96	

(0.69-2.35)	
0.30		

(0.0-0.91)	
1.2	

(0.0-1.71)	
1.81	

(1.68-2.13)	
2.46	

(2.02-2.65)	
2.53	

(2.21-2.75)	
Clinical	Outcome	
Number	of	event-free	days	 1232		

(1148-1322)	
1227	

(1155-1258)	
1257	

(1190-1349)	
1272		

(1214-1333)	
1216		

(784-1357)	
727		

(322-1323)	
All-cause	mortality	 7	 1	 1	 1	 1	 4	
Cardiovascular	mortality	 5	 0	 1	 1	 0	 3	
Aortic-valve	replacement	 23	 0	 0	 0	 12	 11	
Composite	outcome	 28	 0	 1	 1	 12	 14	
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A	&	B:	Scatterplots	displaying	the	relationship	between	the	baseline	aortic	valve	

computed	tomography	calcium	score	and	baseline	valvular	18F-fluoride	and	

18F-FDG	uptake.	To	better	demonstrate	the	lower	calcium	score	data,	a	log10	

scale	has	been	used	on	the	y-axis.	

	

C	&	D:	Box	and	whisker	plots	displaying	the	progression	in	aortic	valve	disease	

within	each	disease	severity	cohort,	as	assessed	by	the	yearly	change	in	aortic	

valve	computed	tomography	calcium	score	and	mean	aortic	valve	gradient.			

	
AV:	aortic	valve;	FDG:	fluorodeoxyglucose;	MDS:	Most	Diseased	Segment;	TBR:	tissue	to	
background	ratio	
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Figure	4.3	|	Positron	Emission	Tomography,	Aortic	Valve	Calcification	And	Imaging	
Defined	Disease	Severity 
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4.5.4	Prediction	of	Disease	Progression	
A	strong	correlation	was	observed	between	baseline	18F-fluoride	uptake	in	the	

valve	and	the	subsequent	rate	of	progression	in	the	aortic	valve	calcium	score	

(r=0.80	[0.60–0.86],	p<0.001;	Table	4.7	and	Figure	4.4).	An	alternative	analysis	

of	the	relationship	between	18F-fluoride	uptake	and	disease	progression	as	

measure	by	the	change	in	the	valvular	calcium	score	is	shown	in	Figure	4.5.	

Here,	we	generated	a	regression	line	between	18F-fluoride	uptake	and	baseline	

valvular	calcium	score.	We	defined	data	points	above	the	regression	line	as	

subjects	with	a	greater	than	expected	18F-fluoride	uptake	for	a	given	

contemporaneous	calcium	score	and	points	below	the	line	as	less	than	expected.	

We	then	compared	annualised	progression	in	calcium	score	between	these	two	

cohorts,	and	found	that	patients	with	greater	than	expected	18F-fluoride	uptake	

(for	a	given	calcium	score),	showed	a	three-fold	higher	rate	of	progression	that	

those	with	less	than	expected	uptake.	We	did	not	observe	the	same	

phenomenon	with	18F-FDG.	

	

Moderate	correlations	were	observed	between	valvular	18F-fluoride	uptake	

and	echocardiographic	indices	of	disease	progression,	i.e.	the	rate	of	change	in	

mean	gradient	(r=0.32	[0.13–0.50],	p=0.001),	peak	aortic	jet	velocity	(r=0.23	

[0.03–0.41],	p=0.001),	and	peak	gradient	(r=0.32	[0.12–0.49],	p=0.002).	

	

Moderate	correlations	were	observed	between	baseline	18F-FDG	valvular	

uptake	and	the	rate	of	progression	of	the	CT	calcium	score	(r=0.43	[0.23–0.59],	

p<0.001),	the	mean	gradient	(r=0.26	[0.06–0.44],	p=0.001),	the	peak	velocity	

(r=0.24	[0.03–0.42],	p=0.02),	and	peak	gradient	(r=0.33	[0.14–0.50],	p=0.001).	

	

There	were	strong	associations	between	the	baseline	CT	valvular	calcium	score	

and	rate	of	change	in	calcium	score	(r=0.88	[0.82-0.92],	p<0.001),	similar	to	

those	observed	for	18F-fluoride.	Moderate	associations	were	also	observed	

between	the	baseline	calcium	score	and	the	progression	in	echocardiographic	

measures	of	disease	severity	(change	in	mean	gradient,	r=0.40	[0.21–0.56],	p	<	

0.001;	change	in	peak	velocity,	r=0.36	[0.16–0.53],	p	<	0.001;	and	change	in	
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peak	gradient,	r=0.46	[0.27–0.61],	p<0.001).	Finally,	there	was	a	moderate	

association	noted	between	the	rate	of	change	in	valvular	calcium	score	and	

haemodynamic	measures	of	progression	(change	in	mean	gradient,	r=0.45	

[0.26-0.61],	p<0.001;	and	change	in	peak	gradient,	r=0.41	[0.22-0.58],	p<0.001).
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Table	4.7	|	Baseline	Imaging	And	Prediction	Of	Disease	Progression	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

AV,	aortic	valve;	AU,	arbitrary	unit;	CT,	computed	tomography;	FDG,	fluorodeoxyglucose;	MDS,	most	diseased	segment;	PET,	positron	emission	
tomography;	TBR,	tissue	to	background	ratio

Baseline	Imaging	
Assessment	

Rate	of	change	in	
AV	Calcium	Score	

(AU	yr-1)	

Rate	of	change	in	
aortic	jet	velocity	

(m	s-1	yr-1)	

Rate	of	change	in	
mean	gradient	
(mmHg	yr-1)	

Rate	of	change	in	
peak	gradient	
(mmHg	yr-1)	

Rate	of	change	in	
Aortic	Valve	Area		

(cm2	yr-1)	
PET	Valvular	Radiotracer	Uptake	 	

18F-fluoride		
mean	TBRMDS	

r=0.80	
(0.60-0.86)	
P<0.001	

r=0.23	
(0.03-0.41)	
P=0.001	

r=0.32	
(0.13-0.50)	
P=0.001	

r=0.32	
(0.12-0.49)	
P=0.001	

r=0.11	
(-0.10-0.31)	
P=0.29	

18F-FDG		
mean	TBRMDS	

r=0.43	
(0.23-0.59)	
P<0.001	

r=0.28	
(0.08-0.46)	
P=0.005	

r=0.30	
(0.10-0.47)	
P=0.002	

r=0.36	
(0.17-0.53)	
P<0.001	

r=-0.14	
(-0.33-0.07)	
P=0.18	

CT	Assessment	

AV	Calcium	Score	
(AU)	

r=0.88	
(0.82-0.92)	
P<0.001	

r=0.36	
(0.16-0.53)	
P<0.001	

r=0.40	
(0.21-0.56)	
P<0.001	

r=0.46	
(0.27-0.61)	
P<0.001	

r=0.06	
(-0.15-0.27)	
P=0.54	

Echocardiographic	Assessment	

Aortic	jet	velocity		
(m	s-1)	

r=0.79	
(0.70-0.86)	
P<0.001	

r=0.28	
(0.08-0.45)	
P=0.006	

r=0.40	
(0.22-0.56)	
P<0.001	

r=0.39	
(0.21-0.55)	
P<0.001	

r=0.08	
(-0.13-0.27)	
P=0.45	
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Co-axial	short-axis	views	of	the	aortic	valve	in	3	separate	study	subjects	and	disease	severity	categories.	
	

A	Baseline	CT	calcium	score	scans	with	relatively	little	in	the	way	of	established	calcium	in	the	valve	(white)		
	

B	Fused	PET/CT	images	with	increased	18F-fluoride	valvular	uptake	(red	and	yellow	regions)	that	does	not	well	align	with	the	established	calcium	on	the	CT.	Also	note	
the	increased	uptake	in	the	proximal	left	anterior	descending	coronary	artery	
	

C	Repeat	CT	calcium	score	at	2	years,	demonstrating	an	increase	in	the	amount	of	established	macroscopic	calcium	in	much	the	same	distribution	as	the	baseline	PET	
uptake.		
	

D-E	Scatterplots	demonstrating	the	close	relationship	between	progression	in	the	aortic	valve	computed	tomography	calcium	score	and	baseline	valvular	18F-fluoride	
(D)	and	18F-FDG	(E)	uptake.	To	better	demonstrate	the	lower	calcium	score	data	a	log10	scale	has	been	used	on	the	y-axis.		
	

AS,	aortic	stenosis;	AU,	arbitrary	units;	CT,	computed	tomography;	FDG,	fluorodeoxyglucose;	MDS,	Most	Diseased	Segment;	PET,	positron	emission	tomography;	TBR,	
tissue	to	background	ratio

Figure	4.4	|	18F-Fluoride	Positron	Emission	Tomography	and	the	Progression	in	Aortic	Valve	Calcification	
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AS,	aortic	stenosis;	TBRMDS,	most	diseased	segment	tissue	to	background	ratio;	18F-NaF,	18F-
fluoride.

Figure	4.5	|	18F-Fluoride	Uptake	Indexed	To	Baseline	CT	Calcium	Score	
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4.5.5	Prediction	of	Clinical	Outcome	
Using	Cox	regression	analysis,	valvular	18F-fluoride	uptake	emerged	as	a	

predictor	of	clinical	outcome	(cardiovascular	mortality	or	AVR	or	all	cause	

death)	independent	of	age	and	sex	(HR	(hazard	ratio):	1.46,	95%	CI	(confidence	

interval):	1.24	to	1.71;	p<0.0001).	The	same	was	true	of	baseline	18F-FDG	

activity	(HR:	1.59,	95%	CI	1.21	to	2.09;	p=0.002).		

	

To	facilitate	comparison,	the	HR	are	expressed	per	decile	of	the	full	range	of	

TBRMDS	values	for	each	tracer.	The	baseline	aortic	valve	CT	calcium	score	also	

offered	powerful	prediction	of	clinical	outcomes	(HR	per	10-fold	change	in	

calcium	score:	32.02,	95%	CI:	7.98-130.43;	p<0.0001	after	adjustment	for	age	

and	sex).	Finally,	we	assessed	the	echocardiographic	calcium	score.	However,	

this	performed	poorly,	with	only	a	maximum	score	of	4	providing	any	risk	

prediction	(Table	4	.8	and	Figure	4.6).
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Table	4.8	|	Predicting	Clinical	Outcome	

	 Unadjusted	HR	
(95%	CI)	

P	
Value	

Age	and	Sex	Adjusted	
HR	(95%	CI)	

P	
Value	

18F-Fluoride	Valvular	Uptake	
TBRMDS	(per	10th	of	range)	

1.45	(1.24	-	1.69)	 <0.001	 1.46	(1.24	-	1.71)	 <0.001	

18F-FDG	Valvular	Uptake	
TBRMDS	(per	10th	of	range)	

1.61	(1.23	–	2.11)	
	 0.002	 1.59	(1.21	–	2.09)	 0.002	

	
	

	
	

Unadjusted	HR	
(95%	CI)	

P	
Value	

Age	and	Sex	Adjusted	
(95%	CI)	

P	
Value	

CT	AV	Calcium	Score	
(per	10-fold	increment)	

17.6		
(5.60	-	55.38)	

<0.001	 32	
(7.98	-	130.43)	

<0.001	

Echocardiographic	AV	Calcium	
Score	(ECS)	

ECS	 	 	 	 	
1	 Reference	 -	 Reference	 -	
2	 0.58	(0.04	-	9.31)	 0.702	 0.53	(0.03	-	8.458)	 0.650	
3	 5.35	(0.71	-	40.41)	 0.104	 5.36	(0.71	-	40.68)	 0.104	
4	 16.9	(2.19	-	130.86)	 0.007	 17.0	(2.18	-	132.4)	 0.007	

AV,	aortic	valve;	AU,	Arbitrary	Unit;	CI,	confidence	interval;	CT,	computed	tomography;	ECS,	echocardiographic	calcium	score;	FDG,	fluorodeoxyglucose;	HR,	
hazard	ratio;	MDS,	Most	Diseased	Segment;	TBR,	tissue	to	background	ratio
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Figure	4.6	|	Prediction	Of	Clinical	Outcome	

	

	

A	18F-Fluoride	(HR	are	per	10th	of	range	of	mean	TBRMDS	values)	

B	18F-FDG	(HR	are	per	10th	of	range	of	mean	TBRMDS	values)	

C	Echocardiographic	calcium	score	(with	ECS	score	of	0	as	reference)	

D	CT	Calcium	Score	(HR	–	per	10-fold	increase	in	AU)	

Red	bars	are	95%	confidence	intervals	

AU,	arbitrary	units;	CT,	computed	tomography;	ECS,	echocardiographic	calcium	score;	FDG,	

fluorodeoxyglucose;	HR,	hazard	ratio
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4.6	Discussion	
We	here	report	the	first	prospective	longitudinal	study	to	investigate	the	utility	

of	18F-fluoride	and	18F-FDG	PET/CT	imaging	in	patients	with	aortic	stenosis.	

We	have	demonstrated	that	both	tracers	offer	a	prediction	of	disease	

progression	and	adverse	clinical	outcome.	18F-fluoride	appears	to	have	a	

greater	utility	over	18F-FDG,	providing	an	excellent	prediction	of	the	change	in	

CT	calcium	score	over	a	2-year	period	and	emerging	as	an	independent	

predictor	of	cardiovascular	death	and	AVR	after	adjustment	for	both	age	and	

sex.	This	would	support	calcification	as	the	predominant	pathological	process	in	

aortic	stenosis	and	18F-fluoride	as	a	biomarker	capable	of	quantifying	its	

activity	and	predicting	the	natural	history	of	this	condition.		

	

4.6.1	18F-Fluoride	In	Aortic	Stenosis	

An	advantage	that	PET	holds	over	other	mainstream	imaging	modalities,	such	as	

CT,	is	that	it	goes	beyond	anatomy	and	is	able	to	resolve	valvular	cellular	

pathophysiology.	PET	can	provide	immediate	non-invasive	quantification	of	on-

going	and	potentially	modifiable	pathological	processes	within	the	body.	This	

includes	vascular	calcification	activity.	Indeed,	recent	interest	has	surrounded	

18F-fluoride	as	a	marker	of	newly	developing	microcalcification	in	the	coronary	

arteries	that	can	be	used	to	identify	culprit	and	high-risk	atheromatous	plaque. 

(117)	This	tracer	has	also	been	investigated	in	aortic	stenosis,	with	studies	

confirming	that	18F-fluoride	uptake	correlates	closely	with	histological	markers	

of	valvular	calcification	activity. (136)	In	a	small	interim	analysis,	we	have	

previously	reported	that	18F-fluoride	predicts	the	change	in	the	aortic	valve	

calcium	score	after	1	year. (136)	We	here	extend	these	observations	to	a	larger	

broader	population	with	longer	follow	up.	We	have	demonstrated	that	18F-

fluoride	PET	provides	excellent	prediction	of	disease	progression	as	assessed	by	

CT	(r=0.80,	p<0.001),	and	for	the	first	time	that	it	also	predicts	

echocardiographic	measures	of	hemodynamic	progression.	In	addition,	18F-

fluoride	PET	is	an	independent	predictor	of	clinical	outcome	(cardiovascular	

death	and	AVR)	even	after	adjustment	for	age	and	sex.	In	combination,	these	
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data	confirm	18F-fluoride	PET	as	a	non-invasive	measure	of	disease	activity	in	

aortic	stenosis,	with	the	ability	to	predict	its	natural	history.		

	

4.6.2	Computed	Tomography	in	Aortic	Stenosis	

Might	18F-fluoride	PET	be	of	use	in	the	clinical	setting	as	a	tool	for	predicting	

disease	progression	and	risk	stratifying	patients?	The	more	widespread	

application	of	this	technique	is	likely	to	be	limited	by	cost,	availability	and	

radiation	exposure.	Furthermore,	our	results	would	suggest	that	simple	CT	

calcium	scoring	is	better	suited	to	this	role. (140)	Whilst	CT	is	unable	to	

measure	calcification	activity	in	the	valve	directly,	it	is	able	to	reliably	and	

accurately	quantify	the	progressive	accumulation	of	macroscopic	areas	of	

established	calcium	within	the	valve.	Indeed,	our	data	would	suggest	that	

tracking	disease	progression	with	CT	is	perhaps	easier	than	with	traditional	

hemodynamic	echocardiography	measures	given	the	relatively	larger	increases	

in	the	CT	calcium	score	with	time	and	its	excellent	reproducibility.	Furthermore,	

because	calcification	activity	increases	proportionally	with	disease	severity	

(Figure	4.3),	baseline	CT	calcium	scoring	also	provides	a	good	surrogate	marker	

of	disease	activity.	This	would	explain	the	excellent	prediction	of	disease	

progression	and	clinical	outcomes	provided	by	CT	in	this	and	other	recent	

studies. (140,141)	Therefore	we	believe	that	this	simple	and	widely	available	

technique	is	likely	to	assume	a	greater	clinical	role	in	the	future,	supported	by	

its	superior	reproducibility	to	echocardiographic	calcium	scoring	and	

incremental	prognostic	ability	over	and	above	the	more	traditional	

hemodynamic	severity	assessments. (28,140,142)	

	

4.6.3	The	Application	Of	18F-Fluoride	PET	

We	have	previously	hypothesized	that	calcification	is	the	predominant	driver	of	

disease	progression	in	aortic	stenosis,	and	that	anti-calcific	interventions	may	

slow	or	halt	disease	progression. (101)	18F-fluoride	PET	imaging	would	appear	

to	be	an	excellent	means	of	testing	the	efficacy	of	such	novel	potential	

therapeutic	approaches. (18)	The	instant	readout	of	valvular	calcification	
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activity	that	18F-fluoride	PET	provides	has	the	potential	to	detect	rapidly	

beneficial	treatment	effects	without	the	need	for	protracted	follow	up.	This	

contrasts	favourably	with	more	established	imaging	modalities	such	as	CT	

calcium	scoring	and	echocardiography	that	take	many	years	to	identify	the	

anatomic	and	hemodynamic	consequences	of	such	alterations	in	disease	

activity.	Ultimately	18F-fluoride	PET	has	the	potential	to	reduce	the	duration	of	

clinical	studies	investigating	the	efficacy	of	novel	treatments,	and	thereby	to	

expedite	their	development.	

	

4.6.4	18F-FDG	In	Aortic	Stenosis	

In	this	study,	we	applied	a	novel	method	of	assessing	valvular	radiotracer	

uptake:	Most	Diseased	Segment	(MDS).	This	approach	is	simpler	than	previous	

methods	and	was	highly	reproducible,	demonstrating	a	clear	advantage	to	

standard	techniques	with	respect	to	18F-FDG	imaging.	Cardiac	18F-FDG	

imaging	has	been	hampered	by	myocardial	uptake,	making	assessment	of	

adjacent	structures	such	as	the	aortic	valve	and	coronary	arteries	challenging.	

In	this	study,	we	observed	an	association	between	baseline	18F-FDG	uptake	in	

the	valve	and	disease	progression	at	2	years,	albeit	more	modest	than	for	either	

18F-fluoride	or	calcium	scoring.	This	result	should,	however,	be	interpreted	

with	some	caution	as	the	exact	mechanisms	underlying	18F-FDG	activity	in	the	

valve	remain	unclear.	Previous	studies	have	established	a	correlation	between	

macrophage	burden	and	18F-FDG	uptake	in	carotid	atheroma.	However,	we	

have	previously	failed	to	demonstrate	any	such	association	in	the	aortic	valve, 

(136)	questioning	whether	18F-FDG	is	truly	acting	as	a	marker	of	macrophage	

infiltration	in	aortic	stenosis.	Indeed	18F-FDG	uptake	is	not	limited	to	

macrophages	but	instead	can	potentially	reflect	the	metabolic	requirements	of	a	

wide	range	of	cells	that	utilize	glucose.	In	aortic	stenosis,	18F-FDG	uptake	might	

reflect	uptake	by	valvular	fibroblasts	and	osteoblasts	as	well	as	myocytes	in	the	

closely	adjacent	myocardium. (76) Further	work	is	required	to	resolve	this	key	

issue	and	to	better	understand	the	information	that	18F-FDG	is	providing	in	

aortic	stenosis.		
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4.6.5	Study	Limitations	

There	are	a	number	of	limitations	that	we	acknowledge.	Firstly,	due	to	the	

absolute	number	of	clinical	events	in	our	cohort,	we	are	unable	to	demonstrate	

the	incremental	value,	if	any,	of	valvular	PET	radiotracer	uptake	compared	to	CT	

calcium	score.	Secondly,	the	PET	data	were	not	motion	corrected.	This	has	

limited	our	ability	to	investigate	whether	the	spatial	distribution	of	18F-fluoride	

uptake	within	the	valve	is	of	importance	and	how	this	relates	to	the	

macroscopic	calcium	deposits	seen	on	CT.	We	also	need	to	establish	whether	

modification	of	18F-fluoride	PET	uptake	can	be	achieved	by	potential	

therapeutic	interventions,	such	as	anti-calcific	therapies,	and	whether	any	such	

reduction	translates	in	to	improved	clinical	outcomes.		These	are	key	priorities	

that	need	to	be	addressed	in	prospective	studies	using	gated	PET	acquisitions.		

	

4.6.6	Conclusions	

This	prospective	cohort	imaging	study	proves	that	18F-fluoride	PET	is	an	

excellent	predictor	of	disease	progression	and	adverse	clinical	outcomes	in	

patients	with	aortic	stenosis	and	matches	the	current	best	predictor;	the	CT	

aortic	valve	calcium	score.	The	immediate	readout	of	disease	activity	that	it	

provides	holds	great	promise	in	rapidly	assessing	the	treatment	effects	of	novel	

medical	therapies	for	this	important	condition.
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Chapter	5 –	18F-Fluoride	and	18F-
Fluorodeoxyglucose	Hybrid	Positron	Emission	
Tomography	and	Computed	Tomography	In	
Atherosclerosis	–	A	Pilot	Study	With	Imaging	And	
Histological	Validation



	

	 151	

5.1	Publication	In	Context	
5.1.1	Background	

During	the	analysis	of	aortic	valve	imaging	data	in	the	Ring	of	Fire	Study(120),	a	

key	observation	was	made;	significant	coronary	arterial	uptake	of	18F-fluoride	

was	apparent	and	quantifiable.	Coronary	uptake	was	shown	to	correlate	with	

Framingham	and	ASSIGN(143)	risk	scores	indicating	that	the	radioisotope	may	

provide	information	on	cardiovascular	risk.	These	data	were	published	by	Dr	

Dweck. (121)	However,	a	single	particularly	interesting	finding	was	noted.	One	

patient	was	recruited	shortly	after	experiencing	an	acute	coronary	syndrome.	

The	patient	underwent	invasive	coronary	angiography	and	the	culprit	lesion	

was	found	in	the	circumflex	artery.	The	lesion	was	left	untreated	and	the	patient	

managed	medically.	At	his	PET	scan,	he	was	found	to	have	intense	uptake	of	

18F-fluoride	at	the	site	of	the	culprit	lesion	(highlighted	with	a	white	arrow	in	

Figure	5.1).	

	

	

Figure	5.1	|	Original	Fused	18F-Fluoride	PET/CT	
Showing	Uptake	In	Culprit	Coronary	Plaque	
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This	finding	suggested	that	18F-fluoride	uptake	might	identify	recent	plaque	

rupture;	a	very	exciting	and	potentially	practice	changing	possibility.	This	led	us	

two	apply	successfully	for	two	grants:	

	

• Chief	Scientist	Office,	Scotland	(ETM/160)	

• British	Heart	Foundation	(PG/12/8/29371)		

	

The	first	grant	funded	the	work	that	is	the	basis	of	this	chapter	and	the	second	

funded	the	work	that	is	presented	in	Chapters	6	and	7.		

	

5.1.2	Aims	of	Further	Study	

Based	on	the	unexpected	but	promising	coronary	findings	in	the	aortic	

stenosis	cohort,	we	undertook	to	conduct	a	pilot	prospective	observational	

cohort	study	specifically	studying	patients	with	coronary	and	carotid	

atherosclerosis	aimed	at	answering	the	following	questions:	

1. Is	18F-fluoride	and	18F-FDG	PET/CT	imaging	of	coronary	

atherosclerosis	feasible?	

2. Can	either	coronary	18F-fluoride	or	18F-FDG	PET/CT	identify	acute	

“culprit”	plaque	in	a	cohort	of	patients	with	acute	coronary	syndromes?	

3. Can	either	coronary	18F-fluoride	or	18F-FDG	PET/CT	identify	high-risk	

plaque,	defined	using	both	in	vivo	intra-coronary	ultrasound	and	CT	

coronary	angiography,	in	a	cohort	of	patient	with	stable	coronary	heart	

disease?	

4. Is	such	imaging	reproducible?	

5. Using	carotid	plaque	excised	at	the	time	of	carotid	endarterectomy	(an	

operation	offered	to	patients	with	an	acute	neurovascular	syndrome	

analogous	to	an	acute	coronary	syndrome),	is	it	possible	to	provide:	

a. Histological	validation	of	our	in	vivo	coronary	findings?	

b. A	plausible	mechanistic	explanation	for	our	findings?
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5.1.3	Contributions	

Dr	Joshi	and	I	led	this	work.	He	recruited	and	scanned	the	coronary	cohorts.	I	

recruited	the	carotid	cohort	and	collected	the	endarterectomy	specimens.	I	

performed	the	ex	vivo	PET/CT	of	carotid	plaque,	in	vivo	patient	PET/CT	scans	

and	the	histological	and	immunohistochemical	experiments.	I	also	performed	all	

the	analyses	for	these	experiments.	We	drafted	the	paper	together.	For	the	

purposes	of	this	thesis	monograph,	the	supplementary	appendices	have	been	

incorporated	into	the	text	for	narrative	clarity.	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Published	as:	Joshi	NV,	Vesey	AT,	Williams	MC,	Shah	ASV,	Calvert	PA,	Craighead	

FHM,	et	al.	18F-fluoride	positron	emission	tomography	for	identification	of	

ruptured	and	high-risk	coronary	atherosclerotic	plaques:	a	prospective	clinical	

trial.	Lancet.	2014	Feb	22;383(9918):705–13.
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5.2	Abstract	
5.2.1	Background	

The	use	of	non-invasive	imaging	to	identify	ruptured	or	high-risk	coronary	

atherosclerotic	plaques	would	represent	a	major	clinical	advance	for	prevention	

and	treatment	of	coronary	artery	disease.	We	used	combined	PET	and	CT	to	

identify	ruptured	and	high-risk	atherosclerotic	plaques	using	the	radioactive	

tracers	18F-sodium	fluoride	(18F-fluoride)	and	18F-fluorodeoxyglucose	(18F-

FDG).	

5.2.2	Methods	

In	this	prospective	clinical	trial,	patients	with	myocardial	infarction	(n=40)	and	

stable	angina	(n=40)	underwent	18F-fluoride	and	18F-FDG	PET-CT,	and	

invasive	coronary	angiography.	18F-fluoride	uptake	was	compared	with	

histology	in	carotid	endarterectomy	specimens	from	patients	with	symptomatic	

carotid	disease,	and	with	intravascular	ultrasound	in	patients	with	stable	

angina.	The	primary	endpoint	was	the	comparison	of	18F-fluoride	tissue-to-

background	ratios	of	culprit	and	non-culprit	coronary	plaques	of	patients	with	

acute	myocardial	infarction.	

5.2.3	Results	

In	37	(93%)	patients	with	myocardial	infarction,	the	highest	coronary	18F-

fluoride	uptake	was	seen	in	the	culprit	plaque	(median	maximum	tissue-to-

background	ratio:	culprit	1·66	[IQR	1·40–2·25]	vs	highest	non-culprit	1·24	

[1·06–1·38],	p<0·0001).	By	contrast,	coronary	18F-FDG	uptake	was	commonly	

obscured	by	myocardial	uptake	and	where	discernible,	there	were	no	

differences	between	culprit	and	non-culprit	plaques	(1·71	[1·40–2·13]	vs	1·58	

[1·28–2·01],	p=0·34).	Marked	18F-fluoride	uptake	occurred	at	the	site	of	all	

carotid	plaque	ruptures	and	was	associated	with	histological	evidence	of	active	

calcification,	macrophage	infiltration,	apoptosis,	and	necrosis.	18	(45%)	

patients	with	stable	angina	had	plaques	with	focal	18F-fluoride	uptake	

(maximum	tissue-to-background	ratio	1·90	[IQR	1·61–2·17])	that	were	

associated	with	more	high-risk	features	on	intravascular	ultrasound	than	those	

without	uptake:	positive	remodelling	(remodelling	index	1·12	[1·09–1·19]	vs	
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1·01	[0·94–1·06];	p=0·0004),	microcalcification	(73%	vs	21%,	p=0·002),	and	

necrotic	core	(25%	[21–29]	vs	18%	[14–22],	p=0·001).	

5.2.4	Conclusion	

18F-fluoride	PET-CT	is	the	first	non-invasive	imaging	method	to	identify	and	

localise	ruptured	and	high-risk	coronary	plaque.	Future	studies	are	needed	to	

establish	whether	this	method	can	improve	the	management	and	treatment	of	

patients	with	coronary	artery	disease.
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5.3	Introduction	
Coronary	atherosclerotic	plaque	rupture	is	the	principal	precipitant	of	acute	

myocardial	infarction	and	an	important	cause	of	sudden	cardiac	death.	Rupture	

is	challenging	to	predict	because	most	plaques	are	non-obstructive	and	are	not	

identified	by	stress	testing	or	coronary	angiography. (144,145) Atherosclerotic	

lesions	at	risk	of	rupture	have	certain	histopathological	characteristics	that	

include	positive	re-modelling,	microcalcification,	and	a	large	necrotic	core. 

(52,144,145)	The	development	of	modern	molecular	imaging	techniques	

targeted	at	these	features	could	lead	to	the	identification	of	such	high-risk	

plaques	in	vivo	and	guide	the	development	of	novel	treatment	strategies. 

(121,146-148)		

	

Combined	PET	and	CT	is	a	non-invasive	imaging	technique	that	brings	

functional	molecular	imaging	together	with	precise	anatomical	information.	We	

have	recently	reported	preliminary	PET/CT	data	using	the	tracer	18F-sodium	

fluoride	(18F-fluoride)	as	a	marker	of	valvular	and	vascular	calcification	activity	

in	patients	with	aortic	stenosis. (118,120,121) Other	studies	have	shown	the	

usefulness	of	18F-flurodeoxyglucose	(18F-FDG)	as	a	surrogate	of	vascular	

inflammation	and	macrophage	burden. (130,146,149-151)	We	therefore	

investigated	whether,	compared	with	the	current	non-invasive	gold	standard	of	

18F-FDG,	18F-fluoride	uptake	could	identify	ruptured	and	high-risk	

atherosclerotic	plaques	in	patients	with	symptomatic	coronary	and	carotid	

artery	disease.
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5.4	Methods	
5.4.1	Patients	

Patients	were	recruited	from	the	Royal	Infirmary	of	Edinburgh	between	

February,	2012,	and	January,	2013,	in	three	cohorts	(see	figure	5.2):	

	

1. 40	patients	with	acute	ST-segment	or	non-	ST-segment	elevation	

myocardial	infarction.	Consecutive	patients	were	approached	and	

recruited	if	they	fulfilled	the	criteria	for	type	1	myocardial	infarction	

according	to	the	Universal	Definition	of	Myocardial	Infarction. (152)	ST	

segment	elevation	myocardial	infarction	was	defined	as	new	ST	segment	

elevation	at	the	J	point	in	two	contiguous	leads	with	the	cut-points:	≥0·1	

mV	in	all	leads	except	V2-V3	where	the	thresholds	were	≥0·2	mV	for	men	

≥40	years	and	≥0·25	mV	for	women.	

2. 40	patients	with	stable	angina	pectoris	undergoing	elective	invasive	

coronary	angiography.	Consecutive	patients	with	stable	angina	pectoris	

were	recruited	if	they	had	typical	symptoms	of	exertional	anginal	chest	

pain,	previously	documented	coronary	artery	disease	(>70%	stenosis	of	

at	least	one	major	epicardial	coronary	artery),	and	had	been	scheduled	

for	invasive	coronary	angiography.	Patients	were	excluded	if	they	had	

suffered	an	acute	coronary	syndrome	within	the	last	3	months.	

3. 12	patients	(nine	evaluable)	undergoing	carotid	enterectomy	for	

symptomatic	carotid	artery	disease.	Patients	with	typical	symptoms	and	

signs	of	an	acute	transient	ischemic	attack,	amaurosis	fugax	or	stroke	

were	recruited	within	1-14	days	of	symptom	onset.	All	patients	

underwent	clinical	evaluation	and	carotid	Doppler	assessment.	Inclusion	

criteria	were	carotid	stenosis	>50%	(North	American	Symptomatic	

Carotid	Endarterectomy	Trial	[NASCET]	criteria) (110)	consistent	with	

clinical	presentation,	and	planned	carotid	endarterectomy.
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Exclusion	criteria	were	age	younger	than	50	years,	insulin-dependent	diabetes	

mellitus,	women	of	child-bearing	age	not	receiving	contraception,	severe	renal	

failure	(serum	creatinine	>250	μmol/L),	known	contrast	allergy,	and	inability	to	

provide	informed	consent.	Only	patients	older	than	50	years	were	recruited	in	

the	study	to	reduce	any	long-term	risks	associated	with	radiation	exposure.	

Uncontrolled	diabetes	and	high	blood	glucose	concentrations	(>11	mmol/L)	

interfere	with	the	quality	of	18F-FDG	PET	imaging	because	of	the	competition	

between	glucose	and	18F-FDG	for	cellular	entry.	The	convention	is	therefore	to	

exclude	such	patients	from	vascular	18F-FDG	PET	studies. (121,130,150,151)		

All	patients	underwent	a	comprehensive	baseline	clinical	assessment	including	

evaluation	of	their	cardiovascular	risk	factor	profile.	Plasma	troponin	I	

concentrations	were	measured	in	patients	with	stable	angina	using	the	

ARCHITECT	STAT	high-sensitivity	troponin	I	assay	(Abbott	Laboratories,	Abbott	

Park,	IL,	USA;	lower	limit	of	detection	1·2	ng/L;	99th	percentile	diagnostic	

threshold	26	ng/L).	Studies	were	done	with	the	approval	of	the	local	research	

ethics	committee,	in	accordance	with	the	Declaration	of	Helsinki,	and	with	the	

written	informed	consent	of	each	participant.
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Patients	were	recruited	in	three	cohorts:	myocardial	infarction,	symptomatic	carotid	disease	

and	stable	angina.	They	underwent	a	series	of	investigations	as	shown	in	the	flow	diagram;	PET-

CT:	18F-fluoride	and	18F-fluorodeoxyglucose	positron	emission	tomography-computed	

tomography,	MRI:	Magnetic	Resonance	Imaging.	*In	seven	patients	with	myocardial	infarction,	

the	18F-fluorodeoxyglucose	scans	were	undertaken	after	percutaneous	coronary	intervention.	

†In	five	patients	with	stable	angina,	the	18F-fluorodeoxyglucose	scans	were	undertaken	after	

their	elective	percutaneous	coronary	intervention.

Figure	5.2	|	Study	Design	
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5.4.2	Procedures	

Patients	with	myocardial	infarction	and	stable	angina	underwent	18F-fluoride	

and	18F-FDG	PET-CT,	CT	coronary	angiography,	and	CT	calcium	scoring	(see	

figure	5.1). (121)	

	

Patients	with	a	heart	rate	exceeding	65	beats	min-1	received	oral	beta-blockade	

(50	or	100	mg	metoprolol)	1	h	before	the	computed	tomography	(CT)	

examination.	All	patients	received	sublingual	glyceryl	trinitrate	(300	μg)	just	

prior	to	the	CT	coronary	angiography	(CTCA).	Patients	were	asked	to	refrain	

from	alcohol	and	caffeine	on	the	day	of	the	scan.	

	

5.4.2.1	Visit	1:	18F-Fluoride	
All	patients	underwent	dual	cardiac	and	respiratory-gated	positron	emission	

tomography	(PET)-CT	imaging	of	the	coronary	arteries	with	a	hybrid	scanner	

(64-	multidetector	Biograph	mCT,	Siemens	Medical	Systems,	Erlangen,	

Germany).	Study	subjects	were	administered	a	target	dose	of	125	MBq	18F-

fluoride	(18F-fluoride)	intravenously	and	subsequently	rested	in	a	quiet	

environment	for	60	min.	An	attenuation	correction	CT	scan	(non-enhanced	120	

kV	and	50	mA)	was	then	performed,	followed	by	PET	imaging	of	the	thorax	in	

list-mode	for	20	min.	Coronary	artery	calcium	and	CTCA	were	undertaken	in	the	

same	visit	as	the	18F-fluoride	scan.	With	the	patient	lying	still	on	the	scanner	

after	acquisition	of	the	PET,	an	electrocardiogram-gated	breath-hold	CT	scan	

(non-contrast-enhanced,	40	mAs/rotation,	120	kV;	CareDose,	Siemens	Medical	

Systems)	of	the	coronary	arteries	was	performed.	CTCA	was	performed	using	

the	following	settings:	330	ms	rotation	time,	100	(body	mass	index	[BMI]	<25	

kg/m2)	or	120	(body	mass	index	>25	kg/m2)	kV	tube	voltage,	160-245	mAs	

tube	current,	3·8	mm/rotation	table	feed,	prospective	(heart	rate	regular	and	

<60/min),	or	retrospective	(heart	rate	>60	/min)	electrocardiogram-gated.	

Depending	on	the	BMI,	a	bolus	of	80-100	mL	of	contrast	(400	mgI/mL;	Iomeron,	

Bracco,	Milan,	Italy)	was	injected	intravenously	at	5	mL/s,	after	determining	the	

appropriate	trigger	delay	with	a	test	bolus	of	20	mL	contrast	material.	
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Although	the	PET	scans	were	acquired	with	the	potential	for	dual	motion	

correction,	inclusion	of	respiratory	gating	led	to	significant	loss	of	signal	with	

increased	noise.	Therefore,	only	electrocardiogram-gated	cardiac	motion	

correction	was	undertaken.	The	PET	scans	were	reconstructed	in	multiple	

phases	of	the	cardiac	cycle,	with	the	diastolic	phase	(50–75%	of	the	R-R	

interval)	using	the	Siemens	Ultra-HD	algorithm.	The	CTCA	scans	were	

reconstructed	at	0·75	x	0·7	mm	and	0·6	x	0·3	mm	for	retrospective	and	

prospective	acquisitions	respectively	at	60%,	65%	and	70%	of	the	cardiac	cycle.	

Additional	reconstructions	were	undertaken	if	necessary.		

	

5.4.2.2	Visit	2:	18F-Fluorodeoxyglucose 

Intense	uptake	of	18F-fluorodeoxyglucose	(18F-FDG)	by	the	left	ventricle	leads	

to	difficulties	in	discriminating	between	activity	in	the	coronary	arteries	and	the	

myocardium.	All	patients	in	our	cohort	were	asked	to	observe	a	low-

carbohydrate,	high-protein	and	high-fat	diet	for	24	hours	before	their	18F-FDG	

scan	because	this	suppresses	myocardial	uptake	as	the	heart	switches	from	

glucose	to	free	fatty	acid	metabolism. (121,130,150,151,153)	Patients	were	

provided	with	a	list	of	food	and	drink	to	avoid	and	reminded	of	these	

restrictions	the	day	before	their	scan.	Dietary	diaries	were	recorded	for	all	

patients.	

	

Subjects	were	administered	a	target	dose	of	200	MBq	18F-FDG	intravenously	

and	subsequently	rested	in	a	quiet	environment	for	90	min.	Combined	PET-CT	

imaging	was	then	performed	as	described	for	the	18F-fluoride	scan.	

	

5.4.2.3	Image	Analysis	
Electrocardiograph-gated	PET	images	were	fused	with	the	CT	coronary	

angiogram,	and	analysed	by	experienced	observers	blinded	to	the	clinical	

diagnosis	using	an	OsiriX	workstation	(OsiriX	version	5·5·1	64-bit;	OsiriX	

Imaging	Software,	Geneva,	Switzerland).	Two-	dimensional	regions	of	interest	
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were	drawn	around	all	major	(diameter>2mm)	epicardial	vessels	on	3mm	axial	

slices	just	beyond	the	discernible	adventitial	border.	The	maximum	standard	

uptake	value	(the	decay	corrected	tissue	concentration	of	the	tracer	divided	by	

the	injected	dose	per	bodyweight)	was	measured	and	corrected	for	blood	pool	

activity	in	the	superior	vena	cava	to	provide	tissue-to-background	ratio	(TBRs)	

measurements.	Using	this	method,	we	have	previously	shown	excellent	

reproducibility	for	18F-fluoride	TBR	measurements	in	the	coronary	arteries	

with	an	intraclass	correlation	coefficient	of	0·99. (121)		

	

We	used	a	previously	established	95%	lower	reference	limit	to	categorise	

coronary	plaques	into	18F-fluoride	positive	lesions	(focal	uptake	with	a	TBR	

more	than	25%	higher	than	a	proximal	reference	lesion)	and	negative	plaques	if	

these	criteria	were	not	achieved.	This	limit	was	based	on	our	previous	study,	

where	plaques	with	high	18F-fluoride	uptake	had	maximum	TBRs	that	were	

44%	(95%	CI	26–62)	higher	than	a	proximal	quiescent	reference	lesion. (121)	

In	patients	with	acute	myocardial	infarction,	18F-fluoride	uptake	in	the	culprit	

plaque	was	compared	with	the	highest	value	in	any	of	the	non-culprit	vessels.	

	

Quantification	of	18F-FDG	uptake	was	performed	as	for	18F-fluoride	uptake	but	

restricted	to	the	proximal	and	mid-	portions	of	the	coronary	arteries,	and	to	

regions	where	myocardial	uptake	and	spillover	could	be	confidently	excluded. 

(121)	Again,	18F-FDG	positive	plaques	were	defined	using	the	25%	threshold	as	

described	for	18F-fluoride.	Effective	myocardial	suppression	of	18F-FDG	was	

predefined	as	a	standard	uptake	value	of	5·0	or	less	in	the	basal	ventricular	

septum	as	per	published	data. (150)		

	

In	patients	with	stable	angina,	PET-CT	imaging	was	prospectively	used	to	direct	

greyscale	and	radio-frequency	intravascular	ultrasound	(20	MHz	Eagle	Eye	

Platinum	Catheters	[Volcano	Corp,	San	Diego,	CA,	USA],	motorised	pull-back	0·5	

mm/s)	to	18F-fluoride	positive	and	negative	plaques.	The	interventional	

cardiologist	acquiring	the	intravascular	ultrasound	data	was	blinded	to	the	PET-

CT	status	of	the	plaque.	
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Intravascular	ultrasound	analysis	was	done	as	described	previously(154)	using	

dedicated	VIAS	software	(Volcano	Image	Analysis	Software	version	3.0)	by	

operators	blinded	to	the	PET	data.	Regions	of	interest	were	drawn	around	the	

external	elastic	membrane	and	luminal	borders,	and	plaque	area	and	

composition	(dense	calcium,	necrotic	core,	fibro-fatty	tissue,	and	fibrous	tissue)	

calculated. (154-156)The	presence	of	microcalcification	(spotty	calcification	in	

the	absence	of	acoustic	shadowing	on	three	or	more	consecutive	frames)	and	

the	maximum	frame	necrotic	core	(the	highest	percentage	of	necrotic	core	on	a	

single	frame)	were	recorded. (157)	The	remodelling	index	was	defined	as	the	

ratio	between	the	external	elastic	membrane	cross-sectional	area	of	the	lesion	

and	a	proximal	reference	region	in	the	same	vessel. (158)	Plaques	were	

classified	as	thin-cap	fibroatheroma,	thick-cap	fibro-	atheroma,	pathological	

intimal	thickening,	or	fibrocalcific	plaque	as	defined	previously. (156,159)		

	

CT	analysis	was	done	on	a	dedicated	cardiovascular	workstation	(Vital	Images,	

Minnetonka,	MN,	USA).	Vessel-specific	and	total	Agatston	calcium	scores	were	

calculated	as	described	previously. (121)	An	independent	experienced	and	

blinded	observer	determined	the	stenosis	severity,	plaque	composition	

(calcified,	non-	calcified,	mixed	plaque),	and	presence	of	high-risk	CT	features	

(positive	remodelling,	microcalcification,	necrotic	core)	according	to	standard	

definitions	in	plaques	with	and	without	increased	18F-fluoride	activity. (160)		
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5.4.2.4	Image	Analysis	Reproducibility	
Thirty	patients	were	selected	randomly	to	test	the	repeatability	of	image	

analysis	in	between	two	trained	readers.	Fifteen	patients	from	each	of	the	18F-

FDG	and	18F-fluoride	cohorts	were	selected	and	each	reader	repeated	the	

analysis	of	these	patients	independently	in	random	order	to	avoid	recall	bias.	

	

5.4.3	Carotid	Experiments	

5.4.3.1	Summary	
Intact	atherosclerotic	plaques	were	retrieved	at	the	time	of	carotid	

endarterectomy	and	scanned	using	ex-vivo	PET-CT	to	allow	precise	anatomical	

co-localisation	of	18F-fluoride	activity	with	pathological	evidence	of	plaque	

rupture.	Plaques	were	divided	into	18F-fluoride	positive	and	negative	areas,	

and	histological	sections	were	assessed	using	Movat’s	pentachrome	and	

immunohistochemistry	to	investigate	calcification	activity	(tissue	non-specific	

alkaline	phosphatase	and	osteocalcin),	macrophage	infiltration	(CD68),	and	cell	

death	(apoptosis,	cleaved	caspase	3;	microscopic	presence	of	necrotic	core).	

	

5.4.3.2	Ex	Vivo	18F-Fluoride	Positron	Emission	Tomography	
At	the	moment	of	retrieval	during	surgery,	plaques	were	photographed	before	

being	wrapped	in	foil	and	snap	frozen	in	liquid	nitrogen.	Subsequently,	they	

were	thawed	in	a	batch	and	immersed	in	18F-fluoride	solution	diluted	with	

phosphate	buffered	saline	(PBS)	to	a	total	activity	of	10	MBq/mL.	After	60	min,	

plaques	were	rinsed	3	times	in	PBS	before	being	oriented	and	placed	in	a	

clinical	PET-CT	hybrid	scanner	(64-multidetector	Biograph	mCT,	Siemens	

Medical	Systems,	Erlangen,	Germany).	After	an	attenuation	correction	CT	scan,	

PET	imaging	was	undertaken	over	a	single	bed	for	15	min.	

	

5.4.3.3	Histology	and	Immunohistochemistry	
Immediately	following	ex	vivo	scanning,	plaques	were	fixed	in	4%	

paraformaldehyde	for	24	hours	before	transfer	to	70%	ethanol.	Plaques	were	

decalcified	in	ethylenediaminetetraacetic	acid	before	being	divided	into	
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segments	with	or	without	18F-fluoride	uptake.	These	segments	were	paraffin-

embedded,	and	5-μm	sections	were	prepared	and	stained	with	Movat’s	

pentachrome.	Immunohistochemical	staining	for	CD68	

expression	(mouse	anti-human	CD68	mAb,	M087601-2,	Dako),	cleaved	caspase	

3	(anti-human	rabbit	mAb	#9664,	Cell	Signalling	Technology)	and	tissue	non-

specific	alkaline	phosphatase	(anti-human	rabbit	pAb	CAT#LF	PA50004,	

Abfrontier)	was	then	undertaken	following	heat	induced	epitope	retrieval	

(HIER)	using	0·01	M	citrate	buffer	at	pH	6·0	in	a	decloaking	chamber.	

Osteocalcin	staining	(anti-human	mouse	mAb	ab13418,	Abcam)	required	no	

HIER.	Sections	were	stained	using	a	Leica	Vision	Biosystems	Bond-x	

immunostaining	robot.	Optimization	of	antibody	dilution	was	undertaken	by	

determining	positive	and	negative	controls.	Positive	controls	for	CD68	were	

generated	using	human	kidney,	cleaved	caspase	3	using	sections	of	normal	

human	tonsil	and	spleen,	and	for	tissue	non-specific	alkaline	phosphatase	and	

osteocalcin	using	decalcified	human	bone	to	determine	optimal	antibody	

dilutions.	Negative	controls	were	generated	by	omitting	the	primary	antibody.	

After	blocking	in	peroxide	for	10	min,	sections	were	incubated	with	the	specific	

anti-human	antibodies	for	2	hours	at	room	temperature	at	the	following	

dilutions:	CD68	1:100,	osteocalcin	1:200,	cleaved	caspase	3	1:150,	and	tissue	

non-specific	alkaline	phosphatase	1:100.	All	incubation	steps	were	followed	by	

washing	in	TBS/Tween.	Sections	for	osteocalcin	were	incubated	for	15	min	with	

pre-polymer/post	primary	followed	by	15	min	with	polymer	(HRP)	for	all	

antibodies	prior	to	DAB	(3,3'-Diaminobenzidine)	visualization	and	

haematoxylin	counterstaining.	Sections	were	dehydrated	in	graded	ethanol,	

cleared	in	xylene	before	cover	slipping	in	Pertex.	

	

Images	were	taken	on	a	Zeiss	Axioskop2	fitted	with	an	Axiocam	MRc	digital	

camera	using	Axiovision	software.	Total	vessel	and	plaque	cross-sectional	area	

was	calculated	using	Image	Pro	Plus	5	(Rockville,	MD,	USA).	Staining	was	

quantified	by	semi-automated	colour-coded	segmentation.	

Immunohistochemical	markers	were	expressed	as	number	of	positive	cells	per	

mm2	or	percentage	staining	of	total	cross-sectional	area.	



	

	 166	

5.4.4	Statistical	analysis	

The	primary	endpoint	of	the	study	was	the	comparison	of	18F-fluoride	tissue-

to-background	ratios	of	culprit	and	non-	culprit	coronary	plaques	of	patients	

with	acute	myocardial	infarction.	The	main	secondary	endpoints	were	

comparative	imaging	and	histological	characterisation	of	

18F-fluoride	positive	and	negative	atherosclerotic	plaques	in	patients	with	

coronary	and	carotid	artery	disease.	Based	on	our	previous	data, (121)	we	

required	36	patients	with	myocardial	infarction	to	detect	a	difference	of	0·23	in	

the	tissue-to-background	ratio	between	culprit	and	non-culprit	plaques	at	90%	

power	and	two-sided	p<0·05.	We	recruited	40	patients	to	account	for	

incomplete	data	and	recruited	a	similar	sized	(n=40)	comparator	group	of	

patients	with	stable	angina.	

	

Continuous	data	were	tested	for	normality	with	the	D’Agostino-Pearson	

omnibus	test.	Continuous	parametric	variables	were	expressed	as	mean	(SD)	

and	compared	using	Student’s	t	tests.	Non-parametric	data	were	presented	as	

median	(IQR)	and	compared	using	Mann-Whitney	U	test	or	Wilcoxon	signed-

rank	test	as	appropriate.	Fisher’s	exact	test	or	chi-squared	test	was	used	for	

analysis	of	categorical	variables.	Statistical	analysis	was	done	with	Graph	Pad	

Prism	version	5	(GraphPad	Software,	La	Jolla,	CA,	USA).	A	two-sided	p<0·05	was	

taken	as	statistically	significant.
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5.5	Results	
5.5.1	Patients	Characteristics	And	Protocol	Details	

Patients	were	predominantly	middle-aged	men	and	had	multiple	cardiovascular	

risk	factors	(tables	5.1	and	5.2).	The	coronary	cohorts	underwent	both	18F-

fluoride	(60	[SD	9]	min	after	123	[SD	5]	MBq)	and	18F-FDG	(90	[7]	min	after	

192	[11]	MBq)	PET-CT	scanning	within	a	median	of	6	(IQR	3–9)	days.	The	

median	duration	between	PET-CT	scanning	and	coronary	angiography	was	7	

(IQR	1–12)	days.	The	total	effective	radiation	dose	from	study	participation	was	

13·7	(SD	3·0)	mSv	(conversion	factor	of	0·014	mSv/mGy.cm):	18F-fluoride	(3·8	

[SD	0·3]	mSv)	and	18F-FDG	(4·9	[0·5]	mSv)	PET-CT,	CT	coronary	angiogram	

(3·7	[2·1]	mSv),	and	calcium	score	(1·3	[0·5]	mSv).	The	total	time	spent	in	the	

imaging	centre	for	each	patient	was	~100	min	for	visit	1	(18F-fluoride	PET-CT	

scans)	and	~120	min	for	visit	2	(18F-FDG	PET-CT	scans).
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NSTEMI=non-ST	elevation	myocardial	infarction.	MI=myocardial	infarction.	

CVA=cerebrovascular	accident.	TIA=transient	ischaemic	attack.	PCI=percutaneous	coronary	

intervention.	ACEI=angiotensin	converting	enzyme	inhibitor.	ARB=angiotensin	receptor	

blocker.	CABG=coronary	artery	bypass	graft.	HDL=high-density	lipoprotein.	LDL=low-density	

lipoprotein.	STEMI=ST-elevation	myocardial	infarction.	*Heart	rate	at	the	time	of	CT	coronary	

angiography.	†Medications	at	the	time	of	scan.

Table	5.1	|	Baseline	Characteristics	Of	Coronary	Cohorts	
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	Table	5.2	|	Baseline	Characteristics	Of	Carotid	Cohort	

Demography	

		Age	(years)	

		Male	sex	

		BMI	(kg/m2)	

		Antecedent	angina	(active)	

		Heart	rate	(per	min)	

		Systolic	blood	pressure	(mmHg)	

		Diastolic	blood	pressure	(mmHg)	

(-)	

70±10	

8	(67%)	

27±3	

0	(0%)	

67±13	

141±25	

75±11	

Clinical	Presentation	

		Ischaemic	Stroke	

		Transient	Ischaemic	Attack	

		Amaurosis		Fugax	

(0)	

6	(50%)	

3	(25%)	

3	(25%)	

Cardiovascular	History	

		Previous	MI	

		Previous	CVA/TIA	

		Previous	PCI	

		Previous	CABG	

(0)	

3	(25%)	

3	(25%)	

1	(8%)	

2	(16%)	

Risk	Factors	
		Smoking	Habit	(ex	or	current)	

		Diabetes	mellitus	

		Hypertension	

		Hypercholesterolemia	

(0	

9	(75%)	

1	(8%)	

8	(66%)	

7	(58%)	

Medications	
		Aspirin	

		Clopidogrel	

		Statin	

		β-Blocker	

		ACEI/ARB	

		Calcium	channel	blockers	

		Other	Anti-hypertensive	

		Oral	Nitrates	

	

3	(25%)	

9	(75%)	

12	(100%)	

1	(8%)	

5	(42%)	

3	(25%)	

5	(41%)	

0	(0%)	

Serum	Biochemistry†	

Cholesterol	(mmol/L)		

HDL-Cholesterol	(mmol/L)		

LDL-Cholesterol	(mmol/L)		

Triglycerides	(mmol/L)		

Creatinine	(μmol/L)	

	

4·2±0·9	

1·1±0·4	

1·9±0·6	

1·4±0.5	

80±17	

BMI	body	mass	index,	MI	myocardial	infarction,	CVA	cerebrovascular	accident,	TIA	transient	ischemic	attack,	PCI	

percutaneous	coronary	intervention,	ACEI	angiotensin	converting	enzyme	inhibitor,	ARB	angiotensin	receptor	blocker,	

CABG	coronary	artery	bypass	graft,	HDL	high-	density	lipoprotein,	LDL	low-density	lipoprotein.
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5.5.2	Unstable	Coronary	Cohort	

5.5.2.1	18F-Fluoride	
The	culprit	vessel	was	the	left	anterior	descending	artery	in	17	(42%)	patients,	

the	left	circumflex	artery	in	seven	(18%),	and	the	right	coronary	artery	in	16	

(40%).	Patients	underwent	18F-fluoride	scans	6	[IQR	3–10]	days	after	

hospitalisation	for	myocardial	infarction	(symptoms	to	18F-fluoride	scan,	8	[3–

10]	days).	18F-fluoride	activity	in	the	culprit	plaque	was	34%	higher	than	the	

maximum	activity	recorded	anywhere	else	in	the	coronary	vasculature	

(maximum	TBR	1·66	[1·40–2·25]	vs	1·24	[1·06–1·38],	p<0·0001;	figures	5.3	and	

5.4).	In	37	of	the	40	patients	(93%),	increased	18F-fluoride	uptake	was	seen	in	

the	culprit	plaque	(figure	5.3).	In	the	three	patients	without	uptake,	two	were	

younger	smokers	(aged	50	and	52	years)	and,	in	the	third,	the	culprit	lesion	was	

adjudicated	as	the	right	coronary	artery	although	focal	increased	activity	was	

seen	in	the	left	circumflex	artery.	In	five	patients,	increased	18F-fluoride	activity	

was	seen	at	multiple	sites	within	the	coronary	circulation.		

5.5.2.2	18F-FDG	
Predefined	myocardial	suppression	of	18F-FDG	uptake	was	achieved	in	28	

(70%)	patients	(median	myocardial	standard	uptake	value	3·92	[IQR	2·71–

5·55]).	However,	coronary	18F-FDG	uptake	could	not	be	distinguished	from	

patchy	myocardial	uptake	in	22	patients	affecting	52%	of	vessel	territories.	

Increased	uptake	of	18F-FDG	was	observed	in	the	culprit	vessels	of	six	(33%)	of	

the	remaining	18	patients.	Overall,	no	significant	differences	could	be	shown	

between	the	maximum	TBRs	in	the	culprit	plaques	and	those	recorded	

elsewhere	in	the	coronary	vasculature	(1·71	[IQR	1·40–2·13]	vs	1·58	[1·28–

2·01],	p=0·34:	figure	2)	with	a	mean	difference	of	0·09	(95%	CI	−0·07	to	0·24).		
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Patient	with	acute	ST-segment	elevation	myocardial	infarction	with	(A)	proximal	occlusion	(red	arrow)	of	the	
left	anterior	descending	artery	on	invasive	coronary	angiography	and	(B)	intense	focal	18F-fluoride	(18F-
fluoride,	tissue-to-background	ratios,	culprit	2·27	versus	reference	segment	1·09	[108%	increase])	uptake	

(yellow-red)	at	the	site	of	the	culprit	plaque	(red	arrow)	on	the	combined	positron	emission	and	computed	

tomogram	(PET-CT).	Corresponding	18F-fluorodeoxyglucose	PET-CT	image	(C)	showing	no	uptake	at	the	site	
of	the	culprit	plaque	(18F-FDG,	tissue-to-background	ratios,	1·63	versus	reference	segment	1·91	[15%	

decrease]).	Note	the	significant	myocardial	uptake	overlapping	with	the	coronary	artery	(yellow	arrow)	and	

uptake	within	the	oesophagus	(blue	arrow).	Patient	with	anterior	non-ST-segment	elevation	myocardial	

infarction	with	(D)	culprit	(red	arrow;	left	anterior	descending	artery)	and	bystander	non-culprit	(white	
arrow;	circumflex	artery)	lesions	on	invasive	coronary	angiography	that	were	both	stented	during	the	index	

admission.	Only	the	culprit	lesion	had	increased	18F-fluoride	uptake	(18F-fluoride,	tissue-to-background	

ratios,	culprit	2·03	versus	reference	segment	1·08	[88%	increase])	on	PET-CT	(E)	after	percutaneous	coronary	
intervention.	Corresponding	18F-fluorodeoxyglucose	PET-CT	showing	no	uptake	either	at	the	culprit	(18F-

FDG,	tissue-to-background	ratios,	culprit	1·62	versus	reference	segment	1·49	[9%	increase])	or	the	bystander	

stented	lesion.	Note	intense	uptake	within	the	ascending	aorta.	In	a	patient	with	stable	angina	with	previous	

coronary	artery	bypass	grafting,	invasive	coronary	angiography	(G)	showed	non-obstructive	disease	in	the	
right	coronary	artery.	Corresponding	PET-CT	scan	(H)	showed	a	region	of	increased	18F-fluoride	activity	
(positive	lesion,	red	line)	in	the	mid-right	coronary	artery	(tissue-to-background	ratio,	3·13)	and	a	region	

without	increased	uptake	in	the	proximal	vessel	(negative	lesion,	yellow	line).	Radiofrequency	intravascular	

ultrasound	shows	that	the	18F-fluoride	negative	plaque	(I)	is	principally	composed	of	fibrous	and	fibrofatty	
tissue	(green)	with	confluent	calcium	(white	with	acoustic	shadow)	but	little	evidence	of	necrosis.	On	the	

contrary,	the	18F-fluoride	positive	plaque	(J)	shows	high-risk	features	such	as	a	large	necrotic	core	(red)	and	
microcalcification	(white)

Figure	5.3	|	Focal	18F-Fluoride	And	18F-Fluorodeoxyglucose	Uptake	In	
Patients	With	Myocardial	Infarction	And	Stable	Angina	



	

	 172	

18F-Fluoride	activity	(maximum	tissue-to-background	ratio)	was	increased	in	the	culprit	plaque	

(red)	compared	with	the	maximum	uptake	in	any	of	the	non-culprit	plaques	(blue).	By	contrast,	

there	was	no	difference	in	the	activity	of	18F-fluorodeoxyglucose	between	these	regions.

Figure	5.4	|	18F-Fluoride	And	18F-Fluorodeoxyglucose	Uptake	In	Patients	With	
Myocardial	Infarction	
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5.5.3	Carotid	Cohort	

The	median	duration	between	clinical	symptoms	and	carotid	endarterectomy	

was	17	[IQR	10–27]	days.	Carotid	endarterectomy	specimens	(figure	5.5	and	

5.6)	were	obtained	for	12	patients,	although	three	specimens	could	not	be	

excised	intact	and	were	discarded.	Ex-vivo	18F-fluoride	PET-CT	was	undertaken	

in	nine	specimens	and	uptake	was	localised	to	the	site	of	macroscopic	plaque	

rupture	in	all	patients	(figure	3).	Compared	with	sections	of	tissue	without	

uptake	(n=15),	those	with	increased	18F-fluoride	uptake	(n=24)	had	increased	

calcification	activity	(tissue	non-specific	alkaline	phosphatase	4·07%	[SD	3·42]	

vs	0·76%	[0·51],	p<0·0001;	osteocalcin	1·88%	[IQR	0·58–4·10]	vs	0·25%	[0·11–

0·58],	p<0·0001),	macrophage	infiltration	(CD68,	350	[IQR	172–840]	vs	145	

[24–362]	cells	mm-2,	p=0·013),	and	cell	death	(apoptosis,	cleaved-caspase-3,	

1·23%	[0·69–1·91]	vs	0·09%	[0·04–1·38],	p=0·005;	necrotic	core,	22/24	vs	

4/15;	p<0·0001;	Figures	5.5	and	5.6).
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Histological	sections	of	carotid	endarterectomy	specimens	in	regions	with	(A-C)	and	
without	(D-F)	18F-fluoride	(18F-fluoride)	uptake.	Movat’s	pentachrome	(A	and	D)	
showing	a	large	necrotic	core	in	a	plaque	with	increased	18F-fluoride	uptake	(A;	
arrows).	Calcification	activity	(non-specific	alkaline	phosphatase)	and	apoptosis	

(cleaved	caspase-3)	are	increased	in	the	necrotic	core	and	its	shoulder	region	of	18F-

fluoride	positive	plaque	(B	and	C	respectively;	brown	staining)	compared	to	the	18F-
fluoride	negative	plaque	(E	and	F	respectively).

Figure	5.5	|	Histological	Comparison	Of	18F-Fluoride	Positive	And	Negative	
Regions	Of	Carotid	Endarterectomy	Specimens	
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In-vivo	(A	and	B)	and	ex-vivo	(C	and	D)	positron	emission	and	computed	tomograms	showing	co-localisation	of	18F-fluoride	(18F-fluoride)	uptake	(yellow-
orange)	to	the	site	of	plaque	rupture	with	adherent	thrombus	on	excised	carotid	endarterectomy	tissue	(E	and	F).	Histology	of	the	18F-fluoride-positive	
region	shows	a	large	necrotic	core	(Movat’s	pentachrome,	magnification	4×,	G),	within	which	increased	staining	for	tissue	non-specific	alkaline	phosphatase	
can	be	seen	as	a	marker	of	calcification	activity	on	immunohistochemistry	(magnification	4×,	H;	magnification	10×,	I).	

Figure	5.6	|	Carotid	18F-Fluoride	Uptake	And	Carotid	Plaque	Rupture	



	

	 176	

5.5.4	Stable	Angina	Cohort	

Patients	with	stable	angina	were	older	(67	[SD	8]	vs	62	[8]	years,	p=0·006)	and	

had	more	severe	coronary	artery	disease	(coronary	artery	calcium	score	599	

[IQR	60–1302]	vs	159	[42–456]	arbitrary	Agatston	units,	p=0·006)	than	those	

with	myocardial	infarction	(table	1).	Focal	18F-fluoride	uptake	was	noted	in	18	

patients	(45%),	which	did	not	seem	to	be	related	to	percutaneous	coronary	

intervention	and	stent	deployment	(see	section	5.5.5).	The	maximum	TBR	for	

18F-fluoride	positive	plaques	was	1·90	[IQR	1·61–2·17]	and	for	18F-fluoride	

negative	plaques	was	1·02	[0·82–1·17].	18F-fluoride	positive	plaques	were	

predominantly	(72%	of	patients)	non-obstructive	(<70%	luminal	stenosis)	on	

coronary	angiography	and	showed	multiple	high-risk	features	on	

radiofrequency	intravascular	ultrasound	(positive	remodelling	[remodelling	

index	1·12	[IQR	1·09–1·19]	versus	1·01	[0·94–1·06];	p<0·001,	microcalcification	

(73	vs	21%,	p=0·002)	and	necrotic	core	(24·6%	[20·5–28·8]	vs	18·0%	[14·0–

22·4]),	p=0·001),	with	similar	observations	for	CT	(figure	5.7,	table	5.3	&	table	

5.4).	Multivessel	uptake	was	commonly	seen:	two-vessel	uptake	in	six	(15%)	

and	three-vessel	uptake	in	five	(13%)	patients.	Patients	with	18F-fluoride	

positive	lesions	had	higher	concentrations	of	plasma	troponin	at	baseline	(3·35	

[IQR	2·35–10·20]	versus	2·45	[1·85–4·02]	ng/L;	p=0·047),	with	one	individual	

having	a	concentration	(35	ng/L)	above	the	99th	percentile	diagnostic	

threshold.	

Although	predefined	myocardial	suppression	of	18F-FDG	uptake	was	achieved	

in	34	(85%)	patients	(median	myocardial	standard	uptake	value	2·60	[IQR	

1·83–3·83]),	coronary	18F-FDG	uptake	could	not	be	confidently	interpreted	in	

45%	of	vessel	territories.	Increased	focal	18F-FDG	uptake	was	noted	in	just	four	

patients:	three	at	the	site	of	recent	coronary	stenting	and	one	at	the	ostium	of	a	

saphenous	vein	graft.
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Data	are	median	(IQR)	unless	otherwise	stated.	*Plaque	burden	calculation	=	(average	

vessel	area	−	average	lumen	area)	/average	vessel	area.	†Maximum	necrotic	core	in	any	

single	frame	in	the	plaque.

Table	5.3	|	Greyscale	And	Radiofrequency	Intravascular	Ultrasound	
Characteristics	In	18F-Fluoride	Positive	And	Negative	Plaques	Of	Patients	With	
Stable	Angina	
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Panels	A	and	B:	Proximal	left	anterior	descending	artery	lesion	showing	intense	18F-	
fluoride	uptake	(tissue-to-background	ratio	2·81;	arrows)	on	combined	positron	emission	

tomography	and	computed	tomography	images	(A).	The	radiofrequency	and	grey-scale	
intravascular	ultrasound	of	this	lesion	(B)	shows	significant	necrotic	core	(red	arrow)	and	
microcalcification	(white	arrow).	

Panels	C	and	D:	Proximal	left	anterior	descending	artery	lesion	with	no	18F-fluoride	
uptake.	The	radiofrequency	and	grey-scale	intravascular	ultrasound	show	that	this	lesion	is	

principally	composed	of	fibrous	and	fibro-fatty	tissue	(green	arrow)	with	minimal	necrotic	

core.

Figure	5.7	|	Lesions	With	And	Without	18F-Fluoride	Uptake,	And	Gray-Scale	And	
Radiofrequency	Intravascular	Ultrasound	In	Patients	With	Stable	Angina	
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*On	invasive	coronary	angiogram.	

†On	CT	Coronary	Angiogram.		

‡Positive	Remodelling:	diameter	at	the	plaque	site	was	at	least	10%	larger	than	the	

proximal	reference	segment.		

§Necrotic	core:	Based	on	Hounsfield	Units	of	less	than	30	within	the	plaque.	

¶
Microcalcification:	Defined	<3	mm	in	size	on	curved	multi-planar	reformation	images	and	

occupying	<180°	on	cross-sectional	images.		

18F-NaF,	18F-Fluoride

Table	5.4	|	Plaque	Characteristics	On	Invasive	And	Computed	Tomography	Coronary	
Angiography	In	Patients	With	Stable	Angina	
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5.5.5	Percutaneous	Coronary	Intervention	With	Stent	Implantation	

Seven	patients	with	myocardial	infarction	underwent	18F-fluoride	scanning	

prior	to	percutaneous	coronary	intervention	(PCI)	with	stent	implantation	(6	

non-ST	elevation	myocardial	infarction	and	1	late	presentation	ST	elevation	

myocardial	infarction).	Focal	18F-fluoride	uptake	was	observed	at	the	site	of	

culprit	plaque	in	all	7	patients	(culprit	lesion	tissue	to	background	ratios	1.74	

[1.40-1.95]	versus	maximum	non-	culprit	lesion	1.25	[1.07-1.29],	p=0.007).	

Furthermore,	at	the	time	of	their	PCI,	two	patients	with	myocardial	infarction	

underwent	additional	coronary	stenting	to	a	bystander	non-culprit	stenosis	

(Figure	5.3).	Although	intense	18F-fluoride	uptake	was	observed	at	the	site	of	

culprit	lesion,	none	was	observed	at	the	site	of	the	bystander	lesions.	Amongst	

patients	with	stable	angina,	5	patients	underwent	18F-fluoride	PET	imaging	

shortly	after	elective	coronary	stenting	(24	[12-29]	days).	There	was	no	uptake	

noted	at	the	site	of	the	percutaneous	coronary	intervention	in	these	patients	

(TBR	stented	lesion	1.07	[0.78-1.16]	versus	reference	lesion	0.98	[0.81-0.98],	

p=0.92).	Taken	together,	these	data	indicate	that	18F-fluoride	uptake	does	not	

appear	to	occur	as	a	response	to	stent	implantation.	

	

5.5.6	Comparison	Of	18F-Fluoride	Uptake	In	Stable	Angina	And	

Myocardial	Infarction	

Patients	with	18F-fluoride	positive	plaques	in	our	stable	angina	cohort	had	

higher	18F-fluoride	activity	when	compared	to	those	with	myocardial	

infarction.	What	might	explain	this?	When	comparing	the	signal	intensity	of	

18F-fluoride	plaque	uptake	between	the	two	groups	of	patients	with	coronary	

artery	disease,	it	is	important	to	recognize	both	the	differences	in	these	

populations	and	the	underlying	disease	processes.	First,	patients	with	stable	

angina	pectoris	were	older	(67±8	versus	62±8	years,	p=0·006),	had	a	more	

adverse	cardiovascular	risk	factor	profile	and	had	more	extensive	coronary	

atherosclerotic	plaque	burden.	Second,	18F-fluoride	uptake	occurs	on	the	

surface	of	hydroxyapatite	nanocrystals	that	are	laid	down	as	part	of	the	calcific	
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healing	response	to	intense	inflammation	either	within	the	necrotic	core	or	that	

triggered	by	atherosclerotic	plaque	rupture.	Following	myocardial	infarction,	

plaque	rupture	will	disrupt	plaque	integrity	and	there	will	be	some	loss	of	

plaque	content(161)	including	hydroxyapatite,	thereby	reducing	the	surface	

area	available	to	bind	18F-	fluoride.	In	addition,	we	believe	that	the	plaque	

rupture	event	itself	will	further	stimulate	hydroxyapatite	deposition	and	18F-

fluoride	uptake	may	take	time	to	develop	and	may	not	have	been	at	its	peak	

when	we	performed	the	imaging	relatively	early	(~6	days)	after	the	incident	

myocardial	infarction.	We	therefore	believe	it	is	perhaps	not	unexpected	that	

the	tissue-to-background	ratios	were	on	average	higher	in	the	18F-fluoride	

positive	plaques	in	the	older	patients	with	stable	angina	and	more	extensive	

coronary	artery	disease	

5.5.7	Repeatability	Of	Image	Analysis	

The	repeatability	for	measurements	of	coronary	18F-FDG	and	18F-fluoride	

activity	in	the	present	study	were	excellent,	with	no	fixed	or	proportional	biases	

for	measurements	of	the	maximum	tissue-to-background	ratios	for	either	

tracer.	The	limits	of	agreement	for	maximum	coronary	18F-FDG	tissue	to	

background	ratios	were	0·04±0·23	(mean	bias±2SD)	with	intraclass	correlation	

coefficient	values	of	0·97	after	exclusion	of	uninterpretable	segments	[95%	CI	

0·90-0·99].	For	18F-fluoride	limits	of	agreement	were	0·01±0·11	with	intraclass	

correlation	coefficient	values	of	0·99	[95%CI	0·99-1·00].
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5.6	Discussion	

We	have	shown	that	intense	18F-fluoride	uptake	localises	to	recent	plaque	

rupture	in	patients	with	acute	myocardial	infarction	and	in	those	with	

symptomatic	carotid	disease.	Moreover,	in	patients	with	stable	coronary	artery	

disease,	18F-fluoride	uptake	seems	to	identify	coronary	plaques	with	high-risk	

features	on	intravascular	ultrasound.	This	technique	holds	major	promise	as	a	

means	of	identifying	high-risk	and	ruptured	plaque,	and	potentially	informing	

the	future	management	and	treatment	of	patients	with	stable	and	unstable	

coronary	artery	disease.	

	

Over	90%	of	our	patients	with	myocardial	infarction	had	increased	18F-fluoride	

uptake	at	the	site	of	their	culprit	ruptured	plaque,	with	TBR	values	that	were	a	

third	higher	than	the	maximum	activity	anywhere	else	in	the	coronary	

vasculature.	These	findings	were	not	unique	to	the	coronary	circulation	since	

we	also	noted	increased	focal	18F-fluoride	uptake	at	the	site	of	plaque	rupture	

in	all	excised	carotid	endarterectomy	specimens	from	patients	with	

symptomatic	carotid	disease.	However,	it	is	acknowledged	that	this	was	not	a	

universal	finding.	Of	the	three	patients	with	myocardial	infarction	who	had	no	

uptake,	two	were	younger	smokers	with	only	mild	underlying	irregularities	on	

coronary	angiography,	implicating	plaque	erosion	and	thrombosis	as	the	

mechanism	of	their	infarction	rather	than	plaque	rupture. (162)	The	third	

patient	sustained	an	inferolateral	non-ST	segment	elevation	myocardial	

infarction	and	had	a	lesion	stented	in	the	right	coronary	artery.	Increased	18F-

fluoride	activity	was	seen	in	the	co-dominant	circumflex	artery	that	could	have	

equally	explained	the	clinical	presentation,	raising	the	intriguing	possibility	that	

18F-fluoride	might	have	a	clinical	role	for	patients	in	whom	the	culprit	lesion	is	

not	readily	apparent.	

	

Focal	regions	of	increased	18F-fluoride	activity	were	seen	in	almost	a	half	of	our	

patients	with	stable	coronary	artery	disease.	To	understand	the	mechanism	of	

uptake	in	these	patients,	we	sought	to	compare	plaque	characteristics	of	lesions	
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with	and	without	increased	18F-fluoride	uptake.	Because	histology	of	the	

coronary	arteries	in	this	population	is	not	feasible,	we	undertook	greyscale	and	

radiofrequency	intravascular	ultrasound,	a	widely	used	and	validated	process	

that	provides	detailed	characterisation	of	plaque	composition. (159)	This	

method	showed	that	lesions	with	increased	18F-fluoride	uptake	were	

associated	with	greater	positive	remodelling,	more	microcalcification,	and	a	

larger	necrotic	core.	These	findings	were	corroborated	by,	and	consistent	with,	

the	findings	of	plaque	analysis	done	with	CT	coronary	angiography.	Plasma	

troponin	concentrations	measured	by	a	novel	high-sensitivity	assay	were	also	

higher	in	those	patients	with	18F-fluoride	positive	plaques	than	in	patients	with	

18F-fluoride	negative	plaques,	perhaps	implicating	subclinical	plaque	rupture	

with	embolisation	and	microinfarction.	

	

Why	does	18F-fluoride	bind	to	ruptured	or	high-risk	plaque?	Similar	to	the	

caseating	granulomata	of	tuberculosis,	atherosclerotic	vascular	calcification	is	a	

controlled	cellular	response	to	an	intense,	necrotic,	and	chronic	inflammatory	

stimulus.	Indeed,	direct	links	between	inflammatory	cells	and	osteoblastic	

metaplasia	in	the	vasculature	are	well	described. (13,163)	Hydroxyapatite	is	the	

central	structural	component	of	vascular	calcification	and	is	laid	down	during	

the	earliest	and	most	active	stages	of	mineralisation: (13)	hydroxyapatite	nano-

crystals	nucleate,	propagate,	and	mineralise	the	extra-cellular	matrix.	fluoride	

ions	are	incorporated	into	the	hydroxyapatite	by	ion	exchange	with	hydroxyl	

groups	at	the	crystal	surface.	This	process	is	dependent	on	the	crystal	surface	

area	that	will	be	greatest	in	the	earliest	and	most	active	nanocrystalline	stages	

of	mineralisation	associated	with	plaque	inflammation	and	necrosis.	We	believe	

that	these	processes	are	responsible	for	the	observed	18F-fluoride	uptake	and	is	

consistent	with	our	data	showing	18F-fluoride	uptake	in	regions	of	necrosis,	

macrophage	infiltration,	apoptosis,	microcalcification,	and	alkaline	phosphatase	

and	osteocalcin	staining.	Moreover,	mathematical	modelling	indicates	that	

micro-calcification	at	the	surface	of	thin-capped	atheroma	(figure	5.3)	can	

intensify	and	double	incident	stresses. (55)	Microcalcification	is	therefore	not	

only	a	marker	of	acute	plaque	rupture	but	is	implicated	in	its	precipitation.	
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Coronary	arterial	calcification	is	considered	pathognomonic	of	atherosclerosis	

and	is	a	powerful	independent	risk	predictor	for	cardiovascular	events	that	can	

be	further	refined	by	the	rapidity	of	its	progression. (164,165)	Why	then	not	

rely	on	CT	coronary	calcium	scoring	alone	as	a	biomarker?	Microcalcification	

cannot	be	detected	on	CT	and	confluent	coronary	macrocalcification	develops	

slowly,	taking	many	months	or	years	to	become	apparent	on	CT,	and	can	

become	dormant	once	inflammation	in	the	plaque	has	subsided.	By	identifying	

areas	of	nascent	and	ongoing	calcification	activity,	18F-fluoride	uptake	allows	

us	to	detect	regions	of	metabolically	active	plaque,	thus	providing	

complementary	information	to	CT. (104,105,123,166)	Indeed,	we	noted	large	

areas	of	coronary	CT	calcium	in	the	absence	of	increased	18F-fluoride	uptake	

(figure	5.3)	whereas	other	regions	with	minimal	or	no	CT	calcium	had	intense	

18F-fluoride	uptake	in	keeping	with	previous	observations	in	the	aorta	by	

Derlin	and	colleagues. (123,166)	Moreover,	given	that	18F-fluoride	seems	more	

closely	aligned	with	the	process	of	necrotic	inflammation	and	plaque	metabolic	

activity,	we	believe	that	it	potentially	offers	major	improvements	to	the	

prediction	of	cardio-	vascular	risk	compared	with	calcium	scoring.	

	

Our	data	have	already	established	that	18F-fluoride	identifies	plaque	with	

multiple	high-risk	features,	but	prospective	studies	are	now	needed	in	a	broad	

range	of	patients	to	assess	whether	increased	coronary	18F-fluoride	activity	

will	ultimately	translate	into	future	adverse	events.	If	the	results	prove	

confirmatory	then	this	technique	has	the	potential	to	fundamentally	alter	the	

way	we	treat	coronary	artery	disease:	moving	us	away	from	the	current	

framework	based	on	lesion	severity	and	ischaemia	to	one	focused	on	plaque	

metabolism	and	inflammation.	It	could,	for	example,	permit	the	identification	of	

the	vulnerable	patient	with	single	or	multiple	high-risk	or	silently	ruptured	

plaques,	providing	an	opportunity	to	treat	and	modify	their	risk	to	prevent	

future	adverse	cardiovascular	events.	
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By	contrast	with	18F-fluoride,	18F-FDG	imaging	was	hampered	by	problems	

related	to	tracer	uptake	in	the	myocardium.	Our	stringent	dietary	

recommendations	resulted	in	suppression	of	myocardial	activity	in	70–85%	of	

patients:	a	rate	that	compares	favourably	with	previous	studies	(57–

84%).(146,150,151)	However,	this	suppression	resulted	in	a	patchy	

distribution	of	myocardial	uptake	that	frequently	obscured	activity	in	one	or	

more	coronary	vessels.	Increased	18F-FDG	uptake	might	possibly	occur	in	the	

culprit	plaque	and	we	failed	to	show	this	because	of	incomplete	data	or	the	

delay	in	scanning.	However,	given	its	limitations,	we	believe	that	18F-FDG	is	

unlikely	to	become	sufficiently	robust	to	permit	its	clinical	application	to	the	

coronary	circulation.	Nevertheless,	18F-FDG	uptake	remains	an	important	

measure	of	general	vascular	inflammation	in	the	aorta	and	carotid	arteries,	

providing	complementary	and	distinct	metabolic	information	to	that	of	18F-

fluoride	uptake.	

	

5.6.1	Limitations	

We	acknowledge	that	there	are	limitations	to	our	study	that	include	a	lack	of	

respiratory	gating,	potential	partial	volume	artefacts,	and	the	use	of	surrogate	

measures	for	coronary	histology. (159)	However,	we	believe	that	the	totality	of	

our	comprehensive	evidence	using	multiple	approaches	and	imaging	modalities	

provides	a	robust	and	cogent	argument	to	support	our	contention	that	18F-

fluoride	uptake	identifies	vulnerable	and	high-risk	plaques	in	patients	with	

stable	and	unstable	coronary	heart	disease.	Further	work	is	now	needed	to	

establish	whether	18F-fluoride	PET-CT	will	provide	a	clinically	useful	technique	

capable	of	improving	risk	stratification,	monitoring	disease	progression,	guiding	

therapeutic	interventions,	and	assessing	novel	anti-atherosclerotic	therapies.
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Chapter	6 –	Delving	Deeper	Into	The	Mechanisms	
Of	18F-Fluoride	Uptake	In	Cardiovascular	Tissue
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6.1	Publication	In	Perspective	

6.1.1	Background	

My	work	on	18F-fluoride	PET/CT	imaging	had	so	far	demonstrated	that	the	

technique	had	promise	in	terms	of	identifying	potentially	“culprit”	acute	

atherosclerotic	plaque, (117)	plaque	with	high	risk	features	in	stable	coronary	

heart	disease	patients(117)	and	indeed	aortic	valves	at	higher	risk	of	

progressive	calcification. (136) I	had	provided	some	mechanistic	explanation	

for	this	phenomenon	using	tissue	from	excised	aortic	valves	and	carotid	plaque	

and	a	variety	of	ex	vivo	techniques.	This	data	was	interesting	and	provided	a	

basis	upon	which	to	proceed	with	our	work	but	was	essentially	preliminary.	I	

did	not	feel	that	it	went	far	enough	in	explaining	the	underlying	observation	

that	18F-fluoride	appeared	to	identify	volumes	of	“active”	calcification	or	future	

calcification	but	didn’t	necessarily	highlight	volumes	of	older,	so-called	field	

calcification	associated	with	a	stable	plaque	phenotype.	

	

I	hypothesised	that	the	observed	phenomenon	was	due	to	a	difference	in	the	

surface	area	to	volume	ratio	of	the	different	forms	of	vascular	calcification;	

actively	inflamed	and	necrotic	plaque	would	be	undergoing	a	calcification	

response(163)	with	innumerable	numerous	tiny	nucleating	crystals	of	apatite	

(with	a	relatively	large	surface	area	to	volume	ratio)	and	conversely,	stable	or	

stabilised	plaque	would	have	a	large	volume	of	discreet	apatite	most	of	which	

would	be	hidden	within	the	nodule	and	not	available	for	18F-fluoride	

adsorption	(see	figure	6.1).
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Image	A	shows	an	inflamed	thin-capped	fibroatheroma.	The	necrotic	inflammation	that	is	
characteristic	of	this	lesions	may	then	initiate	a	microcalcific	response(163)	in	an	attempt	at	
healing	(B).	The	massively	numerous	nanoscale	crystals	of	calcium	apatite	trigger	by	such	
inflammation	then	provide	the	large	surface	area	for	18F-Fluroide	to	adsorb	to.	These	

microcalcifications	thus	provide	the	basis	of	imaging	and	may	even	themselves	be	implicated	in	

progression	to	a	plaque	rupture	(through	alterations	in	biomechanical	stress	in	the	cap(55))	
and	a	major	adverse	cardiovascular	event	such	as	a	stroke	or	myocardial	infarction	(C).	
Conversely,	a	plaque	that	has	stabilised	will	have	a	large	but	discreet	nodule	with	a	smaller	

surface	area	to	volume	ratio	(D);	these	lesions	are	apparent	on	CT	whereas	the	
microcalcifications	demonstrated	in	B	are	far	beyond	the	resolution	of	CT.	Image	adapted	with	
permission	from	Joshi	NJ,	Vesey	AT	et	al.	Curr	Cardiol	Rep.	2014. (167)	

Figure	6.1	|	Putative	Mechanism	Of	18F-Fluoride	Uptake	In	Unstable	
Atherosclerotic	Plaque	
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6.1.2	Aims	of	Further	Study	

Through	a	long-established	collaboration	with	James	Rudd	and	Anthony	

Davenport	(both	Cambridge	University),	I	set	out	to	answer	the	following	

questions:	

1. What	is	the	precise	binding	target	of	18F-fluoride	in	vascular	tissue?	

2. Is	the	previously	observed	phenomenon	of	strong	18F-fluoride	uptake	in	

high-risk	or	stable	plaque	versus	low	uptake	in	stable	plaque	explained	

by	a	difference	in	available	surface	area	of	putative	target	(apatite)?	

3. Ex	vivo,	what	are	the	target/receptor	binding	characteristics	of	18F-

fluoride?	

4. In	vivo,	what	are	the	pharmacodynamic	properties	of	18F-fluoride	with	

respect	to	atherosclerotic	plaque?	

5. In	vivo,	what	are	the	pharmacokinetic	properties	of	18F-fluoride	with	

respect	to	atherosclerotic	plaque	

	

6.1.3	Contributions	

Dr	Agnes	Irkle	and	I	led	this	work	supervised	by	James	Rudd,	Anthony	

Davenport,	Marc	Dweck	and	Professor	David	Newby.	We	designed	the	

experiments	together.		I	recruited	all	the	patients,	performed	all	the	in	vivo	

scanning	and	analysis.		I	also	collected	the	specimens	(blood	&	tissue).	I	

designed,	executed	and	analysed	the	in	vivo	pharmacology	experiments.	Dr	Irkle	

performed	and	analysed	the	ex-vivo/in	vitro	experiments.	We	drafted	the	paper	

together.	For	the	purposes	of	this	thesis	monograph,	the	supplementary	

appendices	have	been	incorporated	into	the	text	for	narrative	clarity.	The	style	

has	also	been	changed	from	that	demanded	by	Nature	Communications	into	a	

traditional	one.	

	

	

Published	as:	Irkle	A,	Vesey	AT,	Lewis	DY,	Skepper	JN,	Bird	JLE,	Dweck	MR,	et	al.	

Identifying	active	vascular	microcalcification	by	18F-sodium	fluoride	positron	

emission	tomography.	Nature	Communications.	2015;6:7495.
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6.2	Abstract	

Vascular	calcification	is	a	complex	biological	process	that	is	a	hallmark	of	

atherosclerosis.	While	macrocalcification	confers	plaque	stability,	

microcalcification	is	a	key	feature	of	high-risk	atheroma	and	is	associated	with	

increased	morbidity	and	mortality.	Positron	emission	tomography	and	X-ray	

computed	tomography	(PET/CT)	imaging	of	atherosclerosis	using	18F-sodium	

fluoride	(18F-fluoride)	has	the	potential	to	identify	pathologically	high-risk	

nascent	microcalcification.	However,	the	precise	molecular	mechanism	of	18F-

fluoride	vascular	uptake	is	still	unknown.	Here	we	use	electron	microscopy,	

autoradiography,	histology	and	preclinical	and	clinical	PET/CT	to	analyse	18F-

fluoride	binding.	We	show	that	18F-fluoride	adsorbs	to	calcified	deposits	within	

plaque	with	high	affinity	and	is	selective	and	specific.	18F-fluoride	PET/CT	

imaging	can	distinguish	between	areas	of	macro-	and	microcalcification.	This	is	

the	only	currently	available	clinical	imaging	platform	that	can	non-invasively	

detect	microcalcification	in	active	unstable	atherosclerosis.	The	use	of	18F-

fluoride	may	foster	new	approaches	to	developing	treatments	for	vascular	

calcification.
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6.3	Introduction	

Vascular	calcification	is	a	complex	pathological	process	pathognomonic	of	

atherosclerosis(14,168-170).	Currently,	the	extent	of	macroscopic	calcification	

can	be	determined	by	X-ray	computed	tomography	(CT)	imaging	and	this	can	be	

used	clinically	to	predict	cardiovascular	morbidity	and	mortality. (171-173)		

	

Vessel	mineralization	is	first	marked	by	the	appearance	of	calcified	micro	

nodules	which	grow	and	coalesce	into	much	larger	macroscopic	deposits. (174)	

The	genesis	of	these	micro	nodules	is	principally	mediated	by	a	coordinated	

cellular	pathway	that	shares	similarities	to	active	skeletal	osteogenesis	but	may	

also	involve	a	more	passive	process	where	a	combination	of	high	local	

concentrations	of	phosphates	and	phosphatidylserines	from	necrotic	cells	and	

an	absence	of	calcification	inhibitors	results	in	the	precipitation	of	calcium	

phosphate	particles.	It	is	likely	that	much	of	the	mineral	present	is	made	up	of	

hydroxyapatite,	a	crystalline	form	of	calcium	orthophosphate. (175,176)	

	

Although	there	is	no	universal	size	convention,	emerging	consensus	categorizes	

micro-	and	macrocalcification	based	on	nodules	of	<50	and	>50µm,	

respectively. (177)	This	distinction	is	important	because	although	

macrocalcification	imparts	plaque	stability,	microcalcification	heralds	the	onset	

of	vessel	mineralization	triggered	by	cell	death	and	inflammation(163,174)	and	

may	itself	be	implicated	in	the	aetiology	of	plaque	rupture	and	major	adverse	

cardiovascular	events. (57,178)		

	

Detection	of	microcalcification	is	not	possible	with	clinical	CT	systems	that	can	

only	identify	large	areas	of	macrocalcification:	~200–500	µm	in	diameter. 

(13,176,179,180)		Furthermore,	the	rapid	progression	of	existing	vascular	

calcium	is	driven	by	on-going	microcalcification,	carries	a	poor	prognosis	and	is	

not	amenable	to	current	medical	therapies.	As	a	consequence,	the	development	

of	techniques	to	identify	microcalcification	is	a	major	research	goal	with	the	

potential	for	improving	patient	risk	stratification	and	outcomes.	
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Positron	emission	tomography	PET/CT	imaging	of	atherosclerosis	using	18F-

sodium	fluoride	(18F-fluoride)	has	recently	been	reported	and,	for	the	first	

time,	has	the	potential	to	non-invasively	identify	high-risk	microcalcification. 

(117,121,165,166)		In	patients	with	stable	coronary	artery	disease,	18F-

fluoride	uptake	correlates	with	CT	coronary	calcium	scores	although	nearly	half	

of	the	patients	with	very	high	scores	have	no	18F-fluoride	uptake	and	increased	

18F-fluoride	uptake	is	often	seen	in	the	absence	of	calcification	on	CT.	18F-	

fluoride	would	therefore	appear	to	provide	distinct	information	to	CT	with	

potentially	important	clinical	implications. (121)	Recently,	we	have	shown	that	

18F-fluoride	uptake	identifies	culprit	ruptured	coronary	plaques	after	

myocardial	infarction	and,	in	carotid	plaque,	correlates	with	markers	of	active	

calcification	and	cell	death. (117)	Moreover,	18F-fluoride	appears	to	identify	

high-risk	coronary	lesions	in	stable	patients	indicating	that	it	may	have	a	role	in	

identifying	vulnerable	plaques	at	risk	of	rupture	and	in	predicting	myocardial	

infarction.	In	bone	imaging,	18F-fluoride	uptake	involves	the	exchange	of	

fluoride	ions	with	hydroxyl	groups	in	hydroxyapatite; (78,123)	however,	the	

mechanism	underlying	18F-fluoride	uptake	in	the	vasculature	has	not	been	

established.	This	is	a	major	limitation	that	must	be	addressed	before	the	

nascent	field	of	vascular	18F-fluoride	PET	imaging	can	progress.	

	

The	goal	of	the	study	was	to	characterize	the	selectivity,	specificity	and	

pharmacodynamics	of	18F-fluoride	uptake	in	vascular	tissue	in	the	human	

carotid	atherosclerotic	plaque.	First,	we	performed	electron	probe	X-ray	

microanalysis	to	measure	18F-fluoride	presence	directly	in	the	areas	of	

calcification	identified	by	electron	microscopy.	Second,	we	studied	the	

pharmacodynamic	properties	of	18F-fluoride	adsorption	to	vascular	

calcification	to	characterize	its	potential	as	a	clinical	imaging	agent.	We	

correlated	the	extent	of	18F-fluoride	adsorption	to	vascular	calcification	and	to	

cell-specific	markers	of	atherosclerosis	to	exclude	the	possibility	of	18F-fluoride	

binding	to	markers	of	inflammation,	neovascularization	and	smooth	muscle	

cells	as	opposed	to	solely	calcified	deposits.	We	next	compared	the	ability	of	
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18F-fluoride	to	penetrate	carotid	micro-	and	macrocalcifications	using	high-

resolution	phosphor-imaging	autoradiography	and	light	microscopy	to	

understand	18F-fluoride-binding	properties	to	these	different	forms	of	vascular	

calcifications.	Finally,	we	compared	clinical	18F-fluoride	PET/CT	images	with	

micro	PET/CT	images	of	excised	carotid	endarterectomy	specimens	to	develop	

a	translational	model	of	18F-fluoride	vascular	uptake	from	bedside	to	bench	

and	back	and	understand	18F-fluoride	adsorption	to	vascular	calcification	on	all	

three	levels	studied.	

	

We	propose	a	comprehensive	translational	model	of	18F-fluoride	

pharmacological	characteristics	to	vascular	calcification	in	pre-	clinical	and	

clinical	imaging	systems.
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6.4	Methods	

All	chemicals	were	purchased	form	Sigma-Aldrich,	Dorset,	UK,	unless	stated	

otherwise.	

	

6.4.1	Human	Tissues	

The	atherosclerotic	intimal	layers	of	human	carotid	arteries	(further	in	text:	

carotids)	were	obtained	with	ethical	approval	and	informed	consent	after	

endarterectomy	(National	Health	Service	Local	Research	Ethics	Committee	

approval	in	Cambridge:	97/084,	National	Health	Service	West	of	Scotland	

Research	Ethics	Committee	approval	in	Edinburgh:	12/WS/0227).	The	mean	

patient	age	was	71±2	years	and	both	male	and	female	patient	carotids	were	

used.	The	tissue	was	collected	immediately	after	the	surgery	and	was	fresh	

frozen	at	-80	°C.	It	was	kept	frozen	until	the	start	of	the	experimental	

procedures.	

	

In	clinical	imaging,	the	concentration	of	the	injected	18F-fluoride	in	plasma	was	

calculated	as	approximately	1x10-11	M.	Initial	experiments	were	performed	both	

on	fresh	carotids	and	carotids	that	had	undergone	a	freeze-thaw	cycle	and	no	

differences	in	18F	binding	were	observed	in	terms	of	radioactivity	penetration	

into	macrocalcifications.	

	

6.4.2	Electron	Microscopy	

Frozen	carotid	tissue	was	placed	in	cryostat	for	1	h	to	equilibrate	to	-20	°C	

temperature.	It	was	then	immersed	in	Optimal	Cutting	Temperature	compound	

(OCT)	Embedding	Matrix	(CellPath,	Powys,	UK)	and	30-mm	thick,	serial	sections	

were	cut	on	a	Bright	(Huntingdon,	UK)	cryostat.	Sections	were	placed	on	

custom-made	Melinex	discs	(diameter:	12	mm)	and	allowed	to	dry.	Discs	were	

then	frozen	at	-80	°C	until	the	day	of	experiment.	During	the	experiment,	tissue	

sections	were	allowed	to	thaw	and	then	incubated	with	120	mL	0.01	M	non-

radioactive	fluoride	for	2	h	at	room	temperature.	After	incubation,	sections	

were	dipped	in	distilled	H2O	three	times	and	allowed	to	dry.	The	discs	were	
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stuck	to	12.5	mm	Cambridge	style	scanning	electron	microscope	stubs	and	

coated	with	carbon	in	an	Edwards	Auto	306	evaporative	carbon	coater.	They	

were	imaged	in	an	FEI	XL30	FEGSEM	operated	at	20	kV	with	secondary	and	

backscattered	electron	detectors.	Calcification	was	detected	predominantly	in	

the	regions	of	intimal	thickening	and	was	designated	micro-(spherical	or	near	

spherical	deposits	<50	µm	in	diameter)	or	macrocalcification	(where	large	

regions	between	50	µm	and	several	mm	in	size	were	calcified).	Both	types	of	

calcification	were	analysed	by	energy-dispersive	X-ray	micro-	analysis	in	10	

arteries.	Spectra	were	collected	using	an	Oxford	Instruments	SiLi	atmospheric	

thin	window	detector	running	INCA	software	(ETAS	Group,	Stuttgart,	Germany).		

	

Between	10	and	57	spectra	were	collected	from	both	types	of	calcification	

(where	present)	for	100	s	live	time.	As	a	control	to	assess	nonspecific	binding	of	

fluoride,	spectra	were	also	collected	from	regions	of	the	arterial	media	where	no	

backscattered	electron	signal	for	hydroxyapatite	was	present.	The	spectra	were	

deconvolved	in	the	INCA	software	and	to	estimate	F/Ca,	only	Ca	and	F	spectra	

were	input	into	the	analysis.	The	quantitative	data	were	expressed	as	atomic	%.	

F/Ca	was	estimated	by	dividing	the	atomic	%	of	F	by	the	atomic	%	of	Ca.	Data	

are	presented	as	means±s.e.m.	and	F/Ca	between	regions	of	micro-	and	

macrocalcification	was	compared	using	an	ANOVA	and	Tukey	Kramer	post	hoc	

test.	

	

Additional	electron	microscopy	analysis	was	performed	with	commercial	

hydroxyapatite	standards.	Hydroxyapatite	(2	mg)	was	incubated	with	1	mL	of	

1%	fluoride	on	a	rotator	for	8	h	or	4	days.	The	standards	were	then	rinsed	10	

times	for	20	min	in	distilled	water	and	air	dried	onto	coverslips.	They	were	

mounted	onto	12.5	mm	Cambridge	scanning	electron	microscope	stubs,	carbon	

coated	and	analysed	in	the	same	way	as	the	cryostat	sections.	Control	samples	

of	hydroxyapatite	standards	were	treated	similarly	as	described	above	but	the	

fluoride	incubation	step	was	omitted.	The	hydroxyapatite	analysed	in	the	

cryostat	section	is	at	least	partially	embedded/encapsulated	in	the	tissue	of	the	

arteries	and	sections	were	coated	in	the	same	way	with	carbon	to	make	them	
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electrically	conductive.	As	the	carbon	was	added	it	was	excluded	from	the	

analysis.	Concentrations	of	O,	P	and	Ca	in	the	control	hydroxyapatite	are	

expressed	in	atomic	per	cent.	

	

In	the	fluoride-treated	hydroxyapatite,	no	signal	for	Na	was	seen	after	extensive	

washes,	and	the	concentrations	of	O,	F,	P	and	Ca	were	expressed	as	atomic	per	

cent.	Despite	extensive	washing,	a	clear	signal	for	F	was	retained,	indicating	

binding	to	the	hydroxyapatite.	In	these	control	samples	the	interaction	volume	

of	the	electron	beam	is	expected	to	remain	within	hydroxyapatite	alone	

whereas	in	the	tissue	sections	a	proportion	of	the	interaction	volume	will	also	

generate	X-rays	from	the	surrounding	arterial	tissue.	Therefore,	the	ratio	of	

F/Ca	was	used	to	measure	differences	in	F	concentration	between	areas	of	

macro-	and	micro-calcification.	

	

6.4.3	18F-Fluoride	Binding	To	Cryostat	Cut	Carotid	Artery	Sections	

For	all	experiments	18F-fluoride	was	synthesized	by	the	Wolfson	Brain	Imaging	

Centre	(WBIC)	(Cambridge,	UK).	The	typical	activity	was	approximately	285	

MBq.	

	

Frozen	whole	carotids	were	placed	in	the	cryostat	for	1	h	to	equilibrate	to	

	20	°C	temperature.	Tissue	was	then	immersed	in	the	OCT	Embedding	Matrix	

(CellPath,	Powys,	UK)	and	20	mm	thick,	serial	sections	were	cut	on	a	Bright	

(Huntingdon,	UK)	cryostat.	Sections	were	allowed	to	dry	in	room	temperature	

and	stored	at	-80	°C	temperature	until	the	start	of	the	experiment.	

	

The	concentration	of	18F-fluoride	was	detected	using	F-	electrode	(Thermo	

Scientific,	Loughborough,	UK)	and	was	then	diluted	to	1x10-11	M.	For	

nonspecific	binding	detection,	20	mL	of	0.1	M	non-radioactive	fluoride	solution	

(Orion	Ionplus	F-	Standard,	Thermo	Scientific,	Loughborough,	UK)	were	added	

to	an	aliquot	of	the	radioactive	1	x	10-11	M	solution.	Frozen	tissue	sections	were	

allowed	to	thaw	and	washed	with	PBS	for	10	min	in	room	temperature.	

Adjacent	sections	were	incubated	either	with	18F-fluoride	or	18F-fluoride	plus	
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non-radioactive	fluoride	solutions	for	1	h	at	room	temperature.	They	were	

then	washed	in	PBS	3	x	5	min	and	dipped	in	distilled	H2O.	After	drying,	tissues	

were	placed	on	a	charged	phosphor	screen	(Perkin	Elmer,	Waltham,	

Massachusetts)	and	left	overnight.	The	following	day	screens	were	read	using	

PerkinElmer’s	Cyclone	Plus	Phosphor	Imager	(Waltham,	Massachusetts)	and	

data	were	analysed	with	OptiQuant	software	(Packard	Instrument,	Meriden,	

Connecticut).	Areas	of	micro-	and	macrocalcification	were	identified	visually	

based	on	the	size	of	nodules	of	<50	and	>50	μm	to	several	mm,	respectively,	and	

manual	measurements	made.	

	

For	concentration–response	curve,	the	same	method	was	used,	except	stock	

18F-fluoride	solution	was	split	into	serial	dilutions	from	10-12	to	10-7	M.	After	

washing	in	PBS	and	dipping	in	distilled	H2O,	tissues	were	wiped	off	the	slides	

with	filter	paper,	which	was	put	into	radioimmunoassay	tubes	and	measured	in	

the	gamma	counter	(Packard	Cobra	II	E5003,	GMI,	Ramsey,	Minnesota).	

	

6.4.4	18F-Fluoride	Binding	In	Whole-Carotid	Arteries	

Whole-carotid	arteries	were	thawed	in	5	mL	PBS	for	1	h,	and	then	placed	in	5	

mL	of	10-11M	18F-fluoride	solution	for	1	h	at	room	temperature.	They	were	then	

washed	in	PBS	3	x	2	min,	followed	by	a	dip	in	distilled	H2O.	Carotids	were	

transferred	to	cryostat,	immersed	in	OCT	and	allowed	to	freeze.	Tissue	was	then	

cut	into	20-mm	serial	sections,	which	were	allowed	to	dry	on	microscopy	slides.	

After	drying,	tissues	were	placed	on	a	charged	phosphor	screen	and	left	

overnight.	

	

For	whole-carotid	association	and	dissociation	binding	curves,	the	same	method	

was	used,	except	during	association	binding	experiments,	carotids	were	taken	

out	from	the	5	mL	of	10-11	M	18F-fluoride	tube	at	set	time	points	—	0,	5,	15,	30,	

60	min,	washed	and	measured	in	the	gamma	counter.	For	the	dissociation	

binding	experiment,	after	the	incubation	in	5	mL	of	10-11	M	18F-fluoride	for	1	h,	

tissues	were	continuously	washed	in	PBS	for	set	amounts	of	time	—	0,	5,	10,	15,	



	 198	

30,	45,	60,	90,	120	min.	Instead	of	cryostat	cutting,	arteries	were	placed	in	

radioimmunoassay	tubes	and	measured	in	the	gamma	counter.	

	

6.4.5	Tissue	Staining	

Tissue	sections	were	cut	on	cryostat	as	described	above.	

	

6.4.5.1	Alizarin	Red	Staining	

Alizarin	Red	staining	(Alfa	Aesar,	Heysham,	UK)	was	used	for	calcification	

detection	in	carotid	arteries.	In	brief,	cryosections	were	left	to	dry	overnight.	

They	were	then	fixed	in	acetone	for	10	min	at	4	°C	and	washed	in	PBS	2	x	5	min	

at	room	temperature.	After	washing,	300	mL	Alizarin	Red	were	applied	to	each	

section	for	1	min.	Tissue	was	then	put	in	acetone	for	1	min,	followed	by	a	wash	

in	50:50	acetone:xylene	for	1	min	and	then	left	in	xylene	for	at	least	1	h.	

	

6.4.5.2	Immunohistochemistry	

Immunohistochemistry	was	used	to	detect	multiple	inflammatory	tissue	

markers	in	cryosections.	Tissue	was	left	to	dry	overnight	and	the	following	day	

it	was	fixed	in	acetone	at	4	°C	for	10	min	and	washed	in	PBS	2	x	5	min	at	room	

temperature.	Sections	were	blocked	in	10%	goat	serum	for	1	h	and	H2O2	for	5	

min.	Each	blocking	step	was	followed	by	washing	in	PBS	for	2	x	5	min.	Carotids	

specimens	were	then	incubated	in	primary	antibody	for	30	min	at	room	

temperature.	Antibodies	included	CD68	(1:500,	clone	PG-M1),	CD31	(1:20,	clone	

JC70A)	and	Smooth	Muscle	Actin	(1:500,	clone	1A4)	(all	from	Dako	UK,	Ely,	UK).	

Labelled	polymer-HRP	anti-rabbit	application	and	visualization	with	3,3¢-diami-

nobenzidine	(DAB)	was	done	using	EnVision	þ	System-HRP	(DAB)	kit	(Dako	UK,	

Ely,	UK),	following	manufacturers	specifications.	Counterstain	of	150	mL	

haemotoxylin	was	applied	to	each	section	and	incubated	for	1	min.	Slide	was	

then	dipped	six	times	in	destain	solution	(1%	HCl,	50%	methanol,	49%	distilled	

H2O)	and	washed	in	tap	water	for	2	min.	Afterwards	tissue	was	quickly	

dehydrated	in	1	min	intervals	through	graded	alcohols	(30	to	70%	to	100%	to	

absolute	alcohol	1	to	absolute	alcohol	2)	and	cleared	in	xylene	for	at	least	1	h.	
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6.4.5.3	Section	Mounting	

After	staining,	all	tissues	were	mounted	using	DePeX	mounting	medium	Gurr	

(VWR,	Lutterworth,	UK)	and	glass	coverslips	(Menzel-Gläser,	Braunschweig,	

Germany).	After	hardening	of	the	mounting	solution,	tissues	were	imaged	using	

Wild	Heerbrugg	M3Z	microscope	(Leica,	Heerbrugg,	Switzerland).	

	

6.4.6	Micro	PET/CT	Imaging	Of	Carotid	Plaques	

Whole-carotid	plaques	were	removed	from	the	-80	°C	freezer	and	thawed	in	5	

mL	PBS	at	room	temperature	for	1	h.	After	thawing,	tissues	were	placed	in	1	x	

10-9	M	18F-fluoride	solution	and	incubated	for	1	h.	Tissues	were	then	washed	in	

PBS	3			2	min	and	dipped	in	distilled	water.	They	were	then	placed	in	sealed	

plastic	tubes.	Tissue	radioactivity	was	read	using	dose	calibrator	and	they	were	

then	placed	into	the	micro	PET/CT	scanner.	Images	were	acquired	over	30	min	

in	list	mode	using	a	NanoScan	PET/CT	(Mediso,	Budapest,	Hungary).	Data	were	

reconstructed	using	a	3D	ordered-subset	expectation-maximization	(OSEM)	

algorithm	with	eight	iterations	and	six	subsets	using	corrections	for	decay,	dead	

time,	random	events,	attenuation	and	scatter,	the	resulting	image	was	isotropic	

with	300	µm	voxels.	Two	sets	of	micro	CT	were	performed	immediately	after	

micro	PET	acquisition,	using	high	and	low	zoom	(67.1	mm	and	219	mm	

between	object	and	source,	respectively).	Images	were	obtained	by	helical	

acquisition	using	a	voltage,	current	and	exposure	time	of	65	kVp,	123	µA	and	

1,100	ms.	Images	were	reconstructed	using	a	modified	cone	beam	filtered-back	

projection	method	using	a	Butterworth	filter	producing	a	22	µm	and	a	213	µm	

isotropic	data	set.	Micro	PET	and	micro	CT	data	were	co-registered	using	

previously	established	default	shifts.	

	

6.4.7	2D	Image	Processing	And	Analysis	

Two-dimensional	image	analysis	was	performed	using	open-source	software	

ImageJ/Fiji	(http://fiji.sc)	(NIH,	Bethesda,	Maryland).	Correlation	between	

histology	sections	and	autoradiography	images	was	achieved	by	using	
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thresholded	binary	images	of	the	different	signals.	In	addition,	these	

thresholded	images	were	filtered	with	Gaussian	blur	(s	=	20)	and	thresholded	

again,	to	create	segmentation	masks	that	overcome	the	issue	of	inherent	

resolution	differences	between	histology	and	autoradiography	signal	detection	

processes. (181)	

	

Alizarin	Red-stained	calcification	detection	was	performed	using	histogram-	

based	Otsu	automated	thresholding	method(182)	and	after	Gaussian	filter,	it	

was	processed	using	Li	thresholding. (183)	

	

DAB-stained	immunohistology	sections	were	analysed	using	a	colorimetric	

thresholding	method.	While	calcification	stains	provided	excellent	signal-

intensity	to	background	ratio,	this	was	not	the	case	for	immunohistochemistry.	

Therefore,	a	colour	combination	that	only	detected	the	brown	DAB	stain	was	set	

as	the	manual	threshold	value,	irrespective	of	intensity.	After	Gaussian	blurring,	

signal	was	detected	using	Li	auto-thresholding	method.	

	

Autoradiography	images	were	resized	to	match	the	size	of	the	histology	images.	

Then	they	were	thresholded	using	Otsu	method,	Gaussian	blurred	and	

thresholded	using	Li	method.	

	

All	two-dimensional	histology	images	were	subjected	to	background	

subtraction	and	histogram	equalization.	

	

Correlation	between	the	various	stained	sections	was	accomplished	using	

multiple	ImageJ/Fiji	plug-ins.	The	position	of	specimens	between	individual	

images	was	co-registered	using	TurboReg(184)	plug-in.	Although	tissues	had	

been	exposed	to	acetone	and	alcohol	fixation	protocols,	we	did	not	observe	

prominent	contraction	or	shrinkage	that	would	affect	our	data	analysis.	Images	

were	then	thresholded	and	turned	into	binary	data	as	described	above.	

Pearson’s	correlation	coefficient	was	calculated	using	JACoP(185)	plug-in.	

Overlapping	images	of	histological	and	autoradiography	signals	were	acquired	
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using	Co-localization	Finder	plug-in.	The	overlapped	images	were	processed	

further	to	determine	PET+/CT-,	PET+/CT+	and	PET-/CT+	regions	in	individual	

sections.	Each	colour	corresponding	to	one	of	the	three	detection	modalities	

was	separated	out	and	quantified	using	Analyze	Particles	command	which	

counts	the	number	of	pixels	in	the	binary	segmented	mask.	

	

6.4.8	3D	Image	Processing	And	Analysis	

3D	images	after	data	reconstruction	were	analysed	using	VivoQuant	version	

1.23,	(InviCRO,	Boston,	Massachusetts)	software. (186)	For	micro	PET/CT,	

initially	the	files	were	cropped	to	reduce	file	size	and	remove	experimental	

artefacts,	such	as	the	scanning	panel	and	tube	in	which	the	carotid	was	placed.	

Once	an	image	containing	only	the	signals	associated	with	the	carotid	was	

achieved,	the	colour	intensities	of	both	modalities	were	manually	adjusted	to	

match	the	histology/autoradiography	signals	as	closely	as	possible.	After	that,	

the	“Distance/Annotation”	function	was	selected	and	5–8	mm	linear	transects	

were	made	across	slides	in	the	transversal	plane	of	carotids.	The	raw	data	were	

then	downloaded	and	graphs	showing	micro	CT	densities	and	micro	PET	units	

along	the	transect	lines	were	later	reconstructed	with	Matlab	(Mathworks,	

Natick,	Massachusetts).	To	quantify	PET+/CT-,	PET+/CT+	and	PET-/CT+	

regions	in	3D,	the	“3D	ROI	Tool”	function	was	selected.	First,	micro	PET	data	

were	thresholded	using	the	Otsu	method,	to	delineate	the	extent	of	PET+	signal.	

On	the	micro	CT	data,	we	defined	densities	over	1000	Hounsfield	Units	(HU)	as	

calcification.	To	detect	PET+/CT+	signal,	we	selected	PET+	delineated	3D	areas	

and	again	used	global	thresholding	of	the	micro	CT	data	set	at	³1,000	HU	in	this	

area.	To	detect	PET-/CT+	areas,	we	selected	all	remaining	micro	PET	data	and	

applied	the	³1,000	HU	Global	threshold.	The	raw	data	containing	information	

about	the	different	modality	regions	was	downloaded	and	analysed	with	

Microsoft	Office	Excel	(Microsoft,	Redmond,	Washington).	

	

Clinical	PET/CT	data	were	analysed	by	initially	manually	co-registering	the	PET,	

CT	and	CT	angiogram	using	bones	as	anatomical	landmarks	of	the	three	
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different	modalities.	Following	this	the	images	were	zoomed	in	to	the	culprit	

plaque	and	was	cropped	around	this	area.	The	division	into	PET+/CT-,	

PET+/CT+	and	PET-/CT+	regions	was	similar	to	as	described	for	the	micro	

PET/CT	data.	

	

6.4.9	Clinical	PET/CT	Acquisition	And	Dynamic	Analysis	

Recruitment	and	scanning	for	the	in	vivo	aspect	of	this	study	took	place	

following	approval	from	the	local	research	ethics	committee	(National	Health	

Service	West	of	Scotland	Research	Ethics	Committee	approval	in	Edinburgh:	

12/WS/0227)	and	in	accordance	with	the	Declaration	of	Helsinki.	Patients	with	

symptomatic	carotid	artery	stenosis	(scheduled	to	undergo	carotid	

endarterectomy)	³50%	by	NASCET	criteria(110)	were	recruited	from	stroke	

and	vascular	surgery	clinics	at	the	Royal	Infirmary	of	Edinburgh	between	

January	2013	and	April	2014.	Exclusion	criteria	included	a	modified	Rankin	

score	of	³3,	insulin-dependent	diabetes	mellitus,	women	of	child-bearing	age	

not	receiving	contraception,	severe	chronic	kidney	disease	(estimated	

glomerular	filtration	rate	of	<	30	mL	min-1	per	1.73	m2),	known	iodine-based	

contrast	allergy,	prior	ipsilateral	carotid	intervention,	prior	neck	irradiation	and	

inability	to	provide	informed	consent.	

	

After	giving	their	consent,	patients	underwent	baseline	clinical	assessment	

before	undergoing	dynamic	or	static	18F-fluoride	PET/CT	and	CT	carotid	

angiography	with	the	use	of	a	hybrid	scanner	(Biograph	mCT,	Siemens	Medical	

Systems,	Erlangen,	Germany).	

	

For	static	18F-fluoride	PET/CT,	a	target	dose	of	250	MBq	of	18F-fluoride	was	

administered	intravenously.	Scanning	took	place	60	min	after	injection.	An	

attenuation-correction	CT	scan	(non-enhanced,	low	dose	120	kV,	50	mAs)	was	

then	performed	followed	by	PET	imaging	covering	two	bed	positions	with	the	

first	upper	bed	centred	over	the	carotid	bifurcation	in	3D	mode	for	15	min	per	

bed.	Analysis	was	undertaken	as	described	above.	
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In	five	patients,	18F-fluoride	PET	imaging	was	undertaken	as	a	dynamic	

acquisition	with	the	PET	scanner	in	list	mode.	Three	of	these	subjects	

underwent	arterial	blood	sampling	to	directly	assay	the	plasma	arterial	input	

function	for	model	creation	and	to	assess	18F-fluoride	pharmacokinetics.	An	

image-derived	input	function	was	utilized	for	modelling	in	the	two	patients	that	

did	not	undergo	arterial	cannulation	and	sampling.	The	image-derived	input	

function	was	generated	by	drawing	regions	of	interest	in	the	proximal	carotid	

artery	lumen.	After	the	fitting	of	a	soft	neck	collar	to	minimize	movement,	

subjects	were	placed	in	the	PET/CT	scanner	with	intravenous	and	radial	arterial	

catheters	sited.	An	attenuation-correction	CT	scan	(non-enhanced,	low	dose	120	

kV,	50	mAs)	was	performed	followed	by	PET	imaging	with	the	single	bed	

centred	over	the	carotid	bifurcation.	A	target	dose	of	250	MBq	of	18F-fluoride	

was	then	administered	intravenously	at	the	same	time	as	scanning	and	blood	

sampling	were	initiated.	Scanning	took	place	for	75	min.	Real-time	whole-blood	

radioactivity	was	assayed	using	a	calibrated	Allogg	ABSS	V3	system	(Allogg	

Technology,	Mariefred,	Sweden).	In	brief,	whole	arterial	blood	was	sampled	

through	a	narrow	bore	polytetrafluoroethylene	tube	using	a	roller	pump	at	a	

rate	of	5	mL	min-1	before	being	drawn	through	a	shielded	scintillation-based	

detector.	Counts	were	recorded	using	a	data-logger.	After	15	min,	the	pump	was	

deactivated	and	5	mL	samples	were	drawn	intermittently	for	the	remaining	60	

min.	Decay	corrected	whole	blood	and	plasma	radioactivity	was	then	assayed	

using	a	gamma	counter.	The	fractional	difference	between	whole	blood	and	

plasma	radioactivity	was	then	calculated	to	adjust	the	data	for	the	first	fifteen	

min	from	the	Allogg	device.	

	

Following	static	and	dynamic	PET	acquisitions,	CT	carotid	angiograms	were	also	

undertaken	(Care	Dose	4D,	120	kV,	145	mA,	rotation	time	0.5	s,	pitch	0.8).	

Dynamic	imaging	data	were	reconstructed	using	the	Siemens	Ultra-HD	

algorithm	(time	of	flight	+	True	X)	with	corrections	applied	for	attenuation,	

dead	time,	scatter	and	random	coincidences.	Imaging	data	were	then	parsed	

into	the	following	time	bins	as	per	Hawkins(79)	and	Frost(187)	(12	x	10	s,	4	x	
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30	s,	12	x	240	s)	and	analysed	on	a	PMOD	workstation	(PMOD	v3.408,	PMOD	

Technologies	Ltd.,	Zurich,	Switzerland).	

	

For	analysis,	the	image	data	were	first	reviewed	for	evidence	of	18F-fluoride	

uptake,	image	quality	and	patient	movement.	The	CT	angiogram	was	scrutinized	

for	plaque	presence,	location	and	characteristics.	The	PET	data	were	then	

resliced	as	part	of	automated	registration	to	the	CT	data.	Volumes	of	interest	

were	then	generated	by	drawing	regions	of	interest	on	sequential	axial	slices	on	

the	registered	data	sets.	Volumes	were	drawn	to	separately	incorporate	internal	

carotid	artery	plaque	(where	present)	and	a	vertebral	body.	Vertebral	data	

were	obtained	as	a	comparator	and	also	as	a	way	of	ensuring	our	data	were	

commensurate	with	the	work	of	others.	Tissue	activity	curves	were	then	

generated	and	assessed.	

	

Dynamic	analysis	of	fluoride	uptake	in	the	bone	has	been	well	described.	Since,	

our	data	and	that	of	others	shows	that	over	the	time	course	of	a	typical	18F-

PET/CT	scan	fluoride	dissociation	from	calcified	tissue	is	undetectably	slow,	the	

Patlak	technique(111,112)	may	be	used	to	gain	an	estimate	for	the	net	flux	of	

fluoride	(Ki)	into	a	region	of	interest.	Patlak	derived	Ki	is	calculated	as	follows:	

	

!"(")
!%(") = '( ∫

!%*
+ ("),"
!%(") + 	/ 

Equation	(1)	

 

Ct(t)	is	the	activity	concentration	of	18F-fluoride	at	time	t	within	the	volume	of	

interest,	Cb(t)	is	the	blood	activity	concentration	of	18F-fluoride	at	time	t	and	V	

relates	to	the	effective	volume	of	distribution	for	18F-fluoride.	The	Patlak	plot	is	

obtained	by	plotting	plotting	
0*(*)
01(*)		against	'(

∫ 012
3 (*)4*
01(*) 	and	calculating	the	slope	

of	the	regression	line	as	given	in	equation	(1).	
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This	method	has	been	extensively	described	and	compared	with	multi-

compartmental	modelling	with	both	techniques	showing	good	agreement.	To	

ensure	equilibrium	between	the	plasma	and	compartments	had	been	achieved,	

we	only	plotted	the	data	from	10	min	onwards	as	described	by	Frost. (187)	

Patlak	plots	were	generated	for	all	carotid	plaques	and	vertebra.	We	also	

plotted	directly	measured	plasma	activity	curves	for	illustration	of	the	

pharmacokinetics	of	18F-fluoride.	

	

6.4.10	Data	Analysis	

Numerical	data	analysis	was	performed	using	Microsoft	Office	Excel	(Microsoft,	

Redmond,	Washington),	Matlab	(Mathworks,	Natick,	Massachusetts)	and	Prism	

(GraphPad,	San	Diego,	California)	software.	Written	text	was	produced	using	

Microsoft	Office	Word	(Microsoft,	Redmond,	Washington)	and	figures	were	

made	using	Adobe	Illustrator	CS5	(Adobe	Systems,	San	Jose,	California).
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6.5	Results	

6.5.1	Electron	Microscopy	Analysis	

We	used	an	electron	microprobe	to	measure	directly	the	presence	of	non-

radioactive	fluoride	within	calcified	and	soft	tissue	areas	of	carotid	

endarterectomy	specimens.	We	also	used	hydroxyapatite	standards	to	confirm	

co-localization	(see	Table	6.1).	When	tissues	were	preincubated	with	fluoride,	

an	energy-dispersive	X-ray	spectroscopic	peak	for	fluoride	was	detectable	and	

co-localized	with	regions	of	calcification	(Figure	6.2a).		

	

Microcalcifications	showed	greater	levels	of	fluoride	than	macrocalcifications	

(F/Ca	ratio:	0.59±0.23	(n	=	10,	individual	plaques)	versus	0.37±0.15	(n	=	7,	

individual	plaques),	respectively,	P<0.02,	ANOVA	(analysis	of	variance)	and	

Tukey	Kramer	post	hoc	test,	Figure	6.2b)	and	no	tissue	fluoride	was	observed	in	

the	absence	of	calcification	(Figure	6.2c).	Thus,	at	the	resolution	of	electron	

microscopy,	fluoride	co-localized	to	arterial	calcification,	with	increased	levels	

in	the	regions	of	microcalcification.
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Element	concentration	in	espressed	as	atomic	%	(n=	51).	NaF,	sodium	fluoride;	

SD,	standard	deviation;	F/Ca,	ratio	of	fluorine/calcium

Table	6.1	|	Electron	Microscopy	Analysis	Of	Hydroxyapatite	Standards	To	Confirm	
Co-Localization	With	Fluoride	
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(a)	Fluoride	peak	is	detected	only	in	the	calcified	regions	of	those	carotids	that	have	been	
exposed	to	fluoride.	(b)	The	amount	of	fluoride	adsorbed	to	microcalcifications	(identified	
visually	based	on	the	size	of	nodules	of	<50	and	manual	measurements	made)	is	significantly	

higher	than	macrocalcifications	(>50	mm	to	several	mm;	F/Ca	in	microcalcifications	0.59±0.23,	

n	=	10	(circles);	in	macrocalcifications	0.37±0.15,	n	=	7	(squares));	P<0.02.	(c)	Representative	
images	of	macro-	and	microcalcifications	and	soft	tissue.	F	presence	was	detected	only	in	the	

calcified	regions.	Scale	bar,	50	µm.	(d)	18F-fluoride	binding	to	cryostat	sections	is	linear	over	
the	clinically	relevant	concentration	range	from	1.0	x	10-12	to	1.0	x	10-7	(y	=	10(0.92*log(x)	+	13),	n	=	

5).	(e)	There	is	a	fast	exponential	association	and	slow	exponential	dissociation	of	18F-fluoride	
to	the	whole	carotids	over	time.	In	all	figures	filled	shapes	show	mean,	error	bars	denote	

standard	error	of	the	mean.

Figure	6.2	|	Fluoride	Directly	Co-Localizes	With	Calcium	In	A	Concentration-Dependent	
Manner	
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6.5.2	Pharmacodynamic	And	Pharmacokinetic	Analyses	

To	confirm	the	specificity	in	pharmacological	assays,	we	incubated	carotid	

sections	with	a	clinically	relevant	concentration	(1	x	10-11	M)	of	18F-fluoride	for	

1h. (117)	As	a	control	for	non-specific	binding,	adjacent	sections	were	incubated	

at	the	same	concentration	of	18F-fluoride,	but	with	an	excess	(4	x	10-4	M)	of	

non-radioactive	fluoride.	Phosphor-imaging	autoradiography	revealed	a	

strong	18F-fluoride	signal	with	negligible	nonspecific	binding	and	no	18F-

fluoride	binding	in	areas	without	calcification	(Figure	6.3).	Concentration–

response	curves	were	constructed	by	exposing	carotid	sections	(n	=	5)	to	

increasing	concentrations	of	18F-fluoride	(10-12	–	10-7	M)	for	1	h. (121,123)	

There	was	a	positive	linear	correlation	between	the	radioactivity	and	

concentration	of	18F-fluoride	(Fig.	6.2d).	We	then	performed	association	and	

dissociation	binding	experiments	at	a	clinically	relevant	concentration	(1	x	10-11	

M;	n	=	5).	There	was	a	rapid	and	time-dependent	exponential	association	and,	

following	washing,	a	slow	exponential	dissociation	from	the	plaque	(Fig.	6.2e).	

The	data	were	fitted	to	a	one-site	model,	with	an	association	rate	constant	(k1)	

of	4.5±0.6	x	109	M-1	min-1	and	a	half-time	for	association	of	14.3±1.9	min.	

Dissociation	was	slow	but	detectable	with	a	dissociation	rate	constant	of	

0.0027±0.0005	min-1,	a	half-time	for	dissociation	of	254±43	min	and	an	affinity	

constant	(KD)	calculated	from	these	kinetic	data	of	0.6pM.	The	affinity	constant	

is	a	measure	of	the	strength	of	binding	of	18F-fluoride	to	areas	of	calcification.	

The	very	high	affinity	is	consistent	with	the	comparatively	low	concentrations	

of	radiolabelled	18F-fluoride	required	in	vitro	and	in	vivo	to	detect	calcifications	

in	tissues	and	demonstrates	the	sensitivity	of	the	tracer.	
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Abbreviation:	18F-NaF,	1F-fluoride		

Figure	6.3	|	The	Non-Specific	Binding	Of	Fluoride	Is	Low	
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We	undertook	dynamic	PET	analysis	to	explore	the	in	vivo	pharmacodynamic	

and	pharmacokinetic	properties	of	18F-fluoride	in	five	patients	scheduled	to	

undergo	carotid	endarterectomy	for	symptomatic	disease	(patient	

demographics	are	given	in	Table	6.2).	The	standardised	uptake	value	(SUV)	and	

target	to	background	ratio	(TBR)	values	for	areas	of	carotid	artery	deemed	

visually	PET	positive	and	PET	negative	(of	static	and	dynamic	scans	(reanalysed	

as	static	acquisitions))	are	demonstrated:	Table	6.3	and	Figure	6.4).	

	

56/ = 7
(89 :⁄ )	

Equation	(2)	

	

SUV	is	a	standardised	semi-quantitative	method	of	measuring	radioisotope	

uptake	with	a	volume	of	interest.	r	is	the	radioactivity	concentration	[kBq/mL]	

within	a	region	of	interest	(ROI),	a¢	is	the	decay-corrected	injected	dose	in	kBq,	

and	w	is	the	patient’s	mass	(g)	

	

<=> =	56/?@A56/BC
	

Equation	(3)	

	

TBR	is	utilised	in	cardiovascular	static	PET	analysis	to	correct	for	“background”	

or	blood	pool	activity.	SUVROI	is	the	SUV	within	a	ROI	and	SUVBP	is	the	SUV	

within	a	standardised	volume	of	blood.	
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TIA’	transient	ischaemic	attack;	stenosis	severity	is	expressed	as	%	according	to	NASCET	method(110).	

PET,	positron	emission	tomography,	SUV,	standardised	uptake	value;	TBR,	target	to	background	value;	Mean	Max,	mean	value	of	single	voxel	with	highest	SUV	per	PET	
slice	within	a	region	of	interest,	Mean	Mean,	mean	value	of	all	voxels	within	a	region	of	interest.

Table	6.3	-	Patient	Demographics	And	Basic	Imaging	Data	

Table	6.2	-	Standardised	Uptake	Values	And	Target	To	Background	Ratios	For	PET	Positive	Versus	PET	Negative	Regions	
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Box	and	whisker	plots	of	Standardised	Uptake	Values	(SUV)	and	Target	to	Background	Ratios	

(TBR)	for	visually	deemed	PET	positive	regions	(red)	and	PET	negative	regions	(blue)	(Boxes	

show	interquartile	range,	whiskers	show	range).	

Figure	6.4	|	Standardised	Uptake	Values	And	Target	To	Background	Ratios	For	PET	
Positive	Versus	PET	Negative	Regions	
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There	was	clear	visual	carotid	plaque	uptake	(see	figure	6.9)	and	Patlak	analysis	

showed	a	good	model	fit	with	18F-fluoride	influx	varying	from	0.0005	to	0.007	

mL	cm-3	min-1	as	compared	with	0.05	to	0.08	mL	cm-3	min-1	in	the	vertebral	

bodies	(Table	6.4	and	Figure	6.5).	No	deviation	of	the	data	from	the	model	was	

observed	during	the	time	course	of	these	experiments	although	patients	could	

only	tolerate	scanning	for	75min	following	tracer	injection.	Although	very	slow	

dissociation	can	be	detected	in	vitro,	this	was	too	slow	to	detect	during	our	

imaging	window	in	vivo	and	therefore	is	unlikely	to	be	an	important	factor	to	

consider	in	clinical	imaging.	18F-fluoride	was	rapidly	eliminated	from	the	

plasma	and	showed	a	typical	biexponential	decay	in	keeping	with	immediate	

redistribution	and	then	subsequent	renal	elimination	(Figure	6.6)	60	min	from	

injection,	plasma	activity	was	4–8%	of	its	peak	activity	and	excellent	contrast	

between	vascular	tissue	and	blood	pool	was	observed.	

	

Ki	values	for	individual	carotid	plaques	and	vertebra.	SE,	standard	error.	Subjects	4	and	5	had	no	

plaque	in	their	right	internal	carotid	arteries.	The	vertebral	values	are	in	agreement	with	

previously	published	data. (187)	†	Subject	3	had	very	little	carotid	plaque	uptake.	*	Subject	4	
and	5	Ki	were	estimated	using	an	image	derived	input	function.

Table	6.4	|	Dynamic	PET	Analysis	(Patlak)	
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Representative	Patlak	plots	from	a	single	subject	showing	vertebral	and	carotid	uptake	where	

Cb	=	plasma	counts	&	Ct	=	counts	within	the	region	of	interest.	PET,	Positron	Emission	

Tomography	

	

	

Figure	6.6	|	18F-Fluoride	Pharmacokinetics	

A	typical	arterial	plasma	activity	curve	(from	a	single	patient)	showing	a	very	rapid	

redistribution	and	clearance	of	18F-fluoride	from	the	circulation.	KBq,	Kilo	Becquerels

Figure	6.5	|	Dynamic	Clinical	PET	Analysis	
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These	complementary	ex	vivo	and	in	vivo	data	demonstrate	the	favourable	

imaging	properties	of	18F-fluoride:	an	absence	of	metabolites,	rapid	ligand-

binding	site	association	with	minimal	dissociation	and	a	rapid	reduction	in	

radiotracer	background	giving	excellent	tissue	contrast	resolution	1h	following	

its	administration.	

	

6.5.3	Immunohistochemical	Analysis	

Vascular	calcification	is	believed	to	occur	in	response	to	hypoxia,	necrosis	and	

chronic	inflammation	and	has	been	linked	with	macrophage	burden	and	neo-	

vascularization. (170)	To	test	the	cellular	specificity	of	18F-fluoride	binding,	we	

stained	sequential	sections	with	Alizarin	Red	(calcification	marker)	and	

antibodies	for	CD68	(macrophage	marker),	CD31	(endothelial	cell	marker	of	

neovascularization)	and	smooth	muscle	actin	(smooth	muscle	marker;	n	=	8	

individual	plaques	for	each	stain).	We	then	filtered	and	applied	an	auto-

threshold	to	both	the	18F-fluoride	radioactivity	signal	and	each	of	the	

histological	stains,	and	overlaid	them	to	correlate	the	two	signals	(Figure	6.7a).	

The	only	high	correlation	detected	was	between	the	18F-fluoride	signal	and	

Alizarin	Red	calcification	stain	(r	=	0.69±0.03,	n	=	8)	indicating	that	18F-fluoride	

specifically	co-	localizes	to	vascular	calcification	and	not	other	upstream	

triggers	to	the	calcific	response	(Figure	6.7b).
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(a)	Representative	images	of	18F-fluoride	autoradiography	signal	overlap	with	
immunohistochemistry	(IHC)-stained	sequential	sections.	Green:	18F-fluoride	signal,	red:	

histology	signal,	yellow:	overlap.	Scale	bar,	1	mm.	(b)	High	correlation	is	observed	between	18F-
fluoride	and	Alizarin	Red	calcification	staining,	while	low	correlation	is	seen	between	18F-

fluoride	autoradiography	and	inflammatory	and	other	IHC	signals.

Figure	6.7	|	18F-Fluoride	Uptake	Correlates	With	Calcification	But	None	Of	The	
Histological	Inflammatory	Markers	
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6.5.4	Penetration	By	Autoradiography/Histology	And	Micro	PET/CT	

We	next	compared	areas	of	18F-fluoride	uptake	with	tissue	micro-	and	

macrocalcification.	We	first	sectioned	carotid	plaques	to	remove	barriers	to	

penetration	and	incubated	with	1	x	10-11	M	18F-fluoride	for	1	h,	followed	by	

exposure	to	a	phosphor-imaging	screen.	18F-fluoride	uptake	correlated	with	

calcification	staining	(Figure	6.8a,	macrocalcifications:	closed	arrowheads,	

microcalcifications:	open	arrowheads)	and	was	observed	across	all	regions	of	

the	calcific	deposits	(Figure	6.8b).	In	contrast,	if	carotids	were	first	incubated	

with	18F-fluoride	and	then	sectioned,	18F-fluoride	binding	was	only	detected	

on	the	outer	surface	layer	of	macrocalcific	deposits	with	the	ligand	unable	to	

penetrate	deeper	(Figure	6.8c,	d).	Irrespective	of	presectioning	of	tissue,	18F-

fluoride	appeared	to	bind	freely	to	regions	of	micro-calcification	and	co-

localized	with	histological	staining	for	calcification	(Figure	6.8a–d).	Using	micro	

PET/CT,	we	saw	similar	results	with	18F-fluoride	binding	only	to	the	surface	of	

macrocalcific	deposits	(Figure	6.8e,	f),	matching	the	limits	of	penetration	

demonstrated	with	autoradiography.	

	

One	of	the	main	aims	of	this	work	was	to	explain	the	previously	observed	

differences	between	the	PET	and	CT	signals	in	the	clinical	setting.	We	chose	to	

investigate	this	using	preclinical	micro	PET/CT	because	of	the	higher	spatial	

resolution	that	it	offers	(microPET,	900	µm;	microCT,	30	µm).	We	hypothesized	

that	the	use	of	higher-resolution	micro	PET/CT	would	allow	detection	of	

microcalcifications.	While	microcalcifications	identified	on	histology	(Figure	

6.8g)	were	not	detectable	by	micro	CT	(Figure	6.8i),	they	were	identified	by	an	

increased	18F-fluoride	micro	PET	signal	(Figure	6.8j)	that	closely	matched	

phosphor-imaging	autoradiography	(Figure	6.8h).	Finally,	we	further	

investigated	18F-fluoride	penetration	by	examining	the	intensity	and	density	of	

the	micro	PET	and	micro	CT	signals	(where	calcification	was	defined	as	>1,000	

Hounsfield	units	(HU))	along	5–8	mm	linear	transects	of	atherosclerotic	tissue	

(Figure	6.8k–o).	Once	again	there	were	clear	differences	in	the	signal	produced	

by	these	two	imaging	techniques	with	increased	18F-fluoride	activity	on	the	
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(a,b)	If	the	carotid	is	sectioned	first	and	incubated	in	18F-fluoride	second,	binding	occurs	to	all	
macro-	(closed	arrowheads)	and	microcalcification	(open	arrowheads)	surfaces.	(c,d)	However,	
if	the	carotid	is	incubated	in	18F-fluoride	first	and	then	sectioned,	18F-fluoride	is	able	to	bind	

only	to	the	surface	level	of	macrocalcifications	(closed	arrowheads),	while	binding	occurs	to	all	

microcalcifications	(open	arrowheads).	(e,f)	18F-fluoride	binding	solely	to	the	surface	level	of	
macrocalcifications	can	also	be	observed	in	a	micro	PET/CT	scan,	if	the	macrocalcification	size	is	

larger	than	micro	PET	resolution.	(g,i)	Microcalcifications	that	are	detected	with	Alizarin	Red	
histology	cannot	be	seen	in	a	micro	CT	scan,	due	to	insufficient	sensitivity.	(h,j)	Yet,	18F-fluoride	
micro	PET	scan	closely	matches	autoradiography	signal	and	can	detect	microcalcifications.	(k,l)	
micro	PET/CT	signal	quantification	by	measuring	the	intensity	of	the	18F-fluoride	micro	PET	

signal	and	the	micro	CT	density	measure	along	the	same	transects.	(m)	18F-fluoride	binding	can	
be	observed	throughout	the	three	macrocalcification	peaks	due	to	macrocalcification	size	being	

smaller	than	micro	PET	resolution	(PET+/CT+,	blue	arrowheads);	(n)	Microcalcifications	
detected	with	18F-fluoride	micro	PET	and	autoradiography	(see	h)	as	well	as	Alizarin	Red	
histology	(see	g)	but	not	micro	CT	(PET+/CT-,	magenta	arrowheads);	(o)	If	macrocalcifications	
are	larger	than	µPET	resolution,	18F-fluoride	binding	solely	around	the	surface	level	of	
macrocalcifications	can	be	observed,	similarly	as	in	autoradiography	(center	green	arrowhead	

PET-/CT+,	blue	arrowheads	PET+/CT+	).	Scale	bar,	1	mm.

Figure	6.8	|	18F-Fluoride	Signal	Detection	Depends	On	The	Sensitivity	Of	The	Detection	
Modality	
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surface	of	macroscopic	calcium	deposits	that	by	contrast	was	not	observed	

within	their	core.	

	

Comparing	clinical	in	vivo	PET/CT	and	ex	vivo	micro	PET/CT.	We	applied	a	novel	

approach	to	compare	the	in	vivo	and	ex	vivo	imaging	of	carotid	atherosclerotic	

plaque	using	co-registered	clinical	PET	with	CT,	micro	PET	with	micro	CT	and	

autoradiography	with	histology.	In	particular,	we	focused	on	the	mismatch	

between	the	18F-fluoride	PET	signal	and	CT	identifiable	calcification	(Figure	

6.9).	We	recruited	four	patients	who	were	scanned	with	18F-fluoride	PET/CT	

before	carotid	endarterectomy	(Figure	6.9a).	After	surgery,	we	incubated	the	

endarterectomy	specimens	with	18F-fluoride	and	imaged	them	with	the	micro	

PET/CT	scanner	(Figure	6.9h).	Finally,	we	again	incubated	the	carotid	

endarterectomy	specimens	with	18F-fluoride	and	cryosectioned	them	to	obtain	

autoradiography	images	and	light	microscope	histology	to	detect	areas	of	

calcium	(Figure	6.9n).	On	the	clinical	PET/CT	and	micro	PET/CT	scans,	we	

confirmed	differences	in	the	distribution	of	calcium	on	CT	and	18F-fluoride	

uptake	on	PET	(Figure	6.9c–g).	Regions	of	18F-fluoride	uptake	were	most	

commonly	observed	in	the	absence	of	calcium	on	CT,	representing	areas	of	

microcalcification	(PET+/CT-	;	Figure	6.9b,i).	In	addition,	there	were	also	large	

CT-detected	areas	of	macrocalcification	that	did	not	demonstrate	concomitant	

18F-fluoride	uptake	(PET-/CT+	;	Figure	6.9b,g).	These	are	likely	to	represent	

regions	where	nascent	microcalcification	is	mild	or	absent.	

	

The	findings	on	micro	PET/CT	were	similar	to	the	clinical	scans.	Indeed,	the	

distribution	of	calcium	detected	with	micro	CT	closely	matched	that	observed	

on	the	clinical	CT	although	additional	smaller	areas	of	macrocalcification	were	

also	identified	and	resolved	(Figure	6.9j–m).	The	distribution	of	the	18F-

fluoride	signal	was	also	similar	although	again	it	was	more	refined	on	the	micro	

PET	compared	with	the	clinical	PET	systems	(Figure	6.9j–l).
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Figure	6.9	|	High-Resolution	Imaging	Reveals	Specificity	Of	18F-Fluoride	Binding	To	Vascular	Calcification	

(a)	Four	symptomatic	patients	underwent	clinical	PET/CT	imaging	after	injection	of	18F-fluoride	and	
before	carotid	endarterectomy.	
	

(b)	Comparison	of	PET	and	CT	signals.	Although	clinical	PET	spatial	resolution	is	much	less	than	CT,	
PET	detects	a	larger	area	than	CT,	demonstrating	higher	sensitivity.	PET+/CT-:	magenta,	95%,	
PET+/CT+:	blue,	4%,	PET-/CT+:	green,	1%.		
	

(c,d)	Clinical	PET/CT	scan	with	the	culprit	atheroma	(arrowheads).	Scale	bar,	11	mm	(c)	Sagittal	
view;	(d)	Coronal	view.		
	

(e–g)	Analysis	of	the	carotid	in	vivo,	where	PET	signal	(magenta)	was	detected	using	observer-
independent	Otsu	histogram-based	thresholding.	PET	signal	is	co-localized	with	CT	vascular	
calcification	(blue).	CT	angiogram	defined	lumen	is	dark	red.	Scale	bar,	7	mm.	
	

(h)	After	endarterectomy,	carotids	were	recovered,	incubated	in	18F-fluoride	and	scanned	in	a	micro	
PET/CT	scanner.	(i)	Ratio	of	PET+/CT-	area	and	CT+	signals	is	smaller	than	in	b,	due	to	the	higher	
micro	PET	resolution,	which	results	in	more	precise	signal	detection.	PET+/CT-:	magenta,	72%,	
PET+/CT+:	blue,	20%,	PET-/CT+:	green,	8%.		
	

(j–m)	Ex	vivo	images	of	the	carotid	from	the	same	patient	as	in	c–g.	(j)	microPET/CT	image	without	
thresholding;	(k–m)	3D	thresholded	micro	PET/CT	images.	PET+/CT-	(magenta),	PET+/CT+	(blue),	
PET-/CT+	(green).		
	

(n)	After	micro	PET/CT	scan,	carotids	were	incubated	in	18F-fluoride	and	sectioned	on	cryostat	prior	
to	Alizarin	red	staining	and	autoradiography	(o)	Ratio	between	Autoradiography	(“PET”)	+/	Alizarin	
red	(“CT”)	-	and	“CT”	+	regions	indicate	naturally	higher	resolution	of	Alizarin	red	for	calcium	
compared	to	clinical	CT	or	micro	CT.	“PET”	+/“CT”	-	:	magenta,	11%,	“PET”+/“CT”+:	blue,	53%,	“PET”	
-/“CT”+:	green,	37%.	(p)	Carotid	from	the	same	patient	as	in	c–g,	j–m.	Alizarin	Red	detects	both	
macro-	and	microcalcifications	with	the	highest	precision	of	all	methods	described	here.	(q)	Alizarin	
Red	image	after	Gaussian	filter	and	Li	thresholding,	to	match	resolution	to	autoradiography	image.	
(r)	Autoradiography	shows	highly	specific	binding	to	all	microcalcifications,	but	is	not	able	to	
penetrate	the	deeper	levels	of	macrocalcifications.	(s)	Autoradiography	image	after	Gaussian	filter	
and	Li	thresholding,	to	match	resolution	to	the	filtered	Alizarin	Red	image.	(t)	Overlay	of	unfiltered	
histology	and	autoradiography	images	showing	a	high	PET+/CT-	signal,	due	to	mismatch	in	
resolution.	(u)	Overlay	of	filtered	histology	and	autoradiography	images	shows	matching	signal	
resolution.	Scale	bar	=	3	mm.	
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Finally,	histology	and	18F-fluoride	autoradiography	provided	the	most	sensitive	

method	for	the	detection	of	tissue	calcification	(Figure	6.9o–u).	Histological	

staining	with	Alizarin	Red	confirmed	that	both	micro	CT	and	clinical	CT	only	

detect	regions	of	macrocalcification	with	extensive	regions	of	microcalcification	

left	unresolved	by	these	techniques	(Figure	6.9p–u).	By	contrast,	the	18F-

fluoride	signal	detected	by	autoradiography	was	observed	in	a	very	similar	

distribution	to	that	observed	by	the	microPET	(albeit	providing	better	spatial	

resolution),	with	both	able	to	resolve	regions	of	microcalcification	(Figure	6.9r–

u).
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6.6	Discussion	
For	the	first	time,	we	demonstrate	the	specificity	and	sensitivity	of	18F-fluoride	

adsorption	to	calcium	deposits	in	human	atherosclerotic	vascular	tissue	and	

demonstrate	that	it	can	non-invasively	detect	areas	of	microcalcification	

indicative	of	nascent	calcification	and	active	unstable	atherosclerosis.	This	

unique	and	characteristic	signal	has	implications	and	ramifications	for	the	non-

invasive	clinical	imaging	of	human	atherosclerosis—a	condition	that	represents	

the	leading	cause	of	death	worldwide.	

	

In	bone,	the	binding	of	fluoride	to	areas	of	calcification	is	mediated	through	a	

chemical	reaction	with	hydroxyapatite,	a	crystalline	structure	that	is	also	the	

main	component	of	vascular	mineralization. (117)	Using	electron	microprobe	

analysis,	we	have	shown	for	the	first	time	that	fluoride	also	closely	co-localizes	

to	pathological	mineralization	within	vascular	tissue.	The	precise	target	for	

fluoride	binding	in	living	vasculature	has	been	uncertain,	as	fluoride	ions	were	

not	expected	to	have	the	selectivity	as	seen	between	ligands	and	their	cognate	

receptors,	and	fluoride	could	target	molecules	other	than	hydroxyapatite.	Here	

we	demonstrate	that	18F-fluoride	co-localizes	to	areas	of	nascent	calcification	

and	potentially	provides	a	novel	non-invasive	biomarker	of	this	high-	risk	

pathology.	Moreover,	we	observed	that	there	is	preferential	adsorbing	of	

fluoride	to	microcalcification,	a	clinically	more	significant	manifestation	of	

vascular	mineralization.	The	extent	of	fluoride	adsorption	depends	on	the	

surface	area	of	the	mineral(188,189)	and	would	be	consistent	with	the	proposal	

that	the	complex	convex	surface	structure	of	microcalcifications	allows	more	

binding	of	fluoride	than	the	relatively	flat	and	smaller	surface	area	of	

macrocalcification.	

	

The	association	and	dissociation	of	18F-fluoride	to	carotid	endarterectomy	

specimens	showed	an	exponential	rise	and	decay	of	signal,	with	excellent	

contrast	between	activity	in	vascular	tissue	and	the	blood	pool	observed	as	

early	as	60	min	following	injection.	Studies	in	artificial	chemical	models	have	
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shown	that	fluoride	binding	to	hydroxyapatite	also	occurs	in	an	exponential	

binding	reaction(188,189)	and	can	be	explained	both	by	physico-	and	

chemisorption. (188)	This	also	appears	as	the	most	likely	mechanism	in	human	

carotids	but	it	is	important	to	emphasize	that	not	all	calcification	observed	can	

be	generalized	to	consist	of	hydroxyapatite.	Previous	clinical	radiology	reports	

have	described	an	initial	fluoride-bound	water	shell	entrapment	and	a	slow	ion	

exchange; (78)	however,	no	mechanistic	studies	to	prove	these	assumptions	

have	been	published,	at	least	to	our	knowledge.	Therefore,	we	propose	that	our	

observations	match	the	findings	in	artificial	systems	and	the	fluoride	adsorption	

to	hydroxyapatite	in	whole-carotid	sections	can	be	explained	by	physico-	and	

chemisorption	and	the	dissociation	is	a	result	of	a	washout,	similar	to	what	has	

been	described	in	artificial	systems. (188)		

	

The	mechanism	of	early	micronodular	intimal	atherosclerotic	calcification	is	not	

yet	clearly	understood	although	its	genesis	has	been	linked	to,	amongst	others	

factors,	inflammatory	macrophages,	inflammatory	lipids,	apoptosis,	

neovascularization	and	phenotypically	altered	vascular	smooth	muscle	cells. 

(170)	We	have	demonstrated	that	18F-fluoride	binds	specifically	and	sensitively	

to	the	final	common	pathway	of	precipitated	micro	nodules	of	pathological	

calcification	(whether	through	active	or	passive	mechanisms)	and	not	directly	

to	any	of	these	putative	earlier	upstream	triggers.	This	is	in	contrast	to	18F-

fluorodexoyglucose,	which	although	linked	to	activated	macrophages	in	the	

vasculature,	may	lack	sensitivity	and	specificity	for	identifying	inflammation	

specific	activation(76)	and	does	not	have	the	highly	favourable	

pharmacokinetics	of	18F-fluoride. (71,76)		

	

The	main	question	we	sought	to	answer	was	why	does	the	18F-fluoride	clinical	

PET/CT	imaging	result	in	a	signal	mismatch	between	the	two	modalities?	

Specifically,	why	do	some	areas	of	macrocalcification	show	no	uptake,	while	

other	areas	without	apparent	calcification	show	high	18F-fluoride	uptake?	To	

address	this,	we	used	carotid	endarterectomy	sections	and	compared	ex	vivo	

and	in	vivo	imaging	approaches.	Since	vascular	calcification	consists	
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predominantly	of	mineral	and	only	a	small	amount	of	soft	tissue,	the	

architecture	of	the	calcification	in	the	in	vivo	and	ex	vivo	environments	was	very	

similar.	Using	autoradiography,	we	were	able	to	show	that	if	the	ex	vivo	carotid	

was	first	incubated	in	18F-fluoride	and	then	cryosectioned,	18F-fluoride	only	

bound	to	the	outer	surface	of	the	macrocalcifications.	In	contrast,	

microcalcifications	had	a	greater	surface	area	and	no	barriers	to	penetration	of	

the	tissues	resulting	in	high	levels	of	18F-fluoride	adsorption.	This	suggests	that	

18F-fluoride	cannot	penetrate	into	the	deeper	layers	of	macrocalcification.	Since	

macrocalcifications	have	a	large	volume	but	small	surface	area,	the	detected	

radioactivity	signal	is	proportionally	smaller	than	microcalcifications	with	a	

small	volume	and	large	surface	area.	Microcalcifications	are	also	dispersed	in	

large	numbers	per	given	area	of	the	tissue,	again	resulting	in	a	disproportionally	

high	signal	compared	with	macrocalcifications.	Furthermore,	when	sectioned	

carotid	endarterectomy	specimens	were	directly	exposed	to	18F-fluoride,	

uptake	was	this	time	observed	also	in	the	centre	of	macroscopic	deposits	that	

had	now	been	made	accessible	to	the	tracer.	We	therefore	conclude	that	the	

adsorption	of	18F-fluoride	to	areas	of	calcification	in	carotid	endarterectomy	

tissue	is	a	measure	of	the	available	surface	area	accessible	to	the	isotope.	This	is	

consistent	with	findings	in	the	bone	and	explains	the	observed	greater	

adsorption	of	18F-fluoride	to	microcalcifications	(Figure	6.10a,	b).	

	

Micro	PET/CT	scans	of	ex	vivo	carotids	and	their	comparison	with	

autoradiography	revealed	that	micro	PET	closely	matches	autoradiography.	On	

the	other	hand,	micro	CT	was	only	able	to	detect	macrocalcifications	(Figure	

6.10c)	and	underestimated	the	extent	of	vascular	microcalcification	identified	

by	Alizarin	Red	histology.	Back-correlation	of	micro	PET/CT	ex	vivo	scans	to	

clinical	in	vivo	PET/CT	scans	showed	similar	results.	Using	clinical	CT,	it	was	

possible	to	detect	the	larger	macrocalcifications,	and	their	shape	closely	

matched	the	data	acquired	by	micro	CT.	In	contrast,	the	18F-fluoride	uptake	

detected	by	the	clinical	and	micro	PET	co-localized	with	both	underlying	

calcium	deposits	(PET+/CT+)	and	regions	with	no	apparent	calcification	

(PET+/CT-)	as	assessed	on	CT	(Figure	6.10d).	For	the	latter	situation,	our	
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histological	studies	showed	that	the	PET	signal	was	in	fact	binding	to	

microcalcifications	below	the	detection	limit	of	clinical	CT	and	micro	CT.	We	

therefore	conclude	that	areas	of	18F-fluoride	uptake	are	reporting	underlying	

microcalcifications,	which	are	undetectable	by	CT.	Conversely,	large	CT-

detected	macrocalcifications	that	do	not	co-localize	with	18F-fluoride	PET	

uptake	(PET-/CT+)	might	be	considered	to	represent	dormant	areas	where	on-

going	mineralization,	as	evidenced	by	the	presence	of	microcalcification,	has	

ceased	and	atherosclerotic	disease	is	quiescent.	Indeed,	more	heavily	calcified	

plaques	have	been	reported	to	be	particularly	prevalent	in	more	stable	disease	

and	are	much	less	vulnerable	to	rupture. (190,191)	
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Figure	6.10	|	Model	of	18F-Fluoride	Binding	To	Vascular	Calcification	

(a)	18F-Fluoride	(18F-NaF)	highly	specifically	binds	to	both	micro-	and	macrocalcifications	and	
the	signal	strength	depends	on	the	available	surface	area	of	these	calcifications.	(b)	Schematic	
of	histology/autoradiography	vascular	calcification	detection.	Alizarin	Red	histology	results	in	

the	most	definitive	delineation	of	calcification,	with	the	detection	limit	into	the	nanometre	

range.	Phosphor	screen	autoradiography	also	has	a	much	higher	resolution	compared	with	PET	

and	micro	PET,	resulting	in	accurate	detection	of	calcifications.	(c)	Schematic	of	preclinical	
micro	PET/CT	vascular	calcification	detection.	Micro	CT	detects	macrocalcifications	and	their	

finer	architecture.	Proportionally	less	signal	is	detected	on	micro	CT	than	using	histology,	yet	

more	than	the	clinical	CT.	Micro	PET	very	precisely	detects	both	macro	and	microcalcifications.	

In	addition,	if	the	macro-	calcifications	exceed	micro	PET	resolution,	it	is	possible	to	observe	

18F-fluoride	binding	to	the	outer	surface	of	macrocalcifications.	There	are	less	PET-/CT	+	

regions	observed	than	using	autoradiography	but	more	than	clinical	PET/CT.	(d)	Schematic	of	
clinical	PET/CT	vascular	calcification	detection.	Here	CT	is	able	to	detect	gross	

macrocalcifications	and	PET	detects	both	CT+	and	CT-	calcifications.	However,	the	signal	is	

diffuse,	resulting	in	much	larger	and	therefore	less	precise	PET+	detections,	as	compared	with	

the	ex	vivo	imaging	modalities	described	here.	 
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In	summary,	using	electron	microprobe	analysis,	we	have	demonstrated	for	the	

first	time	that	fluoride	directly	adsorbs	to	calcified	areas	in	mineralized	vascular	

tissue.	We	have	shown	that	binding	is	highly	specific	since	18F-fluoride	

radioactivity	is	confined	solely	to	calcification,	with	no	localization	to	other	soft	

tissues.	Furthermore,	we	observed	that	18F-fluoride	signal	is	highly	dependent	

on	the	surface	area	of	the	calcification,	being	able	to	adsorb	only	to	the	outer	

layer	of	macrocalcifications	without	deeper	penetration.	We	replicated	these	

findings	on	three	levels—	autoradiography,	light	microscopy,	in	vivo	clinical	

PET/CT	and	ex	vivo	micro	PET/CT.	These	characteristics	position	18F-fluoride	

as	a	highly	specific	ligand	for	the	detection	of	pathologically	high-risk	

microcalcification	and	early	unstable	atherosclerotic	disease.	18F-Fluoride	is	an	

economical	PET	ligand	that	is	easy	to	manufacture.	If	used	clinically,	18F-

fluoride	uptake	has	the	potential	to	identify	microcalcification	within	high-risk	

plaques	as	well	as	determine	the	locations	of	plaque	rupture.	In	addition,	as	a	

marker	of	nascent	calcification,	it	could	test	the	efficacy	of	pharmacological	

therapies	targeting	atherosclerosis	or	calcification	in	both	the	clinical	and	

preclinical	settings.	Microcalcifications	are	also	linked	to	other	disease	

processes,	such	as	breast	cancer,	prostate	cancer	and	stroke.	The	main	aim	of	

this	study	was	to	understand	the	molecular	mechanisms	of	18F-fluoride	uptake	

and	not	to	define	patients	at	risk.	With	data	validating	its	co-localization	with	

calcification,	the	potential	now	exists	to	evaluate	these	processes.	Whether	or	

not	18F-fluoride	will	be	useful	in	stratifying	risk	of	cardiovascular	events	

remains	to	be	demonstrated.	Large-scale	prospective	investigations	will	be	

essential	to	determine	the	prognostic	value	for	18F-fluoride	role	in	risk	

stratification.	Nevertheless,	18F-fluoride	PET/CT	holds	promise	and	may	have	

wideranging	applications	and	become	a	valuable	clinical	tool	to	study	active	

calcification	across	many	disease	areas	and	disciplines.	



	

	 229	

6.7	Conclusion	
We	conclude	that	18F-fluoride	PET/CT	is	the	only	currently	available	non-

invasive	clinical	imaging	platform	that	can	detect	microcalcification	in	active	

unstable	human	atherosclerosis.
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Chapter	7 –	18F-Fluoride	And	18F-FDG	Hybrid	
Positron	Emission	Tomography	And	Computed	
Tomography	In	Carotid	Artery	Atherosclerosis
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7.1	Publication	in	Context	
7.1.1	Background	

My	work	so	far	has	demonstrated	the	potential	that	18F-fluoride	PET/CT	has	in	

the	field	of	plaque	imaging.	The	data	suggest	that	in	the	coronary	circulation	the	

isotope	is	able	to	selectively	identify	culprit	and	high-risk	atherosclerotic	plaque	

in	vivo	(see	Chapter	5).	My	in	vitro	and	preliminary	in	vivo	experiments	in	the	

carotid	circulation	(see	Chapter	6)	suggest	that	this	clinical	phenomenon	is	

explained	by	the	fact	that,	compared	to	discrete	volumes	of	stable	field	

calcification,	pathologically	high-risk	micro-calcification	is	preferentially	

highlighted	by	18F-fluoride	due	to	the	presentation	of	a	much	larger	surface-

area	for	isotope	adsorption.	The	clinical	utility	and	feasibility	of	carotid	18F-

fluoride	PET/CT	however	remained	undescribed.	

7.1.2	Aims	of	Further	Study	

The	goal	of	this	final	part	of	my	work	was	to	study	the	in	vivo	clinical	utility	and	

feasibility	of	18F-fluoride	PET/CT	in	the	context	of	unstable	carotid	artery	

atherosclerosis	and	to	compare	it	to	the	existing	“gold-standard”	PET	tracer	

18F-Fluorodeoxyglucose.	The	study	aims	were	as	follows	

1. Is	18F-fluoride	PET/CT	of	the	carotid	territory	clinically	feasible?	

2. Is	18F-fluoride	carotid	uptake	quantification	reliable	in	terms	of	intra-	

and	inter-rater	differences?	How	does	this	compare	to	18F-FDG?	

3. Does	18F-fluoride	selectively	highlight	clinically	adjudicated	culprit	

carotid	plaque?	

4. What	is	the	relationship	between	18F-fluoride	and	18F-FDG	carotid	

plaque	uptake	and	traditional	markers	of	plaque	vulnerability?	

5. What	is	the	relationship	between	18F-fluoride	and	18F-FDG	plaque	

uptake	and	clinical	cardiovascular	risk?
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7.1.3	Contributions	

I	led	this	work	supervised	by	Doctor	Marc	Dweck	and	Professor	David	Newby.	I	

designed	the	experiments,	gained	all	the	relevant	ethical	and	supervisory	board	

approvals,	recruited	all	the	patients,	performed	all	the	scanning	and	analysis.	I	

collected	the	specimens	(blood	&	tissue).	I	drafted	the	manuscript.	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Published	as:	Vesey	AT,	Jenkins	WS,	Irkle	A	et	al.	18F-fluoride	and	18F-

Fluorodeoxyglucose	Positron	Emission	Tomography	After	Transient	Ischemic	

Attack	or	Minor	Ischemic	Stroke:	Case-Control	Study.	Circulation:	Cardiovasc	

Imaging.	2017;10:e004976.
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7.2	Abstract	
7.2.1	Background	

Combined	positron	emission	tomography	(PET)	and	computed	tomography	

(CT)	can	assess	both	anatomy	and	biology	of	carotid	atherosclerosis.	We	sought	

to	assess	whether	18F-fluoride	or	18F-Fluorodeoxyglucose	can	identify	culprit	

and	high-risk	carotid	plaque.	

7.2.2	Methods	

We	performed	18F-fluoride	and	18F-Fluorodeoxyglucose	PET/CT	in	26	patients	

after	recent	transient	ischemic	attack	or	minor	ischaemic	stroke:	18	patients	

with	culprit	carotid	stenosis	awaiting	carotid	endarterectomy	and	8	controls	

without	culprit	carotid	atheroma.	We	compared	standardized	uptake	values	in	

the	clinically	adjudicated	culprit	to	the	contralateral	asymptomatic	artery,	and	

assessed	the	relationship	between	radiotracer	uptake	and	plaque	phenotype	or	

predicted	cardiovascular	risk	(ASSIGN	score	[Assessing	Cardiovascular	Risk	

Using	SIGN	Guidelines	to	Assign	Preventive	Treatment]).	We	also	performed	

micro	PET/CT	and	histological	analysis	of	excised	plaque.	

7.2.3	Results	

On	histological	and	micro	PET/CT	analysis,	18F-fluoride	selectively	highlighted	

microcalcification.	Carotid	18F-fluoride	uptake	was	increased	in	clinically	

adjudicated	culprit	plaques	compared	with	asymptomatic	contralateral	plaques	

(log10	standardized	uptake	value	mean	0.29	±	0.10	versus	0.23±0.11,	P	=	0.001)	

and	compared	with	control	patients	(log10	standardized	uptake	value	mean	0.29	

±	0.10	versus	0.12	±	0.11,	P	=	0.001).	18F-fluoride	uptake	correlated	with	high-

risk	plaque	features	(remodelling	index	[r	=	0.53,	P	=	0.003],	plaque	burden	[r	=	

0.51,	P	=	0.004]),	and	predicted	cardiovascular	risk	[r	=	0.65,	P	=	0.002]).	

Carotid	18F-Fluorodeoxyglucose	uptake	appeared	to	be	increased	in	7	of	16	

culprit	plaques,	but	no	overall	differences	in	uptake	were	observed	in	culprit	

versus	contralateral	plaques	or	control	patients.	However,	18F-

Fluorodeoxyglucose	did	correlate	with	predicted	cardiovascular	risk	(r	=	0.53,	P	

=	0.019),	but	not	with	plaque	phenotype.	
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7.2.4	Conclusion	

18F-fluoride	PET/CT	highlights	culprit	and	phenotypically	high-risk	carotid	

plaque.	This	has	the	potential	to	improve	risk	stratification	and	selection	of	

patients	who	may	benefit	from	intervention.
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7.3	Introduction	
Although	carotid	endarterectomy	reduces	risk	of	ipsilateral	stroke	in	people	

with	symptomatic	carotid	artery	stenosis,	the	number	needed	to	treat	to	

prevent	one	stroke	is	large, (60)	especially	in	asymptomatic	stenosis. (192)	

Furthermore,	the	pathological	event	that	leads	to	cerebral	thromboembolism	

(atherosclerotic	plaque	rupture)	is	not	necessarily	correlated	with	luminal	

stenosis	severity. (156)	Other	pathological	features,	such	as	inflammation,	cell	

death,	and	microcalcification,	are	important	in	driving	both	plaque	formation	

and	instability. (48,178,193)	New	imaging	biomarkers	of	these	processes	are	

therefore	needed	to	improve	risk	stratification	and	clinical	decision-making.	

Such	biomarkers	could	also	assess	the	response	of	plaque	biology	to	novel	

pharmacological	interventions	and	provide	a	way	of	identifying	culprit	lesions	

in	patients	with	multiple	plaques.	

	

Hybrid	positron	emission	tomography	and	computed	tomography	(PET/CT)	is	a	

molecular	imaging	modality	that	has	high	sensitivity	for	non-invasive	in	vivo	

detection	of	radiolabelled	biomolecules	tuned	to	a	variety	of	pathophysiological	

processes.	In	carotid	atherosclerosis	imaging,	the	most	widely	used	tracer	has	

been	18F-Fluorodeoxyglucose	(18F-FDG). (71,130,194-198)	Recently,	we	have	

described	another	radiotracer,	18F-fluoride,	in	atherosclerosis	imaging. 

(117,121)	We(117,121,124,136)	and	others(104,105,107,135,199)	have	

shown	that	this	tracer	has	major	potential	in	cardiovascular	disease.	18F-

Fluoride	can	highlight	culprit	plaque	in	patients	after	myocardial	infarction	and	

high-risk	plaques	in	patients	with	apparently	stable	coronary	heart	disease. 

(117)	We	have	shown	that	this	is	because	18F-fluoride	can	highlight	areas	of	

microcalcification	indicative	of	necrotic	atheroma. (200)	The	ability	to	identify	

high	risk	or	culprit	plaque	in	the	cephalic	circulation	has	the	potential	to	

improve	risk	stratification	in	patients	at	high	risk	of	stroke	with	a	view	to	more	

targeted	interventions.	Our	study	aims	were	to	compare	and	contrast	the	

identification	of	clinically	adjudicated	culprit	and	high-	risk	plaque	at	the	

carotid	bifurcation	using	18F-fluoride	and	18F-FDG	PET/CT.
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7.4	Methods	
7.4.1	Patient	Population	

Two	cohorts	of	people	with	a	recent	transient	ischemic	attack	(TIA)	or	minor	

ischemic	stroke	were	recruited:	a	case	cohort	with	a	high-grade	internal	carotid	

artery	stenosis	(≥50%	by	North	American	Symptomatic	Carotid	

Endarterectomy	Trial(110)	criteria	for	men,	≥70%	for	women)	scheduled	to	

undergo	carotid	endarterectomy	and	a	control	cohort	in	whom	the	cause	of	

stroke	was	not	attributed	to	carotid	atheroma.	Participants	were	recruited	from	

outpatient	clinics	in	National	Health	Service	Lothian	between	January	2013	and	

June	2014.	

	

7.4.2	Exclusion	Criteria	

These	were	as	follows:	

• A	modified	Rankin	score	>3	(due	to	the	burden	of	participation	in	those	

with	limited	mobility)	

• Insulin-dependent	diabetes	mellitus	(due	to	the	variability	of	18F-FDG	

uptake)	

• Women	of	child-bearing	potential	

• Severe	chronic	kidney	disease	(estimated	glomerular	filtration	rate	<30	

mL	min-1	1.73	m-2)	

• Known	allergy	to	iodine-based	contrast	media	

• Prior	ipsilateral	internal	carotid	artery	intervention	

• Prior	neck	irradiation	

• Those	unable	to	provide	informed	consent	

	

7.4.3	Ethical	Matters	

Research	ethics	committee	approval	(National	Health	Service	West	of	Scotland	

Research	Ethics	Committee:	12/WS/0227)	and	the	written	and	informed	

consent	of	all	participants	were	obtained.
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7.4.4	Baseline	Assessment	

Participants	underwent	clinical	assessment	at	baseline	including	standard	

hematologic	and	biochemical	indices.	Serum	C-reactive	protein	concentration	

was	measured	using	the	MULTIGENT	CRP	Vario	assay	on	the	high-throughput	

ARCHITECT	system	(Abbott	Laboratories,	Abbott	Park,	IL).	Predicted	

cardiovascular	risk	was	estimated	using	the	ASSIGN	score:	a	validated	Scottish	

cardiovascular	risk	score	that	is	similar	to	the	Framingham	risk	score	but	

includes	additional	factors,	such	as	social	deprivation	and	family	history. (143)		

	

7.4.5	PET/CT	Protocol	

Static	18F-FDG	PET/CT	was	acquired	using	a	hybrid	scanner	(Biograph	mCT,	

Siemens	Medical	Systems,	Erlangen,	Germany)	90	minutes	after	the	intravenous	

administration	of	a	target	dose	of	200	MBq.	A	rigid	neck	collar	was	fitted	to	

minimize	movement	and	standardise	position.	An	attenuation-correction	CT	

scan	(non-enhanced,	low	dose	120	kV,	50	mAs)	was	then	performed	followed	by	

PET	acquisition	covering	2	bed	positions	with	the	first	upper	bed	centred	over	

the	carotid	bifurcation	in	3-dimensional	mode	for	20	minutes	per	bed.	Patients	

were	fasted	for	6	hours	before	scanning.	

	

18F-fluoride	PET/CT	was	undertaken	the	subsequent	day	60	minutes	after	

administering	250	MBq	18F-fluoride.	A	neck	collar	was	fitted	and	an	

attenuation-correction	CT	scan	was	performed.	This	was	followed	by	PET	

acquisition	covering	2	similar	bed	positions	to	the	18F-FDG	scan	allowing	15	

minutes	per	bed.	A	subset	of	5	patients	underwent	fully	dynamic	18F-fluoride	

PET/CT	with	pharmacokinetic	analysis	as	described	previously	(chapter	

6(200))	Dynamic	PET	provides	a	quantitative	assessment	of	uptake	and	these	

data	were	used	to	validate	the	semi-quantitative	static	imaging	data.	

	

After	PET	acquisition,	a	CT	carotid	angiogram	was	performed	without	moving	

the	subject	(Care	Dose	4D,	120	kV,	145	mA,	rotation	time	0.5	seconds,	pitch	0.8.	

Contrast:	50	mL	Niopam	370).	



	 238	

	

Static	PET	data	were	reconstructed	using	the	Siemens	UltraHD	algorithm:	

ordered	subset	expectation	maximization	+	point	spread	function	modelling	+	

time-of-flight;	2	iterations	and	21	subsets;	matrix	size	200×200;	5	mm	full-

width	half-maximum	Gaussian	smoothing.	Dynamic	PET	data	were	similarly	

reconstructed	but	only	using	coincident	events	from	the	60-	to	75-minute	time-

bin.	Dynamic	data	were	analysed	as	reported	previously(200)	and	a	Ki	value	

was	calculated	using	Patlak	analysis. (111,112)		

	

7.4.6	Tissue	Collection	

At	the	time	of	endarterectomy,	plaques	were	collected	immediately	after	

excision,	photographed,	and	snap	frozen.	A	random	selection	(n=8)	of	

specimens	was	analysed	by	micro	PET/CT	and	histology	to	explore	18F-fluoride	

binding	patterns.	

	

7.4.7	Micro	PET/CT	

Carotid	artery	specimens	were	stored	at	-80	degree	Celsius	following	removal	

during	carotid	endarterectomy.	Thawed	non-decalcified	carotid	artery	

specimens	were	incubated	for	60	minutes	in	18F-sodium	fluoride	104.89	

kBq/mL	solution	(10.5	MBq	18F-fluoride	in	99.5	mLs	0.9%	NaCl).	Samples	were	

twice	washed	in	100mLs	0.9%	NaCl	for	2	minutes	to	remove	unbound	18F-

fluoride.	Carotid	artery	specimens	were	scanned	using	high-resolution	micro-

positron	emission	tomography	and	non-contrast	computed	tomography	[50kVp	

tube	voltage,	300msec	exposure	time]	(Mediso	nanoScan	PET/CT,	Mediso	

Medical	Imaging	Systems,	Hungary).	PET/CT	images	were	analysed	on	an	OsiriX	

workstation	(OsiriX	version	7.5.1,	64-	bit,	OsiriX	Imaging	Software,	Geneva,	

Switzerland).
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7.4.8	Autoradiography	And	Histology	

To	perform	autoradiography,	18F-fluoride	was	diluted	to	1	x	10-11	M.	Whole	

carotid	plaque	specimens	were	thawed	in	5	mL	PBS	for	1	h,	and	then	placed	in	5	

mL	of	the	diluted	18F-fluoride	solution	for	1	h	at	room	temperature.	They	were	

then	washed	in	PBS	three	time	and	dipped	in	distilled	water.	Specimens	were	

then	embedded	in	OCT	Compound	(CellPath,	Powys,	UK)	and	20	μm	thick,	serial	

sections	were	cut	on	a	Bright	(Huntingdon,	UK)	cryostat	and	placed	on	

Superfrost	Plus	slides	(VWR,	Lutterworth,	UK).	After	drying,	sections	were	

placed	on	a	charged	phosphor	screen	(Perkin	Elmer,	Waltham,	Massachusetts)	

and	left	overnight.	The	next	day	screens	were	read	using	PerkinElmer's	Cyclone	

Plus	Phosphor	Imager	(Waltham,	Massachusetts)	and	data	analysed	with	

OptiQuantTM	software	(Packard	Instrument,	Meriden,	Connecticut).	

	

Alizarin	Red	(Alfa	Aesar,	Heysham,	UK)	was	employed	to	stain	calcium.	Sections	

were	fixed	in	acetone	(4	°C)	for	ten	minutes	then	washed	in	PBS	at	room	

temperature.	After	washing,	300	μL	Alizarin	Red	was	applied	to	each	section	for	

one	minute.	Samples	were	then	transferred	to	acetone	for	1	min,	before	being	

washed	in	acetone:xylene	(50:50)	for	1	min.	Sections	were	then	incubated	in	

xylene	for	at	least	1	h.	Tissue	was	then	mounted	using	DePeX	mounting	medium	

Gurr	(VWR,	Lutterworth,	UK)	and	glass	coverslips	(Menzel-Gläser,	

Braunschweig,	Germany)	were	applied.	Slides	were	imaged	using	Wild	

Heerbrugg	M3Z	microscope	(Leica,	Heerbrugg,	Switzerland).	

	

7.4.9	Image	Analysis	

7.4.9.1	Positron	Emission	Tomography/Computed	Tomography	
Static	analysis	of	18F-FDG	and	18F-fluoride	uptake	was	performed	on	an	OsiriX	

workstation	(OsiriX	version	3.5.1	64-bit;	OsiriX	Imaging	Software,	Geneva,	

Switzerland).	PET/CT	data	were	reviewed	alongside	the	CT	angiogram.	Scans	

were	qualitatively	assessed	for	registration,	image	quality,	patient	movement,	

and	visual	evidence	of	radiotracer	uptake.	PET	and	CT	data	were	individually	

and	carefully	manually	co-registered	by	lining	up	fiducial	markers	apparent	on	
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both	modalities	(e.g.	cervical	spine,	mandible	and	hyoid	on	18F-fluoride	

imaging;	skin,	spinal	cord,	and	brain	on	18F-FDG	imaging).	No	formal	inter-PET	

registration	was	performed.	Three	regions	of	interests	(ROIs)	were	drawn	on	

the	carotid	of	interest	on	adjacent	3-mm	axial	slices.	If	a	plaque	was	present,	the	

ROIs	were	centred	on	the	area	of	highest	uptake.	If	there	was	no	plaque,	the	

uptake	in	the	proximal	1	cm	of	internal	carotid	artery,	just	distal	to	the	

bifurcation	was	quantified.	From	these,	standardized	uptake	values	(SUVs;	

maximum,	mean	maximum,	and	mean)	were	recorded.	Blood	pool	activity	was	

determined	from	the	average	of	5	ROIs	within	the	lumen	of	the	superior	vena	

cava	to	calculate	target	to	background	ratios.	

	

Uptake	in	the	proximal	left	common	carotid	artery	was	quantified	to	explore	the	

relationships	between	arterial	18F-FDG	and	18F-fluoride	uptake	in	a	site	

unaffected	by	an	acute	plaque	event.	Three	ROIs	were	placed	around	this	vessel	

and	uptake	was	recorded.	

	

Inter-	and	intra-observer	reproducibility	of	18F-fluoride	uptake	measurements	

were	determined	using	a	random	selection	of	12	patients	(24	carotids)	by	2	

experienced	observers	who	were	blinded	to	the	clinical	data	during	analysis.	

	

7.4.9.2	Computed	Tomography	
The	CT	angiogram	was	assessed	for	image	quality,	plaque	presence,	location,	

and	characteristics.	Analysis	was	undertaken	on	a	cardio-	vascular	workstation	

(Vital	Images,	Minnetonka,	MN).	A	blinded	and	experienced	observer	(AV)	

performed	the	semi-automated	CT	plaque	analysis.	

	

7.4.10	Statistical	Analysis	

Radiotracer	uptake,	expressed	as	mean	and	maximum	SUV,	was	compared	

between	the	clinically	adjudicated	culprit	carotid	plaque	and	the	contralateral	

side.	Continuous	variables	are	expressed	as	mean	±	standard	deviation	for	

normally	distributed	data	and	median	(interquartile	range)	for	skewed	
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distributions.	Skewed	datasets	underwent	logarithmic	transformation	to	

normalize	their	distribution.	Parametric	(unpaired	and	paired	t-tests)	and	

nonparametric	(Mann–Whitney	U	or	Wilcoxon	matched-pairs	signed	rank)	tests	

were	used	for	normally	distributed	and	skewed	data,	respectively.	Categorical	

data	are	presented	as	n	(%)	and	were	compared	using	Fisher’s	exact	or	Chi-

squared	tests.	Correlation	was	undertaken	with	either	Pearson’s	r	or	

Spearman’s	ρ	subject	to	the	normality	of	the	variables	tested.	To	quantify	inter-	

and	intra-observer	reproducibility	of	18F-fluoride	uptake	measurement,	the	

intraclass	correlation	coefficient	was	calculated	and	Bland-Altman	analysis	was	

undertaken.	

	

Statistical	analyses	were	performed	with	the	use	of	SPSS	version	18	(SPSS	Inc,	

Chicago,	IL)	and	Graph	Pad	Prism	version	6.0	(GraphPad	Software	Inc,	San	

Diego,	CA).	Statistical	significance	was	defined	as	a	2-sided	P<0.05.
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7.5	Results	
7.5.1	Study	Population	

We	recruited	26	patients	(see	figure	7.1	for	study	flow	chart):	

• 18	in	the	carotid	endarterectomy	cohort	

• 8	in	the	control	cohort	

Baseline	characteristics	(Table	7.1)	were	similar	in	both	cohorts.	Twenty	

patients	completed	all	the	imaging	techniques	(Figure	7.2).	A	minority	did	not	

receive	all	scans	because	of	the	technical	and	feasibility	challenges	of	

completing	our	multi-	modality	imaging	protocol	in	the	very	short	time	frame	

before	surgery.	Actual	doses	and	uptake	times	are	specified	in	Table	7.2.	There	

were	no	adverse	events	during	the	study.	There	were	3	withdrawals.	

CAS,	carotid	artery	stenosis,	CEA,	carotid	endarterectomy;	CT,	computed	tomography;	FDG,	

fluorodeoxylucose;	PET,	positron	emission	tomography.

Figure	7.1	|	Study	Flow	Chart	
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Parametric	data	presented	as	mean±SD.	

Nonparametric	data	presented	as	

median	(IQR).	Categorical	data	

presented	as	number	(%).	ACEi,	

angiotensin	converting	enzyme	

inhibitor;	AIIRB,	angiotensin	2	receptor	

antagonist;	BMI,	body	mass	index;	CAD,	

coronary	artery	disease;	CEA,	carotid	

endarterectomy;	IQR,	interquartile	

range;	and	transient	ischemic	attack.	

	

*C-reactive	protein	values	>	10	

excluded	as	per	AHA	guidelines

Table	7.1	|	Baseline	Clinical	Characteristics	
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Parametric	data	are	presented	as	mean±SD.	Non-parametric	data	are	presented	as	

median(IQR).	Categorical	data	are	presented	as	number	(percentage).	Abbreviations:	FDG,	

fluorodeoxyglucose;	MBq,	megabecquerels;	MSv,	millisieverts.	*One	patient	was	accidentally	

given	an	oncologic	dose	(368.9MBq)	so	the	actual	18F-FDG	dose	data	are	skewed	(this	patient	

has	been	excluded	from	the	range)

Table	7.2	|	Baseline	Scanning	Protocol	and	Radiation	Dose	Data	
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Example	of	18F-fluoride	(A,	B,	C)	and	18F-FDG	(D,	E,	F)	positron	emission	tomography	(PET)/computed	tomography	(CT)	of	one	patient	before	surgery	for	symptomatic	
carotid	stenosis.	A,	18F-fluoride	PET	axial	slice.	B,	Registered	CT	angiogram	axial	slice.	C,	Fused	PET/CT	image.	White	arrow,	ruptured	plaque	showing	18F-fluoride	uptake.	
D–F,	Same	slice	but	with	18F-FDG.	Culprit	shows	uptake,	but	the	contralateral	side	is	obscured	by	uptake	in	the	right	longus	colli	(green	star).	An	oblique	computed	
tomography	carotid	angiogram	reformat	of	the	culprit	(G).	The	operative	specimen	(H).

Figure	7.2	|	18F-Fluoride	And	18F-Fluorodeoxyglucose	(FDG)	Positron	Emission	Tomography	Of	Carotid	Arteries	
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7.5.2	Micro	PET/CT	and	Histology	

18F-Fluoride	was	observed	to	selectively	highlight	areas	of	pathologically	high-

risk	microcalcification	(Figure	7.3).	Both	on	autoradiography	and	micro	

PET/CT,	18F-fluoride	was	observed	to	bind	avidly	to	areas	of	microcalcification	

but	only	to	the	surface	of	large	volume	stable	macrocalcifications.	Our	previous	

study	(Chapter	6(200))	would	suggest	that	this	was	because	of	the	inability	of	

the	fluoride	ion	to	penetrate	to	the	deeper	layers	of	a	large	crystalline	mass	

(with	a	low	surface-area-to-volume	ratio).	In	contradistinction,	the	powdery	

deposits	of	microcalcification	(not	visible	on	CT)	provide	a	large	area	(high	

surface-area-to-	volume	ratio)	for	the	fluoride	ion	to	bind.
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Two	examples	of	ex	vivo	18F-fluoride	micro	PET/CT	are	shown	(A–D,	F).	

A,	Coronal	micro	CT	slice;	B,	corresponding	micro	PET;	C,	fused	image;	D,	the	plaque.	Green	
arrow,	Adherent	thrombus	over	plaque	rupture.	Red	arrow,	Associated	area	of	18F-fluoride	
uptake	(microcalcification).	Black	arrows,	Areas	of	macrocalcification	showing	comparatively	
little	uptake	(A,	C,	F).	These	examples	show	that	18F-fluoride	provides	information	of	the	
presence	of	microcalcification	and	does	not	simply	highlight	all	calcification.	
	
E,	An	example	of	micro	CT	slice	registered	to	an	alizarin	red-stained	section	and	the	
corresponding	autoradiogram	from	a	specimen	that	had	been	incubated	whole	in	18F-fluoride.	
It	can	be	seen	that	the	tracer	is	unable	to	penetrate	the	deeper	layers	of	macrocalcification	
(black	arrow),	but	is	able	to	highlight	microcalcification	beyond	the	resolution	of	even	micro	CT	
(red	arrow),	thus	explaining	the	findings	in	the	micro	PET/CT	images.	
	

Figure	7.3	|	18F-Fluoride	Micro	Positron	Emission	Tomography	(PET)/Computed	
Tomography	(CT),	Autoradiography,	And	Alizarin	Red	Staining	
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7.5.3	Imaging:	Validation	with	Dynamic	Imaging	&	Intra-,	Inter-Rater	

Reproducibility		

When	comparing	the	18F-fluoride	uptake	on	static	imaging	with	full,	

quantitative	dynamic	modelling,	as	would	be	expected,	Ki	was	most	strongly	

correlated	with	the	SUVmean	(r	=	0.93	[95%	confidence	interval	0.64	–	0.99],	P	=	

0.001;	Figure	7.4a).	There	were	no	fixed	or	proportional	biases	in	the	SUV	

measurements	within	and	between	observers	(Table	7.3).	These	assessments	

also	demonstrated	high	intra-class	correlation	coefficients	(all	>0.90).	

	

ICC	–	intra-class	correlation	co-efficient	(calculated	used	a	2-way	random	effects	model	to	
assess	absolute	agreement).	ICA,	internal	carotid	artery,	SUV,	standardised	uptake	value,	SD,	
standard	deviation;	LoA,	limits	of	agreement;	CI,	confidence	interval

Table	7.3	|	Inter-Observer	And	Intra-Observer	Reproducibility	
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A,	Correlation	between	statically	derived	standardized	uptake	value	(SUV)mean	and	dynamically	measured	Ki	(dotted	line	is	95%	confidence	interval).	Photograph	shows	a	
dynamic	PET	study	in	process.	B,	C,	18F-fluoride	uptake	into	areas	of	cerebral	infarction.	D–F,	From	on	patient.	D,	Axial	image	from	computed	tomography	carotid	angiogram;	
E,	Fused	axial	18F-fluoride	PET/computed	tomography	(CT;	white	arrow,	culprit	plaque);	F,	Oblique	reconstruction.	G–I,	Similar	reconstructions	from	a	different	patient.	J,	
Obliquely	reformatted	PET/CT	image	from	a	patient	who	developed	a	fatal	stroke	(ipsilateral	to	the	lesion	marked	by	a	white	arrow)	2	weeks	after	this	scan.	The	contralateral	
side,	which	had	shown	minimal	uptake,	had	been	deemed	the	culprit	based	on	duplex	and	clinical	assessment.

Figure	7.4	|	Dynamic	Positron	Emission	Tomography	(PET)	Acquisition	And	Examples	Of	18F-Fluoride	Uptake	
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7.5.4	Assessment	of	Uptake:	Culprit	Compared	With	Contralateral	
and	Controls	
7.5.4.1	18F-Fluoride	
18F-Fluoride	uptake	was	variably	present	in	most	plaques,	with	all	culprits	
showing	uptake	on	visual	assessment.	In	the	large	majority	of	patients	
undergoing	carotid	endarterectomy	who	were	scanned	(87%;	13/15),	there	
was	more	visual	uptake	of	18F-fluoride	in	the	culprit	compared	with	the	
contralateral	side.	In	the	2	patients	without	discriminatory	uptake,	there	was	
heavy	uptake	bilaterally	but	more	18F-fluoride	uptake	on	the	contralateral	side.	
One	patient	had	grossly	ossified	carotids	and	the	second,	at	the	time	of	surgery,	
was	found	to	have	a	fibrous	stenosis	(low	signal	side)	and	was	subsequently	
admitted	with	a	fatal	ischemic	stroke	on	the	contralateral	side	(high	signal	side,	
Figure	7.4j).	
	
18F-fluoride	uptake	was	focal	and	readily	identifiable	with	excellent	signal	to	
background	discrimination.	Spillover	from	the	hyoid	bone,	thyroid	cartilage	and	
cervical	vertebrae	occasionally	made	drawing	ROI	difficult,	but	only	1	vessel	
was	rendered	uninterpretable.	On	SUV	analysis,	the	clinically	adjudicated	
culprit	showed	higher	uptake	than	either	the	paired	contralateral	(log10SUVmean	
0.29±0.10	versus	0.23±0.11,	P=0.001)	or	an	unpaired	control	(log10SUVmean	
0.29±0.10	versus	0.12±0.11,	P=0.001)	irrespective	of	the	method	of	
quantification	(Table	7.4	and	Figures	7.4	and	7.5).	
	
Of	note,	in	patients	with	a	stroke	in	whom	the	imaging	extended	to	encompass	
the	affected	territory	of	the	brain	(n=3),	intense	18F-fluoride	uptake	was	noted	
in	regions	of	cerebral	infarction	(SUVmean	4.8±1.98	versus	SUVmean	of	0.07±0.02	
for	contralateral	noninfarcted	brain,	P<0.001;	Figure	7.4	b	and	c).
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Parametric	data	presented	as	mean±SD.	Nonparametric	data	presented	as	median	(IQR).	FDG,	
fluorodeoxyglucose;	SUV,	standardized	uptake	value;	TBR,	target	to	background	ratio;	IQR,	
interquartile	range.	*Statistical	testing	performed	on	the	normalized	log10	transformed	data.

Table	7.4	|	Radiotracer	Uptake:	Comparative	Data	
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7.5.4.2	18F-Fluorodeoxyglucose	
Seven	of	the	16	culprit	carotid	plaques	demonstrated	clear	and	discernible	
increased	18F-FDG	uptake.	However,	this	uptake	was	generally	more	diffuse	
than	18F-fluoride	and	analysis	was	more	frequently	hampered	by	spillover	from	
sternocleidomastoid,	longus	colli,	tonsillar	tissue,	and	the	submandibular	
salivary	glands	(Figure	7.2).	This	rendered	5	vessels	uninterpretable.	In	the	
remaining	4	culprit	vessels,	no	increase	in	18F-FDG	uptake	could	be	observed.	
Overall	on	semi-quantitative	analysis,	18F-FDG	uptake	was	not	higher	in	the	
clinically	adjudicated	culprit	compared	with	either	the	paired	contralateral	
(SUVmean	1.83±0.55	versus	1.81±0.46,	P=0.269)	or	control	vessels	(SUVmean	
1.83±0.55	versus	2.08±0.33,	P=0.269)	irrespective	of	the	method	of	
quantification	(Table	7.4	and	Figure	7.5).
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Uptake	in	clinically	adjudicated	culprit	versus	contralateral	and	versus	controls.	Tukey	box	and	
whisker	plots.	A,	B,	18F-fluoride	uptake	into	culprit	(red)	and	contralateral	(blue)	plaque	using	
the	standardized	uptake	value	(SUV)	mean	and	target	to	back-ground	ratio	(TBR)	mean	
measurements,	respectively.	C,	D,	Each	demonstrate	comparison	in	18F-fluoride	uptake	
between	carotid	endarterectomy	(CEA)	patients	(red)	and	controls	(blue);	uptake	is	reported	by	
SUVmean	in	C	and	TBRmean	in	D.	E–H,	The	same	comparisons	but	using	18F-FDG.

Figure	7.5	|	18F-Fluoride	And	18F-Fluorodeoxyglucose	Positron	
Emission	Tomography/Computed	Tomography	Uptake	
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7.5.5	Uptake	Compared	With	Plaque	Features	And	Baseline	
Characteristics	
18F-Fluoride	uptake	was	correlated	with	several	plaque	characteristics	on	CT	
plaque	analysis	(Table	7.5).	The	strongest	correlation	was	with	the	Agatston	
score	(SUVmean	r=0.72,	P<0.001),	although	there	were	also	strong	correlations	
with	high-risk	features	such	as	plaque	burden	(SUVmean	r=0.51,	P=0.003)	and	
positive	remodelling	(wall-distal	internal	carotid	artery	lumen	ratio,	with	
SUVmean	r=0.53,	P=0.003).	
	
In	terms	of	baseline	cardiovascular	risk	indices,	uptake	of	both	tracers	in	the	
vasculature	correlated	with	age	(18F-FDG	SUVmeanmax	r=0.48,	P=0.037;	18F-
fluoride	SUVmean	r=0.59,	P=0.007)	and	the	cardiovascular	risk	score	(18F-FDG	
SUVmeanmax	r=0.53,	P=0.019;	18F-fluoride	SUV	mean	r=0.65,		
P=0.002)	but	neither	was	associated	with	serum	C-reactive	protein	
concentration.
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Parametric	data	presented	as	
mean±SD.	Nonparametric	data	
presented	as	median	(IQR).	AC,	
attenuation	correction;	AU,	
arbitrary	units;	CT,	computed	
tomography;	FDG,	
fluorodeoxyglucose;	ICA,	internal	
carotid	artery;	IQR,	interquartile	
range;	PET,	positron	emission	
tomography;	and	SUV,	
standardized	uptake	value

Table	7.5	|	Plaque	Analysis	By	CT	And	PET	
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7.6	Discussion	
We	have	shown	that	the	culprit	plaques	of	patients	with	recent	TIA	or	minor	
ischaemic	strokes	enhance	with	18F-fluoride	on	PET/CT.	Uptake	was	focal,	
readily	identifiable,	and	discriminated	between	culprit	and	non-culprit.	18F-
fluoride	uptake	was	associated	with	high-risk	plaque	phenotype	and	predicted	
cardiovascular	risk.	In	contrast,	while	18F-FDG	uptake	was	present	in	plaque	
and	correlated	with	cardiovascular	risk,	it	was	more	diffuse	and	prone	to	
spillover	and	therefore	less	discriminatory.	18F-FDG	also	failed	to	correlate	
with	established	high-risk	plaque	morphological	features.	
	
We	have	previously	shown	that	18F-fluoride	uptake	is	associated	with	
increased	intraplaque	markers	of	cell	death,	pro-calcific	proteins,	inflammation,	
and	high-risk	features	in	the	coronary	circulation	in	vivo	and	the	carotid	system	
ex	vivo	(Chapter	5(117)).	Here,	we	confirm	our	previous	observations	(chapter	
6(200))	that	this	is	explained	by	the	ability	of	18F-fluoride	to	report	
microcalcification.	Why	is	this	the	case?	Far	from	a	passive	and	degenerative	
process,	vessel	mineralization	is	a	controlled	response	to	a	variety	of	insults,	
particularly	oxidized	inflammatory	lipid	(as	in	the	calcific	response	to	
tuberculosis	infection	where	lipid-rich	bacterial	cell	walls	become	oxidized	
through	leukocyte	action).	It	is	therefore	perhaps	no	surprise	that	direct	links	
between	atherosclerosis	and	the	induction	of	extra-skeletal	osteogenesis	have	
been	identified. (13,201)	The	presence	of	cellular	necrosis	and	apoptosis(202)	
is	also	likely	to	potentiate	this	relationship	further.	Hydroxyapatite	nanocrystals	
themselves	may	also	further	drive	the	inflammatory	cycle	by	setting	up	a	
positive	feedback	loop	of	increasing	calcification,	increasing	inflammation,	and	
increasing	cell	death. (201)	Furthermore,	by	accumulating	in	the	surface	of	thin	
fibrous	caps,	microcalcifications	may	focally	increase	mechanical	stress	and	
thus	promote	structural	cap	failure	and	plaque	rupture. (178,203,204)	18F-
fluoride	can	demonstrate	this	pathologically	important	microscopic	calcific	
response.	
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This	is	the	first	observation	of	18F-fluoride	uptake	in	necrotic	brain	tissue	and	
merits	consideration.	Uptake	of	this	and	other	bone	metabolism	markers	has	
previously	been	observed	in	tissue	necrosis. (203,205)	This	is	likely	to	be	
because	of	cell	membrane	disruption	with	influx	of	calcium	and	formation	of	
nanoscale	calcium	phosphate	complexes.	These	offer	a	substrate	to	which	18F-
fluoride	can	adsorb,	allowing	us	to	visualize	the	microcalcification	associated	
with	necrosis.	We	have	also	observed	the	same	process	in	myocardial	tissue	
post-infarction.	(Figure	7.6).	
	

A-D:	CT	coronary	angiogram	in	long	axis	(A)	and	short	axis	(B-D)	reformats.	Panels	E	and	F:	
Fused	18F-fluoride	PET	CT	image	in	long	(E)	and	short	(F)	axis	reformats.	Panel	G:	16	segment	
map	of	myocardial	perfusion	during	stress.	The	hypoattenutating,	hypoperfused	infarcted	areas	
visible	on	the	CT	angiogram	and	perfusion	map	can	be	seen	to	co-localise	with	intense	18F-
fluoride	uptake.

Table	7.6	|	18F-Fluoride	Uptake	In	A	Patient	With	A	Large	Anterior	ST-Elevation	
Myocardial	Infarction	
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We	confirmed	identification	of	culprit	plaque	in	2	ways.	First,	we	compared	the	
culprit	to	the	ideal	internal	control,	the	contralateral	carotid	artery	(which	is	
almost	invariably	diseased).	Second,	we	compared	the	culprit	against	a	valid	
external	control;	patients	with	a	TIA	or	minor	ischemic	stroke	not	attributed	to	
carotid	plaque.	This	shows	that	18F-fluoride	may	have	real	potential	in	helping	
to	identify	culprit	plaque	thus	helping	decision-making.	This	is	exemplified	by	
the	case	where	a	plaque	with	high	uptake	deemed	non-culprit	subsequently	
caused	a	fatal	ischemic	stroke	(see	figure	7.4j).	
	
We	compared	uptake	of	18F-fluoride	with	18F-FDG.	Unlike	18F-fluoride,	
overall,	18F-FDG	uptake	was	not	significantly	higher	in	culprit	lesions.	
Moreover,	on	a	per-lesion	basis,	18F-FDG	failed	to	correlate	with	high-risk	
plaque	morphological	features,	whereas	18F-fluoride	uptake	correlated	with	
plaque	burden,	positive	remodelling,	and	luminal	stenosis:	all	established	
markers	of	plaque	risk.	Other	studies	have	explored	the	utility	of	18F-FDG	alone	
in	carotid	atherosclerosis(71,130,195,198,206-208)	and	a	few	have	directly	
compared	clinical	culprit	with	non-culprit	plaques. (194,196,197)		Our	results	
are	consistent	with	these	previous	findings	with	significant	uptake	noted	in	
some	but	not	all	culprit	plaques,	in	part	because	of	spillover	from	adjacent	
muscle.	Our	observations	are	also	influenced	by	the	ubiquity	of	statin	therapy,	
potentially	blunting	18F-FDG	uptake.	We	did,	however,	note	that	proximal	
carotid	uptake	correlated	with	cardiovascular	risk	indicating	that	18F-FDG	does	
reflect	a	major	aspect	of	vessel	pathobiology.	As	others	suggest, (74,207)	it	may	
be	that	18F-FDG	better	reflects	generalized	vascular	inflammation	and	that	the	
relationship	between	the	tracer	and	a	single	advanced	and	acute	plaque	is	more	
complicated.	There	are	increasing	data	available	concerning	other	more	specific	
markers	of	inflammation,	such	as	those	targeting	the	macrophage-specific	
somatostatin	receptor. (209)	These	will	theoretically	be	less	hampered	by	
overspill.	
	
Our	findings	confirm	those	of	a	smaller	study	of	9	patients	by	Quirce	et	al(107)	
that	explored	18F-fluoride	and	18F-FDG	uptake	in	symptomatic	patients.	They	
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showed	that	18F-fluoride	uptake	appeared	to	be	higher	in	the	symptomatic	
carotid	and	that	18-FDG	uptake	was	non-discriminatory.	Taken	together	with	
our	current	larger	series,	this	suggests	that	18F-fluoride	has	the	potential	to	be	
a	useful	and	robust	clinical	tool	to	identify	culprit	atherosclerotic	plaque.	
Vascular	18F-fluoride	imaging	could	therefore	guide	clinical	management	better	
than	the	current	standard	of	care,	and	lead	to	trials	of	plaque-specific	
interventions	that	go	beyond	simple	assessments	of	anatomic	luminal	stenosis	
severity.	
	
7.6.1	Limitations	
This	was	a	small	pilot	observational	study	(recruitment	is	very	challenging	
given	the	time	pressure	to	intervene)	and	findings	should	be	regarded	as	
preliminary.	The	true	utility	of	18F-fluoride	PET/CT	will	need	to	be	evaluated	
by	prospective	studies	with	patients	randomized	to	intervention	based	on	
imaging.	18F-fluoride	PET/CT	will	need	to	be	compared	with	other	
techniques(210)	(in	particular	MR	or	PET/	MR)	which	have	the	advantages	of	
improved	soft	tissue	definition,	reduced	radiation,	and	lack	of	iodinated	
contrast.	
	
We	did	not	perform	prolonged-delayed	18F-FDG	imaging	which	some	authors	
have	suggested	is	advantageous. (211)	We	also	acknowledge	that	quantitative	
vascular	PET	has	some	potential	limitations	because	of	the	partial	volume	
effects	of	small	vascular	structures.	Finally,	as	vascular	18F-fluoride	imaging	is	
developed,	consideration	must	be	given	to	harmonizing	acquisition	and	
reconstruction	protocols, (212)	as	well	as	achieving	consensus	on	the	uptake	
parameter	of	choice	(SUV	versus	target	to	background	ratio	versus	volumetric	
parameters) (213)	and	whether	to	use	manual	or	automated	methods	to	define	
ROI.	This	will	reduce	variation	between	scanners	and	research	groups	and	
permit	meaningful	multi-centre	studies.
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7.7	Conclusions	
We	have	shown	that	18F-fluoride	PET/CT	is	able	to	identify	culprit	or	high-risk	
carotid	plaque.	In	comparison,	18F-FDG,	the	most	widely	used	tracer	in	
cardiovascular	PET	imaging,	did	not	reliably	identify	culprit	plaque	and	did	not	
correlate	with	high-risk	morphological	features.	18F-fluoride	PET	has	major	
potential	to	improve	how	we	assess	and	manage	the	risk	of	stroke	in	patients	
with	atherosclerosis.
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Chapter	8 –	Conclusions	
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8.1	Summary	of	Key	Findings	
This	work	has	described	the	application	of	18F-FDG	and	18F-fluoride	PET/CT	
imaging	to	both	CAVD	and	atherosclerosis.	Significant	gains	in	our	
understanding	of	the	mechanism	of	action	of	the	18F-fluoride	isotope	have	been	
made	and	important	validation	of	my	group’s	previous	findings	has	been	
demonstrated.	I	have	also	demonstrated	in	prospective	studies	that	18F-
fluoride	PET/CT	provides	important	information	about	disease	activity	and	
clinical	risk.	
	
8.1.1	Mechanism	of	Action	of	18F-Fluoride	Uptake	in	Cardiovascular	
Tissue	
Using	electron	microscopy,	autoradiography,	micro	PET/CT	and	clinical	
PET/CT,	I	have	shown	that	18F-fluoride	binds	very	small	deposits	of	calcium	
apatite	in	cardiovascular	tissue	and	is	able	to	highlight	this	pathologically	
important	phenomenon	where,	due	to	restrictions	in	resolution,	other	imaging	
modalities	such	as	ultrasound,	CT	and	MR	cannot.	18F-Fluoride	also	appears	to	
preferentially	bind	these	tiny	microcalcifications	compared	to	large	
macroscopic	calcium	deposits	that	are	more	characteristic	of	a	stable	fibro-
calcific	plaque	phenotype.	This	is	due	to	the	impenetrability	of	the	large	
deposits	to	18F-fluoride	and	a	difference	in	available	surface	area	for	
adsorption.	In	aortic	valvular	tissue,	I	have	demonstrated	that	in	vivo	18F-
fluoride	uptake	correlates	with	immunohistochemical	markers	of	active	tissue	
mineralization.	
	
I	have	also	shown	in	and	ex	vivo	that	the	binding	characteristics	of	18F-fluoride	
to	cardiovascular	calcification	are	highly	favourable	for	imaging.	Binding	is	
highly	specific,	effectively	irreversible	and	non-saturable	(at	relevant	PET	
doses).	18F-fluoride	has	no	metabolites	making	image	analysis	straightforward	
and	I	have	confirmed	that	the	isotope	has	highly	favourable	kinetics	with	a	
rapid	clearance	from	the	blood	pool.	
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Taken	together,	these	findings	explain	how	18F-fluoride	behaves	in	
cardiovascular	tissue	and	supports	the	contention	that	the	tracer	is	of	
significant	potential	utility	in	both	CAVD	and	atherosclerosis	imaging.	
	
8.1.2	Prediction	Of	Disease	Progression	And	Clinical	Events	In	CAVD	
In	patients	with	CAVD,	baseline	valvular	uptake	18F-fluoride	uptake	was	
correlated	with	the	change	in	calcium	score	on	CT	at	the	one-year	time	point.	
This	was	the	first	demonstration	of	the	prospective	utility	of	18F-fluoride	in	
CAVD.	Valvular	18F-FDG	uptake	did	not	correlate	with	either	tissue	markers	of	
macrophage	infiltration	or	indeed	progression	of	disease	at	one-year	as	
measured	by	change	in	CT	calcium	score.	
	
With	a	larger	cohort	of	patients	available	for	analysis	at	the	two-year	follow	up	
time	point	(n=99),	I	confirmed	the	one-year	findings	by	showing	that	baseline	
valvular	18F-fluoride	uptake	predicted	the	rate	of	increase	in	CT	calcium	score	
as	well	as	a	variety	of	echocardiographic	parameters	of	disease	progression.	
18F-fluoride	uptake	was	also	associated	with	clinical	outcome	after	adjusting	
for	age	and	sex.	Patients	with	18F-fluoride	uptake	higher	than	expected	for	a	
given	CT	calcium	score	were	also	noted	to	progress	3-times	faster	than	those	
with	lower	than	expected	18F-fluoride	uptake.	Valvular	18F-FDG	uptake	was	
also	associated	with	disease	progression	in	term	of	radiological	and	clinical	
progression	but	less	so	than	18F-fluoride.	
	
These	findings	support	the	hypotheses	that	inflammation	and	microcalcification	
are	important	processes	in	CAVD	progression	and	the	18F-fluoride	PET/CT	
might	have	an	interesting	role	to	play	in	predicting	disease	progression	as	well	
as	assessing	response	to	new	treatments	targeted	at	either	inflammation	or	
calcification.	
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8.1.3	Identification	of	Culprit	and	High-Risk	Plaque	in	the	Carotid	
and	Coronary	Arteries	
In	a	series	of	related	studies,	I	have	shown	that	increased	arterial	18F-fluoride	
uptake	is	associated	with	atherosclerotic	plaque	rupture	as	well	as	histological	
and	image-derived	features	of	risk.	
	
Ex	vivo,	clinically	adjudicated	culprit	carotid	plaques,	excised	during	carotid	
endarterectomy	procedures,	all	showed	uptake	of	18F-fluoride	which	localised	
to	the	site	of	plaque	rupture.	When	compared	to	regions	of	plaque	with	low	
uptake,	regions	of	high	18F-fluoride	uptake	were	associated	with	increased	
staining	for	immunohistochemical	markers	of	inflammation,	micro-calcification	
and	programmed	cell	death.	
	
In	vivo,	18F-fluoride	uptake	in	clinically	adjudicated	coronary	and	carotid	
culprits	was	higher	than	in	non-culprit	controls.	18F-fluoride	uptake	was	also	
associated	with	higher	cardiovascular	risk	scores,	increased	levels	of	high-
sensitivity	troponin	and	image-derived	markers	of	heightened	plaque	risk	such	
as	positive	remodelling,	the	presence	of	a	necrotic	core,	specked	calcification	
and	high	plaque	burden.	
	
In	both	the	coronary	and	carotid	territories,	18F-FDG	did	not	perform	as	well	as	
18F-fluoride.	In	the	coronaries,	myocardial	uptake	hampered	analysis	and,	in	
the	carotids,	uptake	was	frequently	similarly	obscured	by	spill	over	from	
adjacent	structures.	Nevertheless,	18F-FDG	was	associated	with	validated	
parameters	of	cardiovascular	risk,	as	previously	published	by	other	groups,	but	
this	association	was	not	as	strong	as	that	seen	with	18F-fluoride.	
	
These	findings	support	the	notion	that	18F-fluoride	PET/CT	may	have	a	role	to	
play	in	trying	to	identify	culprit	or	high-risk	atherosclerotic	plaque.	Given	the	
high	cost	of	PET/CT	however,	it	is	more	likely	that	the	major	role	will	be	in	
assessing	in	vivo	biological	response	to	new	medical	therapies	in	phase	II	trials;	
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a	major	potential	cost	benefit	in	an	era	where	trials	of	new	cardiovascular	drugs	
usually	require	thousands	of	patients	to	be	adequately	powered.
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8.2	Recent	Literature	
Since	I	finished	collecting	data,	other	groups	have	published	related	work	that	is	
worth	briefly	discussing	here.	
	
In	2016	Fiz	and	co-workers(214)	published	a	retrospective	analysis	of	patients	
who	had	undergone	18F-fluoride	PET/CT	for	oncologic	reasons.	They	re-
analysed	the	scans	and	assessed	aortic	uptake.	They	found	that	18F-fluoride	
uptake	correlated	with	Framingham	cardiovascular	risk.	These	findings	confirm	
ours	and	those	of	Morbelli(109) which	were	discussed	in	the	introduction	to	
this	thesis.		
	
More	results	from	the	CAMONA	(Cardiovascular	Molecular	Calcification	
Assessed	by	18F-fluoride	PET/CT)	study(133) were	published	in	2016.	This	was	
a	prospective	study	of	both	18F-FDG	and	18F-fluoride	cardiovascular	PET/CT	
(n=139).	In	this	report	the	authors	present	their	initial	cross-sectional	findings	
as	they	pertained	to	cardiovascular	risk.	They	noted	that	aortic	calcium	score	
and	aortic	18F-fluoride	uptake	was	strongly	related	to	Framingham	risk	score.	
Interestingly	they	were	not	able	to	demonstrate	a	relation	between	
Framingham	risk	and	aortic	18F-FDG	uptake.	These	results	very	much	support	
those	described	in	this	thesis.	
	
Oliveira-Santos	and	co-authors	published	a	small	(n=25)	prospective	study	in	
2017(215)	of	18F-fluoride	cardiovascular	PET/CT.	Supporting	the	data	
presented	in	this	thesis,	they	showed	an	association	between	18F-fluoride	
uptake	(in	any	territory)	and	burden	of	cardiovascular	risk.	They	also	showed	a	
relationship	between	18F-fluoride	uptake	and	thoracic	fat	volume,	which	is	
perhaps	what	one	would	expect	but	also	further	evidence	that	18F-fluoride	
uptake	is	associated	with	established	markers	of	cardiovascular	risk.	
	
Kitagawa	et	al	published	a	paper	in	2017(216)	looking	at	coronary	18F-fluoride	
uptake	in	stable	coronary	patients.		Again,	their	findings	very	much	confirmed	
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ours,	in	that	they	demonstrated	coronary	18F-fluoride	uptake	was	associated	
with	a	wide	array	of	relevant	parameters	including	high	risk	features	on	CT	
coronary	angiography,	high	cardiovascular	risk	scores,	high	plaque	burden	and	
others.	
	
Finally,	Lee	et	al	published	an	important	18F-fluoride	paper	at	the	end	of	2017. 
(217)	This	was	a	cross	sectional	study	of	51	patients	who	underwent	18F-
fluoride	PET/CT	prior	to	coronary	catheterisation	with	IVUS	and	OCT.	They	
divided	lesions	into	those	with	high	and	low	18F-fluoride	uptake	and	found	
those	with	high	uptake	were	more	likely	to	have	high	risk	features	on	OCT	and	
IVUS.
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8.3	Limitations	
Despite	my	encouraging	findings,	ultimately	these	data	should	be	regarded	as	
preliminary.	Patients	were	recruited	from	a	single	centre	and	the	numbers	of	
subjects	in	the	described	trials	cannot	be	regarded	as	large.	As	with	all	research,	
my	findings	will	need	to	be	repeated	by	others	in	order	to	be	validated.	As	I	
have	described	in	the	previous	section,	some	work	has	already	been	published	
supporting	my	data	and	conclusions,	but	no	large	trial	has	yet	been	done.	
	
In	terms	of	atherosclerosis,	I	have	not	proven	the	ability	of	18F-fluoride	to	
predict	future	events	yet.	I	have	shown	that	18F-fluoride	is	able	to	highlight	
plaques	that	have	either	been	proven	to	have	ruptured	or	shown	signs	of	risk,	
but	to	truly	prove	the	worth	of	the	technique,	larger	prospective	studies	of	
patients	at	risk	of	major	adverse	cardiovascular	events	will	need	to	be	done.	
	
In	CAVD,	I	have	presented	data	showing	that	18F-fluoride	and	18F-FDG	can	
predict	disease	progression	and	future	clinical	events.	This	doesn’t	yet	prove	
18F-fluoride’s	tractability	as	a	surrogate	marker	of	disease	activity.	In	order	to	
do	so,	further	work	demonstrating	that	the	signal	can	be	modulated	by	some	
agent	or	other	will	need	to	be	done.	It	will	also	be	important	to	show	that	the	
technique	has	added	value	and	is	cost	effective	compared	to	existing	techniques	
such	as	echocardiography,	cardiac	magnetic	resonance	imaging	and	CT	calcium	
scoring.	Moreover,	with	the	growing	numbers	of	TAVI	being	performed,	it	will	
be	important	to	investigate	how	the	tracer	performs	with	surgically	and	
percutaneously	implanted	valves.	
	
The	resolution	of	positron	emission	tomography	is	fundamentally	limited	by	the	
positron	distance	and	to	a	lesser	extent	by	other	factors.	This	poses	problems	
when	imaging	small	volume	structures	such	as	atherosclerotic	plaques	and	
aortic	valves.	It	is	possible	to	get	partial	volume	artefacts	(and	lose	potential	
signal	from	a	small	object)	when	quantifying	uptake.	Coronary	and	respiratory	
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motion	will	clearly	complicate	this	situation	further	when	looking	at	the	
coronary	arteries	and	the	aortic	valve.	
	
Formidable	barriers	still	exist	to	establishing	PET/CT	as	a	modality	for	“mass	
scanning”	to	assess	cardiovascular	risk	with	cost	presenting	the	main	problem.	
The	platform	itself	remains	expensive	and	limited	in	availability;	although	much	
the	same	arguments	were	made	about	MRI	twenty	years	ago.	The	economic	
challenges	are	not	merely	limited	to	the	hardware.	A	functioning	PET	service	
requires	a	staff	of	trained	doctors,	physicists,	radiographers	and	others.	The	
radiation	safety	measures	required	for	free	isotopes	are	significant	and	costly.	
For	the	vast	majority	of	radioisotopes	an	on-site	cyclotron	and	radiochemistry	
suite	is	also	required	and	this	represents	a	huge	capital	and	continuing	cost.	
Fortunately,	the	most	common	isotope,	18F-FDG,	is	frequently	commercially	
available	and	it	is	likely	that	a	simple	novel	isotope	like	18F-fluoride	would	be	a	
sensible	investment	choice	for	a	commercial	provider.	In	the	acute	setting	
(identifying	potential	culprits),	additional	challenges	relating	to	easy	availability	
of	isotope	and	rapid	access	to	the	scanning	platform	will	also	need	to	be	
overcome.	
	
Another	problem	that	will	need	to	be	addressed	in	the	future	if	the	technique	is	
to	achieve	broad	appeal	concerns	the	issue	of	fidelity	of	quantification	and	inter-
scanner/centre	comparability.	There	are	several	different	commercially	
available	PET	systems.	Each	system	is	unique	and	will	clearly	not	produce	
exactly	the	same	data	in	the	same	patient.	In	addition,	there	are	many	
parameters	in	a	scan	and	these	will	vary	from	unit	to	unit.	In	order	to	ensure	
that	data	are	comparable	in	future	multi-centre	studies,	work	on	
standardisation	will	need	to	be	done.	Finally,	although	it	is	the	gold	standard,	
fully	quantitative	PET	as	discussed	in	the	introduction	and	methods	is	a	difficult,	
expensive,	slow	and	usually	invasive	technique.	As	such	it	is	unsuitable	for	
clinical	use.	A	compromise	is	therefore	made	in	clinical	PET	by	using	“semi-
quantitative”	methods	such	as	the	SUV	that	can	be	made	on	a	statically	acquired	
PET	data	set.	This	adds	another	layer	of	potential	error	to	those	already	
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discussed.		The	issue	of	accurate	and	reproducible	quantification	will	be	of	
particular	importance	when	one	considers	that	to	make	a	clinical	decision,	a	
binary	outcome	is	normally	required	of	a	test.	A	clear	isotope	uptake	threshold	
(perhaps	indexed	to	some	factor	or	other)	will	need	to	be	derived.	It	will	be	
imperative	to	minimise	inaccuracy	and	scanner/scanner	variability	prior	to	
embarking	on	a	full	clinical	use.
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8.3	Future	Directions	
The	work	presented	in	this	thesis	has	raised	several	questions	and	since	
completing	data	acquisition	and	publication,	several	grants	have	awarded	based	
on	the	work	presented.	Here	I	briefly	discuss	the	areas	of	future	investigation.	
	
8.3.1	Mutability	Of	18F-Fluoride	Uptake	In	CAVD	
As	has	been	discussed	in	the	previous	section,	the	true	worth	of	18F-fluoride	
PET/CT	as	an	anatomically	resolved	marker	of	in	vivo	disease	activity	will	be	
proven	when	it	can	be	shown	that	the	signal	measured	is	actually	changed	by	an	
agent	that	would	be	expected	to	do	so.	To	this	end,	our	research	group	applied	
for	and	was	granted	funding	(British	Heart	Foundation	FS/16/19/31982)	to	
conduct	SALTIRE	2	(Study	Investigating	the	Effect	of	Drugs	Used	to	Treat	
Osteoporosis	on	the	Progression	of	Calcific	Aortic	Stenosis). (218)	This	single-
centre,	prospective,	double-blind,	randomised,	placebo-controlled	trial	will	
randomly	allocate	150	patients	with	CAVD	to	receive	either	a	bisphosphonate,	
denosumab	(an	osteoprotegerin	analogue)	or	a	placebo.	The	study’s	objectives	
are	to	assess	whether	either	of	these	agents	can	modulate	the	18F-fluoride	
signal	in	the	aortic	valve	and	indeed	arrest	CAVD	progression.	Recruitment	has	
completed	and	the	study	is	in	follow-up	phase.	
	
8.3.2	Predicting	Events	In	Atherosclerosis	
On	a	similar	theme	in	atherosclerosis,	the	true	value	of	18F-fluoride	PET/CT	
will	gain	much	great	traction	if	it	can	be	shown	that	plaque	uptake	can	predict	
future	events.	The	PRE18FFIR	study	(Prediction	of	Recurrent	Events	With	18F-
fluoride) (219), was	therefore	designed	and	then	funded	by	the	Wellcome	
Trust.	This	is	a	large,	multi-centre,	prospective	observational	cohort	study	of	
patients	hospitalised	for	acute	myocardial	infarction	with	proven	multi-vessel	
coronary	atherosclerosis.	Patients	will	undergo	18F-fluoride	PET/CT.	The	
primary	outcome	will	be	cardiac	death	or	non-fatal	recurrent	myocardial	
infarction	at	the	2-year	follow-up	time	point.	The	main	study	objective	will	be	to	
assess	whether	or	not	high	baseline	18F-fluoride	uptake	is	predictive	of	future	
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poor	clinical	outcome.	Key	second	end-point	will	explore	whether	the	tracer	is	
able	to	identify	the	index	culprit	(validating	our	original	findings)	and	whether	
high	focal	uptake	can	predict	the	myocardial	territory	affected	by	any	future	
event.	
	

8.3.3	Randomising	Patients	to	an	Investigational	Strategy	to	Prove	
Worth	
One	of	the	frequently	stated	promises	of	advanced	imaging	for	risk	prediction	is	
that	it	will	permit	individualised	tailoring	of	therapy.	Anti-thrombotic	agents	
are	a	cornerstone	of	the	treatment	of	atherosclerosis.	They	function	by	
impairing	platelet	function	and	thus	reducing	the	risk	that	an	eroded	or	rupture	
plaque	will	lead	to	a	thrombotic	event.	Inevitably	they	also	increase	the	risk	of	
clinically	important	bleeding.	Many	very	large	trials	have	been	dedicated	to	fine	
tuning	the	correct	amount	of	antiplatelet	inhibition	to	offer	patients	in	a	variety	
of	contexts;	post	myocardial	infarction,	post-percutaneous	intervention,	post-
stroke,	primary	prevention,	etc.	Individualised	anti-platelet	prescribing	based	
on	imaging	or	other	biomarker	is	not	yet	common	practice.	We	applied	for	and	
were	awarded	grant	funding	to	perform	the	DIAMOND	(Dual	Antiplatelet	
Therapy	to	Reduce	Myocardial	Injury)	study. (220) In	this	single	centre,	
randomized	placebo-controlled	study,	220	patients	with	established	multivessel	
coronary	heart	disease	will	undergo	coronary	18F-fluoride	PET/CT.	Patients	
will	be	parsed	into	low	and	high	coronary	uptake	cohorts.	Both	cohorts	will	
then	be	randomised	separately	to	receive	either	aspirin	and	placebo	or	aspirin	
and	ticagrelor.	The	primary	outcome	will	be	plasma	high	sensitivity	troponin	I	
(a	marker	of	myocardial	injury)	at	30	days.	The	objective	is	to	assess	whether	
individualising	anti-platelet	therapy	based	on	risk	as	measured	by	PET/CT	can	
result	in	improved	outcomes.	
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8.3.4	Utility	of	Combining	PET	and	MR	to	Assess	Cardiac	Disease	and	
Atherosclerosis	
PET/CT	and	MR	have	strengths	and	limitations.	We(221-223)	and	others	have	
suggested	that	combining	the	two	modalities	to	assess	cardiovascular	disease	
carries	certain	key	advantages.	With	commercial	PET/MR	systems	now	on	the	
market,	exploring	this	hybrid	combination	is	worthwhile.	PET/CT	carries	a	
penalty	in	terms	of	radiation	cost;	much	of	which	comes	from	CT;	PET/MR	
would	abrogate	much	of	the	radiation	dose	and	make	repeated	examination	(an	
important	ability	when	monitoring	chronic	disease	in	the	long-term)	a	more	
realistic	proposal.	In	terms	of	plaque	visualization	and	segmentation,	although	
CT	is	able	to	achieve	submillimetric	spatial	resolution	in	combination	with	a	
very	short	acquisition	time,	soft	tissue	contrast	is	poor	and	one	dimensional	(i.e.	
plaque	segmentation	is	based	purely	on	photon	attenuation).	CT	atheroma	
imaging	is	also	hampered	by	blooming	artifact	from	dense	calcification.	Both	
these	factors	make	visualization	of	the	luminal	and	adventitial	borders	for	
region	of	interest	analysis	difficult.	By	comparison,	MR	with	black-blood	
imaging	offers	superior	soft	tissue	detail	that	provides	excellent	contrast	at	the	
adventitial	and	luminal	borders.	Furthermore,	MR	plaque	analysis	has	been	well	
validated	and	by	exploring	the	T1	&	T2	properties	of	the	plaque	(as	well	as	
using	contrast	enhance	plaque	imaging),	more	detail	can	be	gleaned	than	with	
CT.	PET/MR	also	offers	the	opportunity	of	permitting	full	motion	correction	for	
PET	data;	a	crucial	advantage	in	cardiac	imaging	where	the	cardiac	and	
respiratory	cycle	complicate	PET	interpretation	significantly.	
	
Another	major	advantage	of	combining	the	two	is	that	it	permits	excellent	
perfusion	and	functional	imaging	of	the	downstream	tissues.	For	the	carotid,	
performing	brain	image	at	the	same	acquisition	permit	a	“one-stop-shop”	
approach.	It	may	be	that	a	combination	of	plaque	factors	(on	PET	and	MR)	
combined	with	signs	(or	absence)	of	cerebral	ischaemia	would	provide	an	
extensive	phenotypic	panel	that	would	be	optimally	able	to	assess	risk	in	an	
individual.	This	of	course	is	not	limited	to	cerebral	imaging	but	also	the	heart	
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(cardiac	MR	is	well	established	and	is	probably	now	the	gold	standard	for	much	
structural	imaging),	the	viscera	and	the	peripheries.	
	
Our	group	has	been	able	to	recently	install	a	hybrid	PET/MR	platform.	A	key	
first	study	that	has	been	funded	by	the	BHF	will	recapitulate	much	of	the	work	
presented	in	chapter	7.	The	study	will	focus	on	patients	with	stroke,	TIA	and	
amaurosis	fugax.	A	“one-stop-shop”	18F-fluoride	PET/MR	of	the	entire	cephalic	
circulation	will	be	performed	(and	then	repeated	at	a	later	time-point)	to	assess	
whether	more	clinically	important	data	can	be	gleaned	from	such	an	approach	
compared	to	the	current	standard	practice.	Plaque	biology	as	assessed	by	PET	
will	be	compared	to	surgical	specimens	and	also	to	trans-cranial	doppler	and	
MR	brain	and	plaque	imaging.	
	
8.3.5	Other	Pathologies	
The	potential	utility	of	18F-fluoride	PET/CT	is	not	limited	to	CAVD	and	
atherosclerosis.	During	my	thesis	research,	I	undertook	some	in	vitro	
experiments	(presented	in	Chapter	3,	Methods)	with	18F-fluoride	and	aortic	
aneurysm	tissue.	I	was	able	to	show	that	aortic	tissue	bound	18F-fluoride.	This	
work	led	to	a	joint	British	Heart	Foundation	and	Medical	Research	Council	
funded	SOFIA3	trial. (224)	In	this	prospective	observational	cohort	study,	92	
patients	with	abdominal	aortic	aneurysms	in	a	surveillance	program	were	
scanned	with	18F-fluoride	PET/CT	at	baseline.	They	were	then	followed	up	
clinically	and	by	duplex	ultrasound.	Compared	to	patients	with	low	uptake,	
those	with	high	uptake	showed	higher	aneurysm	growth	rates	and	a	3-fold	
increased	risk	of	progressing	to	repair	or	rupture.	These	data	have	been	
published and	will	form	the	basis	for	a	future	randomised	interventional	trial.
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8.4	Final	Conclusions	
18F-Fluoride	PET/CT	is	a	valuable	for	exploring	disease	activity	in	CAVD	and	
atherosclerosis.	The	technique	may	represent	an	attractive	method	for	
assessing	response	to	novel	therapies.	18F-Fluoride	PET/CT	may	also	prove	to	
have	clinical	utility.	If	it	is	confirmed	that	the	isotope	is	able	to	identify	high-risk	
and	culprit	plaque	or	patients,	it	will	help	achieve	more	guided	therapy;	an	
important	goal	in	this	era	of	precision	medicine.
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The mechanisms underlying aortic stenosis (AS) remain 
incompletely understood, and the accurate prediction of 

disease progression remains a challenge.1 Calcification and 
inflammation are thought to play key pathophysiological 
roles. Indeed, the amount of established calcium in the valve 
correlates with disease severity and predicts future adverse 
cardiovascular events.2,3 Although computed tomography 
(CT) and echocardiography can provide measures of estab-
lished valvular calcification, they cannot directly assess ongo-
ing calcification activity, which is considered to be the main 
driver of disease progression.

Clinical Perspective on p 378
Recent reports have investigated 2 positron emission 

tomography (PET) radiotracers, 18F-sodium fluoride (18F-
NaF) and 18F-fluorodeoxyglucose (18F-FDG), as measures 
of calcification activity and inflammation, respectively, in the 
aortic valve,4 coronary arteries,5,6 and major vessels.7 18F-
FDG PET has become a widely used tool for the assessment 
of inflammation in the aorta and carotid arteries, with uptake 
correlating with macrophage burden.8 Several studies have 
investigated its uptake in AS, although histological validation 

Background—18F-Sodium fluoride (18F-NaF) and 18F-fluorodeoxyglucose (18F-FDG) are promising novel biomarkers of 
disease activity in aortic stenosis. We compared 18F-NaF and 18F-FDG uptake with histological characterization of the 
aortic valve and assessed whether they predicted disease progression.

Methods and Results—Thirty patients with aortic stenosis underwent combined positron emission and computed 
tomography using 18F-NaF and 18F-FDG radiotracers. In 12 patients undergoing aortic valve replacement surgery (10 
for each tracer), radiotracer uptake (mean tissue/background ratio) was compared with CD68 (inflammation), alkaline 
phosphatase, and osteocalcin (calcification) immunohistochemistry of the excised valve. In 18 patients (6 aortic sclerosis, 
5 mild, and 7 moderate), aortic valve computed tomography calcium scoring was performed at baseline and after 1 
year. Aortic valve 18F-NaF uptake correlated with both alkaline phosphatase (r=0.65; P=0.04) and osteocalcin (r=0.68; 
P=0.03) immunohistochemistry. There was no significant correlation between 18F-FDG uptake and CD68 staining 
(r=−0.43; P=0.22). After 1 year, aortic valve calcification increased from 314 (193–540) to 365 (207–934) AU (P<0.01). 
Baseline 18F-NaF uptake correlated closely with the change in calcium score (r=0.66; P<0.01), and this improved further 
(r=0.75; P<0.01) when 18F-NaF uptake overlying computed tomography–defined macrocalcification was excluded. No 
significant correlation was noted between valvular 18F-FDG uptake and change in calcium score (r=−0.11; P=0.66).

Conclusions—18F-NaF uptake identifies active tissue calcification and predicts disease progression in patients with calcific 
aortic stenosis.

Clinical Trial Registration—URL: http://www.clinicaltrials.gov. Unique identifier: NCT01358513.   
(Circ Cardiovasc Imaging. 2014;7:371-378.)

Key Words: aortic valve stenosis ◼ calcification, physiologic ◼ fluorodeoxyglucose F18 ◼ inflammation  
◼ positron-emission tomography
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is lacking.4,9 18F-NaF has been used as a bone tracer for >40 
years, displaying increased activity in conditions associated 
with increased bone metabolism such as Paget disease. In 
bone, it is thought to bind and then incorporate into exposed 
hydroxyapatite crystals via an exchange mechanism with 
hydroxyl groups to form fluoroapatite. Given that hydroxy-
apatite is also a key structural component of calcification in 
the aortic valve and vascular atheroma, it is presumed that 
similar mechanisms explain its accumulation in these tissues. 
However, this remains hypothetical. The principal aims of the 
present study were, therefore, to validate the use of 18F-NaF 
and 18F-FDG in AS by comparing in vivo radiotracer uptake 
with immunohistochemistry of calcification and inflammation 
in excised valvular tissue and to investigate whether either of 
these agents predicts disease progression at 1 year.

Methods
Patient Populations
Two cohorts of patients with AS were recruited into this study: (1) 12 
patients undergoing valve replacement surgery, and (2) 18 patients 
with asymptomatic disease under surveillance at the Edinburgh Heart 
Center. The latter cohort was randomly selected for repeat scanning 
from a larger, previously described population who underwent base-
line PET imaging.4,5,10

All patients were >50 years of age, and exclusion criteria included 
a normal aortic valve, insulin-dependent diabetes mellitus, end-stage 
renal failure, life expectancy of <2 years, and metastatic malignancy. 
Patients with severe AS were excluded from the cohort of patients un-
der surveillance because of the potential for disease progression and 
symptom development before the follow-up 1-year scan. The study 
was performed in accordance with the Declaration of Helsinki and 
after local research ethics committee approval. All patients provided 
written informed consent before participating.

Baseline Assessment
All patients underwent full clinical assessment at baseline, and AS se-
verity was assessed using Doppler and 2-dimensional echocardiogra-
phy by means of the peak transvalvular velocity, mean gradient, and 
aortic valve area according to American Heart Association/American 
College of Cardiology guidelines.11 Aortic sclerosis was defined as 
thickening of the aortic valve cusps in the absence of accelerated flow 
(<2 m/s) through the valve. Combined PET and CT scans of the aortic 
valve were performed using a hybrid scanner (Biograph mCT; Siemens 
Medical Systems, Erlangen, Germany) 60 minutes after administration 
of 125 MBq of 18F-NaF. Subsequently, a second PET/CT scan was 
performed using the same hybrid scanner 90 minutes after administra-
tion of 200 MBq of 18F-FDG. Glucose is a major energy source of 
the myocardium, so that intense 18F-FDG uptake frequently occurs, 
spilling over and contaminating the signal in the valve. We attempted to 
reduce myocardial uptake by asking patients to avoid carbohydrates for 
24 hours before their 18F-FDG scan, thereby switching the myocardi-
um from glucose to free fatty-acid metabolism. Myocardial 18F-FDG 
uptake was assessed within regions of interest (ROIs) placed in the 
basal septum of the left ventricle and classified as being adequately 
suppressed if mean standard uptake values were <5.0.4 An ECG-gated 
breath-hold CT scan (noncontrast enhanced, 40 mA/rot [CareDose]; 
100 kV) was performed for calculation of the aortic valve calcium score 
using dedicated analysis software (VScore; Vital Images, Minnetonka, 
MN) on axial scans.12 Particular care was taken to differentiate valvular 
calcium from that in the aortic root and mitral valve annulus.6 At 1-year 
follow-up, patients in the surveillance cohort underwent repeat clinical 
assessment and CT calcium scoring using the same protocol.

Quantification of Aortic Valve PET Activity
18F-NaF and 18F-FDG uptake in the aortic valve was quantified 
using an Osirix workstation (OsiriX version 3.5.1 64-bit; OsiriX 

Imaging Software, Geneva, Switzerland) as reported previously.4,5 
Briefly, fused PET-CT images were reoriented into the plane of the 
valve and circular ROIs drawn on adjacent 3-mm slices until the entire 
valve had been examined. For 18F-NaF, ROIs were placed around the 
perimeter of the valve while excluding the aortic root (whole-valve 
technique). To reduce the potential for myocardial 18F-FDG activity 
contaminating the aortic valve signal, ROIs for this tracer were drawn 
in the center of the valve as previously described (center-valve tech-
nique).4,9 Within these ROIs, mean standard uptake values were cal-
culated for each slice, averaged, and corrected for blood pool activity 
to provide mean tissue/background ratios. Mean tissue/background 
ratios were selected prospectively for subsequent comparisons with 
histology and disease progression because this measure was felt to 
best represent tracer uptake across the valve as a whole.

Distribution of 18F-NaF in the Aortic Valve Relative to 
Calcium Scoring
We undertook a voxel-by-voxel analysis comparing the distribution 
of calcium on CT with 18F-NaF uptake. ROIs were drawn around 
the valve, and each voxel was assessed for the presence of calcium 
(>130 HU) and increased 18F-NaF uptake (tissue/background ratio 
max >1.97 based on the highest uptake in the control cohort of our 
previous study)4 using dedicated software MATLAB (Mathworks 
Inc, Natick, MA). We hypothesized that regions of completely novel 
calcium development might have an even more important effect on 
disease progression, and therefore we calculated the percentage of the 
valve with increased radiotracer uptake in the absence of underlying 
calcium on CT (% of PET-positive but CT-negative pixels).

Histological Assessment
In the patients undergoing aortic valve replacement, the aortic valve 
was removed at the time of operation, with care taken to preserve the 
integrity of the valve architecture. Samples were then fixed in 4% 
paraformaldehyde for 24 hours. Plaques were decalcified in EDTA 
for 10 days and embedded in paraffin, and 5-μm sections were pre-
pared. Immunohistochemical staining for osteocalcin (antihuman 
mouse mAb ab13418; Abcam), CD68 (antihuman mouse clone 
PG-M1 m0876, DAKO), and tissue nonspecific alkaline phospha-
tase (TNAP; antihuman rabbit pAb CAT#LF PA50004; Abfrontier) 
was then undertaken after heat-induced epitope retrieval using a 
Citrate Buffer pH 6 (Novocastra Leica microsystems) in a decloak-
ing chamber. Osteocalcin staining required no heat-induced epitope 
retrieval. Sections were stained using a Leica Vision Biosystems 
Bond×immunostaining robot. After blocking in peroxide for 10 min-
utes, sections were incubated with the specific antihuman antibodies 
for 2 hours at room temperature at the following dilutions: osteocal-
cin 1:200, TNAP 1:100, and CD68 1:100. All incubation steps were 
followed by washing in TBS/Tween. Sections for osteocalcin and 
CD68 were incubated for 15 minutes with prepolymer/postprimary 
followed by 15 minutes with polymer (HRP) for all antibodies before 
3,3′-diaminobenzidine visualization and hematoxylin counterstain. 
Sections were dehydrated in graded ethanol and cleared in xylene 
before cover slipping in Pertex.

Images were taken on a Zeiss Axioskop2 fitted with an Axiocam 
MRc digital camera using Axiovision software. Tissue  cross-sectional 
area on each section was manually delineated using Image Pro Plus 
5 (Rockville, MD). Immunohistochemical staining for osteocalcin 
and TNAP was identified by visual assessment and quantified using 
automated color-based segmentation by a trained observer blinded 
to the PET data. Staining was expressed as a percentage of the total 
valve area. Macrophage infiltration using CD68 was assessed using 
a similar approach but with an object size set threshold applied at 
20×10 pixels to limit counting to cell-sized objects. The density of 
cell staining in the valve tissue was expressed as cells per square mil-
limeter. This technique was also used to identify cellular staining for 
TNAP and osteocalcin.

Reproducibility Studies
Interobserver reproducibility of the immunohistochemical data was 
investigated. Tissue staining with alkaline phosphatase, CD68, and 
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osteocalcin was quantified in 5 valves independently by 2 trained ob-
servers (W.S.A.J. and A.T.V.).

Autoradiography
Clinical PET systems have limited resolution. To gain further infor-
mation about the precise localization of the 18F-NaF signal in aortic 
valve tissue, we undertook autoradiography. Nondecalcified valvu-
lar tissue was rapidly cooled in dry ice and then sectioned at 7-μm 
thickness using a cryostat (CM1520; Wetzlar, Germany). Sections 
for autoradiography were mounted on Superfrost slides (Gerhard 
Menzel, Braunschweig, Germany) before treatment with spray fixa-
tive. Sections were bathed in a solution of 18F-NaF at a concentration 
close to in vivo imaging concentrations (1 kBq/mL) for 60 minutes 
and then rinsed with PBS. A freshly blanked phosphor screen was 
then placed over the slides and an overnight exposure undertaken. 
The screen was then read using a FujiFilm FLA-5100 Fluorescent 
Image Analyser (Raytek Scientific Limited, Sheffield, UK). Sections 
adjacent to those used for autoradiography were stained for elemen-
tal phosphate (ie, calcium orthophosphate) using Von Kossa stain, 
and after surface decalcification in situ with Von Ebner solution, for 
TNAP and osteocalcin. Sections were then manually registered and 
examined for colocalization with 18F-NaF signal.

Statistical Methods
Continuous variables were assessed for normality both visually and 
using the D’Agostino-Pearson test. Variables were expressed as ei-
ther mean±SD or median with interquartile ranges (IQRs) subject to 
whether they approximated a normal distribution. Categorical data 
were presented as n (%). The 95% normal range for differences be-
tween sets of immunohistochemical measurements (the limits of 
agreement) were estimated using Bland–Altman analysis by multi-
plying the SD of the mean difference by 1.96.13 Intraclass correla-
tion coefficients with 95% confidence intervals were calculated for 
interobserver variation. Baseline and follow-up calcium scores ap-
proximated a normal distribution and were compared using a paired 
t test. However, despite attempts at data transformation, the changes 
in calcium scores were not normally distributed, and correlations 
with CT progression data were assessed using Spearman correlation 
and linear regression analysis. We acknowledge the limitations in us-
ing linear regression in the context of a non-normal distribution. A 
2-sided P<0.05 was regarded as statistically significant. Statistical 

analysis was performed with the use of Graph Pad Prism version 6.0 
(GraphPad Software Inc, San Diego, CA).

Results
Histology Cohort
Twelve patients with symptomatic AS were recruited into 
the histology cohort (8 men; 76±6 years of age; peak aortic 
valve velocity, 4.6±0.9 m/s). Patients underwent PET scan-
ning a median of 92 days before surgical aortic valve replace-
ment. Eight patients received both 18F-NaF and 18F-FDG 
PET scans. In addition, 2 had a single 18F-NaF scan, whereas 
2 more had a single 18F-FDG scan. Thus, 10 valves were 
available for the histological validation of each tracer. No 
patient had a significant perioperative complication (Table 1). 
Effective myocardial suppression of 18F-FDG activity was 
achieved in 40% (median myocardial standard uptake value, 
5.4; IQR, 1.9–10.4).

Immunohistochemistry and Autoradiography
All valve samples displayed positive cellular staining for 
TNAP (225 cells/mm2 valve tissue; IQR, 143–328), osteo-
calcin (130 cells/mm2 valve tissue; IQR, 85–274), and CD68 
(172 cells/mm2 valve tissue; IQR, 73–271; Figure 1). Exten-
sive TNAP and osteocalcin staining was also observed in the 
extracellular matrix, occupying approximately a sixth of the 
valve area sampled (17±5% and 17±7%, respectively).

On autoradiography, 18F-NaF uptake was observed to 
colocalize closely with staining for structural calcium phos-
phate, TNAP, and osteocalcin (Figure 1). However, signal was 
also clearly apparent in areas free of macroscopically visible 
calcium, thus highlighting the sensitivity of 18F-NaF in the 
detection of newly evolving calcification.

Reproducibility of Immunohistochemistry
Interobserver reproducibility was good for the quantifica-
tion of osteocalcin and TNAP staining, as well as CD68 cell 

Table 1. Baseline Characteristics of Progression Cohort

Total Aortic Sclerosis Mild Aortic Stenosis Moderate Aortic Stenosis

No. 18 6 (33) 7 (39) 5 (28)

Age, y 75 (71–79) 74 (70–78) 74 (69–80) 79 (70–83)

Men 15 (83) 4 (66) 7 (100) 4 (80)

Hypertension 13 (72) 3 (50) 5 (71) 5 (100)

Hyperlipidemia 12 (67) 4 (66) 5 (71) 3 (60)

Diabetes mellitus 5 (28) 1 (16) 4 (57) 0 (0)

Ischemic heart disease 13 (72) 4 (66) 6 (86) 3 (60)

Serum creatinine, μmol/L 92±29 85 (72–92) 91 (67–125) 84 (69–133)

Cigarette smoking 0 (0) 0 (0) 0 (0) 0 (0)

Peak aortic valve velocity, m/s 2.6 (1.8–3.1) 1.7 (1.6–1.8) 2.4 (2.1–2.6) 3.4 (3.2–3.6)

Aortic valve area, cm2 1.68 (1.26–2.28) 1.92 (1.8–2.1) 1.63 (1.42–1.87) 1.03 (0.78–1.18)

Mean gradient, mm Hg 10.8 (7.0–16.5) 6.2 (4.8–7.0) 11.0 (9.3–14.0) 22.0 (18.8–27.2)

Aortic valve calcium score, AU 314 (193–540) 106 (13–204) 355 (211–536) 1167 (436–1472)

Time between CT scans, d 386 (377–409) 390 (375–408) 394 (376–426) 183 (360–399)

18F-FDG dose injected, MBq 193 (188–196) 193 (185–205) 191(185–194) 194 (190–206)

18F-NaF dose injected, MBq 123 (120–126) 124 (117–127) 123 (117–128) 123 (120–126)

Categorical displayed as total number (%). Median (interquartile range). CT indicates computed tomography; 18F-FDG, 18F-fluorodeoxyglucose; 
and 18F-NaF, 18F-sodium fluoride.
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counting. All observations were characterized by an absence 
of fixed or proportional biases, narrow limits of agreement 
(−13.4% to 9.3%, −8.0% to 5.0%, and −7.9% to 9.6%, respec-
tively), and interclass correlation coefficient values of 0.90 
(0.35–0.99), 0.88 (0.60–0.97), and 0.99 (0.99–1.00), respec-
tively (Tables 2 and 3).

Correlation With Radiotracer Uptake
There was a good correlation between in vivo valvular  18F-NaF 
uptake and both alkaline phosphatase (r=0.65 [95% confidence 
interval, 0.03–0.90]; P=0.04) and osteocalcin (r=0.68 [0.10–
0.91]; P=0.03; Figure 2) staining of the excised tissue. In com-
parison, there was no association between 18F-FDG uptake 
and CD68 staining in the valve (r=−0.43; P=0.22).

Disease Progression
Of the 18 patients (75±6 years of age; 17 men; peak aortic-jet 
velocity, 2.6±0.9 m/s) reassessed at a median interval of 386 
days (Table 1), 6 had aortic sclerosis, 7 had mild AS, and 5 had 
moderate AS. Effective myocardial suppression of 18F-FDG 
uptake was achieved in 66% (median myocardial standard 
uptake value, 3.6; IQR, 2.0–5.4).

A correlation was observed between baseline aortic valve 
calcium scores on CT and 18F-NaF activity on PET (r=0.74 
[0.42–0.90]; P≤0.001). However, as described previously, 
the pattern of 18F-NaF uptake was distinct from the distri-
bution of established calcium.4,5,14 Indeed 18F-NaF uptake 
in the absence of underlying calcium occupied a median of 
8.3% (IQR 1.6–23.4) of the total valve area, emphasizing that 
 18F-NaF provides distinct and complementary information to 
CT calcium scoring (Figure 1).

At 1 year, aortic valve calcium scores increased from 314 
(193–540) to 365 (207–934) AU (P<0.01). Interestingly, these 
regions of novel calcium developed in much the same distri-
bution as the observed baseline 18F-NaF uptake (Figure 3A 
and 3B). Indeed, we observed an excellent correlation between 
baseline valvular 18F-NaF PET uptake and the change in 
calcium score after 1 year (r=0.66 [0.27–0.86]; P=0.003; 
Figure 3C). This was similar to that observed for the current 
gold standard method of prediction: the baseline calcium score 
(r=0.58 [0.15–0.82]; P=0.01; Figure 3D) improved further 
when only increased 18F-NaF uptake in the absence of underly-
ing CT macrocalcification was considered (r=0.75 [0.42–0.90]; 

Figure 1. Histology and 18F-sodium 
fluoride (NaF) autoradiography of excised 
aortic valve tissue from patients with aor-
tic stenosis. A–F, Fixed, decalcified, and 
paraffin-embedded aortic valve tissue 
after exposure to tissue nonspecific alka-
line phosphatase (TNAP), osteocalcin, 
and CD68 antibodies. A–C, Widespread 
positive staining for TNAP, osteocalcin, 
and CD68 (magnification ×4) in the extra-
cellular matrix, which is also observed on 
an individual cellular level (D–F, magnifi-
cation ×20), respectively. G-I, Three adja-
cent and consecutive aortic valve leaflet 
sections displaying positive immunohisto-
chemical staining for osteocalcin (I, mag-
nification ×4) that colocalizes to areas of 
maximal 18F-NaF uptake on autoradiog-
raphy (H). These likely represent areas 
of ongoing calcification activity, which 
extend beyond the areas of established 
calcium identified in black by Von Kossa 
stain (G, magnification ×4).
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P=0.01). No statistically significant correlation was observed 
between 18F-FDG uptake and the subsequent change in CT cal-
cium score (r=−0.11 [−0.56 to 0.39]; P=0.66; Figure 3E).

Discussion
We provide the first preliminary evidence that valvular 
18F-NaF uptake acts as a marker of calcification activity in 
patients with AS. Not only did uptake values demonstrate 

a correlation with histological markers of active calcifica-
tion (TNAP and osteocalcin), but they were also a good 
predictor of the subsequent progression in aortic valve CT 
calcium scores at 1 year. In contrast, 18F-FDG uptake did 
not correlate with CD68 staining on histology or the pro-
gression in calcium scores. Our data indicate that 18F-NaF 
holds promise as a biomarker of disease activity in patients 
with AS.

The pathophysiology of AS is incompletely understood, 
delaying the development of biomarkers and effective medical 
therapies. Calcification and inflammation are thought to play 
a key pathological role,1 so that noninvasive markers of their 
activity are of interest in better understanding the cause of this 
condition and in predicting disease progression.

Recent studies have investigated 18F-NaF PET as a marker 
of vascular calcification in AS3 and atherosclerosis affecting 
the aorta,7 coronary,5,6 and carotid arteries.15 However, this is 
the first study to provide histological validation of 18F-NaF 
uptake in vascular tissue. In bone, 18F-NaF is thought to 
incorporate onto the surface of hydroxyapatite crystal.14 Given 
that hydroxyapatite is also a key component of vascular calci-
fication, it too has been the presumed radiotracer target in AS 
and atherosclerosis. This hypothesis is supported by our auto-
radiography and immunohistochemical data, demonstrating a 
good correlation between 18F-NaF activity and osteocalcin 
staining: a well-recognized osteogenic protein that itself binds 
to hydroxyapatite.

Given that 18F-NaF binds to a structural component of 
vascular calcification, why then does it not simply label all 
regions of macrocalcification identified by CT? Indeed it 
is common for regions of dense calcium on CT to show no 
18F-NaF uptake. This phenomenon is likely related to the 
available surface area of exposed hydroxyapatite crystal to 
which the 18F-fluoride ion can adsorb and the inactivity of 
established areas of calcification. 18F-NaF uptake is much 
greater at sites of evolving powdery microcalcification than 
established regions of field calcification in which the core 
of hydroxyapatite is internalized and, therefore, hidden 
from the 18F-NaF tracer. Thus, 18F-NaF binds more read-
ily to regions of developing calcium and acts as a marker 
of calcification activity, providing distinct information to 
calcium scoring. In contrast, the latter quantifies regions 
of established macroscopic calcium in the valve but cannot 

Table 2. Histology Cohort Data

Baseline characteristics

  No. 12

  Age, y 76±6

  Men 9 (75)

  Hypertension 8 (66)

  Hyperlipidemia 5 (42)

  Ischemic heart disease 4 (33)

  Cigarette smoking 1 (8)

  Diabetes mellitus 0 (0)

  Serum creatinine, μmol/L 87±26

  Peak aortic valve velocity (m/s) 4.6±0.9

  Aortic valve area, cm2 0.70 (0.53–0.97)

  Mean gradient, mm Hg 48 (44–65)

  Aortic valve calcium score, AU 5343 (3114–6292)

  Aortic sclerosis 0 (0%)

  Mild aortic stenosis 0 (0%)

  Moderate aortic stenosis 3 (25%)

  Severe aortic stenosis 9 (75%)

  Time between 18F-NaF scan and AVR, d 92 (24–345)

  Time between 18F-FDG scan and AVR, d 96 (23–331)

  18F-FDG dose injected, MBq 200 (193–209)

  18F-NaF dose injected, MBq 129 (119–132)

In vivo aortic valve PET data

  18F-NaF uptake (mean TBR) 2.15 (1.98–2.48)

  18F-FDG uptake (mean TBR) 1.40 (1.31–1.76)

Categorical data are displayed as n (%). Normally distributed data are 
displayed as mean±SD. Non-normally distributed data are distributed as 
median (interquartile range). AVR indicates aortic valve replacement; FDG, 
fluorodeoxyglucose; NaF, sodium fluoride; PET, positron emission tomography; 
and TBR, tissue/background ratio.

Table 3.  Immunohistochemical  Analysis

Histology Osteocalcin TNAP CD68

No. 10 10 10

Mean valve area analyzed, mm2 234±152 253±116 190±86

% staining of the valve 17±7 17±5 n/a

Positive cellular staining, cells/mm2 130 (85–274) 225 (143–328) 172 (73–271)

Interobserver reproducibility

  Mean difference −2.1% −1.5% 0.8%

  Limits of agreement −13.4% to 9.3% −8.0% to 5.0% −7.9% to 9.6%

  ICC 0.88 (0.60–0.97) 0.90 (0.35–0.99) 0.99 (0.99–1.00)

Categorical data are displayed as n (%). Normally distributed data are displayed as mean±SD. Non-normally 
distributed data are distributed as median (interquartile range). ICC as value (95% confidence interval). ICC 
indicates interclass correlation coefficient; n/a, not applicable; and TNAP, tissue nonspecific alkaline phosphatase.
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inform whether the process of calcification is quiescent or 
active. Again this hypothesis is supported by our data. We 
have demonstrated a strong correlation between in vivo 
18F-NaF uptake and staining for 1 of the key enzymes reg-
ulating mineralization: TNAP. This enzyme is expressed in 
the early stages of new calcium formation and is known to 
work by breaking down pyrophosphate: a potent inhibitor 
of mineralization.16 Furthermore, as one would expect from 
a measure of activity, baseline 18F-NaF uptake closely 

correlated with the subsequent change in calcium score at 
1 year. Indeed, 18F-NaF uptake performed as well as the 
current gold standard method of prediction, the degree of 
established calcium in the valve at baseline.2,3 However, 
larger studies are now required to compare these 2 tech-
niques, whereas calcium scoring may be easier to obtain; 
changes in the 18F-NaF PET signal are likely to occur 
more quickly, making it a more attractive technique with 
which to assess the early and more immediate effects of 
novel treatment strategies.

Interestingly, the pattern of 18F-NaF uptake may be impor-
tant, with 18F-NaF uptake remote from established macrocal-
cification on CT offering the best prediction of calcium score 
progression in our cohort. The spatial resolution of PET/CT is 
≈4 mm, and we acknowledge that the  voxel-by-voxel analysis 
used to establish this observation is at the limit of resolution 
for PET imaging. Nevertheless, the strong correlation with 
progression is of interest and indicates that further investiga-
tion of the spatial distribution of 18F-NaF uptake is warranted.

The results of valvular 18F-FDG imaging were somewhat 
disappointing and surprising given previous data suggesting 
an important role for inflammation in AS.17 Although correla-
tions between 18F-FDG uptake and macrophage burden have 
previously been demonstrated in regions of aortic and carotid 
atheroma,8 we were unable to replicate this with respect to the 
valve. There are several explanations for this discrepancy. The 
first is the close proximity of the valve to the myocardium. 
As discussed, avid uptake of 18F-FDG by the left ventricular 
myocardium can spill over into the aortic valve contaminating 
its signal. Unfortunately, despite the stringent dietary restric-
tions and center-valve analysis technique, it remains possible 
that myocardial contamination occurred, confounding the 
correlation with CD68 immunohistochemistry. Indeed poor 
myocardial suppression was achieved in the histology group, 
perhaps reflecting their advanced disease and symptomatic sta-
tus. Alternative methods have been used to reduce further this 
myocardial uptake, including administration of heparin18 and 
a high-fat drink before scanning.19 However, these make the 
practicalities of scanning more difficult and have yet to show a 
clear advantage over dietary restrictions. An alternative expla-
nation for the poor correlation with histology is that the aortic 
valve 18F-FDG signal relates to uptake by nonmacrophage cell 
types within the valve, such as osteoblasts, or is governed by 
external factors, such as hypoxia.20 In this scenario, one might 
still expect 18F-FDG to predict disease progression, but once 
again this was not evident in our cohort. It would, therefore, 
seem that 18F-FDG holds less potential as a predictor of dis-
ease progression than  18F-NaF does, although it remains pos-
sible that longer periods of follow-up are required to detect 
such an association. Indeed on occasion, we also observed 
18F-NaF activity that did not translate into a detectable change 
in calcium score at 1 year. AS is a slowly developing condition, 
so it is likely to take time for relatively low levels of 18F-NaF 
or 18F-FDG uptake to translate into new areas of macrocalci-
fication detectable on CT imaging. Larger studies with longer 
follow-up are, therefore, required to address this issue, confirm 
our preliminary data, and assess whether 18F-NaF PET can 
predict disease progression with respect to echocardiographic 
parameters of valvular stenosis.

Figure 2. Correlations between in vivo aortic valve positron emis-
sion tomography (PET) activity and histological markers of calci-
fication and inflammation. A, 18F-Sodium fluoride (NaF) vs tissue 
nonspecific alkaline phosphatase (TNAP). A good correlation was 
observed between the percentage aortic valve tissue staining for 
TNAP and the valvular 18F-NaF activity (mean tissue to back-
ground ratio [TBR]); r=0.65, P=0.04. B, 18F-NaF vs osteocalcin. 
Again a strong correlation was observed between the percentage 
surface area of the valve stained with osteocalcin and the aortic 
valve 18F-NaF PET activity (mean TBR); r=0.68, P=0.03.  
C, 18F-fluorodeoxyglucose (FDG) vs CD68. A poor correlation 
was observed between CD68 staining on immunohistochem-
istry and 18F-FDG PET activity in the aortic valve (mean TBR); 
r=−0.43, P=0.22.
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Conclusions
We provide the first preliminary data to support 18F-NaF as a 
marker of valve calcification activity in AS and as a potential 
method for predicting disease progression.
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CLINICAL PERSPECTIVE
Aortic stenosis is the most common form of valvular heart disease in the developed world; however, its rate of progression 
can vary greatly between patients, and as yet we lack effective medical therapies. Progressive valvular calcification is a 
key pathophysiological process driving aortic stenosis. Recent studies have suggested that the positron emission tomog-
raphy (PET) tracer 18F-sodium fluoride (18F-NaF) can measure vascular calcification activity, although validation of this 
technique has previously been lacking. In this study, we sought to provide such validation, comparing aortic valve 18F-
NaF uptake with both histological measures of calcification activity and the progression of aortic valve calcium scores on 
computed tomography. Ten patients scheduled for aortic valve replacement underwent 18F-NaF PET before their operation 
with valvular PET uptake, demonstrating a significant correlation with histological markers of calcification activity on the 
excised aortic valve tissue. In a separate cohort, we assessed 18 patients with calcific aortic valve disease who underwent 
18F-NaF PET and computed tomography calcium scoring of the aortic valve both at baseline and after 1 year. Once again 
a good correlation was observed between the baseline PET uptake and change in calcium score. Our results are promising, 
providing the first preliminary validation of 18F-NaF as a marker of calcification activity in the aortic valve. More studies 
are now required to investigate 18F-NaF PET as a method for predicting disease progression in aortic stenosis and assessing 
the early efficacy of novel treatments aimed at reducing calcification activity in this condition.



Valvular 18F-Fluoride and
18F-Fluorodeoxyglucose
Uptake Predict Disease
Progression and Clinical
Outcome in Patients
With Aortic Stenosis

18F-Fluoride is a positron emission tomography (PET)
radiotracer that preferentially binds to regions of
newly forming vascular microcalcifications beyond
the resolution of computed tomography (CT) (1).
18F-Fluorodeoxyglucose (18F-FDG) has been widely
used to measure vascular inflammation (2). This is the
first prospective longitudinal study to investigate
whether these tracers predict disease progression and
clinical outcomes in aortic stenosis.

Patients age >50 years attending the outpatient
department of the Edinburgh Heart Centre were
approached for recruitment in this prospective
cohort study alongside age- and sex-matched con-
trols, as described previously (2). PET and CT were
performed in 121 volunteers (age 72 ! 8 years; 68%
men) with and without aortic valve disease (20
controls, 20 with aortic sclerosis, and 25 with mild,
33 with moderate, and 23 with severe aortic stenosis)
using 18F-fluoride (125 MBq) and 18F-FDG (200 MBq).
Uptake in the valve was measured using the most

diseased segment tissue: background ratio, based
upon averaging the mean standard uptake values in
the 2 adjacent valve slices with the highest signal,
corrected for blood-pool activity. Disease progression
was assessed at 1 and 2 years using CT aortic valve
calcium scoring and echocardiography. The primary
clinical outcome endpoint was a composite of cardio-
vascular death and aortic valve replacement.

Ninety-nine participants (81%) returned for repeat
clinical assessment and echocardiography at the
2-year time point (median 736 [interquartile range
(IQR): 722 to 760] days from enrollment). Ninety-
seven patients returned for repeat CT calcium
scoring (10 scans were uninterpretable). Aortic valve
calcium score increased by 61 (IQR: 5 to 226) AU/year,
and aortic valve mean gradient increased by
0.7 (IQR: "0.2 to 2.9) mm Hg/year. After a median of
1,526 (IQR: 1,475 to 1,615) days, 29 patients had un-
dergone aortic valve replacement, whereas 7 experi-
enced cardiovascular death.

After 2 years, new valvular calcium on CT was
visible in a similar distribution as the 18F-fluoride
activity on baseline PET imaging (Figure 1). Indeed,
baseline 18F-fluoride uptake correlated strongly with
the subsequent rate of progression in aortic valve
calcium score (Spearman r ¼ 0.80; p < 0.001) and with
echocardiographic measures of hemodynamic pro-
gression (mean gradient r ¼ 0.32; p ¼ 0.001). In an
exploratory analysis, 18F-fluoride emerged as an in-
dependent predictor of clinical outcome after age and
sex adjustments (hazard ratio: 1.55; 95% CI: 1.33 to
1.81; p < 0.001). 18F-FDG demonstrated moderate
correlations with disease progression assessed by CT
(Spearman r ¼ 0.43; p ¼ 0.001) and echocardiography
(18F-FDG r ¼ 0.30; p ¼ 0.001) and predicted clinical
outcomes independently of age and sex (hazard ratio:
1.35; 95% CI: 1.16 to 1.58; p < 0.001).

There were strong associations between the base-
line CT valvular calcium score and rate of change in
calcium score (Spearman r ¼ 0.88; 95% CI: 0.82
to 0.92; p < 0.001). Given the degree of collinearity
between CT calcium scoring and 18F-fluoride uptake
in the valve (2), assessing whether 18F-fluoride uptake
provided incremental predictive information to CT
was challenging. However, in a retrospective analysis
using the regression line between the CT calcium
score and 18F-fluoride uptake as a cutoff, patients
with aortic stenosis and higher than expected 18F-
fluoride uptake for a given CT calcium score progressed
3 times faster than participants with lower than ex-
pected uptake (median change in calcium score 315
[IQR: 127 to 492] AU/year vs. 99 [IQR: 51 to 290]
AU/year, respectively; p ¼ 0.003) Figures 1 and 2.
When a similar analysis was performed for 18F-FDG, no

FIGURE 1 Valvular 18F-Fluoride Uptake Predicts the Progression of Calcification in
Aortic Stenosis

Two patients with calcific aortic valve disease. (Left) Baseline computed tomography (CT)
images. (Middle) Fused positron emission tomography (PET)/CT images showing increased
18F-fluoride valvular uptake (red/yellow areas). (Right) Repeat CT scans after 2 years
with new areas of macroscopic calcium (white areas) in a similar distribution to that
of baseline PET uptake.
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significant difference was observed (median change in
calcium score: 231 [IQR: 79 to 446] AU/year vs. 124
[IQR: 61 to 321] AU/year; p ¼ 0.14). Neither tracer
offered independent prediction of clinical outcomes
after correction for CT calcium scoring, perhaps
reflecting the small number of events and again the
collinearity between imaging parameters.

In conclusion we demonstrated that both 18F-fluo-
ride and 18F-FDG predicted disease progression and
adverse clinical outcomes in aortic stenosis. In partic-
ular, 18F-fluoride provided excellent prediction of the
change in CT calcium score, appearing to be of incre-
mental value to baseline CT imaging. Larger studies are
required to confirm the incremental predictive value
of PET compared with CT. However, our data would
support PET/CT as a novel method for measuring dis-
ease activity in aortic stenosis, with the ability to
predict its natural history. This may be of particular
value in studies investigating novel therapies, in
which beneficial treatment effects are likely to be
detected rapidly without the need for protracted
follow-up. (Role of Active Valvular Calcification
and Inflammation in Patients With Aortic Stenosis;
NCT01358513)
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Trends in Infective
Endocarditis Incidence,
Microbiology, and Valve
Replacement in the
United States From
2000 to 2011
The Devil Is in the Details

We read with great interest the paper by Pant et al. (1)
regarding trends in infective endocarditis (IE) inci-
dence using the Nationwide Inpatient Sample (NIS)
database to address a nagging question that has right-
fully garnered much attention and gravity: have recent
changes in IE prophylaxis guidelines for dental pro-
cedures in this country and abroad resulted in an
increase in IE incidence caused by viridans group
streptococci (VGS)? As investigators who have previ-
ously used the NIS database (2,3), we pose 2 concerns
to Pant et al. First, they unfortunately used ICD-9-CM
codes that included enterococcal (04104) and non-
VGS (038.2 Streptococcus pneumoniae septicemia, and

FIGURE 2 18F-Flouride Uptake for a Given CT Calcium Score

1000

500

0Ca
 S

co
re

 / 
Ye

ar
 (A

U)

18F-NaF : Calcium Score Ratio
Lo

w 18
F-N

aF

High 18
F-N

aF

p = 0.003

4

3

2

1
0 2000 4000 6000

Baseline Valvular Calcium Score (AU)

M
ea

n 
TB

R M
DS

18F-NaF Valvular Uptake vs Baseline Calcium Score

Δ

Patients with higher than expected 18F-fluoride uptake for a given CT calcium score (dots in
red above regression line) demonstrated disease progression rates 3-fold greater than those
with lower than expected uptake (dots in blue below regression line). The samewas not true
for 18F-fluorodeoxyglucose. AS ¼ aortic stenosis; TBRMDS ¼most diseased segment tissue:
background ratio; 18F-NaF ¼ 18F-fluoride.

J A C C V O L . 6 6 , N O . 1 0 , 2 0 1 5 Letters
S E P T E M B E R 8 , 2 0 1 5 : 1 1 9 8 – 2 0 5

1201

https://clinicaltrials.gov/ct2/show/NCT01358513
mailto:williamjenkins@doctors.net.uk
http://dx.doi.org/10.1016/j.jacc.2015.06.1325
http://refhub.elsevier.com/S0735-1097(15)04368-5/sref1
http://refhub.elsevier.com/S0735-1097(15)04368-5/sref1
http://refhub.elsevier.com/S0735-1097(15)04368-5/sref1
http://refhub.elsevier.com/S0735-1097(15)04368-5/sref1
http://refhub.elsevier.com/S0735-1097(15)04368-5/sref2
http://refhub.elsevier.com/S0735-1097(15)04368-5/sref2
http://refhub.elsevier.com/S0735-1097(15)04368-5/sref2
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jacc.2015.05.079&domain=pdf


Articles

www.thelancet.com   Published online November 11, 2013   http://dx.doi.org/10.1016/S0140-6736(13)61754-7 1

¹⁸F-fl uoride positron emission tomography for identifi cation 
of ruptured and high-risk coronary atherosclerotic plaques: 
a prospective clinical trial
Nikhil V Joshi, Alex T Vesey, Michelle C Williams, Anoop S V Shah, Patrick A Calvert, Felicity H M Craighead, Su Ern Yeoh, William Wallace, 
Donald Salter, Alison M Fletcher, Edwin J R van Beek, Andrew D Flapan, Neal G Uren, Miles W H Behan, Nicholas L M Cruden, Nicholas L Mills, 
Keith A A Fox, James H F Rudd, Marc R Dweck*, David E Newby*

Summary
Background The use of non-invasive imaging to identify ruptured or high-risk coronary atherosclerotic plaques would 
represent a major clinical advance for prevention and treatment of coronary artery disease. We used combined PET 
and CT to identify ruptured and high-risk atherosclerotic plaques using the radioactive tracers ¹⁸F-sodium fl uoride 
(¹⁸F-NaF) and ¹⁸F-fl uorodeoxyglucose (¹⁸F-FDG).

Methods In this prospective clinical trial, patients with myocardial infarction (n=40) and stable angina (n=40) 
underwent ¹⁸F-NaF and ¹⁸F-FDG PET-CT, and invasive coronary angiography. ¹⁸F-NaF uptake was compared with 
histology in carotid endarterectomy specimens from patients with symptomatic carotid disease, and with intravascular 
ultrasound in patients with stable angina. The primary endpoint was the comparison of ¹⁸F-fl uoride tissue-to-
background ratios of culprit and non-culprit coronary plaques of patients with acute myocardial infarction.

Findings In 37 (93%) patients with myocardial infarction, the highest coronary ¹⁸F-NaF uptake was seen in the culprit 
plaque (median maximum tissue-to-background ratio: culprit 1·66 [IQR 1·40–2·25] vs highest non-culprit 1·24 
[1·06–1·38], p<0·0001). By contrast, coronary ¹⁸F-FDG uptake was commonly obscured by myocardial uptake and 
where discernible, there were no diff erences between culprit and non-culprit plaques (1·71 [1·40–2·13] vs 1·58 
[1·28–2·01], p=0·34). Marked ¹⁸F-NaF uptake occurred at the site of all carotid plaque ruptures and was associated 
with histological evidence of active calcifi cation, macrophage infi ltration, apoptosis, and necrosis. 18 (45%) patients 
with stable angina had plaques with focal ¹⁸F-NaF uptake (maximum tissue-to-background ratio 1·90 [IQR 1·61–2·17]) 
that were associated with more high-risk features on intravascular ultrasound than those without uptake: positive 
remodelling (remodelling index 1·12 [1·09–1·19] vs 1·01 [0·94–1·06]; p=0·0004), microcalcifi cation (73% vs 21%, 
p=0·002), and necrotic core (25% [21–29] vs 18% [14–22], p=0·001).

Interpretation ¹⁸F-NaF PET-CT is the fi rst non-invasive imaging method to identify and localise ruptured and high-
risk coronary plaque. Future studies are needed to establish whether this method can improve the management and 
treatment of patients with coronary artery disease.

Funding Chief Scientist Offi  ce Scotland and British Heart Foundation.

Introduction
Coronary atherosclerotic plaque rupture is the principal 
precipitant of acute myocardial infarction and an important 
cause of sudden cardiac death. Rupture is challenging to 
predict because most plaques are non-obstructive and are 
not identifi ed by stress testing or coronary angiography.1,2 
Atherosclerotic lesions at risk of rupture have certain 
histopathological characteristics that include positive re-
modelling, microcalcifi cation, and a large necrotic core.1–3 
The development of modern molecular imaging tech-
niques targeted at these features could lead to the 
identifi cation of such high-risk plaques in vivo and guide 
the development of novel treatment strategies.4–7

Combined PET and CT is a non-invasive imaging 
technique that brings functional molecular imaging 
together with precise anatomical information. We have 
recently reported preliminary PET-CT data using the 
tracer ¹⁸F-sodium fl uoride (¹⁸F-NaF) as a marker of 

valvular and vascular calcifi cation activity in patients with 
aortic stenosis.7–9 Other studies have shown the use-
fulness of ¹⁸F-fl urodeoxyglucose (¹⁸F-FDG) as a surro-
gate of vascular infl ammation and macrophage 
burden.6,10–13 We therefore investigated whether, compared 
with the current non-invasive gold standard of ¹⁸F-FDG, 
¹⁸F-NaF uptake could identify ruptured and high-risk 
athero sclerotic plaques in patients with symptomatic 
coronary and carotid artery disease.

Methods
Patients
Patients were recruited from the Royal Infi rmary of 
Edinburgh between February, 2012, and January, 2013, in 
three cohorts: 40 patients with acute ST-segment or non-
ST-segment elevation myocardial infarction,14 40 patients 
with stable angina pectoris undergoing elective invasive 
coronary angiography, and 12 patients (nine evaluable) 
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undergoing carotid endartectomy for symptomatic caro-
tid artery disease.15

Exclusion criteria were age younger than 50 years, 
insulin-dependent diabetes mellitus, women of child-
bearing age not receiving contraception, severe renal 
failure (serum creatinine >250 µmol/L), known contrast 
allergy, and inability to provide informed consent. Only 
patients older than 50 years were recruited in the study to 
reduce any long-term risks associated with radiation 
exposure. Uncontrolled diabetes and high blood glucose 
concentrations (>11 mmol/L) interfere with the quality 
of   ¹⁸F-FDG PET imaging because of the competition 
between glucose and ¹⁸F-FDG for cellular entry. The 
convention is therefore to exclude such patients from 
vascular ¹⁸F-FDG PET studies.7,10,12,13

All patients underwent a comprehensive baseline 
clinical assessment including evaluation of their cardio-
vascular risk factor profi le. Plasma troponin I concen-
trations were measured in patients with stable angina 
using the ARCHITECT STAT high-sensitivity troponin I 
assay (Abbott Laboratories, Abbott Park, IL, USA; lower 
limit of detection 1·2 ng/L; 99th percentile diagnostic 
threshold 26 ng/L). Studies were done with the approval 
of the local research ethics committee, in accordance 
with the Declaration of Helsinki, and with the written 
informed consent of each participant.

Procedures
Patients with myocardial infarction and stable angina 
underwent ¹⁸F-NaF and ¹⁸F-FDG PET-CT, CT coronary 
angiography, and CT calcium scoring (appendix).7 To 
minimise myocardial uptake, patients were instructed to 
adhere to a low-carbohydrate, high-protein, and high-fat 
diet for at least 24 h before undergoing ¹⁸F-FDG PET-CT.

Electrocardiograph-gated PET images were recon-
structed in diastole (50–75% of the R-R interval, Ultra-HD) 
using the Siemens Ultra-HD algorithm, fused with the 
CT coronary angiogram, and analysed by experienced 
observers blinded to the clinical diagnosis (NJ, MD, FC) 
using an OsiriX workstation (OsiriX version 5·5·1 64-bit; 
OsiriX Imaging Software, Geneva, Switzerland). Two-
dimensional regions of interest were drawn around all 
major (diameter >2 mm) epicardial vessels on 3 mm axial 
slices just beyond the discernible adventitial border. The 
maximum standard uptake value (the decay corrected 
tissue concentration of the tracer divided by the injected 
dose per bodyweight) was measured and corrected for 
blood pool activity in the superior vena cava to provide 
tissue-to-background ratio (TBRs) measurements. Using 
this method, we have previously shown excellent reprod-
uci bility for ¹⁸F-NaF TBR measurements in the coronary 
arteries with an intraclass correlation coeffi  cient of 0·99.7

We used a previously established 95% lower reference 
limit to categorise coronary plaques into ¹⁸F-NaF positive 
lesions (focal uptake with a TBR more than 25% higher 
than a proximal reference lesion) and negative plaques if 
these criteria were not achieved. This limit was based on 

our previous study, where plaques with high ¹⁸F-NaF 
uptake had maximum TBRs that were 44% (95% CI 
26–62) higher than a proximal quiescent reference 
lesion.7 In patients with acute myocardial infarction, 
¹⁸F-NaF uptake in the culprit plaque was compared with 
the highest value in any of the non-culprit vessels.

Quantifi cation of ¹⁸F-FDG uptake was performed as for 
¹⁸F-NaF uptake but restricted to the proximal and mid-
portions of the coronary arteries, and to regions where 
myocardial uptake and spillover could be confi dently 
excluded.7 Again, ¹⁸F-FDG positive plaques were defi ned 
using the 25% threshold as described for ¹⁸F-NaF. Eff ective 
myocardial suppression of ¹⁸F-FDG was predefi ned as a 
standard uptake value of 5·0 or less in the basal ventricular 
septum (appendix) as per published data.12

In patients with stable angina, PET-CT imaging was 
prospectively used to direct greyscale and radio-
frequency intravascular ultrasound (20 MHz Eagle Eye 
Platinum Catheters [Volcano Corp, San Diago, CA, 
USA], motorised pull-back 0·5 mm/s) to the ¹⁸F-NaF 
positive and negative plaques. The interventional 
cardiologist acquiring the intravascular ultrasound data 
was blinded to the PET-CT status of the plaque.

Intravascular ultrasound analysis was done as described 
previously16 using dedicated VIAS software (Volcano 
Image Analysis Software version 3.0) by operators blinded 
to the PET data. Regions of interest were drawn around 
the external elastic membrane and luminal borders, and 
plaque area and composition (dense calcium, necrotic 
core, fi bro-fatty tissue, and fi brous tissue) calculated.16–18 
The presence of microcalcifi cation (spotty calcifi cation in 
the absence of acoustic shadowing on three or more 
consecutive frames) and the maximum frame necrotic 
core (the highest percentage of necrotic core on a single 
frame) were recorded.19 The remodelling index was 
defi ned as the ratio between the external elastic mem-
brane cross-sectional area of the lesion and a proximal 
reference region in the same vessel.20 Plaques were 
classifi ed as thin-cap fi broatheroma, thick-cap fi bro-
atheroma, pathological intimal thickening, or fi brocalcifi c 
plaque as defi ned previously.18,21

CT analysis was done on a dedicated cardiovascular 
workstation (Vital Images, Minnetonka, MN, USA). 
Vessel-specifi c and total Agatston calcium scores were 
calculated as described previously.7 An independent 
experienced and blinded observer (MW) determined the 
stenosis severity, plaque composition (calcifi ed, non-
calcifi ed, mixed plaque), and presence of high-risk CT 
features (positive remodelling, microcalcifi cation, necro-
tic core) according to standard defi nitions in plaques 
with and without increased ¹⁸F-NaF activity.22

Intact atherosclerotic plaques were retrieved at the 
time of carotid endarterectomy and scanned using ex-
vivo PET-CT to allow precise anatomical co localisation of 
¹⁸F-NaF activity with pathological evidence of plaque 
rupture. Plaques were divided into ¹⁸F-NaF positive and 
negative areas, and histological sections were assessed 

See Online for appendix
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using Movat’s pentachrome and immunohistochemistry 
to investigate calcifi cation activity (tissue non-specifi c 
alkaline phosphatase and osteocalcin), macrophage 
infi ltration (CD68), and cell death (apoptosis, cleaved 
caspase 3; presence of necrotic core; appendix).

Statistical analysis
The primary endpoint of the study was the comparison of 
¹⁸F-fl uoride tissue-to-background ratios of culprit and non-
culprit coronary plaques of patients with acute myocardial 
infarction. The main secondary endpoints were com-
parative imaging and histol ogical characterisation of 

¹⁸F-fl uoride positive and negative atherosclerotic plaques 
in patients with coronary and carotid artery disease. Based 
on our previous data,7 we required 36 patients with myo-
cardial infarction to detect a diff erence of 0·23 in the 
tissue-to-background ratio between culprit and non-culprit 
plaques at 90% power and two-sided p<0·05. We recruited 
40 patients to account for incomplete data and recruited a 
similar sized (n=40) comparator group of patients with 
stable angina.

Continuous data were tested for normality with the 
D’Agostino-Pearson omnibus test. Continuous para-
metric variables were expressed as mean (SD) and 

Myocardial infarction Stable angina
All (n=40)

All (n=40) STEMI (n=26) NSTEMI (n=14)

Age in years, mean (SD) 62 (8) 63 (9) 60 (8) 67 (8)

Men, n (%) 37 (93%) 24 (92%) 13 (93%) 36 (90%)

Body-mass index (kg/m²), mean (SD) 28 (5) 27 (5) 30 (4) 30 (5)

Antecedent angina (active), n (%) 9 (23%) 5 (19%) 4 (29%) 40 (100%)

Heart rate (per min), mean (SD)* 56 (7) 56 (7) 56 (7) 59 (9)

Systolic blood pressure (mm Hg), mean (SD) 132 (21) 131 (20) 121 (21) 134 (14)

Diastolic blood pressure (mm Hg), mean (SD) 76 (9) 76 (9) 76 (8) 77 (10)

Cardiovascular history, n (%)

Previous MI 5 (13%) 1 (4%) 4 (29%) 15 (38%)

Previous CVA/TIA 2 (5%) 1 (4%) 1 (7%) 4 (10%)

Previous PCI 5 (13%) 2 (8%) 3 (21%) 19 (48%)

Previous CABG 2 (5%) 2 (8%) 0 11 (28%)

Risk factors, n (%)

Smoking habit (ex or current) 25 (63%) 19 (73%) 6 (43%) 24 (60%)

Non-insulin dependent diabetes 8 (20%) 7 (27%) 1 (7%) 13 (33%)

Hypertension 17 (43%) 11 (42%) 6 (43%) 36 (90%)

Hypercholesterolaemia 19 (48%) 11 (42%) 8 (57%) 39 (98%)

Medications, n (%)†

Aspirin 40 (100%) 26 (100%) 14 (100%) 33 (83%)

Clopidogrel 39 (98%) 25 (96%) 14 (100%) 5 (13%)

Statin 39 (98%) 26 (100%) 13 (93%) 36 (90%)

β blocker 32 (80%) 20 (77%) 12 (86%) 28 (70%)

ACEI/ARB 35 (88%) 25 (96%) 10 (71%) 20 (50%)

Calcium channel blockers 2 (5%) 2 (8%) 0 16 (40%)

Other anti-hypertensive 3 (8%) 1 (4%) 2 (14%) 6 (15%)

Oral nitrates 1 (3%) 0 1 (7%) 15 (38%)

Serum biochemistry, mean (SD)

Cholesterol (mmol/L) 4·7 (1·2) 4·7 (1·3) 4·8 (1·1) 3·9 (0·8)

HDL cholesterol (mmol/L) 1·1 (0·3) 1·1 (0·3) 1·0 (0·3) 1·1 (0·3)

LDL cholesterol (mmol/L) 2·9 (1·1) 2·8 (1·1) 3·1 (1·0) 2·1 (0·7)

Triglycerides (mmol/L) 1·6 (0·8) 1·7 (0·7) 1·5 (0·7) 1·6 (0·7)

Creatinine (µmol/L) 84 (27) 86 (29) 82 (24) 85 (23)

Coronary artery calcium score (Agatston units), 
median (IQR)

159 (42–456) 176 (45–474) 122 (26–442) 599 (60–1302)

Peak troponin concentration (ng/L), median (IQR) 32 300 (10 200–50 000) 11 200 (3300–50 000) 3800 (1000–9200)

NSTEMI=non-ST elevation myocardial infarction. MI=myocardial infarction. CVA=cerebrovascular accident. TIA=transient ischaemic attack. PCI=percutaneous coronary 
intervention. ACEI=angiotensin converting enzyme inhibitor. ARB=angiotensin receptor blocker. CABG=coronary artery bypass graft. HDL=high-density lipoprotein. 
LDL=low-density lipoprotein. STEMI=ST-elevation myocardial infarction. *Heart rate at the time of CT coronary angiography. †Medications at the time of scan. 

Table 1: Baseline characteristics of patients with coronary artery disease
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compared using Student’s t tests. Non-parametric data 
were presented as median (IQR) and compared using 
Mann-Whitney U test or Wilcoxon signed-rank test as 
appropriate. Fisher’s exact test or chi-squared test was 
used for analysis of categorical variables. Statistical 
analysis was done with Graph Pad Prism version 5 
(GraphPad Software, La Jolla, CA, USA). A two-sided 
p<0·05 was taken as statistically signifi cant.

The study was registered with ClinicalTrials.gov 
number NCT01749254.

Role of the funding source
The funding source had no role in the study design 
(except through its external peer review process), data 
collection, data analysis, data interpretation, or writing of 
the report. All authors had access to the primary data and 
have fi nal responsibility to submit for publication.

Results
Patients were predominantly middle-aged men and had 
multiple cardiovascular risk factors (table 1). They under-
went both ¹⁸F-NaF (60 [SD 9] min after 123 [SD 5] MBq) 
and ¹⁸F-FDG (90 [7] min after 192 [11] MBq) PET-CT 
scanning within a median of 6 (IQR 3–9) days. The 
median duration between PET-CT scanning and coronary 
angiography was 7 (IQR 1–12) days. The total eff ective 
radiation dose from study participation was 13·7 (SD 3·0) 
mSv (conversion factor of 0·014 mSv/mGy.cm): ¹⁸F-NaF 
(3·8 [SD 0·3] mSv) and ¹⁸F-FDG (4·9 [0·5] mSv) PET-CT, 
CT coronary angiogram (3·7 [2·1] mSv), and calcium 
score (1·3 [0·5] mSv).

The culprit vessel was the left anterior descending 
artery in 17 (42%) patients, the left circumfl ex artery in 
seven (18%), and the right coronary artery in 16 (40%). 
Patients underwent ¹⁸F-NaF scans 6 [IQR 3–10] days after 
hospitalisation for myocardial infarction (symp toms to 
¹⁸F-NaF scan, 8 [3–10] days). ¹⁸F-NaF activity in the culprit 
plaque was 34% higher than the maxi mum activity 
recorded anywhere else in the coronary vasculature 
(maximum TBR 1·66 [1·40–2·25] vs 1·24 [1·06–1·38], 
p<0·0001; fi gures 1 and 2). In 37 of the 40 patients (93%), 
increased ¹⁸F-NaF uptake was seen in the culprit plaque 
(fi gure 1; appendix). In the three patients without uptake, 
two were younger smokers (aged 50 and 52 years) and, in 
the third, the culprit lesion was adjudicated as the right 
coronary artery although focal increased activity was seen 
in the left circumfl ex artery. In fi ve patients, increased 
¹⁸F-NaF activity was seen at multiple sites within the 
coronary circulation.

Predefi ned myocardial suppression of ¹⁸F-FDG uptake 
was achieved in 28 (70%) patients (median myocardial 
standard uptake value 3·92 [IQR 2·71–5·55]). However, 
coronary ¹⁸F-FDG uptake could not be distinguished 
from patchy myocardial uptake in 22 patients aff ecting 
52% of vessel territories. Increased uptake of ¹⁸F-FDG 
was observed in the culprit vessels of six (33%) of the 
remaining 18 patients. Overall, no signifi cant diff erences 

could be shown between the maximum TBRs in the 
culprit plaques and those recorded elsewhere in the 
coronary vasculature (1·71 [IQR 1·40–2·13] vs 1·58 
[1·28–2·01], p=0·34: fi gure 2) with a mean diff erence of 
0·09 (95% CI −0·07 to 0·24).

The median duration between clinical symptoms and 
carotid endarterectomy was 17 [IQR 10–27] days (appen-
dix). Carotid endarterectomy specimens (fi gure 3; appen-
dix) were obtained for 12 patients, although three 
specimens could not be excised intact and were discarded. 
Ex-vivo ¹⁸F-NaF PET-CT was undertaken in nine speci-
mens and uptake was localised to the site of macroscopic 
plaque rupture in all patients (fi gure 3). Compared with 
sections of tissue without uptake (n=15), those with 
increased ¹⁸F-NaF uptake (n=24) had increased calcifi -
cation activity (tissue non-specifi c alkaline phosphatase 
4·07% [SD 3·42] vs 0·76% [0·51], p<0·0001; osteocalcin 
1·88% [IQR 0·58–4·10] vs 0·25% [0·11–0·58], p<0·0001), 
macrophage infi ltration (CD68, 350 [IQR 172–840] vs 
145 [24–362] cells/mm², p=0·013), and cell death (apop-
tosis, cleaved-caspase-3, 1·23% [0·69–1·91] vs 0·09% 
[0·04–1·38], p=0·005; necrotic core, 22/24 vs 4/15; 
p<0·0001; appendix).

Patients with stable angina were older (67 [SD 8] vs 62 [8] 
years, p=0·006) and had more severe coronary artery 
disease (coronary artery calcium score 599 [IQR 60–1302] 
vs 159 [42–456] Agatston units, p=0·006) than those with 
myocardial infarction (table 1). Focal ¹⁸F-NaF uptake was 
noted in 18 patients (45%), which did not seem to be 
related to percutaneous coronary intervention and stent 

Figure 1: Focal ¹⁸F-fl uoride and ¹⁸F-fl uorodeoxyglucose uptake in patients 
with myocardial infarction and stable angina

Patient with acute ST-segment elevation myocardial infarction with (A) proximal 
occlusion (red arrow) of the left anterior descending artery on invasive coronary 

angiography and (B) intense focal ¹⁸F-fl uoride (¹⁸F-NaF, tissue-to-background 
ratios, culprit 2·27 versus reference segment 1·09 [108% increase]) uptake 

(yellow-red) at the site of the culprit plaque (red arrow) on the combined positron 
emission and computed tomogram (PET-CT). Corresponding 

¹⁸F-fl uorodeoxyglucose PET-CT image (C) showing no uptake at the site of the 
culprit plaque (¹⁸F-FDG, tissue-to-background ratios, 1·63 versus reference 

segment 1·91 [15% decrease]). Note the signifi cant myocardial uptake overlapping 
with the coronary artery (yellow arrow) and uptake within the oesophagus 

(blue arrow). Patient with anterior non-ST-segment elevation myocardial 
infarction with (D) culprit (red arrow; left anterior descending artery) and 

bystander non-culprit (white arrow; circumfl ex artery) lesions on invasive coronary 
angiography that were both stented during the index admission. Only the culprit 
lesion had increased ¹⁸F-NaF uptake (¹⁸F-NaF, tissue-to-background ratios, culprit 

2·03 versus reference segment 1·08 [88% increase]) on PET-CT (E) after 
percutaneous coronary intervention. Corresponding ¹⁸F-fl uorodeoxyglucose 

PET-CT showing no uptake either at the culprit (¹⁸F-FDG, tissue-to-background 
ratios, culprit 1·62 versus reference segment 1·49 [9% increase]) or the bystander 
stented lesion. Note intense uptake within the ascending aorta. In a patient with 

stable angina with previous coronary artery bypass grafting, invasive coronary 
angiography (G) showed non-obstructive disease in the right coronary artery. 
Corresponding PET-CT scan (H) showed a region of increased ¹⁸F-NaF activity 

(positive lesion, red line) in the mid-right coronary artery (tissue-to-background 
ratio, 3·13) and a region without increased uptake in the proximal vessel (negative 

lesion, yellow line). Radiofrequency intravascular ultrasound shows that the 
¹⁸F-NaF negative plaque (I) is principally composed of fi brous and fi brofatty tissue 

(green) with confl uent calcium (white with acoustic shadow) but little evidence of 
necrosis. On the contrary, the ¹⁸F-NaF positive plaque (J) shows high-risk features 

such as a large necrotic core (red) and microcalcifi cation (white).
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deployment (appendix). The maximum TBR for ¹⁸F-NaF 
positive plaques was 1·90 [IQR 1·61–2·17] and for ¹⁸F-NaF 
negative plaques was 1·02 [0·82–1·17]. ¹⁸F-NaF positive 
plaques were predominantly (72% of patients) non-

obstructive (<70% luminal stenosis) on coronary 
angiography and showed multiple high-risk features on 
radiofrequency intravascular ultrasound (positive 
remodelling [remodelling index 1·12 [IQR 1·09–1·19] vs 
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1·01 [0·94–1·06]; p<0·001, microcalcifi cation (73 vs 21%, 
p=0·002) and necrotic core (24·6% [20·5–28·8] vs 18·0% 
[14·0–22·4]), p=0·001), with similar observations for CT 
(fi gure 1, table 2; appendix). Multivessel uptake was 
commonly seen: two-vessel uptake in six (15%) and three-
vessel uptake in fi ve (13%) patients. Patients with ¹⁸F-NaF 

positive lesions had higher concentrations of plasma 
troponin at baseline (3·35 [IQR 2·35–10·20] vs 2·45 
[1·85–4·02] ng/L; p=0·047), with one individual having a 
concentration (35 ng/L) above the 99th percentile 
diagnostic threshold.

Although predefi ned myocardial suppression of 
¹⁸F-FDG uptake was achieved in 34 (85%) patients 
(median myocardial standard uptake value 2·60 
[IQR 1·83–3·83]), coronary ¹⁸F-FDG uptake could not be 
confi dently interpreted in 45% of vessel territories. 
Increased focal ¹⁸F-FDG uptake was noted in just four 
patients: three at the site of recent coronary stenting and 
one at the ostium of a saphenous vein graft.

Discussion
We have shown that intense ¹⁸F-NaF uptake localises to 
recent plaque rupture in patients with acute myocardial 
infarction and in those with symptomatic carotid disease. 
Moreover, in patients with stable coronary artery disease, 
¹⁸F-NaF uptake seems to identify coronary plaques with 
high-risk features on intravascular ultrasound. This 
technique holds major promise as a means of identifying 
high-risk and ruptured plaque, and potentially informing 
the future management and treatment of patients with 
stable and unstable coronary artery disease.

Figure 3: Carotid ¹⁸F-fl uoride uptake and carotid plaque rupture
In-vivo (A and B) and ex-vivo (C and D) positron emission and computed tomograms showing colocalisation of ¹⁸F-fl uoride (¹⁸F-NaF) uptake (yellow-orange) to the 
site of plaque rupture with adherent thrombus on excised carotid endarterectomy tissue (E and F). Histology of the ¹⁸F-NaF-positive region shows a large necrotic 
core (Movat’s pentachrome, magnifi cation 4×, G), within which increased staining for tissue non-specifi c alkaline phosphatase can be seen as a marker of calcifi cation 
activity on immunohistochemistry (magnifi cation 4×, H; magnifi cation 10×, I).
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Figure 2: ¹⁸F-fl uoride and ¹⁸F-fl uorodeoxyglucose uptake in patients with myocardial infarction
¹⁸F-fl uoride activity (maximum tissue-to-background ratio) was increased in the culprit plaque (red) compared 
with the maximum uptake in any of the non-culprit plaques (blue). By contrast, there was no diff erence in the 
activity of ¹⁸F-fl uorodeoxyglucose between these regions.
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Over 90% of our patients with myocardial infarction 
had increased ¹⁸F-NaF uptake at the site of their culprit 
ruptured plaque, with TBR values that were a third 
higher than the maximum activity anywhere else in the 
coronary vasculature. These fi ndings were not unique to 
the coronary circulation since we also noted increased 
focal ¹⁸F-NaF uptake at the site of plaque rupture in all 
excised carotid endarterectomy specimens from patients 
with symptomatic carotid disease. However, we do 
acknowledge that this was not a universal fi nding. Of the 
three patients with myocardial infarction who had no 
uptake, two were younger smokers with only mild under-
lying irregularities on coronary angiography, implicating 
plaque erosion and thrombosis as the mechanism of 
their infarction rather than plaque rupture.23 The third 
patient sustained an inferolateral non-ST segment 
elevation myocardial infarction and had a lesion stented 
in the right coronary artery. Increased ¹⁸F-NaF activity 
was seen in the co-dominant circumfl ex artery that could 
have equally explained the clinical presentation, raising 
the intriguing possibility that ¹⁸F-NaF might have a 
clinical role for patients in whom the culprit lesion is not 
readily apparent.

Focal regions of increased ¹⁸F-NaF activity were seen in 
almost a half of our patients with stable coronary artery 
disease. To understand the mechanism of uptake in these 
patients, we sought to compare plaque characteristics of 
lesions with and without increased ¹⁸F-NaF uptake. 
Because histology of the coronary arteries in this 
population is not feasible, we undertook greyscale and 
radiofrequency intravascular ultrasound, a widely used 
and validated process that provides detailed characterisation 
of plaque composition.21 This method showed that lesions 
with increased ¹⁸F-NaF uptake were associated with greater 
positive remodelling, more microcalcifi cation, and a larger 
necrotic core. These fi ndings were corroborated by, and 
consistent with, the fi ndings of plaque analysis done with 
CT coronary angiography. Plasma troponin concentrations 
measured by a novel high-sensitivity assay were also 
higher in those patients with ¹⁸F-NaF positive plaques than 
in patients with ¹⁸F-NaF negative plaques, perhaps impli-
cating subclinical plaque rupture with embolisation and 
microinfarction.

Why does ¹⁸F-NaF bind to ruptured or high-risk 
plaque? Similar to the caseating granulomata of tuber-
culosis, atherosclerotic vascular calcifi cation is a con-
trolled cellular response to an intense, necrotic, and 
chronic infl ammatory stimulus. Indeed, direct links 
between infl ammatory cells and osteoblastic metaplasia 
in the vasculature are well described.24,25 Hydroxyapatite 
is the central structural component of vascular calcifi -
cation and is laid down during the earliest and most 
active stages of mineralisation:24 hydroxyapatite nano-
crystals nucleate, propagate, and mineralise the extra-
cellular matrix. Fluoride ions are incorporated into the 
hydroxyapatite by ion exchange with hydroxyl groups at 
the crystal surface. This process is dependent on the 

crystal surface area that will be greatest in the earliest 
and most active nanocrystalline stages of mineralisation 
associated with plaque infl ammation and necrosis. We 
believe that these processes are responsible for the 
observed ¹⁸F-NaF uptake and is consistent with our 
data showing ¹⁸F-NaF uptake in regions of necrosis, 
macrophage infi ltration, apoptosis, microcalcifi cation, 
and alkaline phosphatase and osteocalcin staining. 
Moreover, mathematical modelling indicates that micro-
calcifi cation at the surface of thin-capped atheroma 
(fi gure 1) can intensify and double incident stresses.26 
Microcalcifi cation is therefore not only a marker of acute 
plaque rupture but is implicated in its precipitation.

Coronary arterial calcifi cation is considered patho-
gnomonic of atherosclerosis and is a powerful indepen-
dent risk predictor for cardiovascular events that can be 
further refi ned by the rapidity of its progression.27,28 Why 
then not rely on CT coronary calcium scoring alone as a 
biomarker? Microcalcifi cation cannot be detected on 
CT and confl uent coronary macrocalcifi cation develops 
slowly, taking many months or years to become apparent 
on CT, and can become dormant once infl ammation in 

¹⁸F-fl uoride positive 
plaques (n=15)

¹⁸F-fl uoride negative 
plaques (n=24)

p

Lumen

Area (mm²) 9·0 (5·7–13·5) 6·7 (4·7–9·7) 0·078

Minimal diameter (mm) 2·6 (1·7–3·1) 1·9 (1·7–2·6) 0·165

Maximum diameter (mm) 4·9 (4·1–5·3) 3·6 (3·1–4·6) 0·006

Vessel

Area (mm²) 24·1 (17·2–27·1) 14·5 (11·9–18·1) 0·002

Minimal diameter (mm) 4·4 (3·4–5·2) 3·6 (3·0–4·1) 0·057

Maximum diameter (mm) 6·5 (6·0–7·1) 5·2 (4·7–5·9) 0·0001

Plaque

Length (mm) 14·2 (6·2–23·5) 15·2 (6·7–25·0) 0·941

Volume (mm³) 152·9 (99·6–289·7) 91·0 (45·8–158·2) 0·032

Burden (%)* 55·6 (48·6–64·4) 54·2 (46·3–57·3) 0·174

Remodelling index 1·12 (1·09–1·19) 1·01 (0·94–1·06) 0·0004

Plaque composition

Fibrous tissue (%) 51·0 (46·3–56·6) 58·1 (51·6–65·5) 0·015

Fibro-fatty (%) 10·9 (6·0–13·8) 12·6 (9·3–17·8) 0·092

Necrotic core (%) 24·6 (20·5–28·8) 18·0 (14·0–22·4) 0·001

Maximum frame necrotic core (%)† 35·5 (34·2–40·5) 29·2 (23·9–42·1) 0·009

Dense calcium (%) 12·6 (9·1–18·1) 10·2 (4·0–14·9) 0·092

Microcalcifi cation, n (%) 11 (73%) 5 (21%) 0·002

Plaque classifi cation, n (%)

Thin-cap fi broatheroma 7 (47%) 4 (16%) 0·068

Thick-cap fi broatheroma 5 (33%) 9 (38%) 1·0

Pathological intimal thickening 0 7 (29%) 0·003

Fibrocalcifi c plaque 3 (20%) 4 (16%) 1·0

Data are median (IQR) unless otherwise stated. *Plaque burden calculation = (average vessel area − average lumen area) 
/average vessel area. †Maximum necrotic core in any single frame in the plaque.

Table 2: Greyscale and radiofrequency intravascular ultrasound characteristics in ¹⁸F-fl uoride positive and 
negative plaques of patients with stable angina
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the plaque has subsided. By identifying areas of nascent 
and ongoing calcifi cation activity, ¹⁸F-NaF uptake allows 
us to detect regions of metabolically active plaque, thus 
providing complementary information to CT.29–32 Indeed, 
we noted large areas of coronary CT calcium in the 
absence of increased ¹⁸F-NaF uptake (fi gure 1) whereas 
other regions with minimal or no CT calcium had intense 
¹⁸F-NaF uptake (appendix) in keeping with previous 
observations in the aorta by Derlin and colleagues 
(panel).29,32 Moreover, given that ¹⁸F-NaF seems more 

closely aligned with the process of necrotic infl ammation 
and plaque metabolic activity, we believe that it potentially 
off ers major improvements to the prediction of cardio-
vascular risk compared with calcium scoring.

Our data have already established that ¹⁸F-NaF identifi es 
plaque with multiple high-risk features, but prospective 
studies are now needed in a broad range of patients to 
assess whether increased coronary ¹⁸F-NaF activity will 
ultimately translate into future adverse events. If the 
results prove confi rmatory then this technique has the 
potential to fundamentally alter the way we treat coronary 
artery disease: moving us away from the current framework 
based on lesion severity and ischaemia to one focused on 
plaque metabolism and infl ammation. It could, for 
example, permit the identifi cation of the vulnerable patient 
with single or multiple high-risk or silently ruptured 
plaques, providing an opportunity to treat and modify their 
risk to prevent future adverse cardiovascular events.

By contrast with ¹⁸F-NaF, ¹⁸F-FDG imaging was ham-
pered by problems related to tracer uptake in the 
myocardium. Our stringent dietary recommendations 
resulted in suppression of myocardial activity in 70–85% 
of patients: a rate that compares favourably with pre-
vious studies (57–84%).6,12,13 However, this suppression 
resulted in a patchy distribution of myocardial uptake 
that frequently obscured activity in one or more coronary 
vessels. Increased ¹⁸F-FDG uptake might possibly occur 
in the culprit plaque and we failed to show this because 
of incomplete data or the delay in scanning. However, 
given its limitations, we believe that ¹⁸F-FDG is unlikely 
to become suffi  ciently robust to permit its clinical appli-
cation to the coronary circulation. Nevertheless, ¹⁸F-FDG 
uptake remains an important measure of general 
vascular infl ammation in the aorta and carotid arteries, 
providing complementary and distinct metabolic infor-
mation to that of ¹⁸F-NaF uptake.

We acknowledge that there are limitations of our study 
that include a lack of respiratory gating, potential partial 
volume artefacts, and the use of surrogate measures for 
coronary histology.21 However, we believe that the totality 
of our comprehensive evidence using multiple approaches 
and imaging modalities provides a robust and cogent 
argument to support our contention that ¹⁸F-fl uoride 
uptake identifi es vulnerable and high-risk plaques in 
patients with stable and unstable coronary heart disease. 
Further work is now needed to establish whether ¹⁸F-NaF 
PET-CT will provide a clinically useful technique capable 
of improving risk stratifi cation, monitoring disease pro-
gression, guiding therapeutic interventions, and assessing 
novel anti-atherosclerotic therapies.
Contributors
NVJ designed the study, undertook experiments, analyse d results, and 
interpreted the data. ATV undertook experiments, analysed and 
interpreted the data, and prepared the report. MCW, ASVS, PAC, FHMC, 
SEY, AMF, EJRvB, and KAAF collected, analysed, and interpreted data, 
and prepared the report. ADF, NGU, MWHB, NLMC, and NLM collected 
the data and prepared the report. JHFR, MRD, and DEN contributed to 
the study design, supervision, and interpretation of data. DEN is the chief 

Panel: Research in context

Systematic review
We searched PubMed using variations of the keywords “high-risk plaques”, “vulnerable 
plaques”, “ruptured plaques”, “¹⁸F-fl uorodeoxyglucose positron emission tomography”, 
“¹⁸F-fl uoride positron emission tomography”, and “coronary arteries”. The search was 
restricted to human studies. We assessed the quality of the evidence specifi cally related to 
cardiovascular disease by reviewing the patient population studied and the methodology 
for the positron emission and CT imaging.

Non-invasive imaging of carotid plaque infl ammation using ¹⁸F-fl uorodeoxyglucose 
positron emission tomography was reported by Rudd and colleagues in 2002.11 Since then, 
this tracer has been validated and widely used as a surrogate of large vessel infl ammation.8,10 
Increased ¹⁸F-fl uorodeoxyglucose in the coronary arteries has been described in patients with  
coexisting malignancy.12,33,34 Since then, three prospective studies have examined the 
feasibility and reproducibility of assessing uptake of this tracer in the coronary 
vasculature.6,7,13 Only two small studies (n=10–20)6,13 have suggested that 
¹⁸F-fl uorodeoxyglucose might identify some infl amed plaques in patients with recent 
myocardial infarction, although the largest study showed that in 50% of patients with acute 
myocardial infarction, there was no uptake of ¹⁸F-fl uorodeoxyglucose in the culprit plaque.13

Four retrospective studies in patients with cancer have recently reported cardiovascular 
uptake of ¹⁸F-fl uoride.29,31,32,35 The aortic uptake of ¹⁸F-NaF was fi rst reported by Derlin and 
colleagues29 and cardiac ¹⁸F-fl uoride uptake by Beheshti and colleagues.31 We reported the 
coronary uptake of ¹⁸F-NaF in a prospective clinical trial involving patients with aortic 
stenosis,7,8 and these results were subsequently corroborated by Li and colleagues in their 
retrospective study of patients with cancer.30 No study has prospectively assessed this tracer 
in patients with stable or unstable coronary artery disease or validated its activity against 
histology or invasive intracoronary imaging, such as intravascular ultrasound. There are no 
previous reports of ¹⁸F-fl uoride uptake in relation to plaque vulnerability or rupture.

Interpretation
There are currently no non-invasive imaging techniques that can identify high-risk and 
ruptured coronary atherosclerotic plaques in vivo in patients with coronary heart disease. For 
the fi rst time, we have shown that ¹⁸F-fl uoride positron emission tomography can identify 
culprit and ruptured plaques in patients with myocardial infarction and symptomatic carotid 
disease. Moreover, histological characterisation demonstrates that ¹⁸F-fl uoride activity 
localises to regions of plaque rupture with evidence of increased infl ammation, calcifi cation 
activity, necrosis, and cell death. In patients with stable angina, ¹⁸F-fl uoride is associated with 
coronary plaques that have high-risk features on intravascular ultrasound, including positive 
remodelling, microcalcifi cation, and necrosis. Given its ability to identify high-risk or 
ruptured coronary atherosclerotic plaque, this non-invasive imaging technique has the 
potential to change how we identify, manage, and treat patients with stable and unstable 
coronary artery disease. Further work is now needed to establish whether ¹⁸F-fl uoride 
positron emission tomography will provide a means of improving risk stratifi cation, 
monitoring disease progression, guiding therapeutic interventions, and assessing novel 
anti-atherosclerotic therapies.
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Vascular calcification is a complex biological process that is a hallmark of atherosclerosis.

While macrocalcification confers plaque stability, microcalcification is a key feature of high-

risk atheroma and is associated with increased morbidity and mortality. Positron emission

tomography and X-ray computed tomography (PET/CT) imaging of atherosclerosis using
18F-sodium fluoride (18F-NaF) has the potential to identify pathologically high-risk nascent

microcalcification. However, the precise molecular mechanism of 18F-NaF vascular uptake is

still unknown. Here we use electron microscopy, autoradiography, histology and preclinical

and clinical PET/CT to analyse 18F-NaF binding. We show that 18F-NaF adsorbs to calcified

deposits within plaque with high affinity and is selective and specific. 18F-NaF PET/CT

imaging can distinguish between areas of macro- and microcalcification. This is the only

currently available clinical imaging platform that can non-invasively detect microcalcification

in active unstable atherosclerosis. The use of 18F-NaF may foster new approaches to
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DOI: 10.1038/ncomms8495 OPEN

1 Division of Experimental Medicine & Immunotherapeutics (EMIT), Department of Medicine, University of Cambridge, Cambridge, CB2 0QQ, UK. 2 Centre
for Cardiovascular Science, University of Edinburgh, Edinburgh, EH16 4TJ, UK. 3 Cancer Research UK Cambridge Institute, University of Cambridge, Li Ka Shing
Centre, Cambridge, CB2 0RE, UK. 4 Department of Physiology, Development and Neuroscience, Multi-Imaging Centre, University of Cambridge, Cambridge,
CB2 3EG, UK. 5 Division of Cardiovascular Medicine, University of Cambridge, Cambridge, CB2 0QQ, UK. 6 Department of Radiology, Box 218 Level 5,
University of Cambridge, Cambridge, CB2 0QQ, UK. 7 Department of Clinical Neurosciences, University of Cambridge, Cambridge, CB2 0QQ, UK.
Correspondence and requests for materials should be addressed to A.P.D. (email: apd10@medschl.cam.ac.uk).

NATURE COMMUNICATIONS | 6:7495 | DOI: 10.1038/ncomms8495 | www.nature.com/naturecommunications 1

& 2015 Macmillan Publishers Limited. All rights reserved.

mailto:apd10@medschl.cam.ac.uk
http://www.nature.com/naturecommunications


Vascular calcification is a complex pathological process
pathognomonic of atherosclerosis1–4. Currently, the
extent of macroscopic calcification can be determined by

X-ray computed tomography (CT) imaging and this can be used
clinically to predict cardiovascular morbidity and mortality5–7.

Vessel mineralization is first marked by the appearance of
calcified micro nodules which grow and coalesce into much larger
macroscopic deposits8. The genesis of these micro nodules is
principally mediated by a coordinated cellular pathway that
shares similarities to active skeletal osteogenesis but may also
involve a more passive process where a combination of high local
concentrations of phosphates and phosphatidylserines from
necrotic cells and an absence of calcification inhibitors results
in the precipitation of calcium phosphate particles. It is likely that
much of the mineral present is made up of hydroxyapatite, a
crystalline form of calcium orthophosphate9,10. Although there is
no universal size convention, emerging consensus categorizes
micro- and macrocalcification based on nodules of o50 and
Z50 mm, respectively11. This distinction is important because
although macrocalcification imparts plaque stability,
microcalcification heralds the onset of vessel mineralization
triggered by cell death and inflammation8,12 and may itself be
implicated in the aetiology of plaque rupture and major adverse
cardiovascular events13,14. Detection of microcalcification is not
possible with clinical CT systems that can only identify large areas
of macrocalcification—B200–500 mm in diameter10,15–17.
Furthermore, the rapid progression of existing vascular calcium
is driven by on-going microcalcification, carries a poor prognosis
and is not amenable to current medical therapies. As a
consequence, the development of techniques to identify
microcalcification is a major research goal with the potential for
improving patient risk stratification and outcomes.

Positron emission tomography (PET)/CT imaging of athero-
sclerosis using 18F-sodium fluoride (18F-NaF) has recently been
reported and, for the first time, has the potential to non-invasively
identify high-risk microcalcification18–21. In patients with stable
coronary artery disease, 18F-NaF uptake correlates with CT
coronary calcium scores although nearly half of the patients with
very high scores have no 18F-NaF uptake and increased 18F-NaF
uptake is often seen in the absence of calcification on CT. 18F-
NaF would therefore appear to provide distinct information to
CT with potentially important clinical implications20. Recently,
we have shown that 18F-NaF uptake identifies culprit ruptured
coronary plaques after myocardial infarction and, in carotid
plaque, correlates with markers of active calcification and cell
death21. Moreover, 18F-NaF appears to identify high-risk
coronary lesions in stable patients indicating that it may have a
role in identifying vulnerable plaques at risk of rupture and in
predicting myocardial infarction. In bone imaging, 18F-NaF
uptake involves the exchange of fluoride ions with hydroxyl
groups in hydroxyapatite22,23; however, the mechanism
underlying 18F-NaF uptake in the vasculature has not been
established. This is a major limitation that must be addressed
before the nascent field of vascular 18F-NaF PET imaging can
progress.

The goal of the study was to characterize the selectivity,
specificity and pharmacodynamics of 18F-NaF uptake in vascular
tissue in the human carotid atherosclerotic plaque. First,
we performed electron probe X-ray microanalysis to measure
18F-NaF presence directly in the areas of calcification
identified by electron microscopy. Second, we studied
the pharmacodynamic properties of 18F-NaF adsorption to
vascular calcification to characterize its potential as a clinical
imaging agent. We correlated the extent of 18F-NaF adsorption to
vascular calcification and to cell-specific markers of athero-
sclerosis to exclude the possibility of 18F-NaF binding to markers

of inflammation, neovascularization and smooth muscle cells as
opposed to solely calcified deposits. We next compared the ability
of 18F-NaF to penetrate carotid micro- and macrocalcifications
using high-resolution phosphor-imaging autoradiography and
light microscopy to understand 18F-NaF-binding properties to
these different forms of vascular calcifications. Finally, we
compared clinical 18F-NaF PET/CT images with mPET/mCT
images of excised carotid endarterectomy specimens to develop a
translational model of 18F-NaF vascular uptake from bedside to
bench and back and understand 18F-NaF adsorption to vascular
calcification on all three levels studied.

We propose a comprehensive translational model of 18F-NaF
pharmacological characteristics to vascular calcification in pre-
clinical and clinical imaging systems. We conclude that 18F-NaF
PET/CT is the only currently available non-invasive clinical
imaging platform that can detect microcalcification in active
unstable human atherosclerosis.

Results
Electron microscopy analysis. We used an electron microprobe
to measure directly the presence of non-radioactive fluoride
within calcified and soft tissue areas of carotid endarterectomy
specimens. We also used hydroxyapatite standards to confirm co-
localization (see Supplementary Table 1). When tissues were
preincubated with NaF, an energy-dispersive X-ray spectroscopic
peak for fluoride was detectable and co-localized with regions of
calcification (Fig. 1a). Microcalcifications showed greater levels of
fluoride than macrocalcifications (F/Ca ratio: 0.59±0.23 (n¼ 10,
individual plaques) versus 0.37±0.15 (n¼ 7, individual plaques),
respectively, Po0.02, ANOVA (analysis of variance) and Tukey
Kramer post hoc test, Fig. 1b) and no tissue fluoride was observed
in the absence of calcification (Fig. 1c). Thus, at the resolution of
electron microscopy, fluoride co-localized to arterial calcification,
with increased levels in the regions of microcalcification.

Pharmacodynamic and pharmacokinetic analyses. To confirm
the specificity in pharmacological assays, we incubated carotid
sections with a clinically relevant concentration (1" 10# 11 M) of
18F-NaF for 1 h (ref. 21). As a control for nonspecific binding,
adjacent sections were incubated at the same concentration of
18F-NaF, but with an excess (4" 10# 4 M) of non-radioactive
NaF. Phosphor-imaging autoradiography revealed a strong
18F-NaF signal with negligible nonspecific binding and no
18F-NaF binding in areas without calcification (Supplementary
Fig. 1). Concentration–response curves were constructed by
exposing carotid sections (n¼ 5) to increasing concentrations of
18F-NaF (10# 12–10# 7 M) for 1 h (refs 20,23). There was a
positive linear correlation between the radioactivity and
concentration of 18F-NaF (Fig. 1d). We then performed asso-
ciation and dissociation binding experiments at a clinically rele-
vant concentration (1" 10# 11 M; n¼ 5). There was a rapid and
time-dependent exponential association and, following washing, a
slow exponential dissociation from the plaque (Fig. 1e). The data
were fitted to a one-site model, with an association rate constant
(k1) of 4.5±0.6" 109 M# 1 min# 1 and a half-time for asso-
ciation of 14.3±1.9 min. Dissociation was slow but detectable
with a dissociation rate constant of 0.0027±0.0005 min# 1, a
half-time for dissociation of 254±43 min and an affinity constant
(KD) calculated from these kinetic data of 0.6 pM. The affinity
constant is a measure of the strength of binding of 18F-NaF to
areas of calcification. The very high affinity is consistent with the
comparatively low concentrations of radiolabelled 18F-NaF
required in vitro and in vivo to detect calcifications in tissues and
demonstrates the sensitivity of the tracer.
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We undertook dynamic PET analysis to explore the in vivo
pharmacodynamic and pharmacokinetic properties of 18F-NaF in
five patients scheduled to undergo carotid endarterectomy for
symptomatic disease (patient demographics both for dynamic
scans and static scans described later are given in Supplementary
Table 2. The SUV and TBR values of static and dynamic scans in
table format are given in Supplementary Table 3 and in graphical
format in Supplementary Fig. 2). There was clear carotid plaque
uptake and Patlak analysis showed a good model fit with 18F-NaF
influx varying from 0.0005 to 0.007 ml cm# 3 min# 1 as compared
with 0.05 to 0.08 ml cm# 3 min# 1 in the vertebral bodies
(Supplementary Table 4 and Supplementary Fig. 3). No deviation
of the data from the model was observed during the time course
of these experiments although patients could only tolerate
scanning for 75 min following tracer injection. Although very
slow dissociation can be detected in vitro, this was too slow to
detect during our imaging window in vivo and therefore is
unlikely to be an important factor to take into account in clinical
imaging. 18F-NaF was rapidly eliminated from the plasma and
showed a typical biexponential decay in keeping with immediate

redistribution and then subsequent renal elimination
(Supplementary Fig. 4). At 60 min from injection, plasma activity
was 4–8% of its peak activity and excellent contrast between
vascular tissue and blood pool was observed.

These complementary ex vivo and in vivo data demonstrate the
favourable imaging properties of 18F-NaF: an absence of
metabolites, rapid ligand-binding site association with minimal
dissociation and a rapid reduction in radiotracer background
giving excellent tissue contrast resolution 1 h following its
administration.

Immunohistochemical analysis. Vascular calcification is believed
to occur in response to hypoxia, necrosis and chronic inflam-
mation and has been linked with macrophage burden and neo-
vascularization3. To test the cellular specificity of 18F-NaF
binding, we stained sequential sections with Alizarin Red
(calcification marker) and antibodies for CD68 (macrophage
marker), CD31 (endothelial cell marker of neovascularization)
and smooth muscle actin (smooth muscle marker; n¼ 8
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individual plaques for each stain). We then filtered and applied an
auto-threshold to both the 18F-NaF radioactivity signal and each
of the histological stains, and overlaid them to correlate the two
signals (Fig. 2a). The only high correlation detected was between
the 18F-NaF signal and Alizarin Red calcification stain
(r¼ 0.69±0.03, n¼ 8) indicating that 18F-NaF specifically co-
localizes to vascular calcification and not other upstream triggers
to the calcific response (Fig. 2b).

Penetration by autoradiography/histology and lPET/lCT. We
next compared areas of 18F-NaF uptake with tissue micro- and
macrocalcification. We first sectioned carotid plaques to remove
barriers to penetration and incubated with 1" 10# 11 M 18F-NaF
for 1 h, followed by exposure to a phosphor-imaging screen. 18F-
NaF uptake correlated with calcification staining (Fig. 3a, mac-
rocalcifications: closed arrowheads, microcalcifications: open
arrowheads) and was observed across all regions of the calcific
deposits (Fig. 3b). In contrast, if carotids were first incubated with
18F-NaF and then sectioned, 18F-NaF binding was only detected
on the outer surface layer of macrocalcific deposits with the
ligand unable to penetrate deeper (Fig. 3c,d, and Supplementary
Fig. 5 for additional examples). Irrespective of presectioning of
tissue, 18F-NaF appeared to bind freely to regions of micro-
calcification and co-localized with histological staining for calci-
fication (Fig. 3a–d). Using mPET/mCT, we saw similar results with
18F-NaF binding only to the surface of macrocalcific deposits
(Fig. 3e,f), matching the limits of penetration demonstrated with
autoradiography.

One of the main aims of this work was to explain the
previously observed differences between the PET and CT signals
in the clinical setting. We chose to investigate this using

preclinical mPET/mCT because of the higher spatial resolution
that it offers (mPET, 900 mm; mCT, 30 mm). We hypothesized that
the use of higher-resolution mPET/mCT would allow detection of
microcalcifications. While microcalcifications identified on his-
tology (Fig. 3g) were not detectable by mCT (Fig. 3i), they were
identified by an increased 18F-NaF mPET signal (Fig. 3j) that
closely matched phosphor-imaging autoradiography (Fig. 3h).
Finally, we further investigated 18F-NaF penetration by examin-
ing the intensity and density of the mPET and mCT signals (where
calcification was defined as Z1,000 Hounsfield units (HU)) along
5–8-mm linear transects of atherosclerotic tissue (Fig. 3k–o).
Once again there were clear differences in the signal produced by
these two imaging techniques with increased 18F-NaF activity on
the surface of macroscopic calcium deposits that by contrast was
not observed within their core.

Comparing clinical in vivo PET/CT and ex vivo lPET/lCT.
We applied a novel approach to compare the in vivo and
ex vivo imaging of carotid atherosclerotic plaque using
co-registered clinical PET with CT, mPET with mCT and
autoradiography with histology. In particular, we focused on the
mismatch between the 18F-NaF PET signal and CT identifiable
calcification (Fig. 4).

We recruited four patients who were scanned with 18F-NaF
PET/CT before carotid endarterectomy (Fig. 4a). After surgery,
we incubated the endarterectomy specimens with 18F-NaF and
imaged them with the mPET/mCT scanner (Fig. 4h). Finally,
we again incubated the carotid endarterectomy specimens with
18F-NaF and cryosectioned them to obtain autoradiography
images and light microscope histology to detect areas of calcium
(Fig. 4n). On the clinical PET/CT and mPET/mCT scans, we
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confirmed differences in the distribution of calcium on CT and
18F-NaF uptake on PET (Fig. 4c–g, for Fig. 4e–g corresponding
three-dimensional (3D) Supplementary Movies 1–3). Regions of
18F-NaF uptake were most commonly observed in the absence
of calcium on CT, representing areas of microcalcification (PETþ /
CT# ; Fig. 4b,i). In addition, there were also large CT-detected
areas of macrocalcification that did not demonstrate concomitant
18F-NaF uptake (PET# /CTþ ; Fig. 4b,g (for Fig. 4g, correspond-
ing 3D Supplementary Movie 3)). These are likely to represent
regions where nascent microcalcification is mild or absent.

The findings on mPET/mCT were similar to the clinical scans.
Indeed the distribution of calcium detected with mCT closely
matched that observed on the clinical CT although additional
smaller areas of macrocalcification were also identified and resolved
(Fig. 4j–m, corresponding 3D Supplementary Movies 4–7). The
distribution of the 18F-NaF signal was also similar although again it
was more refined on the mPET compared with the clinical PET
systems (Fig. 4j–l, corresponding 3D Supplementary Movies 4–6).

Finally, histology and 18F-NaF autoradiography provided the most
sensitive method for the detection of tissue calcification (Fig. 4o–u).
Histological staining with Alizarin Red confirmed that both mCT
and clinical CT only detect regions of macrocalcification with
extensive regions of microcalcification left unresolved by these
techniques (Fig. 4p–u). By contrast, the 18F-NaF signal detected by
autoradiography was observed in a very similar distribution to that
observed by the mPET (albeit providing better spatial resolution),
with both able to resolve regions of microcalcification (Fig. 4r–u).
For the number of patients used in the individual experiments, see
Supplementary Table 5.

Discussion
For the first time, we demonstrate the specificity and sensitivity of
18F-NaF adsorption to calcium deposits in human atherosclerotic
vascular tissue and demonstrate that it can non-invasively detect
areas of microcalcification indicative of nascent calcification and
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Figure 3 | 18F-NaF signal detection depends on the sensitivity of the detection modality. (a,b) If the carotid is sectioned first and incubated in
18F-NaF second, binding occurs to all macro- (closed arrowheads) and microcalcification (open arrowheads) surfaces. (c,d) However, if the carotid is

incubated in 18F-NaF first and then sectioned, 18F-NaF is able to bind only to the surface level of macrocalcifications (closed arrowheads), while binding
occurs to all microcalcifications (open arrowheads). (e,f) 18F-NaF binding solely to the surface level of macrocalcifications can also be observed in a mPET/
mCT scan, if the macrocalcification size is larger than mPET resolution. (g,i) Microcalcifications that are detected with Alizarin Red histology cannot be seen
in a mCT scan, due to insufficient sensitivity. (h,j) Yet, 18F-NaF mPET scan closely matches autoradiography signal and can detect microcalcifications.
(k,l) mPET/mCT signal quantification by measuring the intensity of the 18F-NaF mPET signal and the mCT density measure along the same transects.
(m) 18F-NaF binding can be observed throughout the three macrocalcification peaks due to macrocalcification size being smaller than mPET resolution
(PETþ/CTþ , blue arrowheads); (n) Microcalcifications detected with 18F-NaF mPET and autoradiography (see h) as well as Alizarin Red histology (see g)
but not mCT (PETþ/CT# , magenta arrowheads); (o) If macrocalcifications are larger than mPET resolution, 18F-NaF binding solely around the surface
level of macrocalcifications can be observed, similarly as in autoradiography (center green arrowhead PET#/CTþ , blue arrowheads PETþ/CTþ ).
Scale bar, 1 mm.
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active unstable atherosclerosis. This unique and characteristic
signal has implications and ramifications for the non-invasive
clinical imaging of human atherosclerosis—a condition that
represents the leading cause of death worldwide.

In bone, the binding of fluoride to areas of calcification is
mediated through a chemical reaction with hydroxyapatite, a
crystalline structure that is also the main component of vascular
mineralization22. Using electron microprobe analysis, we have
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bar¼ 3 mm. 3D movies in Supplementary Data.
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shown for the first time that fluoride also closely co-localizes to
pathological mineralization within vascular tissue. The precise
target for NaF binding in living vasculature has been uncertain, as
fluoride ions were not expected to have the selectivity as seen
between ligands and their cognate receptors, and NaF could
target molecules other than hydroxyapatite. Here we demonstrate
that 18F-NaF co-localizes to areas of nascent calcification and
potentially provides a novel non-invasive biomarker of this high-
risk pathology. Moreover, we observed that there is preferential
adsorbing of fluoride to microcalcification, a clinically more
significant manifestation of vascular mineralization. The extent of
fluoride adsorption depends on the surface area of the
mineral24,25 and would be consistent with the proposal that the
complex convex surface structure of microcalcifications allows
more binding of fluoride than the relatively flat and smaller
surface area of macrocalcification.

The association and dissociation of 18F-NaF to carotid
endarterectomy specimens showed an exponential rise and decay
of signal, with excellent contrast between activity in vascular
tissue and the blood pool observed as early as 60 min following
injection. Studies in artificial chemical models have shown that
fluoride binding to hydroxyapatite also occurs in an exponential
binding reaction24,25 and can be explained both by physico- and
chemisorption24. This also appears as the most likely mechanism
in human carotids but it is important to emphasize that not all
calcification observed can be generalized to consist of
hydroxyapatite. Previous clinical radiology reports have
described an initial fluoride-bound water shell entrapment and
a slow ion exchange22; however, no mechanistic studies to prove
these assumptions have been published, at least to our knowledge.
Therefore, we propose that our observations match the findings
in artificial systems and the fluoride adsorption to hydroxyapatite
in whole-carotid sections can be explained by physico- and
chemisorption and the dissociation is a result of a washout,
similar to what has been described in artificial systems24.

The mechanism of early micronodular intimal atherosclerotic
calcification is not yet clearly understood although its genesis has
been linked to, amongst others factors, inflammatory macro-
phages, inflammatory lipids, apoptosis, neovascularization and
phenotypically altered vascular smooth muscle cells3. We have
demonstrated that 18F-NaF binds specifically and sensitively to
the final common pathway of precipitated micro nodules of
pathological calcification (whether through active or passive
mechanisms) and not directly to any of these putative earlier
upstream triggers. This is in contrast to 18F-fluorodexoyglucose,
which although linked to activated macrophages in the
vasculature, may lack sensitivity and specificity for identifying
inflammation specific activation26 and does not have the highly
favourable pharmacokinetics of 18F-NaF26,27.

The main question we sought to answer was why does the
18F-NaF clinical PET/CT imaging result in a signal mismatch
between the two modalities? Specifically, why do some areas of
macrocalcification show no uptake, while other areas without
apparent calcification show high 18F-NaF uptake? To address this,
we used carotid endarterectomy sections and compared ex vivo
and in vivo imaging approaches. Since vascular calcification
consists predominantly of mineral and only a small amount of soft
tissue, the architecture of the calcification in the in vivo and ex vivo
environments was very similar. Using autoradiography, we were
able to show that if the ex vivo carotid was first incubated in
18F-NaF and then cryosectioned, 18F-NaF only bound to the outer
surface of the macrocalcifications. In contrast, microcalcifications
had a greater surface area and no barriers to penetration of the
tissues resulting in high levels of 18F-NaF adsorption. This
suggests that 18F-NaF cannot penetrate into the deeper layers of
macrocalcification. Since macrocalcifications have a large volume

but small surface area, the detected radioactivity signal is
proportionally smaller than microcalcifications with a small
volume and large surface area. Microcalcifications are also
dispersed in large numbers per given area of the tissue, again
resulting in a disproportionally high signal compared with
macrocalcifications. Furthermore, when sectioned carotid endar-
terectomy specimens were directly exposed to 18F-NaF, uptake
was this time observed also in the centre of macroscopic deposits
that had now been made accessible to the tracer. We therefore
conclude that the adsorption of 18F-NaF to areas of calcification in
carotid endarterectomy tissue is a measure of the available surface
area accessible to the isotope. This is consistent with findings in
the bone and explains the observed greater adsorption of 18F-NaF
to microcalcifications (Fig. 5a,b).

mPET/mCT scans of ex vivo carotids and their comparison with
autoradiography revealed that mPET closely matches autoradio-
graphy. On the other hand, mCT was only able to detect
macrocalcifications (Fig. 5c) and underestimated the extent of
vascular microcalcification identified by Alizarin Red histology.
Back-correlation of mPET/mCT ex vivo scans to clinical in vivo
PET/CT scans showed similar results. Using clinical CT, it was
possible to detect the larger macrocalcifications, and their shape
closely matched the data acquired by mCT. In contrast, the 18F-
NaF uptake detected by the clinical and mPET co-localized with
both underlying calcium deposits (PETþ /CTþ ) and regions
with no apparent calcification (PETþ /CT# ) as assessed on CT
(Fig. 5d). For the latter situation, our histological studies showed
that the PET signal was in fact binding to microcalcifications
below the detection limit of clinical CT and mCT. We therefore
conclude that areas of 18F-NaF uptake are reporting underlying
microcalcifications, which are undetectable by CT. Conversely,
large CT-detected macrocalcifications that do not co-localize with
18F-NaF PET uptake (PET# /CTþ ) might be considered to
represent dormant areas where on-going mineralization, as
evidenced by the presence of microcalcification, has ceased and
atherosclerotic disease is quiescent. Indeed, more heavily calcified
plaques have been reported to be particularly prevalent in more
stable disease and are much less vulnerable to rupture28,29.

In summary, using electron microprobe analysis, we have
demonstrated for the first time that fluoride directly adsorbs to
calcified areas in mineralized vascular tissue. We have shown that
binding is highly specific since 18F-NaF radioactivity is confined
solely to calcification, with no localization to other soft tissues.
Furthermore, we observed that 18F-NaF signal is highly
dependent on the surface area of the calcification, being able to
adsorb only to the outer layer of macrocalcifications without
deeper penetration. We replicated these findings on three levels—
autoradiography, light microscopy, in vivo clinical PET/CT and
ex vivo mPET/mCT. These characteristic position 18F-NaF as a
highly specific ligand for the detection of pathologically high-risk
microcalcification and early unstable atherosclerotic disease. 18F-
NaF is an economical PET ligand that is easy to manufacture. If
used clinically, 18F-NaF uptake has the potential to identify
microcalcification within high-risk plaques as well as determine
the locations of plaque rupture. In addition, as a marker of
nascent calcification, it could test the efficacy of pharmacological
therapies targeting atherosclerosis or calcification in both the
clinical and preclinical settings. Microcalcifications are also linked
to other disease processes, such as breast cancer, prostate cancer
and stroke. The main aim of this study was to understand the
molecular mechanisms of 18F-NaF uptake and not to define
patients at risk. With data validating its co-localization with
calcification, the potential now exists to evaluate these processes.
Whether or not 18F-NaF will be useful in stratifying risk of
cardiovascular events remains to be demonstrated. Large-scale
prospective investigations will be essential to determine the
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prognostic value for 18F-NaF role in risk stratification. Never-
theless, 18F-NaF PET/CT holds promise and may have wide-
ranging applications and become a valuable clinical tool to study
active calcification across many disease areas and disciplines.

Methods
All chemicals were purchased form Sigma-Aldrich, Dorset, UK, unless stated
otherwise.

Human tissues. The atherosclerotic intimal layers of human carotid arteries
(further in text: carotids) were obtained with ethical approval and informed con-
sent after endarterectomy surgeries (National Health Service Local Research Ethics
Committee approval in Cambridge: 97/084, National Health Service West of
Scotland Research Ethics Committee approval in Edinburgh: 12/WS/0227). The
mean patient age was 71±2 years and both male and female patient carotids were
used. The tissue was collected immediately after the surgery and was fresh frozen
in # 80 !C. It was kept frozen until the start of the experimental procedures.
In clinical imaging, the concentration of the injected 18F-NaF in plasma was
calculated as approximately 1" 10# 11 M. Initial experiments were performed both

on fresh carotids and carotids that had undergone a freeze-thaw cycle and no
differences in 18F binding were observed in terms of radioactivity penetration into
macrocalcifications.

Electron microscopy. Frozen carotid tissue was placed in cryostat for 1 h to
equilibrate to # 20 !C temperature. It was then immersed in Optimal Cutting
Temperature compound (OCT) Embedding Matrix (CellPath, Powys, UK) and
30-mm thick, serial sections were cut on a Bright (Huntingdon, UK) cryostat.
Sections were placed on custom-made Melinex discs (diameter: 12 mm) and
allowed to dry. Discs were then frozen in # 80 !C temperature until the day of
experiment. During the experiment, tissue sections were allowed to thaw and then
incubated with 120ml 0.01 M non-radioactive NaF for 2 h at room temperature.
After incubation, sections were dipped in distilled H2O three times and allowed to
dry. The discs were stuck to 12.5 mm Cambridge style scanning electron micro-
scope stubs and coated with carbon in an Edwards Auto 306 evaporative carbon
coater. They were imaged in an FEI XL30 FEGSEM operated at 20 kV with
secondary and backscattered electron detectors. Calcification was detected
predominantly in the regions of intimal thickening and was designated micro-
(spherical or near spherical deposits o50mm in diameter) or macrocalcification
(where large regions between 50 mm and several mm in size were calcified).
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Both types of calcification were analysed by energy-dispersive X-ray micro-
analysis in 10 arteries. Spectra were collected using an Oxford Instruments
SiLi atmospheric thin window detector running INCA software (ETAS Group,
Stuttgart, Germany). Between 10 and 57 spectra were collected from both types
of calcification (where present) for 100 s live time. As a control to assess nonspecific
binding of F, spectra were also collected from regions of the arterial media
where no backscattered electron signal for hydroxyapatite was present. The spectra
were deconvolved in the INCA software and to estimate F/Ca only Ca and F
spectra were input into the analysis. The quantitative data were expressed as atomic
%. F/Ca was estimated by dividing the atomic % of F by the atomic % of Ca. Data
are presented as means±the s.e.m. and F/Ca between regions of micro- and
macrocalcification was compared using an ANOVA and Tukey Kramer post hoc
test.

Additional electron microscopy analysis was performed with commercial
hydroxyapatite standards. Hydroxyapatite (2 mg) was incubated with 1 ml of 1%
NaF on a rotator for 8 h or 4 days. The standards were then rinsed 10 times for
20 min in distilled water and air dried onto coverslips. They were mounted onto
12.5 mm Cambridge scanning electron microscope stubs, carbon coated and
analysed in the same way as the cryostat sections. Control samples of
hydroxyapatite standards were treated similarly as described above but the NaF
incubation step was omitted. The hydroxyapatite analysed in the cryostat section is
at least partially embedded/encapsulated in the tissue of the arteries and sections
were coated in the same way with carbon to make them electrically conductive. As
the carbon was added it was excluded from the analysis. Concentrations of O, P
and Ca in the control hydroxyapatite are expressed in atomic per cent.

In the NaF-treated hydroxyapatite, no signal for Na was seen after extensive
washes, and the concentrations of O, F, P and Ca were expressed as atomic per
cent. Despite extensive washing, a clear signal for F was retained, indicating
binding to the hydroxyapatite. In these control samples the interaction volume of
the electron beam is expected to remain within hydroxyapatite alone whereas in the
tissue sections a proportion of the interaction volume will also generate X-rays
from the surrounding arterial tissue. Therefore the ratio of F/Ca was used to
measure differences in F concentration between areas of macro- and micro-
calcification.

18F-NaF binding to cryostat cut carotid artery sections. For all experiments
18F-NaF was synthesized by the Wolfson Brain Imaging Centre (WBIC)
(Cambridge, UK). The typical activity was approximately 285 MBq.

Frozen whole carotids were placed in the cryostat for 1 h to equilibrate to
# 20 !C temperature. Tissue was then immersed in the OCT Embedding Matrix
(CellPath, Powys, UK) and 20 mm thick, serial sections were cut on a Bright
(Huntingdon, UK) cryostat. Sections were allowed to dry in room temperature and
stored at # 80 !C temperature until the start of the experiment.

The concentration of 18F-NaF was detected using F# electrode (Thermo
Scientific, Loughborough, UK) and was then diluted to 1" 10# 11 M. For
nonspecific binding detection, 20 ml of 0.1 M unlabelled NaF solution (Orion
Ionplus F# Standard, Thermo Scientific, Loughborough, UK) were added to an
aliquot of the radioactive 1" 10# 11 M solution. Frozen tissue sections were
allowed to thaw and washed with PBS for 10 min in room temperature. Adjacent
sections were incubated either with 18F-NaF or 18F-NaF plus unlabelled NaF
solutions for 1 h at room temperature. They were then washed in PBS 3" 5 min
and dipped in distilled H2O. After drying, tissues were placed on a charged
phosphor screen (Perkin Elmer, Waltham, Massachusetts) and left overnight. The
following day screens were read using PerkinElmer’s Cyclone Plus Phosphor
Imager (Waltham, Massachusetts) and data were analysed with OptiQuant
software (Packard Instrument, Meriden, Connecticut). Areas of micro- and
macrocalcification were identified visually based on the size of nodules of o50 and
Z50mm to several mm, respectively, and manual measurements made.

For concentration–response curve, the same method was used, except stock
18F-NaF solution was split into serial dilutions from 10# 12 to 10# 7 M. After
washing in PBS and dipping in distilled H2O, tissues were wiped off the slides with
filter paper, which was put into radioimmunoassay tubes and measured in the
gamma counter (Packard Cobra II E5003, GMI, Ramsey, Minnesota).

18F-NaF binding in whole-carotid arteries. Whole-carotid arteries were thawed
in 5 ml PBS for 1 h, and then placed in 5 ml of 10# 11 M 18F-NaF solution for 1 h at
room temperature. They were then washed in PBS 3" 2 min, followed by a dip in
distilled H2O. Carotids were transferred to cryostat, immersed in OCT and allowed
to freeze. Tissue was then cut into 20-mm serial sections, which were allowed to dry
on microscopy slides. After drying, tissues were placed on a charged phosphor
screen and left overnight.

For whole-carotid association and dissociation binding curves, the same
method was used, except during association binding experiments, carotids were
taken out from the 5 ml of 10# 11 M 18F-NaF tube at set time points—0, 5, 15, 30,
60 min, washed and measured in the gamma counter. For dissociation binding
experiment, after the incubation in 5 ml of 10# 11 M 18F-NaF for 1 h, tissues were
continuously washed in PBS for set amounts of time—0, 5, 10, 15, 30, 45, 60, 90,
120 min. Instead of cryostat cutting, arteries were placed in radioimmunoassay
tubes and measured in the gamma counter.

Tissue staining. Tissue sections were cut on cryostat as described in section
‘18F-NaF binding to cryostat cut carotid artery sections‘.

Alizarin red staining. Alizarin Red staining (Alfa Aesar, Heysham, UK) was used
for calcification detection in carotid arteries. In brief, cryosections were left to dry
overnight. They were then fixed in acetone for 10 min at 4 !C and washed in PBS
2" 5 min at room temperature. After washing, 300 ml Alizarin Red were applied to
each section for 1 min. Tissue was then put in acetone for 1 min, followed by a
wash in 50:50 acetone:xylene for 1 min and then left in xylene for at least 1 h.

Immunohistochemistry. Immunohistochemistry was used to detect multiple
inflammatory tissue markers in cryosections. Tissue was left to dry overnight and
the following day it was fixed in acetone at 4 !C for 10 min and washed in PBS
2" 5 min at room temperature. Sections were blocked in 10% goat serum for 1 h
and H2O2 for 5 min. Each blocking step was followed by washing in PBS for
2" 5 min. Carotids were then incubated in primary antibody for 30 min at room
temperature. Antibodies included CD68 (1:500, clone PG-M1), CD31 (1:20, clone
JC70A) and Smooth Muscle Actin (1:500, clone 1A4) (all from Dako UK, Ely, UK).
Labelled polymer-HRP anti-rabbit application and visualization with 3,30-diami-
nobenzidine (DAB) was done using EnVisionþ System-HRP (DAB) kit (Dako
UK, Ely, UK), following manufacturers specifications. Counterstain of 150 ml
haemotoxylin was applied to each section and incubated for 1 min. Slide was then
dipped six times in destain solution (1% HCl, 50% methanol, 49% distilled H2O)
and washed in tap water for 2 min. Afterwards tissue was quickly dehydrated in
1 min intervals through graded alcohols (30 to 70% to 100% to absolute alcohol 1 to
absolute alcohol 2) and cleared in xylene for at least 1 h.

Section mounting. After staining, all tissues were mounted using DePeX
mounting medium Gurr (VWR, Lutterworth, UK) and glass coverslips (Menzel-
Gläser, Braunschweig, Germany). After hardening of the mounting solution, tissues
were imaged using Wild Heerbrugg M3Z microscope (Leica, Heerbrugg,
Switzerland).

lPET/lCT imaging of whole-carotid arteries. Whole-carotid arteries were
removed from # 80 !C freezer and thawed in 5 ml PBS at room temperature for
1 h. After thawing, tissues were placed in 1" 10# 9 M 18F-NaF solution and
incubated for 1 h. Tissues were then washed in PBS 3" 2 min and dipped in
distilled water. They were then placed in sealed plastic tubes. Tissue radioactivity
was read using dose calibrator and they were then placed into the mPET/mCT
scanner. Images were acquired over 30 min in list mode using a NanoScan PET/CT
(Mediso, Budapest, Hungary). Data were reconstructed using a 3D ordered-subset
expectation-maximization (OSEM) algorithm with eight iterations and six subsets
using corrections for decay, dead time, random events, attenuation and scatter, the
resulting image was isotropic with 300 mm voxels. Two sets of mCT were performed
immediately after mPET acquisition, using high and low zoom (67.1 mm and
219 mm between object and source, respectively). Images were obtained by helical
acquisition using a voltage, current and exposure time of 65 kVp, 123mA and
1,100 ms. Images were reconstructed using a modified cone beam filtered-back
projection method using a Butterworth filter producing a 22-mm and a 213-mm
isotropic data set. mPET and mCT data were co-registered using previously estab-
lished default shifts.

2D image processing and analysis. Two-dimensional image analysis was per-
formed using open-source software ImageJ/Fiji (http://fiji.sc) (NIH, Bethesda,
Maryland). Correlation between histology sections and autoradiography images
was achieved by using thresholded binary images of the different signals. In
addition, these thresholded images were filtered with Gaussian blur (s¼ 20) and
thresholded again, to create segmentation masks that overcome the issue of
inherent resolution differences between histology and autoradiography signal
detection processes30.

Alizarin Red-stained calcification detection was performed using histogram-
based Otsu automated thresholding method31 and after Gaussian filter, it was
processed using Li thresholding32.

DAB-stained immunohistology sections were analysed using a colorimetric
thresholding method. While calcification stains provided excellent signal-intensity
to background ratio, this was not the case for immunohistochemistry. Therefore, a
colour combination that only detected the brown DAB stain was set as the manual
threshold value, irrespective of intensity. After Gaussian blurring, signal was
detected using Li auto-thresholding method.

Autoradiography images were resized to match the size of the histology images.
Then they were thresholded using Otsu method, Gaussian blurred and thresholded
using Li method.

All two-dimensional histology images were subjected to background subtraction
and histogram equalization.

Correlation between the various stained sections was accomplished using
multiple ImageJ/Fiji plug-ins. The position of specimens between individual images
was co-registred using TurboReg33 plug-in. Although tissues had been exposed to
acetone and alcohol fixation protocols, we did not observe prominent contraction
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or shrinkage that would affect our data analysis. Images were then thresholded and
turned into binary data as described above. Pearson’s correlation coefficient was
calculated using JACoP34 plug-in. Overlapping images of histological and
autoradiography signals were acquired using Co-localization Finder plug-in. The
overlapped images were processed further to determine PETþ /CT# , PETþ /
CTþ and PET# /CTþ regions in individual sections. Each colour corresponding
to one of the three detection modalities was separated out and quantified using
Analyze Particles command which counts the number of pixels in the binary
segmented mask.

3D image processing and analysis. 3D images after data reconstruction were
analysed using VivoQuant ver 1.23, (InviCRO, Boston, Massachusetts) software35.
For mPET/mCT initially the files were cropped to reduce file size and remove
experimental artifacts, such as the scanning panel and tube in which the carotid
was placed. Once an image containing only the signals associated with the carotid
was achieved, the colour intensities of both modalities were manually adjusted to
match histology/autoradiography signals as close as possible. After that, Distance/
Annotation function was selected and 5–8-mm linear transects were made across
slides in the transversal plane of carotids. The raw data were then downloaded and
graphs showing mCT densities and mPET units along the transect lines were later
reconstructed with Matlab (Mathworks, Natick, Massachusetts) software. To
quantify PETþ /CT# , PETþ /CTþ and PET# /CTþ regions on the 3D level,
3D ROI Tool function was selected. First, mPET data were thresholded using Otsu
method, to delineate the extent of PETþ signal. On the mCT plane we defined
densities over 1000 Hounsfield Units (HU) as calcifications. To detect PETþ /
CTþ signal, we selected PETþ delineated 3D area and used Global thresholding
for Z1,000 HU of the mCT data in this area. To detect PET# /CTþ areas, we
selected all remaining mCT data and applied the Z1,000 HU Global threshold. The
raw data containing information about the different modality regions was
downloaded and analysed with Microsoft Office Excel (Microsoft, Redmond,
Washington).

Clinical PET/CT data were analysed by initially manually co-registering the
PET, CT and CT angiogram using bones as anatomical landmarks of the three
different modalities. Following this the images were zoomed in to the culprit plaque
and was cropped around this area. The division into PETþ /CT# , PETþ /CTþ
and PET# /CTþ regions was similar to as described for the mPET/mCT data. The
only exception was that CT and CT angiogram CTþ regions were also detected
using Otsu thresholding, to account for the inconsistencies of the amount of tracer
injected and imaging time after 18F-NaF injection.

Clinical PET/CT acquisition and dynamic analysis. Recruitment and scanning
for the in vivo aspect of this study took place following approval from the local
research ethics committee (National Health Service West of Scotland Research
Ethics Committee approval in Edinburgh: 12/WS/0227) and in accordance with the
Declaration of Helsinki. Patients with symptomatic carotid artery stenosis
(scheduled to undergo carotid endarterectomy) Z50% by NASCET criteria36 were
recruited from stroke and vascular surgery clinics at the Royal Infirmary of
Edinburgh between January 2013 and April 2014. Exclusion criteria included a
modified Rankin score of Z3, insulin-dependent diabetes mellitus, women of
child-bearing age not receiving contraception, severe chronic kidney disease
(epidermal growth factor receptor o30 ml min# 1 per 1.73 m2), known iodine-
based contrast allergy, prior ipsilateral carotid intervention, prior neck irradiation
and inability to provide informed consent.

After giving their consent, patients underwent baseline clinical assessment
before undergoing dynamic or 18F-NaF PET/CT and CT carotid angiography with
the use of a hybrid scanner (Biograph mCT, Siemens Medical Systems, Erlangen,
Germany).

For static 18F-NaF PET/CT, a target dose of 250 MBq of 18F-NaF was
administered intravenously. Scanning took place 60 min after injection. An
attenuation-correction CT scan (non-enhanced, low dose 120 kV, 50 mAs) was
then performed followed by PET imaging covering two bed positions with the first
upper bed centred over the carotid bifurcation in 3D mode for 15 min per bed.
Analysis was undertaken as described above.

In five patients, 18F-NaF PET imaging was undertaken as a dynamic acquisition
with the PET scanner in list mode. Three of these subjects underwent arterial blood
sampling to directly assay the plasma arterial input function for model creation and
to assess 18F-NaF pharmacokinetics. An image-derived input function was utilized
for modelling in the two patients that did not undergo arterial cannulation and
sampling. The image-derived input function was generated by drawing regions of
interest in the proximal carotid artery lumen. After the fitting of a soft neck collar
to minimize movement, subjects were placed in the PET/CT scanner with
intravenous and radial arterial catheters sited. An attenuation-correction CT scan
(non-enhanced, low dose 120 kV, 50 mAs) was performed followed by PET
imaging with the single bed centred over the carotid bifurcation. A target dose of
250 MBq of 18F-NaF was then administered intravenously at the same time as
scanning and blood sampling were initiated. Scanning took place for 75 min. Real-
time whole-blood radioactivity was assayed using a calibrated Allogg ABSS V3
system (Allogg Technology, Mariefred, Sweden). In brief, whole arterial blood was
sampled through a narrow bore polytetrafluoroethylene tube using a roller pump at
a rate of 5 ml min# 1 before being drawn through a shielded scintillation-based

detector. Counts were recorded using a data-logger. After 15 min, the pump was
deactivated and 5 ml samples were drawn intermittently for the remaining 60 min.
Decay corrected whole blood and plasma radioactivity was then assayed using a
gamma counter. The fractional difference between whole blood and plasma
radioactivity was then calculated to adjust the data for the first fifteen min from the
Allogg device.

Following static and dynamic PET acquisitions, CT carotid angiograms were
also undertaken (Care Dose 4D, 120 kV, 145 mA, rotation time 0.5 s, pitch 0.8).

Dynamic imaging data were reconstructed using the Siemens Ultra-HD
algorithm (time of flight þ True X) with corrections applied for attenuation, dead
time, scatter and random coincidences. Imaging data were then parsed into the
following time bins as per Hawkins and Frost37,38 (12" 10 s, 4" 30 s, 12" 240 s)
and analysed on a PMOD workstation (PMOD v3.408, PMOD Technologies Ltd.,
Zurich, Switzerland).

For analysis, the image data were first reviewed for evidence of 18F-NaF uptake,
image quality and patient movement. The CT angiogram was scrutinized for
plaque presence, location and characteristics. The PET data were then resliced as
part of automated registration to the CT data. Volumes of interest were then
generated by drawing regions of interest on sequential axial slices on the registered
data sets. Volumes were drawn to separately incorporate internal carotid artery
plaque (where present) and a vertebral body. Vertebral data were obtained as a
comparator and also as a way of ensuring our data were commensurate with the
work of others. Tissue activity curves were then generated and assessed.

Dynamic analysis of fluoride uptake in the bone has been well described. Since,
our data and that of others shows that over the time course of a typical 18F-PET/CT
scan fluoride dissociation from calcified tissue is undetectably slow, the Patlak
technique39,40 may be used to gain an estimate for the net flux of fluoride (Ki) into
a region of interest. Patlak derived Ki is calculated as follows:

Ct tð Þ
Cb tð Þ ¼ Ki

R t
0 Cb tð Þdt
Cb tð Þ þV ð1Þ

Ct(t) is the activity concentration of 18F-NaF at time t within the volume of interest,
Cb(t) is the blood activity concentration of 18F-NaF at time t and V relates to the
effective volume of distribution for 18F-NaF. The Patlak plot is obtained by plotting
Ct tð Þ
Cb tð Þ against Ki

R t

0
Cb tð Þdt

Cb tð Þ and calculating the slope of the regression line as given in
equation (1).

This method has been extensively described and compared with multi-
compartmental modelling with both techniques showing good agreement. To
ensure equilibrium between the plasma and compartments had been achieved, we
only plotted the data from 10 min onwards as described by Frost38. Patlak plots
were generated for all carotid plaques and vertebra (see Supplementary Fig. 2 for a
representative example and Supplementary Table 1). We also plotted directly
measured plasma activity curves for illustration of the pharmacokinetics of
18F-NaF (for a representative example, see Supplementary Fig. 3).

Data analysis. Numerical data analysis was performed using Microsoft Office
Excel (Microsoft, Redmond, Washington), Matlab (Mathworks, Natick, Massa-
chusetts) and Prism (GraphPad, San Diego, California) softwares. Written text was
produced using Microsoft Office Word (Microsoft, Redmond, Washington) and
figures were made using Adobe Illustrator CS5 (Adobe Systems, San Jose,
California).
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1

Although carotid endarterectomy reduces risk of ipsilat-
eral stroke in people with symptomatic carotid artery 

stenosis, the number needed to treat to prevent one stroke is 
large,1,2 especially in asymptomatic stenosis.3 Furthermore, 
the pathological event that leads to cerebral thromboembo-
lism (atherosclerotic plaque rupture) is not necessarily cor-
related with luminal stenosis severity.4 Other pathological 

features, such as inflammation, cell death, and microcalci-
fication, are important in driving both plaque formation and 
instability.5–7 New imaging biomarkers of these processes are 
therefore needed to improve risk stratification and clinical 

Background—Combined positron emission tomography (PET) and computed tomography (CT) can assess both anatomy 
and biology of carotid atherosclerosis. We sought to assess whether 18F-fluoride or 18F-fluorodeoxyglucose can identify 
culprit and high-risk carotid plaque.

Methods and Results—We performed 18F-fluoride and 18F-fluorodeoxyglucose PET/CT in 26 patients after recent transient 
ischemic attack or minor ischemic stroke: 18 patients with culprit carotid stenosis awaiting carotid endarterectomy and 8 
controls without culprit carotid atheroma. We compared standardized uptake values in the clinically adjudicated culprit 
to the contralateral asymptomatic artery, and assessed the relationship between radiotracer uptake and plaque phenotype 
or predicted cardiovascular risk (ASSIGN score [Assessing Cardiovascular Risk Using SIGN Guidelines to Assign 
Preventive Treatment]). We also performed micro PET/CT and histological analysis of excised plaque. On histological and 
micro PET/CT analysis, 18F-fluoride selectively highlighted microcalcification. Carotid 18F-fluoride uptake was increased 
in clinically adjudicated culprit plaques compared with asymptomatic contralateral plaques (log10standardized uptake 
valuemean 0.29±0.10 versus 0.23±0.11, P=0.001) and compared with control patients (log10standardized uptake valuemean 
0.29±0.10 versus 0.12±0.11, P=0.001). 18F-Fluoride uptake correlated with high-risk plaque features (remodeling index 
[r=0.53, P=0.003], plaque burden [r=0.51, P=0.004]), and predicted cardiovascular risk [r=0.65, P=0.002]). Carotid 
18F-fluorodeoxyglucose uptake appeared to be increased in 7 of 16 culprit plaques, but no overall differences in uptake 
were observed in culprit versus contralateral plaques or control patients. However, 18F-fluorodeoxyglucose did correlate 
with predicted cardiovascular risk (r=0.53, P=0.019), but not with plaque phenotype.

Conclusions—18F-Fluoride PET/CT highlights culprit and phenotypically high-risk carotid plaque. This has the potential 
to improve risk stratification and selection of patients who may benefit from intervention.  (Circ Cardiovasc Imaging. 
2017;10:e004976. DOI: 10.1161/CIRCIMAGING.116.004976.)
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decision-making. Such biomarkers could also assess the 
response of plaque biology to novel pharmacological inter-
ventions and provide a way of identifying culprit lesions in 
patients with multiple plaques.

Hybrid positron emission tomography and computed 
tomography (PET/CT) is a molecular imaging modality that 
has high sensitivity for noninvasive in vivo detection of radio-
labeled biomolecules tuned to a variety of pathophysiological 
processes. In carotid atherosclerosis imaging, the most widely 
used tracer has been 18F-fluorodeoxyglucose (18F-FDG)8–14: 
Recently, we have described another radiotracer, 18F-fluoride, 
in atherosclerosis imaging.15,16 We15–18 and others19–23 have 
shown that this tracer has major potential in cardiovascular 
disease. 18F-Fluoride can highlight culprit plaque in patients 
after myocardial infarction and high-risk plaques in patients 
with apparently stable coronary heart disease.16 We have 
shown that this is because 18F-fluoride can highlight areas 
of microcalcification indicative of necrotic atheroma.24 The 
ability to identify high risk or culprit plaque in the cephalic 
circulation has the potential to improve risk stratification in 
patients at high risk of stroke with a view to more targeted 
interventions. Our study aims were to compare and contrast 
the identification of clinically adjudicated culprit and high-
risk plaque at the carotid bifurcation using 18F-fluoride and 
18F-FDG PET/CT.

Methods

Patient Population
Two cohorts of people with a recent transient ischemic attack (TIA) or 
minor ischemic stroke were recruited: a case cohort with a high-grade 
internal carotid artery stenosis (≥50% by North American Symptomatic 
Carotid Endarterectomy Trial25 criteria for men, ≥70% for women) 
scheduled to undergo carotid endarterectomy and a control cohort 
in whom the cause of stroke was not attributed to carotid atheroma. 
Participants were recruited from outpatient clinics in National Health 
Service Lothian between January 2013 and June 2014 (for exclusion 
criteria, see Appendix in the Data Supplement). Research ethics com-
mittee approval (National Health Service West of Scotland Research 
Ethics Committee: 12/WS/0227) and the written and informed consent 
of all participants were obtained.

Baseline Assessment
Participants underwent clinical assessment at baseline including 
standard hematologic and biochemical indices. Serum C-reactive 
protein concentration was measured using the MULTIGENT CRP 
Vario assay on the high-throughput ARCHITECT system (Abbott 
Laboratories, Abbott Park, IL). Predicted cardiovascular risk was es-
timated using the ASSIGN score: a validated Scottish cardiovascular 
risk score that is similar to the Framingham risk score but includes 
additional factors, such as social deprivation and family history.26

PET/CT Protocol
Static 18F-FDG PET/CT was acquired using a hybrid scanner 
(Biograph mCT, Siemens Medical Systems, Erlangen, Germany) 90 
minutes after the intravenous administration of a target dose of 200 
MBq. A rigid neck collar was fitted to minimize movement and stan-
dardize position. An attenuation-correction CT scan (nonenhanced, 
low dose 120 kV, 50 mAs) was then performed followed by PET ac-
quisition covering 2 bed positions with the first upper bed centered 
over the carotid bifurcation in 3-dimensional mode for 20 minutes per 
bed. Patients were fasted for 6 hours before scanning.

18F-Fluoride PET/CT was undertaken the subsequent day 60 min-
utes after administering 250 MBq 18F-fluoride. A neck collar was 

Table 1. Baseline Clinical Characteristics

 
Stenosis 

Symptomatic
No Stenosis 
Symptomatic

P 
Value

n 18 8  

Age, y 71.7±12.3 66.1±12.5 0.30

Men, n (%) 12 (66.7) 4 (50) 0.67

BMI, kg·m−2 26.2±5 27.3 (23.38–36) 0.40

Systolic blood pressure 
(mm Hg)

137±25 154±16 0.08

Diastolic blood pressure 
(mm Hg)

78±18 85±3.4 0.34

ASSIGN score 31±15.5 21.1±13.1 0.13

Presenting syndrome, n (%)   0.22

  Stroke 8 (44) 6 (75)  

  TIA/amaurosis fugax 10 (56) 2 (25)  

CEA side, right (%) 8 (44)   

Cardiovascular history, n (%)

  Coronary artery disease 10 (56) 2 (25) 0.22

  Myocardial infarction 5 (28) 1 (13) 0.63

Risk factors, n (%)

  Hypertension 11 (61) 7 (88) 0.36

  Diabetes 1 (6) 0 1

  Hypercholesterolemia 13 (72) 5 (63) 0.67

  Current smoker 6 (33) 2 (25) 0.67

Medication, n (%)

  Single antiplatelet 
therapy

14 (78) 6 (88) 1

  Dual antiplatelet therapy 3 (17) 0 0.53

  Anticoagulant 1 (6) 2 (25) 0.22

  Statin 17 (94) 6 (75) 0.22

  ACEi/AIIRB 7 (39) 2 (25) 0.20

  Βeta-antagonist 7 (39) (131) 0.36

  Calcium antagonist 7 (39) 2 (25) 0.67

  Other antihypertensive 6 (39) 3 (38) 1

Hematology

  Hemoglobin, g/L 139.8±19 142.6±12.3 0.71

  White cell count, ×109/L 8±1.4 6.4 (3.8–7.9) 0.06

  Platelet count, ×109/L 259±64 273±63 0.60

Biochemistry

  Creatinine, mmol/L 88.5 (78–97.5) 76.8±13.5 0.07

  Total cholesterol, mg/dL 117.9±34.8 181.7±54.1 0.81

  C-reactive protein, mg/L* 3.1±2.6 2.4±3.5 0.66

Parametric data presented as mean±SD. Nonparametric data presented 
as median (IQR). Categorical data presented as number (%). ACE indicates 
angiotensin converting enzyme; AIIRB, angiotensin 2 receptor antagonists; BMI, 
body mass index; CAD, coronary artery disease; CEA, carotid endarterectomy; 
IQR, interquartile range; and transient ischemic attack.

*C-reactive protein values > 10 excluded as per AHA guidelines.

 by guest on N
ovem

ber 27, 2017
http://circim

aging.ahajournals.org/
D

ow
nloaded from

 

http://circimaging.ahajournals.org/


3  Vesey et al  18F-Fluoride and 18F-FDG PET After TIA/Ischemic Stroke

fitted and an attenuation-correction CT scan was performed. This was 
followed by PET acquisition covering 2 similar bed positions to the 
18F-FDG scan allowing 15 minutes per bed. A subset of 5 patients 
underwent fully dynamic 18F-fluoride PET/CT with pharmacokinetic 
analysis as described previously.24 Dynamic PET provides a quantita-
tive assessment of uptake and these data were used to validate the 
semiquantitative static imaging data.

After PET acquisition, a CT carotid angiogram was performed 
without moving the subject (Care Dose 4D, 120 kV, 145 mA, rotation 
time 0.5 seconds, pitch 0.8. Contrast: 50 mL Niopam 370).

Static PET data were reconstructed using the Siemens UltraHD 
algorithm: ordered subset expectation maximization+point spread 
function modeling+time-of-flight; 2 iterations and 21 subsets; matrix 
size 200×200; 5 mm full-width half-maximum Gaussian smoothing. 
Dynamic PET data were similarly reconstructed but only using coin-
cident events from the 60- to 75-minute time-bin. Dynamic data were 
analyzed as reported previously24 and a Ki value was calculated using 
Patlak analysis.27,28

Tissue Collection, Micro PET/CT, and Histology
At the time of endarterectomy, plaques were collected immediately 
after excision, photographed, and snap frozen. A random selection 
(n=8) of specimens was analyzed by micro PET/CT and histology 
to explore 18F-fluoride binding patterns (see Appendix in the Data 
Supplement for detailed methods).

Image Analysis
Positron Emission Tomography/Computed Tomography
Static analysis of 18F-FDG and 18F-fluoride uptake was performed 
on an OsiriX workstation (OsiriX version 3.5.1 64-bit; OsiriX 
Imaging Software, Geneva, Switzerland). PET/CT data were re-
viewed alongside the CT angiogram. Scans were qualitatively as-
sessed for registration, image quality, patient movement, and visual 
evidence of radiotracer uptake. PET and CT data were individually 
and carefully manually coregistered by lining up fiducial markers 

apparent on both modalities (eg, cervical spine, mandible and hyoid 
on 18F-fluoride imaging; skin, spinal cord, and brain on 18F-FDG 
imaging). No formal inter-PET registration was performed. Three 
regions of interests (ROIs) were drawn on the carotid of interest on 
adjacent 3-mm axial slices. If a plaque was present, the ROIs were 
centered on the area of highest uptake. If there was no plaque, the 
uptake in the proximal 1 cm of internal carotid artery, just distal to 
the bifurcation was quantified. From these, standardized uptake val-
ues (SUVs; maximum, mean maximum, and mean) were recorded. 
Blood pool activity was determined from the average of 5 ROIs 
within the lumen of the superior vena cava to calculate target to 
background ratios.

Uptake in the proximal left common carotid artery was quantified 
to explore the relationships between arterial 18F-FDG and 18F-fluoride 
uptake in a site unaffected by an acute plaque event. Three ROIs were 
placed around this vessel and uptake was recorded.

Inter- and intraobserver reproducibility of 18F-fluoride uptake mea-
surements were determined using a random selection of 12 patients (24 
carotids) by 2 experienced observers (A.T.V., G.S.) who were blinded to 
the clinical data during analysis.

Computed Tomography
The CT angiogram was assessed for image quality, plaque presence, 
location, and characteristics. Analysis was undertaken on a cardio-
vascular workstation (Vital Images, Minnetonka, MN). A blinded and 
experienced observer (A.V.) performed the semiautomated CT plaque 
analysis.

Statistical Analysis
Radiotracer uptake, expressed as mean and maximum SUV, was 
compared between the clinically adjudicated culprit carotid plaque 
and the contralateral side. Continuous variables are expressed as 
mean±standard deviation for normally distributed data and median 
(interquartile range) for skewed distributions. Skewed datasets un-
derwent logarithmic transformation to normalize their distribution. 
Parametric (unpaired and paired t-tests) and nonparametric (Mann–
Whitney U or Wilcoxon matched-pairs signed rank) tests were used 
for normally distributed and skewed data, respectively. Categorical 

Figure 1.  18F-Fluoride and 18F-fluorodeoxyglucose (FDG) positron emission tomography of carotid arteries. Example of 18F-fluoride (A, B, C) 
and 18F-FDG (D, E, F) positron emission tomography (PET)/computed tomography (CT) of 1 patient before surgery for symptomatic carotid 
stenosis. A, 18F-Fluoride PET axial slice. B, Registered CT angiogram axial slice. C, Fused PET/CT image. White arrow, Ruptured plaque 
showing 18F-fluoride uptake. D–F, Same slice but with 18F-FDG. Culprit shows uptake, but the contralateral side is obscured by uptake in the 
right longus colli (green star). An oblique computed tomography carotid angiogram reformat of the culprit (G). The operative specimen (H).
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4  Vesey et al  18F-Fluoride and 18F-FDG PET After TIA/Ischemic Stroke

data are presented as n (%) and were compared using Fisher’s exact or 
Chi-squared tests. Correlation was undertaken with either Pearson’s 
r or Spearman’s ρ subject to the normality of the variables tested. 
To quantify inter- and intraobserver reproducibility of 18F-fluoride 
uptake measurement, the intraclass correlation coefficient was calcu-
lated and Bland-Altman analysis was undertaken.

Statistical analyses were performed with the use of SPSS ver-
sion 18 (SPSS Inc, Chicago, IL) and Graph Pad Prism version 6.0 
(GraphPad Software Inc, San Diego, CA). Statistical significance was 
defined as a 2-sided P<0.05.

Results
Study Population
We recruited 26 patients: 18 in the carotid endarterectomy 
cohort and 8 in the control cohort (Figure I in the Data Supple-
ment). Baseline characteristics (Table 1) were similar in both 
cohorts. Twenty patients completed all the imaging techniques 
(Figure 1). A minority did not receive all scans because of the 
technical and feasibility challenges of completing our multi-
modality imaging protocol in the very short time frame before 
surgery. Actual doses and uptake times are specified in Table I 
in the Data Supplement. There were no adverse events during 
the study. There were 3 withdrawals.

Micro PET/CT and Histology
18F-Fluoride was observed to selectively highlight areas of 
pathologically high-risk microcalcification (Figure 2 and 

Supplementary Movie I in the Data Supplement). Both on auto-
radiography and micro PET/CT, 18F-fluoride was observed to 
bind avidly to areas of microcalcification but only to the sur-
face of large volume stable macrocalcifications. Our previous 
studies24 would suggest that this was because of the inability 
of the fluoride ion to penetrate to the deeper layers of a large 
crystalline mass (with a low surface-area-to-volume ratio). In 
contradistinction, the powdery deposits of microcalcification 
(not visible on CT) provide a large area (high surface-area-to-
volume ratio) for the fluoride ion to bind.

Imaging
When comparing the 18F-fluoride uptake on static imaging 
with full dynamic modeling, Ki was most strongly correlated 
with the SUVmean (r=0.93 [95% confidence interval 0.64–0.99], 
P=0.001; Figure 3). There were no fixed or proportional biases 
in the SUV measurements within and between observers (Table 
II in the Data Supplement). These assessments also demon-
strated high intraclass correlation coefficients (all >0.90).

Assessment of Uptake: Culprit Compared With 
Contralateral and Controls
18F-Fluoride uptake was variably present in most plaques with 
all culprits showing uptake on visual assessment. In the large 
majority of patients undergoing carotid endarterectomy who 
were scanned (87%; 13/15), there was more visual uptake 
of 18F-fluoride in the culprit compared with the contralateral 

Figure 2.  18F-Fluoride micro positron emission tomography (PET)/computed tomography (CT), autoradiography, and alizarin red staining. 
Two examples of ex vivo 18F-fluoride micro PET/CT are shown (A–D, F). A, Coronal micro CT slice; B, corresponding micro PET; C, fused 
image; D, the plaque. Green arrow, Adherent thrombus over plaque rupture. Red arrow, Associated area of 18F-fluoride uptake (microcal-
cification). Black arrows, Areas of macrocalcification showing comparatively little uptake (A, C, F). These examples show that 18F-fluoride 
provides information of the presence of microcalcification and does not simply highlight all calcification. E, An example of micro CT slice 
registered to an alizarin red-stained section and the corresponding autoradiogram from a specimen that had been incubated whole in 
18F-fluoride. It can be seen that the tracer is unable to penetrate the deeper layers of macrocalcification (black arrow), but is able to high-
light microcalcification beyond the resolution of even micro CT (red arrow), thus explaining the findings in the micro PET/CT images.
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5  Vesey et al  18F-Fluoride and 18F-FDG PET After TIA/Ischemic Stroke

side. In the 2 patients without discriminatory uptake, there 
was heavy uptake bilaterally but more 18F-fluoride uptake on 
the contralateral side. One patient had grossly ossified carot-
ids and the second, at the time of surgery, was found to have 
a fibrous stenosis (low signal side) and was subsequently 
admitted with a fatal ischemic stroke on the contralateral side 
(high signal side, Figure 3J). 18F-Fluoride uptake was focal 
and readily identifiable with excellent signal to background 
discrimination. Spillover from the hyoid bone, thyroid carti-
lage and cervical vertebrae occasionally made drawing ROI 
difficult, but only 1 vessel was rendered uninterpretable. 
On SUV analysis, the clinically adjudicated culprit showed 
higher uptake than either the paired contralateral (log10SU-
Vmean 0.29±0.10 versus 0.23±0.11, P=0.001) or an unpaired 
control (log10SUVmean 0.29±0.10 versus 0.12±0.11, P=0.001) 
irrespective of the method of quantification (Table 2 and Fig-
ures 3 and 4).

Of note, in patients with a stroke in whom the imaging 
extended to encompass the affected territory of the brain (n=3), 
intense 18F-fluoride uptake was noted in regions of cerebral 
infarction (SUVmean 4.8±1.98 versus SUVmean of 0.07±0.02 for 

contralateral noninfarcted brain, P<0.001; Figure 3B and 3C, 
Movie II in the Data Supplement).

Seven of the 16 culprit carotid plaques demonstrated 
clear and discernible increased 18F-FDG uptake. However, 
this uptake was generally more diffuse than 18F-fluoride and 
analysis was more frequently hampered by overspill from 
sternocleidomastoid, longus colli, tonsillar tissue, and the 
submandibular salivary glands (Figure 1). This rendered 5 
vessels noninterpretable. In the remaining 4 culprit vessels, 
no increase in 18F-FDG uptake could be observed. Overall 
on semiquantitative analysis, 18F-FDG uptake was not higher 
in the clinically adjudicated culprit compared with either the 
paired contralateral (SUVmean 1.83±0.55 versus 1.81±0.46, 
P=0.269) or control vessels (SUVmean 1.83±0.55 versus 
2.08±0.33, P=0.269) irrespective of the method of quantifica-
tion (Table 2 and Figure 4).

Uptake Compared With Plaque Features and 
Baseline Characteristics
18F-Fluoride uptake was correlated with several plaque char-
acteristics on CT plaque analysis (Table 3). The strongest 

Figure 3.  Dynamic positron emission tomography (PET) acquisition and examples of 18F-fluoride uptake. A, Correlation between stati-
cally derived standardized uptake value (SUV)mean and dynamically measured Ki (dotted line is 95% confidence interval). Photograph 
shows a dynamic PET study in process. B, C, 18F-Fluoride uptake into areas of cerebral infarction. D–F, From 1 patient. D, Axial image 
from computed tomography carotid angiogram; E, Fused axial 18F-fluoride PET/computed tomography (CT; white arrow, culprit plaque); 
F, Oblique reconstruction. G–I, Similar reconstructions from a different patient. J, Obliquely reformatted PET/CT image from a patient 
who developed a fatal stroke (ipsilateral to the lesion marked by a white arrow) 2 weeks after this scan. The contralateral side, which had 
shown minimal uptake, had been deemed the culprit based on duplex assessment.
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6  Vesey et al  18F-Fluoride and 18F-FDG PET After TIA/Ischemic Stroke

correlation was with the Agatston score (SUVmean r=0.72, 
P<0.001), although there were also strong correlations with 
high-risk features such as plaque burden (SUVmean r=0.51, 
P=0.003) and positive remodeling (wall-distal internal carotid 
artery lumen ratio, with SUVmean r=0.53, P=0.003).

In terms of baseline cardiovascular risk indices, uptake 
of both tracers in the vasculature correlated with age (18F-
FDG SUVmeanmax r=0.48, P=0.037; 18F-fluoride SUVmean 
r=0.59, P=0.007) and the cardiovascular risk score (18F-FDG 
SUVmeanmax r=0.53, P=0.019; 18F-fluoride SUVmean r=0.65, 
P=0.002) but neither was associated with serum C-reactive 
protein concentration.

Discussion
We have shown that the culprit plaques of patients with recent 
TIA or minor ischemic strokes enhance with 18F-fluoride on 
PET/CT. Uptake was focal, readily identifiable, and discrimi-
nated between culprit and nonculprit. 18F-Fluoride uptake was 
associated with high-risk plaque phenotype and predicted 
cardiovascular risk. In contrast, while 18F-FDG uptake was 
present in plaque and correlated with cardiovascular risk, it 
was more diffuse and prone to spillover and therefore less dis-
criminatory. 18F-FDG also failed to correlate with established 
high-risk plaque morphological features.

We have previously shown that 18F-fluoride uptake is 
associated with increased intraplaque markers of cell death, 
procalcific proteins, inflammation, and high-risk features in 
the coronary circulation in vivo and the carotid system ex 
vivo.16 Here, we confirm our previous observations24 (which 
we have also recently reviewed29) that this is explained by the 
ability of 18F-fluoride to report microcalcification. Why is this 
the case? Far from a passive and degenerative process, vessel 
mineralization is a controlled response to a variety of insults, 
particularly oxidized inflammatory lipid (as in the calcific 
response to tuberculosis infection where lipid-rich bacterial 
cell walls become oxidized through leukocyte action). It is 
therefore perhaps no surprise that direct links between ath-
erosclerosis and the induction of extraskeletal osteogenesis 
have been identified.30,31 The presence of cellular necrosis and 
apoptosis32 is also likely to potentiate this relationship further. 
Hydroxyapatite nanocrystals themselves may also further 
drive the inflammatory cycle by setting up a positive feedback 
loop of increasing calcification, increasing inflammation, and 
increasing cell death.30 Furthermore, by accumulating in the 
surface of thin fibrous caps, microcalcifications may focally 
increase mechanical stress and thus promote structural cap 
failure and plaque rupture.7,33,34 18F-Fluoride can demonstrate 
this pathologically important microscopic calcific response.

Table 2. Radiotracer Uptake: Comparative Data

 Culprit  Vessel
Contralateral  

Vessel

P Value for 
Culprit vs 

Contralateral Control

P Value for 
Culprit vs  
Control

18F-Fluoride

  SUVmax 2.56 (2.35–3.54) 2.18 (1.94–3.01) * 1.78 (1.55–2.22) *

  SUVmeanmax 2.42 (2.24–3.24) 1.97 (1.78–2.74) * 1.67 (1.41–2.08) *

  SUVmean 1.92 (1.71–2.46) 1.64 (1.39–1.98) * 1.41 (1.10–1.53) *

  TBRmax 2.75 (2.39–3.21) 2.42 (2.02–2.82) * 2.44 (1.715–2.48) *

  TBRmeanmax 2.61 (2.24–2.90) 2.32 (1.74–2.58) * 2.29 (1.61–2.37) *

  TBRmean 1.96 (1.62–2.22) 1.71 (1.38–1.86) * 1.67 (1.28–1.95) *

  Log10SUVmax 0.44±0.14 0.38±0.16 0.013 0.25±0.09 <0.001

  Log10SUVmeanmax 0.42±0.13 0.34±0.15 0.005 0.22±0.10 <0.001

  Log10SUVmean 0.29±0.10 0.23±0.11 0.001 0.12±0.11 <0.001

  Log10TBRmax 0.45±0.13 0.39±0.13 0.014 0.31±0.15 0.016

  Log10TBRmeanmax 0.43±0.13 0.35±0.12 0.005 0.28±0.15 0.014

  Log10TBRmean 0.30±0.12 0.24±0.11 0.001 0.18±0.13 0.029

18F-FDG

  SUVmax 2.32±0.78 2.32±0.77 0.675 2.61±0.53 0.375

  SUVmeanmax 2.21±0.72 2.24±0.74 0.755 2.51±0.46 0.317

  SUVmean 1.83±0.55 1.81±0.46 0.346 2.08±0.33 0.269

  TBRmax 1.88±0.31 1.81±0.31 0.496 1.86±0.27 0.848

  TBRmeanmax 1.80±0.29 1.74±0.29 0.554 1.79±0.20 0.925

  TBRmean 1.49±0.19 1.44±0.19 0.358 1.48±0.10 0.922

Parametric data presented as mean±SD. Nonparametric data presented as median (IQR). FDG indicates 
fluorodeoxyglucose; SUV, standardized uptake value; TBR, target to background ratio; and IQR, interquartile range.

*Statistical testing performed on the normalized log10 transformed data.
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7  Vesey et al  18F-Fluoride and 18F-FDG PET After TIA/Ischemic Stroke

Figure 4.  18F-Fluoride and 18F-fluorodeoxyglucose (FDG) positron emission tomography (PET)/computed tomography uptake. Dynamic PET 
acquisition and examples of 18F-fluoride uptake. Uptake in clinically adjudicated culprit vs contralateral and vs controls. Tukey box and whisker 
plots. A, B, 18F-Fluoride uptake into culprit (red) and contralateral (blue) plaque using the standardized uptake value (SUV)mean and target to back-
ground ratio (TBR)mean measurements, respectively. C, D, Each demonstrate comparison in 18F-fluoride uptake between carotid endarterectomy 
(CEA) patients (red) and controls (blue); uptake is reported by SUVmean in C and TBRmean in D. E–H, The same comparisons but using 18F-FDG.
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This is the first observation of 18F-fluoride uptake in 
necrotic brain tissue and merits consideration. Uptake of 
this and other bone metabolism markers has previously been 
observed in tissue necrosis.33,35 This is likely to be because of 
cell membrane disruption with influx of calcium and forma-
tion of nanoscale calcium phosphate complexes. These offer a 
substrate to which 18F-fluoride can adsorb, allowing us to visu-
alize the microcalcification associated with necrosis. We have 
also observed the same process in myocardial tissue postin-
farction (Figure II in the Data Supplement).

We confirmed identification of culprit plaque in 2 ways. 
First, we compared the culprit to the ideal internal control, 
the contralateral carotid artery (which is almost invariably 
diseased). Second, we compared the culprit against a valid 
external control; patients with a TIA or minor ischemic stroke 
not attributed to carotid plaque. This shows that 18F-fluoride 
may have real potential in helping to identify culprit plaque 
thus helping decision-making. This is exemplified by the case 
where a plaque with high uptake deemed nonculprit subse-
quently caused a fatal ischemic stroke.

We compared uptake of 18F-fluoride with 18F-FDG. Unlike 
18F-fluoride, overall, 18F-FDG uptake was not significantly 
higher in culprit lesions. Moreover, on a per-lesion basis, 18F-
FDG failed to correlate with high-risk plaque morphological 
features, whereas 18F-fluoride uptake correlated with plaque 
burden, positive remodeling, and luminal stenosis: all estab-
lished markers of plaque risk. Other studies have explored the 
utility of 18F-FDG alone in carotid atherosclerosis9–11,14,36–39 and 
a few have directly compared clinical culprit with nonculprit 
plaques.8,12,13 Our results are consistent with these previous 
findings with significant uptake noted in some but not all cul-
prit plaques, in part because of spillover from adjacent muscle. 
Our observations are also influenced by the ubiquity of statin 
therapy, potentially blunting 18F-FDG uptake. We did, however, 
note that proximal carotid uptake correlated with cardiovascular 
risk indicating that 18F-FDG does reflect a major aspect of ves-
sel pathobiology. As others suggest,38,40 it may be that 18F-FDG 
better reflects generalized vascular inflammation and that the 
relationship between the tracer and a single advanced and acute 
plaque is more complicated. There are increasing data available 
concerning other more specific markers of inflammation, such 
as those targeting the macrophage-specific somatostatin recep-
tor.41 These will theoretically be less hampered by overspill.

Our findings confirm those of a smaller study of 9 patients 
by Quirce et al23 that explored 18F-fluoride and 18F-FDG 
uptake in symptomatic patients. They showed that 18F-fluoride 
uptake appeared to be higher in the symptomatic carotid and 
that 18-FDG uptake was nondiscriminatory. Taken together 
with our current larger series, this suggests that 18F-fluoride 
has the potential to be a useful and robust clinical tool to iden-
tify culprit atherosclerotic plaque. Vascular 18F-fluoride imag-
ing could therefore guide clinical management better than the 
current standard of care, and lead to trials of plaque-specific 
interventions that go beyond simple assessments of anatomic 
luminal stenosis severity.

Limitations
This was a small pilot observational study (recruitment is 
very challenging given the time pressure to intervene) and 

findings should be regarded as preliminary. The true utility 
of 18F-fluoride PET/CT will need to be evaluated by pro-
spective studies with patients randomized to intervention 
based on imaging. 18F-Fluoride PET/CT will need to be 

Table 3. Plaque Analysis by CT and PET

 All Patients

Calcium score

  Patients with AC CT usable for calcium score 24

  Carotid bifurcations analyzed for calcium score 48

  Agaston score, AU 164 (5–494)

  Log10Agaston score 1.76±1.13

  Calcium volume, mm3 150 (15.75–404)

CT plaque analysis

  Patients with analyzable CT angiogram 17

  Internal carotid artery plaques analyzed 33

  CT diameter stenosis, % 50 (0–77)

  Wall-distal ICA lumen ratio, % 90 (54–173)

  Plaque burden, % 49.4±16.4

  Lipid/necrosis volume, mm3 37.5 (8.6–79.5)

  Lipid/necrosis % volume 6.7 (2.4–15.8)

  Fibrofatty volume, mm3 201 (96–313)

  Fibrofatty % volume 42.8±15.6

  Calcium volume, mm3 211 (124–358)

  Calcium % volume 47.4±20.8

18F-Fluoride PET SUVmean 1.69 (1.40–2.04)

 r P Value

  vs CT Agatson score 0.79 <0.001

  vs CT diameter stenosis 0.54 0.002

  vs plaque burden 0.51 0.004

  vs wall-distal ICA lumen ratio 0.53 0.003

  vs lipid/necrosis volume 0.32 0.080

  vs fibrofatty volume 0.29 0.126

  vs calcium volume 0.72 <0.001

18F-FDG PET SUVmean 1.92±0.46

 r P Value

  vs CT Agatson score −0.14 0.469

  vs CT diameter stenosis −0.10 0.620

  vs plaque burden −0.03 0.873

  vs wall-distal ICA lumen ratio 0.00 0.996

  vs lipid/necrosis volume −0.19 0.315

  vs fibrofatty volume −0.15 0.457

  vs calcium volume 0.01 0.918

Parametric data presented as mean±SD. Nonparametric data presented 
as median (IQR). AC indicates attenuation correction; AU; arbitrary units; 
CT, computed tomography; FDG, fluorodeoxyglucose; ICA, internal carotid 
artery; IQR, interquartile range; PET, positron emission tomography; and SUV, 
standardized uptake value.
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compared with other techniques42 (in particular MR or PET/
MR) which have the advantages of improved soft tissue 
definition, reduced radiation, and lack of iodinated contrast. 
We did not perform prolonged-delayed 18F-FDG imaging 
which some authors have suggested is advantageous.43 We 
also acknowledge that quantitative vascular PET has some 
potential limitations because of the partial volume effects 
of small vascular structures. Finally, as vascular 18F-fluoride 
imaging is developed, consideration must be given to har-
monizing acquisition and reconstruction protocols,44 as well 
as achieving consensus on the uptake parameter of choice 
(SUV versus target to background ratio versus volumet-
ric parameters45) and whether to use manual or automated 
methods to define ROI. This will reduce variation between 
scanners and research groups and permit meaningful multi-
center studies.

Conclusion
We have shown that 18F-fluoride PET/CT is able to identify 
culprit or high-risk carotid plaque. In comparison, 18F-FDG, 
the most widely used tracer in cardiovascular PET imaging, 
did not reliably identify culprit plaque and did not correlate 
with high-risk morphological features. 18F-Fluoride PET has 
major potential to improve how we assess and manage the risk 
of stroke in patients with atherosclerosis.
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CLINICAL PERSPECTIVE
Stroke remains the leading global cause of disability and is responsible for huge healthcare costs. It is commonly caused by 
thromboembolism from extracranial atherosclerotic plaque. In addition to medical therapy, invasive carotid artery interven-
tion (by endarterectomy or stenting) has a role in reducing the chances of subsequent stroke. However, intervention itself 
is associated with significant risk and the decision to proceed with surgery is still based principally on stenosis severity, an 
outdated parameter. This report shows that by selectively demonstrating intraplaque microcalcification, a pathologically 
high-risk process that reflects ongoing inflammation and cell death, 18F-fluoride PET/CT may be able to identify plaque at 
particular risk of causing future stroke. The technique, as part of a multimodal risk stratification strategy, may help to ensure 
the appropriate planning of surgical intervention. This would potentially avoid unnecessary surgery on quiescent yet tightly 
stenosed plaques and conversely permit the identification and removal of high-risk plaques that currently do not meet criteria 
for intervention. 18F-Fluoride PET/CT also offers the possibility of noninvasively assessing the response to existing or novel 
pharmacological agents permitting the personalization of therapy to maximize benefit and minimize risk of complications.
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