
VU Research Portal

Clinical assessment of the development of hypertrophic cardiomyopathy by
cardiovascular magnetic resonance imaging
Brouwer, W.P.

2014

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Brouwer, W. P. (2014). Clinical assessment of the development of hypertrophic cardiomyopathy by
cardiovascular magnetic resonance imaging. [PhD-Thesis - Research and graduation internal, Vrije Universiteit
Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 24. May. 2023

https://research.vu.nl/en/publications/fa505dd5-db06-4887-bf50-243c58f63faf


 
 

125 
 

VI		
In‐vivo	detection	of	diffuse	myocardial	fibrosis	in	
hypertrophic	cardiomyopathy;	a	CMR	study	using	

T1	mapping	
	
	
	
	
	
Wessel	P	Brouwer,	Emma	N	Baars,	Tjeerd	Germans,	Karin	de	Boer,	Aernout	M	

Beek,	Jolanda	van	der	Velden,	Albert	C	van	Rossum,	Mark	B	M	Hofman	
	
	
	
	
	
	
	
	
	

Submitted	



126

 
 

126 
 

Abstract		

Background	

In	 hypertrophic	 cardiomyopathy	 (HCM),	 autopsy	 studies	 revealed	 both	 increased	
focal	and	diffuse	deposition	of	collagen	fibers.	Late	gadolinium	enhancement	imaging	
(LGE)	allows	 to	display	areas	with	 focal	 fibrosis,	but	 is	unable	 to	depict	 interstitial	
fibrosis.	We	hypothesized	that	with	T1	mapping,	which	is	employed	to	determine	the	
myocardial	 extracellular	 volume	 fraction	 (ECV),	 diffuse	 interstitial	 fibrosis	 can	 be	
detected	in	HCM	patients.	
Methods	

T1	 mapping	 with	 a	 modified	 Look‐Locker	 Inversion	 Recovery	 (MOLLI)	 pulse	
sequence	was	used	to	calculate	ECV	in	manifest	HCM	(n=16)	patients	and	in	healthy	
controls	 (n=14).	 ECV	 was	 determined	 in	 areas	 where	 focal	 fibrosis	 was	 excluded	
with	LGE.		
Results		

The	total	group	of	HCM	patients	showed	no	significant	changes	in	mean	ECV	values	
with	 respect	 to	 controls	 (0.26±0.03	 vs	 0.26±0.02,	 p=0.83).	 Besides,	 ECV	 in	 LGE	
positive	HCM	patients	was	comparable	with	LGE	negative	HCM	patients	(0.27±0.03	
vs	0.25±0.03,	p=0.12).				
Conclusions	

This	study	showed	that	HCM	patients	have	a	similar	ECV	(e.g.	interstitial	fibrosis)	in	
myocardium	without	LGE	as	healthy	controls.	Therefore,	the	additional	clinical	value	
of	 T1	 mapping	 in	 HCM	 seems	 limited,	 but	 future	 larger	 studies	 are	 needed	 to	
establish	the	clinical	and	prognostic	potential	of	this	new	technique	within	HCM.			
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Introduction	

Hypertrophic	 cardiomyopathy	 (HCM)	 is	 a	 genetic	 heart	 disease,	 characterized	 by	
unexplained	 left	 ventricular	 (LV)	 hypertrophy,	 often	 accompanied	 by	 myocardial	
fibrosis	 [1].	 Post‐mortem	 studies	 revealed	 that	 fibrosis	 is	 either	 present	 as	 focal	
scarring,	 or	 diffusely	 by	 intercellular	 deposition	 of	 collagen	 fibers	 [2].	 Histology	
revealed	 increased	 amounts	 of	 fibrous	 tissue	 not	 solely	 in	 the	 interventricular	
septum,	 but	 also	 in	 the	 LV	 free	wall	 and	 even	 in	 the	 right	 ventricle	 [3].	 However,	
pathology	studies	reported	inconsistent	quantities	of	interstitial	fibrosis,	most	likely	
as	 a	 result	 of	 differences	 in	 staining	 techniques	 and	 the	 heterogeneous	 nature	 of	
HCM	[3‐5].		
			In‐vivo,	focal	fibrosis	can	be	assessed	non‐invasively	with	cardiovascular	magnetic	
resonance	 late	 gadolinium	 enhancement	 imaging	 (CMR‐LGE)	 [6].	 This	 technique	
however	is	limited	by	its	reliance	on	relative	differences	of	gadolinium	(Gd)	uptake,	
assuming	 that	 areas	 with	 the	 lowest	 concentration	 of	 Gd	 consist	 of	 normal	
myocardium.	T1	mapping	on	the	other	hand	is	a	CMR	technique	that	allows	absolute	
T1	value	measurements	in	any	region	of	the	myocardium,	enabling	the	calculation	of	
the	myocardial	extracellular	volume	fraction	(ECV),	which	represents	the	amount	of	
interstitial	 fibrosis	 [7,8].	 We	 hypothesized	 that	 non‐enhanced	 regions	 in	 manifest	
HCM	 contain	 interstitial	 fibrosis	 that	 remain	 undetected	 by	 current	 LGE	 imaging.	
Therefore,	 we	 applied	 T1	 mapping	 before	 and	 after	 contrast	 administration	 to	
calculate	ECV	in	these	non‐enhanced	regions.	ECV	values	were	compared	to	those	in	
healthy	controls.		
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Materials	and	methods	

HCM	patients	

The	 study	 was	 approved	 by	 the	 institutional	 research	 ethics	 board	 and	 written	
informed	consent	was	obtained	from	all	study	participants.	Patients	were	included	in	
the	study	when	they	showed	a	LV	wall	thickness	(WT)	≥15mm	as	assessed	with	CMR	
in	the	absence	of	conditions	associated	with	increased	loading	of	the	heart	[9].	HCM	
mutation	 analysis	 was	 performed	 in	 a	 subset	 of	 patients,	 according	 to	 standard	
sequencing	 schemes.	 Exclusion	 criteria	 were	 a	 history	 of	 coronary	 artery	 disease	
(CAD)	 and	 any	 contra‐indication	 for	 CMR	 such	 as	 an	 implanted	 pacemaker	 or	
internal	cardioverter	defibrillator	(ICD)	or	claustrophobia.		
	
Healthy	controls	

The	 subjects	 in	 the	 control	 group	 were	 either	 healthy	 volunteers	 or	 genotype	
negative	 family	 members	 of	 index	 HCM	 patients,	 without	 a	 history	 of	 CAD,	 valve	
disease	or	hypertension.		
	
CMR	acquisition		

CMR	 studies	were	 performed	 on	 a	 1.5	 Tesla	 whole	 body	MRI	 system	 (Magnetom,	
Avanto,	Siemens,	Erlangen,	Germany).	First,	standard	scouts	were	obtained,	followed	
by	long	axis	and	short	axis	cine	images	using	a	retrospective	gated,	steady	state	free	
precession	(SSFP)	gradient	echo	sequence.	 In	vivo	T1	mapping	was	performed	at	a	
mid‐ventricular	 short	 axis	 slice	 before,	 ~8	 minutes	 and	 ~20	 minutes	 after	 the	
infusion	of	a	bolus	(0.2	mmol/kg)	of	gadolinium‐diethylene	triamine	pentaacetic	acid	
(Gd‐DTPA)	(Magnevist,	Scheringen,	Berlin,	Germany)	or	gadoterate	meglumine	(Gd‐
DOTA)	 (Dotarem,	 Guerbet,	 Roissy	 CdG,	 France).	 Both	 	 agents	 are	 paramagnetic	
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contrast	 agents	with	a	 similar	extracellular	distribution	and	a	 similar	R1	 relaxivity	
[10].	A	single	breath‐hold,	modified	Look‐Locker	Inversion	Recovery	(MOLLI)	pulse	
sequence	 with	 ECG‐gating	 was	 applied	 to	 determine	 absolute	 T1	 values	 of	 the	
myocardium	 at	 all	 three	 time	 points.	 Eleven	 images	with	 various	 inversion	 delays	
were	obtained	with	a	3‐3‐5	scheme	within	17	heart	beats	[11].	LGE‐imaging	with	full	
LV	 coverage	was	 performed	 approximately	 ten	minutes	 after	 gadolinium	 infusion,	
using	an	 inversion	recovery	spoiled	gradient	echo	sequence	with	magnitude	 image	
reconstruction.	 Images	 were	 corrected	 for	 surface	 coil	 inhomogeneities	 by	 a	 PD‐
weighted	3D	prescan	as	 implemented	in	the	standard	software.	The	 inversion	time	
was	 set	 to	 null	 the	 CMR	 signal	 of	 normal	 appearing	myocardial	 tissue,	 typically	 at	
250	ms.	 Slice	 positions	 of	 mid‐ventricular	 T1	mapping	 images	 and	 corresponding	
mid‐ventricular	LGE	images	were	identical.		
	
Offline	LV	and	LGE‐analysis	

Left	 ventricular	 mass	 was	 calculated	 by	 manual	 delineation	 of	 endocardial	 and	
epicardial	borders	at	the	end‐diastolic	phase	on	all	short	axis	slices	and	was	indexed	
for	 body	 surface	 area	 (BSA).	 LGE‐images	 were	 visually	 scored	 on	 the	 presence	 of	
focal	 fibrosis.	When	no	 focal	 fibrosis	was	present,	 the	entire	myocardial	 short	 axis	
area	of	the	corresponding	T1	map	was	selected	to	determine	the	average	myocardial	
T1	 value.	 When	 focal	 fibrosis	 was	 present	 (LGE‐positive),	 areas	 of	 non‐enhanced	
myocardial	 tissue	 were	 selected.	 A	 threshold	 algorithm	 was	 applied	 on	 the	
magnitude	 LGE	 images	 to	 select	myocardium	with	 a	 signal	 intensity	 (SI)	 <20%	 of	
maximal	SI	at	the	core	area	of	focal	fibrosis.	Normally,	a	50%	threshold	is	applied	to	
select	 enhanced	myocardial	 tissue,	 a	 full	 width	 half	 maximum	 (FWHM)	 algorithm	
[12].	 To	 ensure	 the	 selection	 of	 clear	 non‐enhanced	 tissue,	 a	 <20%	 threshold	was	
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applied.	 In	 these	 regions	 of	 non‐enhanced	myocardium,	 a	 region	 of	 interest	 (ROI)	
was	 drawn	 on	 the	 corresponding	 T1	map	 to	 determine	 T1	 values.	When	 LGE	was	
present	 on	 a	 different	 level	 than	 the	 mid‐ventricular	 T1	 mapping	 slice,	 signal	
intensities	of	 these	LGE‐positive	areas	were	used	 to	 set	 the	 threshold	 for	 the	mid‐
ventricular	 LGE	 slice.	 Dedicated	 software	was	 used	 for	 this	 analysis	 (Mass,	Medis,	
Leiden,	the	Netherlands).	
	
T1	mapping	analysis	and	ECV	calculation	

Offline	T1	maps	were	 calculated	 from	 the	MOLLI	 images	 [13]	with	manual	motion	
correction	 when	 deemed	 necessary	 [14].	 ROI’s	 were	 drawn	 in	 non‐enhanced	
myocardium	in	LGE	images	and	an	additional	ROI	was	placed	at	the	center	of	the	LV	
blood	pool,	as	shown	in	Figure	1.	These	ROI’s	were	copied	to	corresponding	T1	maps	
for	all	experiments.	Relaxation	rates	(R1=1/T1)	were	calculated	for	myocardium	and	
blood	 pool	 for	 both	 pre‐contrast	 and	 post‐contrast	 T1	 mapping	 experiments.	
Subsequently,	 the	 myocardial	 partition‐coefficient	 of	 the	 contrast	 agent	 was	
calculated	by	 least‐squares	 linear	 regression	of	myocardial	R1	values	versus	blood	
pool	R1	values	over	 the	3	 time	points	assuming	a	dynamic	equilibrium	of	 contrast	
concentration	between	blood	and	extracellular	space	[15].	Finally,	ECV,	reflecting	the	
amount	of	interstitial	fibrosis,	was	calculated	using	a	correction	for	blood	hematocrit	
[7,	15].	In	all	subjects,	hematocrit	values	were	obtained	immediately	before	or	after	
the	CMR	acquisition.		
			To	 demonstrate	 that	 T1	 mapping	 discriminates	 adequately	 areas	 of	 clear	
enhancement,	intermediate	enhancement	and	no	enhancement,	ECV	was	determined	
in	LGE‐positive	HCM	patients	 in	areas	with	 focal	 fibrosis	 (SI	of	LGE	>50%	of	maxi‐
mum,	equal	to	the	FWHM	algorithm),	within	an	area	of	 intermediate	SI	(>20%	and	
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<50%	of	maximum	SI)	and	within	an	area	of	non‐enhanced	myocardium	(see	Figure	
1).	 In	subjects	with	no	 focal	 fibrosis,	also	a	segmental	analysis	of	 the	T1	maps	and	
subsequent	 ECV	 was	 performed	 using	 6	 segments	 (inferoseptal,	 anteroseptal,	
anterior,	anterolateral,	inferolateral	and	inferior)	according	to	the	17‐segment	model	
of	the	American	Heart	Association	(AHA)	[16].	
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Statistical	Analysis	

All	statistical	analyses	were	performed	in	SPSS	version	15.0	(SPSS	Inc.,	Chicago,	 IL,	
USA).	Data	 are	 expressed	 as	mean±standard	deviation	 (SD).	 Continuous	data	were	
compared	 using	 a	 two‐sided	 Student’s	 t‐test	 or	 non‐parametric	 tests	 when	
appropriate.	 For	 multiple	 comparisons,	 analysis	 of	 variance	 (ANOVA)	 with	
Bonferroni	correction	was	used.	Proportions	were	compared	using	a	Chi‐square	test.	
Univariate	regression	analysis	was	performed	to	evaluate	the	relation	of	age,	gender,	
and	the	presence	of	LGE	with	ECV.	Factors	 that	showed	a	significant	association	 in	
this	 univariate	 analysis	 were	 subsequently	 evaluated	 in	 a	 multivariate	 linear	
regression	 analysis.	 Mutation	 status	was	 not	 evaluated	 in	 the	model,	 since	 not	 all	
HCM	 patients	 underwent	 prior	 genetic	 testing.	 P‐values	 <0.05	 were	 considered	
statistically	significant.		
	

Results	

Patient	characteristics		

In	total	20	HCM	patients	were	included	in	the	study,	with	a	mean	age	of	50±14	years	
and	 80%	male.	 As	 a	 result	 of	 a	medical	 history	 of	 hypertension,	 4	 out	 of	 20	HCM	
patients	were	excluded	 from	the	primary	analysis.	The	remaining	16	HCM	patients	
were	 predominantly	 male	 (n=12)	 with	 mean	 age	 47±14	 years.	 Fourteen	 healthy	
subjects	served	as	controls	(8	male,	mean	age	48±15	years).	Baseline	characteristics	
of	HCM	patients	and	controls	are	outlined	in	Table	1.	Both	groups	were	comparable	
regarding	 age	 and	 gender.	 As	 shown,	 the	 majority	 of	 HCM	 patients	 had	 mutation	
positive	status	and	received	cardiac	medication.	Blood	hematocrit	(L/L)	levels	were	
significantly	higher	in	HCM	compared	to	controls	(0.45±0.04	vs	0.42±0.02,	p=0.007).	
	



133

V
I

 
 

133 
 

Statistical	Analysis	

All	statistical	analyses	were	performed	in	SPSS	version	15.0	(SPSS	Inc.,	Chicago,	 IL,	
USA).	Data	 are	 expressed	 as	mean±standard	deviation	 (SD).	 Continuous	data	were	
compared	 using	 a	 two‐sided	 Student’s	 t‐test	 or	 non‐parametric	 tests	 when	
appropriate.	 For	 multiple	 comparisons,	 analysis	 of	 variance	 (ANOVA)	 with	
Bonferroni	correction	was	used.	Proportions	were	compared	using	a	Chi‐square	test.	
Univariate	regression	analysis	was	performed	to	evaluate	the	relation	of	age,	gender,	
and	the	presence	of	LGE	with	ECV.	Factors	 that	showed	a	significant	association	 in	
this	 univariate	 analysis	 were	 subsequently	 evaluated	 in	 a	 multivariate	 linear	
regression	 analysis.	 Mutation	 status	was	 not	 evaluated	 in	 the	model,	 since	 not	 all	
HCM	 patients	 underwent	 prior	 genetic	 testing.	 P‐values	 <0.05	 were	 considered	
statistically	significant.		
	

Results	

Patient	characteristics		

In	total	20	HCM	patients	were	included	in	the	study,	with	a	mean	age	of	50±14	years	
and	 80%	male.	 As	 a	 result	 of	 a	medical	 history	 of	 hypertension,	 4	 out	 of	 20	HCM	
patients	were	excluded	 from	the	primary	analysis.	The	remaining	16	HCM	patients	
were	 predominantly	 male	 (n=12)	 with	 mean	 age	 47±14	 years.	 Fourteen	 healthy	
subjects	served	as	controls	(8	male,	mean	age	48±15	years).	Baseline	characteristics	
of	HCM	patients	and	controls	are	outlined	in	Table	1.	Both	groups	were	comparable	
regarding	 age	 and	 gender.	 As	 shown,	 the	 majority	 of	 HCM	 patients	 had	 mutation	
positive	status	and	received	cardiac	medication.	Blood	hematocrit	(L/L)	levels	were	
significantly	higher	in	HCM	compared	to	controls	(0.45±0.04	vs	0.42±0.02,	p=0.007).	
	



134

 
 

134 
 

Table	1.	Baseline	characteristics	of	HCM	patients	and	controls.		
	 HCM	(n=16) Controls	(n=14)	 p‐value
Age	(y)	 47	±	14 48	±	15 0.82
Gender	(m/f)		 12	/	4	 8	/	6 0.44
Mutation	in	
sarcomeric	gene		

‐	MYBPC3	(6,	38%)
‐	MYH7						(1,	6	%)	
‐	TNNT2					(2,	13	%)	
‐	Excluded	(3,	19	%)	
‐	Unknown	(4,	25	%)		

	
	
‐	Excluded	(11,	79%)	
‐	Unknown	(3,	21%)		

	

Systolic	BP	
(mmHg)	

132	±	12	 132	±	26	 0.96
Diastolic	BP	
(mmHg)	

75	±	11	 77	±	9	 0.67
Heart	rate	(BPM) 63	±	13	 68	±	10	 0.21
BSA	(kg/m2)	 2.0	±	0.17	 1.9	±	0.19 0.10
Medication	 Beta‐blocker	(8,	50%)

Ca‐antagonist	(1,	6%)	
	

None 	

Hematocrit	(L/L) 0.45	±	0.04. 0.42	±	0.02 0.007
MYBPC3,	MYH7	and	TNNT2	genes	encoding	the	sarcomeric	proteins	myosin	binding	protein	C,	myosin	
heavy	 chain	 and	 troponin	T,	 respectively.	 BP=	 blood	pressure.	 BPM=	beats	 per	minute.	 BSA=	body	
surface	area.		
	

CMR	findings	

Mean	indexed	LV	mass	in	HCM	patients	was	83±37	g/m2	and	mean	maximal	LV	wall	
thickness	was	18±3	mm.	Nine	(56%)	HCM	patients	showed	areas	of	focal	fibrosis,	of	
which	 eight	 displayed	 enhancement	 at	 the	 mid‐ventricular	 LGE	 image.	 The	
remaining	 patient	 showed	 regional	 contrast	 enhancement	 at	 LV	 regions	 that	were	
non‐corresponding	with	 the	mid‐ventricular	T1	map.	None	 of	 the	healthy	 controls	
showed	signs	of	late	LGE	in	the	heart	muscle.		
	

T1	mapping	analysis		

Motion	 correction	was	 applied	 in	 9	 T1	maps	 in	 6	 subjects	 (4	 HCM,	 2	 controls)	 to	
correct	for	respiratory	motion.	Figure	2	shows	the	ECV	values	in	LGE	positive	HCM	
patients	in	myocardial	regions	with	SI	<20%,	SI	20‐50%	and	SI	>50%.	Regions	with	
SI	>50%	showed	significantly	higher	ECV	values	with	 respect	 to	 regions	with	 	a	SI	
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between	20‐50%	and	regions	with	a	SI	<20%	(0.45±0.11.vs	0.35±0.06,	p=0.03	and	
0.45±0.11	 vs	 0.27±0.03,	 p<0.001,	 respectively).	 Furthermore,	myocardium	with	 SI	
20‐50%	on	LGE	imaging	showed	a	significantly	higher	ECV	value	than	myocardium	
with	a	SI	<20%	(p=0.003).		

		
Figure	2	ECV	values	in	regions	with	different	myocardial	enhancement	at	LGE‐images	in	
HCM	patients	with	focal	fibrosis;	Regions	in	the	core	of	focal	fibrosis	(SI	>50%),	apparent	
normal	regions	(SI	<20%),	and	regions	with	intermediate	enhancement	(SI	20‐50%)	*	
p<0.05,	†	p<0.01,	§	p<0.001.	ECV=Extracellular	volume	fraction.	SI=signal	intensity.		
	

Difference	in	mean	ECV	values	between	groups	

Analysis	 and	 comparison	 of	 ECV	 values	 in	 non‐enhanced	 myocardium	 in	 HCM	
patients	and	controls	resulted	in	the	following;	no	differences	were	observed	in	ECV	
values	 between	 the	 total	 group	 of	 HCM	 patients	 and	 controls	 (0.26±0.03	 vs	
0.26±0.02,	p=0.83),	between	LGE	positive	HCM	patients	and	controls	(0.27±0.03	vs	
0.26±0.02,	p=0.41),	and	between	LGE	negative	HCM	patients	and	controls	(0.25±0.03	
vs	 0.26±0.02,	 p=0.17).	 Besides,	 ECV	 differences	 between	 LGE	 positive	 and	 LGE	
egative	HCM	patients	were	non‐significant	(p=0.12).	Results	are	depicted	in	Figure	3.		
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Figure	3	Extracellular	volume	 fraction	 (ECV)	values	 in	non‐enhanced	myocardium	 in	HCM	
patients	 and	 controls.	 The	 group	 of	 HCM	 patients	 is	 subdivided	 into	 patients	 with	 focal	
fibrosis	on	LGE	 (HCM‐LGE+)	 and	without	 focal	 fibrosis	 (HCM‐LGE‐).	Notice	 that	 solely	 the	
group	 of	 ‘hypertensive	 HCM’	 patients	 shows	 a	 significantly	 higher	 ECV	 compared	 to	 the	
other	 groups.	 ECV=extracellular	 volume	 fraction.	 HCM=hypertrophic	 cardiomyopathy.	
LGE=late	gadolinium	enhancement.	*	p<0.05.			
	

Segmental	analysis	of	ECV		

Within	 HCM	 patients	 without	 LGE,	 ANOVA	 analysis	 with	 Bonferroni	 correction	
revealed	 no	 significant	 differences	 in	 ECV	 between	 segments	 (p=0.63).	 In	 controls	
however,	 ECV	 values	 differed	 significantly	 (p=0.01),	 with	 both	 inferoseptal	 and	
anteroseptal	segments	containing	highest	ECV	values	(both	0.28±0.02)	and	anterior	
and	anterolateral	lowest	values	(both	0.25±0.02).	When	we	compared	corresponding	
segments	 of	 LGE	 negative	 HCM	 patients	 and	 controls,	 there	 were	 no	 significant	
differences	 in	 ECV	 values	 (see	 Table	 2).	 When	 segments	 containing	 ROI’s	 with	 SI	
<20%	in	LGE	positive	HCM	patients	were	included	in	the	segmental	analysis,	results	
remained	non‐significant	(data	not	shown).				
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Table	2.	Segmental	values	of	myocardial	extracellular	volume	fraction	in	HCM	LGE	negative	
patients	and	controls.		
	

ECV	per	segment		 HCM‐LGE‐ (n=7) Controls	(n=14) p‐value
Inferoseptal	 0.26	±	0.02 0.28	±	0.02	 0.08	
Anteroseptal 0.26	±	0.03 0.28	±	0.02 0.09	
Anterior	 0.25	±	0.03 0.25	±	0.02 0.68	
Anterolateral 0.24	±	0.03 0.25	±	0.02 0.20	
Inferolateral	 0.24	±	0.04 0.26	±	0.02 0.44	
Inferior	 0.24	±	0.04 0.27	±	0.03 0.13	

	
	
Hypertrophic	and	non‐hypertrophic	segments	of	the	left	ventricle		

When	 ECV	 values	 between	 non‐enhanced	 hypertrophic	 (LVWT	 ≥15mm,	 n=8)	 and	
non‐hypertrophic	 (LVWT	<15mm,	n=56)	 segments	were	 compared	 in	 the	group	of	
HCM	 patients,	 hypertrophic	 segments	 showed	 significantly	 higher	 ECV	 values	
(0.29±0.03	vs	0.26±0.04,	p=0.02).	Of	the	8	hypertrophic	segments,	3	were	located	at	
the	inferoseptum,	3	at	the	anteroseptum	and	2	anterior.			
	

Factors	associated	with	mean	ECV	

For	 the	 total	 study	 population	 (HCM	 patients	 and	 controls	 combined,	 n=30),	 age,	
gender	 and	 the	 presence	 of	 LGE	 were	 not	 significantly	 associated	 with	 ECV	 in	
univariate	regression	analysis	(R=0.22,	p=0.24,	R=0.12,	p=0.53	and	R=0.25,	p=0.19,	
respectively).	 Interestingly,	 when	 we	 added	 the	 excluded	 4	 HCM	 patients	 to	 the	
analysis,	hypertension	was	independently	and	strongly	associated	with	ECV	(R=0.66,	
p<0.001).	Off	note,	two	of	these	four	patients	carried	a	sarcomeric	mutation,	one	had	
extreme	 LVWT	 (24mm)	 and	 one	 patient	 showed	 patchy	 LGE	 and	 had	 a	 LVWT	 of	
21mm.	 Within	 the	 group	 of	 HCM	 patients	 only,	 there	 were	 no	 significant	
relationships	between	LV	wall	thickness	and	LV	mass	with	ECV	(R=0.33,	p=0.22	and	
R=0.36,	 p=0.17).	 Also,	 there	 was	 no	 difference	 in	 ECV	 between	 genotype	 positive	
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HCM	patients	 and	HCM	patients	 in	whom	a	 sarcomeric	mutation	was	 excluded	 by	
genetic	analysis	(0.26±0.03	vs	0.24±0.02,	p=0.31).		
	

Discussion	

The	major	 outcome	of	 this	CMR	study	using	T1	mapping	was	 that	 in	hypertrophic	
cardiomyopathy	 areas	 without	 late	 gadolinium	 enhancement	 showed	 a	 similar	
extracellular	volume	fraction	(ECV)	compared	to	controls.	This	is	in	line	with	a	study	
by	 Ugander	 et	 al.	 [17],	 who	 reported	 non‐elevated	 ECV	 in	 ‘normal	 appearing’	
myocardium	 in	 non‐ischemic	 cardiomyopathies.	 Study	 results	 are	 not	 directly	
comparable	 however,	 since	 the	 patient	 population	 in	 present	 study	 was	 defined	
more	precisely	(HCM	only)	and	thresholding	was	used	to	select	ROI’s	in	LGE	positive	
HCM	patients	instead	of	visual	interpretation.		
			The	second	observation	 in	 this	study	was	 that	besides	comparable	global	 (mean)	
ECV	values,	also	segmental	ECV	values	were	virtually	similar	between	HCM	patients	
and	controls	(see	Table	2).	Interestingly,	in	agreement	with	the	general	observation	
that	focal	fibrosis	typically	occurs	in	areas	with	LV	hypertrophy,	we	observed	highest	
ECV	values	in	hypertrophic	LV	segments.	It	must	be	noted	however	that	the	majority	
of	these	segments	were	located	at	the	septum,	which	also	showed	highest	ECV	values	
in	healthy	control	subjects	(Table	2).	The	ECV	value	observed	 in	our	control	group	
was	similar	to	values	reported	in	earlier	studies	using	a	similar	MOLLI‐sequence	for	
T1	 mapping	 before	 and	 after	 contrast	 administration,	 and	 the	 standard	 deviation	
was	rather	small	[18,19].		
			To	demonstrate	that	absolute	T1	measurements	reliably	discriminated	areas	with	
different	signal	intensities	on	qualitative	LGE	images	in	our	study,	myocardium	was	
stratified	 into	 low,	 intermediate	 and	 high	 enhancement	 on	 LGE	 images.	 Figure	 2	
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demonstrated	 that	 the	 translation	 between	 these	 quantitative	 (T1	 mapping)	 and	
qualitative	 (LGE)	 imaging	 techniques	was	valid	 in	differentiating	myocardial	 tissue	
with	various	collagen	concentrations.		
			In	this	study,	we	applied	ECV	assessment	after	a	bolus	of	gadolinium,	in	contrast	to	
Flett	 et	 al.	 [7],	 who	 used	 continuous	 contrast	 infusion	 to	 obtain	 a	 steady	 state	
concentration	of	contrast	agent	between	myocardium	and	blood.	 Jerosch‐Herold	et	
al.	 [15]	 showed	 that	 a	 dynamic	 equilibrium	 of	 contrast	 between	 blood	 and	
extracellular	space	is	reached	after	a	minimum	delay	of	four	minutes	following	bolus	
infusion.	Such	a	dynamic	equilibrium	also	allows	ECV	assessment,	 as	 confirmed	by	
the	study	of	Chow	et	al	[20]	and	White	et	al	[21].	In	this	study,	a	time	delay	of	about	8	
minutes	was	applied	before	the	first	post‐contrast	T1	experiment.	A	clear	indication	
for	 the	 presence	 of	 a	 dynamic	 equilibrium	was	 the	 observed	 linear	 relation	 of	 R1	
values	between	myocardium	and	blood	over	all	three	time	points	(data	not	shown),	
without		obvious	deviation.		
			In	our	study,	the	factors	age,	gender,	and	the	presence	of	LGE	showed	no	significant	
association	with	the	extracellular	volume	fraction	in	non‐enhanced	myocardium.	The	
observation	that	age	was	non‐significant	related	to	ECV	is	 in	 line	with	the	study	by	
Ugander	et	al.	 [17],	 in	which	only	a	modest	correlation	(r=0.28)	was	observed	 in	a	
larger	patient	group.	We	observed	no	gender‐specific	differences	in	ECV,	either	on	a	
global	or	on	a	segmental	level,	in	contrast	to	Sado	et	al.	[18],	who	found	higher	ECV	
in	the	septum	of	women.	Although	hypertension	is	a	strict	exclusion	criterion	for	the	
diagnosis	HCM	[1],	we	performed	a	secondary	analysis	with	four	‘hypertensive	HCM’	
patients,	 of	 which	 two	 had	 genotypic	 diagnosis	 of	 HCM	 and	 two	 had	 a	 phenotype	
strongly	 suggesting	 HCM	 (extreme	 LVWT	 and/or	 ‘patchy’	 fibrosis)	 [1,22].	
Hypertension	 appeared	 a	 strong	 and	 independent	 predictor	 of	 ECV,	 which	 is	 in	
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ECV	values,	also	segmental	ECV	values	were	virtually	similar	between	HCM	patients	
and	controls	(see	Table	2).	Interestingly,	in	agreement	with	the	general	observation	
that	focal	fibrosis	typically	occurs	in	areas	with	LV	hypertrophy,	we	observed	highest	
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in	healthy	control	subjects	(Table	2).	The	ECV	value	observed	 in	our	control	group	
was	similar	to	values	reported	in	earlier	studies	using	a	similar	MOLLI‐sequence	for	
T1	 mapping	 before	 and	 after	 contrast	 administration,	 and	 the	 standard	 deviation	
was	rather	small	[18,19].		
			To	demonstrate	that	absolute	T1	measurements	reliably	discriminated	areas	with	
different	signal	intensities	on	qualitative	LGE	images	in	our	study,	myocardium	was	
stratified	 into	 low,	 intermediate	 and	 high	 enhancement	 on	 LGE	 images.	 Figure	 2	
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demonstrated	 that	 the	 translation	 between	 these	 quantitative	 (T1	 mapping)	 and	
qualitative	 (LGE)	 imaging	 techniques	was	valid	 in	differentiating	myocardial	 tissue	
with	various	collagen	concentrations.		
			In	this	study,	we	applied	ECV	assessment	after	a	bolus	of	gadolinium,	in	contrast	to	
Flett	 et	 al.	 [7],	 who	 used	 continuous	 contrast	 infusion	 to	 obtain	 a	 steady	 state	
concentration	of	contrast	agent	between	myocardium	and	blood.	 Jerosch‐Herold	et	
al.	 [15]	 showed	 that	 a	 dynamic	 equilibrium	 of	 contrast	 between	 blood	 and	
extracellular	space	is	reached	after	a	minimum	delay	of	four	minutes	following	bolus	
infusion.	Such	a	dynamic	equilibrium	also	allows	ECV	assessment,	 as	 confirmed	by	
the	study	of	Chow	et	al	[20]	and	White	et	al	[21].	In	this	study,	a	time	delay	of	about	8	
minutes	was	applied	before	the	first	post‐contrast	T1	experiment.	A	clear	indication	
for	 the	 presence	 of	 a	 dynamic	 equilibrium	was	 the	 observed	 linear	 relation	 of	 R1	
values	between	myocardium	and	blood	over	all	three	time	points	(data	not	shown),	
without		obvious	deviation.		
			In	our	study,	the	factors	age,	gender,	and	the	presence	of	LGE	showed	no	significant	
association	with	the	extracellular	volume	fraction	in	non‐enhanced	myocardium.	The	
observation	that	age	was	non‐significant	related	to	ECV	is	 in	 line	with	the	study	by	
Ugander	et	al.	 [17],	 in	which	only	a	modest	correlation	(r=0.28)	was	observed	 in	a	
larger	patient	group.	We	observed	no	gender‐specific	differences	in	ECV,	either	on	a	
global	or	on	a	segmental	level,	in	contrast	to	Sado	et	al.	[18],	who	found	higher	ECV	
in	the	septum	of	women.	Although	hypertension	is	a	strict	exclusion	criterion	for	the	
diagnosis	HCM	[1],	we	performed	a	secondary	analysis	with	four	‘hypertensive	HCM’	
patients,	 of	 which	 two	 had	 genotypic	 diagnosis	 of	 HCM	 and	 two	 had	 a	 phenotype	
strongly	 suggesting	 HCM	 (extreme	 LVWT	 and/or	 ‘patchy’	 fibrosis)	 [1,22].	
Hypertension	 appeared	 a	 strong	 and	 independent	 predictor	 of	 ECV,	 which	 is	 in	
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agreement	with	a	recent	study	by	Coelho‐Filho	et	al.	[23].	They	reported	also	on	an	
elevated	 ECV	 in	 hypertensive	 patients	 compared	 to	 healthy	 controls.	 Apparently,	
increased	systemic	pressure	importantly	contributes	to	diffuse	fibrosis	formation	of	
the	 heart,	 possibly	 irrespective	 of	 the	 underlying	 condition	 of	 the	 cardiac	 muscle	
involved.	Future	studies	are	needed	however	to	address	this	issue.		
			As	stated	before,	the	group	of	HCM	patients	showed	no	differences	in	ECV	in	non‐
enhanced	 myocardium	 with	 respect	 to	 controls.	 This	 contradicts	 studies	 that	
reported	increased	myocardial	collagen	synthesis	in	HCM	[24],	which	was	even	seen	
in	a	pre‐hypertrophic	state	[25].	Our	study	results	also	disagree	with	various	reports	
of	 increased	deposition	of	diffuse	fibrosis	throughout	the	entire	LV	in	post‐mortem	
HCM	hearts	[4,5].	These	discrepancies	may	be	explained	by	the	following;	First,	T1	
mapping	may	lack	the	sensitivity	to	detect	subtle	 interstitial	changes,	which	can	be	
visualized	 with	 microscopy	 or	 indirectly	 demonstrated	 by	 molecular	 analysis.	
Secondly,	 the	 fibrotic	burden	of	 the	myocardium	in	our	mainly	asymptomatic	HCM	
patients	is	 likely	to	be	less	compared	to	the	explanted	hearts	of	 ‘end‐stage	patients	
[2‐4].	

	
Limitations		

Since	 this	 study	 was	 conducted	 in	 a	 relatively	 low	 number	 of	 HCM	 patients	 and	
controls,	results	should	be	interpreted	with	care.	Nevertheless,	mean	ECV	in	healthy	
subjects	 was	 comparable	 with	 control	 values	 previously	 reported	 by	 other	 study	
groups	 [18,19]	 and	 standard	 deviations	 were	 relatively	 small,	 indicating	 reliable	
methodology.	The	sensitivity	of	T1	mapping	for	motion	is	known	to	generate	some	
blurring	 of	 images	 and	 therefore	 decreased	 reliability	 of	 measurements,	 since	
through‐plane	motion	was	not	corrected	 for.	To	minimize	 these	effects	of	 through‐
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plane	 motion,	 we	 assessed	 ECV	 values	 in	 regions	 without	 enhancement	 with	 a	
maximum	size.	Another	limitation	of	the	study	is	the	use	of	a	single	mid	ventricular	
short	 axis	 slice	 for	 ECV	 assessment.	 Whole	 heart	 mapping	 would	 have	 been	
preferable	since	HCM	is	thought	to	display	(focal)	fibrosis	throughout	the	entire	LV.	
Moreover,	two	types	of	contrast	agents	were	applied	in	this	prospectively	designed	
study.	The	subset	of	control	patients	in	whom	sarcomeric	mutations	were	excluded	
received	 Gd‐DTPA,	 since	 they	 also	 served	 as	 controls	 in	 another	 study.	 In	 the	
remainder	of	controls	and	patients,	the	newer	Gd‐DOTA	agent	was	used.		The	impact	
on	 ECV	 calculation	 is	 considered	 non‐significant	 however,	 since	 the	 relevant	
pharmokinetics	of	both	 contrast	agents	are	 similar,	 as	well	 as	 their	 relaxivity	 [10].	
The	ECV	determination	 is	 insensitive	 to	 small	 changes	 in	absolute	 relaxivity	of	 the	
agent,	 as	 both	 blood	 and	 tissue	 T1	 values	 are	 changed.	 Finally,	 a	 phase	 sensitive	
inversion	 recovery	 (PSIR)	 reconstruction	 has	 been	 shown	 superior	 to	 magnitude	
reconstruction	in	defining	areas	in	LGE	images	[26].	However,	 in	our	study	optimal	
nulling	and	selection	of	ROI’s	using	a	low	threshold	method	minimized	these	subtle	
effects.					

	
Conclusions	

This	 CMR	 study	 showed	 that	 HCM	 patients	 have	 a	 similar	 extracellular	 volume	
fraction,	 in	 myocardium	 without	 LGE	 as	 healthy	 controls.	 The	 additional	 clinical	
value	of	T1	mapping	 in	HCM	seems	 therefore	 limited,	but	 future	 larger	studies	are	
needed	to	establish	the	clinical	and	prognostic	potential	of	this	new	technique	within	
HCM.			



141

V
I

 
 

140 
 

agreement	with	a	recent	study	by	Coelho‐Filho	et	al.	[23].	They	reported	also	on	an	
elevated	 ECV	 in	 hypertensive	 patients	 compared	 to	 healthy	 controls.	 Apparently,	
increased	systemic	pressure	importantly	contributes	to	diffuse	fibrosis	formation	of	
the	 heart,	 possibly	 irrespective	 of	 the	 underlying	 condition	 of	 the	 cardiac	 muscle	
involved.	Future	studies	are	needed	however	to	address	this	issue.		
			As	stated	before,	the	group	of	HCM	patients	showed	no	differences	in	ECV	in	non‐
enhanced	 myocardium	 with	 respect	 to	 controls.	 This	 contradicts	 studies	 that	
reported	increased	myocardial	collagen	synthesis	in	HCM	[24],	which	was	even	seen	
in	a	pre‐hypertrophic	state	[25].	Our	study	results	also	disagree	with	various	reports	
of	 increased	deposition	of	diffuse	fibrosis	throughout	the	entire	LV	in	post‐mortem	
HCM	hearts	[4,5].	These	discrepancies	may	be	explained	by	the	following;	First,	T1	
mapping	may	lack	the	sensitivity	to	detect	subtle	 interstitial	changes,	which	can	be	
visualized	 with	 microscopy	 or	 indirectly	 demonstrated	 by	 molecular	 analysis.	
Secondly,	 the	 fibrotic	burden	of	 the	myocardium	in	our	mainly	asymptomatic	HCM	
patients	is	 likely	to	be	less	compared	to	the	explanted	hearts	of	 ‘end‐stage	patients	
[2‐4].	

	
Limitations		

Since	 this	 study	 was	 conducted	 in	 a	 relatively	 low	 number	 of	 HCM	 patients	 and	
controls,	results	should	be	interpreted	with	care.	Nevertheless,	mean	ECV	in	healthy	
subjects	 was	 comparable	 with	 control	 values	 previously	 reported	 by	 other	 study	
groups	 [18,19]	 and	 standard	 deviations	 were	 relatively	 small,	 indicating	 reliable	
methodology.	The	sensitivity	of	T1	mapping	for	motion	is	known	to	generate	some	
blurring	 of	 images	 and	 therefore	 decreased	 reliability	 of	 measurements,	 since	
through‐plane	motion	was	not	corrected	 for.	To	minimize	 these	effects	of	 through‐

 
 

141 
 

plane	 motion,	 we	 assessed	 ECV	 values	 in	 regions	 without	 enhancement	 with	 a	
maximum	size.	Another	limitation	of	the	study	is	the	use	of	a	single	mid	ventricular	
short	 axis	 slice	 for	 ECV	 assessment.	 Whole	 heart	 mapping	 would	 have	 been	
preferable	since	HCM	is	thought	to	display	(focal)	fibrosis	throughout	the	entire	LV.	
Moreover,	two	types	of	contrast	agents	were	applied	in	this	prospectively	designed	
study.	The	subset	of	control	patients	in	whom	sarcomeric	mutations	were	excluded	
received	 Gd‐DTPA,	 since	 they	 also	 served	 as	 controls	 in	 another	 study.	 In	 the	
remainder	of	controls	and	patients,	the	newer	Gd‐DOTA	agent	was	used.		The	impact	
on	 ECV	 calculation	 is	 considered	 non‐significant	 however,	 since	 the	 relevant	
pharmokinetics	of	both	 contrast	agents	are	 similar,	 as	well	 as	 their	 relaxivity	 [10].	
The	ECV	determination	 is	 insensitive	 to	 small	 changes	 in	absolute	 relaxivity	of	 the	
agent,	 as	 both	 blood	 and	 tissue	 T1	 values	 are	 changed.	 Finally,	 a	 phase	 sensitive	
inversion	 recovery	 (PSIR)	 reconstruction	 has	 been	 shown	 superior	 to	 magnitude	
reconstruction	in	defining	areas	in	LGE	images	[26].	However,	 in	our	study	optimal	
nulling	and	selection	of	ROI’s	using	a	low	threshold	method	minimized	these	subtle	
effects.					

	
Conclusions	

This	 CMR	 study	 showed	 that	 HCM	 patients	 have	 a	 similar	 extracellular	 volume	
fraction,	 in	 myocardium	 without	 LGE	 as	 healthy	 controls.	 The	 additional	 clinical	
value	of	T1	mapping	 in	HCM	seems	 therefore	 limited,	but	 future	 larger	studies	are	
needed	to	establish	the	clinical	and	prognostic	potential	of	this	new	technique	within	
HCM.			



142

 
 

142 
 

References	
1.			Maron	BJ:	Hypertrophic	Cardiomyopathy:	A	Systematic	Review.	JAMA	2002;287:1308‐1320.	

	
2.			St	 John	 Sutton	 MG,	 Lie	 JT,	 Anderson	 KR,	 O'Brien	 PC,	 Frye	 RL:	 Histopathological	 specificity	 of	

hypertrophic	obstructive	cardiomyopathy.	Myocardial	fibre	disarray	and	myocardial	fibrosis.	Br	
Heart	J	1980;44:433‐343.	
	

3.			Unverferth	DV,	Baker	PB,	Pearce	LI,	Lautman	J,	Roberts	WC:	Regional	myocyte	hypertrophy	and	
increased	 interstitial	 myocardial	 fibrosis	 in	 hypertrophic	 cardiomyopathy.	 Am	 J	 Cardiol	
1987;59:932‐936.	
	

4.			Factor	SM,	Butany	 J,	Sole	MJ,	Wigle	ED,	Williams	WC,	Rojkind	M:	Pathologic	 fibrosis	and	matrix	
connective	tissue	in	the	subaortic	myocardium	of	patients	with	hypertrophic	cardiomyopathy.	J	
Am	Coll	Cardiol	1991;17:1343‐1351.	
	

5.			Shirani	 J,	 Pick	 R,	 Roberts	 WC,	 Maron	 BJ:	 Morphology	 and	 significance	 of	 the	 left	 ventricular	
collagen	 network	 in	 young	 patients	 with	 hypertrophic	 cardiomyopathy	 and	 sudden	 cardiac	
death.	J	Am	Coll	Cardiol	2000;35:36‐44.	
	

6.			Moon	 JCC,	 Reed	 E,	 Sheppard	 MN,	 Elkington	 AG,	 Ho	 S,	 Burke	 M,	 Petrou	 M,	 Pennell	 DJ:	 The	
histologic	 basis	 of	 late	 gadolinium	 enhancement	 cardiovascular	 magnetic	 resonance	 in	
hypertrophic	cardiomyopathy.	J	Am	Coll	Cardiol	2004;43:2260‐2264.	
	

7.			Flett	AS,	Hayward	MP,	Ashworth	MT,	Hansen	MS,	Taylor	AM,	Elliott	PM,	McGregor	C,	Moon	 JC:	
Equilibrium	 Contrast	 Cardiovascular	 Magnetic	 Resonance	 for	 the	 Measurement	 of	 Diffuse	
Myocardial	Fibrosis:	Preliminary	Validation	in	Humans.	Circulation	2010;122:138‐144.	
	

8.			Sibley	CT,	Noureldin	RA,	Gai	N,	Nacif	MS,	Liu	S,	Turkbey	EB,	Mudd	JO,	van	der	Geest	RJ,	Lima	JA,	
Halushka	 MK,	 Bluemke	 DA.	 T1	 Mapping	 in	 cardiomyopathy	 at	 cardiac	 MR:	 comparison	 with	
endomyocardial	biopsy.	Radiology	2012;265:724‐732	
	

9.			Klues	HG,	Schiffers	A,	Maron	BJ:	Phenotypic	spectrum	and	patterns	of	left	ventricular	hypertrophy	
in	hypertrophic	cardiomyopathy:	Morphologic	observations	and	significance	as	assessed	by	two‐
dimensional	echocardiography	in	600	patients.	J	Am	Coll	Cardiol	1995;26:1699‐1708.	
	

10.	Rohrer	 M,	 Bauer	 H,	 Mintorovitch	 J,	 Requardt	 M,	 Weinmann	 HJ:	 Comparison	 of	 magnetic	
properties	 of	MRI	 contrast	media	 solutions	 at	 different	magnetic	 field	 strengths.	 Invest	Radiol	
2005;40:715‐724.	
	

11.	Messroghli	DR,	Greiser	A,	Fröhlich	M,	Dietz	R,	Schulz‐Menger	J:	Optimization	and	validation	of	a	
fully‐integrated	 pulse	 sequence	 for	 modified	 look‐locker	 inversion‐recovery	 (MOLLI)	 T1	
mapping	of	the	heart.	J	Magn	Reson	Imaging	2007;26:1081‐1086.	
	

12.	Amado	LC,	Gerber	BL,	Gupta	SN,	Rettmann	DW,	Szarf	G,	Schock	R,	Nasir	K,	Kraitchman	DL,	Lima	
JA.	Accurate	and	objective	infarct	sizing	by	contrast‐enhanced	magnetic	resonance	imaging	in	a	
canine	myocardial	infarction	model.		JACC	2004;44:2383‐2389.	
	

13.	Messroghli	 DR,	 Rudolph	 A,	 Abdel‐Aty	 H,	 Wassmuth	 R,	 Kuhne	 T,	 Dietz	 R,	 Schulz‐Menger	 J:	 An	
open‐source	 software	 tool	 for	 the	 generation	 of	 relaxation	 time	 maps	 in	 magnetic	 resonance	
imaging.	BMC	Med	Imaging	2010;10:16.	
	

14.	Messroghli	DR:	MRmap	V1	2	Documentation	http://sourceforge	net/projects/mrmap/	2010.	
	

	

 
 

143 
 

15.	Jerosch‐Herold	M,	Sheridan	DC,	Kushner	 JD,	Nauman	D,	Burgess	D,	Dutton	D,	Alharethi	R,	Li	D,	
Hershberger	RE:	Cardiac	magnetic	resonance	imaging	of	myocardial	contrast	uptake	and	blood	
flow	in	patients	affected	with	 idiopathic	or	 familial	dilated	cardiomyopathy.	Am	 J	Physiol	Heart	
Circ	Physiol	2008;295:1234‐1242.	
	

16.	Cerqueira	MD,	Weissman	NJ,	Dilsizian	V,	Jacobs	AK,	Kaul	S,	Laskey	WK,	Pennell	DJ,	Rumberger	JA,	
Ryan	T,	Verani	MS;	American	Heart	Association	Writing	Group	on	Myocardial	Segmentation	and	
Registration	 for	Cardiac	 Imaging.	Standardized	myocardial	 segmentation	and	nomenclature	 for	
tomographic	 imaging	 of	 the	 heart:	 a	 statement	 for	 healthcare	 professionals	 from	 the	 Cardiac	
Imaging	 Committee	 of	 the	 Council	 on	 Clinical	 Cardiology	 of	 the	 American	 Heart	 Association.	
Circulation	2002;105:539‐542.	Review	
	

17.	Ugander	M,	Oki	AJ,	Hsu	LY,	Kellman	P,	Greiser	A,	Aletras	AH,	Sibley	CT,	Chen	MY,	Bandettini	WP,	
Arai	 AE.	 Extracellular	 volume	 imaging	 by	 magnetic	 resonance	 imaging	 provides	 insights	 into	
overt	and	sub‐clinical	myocardial	pathology.	Eur	Heart	J	2012;33:1268‐1278.	
	

18.	Sado	DM,	 Flett	AS,	 Banypersad	 SM,	White	 SK,	Maestrini	V,	Quarta	G,	 Lachmann	RH,	Murphy	E,	
Mehta	A,	Hughes	DA,	McKenna	WJ,	Taylor	AM,	Hausenloy	DJ,	Hawkins	PN,	Elliott	PM,	Moon	JC.	
Cardiovascular	magnetic	 resonance	measurement	of	myocardial	 extracellular	volume	 in	health	
and	disease.	Heart	2012;98:1436‐1441.	
	

19.	Flett	 AS,	 Sado	 DM,	 Quarta	 G,	 Mirabel	 M,	 Pellerin	 D,	 Herrey	 AS,	 Hausenloy	 DJ,	 Ariti	 C,	 Yap	 J,	
Kolvekar	 S,	 Taylor	 AM,	 Moon	 JC.	 Diffuse	 myocardial	 fibrosis	 in	 severe	 aortic	 stenosis:	 an	
equilibrium	contrast	 cardiovascular	magnetic	 resonance	 study.	Eur	Heart	 J	Cardiovasc	 Imaging	
2012;13:819‐826.	
	

20.	Chow	K,	 Flewitt	 J,	 Green	 J,	 Friedrich	MG,	 Thompson	 R:	 Characterization	 of	myocardial	 T1	 and	
partition	coefficient	as	a	function	of	time	after	gadolinium	delivery	in	healthy	subjects.	Proc	Intl	
Soc	Mag	Reson	Med	2011;19:1373.	
	

21.	White	SK,	Sado	DM,	Fontana	M,	Banypersad	SM,	Maestrini	V,	Flett	AS,	Piechnik	SK,	Robson	MD,	
Hausenloy	 DJ,	 Sheikh	 AM,	 Hawkins	 PN,	 Moon	 JC.	 T1	 Mapping	 for	 Myocardial	 Extracellular	
Volume	Measurement	by	CMR:	Bolus	Only	Versus	Primed	 Infusion	Technique.	 JACC	Cardiovasc	
Imaging	2013;6:955‐962	

	
22.	Sipola	P,	Magga	J,	Husso	M,	Jääskeläinen	P,	Peuhkurinen	K,	Kuusisto	J.	Cardiac	MRI	assessed	left	

ventricular	 hypertrophy	 in	 differentiating	 hypertensive	 heart	 disease	 from	 hypertrophic	
cardiomyopathy	attributable	to	a	sarcomeric	gene	mutation.	Eur	Radiol	2011;21:1383‐1389.	
	

23.	Coelho‐Filho	OR,	Mongeon	FP,	Mitchell	R,	Moreno	H	Jr,	Nadruz	W	Jr,	Kwong	R,	Jerosch‐Herold	M.	
The	Role	of	Transcytolemmal	Water	Exchange	in	Magnetic	Resonance	Measurements	of	Diffuse	
Myocardial	Fibrosis	in	Hypertensive	Heart	Disease.	Circ	Cardiovasc	Imaging	2013;1:134‐141	
	

24.	Lombardi	R,	Betocchi	S,	Losi	MA,	Tocchetti	CG,	Aversa	M,	Miranda	M,	D'Alessandro	G,	Cacace,		A,	
Ciampi	 Q,	 Chiariello	 M:	 Myocardial	 Collagen	 Turnover	 in	 Hypertrophic	 Cardiomyopathy.	
Circulation	2003;108:1455‐1460.	
	

25.	Ho	CY,	López	B,	Coelho‐Filho	OR,	Lakdawala	NK,	Cirino	AL,	Jarolim	P,	Kwong	R,	González	A,	Colan	
SD,	 Seidman	 JG,	 Díez	 J,	 Seidman	 CE:	 Myocardial	 Fibrosis	 as	 an	 Early	 Manifestation	 of	
Hypertrophic	Cardiomyopathy.	N	Engl	J	Med	2010;363:552‐563.	
	

26.	Hsu	LY,	 Ingkanisorn	WP,	Kellman	P,	Aletras	AH,	Arai	AE.	Quantitative	myocardial	 infarction	on	
delayed	 enhancement	 MRI.	 Part	 II:	 Clinical	 application	 of	 an	 automated	 feature	 analysis	 and	
combined	thresholding	infarct	sizing	algorithm.	J	Magn	Reson	Imaging	2006;23:309‐314.	
	



143

V
I

 
 

142 
 

References	
1.			Maron	BJ:	Hypertrophic	Cardiomyopathy:	A	Systematic	Review.	JAMA	2002;287:1308‐1320.	

	
2.			St	 John	 Sutton	 MG,	 Lie	 JT,	 Anderson	 KR,	 O'Brien	 PC,	 Frye	 RL:	 Histopathological	 specificity	 of	

hypertrophic	obstructive	cardiomyopathy.	Myocardial	fibre	disarray	and	myocardial	fibrosis.	Br	
Heart	J	1980;44:433‐343.	
	

3.			Unverferth	DV,	Baker	PB,	Pearce	LI,	Lautman	J,	Roberts	WC:	Regional	myocyte	hypertrophy	and	
increased	 interstitial	 myocardial	 fibrosis	 in	 hypertrophic	 cardiomyopathy.	 Am	 J	 Cardiol	
1987;59:932‐936.	
	

4.			Factor	SM,	Butany	 J,	Sole	MJ,	Wigle	ED,	Williams	WC,	Rojkind	M:	Pathologic	 fibrosis	and	matrix	
connective	tissue	in	the	subaortic	myocardium	of	patients	with	hypertrophic	cardiomyopathy.	J	
Am	Coll	Cardiol	1991;17:1343‐1351.	
	

5.			Shirani	 J,	 Pick	 R,	 Roberts	 WC,	 Maron	 BJ:	 Morphology	 and	 significance	 of	 the	 left	 ventricular	
collagen	 network	 in	 young	 patients	 with	 hypertrophic	 cardiomyopathy	 and	 sudden	 cardiac	
death.	J	Am	Coll	Cardiol	2000;35:36‐44.	
	

6.			Moon	 JCC,	 Reed	 E,	 Sheppard	 MN,	 Elkington	 AG,	 Ho	 S,	 Burke	 M,	 Petrou	 M,	 Pennell	 DJ:	 The	
histologic	 basis	 of	 late	 gadolinium	 enhancement	 cardiovascular	 magnetic	 resonance	 in	
hypertrophic	cardiomyopathy.	J	Am	Coll	Cardiol	2004;43:2260‐2264.	
	

7.			Flett	AS,	Hayward	MP,	Ashworth	MT,	Hansen	MS,	Taylor	AM,	Elliott	PM,	McGregor	C,	Moon	 JC:	
Equilibrium	 Contrast	 Cardiovascular	 Magnetic	 Resonance	 for	 the	 Measurement	 of	 Diffuse	
Myocardial	Fibrosis:	Preliminary	Validation	in	Humans.	Circulation	2010;122:138‐144.	
	

8.			Sibley	CT,	Noureldin	RA,	Gai	N,	Nacif	MS,	Liu	S,	Turkbey	EB,	Mudd	JO,	van	der	Geest	RJ,	Lima	JA,	
Halushka	 MK,	 Bluemke	 DA.	 T1	 Mapping	 in	 cardiomyopathy	 at	 cardiac	 MR:	 comparison	 with	
endomyocardial	biopsy.	Radiology	2012;265:724‐732	
	

9.			Klues	HG,	Schiffers	A,	Maron	BJ:	Phenotypic	spectrum	and	patterns	of	left	ventricular	hypertrophy	
in	hypertrophic	cardiomyopathy:	Morphologic	observations	and	significance	as	assessed	by	two‐
dimensional	echocardiography	in	600	patients.	J	Am	Coll	Cardiol	1995;26:1699‐1708.	
	

10.	Rohrer	 M,	 Bauer	 H,	 Mintorovitch	 J,	 Requardt	 M,	 Weinmann	 HJ:	 Comparison	 of	 magnetic	
properties	 of	MRI	 contrast	media	 solutions	 at	 different	magnetic	 field	 strengths.	 Invest	Radiol	
2005;40:715‐724.	
	

11.	Messroghli	DR,	Greiser	A,	Fröhlich	M,	Dietz	R,	Schulz‐Menger	J:	Optimization	and	validation	of	a	
fully‐integrated	 pulse	 sequence	 for	 modified	 look‐locker	 inversion‐recovery	 (MOLLI)	 T1	
mapping	of	the	heart.	J	Magn	Reson	Imaging	2007;26:1081‐1086.	
	

12.	Amado	LC,	Gerber	BL,	Gupta	SN,	Rettmann	DW,	Szarf	G,	Schock	R,	Nasir	K,	Kraitchman	DL,	Lima	
JA.	Accurate	and	objective	infarct	sizing	by	contrast‐enhanced	magnetic	resonance	imaging	in	a	
canine	myocardial	infarction	model.		JACC	2004;44:2383‐2389.	
	

13.	Messroghli	 DR,	 Rudolph	 A,	 Abdel‐Aty	 H,	 Wassmuth	 R,	 Kuhne	 T,	 Dietz	 R,	 Schulz‐Menger	 J:	 An	
open‐source	 software	 tool	 for	 the	 generation	 of	 relaxation	 time	 maps	 in	 magnetic	 resonance	
imaging.	BMC	Med	Imaging	2010;10:16.	
	

14.	Messroghli	DR:	MRmap	V1	2	Documentation	http://sourceforge	net/projects/mrmap/	2010.	
	

	

 
 

143 
 

15.	Jerosch‐Herold	M,	Sheridan	DC,	Kushner	 JD,	Nauman	D,	Burgess	D,	Dutton	D,	Alharethi	R,	Li	D,	
Hershberger	RE:	Cardiac	magnetic	resonance	imaging	of	myocardial	contrast	uptake	and	blood	
flow	in	patients	affected	with	 idiopathic	or	 familial	dilated	cardiomyopathy.	Am	 J	Physiol	Heart	
Circ	Physiol	2008;295:1234‐1242.	
	

16.	Cerqueira	MD,	Weissman	NJ,	Dilsizian	V,	Jacobs	AK,	Kaul	S,	Laskey	WK,	Pennell	DJ,	Rumberger	JA,	
Ryan	T,	Verani	MS;	American	Heart	Association	Writing	Group	on	Myocardial	Segmentation	and	
Registration	 for	Cardiac	 Imaging.	Standardized	myocardial	 segmentation	and	nomenclature	 for	
tomographic	 imaging	 of	 the	 heart:	 a	 statement	 for	 healthcare	 professionals	 from	 the	 Cardiac	
Imaging	 Committee	 of	 the	 Council	 on	 Clinical	 Cardiology	 of	 the	 American	 Heart	 Association.	
Circulation	2002;105:539‐542.	Review	
	

17.	Ugander	M,	Oki	AJ,	Hsu	LY,	Kellman	P,	Greiser	A,	Aletras	AH,	Sibley	CT,	Chen	MY,	Bandettini	WP,	
Arai	 AE.	 Extracellular	 volume	 imaging	 by	 magnetic	 resonance	 imaging	 provides	 insights	 into	
overt	and	sub‐clinical	myocardial	pathology.	Eur	Heart	J	2012;33:1268‐1278.	
	

18.	Sado	DM,	 Flett	AS,	 Banypersad	 SM,	White	 SK,	Maestrini	V,	Quarta	G,	 Lachmann	RH,	Murphy	E,	
Mehta	A,	Hughes	DA,	McKenna	WJ,	Taylor	AM,	Hausenloy	DJ,	Hawkins	PN,	Elliott	PM,	Moon	JC.	
Cardiovascular	magnetic	 resonance	measurement	of	myocardial	 extracellular	volume	 in	health	
and	disease.	Heart	2012;98:1436‐1441.	
	

19.	Flett	 AS,	 Sado	 DM,	 Quarta	 G,	 Mirabel	 M,	 Pellerin	 D,	 Herrey	 AS,	 Hausenloy	 DJ,	 Ariti	 C,	 Yap	 J,	
Kolvekar	 S,	 Taylor	 AM,	 Moon	 JC.	 Diffuse	 myocardial	 fibrosis	 in	 severe	 aortic	 stenosis:	 an	
equilibrium	contrast	 cardiovascular	magnetic	 resonance	 study.	Eur	Heart	 J	Cardiovasc	 Imaging	
2012;13:819‐826.	
	

20.	Chow	K,	 Flewitt	 J,	 Green	 J,	 Friedrich	MG,	 Thompson	 R:	 Characterization	 of	myocardial	 T1	 and	
partition	coefficient	as	a	function	of	time	after	gadolinium	delivery	in	healthy	subjects.	Proc	Intl	
Soc	Mag	Reson	Med	2011;19:1373.	
	

21.	White	SK,	Sado	DM,	Fontana	M,	Banypersad	SM,	Maestrini	V,	Flett	AS,	Piechnik	SK,	Robson	MD,	
Hausenloy	 DJ,	 Sheikh	 AM,	 Hawkins	 PN,	 Moon	 JC.	 T1	 Mapping	 for	 Myocardial	 Extracellular	
Volume	Measurement	by	CMR:	Bolus	Only	Versus	Primed	 Infusion	Technique.	 JACC	Cardiovasc	
Imaging	2013;6:955‐962	

	
22.	Sipola	P,	Magga	J,	Husso	M,	Jääskeläinen	P,	Peuhkurinen	K,	Kuusisto	J.	Cardiac	MRI	assessed	left	

ventricular	 hypertrophy	 in	 differentiating	 hypertensive	 heart	 disease	 from	 hypertrophic	
cardiomyopathy	attributable	to	a	sarcomeric	gene	mutation.	Eur	Radiol	2011;21:1383‐1389.	
	

23.	Coelho‐Filho	OR,	Mongeon	FP,	Mitchell	R,	Moreno	H	Jr,	Nadruz	W	Jr,	Kwong	R,	Jerosch‐Herold	M.	
The	Role	of	Transcytolemmal	Water	Exchange	in	Magnetic	Resonance	Measurements	of	Diffuse	
Myocardial	Fibrosis	in	Hypertensive	Heart	Disease.	Circ	Cardiovasc	Imaging	2013;1:134‐141	
	

24.	Lombardi	R,	Betocchi	S,	Losi	MA,	Tocchetti	CG,	Aversa	M,	Miranda	M,	D'Alessandro	G,	Cacace,		A,	
Ciampi	 Q,	 Chiariello	 M:	 Myocardial	 Collagen	 Turnover	 in	 Hypertrophic	 Cardiomyopathy.	
Circulation	2003;108:1455‐1460.	
	

25.	Ho	CY,	López	B,	Coelho‐Filho	OR,	Lakdawala	NK,	Cirino	AL,	Jarolim	P,	Kwong	R,	González	A,	Colan	
SD,	 Seidman	 JG,	 Díez	 J,	 Seidman	 CE:	 Myocardial	 Fibrosis	 as	 an	 Early	 Manifestation	 of	
Hypertrophic	Cardiomyopathy.	N	Engl	J	Med	2010;363:552‐563.	
	

26.	Hsu	LY,	 Ingkanisorn	WP,	Kellman	P,	Aletras	AH,	Arai	AE.	Quantitative	myocardial	 infarction	on	
delayed	 enhancement	 MRI.	 Part	 II:	 Clinical	 application	 of	 an	 automated	 feature	 analysis	 and	
combined	thresholding	infarct	sizing	algorithm.	J	Magn	Reson	Imaging	2006;23:309‐314.	
	


