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3 

1.1.	From	hypertension	to	hypertensive	heart	disease	
	

Hypertension	(HTN)	is	the	leading	risk	factor	for	global	death	and	disability,	according	to	

the	World	Health	Organization	(WHO)	(1).	Cardiovascular	disease	(CVD)	is	the	number	

one	mortality	cause	worldwide,	accounting	for	17	million	deaths	a	year.	It	is	estimated	

that	HTN-related	complications	account	for	9.4	million	fatal	cardiovascular	events	per	

year	 (2).	 Approximately	 half	 of	 global	 deaths	due	 to	heart	 disease,	 stroke	 and	heart	

failure	can	be	attributed	to	HTN.		

	

The	cardiovascular	system	is	sensitive	to	physiological	and	pathological	stimulants	(3).	

Elevation	of	blood	pressure	(BP)	and	subsequent	mechanical	stress	lead	to	changes	in	

the	heart	and	blood	vessels	(4).	HTN	is	the	most	important	cause	for	pressure	overload	

in	the	cardiovascular	system.	The	main	compensatory	mechanism	to	pressure	overload	

in	the	heart	is	remodeling	of	myocardial	tissue.	Cardiac	remodeling	is	accompanied	by	

an	 increase	 in	 left	 ventricular	 (LV)	 mass	 and	 concentric	 hypertrophy	 of	 myocardial	

chambers,	with	consecutive	alterations	in	cardiac	size,	shape,	structure	and	functioning	

(5).		

	

The	disproportionate	growth	of	the	 left	ventricle	 involves	all	cardiac	cell	 types	and	 is	

mediated	 by	 a	 complex	 series	 of	 mechanical,	 neurohumoral,	 inflammatory,	 and	

oxidative	 stimuli	 (6).	 However,	 biomechanical	 stress	 related	 to	 HTN-mediated	

hemodynamic	 load	 seems	 to	 be	 the	 key	 player	 of	 myocardial	 remodeling	 (6).	 LV	

adaption	to	HTN	results	ultimately	in	left	ventricular	hypertrophy	(LVH),	the	anatomical	

hallmark	of	hypertensive	heart	disease	(HHD)	(figure	1.1).	The	prevalence	of	HHD	is	high,	

up	to	60%	of	individuals	with	uncomplicated	HTN	have	evidence	of	increased	LV	mass	

on	echocardiography	(7).			

	

A	 change	 in	 ventricular	 form	 or	 mass	 inevitably	 induces	 an	 alteration	 in	 cardiac	

contractile	 and	 relaxation	 properties.	 Therefore,	 LVH	 is	 directly	 related	 to	 cardiac	

function	(8).	LVH	is	also	a	strong	independent	predictor	of	survival	in	both	patients	with	

previous	cardiac	disease	and	in	the	general	population	(9).	In	fact,	LVH	increases	the	risk	

for	both	fatal	and	non-fatal	cardiovascular	events,	including	heart	failure,	coronary	heart	
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disease,	stroke,	arrhythmia	and	sudden	death	(10).	The	magnitude	of	baseline	values	of	

LVH	further	determinates	the	magnitude	of	a	given	individual´s	cardiovascular	risk	(11).	

Moreover,	adequate	treatment	 in	patients	with	LVH	slows	the	natural	progression	to	

heart	 failure	and	 reduces	 subsequent	mortality	 (12,13).	Consequently,	 LVH	 is	 a	well-

established	 surrogate	 for	 heart	 failure	 and	 other	 adverse	 cardiac	 outcomes.	

Importantly,	patients	with	heart	failure	typically	progress	from	an	asymptomatic	phase	

(when	LVH	might	already	be	present)	to	symptomatic	phases	(14).	It	is	clinically	relevant,	

therefore,	to	understand	the	pathways	leading	from	HTN	to	LVH,	and	early	identification	

of	these	individuals	is	mandatory	in	order	to	initiate	or	intensify	medical	treatment	and	

consequently	reduce	morbidity	and	mortality.		

	

Figure	1.1.	Increase	in	LV	wall	thickness	and	mass	in	HHD.	Adapted	from	Berk	et	al,	2007	

(15).	

	
	

	

1.1.1.	Cardiomyocyte	

	

Cardiac	 muscle	 cells	 respond	 to	 HTN-induced	 pressure	 overload	 with	 either	

hypertrophic	growth	or	anomalously	enhanced	apoptosis.	

	

Hypertrophy	 of	 cardiomyocytes	 together	 with	 functional	 systemic	 mechanisms	

including	 the	 activation	 of	 the	 sympathetic	 system	 and	 the	 renin-angiotensin-
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aldosterone	system	(RAAS)	are	critical	compensatory	mechanisms	in	order	to	reduce	LV	

wall	stress	and	preserve	cardiac	mechanical	function	(16).	The	hypertrophic	growth	of	

cardiomyocytes	is	mainly	mediated	by	the	activation	of	gene	expression	via	intracellular	

signalling	cascades.	Subsequently,	upregulation	of	protein	synthesis	and	stability	result	

in	 an	 increase	 in	 protein	 content	 and	 size	 of	 sarcomeres,	 the	main	 determinants	 of	

cardiac	 contraction	 force	 (17).	 This	 increase	 in	 size	 and	 organization	 of	 sarcomeres	

entails	an	increment	in	cardiomyocyte	size,	which	ultimately	leads	to	an	increase	in	LV	

mass.		

	

HTN-induced	apoptosis	of	cardiomyocytes	is	mainly	promoted	by	mechanical	stress	and	

angiotensin	II	(18).		A	reduction	in	cardiac	muscle	cells	implies	that	the	remaining	cells	

are	exposed	to	an	increased	workload,	ending	up	in	depression	of	ventricular	function	

(19).	In	addition	to	cardiomyocyte	cell	loss,	mechanisms	activated	during	the	apoptotic	

process	 including	 caspase-3	 and	 mitochondrial	 release	 of	 cytochrome-3	 deteriorate	

function	 and	 performance	 of	 cardiac	 cells	 (20).	 Furthermore,	 ongoing	 apoptosis	 of	

cardiac	muscle	 cells	 has	 a	 negative	 impact	 on	 ventricular	 wall	 geometry,	 leading	 to	

progressive	thinning	and	dilatation	of	cardiac	chambers	and	subsequently	to	alterations	

of	cardiac	function	(21).		

	

1.1.2.	Extracellular	matrix	

	

The	extracellular	matrix	(ECM)	consists	of	interstitial	fluid	and	several	proteins	produced	

by	 fibroblasts,	 mainly	 collagen	 and	 proteoglycans.	 Collagen	 provides	 cardiac	 tensile	

strength,	actively	transduces	force	during	systole	and	is	the	main	determinant	of	cardiac	

relaxation	during	diastole.	The	myocardial	collagen	network	consists	of	3	components:	

the	 epimysium,	 collagen	 fibers	 surrounding	 the	 epicardium	 and	 endocardium;	 the	

perimysium,	 collagen	 fibers	 grouping	 muscle	 fibers	 into	 muscle	 bundles;	 and	 the	

endomysium,	collagen	fibers	that	connect	each	individual	myocyte.		

	

Excessive	accumulation	of	collagen	types	I	and	III	fibers	within	the	myocardial	ECM	leads	

to	progressive	myocardial	fibrosis	and	subsequently	to	an	alteration	in	cardiac	shape,	

mass	and	stiffness	(22).	The	quantity	and	quality	of	collagen	types	I	and	III	in	the	ECM	
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are	 main	 determinants	 of	 the	 active	 relaxation	 process	 during	 diastole.	 Progressive	

accumulation	of	collagen	 fibers	with	altered	spatial	orientation	 impairs	cardiac	 filling	

during	 diastole.	 Impaired	 diastolic	 filling	 further	 impairs	myocardial	 contraction	 and	

therefore	systolic	performance.		

Several	mechanisms	contribute	to	an	exaggerated	accumulation	of	collagen	types	I	and	

III	fibers	in	the	myocardial	interstitium	(15)	(figure	1.2).		

	

Figure	1.2.	Mechanisms	of	excessive	accumulation	of	 collagens	 in	 the	ECM.	Adapted	

from	Berk	et	al,	2007	(15).	

	

	

	

First,	 an	 increased	 synthesis	 of	 collagens	 has	 been	 observed	 in	 fibrotic	 hearts.	

Procollagen	 is	 synthesized	 by	 fibroblasts	 in	 healthy	 individuals	 and	 additionally	 by	

transformed	fibroblast-like	cells	(myofibroblasts)	in	subjects	with	cardiac	disease	(23).	

The	transition	of	fibroblasts	to	myofibroblasts	is	mainly	regulated	by	hormones	of	the	

RAAS	 system,	endothelin	 (ET-1)	 and	 transforming	growth	 factor	beta	 (TGF-β1).	After	

secretion	 into	the	pericellular	space,	procollagen	forms	collagen	fibrils	 that	assemble	

into	fibers.		
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Second,	 the	 quality	 of	 collagens	 in	 the	 ECM	 is	 altered	 in	 the	 fibrotic	 state.	 Elevated	

extracellular	conversion	of	procollagen	into	microfibril-forming	collagen,	spontaneous	

microfibril	assembly	to	form	fibrils,	and	increased	cross-linking	of	fibrils	to	form	fibers	

contribute	 to	 the	 disruption	 of	 coordination	 of	 myocardial	 excitation-contraction	

coupling	in	systole	and	diastole	(24).	

Third,	 fiber	 degradation	 is	 decreased	 or	 unchanged	 in	 the	 hypertensive	 heart.	 The	

degradation	of	the	ECM	is	mainly	mediated	by	matrix	metalloproteinases	(MMPs)	and	

their	 inhibitors,	 the	 tissue	 inhibitor	 of	 metalloproteinases	 (TIMPs).	 An	 imbalance	

between	the	activity	of	MMPs	and	TIMPs	leads	to	alterations	in	collagen	breakdown	and	

ultimately	adverse	changes	in	cardiac	geometry.		

In	addition,	a	change	in	collagen	structure	in	the	ECM	induces	alterations	in	myocyte	

signalling.	Myofibroblasts	express	a	gene	program	favouring	the	excessive	production	

of	collagen	and	the	progression	of	the	fibrotic	state	(25).	

	

1.1.3.	Cardiac	vasculature	

	

Intramyocardial	 blood	 vessels	 and	 the	 coronary	 vasculature	 endure	 structural	 and	

functional	 alterations	 in	 the	 hypertensive	 heart	 (26).	 Vascular	 smooth	 cells	 undergo	

hypertrophy	or	hyperplasia,	leading	to	changes	in	the	cellular	alignment	and	an	increase	

in	the	medial	thickness/lumen	ratio.	Capillary	rarefaction	and	disturbed	vascular	growth	

due	 to	 increasing	myocardial	mass	 lead	 to	 a	 decrease	 in	 vascular	 density.	 Coronary	

microvascular	endothelial	inflammation	reduces	nitric	oxide	bioavailability	and	protein	

kinase	G	activity,	 favouring	the	development	of	hypertrophy.	Ultimately,	perivascular	

fibrosis	is	a	main	determinant	of	the	altered	coronary	flow	reserve	observed	in	HHD	(27).	

	

	

In	summary,	HTN-induced	myocardial	fibrosis	is	mainly	characterized	by	alterations	in	

cardiomyocytes,	ECM	and	cardiac	vasculature	(figure	1.3).	The	resulting	increase	in	LV	

stiffness	and	impairment	of	LV	contraction	favour	the	development	of	adverse	clinical	

outcomes	including	altered	electrical	conduction,	arrhythmias,	heart	failure,	coronary	

heart	disease	and	sudden	cardiac	death.	
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Figure	1.3.	Schematic	 representation	of	changes	 in	cardiomyocytes,	ECM	and	cardiac	

vasculature	in	HHD.	Adapted	from	Berk	et	al,	2007	(15).	

	
	

	

1.1.4.	Patterns	of	myocardial	fibrosis	

	

Morphologically	distinct	patterns	of	fibrosis	have	been	observed	in	cardiac	disease.	The	

onset,	progression	and	histopathological	type	of	fibrosis	are	mainly	determined	by	the	

underlying	cardiomyopathic	process.		

	

1.1.4.1.	Reactive	interstitial	fibrosis	

	

Reactive	 interstitial	 fibrosis	 is	 characterized	 by	 an	 expansion	 of	 the	 myocardial	

interstitium	without	cardiomyocyte	 loss.	Diffuse	deposition	of	mature	collagen	in	the	

ECM	 and	 accumulation	 of	 fibrillary	 collagens	 in	 the	 cardiac	 vasculature	 are	 the	

histological	hallmarks	of	reactive	interstitial	fibrosis	(28).		

HTN	 and	 diabetes	 are	 the	 main	 conditions	 related	 to	 diffuse	 myocardial	 fibrosis.	

Activation	 of	 the	 sympathetic	 system	 and	 RAAS,	 overproduction	 of	 reactive	 oxygen	

species	 (ROS)	 and	 metabolic	 disorders	 induced	 by	 hyperglycemia	 all	 result	 in	 a	

progressive	increase	in	collagen	synthesis	and	collagen	turnover	in	the	heart	(29).		

Diffuse	reactive	fibrosis	has	further	been	observed	in	conditions	such	as	the	aging	heart,	

idiopathic	dilated	cardiomyopathy	and	aortic	valve	disease	(30–32).	In	addition,	reactive	

interstitial	 fibrosis	 has	 been	 found	 in	 the	 remote	 non-infarcted	 myocardium	 after	
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myocardial	infarction	(33).	The	exact	pathophysiological	mechanisms	leading	to	reactive	

fibrosis	remain	unclear.	However,	the	presence	and	extension	of	diffuse	reactive	fibrosis	

is	a	surrogate	for	disease	severity	in	HTN,	potentially	reversible	under	specific	therapy	

(34,35).	 Importantly,	 diffuse	 reactive	 fibrosis	 can	 precede	 irreversible	 replacement	

fibrosis	(36).	It	is	therefore	important	from	a	clinical	point	of	view	to	detect	and	quantify	

diffuse	 fibrosis	 at	 an	 early	 disease	 stage	 in	 order	 to	 initiate,	 modify	 or	 intensify	

treatment	and	subsequently	reduce	the	progression	of	the	fibrotic	state.		

	

1.1.4.2.	Replacement	fibrosis	

	

Replacement	 fibrosis,	 also	 known	 as	 scarring	 fibrosis,	 is	 characterized	 by	 the	

replacement	 of	 cardiomyocytes	 by	 collagen	 fibers	 after	 cell	 damage.	 Cardiac	 cell	

replacement	corresponds	to	the	accumulation	of	mainly	collagen	type	I	in	the	heart	and	

can	be	observed	as	soon	as	the	cardiomyocyte	integrity	is	altered	(37).		

Scarring	fibrosis	can	be	locally	distributed	or	diffuse.	Myocardial	ischemia,	hypertrophic	

cardiomyopathy,	 myocarditis	 and	 sarcoidosis	 are	 typically	 followed	 by	 focal	

replacement	 fibrosis.	 In	 contrast,	 systemic	diseases	 including	 chronic	 kidney	disease,	

systemic	inflammatory	disease	and	toxic	cardiomyopathy	are	related	to	diffuse	scarring	

fibrosis	(38,39).	Focal	replacement	fibrosis	after	myocardial	infarction	is	considered	an	

essential	 repair	 process,	 nevertheless,	 diffuse	 scarring	 fibrosis	 in	 non-infarct	 areas	

contributes	to	alteration	in	cardiac	elasticity	and	diastolic	dysfunction.	The	mechanisms	

of	cardiomyocyte	replacement	depend	on	the	underlying	disease	(40).		

	

1.1.4.3.	Infiltrative	interstitial	fibrosis	

	

Infiltrative	fibrosis	of	the	cardiac	interstitium	has	been	observed	in	metabolic	diseases	

characterized	 by	 the	 deposition	 of	 insoluble	 proteins	 or	 glycosphingolipids	 (41).	 In	

cardiac	 amyloidosis,	 penetration	 of	 the	 ECM	 by	 nodular	 deposits	 and	 branching	

filaments	 interlacing	cardiomyocytes	has	been	found.	Besides	mechanical	alterations,	

amyloid	deposits	can	induce	ROS	production,	interfere	in	the	balance	of	MMPs	involved	

in	collagen	turnover,	and	induce	microvascular	disease	(42).	Thus,	myocardial	infiltration	
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by	insoluble	molecules	contributes	directly	and	via	activation	of	systemic	mechanisms	

to	progressive	myocardial	fibrosis	and	dysfunction.	

	

	

1.2.	Molecular	biomarkers	in	hypertensive	heart	disease	

	

The	 development	 of	 HHD	 is	 mediated	 by	 numerous	 hemodynamic	 and	 non-

hemodynamic	 factors.	 The	 presence	 of	 overt	 LVH	 can	 reliably	 be	 confirmed	 by	

electrocardiography	(ECG),	echocardiography	and	cardiac	magnetic	resonance	(CMR).	

However,	the	detection	of	subtle	cardiac	dysfunction	preceding	the	appearance	of	overt	

cardiac	 wall	 and	 mass	 increase	 is	 challenging.	 A	 growing	 number	 of	 molecular	

biomarkers	derived	from	the	complex	pathophysiological	mechanisms	resulting	in	HHD	

has	been	proposed	over	the	past	years.	The	potential	benefits	of	molecular	biomarkers	

include	 early	 detection	 of	 individuals	 prone	 to	 develop	 LVH,	 diagnosis	 of	 preclinical	

alterations	 in	 cardiac	 geometry	 and	 function,	 refinement	 of	 cardiovascular	 risk	

prediction,	early	implementation	of	treatment	and	monitoring	response	to	treatment	

(43).		

	

1.2.1.	Fibrosis	

	

Collagen	type	I	and	type	III	fibers	are	the	predominant	components	of	myocardial	ECM,	

accounting	for	approximately	85%	and	11%	of	the	cardiac	collagen,	respectively	(44,45).	

During	 synthesis	 and	 degradation	 of	 mature	 collagen	 fibers,	 propeptides	 and	

telopeptides	 are	 cleaved	 by	 endopeptidases	 and	 released	 into	 the	 bloodstream	 (46)	

(figure	 1.4).	 The	 propeptides,	 telopeptides	 and	 endopeptidases	 involved	 in	 collagen	

turnover	 in	 the	 ECM	 have	 been	 studied	 for	 non-invasive	 assessment	 of	 diffuse	

myocardial	fibrosis.	
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Figure	 1.4.	 Formation,	 structure	 and	 degradation	 of	 mature	 collagen.	 Cleavage	 of	

propeptides	 during	 formation	 and	 cleavage	 of	 telopeptides	 during	 degradation	 of	

mature	collagen.	Adapted	from	Fan	et	al,	2012	(47).	

	
	

	

1.2.1.1.	Collagen	synthesis	

	

In	the	heart,	collagen	type	I	and	III	are	synthesised	by	fibroblasts	as	preprocollagens:	3	

pro-α-collagen	 chains	 form	 a	 triple	 helix	 structure	 in	 the	 endoplasmatic	 reticulum,	

known	 as	 procollagen	 (48).	 Procollagens	 contain	 2	 propeptides,	 the	 carboxy	 (C)-

propeptide	and	the	amino	(N)-propeptide.	Cleavage	of	the	propeptides	by	proteinases	

results	in	mature	collagen	molecules	with	short	telopeptides	at	either	end.	The	mature	

collagen	can	assemble	into	highly	ordered,	string-like	aggregates	known	as	fibrils.		

Cleavage	of	the	C-terminal	propeptide	of	procollagen	type	I	(PICP)	and	type	III	(PIIICP)	is	

accomplished	by	procollagen	C-proteinases	(figure	1.5)	(49).	The	N-terminal	propeptide	

of	procollagen	type	I	(PINP)	and	type	III	(PIIINP)	is	cleaved	by	members	of	the	ADAMTS	

family,	 a	 group	 of	 extracellular	 protease	 enzymes	 with	 desintegrin	 and	

metallopreoteinase	activity	(figure	1.6).	After	cleavage,	PICP,	PIIICP,	PINP	and	PIIINP	are	

released	into	the	bloodstream	and	degraded	in	the	liver.		
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Figure	1.5.	Release	of	PICP	into	the	bloodstream.	Adapted	from	Lopez	et	al,	2015	(50).	

	
	

	

Figure	1.6.	Release	of	PIIINP	into	the	bloodstream.	Adapted	from	Lopez	et	al,	2015	(50).	

	

	

	

PICP	is	formed	in	a	1:1	stoichiometric	ratio	to	the	formation	of	collagen	type	I	molecules.	

As	a	consequence,	PICP	concentration	 in	blood	is	a	direct	 indicator	of	collagen	type	I	

synthesis	 (51).	 In	contrast,	 cleavage	of	 the	N-terminal	domain	of	procollagen	 type	 III	

proceeds	at	a	 slower	 rate,	and	partially	processed	procollagens	can	be	 found	on	 the	

surface	of	collagen	type	III	fibers.	Serum	PIIINP	concentration	is	therefore	not	a	direct	

indicator	of	collagen	type	III	synthesis,	however,	PIIINP	levels	have	shown	to	be	directly	

related	to	fibrosis	of	the	ECM	(52).	
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1.2.1.2.	Collagen	degradation	

	

Breakdown	 of	mature	 collagen	 fibers	 is	 accomplished	with	MMPs.	 The	MMP	 family	

contains	more	 than	25	 zinc-	and	calcium-dependent	enzymes,	mainly	 synthesised	by	

fibroblasts	and	leucocytes	(53).	Several	MMPs	are	expressed	in	the	heart.	MMP-1	is	a	

protease	 highly	 specific	 for	 collagen	 type	 I	 and	 III,	 and	 a	 key	 player	 in	 collagen	

fragmentation.	 MMP-1-mediated	 endopeptidase	 cleavage	 of	 mature	 collagen	 type	 I	

leads	 to	 a	 release	 of	 collagen	 type	 I	 carboxy-terminal	 telopeptide	 (CITP)	 into	 the	

bloodstream.	Under	physiological	 conditions,	 the	amount	of	CITP	molecules	 in	blood	

and	the	amount	of	fibrillary	collagen	degraded	is	proportional	(54).	Consequently,	CITP	

is	considered	a	molecular	biomarker	of	collagen	breakdown.	

	

The	 denatured	 collagen	 fragments	 are	metabolized	 by	MMPs	 known	 as	 gelatinases,	

namely	MMP-2	and	MMP-9.	Several	members	of	the	MMP	family	can	further	 induce	

activity	 of	 profibrotic	 proteins	 such	 as	 TGF-β	 and	 therefore	 interfere	 in	 the	 complex	

mechanisms	 of	 collagen	 turnover	 in	 the	 ECM.	 MMP	 activity	 is	 regulated	 at	 a	

transcriptional	 and	 activity	 level.	Growth	 factors,	mechanical	 stress	 and	 endogenous	

proteinases,	the	TIMPs,	are	key	players	in	the	regulation	of	MMP	activity.	

	

1.2.1.3.	Collagen	cross-linking	

	

Despite	excessive	accumulation	and	degradation	of	collagen	fibers,	an	increased	cross-

linking	of	collagen	fibrils	within	the	fibers	has	been	observed	in	the	hypertensive	heart	

(55).	During	collagen	cross-linking	(CCL),	collagen	fibrils	are	covalently	connected	by	the	

enzyme	lysyl	oxidase,	resulting	in	insoluble	fibers	with	increased	stiffness	(56).	Although	

the	structures	of	collagen	type	I	and	III	are	similar,	they	have	different	characteristics	

regarding	CCL	and	elastic	properties.	Collagen	type	I	forms	thick	fibers	with	a	high	rate	

of	CCL,	responsible	primarily	for	the	tensile	strength	of	the	heart.	Collagen	type	III,	in	

contrast,	 forms	 relatively	 thin	 fibers	 that	 provide	 elasticity	 and	 create	 a	 network	

providing	the	structural	integrity	of	the	myocardial	connective	tissue	(57).		
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The	role	of	CCL	is	not	limited	to	the	properties	regarding	structure	and	quality	of	the	

accumulated	collagen.	CCL	determines	the	sensitivity	of	collagen	fibers	to	degradation	

by	MMP-1,	and	subsequently	the	amount	of	CITP	in	blood:	the	higher	the	CCL,	the	lower	

the	ratio	of	circulating	CITP	to	MMP-1	(58).	 Individuals	with	a	 low	CITP/MMP-1	ratio,	

thus,	are	characterized	by	a	high	myocardial	collagen	type	I	cross-linking	(figure	1.7).		

	

Figure	1.7.	CCL	determines	 the	 sensibility	of	 collagen	 type	 I	 fibers	 to	degradation	by	

MMP-1.	In	HHD,	high	cross-linking	results	in	reduced	cleavage	of	CITP	by	MMP-1	and	

consequently	lower	serum	CITP/MMP-1	ratio.	Adapted	from	Lopez	et	al,	2016	(59).	

	

	

	

1.2.2.	Myocardial	stretch	

	

Myocardial	 wall	 stress	 is	 the	main	 stimulus	 for	 the	 synthesis	 and	 secretion	 of	 brain	

natriuretic	 peptide	 (BNP),	 a	 32-amino	 acid	 cardiac	 natriuretic	 peptide	 originally	

discovered	 in	porcine	brain	tissue	(60).	Ventricular	myocytes	and,	 to	a	 lesser	degree,	

fibroblasts	have	been	shown	to	be	the	major	source	of	BNP-related	peptides.	BNP	 is	

synthesized	 as	 proBNP,	 a	 108-amino	 acid	 prohormone.	 Upon	 release	 into	 the	

bloodstream,	proBNP	is	cleaved	into	C-terminal	fragment,	the	biologically	active	BNP,	
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and	into	the	biologically	inactive	76-amino	acid	N-terminal	fragment	(NT-proBNP)	(61).	

Both	BNP	and	NT-proBNP	can	be	detected	in	systemic	circulation	and	are	considered	

established	biomarkers	of	myocardial	stretch.	

Ventricular	production	of	BNP	and	NT-proBNP	 is	upregulated	globally	 in	heart	 failure	

and	locally	in	the	area	adjacent	to	myocardial	ischemia	(62).	In	addition,	endocrine	and	

paracrine	activity	by	cytokines	and	neurohormones	have	been	shown	to	modulate	the	

synthesis	 and	 secretion	 of	 natriuretic-related	 peptides.	 The	 half-life	 of	 BNP	 and	NT-

proBNP	 is	 20	minutes	 and	 120	minutes,	 respectively.	 As	 a	 consequence,	NT-proBNP	

levels	in	serum	are	approximately	6	times	higher	than	BNP	levels.	

	

The	physiological	effects	of	BNP	result	from	interaction	with	natriuretic	peptide	receptor	

type	 A	 (NPR-A).	 NPR-A	 mediated	 production	 of	 cyclic	 GMP	 leads	 to	 natriuresis,	

peripheral	vasodilatation,	as	well	as	inhibition	of	the	RAAS	and	the	sympathetic	nervous	

system	(figure	1.8).		Clearance	of	BNP	is	accomplished	by	binding	to	natriuretic	peptide	

receptor	type	C	(NPR-C)	and	proteolysis	by	neural	endopeptidases.	On	the	other	hand,	

clearance	of	NT-proBNP	is	mainly	driven	by	renal	excretion.		

	

Figure	1.8.	BNP	and	NT-proBNP	 synthesis,	 release	and	 receptor	 interaction.	Adapted	

from	Weber	et	at,	2006	(62).	
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1.2.3.	Myocardial	injury	

	

Cardiac	troponins	are	established	biomarkers	of	cardiac	injury	routinely	used	in	clinical	

practice.	Troponins	are	regulatory	proteins	of	the	interaction	between	actin	and	myosin	

and	form	part	of	the	contractile	apparatus	of	cardiac	and	skeletal	muscle.	The	troponin	

complex	is	located	on	the	actin	filament	and	consists	of	3	subunits:	troponin	T,	troponin	

C	and	troponin	I	(63).		

	

Prolonged	ischemia	in	the	heart	leads	to	an	irreversible	damage	of	myocytes	and	to	the	

release	of	cytosolic	complexes.	In	HTN,	pressure-induced	cardiac	wall	stress	may	result	

in	myocardial	injury	(64).	As	a	consequence,	troponin	T	and	other	troponins	are	released	

into	 systemic	 circulation.	 Clearance	 of	 troponin	 T	 is	 accomplished	 with	 renal	 and	

extrarenal	mechanisms.	Renal	excretion	and	scavenger	receptor-mediated	endocytosis	

of	troponin	T	in	the	mononuclear	phagocyte	system	have	been	proposed	as	the	main	

mechanisms	of	troponin	T	clearance	(65).		

Despite	myocardial	 ischemia	and	pressure	overload,	other	 conditions	have	 shown	 to	

lead	to	an	increase	in	circulating	troponin	T	including	increased	membrane	permeability	

(e.g.	in	sepsis),	end-stage	renal	disease,	excessive	training	routines	in	athletes,	and	non-

cardiac	 cardiovascular	 events	 (66–68).	 In	 addition,	 baseline	 levels	 of	 troponin	 T	 are	

detectable	 in	 healthy	 individuals	 probably	 due	 to	 ongoing	 physiological	 loss	 of	

cardiomyocytes	via	apoptosis	(69).	

	

High-sensitivity	assays	accurately	measure	low	concentrations	of	troponin	T,	known	as	

high	sensitive	troponin	T	(hs-Troponin	T),	with	a	small	coefficient	of	variation	(70).	 In	

hypertensive	patients,	hs-Troponin	T	levels	are	frequently	above	normal	values	despite	

the	absence	of	cardiovascular	or	overt	cardiac	disease	(64).	The	use	of	highly	sensitive	

assays	 has	 further	 shown	 that	 even	 very	 low	 levels	 of	 troponin	 T	 are	 independent	

predictors	 of	 adverse	 clinical	 outcomes	 (71).	 Besides	 myocardial	 ischemia,	 serum	

troponin	T	concentrations	at	low	levels	have	shown	prognostic	value	in	HTN	and	heart	

failure.	
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1.3.	Cardiac	imaging	in	hypertensive	heart	disease	

	

During	decades,	ECG	and	echocardiography	were	the	only	available	techniques	for	the	

evaluation	of	LVH	in	hypertensives.	3	main	patterns	of	LVH	and	remodelling	in	HHD	have	

been	described:	concentric	hypertrophy,	characterized	by	an	increase	in	LV	mass	due	to	

wall	thickening;	eccentric	hypertrophy,	characterized	by	an	increase	in	LV	mass	due	to	

chamber	dilatation;	concentric	remodelling,	characterized	by	an	increase	in	relative	wall	

thickness	with	normal	LV	mass	(72).	

	

It	 is	unknown	why	 individuals	develop	a	 specific	morphologic	pattern	 in	 response	 to	

HTN.	Several	factors	including	pressure-	and	volume	overload,	gender,	ethnicity,	body	

constitution,	and	activation	of	the	sympathetic	system	and	RAAS	are	determinants	of	

cardiac	adoption	mechanisms	to	HTN	(22).	The	clinical	implications	and	prognostic	value	

of	the	different	patterns	of	HHD	are	still	unclear.	However,	ECG-derived	criteria	of	LVH	

lack	 sensitivity	 and	 specificity	 for	 the	 assessment	 of	 morphologic	 patterns	 in	 HHD,	

especially	 in	 young	 male	 subjects	 (73).	 Although	 ECG-derived	 assessment	 of	 LVH	

predicts	cardiovascular	events	in	hypertensives,	preclinical	alteration	of	cardiac	function	

cannot	 be	 reliably	 evaluated	with	 ECG	 (74).	 In	 addition,	 discrepancies	 regarding	 the	

diagnostic	 and	 prognostic	 performance	 of	 LVH	 assessed	 by	 ECG	 compared	 to	 LVH	

assessed	by	CMR	have	been	found,	suggesting	that	each	technique	reflects	a	different	

phenotype	of	LVH	(75).	

	

1.3.1.	Transthoracic	echocardiography	

	

The	use	of	transthoracic	echocardiography	(TTE)	in	numerous	clinical	trials	has	provided	

widespread	knowledge	about	the	development	and	progression	of	HHD	(76).	Various	

techniques	for	the	assessment	of	LV	mass	have	been	developed	over	the	last	decades.	

M-mode	 echocardiography	 is	 a	 quick	 and	 simple	 procedure	 that	 provides	 highly	

accurate	 endocardial	 definition.	 Nevertheless,	 LV	mass	 assessment	 using	M-mode	 is	

performed	in	one	dimension	and	assumes	an	ellipsoid	shape	with	uniform	wall	thickness	

throughout	the	LV,	resulting	in	low	accuracy	(77).	2-dimensional	TTE	techniques	permit	

a	 more	 accurate	 and	 reproducible	 assessment	 of	 LV	 volumes,	 and	 LV	 mass	 can	 be	
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estimated	using	the	Devereux	equation	(78).	However,	the	formula	is	applicable	only	to	

individuals	 without	 major	 alterations	 of	 the	 LV	 geometry.	 3-dimensional	

echocardiography	has	been	developed	in	the	past	years.	LV	mass	assessment	using	3-

dimensional	echocardiography	does	not	 rely	on	geometric	assumptions	and	provides	

better	reproducibility	as	compared	to	other	echocardiographic	techniques.	In	contrast,	

the	 diagnostic	 and	 prognostic	 value	 of	 3-dimensional	 echocardiography	 relies	 on	 an	

adequate	acoustic	window	and	experienced	practitioner,	and	is	not	commonly	available	

in	clinical	routine	(79).		

	

TTE-based	 assessment	 of	 LV	 mass	 is	 useful	 in	 patients	 with	 overt	 LVH.	 The	 high	

interobserver	and	interstudy	variablitiy	of	TTE-assessed	LV	mass,	in	contrast,	raise	the	

question	whether	TTE	can	reliably	assess	subtle	preclinical	changes	in	LV	geometry	at	

early	stages.	

	

Besides	LVH,	patients	with	HHD	are	at	increased	risk	for	the	development	of	diastolic	

dysfunction	 and	 heart	 failure	 with	 preserved	 ejection	 fraction,	 a	 clinical	 syndrome	

characterized	 by	 normal	 systolic	 function	 but	 clinical	 signs	 and	 symptoms	 of	 heart	

failure.	 Several	 TTE-derived	 methods	 are	 available	 for	 the	 estimation	 of	 diastolic	

dysfunction,	detectable	in	up	to	50%	of	hypertensive	patients	(14).	LV	mechanics	is	a	

determinant	of	left	atrial	(LA)	dimension	and	performance,	for	example,	LA	dilatation	

reflects	 elevated	 LV	 filling	 pressure	 and	 subsequently	 diastolic	 dysfunction.	

Isovolumetric	ventricular	relaxation	time	is	measured	as	the	time	period	between	aortic	

valve	closure	and	mitral	valve	opening	and	a	valuable	screening	tool	for	approximating	

the	LA	pressure.	Early	diastolic	dysfunction	is	characterized	by	stiffening	and	impaired	

relaxation	of	the	myocardium,	affecting	transmitral	 inflow	velocities.	Consequently,	a	

reduction	 in	 the	ratio	between	peak	early	 filling	 (E-wave)	and	 late	diastolic	 filling	 (A-

wave)	velocity,	expressed	as	E/A	ratio,	can	be	observed	in	patients	with	mild	diastolic	

dysfunction.	Tissue	Doppler	imaging	(TDI)	enables	direct	quantification	of	mitral	annular	

flow	velocities,	and	TDI-derived	values	can	be	corrected	for	changes	in	preload	or	heart	

rate.	

Speckle	 tracking	 is	 an	 emerging	 technique	with	 a	 promising	 potential	 to	 detect	 very	

early,	preclinical	alterations	in	cardiac	function.	TDI-,	2-dimensional,	and	3-dimensional	
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derived	LV	strain	patterns	have	been	found	to	be	altered	in	hypertensives	and	may	be	

useful	as	early	markers	of	impaired	LV	mechanics	(80).		

	

1.3.2.	Cardiac	magnetic	resonance	

	

CMR	has	become	the	gold	standard	for	the	non-invasive	early	diagnosis	and	treatment	

assessment	of	HHD	due	to	its	excellent	reproducibility,	unrestricted	field	of	view,	and	

non-radiating	tissue	characterization.	Cardiac	geometry,	function	and	fibrosis	can	all	be	

reliably	assessed	with	the	use	of	different	CMR	techniques,	including	steady	state	fee	

precession	(SSFP)	cines	 for	cardiac	geometry	and	function	evaluation;	phase	contrast	

sequences	for	velocity	measurement;	T2-weighted	short-tau	inversion	recovery	(STIR)	

for	oedema	assessment;	T1-	and	T2-weighted	 fast	 spin-echo;	T1-weighted	perfusion;	

myocardial	 late	 gadolinium	enhancement	 (LGE)	 sequence	 and	 T1	mapping	 for	 tissue	

characterisation	(81).	

	

1.3.2.1.	Strain	imaging	

	

Myocardial	strain	is	defined	as	the	degree	of	deformation	of	a	myocardial	segment	from	

its	initial	length	to	its	maximum	length	and	expressed	as	a	percentage.	In	systole,	the	LV	

deforms	along	different	directions	according	to	the	complex	LV	myocardial	architecture:	

the	subendocardial	layer	is	formed	by	fibers	oriented	longitudinally	from	base	to	apex;	

the	mid-wall	layer	is	formed	by	circumferentially	oriented	fibers;	and	the	subepicardial	

layer	 is	 formed	by	fibers	oriented	 longitudinally	from	apex	to	base.	Consequently,	LV	

deformation	during	systole	determines	longitudinal	and	circumferential	shortening,	as	

well	 as	 radial	 thickening	 and	 torsion,	 allowing	 the	 calculation	 of	 longitudinal,	

circumferential	and	radial	strain	(figure	1.9).		

	

Longitudinal	strain	represents	longitudinal	shortening	from	the	base	to	the	apex,	and	is	

expressed	in	negative	values.	Circumferential	strain	represents	fibre	shortening	along	

the	circular	perimeter	on	a	short-axis	view,	and	is	expressed	in	negative	values.	Radial	

strain	results	from	the	radially	directed	myocardial	deformation	towards	the	centre	of	
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the	LV	cavity,	therefore,	radial	strain	represents	LV	thickening	and	thinning	motion,	and	

is	expressed	in	positive	values.	

	

Figure	 1.9.	 Myocardial	 deformation	 directions.	 L,	 longitudinal	 shortening;	 C,	

circumferential	shortening;	R,	radial	thickening.	Adapted	from	Scatteia	et	al,	2017	(82).	

	
	

	

Several	CMR	techniques	have	been	developed	for	the	assessment	of	myocardial	strain.	

Direct	 strain	 acquisition	 techniques	 include	 CMR	 tagging,	 phase	 velocity	 mapping,	

strain-encoded	 imaging	 and	 displacement	 encoding	 with	 stimulated	 echoes.	 These	

techniques	require	dedicated	acquisition	time	in	the	scanner	and	cannot	be	applied	to	

routine	 CMR	 scans.	 In	 contrast,	 feature	 tracking	 technology	 is	 a	 post-processing	

technique	 based	 on	 the	 identification	 and	 tracking	 of	 features	 along	 the	 successive	

phase	of	routinely	acquired	cine	CMR	sequences	(83).	

	

Feature	tracking	is	based	on	optical	flow	technology:	A	pattern	of	interest	(feature)	is	

identified	in	one	image	and	tracked	in	the	successive	images	of	a	CMR	cine	sequence.	In	

a	first	step,	endocardial	and	epicardial	borders	are	manually	drawn	at	end-diastole	in	all	

short	 and	 long	 axis	 cines.	 Next,	 a	 dedicated	 feature	 tracking	 software	 is	 used	 to	

automatically	track	this	pattern	through	all	the	phases	of	the	cine	sequence.	Then,	the	

displacement	 of	 the	 feature	 between	 2	 images	 can	 be	 identified	with	 the	 help	 of	 a	

search	window	(figure	1.10).		
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Figure	1.10.	Principle	of	feature	tracking.	Small	square	windows	are	centered	about	the	

points	of	interest	(red)	on	the	first	image	of	the	sequence	(left)	and	searching	the	as-

much-as-possible-similar	grayscale	pattern	on	the	following	image	(right)	in	the	vicinity	

of	the	original	window.	Once	the	red	point	is	found,	the	window	is	centered	again	about	

it,	to	provide	an	estimate	of	the	local	displacement.	This	procedure	is	repeated	through	

all	phases	of	the	cine	sequence.	Adapted	from	Pedrizzetti	et	al,	2016	(84).	

	
	

	

The	size	of	the	search	windows	depends	on	the	displacement	of	the	identified	pattern	

between	frames	and	determines	the	accuracy	of	feature	tracking.	Pattern	similarities	

are	averaged	in	large	windows,	resulting	in	a	reduction	of	tracking	accuracy.	In	contrast,	

small	windows	might	be	unable	to	recognize	extensive	pattern	displacements.	Besides	

window	size,	the	accuracy	of	strain	analysis	is	determined	by	the	temporal	resolution	of	

the	cine	sequences	used	for	feature	tracking.	A	low	temporal	resolution	requires	larger	

search	areas	 for	 the	comparison	of	patterns,	as	a	 consequence,	 local	patterns	might	

become	 less	comparable	 (known	as	 image	de-correlation)	 (85).	CMR	feature	tracking	

(CMR-FT)	 has	 been	 validated	 in	 numerous	 clinical	 studies	 and	 is	 considered	 a	 valid	

method	for	the	assessment	of	myocardial	strain	(86).	

	

1.3.2.2.	T1	mapping	

	

The	non-invasive	quantification	of	myocardial	fibrosis	has	numerous	potential	benefits,	

including	 the	detection	and	 identification	of	 individuals	with	preclinical	alterations	 in	
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myocardial	 collagen-turnover	 which	 can	 lead	 to	 disturbed	 cardiac	 functioning,	

monitoring	of	treatment	response,	and	refinement	of	individual	cardiovascular	risk.		

T1-mapping	sequences	allow	direct	in-vivo	quantification	of	T1	values	for	each	voxel	in	

the	heart	(87).	T1	values	reflect	the	spin-lattice	relaxation	time,	which	is	the	time	it	takes	

for	the	longitudinal	magnetization	to	recover	63%	of	its	initial	value	after	a	90°	pulse.	

Importantly,	the	spin-lattice	relaxation	times	are	specific	for	any	given	tissue,	therefore,	

the	 deviation	 of	 reference	 values	 can	 be	 used	 to	 detect	 and	 quantify	 myocardial	

alterations	 including	 diffuse	 fibrosis.	 The	 measured	 T1	 values	 before	 and	 after	

administration	of	a	contrast	agent	are	represented	in	a	parametric	map	and	can	be	used	

for	 the	 calculation	 of	 the	 partition	 coefficient	 and	 the	 extracellular	 volume	 fraction	

(ECV),	parameters	that	reflect	the	amount	of	interstitial	fibrosis	(88).			

	

Initially,	T1	mapping	was	performed	using	the	Look-Locker	sequence,	which	required	

acquisition	 times	 of	 around	 35-40	 seconds	 per	 image	 and	 tedious	 image	 post-

processing.	 Subsequently,	 the	 Modified	 Look-Locker	 Inversion-recovery	 (MOLLI)	

sequence	 was	 developed	 for	 the	 assessment	 of	 myocardial	 fibrosis	 (89).	 In	 this	

technique,	images	from	3	consecutive	inversion-recovery	experiments	are	merged	into	

1	data	set,	and	the	procedure	can	be	performed	during	a	single	breath-hold.	Nowadays,	

fast,	 accurate	 and	 reliable	 T1	mapping	 techniques	 are	 available,	 including	 shortened	

Modified	 Look-Locker	 Inversion	 recovery	 (shMOLLI)	 (90),	 which	 can	 be	 performed	

during	9	heartbeats	of	a	single	breath-hold,	Saturation	recovery	Single-Shot	Acquisition	

(SASHA)	 and	 Saturation	 Pulse	 Prepared	 Heart	 rate	 independent	 Inversion	 recovery	

(SAPPHIRE)	(91).	With	the	use	of	the	shMOLLI	technique,	the	partition	coefficient	and	

ECV	can	be	calculated	by	means	of	the	obtained	values	of	native	T1	and	post-contrast	

T1	values.	

	

Native	T1	is	the	spin-lattice	relaxation	time	before	administration	of	a	contrast	agent.	

An	increase	in	native	T1	has	been	observed	in	cardiac	diseases	involving	an	expansion	

of	 the	extracellular	space,	 including	 fibrosis,	edema	and	amyloid	deposits	 (92–94).	 In	

contrast,	a	decrease	in	native	T1	has	been	found	in	intramyocardial	haemorrhage,	fat	

infiltration	and	excessive	iron	deposition	(95).	Some	alterations	in	the	composition	of	
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the	extracellular	space	can	be	detected	determining	native	T1.	Thus,	native	T1	could	be	

considered	a	promising	surrogate	for	early	stages	of	cardiac	disease.	

	

Post-contrast	 T1	 is	 the	 spin-lattice	 relaxation	 time	 measured	 15	 minutes	 after	 the	

administration	 of	 a	 contrast	 agent.	 Myocardial	 post-contrast	 T1	 mapping	 directly	

correlates	with	LV	stiffness	and	is	a	marker	of	myocardial	interstitial	space	expansion	as	

happens	in	diffuse	fibrosis,	among	other	conditions	(96).	However,	the	isolated	use	of	

post-contrast	T1	for	the	quantification	of	myocardial	fibrosis	is	not	appropriate,	because	

post-contrast	 T1	 values	 are	 determined	 by	 renal	 function,	 type	 and	 dosage	 of	 the	

contrast	 agent	 used,	 body	 composition,	 acquisition	 time	 and	 the	 cellular	 fraction	 of	

blood,	resulting	in	a	relatively	low	reproducibility.	

	

For	 the	quantification	of	myocardial	 fibrosis,	 the	partition	 coefficient	 can	be	derived	

from	native	and	post-contrast	T1	mapping.	The	myocardium	consists	of	the	intracellular	

compartment	 (cardiomyocytes	 and	other	 cell	 types),	 the	 ECM,	 and	 the	 intravascular	

compartment.	 Partition	 coefficient	 and	ECV	 comprise	 the	ECM	and	 the	 intravascular	

compartment,	and	it	is	generally	accepted	that	alterations	in	these	compartments	are	

mainly	mediated	by	changes	 in	 the	ECM	rather	 than	 the	 intravascular	compartment.	

Consequently,	 the	extension	of	 the	ECM	can	be	assessed	when	changes	 in	T1	 in	 the	

myocardium	are	related	to	changes	 in	T1	 in	blood	 (figure	1.11).	 In	 fact,	 the	partition	

coefficient	is	derived	from	changes	in	T1	relaxation	rate	(1/T1)	in	myocardium	and	blood	

before	and	after	the	administration	of	the	contrast	agent:	

	

𝑃𝑎𝑟𝑡𝑖𝑡𝑖𝑜𝑛	𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 =

1
𝑝𝑜𝑠𝑡	𝑇1	𝑚𝑦𝑜 −

1
𝑛𝑎𝑡𝑖𝑣𝑒	𝑇1	𝑚𝑦𝑜

1
𝑝𝑜𝑠𝑡	𝑇1	𝑏𝑙𝑜𝑜𝑑 −

1
𝑛𝑎𝑡𝑖𝑣𝑒	𝑇1	𝑏𝑙𝑜𝑜𝑑
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Figure	1.11.	T1	mapping.	Relation	of	changes	in	1/T1	of	myocardium	and	blood	can	be	

used	to	determine	the	partition	coefficient	(slope	of	lines	1-3).	Adapted	from	Taylor	et	

al,	2016	(88).	

	
	

For	 the	 assessment	 of	 ECV,	 the	 partition	 coefficient	 is	multiplied	 by	 the	 hematocrit	

factor	 (1-hematocrit)	 in	 order	 to	 adjust	 for	 the	 contrast	 agent	 plasma	 volume	 (88).	

Consequently,	ECV	is	independent	of	potentially	confounding	factors	that	might	have	an	

impact	 on	 the	measured	 values	 of	 post-contrast	 T1,	 like	 the	 rate	 of	 contrast	 agent	

clearance	from	blood	and	tissue.		

	

It	 is	 important	 to	 point	 out	 that	 both	 ECV	 and	 the	 partition	 coefficient	 reflect	 the	

expansion	 of	 the	 interstitial	 space,	 they	 are	 not	 a	 direct	measure	 of	 the	 amount	 of	

fibrotic	tissue	in	the	cardiac	wall.	Expansion	of	the	ECM	is	frequently,	but	not	exclusively,	

due	to	diffuse	fibrosis.	However,	in	absence	of	infiltrative	or	ischemic	cardiac	disease,	

ECV	 and	 the	 partition	 coefficient	 can	 be	 considered	 as	 imaging	 markers	 of	 diffuse	

fibrosis:	The	higher	ECV	or	 the	partition	coefficient,	 the	higher	 the	degree	of	cardiac	

fibrosis.	
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1.4.	Central	hemodynamics	in	hypertensive	heart	disease	

	

In	clinical	practice,	the	diagnosis,	treatment	decisions	and	follow-up	of	HTN	are	based	

on	 the	 measurement	 of	 brachial	 BP.	 Peripheral	 BP	 is	 an	 established	 predictor	 of	

cardiovascular	 risk,	 and	 BP-lowering	 treatment	 is	 followed	 by	 a	 reduction	 in	

cardiovascular	and	all-cause	morbidity	and	mortality	(97).	However,	over	the	past	years,	

interest	in	central	BP	and	carotid-femoral	pulse	wave	velocity	(PWV)	has	grown	owing	

to	 their	 potential	 value	 in	 the	 assessment	 of	 cardiovascular	 phenotypes	 and	

cardiovascular	risk.		

	

Central	BP	is	closely	related	to	the	pressure	directly	exerted	on	the	heart,	the	brain	and	

the	kidneys.	Available	evidence	has	shown	that	central	BP	is	an	independent	marker	of	

cardiovascular	risk	and	changes	under	antihypertensive	treatment	result	in	a	reduction	

of	cardiovascular	mortality	(97).		

	

PWV	 is	considered	 the	gold	standard	 for	 the	assessment	of	arterial	 stiffness	and	has	

been	found	to	be	an	independent	marker	of	cardiovascular	disease	both	in	the	high-risk	

and	in	the	general	populations.	Increasing	evidence	has	revealed	that	measurement	of	

PWV	 improves	 cardiovascular	 risk	 stratification	 and	 has	 a	 promising	 potential	 as	 a	

surrogate	 endpoint	 of	 cardiovascular	 disease.	 The	 current	 European	 Society	 of	

Hypertension	 (ESH)	and	European	Society	of	Cardiology	 (ESC)	guidelines	 recommend	

determining	PWV	for	risk	assessment	in	hypertension,	and	a	cut-off	value	for	‘high’	PWV	

of	more	 than	 10	m/s	 has	 been	 established	 as	 a	 conservative	 estimate	 of	 significant	

alterations	in	aortic	function	in	middle-aged	hypertensive	individuals	(98).	

	

Both	central	BP	and	PWV	can	be	measured	with	automatic,	non-invasive	devices.	The	

SphygmoCor	 device	 (SphygmoCor;	 AtCor	 Medical)	 is	 based	 on	 arterial	 applanation	

tonometry	for	recording	pressure	waveforms	(figure	1.12).	Central	aortic	BP	waveforms	

can	be	reconstructed	from	radial	artery	pressure	waveforms	applying	a	mathematical	

transfer	function.	For	the	assessment	of	PWV,	the	propagation	time	from	the	foot	of	the	

carotid	waveform	to	that	of	the	femoral	waveform	can	be	measured	(99).	The	arterial	
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tree	length	is	estimated	by	measuring	the	distance	between	the	carotid	and	the	femoral	

notch.			

	

Figure	1.12.	Assessment	of	PWV	(left)	and	central	BP	(right)	using	arterial	applanation	

tonometry.	 P1,	 first	 systolic	 peak;	 P2,	 second	 systolic	 peak;	 PP,	 pulse	 pressure;	 AIx,	

augmentation	index.	Adapted	from	Coutinho	et	al,	2014	(100).	

	
	

	

	

	

In	summary,	the	development	and	progression	of	LVH	in	hypertensives	is	characterized	

by	complex	mechanical	and	non-mechanical	mechanisms.	HHD	is	an	important	predictor	

of	 cardiovascular	morbidity	 and	mortality,	 even	 at	 subclinical	 stages	 of	 disease.	 It	 is	

therefore	 crucial	 to	 understand	 the	 pathophysiology	 of	 HHD	 and	 to	 dispose	 of	

techniques	for	the	early	detection	of	LVH	and	cardiac	dysfunction	in	order	to	initiate	or	

intensify	treatment	and	ultimately	improve	patient	outcome.		
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2.1.	Hypothesis	

	

Hypertensive	heart	 disease	 is	 characterized	by	 a	 disproportionate	 growth	of	 the	 left	

ventricle	 that	 involves	all	 cardiac	cell	 types.	Cardiac	magnetic	 resonance	 imaging	has	

become	 the	 gold	 standard	 for	 non-invasive	 measurement	 of	 cardiac	 geometry	 and	

function.	In	addition,	novel	cardiac	magnetic	resonance	imaging	techniques	have	shown	

potential	in	estimating	preclinical	dysfunction	of	the	left	ventricle,	with	strain	analysis,	

and	quantification	of	diffuse	cardiac	fibrosis,	withT1	mapping.	Molecular	biomarkers	of	

myocardial	fibrosis	and	their	breakdown	products	are	promising	tools	for	diagnosis	and	

estimation	of	prognosis	in	heart	failure	patients.		

	

The	 hypothesis	 of	 the	 present	 study	 is	 that	 cardiac	 magnetic	 resonance-derived	

measures	 of	 myocardial	 geometry,	 strain	 and	 fibrosis	 are	 related	 to	 vascular	

hemodynamics	and	molecular	biomarkers	of	fibrosis	in	hypertensive	patients	with	left	

ventricular	hypertrophy.	
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2.2.	Primary	objective	

	

• Investigate	 the	 relationship	between	CMR-assessed	myocardial	 strain,	 cardiac	

fibrosis	 and	 molecular	 biomarkers	 of	 fibrosis	 in	 hypertensive	 subjects	 with	

positive	ECG-derived	criteria	for	LVH	

	

	

2.3.	Secondary	objectives	

	

• Investigate	 the	 association	 between	 peripheral	 hemodynamics	 with	 CMR-

derived	 parameters	 of	 cardiac	 geometry,	 strain,	 fibrosis,	 and	 molecular	

biomarkers	of	fibrosis	

• Investigate	the	association	between	central	hemodynamics	and	arterial	stiffness	

with	 CMR-derived	 parameters	 of	 cardiac	 geometry,	 strain,	 fibrosis,	 and	

molecular	biomarkers	of	fibrosis	

• Explore	the	independent	factors	associated	with	myocardial	strain	

• Explore	the	independent	factors	associated	with	cardiac	fibrosis	

• Investigate	the	association	between	molecular	biomarkers	of	myocardial	stretch	

and	injury	with	vascular	hemodynamics,	CMR-derived	cardiac	geometry,	strain,	

and	fibrosis	
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3.1.	Study	design	and	study	population	

	

The	present	doctoral	thesis	integrated	data	obtained	from	2	different	baseline	studies	

conducted	 in	 the	Hypertension	Unit	of	 the	Department	of	 Internal	Medicine,	Clinical	

University	Hospital	of	Valencia,	Spain.	The	baseline	studies	were:	

1. “Validación	de	la	técnica	de	mapeo	T1	con	cardioresonancia	magnética	para	la	

cuantificación	de	la	fibrosis	miocárdica	difusa”,	conducted	under	the	direction	of	

Prof.	 Josep	 Redón	 and	 approved	 by	 the	 Ethics	 Committee	 of	 the	 Clinical	

University	Hospital	of	Valencia	on	January	30th	2014.	

2. “Relación	 entre	 los	 biomarcadores	 de	 Fibrosis	 Cardíaca	 y	 la	 función	 de	 los	

grandes	vasos	en	una	población	hipertensa	con	miocardiopatía	hipertensiva”,	

conducted	under	the	direction	of	Dr.	Fernando	Martínez	and	approved	by	the	

Ethics	Committee	of	the	Clinical	University	Hospital	of	Valencia	on	March	27th	

2014.	

The	 Hypertension	 Unit	 of	 the	 Department	 of	 Internal	 Medicine,	 Clinical	 University	

Hospital	 of	 Valencia,	 is	 staffed	 by	 specialists	 in	 clinical	 HTN	 and	 receives	 patients	

referred	by	primary	care	physicians	in	the	event	of	difficult-to-manage	HTN.	

	

3.1.1.	Inclusion	criteria	

	

1. Caucasian	race	

2. Age	from	40	to	60	years	

3. Essential	hypertension	according	to	the	ESH	(101)	

4. ECG	criteria	for	LVH	according	to	the	Sokolow-Lyon	voltage	criteria	or	the	Cornell	

voltage	criteria	

5. Signed	informed	consent		

	

3.1.2.	Exclusion	criteria	

	

1. Secondary	hypertension	

2. Known	cardiac	arrhythmia	or	anti-arrhythmic	drug	treatment	

3. Known	structural	cardiac	disease	other	than	LVH	
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4. Known	heart	failure	

5. Obesity	class	III	(body	mass	index	>	40kg/m2)	

6. Chronic	kidney	disease	stage	3A	or	higher	(estimated	glomerular	filtration	rate	<	

60ml/min/1.73m2)	

7. Active	treatment	with	non-steroidal	anti-inflammatory	drugs	

8. Current	alcohol	consumption	higher	than	30g/day	in	men	and	20g/day	in	women	

9. Known	hypersensitivity	to	gadolinium-based	contrast		

10. Known	claustrophobia	

11. Pregnancy	or	lactation	

12. Inability	to	fully	comprehend	and/or	perform	study	procedures	

	

The	 present	 study	 was	 approved	 by	 the	 Ethics	 Committee	 of	 the	 Clinical	 University	

Hospital	of	Valencia	on	October	27th	2016.		

	

	

3.2.	Clinical	parameters	and	peripheral	hemodynamics	

	

Body	composition	and	peripheral	BP	values	were	obtained	as	previously	published	(99).	

Weight	and	height	were	assessed	with	precise	scales	while	the	individuals	were	without	

shoes	and	with	light	clothing.	Body	mass	index	(BMI)	was	calculated	using	the	following	

formula	‘weight	(kg)	divided	by	height	(m2)’.	Measurement	of	waist	circumference	was	

performed	in	the	horizontal	plane	of	the	superior	border	of	the	iliac	crest.		

	

Office	BP	was	measured	using	a	semiautomatic	device	(OMRON	M-6)	with	the	use	of	an	

appropriate	 cuff	 according	 to	 the	 circumference	 of	 the	 non-dominant	 arm.	

Measurements	 followed	 the	 recommendations	 of	 the	 ESH	 (101).	 Briefly,	 BP	 was	

measured	in	a	quiet	room	in	a	seated	position.	The	patient	did	not	smoke	or	take	any	

stimulant	substance	during	the	2	hours	prior	to	BP	assessment.	3	measurements	were	

taken	with	a	minimum	of	3-minutes	intervals.	The	average	of	the	last	2	measurements	

was	considered	the	real	BP	value	of	the	patient.	When	large	differences	existed	among	

them,	 additional	 measurements	 were	 performed.	 Patients	 were	 classified	 as	

hypertensive	 or	 normotensive	 according	 to	 ESH	 guidelines.	 Pulse	 pressure	 was	
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calculated	 by	 subtracting	 diastolic	 BP	 from	 systolic	 BP.	 Mean	 arterial	 pressure	 was	

calculated	by	doubling	diastolic	BP,	adding	the	sum	to	systolic	BP	and	then	dividing	by	

3.	

	

	

3.3.	Central	hemodynamics		

	

Central	 BP	 and	 PWV	 were	 assessed	 using	 the	 SphygmoCor	 device	 (AtCor	 Medical,	

Australia)	as	previously	reported	(98).	Measurement	was	performed	in	a	quiet	room	and	

patients	 were	 instructed	 to	 avoid	 large	 meals,	 smoking,	 caffeine	 and	 vasoactive	

medication	the	3	hours	prior	to	assessment	of	central	hemodynamic	parameters.	After	

10	minutes	of	rest	in	supine	position,	peripheral	BP	was	recorded	using	the	OMRON	M6	

device	with	a	minimum	interval	of	3	minutes	to	examine	hemodynamic	steadiness.		

For	the	assessment	of	central	BP,	radial	artery	pressure	waveforms	were	obtained	with	

the	participants	in	the	supine	position	from	a	10	s	epoch.	A	central	aortic	BP	waveform	

was	 reconstructed	 from	 the	 radial	 artery	 pressure	 waveforms	 using	 a	 generalized	

validated	transfer	function	(102)	(figure	3.1).	

	

Figure	 3.1.	 Sample	 of	 radial	 artery	 pressure	 waveform	 and	 derived	 central	 (aortic)	

pressure	waveform.	

	

	

	

PWV	was	determined	by	sequentially	recording	ECG-gated	carotid	and	femoral	artery	

pressure	waveforms.	A	total	of	10	s	of	high-quality	waveforms	was	captured	for	each	

reading.	The	intersecting	tangents	algorithm	was	applied	to	determine	the	foot-to-foot	



Doctoral	Thesis 

38 
 

transit	 time	using	the	 integrated	software	and	the	R	wave	as	a	reference	frame.	The	

length	 of	 the	 arterial	 segment	 was	 estimated	 by	 subtracting	 the	 distance	 from	 the	

carotid	location	to	the	suprasternal	notch	from	the	distance	between	the	suprasternal	

notch	and	the	femoral	site	of	measurement.	PWV	was	calculated	as	the	ratio	of	distance	

(D)	to	transit	time	(T)	(figure	3.2).	

	

Figure	3.2.	Sample	of	carotid-femoral	pulse	wave	velocity	assessment.	

	
	

	

3.4.	24-hour	ambulatory	blood	pressure	monitoring	

	

24-hour	 ambulatory	 blood	 pressure	 monitoring	 (ABPM)	 was	 performed	 using	 a	

Spacelabs	90207	oscillometric	monitor	(Spacelabs	Healthcare,	USA)	on	a	regular	working	

day	during	the	usual	intake	of	BP-lowering	treatment.	Recording	began	between	8:30	

and	9	AM,	readings	were	taken	every	20	minutes	from	6	AM	until	midnight	and	every	

30	minutes	from	midnight	to	6	AM.	Reliability	of	BP	values	measured	with	the	monitor	

were	 checked	 against	 simultaneous	 measurement	 with	 a	 semiautomatic	 device	

(OMRON	M-6)	before	beginning	of	recording,	differences	between	devices	<	5	mmHg	

were	 allowed.	Mean	 24-hour	 systolic	 and	 diastolic	 BP	 values	were	 calculated	 as	 the	

average	of	systolic	and	diastolic	BP	values	obtained	during	a	total	of	24	hours	(figure	

3.3).	
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Figure	3.3.	Sample	of	24-hour	ambulatory	blood	pressure	monitoring.		

	
	

	

3.5.	Electrocardiography	

	

Standard	12-lead	electrocardiograms	were	 recorded	by	 skilled	ECG	 technicians	at	25	

mm/s	 and	 1	 mV/cm	 according	 to	 standard	 American	 Heart	 Association	

recommendations	and	their	 results	were	 interpreted	by	2	physicians	 (103).	Sokolow-

Lyon	 index	was	calculated	as	 the	 sum	of	 the	amplitude	of	 the	S	wave	 in	V1	and	 the	

greatest	R	wave	in	either	V5	or	V6	(104).	Cornell	voltage	was	calculated	as	the	sum	of	

the	R	wave	in	aVL	plus	the	S	wave	in	V3	(105).	LVH	was	defined	as	Sokolow-Lyon	index	

greater	than	3.5	mV,	or	Cornell	voltage	greater	than	2.8	mV	in	men	and	2.0	mV	in	women	

(figure	3.4).	

	

	



Doctoral	Thesis 

40 
 

Figure	 3.4.	 ECG	 sample.	 LVH	with	 strain	 pattern,	 positive	 Sokolow-Lyon	 criteria	 and	

positive	Cornell	voltage	criteria.	

	
	

	

3.6.	Transthoracic	echocardiography	

	

TTE	was	performed	using	a	commercially	available	ultrasound	system	(Aloka	Pro-Sound	

alpha	10,	Hitachi	Healthcare,	Japan)	in	the	left	lateral	decubitus	position	and	reviewed	

offline	by	2	readers.	Standard	parasternal	and	apical	views	were	used	to	assess	cardiac	

geometry,	 systolic	 function	 and	 diastolic	 function	 (figure	 3.5).	 M-Mode	

echocardiography	 was	 used	 to	 measure	 cardiac	 dimensions	 and	 wall	 thickness.	

Interventricular	and	posterior	LV	wall	thickness	were	measured	by	American	Society	of	

Echocardiography	recommendations	(106).	LV	mass	was	obtained	by	an	anatomically	

validated	formula	and	normalized	for	body	surface	area	(BSA)	for	the	assessment	of	LV	

mass	index	(78).	LV	volumes	were	estimated	from	linear	dimensions	by	the	z-derived	

method	and	used	to	derive	stroke	volume	(107).	Ejection	fraction	(EF)	was	calculated	

dividing	stroke	by	end-diastolic	volume.	Preserved	systolic	function	was	defined	as	EF	>	

50	%.	LV	diastolic	function	was	evaluated	by	Doppler	interrogation.	Transmitral	early	(E)	

and	late	(A)	LV	filling	velocities	were	measured	at	the	mitral	valve	leaflet	tips	and	used	

to	compute	the	early	peak	rapid	filling	velocity	to	peak	atrial	filling	velocity	ratio	(E/A	

ratio).	Similarly,	deceleration	time	(DT)	of	early	diastolic	LV	filling	was	calculated.	Tissue	
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Doppler	echocardiography	was	used	to	assess	peak	early	diastolic	velocity	 (e´)	at	 the	

septal	ring	of	the	mitral	valve.	Diastolic	dysfunction	was	defined	as	alteration	of	either	

E/A	ratio,	deceleration	time	or	E/e´	compared	to	reference	values	established	by	the	

American	Society	of	Echocardiography	and	the	European	Association	of	Cardiovascular	

Imaging	(108).		

	

Figure	3.5.	Sample	of	LV	mass	assessment	in	parasternal	long	axis	view.	

	

	

	

3.7.	Cardiac	magnetic	resonance	

	

CMR	was	performed	on	a	3T	scanner	(Tx,	Philips,	The	Netherlands)	using	front	and	back	

surface	 coils	 and	 retrospective	 ECG	 triggering	 for	 capture	of	 the	 entire	 cardiac	 cycle	

including	diastole.	Balanced-SSFP	end-expiratory	breath-hold	cines	were	acquired	in	the	

vertical	 and	horizontal	 long	 axis	 planes,	with	 subsequent	 contiguous	 short-axis	 cines	

from	the	atrioventricular	(AV)	ring	to	the	apex	and	acquisition	of	2-chamber,	4-chamber	

and	3-chamber	view	cines	(figure	3.6).	Slice	thickness	was	7	mm.	Typically	40	phases	

were	acquired	in	each	cine	sequence	and	the	average	temporal	resolution	was	21±1.5	

ms.	 Sequence	 parameters	 included	 TR/TE	 3.2/1.6	 ms,	 matrix	 256x90,	 voxel	 size	



Doctoral	Thesis 

42 
 

1.6x1.5x7	 mm,	 flip	 angle	 50◦,	 acquisition	 time	 12	 s.	 Cine	 sequences	 with	 the	 same	

parameters	were	also	used	to	acquire	an	atrial	short	axis	stack,	from	the	AV	ring	to	the	

base	of	the	atria.	

	

For	T2	mapping	analysis,	balanced-SSFP	T2	prep	sequences	were	acquired	in	3	short	axis	

slices	(basal,	middle,	apical	levels).	For	T1	mapping	analysis,	shMOLLI	sequences	were	

also	 acquired	 in	 3	 short	 axis	 slices	 (basal,	 middle,	 apical	 levels)	 before	 contrast	

administration.	This	acquisition	was	repeated	in	the	same	orientations	15	minutes	after	

contrast	administration.	

Rest	 first	 pass	 myocardial	 perfusion	 images	 were	 acquired	 by	 using	 a	 saturation	

prepared	 gradient-echo	 sequence	 (TR/TE/matrix/spatial	 resolution	 of	

2.8ms/1.2ms/190x128/2.8x2.0x7mm),	 in	 3	 ventricular	 short-axis	 sections	 during	

administration	of	a	gadolinium	bolus	(0.1mM/kg).		

Segmented	inversion-recovery	sequences	(IR-FISP)	were	acquired	for	detection	of	LGE,	

starting	at	least	5	minutes	after	contrast	administration	in	the	same	views	as	the	cines	

(TR/TE/matrix/segments	=	6.2ms/3.1ms/240x210/25).	The	TI	was	adjusted	to	the	value	

required	to	null	the	signal	from	the	healthy	myocardium.	In	case	LGE	was	detected,	the	

same	 sequence	 with	 swapped	 phase	 encoding	 direction	 and	 different	 TI	 would	 be	

repeated	to	rule	out	artefacts.	

	

Figure	3.6.	Main	CMR	views	and	corresponding	appearance	on	SSFP	sequences.	Adapted	

from	Ginat	et	al,	2011	(109).		
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3.7.1.	Cardiac	geometry	

	

All	images	were	analysed	with	a	dedicated	software	(Medis,	Leiden,	The	Netherlands)	

by	an	observer	with	more	than	10-year	experience	in	CMR	(figure	3.7).	The	following	

variables	were	 quantified:	 LV	 end-diastolic	 (EDV)	 and	 end-systolic	 (ESV)	 volumes,	 LV	

mass,	 segmental	 LV	wall	 thickness,	 LA	dimension	and	volumes.	Regional	wall	motion	

abnormalities	 and	myocardial	 oedema	 were	 investigated.	Myocardial	 perfusion	 was	

visually	assessed.	Localization,	pattern	of	transmural	extent	and	quantification	of	LGE	

were	evaluated.		

	

Figure	3.7.	Sample	of	LV	geometry	assessment	using	Medis	software.	

	
	

	

3.7.2.	Myocardial	strain	and	left	atrial	function	

	

For	 the	 assessment	 of	 myocardial	 strain,	 a	 surrogate	 for	 LV	 function,	 images	 were	

analysed	 with	 a	 dedicated	 CMR-FT	 analysis	 software	 package	 (CVI42,	 Circle	

Cardiovascular	Imaging	Inc.,	Canada)	that	allows	for	the	measurement	of	2-dimensional	

strain	derived	parameters	based	on	user	definition	of	myocardial	borders	on	standard	

cine	SSFP	images	(figure	3.8).		
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Figure	3.8.	 Strain	 assessment.	 From	 long-axis	 4-chamber	 cine	 image	 (A),	 longitudinal	

strain	 was	 obtained	 (B).	 Short-axis	 cine	 image	 (C)	 was	 used	 for	 calculation	 of	

circumferential	(D)	and	radial	(E)	strain.	Adapted	from	Scatteia	et	al	(82).	

	
	

	

For	the	short	axis	stack	analysis,	all	the	short	axis	slices	showing	the	endocardial	cavity	

entirely	surrounded	by	myocardium	through	all	the	phases	along	the	cardiac	cycle	were	

included,	thus	avoiding	the	distortion	due	to	the	LV	outflow	tract	in	very	basal	slices.	For	

long	axis	analysis,	2-chamber,	4-chamber	and	3-chamber	cines	were	used.	

Endocardial	and	epicardial	borders	were	manually	drawn	at	end-diastole	in	all	short	and	

long	axis	cines,	excluding	papillary	muscles	from	the	endocardial	contour.	An	automated	

tracking	algorithm	was	applied	in	all	the	cine	sequences	throughout	the	cardiac	cycle.		

Tracking	performance	was	visually	reviewed	in	all	the	slices	to	ensure	accurate	tracking.	

Tracing	 of	 the	 myocardial	 borders	 was	 manually	 adjusted	 in	 case	 of	 inadequate	

automated	border	tracking.		
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Long-axis	cines	were	tracked	to	derive	longitudinal	strain	parameters;	short-axis	cines	

were	used	to	derive	circumferential	and	radial	strain	parameters.	

Segmental	and	global	peak	systolic	radial,	circumferential	and	longitudinal	strains	were	

quantified.	Global	peak	systolic	radial,	circumferential	and	longitudinal	strain	rates	were	

also	registered.	

	

LA	 reservoir	 function	 was	 assessed	 using	 the	 volumetric	 method	 (110).	 LA	 total	

emptying	volume	was	calculated	by	subtracting	the	minimal	LA	volume	at	the	closure	of	

the	mitral	valve	from	the	maximal	LA	volume	just	before	the	opening	of	the	mitral	valve.	

LA	total	emptying	fraction	was	calculated	by	dividing	the	LA	total	emptying	volume	by	

the	maximal	LA	volume	just	before	the	opening	of	the	mitral	valve.	

	

3.7.3.	Cardiac	fibrosis	

	

Partition	coefficient	and	extracellular	volume	fraction	were	assessed	according	to	the	

Society	for	Cardiovascular	Magnetic	Resonance	(SCMR)	and	CMR	Working	Group	of	the	

ESC	consensus	statement	(111).	T1	and	T2	were	quantified	in	the	short	axis	slices	using	

the	16-segment	model.	Both	segmental,	average	slice	value	and	average	global	value	for	

the	whole	LV	myocardium	were	obtained	for	T2,	native	T1	and	post-contrast	T1	(figure	

3.9).	 Gadolinium-based	 contrast	 agents	 are	 distributed	 throughout	 the	 extracellular	

space	 and	 shorten	 T1	 relaxation	 times	 of	 the	myocardium	 proportional	 to	 the	 local	

concentration	 of	 gadolinium,	 therefore,	 areas	 of	 fibrosis	 will	 exhibit	 shorter	 T1	

relaxation	times.	The	assessment	of	the	partition	coefficient	requires	the	measurement	

of	myocardial	and	blood	T1	before	(native	T1	myo	and	native	T1	blood,	respectively)	and	

after	(post	T1	myo	and	post	T1	blood,	respectively)	administration	of	the	contrast	agent.	

Partition	coefficient	was	calculated	using	the	following	formula:	

𝑃𝑎𝑟𝑡𝑖𝑡𝑖𝑜𝑛	𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 =

1
𝑝𝑜𝑠𝑡	𝑇1	𝑚𝑦𝑜 −

1
𝑛𝑎𝑡𝑖𝑣𝑒	𝑇1	𝑚𝑦𝑜

1
𝑝𝑜𝑠𝑡	𝑇1	𝑏𝑙𝑜𝑜𝑑 −

1
𝑛𝑎𝑡𝑖𝑣𝑒	𝑇1	𝑏𝑙𝑜𝑜𝑑

	

	

In-house	reference	values	for	T1	in	myocardium	in	a	set	of	50	healthy	subjects	were	952	

±	9	ms	and	536	±	6	ms	for	native	T1	and	post-contrast	T1,	respectively.	
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For	 the	 assessment	 of	 ECV,	 the	 cellular	 fraction	 of	 blood	 is	 required,	 which	 is	

represented	by	the	hematocrit.	ECV	was	calculated	using	the	formula:	

	

𝐸𝐶𝑉 = 1 − ℎ𝑒𝑚𝑎𝑡𝑜𝑐𝑟𝑖𝑡 ∗ 𝑝𝑎𝑟𝑡𝑖𝑡𝑖𝑜𝑛	𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡	

	

Figure	3.9.	Sample	of	native	T1	and	post-contrast	T1	assessment	 in	myocardium	and	

blood	for	calculation	of	partition	coefficient	and	ECV.	

	
	

	

ECV	and	the	partition	coefficient	reflect	the	expansion	of	the	ECM.	In	the	present	study,	

individuals	 with	 structural	 cardiac	 disease	 other	 than	 LVH	 (e.	 g.	 infiltrative	 disease,	

ischemic	 cardiomyopathy)	 were	 excluded.	 As	 a	 consequence,	 ECV	 and	 the	 partition	

coefficient	were	considered	as	imaging	markers	of	cardiac	fibrosis.	
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3.8.	Laboratory	procedures	and	molecular	biomarkers	

	

Laboratory	 analyses	 were	 performed	 on	 blood	 samples	 obtained	 under	 fasting	

conditions	 after	 30	 minutes	 of	 supine	 rest.	 Plasma	 glucose	 and	 serum	 sodium,	

potassium,	 creatinine	 and	 lipoproteins	 were	 measured	 using	 standard	 enzymatic	

automated	methods.		

For	 the	 determination	 of	 molecular	 biomarkers,	 blood	 samples	 were	 immediately	

centrifuged	at	+4°C,	and	serum	and	plasma	were	frozen	at	-80°C	until	further	analysis.		

	

3.8.1.	Molecular	biomarkers	of	myocardial	fibrosis	

	

Serum	PICP	was	assessed	using	a	sandwich	enzyme	linked	immunosorbent	assay	(ELISA)	

(METRA	EIA	kit;	Quidel	Corporation,	USA).	The	lower	limit	of	detection	was	0.2	µg/L.	The	

inter-assay	and	intra-assay	coefficients	of	variation	were	6.3%	and	6.4%,	respectively.	

The	minimum	analytical	detection	limit	was	1	µg/L.	

	

PIIINP	was	measured	using	radioimmunoassay	(Orion	Diagnostica,	Finland).	The	inter-

assay	and	 intra-assay	coefficients	of	variation	were	7.2%	and	4.1%,	 respectively.	The	

lower	detection	limit	was	0.30	µg/L.	

	

CITP	 was	 assessed	 using	 a	 quantitative	 enzyme	 immunoassay	 (Orion	 Diagnostica,	

Finland).	 The	 inter-and	 intra-assay	 variations	were	 7.5%	 and	 9.8%,	 respectively.	 The	

lower	detection	limit	was	0.30	µg/L.	

	

MMP-1	was	assessed	using	a	2-site	ELISA	method	with	a	monoclonal	antibody	to	human	

MMP-1	(Human	Biotrack	ELISA	System;	Amersham	Biosciences	Corp,	USA).	The	inter-

and	 intra-assay	 variations	were	12%	and	6.8%,	 respectively.	 The	minimum	analytical	

detection	limit	was	1.7ng/ml.		

	

The	CITP/MMP-1	ratio,	of	collagen	type	I	crosslinking,	was	calculated	dividing	CITP	by	

MMP-1	levels	adjusted	by	osmolarity.			
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3.8.2.	Molecular	biomarkers	of	myocardial	stretch	and	injury	

	

Hs-Troponin	T	and	NT-proBNP	were	assessed	with	the	use	of	the	Elecsys®	2010/cobas	

e™	 601	 analyzer	 (Roche	 Diagnostics).	 Both	 biomarkers	 were	 measured	 using	

immunoassays	based	on	a	one-step	sandwich	principle	with	electrochemoiluminescent	

relevation.	

	

NT-proBNP	 was	 assessed	 using	 the	 Elecsys®	 proBNP	 II	 STAT	 assay,	 following	 the	

instructions	of	 the	manufacturer.	 The	assay	 contains	2	monoclonal	 antibodies	which	

recognize	epitopes	located	in	the	N-terminal	part	(1-76)	of	proBNP	(1-108)	and	has	an	

analytical	range	from	5	to	35,000	pg/ml.	

	

Hs-Troponin	T	was	assessed	with	the	Elecsys®	Troponin	T	hs	STAT	assay,	following	the	

instructions	 of	 the	 manufacturer.	 The	 assay	 employs	 2	 monoclonal	 antibodies	

specifically	 directed	 against	 human	 cardiac	 troponin	 T	 which	 recognize	 2	 epitopes	

(amino	acid	positions	125-131	and	136-147)	located	in	the	central	part	of	the	cardiac	

troponin	T	protein.	It	has	an	analytical	range	from	3	to	10,000	ng/L,	a	99th	percentile	cut-

off	point	of	14	ng/L,	and	a	coefficient	of	variation	of	<	10%	at	13	ng/L.	

	

	

3.9.	Statistical	analysis	

	

Statistical	analysis	was	performed	using	Stata/MP	14.1	for	Mac	(StataCorp	LLC,	USA).	

Clinical,	 BP-related	 and	 CMR-derived	 variables	 were	 presented	 as	 mean	 ±	 standard	

deviation	(SD),	and	biomarker	concentrations	were	presented	as	median	(interquartile	

range).	Differences	between	the	total	study	population	and	individuals	with	complete	

dataset	were	checked	for	using	t	tests	on	the	equality	of	means	for	continuous	variables	

and	Pearson’s	chi-squared	for	categorical	variables.	Shapiro-Wilk	test	for	normality	was	

performed	for	all	continuous	variables.	Asymmetrically	distributed	variables	were	log-

transformed	for	statistical	analysis	of	association.		
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In	univariate	analysis,	the	Pearson	product-moment	correlation	coefficients	(r)	between	

all	variables	of	peripheral	and	central	hemodynamics,	CMR-derived	data	and	molecular	

biomarkers	 were	 determined	 in	 order	 to	 assess	 the	 relationship	 between	 available	

variables	and	identify	potential	predictors	of	outcomes	of	interest.		

	

For	multivariate	analysis,	multiple	linear	regression	analysis	with	CMR-derived	cardiac	

geometry,	strain,	 fibrosis	and	molecular	biomarkers	as	the	dependent	variables	were	

performed	using	2	different	models:	Model	1	was	constructed	using	gender,	age	and	

variables	 with	 p	 <	 0.1	 for	 the	 observed	 relationships	 in	 univariate	 analysis	 as	 the	

independent	variables.	Model	2	further	contained	height,	weight,	heart	rate	and	mean	

24-hour	systolic	BP	among	the	independent	variables	in	order	to	control	for	parameters	

that	 are	 known	 determinants	 of	 vascular	 hemodynamics	 and	 cardiac	 function.	

Regression	models	with	statistically	significant	associations	in	model	2	are	presented	in	

tables.	Models	are	not	shown	for	variables	with	marginal	or	significant	association	 in	

univariate	 analysis	 but	 p	 >	 0.5	 for	 the	 same	 comparison	 in	 fully	 adjusted	 models.	

Regression	lines	and	scatter	plots	of	independently	associated	variables	were	plotted	in	

order	 to	 graphically	 visualize	 the	 relationship	 among	 variables	 of	 interest.	

Multicollinearity	was	checked	for	calculating	the	variance	inflation	factor	(VIF)	for	each	

regression	 model.	 The	 VIF	 is	 an	 index	 which	 measures	 how	 much	 variance	 of	 an	

estimated	 regression	 coefficient	 is	 increased	 because	 of	multicollinearity.	 VIF	 values	

greater	than	5	indicate	that	the	associated	regression	coefficients	are	poorly	estimated	

because	of	multicollinearity	(112).		

	

A	two-sided	p-value	of	less	than	0.05	was	considered	statistically	significant	throughout	

the	manuscript.	
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4.1.	Characteristics	of	the	study	population	and	the	variables	of	interest	

	

4.1.1.	Study	population	

	

4.1.1.1.	Clinical	and	biochemical	characteristics		

	

A	 total	 of	 49	 participants	was	 initially	 included	 into	 the	 present	 study.	 9	 individuals	

refused	 to	undergo	CMR	 for	personal	 reasons	after	 informed	consent	was	obtained,	

consequently,	 CMR	 was	 performed	 in	 40	 individuals.	 One	 patient	 was	 excluded	 for	

statistical	analysis	due	to	technical	problems	and	resulting	bad	quality	of	the	obtained	

images,	one	patient	due	to	presence	of	myocardial	infarction	in	CMR-obtained	images,	

one	patient	due	to	detection	of	apical	hypertrophic	cardiomyopathy	and	one	patient	

due	to	onset	of	nephropathy	(eGRF	<	60ml/min/m2),	leaving	a	total	study	population	of	

46	individuals	and	a	total	of	36	individuals	with	available	CMR-derived	data	of	cardiac	

geometry	for	statistical	analysis.		

	

Feature	tracking	analysis	for	assessment	of	myocardial	strain	measures	was	performed	

in	33	patients,	and	T1	mapping	for	assessment	of	cardiac	fibrosis	was	performed	in	29	

patients.	 These	 techniques	 require	 additional	 exploration	 time	 and	 could	 not	 be	

performed	in	all	patients	due	to	technical	issues	or	lacking	of	patient	compliance.	

	

The	clinical	characteristics	of	the	study	population	are	shown	in	table	4.1.	The	total	study	

population	consisted	mainly	of	male	participants	(85%).	Overweight	and	obesity	were	

predominant	 among	 participating	 individuals	 (mean	 BMI	 30.3	 kg/m2):	 5	 individuals	

(11%)	had	normal	weight,	19	individuals	(41%)	had	overweight	and	22	individuals	(48%)	

had	obesity.	Nearly	75%	of	participating	 individuals	were	active	or	former	smoker.	 In	

terms	of	cardiovascular	risk	factors,	HTN	was	present	in	all	subjects,	diabetes	mellitus	in	

28.3%	and	dyslipidaemia	in	78.3%	of	the	participants.	All	participants	were	free	of	overt	

cardiovascular	events	at	study	enrollment.		
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Table	4.1.	Clinical	characteristics	of	the	study	population.	

		 		
Total	study	

population	(n=46)	
Participants	with	

CMR	(n=36)	
Participants	with	
T1	mapping	(n=29)	

Age,	ys	 50.5	±	5.5	 50.6	±	4.3	 50.1	±	4.3	
Gender,	male	 39	(85)	 30	(83)	 23	(79)	
Weight,	kg	 88.9	±	15.2	 89.4	±	15.8	 89.4	±	15.6	
Height,	cm	 171	±	9.6	 172.3	±	10	 172.4	±	10.8	
BMI,	kg/m2	 30.3	±	3.8	 30	±	3.9	 30	±	3.6	
Waist	
circumference,	cm	 103	±	11	 101.5	±	10.6	 101.4	±	9.2	
Smoking	status	 	   
 Current	 21	(45.6)	 16	(44.4)	 15	(51.7)	
	 Former	 13	(28.3)	 11	(30.6)	 8	(27.6)	
	 Never	 12	(26.1)	 9	(25)	 6	(20.7)	

Diabetes	mellitus	 13	(28.3)	 10	(27.8)	 8	(27.6)	
Dyslipidaemia	 36	(78.3)	 29	(80.6)	 23	(79.3)	
Data	are	mean	±	SD	or	Number	(%).	 	  
	

	

Differences	regarding	clinical	and	biochemical	characteristics	between	the	total	study	

population,	the	population	with	available	CMR-derived	data	on	cardiac	geometry	and	

the	population	with	available	T1-mapping	were	checked	for	using	t	test	on	the	equality	

of	means	for	continuous	variables	and	chi-square	test	of	independence	for	categorical	

variables.	No	significant	differences	were	observed.		

The	biochemical	characteristics	of	the	total	study	population	are	shown	in	table	4.2.	

	

Table	4.2.	Biochemical	characteristics	of	the	study	population	(n=46).	

		 Mean	±	SD	 Reference	values	
Glucose,	mg/dL	 112.6	±	20.6	 64-106	
Sodium,	mmol/L	 140.4	±	2.6	 135-145	
Potassium,	mmol/L	 4.3	±	0.4	 3.5-5.1	
Creatinine,	mg/dL	 0.92	±	0.2	 0.65-1.35	
Total	cholesterol,	mg/dL	 200.7	±	48.2	 140-200	
Triglycerides,	mg/dL	 160.8	±	99.5	 40-160	
HDL-cholesterol,	mg/dL	 50.6	±	11.9	 >35	
LDL-cholesterol,	mg/dL	 128.8	±	38.1	 <130	
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4.1.1.2.	Anti-hypertensive	treatment	

	

At	study	enrollment,	all	participants	were	under	anti-hypertensive	treatment	(table	4.3).	

Regarding	 drug	 classes,	 all	 individuals	 were	 treated	 with	 an	 inhibitor	 of	 the	 renin-

angiotensin	system.	More	than	half	of	the	study	population	further	received	treatment	

with	calcium	channel	blockers	or	diuretics.	Approximately	85%	of	the	study	participants	

was	treated	with	2	or	more	BP-lowering	drugs.		

	

Table	4.3.	Characteristics	of	BP	treatment	(n=46).		

		 Number	(%)	
Drug	class	 	
ACE	inhibitor	 6	(13)	
AR	blocker	 41	(89.1)	
Ca	channel	blocker	 27	(58.7)	
Diuretic	 25	(54.4)	
Beta-blocker	 10	(21.7)	
Alpha-blocker	 10	(21.7)	
Number	of	drugs	 	
1	 7	(15.2)	
2	 14	(30.4)	
3	 16	(34.8)	
4	 4	(8.7)	
5	 4	(8.7)	
6	 1	(2.2)	
	

	

4.1.2.	Peripheral	and	central	hemodynamics	

	

Office	BP,	24-hour,	central	BP	and	PWV	were	assessed	in	all	participants	(table	4.4).	BP	

control	was	poor	 in	 the	study	population:	29	 individuals	 (63%)	had	office	SBP	values	

greater	than	140mmHg	or	office	DBP	values	greater	than	90mmHg,	31	individuals	(67%)	

had	mean	24-hour	SBP	values	greater	than	130mmHg	or	mean	24-h	DBP	values	greater	

than	80mmHg,	and	27	individuals	(59%)	had	central	SBP	values	greater	than	135mmHg	

or	central	DBP	values	greater	than	85mmHg.	Regarding	arterial	stiffness,	9	individuals	

(20%)	 had	 PWV	 values	 greater	 than	 10	 m/s,	 a	 cutoff	 established	 as	 a	 conservative	
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estimate	 of	 significant	 alterations	 in	 aortic	 function	 in	 middle-aged	 hypertensive	

individuals	(101).	

	

Table	4.4.	Peripheral	and	central	hemodynamics	of	the	study	population	(n=46).	

		 Mean	±	SD	
Office	systolic	BP,	mmHg	 140	±	19.6	
Office	diastolic	BP,	mmHg	 92.5	±	12.8	
HR,	bpm	 73.2	±	13.1	
PP,	mmHg	 47.6	±	12.1	
MAP,	mmHg	 108.3	±	14.3	
	  
Mean	24-h	systolic	BP,	mmHg	 131.1	±	16.6	
Daytime	24-h	systolic	BP,	mmHg	 134.1	±	16.3	
Nighttime	24-h	systolic	BP,	mmHg	 123.4	±	18.5	
Mean	24-h	diastolic	BP,	mmHg	 83.5	±	8.8	
Daytime	24-h	diastolic	BP,	mmHg	 86.8	±	9	
Nighttime	24-h	diastolic	BP,	mmHg	 76	±	10	
Mean	24-h	HR,	bpm	 74.5	±	12.1	
Daytime	24-h	HR,	bpm	 77.9	±	12.8	
Nighttime	24-h	HR,	bpm	 66.1	±	11	
	  
Central	systolic	BP,	mmHg	 129.8	±	19.2	
Central	diastolic	BP,	mmHg	 93.7	±	12.5	
Central	PP,	mmHg	 36.2	±	11.4	
Central	MAP,	mmHg	 105.7	±	14.1	
Pulse	wave	velocity,	m/s	 8.6	±	1.7	
	

	

4.1.3.	Transthoracic	echocardiography	

	

Table	4.5	shows	the	echocardiographic	characteristics	of	cardiac	geometry	and	function	

in	the	study	population.	Compared	to	reference	values,	all	participants	showed	either	

increased	LV	wall	 thickness,	 increased	LV	mass	or	both,	 independent	of	gender.	 LVH	

defined	as	LV	mass/BSA	>	115	g/m2	in	men	and	>	95	g/m2	in	women,	respectively,	was	

present	in	95%	of	male	participants	and	in	all	women.	All	participants	who	underwent	

CMR	(n=36)	fulfilled	TTE-derived	criteria	of	LVH.		
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Systolic	 function	 defined	 as	 ejection	 fraction	 >	 50%	was	 preserved	 in	 all	 individuals.	

Echocardiographic	signs	of	diastolic	dysfunction	were	present	in	approximately	75%	of	

the	study	participants:	12	patients	(26%)	had	an	E/A	ratio	lower	than	0.8	or	higher	than	

1.5,	deceleration	time	was	out	of	normal	range	in	30	participants	(65%)	and	septal	E´	

velocity	was	altered	in	36	individuals	(78%).		

	

Table	 4.5.	 Echocardiography-derived	 parameters	 of	 cardiac	 geometry	 and	 function	

(n=46).	

		 Mean	±	SD	
Cardiac	geometry	 	
Interventricular	septum	thickness,	mm	 12.8	±	1.9	
Posterior	wall	thickness,	mm	 11.9	±	1.9	
Relative	wall	thickness	 0.47	±	0.10	
LV	mass,	g	 307.7	±	81.1	
LV	mass/BSA,	g/m2	 153.3	±	28	
LV	end-diastolic	volume,	ml	 129.5	±	34.5	
LV	end-systolic	volume,	ml	 47.5	±	20.2	
LA	diameter,	mm	 38.6	±	7	
Cardiac	function		 	
Stroke	volume,	ml	 81.8	±	20.5	
Ejection	fraction,	%	 64.7	±	8.3	
Mitral	E-velocity,	cm/s	 61.8	±	12.6	
Mitral	A-velocity,	cm/s	 60.6	±	11.7	
E/A	ratio	 1.06	±	0.3	
Deceleration	time,	ms	 235.2	±	106.5	
E´	velocity	tissue	doppler,	cm/s	 6.9	±	1.5	
E/E´	ratio	 9.3	±	2.8	
	

	

4.1.4.	Cardiac	magnetic	resonance	

	

Table	 4.6	 shows	 the	 mean	 values	 and	 SD	 of	 CMR-derived	 data.	 Mean	 cardiac	 wall	

thickness	parameters	were	 in	 the	upper	 limit	of	 reference	values.	Likewise,	mean	LV	

mass	was	high	in	both	men	and	women	(mean	LV	mass	was	183.6	g	(SD	53.2	g)	in	men	

and	123.3	g	(SD	16.2	g)	in	women;	for	the	present	CMR	technique,	reference	values	for	

LV	mass	were	108-184	g	in	men	and	72-144	g	in	women,	respectively).	
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Reference	values	for	strain	parameters	have	been	published	but	depend	heavily	on	the	

imaging	technique	used	for	the	assessment	of	myocardial	strain.	However,	longitudinal	

and	circumferential	strain	have	shown	consistent	results	in	healthy	individuals	(113).	It	

is	 generally	 accepted	 that	 mean	 longitudinal	 strain	 lower	 than	 -17	 %	 (i.	 e.,	 higher	

absolute	values	 than	 -17	%)	and	mean	circumferential	 strain	 lower	 than	 -20	%	 (i.	 e.,	

higher	 absolute	 values	 than	 -20	 %)	 are	 considered	 as	 abnormal,	 whereas	 the	

establishment	of	reference	values	for	radial	strain	is	challenging	due	to	higher	inter-	and	

intra-	observer	variability	(114).	In	the	present	study,	both	mean	longitudinal	and	mean	

circumferential	strain	were	reduced	compared	to	previously	reported	normal	values	in	

healthy	populations	(113).		

	

Normal	 reference	 ranges	 for	 ECV	 and	 partition	 coefficient	 are	 not	 definitively	

established.	In	a	multicentre	setting	using	3T	scanners,	normal	values	for	ECV	and	the	

partition	coefficient	were	defined	as	0.26%	±	0.04	and	0.44	±	0.07,	respectively	(115).	In	

the	 present	 study,	mean	 ECV	was	 higher	 compared	 to	 available	 reference	 values	 in	

healthy	individuals.	

	

Table	4.6.	CMR-derived	parameters	of	cardiac	geometry,	function	and	fibrosis.	

		 Mean	±	SD	
Cardiac	geometry	(n=36)	 	
Interventricular	septum	thickness,	mm	 11.1	±	2.5	
Posterior	wall	thickness,	mm	 9.8	±	2	
LV	mass,	g	 173.6	±	53.8	
LV	end-diastolic	volume,	ml	 161.6	±	37.3	
LV	end-systolic	volume,	ml	 53	±	22	
LA	diameter,	mm	 36.2	±	5.8	
Cardiac	function	(n=33)	 	
Radial	strain,	%	 32.3	±	9.7	
Circumferential	strain,	%	 -17.5	±	4.3	
Longitudinal	strain,	%	 -14.9	±	4.2	
LA	total	emptying	volume,	ml	 53.2	±	13.6	
LA	total	emptying	fraction,	%	 0.54	±	0.09	
Cardiac	fibrosis	(n=29)	 	
Extracellular	volume	fraction,	%	 0.31	±	0.09	
Partition	coefficient	 0.45	±	0.05	
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4.1.5.	Molecular	biomarkers	of	cardiac	fibrosis,	stretch	and	injury	

	

Molecular	 biomarkers	 of	 fibrosis	 were	 determined	 in	 48	 participants.	 3	 participants	

were	 excluded	 due	 to	 onset	 of	 nephropathy	 (n=1)	 or	 detection	 of	 structural	 cardiac	

disease	other	than	LVH	(n=2),	leaving	a	total	of	45	individuals	for	statistical	analysis.	A	

total	of	8	study	participants	showed	MMP-1	levels	below	the	analytical	detection	limit.	

For	 statistical	analysis,	 the	minimum	analytical	detection	 limit	of	MMP-1	 levels	were	

used,	a	valid	approach	for	MMP-1	levels	with	non-detects	(116).	

	

Assessment	of	circulating	biomarkers	of	cardiac	stretch	and	injury	was	performed	in	all	

49	participating	individuals,	leaving	a	total	of	46	individuals	for	statistical	analysis	after	

applying	criteria	of	exclusion.		

	

Table	 4.7	 and	 figure	 4.1	 show	 the	 concentration	 and	 distribution	 of	 circulating	

biomarkers	in	the	study	population,	respectively.	None	of	the	included	biomarkers	was	

normally	distributed.		

	

Table	4.7.	Biomarker	concentration	in	the	study	population	(n=45).		

		 Median	(interquartile	range)	
Fibrosis	(n=45)	 	
PICP,	μg/L	 69.4	(63.4,	91.8)	
PIIINP,	μg/L	 3	(2.2,	3.4)	
CITP,	μg/L	 6.2	(5.1,	7)	
MMP-1,	μg/L	 8.6	(5.3,	18.7)	
CITP/MMP-1	 2.6	(1.2,	3.4)	
Myocardial	stretch	(n=46)	 	
NT-proBNP,	pg/ml	 48.5	(21,	85.5)	
Myocardial	injury	(n=46)	 	
Hs-Troponin	T,	pg/ml	 8.1	(6.5,	10.4)	
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Figure	4.1.	Biomarker	distribution	and	normal	density	in	the	study	population	(n=45).	
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4.2.	Association	among	analyzed	parameters	

	

The	 relationship	 between	 parameters	 from	 vascular	 hemodynamics,	 CMR-derived	

measures	 and	 molecular	 biomarkers	 were	 explored	 using	 Pearson´s	 correlation	

coefficients.	

	

4.2.1.	Peripheral	hemodynamics,	CMR-derived	measures	and	circulating	biomarkers	

	

24-hour	systolic	BP	was	related	to	LV	geometry	(table	4.8).	Higher	24-hour	systolic	BP	

values	were	significantly	associated	with	greater	LV	mass,	in	addition,	there	was	a	trend	

towards	greater	LV	posterior	wall	thickness.		

	

Myocardial	strain	and	24-hour	systolic	BP	were	marginally	related,	a	trend	to	higher	24-

hour	 BP	 levels	 when	 radial	 strain	 increased	 was	 observed.	 Both	 office	 and	 24-hour	

systolic	BP	were	inversely	related	to	LA	emptying	fraction:	the	higher	the	central	and	

peripheral	systolic	BP,	the	lower	the	LA	reservoir	function.	

	

Office	 BP	 values	 were	 not	 related	 to	 CMR-assessed	measures	 of	 cardiac	 fibrosis.	 In	

contrast,	24-hour	systolic	BP	was	significantly	associated	with	circulating	biomarkers	of	

fibrosis	(ratio	CITP/MMP-1).		
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Table	4.8.	Pearson’s	correlation	coefficients	among	peripheral	hemodynamics,	CMR-

derived	measures	and	biomarkers.	

		 Office	SBP,	mmHg	 24h-SBP,	mmHg	
Cardiac	geometry	(n=36)	 	 	

Interventricular	septum,	mm	 -0.01	 0.21	
Posterior	wall,	mm	 0.01	 0.33°	
LV	mass,	g	 0.10	 0.36*	
LV	end-diastolic	volume,	ml	 0.15	 0.07	
LV	end-systolic	volume,	ml	 -0.04	 -0.18	
LA	diameter,	mm	 0.18	 0.22	
Cardiac	function	(n=33)	 	 	

Radial	strain,	%	 0.22	 0.30°	
Circumferential	strain,	%	 -0.19	 -0.27	
Longitudinal	strain,	%	 -0.02	 -0.08	
LA	total	emptying	volume,	mL	 -0.06	 -0.15	
LA	total	emptying	fraction,	%	 -0.38*	 -0.51**	
Cardiac	fibrosis	(n=29)	 	 	

Extracellular	volume	fraction,	%	 -0.01	 -0.10	
Partition	coefficient	 -0.11	 0.18	
Biomarkers	(n=45)	 	 	

PICP,	μg/L	 0.18	 0.05	
PIIINP,	μg/L	 -0.01	 0.06	
MMP-1,	μg/L	 0.02	 -0.1	
CITP,	μg/L	 0.15	 0.13	
CITP/MMP-1	 0.02	 0.13	
NT-proBNP,	pg/ml	 0.09	 0.25	
Hs-Troponin	T,	pg/ml	 0.08	 0.19	
**	p<0.01;	*	p<0.05;	°	p<0.1	 	 	
	

	

4.2.2.	Central	hemodynamics,	CMR-derived	measures	and	circulating	biomarkers	

	

No	significant	relationship	between	central	systolic	BP	and	cardiac	geometry,	function,	

fibrosis	or	biomarkers	was	found	(table	4.9).	However,	a	trend	to	higher	radial	strain	

when	central	systolic	BP	values	increased	was	observed.		
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Table	 4.9.	 Pearson’s	 correlation	 coefficients	 among	 peripheral	 hemodynamics,	 CMR-

derived	measures	and	biomarkers.	

		 Central	SBP,	mmHg	 PWV,	m/s	
Cardiac	geometry	(n=36)	 	 	

Interventricular	septum,	mm	 -0.14	 0.18	
Posterior	wall,	mm	 -0.10	 0.34°	
LV	mass,	g	 -0.09	 0.10	
LV	end-diastolic	volume,	ml	 0.03	 -0.12	
LV	end-systolic	volume,	ml	 -0.07	 -0.35*	
LA	diameter,	mm	 0.06	 0.14	
Cardiac	function	(n=33)	 	 	

Radial	strain,	%	 0.30°	 0.34°	
Circumferential	strain,	%	 -0.25	 -0.32°	
Longitudinal	strain,	%	 -0.18	 -0.29	
LA	total	emptying	volume,	ml	 -0.09	 -0.14	
LA	total	emptying	fraction,	%	 -0.28	 -0.08	
Cardiac	fibrosis	(n=29)	 	 	

Extracellular	volume	fraction,	%	 -0.13	 -0.36°	
Partition	coefficient	 -0.16	 0.06	
Biomarkers	(n=45)	 	 	

PICP,	μg/L	 0.13	 0.08	
PIIINP,	μg/L	 -0.06	 0.24	
MMP-1,	μg/L	 0.01	 0.13	
CITP,	μg/L	 0.08	 0.12	
CITP/MMP-1	 0.01	 -0.10	
NT-proBNP,	pg/ml	 0.07	 0.42**	
Hs-Troponin	T,	pg/ml	 -0.08	 0.13	
**	p<0.01;	*	p<0.05;	°	p<0.1	 	 	
	

	

PWV	 as	 an	 established	 surrogate	 of	 arterial	 stiffness	 was	 significantly	 related	 to	 LV	

geometry:	 the	 higher	 the	 PWV,	 the	 lower	 the	 LV	 end-systolic	 volume.	 Furthermore,	

there	was	a	trend	to	higher	PWV	values	when	LV	wall	thickness	was	increased.	

	

PWV	was	marginally	 related	 to	myocardial	 strain:	A	 trend	 to	higher	 radial	and	 lower	

circumferential	strain	values	at	higher	PWV	levels	was	observed.	Extracellular	volume	

fraction	as	a	measure	of	cardiac	fibrosis	was	marginally	and	inversely	related	to	PWV.	

NT-proBNP,	a	biomarker	of	myocardial	stretch,	was	directly	correlated	with	PWV.	
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4.2.3.	Left	ventricular	wall	thickness	and	mass,	CMR-derived	measures	and	circulating	

biomarkers	

	

The	relationship	between	TTE-derived	and	CMR-derived	measures	of	cardiac	geometry	

is	shown	in	table	4.10.	A	direct	correlation	between	measures	of	LV	mass,	LV	volumes	

and	LA	dimension	was	observed,	 in	contrast,	 the	correlation	coefficients	between	LV	

wall	thickness	parameters	were	not	significant.	

	

Table	 4.10.	 Pearson’s	 correlation	 coefficients	 among	 TTE-derived	 and	 CMR-derived	

parameters	of	cardiac	geometry.	

	 TTE-derived	geometry	

		
Interventricular	
septum,	mm	

Posterior	
wall,	mm	 LV	mass,	g	

LV	end-
diastolic	
volume,	ml	

LV	end-
systolic	
volume,	ml	

LA	
diameter,	
mm	

CMR-derived	
geometry	 	      
Interventricular	
septum,	mm	 0.18	 	     

Posterior	wall,	mm	 	 0.13	 	    

LV	mass,	g	 	  0.70**	 	   
LV	end-diastolic	
volume,	ml	 	   0.38*	 	  
LV	end-systolic	
volume,	ml	 	    0.45**	 	

LA	diameter,	mm	 		 		 		 		 		 0.51**	

**	p<0.01;	*	p<0.05	 	      
	

	

Regarding	CMR-derived	measures	of	function	and	fibrosis,	LV	wall	thickness	and	mass	

were	not	related	to	cardiac	function	except	for	a	trend	to	a	higher	LA	emptying	volume	

with	higher	LV	mass	(table	4.11).		

	

In	contrast,	LV	wall	thickness	and	LV	mass	were	consistently	correlated	with	measures	

of	cardiac	fibrosis:	the	greater	the	LV	posterior	wall	thickness	or	LV	mass,	the	higher	the	

extracellular	volume	fraction	and	partition	coefficient.	In	addition,	LV	wall	thickness	and	

mass	were	directly	related	to	levels	of	circulating	hs-Troponin	T	and,	to	a	lower	degree,	

to	levels	of	circulating	NT-proBNP.		
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Table	 4.11.	 Pearson’s	 correlation	 coefficients	 among	 LV	 wall	 thickness	 and	 mass,	

myocardial	strain,	LA	function	and	biomarkers.	

		 IV	septum,	mm	 Posterior	wall,	mm	 LV	mass,	g	
Cardiac	function	(n=33)	 	   
Radial	strain,	%	 -0.11	 -0.21	 -0.28	
Circumferential	strain,	%	 -0.14	 0.03	 0.07	
Longitudinal	strain,	%	 0.03	 0.12	 0.16	
LA	total	emptying	volume,	ml	 -0.12	 -0.05	 0.31°	
LA	total	emptying	fraction,	%	 0.13	 -0.04	 -0.16	
Cardiac	fibrosis	(n=29)	 	   
Extracellular	volume	fraction,	%	 0.38°	 0.40*	 0.39*	
Partition	coefficient		 0.35°	 0.61**	 0.55**	
Biomarkers	(n=36)	 	   
PICP,	μg/L	 0.01	 0.05	 0.03	
PIIINP,	μg/L	 0.72	 0.22	 0.02	
MMP-1,	μg/L	 0.11	 0.24	 0.12	
CITP,	μg/L	 0.12	 0.19	 0.16	
CITP/MMP-1	 -0.15	 0.17	 -0.17	
NT-proBNP,	pg/ml	 0.10	 0.32°	 0.33°	
Hs-Troponin	T,	pg/ml	 0.51**	 0.53**	 0.73**	
**	p<0.01;	*	p<0.05;	°	p<0.1	    
	

	

4.2.4.	Left	atrial	dimension	and	left	ventricular	volumes,	CMR-derived	measures	and	

circulating	biomarkers		

	

LA	diameter	and	LA	reservoir	function	were	significantly	related	(table	4.12).	In	addition,	

LA	geometry	was	consistently	related	to	measures	of	cardiac	fibrosis	and	hs-Troponin	T.	

LV	 end-systolic	 volume	 is	 mainly	 determined	 by	 afterload	 and	 contractility.	 In	 the	

present	study,	LV	end-systolic	volume	was	significantly	related	to	myocardial	strain:	the	

greater	the	LA	reservoir	function,	the	higher	the	LV	end-systolic	volume,	and	the	greater	

the	reduction	of	radial	(“more	negative”	values)	and	circumferential	(“more	positive”	

values)	strain.	

	

LV	end-diastolic	volume	is	an	established	surrogate	for	preload.	In	the	present	study,	LV	

end-diastolic	volume	and	cardiac	function	were	significantly	correlated:	higher	values	of	

LV	 end-diastolic	 volume	 were	 related	 to	 an	 increase	 in	 LA	 reservoir	 function	 and	 a	
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decrease	 in	 radial	 strain.	 In	 addition,	 LV	 end-diastolic	 volume	 showed	 a	 positive	

relationship	with	 cardiac	 fibrosis	 and	 hs-Troponin	 T,	 biomarker	 of	myocardial	 injury,	

whereas	no	association	with	circulating	biomarkers	of	fibrosis	was	found.	

	

Table	 4.12.	 Pearson’s	 correlation	 coefficients	 among	 LA	 diameter	 and	 LV	 volumes,	

myocardial	strain,	LA	function	and	biomarkers.	

		
LA	diameter,	

mm	
LVES	volume,	

ml	
LVED	volume,	

ml	
Cardiac	function	(n=33)	 	   
Radial	strain,	%	 -0.04	 -0.69**	 -0.42*	
Circumferential	strain,	%	 0.12	 0.35*	 0.21	
Longitudinal	strain,	%	 0.23	 0.16	 0.18	
LA	total	emptying	volume,	ml	 0.42*	 0.35*	 0.63**	
LA	total	emptying	fraction,	%	 -0.03	 -0.09	 -0.12	
Cardiac	fibrosis	(n=29)	 	   
Extracellular	volume	fraction,	%	 0.48**	 0.27	 0.39*	
Partition	coefficient		 0.35°	 0.13	 0.25	
Biomarkers	(n=36)	 	   
PICP,	μg/L	 -0.08	 -0.03	 0.09	
PIIINP,	μg/L	 0.01	 -0.17	 -0.09	
MMP-1,	μg/L	 0.15	 0.10	 0.25	
CITP,	μg/L	 0.26	 0.03	 0.17	
CITP/MMP-1	 -0.07	 -0.08	 -0.17	
NT-proBNP,	pg/ml	 0.19	 0.07	 0.21	
Hs-Troponin	T,	pg/ml	 0.48**	 0.12	 0.39*	
**	p<0.01;	*	p<0.05;	°	p<0.1	    
	

	

4.2.5.	Myocardial	strain,	cardiac	fibrosis	and	circulating	biomarkers		

	

Longitudinal	 strain	was	 related	 to	 cardiac	 fibrosis:	 the	 higher	 the	 values	 of	 ECV,	 the	

higher	the	values	of	longitudinal	strain.	In	other	words:	the	higher	the	degree	of	fibrosis,	

the	 greater	 the	 reduction	 in	 longitudinal	 strain	 (i.e.	 “more	 positive”	 values	 of	

longitudinal	 strain)	 (table	 4.13).	 In	 addition,	 longitudinal	 strain	 showed	 a	 significant	

correlation	with	both	CITP	and	MMP-1:	A	decrease	in	longitudinal	strain	was	associated	

with	higher	levels	of	CITP	and	lower	levels	of	the	collagen-degrading	enzyme	MMP-1.	
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Consequently,	 longitudinal	 strain	 was	 associated	 with	 CITP/MMP-1:	 the	 higher	

CITP/MMP-1,	the	greater	the	reduction	in	longitudinal	strain.	

	

Circumferential	 strain	was	not	 related	 to	cardiac	 fibrosis	assessed	by	CMR,	however,	

there	 was	 a	 trend	 to	 higher	 levels	 of	 CITP/MMP-1	 when	 circumferential	 strain	 was	

reduced.		

	

Radial	strain	was	not	related	to	CMR-assessed	fibrosis	or	circulating	biomarkers.	

	

Table	 4.13.	 Pearson’s	 correlation	 coefficients	 among	 LV	 function,	 fibrosis	 and	

biomarkers.	

		
Radial	
strain,	%	

Circumferential	
strain,	%	

Longitudinal	
strain,	%	

Cardiac	fibrosis	(n=29)	 	   
Extracellular	volume	fraction,	%	 -0.24	 0.18	 0.42*	
Partition	coefficient	 -0.17	 0.16	 0.22	
Biomarkers	(n=33)	 	   
PICP,	μg/L	 0.08	 -0.10	 0.13	
PIIINP,	μg/L	 0.16	 -0.19	 -0.08	
MMP-1,	μg/L	 0.23	 -0.28	 -0.33°	
CITP,	μg/L	 -0.28	 0.18	 0.42*	
CITP/MMP-1	 -0.29	 0.32°	 0.43*	
NT-proBNP,	pg/ml	 0.05	 -0.08	 0.09	
Hs-Troponin	T,	pg/ml	 -0.07	 0.04	 0.11	
*	p<0.05;	°	p<0.1	    
	

	

4.2.6.	Left	atrial	function	parameters,	cardiac	fibrosis	and	circulating	biomarkers		

	

LA	emptying	volume	and	fraction,	two	established	surrogates	of	LA	reservoir	function,	

were	not	significantly	related	to	measures	of	cardiac	fibrosis	or	circulating	biomarkers	

(table	4.14).	
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Table	 4.14.	 Pearson’s	 correlation	 coefficients	 among	 LA	 function,	 fibrosis	 and	

biomarkers.	

		
LA	emptying	
volume,	ml	

LA	emptying	
fraction,	%	

Cardiac	fibrosis	(n=29)	 	  
Extracellular	volume	fraction,	%	 0.09	 -0.01	
Partition	coefficient	 0.04	 -0.06	
Biomarkers	(n=36)	 	  
PICP,	μg/L	 0.09	 0.05	
PIIINP,	μg/L	 0.17	 0.09	
MMP-1,	μg/L	 0.09	 -0.15	
CITP,	μg/L	 0.17	 -0.09	
CITP/MMP-1	 -0.05	 0.12	
NT-proBNP,	pg/ml	 -0.09	 -0.12	
Hs-Troponin	T,	pg/ml	 0.19	 -0.10	
*	p<0.05;	°	p<0.1	   
	

	

4.2.7.	Cardiac	fibrosis	and	circulating	biomarkers		

	

CMR-derived	markers	 of	 cardiac	 fibrosis	 were	 not	 significantly	 related	 to	 circulating	

biomarkers	of	 fibrosis	 (table	4.15).	A	positive	 correlation	of	hs-Troponin	T	and	CMR-

assessed	 partition	 coefficient	 was	 found,	 however,	 the	 relationship	 between	

extracellular	volume	fraction	and	hs-Troponin	T	was	not	significant.	

	

Table	 4.15.	 Pearson’s	 correlation	 coefficients	 among	 cardiac	 fibrosis	 and	 circulating	

biomarkers.	

		 Extracellular	volume	fraction,	%	 Partition	coefficient	
Biomarkers	(n=29)	 	  
PICP,	μg/L	 0.06	 0.02	
PIIINP,	μg/L	 -0.23	 0.08	
MMP-1,	μg/L	 -0.01	 0.05	
CITP,	μg/L	 0.13	 -0.11	
CITP/MMP-1	 0.05	 -0.08	
NT-proBNP,	pg/ml	 0.05	 0.32	
Hs-Troponin	T,	pg/ml	 0.26	 0.51**	
**	p<0.01;	*	p<0.05;	°	p<0.1	   
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4.2.8.	Circulating	biomarkers	of	myocardial	fibrosis,	stretch	and	injury	

	

Regarding	 molecular	 biomarkers	 of	 fibrosis,	 significant	 positive	 correlations	 were	

observed	between	PICP	and	PIIINP	(table	4.16).	PIIINP	was	further	marginally	related	to	

MMP-1,	CITP/MMP-1	and	hs-Troponin	T.		

	

NT-proBNP	and	hs-Troponin	T,	molecular	biomarkers	of	myocardial	stretch	and	injury,	

respectively,	were	directly	related.	

	

Table	4.16.	Pearson’s	correlation	coefficients	among	circulating	biomarkers.	

		
PICP,	
μg/L	

PIIINP
,	μg/L	

MMP1,	
μg/L	

CITP,	
μg/L	

CITP/	
MMP1	

NT-proBNP,	
pg/ml	

Hs-Troponin	
T,	pg/ml	

PICP,	μg/L	 X	 	      
PIIINP,	μg/L	 0.42**	 X	 	     
MMP-1,	μg/L	 0.22	 0.27°	 X	 	    
CITP,	μg/L	 -0.10	 -0.09	 -0.09	 X	 	   
CITP/MMP-1	 -0.23	 -0.27°	 -0.96**	 0.35*	 X	 	  
NTproBNP,	pg/ml	 -0.01	 -0.02	 0.08	 0.08	 -0.05	 X	 	

hsTroponin	T,	pg/ml	 -0.05	 0.27°	 0.16	 0.06	 -0.13	 0.34*	 X	

**	p<0.01;	*	p<0.05;	°	p<0.1       
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4.3.	Determinants	of	morphological	and	functional	parameters	of	fibrosis	

	

Multiple	 regression	analysis	was	performed	 in	order	 to	assess	 the	 factors	associated	

with	 peripheral	 and	 central	 hemodynamics,	 CMR-derived	 parameters	 of	 myocardial	

strain,	 LA	 function,	 cardiac	 fibrosis,	 and	molecular	biomarkers	of	myocardial	 fibrosis,	

stretch	 and	 injury.	 Multicollinearity	 was	 checked	 for	 calculating	 the	 VIF	 for	 each	

regression	model	(cutoff-value	of	VIF	for	significant	multicollinearity	>	5).	None	of	the	

following	regression	models	showed	VIF	values	higher	than	2.39.	

	

4.3.1.	 Relationship	 between	 vascular	 hemodynamics	 and	 components	 of	 cardiac	

geometry,	myocardial	strain,	left	atrial	function	and	circulating	biomarkers	of	fibrosis		

	

The	relationship	between	peripheral	vascular	hemodynamics	and	cardiac	geometry	is	

shown	in	table	4.17	and	figure	4.2.	24-hour	systolic	BP	was	independently	associated	

with	LV	mass,	but	not	LV	wall	thickness,	when	gender,	age,	body	constitution	and	heart	

rate	were	controlled	for.	

	

Myocardial	 strain	 as	 a	 surrogate	 of	 LV	 functioning	 was	 not	 related	 to	 peripheral	

hemodynamics	in	fully	adjusted	models.		

	

No	significant	association	between	peripheral	hemodynamics	and	molecular	biomarkers	

of	fibrosis	was	observed.	

	

Table	4.17.	Hemodynamic	parameters	associated	with	LV	mass.	

	 R2=0.50	
Variable	 β	 p	
Gender,	female	 -0.20	 0.30	
Age,	years	 0.04	 0.75	
Height,	cm	 0.12	 0.55	
Weight,	kg	 0.46	 0.009	
Heart	rate,	bpm	 0.05	 0.69	
24-h	systolic	BP,	mmHg	 0.31	 0.029	
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Figure	4.2.	Regression	line,	scatter	plot	and	correlation	coefficient	for	the	association	

between	LV	mass	and	mean	24-hour	systolic	BP.	

	
	

LA	emptying	fraction	as	a	surrogate	of	LA	reservoir	function	was	 inversely	associated	

with	24-hour	systolic	BP	and	office	BP	(figure	4.3).	Table	4.18	shows	multiple	regression	

models	using	LA	function	as	the	dependent	variable.		

	

Table	4.18.	Hemodynamic	parameters	associated	with	LA	reservoir	function.	

	 R2=0.29	 	 R2=0.26	
Variable	 β	 p	 	 β	 p	
Gender,	female	 -0.03	 0.90	 	 -0.08	 0.77	
Age,	years	 0.06	 0.73	 	 -0.09	 0.61	
Height,	cm	 -0.10	 0.73	 	 -0.21	 0.46	
Weight,	kg	 0.05	 0.83	 	 -0.08	 0.74	
Heart	rate,	bpm	 0.14	 0.46	 	 0.23	 0.22	
24-h	systolic	BP,	mmHg	 -0.49	 0.017	 	   
Office	systolic	BP,	mmHg	 		 		 -0.47	 0.022	
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Figure	4.3.	Regression	line,	scatter	plot	and	correlation	coefficient	for	the	association	

between	LA	reservoir	function	and	mean	24-hour	systolic	BP.	

	
	

Regarding	central	hemodynamics,	central	systolic	BP	and	PWV	did	not	show	significant	

independent	 association	with	parameters	 of	 cardiac	 geometry,	myocardial	 strain,	 LA	

function	or	circulating	biomarkers	of	fibrosis	in	fully	adjusted	models.		

	

4.3.2.	 Relationship	 between	 cardiac	 fibrosis	 and	 components	 of	 cardiac	 geometry,	

myocardial	strain	and	circulating	biomarkers	of	fibrosis	

	

4.3.2.1.	Extracellular	volume	fraction	

	

The	main	factors	associated	with	cardiac	fibrosis	were	investigated	in	regression	models	

controlling	for	gender,	age,	body	constitution,	heart	rate	and	24-hour	systolic	BP	(table	

4.19).	LA	geometry	was	directly	related	to	ECV,	whereas	no	significant	association	with	

measures	of	LV	geometry	was	found	in	fully	adjusted	models.		

	

Among	 cardiac	 strain	 parameters,	 longitudinal	 strain,	 but	 not	 radial	 strain,	 was	

associated	with	 ECV:	 an	 increase	 in	 ECV	was	 significantly	 related	 to	 a	 decrease	 (i.e.,	

“more	positive”	values)	in	longitudinal	strain.		
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Circulating	 biomarkers	 of	 fibrosis	 did	 not	 show	 a	 significant	 association	 with	 ECV.	

Regression	lines	between	ECV	and	independently	associated	factors	are	shown	in	figures	

4.4	and	4.5.	

	

Table	4.19.	Factors	associated	with	extracellular	volume	fraction.	

		 R2=0.47	 		 R2=0.38	
Variable	 β	 p	 		 β	 p	
Gender,	female	 -0.10	 0.70	 	 -0.31	 0.29	
Age,	years	 -0.39	 0.06	 	 -0.19	 0.33	
Height,	cm	 0.21	 0.53	 	 -0.30	 0.37	
Weight,	kg	 -0.26	 0.41	 	 0.30	 0.29	
Heart	rate,	bpm	 -0.04	 0.84	 	 -0.09	 0.66	
24-h	systolic	BP,	mmHg	 -0.25	 0.19	 	 -0.05	 0.82	
LA	diameter,	cm	 0.75	 0.005	 	   
Longitudinal	strain,	%	 		 		 		 0.43	 0.030	
	

	

Figure	4.4.	Regression	line,	scatter	plot	and	correlation	coefficient	for	the	association	

between	ECV	and	LA	diameter.	
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Figure	4.5.	Regression	line,	scatter	plot	and	correlation	coefficient	for	the	association	

between	ECV	and	longitudinal	strain.	

	
	

4.3.2.2.	Partition	coefficient	

	

The	 only	 difference	 between	 partition	 coefficient	 and	 ECV	 is	 the	 hematocrit	 factor,	

therefore,	both	variables	are	closely	related	and	generally	translatable.	LV	posterior	wall	

thickness	was	positively	associated	with	the	partition	coefficient	(table	4.20,	figure	4.6).		

Parameters	of	cardiac	geometry,	myocardial	strain	and	circulating	biomarkers	of	fibrosis	

were	not	significantly	related	to	partition	coefficient	in	fully	adjusted	models.		

	

Table	4.20.	Factors	associated	with	partition	coefficient.	

		 R2=0.49	
Variable	 β	 p	
Gender,	female	 -0.19	 0.54	
Age,	years	 0.07	 0.71	
Height,	cm	 0.12	 0.73	
Weight,	kg	 0.01	 0.98	
Heart	rate,	bpm	 -0.10	 0.61	
24-h	systolic	BP,	mmHg	 -0.04	 0.83	
LV	posterior	wall,	cm	 0.53	 0.046	
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Figure	4.6.	Regression	line,	scatter	plot	and	correlation	coefficient	for	the	association	

between	partition	coefficient	and	LV	posterior	wall	thickness.	

	
	

4.3.3.	Relationship	between	myocardial	strain	and	components	of	cardiac	geometry	

and	circulating	biomarkers	of	fibrosis	

	

CMR-derived	strain	measures	are	established	surrogates	of	 LV	 functioning.	The	main	

factors	associated	with	longitudinal,	circumferential	and	radial	strain	were	investigated	

in	regression	models	controlling	for	gender,	age,	body	constitution,	heart	rate	and	24-

hour	systolic	BP.	

	

4.3.3.1.	Longitudinal	strain	

	

As	shown	in	table	4.19	and	figure	4.5,	longitudinal	strain	and	cardiac	fibrosis	expressed	

by	ECV	were	 significantly	 associated.	 In	 addition,	 longitudinal	 strain	was	 significantly	

related	to	CITP	and	CITP/MMP-1:	a	decrease	in	longitudinal	strain	(i.	e.,	“more	positive”	

values)	was	associated	with	higher	levels	of	CITP	and	CITP/MMP-1	(table	4.21,	figures	

4.7	and	4.8).		
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No	 significant	 association	 between	 longitudinal	 strain	 with	 parameters	 of	 cardiac	

geometry	or	LA	function	was	observed	in	fully	adjusted	models.	

	

Table	4.21.	Factors	associated	with	longitudinal	strain.	

		 R2=0.25	 		 R2=0.24	

Variable	 β	 p	 		 β	 p	
Gender,	female	 0.13	 0.67	 	 -0.01	 0.99	
Age,	years	 0.05	 0.79	 	 0.05	 0.80	
Heigt,	cm	 0.21	 0.53	 	 0.07	 0.85	
Weight,	kg	 0.05	 0.84	 	 0.13	 0.63	
Heart	rate,	bpm	 -0.1	 0.64	 	 -0.05	 0.81	
24-h	systolic	BP,	mmHg	 -0.22	 0.30	 	 -0.2	 0.35	
CITP,	μg/L	 0.46	 0.025	 	   

CITP/MMP-1	 	 	 	 0.46	 0.030	
		

	

Figure	4.7.	Regression	line,	scatter	plot	and	correlation	coefficient	for	the	association	

between	longitudinal	strain	and	circulating	CITP-levels.	
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Figure	4.8.	Regression	line,	scatter	plot	and	correlation	coefficient	for	the	association	

between	longitudinal	strain	and	CITP/MMP-1.	

	
	

4.3.3.2.	Circumferential	strain	

	

Circumferential	 strain	 and	 CITP/	MMP-1	were	 significantly	 associated:	 A	 decrease	 in	

circumferential	 strain	 (i.e.,	 “more	 positive”	 values)	 was	 related	 to	 a	 higher	 ratio	 of	

CITP/MMP-1	 (table	4.22,	 figure	4.9).	 The	associations	between	circumferential	 strain	

and	levels	of	CITP	and	MMP-1	were	further	evaluated	in	order	to	gain	insight	into	the	

relationship	of	circumferential	strain	with	CITP/MMP-1.	Circulating	levels	of	MMP-1,	but	

not	 CITP,	were	 related	 to	 circumferential	 strain	 in	 fully	 adjusted	models	 (table	 4.22,	

figure	4.10).	

	

No	 significant	 association	 between	 circumferential	 strain	 with	 measures	 of	 cardiac	

geometry	or	function	was	identified	in	fully	adjusted	models.	
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Table	4.22.	Factors	associated	with	circumferential	strain.	

		 R2=0.32	 		 R2=0.37	
Variable	 β	 p	 		 β	 p	
Gender,	female	 -0.1	 0.71	 	 -0.11	 0.73	
Age,	years	 0.22	 0.24	 	 0.20	 0.27	
Heigt,	cm	 -0.43	 0.20	 	 -0.49	 0.15	
Weight,	kg	 0.39	 0.14	 	 0.44	 0.09	
Heart	rate,	bpm	 -0.35	 0.08	 	 -0.38	 0.05	
24-h	systolic	BP,	mmHg	 -0.36	 0.08	 	 -0.39	 0.05	
MMP-1,	μg/L	 -0.38	 0.047	 	   

CITP/MMP-1	 	 	 	 0.46	 0.017	
	

	

Figure	4.9.	Regression	line,	scatter	plot	and	correlation	coefficient	for	the	association	

between	circumferential	strain	and	CITP/MMP-1.	
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Figure	4.10.	Regression	line,	scatter	plot	and	correlation	coefficient	for	the	association	

between	circumferential	strain	and	MMP-1.	

	
	

4.3.3.3.	Radial	strain	

	

In	 fully	adjusted	models,	 LV	end-systolic	 volume	was	 inversely	associated	with	 radial	

strain:	 an	 increase	 in	 radial	 strain	was	 associated	with	 a	 decrease	 in	 LV	 end-systolic	

volume	(table	4.23,	figure	4.11).	In	other	words,	the	higher	the	LV	end-systolic	volume,	

the	lower	the	radial	strain.		

	

Table	4.23.	Factors	associated	with	radial	strain.	

		 R2=0.30	
Variable	 β	 p	
Gender,	female	 -0.07	 0.81	
Age,	years	 -0.18	 0.32	
Height,	cm	 0.06	 0.85	
Weight,	kg	 -0.13	 0.60	
Heart	rate,	bpm	 0.06	 0.77	
24-h	systolic	BP,	mmHg	 0.26	 0.20	
LV	end-systolic	volume,	ml	 -0.44	 0.048	
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Figure	4.11.	Regression	line,	scatter	plot	and	correlation	coefficient	for	the	association	

between	radial	strain	and	LV	end-systolic	volume.	

	
	

No	 significant	 association	 was	 found	 with	 cardiac	 geometry	 and	 function.	 Likewise,	

radial	strain	was	not	related	to	measures	of	cardiac	fibrosis	or	molecular	biomarkers	of	

fibrosis	in	fully	adjusted	models.	

	

5.3.4.	Main	factors	associated	with	molecular	biomarkers	of	myocardial	stretch	and	

injury	

	

NT-proBNP	and	hs-Troponin	T	are	established	biomarkers	of	cardiac	stretch	and	injury,	

respectively.	 The	 association	 between	 these	 biomarkers	with	 central	 and	 peripheral	

hemodynamics,	 cardiac	geometry,	 cardiac	 function	and	cardiac	 fibrosis	was	assessed	

controlling	for	gender,	age,	body	constitution,	heart	rate	and	24-hour	systolic	BP.	

	

4.3.4.1.	NT-proBNP	

	

Circulating	NT-proBNP	was	 significantly	 associated	with	PWV	 (table	 4.24).	 Peripheral	

central	systolic	BP,	in	contrast,	was	not	related	to	NT-proBNP	in	fully	adjusted	models.		
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Cardiac	geometry	was	independently	related	to	NT-proBNP:	Both	greater	posterior	wall	

thickness	and	LV	mass	were	associated	with	higher	levels	of	NT-proBNP.		

Myocardial	strain	and	fibrosis	did	not	show	significant	relationship	with	NT-proBNP	in	

fully	 adjusted	models.	 Regression	 lines	 between	 PWV	 and	 independently	 associated	

factors	are	shown	in	figures	4.12-14.	

	

Table	4.24.	Factors	associated	with	NT-proBNP.	

		 R2=0.30	 		 R2=0.26	 		 R2=0.29	
Variable	 β	 p	 		 β	 p	 		 β	 p	
Gender,	female	 -0.12	 0.55	 	 0.49	 0.14	 	 0.29	 0.29	
Age,	years	 0.13	 0.40	 	 0.21	 0.27	 	 0.20	 0.27	
Height,	cm	 0.07	 0.75	 	 0.66	 0.06	 	 0.39	 0.19	
Weight,	kg	 -0.10	 0.63	 	 -0.29	 0.27	 	 -0.38	 0.14	
Heart	rate,	bpm	 -0.29	 0.07	 	 -0.25	 0.24	 	 -0.18	 0.32	
24-h	systolic	BP,	mmHg	 -0.04	 0.85	 	 -0.18	 -0.39	 	 -0.21	 0.32	
Pulse	wave	velocity,	m/s	 0.53	 0.013	 	      
Posterior	wall,	mm	 	   0.50	 0.051	 	   
LV	mass,	g	 		 		 		 		 		 		 0.58	 0.038	
	

	

Figure	4.12.	Regression	line,	scatter	plot	and	correlation	coefficient	for	the	association	

between	NT-proBNP	and	PWV.	
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Figure	4.13.	Regression	line,	scatter	plot	and	correlation	coefficient	for	the	association	

between	NT-proBNP	and	LV	posterior	wall	thickness.	

	
	

Figure	4.14.	Regression	line,	scatter	plot	and	correlation	coefficient	for	the	association	

between	NT-proBNP	and	LV	mass.	
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4.3.4.2.	Hs-Troponin	T	

	

The	factors	independently	associated	with	hs-Troponin	T	are	shown	in	table	4.25	and	

figures	4.15	and	4.16.	Cardiac	geometry	was	closely	related	to	circulating	levels	of	hs-

Troponin	T:	greater	LA	dimension	and	LV	mass	were	associated	with	higher	levels	of	hs-

Troponin	T.		

	

Table	4.25.	Factors	associated	with	hs-Troponin	T.	

		 Model	A	(R2=0.45)	 		 Model	B	(R2=0.61)	
Variable	 β	 p	 		 β	 p	
Gender,	female	 -0.10	 0.70	 	 -0.13	 0.54	
Age,	years	 -0.02	 0.90	 	 0.09	 0.51	
Height,	cm	 0.47	 0.11	 	 -0.05	 0.81	
Weight,	kg	 -0.16	 0.50	 	 -0.27	 0.18	
Heart	rate,	bpm	 0.17	 0.31	 	 0.17	 0.22	
24-h	systolic	BP,	mmHg	 0.10	 0.58	 	 -0.05	 0.74	
LA	diameter,	mm	 0.47	 0.025	 	   
LV	mass,	g	 		 		 		 0.92	 <0.001	
	

	

Figure	4.15.	Regression	line,	scatter	plot	and	correlation	coefficient	for	the	association	

between	hs-Troponin	T	and	LA	diameter.	
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Figure	4.16.	Regression	line,	scatter	plot	and	correlation	coefficient	for	the	association	

between	hs-Troponin	T	and	LV	mass.	

	
	

No	significant	 relationship	of	hs-Troponin	T	with	vascular	hemodynamics,	myocardial	

strain	or	fibrosis	was	found	in	fully	adjusted	models	
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4.4.	Summary	findings	

	

The	relationship	between	peripheral	and	central	hemodynamics,	CMR-derived	cardiac	

geometry,	strain,	and	fibrosis,	and	molecular	biomarkers	of	myocardial	fibrosis,	stretch	

and	injury	is	shown	in	figure	4.17.	In	hypertensives	with	HHD,	LV	walls	contain	a	relevant	

amount	of	fibrotic	tissue	identified	with	CMR	imaging.	Myocardial	fibrosis	is	associated	

with	 impaired	cardiac	deformation	expressed	as	reduced	 longitudinal	strain,	which	 is	

related	 to	molecular	 biomarkers	 of	 fibrosis.	Moreover,	 changes	 in	 LV	mass,	 LV	 wall	

thickness	and	LA	dimension	modify	the	levels	of	circulating	biomarkers	of	myocardial	

stretch	and	injury.	

	

Figure	 4.17.	 Schematic	 representation	 of	 the	 relationship	 between	 vascular	

hemodynamics,	 CMR-derived	 cardiac	 geometry,	 strain	 and	 fibrosis,	 and	 molecular	

biomarkers	of	myocardial	fibrosis,	stretch	and	injury.	
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5.1.	Methods	

	

5.1.1.	Study	population	

	

The	present	study	was	conducted	in	Caucasian	hypertensives	aged	from	40	to	60	years.	

Age	is	a	well-established	determinant	of	onset,	progression	and	prognosis	of	HTN	and	

related	 comorbidities	 (117,118).	 In	 addition,	 alterations	 in	 cardiac	 geometry	 and	

function,	as	well	as	the	quantity	and	quality	of	myocardial	fibrosis,	are	directly	related	

to	age	(119–122).	The	exclusion	of	individuals	older	than	60	years	in	order	to	reduce	the	

confounding	effect	of	age	is	therefore	a	major	strength	of	the	present	study.		

The	 vast	 majority	 of	 study	 participants	 were	 male	 individuals	 (approximately	 85%).	

Physiological	 circulatory	 differences	 between	 men	 and	 women	 include	 estrogen-

mediated	vascular	relaxation,	shorter	length	of	the	arterial	tree,	faster	heart	rate	and	

different	 fat	 distribution	 in	 women	 (123).	 It	 has	 been	 proposed	 that,	 besides	 sex	

hormones,	the	impact	of	RAAS,	sympathetic	activation,	oxidative	stress	and	endothelin	

on	BP	levels	might	differ	between	genders	(124).	Thus,	discrepancies	between	gender	

regarding	peripheral	and	central	hemodynamics,	which	are	related	to	cardiac	geometry	

and	function,	are	expectable	(125).	As	a	consequence,	the	results	of	the	present	study	

can	mainly	be	extrapolated	to	hypertensive	males.		

All	 individuals	 included	 in	 the	present	 study	had	preserved	 renal	 function	defined	as	

estimated	 glomerular	 filtration	 rate	 (eGFR)	 >	 60	ml/min/m2.	 The	 adverse	 impact	 of	

kidney	disease	on	vascular	hemodynamics	and	cardiac	function	is	well	established	(126).	

In	addition,	the	reproducibility	and	standardization	of	serum	or	plasma	assays	used	for	

the	 assessment	 of	 molecular	 biomarker	 is	 determined	 by	 renal	 function	 (127).	 It	 is	

therefore	desirable	to	exclude	individuals	with	renal	dysfunction	when	the	relationship	

between	molecular	biomarkers	and	cardiovascular	mechanics	is	investigated.	

Large	 epidemiological	 studies	 have	 shown	 that	 HTN	 is	 frequently	 associated	 with	

metabolic	syndrome-related	comorbidities,	including	diabetes,	dyslipidemia	and	obesity	

(128–130).	Moreover,	the	onset	or	progression	of	one	of	these	conditions	confers	an	

increase	 in	 risk	 for	 the	 development	 or	 progression	 of	 the	 others	 (131–134).	

Accordingly,	 the	 prevalence	 of	 obesity,	 diabetes	 and	 dyslipidemia	 was	 high	 in	 the	

present	study.	Although	impaired	glucose	and	lipid	metabolism	as	well	as	obesity	are	
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related	 to	 adverse	 cardiac	 events,	 all	 participating	 individuals	 were	 free	 of	 overt	

cardiovascular	disease	at	study	enrolment.	

All	 study	participants	were	under	active	BP-lowering	 treatment,	and	85%	of	patients	

received	2	or	more	drugs.	 Inhibitors	of	the	renin-angiotensin	system	were	used	in	all	

patients,	followed	by	calcium	channel	blockers	and	diuretics.	This	is	in	accordance	with	

the	 present	 treatment	 recommendations	 of	 the	 ESH,	 which	 favors	 inhibitors	 of	 the	

renin-angiotensin	and	calcium	channel	blockers	as	first-line	treatments	(101).	However,	

BP	control	was	poor	in	the	present	study.	The	prevalence	of	LVH	is	directly	related	to	BP	

levels	 in	 treated	hypertensives	 (135).	Given	 the	 fact	 that	all	 study	patients	met	ECG-

derived	criteria	of	LVH,	it	is	not	surprising	that	almost	two	third	of	the	study	population	

had	BP	levels	above	target	levels	in	both	office	and	24-hour	BP	measurements.		

ECG-derived	criteria	of	LVH	might	not	provide	sensitivity	and	specificity	to	determine	

the	 morphological	 pattern	 or	 extension	 of	 LVH,	 particularly	 in	 children	 and	 young	

adolescents,	 diabetics	 or	 obese	 subjects	 (136–138).	 Nevertheless,	 the	 Sokolow-Lyon	

Index	and	Cornell	voltage	criteria	have	shown	prognostic	value,	and	the	assessment	of	

ECG-derived	LVH	criteria	is	strongly	recommended	in	all	hypertensives,	according	to	the	

ESH	(101,139,140).	Despite	its	limitations,	ECG	is	still	considered	a	valid	screening	tool	

for	the	detection	of	HHD	in	the	hypertensive	population	(141).		

	

5.1.2.	Cardiac	magnetic	resonance	imaging	

	

The	assessment	of	 cardiac	geometry	and	 function	 is	essential	 in	 the	management	of	

cardiac	disease.	Overt	alterations	 in	contractile	or	 relaxation	 function	can	 reliably	be	

detected	by	TTE,	which	 is	 the	 first-line	cardiac	 imaging	 technique	 in	 clinical	practice.	

However,	 the	 detection	 and	 quantification	 of	 subtle	 preclinical	 systolic	 or	 diastolic	

dysfunction	 is	 desirable	 in	 order	 to	 identify	 patients	 with	 elevated	 risk	 for	 adverse	

cardiovascular	 outcomes.	 CMR	 has	 become	 the	 gold	 standard	 for	 the	 non-invasive	

assessment	 of	 cardiac	 geometry	 and	 function,	 providing	 the	 highest	 accuracy	 and	

reproducibility	among	currently	available	imaging	techniques	(142,143).	In	the	present	

study,	 LV	mass	measured	 by	 CMR	 and	 by	 echocardiography	were	 highly	 correlated,	

similar	 to	 previously	 reported	 comparisons	 (144).	 In	 addition,	 LV	 volumes	 and	 LA	



Discussion	

 
 

91 

diameter	 by	 CMR	 and	 TTE	 were	 significantly	 related,	 suggesting	 a	 good	 agreement	

between	the	2	techniques	for	the	assessment	of	LV	geometry.	

	

Myocardial	strain	has	been	found	to	be	an	early	marker	of	cardiac	function	and	superior	

in	terms	of	sensitivity	compared	to	traditional	cardiac	function	parameters	measured	by	

TTE	 (83,145).	 For	 the	 assessment	 of	myocardial	 strain,	 CMR-FT	 and	 speckle	 tracking	

echocardiography	(STE)	are	the	most	important	imaging	techniques.	Both	methods	rely	

upon	 tissue	 tracking	 for	 the	assessment	of	 strain	parameters,	 and	numerous	 studies	

have	shown	a	good	agreement	between	both	techniques	(146–149).	However,	CMR-FT	

has	several	advantages	compared	to	STE	for	the	assessment	of	myocardial	strain.		

STE	requires	high	quality	 images	 for	post-processing	and	a	specific	 frame	rate	during	

image	acquisition	(150).	As	a	consequence,	routinely	acquired	echocardiography	studies	

are	 frequently	 not	 suitable	 for	 image	 post-processing,	 especially	 when	 the	 acoustic	

window	during	the	echocardiography	study	is	not	optimal.	The	signal-to-noise	ratio	of	

TTE-derived	 images	 is	 lower	 than	 in	 CMR-derived	 images	 and	 some	 myocardial	

segments	 cannot	 be	 adequately	 imaged	with	 STE.	 As	 a	 consequence,	 STE-measured	

values	need	to	be	averaged	in	order	to	assess	global	cardiac	strain.	In	addition,	STE	is	

based	 on	 strain	 analysis	 during	 a	 single	 cardiac	 cycle,	 therefore,	 STE-derived	 strain	

cannot	be	assessed	in	patients	with	arrhythmias	(151).		

A	standard	CMR	protocol	covers	all	segments	of	both	cardiac	chambers	in	short	axis	and	

long	axis	views.	The	SSFP	technique	provides	excellent	contrast	between	myocardium	

and	the	blood	pool	at	high	spatial	resolution,	and	images	can	be	acquired	in	less	than	8	

seconds	 (152).	 However,	 CMR	 is	 not	 capable	 to	 distinguish	 features	 within	 the	

myocardium,	 probably	 due	 to	 the	 relatively	 large	 voxel	 dimensions	 and	 the	

homogeneous	water	content	and	tissue	properties	within	the	myocardium	(84).	Thus,	

CMR-FT	 is	most	 effective	 around	 endocardial	 and	 epicardial	 borders.	Moreover,	 the	

relatively	low	temporal	resolution	can	affect	tracking	if	the	search	window	is	big.	Finally,	

there	is	a	limitation	inherent	to	the	way	the	cine	sequence	is	produced.	Each	frame	of	

the	 cine	 loop	 is	 reconstructed	with	 information	 obtained	 during	 several	 heartbeats.	

Thus,	small	beat	 to	beat	differences	are	smoothed	out	and	this,	 in	combination	with	

suboptimal	 temporal	 resolution,	 may	 obscure	 rapid	 isovolumic	 phases	 leading	 to	

underestimation	of	myocardial	displacement	and	therefore	strain	parameters.	
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CMR-FT	has	been	validated	in	numerous	clinical	studies,	and	excellent	reproducibility	

has	 been	 observed	 for	 global	 strain	 measures	 (153).	 In	 ischemic	 heart	 disease,	 all	

myocardial	strain	parameters	have	been	found	to	be	altered	in	infarcted	territories.	In	

addition,	 myocardial	 strain	 was	 associated	 with	 infarct	 size,	 infarct	 transmurality,	

myocardial	area	at	risk,	and	recurrent	myocardial	infarction	(154–158).	

	

The	role	of	CMR-FT-derived	strain	measures	is	less	clear	in	non-ischemic	cardiac	disease.	

Global	 circumferential	 and	 longitudinal	 strain	 seem	 to	 be	 the	most	 consistent	 strain	

parameters	 regarding	 measurement	 agreement	 and	 reproducibility	 (83,159,160).	 In	

contrast,	 radial	 strain	 measures	 have	 been	 found	 to	 suffer	 from	 high	 variability,	

questioning	 the	 use	 of	 radial	 strain	 in	 clinical	 practice	 (86,113).	 An	 important	 issue	

regarding	measurement	 reproducibility	 is	 the	 growing	 availability	 of	 feature	 tracking	

software	 from	 several	 different	 vendors	 with	 independently	 developed	 software	

solutions	(160–162).	Consequently,	reference	values	of	strain	parameters	may	depend	

on	 the	 imaging	 technique,	 magnetic	 field,	 administration	 of	 contrast	 and	 on	 the	

software	applied	for	feature	tracking.	Intra-vendor	and	inter-vendor	reproducibility	of	

available	strain	parameters	needs	to	be	addressed	in	future	clinical	studies	in	order	to	

standardize	and	optimize	CMR-FT	protocols.		

Despite	discrepancies	 regarding	measurement	of	 strain	parameters,	 reference	values	

for	LV	strain	parameters	have	been	published	(114,163).	CMR-FT	has	been	applied	for	

the	 quantification	 of	 LV	 systolic	 and	 diastolic	 function	 in	 healthy	 individuals	

(162,164,165)	as	well	as	in	patients	with	non-ischemic	cardiomyopathies,	arrhythmias,	

and	pulmonary	hypertension	(146,166–168).	In	contrast,	the	exact	role	of	CMR-FT	in	the	

quantification	of	preclinical	alterations	of	LV	function	in	HHD	has	not	been	established	

yet.		

	

Over	the	last	decade,	CMR-based	tissue	characterization	and	assessment	of	myocardial	

fibrosis	have	been	performed	in	numerous	studies	using	LGE	(169).	The	test	principle	of	

LGE	is	based	on	changes	in	kinetic	properties	of	gadolinium	in	pathologic	areas	of	the	

extracellular	 space.	 In	other	words,	 LGE	 is	 a	 “difference	 test”	 that	 requires	different	

signal	 intensities	 in	 order	 to	 differentiate	 between	 supposedly	 normal	 pathological	

myocardial	areas.	Consequently,	LGE	is	a	valid	technique	for	the	determination	of	focal	
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myocardial	fibrosis	and	other	focal	cardiac	diseases,	but	does	not	adequately	estimate	

diffuse	reactive	fibrosis,	the	main	morphological	characteristic	of	HHD.		

T1	mapping	is	currently	the	most	promising	technique	for	the	quantification	of	diffuse	

myocardial	fibrosis.	Native	T1	values	have	been	found	to	be	altered	in	numerous	cardiac	

diseases	(111).	In	addition,	the	quantity	of	myocardial	fibrosis	expressed	as	the	partition	

coefficient	and	ECV	can	be	assessed	using	native	and	post-contrast	administration	T1	

values	(169,170).	

Among	available	T1	mapping	techniques,	MOLLI,	shMOLLI,	SASHA	and	SAPPHIRE	have	

all	been	clinically	evaluated	and	validated.	In	the	present	study,	shMOLLI	was	used	for	

the	assessment	of	myocardial	fibrosis.	A	comparison	of	available	T1	mapping	technique	

showed	 that	 shMOLLI	 and	MOLLI	 had	 higher	 precision	 for	 T1	mapping	 compared	 to	

SASHA	 and	 SAPPHIRE,	 whereas	 reproducibility	 was	 similar	 among	 these	 techniques	

(171).	In	contrast,	the	accuracy	of	shMOLLI	and	MOLLI	was	lower	compared	to	SASHA	

and	 SAPPHIRE,	 especially	 at	 higher	 T1	 values.	 However,	 shMOLLI	 is	 considered	 an	

adequate	technique	for	the	precise	assessment	of	myocardial	T1	values,	and	therefore,	

the	partition	coefficient	and	ECV	(111).		

Importantly,	ECV	has	been	histologically	validated	with	ECM	expansion	 in	myocardial	

biopsy	 samples.	 ShMOLLI-derived	 ECV	 directly	 correlated	 with	 human	 histological	

collagen	volume	fraction	 in	patients	with	severe	aortic	stenosis	 (172).	MOLLI-derived	

ECV	was	associated	with	histologically	quantified	ECV	in	LV	biopsy	samples	of	patients	

with	heart	failure	and	valvular	heart	disease	(173,174).	In	addition,	ECV	has	been	found	

to	have	independent	prognostic	value	for	adverse	clinical	outcomes:	ECV	was	a	predictor	

of	incident	heart	failure,	atrial	fibrillation	and	mortality	in	several	studies	(174–178).		

	

5.1.3.	Molecular	biomarkers	of	fibrosis	

	

Over	the	past	years,	numerous	molecular	biomarkers	for	the	non-invasive	quantification	

of	myocardial	fibrosis	have	been	studied.	Candidate	molecules	have	shown	association	

with	clinical	outcomes,	surrogate	endpoints	and	preclinical	target	organ	damage	(179).	

However,	 a	 given	molecular	 biomarker	 actually	 reflects	myocardial	 fibrosis	when	 an	

association	 between	 the	 biomarker	 and	 histologically	 proven	 myocardial	 fibrosis	 is	

observed.	Myocardial	tissue	biopsy	is	considered	the	gold	standard	for	the	diagnosis	of	
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cardiac	 fibrosis.	 The	 collagen	 turnover-derived	 propeptides	 and	 telopeptides	

investigated	 in	 the	 present	 study	 have	 all	 been	 validated	 against	 collagen	 volume	

fraction	(CVF),	the	percentage	of	total	myocardial	tissue	occupied	by	collagen	fibers.	CVF	

can	 be	 assessed	 in	 myocardial	 biopsy	 samples	 with	 collagen-specific	 staining	 using	

automated	image	analysis	systems	(180,181).	

	

PICP	 is	 released	during	the	extracellular	processing	of	procollagen	type	 I	 into	mature	

collagen	 type	 I	 by	 the	 enzyme	 procollagen	 type	 I	 carboxy-terminal	 proteinase	 and	

reflects	the	rate	of	synthesis	of	collagen	type	I	(46).	Serum	levels	of	circulating	PICP	levels	

have	 shown	 to	 be	 directly	 related	 to	 CVF	 in	 hypertensive	 patients	 with	 LVH.	

Furthermore,	PICP	levels	were	associated	with	CVF	in	individuals	with	HHD	and	heart	

failure.	 Interestingly,	 serum	 PICP	 levels	 changed	 in	 parallel	 with	 CVF	 in	 response	 to	

treatment	with	losartan	and	torasemide	in	subjects	with	HHD	(34,35).	PICP	also	showed	

predictive	value	for	clinical	outcomes	in	hypertensive	patients	with	heart	failure	(182).	

In	 patients	 with	 heart	 failure	 and	 reduced	 EF,	 PICP	 was	 directly	 and	 independently	

related	 to	 mortality	 (183,184).	 In	 view	 of	 available	 evidence,	 serum	 PICP	 can	 be	

considered	as	established	molecular	biomarker	of	myocardial	fibrosis.		

PIIINP	is	released	during	the	conversion	of	procollagen	type	III	into	mature	collagen	type	

III	by	the	enzyme	procollagen	type	III	aminoterminal	proteinase	and	reflects	the	rate	of	

synthesis	of	collagen	type	III	(46).	Serum	levels	of	circulating	PIIINP	were	directly	related	

to	 CVF	 in	 patients	 with	 heart	 failure	 and	 dilated	 cardiomyopathy.	Moreover,	 serum	

PIIINP	changed	in	parallel	with	CVF	in	patients	with	severe	heart	failure	with	reduced	EF	

treated	 with	 spironolactone	 (185).	 In	 these	 patients,	 PIIINP	 levels	 were	 additionally	

found	to	be	predictors	of	mortality	and	hospitalization	due	to	heart	failure.	Hypertensive	

patients	with	diastolic	dysfunction	showed	higher	PIIINP	levels	than	hypertensives	with	

preserved	diastolic	function	(186).	In	patients	with	coronary	heart	disease	and	chronic	

heart	 failure,	PIIINP	 levels	were	consistently	 related	to	mortality	and	adverse	cardiac	

outcomes	(52).		

CITP	is	released	by	endopeptidase	cleavage	by	MMPs	during	collagen	type	I	degradation	

and	 is	 considered	 a	 biomarker	 of	 collagen	 breakdown.	 Available	 evidence	 on	 the	

relationship	between	CITP	and	CVF	is	inconsistent.	CITP	was	directly	related	to	CVF	in	

heart	failure	patients	with	coronary	heart	disease	or	idiopathic	dilated	cardiomyopathy	
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(187).	 In	 contrast,	 lower	 levels	 of	 CITP	 were	 observed	 in	 individuals	 with	 dilated	

cardiomyopathy,	heart	failure	and	severe	fibrosis	compared	to	individuals	with	mild	to	

moderate	 fibrosis	 (185).	 In	 the	 same	cohort,	patients	with	a	 reduction	 in	myocardial	

fibrosis	after	treatment	with	spironolactone	showed	an	increase	in	serum	CITP	levels.	

CITP	was	found	to	be	an	independent	predictor	of	adverse	cardiovascular	events	and	

mortality	in	elderly	individuals,	regardless	of	the	presence	of	cardiac	dysfunction	(188).	

In	patients	with	heart	failure	and	reduced	ejection	fraction,	CITP	was	an	independent	

predictor	for	all-cause	and	cardiovascular	mortality	(184).	

MMP-1	 is	 a	 calcium-dependent	 endopeptidase	 and	 the	 main	 determinant	 of	

extracellular	degradation	of	 collagen.	Activity	of	MMP-1	on	collagen	 type	 I	 results	 in	

cleavage	and	release	of	CITP	to	the	blood.	MMP-1	was	not	related	to	CVF	in	patients	

with	HHD,	however,	individuals	with	higher	levels	of	MMP-1	showed	reduced	levels	of	

perimysial	 and	 endomysial	 collagen	 in	 cardiac	 muscle	 connective	 tissue	 (189).	

Hypertensives	with	LVH	exhibited	 lower	 levels	of	MMP-1	compared	to	hypertensives	

with	normal	 LV	mass	 (190).	 In	 addition,	 serum	MMP-1	 levels	 predicted	 target	 organ	

damage,	cardiovascular	events	and	mortality	in	hypertensive	populations	(191,192).		

The	 ratio	 between	 CITP	 and	MMP-1	 has	 recently	 been	 proposed	 to	 reflect	 collagen	

cross-linking.	Available	evidence	on	the	prognostic	value	of	CITP/MMP-1	is	limited.	In	

hypertensive	 patients	 with	 heart	 failure,	 a	 low	 CITP/MMP-1	 ratio	 was	 found	 to	 be	

predictor	of	adverse	clinical	outcomes	and	mortality	(182).		

	

5.1.4.	Statistical	analysis	

	

In	 the	 present	 study,	 all	 continuous	 variables	 were	 tested	 for	 normality	 using	 the	

Shapiro-Wilk	test.	More	than	40	tests	are	available	to	determine	if	a	variable	is	normally	

distributed,	 including	 Shapiro-Wilk,	 Kolmogorov-Smirnov,	 Lilliefors	 and	 Anderson-

Darling	tests.	Numerous	studies	recommend	the	Shapiro-Wilk	test	as	first-line	technique	

due	to	its	superior	power	compared	to	other	tests,	particularly	when	the	sample	size	is	

below	50	(193,194).		

Differences	 regarding	 normally-distributed	 clinical	 and	 biochemical	 characteristics	 of	

the	 study	 population	were	 checked	 for	 using	 2	well-established	methods	 in	medical	
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research:	t	tests	on	the	equality	of	means	for	continuous	variables	and	Pearson’s	chi-

squared	for	categorical	variables	(195).	

The	calculation	of	Pearson´s	correlation	coefficient	 is	a	common	technique	when	the	

relationship	between	2	continuous	variables	is	assessed	(195).	For	multivariate	analysis,	

linear	regression	analysis	was	performed.	Model	1	contained	3	independent	variables,	

whereas	model	2	contained	up	to	7	independent	variables.	Over	the	past	decades,	the	

maximum	 number	 of	 independent	 variables	 that	 should	 be	 entered	 into	 regression	

models	 has	 been	 a	matter	 of	 debate.	 A	 common	 “rule	 of	 thumb”	 is	 that	 regression	

analysis	requires	at	least	10	cases	per	independent	variable	in	order	to	avoid	overfitting.	

This	might	be	true	for	logistic	regression	models	and	Cox	proportional	hazards	models,	

however,	recent	evidence	shows	that	the	minimum	number	of	subjects	per	independent	

variable	 in	 linear	 regression	models	 is	 2	 (196).	 In	 the	 present	 study,	 the	 number	 of	

subjects	per	independent	variable	was	at	least	4	in	all	models,	therefore,	the	estimated	

regression	coefficients	and	R2	statistics	are	adequately	assessed.		

	

	

5.2.	Results	

	

The	present	study	conducted	in	middle-aged,	cardiovascular	disease-free	hypertensive	

individuals	with	LVH	found	a	direct	relationship	between	CMR-derived	cardiac	fibrosis,	

cardiac	geometry	and	myocardial	strain	as	a	measure	of	cardiac	functioning:	The	greater	

the	 extension	 of	 fibrosis,	 the	 greater	 the	 cardiac	 dimension	 and	 the	 lower	 the	

myocardial	 strain.	Molecular	 biomarkers	 of	 fibrosis	were	 associated	with	myocardial	

strain	but	not	with	the	extension	of	CMR-derived	cardiac	fibrosis.	Cardiac	geometry	was	

further	related	to	peripheral	hemodynamics	and	molecular	biomarkers	of	myocardial	

stretch	and	injury.	

	

Available	 evidence	 on	 the	 relationship	 between	 CMR-derived	 cardiac	 fibrosis	 and	

myocardial	strain	in	the	hypertensive	population	is	scarce.	In	the	present	study,	a	higher	

ECV	was	associated	with	a	reduction	in	global	longitudinal	strain.	In	accordance	with	this	

finding,	Edwards	et	al	showed	that	ECV	assessed	with	shMOLLI	and	longitudinal	strain	

were	inversely	related	in	a	study	including	hypertensives,	patients	with	chronic	kidney	
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disease	 stage	 2-4	 and	 healthy	 controls	 (197).	 Furthermore,	 MOLLI-derived	 ECV	 was	

negatively	associated	with	circumferential	strain	in	hypertensives	with	or	without	LVH	

(198,199).	Rommel	et	al	invasively	traced	pressure-volume	loops,	the	gold	standard	for	

the	assessment	of	LV	mechanical	diastolic	properties,	in	patients	with	poor	BP	control	

and	observed	a	high	correlation	between	ECV	and	LV	stiffness	(200).	On	the	other	hand,	

a	lack	of	significant	association	of	ECV	with	strain	was	reported	in	a	study	including	well-

controlled	hypertensives	with	a	low	prevalence	of	LVH	(<35%)	(201).		

The	inverse	relationship	between	myocardial	fibrosis	and	strain	can	largely	be	explained	

by	alterations	in	cardiac	wall	properties	and	consecutive	adaption	of	pathophysiological	

mechanisms	in	the	heart.	Increased	collagen	deposition	in	the	ECM	leads	to	an	increase	

in	 LV	 wall	 thickness	 and	 stiffness,	 as	 a	 consequence,	 the	 end-diastolic	 muscle	 fiber	

length	is	reduced.	According	to	Frank-Starling´s	law,	a	reduction	in	muscle	fiber	length	

at	 the	 end	 of	 diastole	 leads	 to	 a	 reduced	 contraction	 of	 the	 cardiac	 muscle,	 and	

therefore,	to	a	reduction	in	longitudinal	strain.		

In	fact,	myocardial	fibrosis	showed	a	direct	association	with	cardiac	dimension	and	wall	

thickness	in	the	present	study.	ECV	was	associated	with	left	atrial	diameter,	a	surrogate	

for	end-diastolic	LV	filling	pressure,	and	the	partition	coefficient	was	associated	with	LV	

posterior	wall	thickness	in	fully	adjusted	regression	models.	In	addition,	ECV	was	directly	

related	to	LV	end-diastolic	volume	and	posterior	wall	thickness	 in	univariate	analysis,	

and	there	was	a	trend	to	a	greater	interventricular	wall	thickness	at	higher	levels	of	ECV	

in	 correlation	models.	 These	 findings	 reflect	 the	morphological	 alterations	of	 cardiac	

cellular	 components	 observed	 in	 HHD:	 besides	 cardiomyocyte	 hypertrophy,	 the	

disproportionate	growth	of	the	heart	due	to	systemic	HTN	is	characterized	by	an	excess	

of	collagen	in	the	myocardial	tissue.	

	

Surprisingly,	ECV	was	not	related	to	LV	mass	in	fully	adjusted	regression	models	in	the	

present	study.	Nevertheless,	a	direct	correlation	of	LV	mass	with	both	ECV	and	partition	

coefficient	was	observed.	Treibel	et	al	 found	a	 significant	association	of	ECV	with	LV	

mass	 index	 and	 the	 presence	 of	 LVH	 in	 univariate	 regression	 analysis	 including	 46	

hypertensive	 patients	 and	 50	 healthy	 controls,	 but	 did	 not	 report	 the	 results	 of	

multivariate	 analysis	 (201).	 However,	 given	 the	 relatively	 small	 number	 of	 study	

participants	with	available	T1	mapping	and	the	fact	that	all	participants	met	ECG	and	
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TTE-derived	 criteria	 of	 LVH,	 the	 study	 is	 likely	 underpowered	 to	 detect	 significant	

associations	of	LV	mass	with	myocardial	fibrosis	when	covariates	are	controlled	for.		

	

Elevated	 systemic	 pressure	 is	 the	 main	 risk	 factor	 for	 an	 increase	 in	 LV	 mass,	 and	

subsequently,	diffuse	myocardial	fibrosis.	A	direct	relationship	between	CMR-assessed	

myocardial	 fibrosis	and	HTN-induced	pressure	overload	was	observed	 in	both	animal	

models	 and	 hypertensive	 patients	 (199,201).	 In	 addition,	 ECV	 has	 been	 found	 to	 be	

useful	for	the	determination	of	the	extension	of	LVH	in	hypertensives	(198).		

Peripheral	BP	measures	were	significantly	associated	with	LV	mass,	but	not	with	ECV	or	

the	 partition	 coefficient	 in	 the	 present	 study.	 In	 addition,	 no	 significant	 associations	

between	 central	 hemodynamics,	 cardiac	 geometry	 and	 myocardial	 fibrosis	 were	

observed.	BP	levels	failed	to	predict	ECV	in	hypertensives	with	LVH	in	a	previous	study	

(202)	However,	the	absence	of	a	significant	association	in	the	present	study	is	likely	due	

to	 the	 impact	of	BP	 treatment	 in	 the	 investigated	 cohort.	All	 individuals	were	under	

active	antihypertensive	treatment,	and	the	vast	majority	received	2	or	more	BP	lowering	

drugs.	Moreover,	 all	 patients	 received	 RAAS	 inhibitors,	 a	 drug	 class	 with	 effects	 on	

cardiac	 microstructure	 and	 vessel	 function	 independent	 of	 the	 BP	 lowering	 effect	

(203,204).	On	the	other	hand,	a	non-linear	relationship	between	myocardial	fibrosis	and	

systemic	 BP	 has	 been	 proposed.	 Upregulation	 of	 pro-fibrotic	 genetic	 pathways	 and	

excessive	sympathetic	activity	in	the	heart	independent	of	BP	levels	have	been	observed	

(205,206).	It	is	possible,	that	BP	levels	do	not	increase	in	parallel	with	LV	mass	in	order	

to	avoid	excessive	 increase	 in	afterload,	which	would	have	a	negative	 impact	on	 the	

already	 stressed	 LV	 mechanics.	 Further	 studies	 are	 needed	 to	 gain	 insight	 into	 the	

complex	relationship	between	vascular	hemodynamics	and	myocardial	fibrosis.	

	

CMR-derived	 myocardial	 strain	 has	 been	 extensively	 investigated	 in	 ischemic	 heart	

disease,	 idiopathic	 dilated	 cardiomyopathy,	 hypertrophic	 cardiomyopathy,	 valve	

stenosis,	 chemotherapy-induced	 cardiotoxicity,	 and	 for	 the	 evaluation	 of	 treatment	

response	 (82,86).	 In	 contrast,	 the	 role	 of	 CMR-FT	 in	 the	 quantification	 of	 preclinical	

alterations	of	cardiac	function	in	HHD	has	not	been	firmly	established	yet.		

In	 the	present	study,	myocardial	strain	parameters	showed	no	significant	association	

with	 LV	 wall	 thickness	 or	 mass.	 In	 contrast,	 longitudinal	 strain	 was	 independently	
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associated	 with	 TTE-measured	 LV	 mass	 in	 a	 study	 including	 320	 newly-diagnosed	

hypertensives	 and	 160	 controls	 (207).	 The	 participants	 of	 the	 present	 study	 were	

characterized	by	an	advanced	state	of	HDD	with	a	LVH	prevalence	of	100%,	therefore,	

the	study	may	be	underpowered	to	find	a	significant	association	of	LV	mass	with	strain.	

However,	 strain	 parameters	 were	 related	 to	 LV	 volumes,	 which	 depend	 on	 cardiac	

structure	and	functioning.	Radial	strain	was	inversely	related	to	LV	end-systolic	volume	

in	 fully	 adjusted	 regression	 models,	 and	 correlated	 negatively	 with	 LV	 end-diastolic	

volume.	Furthermore,	 circumferential	 strain	correlated	 inversely	with	LV	end-systolic	

volume.	 It	 is	 well	 known	 that	 LV	 chamber	 filling	 and	 myocardial	 shortening	 or	

lengthening	 are	 closely	 interrelated	 (208,209).	 A	 reduction	 in	 radial	 strain	 confers	 a	

decrease	 in	 radial	 thickening	 during	 the	 cardiac	 cycle,	 leading	 to	 a	 reduced	 inward	

displacement	of	 the	endocardium	and	consequently	an	 increase	 in	LV	cavity	volume.	

Circumferential	strain	reflects	the	myocardial	shortening	along	the	circular	perimeter	

and	is	a	major	determinant	of	stroke	volume	and	ejection	fraction	(210).	Consequently,	

a	reduction	in	circumferential	strain	will	lead	to	a	reduction	in	systolic	function	and	an	

increase	in	LV	end-systolic	volume.		

	

Interestingly,	strain	parameters	were	not	significantly	related	to	peripheral	or	central	

hemodynamics	in	the	present	study.	Myocardial	contraction	and	relaxation	depend	on	

the	 prevailing	 hemodynamic	 loads	 in	 the	 left	 ventricle,	 therefore,	 a	 significant	

relationship	between	strain	parameters	and	BP	levels	was	expected.	Numerous	studies	

found	lower	strain	parameters	in	hypertensives	or	heart	failure	patients	compared	to	

healthy	controls	(211,212).	In	addition,	BP	control	was	reported	to	be	related	to	strain	

parameters	 in	the	hypertensive	population	(213).	However,	Ye	et	al	used	STE	for	the	

assessment	of	longitudinal	strain	in	a	population-based	cohort	including	more	than	500	

individuals	and	did	not	find	a	significant	association	of	strain	with	systolic	BP	levels	(214).	

In	another	population-based	study	of	similar	sample	size,	STE-derived	longitudinal	strain	

was	associated	with	ambulatory	BP,	but	not	with	office	BP	in	fully	adjusted	models	(215).	

The	 exact	 interaction	 between	 vascular	 hemodynamics	 and	 strain	 as	 an	 indicator	 of	

early	 subclinic	 cardiac	 dysfunction	 is	 not	 fully	 understood.	 In	 the	 present	 study,	 the	

relatively	 low	number	of	 study	participants	 together	with	 the	high	prevalence	of	BP-

lowering	 treatment	 might	 contribute	 to	 the	 absence	 of	 a	 significant	 relationship	
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between	strain	and	vascular	hemodynamics.	However,	24-hour	systolic	BP	was	inversely	

associated	with	 LA	 reservoir	 function,	 a	 surrogate	 for	 LV	 functioning,	 and	 therefore,	

myocardial	strain.		

	

Myocardial	 strain	parameters	were	associated	with	molecular	biomarkers	of	 fibrosis.	

Higher	 levels	 of	 circulating	 CITP,	 a	 marker	 of	 collagen	 type	 I	 degradation,	 were	

associated	with	a	decrease	in	longitudinal	strain.	Plaksej	et	al	observed	higher	CITP	levels	

and	lower	longitudinal	strain	in	the	upper	LV	mass	index	tertile	of	81	hypertensives	and	

20	healthy	controls	(216).	In	treated	hypertensives,	CITP	levels	predicted	independently	

diastolic	 function	 and	 heart	 failure	 (217).	 Importantly,	 CITP	 was	 associated	 with	

impaired	 systolic	 function	 and	 adverse	 clinical	 outcomes	 in	 prospective	 studies	

(187,216).	Elevated	CITP	levels	further	predicted	cardiovascular	and	all-cause	mortality	

in	a	study	including	patients	with	heart	failure	and	impaired	LV	systolic	function	(184).	

In	 view	of	available	evidence	and	 in	accordance	with	 the	present	 findings,	high	CITP	

levels	can	be	considered	as	a	predictor	of	impaired	cardiac	function	in	the	hypertensive	

population.	

	

Circumferential	strain,	a	major	determinant	of	systolic	function,	was	directly	associated	

with	 circulating	 levels	of	MMP-1:	 the	 lower	 the	 circumferential	 strain,	 the	 lower	 the	

levels	of	MMP-1.	 In	 accordance	with	 the	present	 finding,	 low	 levels	of	MMP-1	were	

associated	with	 systolic	dysfunction	defined	as	EF	≤	35	%	and	mortality	 in	260	heart	

failure	patients	 (218).	Low	levels	of	MMP-1	further	determined	functional	status	and	

prognosis	 in	 chronic	heart	 failure	patients	 (219).	 In	 contrast,	higher	 levels	of	MMP-1	

were	 related	 to	 target	 organ	 damage	 and	 predicted	 adverse	 clinical	 events	 in	

hypertensives	(191,192).	In	another	study	conducted	in	treated	hypertensives,	MMP-1	

levels	failed	to	predict	diastolic	dysfunction	or	heart	failure	(217).		

	

The	CITP/MMP-1	 index	has	 recently	been	proposed	 to	 reflect	CCL,	 and	hypertensive	

heart	failure	patients	with	a	low	CITP/MMP-1	ratio	were	found	to	have	a	higher	risk	for	

heart	failure	hospitalization	(59).	In	the	same	cohort,	the	combination	of	low	CITP/MMP-

1	and	high	PICP	levels	predicted	cardiovascular	death	(182).	In	the	present	study,	a	high	

CITP/MMP-1	ratio	was	associated	with	a	reduction	in	longitudinal	and	circumferential	
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strain.	Importantly,	the	observed	associations	were	not	independent	of	the	individual	

biomarkers.	In	other	words,	longitudinal	strain	was	associated	with	CITP	and	CITP/MMP-

1	 in	 fully	 adjusted	 regression	models	 and	marginally	 related	 to	MMP-1	 in	 univariate	

analysis.	Circumferential	 strain	was	associated	with	MMP-1	and	CITP/MMP-1	 in	 fully	

adjusted	models,	but	not	with	CITP	levels.	Importantly,	CITP/MMP-1	correlated	highly	

with	MMP-1	(Pearson´s	r	=	-0.96),	therefore,	it	is	not	surprising	to	see	an	elevation	in	

CITP/MMP-1	when	MMP-1	decreases,	even	at	a	low-level	decrease.		

	

Although	CITP,	MMP-1	and	CITP/MMP-1	were	related	to	strain	measures,	no	significant	

association	of	PICP	or	PIIINP	with	measures	of	cardiac	geometry	or	myocardial	fibrosis	

were	observed.	It	is	important	to	stress	several	aspects	regarding	molecular	biomarkers	

of	 fibrosis	 and	 the	 presence	 or	 lack	 of	 significant	 associations	 with	 CMR-derived	

measures	of	geometry,	function	and	fibrosis	in	the	present	study.	

First,	BP	lowering	treatment	affects	plasma	levels	of	molecular	biomarkers	of	fibrosis,	

particularly	inhibitors	of	the	RAAS	system	and	diuretics.	In	hypertensives,	an	increase	in	

CITP	 levels	 and	 a	 decrease	 in	 PICP	 levels	 was	 observed	 following	 treatment	 with	

losartan,	an	angiotensin	II	antagonist,	and	after	treatment	with	Ramipril,	an	angiotensin-

converting	enzyme	inhibitor,	in	combination	with	hydrochlorothiazide	or	canrenone	(a	

thiazide-type	 diuretic	 and	 an	 antagonist	 of	 aldosterone,	 respectively)	 (35,220).	

Treatment	with	losartan	also	lowered	PICP	levels	in	hypertensives	with	HHD	(221).	Díez	

et	 al	 observed	 a	 significant	 decrease	 in	 PICP	 and	 PIIINP	 levels	 after	 treatment	 with	

lisinopril,	 an	 angiotensin-converting	 enzyme	 inhibitor	 (222).	 Izawa	 et	 al	 found	 a	

significant	decrease	in	CITP,	PICP	and	PIIINP	levels	after	treatment	with	spironolactone,	

an	antagonist	of	aldosterone,	in	patients	with	idiopathic	dilated	cardiomyopathy	(185).	

CITP	was	also	reduced	after	treatment	with	bisoprolol,	a	cardioselective	beta	blocker	

(223).	Treatment	with	torasemide,	a	loop	diuretic,	led	to	a	significant	decrease	of	PICP	

levels	in	patients	with	chronic	heart	failure	(34).	Collectively,	first-line	BP	lowering	drugs	

affect	circulating	levels	of	molecular	biomarkers	of	fibrosis,	therefore,	observed	findings	

have	to	be	interpreted	with	caution	when	a	study	population	with	a	high	prevalence	of	

antihypertensive	treatment	is	investigated.			

Second,	disease	severity	might	have	an	impact	on	molecular	biomarkers	of	fibrosis.	It	is	

possible	that	potential	associations	might	have	been	observed	if	hypertensives	with	LVH	
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would	have	been	compared	to	hypertensives	without	LVH	or	to	healthy	controls.	In	fact,	

molecular	biomarkers	of	fibrosis	were	related	to	LVH,	myocardial	fibrosis	and	diastolic	

dysfunction	in	hypertensives	when	subjects	at	different	stages	of	HHD	were	compared	

(186,224–227).	

Third,	molecular	biomarkers	of	 fibrosis	may	be	 released	 from	non-cardiac	 sources	of	

collagen	turnover,	 therefore,	 they	are	not	specific	 for	 the	myocardium.	For	example,	

molecular	biomarkers	of	fibrosis	have	been	used	in	the	assessment	of	liver	fibrosis	and	

idiopathic	 pulmonary	 fibrosis	 (228,229).	 As	 a	 consequence,	 circulating	 levels	 of	

biomarkers	might	be	influenced	by	fibrotic	diseases	other	than	HHD.	

	

NT-proBNP	and	hs-Troponin	T,	two	well-established	biomarkers	of	myocardial	stretch	

and	 injury,	 respectively,	 were	 consistently	 associated	 with	 measures	 of	 cardiac	

geometry	and	LV	mass.	Numerous	studies	have	confirmed	a	direct	relationship	between	

NT-proBNP	 or	 BNP	 with	 LV	 structure	 and	 LV	 mass	 in	 hypertensives	 (230–234).	

Furthermore,	levels	of	NT-proBNP	were	predictors	of	cardiovascular	events	and	death	

in	 hypertensive	 patients	 with	 LVH	 (235).	 In	 HHD,	 the	 increased	 LV	 wall	 stress	 and	

elevated	filling	pressures	lead	to	ventricular	production	of	natriuretic	peptides,	which	

promote	vasodilatation,	natriuresis,	and	consequently	diuresis	per	se	(236).	The	diuretic	

effect	of	natriuretic	peptides	offsets	the	adverse	effects	of	volume	overload	in	cardiac	

chambers	 by	 improving	 myocardial	 relaxation.	 In	 addition,	 natriuretic	 peptides	

counteract	vascoconstriction	and	sodium	retention	mediated	by	RAAS	(237).	

NT-proBNP	was	further	associated	with	PWV,	the	gold	standard	for	the	assessment	of	

arterial	stiffness.	This	finding	was	reported	before	(238)	and	is	not	surprising,	because	a	

high	level	of	arterial	stiffness	confers	an	increase	in	afterload	and	subsequently	greater	

LV	chamber	stress.			

	

Hs-Troponin	T	was	consistently	related	to	LV	structure,	mass	and	prevalence	of	LVH	in	

numerous	 studies	 conducted	 in	 the	 general	 population	 and	 hypertensive	 patients	

(116,239,239–243).	In	a	population-based	study	including	more	than	3500	individuals,	

hs-Troponin	T	was	consistently	associated	with	CMR-derived	measures	of	LV	structure	

and	all-cause	mortality	(241).	Subclinical	myocardial	injury	due	to	hemodynamic	stress	
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leads	 to	 the	 release	 of	 a	 relatively	 small	 amount	 of	 cardiac	 troponins	 into	 systemic	

circulation,	which	can	be	measured	using	high	sensitive	assays	(239).		

In	addition,	in	the	present	study,	there	was	a	trend	to	higher	levels	of	PIIINP	when	hs-

Troponin	T	was	increased.	A	significant	association	of	hs-Troponin	T	with	PIIINP	and	CITP	

was	observed	 in	 a	prospective	 study	 including	heart	 failure	patients,	 suggesting	 that	

cardiac	 microinjury	 adversely	 affects	 biomarkers	 of	 collagen	 metabolism	 (116).	 The	

biological	processes	involved	in	tissue	repair	require	an	adequate	amount	and	quality	of	

collagen	 (244,245),	 therefore,	 it	 is	 not	 surprising	 that	 hsTroponin	 T	 and	 molecular	

biomarkers	of	fibrosis	were	found	to	be	interrelated.	

	

	

In	 summary,	 CMR-derived	 strain	 analysis,	 T1	 mapping	 and	molecular	 biomarkers	 of	

fibrosis	 are	 interrelated	 and	 might	 be	 useful	 tools	 for	 the	 identification	 and	

characterization	 of	 preclinical	 cardiac	 dysfunction	 and	 diffuse	 myocardial	 fibrosis	 in	

hypertensives	 with	 LVH.	 The	 present	 study	 gives	 insight	 into	 the	 complex	

pathophysiological	mechanisms	implicated	in	the	development	and	progression	of	HHD,	

and	explores	emerging	technologies	nowadays	available	for	the	evaluation	of	LVH	in	the	

hypertensive	population.		

CMR	imaging	has	become	the	gold	standard	for	the	assessment	of	cardiac	geometry,	

systolic	and	diastolic	function,	however,	the	role	of	strain	analysis	and	T1	mapping	has	

not	been	firmly	established	yet.	The	observed	associations	in	the	present	study	do	not	

allow	 recommending	 the	 routinely	 use	 of	 these	 techniques	 in	 clinical	 practice.	

Harmonization	of	measurement	methods	for	the	assessment	of	CMR-derived	strain	and	

ECV	 would	 be	 desirable	 for	 an	 adequate	 comparison	 of	 performance	 of	 these	

parameters	among	different	study	populations.	

Molecular	 biomarkers	 of	 fibrosis	 were	 related	 to	 strain	 but	 performed	 poorly	 as	

predictors	of	LV	wall	thickness,	LV	mass	or	CMR-derived	cardiac	fibrosis	in	the	present	

study.	Therefore,	 the	determination	of	 these	biomarkers	 should	 remain	 restricted	 to	

investigational	purpose	and	 is	not	suitable	 for	clinical	decision	making	under	present	

conditions.	 It	 is	 important	 to	 point	 out	 that	 a	 relatively	 small	 number	 of	 study	

participants	with	a	complete	dataset	was	available	for	statistical	analysis.	Moreover,	the	

cross-sectional	 design	 is	 not	 appropriate	 to	 determine	 cause	 and	 effect	 of	 observed	
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associations,	and	temporal	relationships	between	the	exposure	and	outcome	cannot	be	

ascertained.	 In	 future	 studies,	 the	 performance	 of	 strain	 imaging,	 T1	 mapping	 and	

molecular	 biomarkers	 of	 fibrosis	 for	 the	 prediction	 of	 target	 organ	 damage	 and	

cardiovascular	events	needs	to	be	investigated	in	large	longitudinal	studies	in	order	to	

clarify	the	potential	role	of	these	techniques	in	the	assessment	of	HHD.		
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• Peripheral	hemodynamics,	but	not	central	hemodynamics,	were	independently	

associated	with	LV	mass	and	LA	reservoir	function.	

	

• CMR-assessed	 fibrosis	 showed	 significant	 associations	 with	 cardiac	 geometry	

and	myocardial	strain:	A	greater	extension	of	cardiac	fibrosis	was	related	to	an	

increase	 in	 cardiac	 dimensions	 and	 a	 decrease	 in	 longitudinal	 strain.	 Cardiac	

fibrosis	was	a	relevant	component	of	changes	in	LV	posterior	wall	thickness	and	

LA	diameter.	

	

• Myocardial	 strain	 and	 LV	 volumes	 were	 directly	 related.	 Radial	 strain	 was	

independently	 and	 inversely	 associated	 with	 LV	 end-systolic	 volume,	 an	

established	surrogate	for	afterload	and	contractility.	

	

• Myocardial	 strain	 was	 associated	 with	 molecular	 biomarkers	 of	 fibrosis:	 A	

decrease	in	longitudinal	or	circumferential	strain	was	related	to	higher	levels	of	

CITP	and	lower	levels	of	MMP-1,	respectively.	

	

• NT-proBNP	and	hs-Troponin	T,	established	biomarkers	of	myocardial	stretch	and	

injury,	were	 directly	 related	 to	 LV	mass.	 NT-proBNP	 and	 hs-Troponin	 T	were	

further	 associated	 with	 LV	 posterior	 wall	 thickness	 and	 LA	 diameter,	

respectively.	

 
• In	hypertensives	with	HHD,	LV	walls	contain	a	relevant	amount	of	fibrotic	tissue	

identified	 with	 CMR	 imaging.	Myocardial	 fibrosis	 is	 associated	 with	 impaired	

cardiac	deformation	expressed	as	reduced	longitudinal	strain,	which	is	related	to	

molecular	 biomarkers	 of	 fibrosis.	 Moreover,	 changes	 in	 LV	 mass,	 LV	 wall	

thickness	 and	 LA	 dimension	 modify	 the	 levels	 of	 circulating	 biomarkers	 of	

myocardial	stretch	and	injury.	
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