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Ionomic	profiling	of	pericardial	fluid	in	ischemic	heart	disease.	Khan	N,	Hashmi	S,	Siddiqui	AJ,	Farooq	S,	Sami	SA,	Basir	N,	Bokhari	SS,	Sharif	H,	Junejo	S,	Musharraf	SG.	Khan	N,	et	al.	RSC	Adv.	2020	Oct	2;10(60):36439-36451.	doi:	10.1039/d0ra03977b.	eCollection	2020	Oct	1.	RSC	Adv.	2020.	PMID:	35517944	Free	PMC	article.	Should	chronic	heart
failure	(HF)	be	subdivided	into	2	distinct	phenotypes?	Current	knowledge	supports	the	view	that	the	complexity	of	HF	cannot	be	captured	by	answering	this	question	with	a	yes	or	a	no.	Recent	developments	in	the	biosciences,	particularly	systems	biology	approaches	and	studies	of	phenotypic	disease	networks,	have	indicated	that	such	questions	are
becoming	obsolete,	and	perhaps	even	irrelevant.Response	by	Borlaug	and	Redfield	on	p	2005Chronic	HF	is	a	complex,	multifactorial	syndrome	consisting	of	many	overlapping	phenotypes.	A	unifying	hypothesis	to	explain	the	development	and	progressive	character	of	HF	has	not	withstood	the	test	of	time	(Figure	1).	Despite	improvements	in	clinical
management,	the	incidence	and	mortality	of	chronic	HF	remain	high.	Attempts	to	further	improve	its	prognosis	have	failed,	and	conceptual	progress	seems	to	stagnate.Figure	1.	Evolving	paradigms	of	heart	failure	progression.	Each	of	the	paradigms	highlights	a	different	aspect	of	the	syndrome.	In	the	vicious	circle	paradigm	of	heart	failure	(left),	the
pernicious,	progressive,	and	irreversible	character	is	emphasized	as	propelled	by	endothelial	dysfunction	and	(mal)adaptive	activation	of	neurohormones	and	cytokines.	In	the	time	progression	paradigm	(middle),	the	progressive	nature	of	heart	failure	is	equally	emphasized,	but	focus	is	on	the	consecutive	stages	of	failing	cardiac	performance:	failure
of	the	heart	first	as	a	muscular	suction	pump,	then	as	a	hemodynamic	compression	pump,	and	finally	of	the	whole	cardiovascular	system,	with	drop	in	stroke	volume	(SV),	cardiac	index	(CI),	and	eventually	of	arterial	blood	pressure	(Part).	The	spectrum	paradigm	of	heart	failure	(right)	visualizes	the	manner	in	which	each	patient	follows	a	unique
disease	trajectory	during	heart	failure	progression.	The	trajectories	depend	on	the	relative	contribution	of	the	patient's	traits	and	comorbidities	(coined	disease	modifiers),	are	thus	patient	specific,	and	hence	create	a	spectrum	of	phenotypes	throughout	the	entire	population	of	heart	failure	patients.	CV	indicates	cardiovascular;	EF,	ejection	fraction;
SWI,	stroke	work	index;	PCW,	pulmonary	capillary	wedge;	LVEF,	left	ventricular	ejection	fraction;	and	NYHA,	New	York	Heart	Association.Surveys	on	chronic	HF	in	the	community	have	shown	that	the	distribution	of	left	ventricular	ejection	fraction	(LVEF)	is	bell-shaped,1	and	that	≈40%	to	50%	of	patients	present	with	a	LVEF	≥50%.2	This	proportion
of	patients	with	HF	and	preserved	LVEF	(HFpEF)	was	much	larger	than	anticipated,	and	has	been	shown	to	increase	with	time.2,3	Surveys	have	also	shown	that	the	prognosis	of	HFpEF	is	worse	than	originally	believed.3	Clinical	trials	on	inhibition	of	the	renin-angiotensin	system	in	HFpEF,	the	cornerstone	therapy	of	HF	with	reduced	LVEF	(HFrEF),
have	been	disappointing.4	Although	results	of	ongoing	trials	are	still	awaited,	evidence-based	medicine	in	HFpEF	is	lacking.One	may	wonder	about	the	reasons	for	these	failures	and	lack	of	conceptual	progress.	Some	believe	that	one	should	continue	to	dichotomize	into	HFpEF	and	HFrEF	and	approach	the	latter	as	a	separate	disease	(the	binary	view
to	HF).5,6	This	opinion	is	based	on	the	premise	that	HFpEF	and	HFrEF	have	a	different	pathophysiology,	and	also	on	the	clinically	relevant	results	and	refinement	of	HF	guidelines	based	on	a	binary	view.In	this	review,	we	defend	the	opposite	point	of	view,	and	argue	that	HFpEF	and	HFrEF	are	mere	extremes	in	a	spectrum	of	overlapping	HF
phenotypes,	and	hence	that	these	are	not	distinct	disease	entities.	As	a	more	provocative	statement,	we	will	argue	that	a	spectrum	view	to	HF	is	only	an	intermediate	step	toward	emerging	systems	biological	approaches	to	cardiovascular	complexity.	Integrative	sciences	have	introduced	the	concept	of	phentypic	disease	networks	in	which	defining
disease	entities	becomes	obsolete,	and	even	irrelevant.The	Misleading	Advantage	of	Left	Ventricular	Ejection	Fraction-Based	Disease	Taxonomy	in	Heart	FailureThe	false	perception	that	HF	consists	of	2	distinct	phenotypes	originates	from	the	introduction	in	the	early	1980s	of	the	novel	principle	of	evidence-based	medicine,	the	launching	of	industry-
driven	clinical	trials,	and	the	emphasis	on	statistics.	Clinical	trials	introduced	a	bias	in	the	field	of	HF	by	systematically	excluding	patients	with	an	LVEF	>40%	to	45%.	This	bias	was	not	based	on	conceptual	reasoning	or	a	hypothesis,	but	was	introduced	merely	to	include	patients	with	a	putative	grim	prognosis,	hence	increasing	the	statistical	power	of
the	trial	with	a	reasonable	number	of	patients.	When	we	look	back	at	this	bias	30	years	later,	it	is	stunning	to	observe	how	easily	scientists	adopted	this	concept-empty	switch	in	studying	HF.	At	that	time,	by	excluding	approximately	half	of	the	patients,	most	likely	too	few	scientists	realized	the	impact	of	this	bias,	nor	did	they	anticipate	the	far-
reaching	conceptual	consequences	still	vibrating	in	today's	reasoning	about	HF.	Unfortunately,	when,	many	years	later,	some	of	the	clinical	trials	were	repeated,	now	selecting	the	HF	patients	who	were	originally	excluded	(LVEF	≥40%	to	50%),	it	appeared	that	these	patients	had	less	of	a	response	to	pharmaceutical	products.	This	information	may	be
clinically	relevant,	but	is	at	the	same	time	misleading.	It	has	led	to	the	erroneous	perception	that	HF	consists	of	2	distinct	phenotypes	with	different,	unrelated	pathophysiology.One	should	realize,	however,	that	a	complex,	multifactorial	disease	such	as	HF	emerges	along	a	linear	distribution,	with	divergent	phenotypes	at	both	ends	of	a	bell-shaped
spectrum	(which	refers	to	the	bell-shaped	distribution	of	LVEF	in	the	HF	population1,7).	When	patients	from	the	2	extremes	of	the	spectrum	are	compared,	it	is	not	surprising	that	some	of	the	disease	characteristics	and	clinical	response	to	therapy	will	diverge.	Investigators	failing	to	perceive	the	whole	disease	spectrum,	and	hence	tenaciously
persevering	to	the	bias	by	comparing	only	the	extremes	of	the	spectrum,	will	be	programmed	to	dichotomize	the	disease,	even	more	so	if	the	bias	has,	as	stated	above,	provided	clinically	relevant	information.	Imposing	an	arbitrary	cutoff	for	any	of	the	many	prognostic	continuous	variables	of	HF,	either	LVEF	or	any	of	the	other	currently	available
biomarkers,	does	not	necessarily	signify	that	a	novel	paradigm	is	generated	or	that	disease	taxonomy	should	be	introduced,	even	if	it	unveils	clinically	useful	information.Accordingly,	despite	some	practical,	clinical	advantages,	a	binary	view	to	HF	lacks	a	conceptual	basis.	Next,	we	will	summarize	how	post	hoc	observations	contradict	the	paradigm
that	HF	can	be	dichotomized.	On	the	contrary,	these	observations	unveil	that	HF	consists	of	a	continuous	spectrum	of	overlapping	phenotypes.Systolic	and	Diastolic	Heart	Failure	Are	Overlapping	Phenotypes	in	the	Heart	Failure	SpectrumSome	clinical	investigators	promoting	a	binary	view	to	HF	still	favor	the	terms	systolic	and	diastolic	HF.5,6	With
the	use	of	these	terms,	1	of	the	pathophysiological	abnormalities	prevailing	in	either	1	of	the	2	phenotypes	is	emphasized.	Nobody	can	deny	that	different	disturbances	prevail	at	both	ends	of	the	disease	spectrum.	We	do	not	believe,	however,	that	diastolic	dysfunction	is	unique	for	HFpEF,	because	it	also	occurs	in	HFrEF.8–10	Neither	is	systolic
dysfunction	unique	for	HFrEF,	because	it	also	occurs	in	HFpEF.11–14	Instead,	we	argue	that	all	forms	of	HF	are	hybrids,	showing	both	systolic	and	diastolic	abnormalities	in	varying	proportions.	Tan	et	al15	recently	showed	that	patients	with	HFpEF	manifested	reduced	radial	and	longitudinal	systolic	strain	both	at	rest	and	on	exercise,	reduced
systolic	and	diastolic	longitudinal	functional	reserve,	reduced	ventricular	systolic	rotation	at	rest	that	failed	to	increase	on	exercise,	delayed	ventricular	untwisting	with	further	worsening	on	exercise,	which	was	associated	with	reduced	LV	suction,	and	reduced	rise	in	stroke	volume	on	exercise.	As	expected	from	Figure	2,	the	other	derived
measurements	of	hemodynamic	compression	pump	function	(ie,	end-systolic	elastance,	stroke	work	index,	and	peak	power	index)	were	not	different	from	those	of	the	control	group.	These	data	indicate	that	contraction	and	relaxation	abnormalities	of	systolic	function	in	HFpEF,	even	when	they	do	not	affect	indices	of	global	hemodynamic	compression
pump	performance,	may	have	profound	effects	on	ventricular	function,	in	particular	on	suction	during	early	LV	filling.	Investigators	claiming	that	systolic	function	in	HFpEF	is	normal	usually	have	merely	considered	ventricular	function	at	rest	or	have	analyzed	ventricular	function	at	higher	levels	of	LV	complexity	(ie,	the	ventricle	either	as	a
hemodynamic	compression	pump	or	as	a	hydraulic	input-output	system),	but	have	neglected	the	ventricle	as	a	muscular	or	a	pluricellular	tissue	pump16,17	(Figure	2).Figure	2.	Conceptual	approaches	to	cardiac	performance.	The	ventricle	can	be	considered	as	part	of	a	hydraulic	input-output	system	with	the	ventricle	as	a	black	box	(organism	panel),
as	a	hemodynamic	compression	pump	with	the	cardiomyocytes	as	a	black	box	(organ	panel),	as	a	muscular	suction	pump	with	the	noncardiomyocytes	as	a	black	box	(tissue	panel),	as	a	pluricellular	tissue	pump	with	genes	and	proteins	as	black	box	(cell	panel),	or	as	the	product	of	the	individual's	genome,	epigenome,	and	proteome	(gene	panel).	Within
each	panel-specific	approach	to	cardiac	performance,	different	phenotypes	of	heart	failure	can	be	proposed	(forward	and	backward	failure,	systolic	and	diastolic	heart	failure,	contractility	and	suction	failure,	biomarker	set–specific	failure,	and	perhaps,	in	the	future,	phenotypes	with	failure	of	specific	[subcellular]	modular	networks).	While	recording
variables	of	cardiac	function,	these	parameters	should	be	placed	in	their	correct	conceptual	frame.	For	example,	when	measuring	a	normal	left	ventricular	(LV)	ejection	fraction	in	a	patient	with	heart	failure,	the	clinician	should	realize	that	this	parameter	is	a	mere	sensor	of	the	hemodynamic	compression	pump	and	is	insensitive	for	features	of	the
ventricle	as	a	muscular	suction	pump.	Similar	to	LV	ejection	fraction,	other	parameters	of	the	hemodynamic	compression	pump	do	not	allow	estimation	of	the	integrity	of	the	function	of	the	ventricle	at	lower	hierarchical	levels	of	complexity.	PCWP	indicates	pulmonary	capillary	wedge	pressure;	EDV,	end-diastolic	volume;	LA,	left	atrium;	2D,	2-
dimensional;	V,	volume;	P,	pressure;	F,	flow;	MRI,	magnetic	resonance	imaging;	BNP,	brain	natriuretic	peptide;	CRP,	C-reactive	protein;	Tn-I,	troponin-I;	TGF,	tissue	growth	factor;	MMP,	matrix	metalloproteinase;	SNP,	single	nucleotide	polymorphism;	GWAS,	genome-wide	association	study;	HFPEF,	heart	failure	with	preserved	left	ventricular
ejection	fraction;	and	HFREF,	heart	failure	with	reduced	left	ventricular	ejection	fraction.The	connotations	of	systolic	and	diastolic	HF	have	the	disadvantage	of	overemphasizing	the	importance	of	systolic	or	diastolic	ventricular	abnormalities	of	hemodynamic	compression	pump	performance.	The	complexity	of	HF	clearly	surpasses	such	isolated
disturbances	of	the	ventricular	hemodynamic	compression	pump.18	Instead,	numerous	intracardiac	and	extracardiac	abnormalities	(eg,	neurohormonal	abnormalities,19	renal	dysfunction,20	upregulation	of	growth	factors,21	volume	overload,22	ventricular	collagen	turnover,23	titin	isoform	switching	and	phosphorylation	deficits,24	endothelial
dysfunction,25	atrial	dysfunction,26	and	arterial	stiffening27)	have	been	demonstrated	in	HFpEF,	and	are	shared	by	most,	if	not	all,	phenotypes	of	HF,	even	when	systolic	or	diastolic	abnormalities	of	the	hemodynamic	compression	pump	prevail.There	currently	is	not	a	single	pathognomonic	feature	at	any	level	of	biological	complexity	(gene,	protein,
cell,	organ,	or	organ	system)	that	distinguishes	HFpEF	from	HFrEF.	Instead,	the	differences	between	these	phenotypes	have	been	merely	quantitative,	reflecting	only	different	mean	degrees	of	disturbances.	Individual	data	sets	reveal	that	HFpEF	and	HFrEF	show	a	substantial	overlap,	and,	when	plotted	over	the	full	width	of	the	HF	spectrum,	follow	a
smooth,	gradually	varying	profile.	Examples	include	longitudinal	ventricular	contractile	function,12	serum	brain	natriuretic	peptide,28	LV	end-diastolic	volume,29	and	cardiomyocyte	diameters.30	Importantly,	the	latter	data	on	cavity	volume	and	cardiomyocyte	diameters	underscore	that	concentric	and	eccentric	remodeling	associated	with	HFpEF
and	HFrEF,	respectively,	cannot	be	considered	as	all-or-nothing	phenomena	but	are	only	extremes	in	a	continuum	of	remodeling	phenotypes.	Hence,	neither	LVEF	nor	cavity	dimensions	can	capture	the	wide	variety	of	morphological	changes	that	the	ventricle	can	undergo	during	progression	of	HF.	HFpEF	and	HFrEF	share,	to	varying	degrees,
pathological	features	of	both	concentric	and	eccentric	remodeling.31Accordingly,	the	acknowledgment	that	HFpEF	and	HFrEF	are	more	related	than	previously	anticipated	and	belong	to	a	spectrum	of	overlapping	phenotypes	is	a	major	conceptual	achievement	in	HF.	Logically,	to	avoid	further	confusion,	it	would	be	appropriate	to	abandon	the	terms
systolic	and	diastolic	HF	altogether.	The	alternative	terms	HFpEF	and	HFrEF	may	be	somewhat	more	acceptable,	but	only	when	used	in	a	descriptive	sense	(ie,	as	a	guide	to	stage	the	disease	and	to	make	a	patient-oriented	choice	of	therapy).	Still,	cautious	use	is	recommended	to	prevent	further	support	to	the	aforementioned	binary	view	of	HF.	Next,
we	will	comment	on	why	HF	does	not	emerge	as	a	uniform	phenotype,	but	instead	as	a	disease	spectrum	of	overlapping	phenotypes.Origin	of	the	Heart	Failure	SpectrumRecent	surveys	have	shown	that	the	biological	traits	(eg,	age	and	sex)	and	comorbidities	(eg,	hypertension,	diabetes	mellitus,	coronary	artery	disease)	of	patients	with	HF	follow	a
gradually	varying	pattern	throughout	the	HF	spectrum.32	Hence,	no	biological	trait	or	comorbidity	is	unique	for	any	given	phenotype	of	HF.Because	biological	traits	and	comorbidities	and	their	uneven	distribution	over	the	HF	patient	population	are	likely	causally	related	to	the	heterogeneity	of	HF,	we	previously	introduced	the	concept	of	disease
modifiers	of	HF.33,34	Surprisingly,	however,	insights	into	the	mechanisms	of	the	manner	in	which	these	modifiers	direct	the	patient's	individual	trajectory	are	incomplete.	Do	the	modifiers	act	alone,	or	only	in	combination	with	senescence?	Is	there	a	critical	number	or	combination	of	modifiers	that	tips	the	balance?	Is	there	a	genetic	background	that
influences	the	susceptibility	of	the	heart	to	be	changed	architecturally	and	functionally	by	these	modifiers?The	long-term	effects	of	these	modifiers	on	LV	structure	and	function	have	been	acknowledged	only	recently.	Cheng	et	al35	analyzed	4	serial	echocardiograph	recordings	obtained	over	a	16-year	period	in	4062	participants	who	did	not
experience	myocardial	infarction	during	follow-up.	With	advancing	age,	LV	dimensions	decreased,	and	LV	wall	thickness	increased.	Consistent	with	previous	observations,36,37	female	gender	accentuated	age-associated	changes,	especially	those	in	wall	thickness.	Strikingly,	however,	obesity,	diabetes	mellitus,	and	hypertension	independently	induced
changes	that	were	different	in	directionality	from	the	effect	of	aging	itself.	This	trend	was	most	evident	for	LV	cavity	dimensions.	Given	the	association	between	HFpEF,	hypertension,	obesity,	and	diabetes	mellitus,	these	observations	explain	why	LV	cavity	dimensions	tend	to	increase	in	HFpEF,	in	a	manner	similar	to	that	in	HFrEF.22	These
observations	also	counter	the	view	that	HFpEF-related	factors	would	merely	promote	an	age-dependent	process,	hence	accelerating	an	inborn	evolution	toward	HFpEF,	with	only	HFrEF	imparting	a	deviation	from	this	evolution.38Accordingly,	biological	traits	and	comorbidities	act	as	modifiers	of	LV	remodeling	and	HF	progression.	This	creates
disease	trajectories	that	are	unique	for	each	patient.	Together,	disease	trajectories	form	a	spectrum	of	overlapping	phenotypes.	Next,	the	underlying	subcellular	and	molecular	complexity	of	this	phenomenon	will	be	addressed.The	Molecular	Complexity	of	the	Heart	Failure	SpectrumThe	molecular	mechanisms	underlying	the	manner	in	which	disease
modifiers	of	HF,	such	as	sex,	hypertension,	obesity,	diabetes	mellitus,	coronary	artery	disease,	and	myocardial	inflammation,	induce	and	direct	the	remodeling	of	ventricular	architecture	and	function	are	under	intense	investigation.	It	is	beyond	the	scope	of	this	article	to	describe	these	mechanisms	in	detail;	we	are	referring	to	several	excellent	recent
state-of-the-art	reviews.36,39–43	It	is	sufficient	to	highlight	the	message	derived	from	these	reviews;	each	of	these	modifiers	separately	recruits	numerous	complex	intracellular	signaling	cascades,	thereby	affecting	such	entities	as	contractile	proteins,	excitation-contraction	coupling,	hypertrophy,	cell	survival	pathways,	extracellular	matrix	turnover,
and	cell	metabolism	(Figure	3).	Contrary	to	the	in	vivo	situation,	the	effects	of	these	modifiers	have,	for	practical	reasons,	been	studied	separately	in	well-controlled	experiments,	thus	avoiding	the	complex	in	vivo	interactions	with	the	other	modifiers.	Hence,	investigations	have	often	focused	on	only	a	single	or	a	few	intermediate	mediators,	conceived



to	be	more	or	less	specific	for	each	modifier,	such	as	(1)	estrogen	for	gender,44	(2)	leptin	and	adiponectin	for	obesity,45	(3)	hyperlipemia,	hyperglycemia,	and	hyperinsulinemia	for	diabetes	mellitus,42	and	(4)	oxidative	stress	for	ischemia.46Figure	3.	The	heart	failure	spectrum.	Heterogeneity	of	heart	failure	is	manifested	by	the	varying	profiles	of
ventricular	remodeling	among	patients	with	heart	failure.	Although	some	patients	develop	predominantly	concentric	or	predominantly	eccentric	remodeling,	most	show	a	combination	of	both.	Ventricular	remodeling	is	the	product	of	multiple	interacting	complex	signaling	processes,	the	contribution	of	which	is	linked	to	the	patient's	biological	traits
and	comorbidities.	Some	of	these	signaling	processes	are	linked	to	coronary	failure,	myocardial	inflammation,	or	type	1	diabetes	mellitus;	these	promote	predominantly	eccentric	remodeling.	Others,	such	as	type	2	diabetes	mellitus,	obesity,	hypertension,	and	female	gender,	instead	tend	to	promote	concentric	remodeling.	The	complex	signaling
processes	triggered	by	each	of	the	disease	modifiers	separately	(or	of	their	mediators,	such	as	leptin,	ischemia,	hyperinsulinemia,	and	estrogen)	are	under	intense	investigation.	In	vivo,	these	complex	signaling	processes	merge	in	qualitative	and	quantitative	combinations,	specific	for	each	patient	and	leading	to	the	heterogeneity	of	heart	failure	and	a
spectrum	of	overlapping	phenotypes.	Analogous	with	phenotypic	disease	networks	of	closely	related	illnesses,	which	recently	emerged	from	phenotypic	databases,	dichotomizing	this	spectrum	is	not	justified.	Better	predictive	models	of	heart	failure	are	needed,	integrating	clinical	data	with	the	myriad	of	molecular	signaling	processes	in	a	patient-
specific	way.	Hence,	future	clinical	trials	in	heart	failure	should	be	patient	phenotype	driven	but	neither	left	ventricular	(LV)	ejection	fraction	nor	biomarker	driven.	NYHA	indicates	New	York	Heart	Association.Accordingly,	ventricular	remodeling	is	determined	by	intermingling	disease	modifiers,	resulting	from	numerous	complex	interacting	signaling
processes,	that	vary	in	both	proportion	and	genetic	background	for	each	patient.	It	is	not	surprising,	therefore,	that	the	HF	spectrum	consists	of	many	related,	overlapping	phenotypes.	Next,	we	will	discuss	how	one	should	deal	with	the	rapidly	expanding	molecular	knowledge	of	ventricular	remodeling,	and	with	the	many	attempts	to	translate	this
information	to	bedside	medicine.Need	for	a	Systems	Biology	Approach	to	the	Heart	Failure	SpectrumInsights	into	the	complex	signaling	cascades	underlying	ventricular	remodeling	over	the	entire	HF	spectrum	are	rapidly	expanding.	Large-scale	quantitative	analyses	of	gene	expression,	including	cDNA	microarrays	and	proteomic	analyses,	have
contributed	to	this	progress.	Interestingly,	with	each	newly	described	cascade,	novel	biomarkers	and	molecular	targets	for	therapy	emerge.43,47,48There	is	a	current	trend	to	characterize	and	manage	HF	patients	by	the	measurement	of	1	or	multiple	biomarkers.49–51	In	clinical	trials,	this	blind	multimarker	strategy,	often	claimed	to	represent	a
phenotype-oriented	approach	to	HF,	may	provide	clinically	useful	and	refreshing	information.	It	surpasses	patient	selection	based	on	LVEF	alone.	Moreover,	it	may	personalize	HF	management	and	help	to	optimize	current	HF	guidelines.On	the	other	hand,	one	may	question	seriously	where	this	linear	approach	will	eventually	lead.	It	may	be	feared
that	adding	still	more	biomarkers	and	other	disease	parameters	in	HF	will	never	end,	will	add	even	more	complexity	and	result	in	a	reductionist	search	for	perfection,	and	will	fail	to	relaunch	conceptual	thinking	about	HF.	Perhaps	the	time	has	come	to	envisage	nonlinear	integrative	approaches	already	introduced	in	other	fields	of	the	life	sciences
that	encounter	similar	limits	of	reductionism	and	seek	understanding	from	a	myriad	of	validated	bits	of	data.52Accordingly,	life	sciences,	including	HF,	encounter	the	limits	inherent	to	linear	reductionist	approaches.	Transition	to	integrative	sciences	is	difficult	but	inevitable	because	it	is	the	only	way	to	process	the	complexity	that	has	emerged	from
reductionism.	Next,	we	will	describe	how	systems	biology	approaches	are	introducing	new	concepts	in	medicine	and	how	these	concepts	can	be	applied	to	HF.	Systems	approaches	have	indeed	unveiled	unexpected	connections	between	apparently	diverging	pathophysiological	processes	and	diseases,	thereby	challenging	the	very	definition	of	the	term
disease	entity.Heart	Failure	Is	the	Consequence	of	Failing	Complexity	Rather	Than	of	a	Failing	System	or	Failing	Organ,	Cardiomyocyte,	Single	Molecule,	or	GeneThe	heart	is	a	complex	system	with	properties	that	follow	rules	of	complexity	characterized	by	nonlinearity	and	self-organization.	According	to	the	ideas	of	Prigogine	and	Strengers,53
cardiac	structure	and	function	should	be	perceived	as	a	dissipative	structure54	(Figure	4).	This	means	that	the	heart	behaves	as	a	dynamic	and	self-organizing	structure	with	emerging	properties	at	each	higher	hierarchical	scale	of	performance	through	fluctuations,	(nonlinear)	interactions,	and	coherence	of	adjacent	subsystems.	Some	well-
recognized	emerging	properties	of	the	ventricle	at	different	hierarchical	scales	of	performance	consist	of	cross-bridge	dynamics	and	cross-bridge	cooperation,	contractility	and	load	dependency	of	relaxation,	and	ventricular	uniformity	through	nonuniformity.	From	this	perspective,	ventricular	dysfunction	and	HF	are	problems	of	failing	complexity
rather	than	of	failure	of	one	of	the	components.	The	origin	of	failing	complexity	in	the	ventricle	and	in	cardiovascular	physiology	in	general	is,	however,	largely	underexplored,	and	the	translation	of	these	principles	to	clinical	sciences	is	still	to	come.Figure	4.	The	ventricle	is	a	dissipative	structure	with	emerging	properties.	Analogous	to	a	dissipative
structure,	the	heart	grows	as	an	ordered,	self-organizing,	optimizing	pump	or	supersystem	through	fluctuations,	interactions,	and	coherence	of	adjacent	subsystems	at	each	higher	hierarchical	scale,	ranging	from	the	subcellular	modular	networks	(available	through	systems	biology	research)	to	modular	networks	at	the	organ	level	and	beyond.	At	each
scale,	emerging	properties	are	added.Systems	approaches	to	the	complexity	of	the	cardiovascular	system	are	beginning	to	close	this	gap.55	Systems	biology	seeks	to	provide	a	framework	for	the	manner	in	which	structural	and	functional	components	(as	identified	by,	for	example,	cDNA	microarrays	and	proteomic	analyses)	interact	in	self-organizing
modular	biological	networks.	Networks,	rather	than	the	components	themselves,	create	physiological	behavior	and	disease	(Figure	5).	Each	node	in	a	network	represents	a	component	(eg,	a	gene,	a	transcript),	and	interconnecting	nodes	describe	a	typical	architecture	that	is	imposed	by	biological	evolution	and	selection.	As	advocated	by	Barabási	et
al,56,57	a	biological	network	has	the	mathematical	signature	of	a	power	law	with	the	underlying	property	of	being	scale	free	(Figure	5,	insert).	Scale	free	means	that	most	nodes	connect	to	a	few	other	nodes,	whereas	only	few	nodes	connect	to	many	other	nodes	(called	hubs).	Modular	biological	networks	and	clusters	of	interacting	networks	have
been	demonstrated	to	occur	at	different	levels	such	as	genes,	transcripts,	and	proteins,	but	they	probably	also	emerge	at	higher	hierarchical	levels,	such	as	metabolites,	organelles,	cells,	organs,	and	organ	systems	(Figure	5).	At	each	level,	a	network	obtains	new	properties	that	are	not	predicted	from	the	properties	of	the	network	at	the	lower	level,
referring	to	the	aforementioned	concept	of	emerging	properties	in	a	dissipative	structure	introduced	by	Prigogine	and	Strengers.53	Hence,	a	network	perspective	to	biology	defines	a	disease	as	the	failure	of	biological	networks	or	as	the	failure	to	obtain	a	next-level	emerging	property.Figure	5.	Systems	biology	approach	to	medicine	creates	network
medicine.	Hypothetical	scheme	of	network	medicine	with	focus	on	the	cardiovascular	system	and	chronic	heart	failure	is	shown.	Biosciences	are	in	transition	from	reductionist	sciences	to	integrative	sciences	(ie,	a	systems	approach	to	biology).	In	this	conceptually	novel	approach,	biological	behavior	is	not	the	result	of	traditional	linear	processes	of
structural	and	functional	components	(identified	by	genomic,	proteomic,	and	metabolomic	sciences)	but	emerges	from	the	interaction	of	scale-free	modular	biological	networks	composed	by	these	components.	Modular	networks	emerge	at	many	different	levels,	such	as	genes,	transcripts,	proteins,	metabolites,	organelles,	cells,	organs,	and	organ
systems.Accordingly,	systems	biology	is	not	replacing	but	is	complementing	reductionist	sciences.	It	provides	a	framework	for	analyzing	the	manner	in	which	structures	of	biological	networks	relate	to	function.	This	process	is	a	prerequisite	to	understanding	complex	diseases	or	a	syndrome	like	HF.	Obviously,	this	process	should	go	beyond	blind
associations,	as	in	current	genome-wide	association	studies,	between	genomic	modular	networks	and	human	disease	networks.	Instead,	the	gap	between	gene	and	disease	should	be	bridged	by	considering	all	of	the	intermediate	physiological	networks	at	the	level	of	cell,	organ,	and	organ	system.In	light	of	the	current	clinical	and	conceptual
stagnation	in	HF,	integrating	systems	biology	into	the	study	of	the	complexity	of	HF	is	timely.	Many	questions	still	need	to	be	addressed,	however.	What	are	the	crucial	biological	networks	(in	the	network	of	networks)	of	cardiac	function	and	HF,	and	where	are	the	vulnerable	hubs	that	can	destabilize	networks?	Can	a	network	perspective	to	HF
provide	novel	biological	(organ-specific)	fingerprints	of	failure	that	allow	prediction	of	a	patient's	risk,	early	disease	development,	or	disease	stage?	How	do	these	fingerprints	relate	to	the	current	growing	list	of	HF	biomarkers?	Can	systems	biology	help	to	define	novel	surrogate	end	points	for	clinical	trials?	How	can	a	network,	if	associated	with	a
disease,	be	targeted	pharmacologically?	How	does	this	relate	to	the	growing	list	of	targets	now	emerging	from	reductionist	sciences?It	is	essential	that	systems	biology	in	HF	develop	in	an	unrestricted,	unbiased	fashion,	and	with	global	analyses	of	data	over	the	entire	HF	spectrum.	Subgroups	of	patients,	such	as	those	defined	by	arbitrary	cutoffs	of
LVEF,	should	be	avoided.	Although	it	is	not	impossible	that	network	approaches	may	somehow	crystallize	toward	taxonomy	and	disease	classification	in	HF,	this	seems	unlikely.	Recent	network	analyses	of	diseases	have	shown	unanticipated	connections	between	diseases	and	disease	networks.56–58	Connections	between	disease	networks	may	explain
unexpected	side	effects	of	drugs,	and	may	even	force	us	to	soon	redefine	the	term	disease	entity.	It	is	therefore	unlikely	that	systems	biology	and	network	medicine	will	provide	evidence	that	HFpEF	and	HFrEF	are	distinct	entities.ConclusionsIn	this	article,	we	have	fostered	a	spectrum	view	of	HF	(Table).	Investigators	who	merely	perceive	the	ends	of
this	spectrum,	influenced	by	the	design	of	clinical	trials	and	by	the	relevant	evidence-based	clinical	differences,	may	be	unfamiliar	with	this	spectrum	view,	and	instead	favor	a	binary	view.	However,	the	latter	view	lacks	a	conceptual	background.	In	addition,	it	is	contradicted	by	recent	reductionist	analyses,	provided	that	the	data	be	analyzed	without
selection	biases.	Importantly,	the	debate	about	adopting	a	binary	or	a	spectrum	view	of	HF	is	becoming	obsolete.	Integrative	sciences,	which	complement	reductionist	sciences,	have	unveiled	the	existence	of	disease	networks	in	which	it	becomes	difficult,	and	perhaps	even	irrelevant,	to	define	disease	entities.Table.	Are	Systolic	and	Diastolic	HF
Overlapping	or	Distinct	Phenotypes	Within	the	HF	Spectrum?Distinct	PhenotypesOverlapping	PhenotypesSystolic	and	diastolic	HF	are	distinct	disease	entities.	To	avoid	further	stagnation	in	HF,	these	entities	should	be	approached	separately	in	future	clinical	trials	and	experimental	investigations.Chronic	HF	cannot	be	separated	into	different	disease
entities	because	it	consists	of	a	spectrum	of	overlapping	phenotypes.	This	view	is	an	intermediate	step	toward	disease	networks	in	which	defining	disease	entities	becomes	obsolete	or	even	irrelevant.    1.	In	diastolic	HF,	systolic	LV	function	is	normal.    1.	Systolic	LV	function	in	HFpEF	is	abnormal	and	is	causally	related	to	LV	diastolic
dysfunction.	Conclusions	on	LV	systolic	function	should	be	based	on	analyses	of	LV	function	at	all	levels	of	LV	complexity	(Figure	2).    2.	There	are	distinct,	disease-specific	mechanisms	differentiating	the	pathophysiology	of	diastolic	and	systolic	HF	(eg,	at	the	level	of	myocardial	remodeling	process,	myocardial	ultrastructure,	changes	in	titin,
cardiomyocyte	resting	tension,	collagen	turnover).    2.	There	are	no	distinct	mechanisms	currently	allowing	taxonomy	in	HF.	Differences	between	phenotypes	are	merely	quantitative	and	describe	a	smooth,	gradually	varying	profile	over	the	entire	disease	spectrum.    3.	Diastolic	HF	is	the	result	of	an	accelerated,	age-dependent	inborn
process.	Systolic	HF	is	a	deflection	from	this	process.    3.	HFpEF	is	more	than	an	acceleration	of	an	age-dependent	process.	The	effect	of	risk	factors	(obesity,	diabetes	mellitus,	hypertension)	on	LV	architecture	and	function	follows	a	directionality	opposite	to	aging.35    4.	The	pathophysiology	of	diastolic	HF	is	dominated	by	diastolic	LV
dysfunction.	Therapeutically	targeting	diastolic	abnormalities	will	resolve	the	problem.    4.	The	pathophysiology	of	HFpEF	is	more	complex	than	LV	diastolic	abnormalities.	Many	disturbances	in	HFpEF	surpass	disturbances	of	the	hemodynamic	compression	pump	and	are	shared	by	overlapping	phenotypes	in	the	syndrome.	Therapeutically
targeting	diastolic	abnormalities	will	not	suffice	to	reduce	the	burden	of	the	disease.    5.	There	are	2	types	of	remodeling	that	justify	a	binary	view	on	HF.    5.	Ventricular	remodeling	is	the	end	result	of	the	interplay	among	complex	signaling	processes,	the	distribution	of	which	is	inhomogeneous	over	the	HF	patient	population.	The	result	is
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