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Figure 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 contri-
bution 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 combina-
tions, 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 sig-
naling 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.

sity,* (3) hyperlipemia, hyperglycemia, and hyperinsulinemia
for diabetes mellitus,*? and (4) oxidative stress for ischemia.*¢

Accordingly, ventricular remodeling is determined by inter-
mingling disease modifiers, resulting from numerous complex
interacting signaling processes, that vary in both proportion and
genetic background for each patient. It is not surprising, there-
fore, 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 remod-
eling, and with the many attempts to translate this information to
bedside medicine.

Need for a Systems Biology Approach to the

Heart Failure Spectrum
Insights into the complex signaling cascades underlying ventric-
ular remodeling over the entire HF spectrum are rapidly expand-
ing. 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.*3-4748

There is a current trend to characterize and manage HF
patients by the measurement of 1 or multiple biomarkers.*°-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.52

Accordingly, 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
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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 ap-
proaches have indeed unveiled unexpected connections be-
tween apparently diverging pathophysiological processes and
diseases, thereby challenging the very definition of the term
disease entity.
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Figure 4. The ventricle is a dissipative
structure with emerging properties. Analo-
gous 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 sub-
cellular modular networks (available
through systems biology research) to
modular networks at the organ level and
beyond. At each scale, emerging proper-
ties are added.

Heart Failure Is the Consequence of Failing
Complexity Rather Than of a Failing System
or Failing Organ, Cardiomyocyte, Single
Molecule, or Gene
The 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,>* cardiac structure and function should be per-
ceived as a dissipative structure>* (Figure 4). This means that

Scale-free |
modular network

Network Medicine

log P(k)

log k

[ \ Cardiovascular system
i Neuro-endocrine system
{ﬂ Immune system

B Cell-cell communication
B cell-matrix interaction

[l Cell survival and regeneration

/

[ Protein-protein interaction
Gene regulatory system

B cell metabolic system

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. Biosci-
ences are in transition from reductionist
sciences to integrative sciences (ie, a sys-
tems approach to biology). In this con-
ceptually novel approach, biological
behavior is not the result of traditional
linear processes of structural and func-
tional components (identified by genomic,
proteomic, and metabolomic sciences)
but emerges from the interaction of scale-
free modular biological networks com-
posed by these components. Modular
networks emerge at many different levels,
such as genes, transcripts, proteins,
metabolites, organelles, cells, organs, and
organ systems.
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Are Systolic and Diastolic HF Overlapping or Distinct Phenotypes Within the HF Spectrum?

J N

Distinct Phenotypes

Overlapping Phenotypes

Systolic 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.

1. In diastolic HF, systolic LV function is normal.

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).

3. Diastolic HF is the result of an accelerated, age-dependent inborn
process. Systolic HF is a deflection from this process.

4. The pathophysiology of diastolic HF is dominated by diastolic LV
dysfunction. Therapeutically targeting diastolic abnormalities will
resolve the problem.

5. There are 2 types of remodeling that justify a binary view on HF.

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. 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 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. 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.®

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. 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 a spectrum of phenotypes of remodeled
ventricles, the subdivision of which is artificial (Figure 3).

HF indicates heart failure; LV, left ventricular; and HFpEF, heart failure with preserved left ventricular ejection fraction.

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 nonunifor-
mity. 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.

Systems approaches to the complexity of the cardiovascu-
lar system are beginning to close this gap.>> 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 inter-
connecting nodes describe a typical architecture that is
imposed by biological evolution and selection. As advocated
by Barabasi et al,>%>7 a biological network has the mathemat-
ical 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 biolog-
ical 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.>?
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.

Accordingly, systems biology is not replacing but is
complementing reductionist sciences. It provides a frame-
work for analyzing the manner in which structures of biolog-
ical 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 com-
plexity of HF is timely. Many questions still need to be
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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 predic-
tion 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 unantic-
ipated connections between diseases and disease net-
works.5¢-38 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 med-
icine will provide evidence that HFpEF and HFrEF are
distinct entities.

Conclusions
In 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 reduc-
tionist sciences, have unveiled the existence of disease
networks in which it becomes difficult, and perhaps even
irrelevant, to define disease entities.
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Response to De Keulenaer and Brutsaert
Barry A. Borlaug, MD; Margaret M. Redfield, MD

Outside of quantum mechanics, few natural phenomena are truly binary. Thus, conceptualizing heart failure (HF) in binary
terms will invariably lead to some element of oversimplification. We acknowledge that HF with preserved ejection fraction
and HF with reduced ejection fraction share common features, which is not surprising, given that there are finite ways in
which the body or cardiovascular system responds to pathological insult. What is relevant is whether the descriptive term
applied is readily understood, applicable to patients, and affects treatment and outcome.

Of note, our colleagues rely heavily on the Candesartan in Heart Failure: Assessment of Reduction in Mortality and
Morbidity (CHARM) trial unimodal distribution of ejection fraction to support their arguments. However, that clinical trial
selectively enrolled subjects to obtain the distribution they found. Numerous other studies that examined consecutive HF
patients found a bimodal distribution, including our data (Figure 1 in the article by Borlaug and Redfield), the study of
Gaasch et al (reference 7 in the article by De Keulenaer and Brutsaert), the Organized Program to Initiate Lifesaving
Treatment in Hospitalized Patients With Heart Failure (OPTIMIZE-HF) registry (reference 9 in the article by Borlaug and
Redfield), and more recent data from Dunlay et al in a community-based HF surveillance study enrolling all patients in the
community with clinical HF, which showed a striking bimodal distribution of ejection fraction [Circulation.
2010;122(suppl A):14626].

Perhaps one day the insights alluded to in the elegant speculations of our colleagues will reveal a single, treatable
mediator of all types of HF. Such understanding eludes investigators and clinicians in this era, and, we suspect, will for
decades to come. Until then, we must diagnose and treat these distinct syndromes with evidence-based, specific approaches
targeted to their pathophysiology, which is clearly unique on the basis of currently relevant scientific paradigms.
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