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Abstract

Heart failure with preserved ejection fraction (HFpEF) is a heterogeneous syndrome, with several
underlying etiologic and pathophysiologic factors. While prior heart failure clinical trials have
used a “one size fits all” approach, this approach has not proven successful for HFpEF.
Furthermore, with the aging population and epidemics of obesity, diabetes, and hypertension, the
prevalence of HFpEF will continue to grow over the foreseeable future. Coupled with the high
morbidity and mortality of the HFpEF syndrome, there remains a pressing unmet need to improve
the clinical care of HFpEF patients and to design better HFpEF clinical trials. Improved
classification of the wide HFpEF phenotypic spectrum is therefore essential to advance the HFpEF
field and begin to provide targeted treatment for these patients. Here we describe 4 potential
classification schemas for HFpEF: (1) pathophysiologic classification; (2) clinical/etiologic
classification; (3) classification based on type of clinical presentation; and (4) phenomics
(“phenomapping™) of HFpEF. Improved phenotypic categorization of HFpEF using these schemas
is now possible given the multitude of tools available to perform “dense phenotyping” of HFpEF
patients. Such categorization should lead to clinical care and clinical trials where targeted
therapies based on specific mechanisms of disease can be matched to the specific patient subtypes
most likely to respond to those therapies. In addition, innovative analytic strategies, such as
“phenomapping”, may allow for the use of dense multi-dimensional data to create novel
phenotypic signatures, which should help identify HFpEF patients who are particularly responsive
to specific treatments.

© 2014 Elsevier Inc. All rights reserved.

Address for correspondence: Sanjiv J. Shah, MD Associate Professor of Medicine Director, Heart Failure with Preserved Ejection
Fraction Program Northwestern University Feinberg School of Medicine Phone: 312-695-0993 Fax: 312-253-4470
sanjiv.shah@northwestern.edu.

Co-author contact information:

« Daniel Katz, BA: dhkatz@gmail.com

« Rahul Deo, MD, PhD: rahul.deo@ucsf.edu

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Disclosures: None.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Shah et al. Page 2

Keywords

heart failure with preserved ejection fraction; phenotype; phenomics; etiology; pathophysiology;
classification; clinical trials

Introduction

Heart failure (HF) is a common clinical syndrome with high morbidity and mortality, and
one that is increasing in prevalence with the aging population.1# Regardless of underlying
ejection fraction (EF), HF is a heterogeneous syndrome.>” HF is the result of one or more
risk factors that lead to abnormal cardiac structure and function, which ultimately causes
reduced cardiac output and/or elevated cardiac filling pressures at rest or with exertion.1
Although HF with reduced EF (HFrEF) can be heterogeneous in etiology, chronic HFrEF in
particular has proven to respond to a “one size fits all” approach; several drugs and devices
have improved outcomes in randomized clinical trials of patients with HFrEF.1

However, unlike HFrEF, clinical trials of pharmacologic agents in HF with preserved EF
(HFpEF, previously termed diastolic HF) have not shown significant benefits, and no
treatments have been found to be effective in this group of patients.8:° In HFpEF, the
underlying phenotypic heterogeneity is most likely much greater than HFrEF,%6 and may be
a key reason for the poor track record of HFpEF clinical trials. Therefore, understanding the
phenotypic spectrum of HFpEF, which includes the etiologic and pathophysiologic
heterogeneity of the syndrome, may allow for more targeted clinical diagnosis and
management of HFpEF patients, and more successful clinical trials.

Heterogeneity of HFpEF: Epidemiologic Studies vs. Pathophysiologic Studies

Prior observational registries and epidemiologic studies that have included patients with
HFpEF, such as the Acute Decompensated Heart Failure National Registry (ADHERE) and
the Rochester Epidemiology Project, have enrolled a broad array of patients with a wide
variety of etiologies and pathophysiologies.1911 However, detailed mechanistic studies of
HFpEF often only enroll very specific subsets of HFpEF patients, thereby limiting
generalizability to the overall population of HFpEF patients. For example, in a detailed
pathophysiologic study of HFpEF,12 Prasad and colleagues began with 1119 patients
hospitalized for HF with EF > 50% but ended up with only 23 (2%) patients who were
eligible for their study after applying a lengthy list of exclusion criteria, including atrial
fibrillation, chronic kidney disease, myocardial infarction, cognitive impairment, and other
common HFpEF comorbidities.12

Several studies have now shown that HFpEF is quite heterogeneous from both an etiologic
and pathophysiologic standpoint,-13-15 and previous pathophysiologic studies that have
concluded that HFpEF is mainly a disease of diastolic dysfunction have been challenged.16
The complexity and heterogeneity of HFpEF is readily apparent when caring for patients
suffering from this syndrome. Consider an 86-year-old woman with systemic hypertension,
diabetes, chronic kidney disease, signs and symptoms of HF (New York Heart Association
functional class I11), a preserved left ventricular (LV) EF of 65%, mild concentric LV
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hypertrophy with mild superimposed basal septal hypertrophy, severe left atrial
enlargement, and moderate (grade I1) diastolic dysfunction. This description is typical for a
HFpEF patient; however, consider her color Doppler echocardiographic findings (Figure 1),
which show moderate aortic regurgitation, moderate mitral regurgitation, and moderate
tricuspid regurgitation. Although none of these valvular lesions meets criteria for surgical
treatment, they nevertheless combine with the intrinsic myocardial abnormalities to
exacerbate the HF syndrome, and treatment of diastolic dysfunction and fluid overload alone
may not improve symptoms in this type of patient.

It is now well known that comorbidities are very important in both the development of
HFpEF and in driving outcomes in these patients.1”-21 Accumulation of comorbidities
predisposes to Stage B HF and ultimately leads to Stage C (symptomatic) HF, including
HFpEF. However, multiple different combinations of comorbidities can occur, and these
combinations of risk factors, along with genetic and environmental factors, lead to different
varieties of HF that are more complex than simply “systolic” vs. “diastolic” HF (Figure 2).
A critical unmet need is the determination of which combinations of risk factors leads to
which specific phenotypes of HFpEF. Such information would allow for targeted screening
and diagnostic strategies for the prevention of the spectrum of HFpEF.

Phenotypic Classification of HFpEF

An appropriate analogy to help understand the pitfalls of the current diagnosis and treatment
strategy in HFpEF is cancer. Imagine a world where: all patients with cancer were viewed
similarly; the diagnosis of cancer was based only on symptoms and the presence of a tumor;
clinical trials were designed to treat the general disease of cancer; physicians did not further
categorize cancer before or after entering patients in clinical trials; and we wonder in
amazement that all treatments for cancer have failed.

This description of cancer—the concept of cancer as one single disease—sounds foreign and
even laughable. However, if we were to replace the word “cancer” with the word “HFpEF”
and the word “tumor” with “normal EF” in the preceding paragraph, we would have a
description of the current state of affairs for the diagnosis and management of HFpEF.
While the field of oncology has benefitted greatly from improved phenotypic classification
of cancer (e.g., type of cancer, size of tumor, histologic subtype, extent of growth, presence
of metastases, biomarkers levels, and even genetic testing and gene expression of tumor
cells), comparably little has been done in HF and even less for HFpEF (Figure 3). Thus, we
sorely need new ways to classify and categorize the HFpEF syndrome.

Here we describe the rationale, benefits, and pitfalls of 4 types of classification schemas for
HFpEF: (1) pathophysiologic classification; (2) clinical/etiologic classification; (3)
classification based on type of clinical presentation; and (4) phenomics (“phenomapping”)
of HFpEF.

Pathophysiologic Classification of HFpEF—From a pathophysiologic standpoint, the
primary abnormality underlying HFpEF was initially thought to be diastolic dysfunction—
both impaired LV relaxation and decreased LV compliance, hence the term “diastolic heart
failure”.22 While diastolic dysfunction is certainly a prominent part of the HFpEF syndrome,
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it is now well known that the pathophysiology of HFpEF is heterogeneous (Figure 4).6.8.23
Pathophysiologic abnormalities known to be present in HFpEF include: (1) diastolic
dysfunction (impaired relaxation and/or reduced compliance);24 (2) longitudinal systolic
dysfunction (e.g., decreased longitudinal systolic tissue velocities, decreased global
longitudinal strain;2>26 (3) endothelial dysfunction;20 (4) abnormal ventricular-arterial
coupling;2 (5) impaired systemic vasodilator reserve;28 (6) pulmonary hypertension and
pulmonary vascular disease with right heart failure in the setting of left heart disease;29.30
(7) chronotropic incompetence; 28:31 and (8) extra-cardiac causes of volume overload in the
susceptible heart (examples include obesity, chronic kidney disease, and anemia, each of
which can cause diastolic dysfunction along with extracardiac fluid retention, thereby
combining to contribute to the HFpEF syndrome).1> Adding to the complexity of HFpEF is
the fact that these patients often have more than one pathophysiology of HFpEF that
contributes to their clinical syndrome.

Clinical/Etiologic Classification of HFpEF—Clinically, several patterns are evident
when caring for HFpEF patients, even when those with severe valvular disease, prior history
of HFrEF (i.e., “recovered” LVEF), and constrictive pericarditis are excluded. Clinical
phenotypes of HFpEF include: (1) “garden variety” HFpEF, which is associated with
hypertension, obesity, diabetes/metabolic syndrome, and/or chronic kidney disease; (2)
CAD-associated HFpEF2® (these patients typically have multi-vessel CAD, and the CAD
seems to be driving the HFpEF syndrome);2® (3) atrial fibrillation-predominant HFpEF
(these patients frequently have uncontrolled atrial fibrillation which appears to drive the
HFpEF syndrome); (4) right heart failure-predominant HFpEF (these patients have
pulmonary venous hypertension [occasionally with super-imposed pulmonary arterial
hypertension] and right ventricular dysfunction in the setting of significant diastolic
dysfunction; however, the right heart failure drives their clinical course):29:32 (5)
hypertrophic cardiomyopathy- induced or hypertrophic-cardiomyopathy-like HFpEF (these
patients typically have small LV cavities with thick walls and respond best to negative
inotropes); (6) multi-valvular HFpEF (these patients typically have 2 or more moderate
valvular lesions that do not meet operative criteria, but nevertheless contribute to HFpEF,
usually in the setting of other risk factors and etiologies of HFpEF); and (7) restrictive
cardiomyopathies such as cardiac amyloidosis.?

While useful from a clinical standpoint, clinical classification of HFpEF can be problematic
because these categories are not mutually exclusive; therefore it is sometimes difficult to
place patients into a single category in order to guide treatment. Nevertheless, when
diagnosing and managing patients with HFpEF, the clinical/etiologic classification system
can be quite helpful in guiding initial treatment (Table 1). However, the clinical/etiologic
classification of HFpEF remains empiric and anecdotal for the most part; clinical trials are
necessary to prove the utility of the classification and management strategies outlined in
Table 1.

Classification of HFpEF Based on Clinical Presentation—The underlying

pathophysiology and etiology of HFpEF is not the only basis for heterogeneity of the
HFpEF syndrome. Clinical presentation of HFpEF varies considerably as well. Patients tend
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to present in 1 of 3 types of categories that correlate with the clinical severity of the HFpEF
syndrome,’ as shown in Figure 5.

The first category, representing the lowest-risk type of patient, but also the most difficult to
diagnose, is the patient with exercise-induced increases in LV filling pressures, also known
as exercise-induced diastolic dysfunction.33:34 Exertional dyspnea is the predominant
symptom in these patients. They typically do not have overt signs of volume overload such
as lower extremity edema, and are rarely hospitalized for HF. Therefore, clinical diagnosis
rests on a combination of abnormalities in cardiac structure (LV hypertrophy and/or left
atrial enlargement) and evidence of exercise-induced elevations in LV filling pressure, either
invasively (i.e., pulmonary capillary wedge pressure > 25 mmHg at peak exercise during
invasive hemodynamic testing in the cardiac catheterization laboratory)32 or non-invasively
(i.e., diastolic stress echocardiography—increased septal E/e’ ratio [> 13] at peak
exercise).32-37 Cardiopulmonary exercise testing can also be helpful to exclude poor effort
(reduced peak respiratory exchange ratio < 1.0); obesity (normal peak absolute oxygen
consumption [VO2] with reduced relative VO2 when indexed to weight); or pulmonary
abnormalities as causes of exercise intolerance. HFpEF patients that fit into the category of
exercise-induced elevation in LV filling pressure typically have normal or only mildly
elevated B-type natriuretic peptide (BNP) levels and the risk of major morbidity or mortality
at this stage of the HFpEF syndrome is quite low,33:34.38

The second type of clinical presentation of HFpEF is the common one that clinicians can
often easily recognize: overt volume overload. Besides dyspnea, exercise intolerance, and
abnormalities in cardiac structure (LV hypertrophy and/or left atrial enlargement), these
HFpEF patients have lower extremity edema, elevated jugular venous pressure, and even
bibasilar crackles when severe. In addition, these patients typically (but not always) have
elevated BNP or NT-proBNP levels and typically have a history of HF hospitalization, after
which morbidity and mortality are quite high. These are also the patients that are frequently
enrolled in HFpEF clinical trials that require high BNP levels or previous HF
hospitalization.3° Although diagnosis is often straightforward in these patients, sometimes
the diagnosis is missed, especially in those with concomitant obesity (difficult to visualize
JVP and lower BNP levels) or lung disease. In these patients, confirmation of the HFpEF
diagnosis with right heart catheterization for evaluation of invasive hemodynamics can be
useful.

The third type of HFpEF clinical presentation is that of pulmonary hypertension with right
heart failure.2%:30:32 This is the highest-risk clinical subset of HFpEF, with high morbidity
and mortality. These patients often have the highest BNP levels, but this is not true in all
cases. Furthermore, some of these patients have superimposed pulmonary arterial
hypertension on top of pulmonary venous hypertension,® which adds to the propensity for
right heart failure. In HFpEF, patients with right ventricular (RV) hypertrophy and RV
dysfunction are some of the highest risk, even when controlling for other HFpEF risk
factors.23

It is important to note that while some patients can transition from one type of HFpEF
clinical presentation to the other, there are patients who first present with one predominant
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type of HFpEF and do not progress. Whether this phenomenon has to do with duration of the
HF syndrome, dietary factors, severity of underlying abnormalities in cardiac structure/
function, or other factors is unknown.

Phenomics (“Phenomapping”) of HFpEF—Several sophisticated phenotyping tools
ranging from a multitude of biomarkers to comprehensive cardiovascular imaging

modalities to environmental characterization using tools such as geocoding are now
available in the era of “deep phenotyping”.#! These comprehensive phenotyping tools, along
with genomics and systems biology, can improve characterization of heterogeneous
syndromes like HFpEF. Combined with “big data” machine learning algorithms to find
patterns in dense, multi-dimensional data, novel phenotypic characterization of HFpEF
should be possible in the near future. Although these types of analyses are not new, they
have been popularized in recent years with the advent of large quantities of genetic data used
in research of clinical syndromes and diseases.

For example, in gene expression analyses, RNA is isolated from a specific tissue, and
microarray analyses are used to quantify gene expression with interrogation of several
pathways (e.g., inflammation, fibrosis, cell cycle mediators, etc).*2 Next, unbiased
hierarchical clustering analysis is performed to determine patterns in the differentially
expressed genes, and a visual gene expression heatmap is created.*3 The resultant gene
expression signatures can provide insight into disease pathogenesis and potential therapeutic
pathways. A similar type of analysis, unsupervised cluster analysis, can be performed using
phenotypic data. In HFpEF, one can take advantage of the large quantity of phenotypic data
available, such as a wide variety of quantitative data available from comprehensive
echocardiography (including Doppler, tissue Doppler, and speckle-tracking analysis), as
shown in Figure 6. One can create phenotypic heat maps that are akin to gene expression
heat maps, thereby allowing for novel categorization of patients (Figure 7). In addition,
dense, multidimensional phenotypic data from HFpEF clinical trials could be distilled down
to a few dimensions using principal components analysis (Figure 8).

Table 2 summarizes the phenomapping approach to the categorization of clinical syndromes,
including HFpEF. These types of analyses have several advantages: (1) they take into
consideration immense quantitative phenotypic data; (2) it is possible to visualize the
heterogeneity of the clinical syndrome; (3) it provides mutually exclusive classification of a
clinical syndrome; and (4) the clustering of patients into categories is “unsupervised” and
thus does not rely on knowledge of a specific “outcome”, which is required for more
traditional clustering analyses and “supervised” statistical analyses such as classification and
regression tree (CART) analysis.*4

Once performed for HFpEF, phenomapping analyses can be applied to clinical trials to
determine whether certain subgroups of patients with a particular phenotype signature are
more responsive to the investigational drug or device compared to other types of patients,
thereby leading to “theranostics”, a combined diagnostic and therapeutic strategy.*®
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The Value of Enhanced Classification of HFpEF in Future Clinical Trials

Future clinical trials can harness these advances in phenotypic categorization in two key
ways. First, Phase |1 clinical trials of HFpEF may benefit greatly from advanced
phenotyping of potential subjects by matching the mechanism of a particular drug with a
specific HFpEF phenotype. For example, a drug that ameliorates ischemia and improves
myocyte relaxation would benefit most from enrolling patients with a history of CAD and
reduced tissue Doppler e’ velocities on echocardiography. Second, in Phase 11 and 111
clinical trials, deep phenotyping of study participants using banked blood and cardiac
imaging (such as comprehensive echocardiography), along with other tools (e.g., quality of
life, exercise tests, etc) as needed, will allow for the development of “phenomaps”, as
described above. Investigators can then use the resultant phenotypic signatures to determine
groups of patients most likely to benefit from a particular drug or device.
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KEY POINTS

Patients with HFpEF are united by the presence of (1) increased LV filling
pressures and/or reduced cardiac output at rest or with exertion; and (2) a
preserved LVEF (typically defined as LVEF > 45-50%); however, the etiology
and pathophysiology underlying the HFpEF syndrome—the phenotypic
spectrum—varies widely among patients with the syndrome.

The heterogeneity of the HFpEF syndrome may be a key reason why clinical
trials have largely failed to show improved outcomes in these patients.

Improved classification of the HFpEF syndrome, whether by etiology,
pathophysiology, and/or type of clinical presentation should lead to better
matching of appropriate therapies to patients, thereby leading to improved
outcomes for these patients.

Phenomapping is a novel technique that uses machine learning to define clusters
of patients based on dense phenotypic data, thereby providing an unbiased way
to classify hetereogeneous clinical syndromes.

Future clinical trials of HFpEF should account for the heterogeneity of HFpEF
when considering inclusion/exclusion criteria, study design, phenotyping tools,
and outcome measures, and should a priori consider subgroup analyses to
highlight specific HFpEF subgroups that may derive greater benefit from a
particular HFpEF drug.
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SUMMARY

HFpEF is a heterogeneous syndrome, a key reason that may explain why: (1) diagnosing
and treating HFpEF is so challenging; and (2) clinical trials in HFpEF have failed thus
far. Here we have described 4 ways of categorizing HFpEF patients: based on
pathophysiology, clinical/etiologic subtype, type of clinical presentation, and quantitative
phenomics (phenomapping analysis). Regardless of the classification method used,
improved phenotypic characterization of HFpEF patients in both the clinic and in clinical
trials, and matching of targeted therapies with specific patient subtypes, will be critical if
we are to improve outcomes in this increasingly prevalent patient population.
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Figure 1. Color Doppler Echocardiography from a Patient with Heart Failure and Preserved
Ejection Fraction Showing Multiple Moderate Valvular Lesions

Caption: Left panel: apical 4-chamber view of the right heart showing moderate tricuspid
regurgitation; middle panel: apical 4-chamber view of the left heart showing moderate mitral
regurgitation; right panel: apical 3-chamber view showing moderate aortic regurgitation.
From Oktay AA, Shah SJ. Heart failure with preserved ejection fraction. In Levine G, ed.
Color Atlas of Clinical Cardiology. New Delhi: Jaypee Medical Publishers, 2014; with
permission.
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Figure 2. Relationship Between Heart Failure Risk Factor Combinations and Heart Failure

Phenotypic Heterogeneity

Caption: Multiple different risk factors can lead to different patterns and types of the HF
syndrome. Particular combinations of risk factors (i.e., a roll of dice) may lead to different
types of HF phenotypes (i.e., a particular hand of cards). HF—heart failure; CO—cardiac

output; PCWP—pulmonary capillary wedge pressure
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Figure 3. Hlustration of a Targeted Diagnostic Approach (e.g., Cancer) versus a One-Size-Fits-
All Approach (e.g., Heart Failure)

Caption: Treatment of cancer has benefitted from an increasingly targeted approach
whereas current heart failure treatment is more generalized with few exceptions (e.g.,
cardiac resynchronization therapy). HF—heart failure; ECG—electrocardiography; PEX—
physical examination; LVEF—Ieft ventricular ejection fraction
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Figure 4. Multiple Pathophysiologic Contributors to the Heart Failure with Preserved Ejection
Fraction Syndrome

Caption: HFpEF—heart failure with preserved ejection fraction; RV—right ventricle.
From Oktay AA, Shah SJ. Heart failure with preserved ejection fraction. In Levine G, ed.
Color Atlas of Clinical Cardiology. New Delhi: Jaypee Medical Publishers, 2014; with
permission.
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Figure 5. Theoretical Schema of Heart Failure With Preserved Ejection Fraction Patient Types
With Sample Patients, Risk Profiles, and Matched Therapies

Caption: AR—aortic regurgitation; ARNI—angiotensin receptor/neprilysin inhibitor; BNP
—B-type natriuretic peptide; CABG—coronary artery bypass grafting; CAD—coronary
artery disease; CKD—chronic kidney disease; DD—diastolic dysfunction; DM2—type 2
diabetes mellitus; DOE—dyspnea on exertion; E/e’—ratio of early mitral inflow to early
mitral annular diastolic tissue velocity; HF—heart failure; HTN—hypertension; If—inward
“funny” channel; LAE—Ieft atrial enlargement; LVEF—Ieft ventricular ejection fraction;
MR—mitral regurgitation; MRA—mineralocorticoid receptor antagonist; NYHA—New
York Heart Association; PASP— pulmonary artery systolic pressure; PDE5—
phosphodiesterase-5; RV—right ventricular; RVH— right ventricular hypertrophy; SOB—
shortness of breath; s/p—status post. From Shah SJ. Matchmaking for the optimization of
clinical trials of heart failure with preserved ejection fraction: no laughing matter. J Am Coll
Cardiol 2013;62(15):1339-1342; with permission.
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Figure 6. Comprehensive Echocardiographic Phenotypic Analysis of Heart Failure with
Preserved Ejection Fraction

Caption: Comprehensive echocardiography, including two dimensional, Doppler, tissue
Doppler, and speckle tracking, allows for detailed phenotypic analysis of cardiac structure,
function, and mechanics in patients with heart failure with preserved ejection fraction. The
figure shows examples of information that can be obtained from the apical 4-chamber view.
Clockwise from the top: speckle-tracking echocardiography for assessment of LV regional
and global longitudinal strain (early diastolic strain rate can also be obtained in this view).
Mitral inflow and tissue Doppler imaging of the septal and lateral mitral annulus provide
information on LV diastolic function grade and estimated LV filling pressure (E/e’ ratio),
along with assessment of longitudinal systolic (s”) and atrial (a’) function. Speckle-tracking
analysis of LA function provides peak LA contractile function (peak negative longitudinal
LA strain) and LA reservoir function (peak positive longitudinal LA strain). Tricuspid
annular plane systolic function (TAPSE) and basal RV free wall peak longitudinal tissue
Doppler velocity (RV s’) provide information on longitudinal RV function, as does speckle
tracking echocardiography of the RV (not shown). Finally, analysis of the tricuspid
regurgitant jet Doppler profile, when added to the estimated RA pressure, provides an
estimate of the PA systolic pressure. Additional data available from the apical 4-chamber
view include assessment of LV volumes and ejection fraction, LA volume, and RV size and
global systolic function (e.g., RV fractional area change). LV—Ieft ventricular; LA—left
atrial; PA—pulmonary artery; RV—right ventricular; RA—right atrial; A4C—apical 4-
chamber From Butler J, Fonarow G, Zile MR, et al. Developing Therapies for Heart Failure
with Preserved Ejection Fraction: Current State and Future Directions. JACC Heart Fail
2014 (in press); with permission.
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Figure 7. Sample Phenotypic Heat Map (“Pheno-Map”) Developed from Hierarchical Cluster
Analysis of Quantitative Echocardiographic Data

Caption: The rows in the heat map correspond to the various quantitative echocardiographic
phenotypes (e.g., septal wall thickness, ejection fraction, early diastolic [e’] tissue velocity,
etc.), while the columns represent individual patients. Red = increased values; green =
decreased values. The dendrogram across the top of the heat map is a tree diagram that
demonstrates the clustering of patients; the dendrogram on the left side of the heat map
illustrates clustering of phenotypes.
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PC1

Figure 8. Three-Dimensional Principal Components Analysis Plot
Caption: In this theoretical example, patients are grouped based on 3 principal components

(PC1, PC2, and PC3) in 3 dimensions. Each color represents a group of patients that
correspond to a particular cluster based on phenotypic similarities.
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Table 2

Analytic Methods for Phenomapping Analyses

Methodology

Description

Preparation of quantitative
phenotypic variables

Explore redundancy among
phenotypic variables

Principal components analysis

Model-based clustering with Bayesian
information criterion (BIC) analysis

Multinomial logistic regression with
lasso penalty

« Collect a large amount of phenotypic data in the patients being studied.

« Standardize each quantitative variable to a mean of 0 and standard deviation of 1 (i.e., mean+SD of
0+1).

« Remove any variables with large amounts of missing information, and for all other variables with
missing data, perform multiple imputation to fill in missing values.

« Generate a correlation matrix of phenotypic variables by assigning correlation coefficients to each
bivariate comparison.

« Visualize correlations among phenotypic variables through the use of hierarchical clustering to
create a heatmap of bivariate correlations (with the color intensity of each cell in the matrix
corresponding to the strength of the correlation between any two quantitative phenotypes).

« Use the heatmap to highlight similarities among phenotypic variables and visualize and
unanticipated correlations across phenotypes.

« Perform principal components analysis as an alternate method to find orthogonal axes of phenotypic
variation within the dataset.

« Interpret top principal components according to combinations of conventional phenotypic features.
« Classify patients according to contribution of individual components.

» Use model-based clustering, which achieves parameter fitting and assigns patients to clusters by
minimizing a penalized likelihood, to determine phenotypic signatures of patients.46

« Incorporate BIC analysis to penalize increases in model complexity (e.g., greater number of
clusters) in order to create the most parsimonious solution (this approach is termed “regularization” in
machine learning, and allows increased generalizability to other datasets**).

« Build a generalizable logistic regression model (using multinomial logistic regression with L1 norm
[lasso] technique)*® to define membership for each cluster of patients in order to: (1) permit
classification of future patients according to a minimal set of quantitative phenotypes; and (2) identify
those features most informative for categorization of patients.

Heart Fail Clin. Author manuscript; available in PMC 2015 July 01.



