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Until 2007 there 
were 8 different 
models of heart’s 
function.
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individually (32). Popular supervised learning algo-
rithms, such as decision trees, ensemble learning,
and Deepnets, an optimized deep neural network
for automatic network search and parameter opti-
mization using BigML (BigML Inc., Corvallis, Ore-
gon), a cloud-based automated data science and
machine learning platform, were used. For this, the
data was randomly divided into training (70%) and
testing (30%) sets, and 3 models were trained using
the supervised learning algorithms. The model was
first trained and tested with conventional echocar-
diographic features only (Model 1), and subse-
quently, we incrementally added speckle-tracking
features in the second model (Model 2) and vector
flow mapping in the third model (Model 3). The
models were trained to classify patients into 1 of the
clusters identified on the patient similarity network.

CLINICAL OUTCOMES. Patient electronic medical
records were reviewed for post-echocardiographic
follow-up. Hospitalizations were classified based on
the International Classification of Diseases-10th
Revision coding system. Endpoints were defined as
a composite of major adverse cardiac and cerebro-
vascular event(s) (MACCE), including cardiovascular-

related mortality, myocardial infarction, acute
coronary syndrome, severe decompensated heart
failure, cardiac arrest, arrhythmia, stroke, or transient
ischemic attack and MACCE-related hospitalization.

STATISTICAL ANALYSIS. The data are presented as
mean ! SD for continuous variables and as fre-
quencies (%) for categorical variables. The
Kolmogorov-Smirnov test was performed to compare
the groups identified in the patient similarity
network. The comparison was made for each group
versus the rest. The rate of MACCE hospitalization
was analyzed using the Kaplan-Meier curve and log-
rank test. A multivariate Cox proportional hazard
was used to test whether cluster information was
significant even after adjusting for well-known
clinical risk factors. A p value < 0.05 was considered
statistically significant. We used R (R Foundation,
Vienna, Austria) and Python (Python Software Foun-
dation, Beaverton, Oregon), including scikit-learn
(33) and the Ayasdi software development kit, for all
statistical analyses and automated patient similarity
network generation. BigML was used for cloud-based
automated supervised machine learning for training,
testing, and evaluating the models. All models’

FIGURE 1 Echocardiographic, Speckle Tracking, and Vector Flow Mapping Parameters

Echocardiographic images of parameters used in topological data analysis network generation. The figure constitutes images of patients compiled from conventional
echocardiography, speckle-tracking echocardiography, and vortex flow mapping parameters.
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Machine-Learnin
g Algorithms to

Automate Morphological a
nd Functional

Assessments in 2D Echocardiogra
phy

Sukrit Narula, BS,
a Khader Shameer, PHD,b Alaa Mabrouk Salem Omar, MD, PHD,a,c

Joel T. Dudley, P
HD,b Partho P. Sengupta, MD, DM

a

ABSTRACT

BACKGROUND Machine-learning models may aid cardiac phenotypic recognition by using features of cardiac

tissue deformation.

OBJECTIVES This study investigated the diagnostic value of a machine-learning framework that incorporates
speckle-

tracking echocardiographi
c data for automated discrimination of hypertrophic c

ardiomyopathy (HCM) from physiological

hypertrophy seen in athletes (ATH).

METHODS Expert-annotated
speckle-tracking

echocardiographi
c datasets obtained from 77 ATH and 62 HCM

patients were used for developing an automated system. An ensemble machine-learning model with 3 different

machine-learning algorithms (support vector m
achines, random

forests, and artificial neural n
etworks) was

developed and a majority voting method was used for conclusive predictions with further K-fold cross-validation.

RESULTS Feature selection using an information gain (IG) algorithm revealed that volume was the best predictor fo
r

differentiating between HCM ands. ATH (IG ¼ 0.24) followed by mid-left ventricular
segmental (IG ¼ 0.134) and average

longitudinal strai
n (IG ¼ 0.131). The ensemble machine-learning model showed increased sensitivity and specificity

compared with early-to-late diastolic transmitral velocity ratio (p < 0.01), average early diastolic tissue velocity (e0)

(p < 0.01), and strain (p ¼ 0.04). Because ATH were younger, adjusted
analysis was undertaken in younger HCM

patients and compared with ATH with left ventricular w
all thickness >13 mm. In this subgroup analysis, the

automated model continued to show equal sensitivity,
but increased specificity relative to early-to-late diastolic

transmitral velocity ratio, e0 , and strain.

CONCLUSIONS Our results suggested that machine-learning
algorithms can assist in the discrimination

of physiological
versus pathological pat

terns of hypertrophic
remodeling. This effort represents a step

toward the development of a real-time, machine-learning–
based system for automated interpretation of

echocardiograph
ic images, which may help novice readers with limited experience. (J Am Coll Cardiol

2016;68:2287–9
5) © 2016 by the American College of Cardiology Foundation.
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ABSTRACT

BACKGROUND Echocardiograp
hic determination of ejection fraction (EF) by manual tracing of endocardial

borders is

time consuming and operator depen
dent, whereas visual assessment is inherently subjective.

OBJECTIVES This study tested the hypothesis that
a novel, fully automated software using machine learning-enable

d

image analysis will provide rapid, reproduc
ible measurements of left ventricu

lar volumes and EF, as well as average

biplane longitudinal str
ain (LS).

METHODS For a total of 255 patients in sinus rhythm, apical 4- and
2-chamber views were collected from 4 centers

that assessed EF using both visual estimation and manual tracing (biplane Simpson’s method). In addition, datas
ets

were saved in a centralized database, and
machine learning-enabl

ed software (AutoLV, TomTec-Arena 1.2, TomTec

Imaging Systems, Unterschleis
sheim, Germany) was applied for fully automated EF and LS measurements.

A reference center reanaly
zed all datasets (by visual estimation and manual tracking)

, along with manual LS

determinations.

RESULTS AutoLV measurements were feasible in 98% of studies, and
the average analysis time was 8 ! 1 s/patient.

Interclass correlation coefficients and Bland-Altman analysis revealed good agreements among automated EF, local

center manual tracking,
and reference center manual tracking,

but not for visu
al EF assessments. Similarly, automated

and manual LS measurements obtained at the reference center showed good agreement. Intraobser
ver variability was

higher for visua
l EF than for manual EF or manual LS, whereas interobserver v

ariability was higher for both
visual and

manual EF, but n
ot different for

LS. Automated EF and LS had no variability.

CONCLUSIONS Fully automated analysis of echocardiog
raphy images provides rapid and reproducible assessment

of left ventricu
lar EF and LS. (J Am Coll Cardiol 20

15;66:1456–66
) © 2015 by the American College of Cardiology

Foundation.
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ImagingWithDeepLearning

Sharpening the Cutting Edge

Partho P. Sengupta, MD, DM, Associate Editor, JACC: Cardio
vascular Imaging,

Y. Chandrashekhar,
MD, DM, Editor-in-Chief, JAC

C: Cardiovascular Imaging

M achine learning and deep learning—both

subsets of the broader artificial intelli-

gence (AI) field —have sparked great inter-

est in the cardiac imaging community. Investigators

have enthusiastically used deep learning for

modeling tasks, often relying on convolutional neura
l

networks (CNNs), a type of deep learning that is

particularly adept at classifying images.1 As a result,

during the last 2 years, the editors at iJACC have

focused on bringing papers to readers and the scienti-

fic community that demonstrate the brilliance of deep

learning techniques while ensuring direct clinical

applicability and reproducibility.
1–17

In this issue of iJACC, 2 publications discuss the

use of CNN models: one predicts the existence of

biventricular dysfunction using surface electrocardi-

ography (ECG), and the other verifies cardiac struc-

ture and function using cardiac magnetic resonance

imaging.2
,3 Both papers represent 2 specific directions

of research in cardiac imaging that have utilized CNN

techniques. The first is the automation of human

tasks, such as view recognition, image segmentation,

and standardized cardiac structural and functional

parameters. The other involves the more advanced

tasks of identifying patterns in imaging data that

promote the discovery of new associations, pheno-

types, outcome predictions, and eventually clinical

decisions.

Although deep learning models demonstrate

remarkable performance, they are highly susceptible

to training biases, leading to poor generalizability.

Therefore, the editors and reviewers at iJACC have

continuously advocated for validating deep learning

algorithms in populations and registries that differ

from the primary training site.18 The 2 studies pub-

lished in the current issue illustrate this step. In

addition, the journal now requires authors to report

the proposed requirements for cardiovascular imag-

ing-related machine learning evaluation (PRIME)

checklist that ensur
es a standardized presentation of

steps for developing
AI algorithms, including steps on

data preparation, model selection, and performance

assessments.18 When permissible, we also suggest

making the data and models available to the broader

scientific community to ensure ongoing evaluations.

These ongoing evaluations are relevant because sub-

optimal training data sets can influence the generated

algorithm, and despite external validation, broader

applicability remains unproven until other studies

further tune the algorithm and confirm the results.

The major downside of deep learning is its compu-

tational complexity, requiring high-performance

computational resource
s and long training times. As

a result, today, most CNNs developed by the industry

require shuttling data over the cloud to distant su-

percomputers powerful enough to perform AI tasks.

Such reliance on cloud computing has distinct disad-

vantages—the network lag, lack of standardized image

formats from different scanners, and security and

privacy issues that constantly challenge institutional

needs.

Instead, if the network architecture could be

simplified, it would benefit if the AI algorithms were

positioned directly in the ECG carts and scanners.

The next major revolution in computing—edge

computing—is addressed to make this a distinct pos-

sibility.
19 The term “edge” refers to the fundamental

process of analyzing
images as close as possible to the

ISSN 1936-878X/$36.00
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EDITORIAL COMMENT

Enforcing Quality in Strain Imaging

Through AI-Powered Surveillance*

Partho P. Sengupta, MD, DM,a Thomas H. Marwick, MBBS, PHD, MPHb

O ver the last 2 decades, echocardiographic

analysis of left ventricular (LV) longitudi-

nal strain has emerged as an important

diagnostic and prognostic tool for the assessment of

myocardial function.
Several software programs exist

to calculate strain values; some are vendor-specific,

whereas others are independent. With software itera-

tions, some vendors have further developed an ability

to assess multiple modalities like echocardiography

and cardiac magnetic resonance. In 2010, the Amer-

ican Society of echocardiography,
European Associa-

tion Cardiovascular Imaging, and the ultrasound

imaging industry launched a joint standardization

initiative to reduce intervendor variability of speckle

tracking–derived
measurement (1). This effort

remarkably improved the intervendor reprodu
cibility

of LV global longitudinal
strain (GLS) measurements

and renewed the clinical enthusiasm in using GLS.

Subsequent development of artificial intelligence

(AI)–powered segmentation and automation tech-

niques have further improved the workflow efficiency

in assessing GLS (2), including high-caliber tasks like

differentiating a nonphysiological fr
om a physiologi-

cally meaningful strain curve (3). Although investiga-

tors have attempted to use focused educational

sessions to improve the overall quality of cardiac ul-

trasound imaging (4), the use of feedback and training

initiative has not sufficiently influenced the quality

measures of LV GLS (Figure 1). Notwithstanding

these efforts, challenges i
n the reproducibility and ac-

curacy of LV GLS still remain. GLS measured from 2

different modalities, like echocardiography and car-

diac magnetic resonance–derived
feature tracking,

have considerable inconsistencies. This lack of

precision directly hampers the ability to effectively

measure subtle changes in GLS, specifically for

performing sequential evaluations, for example, in

patients receiving chemotherapy. Finally, an aspect

that is underappreciated is the dependence of strain

measurements on ultrasound image acquisition and

quality—poor quality images very commonly underes-

timate strain.

In this issue of iJACC, Huang et al. (5) present an

innovative approach of using AI for addressing the

imaging quality-related discrepancies encountered in

GLS measurements. Using 385 high-quality echocar-

diography videos, authors developed a deep learning

classifier that labels the entire video frame-by-frame

to identify 9 standard echocardiographic views. The

authors used a convolutional neural network meth-

odology that has been successfully used for echocar-

diographic view identification. However, instead of

simply developing a way to recognize and classify an

echocardiographic
view, the trained echocardiogra-

phy images were used to develop a rich neuronal

“memory scaffold.” This memory scaffold would

respond to an input image where a combination of

certain echocardiography features (e.g., shape, size,

thickness, geometry, and so on) would activate a series

of pre-trained neurons, resulting in a higher confi-

dence of the network’s ability to classify the view. This

confidence, quantit
atively expressed as classification

confidence, was then measured for an unseen set of

videos. Of note the term “classification confidence”

was not just the probability of finding a view, but also

included quantitative estimates of features required

for deriving GLS as learned from the high-quality

training videos used for building the model.

Deep learning networks are often considered to be

“black boxes” that offer no way of figuring out what a

ISSN 1936-878X/$36.00
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EDITORIAL COMMENT

Machine Learning for

Data-Driven Discovery

The Rise and Relevance*

Partho P. Sengupta, MD, DM, Sirish Shrestha, MSC

It is what we think we know that

keeps us from learning.

—Claude Bernard (1)

D uring the past 2 decades, imaging data has

grown exponentially in both size and

complexity. Paralleling this growth is the

surge of electronic health information systems that

can enable conducting research in real-world settings

instead of controlled trials. Specifically,
the amalga-

mation of cardiac imaging and clinical data may

have profound ramifications on disease prognostica-

tions and survival predictions
. Because human cogni-

tion to learn, understand, and process the data is

finite, computer-based methods may aid standard-

ized interpretation and recognition of important pat-

terns from these stored data. To this end, Samad et al.

(2), in this issue of iJACC, explore the idea of inte-

grating a large dataset of standard clinical and echo-

cardiographic data for prediction of all-cause

mortality. Their analy
sis focuses on machine learning

algorithms—an analytic field that lies at the intersec-

tion of mathematics, statistics, and
computer science.

There has been a growing enthusiasm among investi-

gators worldwide with up to 1.2% of all papers pub-

lished annually in PubMed during the past few years

focused on machine learning techniques (3). The

progress in computational methods has revolution-

ized the use of imaging techniques in diagnostic car-

diology, yet the designs of clinical trials in

cardiovascular imaging have only recently started

adopting machine learning techniques for data-

driven information discovery. Figure 1 shows the cu-

mulative growth of use of machine learning tech-

niques in cardiac imaging in published literature.

The traditional tenets of hypothesis-driven

research are constructed using certain assumptions

based on the underlying hypothesis and methods

used to formalize understanding of the relationship

between a limited set of variables for inference and

hypothesis testing (4). Such approaches are specif-

ically useful for choosing between alternative

mechanisms that could explain an observed phe-

nomenon (e.g., through a controlled experiment),

but they are much less helpful for mapping out new

areas of inquiry (e.g., the sequence of the human

genome), predicting outcomes from relationships

among different variables, or studying complex

systems. In contrast, data-drive
n research is charac-

terized as an iterative interplay among hypothesis-

driven, question-driven, exploratory, and tool- and

method-oriented research. As inquiry proceeds,

initial questions are framed, while others are revised

or give rise to new lines of research. In an effort to

address these questions, new analytic techniques are

often used and tested, frequently generating other

sets of new questions and altering old ones. The

study by Samad et al. (2) signifies this new paradigm

of research that primarily addresses knowledge

gaps by pursing a rather broad initial hypothesis.

The authors broadly questioned whether nonlinear

machine learning models with echocardiography

measurements and clinical variables would have

higher ability to predict mortality. They used a

battery of analytic approaches to predict outcome

using 331,317 echocardiographic
studies from

171,510 unique patients. A mere 2-dimensional

SEE PAGE 681
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Intelligent Platforms for Disease Assessment

Novel Approaches in
Functional Echocardi

ography

Partho P. Sengupta, MD, DM

New York, New York

Accelerating trends in the dynamic digital era (from 2004 onward) has resulted
in the emergence of

novel parametric imaging tools that allow easy and accurate extraction of quantitative information

from cardiac images. This review principally attempts to heighten the awareness of newer
emerging

paradigms that may advance acquisition, visualiza
tion and interpretation of the large functional data

sets obtained during cardiac ultrasound imaging. Incorporation
of innovative cognitive software that

allow advanced pattern recognition and disease forecasting will likely transform the human-machine

interface and interpretation process to achieve a more efficient and effective work environment.

Novel technologies f
or automation and big data analytics that are already active in other fields need

to be rapidly adapted to the health care environment with new academic-industry collaborations to

enrich and accelerate the delivery of newer decision making tools for enhancing patient

care. (J Am Coll Cardiol Img 2013;6:1206–11) ª 2013 by the American College of Cardiology

Foundation

Echocardiography remains the most versatile

cardiac imaging tool in clinical practice, of-

fering an ever-increasing array of measure-

ments. Improved computer capabilities over

the yearsdas predicted by Moore’s lawdhave

enhanced data extraction and visualization.

New opportunities are emerging with interac-

tive web-based networks providing easy access

to massive datasets in cardiac imaging. In

addition to the rise of big data, migration of

hardware functionality to software has made

possible miniaturization of clinical ultrasound

devices. These emerging technologies have the

potential to make clinical imaging smarter and

more cost effective. This review provides a

broad perspective on projected developments

in cardiac ultrasound, highlightin
g new path-

ways to acquire and analyze large datasets us-

ing cognitive tools that are particularly relevant

for cardiac function assessment.

The Big Data Revolution in Cardiac Ultrasound

Big data computing is perhaps the most sig-

nificant development in the digital world over

the last decade. It has been estimated that

somewhere between 2003 and 2004, the

amount of data created by the digital world

accelerated exponentially, surpassing the total

amount of data created in the previous 40,000

years of human civilization (1). A similar

growth rate can also be seen in the field of

echocardiography, whe
re the number of publi-

cations has increased exponentially over the p
ast

few decades (Fig. 1A). An
d in addition to the

increase in the number of publications, closer

examination reveals a shift in what researchers

are studying as well (Fig. 1B). In the 1980s,

publications about Doppler imaging experi-

enced the greatest growth in terms of publica-

tion volume. However, by the beginni
ng of the
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EDITORIAL COMMENT

Predicting Preclinical

Heart Failure Progression

The Rise of Machine-Learning for Population Health*

Jordan B. Strom, MD, MSC,a,b,c Partho P. Sengupta, MD, DMd

A t the core of precision medicine for risk pre-

diction in population health is a tension be-

tween the ancient philosophical dichotomy

of reductionism versus holism (1). Although reduc-

tionism, the tendency to deconstruct a complex pro-

cess by understanding its component parts, has held

great traction in evidence-based medicine, there is a

danger in oversimplification and ignoring or over-

looking incongruent data (1). Such “greedy reduc-

tionism” as the author Daniel Dennett called it, can

have ripple effects in population health, as errors

become magnified when applied to a broader popula-

tion (1).

The alternative, holism, summarized by Aristotle’s

statement that the “whole is more than the sum of its

parts” has only recently gained a footing in popula-

tion health (2). Within recent years, advances in

computing have attached methodologic techniques to

this philosophical appro
ach (1). Using vast networks

of ‘omics data, precision phenotyping can help us

learn from the data to develop evidence-based pop-

ulation-level insights that focus hypothesis testing.

This process of learning from the data, so-called

“unsupervised learning,” unmoored from historical

convention, can identify patterns of relevance in the

data that escape even the best-trained eye, poten-

tially leading to novel inferences an
d conclusions that

advance science (3,4). In this issue of iJACC,

Kobayashi et al (5)
illustrate the use of unsupervised

learning on population-level da
ta to identify asymp-

tomatic individuals in the general population
who are

at highest risk for heart failure (HF). Undeniably, such

algorithms may be useful, not only to classify risk in

the population, but also to eventually develop cost-

effective strategies for targeted therapy and

prevention.

The investigators enrolled individuals from the

Nancy region of France participating in the STA-

NISLAS (Suivi Temporaire Annuel Non-Invasif de la

Santé des Lorrains Assurés Sociaux) Cohort, which

enrolled families with 2 parents and at least 2 bio-

logical children, de
emed free of disease. Of the 1,705

individuals initially recruited, a total of 827 (48.5%)

were ultimately included after excluding those with

prior HF (n ¼ 16), missing echocardiographic
data

(n ¼ 161), or too young (n ¼ 767). In addition to

standard echocardiographic
measures, a range of

detailed physiologic data was acquired including

diastolic function, global longitudinal strain (GLS),

aortic stiffness (as evaluated through carotid-to-

femoral pulse wave velocity), intima media thick-

ness, arterial compliance, and systemic vascular

resistance. In addition, the investigators evaluated 32

biomarkers with known associations with inflamma-

tion, extracellular matrix remodeling, and angiogen-

esis in HF with preserved ejection fraction. No

imputation of missing data was performed.

Using these dense phenotypic data, the in-

vestigators were able to identify 3 main clusters, or

“phenogroups,” in the data using a statistical clus-

tering technique known as K-means clustering, which

seeks to maximize the dissimilarity between data

clusters (6). They then used several tree-based su-

pervised learning methods to predict the likelihood of
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EDITORIAL COMMENT

Automated Interpretation of

Myocardial Perfusio
n Images

Tell Me AI Where to Look*

Partho P. Sengupta, MD, DM,a Márton Tokodi, MD, PHDa,b

I join my fellow

sleep-hungry interns

stalking the halls like ghosts

reacting to beeps and codes

oblivious to the sound

of an ambulance

and softly falling snow.
—Bakshi

1

T he COVID-19 pandemic has overwhelmed the

cardiology workforce, with recent surveys

reporting that at least 1 in 3 cardiologists in

the United States feels burned out.2 Specifically con-

cerning cardiac imagers and radiologists, the post-

pandemic surge in accommodating cardiac patients

has increased the demand for reading speed and

studies per day, resulting in higher reported burnout

rates now than during the early days of the

pandemic.3 Studies have shown a clear correlation

between burnout and a decline in 3 primary cognitive

functions: executiv
e functions, attention

, and mem-

ory,4 potentially leading to interpretation errors, pa-

tient safety risk, and physician frustration.

Therefore, decision
support tools and workflow solu-

tions are urgently needed to improve efficiency, accu-

racy, costs, and physician well-being.

Single-photon emission computed tomography

(SPECT) myocardial perfusion imaging (MPI) is

commonly used for risk stratifying a patient with

suspected or documented coronary artery disease

(CAD). Accurate interpretation of MPI is a complex

cognitive task requiring a working knowledge of po-

tential abnormalities and a thorough understanding

of image data acquisition and processing artifacts. In

this issue of JACC: Cardiovascular Imaging, Otaki

et al5 present a deep learning pipeline that automates

and reduces a reader’s cognitive burden for reviewing

SPECT MPI and predicting the presence of obstructive

CAD. The investigators traine
d a convolutional neura

l

network (CNN) in a sizeable multicentric cohort of

patients with suspected CAD who underwent SPECT

MPI and invasive coronary angiography within

6 months. When evaluated externally in a cohort with

a high prevalence of CAD, the model achieved a per-

patient area under the receiver-operating
character-

istic curve (AUC) of 0.80 and a per-vessel AUC of 0.78.

Furthermore, the model’s generalizability was veri-

fied in 2 low-prevalence cohorts, suggesting
that it is

well suited for screening patients with a low proba-

bility of CAD.

Although CNNs have already been used for

detecting ischemia and obstructive CAD using SPECT

MPI slices and polar maps (Table 1),6-15 this study of-

fers additional new insights. First, the current

model’s performance was benchmarked against stress

total perfusion deficit (TPD) and expert visual

assessment. It significantly surpassed the diagnostic

accuracy of both (per-patient AUC of TPD: 0.73 and of

reader diagnosis: 0.65, both P < 0.001 vs deep

learning). These findings imply that the proposed

deep learning model could be a standardized and

objective tool for diagnosing obstructive CAD. More-

over, the low computation time and the fact that it

does not require additional effort from physicians

make this approach even more enticing. Thus, it ha
s a

true potential to augment workflow efficiency and

eliminate observer-related variability.

Second, quantitative polar maps were omitted.

Only raw myocardial perfusion
, wall motion, and wall
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Automated Machine Learning
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Will Artificial Intelligence Replace the 
Human Echocardiographer?
Clinical Considerations
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An older population with an increased prevalence of cardiovascular disease 
and an aging workforce are engendering a state of healthcare crisis in cardi-
ology.1 Most cardiologists now face an unprecedented time crunch as they 

rush through their appointments to perform and interpret more and more proce-
dures. The need to multitask creates exhaustion leading to burnout and frequent 
reporting errors.2 The recent interest in using artificial intelligence techniques, such 
as machine learning, may offer a solution to reduce physician workload including 
repetitive and tedious tasks involved in diagnosing and analyzing patient data and 
imaging. To this end, the study by Zhang and colleagues3 in this issue of Circulation 
adds to the growing enthusiasm for developing a machine learning algorithm that 
automates several facets of echocardiography measurement and interpretation.

Zhang and colleagues used a deep learning model that has enjoyed spectacu-
lar success in addressing computer vision problems including image classification, 
face recognition, robot navigation, and driverless cars to name a few. Although 
traditional machine learning workflow includes an initial stage of feature engineer-
ing and selection from the data for classification, deep learning methods attempt 
to learn the important features directly from the raw image data (with minimal 
preprocessing). Zhang and colleagues applied an algorithm that has triumphed in 
image recognition tasks and reported a 96% accuracy for distinguishing between 
broad echocardiographic view classes (eg, parasternal long axis from short axis, or 
an apical view) and an 84% accuracy overall (including partially obscured views). 
These results are consistent with a recent study that applied deep learning with 
convolutional neural networks for view classification of echocardiograms.4 How-
ever, Zhang et al notably used a deeper architecture with more layers (18 versus 
11), considered a larger number of echocardiography view classes (23 versus 15 
views), and applied their technique to a larger data set (14 035 versus 267 echo-
cardiographic studies).

The authors also reported an overall metric of accuracy of image segmentation 
ranging from 72% to 90% for image segmentation. Although deep learning has 
been explored previously for segmenting the left ventricle,5 the work by Zhang 
et al was much more extensive with additional cardiac segments beyond the left 
ventricle and a larger data set, millions of images from 14 035 studies. Moreover, 
the authors succeeded in going a step beyond simple classification and segmenta-
tion by providing an algorithm for automated quantification of cardiac structure 
and function. The comparison with manually recorded measurements, however, 
showed wide limits of agreements emphasizing potentially the real-world vari-
ability of echocardiography measurements. Independent verification from a core 
laboratory or the use of a gold standard like cardiac magnetic resonance was not 
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AI-driven Autonomous Imaging, Miniaturized/ Portable Devices 

Portable MRI 

Portable CT 

Fully Automated ImagingPortable CT 

Self Scanning Wearable Ultrasound 



Autonomous Ultrasound Scanner

+
Hands-free

AI-powered

🔧 Easy setup with nurses
or family members

📊 Simplified workflow with
reduced clinical overhead

📡 Access anytime, anywhereUltrasound System



POCUS-CARE Trial: A 
Step-Wedge Cluster 
Randomized Trial

Maganti K, Yanamala N, Sengupta PP et al, JAMA Network 2025



The Need
Projected Burden of CV Disease and Workforce Shortage



Sengupta PP et al, Lancet 2023

The Need
AI Can Advance Access For Screening and Early Detection of Heart Disease  



The Need
AI Can Advance Global Cardiovascular Health Equity

Medical imaging clinic in Juana Vicente, Dominican 
Republic. US probe (left) is connected to a laptop 
computer, powered by an external battery (orange 
cord) because of absent electricity. 



Prediction # 1. A new era of "Augmented Imaging"— physicians using 
AI to boost efficiency, reduce burnout, and rediscover joy in medicine, 
enhancing both clinical care and their own professional fulfillment.



Biochemical, 
Genomics

Cardiac Diagnostic dataClinical

+ +

Prediction # 2  A New Taxonomy of Disease Classification



Deep Learning for Assessing Diastolic Dysfunction in HFpEF

Ambarish Pandey, MD

J Am Coll Cardiol Img 2021, 14: 1887–1900
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“ Machine learning models based on clinical 
outcomes offer a more evidence-based approach 
to optimizing the classification of diastolic 
function with both reduction of ‘‘indeterminate’’ 
cases and improvement of the clinical relevance 
of diastolic function classification.” 



Ultrasonic Texture Features for Assessing
Cardiac Remodeling and Dysfunction
Quincy A. Hathaway, PHD,a,* Naveena Yanamala, PHD,b,* Nanda K. Siva, BS,a Donald Adjeroh, PHD,c

John M. Hollander, PHD,d Partho P. Sengupta, MD, DMb

ABSTRACT

BACKGROUND Changes in cardiac size, myocardial mass, cardiomyocyte appearance, and, ultimately, the function of

the entire organ are interrelated features of cardiac remodeling that profoundly affect patient outcomes.

OBJECTIVES This study proposes that the application of radiomics for extracting cardiac ultrasonic textural features

(ultrasomics) can aid rapid, automated assessment of left ventricular (LV) structure and function without requiring

manual measurements.

METHODS This study developed machine-learning models using cardiac ultrasound images from 1,915 subjects in

3 clinical cohorts: 1) an expert-annotated cardiac point-of-care-ultrasound (POCUS) registry (n ¼ 943, 80% training/

testing and 20% internal validation); 2) a prospective POCUS cohort for external validation (n ¼ 275); and 3) a

prospective external validation on high-end ultrasound systems (n ¼ 484). In a type 2 diabetes murine model,

echocardiography of wild-type (n ¼ 10) and Leptr"/" (n ¼ 8) mice were assessed longitudinally at 3 and 25 weeks,
and ultrasomics features were correlated with histopathological features of hypertrophy.

RESULTS The ultrasomics model predicted LV remodeling in the POCUS and high-end ultrasound external validation

studies (area under the curve: 0.78 [95% CI: 0.68-0.88] and 0.79 [95% CI: 0.73-0.86], respectively). Similarly, the

ultrasomics model predicted LV remodeling was significantly associated with major adverse cardiovascular events in both

cohorts (P < 0.0001 and P ¼ 0.0008, respectively). Moreover, on multivariate analysis, the ultrasomics probability score

was an independent echocardiographic predictor of major adverse cardiovascular events in the high-end ultrasound

cohort (HR: 8.53; 95% CI: 4.75-32.1; P ¼ 0.0003). In the murine model, cardiomyocyte hypertrophy positively correlated

with 2 ultrasomics biomarkers (R2 ¼ 0.57 and 0.52, Q < 0.05).

CONCLUSIONS Cardiac ultrasomics-based biomarkers may aid development of machine-learning models that provide

an expert-level assessment of LV structure and function. (J Am Coll Cardiol 2022;80:2187–2201) © 2022 by the

American College of Cardiology Foundation.

O ver the past decades, echocardiography has
distinguished itself for its safety, power,
and versatility with progressive improve-

ments in image quality, anatomic definition, physio-
logic data, and the breadth of applications. One of
the most spectacular developments has been the
miniaturization of cardiac ultrasound devices with
the development of point-of-care ultrasound (POCUS)

applications. POCUS can augment the physical exam,
improve medical decision making, and guide the
appropriate use of downstream cardiac ultrasound
imaging using high-end ultrasound systems.1 Howev-
er, until recently, most POCUS assessments have been
semiqualitative because the steps for gated morpho-
metric measurements on a small screen are cumber-
some, time-intensive, and difficult to standardize.

ISSN 0735-1097/$36.00 https://doi.org/10.1016/j.jacc.2022.09.036

From the aHeart and Vascular Institute, West Virginia University, Morgantown, West Virginia, USA; bRutgers Robert Wood
Johnson Medical School, New Brunswick, New Jersey, USA; cLane Department of Computer Science and Electrical Engineering,
West Virginia University, Morgantown, West Virginia, USA; and the dDivision of Exercise Physiology, West Virginia University,
School of Medicine, Morgantown, West Virginia, USA. *Drs Hathaway and Yanamala contributed equally to this work.
The authors attest they are in compliance with human studies committees and animal welfare regulations of the authors’
institutions and Food and Drug Administration guidelines, including patient consent where appropriate. For more information,
visit the Author Center.

Manuscript received May 11, 2022; revised manuscript received September 8, 2022, accepted September 20, 2022.

Listen to this manuscript’s
audio summary by
Editor-in-Chief
Dr Valentin Fuster on
www.jacc.org/journal/jacc.

J O U R N A L O F T H E AM E R I C A N C O L L E G E O F C A R D I O L O G Y V O L . 8 0 , N O . 2 3 , 2 0 2 2

ª 2 0 2 2 B Y T H E A M E R I C A N C O L L E G E O F C A R D I O L O G Y F O U N DA T I O N

P U B L I S H E D B Y E L S E V I E RPrediction #3  A New Taxonomy of Measurements
Ultrasomic Texture Analysis for Predicting Acute MI

Jamthikar A, Sengupta PP et al JACC Cardiovascular Imaging 2025



Ultrasonic Texture Features for Assessing
Cardiac Remodeling and Dysfunction
Quincy A. Hathaway, PHD,a,* Naveena Yanamala, PHD,b,* Nanda K. Siva, BS,a Donald Adjeroh, PHD,c

John M. Hollander, PHD,d Partho P. Sengupta, MD, DMb

ABSTRACT

BACKGROUND Changes in cardiac size, myocardial mass, cardiomyocyte appearance, and, ultimately, the function of

the entire organ are interrelated features of cardiac remodeling that profoundly affect patient outcomes.

OBJECTIVES This study proposes that the application of radiomics for extracting cardiac ultrasonic textural features

(ultrasomics) can aid rapid, automated assessment of left ventricular (LV) structure and function without requiring

manual measurements.

METHODS This study developed machine-learning models using cardiac ultrasound images from 1,915 subjects in

3 clinical cohorts: 1) an expert-annotated cardiac point-of-care-ultrasound (POCUS) registry (n ¼ 943, 80% training/

testing and 20% internal validation); 2) a prospective POCUS cohort for external validation (n ¼ 275); and 3) a

prospective external validation on high-end ultrasound systems (n ¼ 484). In a type 2 diabetes murine model,

echocardiography of wild-type (n ¼ 10) and Leptr"/" (n ¼ 8) mice were assessed longitudinally at 3 and 25 weeks,
and ultrasomics features were correlated with histopathological features of hypertrophy.

RESULTS The ultrasomics model predicted LV remodeling in the POCUS and high-end ultrasound external validation

studies (area under the curve: 0.78 [95% CI: 0.68-0.88] and 0.79 [95% CI: 0.73-0.86], respectively). Similarly, the

ultrasomics model predicted LV remodeling was significantly associated with major adverse cardiovascular events in both

cohorts (P < 0.0001 and P ¼ 0.0008, respectively). Moreover, on multivariate analysis, the ultrasomics probability score

was an independent echocardiographic predictor of major adverse cardiovascular events in the high-end ultrasound

cohort (HR: 8.53; 95% CI: 4.75-32.1; P ¼ 0.0003). In the murine model, cardiomyocyte hypertrophy positively correlated

with 2 ultrasomics biomarkers (R2 ¼ 0.57 and 0.52, Q < 0.05).

CONCLUSIONS Cardiac ultrasomics-based biomarkers may aid development of machine-learning models that provide

an expert-level assessment of LV structure and function. (J Am Coll Cardiol 2022;80:2187–2201) © 2022 by the

American College of Cardiology Foundation.

O ver the past decades, echocardiography has
distinguished itself for its safety, power,
and versatility with progressive improve-

ments in image quality, anatomic definition, physio-
logic data, and the breadth of applications. One of
the most spectacular developments has been the
miniaturization of cardiac ultrasound devices with
the development of point-of-care ultrasound (POCUS)

applications. POCUS can augment the physical exam,
improve medical decision making, and guide the
appropriate use of downstream cardiac ultrasound
imaging using high-end ultrasound systems.1 Howev-
er, until recently, most POCUS assessments have been
semiqualitative because the steps for gated morpho-
metric measurements on a small screen are cumber-
some, time-intensive, and difficult to standardize.
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data for each study are provided online on our
GitHub repository (qahathaway/Cardiac_Remode-
ling_Radiomics).10 The segmentation package echocv
was implemented in Python (version 2.7, Python
Software Foundation) (Figure 1A). We adapted the
software to identify individual regions within the
parasternal long-axis (PLAX) LV, including the inter-
ventricular septum (IVS), LV chamber, and posterior
wall. Both the extracted frame (original image) and
the region-of-interest segmentation (mask image)
were used for texture-based feature analyses
(Figure 1B). All DICOM frames were acquired during
end-diastole, which is defined as the ventricle at its
largest volume occurring shortly before the mitral

valve closes and the mitral annulus descends.
The N for the study represents unique individuals,
with only a single end-diastolic frame evaluated
per patient (refer to Supplemental Methods for
additional details).

MORPHOMETRY AND TEXTURE-BASED FEATURE

EXTRACTION. PyRadiomics (version 3.0.1, Python
Software Foundation) and SimpleITK (version 2.0.2,
Insight Software Consortium) were executed in Py-
thon (version 3.8.7) to allow for feature extraction of
ultrasomics features. All single, end diastolic DICOM
images were converted to the same aspect ratio/size.
For feature extraction, featureextractor() from
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CENTRAL ILLUSTRATION Ultrasomics Biomarkers for Predicting Cardiac Outcomes

Hathaway QA, et al. J Am Coll Cardiol. 2022;80(23):2187–2201.

Cardiac point-of-care ultrasound (POCUS) was acquired in participants (n ¼ 943) from a single parasternal long axis (PLAX) end-diastolic DICOM [Digital Imaging and
Communications in Medicine] image. We developed an ultrasomics-based machine-learning algorithm to predict left ventricular (LV) structural and functional changes
(primary outcome) (80% of the ASE-REWARD [American Society of Echocardiography: Remote Echocardiography With Web-based Assessments for Referrals at a
Distance] participants, n ¼ 754) and assessed its performance in an internal validation (20% of the ASE-REWARD participants, n ¼ 189) and 2 prospective external
validation POCUS (n ¼ 275) and high-end ultrasound equipment (n ¼ 484) cohorts. The ultrasomics prediction probabilities were also used for prospective prediction
of major adverse cardiac events (MACE) (secondary outcome). Subsequently, common ultrasomics features of importance were investigated in a murine model of type
2 diabetes mellitus (n ¼ 10 wild-type, n ¼ 8 diabetic) to correlate our ultrasomics biomarkers with histological evidence of cardiomyocyte hypertrophy (biomarker
discovery). IVS ¼ interventricular septum; LDLGLE ¼ large dependence low gray level emphasis; LGLE ¼ low gray level emphasis; LVc ¼ left ventricular chamber;
PW ¼ posterior wall.
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Explain the 
object that is 
seen in the LV 
cavity The object that is seen in the 

LV cavity close to the inferior 
and posterior segments 
represent the body of the 
posterior papillary muscle

Nature volume 616, pages259–265 (2023

Prediction # 4 Emergence of Robotics + AI



Prediction #4 New uses in Cardiovascular Therapies

3D-printed tissue
Gene Therapies
Cell therapies
Nanoparticles
Nanorobotics

2030

Cardiac 
Surgery
1953

Structural Heart 
Interventions
2002

Minimally Invasive 
Cardiac Surgery
1990s

Cardiac 
Cath
1927

Cardiac 
Transplant

1967 2025

Drugs
CCU
1962

Invasive
Cardiology

1977

Prediction # 5  Newer Therapies and Interventions
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Digital Twin: Synthetic Generation of Echo from Surface ECG



• We don’t have the luxury of making 230 million 
years of mistakes and random variations to 
produce an intelligent machine –AI should not 
replace critical thinking

• “AI operates on a radically shorter time scale, 
with fewer degrees of freedom, takes a much 
more direct route to our objective.” 

      –Use AI for low-caliber activities

• “AI bundles the objective facts from a data 
perspective” –AI should not endanger empathy 
and morality in medicine

AI in Cardiology
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