
STATE-OF-THE-ART REVIEW
From Duke Health Sy

Clinic (K.B.), La Jolla,

Utah; Northwestern M

(P.K.), Irvine, Irvine, C

Massachusetts; and S

Conflicts of interest: N

Attention ASE Mem

Visit www.aseunive

through an online a

immediate access

will need to join the

Reprint requests: As

Duke University Hosp

NC 27710 (E-mail: as

0894-7317/$36.00

Copyright 2020 by the

https://doi.org/10.101
Artificial Intelligence and Echocardiography:
A Primer for Cardiac Sonographers
Ashlee Davis, BS, ACS, RDCS, FASE, Kristen Billick, BS, ACS, RDCS, FASE,
KennethHorton, ACS, RCS, RCIS, FASE,Madeline Jankowski, BS, RDCS, FASE, Peg Knoll, RDCS, RCS, FASE,

Jane E. Marshall, BS, RDCS, FASE, Alan Paloma, RDCS, Richie Palma, BS, ACS, RDCS, FASE,
and David B. Adams, ACS, RCS, RDCS, FASE, Durham, North Carolina; La Jolla, Irvine, and Stanford,

California; Salt Lake City, Utah; Chicago, Illinois; and Boston, Massachusetts

Artificial intelligence (AI) is emerging as a key component in diagnostic medical imaging, including echocardi-
ography. AI with deep learning has already been usedwith automated view labeling, measurements, and inter-
pretation. As the development and use of AI in echocardiography increase, potential concerns may be raised
by cardiac sonographers and the profession. This report, from a sonographer’s perspective, focuses on
defining AI, the basics of the technology, identifying some current applications of AI, and how the use of AI
may improve patient care in the future. (J Am Soc Echocardiogr 2020;33:1061-6.)
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Artificial intelligence (AI) is evolving into a major focus in
medicine that can be applicable to echocardiography in address-
ing problems of inconsistency and inter- and intraobserver vari-
ability during image acquisition and interpretation.1 Compared
with other modalities, such as computed tomography, nuclear
imaging, and magnetic resonance imaging, echocardiography is
often affected by interobserver variability and a strong depen-
dence on experience level. Cardiovascular imaging, and echocar-
diography in particular, is increasing in demand and complexity.
It is imperative to find ways to decrease variability among echo-
cardiographers, improve efficiency, and decrease acquisition time.
This is where AI could be extremely advantageous for the
benefit of patients, sonographers, and cardiologists. The latest
American Society of Echocardiography guideline on performing
a comprehensive transthoracic examination recommends obtain-
ing >100 images.2 It would be beneficial to have AI assist with
adhering to these American Society of Echocardiography
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guidelines for standardizing views and measurements in echocar-
diography.
AI: ORIGINS AND DEFINITIONS

One of the earliest articles on machine learning was published in
1959 by Arthur Samuel, who coined the phrase ‘‘artificial intelli-
gence,’’ when he published an article titled ‘‘Some Studies in
Machine Learning Using the Game of Checkers.’’3 Since AI’s incep-
tion >60 years ago, interest in the field has seen multiple rises and
falls, but AI has now emerged with major breakthroughs.4 Starting
in the early 1980s, advances in computer technology and the creation
of advanced neural networks led to a rapid evolution in AI. Biological
neural networks are circuits of neurons; the human brain has approx-
imately 100 billion neurons. Artificial neural networks are computing
systems that mimic the human brain by recognizing relationships in
vast amounts of data.

‘‘AI’’ is a broad term that covers any computer program (algorithms
and models) that mimics human logic and intelligence. Many terms
are used to describe different subfields and techniques within AI.
Machine learning and deep learning are two subfields that serve as
the basis of most AI functions4 (Figure 1).
MACHINE LEARNING

Machine learning uses statistical techniques and data to learn from ex-
periences in order to make predictions about new data. Machine
learning involves programming a computer to store, learn, and analyze
data. As a subset of AI, machine learning uses statistical methods to
enablemachines to improvewith experience.Machine learning allows
a computer to take data that are input, learn from these data, predict an
outcome, and improve its own knowledge on how to react the next
time it is presented with similar data. Machine learning has many ap-
plications today, including speech and natural language processing,
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Abbreviations

AI = Artificial intelligence

CNN = Convolutional neural

network

EF = Ejection fraction
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image and video processing and
recognition, autonomous vehi-
cles, and game-playing com-
puters.5,6 An easy-to-understand
example in echocardiography is
a machine’s ability to identify
structures within an image and
accurately label them, such as
identifying an image as a parasternal long-axis view rather than an api-
cal long-axis view.7

Machine learning can be developed by either supervised learning
or unsupervised learning. The simplistic difference between the two
is that unsupervised learning uses unlabeled data, whereas supervised
learning uses labeled or known data. In unsupervised learning, the
machine takes unlabeled data sets and detects previously unknown
patterns. The term ‘‘supervised learning’’ is the process of giving algo-
rithms known or labeled inputs along with desired outputs and is the
most common type of machine learning used today. This method en-
ables a machine to classify or predict objects, problems, or situations
on the basis of labeled data fed into the machine. The goal of super-
vised learning is to have a machine receive new (untaught) input vari-
ables and correctly predict output variables.5 An example is a
program that can analyze two apical echocardiographic views and
produce an accurate value of ejection fraction (EF) without drawing
borders and assessing ventricular volumes. Because the program
was ‘‘trained’’ on thousands of images with known EFs, it is able to
produce an EF value that is as accurate as that of an expert cardiologist
with >20 years of experience.8
Figure 1 Schematic showing the hierarchy among AI, machine
learning, and deep learning. Machine learning and deep learning
are subfields within AI.
DEEP LEARNING

Deep learning is a subset of machine learning that is used in circum-
stances in which a very large amount of data must be processed.
These deep learning networks are based on multilayered configura-
tions called an artificial neural network to process data (Figure 2).
These artificial neural networks, often hundreds of layers deep, can
train themselves from large data sets and make accurate predictions
on newly input unknown data. They also have the ability to learn
from their experiences but require that the initial ‘‘training’’ data set
be accurate and without bias. Training without bias is critically impor-
tant and means that the initial data are free of any outside influences
that might cloud the information, such as demographic information
or additional medical information thatmay suggest a certain diagnosis.
Without bias also means that the ‘‘training’’ data set is large enough to
contain a wide variety of patients. For echocardiography, such a data
set would include studies from both sexes along with a range of
bodymass index, ages, and image quality. This is imperative for thema-
chine to learn patterns on the basis of the images alone. The compo-
nents of an artificial neural network are loosely related to the
components of a biological neuron consisting of multiple layers in
which the data are processed consecutively until the final output is
achieved.6,8 We can train a deep learning algorithm on a set of labeled
echocardiographic views from patients with hypertrophic cardiomy-
opathy and use that algorithm to predict hypertrophic cardiomyopa-
thy from new images.1 This is an example of AI, because the system
recognizes a pattern an experienced sonographer might recognize:
seeing a parasternal long-axis view of the heart and being suspicious
that the patientmight have hypertrophic cardiomyopathy. Table 1 lists
the main differences between machine learning and deep learning.
CONVOLUTIONAL NEURAL NETWORKS

Because of their ability to accurately perform pattern recognition,
convolutional neural networks (CNNs) are a class of artificial neural
networks often applied to analyze images. In a CNN, the multiple
(deep) hidden layers (Figure 2), called convolutional layers, perform
pattern analysis using a convolution operation. When an image passes
through a layer of a CNN, it is divided into hundreds of small regions,
and each region is analyzed by that layer of the CNN. Filters can
detect characteristics of the image, like an edge or a corner. The image
is scanned by each of the layers and passed on to the next layer.4 Initial
layers can detect simple geometric boundaries or edges; deeper layers
will detect a more complex pattern, such as ventricular chambers. The
final output is a summation of the individual analyses performed by
each layer of the CNN.
CURRENT STATE OF AI AND ECHOCARDIOGRAPHY

AI and Image Acquisition

There are ways that AI is alreadymaking cardiac imaging easier, faster,
and more accurate. Some of these examples already validated are
automatedmeasurement features, including left ventricular EF, cham-
ber dimensions, wall thickness, Doppler measurements, and so on.9,10

Figures 3 and 4 are examples of current software available on echo-
cardiographic machines that can perform some of these functions.
Automated measurement packages and image optimization can
save sonographers time during the study and help standardize repro-
ducibility of the echocardiographic results for patient data reporting.6

In a 2019 study by Asch et al.,8 99 patients were studied using auto-
matic left ventricular EF by machine learning compared with refer-
ence standards of conventional volume-derived EF by clinical
readers, high consistency (r = 0.95) and excellent agreement
(r = 0.94) were found.



HIGHLIGHTS

� AI will have a strong role in echocardiography.

� AI will guide image acquisition and optimization.

� AI for image analysis may aid in interpretation.

� AI is a tool that will not replace sonographers but will help

them be more efficient.
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Products have been developed to help guide a novice sonographer
toward a technically correct image.10 These tools could be especially
beneficial when a user is a nonexpert.11 This software uses an algo-
rithm to guide the user to capture a diagnostic image using real-
time positional directions. Deep learning software guides the user
by recognizing incorrect or off-axis views and providing guidance
on how to move the probe in order to obtain diagnostic images.
Once the images are deemed diagnostic by the software, they are ac-
quired automatically.10 These tools would lead to a shortened acqui-
sition time, optimized images, and standardizedmeasurements.8With
patient populations increasing in age and body mass, and an
increasing demand for echocardiographic studies, sonographers are
at risk for work-related musculoskeletal disorders.12 Automated
acquisition might help improve the ergonomic burden for sonogra-
phers, decreasing the frequency of awkward musculoskeletal move-
ments and examination length. The current technology used in
commercial echocardiography is only beginning to scratch the surface
of what AI can bring to the field. These products are extremely helpful
to work flow, but the real benefit of machine learning will be in the
interpretation of echocardiograms.
AI and Image Interpretation

Echocardiography is not only skill dependent in the acquisition of im-
ages, but the interpretation of echocardiographic images relies heavily
on the highly evolved process of pattern recognition by the human
Figure 2 A simplified view of how an artificial neural network function
The input is processed through a chain (called a graph) of neural laye
returned. Although two layers are shown, in reality hundreds or tho
brain.13 Pattern recognition develops with experience, yet interpreta-
tion of echocardiograms today can remain highly subjective. AI holds
promise in echocardiographic interpretation, as it has the potential to
extract information not readily apparent to the observer.

AI also has the potential to overcome the human limitations of fa-
tigue or distraction, inter- and intraobserver variability, and the
tedious, time-consuming interpretation of large data sets.6 Deep
learning has already been used in the diagnose of structural heart dis-
ease from limited echocardiographic views.8 It has also been able to
use cardiac landmarks to assess left ventricular endocardial border
segments for assessment of wall motion and volumes.6,8 Current pro-
grams include AI-based EF, chamber size evaluation, valve mobility
status, pericardial effusion presence, and many more areas of auto-
mated interpretation.14 A rapidly growing area of AI is in valvular
modeling and segmentation. Computers are being used that will
help with precise sizing and modeling of minimally invasive structural
heart interventional devices, with an emphasis on real-time guid-
ance.6
AI in Educational Settings

Echocardiographic machines equippedwith automated protocols can
help students or newly hired employees learn complex protocols us-
ing algorithms designed to assist with correct image acquisition and
measurements. Modern-day echocardiography simulators offer a
wide variety of cases with cardiovascular disease to develop skill in
recognizing pathology as well as the ability to accurately measure im-
ages. Software on these simulators and on ultrasound machines can
train novice users and sonographer students.11 The systems provide
real-time feedback to imagers that they are obtaining diagnostic-
quality images and instructions to correct acquisition if applicable.
Medical schools have started to include point-of-care ultrasound
into their curricula, even for first-year students, in order to better teach
anatomy.15 Using AI along with handheld point-of-care ultrasound
systems could speed up the learning curve for these medical students.
In fact, wherever cardiac ultrasound is used, whether it is in
s. In the case of a CNN, the input is an image (a matrix of pixels).
rs. At the end of the chain, an output of any desired result can be
usands of layers are used.



Figure 3 An example of automatic valve analysis with three-
dimensional modeling of the aortic and mitral valves. A red jet
of mitral regurgitation can be seen coming from the center of
the valve into the left atrium. Image courtesy of Marti McCulloch.

Table 1 Machine learning versus deep learning

Machine learning Deep learning

Can perform with smaller

amounts of data

Benefits from large amounts of

data

Can work on low-end
machines

Requires a high-end machine
to train but can be run on

low-end machines (e.g.,

smart phones)

Depends on specific function
to reach a conclusion

Can learn very complex
functions to reach a

conclusion

Important features must be
identified by an expert

Neural network determines
most important features, do

not need to be identified by

an expert

Short time to train Long time to train

Uses statistical methods to

improve with experience

Mimics functionality of human

brain neural networks
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emergency situations such as on the battlefield or screening for rheu-
matic heart disease in developing countries, pairing AI to assist in ob-
taining images or diagnosis would be of great benefit.16-18 At no other
time has this been more apparent than in the current coronavirus
disease 2019 pandemic. In an effort to reduce provider exposure,
as well as limit the use of critical supplies, hospitals all over the
country are trying to find ways to obtain real-time cardiac imaging
by novice users on the front lines. Point-of-care ultrasound with AI
is developing as a real-time solution to this complicated problem.
THE FUTURE OF AI IN ECHOCARDIOGRAPHY

With the increasing use of three-dimensional echocardiography, care-
fully developed tools with supervised learning algorithms have the po-
tential to determine whether structures can be seen and then guide
acquisition for a more diagnostic clip. This would help produce better
quality three-dimensional images and improved diagnostic value.
Besides optimizing echocardiographic images, AI could identify in
real time those patients needing additional views or the need for an
image enhancement agent.

The future of AI in echocardiography may involve using cluster
analysis, which combines both clinical and imaging data, to better
characterize disease and predict outcomes. This combination of
data may lead to the creation of therapies that are personalized for
each individual patient, on the basis of a machine-created prediction
of risk.6

AI in echocardiographic interpretation offers the likelihood of
increasing not only reading accuracy but also timeliness. A physi-
cian reading an echocardiogram that was obtained to assess mitral
regurgitation before an intervention could ask a program to
retrieve all views related to mitral regurgitation. This would save
the physician time in sifting through a study with possibly hun-
dreds of images by allowing the physician to quickly visualize
all relevant information. This would be especially helpful in collab-
oration between echocardiographers and surgeons, interventional-
ists, and/or anesthesiologists.

Another potential application of AI could include comparing a real-
time imagewith an image from a previous echocardiographic examina-
tion, allowing the interpreting physician to compare ‘‘apples to apples.’’
This would greatly facilitate laboratory accreditation requirements of
comparing the current echocardiogram with previous studies.
Limitations and Challenges

There are many challenges that need to be considered before relying
on AI for interpretation. Even in the setting of a perfect algorithm, if
the data being input are of poor quality or are biased, the interpreta-
tion will also be of poor quality.7,8 Additionally, emphasis must be
placed on creating uniform standards that are consistent across ven-
dors, thus allowing integration between the different algorithms and
allowing the algorithms to run on different equipment. It would be
helpful to have a set of standards for AI data management, similar
to the picture archiving and communication system and the Digital
Imaging and Communications in Medicine formats. These standards
for AI management would include standardized nomenclature used
to create a uniform system for data storage and retrieval.
Concerns of Sonographers

Cardiac sonographers take pride in obtaining high-quality diagnostic
echocardiographic studies, and they recognize the difficulties and
technical expertise required. These skills and techniques are learned
over many years and vary greatly from patient to patient. It is under-
standable that sonographers may have some concerns when reading
about the implementation of AI techniques in echocardiography.

Theymaywonder if echocardiographic examinations could become
so automated that sonographers become obsolete. They may question
if all health care providers could have transducers that connect to their
cell phones and, after obtaining a few images, reach a diagnosis. They
may be concerned that they could be replaced by remote scanning sys-
tems using robotics, similar to how some surgical procedures are now
performed.19 Although it is not clear what the future holds, it seems un-
likely thatAIwill lead to the replacement of sonographers but ratherwill
help them becomemore efficient while using their knowledge and skill
sets to focus on more complex patients. In the world of gaming,
although a computer is able to beat a human chess master, a chess



Figure 4 Automatic border detection and strain analysis from the three standard apical views calculating regional and global longi-
tudinal strain. Image courtesy of Berthold Klas.
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master combinedwith a computerwill always beat the computer. AI is a
tool that, once integrated into the daily work flow of the clinical echo-
cardiography laboratory,will support our clinicalwork and improve lab-
oratory work flow, laboratory quality, and echocardiographic
interpretation, all resulting in better patient care.
CONCLUSION

AI has made its way into several aspects of health care, and echocar-
diography is no exception. There are many areas in echocardiography
that have already witnessed AI’s impact on imaging, measurements,
and diagnosis. Although there are concerns among sonographers
and echocardiographers, the likelihood remains that AI will improve
the jobs of sonographers and decrease the variability currently present
in echocardiography. It is important to remain steadfast in the use of
critical thinking skills and understand that only in the combination of
properly developed AI and experienced human eyes will this mar-
riage of technology and humanity be successful.
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