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Abstract

Purpose of Review Cardiac computed tomography (CT) is becoming a more widely applied tool in the diagnosis and man-
agement of a variety of cardiovascular conditions, including heart failure. The aim of this narrative review is to examine the

role of cardiac CT in patients with heart failure.

Recent Findings Coronary computed tomographic angiography has robust diagnostic accuracy for ruling out coronary artery
disease. These data are reflected in updated guidelines from major cardiology organizations. New roles for cardiac CT in
myocardial imaging, perfusion scanning, and periprocedural planning, execution, and monitoring are being implemented.
Summary Cardiac CT is useful in ruling out coronary artery disease its diagnostic accuracy, accessibility, and safety. It is
also intricately linked to invasive cardiac procedures that patients with heart failure routinely undergo.
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Introduction

Heart failure is a widespread and burdensome disease affect-
ing more than 37.5 million patients and costing an estimated
US$108 billion globally in 2012 [1, 2]. Work in this field
has led to advances in diagnostic tools and therapies to
secure optimal outcomes for patients. Two areas of focus
are non-invasive coronary artery disease (CAD) evaluation
and periprocedural imaging. A suite of modalities can be
used to obtain diagnostic information so that providers can
deliver precise, personalized therapies. Cardiac computed
tomography (CT), which includes coronary calcium scan
and coronary computed tomographic angiogram (coronary
CTA), has been increasingly incorporated into the care of
this patient population for a variety of purposes. The purpose
of this review is to highlight contemporary and future roles
of cardiac CT in patients with heart failure. This paper will
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focus on the use of cardiac CT in ruling out CAD, imaging
the myocardium, and assisting with the planning, execution,
and monitoring of transcatheter procedures in this cohort.

Ruling Out Coronary Artery Disease
Coronary Calcium Scan

Cardiac CT has the capacity to detect and prognosticate
on CAD. Initially, most studies on cardiac CT were per-
formed using coronary calcium scans, which is a highly safe
and sensitive modality to evaluate for obstructive CAD in
low—intermediate-risk patients with congestive heart fail-
ure. Regarding accuracy, Shemesh et al. published a study
on coronary calcium scans in patients who have heart fail-
ure of unknown origin that showed a sensitivity of 100%,
specificity of 92%, and total accuracy of 97% in diagnosis
of ischemic type cardiomyopathy [3]. Correspondingly, a
prospective, blinded, subsequent study in a multi-ethnic
patient population showed similar results with sensitivity
of 99% and overall accuracy of 92% in patients with left
ventricular ejection fraction <40% [4]. In the past, the core
tenet of coronary calcium scans was to be able to rule out
CAD in patients with calcium scores of 0. Newer data sug-
gest that very high coronary artery calcium scores (> 1,000)
have robust prognostic information. Coronary artery calcium
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scores of > 1,000 have double the all-cause and CVD mortal-
ity rates, and more than double the CAD mortality rate, of
patients with coronary artery calcium scores between 400
and 999 [5]. Another study found comparable results for
all-cause 30-day and 1-year mortality status post-transaor-
tic valve replacement (TAVR) for coronary artery calcium
scores > 1,000 as compared to scores of 400-999 [6].

The accuracy of coronary calcium scans has also been
compared to other imaging modalities. A 2008 investigation
comparing coronary calcium scans to nuclear myocardial
perfusion imaging (nMPI) in patients with cardiomyopathy
concluded that coronary calcium scanning was significantly
more accurate than nMPI (84% vs 64%, P=0.009). In addi-
tion, coronary artery calcium scans are not “... affected by
left bundle branch block, abnormal perfusion patterns, or
breast or diaphragmatic artifacts” [7]. When compared with
echocardiography, the presence of coronary calcification
on CT was significantly more sensitive and accurate than
the presence of wall motion abnormalities in distinguishing
ischemic and nonischemic etiology of heart failure [8].

One of the benefits of a coronary calcium scan is its
safety profile, which includes an extremely low radiation
dose (~ 1 mSv) and contrast avoidance [9]. Moreover, coro-
nary calcium scans may help patients avoid invasive test-
ing. To illustrate, data on 76 newly diagnosed patients with
cardiomyopathy from our public hospital shows that 49% of
patients had a coronary artery calcium score of zero, effec-
tively ruling out CAD without the risks of invasive angiog-
raphy with near perfect negative predictive values.

In general, coronary calcium scans do not have the abil-
ity to reliably assess detailed anatomical structures such as
myocardial tissue or valvular structure. Coronary calcium
scans also have poor resolution of the coronary artery tree
and lack of direct visualizations of lesions [10]. Coronary
calcium scanning has proven to be a useful screening tool
in the appropriate setting, and it may continue to have a role
in low- to intermediate-risk patients with heart failure when
providers want to avoid contrast and minimize radiation
exposure. Other imaging options with superior diagnostic
performance have made coronary calcium scans less relevant
to this patient population.

Coronary CTA

In comparison to coronary calcium scans, coronary CTA
is an even more adept screening tool for CAD, given its
ability to assess stenosis as well as myocardial disease and
presence of infarction (Figs. 2 and 3). A 2009 comparison
of coronary CTA to invasive coronary angiography showed
sensitivity of 100%, specificity of 93%, positive predictive
value (PPV) of 95%, negative predictive value (NPV) of
100%, and accuracy of 97% on a per-patient analysis in the
general population for excluding CAD of greater than 50%
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luminal stenosis [11]. Other investigations by Pontone et al.
and Maruyama et al. on coronary CTA in the general popu-
lation have had comparable results [12, 13]. A fourth report
did not complete a per-patient data analysis, but did describe
similar sensitivity, specificity, accuracy, PPV, and NPV on
a per-segment basis as 84.3%, 98.6%, 96.1%, 92.2%, and
96.9% [14]. With regard to the diagnostic performance and
utility in patients with heart failure, a 2009 investigation
concluded sensitivity of 100%, specificity of 96%, PPV of
0.9, and NPV 1.0 for > 50% luminal stenosis on a per-patient
basis [15]. Papers by Andreini et al. (in 2007 and again in
2009), Ghostine et al., Polain De Warux et al., and Boulmier
et al. have been published with concurrent results [16-20].
One possible complaint with these prior investigations is the
relatively small patient population in the study. Yet, more
recently, a larger (n=>537), multicentered prospective trial
demonstrated that coronary CTA has sensitivity, specific-
ity, NPV, and PPV of 92-100%, 83-93%, 88—100%, and
81-92%, respectively, for detection of >50% luminal steno-
sis on per-patient model in the heart failure population [21].

The aforementioned studies largely excluded patients
with decompensated heart failure, and many of those
patients were on beta-blockers as part of their guideline-
directed medical therapy or as a part of the imaging pro-
tocol, ensuring low heart rate. In general, there has been
some question as to which patient population coronary
CTA may be suitable for. This is particularly relevant in
the heart failure population because their presentation may
resemble that of unstable angina; therefore, there may be
a sense of urgency in initiating their workup. It would
be ideal if these patients could undergo a single test to
rule out CAD prior to fully stabilizing them on guideline-
directed medical therapy.

In contrast to prior studies examining patients with heart
failure only once stabilized, Srichai et al. showed that cor-
onary CTA retained accuracy (96.7%), although sensitiv-
ity (62.5%) was decreased, in patients who are in acutely
decompensated heart failure with average heart rate of 75
beats per minute [22]. These findings are supported by a
separate report in the general population, which found no
changes to diagnostic values across patients in three differ-
ent heart rate groups [14]. Oncel et al. found that coronary
CTA retained sensitivity (100%), but did have decreased
specificity (88.9%) in patients with atrial fibrillation [23].
Follow-up papers in patient populations in Europe and
China also showed high sensitivity (90-100%), with slightly
decreased specificity (75-84%) for patients in atrial fibril-
lation [24-26]. In addition, coronary CTA is reliable in
patients with known CAD and coronary artery stents, as
well as patients with end-stage renal disease (Figs. 1 and
2) [27, 28]. In short, coronary CTA is a suitable tool for
distinguishing ischemic from dilated cardiomyopathy in a
large and diverse patient population.
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Fig. 1 a Coronary CTA demonstrating noncalcified plaque (arrow). b Coronary CTA demonstrating calcified plaque (arrow). ¢ Coronary CTA

demonstrating coronary artery stent (arrow)

Fig.2 Volume rendering image of aorta and coronary tree with stents
(arrows)

Fig. 3 a Left ventricular apical
infarct without perfusion imag-
ing showing hypoattenuated
infarcted area (arrow). b Left
ventricular apical infarct with
perfusion imaging illustrating
infarcted area (arrow)

In addition to performing well over a variety of cohorts,
coronary CTA is a relatively comfortable, fast, and safe
examination. Coronary CTA is non-invasive and has a rela-
tively low radiation dose at 3.5msV [29]. It has also been
shown to be safer than invasive coronary angiography [17].
One area of concern could be the risk of contrast-induced
nephropathy, especially as patients with heart failure fre-
quently experience comorbid kidney disease. Other limita-
tions of cardiac CT will be discussed later.

Recently, clinicians have had to decide between multiple
imaging tools to rule out CAD and ischemic causes of heart
failure. Often, the choice comes down to coronary CTA and
stress testing, particularly nMPI. The 2021 AHA guidelines
on chest pain, while not specific to the population of patients
with HF, give a class 1A recommendation to both coronary
CTA and nMPI in intermediate-risk patients with acute
chest pain and no known CAD, after a negative or incon-
clusive evaluation for acute coronary syndrome [30]. The
2021 guidelines for the diagnosis and treatment of acute and
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chronic heart failure from the European Society of Cardiol-
ogy (ESC) report that coronary CTA is considered a “key
element” in the initial workup of heart failure and should be
considered in patients with low to intermediate pre-test prob-
ability of CAD [31e]. These same guidelines also indicate
that nMPI is another recommended study to determine the
underlying etiology of heart failure. The Society of Cardiac
Computed Tomography states in a consensus document that
coronary CTA is an appropriate test to exclude CAD in those
with suspected nonischemic heart failure [32e].

Per these guidelines, coronary CTA and nMPI are both
reasonable options for noninvasively ruling out CAD and
ischemia, respectively, in patients with heart failure. Multi-
ple studies have been done to assess the comparative perfor-
mance of coronary CTA and nMPI in this setting. Although
these studies are not specifically focused on patients with
heart failure, they still provide useful insights. With regard
to the ability to detect CAD, one retrospective study showed
that coronary CTA has 98.9% sensitivity, 74.2% specificity,
91.8% PPV, and 95.8% NPV as compared to nMPI (56%
sensitivity, 38.7% specificity, 72.9% PPV, and 23% NPV) on
a per-patient level for lesions of > 50% stenosis [33]. Multi-
ple other studies, including a prospective, randomized, and
multicentered investigation, show similar findings [34-36].

Evaluation of the Myocardium

Imaging of the myocardium can be useful in identify-
ing regions of fibrosis. Fibrotic changes represent the end
effect of a variety of pathologic cardiac conditions includ-
ing cardiac valvular disease, hypertension, chronic kidney
disease, infiltrative diseases (i.e., amyloid, sarcoid, Fabry),
hypertrophic cardiomyopathy, and coronary artery disease/
myocardial ischemia. These imaging findings may carry
diagnostic and prognostic information.

One of the main ways to assess cardiac fibrosis is by
measuring extracellular volume in the myocardium, which
can be done with both late gadolinium enhancement with
MRI and myocardial CT delayed enhancement (CTDE).
The gold standard of non-invasive evaluation of myocardial
scar from ischemia is cardiac MRI using a late gadolinium
enhancement protocol with sensitivity, specificity, PPV,
and NPV of 97.1%, 88.9%, 97.1%, and 88.9%, respectively
[37]. Assessment of myocardial fibrosis via quantification
of extracellular volume is possible with myocardial CTDE
results which show strong correlations with both cardiac
MRI and histological measures of fibrosis [38, 39]. Myo-
cardial CTDE assessment of myocardial scar related to
ischemia has an accuracy of 93-96% when compared with
late gadolinium enhancement [37, 40, 41].

Outside of imaging of myocardial scar related to ischemia,
other uses of myocardial CTDE include detecting fibrosis in a
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variety of disease states including aortic stenosis, hypertrophic
cardiomyopathy, cardiac sarcoidosis, and cardiac amyloido-
sis [42—45]. Specifically regarding cardiac amyloidosis, both
the European Society of Cardiology and the American Heart
Association include cardiac scintigraphy as a part of the diag-
nostic pathway, but both suggest CMR may be helpful [46, 47].
Per the Society of Cardiac Computed Tomography (SCCT), it
may be appropriate to use myocardial CTDE to rule out infil-
trative diseases such as amyloidosis [32¢]. Although this is not
the gold standard for detecting myocardial scar and perfusion,
CT scans are relatively cheap, fast, easy to access, and have
comparable performance to MRI. Therefore, cardiac CT is a
reasonable substitute to cardiac MRI for imaging of myocar-
dial fibrosis when MRI is not possible or local expertise and
or equipment is lacking.

Myocardial CTDE has excellent temporal and spatial reso-
lution, and the image acquisition is very rapid [48]. But, myo-
cardial CTDE has higher signal-to-noise ratio as compared to
cardiac MRI and standardized cutoff values are less developed
among CT imaging as compared to MRI. Meanwhile, cardiac
MRI with late gadolinium enhancement has the distinct ability
to “null” the myocardium, and thereby increase the ability to
spot hyper-enhancing fibrotic regions [49]. Classically, cardiac
MRI has been hampered by the long image acquisition time
and difficulty in assessing diffuse fibrosis (which does not pro-
vide healthy myocardium to compare to diseased tissue). For-
tunately, cardiac MRI imaging acquisition time has decreased
over the last decade [50]. Plus, in recent years, advances in
MRI techniques such as T1 mapping, feature-tracking MRI,
and MRI tagging, have overcome some of the issues with MRI
and diffuse fibrosis, but these technologies are currently not
widely implemented [48]. Similar myocardial CTDE tech-
niques are also evolving, but they are not as well validated.

In addition to performing comparably to late gadolinium
enhancement for evaluation of myocardial scar, a myocar-
dial CT perfusion technique can detect hemodynamically
significant CAD (Fig. 3) [51]. Myocardial CT perfusion can
perform similarly to MRI stress perfusion, positron emission
tomography, and single-photon emission computed tomog-
raphy for detecting hemodynamically significant coronary
artery lesions [52].

To conclude, cardiac CT can directly visualize athero-
sclerotic lesions, evaluate myocardial fibrosis, and assess
myocardial perfusion. Some of these capabilities are being
used now to assist with invasive cardiac procedures that are
pertinent to patients with heart failure.

Periprocedural Uses of Cardiac CT

Beyond the initial heart failure workup, many of these
patients will require interventional therapies like valve
replacement/repair, left atrial appendage occlusion, and
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electrophysiology procedures, among others. Echocardiogra-
phy, including transthoracic, intra-cardiac, and transesopha-
geal approaches, remains a staple of periprocedural diagno-
sis and planning. Now, cardiac CT has also become integral
in the pre- and peri-interventional time periods. It allows for
sophisticated, highly detailed three-dimensional mapping of
valves, coronary arteries, and the cardiac venous system [53,
54e, 55]. These images have given cardiac interventionalists
more options in the way they precisely plan their approach
and monitor patients post-procedurally.

Regarding mitral valve interventions, echocardiogra-
phy remains the reference standard, but cardiac CT has
comparable ability to discern mitral valve geometry [56].
Natarajan et al. further describe the granular anatomical
information made available via cardiac CT such as “mitral
annular shape, dimensions, and angiographic coordinates,
presence and extent of annular calcification, coronary sinus
anatomy and spatial relationship, leaflet anatomy, thicken-
ing, calcification, tenting height, tethering angles compared
to annulus plane, and papillary muscle structure” [53]. These
data have been used in transcatheter mitral valve replace-
ment to assist in device selection [53]. Another applica-
tion revolves around left ventricular outflow obstruction
(LVOT) status post transcatheter mitral valve replacement,
which is associated with higher procedural mortality [57].
Yoon et al. found that cardiac CT can successfully predict
post transcatheter mitral valve replacement LVOT, which
may help identify patients at high risk of LVOT obstruction
prior to procedure, and therefore influence patient eligibility
[57]. Patients with heart failure have relatively high rates
of atrial fibrillation, and left atrial appendage occlusion is
a relevant procedure in this population [58]. Transesopha-
geal echocardiography is the gold standard for imaging in
this setting [59]. A recent expert recommendation states that
cardiac CT offers improved imaging and three-dimensional
reconstruction modeling when compared to transesophageal
echocardiography for pre-procedural planning of left atrial
appendage occlusion [59]. Prosper et al. (2020) in a review
article stated coronary CTA “...can serve as a 3D patient
avatar, providing detailed characterization of the left atrial
appendage and serving as a useful adjunct for pre-procedural
decision-making, intraprocedural planning, and follow-up,
given the complex morphology and variations of the left
atrial appendage and myriad procedural options” [54e]. Pre-
procedurally, transesophageal echocardiogram is typically
used to rule out left atrial appendage thrombus. Cardiac
CT has similar diagnostic performance to transesopha-
geal echocardiography for ruling out left atrial appendage
thrombus, with sensitivity and specificity of 100% and 99%,
respectively (Fig. 4) [60]. Another benefit of pre-procedure
cardiac CT includes improved device selection, which then
translates to decreased procedure time [61]. Post-procedur-
ally, cardiac CT is a suitable alternative to transesophageal

echocardiogram for device surveillance status post left atrial
appendage occlusion [62].

Aortic valvular disease is another common pathologic
entity for this population. A consensus document from the
SCCT reports that cardiac CT should be a fully integrated
component of any TAVR program [63]. Part of this con-
sensus is that cardiac CT is now the gold standard tool for
aortic annular sizing, determining the risk of annular injury
and coronary occlusion, and providing coplanar fluoroscopic
angle prediction [63]. Additionally, cardiac CT may be use-
ful in the subset of patients that have a “low-flow” gradient
aortic stenosis with severely reduced aortic valve area. In
those situations, the decision to intervene on the aortic valve
or not can be perplexing. The aortic valve calcification seen
on cardiac CT carries important prognostic implications for
survival even beyond information gleaned from Doppler
echocardiography, including prediction of eventual aortic
valve replacement as well as mortality [6, 64, 65]. These
data can be used as a decision aid to determine whether to
proceed with aortic valve intervention (Fig. 5). Status post-
TAVR, cardiac CT can assess for thrombosis of the replaced
aortic valve [66, 67]. This complication has historically been
diagnosed via transesophageal echocardiography which has
drawbacks related to prosthetic shadowing, invasive risks,
and discomfort [68]. Cardiac CT is an established and
integral part of TAVR programs for determining complex
anatomy, calcification load, and valvular function status
post-TAVR.

In comparison to mitral and aortic valvular diseases, CT
imaging of the tricuspid valve is a relatively less evolved
area of interest [69]. Both the ESC and the AHA guidelines
agree that transthoracic echocardiogram is the preferred
imaging modality for tricuspid regurgitation, but the AHA
does acknowledge that cardiac CT “... may provide more

Fig.4 Left atrial appendage thrombus on cardiac CTA (arrow)
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Fig.5 a Illustration of normal
tricuspid aortic valve (arrow).
b Illustration of calcified aortic
valve (arrow)

accurate information on the status of the right ventricle”
[70, 71]. Some of the strengths of CT imaging include the
capacity to measure tricuspid annulus dimensions, distance
from the tricuspid annulus to the right ventricular apex, right
ventricular size, and distance from right coronary artery to
annulus [72]. Further work on imaging of tricuspid regur-
gitation with cardiac CT showed that moderate to severe
tricuspid regurgitation is more likely to have an unfavorable
distance from right coronary artery to the annulus which
may confer higher risk of injury during transcatheter inter-
ventions [73]. Cardiac MRI shares the same capabilities
as cardiac CT in this context, and thus, cardiac CT can be
thought of as an option in scenarios where access, cost, or
safety of MRI is prohibitive.

In cardiac electrophysiology, cardiac CT has been used
to image myocardial scar, evaluate for mechanical dyssyn-
chrony, and assess coronary venous anatomy [74]. These
abilities, in conjunction with MRI and echocardiography,
can assist in the positioning of electrical leads for cardiac
resynchronization therapy [75]. One study showed that when
used concomitantly with single-photon emission computed
tomography and echocardiography, there was improved
response to left ventricular lead placement as compared to
late electrical activation protocols [76]. Further, cardiac CT
can also be used to detect lead position post-procedurally,
and assess for possible lead perforation [77].

Future Roles of Cardiac CT

Hardware improvements are in progress. More advanced
CT scanners will likely improve diagnostic accuracy. Spe-
cifically, dual energy (high and low kilovoltage peaks) may
better assess structures, plaque, infiltrative diseases, and
better deal with calcification. Higher numbers of detec-
tor arrays should allow for better assessment of perfusion
imaging. Better detectors may allow for more accurate
assessment of viability, stenosis severity, and functional
significance of stenosis. With increased performance, it
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is likely that cardiac CT will be used more routinely in
patients with heart failure to rule out CAD, assess the
myocardium, and plan transcatheter procedures.

One active area of research is coronary CTA-derived
fractional flow reserve. Invasive coronary angiography-
derived fractional flow reserve is an established param-
eter for assessing coronary artery stenoses, but it carries
the invasive risks of the procedure. A 2019 meta-analysis
showed non-invasive coronary CTA-derived fractional
flow reserve has similar sensitivity and higher specific-
ity than invasive coronary angiography-derived fractional
flow reserve, but it remains unclear how to implement its
use in patients with heart failure [78].

Another proposed use of cardiac CT is the determina-
tion of the viability of the myocardium. The end goal for
this branch of research is to be able to successfully predict
which areas of myocardium will benefit from revasculari-
zation. This concept has gained traction with cardiac MRI
[79]. Given similar properties between gadolinium and
iodine-based contrast, cardiac CT may have the ability to
differentiate myocardial scar and viable tissue [80].

A second possible application of myocardial scar imag-
ing involves planning for radiofrequency catheter ablation
in the treatment of ventricular tachycardia. To date, imag-
ing prior to radiofrequency catheter ablation has focused
on assessing areas of myocardial fibrosis, which likely
have a role in ventricular arrhythmias [81]. Cardiac MRI
with late gadolinium enhancement has dominated research
in this area, and pre-ablation cardiac MRI has been associ-
ated with better outcomes [37, 82]. Unfortunately, these
patients may not be stable enough to obtain spend time
in the MRI machine (although MRI acquisition times are
decreasing and real-time, “free-breathing” MRI is begin-
ning to show promising results) [50, 83]. Cardiac CT is a
faster, more accessible, ICD-friendly approach to RFCA
planning while comparably evaluating myocardial scar
[37, 40]. While studies incorporating cardiac CT in radi-
ofrequency catheter ablation are published, this practice
is not yet widely adopted [84].
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Finally, cardiac CT may develop a more active role in
guiding procedures in the catheterization laboratory. A
contemporary state-of-the-art article provides an in-depth
description of how operators may use coronary CTA in
real time with technologies that are readily available [85].
Three-dimensional images from CT can be synchronized
with two-dimensional fluoroscopic images in the catheteri-
zation laboratory. In this way, proceduralists will have three-
dimensional images to guide their procedures.

Limitations of Cardiac CT

There are important limitations to using cardiac CT. Radia-
tion exposure from these imaging protocols, although it has
decreased in the last 10 years, is non-negligible. Likewise,
coronary CTA is limited by renal function given the need
for iodine-based contrast use, which many physicians are
reluctant to use in patients at high risk for kidney injury.
Unfortunately, contrast-induced nephropathy is a frequent
concern, as renal disease is frequently a comorbid condition
in this patient population. Next, coronary CTA does have
diminished sensitivity in patients with heart rate > 65 or in
an irregular thythm. For best results, nitroglycerin and beta-
blockers are regularly used, which may be contraindicated
in some patients.

Conclusion

Cardiac CT is a robust, multi-faceted tool for patients with
heart failure. It has strong performance for ruling out CAD,
assessing functional significance of CAD, and rendering
detailed three-dimensional imaging for assistance in peri-
interventional planning.
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