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Abstract: Despite cardiac magnetic resonance (CMR) with late gadolinium enhancement (LGE) being
the current gold standard for non-invasive myocardial characterization and fibrosis quantification, its
accessibility is limited, particularly in acute settings and in certain patient populations with contraindi-
cations to magnetic resonance imaging. Late iodine enhancement (LIE) in computed tomography
(CT) imaging has emerged as a potential alternative, capitalizing on the similarities in the contrast
kinetics between gadolinium and iodinated contrast agents. Studies have investigated LIE-CT’s
effectiveness in myocardial infarction (MI) detection, revealing promising outcomes alongside some
disparities compared to LGE-CMR. LIE-CT also proves beneficial in diagnosing non-ischemic heart
diseases such as myocarditis, hypertrophic cardiomyopathy, and sarcoidosis. While LIE-CT demon-
strates good accuracy in detecting certain myocardial pathologies, including acute MI and chronic
fibrotic changes, it has limitations, such as the inability to detect diffuse myocardial enhancement.
Nonetheless, thanks to the availability of optimized protocols with minimal radiation doses and
contrast medium administration, integrating LIE-CT into cardiac CT protocols could enhance its
clinical utility, particularly in acute settings, providing valuable prognostic and management insights
across a spectrum of cardiac ischemic and non-ischemic conditions.

Keywords: cardiac imaging techniques; cardiac computed tomography; delayed enhancement; late
enhancement; myocardial scar; cardiac magnetic resonance imaging; late iodine enhancement; heart
diseases; diagnostic imaging; contrast media

1. Introduction

In current clinical practice, cardiac magnetic resonance (CMR) utilizing late gadolinium
enhancement (LGE) is considered the gold standard for the non-invasive characterization
of the myocardial structure and assessment of myocardial infarction (MI). This technique
helps to identify characteristic patterns of both ischemic and non-ischemic scars, provid-
ing insights into the underlying causes of myocardial damage [1,2]. Beyond structural
characterization, LGE holds significant value in risk stratification, acting as an indicator of
unfavorable cardiovascular consequences. The magnitude of LGE reflects the deposition
of contrast media in the interstitial space, which increases in cases of myocardial fibrosis
and is associated with adverse ventricular remodeling, ventricular arrhythmias, a height-
ened heart failure risk, and an increased likelihood of sudden cardiac death. Despite its
unquestionable clinical significance, CMR is not universally accessible, particularly in acute
medical settings. Moreover, its application faces limitations in certain patient populations,
such as those who experience claustrophobia or have a low tolerance for extended scanning
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times, or patients with implanted cardiac devices. While newer devices are considered
MR-conditional, the presence of cardioverter defibrillators or pacemakers can still impede
the assessment of LGE images, primarily due to artifacts associated with the generators [3].

It has already been highlighted in the literature that iodinated contrast media exhibit
similar kinetics to gadolinium chelates, resulting in delayed wash-out in the myocardial scar
compared to the normal myocardium. The disparity in the iodine concentrations between
scarred and non-scarred regions could be seen through late iodine enhancement (LIE)
areas identified with a 10–15 min delayed computed tomography (CT) scan [4]. Numerous
studies have thus explored the potential of cardiac CT (CCT) in detecting MI by examining
LIE to identify myocardial scar tissue. These studies have yielded some promising results,
while others have been less conclusive or have shown discordant findings [5–7].

The purpose of this review is to examine the existing literature to extend and analyze
the main work conducted thus far about the potential diagnostic and prognostic value of
LIE-CT in ischemic and non-ischemic heart diseases.

2. Protocol

The acquisition protocol of LIE-CT can vary depending on the specific clinical practice
or study conducted, as well as the availability of dual-energy technology. Generally,
whether involving stress CT perfusion or coronary CT angiography, the acquisition of the
LIE image typically occurs 10 min after intravenous contrast medium administration, with
or without minimal additional contrast medium injection [8].

Due to concerns related to radiation exposure, practitioners generally conduct the
LIE-CT scan using a reduced tube voltage or tube current, or a combination of both. Al-
though a lower tube voltage helps in enhancing the image contrast, it simultaneously leads
to increased image noise, consequently impacting both the contrast-to-noise ratio (CNR)
and the signal-to-noise ratio (SNR) [9,10]. This constraint has been a crucial consideration
in the utilization of LIE-CT. Conventional single-energy CT imaging is prone to techni-
cal challenges arising from the polychromatic nature of X-rays, including artifacts like
blooming and beam hardening. The introduction of dual-energy CT (DECT) has alleviated
some of these technical limitations [11]. Hence, studies employing dual-energy technology
have yielded the most favorable outcomes. For instance, among the protocols proposed,
in a study by Palmisano et al., CT scans were performed using a second-generation dual-
source scanner with a triphasic bolus injection of iodinated contrast medium. The injection
protocol included 75 mL of contrast medium, followed by 40 mL of a mixed solution
(25% contrast medium and 75% saline) and an additional 40 mL of pure saline. The choice
between prospective electrocardiogram-triggering or retrospective gating depended on
the patient’s pulse rate. Following the CT angiography acquisition, an additional dose
of contrast medium was administered promptly, with the goal of reaching a total iodine
dose of 0.6 g per kilogram of body weight. The LIE scan was acquired 10 min later, using
a low-voltage axial prospective scan synchronized to 75% of the cardiac cycle phase. The
scan parameters included kV adjusted based on the patient’s body mass index (body mass
index < 30 = 80 kV, body mass index ≥ 30 = 100 kV), a rotation time of 0.28 s, detector
collimation of 128 mm × 0.6 mm, a matrix size of 512 × 512, and a display field of view
limited to the heart [6]. Another example of protocol implementation comes from Yasutoshi
Ohta et al., who conducted a study aimed at evaluating the diagnostic performance of
DECT-LIE in identifying and categorizing myocardial scars in heart failure patients, using
CMR-LGE as the gold-standard reference. They employed a rapid kilovolt peak-switching
64-detector row DECT scanner. Following coronary CT angiography, an additional infu-
sion of 0.5 mL/kg contrast media was administered for 60 s. Subsequently, a CT scan
was conducted after 7–8 min with the following parameters: a tube voltage ranging from
80 to 140 kVp; rapid kilovolt peak switching; a tube current set at 600 mA; a rotation time of
0.35 ms; collimation of 0.625 mm; prospective electrocardiographically gated axial scanning
at the mid-diastolic phase; a display field of view measuring 180 mm × 180 mm; and a
matrix of 512 × 512. For the quantification of the iodine density in a voxel, a two-material
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decomposition technique was employed, utilizing water as the foundational material, with
the iodine density expressed as 100 µg/cm3 on iodine density images [12]. Additionally, to
enhance the image quality in iodine density imaging, they applied an adaptive statistical
iterative reconstruction intensity of 80%, based on prior research findings. Indeed, a study
by Kishimoto J et al. demonstrated that employing an adaptive statistical iterative recon-
struction intensity between 80% and 100% in LIE images could improve the image quality
without compromising the signal integrity, thus maximizing the accuracy in determining
the transmural extent in the infarcted myocardium [13].

In this regard, a study evaluated the image quality and diagnostic effectiveness of
LIE-CT with knowledge-based iterative model reconstruction (IMR) for MI detection,
comparing it with LGE-CMR. It confirmed that the use of IMR significantly improves
the image quality and diagnostic accuracy of LIE-CT. However, despite this, they also
emphasized that LIE-CT cannot completely replace LGE-CMR, as it lacked precision in
accurately assessing the extent of MI compared to the latter [14]. Nonetheless, further
technological advancements could overcome these limitations in the future and achieve
additional incremental improvements in LIE-CT.

3. Ischemic Heart Disease
3.1. Pathogenesis and General Principles of LIE

Acute MI is primarily caused by the sudden disruption of an unstable coronary
atherosclerotic plaque and acute intracoronary thrombosis [15]. Cellular changes begin
within minutes of ischemia onset, with temporary effects lasting up to 20 min, depending on
the collateral circulation robustness. The gross pathological effects of MI, including edema,
inflammation, necrosis, and hemorrhage, appear after approximately 4 h, followed by the
infiltration of neutrophils and myocyte changes after 12 h. Muscle fiber disintegration and
debris removal occur within 3 days, leading to scarring characterized by fibrous tissue
deposition lasting up to 2 months. MI affects the left ventricle, impacting heart contraction
and eventually resulting in a reduced ejection fraction, with initial myocardial “stunning”,
followed by a hibernated myocardium in prolonged ischemia. If myocardial reperfusion
does not occur within 6 h, MI with cellular necrosis develops. At a macroscopic level,
the left ventricle can exhibit a more rounded and enlarged shape, known as ventricular
remodeling. The ischemic process progresses in a wave-like manner from the endocardium
to the epicardium and may extend throughout the entire thickness of the myocardial wall,
becoming transmural [16]. Ventricular remodeling may occur, leading to a rounder, dilated
left ventricle shape, and transmural MI can involve the entire myocardial wall, potentially
leading to rupture, hemopericardium, tamponade, or aneurysm development.

The mechanism of myocardial hyper- and hypo-enhancement in injured myocardial
areas after iodinated contrast medium administration is similar to that of LGE-CMR, since
both gadolinium and iodinated contrast agents exhibit similar kinetics, enabling compara-
ble myocardial characterization through CMR and CCT at delayed enhanced imaging [17].
In normal conditions, sarcolemmal membranes serve to exclude iodine from the intra-
cellular space. After the injury and myocyte necrosis, due to membrane dysfunction,
iodine molecules are able to penetrate the cell. Since about 75% of myocardial volume is
intracellular, this leads to significant increases in the distribution volume, resulting in a
pronounced hyper-enhancement compared to non-injured myocytes. Furthermore, in cases
of acute MI, imaging performed immediately after contrast medium injection often reveals
distinct areas of hypo-enhancement within the infarct core (attributed to the diminished
delivery of the contrast medium to the infarcted regions, primarily due to microvascular
obstruction [4]), while later acquisition (approximately 10 to 15 min after contrast medium
administration) typically reveals the presence of hyper-enhanced zones, which accurately
correspond to the extent of the necrotic core. Conversely, hyper-enhancement in healed MI
or collagenous scar is attributed to contrast media accumulation in the interstitial space
between collagen fibers, leading to an increased volume of distribution relative to tightly
packed myocytes [18,19].
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3.2. LIE-CT versus LGE-CMR

Numerous studies support the growing prognostic significance of delayed enhance-
ment as a surrogate marker of fibrosis across various etiologies. In comparison to LIE-CT,
LGE-CMR exhibits a superior contrast resolution, attributed in part to the use of specific
pulse sequences that facilitate the differentiation between the normal and infarcted my-
ocardium. Scarred areas assessed with single-energy CT in stable patients are often vaguely
defined, portraying regions with unclear discrimination between the myocardium and
the left ventricular cavity [17]. Studies in the literature have revealed discrepant results
when comparing LIE-CT and LGE-CMR. For example, a study by Palmisano et al., aimed at
assessing the diagnostic performance of LIE-CT compared to LGE-CMR, yielded promising
results. The study showed a stronger correlation between the scar tissue burdens measured
by LIE-CT and LGE-CMR for readers with more experience (correlation coefficients of 0.95
and 0.80, respectively; p-value < 0.001). In cases of ischemic cardiomyopathy, there was
perfect agreement (100%) between both imaging techniques in identifying the presence or
absence of scar tissue and its pattern, regardless of the reader’s experience level. This strong
agreement between imaging techniques fell to 90% and 75% for non-ischemic cardiomy-
opathy scars, highlighting the importance of reader experience in interpreting scans for
non-ischemic heart diseases [6]. In another study by Tanabe et al., the researchers assessed
the image quality and diagnostic performance of LIE-CT using knowledge-based IMR
in detecting MI, comparing LIE-CT with LGE-CMR. The study evaluated the SNR, CNR,
sensitivity, specificity, image quality scores, and diagnostic performance of the imaging
techniques. Among 35 patients, LIE-CT with IMR demonstrated the highest image quality
and sensitivity, significantly improving the diagnostic performance (p < 0.05) [14]. In reper-
fused acute MI, Jacquier et al. demonstrated a strong correlation of delayed enhancement
between LIE-CT and LGE-CMR, with better image quality at 5 min compared to 10 min
imaging [20].

3.3. LIE in Acute MI versus Chronic MI

In cases of acute MI, in which membrane disruption leads to extracellular volume
expansion and a subsequent increase in the distribution of iodinated contrast medium in a
way similar to gadolinium, LIE-CT has demonstrated its efficacy in assessing the infarct
size and myocardial viability, as evidenced by various studies [17]. In individuals who
received a primary percutaneous coronary intervention for ST segment elevation acute
MI, Rodriguez-Granillo et al. found an association between the LIE-CT, thrombolysis in
MI, the myocardial perfusion grade following stent placement, and the electrocardiogram
ST segment resolution [21]. In another study conducted by Watabe et al., 92 patients with
acute MI underwent CCT immediately after a percutaneous coronary intervention. In this
cohort, the heterogeneous enhancement detected by CCT after the percutaneous coronary
intervention showed promise in predicting microvascular obstruction and left ventricular
remodeling [22]. Furthermore, LIE-CT may decrease from the acute to chronic phases of MI
due to the reduction in the surrounding edema [23]. Despite the initially promising results
in the acute setting, among the major limitations, most clinical LIE-CT studies have used
small sample sizes.

In case of chronic MI, the literature results are discordant. In the study conducted by
Bettencourt et al. using LGE-CMR as the reference standard, LIE-CT identified only 9 out
of 17 ischemic scars, demonstrating high specificity (98%) but poor sensitivity (53%) among
chronic MI patients [24]. This weakness in LIE-CT’s performance in chronic MI cases may
be attributed to various factors, including the relatively poor contrast resolution compared
to LGE-CMR and the involvement of different physio-pathological mechanisms in the
extracellular expansion of acute and chronic MI. On the other hand, in a study conducted
by Wichmann et al., the effectiveness of dual-energy LIE-CT, selective myocardial iodine
mapping, and 3-tesla CMR in detecting chronic MI was compared. Dual-energy LIE-CT
showed high sensitivity, specificity, and accuracy in identifying chronic MI, with the best
image quality score and infarct size correlation found at certain settings. However, the
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iodine distribution maps were less accurate, with sensitivity of 52%, specificity of 88%, and
accuracy of 81%, overestimating transmural scars [25].

4. Non-Ischemic Heart Diseases
4.1. Myocarditis

Myocarditis, or inflammation of the myocardium, is primarily associated with various
viral infections [26]. For the diagnosis of acute myocarditis, according to the Lake Louis
criteria, LGE with a non-ischemic distribution pattern is often required. The most frequent
LGE distribution consists of patchy, non-contiguous lesions localized in the subepicardial or
intramural layers of the lateral or septal walls [27]. The use of CCT is generally restricted in
the assessment of suspected myocarditis, primarily serving to identify alternative etiologies
of acute chest pain, such as coronary artery disease and acute pericarditis [28–30]. However,
CCT was helpful in diagnosing myocardial inflammation [31] and in the assessment of
global and regional wall motion abnormalities throughout the cardiac cycle [32]. In fact,
LIE-CT has demonstrated high sensitivity and specificity in diagnosing acute myocarditis
compared to LGE-CMR [32]. Specifically, dual-source CT has demonstrated encourag-
ing outcomes utilizing the spectral mode, which facilitates the differentiation of tissue
components according to their distinct attenuation curves [31,33]. Bouleti et al. aimed to
compare LIE on spectral CT with the reference LGE-CMR in acute myocarditis, finding
the overall accuracy of spectral CT to be 95% [34]. Baudry et. al. reported that spectral
imaging could reveal LIE in the subepicardial layer of the myocardial wall, indicating
edema, hyperemia, and capillary leaks consistent with myopericarditis. The accumulation
of iodine-based contrast medium in inflamed tissue reflects increased uptake associated
with cellular membrane permeability, suggesting tissue injury in active myocarditis [35].
Furthermore, Hernández-Martos et al. reported a case of myocarditis associated with
immune checkpoint inhibitor therapy diagnosed using spectral CT technology, reaffirming
the utility of DECT in identifying myocardial inflammation, particularly in cases where
CMR may not be feasible due to patient instability or contraindications [36]. The concept of
quadruple-rule-out CT angiography has been recently introduced, combining the triple-
rule-out CT angiography approach (based on the simultaneous evaluation of the coronary
arteries, aorta, and pulmonary arteries with a single CT acquisition) with DECT in cases
of acute chest pain. Studies have shown that quadruple-rule-out CT angiography offers
promising results for myocarditis evaluation, with sensitivity, specificity, and positive and
negative predictive values of 69%, 100%, 100%, and 94%, respectively. This performance
suggests its potential to effectively assess myocardial perfusion deficits. Consequently,
quadruple-rule-out CT angiography expands the diagnostic capabilities of the standard
triple-rule-out method for myocarditis assessment [37]. In a recent study by Palmisano
et al., the diagnostic value of a comprehensive CT protocol combining angiographic and
LIE-CT scans was investigated in troponin-positive acute chest pain patients. Among the
84 participants, triple-rule-out CT and LIE-CT were performed. Among 42 participants
without obstructive coronary disease, LIE-CT identified myocarditis in 52%, takotsubo
cardiomyopathy in 10%, and other specific diagnoses in 19% of cases. LIE-CT demonstrated
the mild underestimation of the scar extension compared to LGE-CMR. However, it showed
a good correlation (rho = 0.902) with extracellular volume fraction measured by CMR [38].
These findings highlight the potential of a comprehensive CT protocol, including LIE scans,
to accurately diagnose myocarditis and other cardiac conditions in troponin-positive acute
chest pain patients, demonstrating promising results in providing valuable information for
clinical management.

4.2. Hypertrophic Cardiomyopathy

Hypertrophic cardiomyopathy (HCM) is a prevalent genetic heart condition distin-
guished by left ventricular hypertrophy without any other systemic or cardiac ailment
capable of inducing a similar level of hypertrophy. The evaluation of myocardial fibrosis
in HCM is crucial for risk stratification and prognosis prediction. The guidelines from the
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American Heart Association and the American College of Cardiology for the diagnosis
and treatment of patients with HCM emphasized the incorporation of extensive LGE as
a risk factor in stratifying the risk of sudden cardiac death. They also suggested using
LGE as a criterion to assist in selecting patients for implantable cardioverter–defibrillator
placement [39]. The basal to mid-interventricular septum (especially at the right ventricular
insertion site) and anterior wall emerged as the most frequent sites for LGE [40]. The
effectiveness and reliability of LIE-CT in assessing coronary artery disease and myocardial
fibrosis in patients with HCM have been explored by Lei Zhao et al. They compared
LIE-CT’s performance with that of CMR imaging and coronary angiography. Their findings
unveiled a robust correlation between wall thickness measurements obtained from LIE-CT
and those from CMR (r = 0.91). Furthermore, LIE-CT and LGE-CMR exhibited significant
concordance in identifying myocardial fibrosis, with the typical pattern (patchy intramy-
ocardial fibrosis at the right ventricular insertion site) [41]. This study showed the potential
of LIE-CT as a robust alternative to LGE-CMR in evaluating myocardial fibrosis in HCM
patients, especially those with contraindications to CMR imaging. The main limitations
concerned diffuse myocardial LIE, which was not detected by CT due to poor contrast
between the enhanced myocardium and normal myocardium.

4.3. Mitral Valve Prolapse and Mitral–Annulus Disjunction

Malignant arrhythmias can arise from myocardial fibrosis secondary to various con-
ditions, including valvular anomalies. Among these, mitral–annulus disjunction (MAD)
stands out, characterized by the atrial displacement of the posterior mitral valve leaflet
hinge point [42]. This anomaly may present independently or, more commonly, in con-
junction with mitral valve prolapse. There is speculation that MAD might precede mitral
valve prolapse, yet the precise relationship between the two remains poorly understood.
MAD, therefore, may be linked to ventricular arrhythmias, ranging from frequent prema-
ture ventricular contractions to cardiac arrest. One plausible physiological mechanism
hypothesized is that the anatomical anomaly induces mechanical stress and myocardial
stretching on the infero-basal wall and papillary muscle fibers, potentially leading to my-
ocardial hypertrophy and scarring, ultimately serving as an arrhythmogenic focus [43]. In
a study by Boccalini et al., myocardial fibrosis of the lateral wall, identified through DECT,
was reported in a patient with mitral valve prolapse and MAD [44]. In this case report,
the patient presented to the emergency department, where magnetic resonance imaging
was not available. Therefore, a CCT scan was performed, consisting of two acquisitions
with retrospective electrocardiogram gating. The first acquisition was performed in the
arterial phase (with no evidence of coronary stenosis and plaques), and the second, for LIE
assessment, was conducted 10 min after contrast medium administration. The myocardium
of the left ventricle displayed a uniform thickness, except for the mid-ventricular lateral
wall, which exhibited increased LIE compared to the rest of the myocardium. Additionally,
the prolapsed appearance of the mitral valve was observed, along with a significant space
between the mitral valve annulus and the myocardium of the left ventricle. In this case,
LIE proved to be crucial in assessing the presence of fibrosis in the papillary muscles and
lateral wall.

Although CT could be considered a potentially valuable imaging modality for the
assessment of the mitral valve and valvular apparatus in any plane and in three dimensions,
careful consideration of the risks and benefits is necessary for each patient. This is because
obtaining such imaging requires a retrospectively electrocardiogram-gated acquisition
(with its associated radiation dose) and contrast media administration.

4.4. Sarcoidosis

Some studies have investigated the potential role of LIE-CT in sarcoidosis, a systemic
granulomatous disease of unknown etiology with cardiac involvement, encountered in
only 2–5% of patients [45]. In these patients, the existence and extension of LGE have been
documented to forecast unfavorable cardiac outcomes [46]. Typically, it exhibits a diverse
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range of patterns, commonly involving the mid-wall and/or epicardium while sparing
the sub-endocardium at the base of the heart, particularly affecting the septum and lateral
wall [47]. A study conducted by Aikawa et al. aimed to assess the diagnostic value of
LIE-CT for cardiac sarcoidosis in patients with and without implantable devices compared
to LGE-CMR. A cohort of 24 patients underwent analysis, demonstrating high interobserver
agreement in visually identifying segments with increased signal intensity on LIE-CT. This
agreement was consistent regardless of the presence or absence of implantable devices.
Additionally, comparisons between LIE-CT and LGE-CMR revealed good correlations in
quantifying the extent of the hyper-enhanced myocardium, with correlation coefficients
of 0.96 for the per-patient analysis and 0.83 for the per-segment analysis (both statistically
significant, p < 0.001). LIE-CT demonstrated sensitivity of 94% and specificity of 33%
in diagnosing cardiac sarcoidosis [48]. However, despite these promising results, it is
important to consider the limited sample size of the study. Additionally, in a case report by
Gregor Muth, a patient with suspected cardiac sarcoidosis and an implanted cardioverter–
defibrillator underwent a DECT examination to assess LIE, as CMR was contraindicated.
DECT images were acquired immediately after contrast media injection and repeated after
10 min. First-pass images revealed myocardial thinning in the apical and basal septum,
while LIE images showed hyper-enhancement in corresponding regions, as well as patchy,
subepicardial areas in the apical and lateral walls, characteristic of cardiac sarcoidosis [49].
This case underscores the utility of CCT as a viable alternative in patients with metallic
implants that are not magnetic resonance imaging-conditional.

See Figure 1 as an example of LIE-CT in a patient with both ischemic and non-ischemic
enhancement due to a stenotic right coronary artery and cardiac sarcoidosis.
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Figure 1. LIE-CT imaging using DECT in a patient presenting with a blocked right coronary artery
and cardiac sarcoidosis. The myocardial LIE-CT image indicates subendocardial infarction in the
inferior wall (red arrow), striated non-ischemic enhancement (yellow arrow) in the mid-wall of
the interventricular septum, and non-ischemic enhancement (blue arrow) in the epicardium of the
anterior wall. The lesion contrast appears higher in the virtual monoenergetic images of 40 keV (A)
and the iodine-specific images (C) compared to the 70 keV image (B). These findings are consistent
with those observed in LGE-CMR (D). Modified from Oyama-Manabe et al. [50].

4.5. Amyloidosis

Amyloidosis encompasses a spectrum of rare systemic disorders characterized by
the deposition of insoluble fibrillar amyloid proteins in extracellular spaces. The cardiac
involvement is observed in approximately half of patients with the light-chain amyloidosis
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subtype, serving as an adverse prognostic indicator [51,52]. CMR represents a potent
noninvasive tool for the detection of cardiac amyloidosis (CA): amyloid infiltration leads
to the expansion of extracellular spaces and alters the gadolinium distribution kinetics,
resulting in contrast medium accumulation within the myocardium. Consequently, nu-
merous studies have described a distinctive global subendocardial or diffuse transmural
pattern on the LGE-CMR sequence [53,54]. In a pilot study led by Jean-François Deux
et al., LIE-CCT was utilized to assess CA, involving thirteen patients and 11 controls. The
“first-pass” contrast-enhanced acquisition was performed after the injection of 1.5 mL/kg
of contrast medium, and the LIE acquisition was conducted 5 min after injection using
the same parameters. They performed a qualitative analysis of the images (anonymously
reviewed by two authors, who evaluated the left ventricle, right ventricle, and atria, assess-
ing enhancement abnormalities in the first-pass and LIE images and resulting in a final
global score) and a quantitative analysis (calculating the myocardial attenuation, SNR,
CNR between the blood pool and myocardium, and relative attenuation index, defined
as the variation in myocardial attenuation between delayed and first-pass acquisitions).
The study revealed two false negatives (15%) and three false positives (27%) on qualitative
analysis. The SNR of the myocardium was significantly lower in CA patients during the
first-pass and higher during the LIE acquisition compared to the controls. Myocardial
attenuation was also higher in CA patients during LIE acquisition [55]. Despite the small
sample size, the study suggests the potential of LIE-CT even in amyloidosis, particularly for
quantitative parameters, as the qualitative analysis emerged as less accurate in detecting
CA. However, larger and more robust studies are needed to validate these initial findings,
considering the small sample size of patients included in this study.

4.6. Ventricular Aneurysm

Aneurysms and pseudoaneurysms of the left ventricle typically arise as complications
of transmural MI and often present with similar clinical features. It is crucial to distinguish
between these two entities, as pseudoaneurysms carry a 30–45% risk of rupture compared
to true aneurysms [56]. If echocardiography cannot definitively rule out a pseudoaneurysm,
according to the guidelines of the European Society of Cardiology, LGE-CMR is recom-
mended, allowing the assessment of the morphology and kinetics of the left ventricular
wall bulging and, most importantly, facilitating the identification of post-ischemic fibrotic
changes in LGE images [57]. These changes can demonstrate continuity with the left ven-
tricular wall in the case of true aneurysms or discontinuity in the case of pseudoaneurysms.
In this context, a case report conducted by Samarjit Bisoyi et al. investigated the potential
value of LIE-CT with DECT for the differential diagnosis of true versus false left ventricular
aneurysms. LIE-CT iodine mapping and virtual monoenergetic imaging reconstructions at
70 kV revealed transmural iodine accumulation within the wall of an asymmetric apical
bulge extending to the apex and the adjacent subendocardial portion of the interventricu-
lar septum, indicating myocardial scar tissue. This asymmetrical bulging likely resulted
from apical remodeling due to midventricular hypertrophy and post-ischemic fibrotic
changes, effectively excluding the diagnosis of pseudoaneurysm [56]. This case highlights
the potential of CCT, when complemented by LIE imaging, as a comprehensive tool to
assess coronary arteries and morphological changes in the myocardium. Particularly in
complex cases with diagnostic uncertainties regarding a left ventricular aneurysm versus a
pseudoaneurysm, it offers a convenient “one-stop-shop” solution.

Table 1 summarizes the main typical patterns of LIE in both ischemic and non-ischemic
heart diseases and some of the key authors investigating the role of LIE-CT in these
conditions, as reviewed in this study.



Appl. Sci. 2024, 14, 4275 9 of 13

Table 1. The most typical distribution patterns of delayed enhancement in both ischemic and
non-ischemic heart diseases and some of the key authors investigating the role of LIE-CT in these
pathologies.

Pathology Authors Investigating
LIE-CT’s Role Typical Pattern

Myocardial infarction

Palmisano et al. [6]
Rodriguez-Granillo

et al. [17,21]
Tanabe et al. [14]
Jacquier et al. [20]
Watabe et al. [22]

Bettencourt et al. [24]
Wichmann et al. [25]

Subendocardial, potentially progressing
to transmural involvement, within

coronary artery distribution.

Myocarditis

Meinel et al. [33]
Terzian et al. [31]
Bouleti et al. [34]
Baudry et al. [35]

Hernández-Martos
et al. [36]

Cetin et al. [37]
Palmisano et al. [38]

Patchy, non-contiguous lesions localized
in the subepicardial or intramural layers

of the lateral or septal walls.

Hypertrophic
cardiomyopathy Zhao et al. [48]

Basal interventricular septum,
particularly at the anterior and posterior

right ventricular insertion points.

Sarcoidosis Aikawa et al. [48]
Muth et al. [49]

Variable, usually observed in the
mid-wall and/or epicardium, with

sparing of the sub-endocardium.
At the base of the heart, specifically

involving the septum and lateral wall.

Amyloidosis Deux et al. [55] Global subendocardial or diffuse
transmural pattern.

Mitral valve prolapse
and mitral–annulus

disjunction
Boccalini et al. [44] Papillary muscles and lateral wall.

5. Potential Indications, Advantages, and Disadvantages of LIE-CT in Clinical Practice

Given the promising results observed in the literature, we aim to provide readers
with a concise overview of the main clinical applications, advantages, and disadvantages
of LIE-CT. In the acute setting, LIE-CT scanning could be integrated into the protocol for
patients presenting with chest pain at low to intermediate risk for acute coronary syndrome
requiring coronary CT angiography. An LIE-CT scan, indeed, aims to identify potential
cases of acute myocarditis, Takotsubo cardiomyopathy, and myocardial infarction with
non-obstructed coronary arteries, as proposed by Palmisano et al. [38]. However, their
study demonstrated the slight underestimation of the scar extension compared to LGE-
CMR. Nonetheless, LIE-CT remains a valuable tool in acute scenarios. In non-acute settings,
LIE-CT may assist in identifying myocardial scars in patients with contraindications to
magnetic resonance imaging or those unable to undergo prolonged scans. This aids in
diagnosis based on the location and distribution patterns of the myocardial enhancement
in both ischemic and non-ischemic conditions, albeit with lower sensitivity compared
to LGE-CMR.

Among the main advantages of LIE-CT are its wide availability (especially in the
acute setting), short scan times with optimized protocols allowing for minimal contrast
agent and ionizing radiation exposure, and the ability to perform the exam in patients
with contraindications to CMR. Among the major disadvantages are the use of ionizing
radiation, the unsuitability for patients with contraindications to iodinated contrast media,
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the difficulty in detecting diffuse myocardial LIE due to poor contrast between the enhanced
and normal myocardium, and the unavailability of dual-energy technology, which has
shown the best results in the literature. The major advantages and disadvantages of LIE-CT
are summarized in Table 2.

Table 2. The primary advantages and disadvantages of LIE-CT.

Advantages Disadvantages

Wide availability Use of ionizing radiation

Short scan times Availability of dual-energy CT

Possibility of being utilized in acute settings,
integrating it into triple-rule-out protocols Difficulty in detecting diffuse myocardial LIE

Useful in patients with contraindications to
magnetic resonance imaging or patients who

cannot tolerate long scan times

Patients with contraindications to iodinated
contrast media

6. Conclusions

Over the past decade, LGE-CMR has played a crucial role in various heart diseases due
to its advantages, including the absence of ionizing radiation, a high contrast resolution, and
robust clinical evidence supporting the prognostic value of myocardial late enhancement.
Despite its appeal, LGE-CMR faces safety concerns, higher costs, and longer scanning times,
which has prompted the exploration of alternatives, particularly LIE-CT. The potential
for LIE-CT as an alternative is driven not only by the costs but also by the growing
population with implantable cardiac devices, impacting the CMR image quality, and other
CMR limitations, such as claustrophobia. Nowadays, several studies have demonstrated
the high accuracy of LIE, in most cases overlapping with those shown by CMR, in the
diagnosis and differentiation of myocardial pathologic entities, from acute MI to chronic
fibrotic modifications, as well as in non-ischemic heart diseases. Thus, despite some
evident limitations, such as its inability to detect diffuse myocardial delayed enhancement,
LIE-CT should be included in CCT protocols. This is particularly useful in acute clinical
settings where magnetic resonance imaging availability is not always guaranteed, providing
valuable prognostic and management information with optimized protocols characterized
by low radiation doses and minimal contrast medium administration. However, it is
important to consider that, despite the overall promising results, only a few studies support
these findings, and many of them have limitations. Indeed, several studies have a very
limited number of patients or are presented as case reports, particularly in non-ischemic
pathologies. Due to these reasons, we cannot yet assert that LIE-CT can fully replace
LGE-MRI when the latter is available and feasible. Future studies with larger sample sizes
are needed to validate these findings.
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Abbreviations

CA cardiac amyloidosis
CCT cardiac computed tomography
CMR cardiac magnetic resonance
CNR contrast-to-noise ratio
DECT dual-energy computed tomography
HCM hypertrophic cardiomyopathy
IMR iterative model reconstruction
LGE late gadolinium enhancement
LIE late iodine enhancement
MI myocardial infarction
SNR signal-to-noise ratio

References
1. Mewton, N.; Liu, C.Y.; Croisille, P.; Bluemke, D.; Lima, J.A.C. Assessment of Myocardial Fibrosis with Cardiovascular Magnetic

Resonance. J. Am. Coll. Cardiol. 2011, 57, 891–903. [CrossRef] [PubMed]
2. Parillo, M.; Mallio, C.A.; Dekkers, I.A.; Rovira, À.; van der Molen, A.J.; Quattrocchi, C.C.; ESMRMB-GREC Working Group.

Late/Delayed Gadolinium Enhancement in MRI after Intravenous Administration of Extracellular Gadolinium-Based Contrast
Agents: Is It Worth Waiting? MAGMA 2024, 37, 151–168. [CrossRef] [PubMed]

3. Dickfeld, T.; Tian, J.; Ahmad, G.; Jimenez, A.; Turgeman, A.; Kuk, R.; Peters, M.; Saliaris, A.; Saba, M.; Shorofsky, S.; et al.
MRI-Guided Ventricular Tachycardia Ablation: Integration of Late Gadolinium-Enhanced 3D Scar in Patients with Implantable
Cardioverter-Defibrillators. Circ. Arrhythm. Electrophysiol. 2011, 4, 172–184. [CrossRef] [PubMed]

4. Gerber, B.L.; Belge, B.; Legros, G.J.; Lim, P.; Poncelet, A.; Pasquet, A.; Gisellu, G.; Coche, E.; Vanoverschelde, J.-L.J. Characterization
of Acute and Chronic Myocardial Infarcts by Multidetector Computed Tomography: Comparison with Contrast-Enhanced
Magnetic Resonance. Circulation 2006, 113, 823–833. [CrossRef] [PubMed]

5. di Cesare, E.; Carbone, I.; Carriero, A.; Centonze, M.; De Cobelli, F.; De Rosa, R.; Di Renzi, P.; Esposito, A.; Faletti, R.; Fattori, R.;
et al. Clinical Indications for Cardiac Computed Tomography. From the Working Group of the Cardiac Radiology Section of the
Italian Society of Medical Radiology (SIRM). Radiol. Med. 2012, 117, 901–938. [CrossRef] [PubMed]

6. Palmisano, A.; Vignale, D.; Benedetti, G.; Del Maschio, A.; De Cobelli, F.; Esposito, A. Late Iodine Enhancement Cardiac Computed
Tomography for Detection of Myocardial Scars: Impact of Experience in the Clinical Practice. Radiol. Med. 2020, 125, 128–136.
[CrossRef] [PubMed]

7. Garcia, M.J.; Kwong, R.Y.; Scherrer-Crosbie, M.; Taub, C.C.; Blankstein, R.; Lima, J.; Bonow, R.O.; Eshtehardi, P.; Bois, J.P. State of
the Art: Imaging for Myocardial Viability: A Scientific Statement from the American Heart Association. Cardiovasc. Imaging 2020,
13, e000053. Available online: https://www.ahajournals.org/doi/10.1161/HCI.0000000000000053 (accessed on 12 March 2024).

8. Kurobe, Y.; Kitagawa, K.; Ito, T.; Kurita, Y.; Shiraishi, Y.; Nakamori, S.; Nakajima, H.; Nagata, M.; Ishida, M.; Dohi, K.; et al.
Myocardial Delayed Enhancement with Dual-Source CT: Advantages of Targeted Spatial Frequency Filtration and Image
Averaging over Half-Scan Reconstruction. J. Cardiovasc. Comput. Tomogr. 2014, 8, 289–298. [CrossRef] [PubMed]

9. Deseive, S.; Bauer, R.W.; Lehmann, R.; Kettner, M.; Kaiser, C.; Korkusuz, H.; Tandi, C.; Theisen, A.; Schächinger, V.; Schoepf,
U.J.; et al. Dual-Energy Computed Tomography for the Detection of Late Enhancement in Reperfused Chronic Infarction:
A Comparison to Magnetic Resonance Imaging and Histopathology in a Porcine Model. Investig. Radiol. 2011, 46, 450–456.
[CrossRef] [PubMed]

10. Nieman, K.; Shapiro, M.D.; Ferencik, M.; Nomura, C.H.; Abbara, S.; Hoffmann, U.; Gold, H.K.; Jang, I.-K.; Brady, T.J.; Cury, R.C.
Reperfused Myocardial Infarction: Contrast-Enhanced 64-Section CT in Comparison to MR Imaging. Radiology 2008, 247, 49–56.
[CrossRef] [PubMed]

11. Rodriguez-Granillo, G.A.; Carrascosa, P.; Cipriano, S.; De Zan, M.; Deviggiano, A.; Capunay, C.; Cury, R.C. Beam Hardening
Artifact Reduction Using Dual Energy Computed Tomography: Implications for Myocardial Perfusion Studies. Cardiovasc. Diagn.
Ther. 2015, 5, 79–85. [CrossRef] [PubMed]

12. Ohta, Y.; Kitao, S.; Yunaga, H.; Fujii, S.; Mukai, N.; Yamamoto, K.; Ogawa, T. Myocardial Delayed Enhancement CT for the
Evaluation of Heart Failure: Comparison to MRI. Radiology 2018, 288, 682–691. [CrossRef] [PubMed]

13. Kishimoto, J.; Ohta, Y.; Kitao, S.; Watanabe, T.; Ogawa, T. Image Quality Improvements Using Adaptive Statistical Iterative
Reconstruction for Evaluating Chronic Myocardial Infarction Using Iodine Density Images with Spectral CT. Int. J. Cardiovasc.
Imaging 2018, 34, 633–639. [CrossRef] [PubMed]

14. Tanabe, Y.; Kido, T.; Kurata, A.; Fukuyama, N.; Yokoi, T.; Kido, T.; Uetani, T.; Vembar, M.; Dhanantwari, A.; Tokuyasu, S.; et al.
Impact of Knowledge-Based Iterative Model Reconstruction on Myocardial Late Iodine Enhancement in Computed Tomography
and Comparison with Cardiac Magnetic Resonance. Int. J. Cardiovasc. Imaging 2017, 33, 1609–1618. [CrossRef] [PubMed]

15. Naghavi, M.; Libby, P.; Falk, E.; Casscells, S.W.; Litovsky, S.; Rumberger, J.; Badimon, J.J.; Stefanadis, C.; Moreno, P.; Pasterkamp,
G.; et al. From Vulnerable Plaque to Vulnerable Patient: A Call for New Definitions and Risk Assessment Strategies: Part I.
Circulation 2003, 108, 1664–1672. [CrossRef] [PubMed]

https://doi.org/10.1016/j.jacc.2010.11.013
https://www.ncbi.nlm.nih.gov/pubmed/21329834
https://doi.org/10.1007/s10334-024-01151-0
https://www.ncbi.nlm.nih.gov/pubmed/38386150
https://doi.org/10.1161/CIRCEP.110.958744
https://www.ncbi.nlm.nih.gov/pubmed/21270103
https://doi.org/10.1161/CIRCULATIONAHA.104.529511
https://www.ncbi.nlm.nih.gov/pubmed/16461822
https://doi.org/10.1007/s11547-012-0814-x
https://www.ncbi.nlm.nih.gov/pubmed/22466874
https://doi.org/10.1007/s11547-019-01108-7
https://www.ncbi.nlm.nih.gov/pubmed/31784926
https://www.ahajournals.org/doi/10.1161/HCI.0000000000000053
https://doi.org/10.1016/j.jcct.2014.06.004
https://www.ncbi.nlm.nih.gov/pubmed/25151921
https://doi.org/10.1097/RLI.0b013e3182145b4f
https://www.ncbi.nlm.nih.gov/pubmed/21427592
https://doi.org/10.1148/radiol.2471070332
https://www.ncbi.nlm.nih.gov/pubmed/18372464
https://doi.org/10.3978/j.issn.2223-3652.2015.01.13
https://www.ncbi.nlm.nih.gov/pubmed/25774354
https://doi.org/10.1148/radiol.2018172523
https://www.ncbi.nlm.nih.gov/pubmed/29989514
https://doi.org/10.1007/s10554-017-1258-0
https://www.ncbi.nlm.nih.gov/pubmed/29052019
https://doi.org/10.1007/s10554-017-1137-8
https://www.ncbi.nlm.nih.gov/pubmed/28409258
https://doi.org/10.1161/01.CIR.0000087480.94275.97
https://www.ncbi.nlm.nih.gov/pubmed/14530185


Appl. Sci. 2024, 14, 4275 12 of 13

16. Rajiah, P.; Desai, M.Y.; Kwon, D.; Flamm, S.D. MR Imaging of Myocardial Infarction. Radiographics 2013, 33, 1383–1412. [CrossRef]
[PubMed]

17. Rodriguez-Granillo, G.A. Delayed Enhancement Cardiac Computed Tomography for the Assessment of Myocardial Infarction:
From Bench to Bedside. Cardiovasc. Diagn. Ther. 2017, 7, 159–170. [CrossRef] [PubMed]

18. Thomson, L.E.J.; Kim, R.J.; Judd, R.M. Magnetic Resonance Imaging for the Assessment of Myocardial Viability. J. Magn. Reson.
Imaging 2004, 19, 771–788. [CrossRef] [PubMed]

19. Lardo, A.C.; Cordeiro, M.A.S.; Silva, C.; Amado, L.C.; George, R.T.; Saliaris, A.P.; Schuleri, K.H.; Fernandes, V.R.; Zviman, M.;
Nazarian, S.; et al. Contrast-Enhanced Multidetector Computed Tomography Viability Imaging After Myocardial Infarction.
Circulation 2006, 113, 394–404. [CrossRef] [PubMed]

20. Jacquier, A.; Boussel, L.; Amabile, N.; Bartoli, J.M.; Douek, P.; Moulin, G.; Paganelli, F.; Saeed, M.; Revel, D.; Croisille, P.
Multidetector Computed Tomography in Reperfused Acute Myocardial Infarction. Assessment of Infarct Size and No-Reflow in
Comparison with Cardiac Magnetic Resonance Imaging. Investig. Radiol. 2008, 43, 773–781. [CrossRef] [PubMed]

21. Rodriguez-Granillo, G.A.; Rosales, M.A.; Baum, S.; Rennes, P.; Rodriguez-Pagani, C.; Curotto, V.; Fernandez-Pereira, C.; Llaurado,
C.; Risau, G.; Degrossi, E.; et al. Early Assessment of Myocardial Viability by the Use of Delayed Enhancement Computed
Tomography after Primary Percutaneous Coronary Intervention. JACC Cardiovasc. Imaging 2009, 2, 1072–1081. [CrossRef]
[PubMed]

22. Watabe, H.; Sato, A.; Nishina, H.; Hoshi, T.; Sugano, A.; Kakefuda, Y.; Takaiwa, Y.; Aihara, H.; Fumikura, Y.; Noguchi, Y.; et al.
Enhancement Patterns Detected by Multidetector Computed Tomography Are Associated with Microvascular Obstruction and
Left Ventricular Remodelling in Patients with Acute Myocardial Infarction. Eur. Heart J. 2016, 37, 684–692. [CrossRef] [PubMed]

23. Mahnken, A.H.; Bruners, P.; Bornikoel, C.M.; Krämer, N.; Guenther, R.W. Assessment of Myocardial Edema by Computed
Tomography in Myocardial Infarction. JACC Cardiovasc. Imaging 2009, 2, 1167–1174. [CrossRef] [PubMed]

24. Bettencourt, N.; Ferreira, N.D.; Leite, D.; Carvalho, M.; Ferreira, W.d.S.; Schuster, A.; Chiribiri, A.; Leite-Moreira, A.; Silva-Cardoso,
J.; Nagel, E.; et al. CAD Detection in Patients with Intermediate-High Pre-Test Probability: Low-Dose CT Delayed Enhancement
Detects Ischemic Myocardial Scar with Moderate Accuracy but Does Not Improve Performance of a Stress-Rest CT Perfusion
Protocol. JACC Cardiovasc. Imaging 2013, 6, 1062–1071. [CrossRef] [PubMed]

25. Wichmann, J.L.; Bauer, R.W.; Doss, M.; Stock, W.; Lehnert, T.; Bodelle, B.; Frellesen, C.; Vogl, T.J.; Kerl, J.M. Diagnostic Accuracy of
Late Iodine-Enhancement Dual-Energy Computed Tomography for the Detection of Chronic Myocardial Infarction Compared
with Late Gadolinium-Enhancement 3-T Magnetic Resonance Imaging. Investig. Radiol. 2013, 48, 851–856. [CrossRef] [PubMed]

26. Esfandiarei, M.; McManus, B.M. Molecular Biology and Pathogenesis of Viral Myocarditis. Annu. Rev. Pathol. 2008, 3, 127–155.
[CrossRef] [PubMed]

27. Lewis, A.J.M.; Burrage, M.K.; Ferreira, V.M. Cardiovascular Magnetic Resonance Imaging for Inflammatory Heart Diseases.
Cardiovasc. Diagn. Ther. 2020, 10, 598–609. [CrossRef] [PubMed]

28. Writing Committee Members; Gulati, M.; Levy, P.D.; Mukherjee, D.; Amsterdam, E.; Bhatt, D.L.; Birtcher, K.K.; Blankstein, R.;
Boyd, J.; Bullock-Palmer, R.P.; et al. 2021 AHA/ACC/ASE/CHEST/SAEM/SCCT/SCMR Guideline for the Evaluation and
Diagnosis of Chest Pain: A Report of the American College of Cardiology/American Heart Association Joint Committee on
Clinical Practice Guidelines. J. Am. Coll Cardiol. 2021, 78, e187–e285. [CrossRef] [PubMed]

29. De Stefano, D.; Parillo, M.; Garipoli, A.; Beomonte Zobel, B. Imaging Findings in a Case of Myo-Pericarditis Associated with
SARS-CoV-2 Disease. J. Cardiol. Cases 2021, 24, 210–214. [CrossRef] [PubMed]

30. Parillo, M.; Vaccarino, F.; De Stefano, D.; Beomonte Zobel, B. Cardiac Computed Tomography Angiography Findings in a Case of
Spontaneous Coronary Artery Dissection. Acta Cardiol. 2023, 79, 247–248. [CrossRef] [PubMed]

31. Terzian, Z.; Henry-Feugeas, M.-C.; Billebeau, G.; Nejjari, M.; Ducrocq, G.; Debray, M.-P.; Steg, P.G.; Ou, P. Spectral Contrast-
Enhanced Cardiac Computed Tomography for Diagnosis of Acute Myocarditis. Can. J. Cardiol. 2015, 31, 691.e9–691.e10. [CrossRef]
[PubMed]

32. Urzua Fresno, C.; Sanchez Tijmes, F.; Shaw, K.E.; Huang, F.; Thavendiranathan, P.; Khullar, S.; Seidman, M.A.; Hanneman, K.
Cardiac Imaging in Myocarditis: Current Evidence and Future Directions. Can. Assoc. Radiol. J. 2023, 74, 147–159. [CrossRef]
[PubMed]

33. Meinel, F.G.; De Cecco, C.N.; Schoepf, U.J.; Nance, J.W.; Silverman, J.R.; Flowers, B.A.; Henzler, T. First-Arterial-Pass Dual-Energy
CT for Assessment of Myocardial Blood Supply: Do We Need Rest, Stress, and Delayed Acquisition? Comparison with SPECT.
Radiology 2014, 270, 708–716. [CrossRef] [PubMed]

34. Bouleti, C.; Baudry, G.; Iung, B.; Arangalage, D.; Abtan, J.; Ducrocq, G.; Steg, P.-G.; Vahanian, A.; Henry-Feugeas, M.-C.; Pasi, N.;
et al. Usefulness of Late Iodine Enhancement on Spectral CT in Acute Myocarditis. JACC Cardiovasc. Imaging 2017, 10, 826–827.
[CrossRef] [PubMed]

35. Baudry, G.; Bouleti, C.; Iung, B.; Nejjari, M.; Laissy, J.P.; Vahanian, A.; Ou, P. Diagnosis of Acute Myocarditis with Dual Source
Cardiac Tomography. Int. J. Cardiol. 2015, 179, 256–257. [CrossRef] [PubMed]

36. Hernández-Martos, Á.V.; Barrio, A.; Sánchez, P.L.; Pérez del Villar, C. Novel Use of Spectral Computerized Tomography in Acute
Myocarditis. Eur. Heart J. Case Rep. 2023, 7, ytad195. [CrossRef] [PubMed]

37. Cetin, T.; Kantarci, M.; Irgul, B.; Aydin, S.; Aydin, F.; Koseturk, T.; Levent, A. Quadruple-Rule-Out Computed Tomography
Angiography (QRO-CT): A Novel Dual-Energy Computed Tomography Technique for the Diagnostic Work-Up of Acute Chest
Pain. Diagnostics 2023, 13, 2799. [CrossRef] [PubMed]

https://doi.org/10.1148/rg.335125722
https://www.ncbi.nlm.nih.gov/pubmed/24025931
https://doi.org/10.21037/cdt.2017.03.16
https://www.ncbi.nlm.nih.gov/pubmed/28540211
https://doi.org/10.1002/jmri.20075
https://www.ncbi.nlm.nih.gov/pubmed/15170783
https://doi.org/10.1161/CIRCULATIONAHA.105.521450
https://www.ncbi.nlm.nih.gov/pubmed/16432071
https://doi.org/10.1097/RLI.0b013e318181c8dd
https://www.ncbi.nlm.nih.gov/pubmed/18923256
https://doi.org/10.1016/j.jcmg.2009.03.023
https://www.ncbi.nlm.nih.gov/pubmed/19761985
https://doi.org/10.1093/eurheartj/ehv467
https://www.ncbi.nlm.nih.gov/pubmed/26385959
https://doi.org/10.1016/j.jcmg.2009.05.014
https://www.ncbi.nlm.nih.gov/pubmed/19833305
https://doi.org/10.1016/j.jcmg.2013.04.013
https://www.ncbi.nlm.nih.gov/pubmed/24011773
https://doi.org/10.1097/RLI.0b013e31829d91a8
https://www.ncbi.nlm.nih.gov/pubmed/23907104
https://doi.org/10.1146/annurev.pathmechdis.3.121806.151534
https://www.ncbi.nlm.nih.gov/pubmed/18039131
https://doi.org/10.21037/cdt.2019.12.09
https://www.ncbi.nlm.nih.gov/pubmed/32695640
https://doi.org/10.1016/j.jacc.2021.07.053
https://www.ncbi.nlm.nih.gov/pubmed/34756653
https://doi.org/10.1016/j.jccase.2021.07.006
https://www.ncbi.nlm.nih.gov/pubmed/34367382
https://doi.org/10.1080/00015385.2023.2286422
https://www.ncbi.nlm.nih.gov/pubmed/38032254
https://doi.org/10.1016/j.cjca.2014.12.022
https://www.ncbi.nlm.nih.gov/pubmed/25795105
https://doi.org/10.1177/08465371221119713
https://www.ncbi.nlm.nih.gov/pubmed/36062360
https://doi.org/10.1148/radiol.13131183
https://www.ncbi.nlm.nih.gov/pubmed/24475833
https://doi.org/10.1016/j.jcmg.2016.09.013
https://www.ncbi.nlm.nih.gov/pubmed/28017385
https://doi.org/10.1016/j.ijcard.2014.11.037
https://www.ncbi.nlm.nih.gov/pubmed/25464460
https://doi.org/10.1093/ehjcr/ytad195
https://www.ncbi.nlm.nih.gov/pubmed/37153820
https://doi.org/10.3390/diagnostics13172799
https://www.ncbi.nlm.nih.gov/pubmed/37685337


Appl. Sci. 2024, 14, 4275 13 of 13

38. Palmisano, A.; Vignale, D.; Tadic, M.; Moroni, F.; De Stefano, D.; Gatti, M.; Boccia, E.; Faletti, R.; Oppizzi, M.; Peretto, G.; et al.
Myocardial Late Contrast Enhancement CT in Troponin-Positive Acute Chest Pain Syndrome. Radiology 2022, 302, 545–553.
[CrossRef] [PubMed]

39. Ommen, S.R.; Mital, S.; Burke, M.A.; Day, S.M.; Deswal, A.; Elliott, P.; Evanovich, L.L.; Hung, J.; Joglar, J.A.; Kantor, P.; et al.
2020 AHA/ACC Guideline for the Diagnosis and Treatment of Patients With Hypertrophic Cardiomyopathy: A Report of the
American College of Cardiology/American Heart Association Joint Committee on Clinical Practice Guidelines. Circulation 2020,
142, e558–e631. [CrossRef] [PubMed]

40. Hanneman, K. The Clinical Significance of Cardiac MRI Late Gadolinium Enhancement in Hypertrophic Cardiomyopathy.
Radiology 2022, 302, 307–308. [CrossRef]

41. Zhao, L.; Ma, X.; Delano, M.C.; Jiang, T.; Zhang, C.; Liu, Y.; Zhang, Z. Assessment of Myocardial Fibrosis and Coronary Arteries
in Hypertrophic Cardiomyopathy Using Combined Arterial and Delayed Enhanced CT: Comparison with MR and Coronary
Angiography. Eur. Radiol. 2013, 23, 1034–1043. [CrossRef]

42. Bennett, S.; Thamman, R.; Griffiths, T.; Oxley, C.; Khan, J.N.; Phan, T.; Patwala, A.; Heatlie, G.; Kwok, C.S. Mitral Annular
Disjunction: A Systematic Review of the Literature. Echocardiography 2019, 36, 1549–1558. [CrossRef] [PubMed]

43. Dejgaard, L.A.; Skjølsvik, E.T.; Lie, Ø.H.; Ribe, M.; Stokke, M.K.; Hegbom, F.; Scheirlynck, E.S.; Gjertsen, E.; Andresen, K.;
Helle-Valle, T.M.; et al. The Mitral Annulus Disjunction Arrhythmic Syndrome. J. Am. Coll. Cardiol. 2018, 72, 1600–1609.
[CrossRef] [PubMed]

44. Boccalini, S.; Si-Mohamed, S.; Douek, P. Cardio-Pulmonary Arrest: Beyond the Myocardium, and Back. Available online:
https://www.eurorad.org/case/17788 (accessed on 28 January 2024).

45. Valeyre, D.; Prasse, A.; Nunes, H.; Uzunhan, Y.; Brillet, P.-Y.; Müller-Quernheim, J. Sarcoidosis. Lancet 2014, 383, 1155–1167.
[CrossRef] [PubMed]

46. Ise, T.; Hasegawa, T.; Morita, Y.; Yamada, N.; Funada, A.; Takahama, H.; Amaki, M.; Kanzaki, H.; Okamura, H.; Kamakura, S.;
et al. Extensive Late Gadolinium Enhancement on Cardiovascular Magnetic Resonance Predicts Adverse Outcomes and Lack of
Improvement in LV Function after Steroid Therapy in Cardiac Sarcoidosis. Heart 2014, 100, 1165–1172. [CrossRef] [PubMed]

47. Ganeshan, D.; Menias, C.O.; Lubner, M.G.; Pickhardt, P.J.; Sandrasegaran, K.; Bhalla, S. Sarcoidosis from Head to Toe: What the
Radiologist Needs to Know. Radiographics 2018, 38, 1180–1200. [CrossRef] [PubMed]

48. Aikawa, T.; Oyama-Manabe, N.; Naya, M.; Ohira, H.; Sugimoto, A.; Tsujino, I.; Obara, M.; Manabe, O.; Kudo, K.; Tsutsui, H.; et al.
Delayed Contrast-Enhanced Computed Tomography in Patients with Known or Suspected Cardiac Sarcoidosis: A Feasibility
Study. Eur. Radiol. 2017, 27, 4054–4063. [CrossRef] [PubMed]

49. Muth, G.; Daniel, W.G.; Achenbach, S. Late Enhancement on Cardiac Computed Tomography in a Patient with Cardiac Sarcoidosis.
J. Cardiovasc. Comput. Tomogr. 2008, 2, 272–273. [CrossRef]

50. Oyama-Manabe, N.; Oda, S.; Ohta, Y.; Takagi, H.; Kitagawa, K.; Jinzaki, M. Myocardial Late Enhancement and Extracellular Volume
with Single-Energy, Dual-Energy, and Photon-Counting Computed Tomography. J. Cardiovasc. Comput. Tomogr. 2024, 18, 3–10.
[CrossRef] [PubMed]

51. Selvanayagam, J.B.; Hawkins, P.N.; Paul, B.; Myerson, S.G.; Neubauer, S. Evaluation and Management of the Cardiac Amyloidosis.
J. Am. Coll. Cardiol. 2007, 50, 2101–2110. [CrossRef] [PubMed]

52. Koyama, J.; Falk, R.H. Prognostic Significance of Strain Doppler Imaging in Light-Chain Amyloidosis. JACC Cardiovasc. Imaging
2010, 3, 333–342. [CrossRef] [PubMed]

53. Syed, I.S.; Glockner, J.F.; Feng, D.; Araoz, P.A.; Martinez, M.W.; Edwards, W.D.; Gertz, M.A.; Dispenzieri, A.; Oh, J.K.; Bellavia, D.; et al.
Role of Cardiac Magnetic Resonance Imaging in the Detection of Cardiac Amyloidosis. JACC Cardiovasc. Imaging 2010, 3, 155–164.
[CrossRef] [PubMed]

54. Maceira, A.M.; Prasad, S.K.; Hawkins, P.N.; Roughton, M.; Pennell, D.J. Cardiovascular Magnetic Resonance and Prognosis in
Cardiac Amyloidosis. J. Cardiovasc. Magn. Reson. 2008, 10, 54. [CrossRef] [PubMed]

55. Deux, J.-F.; Mihalache, C.-I.; Legou, F.; Damy, T.; Mayer, J.; Rappeneau, S.; Planté-Bordeneuve, V.; Luciani, A.; Kobeiter, H.;
Rahmouni, A. Noninvasive Detection of Cardiac Amyloidosis Using Delayed Enhanced MDCT: A Pilot Study. Eur. Radiol. 2015,
25, 2291–2297. [CrossRef] [PubMed]

56. Bisoyi, S.; Dash, A.K.; Nayak, D.; Sahoo, S.; Mohapatra, R. Left Ventricular Pseudoaneurysm versus Aneurysm a Diagnosis
Dilemma. Ann. Card Anaesth. 2016, 19, 169–172. [CrossRef] [PubMed]

57. Ibanez, B.; James, S.; Agewall, S.; Antunes, M.J.; Bucciarelli-Ducci, C.; Bueno, H.; Caforio, A.L.P.; Crea, F.; Goudevenos, J.A.;
Halvorsen, S.; et al. 2017 ESC Guidelines for the Management of Acute Myocardial Infarction in Patients Presenting with ST-
Segment Elevation: The Task Force for the Management of Acute Myocardial Infarction in Patients Presenting with ST-Segment
Elevation of the European Society of Cardiology (ESC). Eur. Heart J. 2018, 39, 119–177. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1148/radiol.211288
https://www.ncbi.nlm.nih.gov/pubmed/34874200
https://doi.org/10.1161/CIR.0000000000000937
https://www.ncbi.nlm.nih.gov/pubmed/33215931
https://doi.org/10.1148/radiol.2021212214
https://doi.org/10.1007/s00330-012-2674-0
https://doi.org/10.1111/echo.14437
https://www.ncbi.nlm.nih.gov/pubmed/31385360
https://doi.org/10.1016/j.jacc.2018.07.070
https://www.ncbi.nlm.nih.gov/pubmed/30261961
https://www.eurorad.org/case/17788
https://doi.org/10.1016/S0140-6736(13)60680-7
https://www.ncbi.nlm.nih.gov/pubmed/24090799
https://doi.org/10.1136/heartjnl-2013-305187
https://www.ncbi.nlm.nih.gov/pubmed/24829369
https://doi.org/10.1148/rg.2018170157
https://www.ncbi.nlm.nih.gov/pubmed/29995619
https://doi.org/10.1007/s00330-017-4824-x
https://www.ncbi.nlm.nih.gov/pubmed/28382537
https://doi.org/10.1016/j.jcct.2008.06.002
https://doi.org/10.1016/j.jcct.2023.12.006
https://www.ncbi.nlm.nih.gov/pubmed/38218665
https://doi.org/10.1016/j.jacc.2007.08.028
https://www.ncbi.nlm.nih.gov/pubmed/18036445
https://doi.org/10.1016/j.jcmg.2009.11.013
https://www.ncbi.nlm.nih.gov/pubmed/20394893
https://doi.org/10.1016/j.jcmg.2009.09.023
https://www.ncbi.nlm.nih.gov/pubmed/20159642
https://doi.org/10.1186/1532-429X-10-54
https://www.ncbi.nlm.nih.gov/pubmed/19032744
https://doi.org/10.1007/s00330-015-3642-2
https://www.ncbi.nlm.nih.gov/pubmed/25693664
https://doi.org/10.4103/0971-9784.173042
https://www.ncbi.nlm.nih.gov/pubmed/26750696
https://doi.org/10.1093/eurheartj/ehx393

	Introduction 
	Protocol 
	Ischemic Heart Disease 
	Pathogenesis and General Principles of LIE 
	LIE-CT versus LGE-CMR 
	LIE in Acute MI versus Chronic MI 

	Non-Ischemic Heart Diseases 
	Myocarditis 
	Hypertrophic Cardiomyopathy 
	Mitral Valve Prolapse and Mitral–Annulus Disjunction 
	Sarcoidosis 
	Amyloidosis 
	Ventricular Aneurysm 

	Potential Indications, Advantages, and Disadvantages of LIE-CT in Clinical Practice 
	Conclusions 
	References

