
Journal of Cardiovascular Computed Tomography xxx (xxxx) xxx
Contents lists available at ScienceDirect

Journal of Cardiovascular Computed Tomography

journal homepage: www.JournalofCardiovascularCT.com
Review Article
Myocardial late enhancement and extracellular volume with single-energy,
dual-energy, and photon-counting computed tomography

Noriko Oyama-Manabe a, Seitaro Oda b, Yasutoshi Ohta c, Hidenobu Takagi d,e,
Kakuya Kitagawa f,*, Masahiro Jinzaki g

a Department of Radiology, Jichi Medical University Saitama Medical Center, Saitama, Japan
b Department of Diagnostic Radiology, Faculty of Life Sciences, Kumamoto University, Kumamoto, Japan
c Department of Radiology, National Cerebral and Cardiovascular Center, Suita, Japan
d Department of Advanced Radiological Imaging Collaborative Research, Tohoku University, Sendai, Japan
e Department of Diagnostic Radiology, Tohoku University Hospital, Sendai, Japan
f Department of Radiology, Mie University Hospital, Tsu, Japan
g Department of Radiology, Keio University, Shinjuku-ku, Japan
A R T I C L E I N F O

Keywords:
Computed tomography
Late enhancement
Extracellular volume
Dual-energy CT
Photon-counting detector CT
Abbreviations: CCTA, coronary computed tomo
computed tomography late enhancement; ECV, ext
PCD, photon counting detector; VMI, virtual mono-
* Corresponding author. Department of Radiolog
E-mail address: kakuya@med.mie-u.ac.jp (K. Kit

https://doi.org/10.1016/j.jcct.2023.12.006
Received 27 September 2023; Received in revised
Available online xxxx
1934-5925/© 2023 The Authors. Published by Elsev
BY-NC-ND license (http://creativecommons.org/lic

Please cite this article as: Oyama-Manabe N
photon-counting computed tomography, Jour
A B S T R A C T

Computed tomography late enhancement (CT-LE) is emerging as a non-invasive technique for cardiac diagnosis
with wider accessibility compared to MRI, despite its typically lower contrast-to-noise ratio. Optimizing CT-LE
image quality necessitates a thorough methodology addressing contrast administration, timing, and radiation
dose, alongside a robust understanding of extracellular volume (ECV) quantification methods. This review
summarizes CT-LE protocols, clinical utility, and advances in ECV measurement through both single-energy and
dual-energy CT. It also highlights photon-counting detector CT technology as an innovative means to potentially
improve image quality and reduce radiation exposure.
1. Introduction

Late gadolinium enhancement (LGE) magnetic resonance imaging
(MRI) has been widely used as a non-invasive reference standard for
myocardial infarction and focal fibrosis.1,2 A firm grasp of the distribution
pattern of LGE aids in differentiating ischemic cardiomyopathies from
non-ischemic cardiomyopathies.3 Di Marco et al. reported that the pres-
ence of LGE indicates a high risk of developing ventricular arrhythmias
and sudden death even in patients with NYHA class I non-ischemic car-
diomyopathy.4 Thus, the presence of LGE is an independent predictor of
the prognosis of various cardiac diseases.5 Looking back at the history of
delayed contrast enhancement in CT, reports of iodine contrast effects on
myocardial infarction in animal experiments through CT can be traced
back to the 1980s.6 Subsequently, there have also been reports of
myocardial infarction assessments using CT imaging following invasive
cardiac catheterization procedures.7 The usefulness of myocardial
computed tomography late enhancement (CT-LE) for detecting ischemic
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heart disease and various non-ischemic myocardial diseases has been
reported.8–10 CT is an attractive alternative to cardiac MRI, particularly in
cases where MRI is contraindicated.11 CT can be a comprehensive exam-
ination for detecting ischemic and non-ischemic cardiomyopathies with
combined coronary CT angiography (CCTA) and CT-LE protocol as
non-ischemic cardiomyopathy could be evaluated with the CT-LE after
excluding the diagnosis of coronary artery disease. Compared with that of
MRI, the diagnostic accuracy of CT for detecting late enhancement (LE) in
ischemic and non-ischemic patterns is high.12 CT-LE is observed in about
one-thirds of patients undergoing CCTA for suspected ischemic heart
disease.13 Multivariate analysis has shown that CT-LE positivity was
higher inmen and patientswith a history of heart failure hospitalization.13

Goto et al. reported that in addition to common clinical risk factors
and CCTA findings, the presence of CT-LE is an independent predictor of
major adverse cardiovascular event (MACE) in patients with suspected
coronary artery disease. CT-LE imaging performed after CCTA could help
identify high-risk patients with suspected coronary artery disease who
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may benefit from more intensive medical or revascularization thera-
pies.14 LGE may not be able to detect diffuse fibrosis; however, extra-
cellular volume (ECV) measured via cardiac magnetic resonance
T1-mapping can be used to quantify diffuse myocardial damage caused
by various cardiac diseases.15,16 CT-LE can also be employed for the
calculation of ECV. A recent systemic review and meta-analysis demon-
strated that CT-derived ECV showed excellent correlation with
MRI-derived ECV.17 This review article provides an overview of the
standard CT-LE imaging protocol and tips for enhancing the efficacy of
CT-LE, as well as the clinical utility of CT-LE and ECV measurements.

2. Technique and tips to acquire high-quality CT-LE images

2.1. Acquisition and reconstruction of CT-LE

CT-LE is defined as delayed imaging after the injection of a contrast
medium to evaluate for delayed enhancement of the myocardium.18 The
imaging parameters should be optimized to enhancemyocardial contrast,
as the contrast between the remote and hyper-enhanced myocardium is
much lower in CT-LE than that in LGE-MRI.19 Low tube potential imaging
at 70 or 80 kVp is an effective approach for CT-LE as it permits radiation
dose reduction and augmented contrast enhancement. The usefulness of
iterative reconstruction,20–22 deep learning reconstruction,23 and image
averaging24 has been demonstrated against the increase in image noise
associated with the use of low tube potentials. Use of low-contrast tar-
geted image reconstruction is recommended compared with
high-contrast targeted image reconstruction typically employed for
CCTA25. The image noise level depends on the radiation dose; thus, an
excessively low radiation dose may degrade image quality and ECV
quantification. Although half-scan reconstruction (a technique where the
scanner acquires data from just over 180� of rotation around the patient,
rather than the full 360�, to create an image) is typically favored for its
improved temporal resolution in CCTA, full-scan reconstruction may be
more suitable for patients with stable heart rates, as it utilizes a sufficient
radiation dose to enhance image quality.25 Moreover, half-scan recon-
struction inherently suffers from artifactual variations in CT numbers due
to variations in beam hardening and scatter that depend on the X-ray
source position.26 The application of beam hardening correction can also
be beneficial in refining image quality.27 In dual-source CT, a hybrid
reconstruction algorithm that integrates half-scan and full-scan tech-
nique has been shown to improve image quality and interobserver
reproducibility compared with those of half-scan reconstruction
(Fig. 1).24 Currently, there is no consensus whether diastolic or systolic
phase reconstruction is more appropriate for CT-LE imaging.

Multi-energy CT is a relatively recent advancement wherein attenu-
ation data of different energies are acquired. It provides image sets such
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as iodine-specific images, virtual non-contrast images, effective atomic
number images, and virtual mono-energetic images (VMI) (Fig. 2). VMI
acquired at 40–50 keV contributes to better visual assessment of delayed
enhancement in CT-LE and should be reconstructed.28,29 Iodine-specific
images improve the contrast-to-noise ratio and provide ECV without
non-contrast data.30 It has also been reported that dual-source photon
counting detector (PCD) CT has enabled accurate quantification of ECV
from the iodine ratio of LE scans.31

For comprehensive image interpretation, high-quality reconstruction
of left ventricular short- and long-axis images is essential. This necessi-
tates the acquisition of axial images with a thin slice thickness, ideally
1–2 mm, which facilitates detailed multiplanar reformat. For visual
interpretation, reconstructions may be viewed at a thickness of approx-
imately 5–8 mm to optimize the balance between image detail and noise
reduction.

2.2. Amount of contrast media

Myocardial infarcts with high contrast comparable with that of LGE-
MRI were depicted in some early animal studies on the feasibility of CT-
LE; however, large amounts of contrast agent, such as 1000–1500 mgI
(iodine)/kg, which is equivalent to 250 mL of contrast agent for a 75 kg
person, were used in these studies.32,33 The amount of contrast required
for CCTA is at most approximately 300 mgI/kg. Although it is possible to
detect myocardial infarction using CT-LE with a low contrast dose,
sensitivity is inevitably reduced for identifying subendocardial infarction
and non-ischemic fibrosis (Fig. 3).

There is no consensus on the contrast dose required for CT-LE, and
contrast doses used in clinical studies for CT-LE have varied from 300 to
700 mgI/kg.34 Kurobe et al. reported a significant difference in the
contrast agent dose per body weight between cases that were visually
judged to have good and poor contrast between the left ventricular
myocardium and the left ventricular cavity (median, 651 mgI/kg;
interquartile range, 597–693 mgI/kg vs. median, 584; interquartile
range, 571–619 mgI/kg; p ¼ 0.041), and reported that a dose of �600
mgI/kg (100 mL of 370 mgI/mL contrast agent for a 60 kg patient) is
recommended.24 Overall, adequate lesion delineation depends on the
imaging protocol, reconstruction method, and target lesion (myocardial
infarction vs. non-ischemic fibrosis), and further studies are needed to
optimize the dose of contrast agent. However, a contrast dosing opti-
mized for CCTA may be sufficient for ECV quantification.35

2.3. Delay time after contrast administration for CT-LE

There is no established consensus on the optimal timing between
contrast administration and CT-LE acquisition. Jacquier et al. reported
Fig. 1. Comparison of CT-LE imaging by conventional half-
scan and hybrid reconstruction in a patient with no history
of myocardial infarction. Subendocardial infarction in the
lateral and anterior walls (arrows) were challenging to iden-
tify using half-scan reconstruction due to streaking artifacts
(A). However, they were clearly visualized using hybrid
reconstruction with image averaging (B), showing an excel-
lent correlation with LGE- MRI (C). LGE, late gadolinium
enhancement; MRI, magnetic resonance imaging; CT-LE,
computed tomography late enhancement.



Fig. 2. CT-LE imaging with dual-energy CT in a patient with
occluded right coronary artery and cardiac sarcoidosis.
Myocardial CT-LE image shows subendocardial infarction in
the inferior wall (red arrow), striated nonischemic enhance-
ment (yellow arrow) in the mid-wall of the interventricular
septum, and non-ischemic enhancement (blue arrow) in the
epicardium of the anterior wall. The contrast of the lesion is
higher in the VMI of 40 keV(A) and the iodine-specific images
(C) compared with that of the 70 keV image (B). These lesions
are in good agreement with LGE-MRI (D). CT-LE, computed
tomography late enhancement; CT, computed tomography;
VMI, virtual mono-energetic image. (For interpretation of the
references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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that contrast-enhanced CT performed 5 min after injection in patients
with reperfused acute myocardial infarction yielded a higher signal-to-
noise ratio and better image quality than those obtained at 10 min
with no significant difference in the measured extent of infarction.36

Similarly, Brodoefel et al., using a reperfused porcine model, compared
delay times of 3, 5, 10, and 15 min and found that the contrast between
viable and non-viable myocardium was the greatest at 3 and 5 min when
using the bolus infusion protocol.37 Hamdy et al. extended these findings
to patients with old myocardial infarction, reporting that the best image
quality was achieved at 5 min.38 These studies collectively suggest a
shorter delay time range of 3–10 min, shorter than the delay of over 10
min recommended for LGE-MRI. This shorter delay time strategy, aimed
at improving signal-to-noise ratio, is presented as a countermeasure for
insufficient contrast volume according to the standardized CMR protocol
2020 update.39
Fig. 3. CT-LE imaging obtained with 660 mgI/kg (A) and 320 mgI/kg (B, C) of io
Subendocardial infarction is clearly visualized in the lateral wall with 660 mgI/kg (A
with a narrowed window setting (C). CT-LE, computed tomography late enhanceme
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2.4. Radiation dose

The risk of radiation exposure should be carefully weighed against the
benefit so that “as low as reasonably achievable (ALARA principle)”40 for
all patients, particularly for pregnant women, young patients, and chil-
dren who require repeated examinations, while maintaining diagnostic
image quality.

2.4.1. Single-energy approach
Radiation dose reduction in CT-LE in the single-energy approach can

be achieved in a similar way to the reduction of exposure in CCTA. It is
important to appropriately combine low tube potential scans, prospec-
tively electrocardiography-triggered scans, and iterative reconstruction.
CT-LE can be performed at 1–2 mSv.12,41,42 However, it is necessary to
consider radiation from the non-contrast scan to calculate ECV; thus,
dine-based contrast medium in patient with a history of myocardial infarction.
), but is difficult to discern with 320 mgI/kg at the same window setting (B) or
nt.
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studies on CT-LE with ECV measurements have reported doses ranging
between 3.1 and 5.8 mSv.35,41,43,44

2.4.2. Multi-energy approach
The tube current is adjustable in the multi-energy approach; however,

the tube voltage is fixed for each device, and the options for the imager to
reduce exposure are limited. In addition, depending on the CT platform,
only retrospectively electrocardiography-gated helical scans may be
available for cardiac scans. Thus, the low dose levels achieved through
the single-energy approach for CCTA may be difficult to achieve through
dual-energy acquisition. Radiation doses of GE, Philips, and Siemens
scanners for dual-energy CT-LE have been reported as 2.2–3.6 mSv,34,45

2.5–4.8 mSv,10,29 and 3.6–6.8 mSv,46–48 respectively. Recent reports
indicate that PCD-CT allows LE imaging at only 1.2–2 mSv.31,49 Thus, the
clinical use of CT-LE may expand with the spread of PCD-CT.
2.5. Qualitative and quantitative evaluation of CT-LE

LE images are usually evaluated qualitatively. It is useful to align the
left ventricular short-axis images of the non-contrast-enhanced, CCTA,
and LE images together when observing the images with an image viewer
(Fig. 4). When observing LE images, it is appropriate to use a narrow
window setting to emphasize the contrast.Moreover, thewindow settings
should be adjusted appropriately depending on the tube voltage and VMI
energy levels used. For example, when using a tube voltage of 120 kV, use
a window level of 60–80 HU and a window width of 80–110 HU. Addi-
tionally, when adjusting window settings, consideration should also be
given to CT scanner characteristics and image quality levels. The left
ventricular inferior wall is susceptible to streak artifacts originating from
the diaphragm; therefore, care should be takenwhen interpreting images.

Using LGE-MRI as a reference standard, Ohta et al. reported a sensi-
tivity of 94.3 % and 97.1 % and a specificity of 88.9 % and 88.9 % for the
diagnostic performance of 40 keV VMI and iodine-specific images in the
detection of LE.28 Oda et al. demonstrated that the interobserver agree-
ment of VMI at 50 keV for the visual detection of LE was excellent and
that the κ value (κ, 0.87) was higher than that for the standard 120 kV (κ,
0.70) and iodine-specific images (κ, 0.83). The agreement of VMI at 50
keV (κ, 0.90) and iodine-specific image (κ, 0.87) with LGE-MRI for
detecting LE lesions was excellent; moreover, it was superior to that of
standard 120-kV imaging (κ, 0.66).29 The extent of LE legions can be
computed in absolute parameters and expressed as the percentage of total
left ventricular mass according to the following equations:50

LE volume (mL) ¼ ΣLE area x slice thickness

LE mass (g) ¼ ΣLE area x slice thickness x 1.06

LE extent (%) ¼ LE mass (g)/LV mass (g) x 100

Recently, quantitative analysis of LE imaging has become feasible
through the use of dedicated commercially available software.9 Such
Fig. 4. Recommended visual observation method for LE images. When observing wi
non-contrast-enhanced (A), CCTA (B), and LE (C) images together. The extent of LE le
contrast-enhanced images can confirm that the LE lesion is not calcification. LE, late
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software can facilitate an objective assessment of LE by automatically
delineating myocardium exhibiting a CT number above a specified
threshold (e.g. �5 standard deviations above the mean for CT number of
remote myocardium) and quantifying the extent of LE as a percentage of
total left ventricular area.

3. What is ECV? How to measure ECV by CT?

3.1. Principles and calculation of myocardial ECV

Myocardial fibrosis is a key pathologic condition in cardiomyopathies
that is characterized by the excessive deposition of collagen-rich extra-
cellular matrix proteins in the interstitial space of the myocardium,
resulting in the expansion of the extracellular matrix structure. Although
recent histological data have suggested overlap in conditions,51

myocardial fibrosis has traditionally been categorized into interstitial
fibrosis and replacement fibrosis. Detection of replacement fibrosis using
LGE-MRI is a well-established technique. Moreover, cardiac MRI enables
the non-invasive assessment of interstitial fibrosis with the quantification
of myocardial T1 or ECV.51–53 Myocardial ECV is a measure of the vol-
ume of the extracellular space, that is, the interstitial fluid or
fibrosis-filled space surrounding myocardial cells in tissues. It is defined
as the volume fraction of extra-cellular space and is expressed as shown
below:

ECV ¼ð1� HtÞ ⋅ λ

where λ is the tissue-blood partition coefficient of the contrast medium in
the myocardium, and Ht represents the blood hematocrit, which repre-
sents the proportion of the total blood volume that comprises red blood
cells. Myocardial ECV with MRI represents the equilibrium distribution
of gadolinium-based contrast material between the myocardium and
blood and is derived from T1measurements. λ is calculated using the pre-
and post-contrast blood and myocardial T1 values as shown below:

λ¼ΔR1M
ΔR1B

¼
1

T1Post M
� 1

T1Pre M
1

T1Post B
� 1

T1Pre B

where ΔR1 is 1/T1Post – 1/T1Pre for the blood or myocardium, Post
represents postcontrast, Pre represents precontrast, M represents
myocardium, and B represents blood. This concept is now applied to
iodine-contrast medium using cardiac CT. The λ for CT-ECV is calculated
using the following equation:

λ¼ΔHUM

ΔHUB

where ΔHU is the change in CT number.41

Han et al. demonstrated excellent correlation and small systemic
bias in ECV quantification between MRI and CT (correlation, 0.90;
95 % CI, 0.86–0.95; bias, 0.96, 95 % CI, 0.14–1.78).17 Zhang et al.
th an image viewer, it is useful to align the left ventricular short-axis images of
sion (arrows) can be evaluated by comparing LE images and CCTA images. Non-
enhancement; CCTA, coronary computed tomography angiography.
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reported that the excellent correlation was consistent for both
patient-based (correlation, 0.89 [95 % CI, 0.86–0.91]; bias, 0.07 [95
% CI, �0.42, 0.55]) and segment-based (correlation, 0.84 [95 % CI,
0.82–0.85]; bias, 0.44 [95 % CI, 0.16–0.72]) analyses.54 However,
Han et al. also reported that the results showed significant hetero-
geneity (I2: 64 % for correlation and 89 % for bias, respectively; p <

0.01 for both)17 and that the publication year was a significant
source of heterogeneity in correlation. Specifically, the correlation
between MRI-ECV and CT-ECV improved in more contemporary
studies. This may reflect improvements in image quality and reduc-
tion of artifacts owing to advances in CT scanner and reconstruction
software.

3.2. Methodology in ECV calculation using CT: subtraction and iodine-
specific images

Two approaches are proposed to calculate CT-ECV: subtraction and
iodine-specific images.41,46 In the subtraction method, ECV is calculated
from the aforementioned change in CT number between non-contrast
and LE images. Iodine-specific images can be generated using a
multi-energy CT without non-contrast CT. Compared with the subtrac-
tion method, multi-energy CT does not have the risk of misregistration.
Moreover, it does not require a coregistration software. However, the
subtraction method is available with all CT scanners even without dual
energy CT capabilities. It is usually sufficient to quantify the ECV of
intraventricular septum where most reliable quantification is possible
(Fig. 5).

In a recent meta-analysis, Han et al. showed that the pooled corre-
lation of studies that utilized iodine-specific images for ECV quantifica-
tion was significantly higher than the pooled correlation of studies using
the subtraction method (0.94 [95 % CI: 0.91–0.98] vs. 0.87 [95 % CI:
0.80–0.94], respectively, p for difference ¼ 0.01).17 No significant dif-
ference was observed in the pooled bias between studies using the sub-
traction method and those using iodine-specific images (1.00 % [95 %
CI:0.58–2.58]) vs 0.85 % [95 % CI: 0.25%–1.95 %]; p for difference ¼
0.85). Zhang et al. also demonstrated in their meta-analysis that the
correlation between CT and MRI of iodine-specific images (0.94 [95 %
CI, 0.91–0.96]) was significantly higher than that of the subtraction
method (0.84 [95 % CI: 0.80–0.88], p ¼ 0.03), with no significant dif-
ference observed in the systemic bias (subtraction method (�0.72 % [95
% CI, �1.78%–0.35 %]) vs. iodine-specific images (0.67 % [95 % CI,
0.42%–0.92 %], p ¼ 0.21)).54
Fig. 5. Calculation of ECV in subtraction method. Regional ECV can be calculated by
blood and myocardium. Nevertheless, using the coregistration function of 3D works
advantageous because achieving precise alignment of ROIs on post-contrast and p
volume; HU, Hounsfield unit; ROI, region of interest; LV, left ventricle.
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3.3. Delay time after contrast administration for CT-ECV

Jablonowski et al. performed imaging at 1, 3, 5, and 10 min in an
animal model of myocardial infarction and demonstrated that the
measured ECV is stable from 3 min or later, except at the center of large
infarcts.55 Their experimental results are consistent with the simulation
results of Jerosch-Herold et al., who showed that equilibrium can be
reached at 4 min or later after contrast injection, except in tissue with
extremely low perfusion.56 Treibel et al. performed imaging at 5 and 15
min after bolus injection in patients with amyloidosis and those with
severe aortic stenosis and reported that a delay time of 5 min was su-
perior to 15 min in terms of signal-to-noise ratio, correlation with MRI,
and correlation with clinical parameters known for tracking cardiac
disease.57 Hamdy et al. compared delay times of 3, 5, and 7 min after
contrast administration and reported that ECV was stable regardless of
the time point selected.38 These studies collectively suggest that a delay
time as short as 3 min may be sufficient for accurate and stable ECV
measurement.

4. Advantages of CT-LE compared to LGE-MRI

In Table 1, we present a technical comparison between CT-LE and
LGE-MRI.

LGE-MRI, acknowledged as the gold standard for evaluation of
myocardial scar and fibrosis, holds Class I indications in many cardio-
myopathy guidelines,5,58 reflecting its widespread use and robust sup-
porting evidence. In contrast, CT-LE has only been given a Class IIa
indication for as an alternative to MRI in cardiac amyloidosis guidline.59

Although LGE-MRI remains the preferred method for assessing cardio-
myopathy, CT-LE emerges as a viable alternative to MRI, particularly in
patients with non-MRI-compatible external devices, such as metallic
implants, implantable electronic devices, and infusion pumps (Fig. 6).

In specific clinical scenarios, the additional acquisition of CT-LE un-
derscores its utility. While CT is essential for preprocedural planning in
transcatheter aortic valve replacement (TAVR), incorporating ECV
measurement by CT could contribute to a comprehensive evaluation of
underlying myocardial pathology, especially given that 16 % of patients
with aortic stenosis may have transthyretin cardiac amyloidosis.60 ECV
quantification before TAVR proves useful for detecting underlying
transthyretin cardiac amyloidosis and predicting patient prognosis.61 CT
excels in the ‘triple rule-out’ strategy for evaluating coronary artery
disease, pulmonary embolism, and aortic dissection. In cases of
measuring the mean CT number in HU within a manually placed ROI on both LV
tations to generate a subtraction image may prove beneficial. This approach is
re-contrast images is not always a straightforward process. ECV, extracellular



Table 1
Pros and cons of myocardial CT late enhancement compared with LGE-MRI.

CT MRI

Scan duration ◎ Single breath hold 〇 Multiple breath holdings required depending on the
number of imaging planes

Spatial resolution ◎ Iso-voxel, sub-millimeter resolution
Possible for arbitrary planes

〇 Limited through-plane resolution (6–8 mm),
in-plane resolution (1.4–1.8 mm)

Contrast to noise ratio 〇 Dependent on the tube potential (single-energy),
x-ray energy of virtual monochromatic image or
iodine specific image (multi-energy), or
amount of contrast medium

◎ Adjustment of inversion time to null the normal myocardium

Extracellular volume fraction 〇 Calculate from late enhancement image
(subtraction or iodine specific image)

◎ Need of T1 mapping, one breath-hold per slice

Radiation exposure △ Effort to dose reduction ◎ None
Devices with magnetic materials 〇 Not contraindicated* △ Contraindicated or conditional

Note. — ◎: excellent, 〇: good, △: fair. * metal artifactþ.

Fig. 6. LE in a patient with cardiac sarcoidosis assessed using
(A) LGE-MRI before pacemaker placement, and (B) CT-LE
after placement. Epicardial LE was revealed in the ante-
roseptal wall on LGE-MRI, and this finding is also well visu-
alized by CT-LE despite the presence of metal artifact from the
pacemaker leads in the inferior wall. LGE, late gadolinium
enhancement; MRI, magnetic resonance imaging; CT-LE,
computed tomography late enhancement; LE, late enhance-
ment; CT, computed tomography.
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troponin-positive acute chest pain, additional CT-LE and ECV measure-
ments could be used for exclusion of myocarditis and myocardial
infarction with non-obstructive coronary arteries (MINOCA).62 Further-
more, CT is the first-line test in the assessment of chronic coronary
syndrome.63 The additional CT-LE can reveal unrecognized myocardial
infarction, serving as an independent prognostic factor beyond the
presence of obstructive coronary artery stenosis and the presence of
ischemia.64

5. CT-LE with PCD-CT

PCD-CT is a cutting-edge technology that has sparked ongoing ad-
vancements and breakthroughs in diagnostic imaging. Traditional
Fig. 7. LE in a patient with hypertrophic cardiomyopathy obtained with a dual-
ventricular-left ventricular junction. Even in the lower monochromatic energy ran
contrast effect without an increase in noise. LE, late enhancement; CT, computed to
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energy-integrating detector CT gauges the overall energy of x-rays by
converting photons into visible light and subsequently employing pho-
todiodes to convert visible light into digital signals. In contrast, PCD-CT
directly records x-ray photons as electrical signals, bypassing the inter-
mediate conversion to visible light. PCD-CT systems offer a range of
advantages, including enhanced spatial resolution achieved through
smaller detector pixels.65–68 PCD-CT also heightened iodine image
contrast, improved geometric dose efficiency enabled high-resolution
imaging, reduced radiation exposure for all body parts, including car-
diovascular lesions, multi-energy imaging capabilities, and diminished
artifacts.

PCD-CT can also improve the visualization of abnormal enhancement
in LE images via these characteristics (Fig. 7). Accurate quantification of
source photon-counting detector CT. Abnormal LE was observed at the right
ge, there is an improvement in contrast-to-noise ratio due to increased iodine
mography; CNR, contrast-to-noise ratio.



N. Oyama-Manabe et al. Journal of Cardiovascular Computed Tomography xxx (xxxx) xxx
ECV can be achieved by harnessing the capabilities of dual-source PCD-
CT. The capability to characterize myocardial tissue using PCD-CT was
emphasized in an in vivo study by Mergen et al.31 PCD-CT virtual
mono-energetic- and dual-energy-derived ECV quantification showed
high correlation (r ¼ 0.87, p < 0.001), with narrow limits of agreements
and a mean error of 0.9 %. Aquino et al.49 reported that the radiation
dose for dual-energy PCD-CT was 40 % lower than that of single-energy
PCD-CT (volume CT dose index, 10.1 mGy vs. 16.8 mGy). Compared with
MRI, dual-energy PCD-CT showed a strong correlation (r ¼ 0.82 and
0.91, both p < 0.001) and good to excellent reliability (intraclass cor-
relation coefficients, 0.81 and 0.90) for midventricular and global ECV
quantification.49

With enhanced material discrimination and reduced radiation expo-
sure, which is expected to be achieved with advancements in CT equip-
ment (e.g., PCD-CT), CT-LE may accumulate more robust evidence in the
future.

6. Conclusion

CT-LE provides high diagnostic accuracy for late enhancement pat-
terns in ischemic and non-ischemic cardiomyopathies. CT-LE offers su-
perior spatial and temporal resolution compared with that of LGE-MRI. In
addition, CT-derived ECV demonstrates a strong correlation with MRI-
derived ECV. However, it is worth noting that the contrast-to-noise
ratio of CT-LE is generally lower than that of LGE-MRI, and the quality
of CT-LE is influenced by various factors, such as tube voltage, contrast
media volume, reconstruction method, and acquisition timing after
contrast injection. Therefore, it is crucial to perform CT-LE with a
customized and optimized protocol tailored to each CT platform to
achieve high-quality CT-LE while maintaining an appropriate radiation
dose. The integration of PCD-CT technology will enhance the clinical
usability of CT-LE by improving the overall image quality and reducing
radiation exposure. This advancement positions CT-LE as a promising
tool for characterizing myocardial pathologies.
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