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Abstract To evaluate the feasibility of cardiac CT for
the evaluation of myocardial delayed enhancement (MDE)
in the assessment of patients with cardiomyopathy, com-
pared to cardiac MRI. A total of 37 patients (mean age
54.9 +15.7 years, 24 men) who underwent cardiac MRI to
evaluate cardiomyopathy were enrolled. Dual-energy ECG-
gated cardiac CT was acquired 12 min after contrast injec-
tion. Two observers evaluated cardiac MRI and cardiac CT
at different kV settings (100, 120 and 140 kV) indepen-
dently for MDE pattern-classification (patchy, transmural,
subendocardial, epicardial and mesocardial), differentia-
tion between ischemic and non-ischemic cardiomyopathy
and MDE quantification (percentage MDE). Kappa statics
and the intraclass correlation coefficient were used for sta-
tistical analysis. Among different kV settings, 100-kV CT
showed excellent agreements compared to cardiac MRI for
MDE detection (k=0.886 and 0.873, respectively), MDE
pattern-classification (k=0.888 and 0.881, respectively)
and differentiation between ischemic and non-ischemic
cardiomyopathy (x=1.000 and 0.893, respectively) for
both Observer 1 and Observer 2. The Bland—Altman plot
between MRI and 100-kV CT for the percentage MDE
showed a very small bias (—=0.15%) with 95% limits of
agreement of —7.02 and 6.72. Cardiac CT using 100 kV
might be an alternative method to cardiac MRI in the
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Introduction

For cardiomyopathy, determining the exact etiology for
each patient is important because etiology is directly related
to treatment and patient survival [1]. In that sense, car-
diac magnetic resonance imaging (MRI) with myocardial
delayed enhancement (MDE) imaging using extracellular
contrast agents has been well established for cardiomyopa-
thy assessment [2, 3]. Typical patterns of MDE can classify
ischemic cardiomyopathy from non-ischemic cardiomyo-
pathy [4, 5] and MDE patterns can also help differentiate
non-ischemic etiology [2]. MDE is not only used for diag-
nostic purposes, but also to collect information on the exact
amount of irreversible myocardial damage, which helps
predict patient prognosis in cardiomyopathy [6]. Although
MRI with MDE imaging is now routine in clinical practice,
contraindications for MRI, as well as its limited availabil-
ity, have to be considered.

Iodinated contrast possesses contrast kinetics that paral-
lel those of gadolinium. Therefore, in a method similar to
that of cardiac MRI, the delayed enhancement technique
can be performed by cardiac computed tomography (CT)
[7, 8]. Delayed enhancement cardiac CT has actually shown
its potential for visualizing myocardial infarction (MI) in
earlier studies, but it was not valued as a clinical tool with
single-slice CT [9]. However, recent studies have investi-
gated the diagnostic value of cardiac CT in MI assessment
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with greatly improved spatial and temporal resolution of
current multi-detector CT (MDCT) techniques [8, 10-13].
Consequently, we could hypothesize that cardiac CT may
display the MDE of cardiomyopathy in a similar way to
MRI. However, while delayed enhancement cardiac MRI
for cardiomyopathy has been well established, there have
been only a few clinical reports about the capacity of car-
diac CT and even those have only covered hypertrophic
cardiomyopathy (HCM) [14-16]. Therefore, the purpose
of our study was to determine the feasibility of cardiac CT
for MDE detection, pattern-classification, differentiation of
ischemic and non-ischemic cardiomyopathy, and quantifi-
cation in cardiomyopathy assessment. In addition, we eval-
uated whether a higher density of contrast enhancement in
lower tube voltage (kV) was beneficial to the assessment of
MBDE in cardiomyopathy [17].

Methods
Study population

Our institutional ethics committee approved this prospec-
tive study. From June 2012 to March 2014, we identified
132 patients with suspected cardiomyopathy from clini-
cal findings among patients who underwent cardiac MRI.
Patients with other cardiac diseases such as congenital
heart disease (six patients) and valvular heart disease (11
patients) were excluded. Eight patients were excluded due
to cardiac function recovery on follow-up echocardiog-
raphy. Nine patients were excluded due to poor general
conditions that required treatment in the intensive care
unit. Patients with iodine contrast allergy (three patients)
or decreased renal function (seven patients) were also
excluded. From 88 patients, 51 patients refused to partici-
pate in the study and a final total of 37 patients (24 men,
64.9%; mean age 54.86+ 15.65 years, range 22-81 years)
gave written informed consent and were enrolled in this
study.

Cardiac MRI

Cardiac MRI was performed with a 3.0-T MRI imag-
ing system (Magnetom Trio; Siemens Medical Solutions,
Erlangen, Germany) and an eight-channel cardiac coil.
Delayed enhancement imaging was performed 10 min after
injection of gadobutrol (0.2 mmol/kg, Gadovist; Bayer
Schering Pharma AG, Berlin, Germany) at 2 ml/s. Scan-
ning parameters were as follows: segmented inversion
recovery prepared turbo FLASH sequences, TR 9.9 ms, TE
4.9 ms, flip angle 20°, field of view 380x 380 mm, matrix
320x% 320, slice thickness 8 mm with no gap in the short
axis plane. Data acquisition was synchronized with ECG in
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the mid-diastolic phase to minimize motion artifacts. After
a variable trigger delay dependent on heart rate, a nonselec-
tive 180° pulse was applied. A variable inversion time (TI)
determined by TI scout to null the signal intensity of the
normal myocardium after contrast administration was used
to allow longitudinal relaxation.

Cardiac CT

All CTs were performed with a second-generation dual
source CT (Somatom Definition Flash; Siemens Medical
Solutions, Forchheim, Germany) within 10 days of car-
diac MRI. A bolus of Iopamidol (370 mg/ml of iodine,
1.8 ml/kg, Prosure 370, LG life science, Seoul, Korea) was
injected into an antecubital vein at 3 ml/sec, followed by
40 ml of saline. 12 min after contrast injection, dual-energy
CT was performed using the following parameters: retro-
spective ECG-gated acquisitions with tube current modu-
lation (ECG-pulsing window 60-80%), 512x512 pixel
matrix, 64 X 0.6 mm slice collimation, 162 mAs (effective)
at 140 kV with tin (Sn) filter and 138 mAs (effective) at
100 kV, and 0.33 s rotation time. Scans were performed
from the tracheal bifurcation to the diaphragm and the field
of view was adjusted according to heart size.

From the raw data, images were automatically recon-
structed into three image data sets: 100-kV, 140-kV and
weighted averaged 120-kV images, which were fused
images with 60% density information from the 100-kV
image and 40% from the 140-kV image. The axial images
were reconstructed at the mid-diastolic phase using a
0.75 mm slice thickness, a 0.5 mm increment interval, and
a medium-smooth convolution kernel (D30f).

Image analysis

All CT and MRI images were reviewed on an offline work-
station (AquarisNet Viewer V1.8.0.3, TeraRecon). MRI and
CT were assessed by two radiologists (H.Y.J. and H.J with 6
and 9 years of experience in cardiac imaging, respectively)
blinded to the results of the other imaging technique and
the patients’ clinical findings. CT images of each kV set-
ting were reconstructed with short axis multiplanar images
with 8 mm slice thickness and no gap for analysis. A nar-
row window width and level (approximately 200 and 100,
respectively) were used to maximize the contrast between
MDE and the normal myocardium. The diagnostic quality
of CT images for MDE was classified as good (no artifacts,
unrestricted evaluation), fair (minor to moderate artifacts,
acceptable for evaluation), or poor (severe artifacts impair-
ing accurate evaluation). Each observer reviewed the MRI,
100-kV CT, 120-kV CT and 140-kV CT images at 1-month
intervals to reduce any learning effects.
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For both MRI and CT, qualitative analyses using a
16-segment model of the left ventricle (LV) [18] were per-
formed to assess MDE patterns. First, observers detected
the presence of MDE for each segment with the normal
myocardium defined as a region without any apparent high
density/signal intensity at visual inspection. If MDE was
observed, patterns were classified as patchy, transmural,
subendocardial, epicardial, or mesocardial (Fig. 1). Then,
observers classified cardiomyopathy as ischemic or non-
ischemic with the location and pattern of MDE. Ischemic
cardiomyopathy was defined as having MDE in the suben-
docardium or in a transmural location following a vascular
territory. If not, non-ischemic cardiomyopathy was consid-
ered [3, 19, 20].

Quantitative analyses were also performed for MDE
quantification on both MRI and CT. The endo- and epicar-
dial contours of the LV were drawn manually in each sec-
tion while excluding trabeculations and papillary muscles.
The overall myocardial volume (LV volume) was calcu-
lated by subtracting the endocardial area from the epicar-
dial area, with the difference being multiplied by section
thickness. Afterwards, all hyperenhancing pixels on the
MRI and CT images were manually traced and volume was
calculated by multiplying the MDE area by section thick-
ness (MDE volume). The percentage MDE was determined

Fig. 1 Pattern-classification of
myocardial delayed enhance-
ment (MDE). The figure shows
100-kV CT images of (a)
amyloidosis, (b) sarcoidosis,
(c) DCM and (d) HCM. The
subendocardial pattern (arrow
head) was defined as MDE at
the innermost myocardium,

the epicardial pattern (open
arrow head) was defined at the
outermost myocardium, and
the mesocardial pattern (open
arrow) referred to MDE at the
portion of the myocardium
lying between the endocardium
and epicardium. The transmural
pattern (asterisk) was defined
as having involvement from the
endocardium to the epicardium.
The patchy pattern (arrows) was
regarded as nodular enhance-
ment being observed anywhere
on the myocardium. MDE myo-
cardial delayed enhancement,
DCM dilated cardiomyopathy,
HCM hypertrophic cardiomyo-
pathy

by dividing the MDE volume by the overall myocardial
volume, with the quotient multiplied by 100.

Finally, the contrast-to-noise ratio (CNR) was acquired
for each kV CT. Referring to cardiac MRI, observers drew
the region of interest (ROI) in the center of the MDE and
remote non-MDE myocardium at the mid LV in a consen-
sus reading. The size and location of the ROI were kept
constant for 100-kV, 120-kV and 140-kV CT using the
copy and paste function. Mean values and standard devia-
tions of Hounsfield units (HUs) were obtained from the
ROI. Then, the CNR was calculated by dividing the differ-
ence in the mean HU between the MDE and remote non-
MDE myocardium by the standard deviation of HU of the
remote non-MDE myocardium.

Statistical analysis

Statistical analyses were performed with the SPSS software
package (version 17.0 for Windows, SPSS Inc., Chicago,
Ilinois). For MDE detection, pattern-classification and
differentiation between ischemic and non-ischemic cardio-
myopathies, inter-observer and inter-test agreements were
determined through kappa statistics using a contingency
table. For the percentage MDE, inter-observer agreements
were tested using the intraclass correlation coefficient
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(ICC). Inter-test agreements were determined on the Bland—
Altman plots and multiple observations (two observers) per
subjects were considered [21]. Inter-observer agreements
were found for MRI and each kV CT between the two
observers. Inter-test agreements were found between MRI
and each kV CT for each observer. The k values and ICCs
were interpreted as follows: 0.00-0.20, slight; 0.21-0.40,
fair; 0.41-0.60, moderate; 0.61-0.80, good; and 0.81-1.00,
excellent agreement [22]. The CNR of each kV CT was
compared with the paired ¢ test. A p value of <0.05 indi-
cated a statistically significant difference.

Results
Baseline characteristics

There were five patients with ischemic cardiomyopathy and
32 patients with non-ischemic cardiomyopathy. Of non-
ischemic cardiomyopathy, six patients had HCM, 13 dilated
cardiomyopathy (DCM) (three alcoholic, two chemother-
apy-related and eight idiopathic), five amyloidosis, five
sarcoidosis and three chronic myocarditis. Ischemic cardio-
myopathy, HCM and DCM were diagnosed from clinical
findings with cardiac MRI findings. Chronic myocarditis
was diagnosed from clinical history with or without a histo-
pathological diagnosis. All patients with amyloidosis were
confirmed with endomyocardial biopsy. Although patients
with sarcoidosis were not diagnosed with endomyocardial
biopsy, lung and lymph node biopsies showed sarcoidosis
involvement.

The mean body mass index was 24.32 +3.58 kg/m? and
ten patients were >25 kg/m>. The mean effective radiation
dose for CT was 6.81+0.88 mSv. The mean injected con-
trast volume was 117.06+25.68 ml. The mean heart rate
for CT was 68.27+12.47 bpm. All CT images showed

good quality for MDE analysis except for seven patients
with fair quality (18.9%, 7/37): the patients had artifacts at
the anterior and/or anterolateral segment of the basal LV
from chest wall structures, but the other segments were
not affected by the artifacts. All myocardial segments were
included for analysis.

MDE detection and pattern-classification

The results of inter-observer and inter-test agreements for
MDE detection and pattern-classification are summarized
in Table 1 and described in Fig. 2. For Observer 1, MRI
showed MDE on 205 of 592 segments based on the 16-seg-
ment model. 100-kV CT and 120-kV CT showed excellent
agreement with MRI (x=0.886 and 0.867, respectively)
and 140-kV CT showed good agreement (x=0.699). For
pattern-classification, patchy delayed enhancement was
found in 29 segments, 39 transmural, 76 subendocardial, 41
epicardial, and 20 mesocardial on MRI. In addition, 100-
kV CT and 120-kV CT showed excellent agreement with
MRI (x=0.888 and 0.866, respectively) and 140-kV CT
showed good agreement (k=0.699).

For Observer 2, MRI showed MDE on 214 of 592 seg-
ments, and 100-kV CT and 120-kV CT showed excellent
agreement with MRI (x=0.873 and 0.869, respectively)
and 140-kV CT showed good agreement (x=0.716). For
pattern-classification, patchy delayed enhancement was
found in 32 segments, 40 transmural, 76 subendocardial,
46 epicardial, and 20 mesocardial on MRI. 100-kV CT
and 120-kV CT showed excellent agreement with MRI
(xk=0.881 and 0.872, respectively) and 140-kV CT showed
good agreement (k=0.725).

Inter-observer agreements of MRI, 100-kV CT, 120-
kV CT and 140-kV CT showed excellent agreement for
the detection of MDE (xk=0.952, 0.939, 0.938 and 0.930,

Table 1 The results of inter-test

. Observer 1 Observer 2
agreements for MDE detection
and pattern-based classification MRI  CTgo.v CTiooev CTiuoey MRI CTigoev CTiogey CTiaogry
MDE segment 205 218 215 188 214 223 218 192
Kappa value® 0.886 0.867 0.699 0.873 0.869 0.716
MDE pattern
Patchy 29 37 40 31 32 38 41 31
Transmural 39 41 39 44 40 41 41 49
Subendocardial 76 77 76 64 76 78 74 63
Epicardial 41 39 40 42 46 42 42 41
Mesocardial 20 24 20 7 20 24 20 8
Kappa value® 0.888 0.866 0.699 0.881 0.872 0.725

Values are segment numbers

MDE myocardial delayed enhancement

#Kappa value between MRI and each kV CT (inter-test agreement)
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Fig. 2 Comparison of MRI and
each kV CT in a patient with a
clinical history of myocarditis.
a MRI, b 100-kV CT, ¢ 120-kV
CT and d 140-kV CT. Mesocar-
dial MDE at the anterior septum
(arrow) and small patchy MDEs
at the inferior septum (arrow
heads) of the mid LV on MRI
(a) is well delineated even

on 100-kV CT (b). However,
these MDE:s are not definite

on 120-kV CT (c). 140-kV CT
(d) showed mesocardial MDE
(arrow) on MRI (a) with an
ill-defined patchy MDE (open
arrow) and no small patchy
MDE:s. The transmural MDE at
the inferior wall of the mid LV
(asterisk) on MRI (a) is well
delineated even on 100-kV (b)
and 120-kV CT (c¢), but not on
140-kV CT (d). MDE myocar-
dial delayed enhancement

respectively) and pattern-classification (k=0.942, 0.926,
0.919 and 0.882, respectively).

Ischemic versus non-ischemic cardiomyopathy

At final diagnosis, there were five patients with ischemic
cardiomyopathy and 32 patients with non-ischemic car-
diomyopathy. Both Observer 1 and 2 concluded that five
patients had ischemic cardiomyopathy and 32 patients had
non-ischemic cardiomyopathy (inter-observer agreement,
k=1.000) on cardiac MRI, and these results correlated
with the final diagnoses. Results for differentiation between
ischemic and non-ischemic cardiomyopathy are summa-
rized in Table 2. Compared to cardiac MRI, Observer 1

noted excellent agreement with 100-kV CT (k=1.000) and
good agreements with 120-kV and 140-kV CT (xk=0.893
and 0.723, respectively). Observer 2 noted excellent agree-
ments with 100-kV and 120-kV CT (xk=0.893 for both)
and good agreement with 140-kV CT (x=0.654). For
inter-observer agreements, 100-kV and 120-kV CT showed
excellent agreements (k=0.893 and 0.801, respectively),
and 140-kV CT showed good agreement (k=0.771).

MDE quantification
For Observer 1, the percentage MDE was 16.70 +15.42%,

17.19+15.03%, 17.12+14.78% and 15.05+13.64% on
MRI, 100-kV, 120-kV and 140-kV CT, respectively. For

Table 2 The results of

. . Observer 1 Observer 2

inter-observer and inter-test

agreements for differential MRI  CTgyv CTpay  CTugy MRI CTiggy CTpgy CTugy

diagnosis between ischemic and

non-ischemic cardiomyopathies Ischemic CM 5 5 6 8 5 6 6 9
Non-ischemic CM 32 32 31 29 30 31 31 28
Kappa value? 1.000 0.893 0.723 0.893 0.893 0.654

Values are patient numbers
CM cardiomyopathy

#Kappa value between MRI and each kV CT (inter-test agreement)
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Observer 2, the percentage MDE was 16.85+15.90%,
16.65+15.11%, 16.98+14.75% and 16.21+14.50% on
MRI, 100-kV, 120-kV and 140-kV CT, respectively. Inter-
observer agreements of MRI, 100-kV CT, 120-kV CT and
140-kV CT were all excellent for the percentage MDE
(ICC=0.985, 0.986, 0.972 and 0.973, respectively). Bland—
Altman plots between MRI and each kV CT are dem-
onstrated in Fig. 3. For the 100-kV CT, a very small bias
(—0.15%) with 95% limits of agreement of —7.02 and 6.72
was found. For the 120-kV CT, the agreement also showed
a very small bias (—0.27%) and 95% limits of agreement
from —7.71 to 7.15%. 140-kV CT showed a small bias
of 1.14% with 95% limits of agreement from —11.36 to
13.64%.

CNR

Because delayed enhancement was not detected on MRI for
six of 37 patients, CNR could not be calculated for these
patients. For other 31 patients, the mean value of CNR was
3.70+1.36 in 100-kV CT, 4.02+1.25 in 120-kV CT and

1.70+1.21 in 140-kV CT. For CNR, 120-kV CT showed
a significantly higher CNR compared to 100-kV CT
(p=0.006) and 140-kV CT (p<0.001).

Discussion

In this study, we evaluated the feasibility of cardiac CT for
MDE detection, pattern-classification, differentiation of
ischemic and non-ischemic cardiomyopathy, and quantifi-
cation in cardiomyopathy assessment. The main finding of
this study was that cardiac CT with tube voltages of 100
and 120 kV showed excellent agreements in assessing the
MDE of cardiomyopathy compared to cardiac MRI. For
MDE quantification, 100-kV and 120-kV CT showed small
biases with more narrow ranges of 95% limits of agreement
compared to 140-kV CT along with results comparable to
prior studies [23].

Recently, more data have shown the feasibility of
delayed enhancement cardiac CT for acute and chronic
MI [8, 10-13]. It uses a premise similar to that for cardiac
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MRI, because the contrast agents used for cardiac CT and
cardiac MRI are both primarily extracellular, interstitial
agents with similar contrast kinetics [7, 8]. However, to
our knowledge, only a few studies have focused on HCM
among previous research on the CT evaluation of MDE
in non-ischemic cardiomyopathy [14—16]. Although these
studies showed that cardiac CT provides reliable detec-
tion and quantification of MDE in HCM, we thought that
further study was needed as diverse patterns, extent and
degrees of MDE can be shown in cardiomyopathies. As a
result, cardiac CT might be a robust alternative method to
cardiac MRI in the clinical assessment of cardiomyopathy
on delayed enhancement imaging.

A major issue of cardiac CT that needs to be considered
is radiation exposure. Furthermore, the low CNR can also
be an issue because with cardiac CT, there are no means to
null the normal myocardium and maximize the contrast dif-
ference with the abnormal myocardium in the evaluation of
MDE. One way to solve these problems might be to reduce
tube voltage [24, 25]. In this study, although 120-kV CT
showed the highest CNR compared to CT of other kV set-
tings, 100-kV CT also demonstrated excellent agreement
compared to MRI and excellent inter-observer agreement
for MDE assessment. The 80-kV setting was not evaluated
as our scanner did not allow an 80-kV option in its dual-
energy setting. Although previous research showed that the
80-kV setting was the lowest radiation dose option for MI
[26], other CT studies showed that the 80-kV setting was
unsuccessful in showing MDE. Therefore, a higher voltage
setting was chosen in an attempt to minimize image noise
[25] and 100 kV provided an acceptable CNR at a lower
radiation dose compared to other kV settings. However,
although we did include 10 patients (27.0%, 10/37) with
BMI >25 kg/m? in this study, further studies with 100 kV
for these patients might be necessary.

The contrast injection protocol could be an issue for
delayed enhancement cardiac CT, with contrast vol-
ume being especially problematic. There is currently no
consensus on the optimal protocol. Generally, MDE is
detected in patients who receive more contrast (>1.5 ml/
kg) in myocardial infarction. We used a contrast vol-
ume of 117 ml with 370 mg/ml of iodine. Prior studies
for HCM used a wide range of contrast volume from 80
to 90 ml (370 mg/ml of iodine) to 150 ml (370 mg/ml
or 350 mg/ml of iodine) [14-16]. In addition, the prior
studies with HCM showed comparable results with a
shorter time interval of 7 min between contrast injection
and image acquisition for delayed enhancement cardiac
CT [14-16]. Further studies are needed to determine the
optimal minimum contrast volume and time interval for
delayed enhancement cardiac CT in cardiomyopathies.
We performed manual quantification for MDE in the pre-
sent study because there is currently no consensus for

semi-automated MDE quantification and no available
commercial software for MDE quantification with car-
diac CT. Although manual quantification is a widely used
method in daily clinical practice, future development of a
semi-automated quantitative technique based on the pixel
intensity map is expected to result in more accurate MDE
quantification with cardiac CT.

In this study, seven patients showed fair quality images
due to artifacts from the adjacent chest wall structures.
These artifacts could have particularly disrupted evalua-
tion of the anterior or anterolateral segment of the basal
LV. We thought that these artifacts were discernible
because they showed a lower high-density compared to
usual MDE and were in line with the outside of the heart
on successive images. However, ultimately, artifacts from
the chest wall should be resolved to further establish
delayed enhancement cardiac CT as a reliable and accu-
rate method.

This study has some limitations. First, this preliminary
study involved a small number of patients. Although the
16-segment model had a satisfactory number of MDE pat-
terns collected for analysis, a larger population study might
be necessary for further validation. Second, this study
included some patients with relatively high frequency of
MDE segments. This might affect kappa statics for inter-
test and inter-observer agreements, especially for MDE
detection. Third, right ventricular MDE was not evaluated
in this study because cardiomyopathies with right ventricu-
lar MDE on cardiac MRI are relatively rare. Further studies
are needed to assess the value of delayed enhancement car-
diac CT in the evaluation of right ventricular MDE. Fourth,
in this study the mean effective radiation dose for CT was
6.81 mSv. This value might have resulted because we per-
formed dual-energy CT with retrospective ECG-gating
scanning as our scanner did not allow prospective ECG-
gating with the dual-energy setting. However, the single-
energy setting with prospective ECG-gated image acquisi-
tion promises to reduce radiation exposure even more [27].

In conclusion, cardiac CT might be a robust alterna-
tive method to cardiac MRI in the assessment of cardio-
myopathy, particularly in patients with contraindications
to cardiac MRI. The 100-kV setting might help to reduce
radiation exposure and provide acceptable CNR for delayed
enhancement cardiac CT. High spatial resolution, short
scan times, and the accessibility of CT scanners are the
main advantages of MDCT. It would also be desirable to
establish a comprehensive CT examination which provides
information about coronary artery disease, myocardial
morphology, and MDE in cardiomyopathy patients in the
future. However, imaging parameters must be further opti-
mized and the CNR further improved with artifacts being
resolved before MDCT can be recommended as an every-
day clinical tool for cardiomyopathy assessment.
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