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Abstract
Objective To evaluate the feasibility of image subtraction in
late iodine enhancement CT (LIE-CT) for assessment of myo-
cardial infarction (MI).
Methods A comprehensive cardiac CT protocol and late gado-
linium enhancement MRI (LGE-MRI) was used to assess coro-
nary artery disease in 27 patients. LIE-CT was performed after
stress CT perfusion (CTP) and CT angiography. Subtraction
LIE-CTwas created by subtracting the mask volume of the left
ventricle (LV) cavity from the original LIE-CT using CTP
dataset. The %MI volume was quantified as the ratio of LIE to
entire LV volume, and transmural extent (TME) of LIE was
classified as 0%, 1–24%, 25–49%, 50–74% or 75–100%.
These results were compared with LGE-MRI using the
Spearman rank test, Bland-Altman method and chi-square test.
Results One hundred twenty-five (29%) of 432 segments
were positive on LGE-MRI. Correlation coefficients for orig-
inal and subtraction LIE-CT to LGE-MRI were 0.79 and 0.85
for %MI volume. Concordances of the 5-point grading scale
between original and subtraction LIE-CT with LGE-MRI
were 75% and 84% for TME; concordance was significantly
improved using the subtraction technique (p <0.05).

Conclusion Subtraction LIE-CT allowed more accurate as-
sessment of MI extent than the original LIE-CT.
Key Points
• Subtraction LIE-CT allows for accurate assessment of the
extent of myocardial infarction.

• Subtraction LIE-CT shows a close correlation with LGE-
MRI in %MI volume.

• Subtraction LIE-CT has significantly higher concordance
with TME assessment than original LIE-CT.

Keywords Computed tomography .Myocardial infarction .
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Abbreviations
CAD Coronary artery disease
CM Contrast medium
CT Computed tomography
CTA Computed tomography angiography
CTP Computed tomography perfusion
HU Hounsfield units
LGE Late gadolinium enhancement
LIE Late iodine enhancement
LV Left ventricle
MI Myocardial infarction
MRI Magnetic resonance imaging
SD Standard deviations
TME Transmural extent

Introduction

Late gadolinium enhancement (LGE) with magnetic reso-
nance imaging (MRI) correlates well with histopathological
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findings in infarcted myocardium, and is used as a gold stan-
dard for assessment of myocardial infarction (MI) [1]. The
global extent of MI on LGE-MRI is closely related to left
ventricle (LV) dysfunction, cardiac mortality and poor out-
comes [2, 3]. Previous studies have reported that the
transmural extent (TME) of MI on LGE-MRI indicates poten-
tial improvement of LV contractility after revascularisation [4,
5]. However, LGE-MRI is contraindicated for patients with a
metal implant or an implantable cardioverter defibrillator and
for those with claustrophobia.

Late iodine enhancement computed tomography (LIE-CT)
has been investigated in several studies for its ability to detect
MI [6, 7]. Because iodine has pharmacokinetics similar to
those of gadolinium [8], the extent of MI seen on LIE-CT,
as on LGE-MRI, is also closely related to recovery of cardiac
function and clinical outcomes [9, 10]. However, unlike LGE-
MRI, LIE-CT has the disadvantages of lower image contrast
in infarcted myocardium [11, 12] and difficulty in differentia-
tion between myocardium and the LV cavity because of inter-
ference with enhancement in the LV cavity after administra-
tion of contrast medium (CM) [8, 13, 14]. Post-processing
subtraction techniques are now widely used in CT. CT-based
subtraction angiography has been shown to be an effective
diagnostic imaging tool in cerebrovascular disease [15, 16].
In this study, we applied the image subtraction technique for
LIE-CT and evaluated its feasibility for assessment of the ex-
tent of MI using LGE-MRI as the reference.

Methods

Study population

This retrospective study was approved by the ethics commit-
tee at our institution, and informed consent was obtained from
all patients. This study is registered on the UMIN Clinical
Trials Registry (approval number UMIN 000027484). The
study included 27 patients who had undergone a comprehen-
sive cardiac CT protocol and LGE-MRI between March 2015
and May 2017. All patients were clinically known or
suspected to have coronary artery disease (CAD), and the
indications for cardiac CT and MRI were determined by the
attending physician. Patients with acute MI, cardiomyopathy,
severe LV dysfunction (ejection fraction < 20%), chronic atri-
al fibrillation or greater than first-degree atrioventricular block
were excluded. Patients who underwent revascularisation and/
or experienced cardiovascular events such asMI or worsening
heart failure during the imaging session and those with an
incomplete LIE-CT dataset because of inadequate coverage
(a truncation issue) or incomplete subtraction post-
processing because of misregistration were also excluded to
ensure reasonable evaluation of CT and MRI.

The radiation dose was calculated from the dose-length
product in a dose report (conversion factor 0.014) [17].

Cardiac CT protocol and post-processing

We used a 256-slice CT scanner (Brilliance iCT, Philips
Healthcare, Cleveland, OH, USA) and an automatic dual in-
jector (Stellant DualFlow; Nihon Medrad KK, Osaka, Japan).
The LIE-CT scan was performed as a part of a comprehensive
cardiac CT protocol after stress dynamic myocardial CT per-
fusion (CTP) and coronary CT angiography (CTA) [18]. In
brief, using iodinated CM (Iopamiron-370 [iopamidol 370 mg
iodine/ml]; Bayer Yakuhin, Ltd, Osaka, Japan), pharmacolog-
ical stress dynamic CTP (CM 30–50 ml, and 10–20 ml for
timing bolus scan) was performed, and coronary CTA (CM
30–70 ml) were performed 5 min after CTP. Data acquisition
for LIE-CTwas performed 5 min after coronary CTAwithout
additional administration of CM using the same prospective
electrocardiogram-gated scanmode targeting end-systolic car-
diac phase (40% of the RR interval) as for CTP. Scan param-
eters for CTP were as follows: tube voltage 80 kV; tube cur-
rent 75–110 mAs; gantry rotation speed 0.27 s/rotation; detec-
tor collimation 128 × 0.625 mm; coverage 8 cm (detector-
length, scanning under a single breath-hold in the expiration
position); and 3600 reconstruction. Scan parameters for LIE-
CTwere as follows: tube voltage 80 kV; tube current 130–210
mAs; gantry rotation speed 0.27 s/rotation; detector collima-
tion 128 × 0.625 mm; coverage 8 cm (detector-length, scan-
ning under a single breath-hold in the expiration position); and
3600 reconstruction.

The axial images for CTP and LIE-CT with a 1.25-mm
thickness were reconstructed using knowledge-based iterative
model reconstruction (Body Routine Level 1, Philips
Healthcare) [18]. The subtraction LIE-CT image was created
using a dedicated workstation (Ziostation2, Ziosoft, Inc.,
Tokyo, Japan) using the following procedure (Fig. 1). A
single-phase image at the time of peak enhancement of the
LV cavity was selected from a series of dynamic CTP images
and three-dimensionally superimposed on the original LIE-
CT image using deformable registration. The mask volume
of the LV cavity was created from the CTP image, and the
subtraction LIE-CT image was then created by subtracting the
image signal of the LV cavity from the original LIE-CT image
using the mask volume from the CTP image.

MRI protocol and image analysis

We used a 3-Tesla MRI scanner (Achieva 3.0 T Quasar Dual;
Philips Healthcare, Best, The Netherlands). Following a pre-
viously described established protocol [19], LGE-MRI images
were obtained 10 min after injection of 0.2 mmol/kg
gadopentetate dimeglumine (Magnevist; Bayer Healthcare
Pharmaceuticals, Whippany, NJ, USA) using three-
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dimensional inversion recovery sequences. The image acqui-
sition parameters were as follows: maximum gradient ampli-
tude, 80 mT/m; slew rate, 200 mT/m/ms; repetition time, 3.5
ms; echo time, 2.3 ms; flip angle, 15°; field of view, 320 × 320
mm2; matrix, 256 × 256; and slice thickness, 5 mm.

An independent observer (with 7 years of experience in
cardiac imaging) semi-automatically quantified the global ex-
tent of MI on LGE-MRI using the Ziostation2 software with a
signal intensity threshold of more than 6 standard deviations
(SDs) above the remote myocardium, as previously described
[19]. The %MI volume was quantified as the ratio of LGE to
entire LV volume in LGE-MRI. Two independent observers
(with 9 and 13 years of experience in cardiac imaging) blinded
to any other clinical and imaging data visually evaluated the
TME of LGE as regional MI extent, according to the 16-
segment model excluding the apex [20]. All myocardial seg-
ments were classified as 0%, 1–24%, 25–49%, 50–74% or
75–100%. Any discrepancy in evaluations made by the two
observers was resolved by consensus.

LIE-CT image analysis

Multi-planar reformatted cardiac short-axis images were cre-
ated for original and subtraction LIE-CT. Slice thickness was
set at gapless 5 mm to match the MRI datasets. The original
LIE-CT image and the subtraction LIE-CT image were inde-
pendently displayed and assessed with a basic window level
of 140 Hounsfield units (HU) and a windowwidth of 220 HU.
Readers independently adjusted the optimal window setting in
each case as needed. We performed separate analysis of two
series of LIE-CT images in random order, which were spaced
at 2-week intervals to minimise recall bias.

An independent blinded observer (with 4 years of experi-
ence in cardiac imaging) manually quantified the global extent
of MI on LIE-CT using the Ziostation2 software. Myocardium
that was more highly attenuated than the remote myocardium
was defined as MI for LIE-CT and manually quantified by
drawing a region of interest. The volume of LIE was calculated
by multiplying the summed area by the slice thickness. The
%MI volume was quantified as the ratio of LIE to entire LV

volume in LIE-CT. Two independent observers (with 9 and 17
years of experience, respectively, in cardiac imaging), who
were blinded to any other clinical and imaging data, visually
evaluated the TME of LIE as regional MI in the original and
subtraction LIE-CT datasets according to the 16-segment mod-
el, excluding the apex [20]. Segmental TME of LIE was clas-
sified into the aforementioned five groups, as was LGE-MRI.

Statistical analysis

Continuous data are expressed as the mean ± SD or the medi-
an (interquartile range) according to the underlying distribu-
tion. Agreement between two observers on visual assessment
of LGE-MRI and LIE-CTwas evaluated using Cohen’s kappa
(κ) statistic. The relationship between LGE-MRI and LIE-CT
with regard to the %MI volume was assessed using the
Spearman rank correlation test and the Bland-Altmanmethod.
For segment-based analysis, we adjusted for the clustered na-
ture of the data using logistic generalised estimating equations
[21]. Ordinal and binary assessments of TME were compared
between original and subtraction LIE-CT using the chi-
squared test. The statistical analyses were performed using
JMP 12 software (SAS Institute, Cary, NC, USA), and the
Stata software, version 11.2 (StataCorp LP, College Station,
TX, USA). In all tests, a p-value of <0.05 was considered to be
statistically significant.

Results

Study population

The patients’ demographic and clinical characteristics are
shown in Table 1. None of the 27 patients had undergone
revascularisation therapy, had cardiovascular events, or had
an incomplete LIE-CT dataset. Post-processing of the subtrac-
tion LIE-CT image was performed successfully in all cases.
The mean effective radiation dose was 7.8 ± 3.4 mSv for
dynamic CTP, 5.7 ± 2.2 mSv for coronary CTA and 0.4 ±

Fig. 1 Post-processing of subtraction LIE-CT. Subtraction LIE-CT was
created by subtracting the image signal of the LV cavity from the original
LIE-CT image using one phase of dynamic CTP images at the time of

peak enhancement of the LV cavity. LIE-CT late iodine enhancement
computed tomography, CTP computed tomography perfusion, LV left
ventricle
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0.2 mSv for LIE-CT. The average total amount of CM admin-
istered was 114.7 ± 23.7 ml.

Cardiac MRI-based diagnosis of myocardial segments

Of 432 segments, 125 (29%) were diagnosed with MI by
LGE-MRI; TME of LGE was 0% in 307 segments, 1–24%
in 26, 25–49% in 49, 50–74% in 31, and 75–100% in 19. The
interobserver agreement for qualitative assessment of LGE-
MRI was 0.87, which indicates satisfactory reliability (κ
>0.70).

LGE-MRI versus LIE-CT for assessment of MI

The correlation charts and Bland-Altman plots for %MI vol-
ume between LGE-MRI and original and subtraction LIE-CT
are shown in Fig. 2A–D. The %MI volumes for original and
subtraction LIE-CTcorrelated significantly with the %MI vol-
ume for LGE-MRI (both p <0.05). The Spearman’s correla-
tion coefficient was 0.79 for original LIE-CT and 0.85 for
subtraction LIE-CT. The Bland-Altman plots show a mean
difference of -3.4% (95% limits of agreement: -14.3 to 7.5)
for original LIE-CT and -1.3% (95% limits of agreement: -
10.7 to 8.2) for subtraction LIE-CT.

The interobserver agreement for the qualitative assessment
was 0.75 (95% confidence interval: 0.69–0.81) for original
LIE-CT and 0.85 (95% confidence interval: 0.80–0.89) for
subtraction LIE-CT. These results indicate satisfactory reli-
ability for each (κ >0.70). A comparison of LGE-MRI and
LIE-CT with regard to TME is shown in Table 2. The com-
plete concordance ratio according to the 5-point grading scale
was 75% for original LIE-CT and 84% for subtraction LIE-
CT, there was a significant difference in the concordance ratio

between original and subtraction LIE-CT (p <0.05). In the
binary assessment of TME ≥50% and ≥75%, using the LV
subtraction technique, the concordance ratios were signifi-
cantly improved from 90% to 96% and from 96% to 99%,
respectively (p <0.05). A representative case is shown in Fig.
3.

Discussion

Our study shows that subtraction LIE-CT allowed for more
accurate quantification of %MI volume than original LIE-CT,
and that the concordance ratio for TME of MI on subtraction
LIE-CT was significantly improved in comparison with orig-
inal LIE-CT.

The %MI volume is a strong prognostic predictor of cardi-
ac death and major adverse cardiovascular events [3]; thus,
accurate assessment of the extent of MI is important. The
lower image contrast of LIE-CT has remained a fundamental
limitation [11, 12], and potentially affecting quantification of
the extent of MI because of the difficulty in differentiating
between the LV cavity, remote myocardium and infarcted
myocardium [8, 13, 14]. The scan timing of LIE-CT is also
an important factor in assessment ofMI. Previous studies have
applied LIE-CT data acquisition 5–15 min after injection of
CM [14, 22, 23], which leads to the low contrast between the
LV cavity and myocardium because of remnants of CM in the
LV cavity, especially in patients with a high body weight.
Langer et al. proposed that LIE-CT required a higher contrast
dose (2.0 ml/kg, 700 mg iodine/kg) in clinical practice to
achieve acceptable contrast of the LV cavity allowing for ac-
curate LV volumetry [14]. Some investigators have proposed
solutions such as using the spatial frequency filtration and
image averaging on repeated axial scans [24], dual-energy
imaging [25] and the dedicated noise-reduction filter in a sin-
gle axial scan [7]. In this study, we used post-processing sub-
traction of the LV cavity to delineate the LV myocardium
objectively in quantification of MI without impairment of
contrast between normal and infarcted myocardium.
Although a total amount of CM (mean 114.7 ± 23.7 ml,
673.3 ± 157.3 mg iodine/kg) was less than the amount of
CM previously proposed [17], the post-processing subtraction
technique helped to reduce the quantification errors of %MI
volume despite the lesser amount of CM. In the visual assess-
ment of TME, the interobserver agreement was increased
from 0.75 in original LIE-CT to 0.85 in subtracted LIE-CT,
although it was not significant. In the quantification of LGE-
MRI size to the LV mass, some studies have also indicated
that visual assessment provides comparable results to the
threshold-based segmentation using 5 and more SD of signal
intensity in remote myocardium [26, 27]. Aikawa et al. recent-
ly reported the feasibility of a threshold-based segmentation in
LIE-CT in patients with cardiac sarcoidosis [28]. However,

Table 1 Patient characteristics

Age (y) 67.8 ± 11.2

Men (% of total) 19 (70%)

Body weight (kg) 64.1 ± 10.7

Body mass index (kg/m2) 24.8 ± 2.7

Chest pain 15 (56%)

Time since onset of MI (months) 8.0 (4.2–15.2)

Coronary risk factors

Hypertension 18 (67%)

Dyslipidaemia 18 (67%)

Diabetes mellitus 10 (37%)

Cigarette smoking 16 (59%)

Family history of CAD 4 (15%)

Interval between CT and MRI (days) 27 (13–53)

Data are expressed as the mean ± standard derivation, median (interquar-
tile range), or N (%)

MI myocardial infarction, CAD coronary artery disease, CT computed
tomography, MRI magnetic resonance imaging
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Fig. 2 Correlation charts and Bland-Altman plots of %MI volume
between LGE-MRI and the original LIE-CT (A, B) and subtraction
LIE-CT (C, D). MI myocardial infarction, LGE-MRI late gadolinium

enhancement magnetic resonance imaging, LIE-CT late iodine
enhancement computed tomography, SD standard deviation

Table 2 Concordance of
transmural extent between LIE-
CT and LGE-MRI. The data are
expressed as the percentage as
n/N

Original LIE-CT Subtraction LIE-CT p-value

5-grading scale 75% (323/432) 84% (361/432) <0.05

Overestimated misclassification 16% (71/432) 9% (38/432) <0.05

Underestimated misclassification 9% (38/432) 8% (33/432) NS

Binary assessment

TME ≥50% 90% (389/432) 96% (416/432) <0.05

TME ≥75% 96% (415/432) 99% (426/432) <0.05

NS not significant, LGE-MRI late gadolinium enhancement magnetic resonance imaging, LIE-CT late iodine
enhancement computed tomography, TME transmural extent
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some difficulties in the quantification of LIE-CT mass
remained in this study because of several reasons, such as:
(1) the time difference in cardiac phase (CT vs. MR), (2)
individual difference in attenuation of LIE-CT, (3) the inherent
heterogeneity of MI for quantification of LIE volume, and (4)
lower contrast-to-noise ratio in LIE-CT, and so on. Further
studies will be needed for exploring the optimal threshold of
CT attenuation in LIE-CT including iodine dose, scan param-
eters, reconstruction and image post-processing.

The TME of MI is required for decision-making with re-
gard to revascularisation in patients with CAD because iden-
tification of viable myocardium is important to predict im-
provement of LV function after revascularisation [4, 29]. In
the present study, LIE-CTwas obtained as a part of a compre-
hensive cardiac CT protocol that has been proposed to be
useful in patients with a high pre-test probability of CAD
[30]. A previous study showed that use of fully iterative model
reconstruction improved the image quality and diagnostic per-
formance of LIE-CT for detecting MI, but it was inadequate
for quantification ofMI [18]. Some studies have also indicated
that LIE-CT has a tendency to overestimate TME assessment
in comparison with LGE-MRI [25, 31]. According to the pres-
ent results, the subtraction technique could reduce overestima-
tion of TME and improve the accuracy of assessment of the
regional extent of MI. However, large-scale prospective stud-
ies are now required to evaluate the clinical feasibility of sub-
traction LIE-CT for assessment of myocardial viability before
revascularisation.

This study has several limitations. First, it is a retrospective,
single-centre study with a relatively small number of patients
included. Second, LIE-CT was acquired at the end-systolic
phase, which might affect the TME assessment to a certain
extent because of thickening of the remaining viable rim in the
cardiac cycle.Matsumoto et al. found no significant difference
in the assessment of TME between the diastolic phase and the
systolic phase [32]. However, careful attention has to be paid
for the assessment of TME in systolic phase especially in
patients with hypertrabeculations, LV hypertrophy and cardio-
myopathy. In addition, not only the phasic change in the ap-
pearance of myocardial trabeculations during cardiac cycle,

but also the robustness of the subtraction post-processing
and the spatial resolution of CT should be considered for the
LIE-CT assessment. Third, the visual quantification of MI in
LIE-CT was individually performed with a basic setting of
window level and window width. More objective segmenta-
tion is preferable using a threshold as LGE-MRI [28]. In this
present study, because of the above-mentioned reasons and
small sample size to determine the cut-off value of SD above
the mean attenuation of the remote myocardium, we adopted
the present post-processing. Forth, the present study evaluated
only for MI in the LV because of the time-difference in peak
enhancement of the right ventricle and the LV cavity. The
assessment of MI in the right ventricle will also be important
for clinical practice [33]. Further studies will be needed to
enhance the feasibility for the assessment of right ventricular
MI in LIE-CT. Finally, we used CTP data in a comprehensive
cardiac CT protocol for subtraction of the LV cavity. CTA data
may also be used for subtraction of the LV cavity if the data
acquisition was in the same cardiac phase as the LIE-CT.
However, a further evaluation study is needed to investigate
the feasibility of subtraction LIE-CT with CTA.

In conclusion, subtraction LIE-CT is helpful for improving
the accuracy of assessment of global and regional extent ofMI
in comparison with that of the original LIE-CT. Subtraction
LIE-CTmay be feasible for prediction of clinical outcome and
myocardial viability in patients with CAD.
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Fig. 3 A 71-year-old woman with an old myocardial infarction. Cardiac
short-axial LGE-MRI image shows myocardial infarction as LGE in the
inferior wall at basal level (arrowhead) (A). The original LIE-CT also
shows myocardial infarction as LIE in the inferior wall at basal level

(arrowhead) (B). The subtraction LIE-CT shows it more clearly than the
original LIE-CT (arrowhead) (C). LGE-MRI late gadolinium
enhancement magnetic resonance imaging, LIE-CT late iodine
enhancement computed tomography
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Ethical approval Institutional Review Board approval was obtained.

Informed consent Written informed consent was obtained from all
subjects (patients) in this study.

Methodology
• retrospective
• observational
• performed at one institution
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