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Abstract
Delayed enhancement cardiac CT is a potential tool for myocardial viability assessment and is essential for extracellular 
volume fraction (ECV) estimation with CT. The objective of this study is to determine the optimal delay time for acquisition 
of delayed CT scans. Thirty-five patients with enhancement pattern typical of previous myocardial infarction on delayed CT 
and 17 control subjects comprised the study population. Delayed scans were acquired at 3, 5 and 7 min after contrast material 
injection. Image quality and estimated ECV were compared among the three time points. Delayed CT at 5 min showed the 
highest signal-to-noise ratio of 15.2 ± 1.0 [p < 0.0001; vs. 3 min (13.6 ± 1.0), p = 0.0015; vs. 7 min (14.9 ± 1.0)]. Contrast-to-
noise ratio of infarcted and remote myocardium was highest at 7 min (6.4 ± 2.5), but was not significantly different from 5 min 
(6.1 ± 2.2, p = 0.08). The ECV values were constant over the three time points, although, in segments containing infarcted 
myocardium, trend of lower values was noted at 3 min compared to 5 and 7 min. ECV values at 5 min was 27.1% ± 2.1% in 
control subjects, 27.2% ± 3.0% in remote segments of patients with infarction, and 39.6% ± 5.3% in segments containing 
infarcted myocardium. Myocardial scars are equally best visualized with delay time of 5 and 7 min post contrast administra-
tion. No significant difference was observed in ECV of healthy myocardium or focal scars among delay time of 3, 5, and 
7 min. Delay time of 5 min after contrast injection may be recommended for CT delayed enhancement imaging.

Keywords  Diagnostic cardiac imaging · Cardiovascular disease · Myocardial infarction · Myocardial viability assessment · 
Extracellular volume fraction · X-ray computed tomography

Introduction

Cardiac computed tomography (CT) delayed enhancement 
has emerged as a potential tool for the assessment of myo-
cardial viability in the last decade with remarkable advances 
in image acquisition, reconstruction, and post-processing 

[1–3]. Delayed enhancement CT is an important approach 
by which cardiac CT can detect regional fibrosis associ-
ated with ischemic injury and cardiomyopathies. Moreover, 
recent studies suggested potential usefulness of CT delayed 
enhancement as a modality to estimate extracellular volume 
(ECV) fraction, which reflects the amount of myocardial 
fibrosis. Delayed enhancement and ECV determined by 
CT may have prognostic and therapeutic implications, as 
we have learned from extensive magnetic resonance imag-
ing literature [4–7]. However, no consensus has been avail-
able on which time point after contrast injection should be 
used for delayed CT acquisition in order to achieve accurate 
assessment of myocardial scars and ECV estimation. This is 
of particular importance, as the short delay time may result 
in insufficient contrast material accumulation for visualiza-
tion of infarct scar, while long delay time may suffer from 
low contrast-to-noise due to excessive contrast wash out [8, 
9]. Human studies reported a wide range of time points for 
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delayed image acquisition ranging from 5 up to 15 min after 
contrast administration [3, 10–18]. The purpose of this study 
was to determine the single delayed imaging time point with 
the highest image quality for infarct scar visualization and 
to study the effect of different imaging time points on the 
ECV estimation.

Materials and methods

Study population

This study was approved by the institutional review board 
and written informed consent for participation in the study 
was obtained from all patients.

Comprehensive cardiac CT study described in the next 
section was performed in 139 patients with known or sus-
pected coronary artery disease between December 2015 and 
November 2016 in our institution. Among them, we recruited 
35 patients (31 men and 4 women; age 67.5 ± 11 years) 
showing delayed enhancement typical of previous myocar-
dial infarction (MI) (i.e. involving the sub-endocardium and 
confined to the vascular territory of a coronary artery) on 
delayed phase CT in this study for image quality assessment 
and ECV estimation (Fig. 1). The mean age of the myocar-
dial infarct in these patients was 8.9 ± 7 years.

Of the remaining 104 subjects without ischemic pat-
tern of delayed enhancement, 17 subjects (14 males and 3 
females, age 64.5 ± 10.3 years) were also enrolled in this 
study as control subjects for ECV estimation. In the selection 
of the control subjects, subjects with history of or current 
obstructive coronary artery disease on coronary CT angiog-
raphy (n = 61), myocardial delayed enhancement other than 
MI (n = 5), cardiac-involving systemic diseases and predis-
posing factors for coronary artery disease (hypertension, 
diabetes, dyslipidemia and smoking, n = 21) were excluded.

Baseline characteristics of the study population are pre-
sented in Table 1.

CT data acquisition and reconstruction

All cardiac CT examinations were performed using a 
third generation dual-source CT system (Somatom Force; 
Siemens Healthcare, Forchheim, Germany). Our compre-
hensive cardiac CT study consisted of unenhanced CT, 
stress dynamic perfusion CT, coronary CT angiography, 
and delayed-phase CT. After obtaining the scout images 
of the entire chest, unenhanced CT for the subsequent 
ECV estimation was performed with the same acquisition 
protocol used for delayed-phase CT as will be discussed. 
Stress dynamic myocardial perfusion CT was performed 
with a bolus injection of 40 mL of iodinated contrast agent 
with an iodine concentration of 370 mgI/mL (Iopamiron 

Fig. 1   Selection chart of patients and control subjects

Table 1   Baseline characteristics of the study population

Data are presented as mean ± standard deviation
CABG coronary artery bypass grafting, PCI percutaneous coronary 
intervention

Patients Controls

Mean age (years) 67.5 ± 11 64.5 ± 10
Male sex [n (%)] 31 (89) 14 (82)
Body mass index
 Normal < 25 kg/m2 [n (%)] 20 (57) 16 (94)
 Overweight 25–30 kg/m2 [n (%)] 12 (34) 1 (6)
 Obese 30–40 kg/m2 [n (%)] 3 (9) 0 (0)

Risk factors
 Hypertension [n (%)] 26 (74) 0 (0)
 Dyslipidemia [n (%)] 27 (77) 0 (0)
 Diabetes [n (%)] 15 (43) 0 (0)
 Smoking [n (%)] 26 (74) 0 (0)
 Prior PCI [n (%)] 27 (77) 0 (0)
 Prior CABG [n (%)] 8 (23) 0 (0)
 History of myocardial infarction [n (%)] 27 (77) 0 (0)
 Hematocrit (%) 42 ± 5 42 ± 4
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370; Bayer Schering Pharma, Berlin, Germany). Prospec-
tively electrocardiography (ECG)-triggered coronary CT 
angiogram (CTA) was acquired 10 min after the stress per-
fusion CT with 26 mgI/kg/s of Iopamiron (0.84 mL/kg). 
The total volume of the injected contrast material before 
delayed-phase CT was adjusted so that the total volume 
would reach 600 mgI/kg (1.6 mL/kg) [3]. End-systolic 
(250 ms after R wave) delayed CT images were acquired 
at 3, 5 and 7 min after coronary CTA using prospectively 
ECG-triggered axial scans using cardiac shuttle mode [3] 
and reconstructed with 1-mm slice thickness with a Qr36d 
kernel. Tube voltage was 80 kVp while tube current was 
automatically determined by automatic exposure control 
system with quality reference mAs set at 580 mAs/80 kVp.

Image post‑processing and analysis

Delayed images at 3, 5 and 7 min were reformatted in short 
axis of left ventricle with slice thickness of 6 mm, aver-
age intensity projection and narrow window settings; win-
dow width of 150–200 and window level of 100 (Fig. 2a). 
Qualitative image quality analysis was performed with a 
score between 1 and 4 (Fig. 3), where 1 means poor image 
quality with infarct scar barely evident, 2 means moderate 
image quality causing low diagnostic confidence (loss of 
clear delineation in all parts), 3 is good image quality (good 
delineation of infarct scar in most parts) and 4 is excellent 
image quality (sharply defined borders with good delineation 
of infarct scar in all parts) [19]. A total of 105 datasets (35 
patients × 3 time points) were presented to two independent 

Fig. 2   An example of image analysis in a patient with inferolateral 
myocardial infarction. Delayed images at 3, 5 and 7 min were refor-
matted in short axis of left ventricle with slice thickness of 6  mm, 
average intensity projection and narrow window settings; window 
width of 150–200 and window level 100 for qualitative image analy-
sis (a). Extracellular volume (ECV) was calculated based on a sub-

traction between delayed images and unenhanced images after non-
rigid registration, and final result was shown in a polar map display. 
Increase of ECV in infarcted myocardium in the inferolateral wall can 
be appreciated in red color (b). Global ECV value as well as mean 
ECV values for each of 16 American Heart Association myocardial 
segments were obtained from the polar map

Fig. 3   An example of qualitative image quality analysis where images 
were assigned scores between 1 and 4. In images with score 1, the 
infarct scar at the lateral wall of the left ventricle is barely evident. In 
score 2, loss of clear delineation in all parts of the small scar at the 

anterior wall is noted. In score 3, good delineation of the anteroseptal 
wall infarct scar in most parts. In images with score 4, sharply defined 
borders and good delineation of the inferolateral wall infarct scar is 
seen in all parts
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observers (A.H and Y.G) in a random order for image qual-
ity assessment. Observers were allowed to adjust window 
settings according to their personal preferences to provide 
the best visualization of scars. The transmural extent of 
the infarcts was also analyzed in the three time points on 
the patient level by a consensus of the observers. Trans-
murality was rated on a 3-point scale (1 = subendocardial 
only, 2 = infarct extends into mid-wall but is not transmu-
ral, 3 = transmural) and agreement among the different time 
points for estimation of the degree of transmurality was 
assessed. When multiple infarcts were observed in the same 
patient, the largest infarct was used for the analysis.

In addition, quantitative image quality analysis was per-
formed by manual drawing of > 0.5 cm2 regions of interest 
(ROI) on the infarct scar, remote myocardium, and blood 
pool. ROIs at the remote myocardium and blood pool were 
drawn within the same slice containing the ROI at the infarct 
scar. Areas of fatty infiltration in MI were carefully excluded 
from the drawn ROI. Attenuation values were tracked at 
three different slice positions, and the mean value was used 
for analysis [20]. Signal-to-noise (SNR) ratio which is the 
mean attenuation of remote myocardium divided by SD of 
remote myocardial attenuation [3], and contrast-to-noise 
ratio (CNR) which is defined as the difference in attenua-
tion of scar and remote myocardium divided by the standard 
deviation (SD) of the remote myocardial attenuation [18] 
were also quantified.

For ECV calculation, a commercial software (CT myo-
cardial ECV analysis; Ziosoft Inc., Tokyo, Japan) employ-
ing the following equation was used: ECV  =  (ΔHUm/
ΔHUb) × (1 − Hct), where ΔHUm is the change in attenu-
ation of the myocardium in Hounsfield unit (HU), ΔHUb is 
the change in attenuation of the blood pool, and Hct is the 
hematocrit level. ΔHU = HUdelay − HUpre, where HUde-
lay and HUpre are attenuation values at delayed-phase and 
unenhanced CT, respectively [21]. Unenhanced images were 
subtracted from delayed-phase images using automatic, non-
rigid image registration function. Subendocardial and sub-
epicardial borders were contoured automatically. Manual 
editing of cardiac contours was performed when neces-
sary. The software finally produces a polar map showing 
16 American Heart Association myocardial segments with 
the mean ECV value for each segment as well as the global 
ECV value (Fig. 2b). In patients showing MI pattern of 
delayed enhancement, 16 segments were divided into those 
with delayed enhancement (MI segments) and those without 
(remote segments). ECV values in MI and remote segments 
were separately averaged in each patient.

Radiation dose

Values of the dose-length product (DLP) reported by the 
scanner were recorded for each phase of the study protocol 

and for the entire study. DLP was kept constant for each of 
the three time points of the delayed acquisition. Effective 
radiation doses were estimated by multiplying the DLP by a 
conversion factor of 0.014 mSv/mGy/cm according to stand-
ard methodology outlined in guidelines [22].

Statistical analysis

All values are expressed as mean ± standard deviation (SD). 
A P-value of < 0.05 indicates statistical significance. Stu-
dent t test was used to compare continuous variable values 
between two groups while the Wilcoxon signed rank test 
was used to compare the median difference of categorical 
data between two groups. Continuous variables of more than 
two groups were compared with one-way repeated-measures 
analysis of variance (ANOVA) with Bonferroni post-hoc 
test and categorical data were compared with Friedman test 
and Dunn’s post-hoc test. The inter-observer agreement for 
image quality assessment was measured with Cohen’s kappa 
(k). Agreement among the three time points on the degree 
of transmural extension was assessed with the Fleiss Kappa 
test. The statistical analysis was performed using IBM SPSS 
Statistics 18 (IBM Corporation, Armonk, NY) and Graph-
Pad PRISM 6 (GraphPad Software, Inc, La Jolla, CA).

Results

Image quality and infarct transmurality

Infarct scar of the 35 patients could successfully be identified 
at all of the three time points without severe artifacts that 
may mask presence of delayed enhancement. For observer 
1, Friedman test showed significant difference (p = 0.003) 
where the 3 min’ group had significantly lower image qual-
ity (2.5 ± 1.1) while the 5 and 7 min had almost the same 
image quality scores (2.9 ± 0.9 and 3.0 ± 0.8, respectively). 
For observer 2, no statistically significant difference was 
found between the different time points although the high-
est score was observed at 5 min (2.9 ± 0.9 at 3, 3.1 ± 0.8 at 5 
and 2.9 ± 0.95 at 7 min) (Fig. 4). The inter-observer agree-
ment of scoring was good for all time points but was highest 
at 5 min (Cohen Kappa = 0.61, 0.70 and 0.67 for 3, 5 and 
7 min, respectively). An example of image quality at differ-
ent time point is presented in Fig. 5.

Transmural extent was stable throughout 3, 5, 7 min 
in 28 (80%) of patients (n = 7, 7 and 14 for grade 1, 2, 3, 
respectively). Using Kappa statistics, excellent agreement 
was noted among the three time points for transmural-
ity estimation (Fleiss Kappa = 0.84). The best agreement 
(33/35, 94.3%) was noted between 5 and 7 min (Cohen 
Kappa = 0.91) (online supplementary tables).
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SNR and CNR

SNR at 5 min (15.2 ± 1) was slightly but significantly 
higher than that at 3 and 7  min (13.6 ± 1.0  at 3  min, 
p < 0.0001 and 14.9 ± 1.0 at 7 min, p = 0.0015). As for 
CNR, values at 7 min were about 28% higher than at 3 min 
(6.4 ± 2.5 at 7 min and 5.0 ± 1.9 at 3 min, p < 0.0001), 
while no significant difference was observed between 5 
and 7 min (6.1 ± 2.2 at 5 min, p = 0.08) (Fig. 6). HU val-
ues of the blood pool, MI site and remote myocardium 
are presented in Table 2.

ECV

For the normal myocardium in control subjects, no sig-
nificant difference was found in global ECV values among 
the three time points (27.6% ± 2.4% vs. 27.1% ± 2.1% vs. 
27% ± 2.3% at 3, 5 and 7 min, respectively, p = 0.26 by one-
way ANOVA repeated measures) (Fig. 7).

Likewise, for the remote myocardial segments in MI 
patients, ECV values remained nearly unchanged among 
the three time points (27.7% ± 3.3%, 27.2% ± 3.0% and 
27.3% ± 3.2% at 3, 5 and 7 min, respectively, p = 0.22). In 

Fig. 4   Image quality scores for both observers. For observer 1, image quality scores at 5 and 7 min were significantly higher than 3 min. For 
observer 2, highest score was observed at 5 min, however, this difference was not statistically significant

Fig. 5   Delayed enhancement CT at 3 (left), 5 (middle) and 7 (right) 
minutes after contrast material injection in a 63 years old male with 
small infarctions in anterior and inferior walls (arrows). The infarcted 
tissues are barely visible at 3 min but are clearly demonstrated at 5 

and 7 min. The image at 7 min has slightly better image quality than 
at 5 min. The images at 3, 5 and 7 min were given the scores of 1,3,3 
and 3,3,3 by observer 1 and observer 2, respectively
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MI segments, ECV values showed a trend of lower value at 
3 min in comparison with 5 and 7 min (38.7% ± 5% at 3, 
39.6% ± 5.3% at 5 and 39.8% ± 5.6% at 7 min, p = 0.06).

Radiation dose

Details of DLP and estimated effective radiation doses are 
shown in Table 3. The DLP of the delayed phase CT was 
211.9 ± 43.8 mGy/cm for the three time points combined, 
with a calculated effective radiation dose of 2.9 ± 0.61 mSv. 
For the entire CT examination, DLP was 839.5 ± 201.9 
mGy/cm (effective radiation dose of 11.8 ± 2.9 mSv).

Discussion

The results of our study demonstrate that:

1.	 For visualization of infarct scar with cardiac CT delayed 
phase imaging, images acquired at 5 and 7 min had sig-
nificantly higher CNR and image quality than those 
at 3 min. The 5 min’ time point provides equally high 
image quality and CNR as the later time point at 7 min.

Fig. 6   Bar graph showing SNR (left) and CNR (right) for the 3, 5 and 7 min time points of delayed CT acquisitions. The highest SNR was seen 
at 5 min. The highest CNR was achieved at 7 min, though was not significantly different from CNR at 5 min

Table 2   HU of left ventricular blood pool, infarct tissue and remote 
myocardium at 3, 5 and 7 min post-contrast administration

Data are presented as mean ± standard deviation

3 min 5 min 7 min

Left ventricular blood pool 162.4 ± 14.6 144 ± 12.4 134.2 ± 10.7
Infarct tissue 144.8 ± 15.5 134.8 ± 13.8 131 ± 15.6
Remote myocardium 106.4 ± 7.8 96.5 ± 6.3 92 ± 6.2

Fig. 7   Bar graph showing ECV fractions at 3, 5 and 7  min at the 
myocardial infarction (MI), remote myocardium and myocardium in 
control subjects. In MI segments, 7 min yielded the highest ECV val-
ues but was not significantly different from those at 5 min. In infarct-
free myocardium, no difference was noticed in ECV estimates among 
the different time points
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2.	 Myocardial ECV fraction estimated by CT was stable in 
the infarct-free myocardium and focal scars among delay 
time of 3, 5, and 7 min.

 Cardiac CT, particularly delayed enhancement CT has 
a promising potential for more engaging role in viability 
assessment. Multiple animal and human studies compared 
cardiac CT to late gadolinium enhancement MRI, which 
is the current gold standard for viability assessment, and 
showed good agreement between both modalities for the 
detection and the estimation of the infarct size [11, 13, 
15, 17]. Good agreement and significant correlation was 
also found for the CT and MRI-derived ECV fractions 
[21, 23–25]. Radiation exposure in CT has always been a 
concern. However, with new CT technologies and using 
strategies like high pitch mode and prospective ECG trig-
gering, delayed enhancement CT can be performed with 
lower than 1 mSv radiation dose [26]. Despite the fact 
that CNR of MRI is considerably higher than that of CT, 
CT is advantageous in terms of the fast scanning times, 
the excellent spatial resolution and its suitability for 
patients with implanted electronic devices such as cardiac 
pacemakers. In addition, with the use of new reconstruc-
tion algorithms, improved CNR and less artifacts can be 
achieved [3].

Till this moment, no consensus is yet available on the 
perfect timing for delayed image acquisition. Human stud-
ies on delayed phase cardiac CT used different time points 
that range from 5 to 15 min post contrast administration [3, 
10–18]. In our study, despite myocardial scars could be suc-
cessfully identified at 3 min with excellent agreement on the 
degree of transmural extent with the rest of the time points, 
its image quality scores and CNR were significantly lower 
compared to 5 and 7 min’ time points. The highest CNR 
between the infarcted and normal myocardium was achieved 
at 7 min, however, the values were very similar to those at 
5 min with no statistically significant difference. Image qual-
ity scores were comparable at 5 and 7 min.

Similar results have been reported in an animal study 
using porcine models of acute and subacute infarcts. Bro-
doefel et  al. compared images acquired at 3, 5, 10 and 
15 min’ time points for both the bolus and the bolus/low flow 
injection protocols and reported that the best image qual-
ity was achieved at 5 min with the bolus injection protocol 
and at 5 and 10 min with the bolus/low flow protocol [20, 
27]. Although our assessments focused on visualization of 
chronic infarct scar with bolus injection protocol, we agree 
that the earlier 3 min’ time point is of significantly lower 
image quality than later time points.

Our results are also in line with Jacquier et al. who com-
pared 5 and 10 min’ time points in 19 reperfused acute MI 
patients and reported that image quality and SNR were sig-
nificantly higher at 5 min compared to 10 min post contrast 
administration [9]. Instead of the 10 min, we used an earlier 
time point of 7 min which explains the similar results with 
5 min and suggests that time points later than 7 min are 
likely to be of lower image quality.

Another aim of our study was to assess the impact of 
acquisition timing on ECV fraction estimation in myo-
cardium with and without focal scar. For the myocardium 
without scar tissue, estimated ECV fraction was stable 
for 3, 5, 7 min time points for both control subjects and 
remote myocardium of MI patients. Our results are in line 
with a recent CT study by Jablonowski et al. which demon-
strated that in control animals, an equilibrium state could be 
achieved within the first minute after contrast administra-
tion and that ECV values remained almost the same in all 
time points [28]. ECV values in normal myocardium were 
about 27% which is fairly consistent with previous work and 
MRI data [21, 29] taking into consideration that this is not 
a completely normal myocardium, the relatively old age of 
the study population [14] and the possibility of minor ECV 
increase due to adenosine-induced vasodilatation since our 
protocol included stress CT perfusion [30].

There is a very limited number of publications on ECV 
estimation in chronic MI scars [31], likely because ECV is 
not of clinical importance for the detection of MI. How-
ever, unlike other fibrosis-inducing pathologies which are 
seldom referred for comprehensive cardiac CT, focal scar 
of MI is frequently encountered in the routine cardiac CT 
practice which makes it a suitable candidate for ECV testing. 
In CMR studies, delayed enhanced images for ECV estima-
tion are usually acquired about 15 min after contrast material 
administration. This is problematic in cardiac CT because 
such long periods result in lower CNR due to contrast clear-
ance. Jerosch-Herold et al. performed simulations using a 
model of blood-to-tissue exchange of contrast agent to test 
the equilibrium assumption for a bolus injection protocol. 
They reported that, apart from tissues with extremely low 
perfusion (less than 0.1 ml/min/g), a state of equilibrium 
could be reached at time points starting from 3 min after 

Table 3   Dose  length product and estimated effective radiation dose 
for each phase of the study and for the entire study protocol

Data are presented as mean ± standard deviation

Study phase Dose length 
product (mGy/
cm)

Estimated effective 
radiation dose (mSv)

Pre-contrast CT 57.6 ± 30.8 0.8 ± 0.43
Dynamic perfusion CT 260.4 ± 73.3 3.6 ± 1.0
Coronary CT angiography 216.4 ± 121.4 3.0 ± 1.7
Delayed enhancement CT 

(three time points com-
bined)

211.9 ± 43.8 2.9 ± 0.61

Entire study protocol 839.5 ± 201.9 11.8 ± 2.9
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contrast agent injection [32]. In fact, ECV in the infarct 
scars were stable among 3, 5, and 7 min without signifi-
cant difference. To our knowledge, only one recent cardiac 
CT study by Treibel at al. reported the effect of acquisition 
timing on the measured ECV values [24]. They compared 
the ECV fraction in amyloidosis patients measured from 5 
and 10 min acquisitions after contrast bolus injection and 
found that the 5 min’ ECV fraction was better correlated 
with MRI-derived ECV. Our findings suggest that dynamic 
equilibrium can even be achieved as early as 3 min post 
contrast administration.

The stability of ECV measurements in the infarct-free 
myocardium is ought to the fast exchange of the contrast 
media between intravascular and extravascular compart-
ments achieving an early state of dynamic equilibrium. This 
is well documented in cardiac MRI studies as well [33, 34]. 
In the infarct tissue, despite the expected suboptimal wash-
in, wash-out kinetics, ECV measurements were also stable 
as early as 3 min after CTA. This might be explained by the 
relatively large amounts of contrast material needed for CTA 
compared to those used in LGE-MRI which can accelerate 
the state of equilibrium. In addition, the use of 40 mL of 
contrast medium in the early perfusion CT phase may have 
allowed for a partial state of equilibrium before the main 
dose of the contrast medium was injected in the CTA study.

The comprehensive nature of our cardiac CT protocol 
as well as the acquisition of delayed enhancement images 
at three time points led to a total effective radiation dose of 
11.8 ± 2.9 mSv. However, all phases of the comprehensive 
protocol were clinically justified and requested by the refer-
ring physicians in our institute. Beside the accumulating evi-
dence of the high diagnostic accuracy of dynamic perfusion 
CT [35], the acquisition of delayed enhancement images led 
to the detection of silent myocardial infarction in about 40% 
of patients referred for comprehensive protocol and subse-
quent coronary angiography [36]. Our CT late enhancement 
protocol is based on method proposed by Kurobe et al. [3]. 
In their approach, four image stacks are acquired during 
one breath-holding after 7 min of CTA, and then, the four 
image stacks are averaged after non-rigid registration for 
noise reduction. In the current study, instead of obtaining 
four image stacks at 7 min, only one stack was obtained at 
each of 3, 5 and 7 min. Accordingly, we achieved a radiation 
dose of 2.9 ± 0.61 mSv for the three delayed acquisitions 
combined which is still comparable with the dose required 
for delayed-enhancement CT in previous literature (mean 
dose, 0.9–4.5 mSv) [12, 13, 17, 18, 26, 37, 38].

Our study had several limitations. First, the study popu-
lation was small, consisted solely of patients with chronic 
infarct scar and did not include acute ischemic injury or 
other non-ischemic diseases causing myocardial fibrosis like 
cardiomyopathies or amyloidosis. Second, time points later 
than 7 min were not tested in our study. However, our aim 

was to identify the earliest possible time point for confident 
diagnosis of scar tissues. Also, we wanted to avoid excessive 
radiation exposure to the study participants. We also used 
only the bolus technique for contrast material injection and 
did not test the slow infusion technique. However, our aim 
was to test the technique used by most centers in clinical 
practice to determine the equilibrium time point. Finally, 
correlation with cardiac MRI, particularly MRI-derived 
ECV was not performed in our study as the main purpose 
was to determine the equilibrium point in CT before making 
such correlation.

Conclusion

Myocardial scars are equally best visualized with delay time 
of 5 and 7 min post contrast administration. No significant 
difference was observed in ECV of healthy myocardium or 
focal scars among delay time of 3, 5, and 7 min. Delay time 
of 5 min after contrast injection may be recommended for 
CT delayed enhancement imaging.
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