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Late myocardial enhancement assessed

by 64-MSCT in reperfused porcine myocardial

infarction: diagnostic accuracy of low-dose CT

protocols in comparison with magnetic

resonance imaging

Abstract The purpose was to assess
the practicability of low-dose CT
imaging of late enhancement in acute
infarction. Following temporary
occlusion of the second diagonal
branch, seven pigs were studied by
multislice computed tomography
(MSCT) and magnetic resonance
imaging (MRI). Thus, 64-slice CTwas
performed at 3, 5, 10 and 15 min
following the injection of contrast
medium according to a bolus/low-
flow protocol. Standard parameters of
120 kV and 800 mAs were compared
with 80 kV and 400 mAs in various
combinations. Infarct volumes were
assessed as percentage of the ventricle

for both MSCT and MR images. CT
density values for viable and infarcted
myocardium were obtained and image
quality assessed. Mean infarct volume
as measured by MRI was 12.33±
7.06%. MSCT achieved best correla-
tion of volumes at 5 and 10 min.
Whilst lowering of tube current
resulted in poor correlation, tube
voltage did not affect accuracy of
infarct measurement (r 2=0.92 or 0.93
at 5 min, 800 mAs and 80 or 120 kV).
In terms of image quality, greater
image noise with 80 kV was com-
pensated by significantly better
contrast enhancement between viable
and non-viable myocardium at lower
voltage. Myocardial viability can
accurately be assessed by MSCT at
80 kV, which ensures higher contrast
for late enhancement and yields good
correlation with MRI.

Keywords Multislice helical CT .
Myocardial viability . Low-dose
protocol

Introduction

In clinical routine, differentiation of viable from non-viable
myocardium is crucial to predict functional recovery in the
culprit arterial territory [1, 2].

So far, assessment of myocardial viability is performed
only by single photon emission computed tomography
(SPECT), positron emission tomography (PET), stress
echocardiography or magnetic resonance imaging (MRI)
[3–6].

The application of MRI for the diagnosis of ischemic
heart disease has been subject of extensive studies and
recently MRI has been shown to be superior to SPECT in
the detection of very small infarcts [7–10]. In MRI, non-
viable myocardium is revealed through the use of extra-
cellular contrast agents, most notably Gd-DTPA, and the
phenomenon of delayed myocardial enhancement (LE).
The latter is non-specific, yet generally associated with a
local enlargement of distribution volume for contrast
material [11]. In the setting of acute myocardial infarction
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(MI), LE is explained by myocyte necrosis, sarcomere
membrane rupture and passive diffusion of contrast into the
intracellular space [12, 13].

MRI excels at unmatched correlation with acute infarct
size as well as excellent tissue contrast [14–17]. Yet, the
technique is time-consuming and excludes not only the large
collective of pacemaker patients but also thosewith acute and
severe chest pain in whom aortic dissection or pulmonary
embolism are on the differential to myocardial infarction.

Due to similar kinetics of extracellular contrast agents
used for computed tomography (CT), the latter has the
potential to visualise the LE phenomenon and early
experience in animal models dates back to 1982 [18, 19].
However, until now both insufficient spatial and temporal
resolution of single-slice CT and concerns about increasing
X-ray exposure with additional late scans have prevented
the widespread use of CT for this application. Hence, so far
infarct detection by multislice CT (MSCT) has most often
been based on the description of early perfusion deficits.
The latter correlate well with infarct size in non-reperfused
MI [20, 21]. In the setting of reperfusion, however, MSCT
first pass imaging shows poor accuracy and significant
underestimation of infarct size [22, 23].

With the advent of new generation detectors, direct
assessment of myocardial viability by means of late
enhancement MSCT has evoked increasing interest and
initial results are very promising [22, 24–28]. Nevertheless,
there is still no consensus concerning the best suitable CT
protocols for imaging LE. Above all, there is lack of
agreement concerning the radiation dose required for
accurate image quality. Whilst most studies have been
performed with standard 120 kV and 800 mAs full-dose
protocols, there are also promising results with lower dose
late-phase CT scans [22, 26, 27].

However, in the process of establishing MSCT in routine
assessment of viability the question of radiation dose is a
major issue.

Thus the aim of this study was to evaluate the
practicability of low-dose late-phase imaging of acute
infarction through systematic evaluation of variable dose
protocols in comparison with MRI.

Materials and methods

Open-heart surgery was performed in ten German farm
pigs (mean weight: 46±3.28 kg). The procedures and
animal care conformed to the “Guide for the Care and Use
of Laboratory Animals” (National Institutes of Health;
publication no. 86–23, revised 1985) and the German Law
on the Protection of Animals.

Following intramuscular pre-medication (0.05 mg atro-
pine; 4 mg azaperone; 1 mg diazepame and 7 mg/kg of
bodyweight ketamine), anaesthesia was induced (0.05 mg
fentanyl and 3 mg/kg of bodyweight propofole). Animals
were intubated and mechanically ventilated with gas

anaesthesia (1.5% isoflurane). Analgesia was achieved by
fentanyl 0.03 mg/kg/h during operation and buprenorphine
or carprofene postoperatively. The entire operation was
performed with ECG monitoring and multiple blood gas
analysis. Xylocaine (3 mg/kg/h) was administered to
prevent ventricular fibrillation.

After left antero-lateral thoracotomy was performed, the
pericardium was opened and the second diagonal branch of
the left anterior descending artery was temporarily ligated
for 90 min. After reopening the diagonal branch a 10-min
period of ventricular tachycardia and arrhythmia was
followed and treated by increasing the xylocaine dose
(6 mg/kg/h). Subsequently, pericardium and thoracotomy
were closed without placing a chest tube.

Two animals showed ventricular fibrillation when the
pericardium was opened, both were successfully defibril-
lated. Three animals died as the result of persistent
fibrillation: two 30 and 60 min after induction of
infarctionand one during reperfusion.

Animals were imaged a median 1 day post infarction
(one 2 days, one 4 days post MI). Following pre-
medication, anaesthesia was achieved with pentobarbital
25 mg/kg of bodyweight; the pigs were intubated and
ventilated both mechanically during CT and manually
during MRI examination. Images were obtained during
repeated breath holds.

Retrospectively ECG-gated MSCT was performed prior
to MRI imaging in the supine position, using a 64-slice
scanner (Somatom, Sensation 64, Siemens Medical
Systems, Forchheim, Germany). Average heart beat was
72 beats per min (bpm).

A total of 1.5 ml/kg of bodyweight highly concentrated
contrast agent iomeprol (Iomeron 400, Altana) was
intravenously administered according to the following
protocol: the total amount of contrast minus 30 ml was
injected as a bolus (3–4 ml/s), 30 ml were applied over
approximately 5 min, starting 60 s after the initial bolus
application and running at low rate of 0.1 ml/s. For all CT
examinations a standard protocol was used: collimation
64×0.6 mm, gantry rotation time 330 ms, pitch 0.23.

CT examinations were obtained 3, 5, 10 and 15 min after
initial contrast application. At 3 and 10 min, a tube voltage
of 80 kV along with both the standard 800 mAs for 64-
MSCT and a lower tube current of 400 mAs were used. At
5 min, four scans were obtained with all combinations of
standard 120 kVand 800 mAs or 80 kVand 400 mAs. The
final scan at 15 min was obtained using 80 kVand 800 mAs.

Axial images with an effective slice thickness of 1.0 mm
and a reconstruction increment of 0.6 mm were recon-
structed at 60% of the RR-interval. In the very rare cases of
motion artefacts additional preview-series were obtained,
assessed for artefacts in 5% increments and used to
orientate improved reconstruction intervals.

For further analysis short axis multiplanar reformats
[5-mm thick mutiplanar reconstructions (MPRs), no gap]
were calculated.
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Radiation dose was calculated using CT-Expo V 1.5
(Drs. Nagel and Stamm, Germany).

All MRI studies were performed with a 1.5-Tesla MR
scanner (Magnetom Sonata; Siemens, Erlangen, Germany)
using a phased-array body coil. For assessment of myo-
cardial viability, 5-mm short axis slices without gap were
obtained 15 min post injection of 0.2 mmol/kg of
bodyweight Gd-DTPA (Magnevist, Schering) and using a
ECG-triggered, segmented inversion recovery prepared
turbo FLASH sequence (TR 9.56 ms, TE 4.38 ms, flip
angle 25°, two averages, 25 lines per segment, voxel size
1.25×2.5×5.0 mm). Optimal inversion time (TI) was
determined using a TI scout in order to minimise signal
in normal myocardium.

On an offline workstation (Leonardo, Siemens), CT and
MR images were assessed by separate readers blinded to
the results of the other imaging technique (H.B. and B.K.).
For quantification of infarct volumes, both endo- and
epicardial contours of the left ventricle as well as contours
of late enhancement were manually drawn on 5-mm MRI
or MSCT sections. Myocardial volume was then calculated
by subtraction of endocardial from epicardial area with the
remainder being multiplied by section thickness. Volumes
of late enhancement were likewise assessed through
multiplication of area with section thickness and fractional
infarcted myocardium was calculated in terms of percent-
age of left ventricular volume.

CT density values of late enhancement, viable myocar-
dium and left ventricular cavity were measured for all time
points at 80 kV and 800 mAs, at 5 min additionally at
120 kV and 800 mAs.

For all time-points and scanning parameters, quality of
MSCT LE images was graded by two radiologists (H.B.
and A.R.) as follows: 1, excellent (good delineation of
infarcted myocardium in all parts); 2, good (good
delineation of infarcted myocardium in most parts);
3, poor (loss of clear delineation in all parts); 4, very
poor (no visibility or merely diagnosis of LE). Agreement
between readers was examined by weighted kappa statis-
tics. Discordant readings were resolved by consensus
between the two readers.

Statistical analysis was performed with software
(GraphPad Prism version 4.00, San Diego, Calif.). Data

are expressed as mean±standard deviation (SD) for
continuous variables and as frequencies or percentages
for categorical variables. A P value of less than 0.05
indicated statistical significance.

Results

Mean infarct volume as measured by MRI was 12.33±
7.06%. Comparison of infarct zones with MSCT revealed
best correlation at 5 and 10 min after initial contrast
injection and use of 80 or 120 kV with 800 mAs (Table 1).
With these time-points and scanning parameters, MSCT
showed slight over-estimation of infarct area when
compared with MRI (Fig. 1).

Volumes of LE proved time-dependent and there was a
significant rise of infarct area during 3 and 15 min, most of
which occurred within the first 5 min (P=0.040; repeated
measures ANOVAwith Tukey’s post test for all time-points
at 80 kV and 800 mAs).

At 3, 5 and 10 min, infarct volumes were assessed at
both 400 and 800 mAs. For these time-points, lowering of
the tube current at 80 kV resulted in greater image noise
with under-estimation of infarct size in comparison with
higher tube current (P=0.20; 0.26 and 0.11; paired t-tests)
and weaker correlation with MRI.

On the other hand, at 5 min, lowering of the tube voltage
from 120 to 80 kVat 800 mAs would not affect precision of

Table 1 Correlation of MI size between MRI and MSCT at various
time-points and dose applications

Time Voltage Current Pearson correlation
coefficient

r 2

3 min 80 kV 400 mAs 0.79 (CI 0.096–0.96) 0.62
800 mAs 0.91 (CI 0.52–0.98) 0.83

5 min 80 kV 400 mAs 0.82 (CI 0.19–0.97) 0.68
800 mAs 0.96 (CI 0.75–0.99) 0.92

120 kV 400 mAs 0.80 (CI 0.12–0.96) 0.64
800 mAs 0.97 (CI 0.79–0.99) 0.93

10 min 80 kV 400 mAs 0.85 (CI 0.29–0.97) 0.73
800 mAs 0.96 (CI 0.79–0.99) 0.93

15 min 80 kV 800 mAs 0.92 (CI 0.58–0.98) 0.86

Fig. 1 MI size in percent of the
left ventricle as measured by
MRI or MSCT at various time-
points and application of
variable tube voltage or current.
The first number indicates
time (min); the second, tube
voltage and current
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volume estimation. In Fig. 2, Bland-Altman plots are
provided for scans obtained at 5 min and various dose
protocols. Estimations of radiation dosages with use of
various protocols are provided in Table 2.

For lower 80 kV tube voltage (800 mAs) results of
quantitative analysis of CT attenuation in zones of LE,
viable myocardium and the left ventricular cavity are
presented in Fig. 3a. At 80 kV, the HU contrast between LE
and normal myocardium proved significant for each time-
point (P<0.001; repeated measures ANOVA with Tukey’s
post test) and showed an increase from 50.4±8.7 or 51.7±
8.4 HU at 3 or 5 min to 64.1±9.7 or 63.7±12.0 HU at 10 or
15 min. The HU contrast between LE and the left ventricular
cavity was significant only for 3 and 5 min (P<0.01;
repeated measures ANOVAwith Tukey’s post test).

As evident from Fig. 3b, with 120 kV (800 mAs) the HU
contrasts between cardiac structures were less marked
when compared with lower voltage. In fact, at 5 min, when
both 80 and 120 kV images were obtained, the difference
between HU of LE and viable myocardium was signifi-
cantly reduced from 51.7 HU at 80 kV to 31.6 HU at
120 kV tube voltage (P=0.0003; paired t-test). Also, at
5 min use of 120 kV would achieve no significant contrast
between LE and left ventricular cavity.

This rise in contrast with use of 80 kV is reflected by the
evaluation of image quality according to the criteria
explained above (Fig. 4). Inter-rater agreement in the
evaluation of image quality was good (weighted
kappa=0.72). High contrast between LE, viable myocardi-
um and left ventricular cavity explains best image quality at
5 or 10min and use of 80 kVand 800mAs (Figs. 5, 6 and 7).

Discussion

In the setting of ischemic heart disease with severe left
ventricular dysfunction, detection of residual myocardial
viability is of great importance for the planning of
therapeutic strategy.

MRI is well established for this application, yet with
regard to numerous contraindications, the advance of dual-
phase MSCT seems reasonable. This is because since CT
shows unmatched quality in imaging coronary arteries and
has the additional ability to assess left ventricular function
[29–31].

First results with new generation MSCT scanners are
promising. Still, until now there is no agreement concern-
ing the most suitable dual-phase CT protocol. Above all,
dose remains an important issue and will have a great
impact on the long-term adoption of MSCT for assessment
of myocardial viability.

Using a bolus/low-flow contrast protocol, a good match
of LE in MRI and MSCTwas achieved in our study, whilst
direct comparison of 120 kV and 80 kV would show no

Fig. 2 Bland-Altman plots
comparing MI size between
MRI and MSCT at 5 min and
variable dose application. The
x-axis denotes the average of
MSCT and MRI, the point of
intersection with the y-axis
indicates the bias of MSCT.
Dotted lines show the standard
deviation of the bias

Table 2 Estimation of radiation dose at variable scanning
parameters

Tube
voltage

Tube
current

Effective dose
(mSv)

Dose-length product
(mGy×cm)

80 kV 400 mAs 2.8 166
800 mAs 5.7 333

120 kV 400 mAs 7.8 459
800 mAs 15.6 917
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advantage of higher tube voltage. On the contrary, whilst
for both protocols there was no difference in correlation of
LE with MRI, a significantly higher contrast between left
ventricular cavity, viable myocardium and LE more than
compensated for elevated image noise at 80 kV and led to
slightly better image quality with use of a low-dose

protocol. At the same time, we showed that reduction of
tube current leads to an unacceptable increase of image
noise, which has a considerable effect on both estimation of
infarct area and image quality.

Apart from the obvious benefit of dose reduction, there
is a technical rationale to lower tube voltage. Due to the

Fig. 3a, b CT density values
for late enhancement (LE), via-
ble myocardium (Myo) and
ventricular cavity (Ven). a HU at
various time-points and constant
application of 80 kV and
800 mAs. b presents HU at
5 min, comparing 80 kV with
120 kV at 800 mAs

Fig. 4 Image quality, as defined
above, at variable time-points
and dose applications. The first
number indicates time, the
second tube voltage and current
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high atomic number of iodine, a tube voltage of 80 kV
achieves a more optimal absorption of radiation and hence
allows for better contrast enhancement. In fact, through use
of 80 kV (800 mAs) for late phase scans dose is lowered by
65% when compared with standard acquisition parameters
[32]. However, increase of contrast at low-dose scanning
comes at the cost of greater image noise. In fact, using
80 kV, the latter was shown to exponentially increase in
thoracic imaging of patients weighing more than 75 kg

[32]. Nevertheless, using low-dose 80 or 90 kV protocols,
assessment of myocardial viability has repeatedly been
performed with good results in humans, notably in 34
consecutive patients by Paul et al. [26], 37 patients by
Gerber et al.[33] and 28 patients weighing 80.6±15.7 kg by
Mahnken et al. [22]. Eventually, however, weight issues
remain a considerable limitation to the exclusive use of low
kilovoltage protocols in clinical routine.

Fig. 5a–h MR and MSCT images of a transmural antero-lateral
infarction. a On the MR image, arrows indicate the zone of late
enhancement. The low signal area at the centre of infarcted tissue
(cross) corresponds to areas of “no-reflow”, caused by microvas-
cular obstruction in the setting of reperfusion. MSCT images are
shown b at 3 min with 80 kV/800 mAs, c at 5 min with
80 kV/400 mAs, d 80 kV/800 mAs, e 120 kV/400 mAs and f
120 kV/800 mAs. Scans g and h were obtained at 10 and 15 min

with 80 kV/800 mAs each. Images show good correlation with MRI
contrast phenomena, whilst LE volume increases over time.
Comparing 80 with 120 kV, the latter reduces image noise with
no gain in image quality due to better contrast at 80 kV. Reduction
of current, on the other hand, degrades image quality through
increase of image noise. At 5 min, HU for blood, viable
myocardium and LE were 165, 97 and 135 at 80 kV or 108, 70
and 96 at 120 kV
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Of note, in our study, good image quality and correlation
was obtained with the use of a bolus/low-flow rather than a
pure bolus contrast protocol. It is known from dynamic
MRI studies that delivery of contrast material to the non-
viable tissue is a time dependent process which may not be
completed prior to 5 min [10, 34, 35]. On the other hand,
with MSCT excessive fading of contrast from blood and

normal myocardium is a major problem and degrades
overall image quality, even though absolute contrast to the
LE zone may still be considerable. With application of a
single bolus, however, clearing of contrast from blood pool
and tissue occurs early and concomitant to ongoing
distribution of contrast agent in the infarct zone. This is
especially true when moderate contrast doses are used.

Fig. 6 aMRI showing a trans-
mural antero-lateral infarction
with both zones of late
enhancement (arrows) and “no-
reflow” (cross). d In this exam-
ple, best CT image quality is
provided at 5 min and use of
80 kV/800 mAs. f Application
of 120 kV/800 mAs slightly
reduces image noise at the cost
of contrast between tissues.
c, e At both 80 kV and 120 kV,
lowering of tube current to
400 mAs leads to strong
increase of image noise and
deterioration of image quality.
At 5 min HU for blood, viable
myocardium and LE were 214,
122 and 182 at 80 kVor 123, 80
and 126 at 120 kV. b At 3 min
80 kV/800 mAs, there is
incomplete enhancement of the
infarct zone with dominance of
the “no-reflow” area. g At
15 min 80 kV/800 mAs, there is
still considerable contrast to
non-viable myocardium. How-
ever, washout with low contrast
to viable myocardium and blood
results in poor delineation
of cardiac structures and degra-
dation of image quality
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Thus, the primary advantage of a several minutes low-
grade inflow lies with persistent delivery of contrast to non-
pathological cardiac tissue and blood. Particularly, in our
study, this ongoing inflow resulted in a significant HU
difference between blood pool and LE at 3 and 5 min and
use of 80 kV.

Such significant HU contrast, however, allows better
differentiation of cavity from infarct zone and may be
especially helpful in the absence of associated “no-reflow”
phenomenon. The latter is caused by microvascular
obstruction in the setting of reperfusion and leads to
reduced contrast delivery in the subendocardium of acute
MI. If present marked subendocardial hypoenhancement in
the “no-reflow” zone may greatly facilitate the delineation
of cavity in late MSCT imaging.

In our study, MSCT volumes of LE showed a significant
increase over time, most of which occurred within the first
5 min. From MRI studies, it is known that imaging too
early (e.g. <5 min) may result in underestimation of infarct
region [36]. This time dependence of infarct area
presumably reflects progressive distribution of contrast in
infarcted tissue and has also been reported for late
enhancement MSCT [22]. Due to the use of a continuous
low-flow contrast supply this process was most likely
accentuated in our study.

In our model, best image quality and correlation with
MRI was achieved at 5 and 10 min after initial contrast
application. At 3 min, contrast distribution within the
infarct zone was still incomplete, and at 15 min, progres-

sive washout led to considerable deterioration of image
quality. Our findings regarding the most suitable time
points for late scan imaging are in line with results from
recent animal studies, which all favour 5 or 10 min as
optimal delay with peak intensity of LE [22, 27, 28, 37].

The comparatively small number of animals is an
obvious limitation to this pilot study. The adjustment of
the window centre was not fully standardised but rather
oriented by subjective definition of optimal contrast.

As discussed above, the use of a bolus/low-flow contrast
protocol is a technical issue leading to distinct contrast
kinetics that differ from the pure bolus protocols which
most groups have used so far. This does, however, not
affect the primary finding of this study, namely the
feasibility of low-dose late-scan MSCT.

In summary, our study demonstrates that in an animal
model use of a low dose 80 kV late-phase protocol leads to
higher tissue contrast, which compensates for the increase
of image noise and allows good correlation with LE in
MRI. At this stage, the latter is certainly more robust and
provides better image quality. With use of low-dose
scanning protocols, however, MSCT becomes more
competitive in the assessment of myocardial viability and
larger studies seem warranted to establish MSCT as an
alternative in case of contraindications to MRI.

Acknowledgement This study has been funded by an institutional
“Fortune Grant” (Project Number 1500-0-0).

Fig. 7 a MRI showing a small non-transmural subepicardial
infarction (arrow). MSCT images at 5 min, 80 (b) or 120 kV
(c) and 800 mAs are shown at the same window level and width of

190/170. HU for blood, viable myocardium and LE were 203, 101
and 180 at 80 kV or 126, 76 and 122 at 120 kV
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