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Dynamic multi-section CT imaging in acute
myocardial infarction: preliminary

animal experience

Abstract To evaluate the feasibility
of myocardial first-pass perfusion im-
aging with multidetector CT (MDCT).
In five pigs, myocardial infaction was
induced by permanent balloon occlu-
sion of the left anterior descending
coronary artery. Dynamic contrast-
enhanced MDCT (12x1.5 mm,

120 kV, 30 mAs, 64 acquisitions,

40 ml iopromide 370@4ml/s) and
contrast-enhanced first-pass perfusion
magnetic resonance (MR) imaging
(TR 7.7 ms/TE 2.6 ms, 64 acquisi-
tions, 0.05 mmol/kg Gd-DTPA) were
performed. Finally, the animals were
sacrificed, and the heart was excised
and stained with triphenyltetrazolin-
chloride (TTC). Maximum signal
intensity (Sl,.x), contrast material
arrival time (CAT), wash-in time
(Tmax) and slope were calculated from
time-density/signal-intensity curves.
The area of myocardial hypoperfusion
was measured as the percentage of
the left-ventricular area (%LV).

Parameters were compared using
Bland-Altman plots and Student’s
t-tests. The hypoperfused area on
MDCT was 19.3+4.5%LV

(MR imaging 17.2+4.0%LV). The
mean size of infarction was 18.7+5.7%
LV with TTC. Semiquantitative
analysis of MR imaging and MDCT
for ST, 1., Timax and slope showed
significant differences between normal
and infarcted myocardium (P<0.05).
No significant differences were found
for CAT. MDCT and MR imaging both
allowed for the differentiation of
hypoperfused and normal myocar-
dium. Results given in absolute
values differed significantly between
both imaging modalities (P<0.05).
MDCT has the potential for visual and
semiquantitative assessment of first-
pass myocardial perfusion.

Keywords Computed tomography -
Heart perfusion - Myocardial
infarction

Introduction

Despite the widespread use of coronary angiography for
the diagnosis of coronary artery disease (CAD), the sig-
nificance of a coronary artery lesion may vary, resulting in
the need for other techniques to assess the physiological
relevance. Decreased myocardial perfusion represents the
first effect of obstructive CAD [1]. Consequently, imaging
modalities depicting myocardial perfusion are clinically
useful diagnostic tools. Searching for myocardial ischemia,
first-pass myocardial perfusion imaging is suited to assess

the functional impact of coronary artery stenosis. First-pass
perfusion imaging allows the detection of impaired micro-
vascular function. With magnetic resonance (MR) imaging,
it can be detected non-invasively even in patients with
normal findings on coronary angiography [2].

With the introduction of electrocardiogram (ECG)-gated
multidetector row computed tomography (MDCT) into the
clinical routine, non-invasive assessment of the coronary
arteries became feasible [3]. Moreover, this technique
allows the assessment of cardiac function at rest [4]. Only
recently, several studies showed the potential of MDCT to
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Fig. 1 Axial MDCT image of a pig heart. For data analysis,
myocardium of each slice was divided into four equally sized
segments. Straight lines perpendicular to the attachment of the right
ventricular wall to the left ventricle were used to separate the
segments

assess myocardial infarction from decreased myocardial
contrast enhancement during the arterial phase as well as
from delayed myocardial contrast enhancement [5-11].
However, dynamic first-pass MDCT imaging has not been
evaluated yet. Therefore, the aim of this study was to assess
the feasibility of dynamic myocardial first-pass perfusion
imaging with cardiac MDCT in an animal model.

Material and methods
Animal preparation

Five domestic pigs weighting 56 to 61 kg (mean: 57.3+
4.3 kg) were included in this study after approval from the
official committee on animal affairs. Following intramus-
cular pre-medication with 0.5 mg atropine (atropinum
sulfuricum solutum 1%, WDT, Garbsen, Germany), 0.2 mg
azaperone (Stresnil, Janssen-Cilag, Neuss, Germany) and
0.1 mg ketamine/kg bodyweight (Ketamin 10%, Ceva
Tiergesundheit, Diisseldorf, Germany), pentobarbital solu-
tion (Narcoren, Merial, Hallbergmoos, Germany) diluted
with saline (1:3) was administered as needed via an 18-G
venous access line placed in an ear vein. No additional
medication was applied, especially no drugs to reduce the
heart rate. The animals were intubated and mechanically
ventilated. Under fluoroscopy guidance, a 7-F guiding
catheter (Vista Brite Tip, Cordis, Miami Lakes, FL, USA)
was placed at the origin of the left coronary artery, and a
coronary angiogram was obtained. Afterwards permanent
balloon occlusion of the left anterior descending (LAD)
coronary artery was performed at mid-section. The balloon
catheter size (Hayate, Terumo, Tokyo, Japan) was individ-
ually adapted to the vessel size, ranging from 2.5 to
3.0 mm. Coronary artery occlusion was controlled with
coronary angiograms before and after the imaging
procedures.
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MR imaging

MR imaging was performed 45 min after LAD occlusion.
MR studies were performed on a 1.5-T whole body MR
scanner (Gyroscan Intera, Philips Medical Systems, Best,
The Netherlands) using a five-element cardiac synergy
coil. All animals were examined in the supine position,
assessing the same myocardial region as with MDCT. For
first-pass imaging, 0.05 mmol/kg bodyweight gadopentate
dimeglumine (Magnevist, Schering, Berlin, Germany) was
injected via an ear vein at a flow rate of 4 ml/s and a T1-
weighted multislice gradient echo echoplanar imaging (EPI)
sequence was used. Imaging parameters were chosen as
follows: TR (repetition time)=7.7 ms, TE (echo time)= 2.6 ms,

Fig. 3 MDCT (a) and MR (b)
images present with a hypoen-
hancement (arrowheads) of the
infarcted left ventricular myo-
cardium, while non-infarcted
myocardium presents with reg-
ular contrast enhancement. TTC
staining (¢) confirms extents and
location of MI (arrows)

flip-angle=20°, FOV=350x350 mm?, 128x128 matrix and
64 acquisitions. The acquisition time for the EPI readout
was 69 ms with a temporal resolution of one RR interval,
resulting in a total acquisition time of 45 s at a heart rate of
87 beats per minute (bpm). Three images with a slice
thickness of 8 mm without an interslice gap were acquired
with an orientation corresponding to the MDCT images. To
assess the steady state of the magnetization, at least five
images were acquired before the contrast material reached
the heart. Window settings were visually adapted depend-
ing on the individual image contrast.
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MDCT examination

On average, MDCT scans started 15 min (range: 13—
18 min) after the MR examination. All CT examinations
were performed with a 16-MDCT scanner (SOMATOM
Sensation 16, release VA 50, Siemens, Forchheim,
Germany) in the supine position during end-expiratory
breath-hold. Serial CT scanning in the axial plane was
performed at the level of the left ventricular apex after
bolus injection of 40 ml of non-ionic contrast material
(Ultravist 370, Schering) followed by a 30—ml saline chaser
bolus, both injected at a flow rate of 4 ml/s. Sixty-four
scans were acquired applying a prospectively ECG-
triggered examination protocol with 12x1.5-mm collima-
tion, 0—mm table feed per rotation and a tube rotation time
of 420 ms. Tube voltage was 120 kV with 30 mAs. The
trigger point was set to 60% of the RR interval. Ventilation
was suspended for a total of 38 s.

From each acquisition, three images were reconstructed
with an effective slice thickness of 6.0 mm. A field—of—
view (FOV) of 150x150 mm?, a 512x512 reconstruction
matrix and a medium-smooth convolution kernel (B30f)
were chosen. A window width of 400 Hounsfield units
(HU) with a window center of 80 HU was applied. The
CTDIyy,; was 139.35 mGy. The effective radiation dose was
not determined as this was an animal study.

Immediately after the MDCT examination, the animals
were sacrificed, and the heart was excised and instantly
sectioned into 8—mm-thick axial slices. The slices were
stained with 2% 2,3,5-triphenyltetrazolin-chloride (TTC)
and photographed at 600 dpi with a commercially available
digital camera.

Data analysis

From MR imaging and MDCT, two sections were selected
for data analysis. Each of these slices was divided into four
segments. Straight lines perpendicular to the attachment of
the right ventricular wall to the left ventricle were used to
separate the four segments (Fig. 1). Two sections with 4
segments each in five animals resulted in a total of 40
segments. From MDCT and MR imaging, time-density/
signal-intensity (SI) curves were calculated for each of
these segments as well as for the left ventricular cavum,
applying manually drawn regions—of—interest that were
individually adapted to the shape of the myocardium. After
baseline correction, signal intensity/attenuation was ex-
pressed as the percentage of increase over baseline SI/
attenuation. From this data, the following parameters were
calculated for both imaging modalities [12]:

— maximum signal intensity (Sl.c)=the maximum
signal intensity/attenuation during the first pass of the
contrast material;

— contrast material arrival time (CAT)=the difference
between the contrast enhancement of the left ventric-
ular cavum and the myocardium;

— wash-in time (T,,.)=the difference between the
beginning of the myocardial contrast enhancement
and the point of maximum contrast enhancement;

— slope = the maximum slope of five consecutive
measurements during the wash-in period of the con-
trast material calculated from a linear fit.

To correct the data for variations in the hemodynamic
state, all values were divided by the values calculated for
the left ventricular cavum.

The size of the hypoperfusion was calculated as the
percentage of left ventricular area per slice (%LV) for MR
imaging and MDCT from the manually drawn regions—of—
interest. The infarct size was measured from TTC staining.

All values are given as the meantstandard deviation.
The size of MI was compared with Bland-Altman plots.
First-pass perfusion results were evaluated using a paired
Student’s #-test. A P-value<0.05 was considered statisti-
cally significant.
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Fig. 4 Time-density curves for MDCT (a) and time-SI curves for
MRI (b) demonstrate missing contrast enhancement in the area of
myocardial infarction. Although the curves reflect differences
between both imaging modalities, both techniques show an identical
contrast enhancement pattern, differentiating normal from infarcted
myocardium
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Table 1 Results of the semiquantitative analysis of the time-
density/signal-intensity curves show significant differences between
infarcted and healthy myocardium for SIj,.y, Trax and slope

Infarction Normal P-value
STinax MDCT 0.07+0.02 0.17+0.05 >0.001
MRI 0.04+0.01 0.30+0.04 >0.001
CAT MDCT 1.94+0.73 0.69+0.12 0.021
MRI 1.07+0.43 0.62+0.18 0.056
Tinax MDCT 3.08+0.57 1.33+0.18 0.005
MRI 2.33+0.42 1.54+0.37 >0.001
Slope MDCT 0.003+0.001 0.18+0.03 >0.001
MRI 0.00140.001 0.13+0.04 0.001

Results

In one animal, left ventricular fibrillation occurred 17 min
after coronary balloon occlusion that was successfully
treated with direct current defibrillation. All animals under-
went complete MDCT and MR examinations. The mean
heart rate during MDCT was 87.0+11.2 bpm.

The hypoperfused area was 19.3+4.5%LV calculated
from MDCT and 17.244.0%LV on MR. Mean infarct size
was 18.7£5.7%LV on TTC staining. Bland-Altman plots
showed no systematic error, with a mean difference ranging
from —1.4 to 2.1 %LV (Fig. 2).

In two animals (=four sections), the septal segment of
the left ventricular myocardium had to be excluded from
the analysis because of beam-hardening artifacts caused by
contrast material passage through the right ventricle. These
artifacts resulted in hypo- and hyperdense streak artifacts
averting any assessment of the affected myocardium. Thus,
36/40 myocardial segments (90%) were assessable. Visual
assessment of MR imaging and MDCT revealed hypo-
enhancement defined as myocardial ischemia in the iden-
tical 10/36 assessable segments. TTC staining proved the
presence of myocardial infarction in these segments
(Fig. 3). For MR imaging as well as for MDCT analysis
of Sl .x, the Tpax and slope showed significant differences
between normal and infarcted myocardium. For CAT, no
significant differences were found. Furthermore, absolute
values showed significant differences between MR imag-
ing and MDCT results (P<0.001). Fig. 4 shows time-
density/SI curves for MDCT and MR imaging. In detail,
results for the semiquantitative analysis of the contrast
enhancement are given in Table 1.

Discussion

First-pass myocardial perfusion imaging has the potential
to detect impaired microvascular function prior to the
occurrence of clinical symptoms like ECG changes or wall
motion abnormalities [1]. Currently, imaging of myocardial
perfusion is dominated by single photon emission tomog-

raphy (SPECT), while positron emission tomography has
to be considered as the gold standard for perfusion imag-
ing. MR imaging is becoming an accepted alternative to
nuclear medicine techniques [10]. While the use of electron
beam computed tomography for the assessment of myo-
cardial perfusion was shown about 20 years ago [13],
cardiac MDCT only recently has proved its potential to
depict myocardial infarction from hypo-enhanced myocar-
dium [5, 14, 15]. So far, there are no data available on the
use of cardiac MDCT for the dynamic assessment of first-
pass myocardial perfusion. Therefore, the particular inno-
vation of the presented study is the introduction of
dynamical multi-phase imaging in cardiac MDCT with
myocardial contrast enhancement over time interpreted as
myocardial perfusion. This approach adds valuable infor-
mation on myocardial perfusion imaging when compared
to the assessment of myocardial perfusion from single
arterial phase imaging [14, 15].

When compared to MR imaging, MDCT perfusion
imaging offers several theoretical advantages, like the
linear relation between contrast enhancement and iodine
concentration, which potentially allows for the direct quan-
tification of myocardial blood flow, avoiding the need for
potentially error-bearing correction methods. In combina-
tion with MDCT coronary angiography and functional
analysis, MDCT holds the potential of a single compre-
hensive examination of the heart. Further advantages of
MDCT include its widespread availability and its ease of
use. The main limitation of MDCT is its limited temporal
resolution, which hampers the application of MDCT in
stress examinations at increased heart rates. This is
important as a temporal resolution of one image per RR
interval is needed for the generation and quantification of a
sufficient arterial input function [16]. So far, MR imaging
with the EPI technique offers a relevant advantage for
MDCT with respect to the temporal resolution. Moreover,
dynamic MDCT data acquisition results in an increased
radiation exposure when compared to single phase MDCT
that is routinely performed for coronary MDCT angiogra-
phy. An additional exposure to contrast material is also
needed. The combination of rest and stress MDCT per-
fusion imaging will further increase the radiation and
contrast material load to the patient. In contrast, MR
imaging is well established for the assessment of myocar-
dial perfusion, allowing for stress testing at higher heart
rates. In addition, the latter avoids repeated patient ex-
posure to radiation and potentially nephrotoxic contrast
material. So far, however, MR perfusion imaging is no
clinical standard, although the benefits of this technique
have long been known. In contrast, the feasibility of
dynamic first-pass MDCT imaging has only been shown in
an experimental setting. Considering its specific limita-
tions, it is only suited for patients with contraindications for
MR imaging like pacemakers or cardiac metal. Never-
theless, in combination with coronary MDCT angiography,
this technique may hold the potential to detect myocardium
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at risk, providing a powerful tool to examine the heart in a
single comprehensive examination.

These results indicate that MDCT, despite its limitations,
is promising for myocardial perfusion imaging. Moreover,
hypo-enhancement was shown to be related directly to
myocardial infarction when compared to TTC staining. On
MDCT, however, hypo-enhanced regions were slightly
larger than the areas of acute myocardial infarction detected
by MR imaging or TTC staining. This finding is in
agreement with the results reported from other study
groups [5, 15] and might be explained by a reduced per-
fusion in combination with an edema in the peri-infarction
zone [17]. As both mechanisms result in lower attenuation
values when compared with healthy myocardium [18],
these mechanisms are likely to contribute to the over-
estimation of the hypoperfused areas on MDCT. In our
study the difference of the infarct size was less between
MDCT and MR imaging when compared to the results
reported by Nikolaou et al. [15]. This might be due to the
different methods of data acquisition. Dynamic MDCT
imaging may provide information that is more similar to
MR perfusion imaging than arterial phase MDCT. More-
over, the difference between hypoperfused areas on MDCT
and infarct size as determined from TTC staining was
expected to be larger than actually was found. This finding

might be due to the point of MDCT image reconstruction.
According to our experience, the measured infarct size is
considerably influenced by the point of image reconstruction.

There are several important limitations of this study.
First, only occlusive infarctions with complete vessel
occlusion were examined. Thus, Sl .., CAT, T,.x and
slope were used as parameters of perfusion in infarcted
myocardium instead of myocardium at risk. Second, all
examinations were performed at rest only, while stress
perfusion imaging has long been known to be more precise
for the detection of myocardial perfusion deficits [19].
Third, because of technical limitations, the slice thickness
of MDCT and MR images differed. This limitation,
however, was overcome by the selection of two identical
sections in each animal. Finally, the perfusion deficit was
measured using TTC staining alone instead of an additional
blue dye injection in vivo. However, no difference was to
be expected between both techniques as an animal model
with total LAD occlusion was used in this study.

In conclusion, aside from several limitations, our
preliminary results demonstrate the potential for semi-
quantitative evaluation of myocardial first-pass perfusion
from dynamic contrast-enhanced cardiac MDCT These
encouraging results warrant further research on cardiac CT
perfusion imaging.
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