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Abstract
Background—The ability to distinguish dysfunctional but viable myocardium from nonviable
tissue has important prognostic implications after myocardial infarction. The purpose of this study
was to validate the accuracy of contrast-enhanced multidetector computed tomography (MDCT)
for quantifying myocardial necrosis, microvascular obstruction, and chronic scar after occlusion/
reperfusion myocardial infarction.

Methods and Results—Ten dogs and 7 pigs underwent balloon occlusion of the left anterior
descending coronary artery (LAD) followed by reperfusion. Contrast-enhanced (Visipaque, 150
mL, 325 mg/mL) MDCT (0.5 mm × 32 slice) was performed before occlusion and 90 minutes
(canine) or 8 weeks (porcine) after reperfusion. MDCT images were analyzed to define infarct
size/extent and microvascular obstruction and compared with postmortem myocardial staining
(triphenyltetrazolium chloride) and microsphere blood flow measurements. Acute and chronic
infarcts by MDCT were characterized by hyperenhancement, whereas regions of microvascular
obstruction were characterized by hypoenhancement. MDCT infarct volume compared well with
triphenyltetrazolium chloride staining (acute infarcts 21.1±7.2% versus 20.4±7.4%, mean
difference 0.7%; chronic infarcts 4.15±1.93% versus 4.92±2.06%, mean difference −0.76%) and
accurately reflected morphology and the transmural extent of injury in all animals. Peak
hyperenhancement of infarcted regions occurred ≈5 minutes after contrast injection. MDCT-
derived regions of microvascular obstruction were also identified accurately in acute studies and
correlated with reduced flow regions as measured by microsphere blood flow.

Conclusions—The spatial extent of acute and healed myocardial infarction can be determined
and quantified accurately with contrast-enhanced MDCT. This feature, combined with existing
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high-resolution MDCT coronary angiography, may have important implications for the
comprehensive assessment of cardiovascular disease.
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The ability to distinguish dysfunctional but viable myocardium from nonviable tissue after
acute or chronic ischemia has important implications for the therapeutic management of
patients with coronary artery disease. In the acute phase, myocardial revascularization in
patients with viable myocardium can improve ventricular dysfunction1 and long-term
survival,2 whereas revascularization in patients with predominantly nonviable myocardium
increases exposure to the unnecessary risk of invasive procedures and increases late
mortality.3 In setting of chronic ischemia, image-based characterization of myocardial scar
morphology can identify those patients with hibernating myocardium who may achieve
functional systolic recovery with revascularization.4 Furthermore, the ability to image
healed myocardial infarction may possibly identify patients susceptible to life-threatening
arrhythmias and sudden cardiac death. The assessment of both acute and chronic myocardial
viability and infarct morphology with delayed contrast-enhanced MRI has been well
validated over the past several years4,5 and is performed routinely by several clinical cardiac
MRI centers. As the clinical indications for implantable cardiac defibrillators and
biventricular pacing therapy continue to expand, however, development and validation of
alternative imaging modalities with similar anatomic, functional, and viability imaging
capabilities are needed to accommodate this growing population of patients who are not
candidates for MRI. Moreover, the limited spatial resolution of MRI methods in the z or
axial direction (slice thickness) remains an important factor for the accurate assessment of
nonviable myocardial tissue by MRI.5

The recent advent of multidetector computed tomography (MDCT) technology has greatly
improved spatial and temporal resolution over conventional single-slice computed
tomography imaging and has expanded its potential for a more comprehensive evaluation of
cardiovascular diseases. To date, however, the clinical application of cardiac MDCT has
been largely relegated to the assessment of coronary atherosclerosis.6–8 A limited number of
previous studies have reported detection of iodinated contrast material within myocardium
after myocardial damage9; however, a complete quantitative assessment of myocardial
necrosis, microvascular obstruction, and collagenous chronic myocardial scar with modern
MDCT technology has not been reported previously. Accordingly, the purpose of the
present study was to determine the utility of 0.5-mm×32 slices MDCT to assess myocardial
viability and characterize morphological infarct parameters such as size, transmurality, and
microvascular obstruction in occlusion/reperfusion animal models of acute and chronic
myocardial infarction.

Methods
Animal Preparation and Experimental Protocol

All procedures were approved by the Animal Use and Care Committee at the Johns Hopkins
University School of Medicine.

Acute Canine Model—Ten mongrel dogs (mean weight 32±2.3 kg) were anesthetized
with thiopental (26 mg/kg IV), intubated, and mechanically ventilated with isoflurane
anesthesia during catheterization and MDCT scanning. Through a right femoral artery
catheter sheath, a 7F pigtail catheter was placed into the left ventricle (LV) and used for both
microsphere administration and withdrawal of reference blood samples, as well as for blood
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pressure monitoring. The left anterior descending coronary artery (LAD) was accessed with
a JR 4 catheter introduced through a right carotid arterial sheath, and baseline coronary
angiography was performed to demonstrate LAD patency. A 3-mm angioplasty balloon was
then positioned immediately proximal to the first diagonal LAD vessel and inflated to 4 to 6
atm to achieve vessel occlusion for a period of 90 minutes, followed by reperfusion.

Regional microsphere blood flow (MBF) was measured by injection of 15-µm–diameter
neutron-activated microspheres (BioPal, Worchester, Mass)10 containing samarium,
lanthanum, antimony, europium, lutetium, rhenium, iridium, or gold spheres (≈7.5 million
spheres per injection) at multiple time points throughout the protocol: baseline (before LAD
occlusion), early occlusion (5 minutes after occlusion), late occlusion (5 minutes before
reperfusion), early reperfusion (5 minutes after reperfusion), and late perfusion (5 minutes
before animals were euthanized). At each injection interval, microsphere blood samples
were collected with a syringe infusion pump at a rate of 2.1 mL/min. The pericardium and
sternotomy were then closed, and the animal was transported to the MDCT scanner room
with a portable respirator. At the conclusion of the imaging protocol, thioflavin S was
injected arterially for postmortem delineation of microvascular obstruction and allowed to
circulate for ≈90 seconds (n=3). Animals were then euthanized by 200 mg/kg pentobarbital
overdose, and the heart was immediately removed and sectioned into short-axis slices 10
mm thick from the apex toward the base of the heart. Myocardial sections were then
submerged and incubated in a 1% solution of triphenyltetrazolium chloride (TTC) for 20
minutes at 37°C and photographed under room light. Regions that failed to stain with TTC
were designated TTC-negative or infarcted regions. After postmortem photography,
myocardial slices were sectioned into radial segments for MBF analysis. Myocardial and
reference blood samples were weighed and processed by established microsphere counting
and flow calculation methods.10 Figure 1a summarizes the experimental protocol for the
acute canine experiments.

Chronic Porcine Model—Seven pigs were initially sedated with ketamine hydrochloride
200 to 400 mg IV and then anesthetized with thiopental (26 mg/kg IV), intubated, and
mechanically ventilated with isoflurane anesthesia. Through a right femoral artery catheter
sheath, a 7F pigtail catheter was placed into the LV for blood pressure monitoring. The LAD
coronary artery was accessed with a JR 4 catheter introduced through a right carotid arterial
sheath, and baseline coronary angiography was performed to demonstrate LAD artery
patency. A 3-mm angioplasty balloon was then positioned immediately proximal to the
second diagonal LAD vessel and inflated to 4 to 6 atm to achieve vessel occlusion for a
period of 60 minutes, followed by reperfusion. Animals were monitored until full recovery
and then were returned to housing. Eight weeks after infarction, animals were again
anesthetized with thiopental (26 mg/kg IV), intubated, and mechanically ventilated with
isoflurane anesthesia for MDCT imaging. As with the acute canine studies, the heart was
removed after MDCT imaging for sectioning and TTC staining (Figure 1b).

MDCT Imaging Protocol
MDCT imaging was performed with a 0.5-mm×32-detector scanner (Aquilion32, Toshiba
Medical Systems Corporation). Baseline MDCT imaging was performed before infarct both
during and 5 minutes after contrast injection in 3 animals to serve as baseline control points.
Animals received intravenous propranolol (2 to 5 mg IV) 30 minutes after reperfusion to
achieve a heart rate <100 bpm and intravenous lidocaine (1 mg/kg) for postinfarct
arrhythmias as needed to ensure consistent cardiac gating. Mean heart rate during the
MDCT examination was 96±10 and 92±8 bpm for acute and chronic animals, respectively.
After scout acquisition and slice prescription, a 150-mL bolus of iodixanol (Visipaque 320,
Amersham Health) was injected intravenously at a rate of 5 mL/s, followed by a 30-mL
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saline chaser. As the signal in the ascending aorta reached a predefined threshold of 150
Hounsfield units (detected by a bolus tracking sensor in the ascending aorta), respiration was
suspended and imaging performed with a retrospectively gated cardiac MDCT protocol
(gantry rotation time=400 ms, detector collimation=0.5 mm×32, pitch=7.2, tube
voltage=135 kV, tube current=420 mA, and scanning field of view=13.2 mm). After the
initial first-pass contrast scan, the postinfarct imaging protocol was repeated every 5 minutes
over 40 minutes to characterize the temporal course of contrast agent kinetics in the infarct
and remote myocardium.

Image Reconstruction—Simultaneously recorded surface ECGs were used to assign
source images to the respective phases of the cardiac cycle. Multiple phases of 4 different
myocardial slices representing the infarct were inspected to determine the optimal phase
(minimal cardiac motion) for reconstruction and infarct assessment. Accordingly, axial
images were reconstructed at a 0.5-mm slice thickness and cardiac phase of 75% by a
multisegment reconstruction algorithm. Additionally, phase data at multiple axial slices
were reconstructed from 0% to 90% of the cardiac cycle in 2% increments for assessment of
global function parameters.

MDCT Image and Data Analysis
MDCT images were analyzed with a custom cardiac function software package (Toshiba
Medical, Inc). For each slice, endocardial and epicardial borders were defined with an
automated border-detection algorithm, and global function parameters (myocardial mass and
ejection fraction) were calculated. The spatial extents of myocardial damage and
microvascular obstruction for both MDCT and postmortem photography were determined
by hand planimetry for each myocardial slice and expressed as a volume ratio of the LV. For
an individual axial slice, the infarct region was defined as the sum of the hyperenhanced and
hypoenhanced regions, with hyperenhancement and hypoenhancement defined and hand-
traced by an experienced operator. Contrast agent kinetics was assessed by tracking signal
intensity of the infarct region, LV chamber, and remote myocardial region (adjacent LV free
wall and midventricular septum) over 40 minutes. Direct slice-by-slice comparisons of
MDCT and TTC images were accomplished with multiplanar reconstructions of axial slices
that matched the short-axis postmortem myocardial slices (Vital Images, Inc). For acute
studies, tissue samples for MBF measurements were extracted from remote and injured
myocardial segments and matched with blood samples collected at multiple time points
throughout the study and compared with similar MDCT myocardial regions.

Statistical Analysis
Agreement between MDCT- and TTC-derived infarct size, for both acute and chronic data
sets, was assessed by Bland-Altman analysis and expressed as mean±SD difference between
the 2 methods at 95% CI.11 The Wilcoxon signed rank test was performed to determine
whether there were significant differences in MBF and signal density between remote and
infarct regions in both acute and chronic studies. The Wilcoxon signed rank test is a robust
nonparametric test used to test the median difference in paired data.12 Statistical significance
was defined as a 2-sided probability value <0.05.

Results
Hemodynamics and Global Function

Two animals with acute infarcts developed ventricular fibrillation and died during the
balloon occlusion phase of the infarct model. Another acute animal died during MDCT
scanning after the infarct. The respective preinfarct and postinfarct hemodynamic
parameters for acute studies were as follows: systolic blood pressure 100±9 and 93±12 mm
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Hg, diastolic blood pressure 67±17 and 56±15 mm Hg, heart rate 113±14 and 115±15 bpm,
O2 saturation 99±1% and 97±2%, and ejection fraction 49±3% and 25±8%.

MDCT Infarct Imaging
Acute Canine Model—Preinfarct contrast-enhanced MDCT myocardial imaging during
first pass (Figure 2a) and 5 minutes after contrast injection (Figure 2b) demonstrated
homogenous and uniform myocardial opacification with no indication of focal myocardial
hyperenhancement or hypoenhancement in the LAD bed. Postinfarct MDCT imaging
identified myocardial lesions characterized by well-delineated hyperintense myocardial
segments 5 minutes after contrast injection in all animals studied (Figures 2c and 3). Mean
signal intensity for infarcted and remote myocardium 5 minutes after contrast was
260.5±56.5 and 133.8±10.8 Hounsfield units (HU), respectively (P=0.018). The geometric
and spatial extent of myocardial damage could also be easily appreciated qualitatively in all
animals with segmented maximal intensity projection 3D reconstruction of 0.5-mm-slice
data (see online Movie Supplement). Visual (Figure 4a through 4h) and quantitative (Figure
4i) analyses of infarct signal intensity over time demonstrated peak intensity 5 minutes after
contrast injection, with subsequent washout over at least 40 minutes in proportion to blood
pool and remote myocardial clearance. Although infarct signal density decreased over this
time interval, MDCT-defined infarct size remained unchanged. Direct comparisons of
reconstructed slice-matched MDCT-and TTC-stained images showed excellent correlation
with infarct morphology (Figures 5a, 5b, and 5d) and accurately predicted the actual
transmural extent of myocardial injury as determined by TTC in 35 of 35 postmortem slices
(9 transmural and 27 nontransmural). Additionally, Bland-Altman analysis showed MDCT
infarct volume ratios matched well with those measured by postmortem TTC (21.4±%
versus 20.8%, mean difference 0.7%, 95% CI −2.04 to 3.44; Figure 5e).

MDCT-defined regions of microvascular obstruction were identified in 3 of 7 animals and
were also time dependent. The mean signal density of microvascular obstruction and remote
myocardial regions 5 minutes after contrast were 73.3±18 and 133.8±10.8 HU, respectively
(P=0.0156). Figure 5a represents an example of simultaneous MDCT microvascular
obstruction and infarct imaging that compared well with thioflavin S and TTC staining
(Figure 5c, arrows). Microvascular obstruction regions were most prominent early after
contrast injection (Figure 6a) and consistently showed progressive increases in signal
intensity over time (Figure 6b through 6e and Figure 6f). MDCT-defined regions of
microvascular obstruction at 5 minutes after contrast injection compared well with thioflavin
S–derived measurements (7.2±1.2% versus 8.5±2.1%, mean difference 1.2%). MBF
measurements taken at late reperfusion (just before MDCT) confirmed decreased
myocardial blood flow in regions of microvascular obstruction compared with remote
myocardial segments, respectively (0.05±0.02 versus 1.8±0.3 mL · g−1 · min−1, P=0.016).

Chronic Porcine Model—Similar to acute infarcts, myocardial scar by MDCT was
characterized by subendocardial regions of hyperenhancement in the LAD myocardial
territory (Figure 7a) that also reached maximal intensity ≈5 minutes after contrast injection.
Mean signal intensity for infarcted and remote myocardium 5 minutes after contrast was
181±39 and 97±15 HU, respectively (P=0.028). Chronic infarct volume by MDCT also
compared well with TTC staining (Figures 7b and 7c), with a qualitative trend toward
underestimation by MDCT (4.15±1.93% versus 4.91±2.06%, mean difference −0.763%,
95% CI −1.54 to 0.02; Figures 7d and 7e).

Histopathology Findings
Myocardial samples extracted from the infarct (TTC-negative), remote, and border regions
(interface that contains both TTC-negative and TTC-positive regions) in acute animals were
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submitted for histopathology analysis. Hematoxylin and eosin stains of the remote or TTC-
positive areas demonstrated no structural alterations compared with normal canine
myocardium, including unremarkable myocytes and blood vessels (Figure 8c). In the TTC-
negative (infarct) region, multiple abnormalities were appreciated that were consistent with
acute myocyte necrosis, including extensive contraction band necrosis without evidence of
nuclear changes (Figure 8d, arrow), as well as waves of neutrophils migrating outside
capillaries and accumulated within interstitial spaces (arrow). In the border-zone region,
normal myocytes were separated by large waves of neutrophilic infiltrate and contraction
band necrosis (Figure 8e).

Discussion
Main Findings

The major finding of the present study is that delayed MDCT myocardial imaging (0.5
mm×32 slices) can accurately identify and characterize morphological features of acute and
healed myocardial infarction, including infarct size, transmurality, and the presence of
microvascular obstruction and collagenous scar. Infarcted myocardial tissue by MDCT is
characterized by well-delineated hyperenhanced regions that reach peak intensity ≈5
minutes after contrast injection, whereas regions of microvascular obstruction by MDCT are
characterized by hypoenhancement on early imaging and are also time dependent. These
findings may have important implications for the comprehensive assessment of patients with
coronary artery disease and myocardial infarction.

It is well known that patient prognosis after acute myocardial infarction is directly related to
the extent of myocardial injury produced during coronary occlusion.13 Indirect assessment
of the degree of myocardial damage postinfarction is accomplished by echocardiography,
12-lead ECG analysis, and contrast ventriculography, whereas imaging techniques such
as 99mTc sestamibi and contrast-enhanced MRI can measure infarct size directly.14–16

Mechanisms of myocardial damage after acute myocardial infarction are complex and
involve several dynamic simultaneous physiological processes. In addition to the importance
of infarct extent/size for predicting functional recovery after acute myocardial infarction, it
has been shown that the presence of microvascular obstruction or “no reflow” zones at the
core of the injured myocardial territory is an independent predictor of poor clinical
outcome.17,18 In this regard, the possibility of directly measuring infarct size and
microvascular obstruction in conjunction with coronary imaging represents an undisputed
advantage of MDCT over other imaging technologies.

Myocardial viability imaging in the chronic setting has clinical relevance to patients with
reversible myocardial dysfunction and chronic ischemia. In this group, it has been shown
that the transmural extent of hyperenhancement by MRI directly predicts the likelihood of
functional improvement with revascularization.4

Computed Tomography Myocardial Viability Imaging
The potential role of computed tomography for the detection of acute myocardial infarction
in explanted hearts and experimental animal models was first noted in the late 1970s and
explored by Higgins et al.19–24 In this series of work, it was first shown in explanted hearts
that acute infarcts were detectable by computed tomography as regions of reduced signal
density (hypoenhancement) compared with normal myocardium.19 Higgins et al9,25

performed fluorescent excitation analysis to demonstrate preferential uptake of contrast
media in myocardial segments damaged by acute ischemia. More recently, Hoffmann et al26

performed MDCT (4×1.25 mm) in a pig model of nonreperfused myocardial infarction and
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showed a good correlation between TTC-derived infarct region and MDCT regions of low
signal density or hypoenhancement.

MDCT infarct assessment based on regional hypoenhancement from first-pass imaging has
important limitations. Regions of hypoenhancement indicate myocardial segments that are
underperfused owing to an obstructed infarct-related artery, microvascular obstruction in the
acute setting, or diminished capillary density associated with scar formation chronically.
Although it is reasonable that the region hypoenhancement by MDCT reflects the region of
infarcted tissue in a model of coronary occlusion without reperfusion,26 this relationship
does not apply for reperfused infarcts, which have become much more common after the
introduction of reperfusion therapy. In the present study, we sought to exploit previous
reports of selective uptake of iodinated contrast agents in infarcted myocardium by
performing delayed MDCT hyperenhancement infarct imaging for full characterization of
infarct morphology in occlusion/reperfusion models of myocardial infarction. These results
indicate that the addition of hypoenhanced and hyperenhanced myocardial regions best
reflects the extent of myocardial injury.

Comparison With MRI
Because of its high contrast-to-noise ratio, lack of ionizing radiation and nephrotoxic
contrast, and its well-documented success in myocardial imaging, MRI is a highly attractive
modality for myocardial viability imaging. However, this method also has some practical
drawbacks compared with MDCT, including higher cost, more complex infrastructure,
longer scanning times, and restriction to study patients with implanted electronic devices,
which is especially relevant in patients with previous myocardial infarction. With respect to
detailed tissue characterization for myocardial viability imaging, a very important advantage
of MDCT is that signal density values are unique and determined by the physical properties
of individual constituents of the heart, including blood and viable and nonviable
myocardium, that result from direct attenuation of the x-ray beam by iodine molecules.
Conversely, MRI hyperenhancement results from gadolinium-induced alterations of water
proton relaxivity and thus is only an indirect measure of the amount and biodistribution of
the contrast agent. This may have especially important implications for the accurate
assessment of acute infarct size by MRI, because subendocardial interstitial edema is
believed by some to accompany acute myocardial injury and to be responsible in part for
overestimation of infarct size by MRI in the acute setting.27

Another important advantage of acute infarct imaging by MDCT over MRI is a greatly
reduced slice thickness. Partial volume effects, which are artifacts associated with all
tomographic imaging modalities, become particularly prominent when the slice thickness
exceeds the size of the structure of interest and result in the averaging of all information
contained in the slice into a single-projection– like image. The 0.5-mm slice thickness of
MDCT technology is 10 to 20 times thinner than that used in typical MRI viability imaging
studies, thereby greatly reducing partial volume effects. An additional and independent
advantage of the small slice thickness by MDCT is greatly improved spatial resolution in the
z axis. An MDCT 0.5-mm slice achieves near isotropic resolution, which allows for true 3D
data and the ability to reconstruct any arbitrary slice orientation from the original stack of
axial slices. This is especially practical for viability imaging, in which infarct morphology
can vary substantially when slices are oriented even slightly oblique from a true short-axis
view. In contrast, during MRI, the slices of interest must be acquired at the time of the scan,
which greatly increases operator interaction and examination time.

Finally, the accuracy of MRI-derived assessment of myocardial infarct size has been shown
to be dependent on the timing of image acquisition after the injection of Gd-DTPA.28 The
inversion time is a parameter in the delayed hyperenhancement MRI acquisition that

Lardo et al. Page 7

Circulation. Author manuscript; available in PMC 2012 August 02.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



determines the optimal contrast between normal and injured myocardium and is a function
of time after contrast injection. Thus, this parameter must be optimized for each acquisition
after contrast injection. In comparison, MDCT parameters for viability imaging vary much
less, which represents a significant practical advantage in high-output clinical settings.

Potential Mechanism of Infarct Hyperenhancement and Hypoenhancement by MDCT
The mechanism of myocardial hyperenhancement and hypoenhancement in acutely injured
myocardial territories after iodinated contrast administration is similar to that proposed for
delayed gadolinium-enhanced MRI.29 Under conditions of normal myocyte function,
sarcolemmal membranes serve to exclude iodine from the intracellular space. After myocyte
necrosis, however, membrane dysfunction ensues, and iodine molecules are able to penetrate
the cell. Because 75% of the total myocardial volume is intracellular, large increases in the
volume of distribution are achieved, which results in marked hyperenhancement relative to
the noninjured myocytes. The mechanism of hyperenhancement of healed myocardial
infarction or collagenous scar is thought to be related to an accumulation of contrast media
in the interstitial space between collagen fibers and thus an increased volume of distribution
compared with that of tightly packed myocytes.

The low signal intensity of microvascular obstruction regions despite restoration of normal
flow through the infarct-related artery is explained by the death and subsequent cellular
debris blockage of intramyocardial capillaries at the core of the damaged region. These
obstructed capillaries do not allow contrast material to flow into the damaged bed, which
results in a region of low signal intensity compared with normal myocardium. Over time,
contrast material is able to penetrate this “no reflow” region, and the necrotic myocytes that
reside in that myocardial territory then become hyperintense as iodine is internalized by the
cell.

Clinical Implications
The results of the present study have significant clinical implications. Acute MDCT viability
imaging of troponin-positive patients in the emergency department setting could allow for
rapid assessment of key morphological parameters of myocardial infarction that provide an
immediate rationale for either aggressive revascularization or standard medical therapy.
Because computed tomography systems are standard in the modern emergency department
for the diagnosis and assessment of urgent noncardiac events, this approach could be both
convenient and financially justifiable. Additionally, on the basis of the data reported in the
present study, we are developing novel imaging protocols to perform MDCT viability
imaging in patients undergoing MDCT coronary angiography. This protocol requires an
additional delayed helical scan after coronary imaging, which is possible without prohibitive
radiation or contrast exposure for 2 important reasons highlighted in this work: (1) infarct
hyperenhancement reaches a maximum very quickly (5 minutes) after contrast injection, and
thus, the same contrast bolus used to acquire the MDCT coronary angiogram can be used to
enhance nonviable myocardial segments; and (2) unlike MDCT coronary angiographic
applications that require a 0.5-mm slice thickness, MDCT images of the myocardium can be
acquired with thicker slices (1 to 4 mm), which allows for a substantial reduction in
radiation dose. However, the use of thicker slices to reduce radiation dose comes at the
expense of a loss of isotropic resolution. We are currently developing optimal delayed
MDCT imaging protocols for use in humans that balance slice thickness and radiation dose
parameters.

Finally, as the clinical indications for automatic internal cardiac defibrillators and cardiac
resynchronization devices continue to expand, there is a large and growing population of
patients with contraindications to MRI. The ability to perform both MDCT angiography and
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viability imaging could be extremely valuable in this group of patients with advanced
cardiovascular disease.

Study Limitations
The present study includes assessment of super-acute or 8-week experimentally produced
infarcts only. Clinically, infarct characterization in the subacute phase (1 to 3 days after
injury) is also very important for the application of this technique in the setting of acute
coronary syndromes. Also, we did not provide histopathologic evidence of intracellular
iodine in infarcted tissue as defined by MDCT and TTC in the present study; however,
previous experimental work does suggest that iodine accumulates preferentially in
irreversibly damaged myocytes.9 Furthermore, because the time step for MDCT imaging in
the protocol was 5 minutes, time points between 0 and 5 minutes after contrast injection
were not acquired. Although multiple time points between 0 and 5 minutes would be ideal, a
5-minute time step appears to provide adequate time resolution to capture the infarct wash-in
and washout kinetics

Lastly, the contrast injection used in the study for 30-kg dogs in average is approximately
equivalent to a double contrast dose for an average-sized patient. Such a dose (150 mL) was
selected for this study to ensure contrast material was not a limiting factor and that maximal
infarct uptake was achieved for accurate characterization of contrast kinetics and infarct
physiology in relation to histopathology. We have also successfully performed MDCT
viability studies in the same infarct model using a 50-mL contrast dose and reduced
radiation protocols (see Figure 9).

Conclusions
The spatial extent of myocardial damage and microvascular obstruction can be accurately
assessed with contrast-enhanced 0.5-mm ×32 MDCT in occlusion/reperfusion models of
acute and chronic myocardial infarction. Infarct hyper-enhancement occurs quickly after
contrast injection and clearly identifies the infarct borders. This feature, combined with
existing high-resolution MDCT coronary angiography and other functional tests, may have
important implications for the comprehensive assessment patients with advanced
cardiovascular disease.

CLINICAL PERSPECTIVE

This work has important clinical implications because it mirrors the MRI paradigm,
which continues to establish itself as the “gold standard” for the assessment of infarct
size and myocardial viability in cardiology practice. The obvious advantages of the
multidetector computed tomography (MDCT) method relate to the convenience of
coupling it to MDCT coronary angiography and the possibility of studying patients with
defibrillators and multilead cardiac resynchronization therapy devices. The success of
myocardial protection during and after myocardial infarction has led to an ever-
increasing number of patients with advanced heart disease and chronic heart failure who
require such devices and who would be the primary population to benefit from the
methods reported in this study. Questions of viability and the need for repeated
revascularization are of crucial importance to this group of patients. The long-term
adoption of MDCT delayed enhancement techniques will depend on (1) further
demonstration of its value in patients with advanced heart disease, (2) the ability to
couple myocardial viability assessment with MDCT coronary angiography at acceptable
levels of radiation (levels similar or below those required for a double isotope nuclear
test, ie, ≤10 mSv), and (3) the availability and convenience of competing methods based
on MRI, ultrasound, or nuclear technology targeted to assess myocardial viability in
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patients with advanced heart failure. Thus, the present report has crucial potential
importance to a large segment of patients with heart disease.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Experimental protocol for (a) acute and (b) chronic experiments. HR indicates heart rate (in
beats per minute).
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Figure 2.
Typical contrast-enhanced myocardial MDCT images showing axial slices (a) at baseline
(preinfarct) 5 minutes after contrast, (b) postinfarct during first-pass contrast injection, and
(c) postinfarct 5 minutes after contrast injection. The infarcted region is represented by the
subendocardial anterior hyperintense region (arrows).
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Figure 3.
a, Axial contrast-enhanced myocardial MDCT image showing orthogonal slice prescriptions
representing (b) short-axis and (c) long-axis multiplanar reconstructions, respectively. The
infarcted region is represented by the subendocardial anterolateral hyperintense region. LA
indicates long axis; SA, short axis.
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Figure 4.
a–h, Axial temporal image series demonstrating postreperfusion contrast agent kinetics after
150-mL injection of contrast. The first image (a) represents the first-pass image during
contrast agent injection. Note that the signal density of the infarct in the first pass is
substantially lower than that of the remote myocardium and indicates a subendocardial
microvascular obstruction. Five minutes after injection (b), the signal density of the
damaged myocardial region is significantly greater than that of the remote myocardium and
washes out over time. The plot in (i) represents quantitative contrast kinetics for the LV
chamber, remote myocardium, and infarct after contrast injection. As can be appreciated
from (b), the infarct becomes well delineated and reaches peak enhancement at 5 minutes
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after injection and then washes out in proportion to the chamber (blood pool) and remote
myocardial signal.
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Figure 5.
MDCT and histopathologic staining comparison of infarct morphology. a, Reconstructed
short-axis MDCT slice 5 minutes after contrast injection demonstrating a large anterolateral
infarct (hyperenhanced region) with discrete endocardial regions of microvascular
obstruction (4 arrows). b, TTC-stained slice; c, Thioflavin S and TTC staining of the same
slice, which confirms the size and location of microvascular obstruction regions. d,
Quantitative MDCT and TTC measurements of infarct size yielded good agreement, with
points distributed around the line of identity. e, Mean difference of 0.7% by Bland-Altman
analysis.
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Figure 6.
a, Axial cardiac MDCT image 2 hours after LAD occlusion/reperfusion showing an
orthogonal slice prescription. The large anterior region of low signal density represents a
region of microvascular obstruction at the endocardial portion of the infarct. b through e,
Short-axis reconstruction of the same slice over time to characterize changes in the region of
microvascular obstruction (arrows). As can be appreciated, the region of low signal density
is surrounded by a region of high signal density early after contrast injection and then slowly
increases over time and eventually reaches the level of surrounding high signal density
myocardium. f, Plot of both normalized size and signal density of the microvascular
obstruction (MO) region over time.
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Figure 7.
a, Sagittal cardiac MDCT image of an 8-week-old infarct in a porcine model 5 minutes after
contrast injection. b, Short-axis MDCT image and (c) corresponding gross examination
photograph. d and e, Quantitative comparison of MDCT and gross examination/ TTC infarct
size.
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Figure 8.
TTC (a) and MDCT (b) images and hematoxylin and eosin histopathology analysis (c–e)
from myocardial samples extracted ≈2 hours after the ischemic event. Samples were taken
from remote, infarcted, and border regions. Remote myocardial areas (TTC-negative)
demonstrate no change to the normal canine myocardial elements, including unremarkable
myocytes and blood vessels (c). The TTC-negative (infarct) region demonstrated multiple
changes that were consistent with acute myocyte necrosis, including extensive contraction
band necrosis without evidence of nuclear changes (arrow) and waves of neutrophils leaving
small blood vessels and collecting within interstitial spaces (arrow, d). In the border-zone
region, normal myocytes were separated by large waves of neutrophilic infiltrate and
contraction band necrosis (e).
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Figure 9.
Comparison of (a) low (50 mL) and (b) high dose (150 mL) MDCT infarct images 5 minutes
after contrast injection. Panels c and d show identical slices acquired with 2 different
imaging protocols to demonstrate the effect of radiation dose on image quality. The image in
(c) was acquired with a relatively high radiation dose (135 kV and 400 mA, approximately
equivalent to 3 REM), whereas the image in (b) was acquired with the clinical protocol used
at our institution for CT coronary angiography (120 kV and 250 mA). Lower contrast and
radiation does had no effect on the accuracy of quantitative infarct-size measurements.

Lardo et al. Page 21

Circulation. Author manuscript; available in PMC 2012 August 02.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


