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Evaluation by Contrast-Enhanced MR Imaging
of the Lateral Border Zone in Reperfused
Myocardial Infarction in a Cat Model

ecause revascularization therapy can potentially salvage viable myocardi-
um, the determination of myocardial viability in patients with myocardial
infarction is important for therapeutic decision-making and the evalua-

tion of prognosis. To date, various imaging modalities including thallium-201 single
photon emission tomography (SPECT), coronary angiography (CAG), and left ven-
triculography have been applied for this purpose. These modalities have their limita-
tions, however: thallium-SPECT lacks sufficient spatial resolution to accurately deter-
mine the extent of myocardial infarction, while CAG and left ventriculography do not
always provide information on the degree of myocardial injury due to ischemia and
are, in addition, invasive procedures (1, 2).

Magnetic resonance imaging (MRI), however, offers excellent tissue contrast and
high spatial resolution, and is noninvasive. In fact, a large number of studies have al-
ready provided considerable information on the value of MRI in myocardial infarction,
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Objective: To identify and evaluate the lateral border zone by comparing the
size and distribution of the abnormal signal area demonstrated by MR imaging
with the infarct area revealed by pathological examination in a reperfused
myocardial infarction cat model.

Materials and Methods: In eight cats, the left anterior descending coronary
artery was occluded for 90 minutes, and this was followed by 90 minutes of reper-
fusion. ECG-triggered breath-hold turbo spin-echo T2-weighted MR images were
initially obtained along the short axis of the heart before the administration of con-
trast media. After the injection of Gadomer-17 and Gadophrin-2, contrast-
enhanced T1-weighted MR images were obtained for three hours. The size of the
abnormal signal area seen on each image was compared with that of the infarct
area after TTC staining. To assess ultrastructural changes in the myocardium at
the infarct area, lateral border zone and normal myocardium, electron microscop-
ic examination was performed.

Results: The high signal area seen on T2-weighted images and the enhanced
area seen on Gadomer-17-enhanced T1WI were larger than the enhanced area
on Gadophrin-2-enhanced T1WI and the infarct area revealed by TTC staining;
the difference was expressed as a percentage of the size of the total left ventricle
mass (T2= 39.2 %; Gadomer-17 =37.25 % vs Gadophrin-2 = 29.6 %; TTC stain-
ing = 28.2 %; p < 0.05). The ultrastructural changes seen at the lateral border
zone were compatible with reversible myocardial damage.

Conclusion: In a reperfused myocardial infarction cat model, the presence and
size of the lateral border zone can be determined by means of Gadomer-17- and
Gadophrin-2-enhanced MR imaging.



and in this respect the modality is expected to play an in-
creasingly important role in the evaluation of patients with
this condition. Several MR contrast agents have so far been
introduced and used. A necrosis-avid MR contrast agent,
bis-gadolinium mesoporphyrins (Gadophrin-2; Schering,
Berlin, Germany) has a marked affinity for non-viable tis-
sue components and has been proved capable of diagnos-
ing irreversibly damaged myocardium (3 6); a new in-
travascular MR contrast agent, Gadomer-17, is being tested
in animals. In comparison with extracellular agents such as
Gd- DTPA, intravascular agents offer much greater T1 re-
laxivity, higher concentration within the blood pool, and
reduced extravasation into the myocardium. Noh et al. re-
cently suggested that Gadomer-17-enhanced MR imaging
delineated both reversibly and irreversibly damaged my-
ocardium (7). 

The purpose of our study was to identify and evaluate
the lateral border zone by comparing the size and distribu-
tion of the area with high signal or enhancement seen on
T2-weighted and contrast-enhanced T1-weighted MR im-
ages with the infarct area revealed by pathological exami-
nation in a cat model of reperfused myocardial infarction.

MATERIALS AND METHODS

Animal preparation 
Eight adult cats weighing between 2.9 and 4.4 (mean,

3.9) kg were used in this study. Each animal was anes-
thetized with 5% halothane administered through an en-
dotracheal tube by a mechanical ventilator (Mini-7; Royal
Medical, Seoul, Korea). Pancuronium bromide (Panslan;
Reyon Pharmaceutical, Seoul, Korea) (0.6 mg/kg) was used
for skeletal muscle relaxation. To monitor blood pressure
and allow pulse-gated MR imaging, a femoral artery was
cannulated, and for the administration of drugs and con-
trast agents, this procedure was applied to a femoral vein.
After a left lateral thoracotomy along the fifth intercostal
space, pericardiotomy was performed by means of a mid-
line incision, and a pericardial cradle was prepared by at-
taching the margins of the dissected pericardium to the ad-
jacent thoracic wall. The left anterior descending (LAD)
coronary artery was isolated distal to the first diagonal
branch, and a snare loop was made with 4 0 silk placed in
a slender plastic tube. Occlusion or reperfusion of the LAD
artery was achieved simply by fastening or releasing the
snare loop. Obstruction of this artery was confirmed by ob-
serving changes in the color of the myocardium at risk dur-
ing a preliminary test occlusion. In each cat the LAD artery
was occluded for 90 minutes, and this was followed by 90
minutes of reperfusion. 

Contrast materials
Gd-DTPA has been widely used as a clinical MR contrast

agent. After injection, it is rapidly distributed from the vas-
cular compartment to the extracellular fluid space. In rats,
the plasma half-life is approximately 12 minutes (8), and
due to a rapidly changing blood concentration resulting
from the large volume distributed, the utility of Gd-DTPA
for the MR diagnosis of acute myocardial ischemia is there-
fore limited (9, 10, 11).

Gadomer-17, provided by Schering, is designed for pro-
longed intravascular retention and reduced transcapillary
diffusion and has a molecular weight (MW) of 17453
g/mol. Noh et al. demonstrated that following the adminis-
tration of Gadomer-17, the signal intensity of the enhanced
area seen on T1-weighted images increased rapidly, and
maximum enhancement was detected during a 40 60
minute period (7).

Gadophrin-2, a necrosis-avid contrast material, consists of
mesoporphyrins linked to gadolinium, and its MW is
1697.25 g/mol. The methods by which it is synthesized, and
its chemical structure, physiochemical properties and imag-
ing behaviors have been previously described in detail (12). 

MR imaging
MR imaging was performed on a 1.5T Magnetom VI-

SION system (Siemens, Erlangen, Germany). For signal re-
ception, a circularly polarized head array coil 27cm in di-
ameter (Siemens, Erlangen, Germany) was used. During
the imaging procedure, heart rates were kept between
140 170 beats/min. Electrocardiography-triggered breath-
hold turbo spin-echo T2-weighted MR images were ob-
tained along the short axis of the heart prior to the injec-
tion of contrast agents, and in order to obtain additional in-
formation as to myocardial status, images in the sagittal
plane were also acquired. 

The acquisition parameters for T2-weighted MR images
were as follows: repetition time msec/ echo time msec of
400 600 (according to heart rate) / 82, echo train length of
33, acquisition time of 9 10 seconds, matrix size of 132
256, field of view of 210 280 mm2, and section thickness
of 5 mm. 

After acquiring the baseline image and intravenously in-
jecting contrast medium, Gadomer-17-enhanced T1-
weighted MR images were obtained dynamically for one
hour. After visual comfirmation of complete washout of
Gadomer-17 (3 hours after its injection), Gadophrin-2 was
administered, and contrast-enhanced T1-weighted MR im-
ages were obtained for the next hour. Electrocardiography-
triggered multisection T1-weighted spin-echo imaging was
performed with the following imaging parameters: repeti-
tion time msec/ echo time msec of 300 500 (according to
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heart rate)/ 25, section thickness of 5 mm, field of view of
210 280 mm2, and one signal acquisition. All images
were obtained along the short axis of the heart, and to pro-
vide additional confirmation of the signal enhancement of
irreversibly damaged myocardium, images in the sagittal
plane were also occasionally acquired.

Postmortem histochemical staining
After MR imaging studies were completed, each cat was

sacrificed by intravenous injection of KCl solution. The
heart was excised and cut into five or six consecutive
slices, 5mm thick, in the same planes in which the MR im-
ages were obtained. The specimens were immersed in
1.5% TTC solution at 36 C and stained for 15 minutes,
and were then stored in 10% formalin solution for 12
hours. Areas of myocardium unstained by TTC were de-
fined as irreversibly damaged. Photographs of TTC-stained
specimens in the same planes, for which MR images were
obtained along the short axis of the heart, were scanned in-
to a computer (Macintosh; Apple Computer Inc.,
Cupertino, Cal., U.S.A.) to measure the size of the infarct
area and of the total left ventricle mass using public do-
main image processing software (NIH Image 1.55; National
Institutes of Health, Bethesda, Md., U.S.A.). Finally, the re-
sults were compared with those of MRI. 

Imaging analysis
All MR images were independently analyzed by two ex-

perienced radiologists, and discrepancies were resolved by
consensus. The size of the infarct area in the myocardium
of the left ventricle was measured by outlining the high sig-
nal area seen on T2-weighted images and enhanced areas
on Gadomer-17- and Gadophrin-2-enhanced T1-weighted
images. The size of the infarct area was expressed as a per-
centage of the size of the total left ventricle, as revealed by
MR imaging and TTC histochemical staining. The size of
the enhanced areas seen on Gadomer-17 and Gadophrin-2-
enhanced T1-weighted images, and of the high signal area
on T2-weighted images, was compared with that of the in-
farct area disclosed by TTC histochemical staining. To de-
termine statistical significance (defined as p < 0.05), a
paired Student t test was used.

Ultrastructural examinations by electron microscopy
Electron microscopic examinations were performed on

tissue taken from three areas. That from the infarct area
was sampled from the centers of TTC-unstained areas; for
the lateral border zone, tissue from the TTC-stained periph-
eral region adjacent to the TTC-unstained area (2 mm apart
from that area) was sampled; and for normal myocardium,
tissue was taken from the center of the TTC-stained area of

the posterior wall. After collection, tissues were cut into 1-
mm cubes and fixed in a 2.5% buffered glutaraldehyde so-
lution for 12 to 16 hours followed by additional fixation in
a solution of osmotic acid at 5 C for 2 hours. The cubes
were then dehydrated in graded alcohol at room tempera-
ture, passed through propylene oxide, and placed in a 1:1
mixture of propylene oxide and Epon 812 (Polyscience
Inc.) for 12 to 16 hours. Sections approximately 0.5 m
thick were cut on an LKB ultramicrotome (Bromma,
Sweden) using a diamond knife, and were mounted on a
copper grid and stained with 4% aqueous uranyl acetate
and lead citrate for examination with a transmission elec-
tron microscope (JEM-1200 EX II, Tokyo, Japan). 

The electron microscopic criteria for irreversibly dam-
aged myocardium were that all mitochondria were
swollen, had disorganized cristae, and contained electron-
dense deposits and contraction bands in addition to dis-
rupted sarcolemmas. On the other hand, the ultrastructures
of reversibly damaged myocardium showed mild edema-
tous myocytes, increased sarcoplasmic space, a prominent
I-band, and mild peripheral aggregation of nuclear chro-
matin without the features of irreversibly damaged my-
ocardium (13).

RESULTS

The high signal area seen on T2-weighted images and the
enhanced area on Gadomer-17-enhanced T1-weighted im-
ages were larger than the enhanced area on Gadophrin-2-
enhanced T1-weighted images and the infarct area dis-
closed by TTC histochemical staining (T2= 39.2 %;
Gadomer-17 =37.25 % vs Gadophrin-2 = 29.6 %; TTC
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Fig. 1. Comparison between the abnormal signal areas depicted
by MRI and the infarct area revealed by TTC staining.
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staining = 28.2 %; p < 0.05). The size of the high signal
area seen on T2-weighted images correlated closely with
that of the enhanced area on Gadomer-17-enhanced T1-
weighted images, and the size of the enhanced area on
Gadophrin-2-enhanced T1-weighted images showed close
correlation with that of the infarct area revealed by TTC
histochemical staining (Figs. 1, 2).

Electron microscopic examination of tissue taken from
the three areas showed virtually the same results in each
cat. Ultrastructural changes in the infarct area indicated ir-
reversibly damaged myocardium; in the lateral border
zone, the features of reversibly damaged myocardium
were observed but findings of irreversibly damaged my-
ocardium were absent (Fig. 3). 

DISCUSSION

In this study, we found that the high signal area seen on
T2-weighted images and the enhanced area on Gadomer-
17-enhanced T1-weighted images were larger than the en-

hanced area on Gadophrin-2-enhanced T1-weighted im-
ages and the infarct area revealed by TTC histochemical
staining, with statistical significance. Electron microscopic
examination showed that tissue taken from the TTC-
stained peripheral region adjacent to the TTC-unstained
area exhibited the features of reversibly damaged my-
ocardium. In a cat model of reperfused myocardial infarc-
tion, identification of the lateral border zone is therefore
possible, and by means of MR imaging we were able to de-
termine the size and distribution of this zone. 

It has been well documented that the coronary artery is
the major source of ischemic heart disease: thrombotic oc-
clusion of an epicardial coronary artery is usually the cause
of acute myocardial infarction (14). The myocardium initi-
ates anaerobic glycolysis within 10 seconds of occlusion of
the coronary artery, with the accumulation of lactate and
other metabolites (15). Acute myocardial infarction first
begins in the subendocardium within 20 40 minutes of oc-
clusion and spreads toward the subepicardium. This con-
cept of infarct progression has been previously described
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Fig. 2. MR images and the corre-
sponding TTC-stained slice of reper-
fused myocardium in a cat model. 
A. T2-weighted MRI shows high signal
intensity in the territory of the left ante-
rior descending (LAD) artery.
Gadomer-17(B) and Gadophrin-2(C)-
enhanced T1-weighted images
demonstrate enhancement in the cor-
responding area. The high signal in-
tensity area on the T2-weighted image
and the enhanced area on the
Gadomer-17-enhanced T1-weighted
image are significantly larger than the
enhanced area on Gadophrin-2-en-
hanced T1-weighted images and the
infarct area revealed by TTC staining 
(p < 0.05).
D. Macroscopic photograph of TTC-
stained myocardial specimen taken at
the same level as the MR images. The
area of infarct corresponds to the non-
stained area seen in the territory of the
LAD artery. 
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and termed the wavefront of myocardial necrosis by
Reimer at al. (16, 17). A part of the transmural progression
of injury is related to the transmural gradient of collateral
blood flow. Previous clinical and experimental studies
have indicated that collateral blood flow following coro-
nary occlusion is extremely poor in the subendocardial re-
gion and blood is shunted preferentially to the subepicar-
dial zone. Furthermore, two other factors, greater systolic
wall stress and oxygen consumption, can contribute to
subendocardial ischemia. Previous studies involving dogs
and humans have shown that the evolution of infarction is
usually completed within six hours of coronary occlusion;
if reperfusion therapy is instituted while viable myocardi-
um is present, the infarct can therefore be confined to a
smaller area. Another study has suggested, however, that
further myocardial cell death due to reperfusion may occur
after prolonged ischemia (reperfusion injury) (18). The re-
duction of infarct size by reperfusion results primarily from
the salvage of myocardium in the subepicardial region of
the ischemia. In cases associated with coronary artery
stenosis, coronary collateral flow plays an important role in
maintaining the viability of the myocardium and in the
smaller and confined infarct area (19, 20).

The lateral border zone (peri-infarct area) is defined as
the lateral area of reversibly injured myocardium adjacent

to the core of the infarct and within the area supplied by
the occluded artery. Studies of acute myocardial infarction
(21, 22) have determined whether salvageable myocardi-
um existed along the lateral border zone as well as in the
transmural direction. They found that intermediate levels
of collateral blood flow and biochemical derangement, as
well as intermediate functional impairment of myocardi-
um, occur in the lateral margins of an ischemic region.
Such data have been interpreted to imply the existence of
a lateral border zone where salvage of the myocardium
may be possible. However, some studies have argued that
the lateral border zone of acute myocardial infarction is
limited to a narrow zone or does not exist as a quantita-
tively significant region (23, 24). 

This controversy over the existence of such a zone of in-
termediate injury may have arisen because of a difference
in research methods. In their analysis of biochemical and
flow gradient, Yellon et al. reported that a quantitatively
significant and spatially identifiable “border zone” region
did not exist, a conclusion probably due to the tissue sam-
pling technique they employed and differences in the liga-
tion time of the coronary artery (23). On the other hand,
others have reported that if necrosis-avid contrast agents
were used, a lateral border zone was demonstrated by car-
diac MR imaging.

Contrast-Enhanced MR Imaging of Myocardial Infarction in a Cat Model
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Fig. 3. The ultrastructural features of cat myocardium after 90 minutes of LAD occlusion followed by 90 minutes of reperfusion.
A. Ultrastructures of the infarct area. The sarcolemma is markedly disrupted (arrowheads), the mitochondria are swollen and contain
electron-opaque dense granular bodies (arrows), and contraction bands (asterisk) are also seen.
B. Ultrastructure of the lateral border zone (peri-infarct area) shows interfiber and intramitochondrial edema, and prominent I-bands (ar-
rows). The sarcolemma is intact (arrowheads). These findings are consistent with the ultrastructural changes seen in reversibly injured
myocardium. 
C. Ultrastructure of normal myocardium. Myocardial cells are surrounded by an intact sarcolemma with abundant mitochondria.
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Various MR sequences and techniques have been devel-
oped for the assessment of ischemic heart disease. Previous
reports have indicated that non-enhanced T1-weighted
MRI fails to distinguish between myocardial infarction and
normal myocardium. Lim et al. (25) reported that breath-
hold turbo spin-echo T2-weighted MRI can successfully de-
tect acute myocardial infarction, providing excellent tissue
contrast and high spatial resolution in a reasonably short
scan time. In that study, segmental analysis of acute my-
ocardial infarction showed a diagnostic concordance rate
between T2-weighted MRI and rest thallium-SPECT of
95%. However, even optimal T2-weighted images re-
vealed both reversibly and irreversibly injured myocardi-
um (26, 27). 

Many attempts have been made to use contrast-en-
hanced T1-weighted MRI for the evaluation of acute my-
ocardial infarction. De Roos et al. (28) reported that if in-
farct size was estimated on the basis of Gd-DTPA-en-
hanced spin-echo images, the effect of reperfusion therapy
on infarct size could be accurately assessed. Other re-
searchers, however, have reported that the use of a con-
trast agent such as Gd-DTPA overestimated the extent of
myocardial infarction by approximately 10 20 % (29 31).
Using Gd-DTPA polylysine-enhanced MRI in a cat model
of reperfused myocardial infarction, Choi et al. (32) inves-
tigated changes in the size and degree of signal enhance-
ment during the evolution of myocardial infarction over a
six-day period. After observing that during those six days
the enhanced area became smaller, they concluded that the
highly enhancing area seen during the acute stage of reper-
fused myocardial infarction included both an irreversibly
damaged necrotic area and a reversibly damaged peri-in-
farct zone. 

A necrosis-avid MR contrast agent, bis-gadolinium meso-
porphyrins (Gadophrin-2; Schering, Berlin, Germany), has
recently become available and this shows a marked affinity
for non-viable tissue components. The mechanism of signal
enhancement by the contrast material in irreversibly dam-
aged myocardium is still not well understood, but it can be
assumed to result from some kind of binding of the com-
pound to the sites of denatured tissue components by
means of reperfused coronary flow and progressive ex-
travascular diffusion. Further studies to elucidate the mech-
anism of accumulation are needed. In an animal model
with occlusive and reperfused myocardial infarction,
Gadophrin-2-enhanced MR imaging has proved capable of
distinguishing between irreversibly and reversibly injured
myocardium, with strong, persistent signal enhancement of
the infarct area (33, 34). In addition, another intravascular
contrast agent, Gadomer-17 (Schering, Berlin, Germany),
has recently been introduced. According to studies per-

formed at this institution, the enhanced area seen on
Gadomer-17-enhanced T1-weighted images was similar to
the high signal area on T2-weighted images, and statistical
analysis showed no significant difference between them.
We therefore believe that the enhanced area seen on
Gadomer-17-enhanced T1-weighted images probably in-
cluded both infarct and peri-infarct areas. Consequently,
direct comparison of the enhanced area revealed by con-
trast-enhanced MRI when Gadophrin-2 and Gadomer-17
are used may provide the means of distinguishing between
irreversibly and reversibly injured myocardium. 

For revascularization therapy to be successful, it is im-
perative to distinguish between viable and non-viable my-
ocardium: only the former is likely to benefit from this
therapy. In this current study, the statistical difference in
size between the abnormal signal areas on MR images and
the infarct areas revealed by TTC histochemical staining
may represent the lateral border zone and thus suggest the
extent of reversibly damaged myocardium. 

Unfortunately, our study suffers from certain limitations.
First of all, we did not consider the in-vivo interaction be-
tween Gadophrin-2 and Gadomer-17. A previous study
(34) reported that maximal enhancement took place 40 -
60 minutes after the administration of Gadomer-17 but 1 -
3 hours after the administration of Gadophrin-2, and that
with both agents gradual washout then occurred; we there-
fore expected that since the maximal enhancement time of
these two agents differed, the effect would be minor or
non-existent. Second, we did not quantitatively analyze
the lateral border zone seen on MR images which suggest-
ed reversibly damaged myocardium. Thus, in order to bet-
ter understand the clinical usefulness of Gadomer-17 and
Gadophrin-2, and the interaction between them, and to
quantitatively analyze the lateral border zone seen on MR
images, further study may be required. 

In conclusion, by means of MR imaging and pathologic
correlation we were able to identify the lateral border
zone in reperfused myocardial infarction in a cat model,
and it may therefore be assumed that both the lateral and
transmural border zone contain potentially salvageable
myocardium. Contrast-enhanced MR imaging using
Gadophrin-2 and Gadomer-17 is potentially useful for de-
termining the size and distribution of the lateral border
zone. 
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