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The existence of a border zone composed of reversibly
injured myocardium surrounding an evolving infarct
has been the subject of controversy. In experiments de-
signed to search for such a border zone by electron mi-
croscopy, 12 mongrel dogs underwent permanent liga-
tion of the left anterior descending coronary artery
(LAD). Two to 6.5 (average = 4.2) hours later, the
hearts were excised, the area at risk (myocardium per-
fused by the LAD) was outlined by injection of fluores-
cent microspheres, and the myocardial infarct was
demonstrated by the nitro blue tetrazolium (NBT) gross
histochemical method. Myocardial samples for elec-
tron-microscopic study were obtained from the periph-
ery of the infarct (tissues unstained by NBT) and serial-
ly from the immediately adjacent myocardium, which
was stained deep blue by NBT. Grossly, the infarcts al-
ways involved the subendocardial myocardium, ex-
tended for a variable distance in the epicardial direc-
tion, and closely approximated the lateral margins of

THE BORDER ZONE of a myocardial infarct can be
conceptualized as ischemically damaged but still via-
ble myocardium adjacent to an evolving myocardial
infarct. The characterization of this zone is still in-
complete, and, indeed, its very existence has become a
subject of some controversy. Biochemical,1 2 histo-
chemical,3-5 electrophysiologic, 1.6 and blood flow
studies' 7 have provided support for the presence of a
border zone surrounding early myocardial infarcts. In
contrast, other studies, using similar technics but dif-
ferent experimental designs, have demonstrated a
sharp boundary between infarcted and normal myo-
cardium, thus failing to show a transitional zone.8-13
These studies have a bearing on the clinical manage-
ment of myocardial infarcts, since results that ques-
tion the existence of a border zone of jeopardized my-
ocardium raise serious doubts as to whether infarct
size in humans can be limited or reduced by any treat-
ment.
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the area at risk. When examined by electron micro-
scopy, the infarct periphery showed evidence of irre-
versible damage, thus confirming the ability ofNBT to
detect early myocardial necrosis. Multiple samples of
the NBT-stained myocardium immediately adjacent to
the infarct showed varying degrees of reversible isch-
emia, thus demonstrating, at the ultrastructural level,
the existence of a border zone of intermediate myocar-
dial injury. This border zone was substantial (3-4 mm
in width) along the subepicardial aspect of the infarct
and very thin (1-2 mm) laterally. In conclusion, a sig-
nificant border zone was demonstrable by electron mi-
croscopy in the subepicardial myocardium of 8 out of
12 canine hearts with recent coronary artery occlusion.
In the remaining 4 hearts, the infarcts had already
reached the epicardium at the time of study, and only a
thin lateral border zone was present. (Am J Pathol
1981, 103:292-303)

The results of the studies described in this paper
demonstrate the existence of a border zone ultrastruc-
turally and determine its location within the myocar-
dium of dogs made ischemic by permanent, experi-
mental coronary artery occlusion.

Materials and Methods

Experimental Model

Twelve mongrel dogs of both sexes weighing 15-27
kg were anesthetized intravenously with sodium pen-
tobarbital (30 mg/kg body weight). Each animal was

Supported in part by National Heart, Lung and Blood In-
stitute Grant I RO1 HL 21684.
Accepted for publication December 29, 1980.
Address reprint requests to Daniel R. Alonso, M.D.,

Department of Pathology, The New York Hospital-Cornell
Medical Center, 525 East 68th Street, New York, NY 10021.

0002-9440/81/0508-0292$01.10 X) American Association of Pathologists

292



MYOCARDIAL INFARCrION BORDER ZONE 293

intubated and placed on a Harvard respirator. The
heart was exposed through a midsternal incision, the
pericardium was opened, and a pericardial cradle was
constructed. The left anterior descending coronary ar-
tery was ligated with a 3-0 silk at a point just distal to
the first major diagonal branch, usually 2-3 cm from
its origin. Following ligation, 50 mg of lidocaine was
administered intravenously, and 20 mg was given
every 20 minutes for 4 hours. The chest was closed,
and lead II of the electrocardiogram was monitored
for the remainder of the experiment. General anesthe-
sia was maintained for the duration of the experiment.
Two to 6.5 hours after coronary occlusion (average =
4.2 hours), the dogs were given 2000 units of heparin
intravenously and were killed with an overdose of pen-
tobarbital. The chest was reopened, and the heart was
rapidly excised.

Demonstration of the Area Supplied by the
Occluded Artery (Area at Risk)

The occlusive ligature on the coronary artery was
released in 7 of the 12 hearts, and a polyethylene cath-
eter was inserted in the artery at the precise point of
occlusion. Through this catheter 107 fluorescent poly-
styrene microspheres (Duke Scientific Corp., Palo
Alto, California) were injected. The microspheres
measured 9-15 I in diameter and were suspended in 5
ml of normal saline containing 0.05% Tween-80. Sub-
sequent viewing of heart slices under ultraviolet light
demonstrated fluorescence of the territory supplied by
the occluded artery thus outlining the myocardium at
risk of ischemic necrosis.

Visualization of Myocardial Necrosis

The hearts were then sectioned from apex to base in
a plane parallel to the atrioventricular groove into se-
rial 7-10-mm slices. The slices were incubated in a so-
lution of nitro blue tetrazolium (NBT) in Sorensen's
phosphate buffer as described by Nachlas and
Shnitka.'4 Incubation was at 37 C and lasted for 7
minutes. This gross histochemical method stains the
normal myocardium deep blue, whereas areas of myo-
cardial necrosis remain unstained. Infarcts are sharply
outlined by the NBT method.

During the last minute of incubation, a representa-
tive slice chosen for subsequent sectioning and study
(2-4 cm from the apex) was photographed on Pola-
roid film while still in the NBT solution.

Electron Microscopy (Figure 1)

Two strips of contiguous 1-mm cubes were removed

from the infarct periphery and immediately adjacent,
noninfarcted myocardium. Up to 7 1-mm cubes were
obtained from the subepicardial (8 of 12 dogs) and lat-
eral (8 of 12 dogs) aspects of each infarct. Subepicar-
dial sections were not taken in those instances where
the infarct was transmural or nearly transmural. Con-
trol myocardial samples were taken from the midpor-
tion of the posterior left ventricular wall. The myocar-
dial samples were then minced, fixed in 6% glutaral-
dehyde in 0.1 M cacodylate buffer (pH = 7.4), post-
fixed in I 070 osmium tetroxide, dehydrated in a graded
series of alcohols, and embedded in Epon. One-mi-
cron thick sections were stained with alkaline tolui-
dine blue and examined by light microscopy. Only
longitudinally oriented myofibers nearest the center
of the tissue block were selected for ultrathin section-
ing with an LKB Ultratome III ultramicrotome. An
average of 2 tissue blocks per sampled area were pro-
cessed in this fashion. The thin sections were stained
with 707o uranyl acetate and lead citrate and examined
with Siemens Elmiskop I and RCA EMU-3G electron
microscopes. Approximately 30 to 60 myofibers were
evaluated for each 1-mm region studied.

Semiquantitative Evaluation of the Infarct
Periphery and Adjacent Myocardium

Ultrathin sections taken from the periphery of the
infarct (area unstained by NBT) and the adjacent,
NBT-stained myocardium were examined with the
electron microscope and evaluated for the presence
and severity of nine ultrastructural changes generally
accepted as indicative of ischemic injury.2'523 These
changes were sarcoplasmic edema, nuclear chromatin
clumping of myocytes, nuclear chromatin clumping
of endothelial cells, sarcomere relaxation, sarcomere
contraction, myofibrillar contraction bands, mito-
chondrial swelling, electron-dense mitochondrial
densities, and sarcoplasmic lipid droplets. Each of
these changes were graded from 0 to 4+, and the
scores for all the changes were added to obtain a com-
posite ischemic score. The ischemic score could there-
fore vary from 0 to 36 (9 x 4).
The range of changes in each of the nine categories

was graded as follows:
1. Sarcoplasmic edema: Subsarcolemmal blebs

(I +) to 50% or greater expansion of the cell
volume (4 + ).

2. Sarcomere relaxation (stretching): The I-band
with sharp border equal to ¼/4 the width of the
A-band (I +) to the I-band equal to the width
of the A-band (4 + ).

3. Mitochondrial swelling: Mild separation of
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cristae (1+ ) to greater than doubling of the
volume (4 +).

4,5. Nuclear chromatin clumping (myofiber and
endothelial): Slight granular clumping of
chromatin (1+) to marked coarse clumping
and margination with no finely dispersed
chromatin remaining (4 + ).

The grading of these five changes also included con-
sideration of cell-to-cell variation. For example, if
half the cells in a studied area showed 4 + mitochon-
drial swelling and the other half displayed 1 + swell-
ing, then the final grade for mitochondrial swelling
would be the average of the two scores (ie, (4 + 1)/2
= 2.5).

6. Mitochondrial densities: Stacking of cristae
with rare densities (1+) to large electron-
dense inclusions present in most mitochondria
(4+).

7. Lipid droplets: Occasional rare droplet found
with some difficulty (1 +) to numerous drop-
lets present in most cells (4 + ).

8. Sarcomere contraction: Contracted sarco-
meres with obliteration of the I-band focally
present in one quarter or less of the myofibers
(1 + ) to being present in all of the myofibers
(4+).

9. Contraction bands: Markedly hypercon-
tracted segments of myofibrils involving sev-
eral sarcomeres with marked attenuation or
absence of myofibrillar material on either side
of this area; present rarely (1 +) to being
prominent in most cells (4 + ).

Ischemic scores were computed while the specimens
were being viewed with the electron microscope and
from electron photomicrographs of representative
fields blindly evaluated by two observers. The ische-
mic scores derived by these two methods differed by
no more than 3 points. Because of the essential con-
cordance of the two scores and because a larger por-
tion of the specimen was evaluated when the score was
determined while viewing in the electron microscope,
this latter score was employed.
The Student t test for two means was employed in

the statistical analysis.

Light Microscopy

Blocks of myocardium were taken adjacent and
parallel to the areas sampled for electron microscopy.
The tissues were fixed in 10%/o neutral-buffered for-
malin, embedded in paraffin, sectioned at right angles
to the plane of the serial gross heart slices, and stained
with hematoxylin and eosin and periodic acid-Schiff
stains.

Results

Gross Appearance of Myocardial
Infarcts (Figure 2)

Acute myocardial infarcts were present in all 12
dogs and were clearly outlined by the NBT reaction
(Figure 2). All infarcts were in an anteroseptal posi-
tion and involved variable portions of the ventricular
wall (Table 1). Infarcts usually occupied the inner two
thirds of the wall following 4-5 hours of permanent is-
chemia. With one exception (Dog 191, 2.5-hour-old
infarct), transmural infarcts were seen following at
least 5 hours of permanent coronary occlusion.

Relationship Between Area at Risk and
Myocardial Infarction (Figure 3)

The area at risk was visually determined by the pres-
ence of fluorescent microspheres in the region sup-
plied by the occluded artery. In all cases, the lateral
borders of the infarct approximated the fluorescent
boundaries of the area at risk. Noninfarcted portions
of the area at risk (ie, fluorescent regions stained by
NBT) were only present to any appreciable extent be-
tween the epicardium and the subepicardial border of
the infarct. In transmural infarcts, therefore, the in-
farct nearly filled the entire area at risk.

Light Microscopy

Since the sections for light microscopy were taken
perpendicular to the plane of the heart slices, the resul-
tant light-microscopic sections had the insoluble for-
mazan pigment (from the NBT reaction) present on
the edge. In this way, the areas grossly identified as

31blmm
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Figure 1-Serial 1-mm cubes beginning at the infarct periphery (IP)
and extending into the surrounding noninfarcted myocardium are
sampled from the lateral and subepicardial aspects of the infarct.
The control is taken from the midmyocardium of the posterior wall.
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Figure 2-A slice of heart stained with Nitro blue tetrazolium. An
anteroseptal infarct (*) is sharply demarcated, failing to stain with
NBT.

normal and infarcted by the NBT reaction could be
studied histologically. The areas devoid of formazan
precipitates on the edge (infarct) showed wavy hyper-
eosinophilic myofibers with numerous contraction
bands and absence of glycogen on PAS staining. Im-
mediately beneath the NBT-stained surface, the myo-
cardium appeared unremarkable on hematoxylin and
eosin sections, although it showed variable glycogen
depletion on the lateral and subepicardial borders of
the infarct. Glycogen depletion was more evident in
the subepicardial border zone.

Ultrastructural Evaluation (Table 1)

Application of the composite ischemic score to the

semiquantitative evaluation of evolving myocardial
infarcts gave the following results: Overall, the scores
ranged from 1 to 24. With one exception, sections with
an ischemic score greater than 14 contained electron-
dense mitochondrial densities, a finding indicative of
irreversible myocardial damage.20 Conversely, with
only three exceptions, mitochondrial densities were
not present in sections with ischemic scores smaller
than 14. Thus, a composite ischemic score greater
than 14 was generally indicative of irreversible cell
damage. Myofibrillar contraction bands were present
in approximately half of those sections containing
electron-dense mitochondrial densities; however, they
were occasionally seen in areas with ischemic scores of
less than 14 and therefore without mitochondrial den-
sities. In addition, contraction bands were also seen in
a single section of control myocardium (Dog 145). No
electron-dense mitochondrial densities were seen in
any samples of control myocardium.
The other seven ultramicroscopic changes used in

deriving the ischemic score were intermittently present
in all of the areas sampled and tended to be more

marked in the infarct and regions nearest the infarct.

Control Myocardium (Figure 4)

The ischemic scores of all sections obtained from
the midportion of the posterior left ventricular wall
ranged from 1 to 7 (average = 4.1). These values re-

sulted from mild to moderate changes in some or all of
six of the nine graded categories. Lipid droplets and
electron-dense mitochondrial densities were never

seen. Contraction bands were seen in only a single sec-

tion (Dog 145). These changes were most likely auto-

Table 1-Ischemic Scores

Subepicardial border zone Lateral border zone

Infarct Trans- Control Control
age mural myocar- Infarct myocar- Infarct

Dog (hours) extent dium periphery 1-2 mm 3-4 mm 5-6 mm dium periphery 1-2 mm 3-4 mm 5-6 mm

148 2 S 3.0 15.0 18.0 13.0 4.5 ND ND ND ND ND
191 2.5 T ND* ND* ND* ND* ND* 5.0 24.0 9 7.0 5.0
145 4 S 7.0 8.0 15.5 4.5 5.5 ND ND ND ND ND
149 4 S 1.0 17.5 4.5 11.0 5.5 ND ND ND ND ND
151 4 M 1.5 16.5 8.4 7.0 t 1.5 10.5 4.25 3.75 3.0
155 4 S 2.5 17.25 13.0 13.0 2.0 ND ND ND ND ND
183 4 S 4.0 17.0 12.5 7.25 7.0 4 17.0 14.5 8.0 5.0
185 4.5 M 5.5 18.0 6.5 8.5 t 5.5 12.5 7.5 8.5 6.0
179 4.7 M 5.5 17.5 9.25 6.5 t 5.5 19.0 15.0 4.5 4.5
187 5 T ND* ND* ND* ND* ND* 4.5 16.0 4.5 3.0 3.5
142 5.5 T ND* ND* ND* ND* ND* 3.5 22.5 17.25 4.0 5.5
190 6.5 T ND* ND* ND* ND* ND* 6.0 19.5 14.75 5.0 6.0

Mean 4.2 3.8 15.8 11.0 8.8 4.9 4.4 17.6 10.8 5.5 4.8
SEM 0.8 1.2 1.6 1.1 0.8 0.5 1.6 1.8 0.7 0.4

S = subendocardial; M = midmyocardial; T = transmural. ND = no samples taken.
*No epicardial samples since infarct is transmural.
t No samples at 5-6 mm since infarct is less than 5 mm from epicardium.
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Figure 3-The same slice as seen in Figure 2, viewed under fluore-
scent light. The area supplied by the occluded artery (area at risk)
can be seen as an area of fluorescent stippling. Note that the lateral
edges of the infarct closely approach the lateral boundaries of area
at risk (arrows).

lytic2022 and a consequence of the short period of
warm NBT incubation (37 C) that preceded glutaral-
dehyde fixation.

Infarct Periphery (Figures 5 and 6)

Sections taken from the infarct edge yielded the
highest ischemic scores in all but 2 of 16 samples (145,
148), and in those cases the immediately adjacent area

displayed the highest score. No significant differences
were noted between infarct peripheries with regard to
infarct age or whether the samples were taken in either
an epicardial (mean ischemic score = 15.8 ± 1.2) or

lateral (mean ischemic score = 17.6 1.6) direction.
All but two of the sampled areas (14/16) displayed
electron-dense mitochondrial densities in most or all
of the cells, indicating irreversible injury. Other
changes, especially clumping of nuclear chromatin,
were present in variable but often marked degree in
myocytes with and without mitochondrial densities.
Contraction bands were present in half of the samples.

Border Zone (Figures 7, 8, and 9)

Immediately adjacent to the infarct, in the first 1-2
mm of NBT-stained myocardium, the average com-

posite ischemic score of the samples taken from the
epicardial and lateral borders were 11 ± 1.6 and 10.8
± 1.8, respectively. No significant differences in this
area were noted as a function of infarct age or whether
the sample was lateral or epicardial. Ischemic changes
in this area were severe but not as extensive or as ho-
mogeneous as those seen in the infarct periphery. Is-
chemic changes ranged from severe (6/16, with elec-

tron-dense mitochondrial densities) to moderate with-
out evidence of irreversible damage. The proportion
of severely damaged cells as compared with those dis-
playing mild to moderate damage varied from dog to
dog and was not predictable.

Sampling 3-4 mm into the NBT-stained myocar-
dium adjacent to the infarct revealed interesting dif-
ferences between the epicardial and lateral borders.
The average ischemic score in samples taken in an epi-
cardial orientation was 8.8 ± 1.1. This score was sig-
nificantly different from both the ischemic score of
the infarct periphery (P < .0005) and that of the con-
trol myocardium (P < .005). Although intermediate
between the infarct and control myocardium values,
this score was not due to an admixture of irreversibly
injured and normal cells; rather, it was the result of
variable degrees of change in categories other than mi-
tochondrial densities and contraction bands. Most
cells displayed some injury though the type and degree
of change was variable from cell to cell. Irreversibly
injured cells containing electron-dense mitochondrial
densities were a distinct rarity. In fact, they were seen
in only one instance (Dog 155). In general, the largest
ischemic scores were present adjacent to infarcts with
the least transmural extension.

In contrast to findings in the epicardial direction,
the myocardium sampled 3-4 mm away from the lat-
eral edge of the infarct failed to show any significant
elevation in the ischemic score. The average ischemic
score for this area was 5.5 + 0.5, which was not signif-
icantly different from the average control value of 4.4
± 0.5 (P< 0.2). The infarcts in which the lateral edges
were evaluated (average = 4.6 hours), however,
tended to be slightly older than those used for epicar-
dially oriented sampling, which were all less than 4.8
hours old (average = 3.9 hours; Table 1). Even when
the older transmural infarcts were excluded from con-
sideration and only those less than 4.8 hours old (5
hearts) were studied, the average ischemic score 3-4
mm lateral to the infarct edge was still not signifi-
cantly different from the average ischemic score of
control myocardium (P< 0.2). No ultrastructural evi-
dence of irreversible ischemic damage was seen in this
area.
At 5-6 mm from the infarct edge, the average value

of the ischemic score for both the epicardially (4.9 +
0.8) and laterally (4.8 ± 0.4) oriented tissue sections
was not statistically different from the average control
values (3.8 ± 0.8 and 4.4 ± 0.4, respectively). The
types and magnitude of the ultramicroscopic changes
were similar to those seen in the controls.
The average ischemic scores for all the sampled

areas are graphically shown in Figures 10 and 11.
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Figure 4-Control myocardium. The nucleus and mitochondria are normal. Mild changes include slight sarcomere relaxation with clearly visi-
ble I-bands and a small amount of sarcoplasmic expansion. A normal capillary is also present. (x 7800)

Ultrastructural Correlation Between Infarcted and
Border-Zone Myocardium and the
NBT Histochemical Reaction

Ultrastructural evaluation of the infarct and sur-
rounding myocardium, as outlined by the NBT reac-
tion, confirmed that this method accurately identified
necrotic myocardium. NBT-negative areas showed

the most severe ischemic changes and had high is-
chemic scores characteristic of infarcted myocardium.
NBT-positive areas, however, showed a gradation of
ischemic change ranging from moderate to severe in
the myocardium immediately adjacent to the infarct
to changes comparable to those of control myocar-
dium a few millimeters away from the edge of the in-
farct. Thus, the border zone myocardium was stained
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Figure 5-Irreversibly injured
myocardium from the infarct
periphery. There is marked
clumping and margination of
nuclear chromatin. The mito-
chondria are significantly
swollen and contain numer-
ous densities (arrows). In addi-
tion, there is moderate sarco-
mere relaxation with obvious
I-bands. Sarcoplasmic expan-
sion is also present. (x 10,200)
Figure 6-Irreversibly injured
myocardium from the infarct
periphery. Most prominent are
the contraction bands (CB).
The adjacent cell inferior to
the intercalated disc (*) con-
tains relaxed sarcomeres. In
spite of the lack of significant
mitochondrial swelling, den-
sities are numerous. Lipid
droplets (L) are also focally
numerous. (x 10,200)

by NBT in spite of the fact that it showed significant
ultrastructural changes indicative of ischemic injury.

Discussion

The results of this study indicate that evolving myo-
cardial infarcts in the dog are surrounded by a zone of
ischemically damaged but still viable myocardium.
Cells in this border zone appear normal in histologic
sections stained with hematoxylin and eosin, are gly-
cogen-depleted, and show mild to moderate ischemic

changes when examined electron-microscopically.
The border zone is immediately adjacent to the pe-
riphery of myocardial infarcts resulting from 2 to 6.5
hours (average = 4.2 hours) of permanent coronary
occlusion. It measures up to 4 mm in width at the sub-
epicardial edge of the infarct and tends to be narrower
(1-2 mm) along the lateral aspect, where the edge of
the infarct closely approaches the lateral boundaries
of the territory supplied by the occluded artery, ie, the
area at risk (Figure 12).
The electron-microscopic changes of myocardial is-
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Figure 7-Myocardial sample taken 3-4 mm from the infarct edge (border zone). There is moderate sarcomere relaxation and mitochondrial
swelling. (x 13,400) Figure 8-Myocardial sample taken 3-4 mm from the infarct edge (border zone). In addition to slight sarcomere relaxa-
tion and minimal mitochondrial swelling, there are numerous lipid droplets (L) in the sarcoplasm. (x 6800) Figure 9-Myocardial sample
taken 3-4 mm from the infarct edge (border zone). Prominent sarcoplasmic edema is evident with lifting of the sarcolemmal membrane (ar-
rows). The mitochondria and sarcomeres are normal. (x 7700)
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Figure 10-Average ischemic scores for myocardial samples taken
from the subepicardial aspect of the infarcts. The cross-hatched
bars indicate samples taken from the noninfarcted myocardium ad-
jacent to the infarcts. The ischemic score at 3-4 mm from the infarct
edge is significantly different from the scores of both the infarct
periphery (P < 0.0005) and control myocardium (P < 0.005).

chemia and necrosis have been well described.215-23 It
is generally accepted that the appearance of electron-
dense deposits in the mitochondrial matrix indicates
irreversible cell damage.20 Observations reported here
are in harmony with this concept. Thus, ultrastruc-
tural evidence of cell death as indicated by the pres-
ence of mitochondrial densities was seen only in myo-
cardial samples having large ischemic scores which
were obtained from the periphery of or immediately
adjacent to the infarcted tissue.
Although we computed the ischemic scores, giving

equal weight (0-4 + ) to all nine studied ultrastructural
changes and without regard to the magnitude of col-
lateral blood flow present in each of the sampled
areas, the scores displayed a definite progression from
normal to infarcted tissue, and there was a clear cutoff
point (ischemic score = 14) between areas with lethal
and reversible ischemic damage. To have singled out
criteria indicative of lethal injury (ie, mitochondrial
densities) at the inception of the study and arbitrarily
given them more weight in the derivation of the is-
chemic score would have been inappropriate, since it
would have biased the ischemic scores of lethally dam-
aged tissue toward higher values. Furthermore, tissue

I
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Infarct Adjacent myocardium Control
myocardium

Lp<o OIJLp<0o. IJI NS I

Figure 11-Average ischemic scores for myocardial samples taken
from the lateral aspect of the infarcts. The cross-hatched bars indi-
cate samples taken from noninfarcted myocardium adjacent to the
infarcts. The ischemic score at 1-2 mm from the infarct edge is sig-
nificantly different from those of both the infarct (P < 0.01) and the
control myocardium (P < 0.01). The ischemic score at 3-4 mm is not
statistically different from that of the control.

for ultrastructural study was taken from the edge of
the infarct and not from the central and subendocar-
dial regions, which are known to have the lowest levels
of collateral blood flow.7
The existence of a border zone has been the subject

of controversy. Data from histochemical,3 5 biochem-
ical, '2 regional blood flow," 7 and electrophysio-
logic".6 experiments have provided evidence for the ex-
istence of such a border zone. In addition, there is a
large body of evidence suggesting that the eventual
size of an infarct can be reduced by various thera-
peutic interventions.24-3' The decreased size of the in-
farct in these instances might well have been due to the
salvaging of portions of the border zone. Function-
ally, therefore, the border zone can be conceptualized
as being composed of myocardial tissue that remains
viable following treatment, despite reductions of
blood flow which result in necrosis in untreated ani-
mals. 28,32,33

Implicit in the argument of those who say that a
border zone does not exist8-'3 is the concept that myo-
fibers die in an "all or none" fashion and that ische-
mically altered but viable cells are present in insignifi-
cant numbers or not at all. In favor of the existence of
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a border zone is the accumulated evidence on the path-
ogenesis of cell injury.3435 Cells exposed to injurious
conditions (eg, ischemia) undergo biochemical and
morphologic changes, eventually pass beyond an as

yet poorly understood threshold, and die. Before this
threshold is reached, however, the changes are poten-
tially reversible if the harmful conditions are re-

moved. Alternatively, the cell may achieve a new level
of steady state if the harmful agents remain present in
sublethal amounts. Our findings support this concept,
since the border zone is characterized by myocytes
displaying various degrees of sublethal injury rather
than a mixture of viable and dead cells.

Several experimental studies have been interpreted
as providing evidence that negates the existence of the
border zone. Histologic'2 and enzymatic"' (CPK) eval-
uation of canine infarcts point out that the boundary
of an infarct is irregular, with interdigitation of viable
and dead myocardium. Samples obtained from this
area reflect a mixture of dead and normal cells and
thus explain the intermediate values reported by other
investigators as proof of the existence of a border
zone. The infarcts in the above studies, however, were

24 hours old, and it is very likely that by then no bor-
der zone remains, since the infarct is completed. In-
deed, by 6 hours most of the salvageable myocardium
is dead.33 In the present study we noted the irregularity
of the infarct border and were careful to choose areas

for electron microscopy that were clearly nonin-
farcted by NBT staining.
Marcus and associates used a study of regional my-

ocardial blood flow to refute the concept of the border
zone.8 In this experiment, large myocardial samples

Figure 12-The acute infarct (gray) of approximately 4-hour duration
is subendocardial in location and closely approaches the lateral
edges of the area at risk (stippled area). Ischemically damaged but
largely viable myocardium (the ischemic border zone) is adjacent to
the infarct (cross-hatched area). This border zone is widest along the
subepicardial aspect of the infarct (3-4 mm) and is narrower laterally
(1-2 mm).

were studied and measurements made after five min-
utes of coronary artery occlusion. Since irreversible is-
chemic damage to myocardial cells does not occur un-
til at least 20 minutes after occlusion,'19.20.36 it could be
argued that, 5 minutes after occlusion, the bulk of the
ischemic area is reversibly damaged and amenable to
salvage by an intervention such as reflow, thus fulfill-
ing the functional definition of the border zone.28 32.33
In other words, after only 5 minutes of occlusion all is-
chemic tissue is part of the border zone, since at that
time it is only sublethally damaged. A similar argu-
ment can be used to criticize the interpretation of stud-
ies employing NADH fluorescence as a measurement
of irreversible ischemia9 '0 5 minutes after coronary
occlusion.

In a recent study13 Janse and associates, using elec-
trophysiologic, biochemical, and histochemical pa-
rameters, concluded that no demonstrable border
zone could be identified in the pig following 2 hours of
high LAD ligation. They pointed out, however, that
very early interventions might well have prolonged cell
survival in the region surrounding the infarct. They
also suggested that the characteristics of a border zone
are at least in part determined by the presence of col-
lateral circulation, which is significantly less devel-
oped in the pig than in dogs or humans.
Although not the original objective of this study,

observations reported here constitute an ultrastruc-
tural verification of the validity of the NBT reaction.
Thus, areas of myocardium that failed to stain with
NBT showed irreversibly damaged cells when exam-
ined with the electron microscope. However, the bor-
4er zone, composed of myocardial cells showing pre-
dominantly mild to moderate ischemic changes and
absence of electron-dense deposits in mitochondria,
was stained by NBT, indicating preservation of dehy-
drogenase activity.14

Based on the results of the present study, we con-
ceptualize the border zone as an area of reversibly
damaged myocardium adjacent to an evolving infarct
and within the area supplied by the occluded artery
(area at risk). It can be shown by electron microscopy
to extend up to 4mm beyond the subepicardial edge of
infarcts less than 5 hours old. Laterally this zone is
thinner (less than 2 mm); and, in fact, the infarct
closely approaches the lateral boundaries of the area
at risk (Figure 12). Older infarcts generally display
greater transmural extension. It appears, therefore,
that an infarct extends to the lateral borders of the
area at risk and then spreads by transmural extension
through the ischemic border zone as a function of
time. This concept of infarct progression has been pre-
viously demonstrated and termed the "wavefront of
myocardial necrosis" by Reimer et al.3233 As the in-
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farct progresses, a variable amount of border zone
myocardium predominantly in a subepicardial loca-
tion is kept viable by preexisting collateral circulation
and diminished metabolic demands (ie, cessation of
contraction) for up to 6 hours.32'33

It is hoped that the time necessary for an infarct to
become transmural is longer in man than it is in the ca-
nine model. Therapies designed to preserve and pro-
tect ischemic myocardium would then salvage the bor-
der zone myocardium, thus preventing the develop-
ment of transmural infarction and its complications:
pump failure, ventricular wall rupture, and ventricu-
lar aneurysm.
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