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Morphological Effects of Coronary Balloon
Angioplasty In Vivo Assessed by Intravascular
Ultrasound Imaging

Junko Honye, MD, PhD; Donald J. Mahon, MD; Ashit Jain, MD;
Christopher J. White, MD, FACC; Stephen R. Ramee, MD, FACC;
James B. Wallis, MD, FACC; Amer Al-Zarka, MD; and Jonathan M. Tobis, MD, FACC

Background. Histological examination of the effects of balloon angioplasty have been described from in vitro
experiments and a limited number of pathologic specimens. Intravascular ultrasound imaging permits real
time cross-sectional observation of the effect of balloon dilation on the atherosclerotic plaque in vivo.

Methods and Results. The morphological effects of coronary angioplasty were visualized at 66 lesions in 47
patients immediately after balloon dilatation with an intravascular ultrasound imaging catheter. Cross-
sectional images were obtained at 30 frames per second as the catheter passed along the length of the artery.
Quantitative and qualitative assessments of the dilated atherosclerotic plaque were made from the angiograms
and the ultrasound images. Six morphological patterns after angioplasty were appreciated by ultrasound
imaging. Type A consists of a linear, partial tear of the plaque from the lumen toward the media (seven
lesions); Type B is defined by a split in the plaque that extends to the media (12 lesions); Type C demonstrates
a dissection behind the plaque that subtends an arc of up to 180° around the circumference (18 lesions); Type
D was a more extensive dissection that encompasses an arc of more than 180° (four lesions); and Type E may
be present in either concentric (Type E,, 14 lesions) or eccentric (Type E,, 11 lesions) plaque and is defined
as an ultrasound study without any evidence of a fracture or a dissection in the plaque. There was a large
amount of residual atheroma in each type of morphology (7.8+2.9 mm?, 61.6+15.4% of cross-sectional area);
there was no difference, however, in lumen or atheroma cross-sectional area among these six patterns. There
was a good correlation between ultrasound and angiography for the recognition of a dissection. Calcification
was seen in only 14% of lesions on angiography, whereas most lesions (83%) revealed calcification on
ultrasound imaging. As determined by intravascular ultrasound, calcified plaque was more likely to fracture
in response to balloon dilatation than noncalcified plaque (p<0.01). Thirteen of 66 lesions (20%) developed
clinical and angiographic restenosis. Restenosis was more likely to occur when the original dilatation left a
concentric plaque without a fracture or dissection (Type E,, 50% incidence) compared with a mean restenosis
rate of 12% in the remaining morphological patterns ( p=0.053).

Conclusions. Intravascular ultrasound provides a more complete quantitative and qualitative descrip-
tion of plaque geometry and composition than angiography after balloon angioplasty. In addition,
intravascular ultrasound identifies a subset of atherosclerotic plaque that has a higher incidence of
restenosis. This information could be used prospectively to consider other therapeutic options in this
subset. Intravascular ultrasound provides a method to describe the effects of angioplasty that will be
useful in comparing future coronary intervention studies. (Circulation 1992;85:1012-1025)

KEY WORDS ¢« PTCA - ultrasound - balloons - restenosis

ous transluminal coronary angioplasty
(PTCA), the pathophysiological mechanism
of successful angioplasty remains unsettled. Morpho-
logical changes after balloon angioplasty have been
reported from human histological studies,’-?9 which

D espite favorable clinical results with percutane-
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provide some clues to elucidate the mechanism of
balloon dilatation. Histological specimens, however, are
obtained from patients who die either shortly after the
procedure or later, so that the interpretation of the
information may be biased and not representative of the
entire spectrum of morphological changes that occur in
vivo. The angiographic appearance of a dilated artery
segment is limited to a description of the contrast-filled
diameter and the presence or absence of a dissec-
tion.!12 Clinical and pathological observations, how-
ever, suggest that angiography may misrepresent the
microanatomic effects of balloon angioplasty on the
atherosclerotic plaque.'3-'> The irregular three-dimen-
sional lumen contour is projected during contrast angi-
ography onto a two-dimensional plane that does not
demonstrate the vessel wall thickness or the character-
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istics of the atheroma. This may result in an underesti-
mation of the extent of disease and obscure our under-
standing of what takes place during PTCA.
Intravascular ultrasound is a new imaging modality
that provides a unique opportunity to visualize the
atherosclerotic plaque directly.'¢:17 Several studies dem-
onstrate excellent correlations between ultrasound im-
ages and histological sections for the lumen as well as the
atheroma cross-sectional areas.!®-2! The ability to image
the atherosclerotic plaque by intravascular ultrasound
enables the angiographer to identify the effects of bal-
loon angioplasty in vivo. The purpose of this study was to
evaluate the morphology of the atherosclerotic plaque
immediately after balloon angioplasty using a high-fre-
quency intravascular ultrasound imaging catheter.

Methods
Procedure

All patients signed a written informed consent ap-
proved by the Human Subjects Review Committee of
the University of California, Irvine. Baseline angio-
grams were recorded in at least two projections before
angioplasty. These angiograms were stored on the com-
puter disk of a digital acquisition x-ray system (DCI,
Philips Inc.) that permits digital caliper measurements
of arterial segments. Standard coronary angioplasty was
performed from the femoral artery approach. Angio-
plasty balloons were chosen with an inflated diameter
approximately equal to the angiographic lumen diame-
ter immediately proximal to the site to be dilated. The
number of balloon inflations and the pressure exerted
were determined routinely as necessary to achieve an
optimal angiographic result. When the angioplasty was
considered to be completed by angiographic analysis,
the dilated artery was studied with an intravascular
ultrasound imaging catheter (InterTherapy Inc., Santa
Ana, Calif.). Two different types of imaging catheters
were used in this study. A 20-MHz, 1.3-mm-diameter
catheter passed through a 1.6-mm plastic introducing
sheath was used in 48 patients, and a 25-MHz, 1.0-mm-
diameter catheter was placed through a 1.3-mm plastic
introducing sheath in seven patients. In addition, a
rapid exchange system was used in one patient to permit
perfusion of the distal myocardium and facilitate ultra-
sound imaging before as well as after angioplasty.

The imaging catheter consists of a single ultrasound
transducer on the distal end of a flexible motor-driven
shaft with a mirror at 45° that reflects the beam perpen-
dicular to the long axis of the catheter. This design
permits imaging up to the surface of the catheter, be-
cause the initial transducer ringdown oscillations occur in
the space between the transducer and the mirror. The
catheter is connected to a motor-driven unit that rotates
at 1,800 rpm to provide real-time cross-sectional images
at 30 frames per second. The ultrasound subassembly
was inserted through a plastic introducing sheath to
protect the arterial lumen from injury during movement
of the catheter. The introducing sheath was placed over
a 0.014-in. guide wire and was positioned distal to the
dilated segment. The guide wire was withdrawn, and the
ultrasound catheter was inserted under fluoroscopy to
the distal end of the introducing sheath.

Continuous ultrasound images were obtained as the
catheter was moved back and forth through the intro-
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ducing sheath. The fluoroscopic picture that displayed
the position of the ultrasound catheter was shown on
the same video screen as the ultrasound images to
ensure correlation between the cross-sectional ultra-
sound images and the position on the angiogram along
the length of the artery. Injection of contrast medium
through the guiding catheter was also used to help
define the position of the imaging transducer along the
length of the artery. Warm saline (37°C) was injected
intermittently by hand to dislodge any small air bubbles
adhering to the transducer. The images were recorded
on super VHS videotape and archived onto a computer
disk. After the ultrasound images were obtained, the
ultrasound catheter and introducing sheath were with-
drawn from the artery, and angiograms were performed
to confirm that the artery was not traumatized.

Quantitative Measurements

After the angioplasty and imaging were completed,
the angiograms were recalled from the DCI computer
disk, and the lumen diameters of the dilated and
proximal angiographically normal segments were mea-
sured. The diameter of the angioplasty guiding catheter
was used as a calibration reference. Measurements were
made with an operator-defined digital caliper from
end-diastolic frames or the frame that best demon-
strated the stenotic area. Angiographic percent diame-
ter stenosis was calculated by selecting the angiograph-
ically normal proximal segment as the reference point.
Lumen cross-sectional area was calculated from the
diameter measurements of two orthogonal angiograms
using the formula for an ellipse. Angiographic area
stenosis was calculated as the lumen area at the dilated
site divided by the lumen area at the angiographically
normal proximal segment.

The ultrasound images at the dilated segment were
recalled from the ultrasound computer disk. A graphic
display system calibrated for the velocity of ultrasound in
tissue at body temperature allows measurement of the
vessel structures. The major and minor axes of the lumen
were measured. Percent diameter stenosis by ultrasound
was calculated as the minimum lumen diameter at the
dilated site divided by the lumen diameter at the angio-
graphically normal proximal segment. In addition, a com-
puter graphics package can be directed by movement of a
track ball to outline the area of the lumen and the area of
the atheroma at the boundary of the media—atheroma
interface. Subtraction of the total area from the luminal
area yields the cross-sectional area of the atheroma. In
distinction to the calculation of percent area stenosis from
the angiograms, percent area stenosis by ultrasound was
expressed as the percent of the total cross-sectional area
bounded by the media that was occupied by atheroma at
the same cross section of the artery. This is analogous to
the calculation of percent area stenosis from a histological
cross section of an artery.

Plaque Morphology

Besides the quantitative analysis, a qualitative assess-
ment was made of the angiograms and the ultrasound
images for the location of the arterial lumen (concentric
or eccentric) and the presence of calcification, intimal
plaque fracture, or arterial dissection. The angiographic
appearance before PTCA was identified on the basis of
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FIGURE 1. Diagram of measurement of plaque eccentricity
by comparing the thinnest plaque width (A) with the thickness
of the plaque on the opposite wall (B). Eccentricity
index=A/B. In this example, A/B=0.39, and the plaque would
be categorized as eccentric. An index =0.5 is defined as
concentric and <(0.5 is eccentric.

morphological characteristics of the stenotic segment
previously outlined by Ambrose et al.22 Angiographic
evidence of dissection was defined according to the
National Heart, Lung, and Blood Institute PTCA Reg-
istry by 1) the presence of angiographically evident
intimal damage producing an intraluminal filling defect,
2) extraluminal extravasation of contrast material, and
3) linear luminal density or luminal staining.??

To determine plaque eccentricity, an eccentricity
index was calculated from the ultrasound images as the
thinnest dimension of the plaque divided by the width of
the opposite wall (Figure 1). A stenosis was defined as
concentric if the lumen was centrally located with the
atherosclerotic plaque distributed circumferentially,?
corresponding to an eccentricity index greater than
0.50. Eccentric lesions were defined if the index was less
than 0.50.

Plaque calcification was quantified as absent (0), mild
(1+) when calcification was localized to less than 90° of
arc, moderate (2+) when it involved between 90° and
180° of arc, and severe (3+) when it incorporated more
than 180° of arc. A plaque fracture was defined as an
irregular thin echolucent separation extending from the
lumen for a variable length into the plaque. A dissection
between the media and atheroma was defined by ultra-
sound as an echo-free space behind the atherosclerotic
plaque whose thickness was more than 0.3 mm or if
movement of the plaque was seen as the plaque wavered
in the flow of blood behind it.

These morphological descriptors were then applied to
17 ultrasound studies that were acquired independently
at a second clinical center. Three independent observers
analyzed the images of the dilated lesions and catego-
rized them into six morphological patterns. Images were
not used if the three observers did not agree.

Follow-up

Patients were followed for clinical symptoms and by an
exercise stress test. Recurrent symptoms or positive
results of a thallium exercise tolerance test led to repeat
coronary angiography. Previous reports demonstrate that
“silent restenosis” after initial successful angioplasty
occurs in 2 to 10% of patients.?s Patients without these
positive findings did not undergo repeat angiography.

Statistical Analysis

Data are expressed as mean=SD. Comparison of the
severity of the residual stenosis between angiography
and ultrasound imaging was performed by the paired
Student’s ¢ test. Comparisons between more than two
groups were performed by ANOVA. Two-by-two com-
parison tables were assessed by 2 analysis. Differences
were considered to be statistically significant at p<0.05.

Results
Patient Profile

Seventy-four lesions in 55 patients were studied. There
were 47 men and eight women. Age ranged from 31 to 83.
Balloon dilatation was performed in the distribution of the
left anterior descending artery in 25 lesions, the circumflex
artery in 15 lesions, the right coronary artery in 28 lesions,
and saphenous vein graft in six lesions. All angioplasty
sites were safely and successfully imaged without major
complications. Coronary artery spasm occurred in six
patients because of minimal blood flow around the intra-
vascular ultrasound introducing sheath. The spasm was
promptly relieved by administration of intracoronary ni-
troglycerin. With the newer easy exchange system, coro-
nary spasm has not been observed. Because no patient
died after balloon angioplasty, histopathological correla-
tions were not available in this study. There was no
significant difference in image quality between the 20-
MHz and 25-MHz transducers used in this study.

Morphological Patterns of Balloon Dilatation by
Intravascular Ultrasound Imaging

On the basis of previous experiences with in vitro
histological studies in which artery segments were im-
aged before and after balloon dilatation!?® and the
present clinical studies obtained after coronary angio-
plasty, six morphological patterns after balloon angio-
plasty were appreciated by intravascular ultrasound
imaging. These patterns form a continuum of plaque
tearing with separation of the ends of the plaque and
dissection of the plaque away from the media of the
arterial wall. The various patterns of the effect of
balloon angioplasty are described as Types A through E
and are presented in Figures 2-7, which demonstrate
examples of intravascular ultrasound images along with
a schematic of these morphological patterns.

Type A. Figure 2 demonstrates Type A morphology.
The first effect of balloon dilatation appears to be a
linear, partial split of the plaque from the lumen out
toward the media but not extending completely through
the full thickness of the plaque. This results in some
separation of the torn plaque with enlargement of the
lumen. This pattern was seen in seven lesions.

Type B. Figure 3 shows Type B morphology. In this
pattern, the tear extends through the depth of the plaque
to the media, but there is no evidence of a dissection
behind the plaque, even though the two ends of the plaque
are separated. The crack in the plaque permits the lumen
to expand. This pattern was observed in 12 lesions.

Type C. Type C morphology is shown in Figure 4. In
the patient study demonstrated, ultrasound images were
obtained both before and after angioplasty at the same
section of the artery. Type C morphology is defined by
one or more tears in the plaque with separation of the
torn ends, but there is also a dissection behind the
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ATHEROMA

TEAR

LUMEN

plaque that subtends an arc of up to 180° around the
circumference. This pattern was observed in 18 lesions.

Type D. Type D morphology is demonstrated in
Figure 5. This pattern is distinguished from the other
patterns in that the dissection plane is more extensive
and may encompass an arc of 180° to 360°. At the
segment with the dissection, a tear in the plaque com-

ADVENTITIA
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FIGURE 2. Ultrasound image (panel A) and composite
(panel B) of Type A morphology. The ultrasound cross-
sectional image (left) demonstrates a linear, partial tear of
the atheroma from the lumen out toward the media and is
highlighted in the corresponding schematic shown on the
right. The central black area is the ultrasound catheter and
the white circle around the catheter represents the introducing
sheath.

ULTRASOUND
CATHETER

INTRODUCING
SHEATH

municating with the lumen may not be visible. In the
four lesions in which this pattern was seen, the plaque
still maintained a circular appearance, but the plaque
appeared to be pulled away from its contact with the
media as if a torsional force had been applied. The
plaque appeared to waver with the flow of blood but did
not show evidence of collapsing into the lumen.
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e | UMEN

Type E (E, and E,). The final pattern consists of
either concentric or eccentric atheroma that is
stretched but does not demonstrate any evidence of a
tear in the plaque or a dissection. Type E was divided
into two subgroups. If the atheroma was concentric, it
was designated as Type E, (Figure 6), whereas if the
atheroma was eccentric, then it was categorized as

CALCIFIED
ATHEROMA

TEAR WITH
SEPARATION

FIGURE 3. Ultrasound image (panel A) and composite
(panel B) of Type B morphology. In this pattern, the tear
extends through the depth of the plaque to the media, but
there is no evidence of a dissection behind the plaque, even
though the two ends of the atheroma are separated and were
observed in real time to move apart with each heartbeat.
Calcified plaque is seen around the lumen.

Type E, (Figure 7). In the Type E, lesions, the
eccentricity of the residual lumen was often extreme,
with one border of the lumen consisting of the remain-
ing atheroma-free surface of the artery. Thus, balloon
inflation resulted in stretching the free wall without
tearing the plaque. Type E, was observed in 14 lesions
and Type E, in 11 lesions.
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CALCIFICATION

ATHEROMA

LUMEN

DISSECTION

FIGURE 4. Ultrasound image before percutaneous transluminal coronary angioplasty (PTCA) (panel A), ultrasound image after
PTCA (panel B), and composite (panels C and D) of Type C morphology. In this patient, ultrasound images were obtained at
the same section of the artery both before and after angioplasty. Before angioplasty, the atheroma is eccentric with a small area
of calcification that causes dropout of echoes between 10 and 12 o’clock. The plaque is circumferential without any tears. After
angioplasty, there are two fractures with separation of the plaque as well as a dissection behind the plaque that subtends an arc

of up to 180° around the circumference.

Quantitative Measurements

Table 1 shows the results of the measurements of the
lumen cross-sectional area, the amount of plaque, and
the percent area stenosis occupied by atheroma at the
same section by ultrasound as well as the percent
diameter stenosis by angiography and by ultrasound
compared with the angiographically “normal” proximal

segment for each of the six morphological patterns. Of
74 lesions, eight could not be categorized because of
inadequate images in six lesions or discordance among
observers in two lesions. Compared with a proximal
normal segment, the mean residual diameter stenosis by
angiography was 39.5+15.8%. When the lesion diame-
ters by intravascular ultrasound were compared with the
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FIGURE 5. Ultrasound image (panel A) and composite
(panel B) of Type D morphology. This angiogram after
angioplasty demonstrates a hazy oblique line consistent
with a dissection. The ultrasound image revealed an
extensive dissection plane behind the atheroma.

DISSECTION

TEAR\\~;~3

TEAR = I W PR >
L Al © 7 ;ﬁanADVENﬂﬂA-.__*’
LUMEN
angiographically normal proximal site, the percent di- balloon angioplasty, with a mean of 7.8£2.9 mm? of the
ameter stenosis was calculated as 33.2+17.0%, which available lumen filled with atheroma. This amount of
was not statistically different from the measurement by residual atheroma corresponded to a mean cross-sec-
angiography. In each type of morphological pattern, tional area stenosis by ultrasound of 61.6+15.4% after
there was a large amount of residual atheroma after successful angioplasty. This was significantly greater
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than the 50.6+24.4% area residual stenosis determined
by angiography ( p<0.05). This discrepancy between the
apparent residual stenosis by angiography and intravas-
cular ultrasound imaging is a result of the existence of
atheroma in the angiographically normal segments and
compensatory dilatation. Angiography underestimates
the degree of residual stenosis because angiography
does not visualize the extent of atheroma in the arterial
wall that can be perceived by ultrasound imaging. In the
angiographically normal segments, ultrasound imaging

— MEDIA

ATHEROMA

Honye et al Coronary Angioplasty Morphology 1019

FIGURE 6. Ultrasound image (panel A) and composite (panel
B) of Type E,; morphology. Type E morphology is divided into
two subtypes: concentric (E;) and eccentric (E,) atheroma,
which is stretched but does not demonstrate any evidence of a
fracture in the plaque or a dissection. This ultrasound image
demonstrates a concentric atheroma in a patient who developed
restenosis. Eccentricity index was 0.75 in this plaque.

LUMEN

ADVENTITIA

revealed that the mean atheroma cross-sectional area
was 7.0+4.5 mm?, which occupied 45.2+17.8% of the
available area encompassed within the media. There
was no difference in lumen or atheroma cross-sectional
area among the six patterns by ANOVA.

Evidence of Dissection on Ultrasound Imaging
and Angiography

After balloon angioplasty, one of seven lesions (14%)
in Type A, three of 12 lesions (25%) in Type B, and six
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of 25 (24%) in Type E showed dissection by angiography,
whereas, by definition, there was no evidence of dissec-
tion by intravascular ultrasound in these patterns. Type C
and Type D ultrasound images are defined by the recog-
nition of a partial or extensive dissection, and there was
a closer correlation between ultrasound and angiography
where 13 of the 22 dissections observed on ultrasound
imaging (59%) were also seen by angiography.

The presence or absence of a dissection, regardless of
morphological pattern, is compared with angiography in
Table 2. In the total of 22 dissections documented by
intravascular ultrasound imaging, nine were not demon-

FIGURE 7. Ultrasound image (panel A) and compos-
ite (panel B) of Type E, morphology. The atheroma is
eccentrie without a tear or a dissection. Balloon inflation
resulted in stretching of the free wall with mild enlarge-
ment of the lumen cross-sectional area. A large residual
atheroma remains that encompassed 5.8 mm? or 46.8%
of the available area within the media. Eccentricity
index was 0.16 in this patient.

INTRODUCING
ATHEROMA | SHEATH

strated by angiography, whereas 10 of 23 dissections
documented by angiography were not seen by ultrasound.

Plague Eccentricity

Forty-eight of 66 lesions (73%) showed eccentric
plaque determined by an ultrasound eccentricity index
<0.5. Six of seven lesions (86%) in Type A, all of 12
(100%) in Type B, and 17 of 18 (94%) in Type C showed
eccentric plaque by intravascular ultrasound. The aver-
age plaque eccentricity index in all patients was
0.35+0.27. The mean index in Type E, of 0.75+0.13,
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TABLE 1. Results After Angioplasty

Honye et al Coronary Angioplasty Morphology 1021

Ultrasound

Diameter % Diameter % Area %
Lumen CSA Atheroma stenosis by stenosis by stenosis by
(mm?) (mm?) angiography ultrasound ultrasound
Type A (n=7) 4.0x13 9.1+3.0 454+18.5 42.0+8.8 69.0+11.3
Type B (n=12) 42+1.1 7.5+€2.9 41.7+x14.2 31.7+19.5 62.0+15.0
Type C (n=18) 4114 8.5+24 36.0+17.0 36.0+18.7 67.1%8.5
Type D (n=4) 6.3+2.0 5.4+32 36.4+15.0 29.6+x14.4 421177
Type E, (n=14) 55«24 7.1£29 39.1+x10.3 26.8+16.0 55.1+18.7
Type E; (n=11) 46+1.8 83+2.38 36.9+14.6 30.7+£12.9 63.4+11.8
Mean (n=66) 4.6+1.8 7.8+2.9 39.1+15.8 33.2+17.0 61.6+x15.4

CSA, Cross-sectional area.

indicative of concentric plaque, was significantly greater
than those of the other morphological patterns
(p<0.05, Table 3). Plaque eccentricity measured by
intravascular ultrasound is compared with the angio-
graphic diagnosis of eccentric plaque in Table 4.

Calcification

Moderate to severe plaque calcification (2-3+) was
observed in three of seven lesions (43%) in Type A, 10 of
12 lesions (83%) in Type B, and three of 18 lesions (17%)
in Type C. None of the lesions with Type D or Type E,
morphology had moderate or severe plaque calcification,
but this did not reach statistical significance. In addition,
the presence or absence of calcification appreciated by
angiography was compared with the extent of calcifica-
tion measured on the ultrasound images. Calcification
was seen in only nine of 66 lesions (14%) on angiography
determined by visual inspection on fluoroscopy or the
cine film, whereas most lesions (83%) revealed ultrasonic
characteristics of calcification during intravascular cross-
sectional imaging ( p<0.01). The presence or absence of
calcified plaque as visualized by intravascular ultrasound
is compared with the incidence of plaque fractures in
Table 5. Two thirds of all calcified plaques developed
fractures after balloon angioplasty. If calcification was
not observed by ultrasound, the plaque was three times
less likely to develop a fracture.

Restenosis

Thirteen patients (20%) developed clinical symptoms
of angina within 6 months of the angioplasty and had
angiographic evidence of restenosis (>50% luminal
diameter narrowing). One of the patients had Type A,
one had Type B, two had Type C, and the other nine
showed Type E morphology (seven in E; and two in E,)
immediately after the initial angioplasty (Table 6).
Although just below statistical significance (p=0.053),
Type E, had a 50% incidence of restenosis compared
with a mean rate of restenosis of 12% in the remaining

TABLE 2. Presence of Dissection by Ultrasound Imaging
vs. Angiography

Dissection by ultrasound

Present Absent
Dissection by angiography
Present 13 10
Absent 9 34

morphological groups. In these 13 restenosis patients,
the mean percent diameter stenosis by angiography was
39.6:19.2% after successful PTCA. By intravascular
ultrasound imaging, the mean percent area stenosis
after angiographically successful PTCA was 58.8+9.5%,
with a residual atheroma cross-sectional area of 7.9+2.9
mm? In the group of patients who did not develop
clinical symptom of restenosis, the mean percent diam-
eter stenosis by angiography was 40.2+14.5%, the mean
percent area stenosis by ultrasound was 62.2+16.4%,
and the mean residual atheroma cross-sectional area
was 7.7+2.9 mm?, which are not significantly different
from the group of patients who had restenosis.

Discussion

Morphological Appearance of Atherosclerotic Plaque
After PTCA

This study demonstrates that intravascular ultra-
sound imaging provides high-quality pictures of the
cross-sectional anatomy of coronary arteries after
PTCA. The effects of balloon dilatation on the athero-
sclerotic plaque fit into six morphological patterns
based on the presence and extent of fractures in the
plaque and dissection of the plaque away from the
media. This descriptive system evolved from our expe-
rience with in vitro histological comparisons with ultra-
sound images!” as well as the in vivo clinical series.!s

The predominant effect of balloon dilatation as wit-
nessed in vivo by intravascular ultrasound imaging was a
fracture of the plaque, usually in a radial distribution
with partial or complete extension to the surface of the
media. In addition, there was a variable amount of
dissection of a portion of the atheroma as it was

TABLE 3. Eccentricity of Plaque for Each Ultrasound
Morphological Pattern

Concentric Eccentric
(index=0.5) (index<0.5)
n % n % Index

Type A (n=7) 1 14 6 86 0.27+0.17
Type B (n=12) 0 0 12 100 0.16+0.08
Type C (n=18) 1 6 17 94 0.25+0.12
Type D (n=4) 2 50 2 50 0.49+0.21
Type E, (n=14) 14 100 . 0.75+0.13*
Type E; (n=11) . 11 100 0.16+0.08
Total (n=66) 18 48 Mean 0.35+0.27

p<0.01.

*p<0.01.
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TaBLE 4. Plaque Position: Comparison Between Ultrasound
and Angiography

Ultrasound
Concentric Eccentric
Angiography
Concentric 8 8
Eccentric 10 40
p<0.05.

separated from the media around the circumference of
the base of the plaque for up to 300° of arc. There was
evidence of stretching of some of the sections of ather-
oma, but this mechanism was difficult to confirm except
in cases where images were obtained both before and
after balloon dilatation.

In the ultrasound morphologies where a dissection
was seen (Types C and D), angiography also revealed a
dissection in 13 of 22 (59%) (Table 2). A dissection
might not be visualized by angiography yet might be
seen on the ultrasound images if it does not connect
with the true lumen but represents atheroma that has
been pulled away from the wall. In the 44 lesions where
ultrasound imaging did not show a dissection (Types A,
B, and E), no dissection was seen on the angiogram in
34 (77%). There were 10 cases (23%) where the angio-
gram showed a dissection that was not apparent by
ultrasound imaging. This discrepancy may be attributed
in part to the “stenting effect” of the ultrasound imaging
catheter itself. When the residual lumen is narrow even
after angioplasty and the diameter approximates the
ultrasound imaging catheter, the imaging device may
push the torn plaque against the arterial wall and
obscure the dissection that was observed on angiogra-
phy. In addition, dissections may be obscure on ultra-
sound imaging if they occur behind a heavily calcified
plaque that prevents ultrasound penetration.

Intravascular ultrasound images also provide the oppor-
tunity to measure the cross-sectional area of the lumen
and atheroma directly, provided that the media is ade-
quately visualized so that the plaque can be differentiated
from the surrounding adventitia. As compared with the
impression of the amount of residual obstruction on
angiography after a successful balloon angioplasty, one is
struck by the enormous burden of residual atheroma seen
on the coronary ultrasound images. In this series, the
mean cross-sectional area of atheroma after a clinically
successful balloon angioplasty was 7.8+2.9 mm? (Table 1).
This represented 61.6+15.4% of the available area
bounded by the media. It is interesting to note that there
was no difference between the various morphological
patterns in the mean amount of residual atheroma area.
Our initial hypothesis was that the different morphologies

TABLE 5. Correlation of Presence of Calcium by Ultrasound and
Evidence for Plaque Fracture After Balloon Dilatation

Calcification

Present Absent
Plaque fracture
Present 36 4
Absent 18 12

would correspond to differences in the mass of atheroma
present, but this does not appear to be the case. We
therefore examined other properties of the plaque that
might explain the morphological differences, such as ec-
centricity and calcification.

As documented by ultrasound cross-sectional imag-
ing, the majority (73%) of the lesions were eccentric
(Table 3). Type E, was distinguished by demonstrating a
concentric pattern (mean eccentricity index 0.75+0.13)
that did not have a plaque fracture or dissection by
definition. When intravascular ultrasound was com-
pared with angiography, the two methods corresponded
in 73% of the cases for the description of whether the
plaque was concentric or eccentric (Table 4). In the
eight cases (12%) in which the angiogram showed a
concentric plaque but was eccentric on ultrasound, the
diseased section of the artery revealed significant
plaque by intravascular ultrasound, thus offsetting the
central appearance of the lumen on angiography. Sim-
ilarly, in the 10 cases (15%) in which intravascular
ultrasound demonstrated a concentric plaque but the
angiographic diagnosis was an eccentric plaque, intra-
vascular ultrasound revealed that there was significant
disease throughout the normal-appearing angiogram
that offset the eccentric-appearing angiogram lumen,
which in fact consisted of a more centrally placed
lumen. Thus, the angiographic diagnosis of plaque
position (eccentricity) may be incorrect in 27% of cases,
which could be misleading during coronary angioplasty.

Thirty-seven of the 48 eccentric plaques (77%) de-
veloped a fracture in response to balloon inflation
(Table 3). The exception occurs in Type E, morphology
when the stenosis is extremely eccentric, with a portion
of the residual lumen composed of nondiseased intima
on the free wall of the artery. Balloon dilatation in this
type of morphology results in stretching of the free wall
without evidence of plaque fracture or significant dis-
section. In the patients with concentric lesions, 14 of the
18 (78%) did not develop a fracture in the plaque as a
response to balloon dilatation. This morphological re-
sponse was defined as Type E,. Reports from experi-
mental animal and human autopsy studies demonstrate
that intimal splitting occurs at the thinnest, presumably
weakest, portion of the plaque.+26 Because balloon
dilatation would more likely disrupt the thinner portion
of the plaque in eccentric plaques compared with con-
centric lesions, the concentric stenoses would be less
likely to have a fracture or dissection, as was observed in

TaBLE 6. Incidence of Angiographic Restenosis in Each
Morphological Type

Lesions
n %
14/66 21
Type A 1/7 14
Type B 1/12 8
Type C 2/18 11
Type D 0/4 0
Type E, 7/14 50*
Type E, 2/11 18

p<0.01.

*p=0.053.
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this study. This observation is supported by a patholog-
ical study of plaque morphology after PTCA by Frab et
al!0 that showed that eccentric plaques were more likely
to be successfully dilated than were concentric lesions
because the dilating balloon more effectively disrupts
the relatively weak, disease-free portion of the arterial
wall in eccentric plaques compared with concentric
lesions. To determine what other characteristics from
the ultrasound images might distinguish the groups or
predispose to one of the morphological patterns, an
analysis of the extent of calcification was made.

The recognition of the presence of calcification was
extremely sensitive by intravascular ultrasound imaging
compared with angiography. Whereas calcium was
noted in nine of the arteries (14%) at the level of the
tightest stenosis by angiography, intravascular ultra-
sound demonstrated calcified plaque in 83% of the 66
lesions. In addition, the amount of area involved with a
calcified matrix could be quantified on the ultrasound
images similarly to histological analysis, using a scale of
0-3+ depending on the amount of arc of the plaque
that demonstrated the presence of calcium. The impli-
cation of finding this extensive amount of microcalcifi-
cation in these stenotic segments is that the lesions
would be expected to be more rigid and therefore might
be more likely to fracture in response to the biomechan-
ical stress of balloon dilatation compared with a softer,
noncalcified atheroma, which might stretch but not
crack. Some evidence for this hypothesis may be taken
from the data in Table 5, which compares the presence
of calcification by ultrasound with the incidence of
plaque fracture. Thirty-six of 54 calcified stenoses
(66%) developed plaque fractures after balloon dilata-
tion. An additional 10 calcified plaques were in category
E,, in which the plaque was extremely eccentric, such
that balloon inflation occurs on the edge of the plaque
rather than within the plaque and would not be ex-
pected to result in plaque fracture. Moreover, if calci-
fication was not observed by intravascular ultrasound,
the plaque was three times more likely not to fracture
after balloon dilatation. This observation is corrobo-
rated by the finding that in all of the 14 stenoses that
had concentric plaque without fracture or dissection
(Type E, morphology), there were no or minimal
amounts of calcified matrix.

Mechanism of Successful Balloon Angioplasty

The morphological classification described in this
study provides several clues to understand the mecha-
nism of balloon angioplasty. Previous histological stud-
ies1:2527-29 and the present observations suggest that
balloon dilatation produces a radial force on the plaque
that results in a fracture of the plaque from the lumen
toward the media. If the plaque is split successfully,
then the two ends can separate, which permits the outer
wall to dilate and allows the lumen to enlarge. In this
description of the mechanism of balloon angioplasty, it
is our hypothesis that the variable amount of dissection
observed is not essential for a successful dilatation but
rather occurs as a frequent component to the radial and
torsional forces applied to the plaque from the balloon.
It appears from the real-time ultrasound images that the
plaque acts as a scar that binds the wall of the artery
and inhibits the normal radial pulsation. For the lumen
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to be successfully enlarged, the plaque must be torn to
permit the arterial blood pressure to exert the force
necessary to maintain expansion of the lumen and
external wall. Most of the stenoses in this series (73%)
consisted of eccentric plaques. Of the 18 concentric
plaques, 14 (78%) did not fracture in response to
balloon dilatation. It is unclear whether the inability to
crack these plaques is a result of their concentric
location or of the low amount of calcification, which may
suggest a less rigid (more elastic) plaque.

Previous studies of human necropsy coronary arter-
ies!2 suggest that fracture of the atherosclerotic plaque
is the major mechanism of balloon angioplasty. Plaque
fractures extend from the lumen for variable lengths
into the plaque, and occasional separation of the torn
ends of the intimal plaque can be seen. This description
corresponds to our morphological classification (Type A
and Type B). Waller?® reported that plaque fracture,
intimal atherosclerotic flaps, and localized medial dissec-
tion were the major mechanisms of balloon angioplasty.
The observation of deep intimal fractures with localized
dissection of the underlying media was recognized as
Type C and Type D in the present study. Stretching of
the disease-free wall segment in eccentric plaques is
thought to be an additional mechanism of PTCA. This
histological observation was also found in the intravas-
cular ultrasound morphological pattern designated Type
E,. Diiber et al’ observed necrosis of medial smooth
muscle cells as well as injury to the inner portion of the
arterial wall. Medial necrosis was not evaluated in our
study because intravascular ultrasound cannot make this
distinction. Frab et all® observed that 1) successful
dilatation was more likely to occur in eccentric, fibropul-
taceous plaques than in concentric, fibrous plaques; 2)
mild or no calcification was less successfully dilated; and
3) medial stretching or dissection, or both, was more
often associated with a successful result. They concluded
that plaque morphology may be an important determi-
nant of pathological outcome after PTCA and that
optimal use of balloon angioplasty may be influenced by
observations of plaque morphology by coronary angios-
copy or intravascular ultrasound imaging. Our results
using intravascular ultrasound imaging after balloon an-
gioplasty are consistent with these previous histopatho-
logical morphology studies and extend these findings to
patients in vivo immediately after the intervention.

Methodological Considerations and Limitations of the
Present Study

One important issue in the interpretation of intravas-
cular ultrasound images is how to differentiate a dissec-
tion after angioplasty from the normal echolucent band
of the media. Both the media and dissection planes are
characterized by an echo-free space beneath and cir-
cumferential to the plaque. In human coronary arteries,
however, the thickness of the intact media is usually less
than 0.2 mm,? and in the atherosclerotic segments, the
media is often destroyed or thin especially at the base of
a large calcified plaque.3® Waller?® compared the thick-
ness of the coronary media layer in diseased and
disease-free segments of the coronary artery and found
that the average thickness of the coronary artery media
was thinner in diseased segments (mean 99.4 um) than
in disease-free wall segments in the same vessel (mean
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202.9 pum). In a previous in vitro histological study, these
ultrasound criteria for recognizing a dissection were
accurate in 87% of cases.!® Because of this experience
from pathological studies and the observations of pre-
vious in vitro intravascular ultrasound studies, we define
a dissection plane as an echolucent band >0.3 mm thick
adjacent to the plaque and media. In addition, in
selected cases, one can observe motion of the dissected
plaque wavering with the flow of blood during real-time
imaging. If contrast medium is injected through the
guiding catheter, it is possible to visualize the echo
reflections of the contrast medium as it comes through
the lumen as well as in the dissection plane behind the
plaque. The most accurate means of diagnosing a
dissection by intravascular ultrasound is to image the
artery before as well as after PTCA and compare the
morphology. In cases where this is not performed,
however, the combination of these quantitative and
qualitative criteria is appropriate to differentiate dissec-
tion from media beneath the plaque.

In this study, most of the images were taken only after
balloon angioplasty. Although the ultrasound catheter
has been miniaturized successfully, the device is still
occlusive for most symptomatic stenoses before dilata-
tion. Much effort has been devoted to developing a
smaller catheter to take images before as well as after
coronary balloon angioplasty. To complete the morpho-
logical description of changes in the atherosclerotic
plaque created by balloon dilatation, it is necessary to
take ultrasound images both before and after balloon
dilatation without causing myocardial ischemia. Future
studies will include the development of a perfusion
sheath and a rapid exchange system to facilitate imaging
before balloon dilatation.

Another concern is the ability to designate a single
morphological pattern to an arterial segment after the
destructive influence of balloon dilatation. If multiple
segments of an artery were dilated, then it was possible
to observe different morphological patterns within the
same artery; along the length of a focal lesion, however,
the plaque usually manifested a distinctive pattern. In
any one particular cross-sectional image, a plaque frac-
ture may not be visualized, but as the catheter is slowly
passed back and forth along the dilated segment, the
presence of a plaque fracture is easier to identify.
Similarly, there was no confusion between eccentric and
concentric plaques. Although the plaque might change
its character from the proximal to the distal segment of
the artery, at the level of balloon dilatation, the plaque
could be clearly characterized by the eccentricity index.

One caveat to emphasize is that plaque morphology is
appreciated best when the videotape images are viewed
in real time. The existence of a tear or dissection, as well
as recognition of the normal media, can be missed when
only stop frame images are viewed.

Clinical Implications

Restenosis. One of the potential promises of intravas-
cular ultrasound imaging is the capacity to predict
which patients might develop restenosis. With this con-
cern in mind, the relation between the development of
restenosis and the type of plaque morphology immedi-
ately after balloon angioplasty was compared (Table 6).
This study was not designed primarily as a restenosis

trial with prospective angiographic follow-up in all
patients. Patients were followed for clinical symptoms
and by exercise stress testing, however, and all patients
who developed signs of recurrent ischemia underwent
repeat angiography. The preliminary results suggest
that the occurrence of restenosis after a successful
angioplasty is more likely to develop in patients who
have a Type E, morphology, which is a concentric
plaque without evidence of a tear or dissection of the
plaque. In these cases, balloon dilatation strikes the
atheroma concentrically without creating a plaque frac-
ture and is followed by elastic recoil as well as fibrocel-
lular hyperplasia and eventual restenosis. This observa-
tion is consistent with angiographic studies showing that
some degree of dissection by angiography (which is the
angiographic recognition of plaque fracture) is associ-
ated with a lower probability of restenosis.3!

It was our initial hypothesis that restenosis would be
more likely to occur when the arterial cross-sectional
area after angioplasty is still limited by a large residual
atheroma. When intimal fibrous hyperplasia develops as
a natural response to the arterial trauma of angioplasty,
if a large atheroma mass is present, there is less
cross-sectional area that has to be encompassed before
the lumen area becomes hemodynamically compro-
mised. A second mechanism of restenosis is elastic
recoil. In the patients with a Type E, morphology
(eccentric plaque without a tear), temporary stretching
of the disease-free segment of the arterial wall by
balloon dilatation may occur without disruption of the
plaque. Subsequent elastic recoil would then contribute
to an increased restenosis rate. Although the current
data do not support this initial hypothesis, these data
are still preliminary and require larger numbers of cases
with angiographic and ultrasound follow-up. Neverthe-
less, intravascular ultrasound imaging predicts the like-
lihood of restenosis more accurately than angiography
on the basis of the morphological pattern of a concen-
tric, nonfractured atheroma after balloon angioplasty.

A potential benefit of the ability to describe the
plaque according to the morphological pattern on ultra-
sound imaging is the capacity to choose additional
modes of therapy to reduce the incidence of abrupt
closure and restenosis. If the ultrasound images showed
Type E, morphology or a large amount of residual
atheroma without an adequate lumen area despite
multiple balloon inflations, it might be preferable to
perform another intervention such as atherectomy or
stent implantation. Although future studies need to
confirm this hypothesis, the morphological classification
may help direct interventional strategies after conven-
tional balloon angioplasty.

We conclude that intravascular ultrasound imaging
can be used to evaluate plaque morphology after coro-
nary balloon angioplasty. Not only does this morpho-
logical classification provide insight into the mechanism
of successful balloon angioplasty, it also provides a
descriptive method for comparing the results of future
coronary intervention studies.
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