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The mechanisms of immediate and late changes after In the PTCA grou 
percutaneous transluminal coronary angiopiasty (PTCA) (p eO.05) in the esions showing wall fracture or dis- P 

, this last mechanism was prevalent 

and directional coronary atherectomy (DCA) were section after treatment and in the lesions with a mixed 
assessed b serial ultrasound ima ing in 18 patients or calcific composition. In the PTCA group, concentric 
treated wi ttl PTCA and 16 trea tecf with DCA before, lesions showed a greater plaque compression than 
immediately after, and 6 months after coronary inter- eccentric lesions ( 4.02). Plaque increase was respon- 
ventions. A reduction in plaque area was the main sible for 92% an s 32% of the late lumen loss after DCA 
operative mechanism of DCA, explaining 66% of lumen and after PTCA, respectively (p 4.05). In PTCA 

tr 
tie&, 

enlargement. In the PTCA group, the increase in lumen a chronic reduction in total vessel area was e main 
area was the result of a more balanced combination operative mechanism of lumen reduction (67%) and 
of plaque reduction (52% of lumen increase) and in- was prevalent in lesions with a mixed or calcific compo- 
crease in total lumen area (48%); p 4.05 versus DCA. sition (p 4.05). (Am J Cardiol 1995;75:772-777) 

I ntracoronary ultrasound has the unique advantage of 
measuring lumen, plaque, and total vascular area at 

the site of a coronary stenosis before and after inter- 
ventional procedures. Recent studies have examined the 
mechanisms of acute lumen gain after various coronary 
interventions’” and correlated acute results and com- 
plications with lesion corn osition and characteristics 
assessed with ultrasound.s- f . Llmited data are available 
concerning the mechanisms of long-term changes. In this 
study, serial ultrasound examinations performed before, 
immediately after, and late after percutaneous translu- 
minal coronary angioplasty (PTCA) and directional coro- 
nary atherectomy (DCA) were used to establish the 
mechanisms of acute lumen gain and late lumen loss 
after these 2 interventions. Further, lesion composition 
before interventions and presence and extent of wall dis- 
ruption after interventions were correlated with the 
mechanisms of acute lumen enlargement and late lumen 
reduction. 
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METHODS 
Patients: From November 1992 to December 1993,36 

patients treated with PTCA and 26 patients treated with 
DCA were considered for this study. All patients had an 
angiographically successful result (~50% residual diam- 
eter stenosis) and no in-hospital complications, and were 
selected based on the availability of complete measure- 
ments of the target stenosis at least after interventions. 
The application of other modalities of treatment (laser 
ablation, rotational atherectomy, stent implantation) was 
considered as exclusion criteria. Informed consent for a 
follow-up angiographic examination, including an intra- 
vascular ultrasound study, was obtained in 21 patients in 
the PTCA group and in I8 patients in the DCA group. 
Five of these patients (3 in the PTCA and 2 in the DCA 
group) were excluded from further analysis because a 
new interventional treatment was required within 4 weeks 
(n = 3) from the initial study or because of an insufficient 
quality of the follow-up ultrasound study (n = 2). 

Angioplasty and atherectomy procedures were per- 
formed under angiographic guidance. The atherectomy 
catheter (Devices for Vascular Interventions, Redwood 
City, California) with a 7Fr diameter was used in I3 of 
16 patients (81%) and with a 6Fr diameter in 3 of 16 
patients (19%). Additional balloon dilatation was per- 
formed after atherectomy in 3 of 16 patients (19%). 

Angiographic assessment: Multiple mat&cd views of 
the artery under treatment were obtained before vessel 
instrumentation and at the end of the PTCA/DCA pro- 
cedure. The same projections were repeated during the 
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follow-up study. An intracoronary bolus of isosorbide 
dinitrate (2 to 3 mg) was injected immediately before 
angiography. The guiding catheter was used for calibra- 
tion. Quantitative angiography was performed using a 
previously described computer-assisted automatic quan- 
titative analysis system (CAAS, Pie Data, Maastricht, 
The Netherlands).’ 

Ullrasaund procedure: A 4.3Fr (diameter 1.46 mm) 
or, in the last 32 examinations, a 2.9Fr (diameter 0.96 
mm) mechanical ultrasound catheter operating at 30 
MHz was used for examination (CVIS, Sunnyvale, Cal- 
ifornia). Intracoronary nitrates were repeated immedi- 
ately before catheter insertion; the imaging probe was 
introduced distal to the target stenosis and, after opti- 
mization of the machine setting, a slow manual contin- 
uous pullback was begun to obtain an initial assessment 
of the lesion to bc treated. When possible (10 patients 
before and 24 patients immediately after intervention, 
and 32 patients at follow-up), a second pullback was per- 
formed with a motorized pullback device set at a con- 
stant speed of 1.0 mm/s. 

Uhrasaund analysis: Qualitative and quantitative pa- 
rameters and measurements were defined from the con- 
sensus of 22 expcricnced observers. 

QUALITATIVE PARAMETERS: COMPOSITION BEFORE IN- 
TERVEIWON: Based on a previous comparative study 
with histologyX and on a previously proposed classifica- 
tion,9 3 types of plaque components were distinguished 
according to their echogenic properties. Poorly echore- 
flective (“soft”) plaque tissue was distinguished from 
highly cchorcflective (“hard”) tissue by comparing the 
echogenic characteristics of the plaque with the bright 
adventitial layer (hard tissue, equal or higher than the 
adventitia; soft tissue, lower). The presence of acoustic 
shadowing or duplicate echoes (reverberations), or both, 
was used lo detect the occurrence of calcific degenera- 
tion. Based on the integrated information acquired during 
the pullback maneuver, the target stenosis was classified 
as homogeneous or mixed according to the prevalence 
of 1 plaque component or of a more balanced distribu- 
tion of hard tissue, soft tissue, and calcium. 

PI.AQUE DISRUPTION AFI-ER INTERVENTION: PhqUC 
fracture or dissection was identified based on the pres- 
ence of a communication between true lumen and neo- 
lumen. The presence of blood spccklcs inside the nco- 
formed lumen and the effect of vigorous flushing with 
contrast medium or saline solution, or both, were used 
to distinguish artifacts from true wall disruptions. 

Quantitalive parameters: Minimal and maximal wall 
thicknesses were defined in the preintervention image 
(not necessarily along the same diameter). A symmetry 
ratio was calculated as the ratio between minimal and 
maximal wall thickness (1 equal concentric plaque, <I 
indicates increasing eccentricity). The maximal arc of 
calcium in the stenotic segment was measured in de- 
grees. The boundary between lumen and intima (leading 
edge) was used to deEne the lumen arca of the target 
stenosis. When the uhrasound probe was wedged in the 
stenosis (mainly before interventions), a cross-sectional 
area of 1.61 or 0.72 mm2 (area of the 4.3Fr or the 2.9Fr 
ultrasound probe, respectively) was arbitrarily attributed 
to the stenosis. The total vessel area was defined as the 

area inside the interface between plaque-media complex 
and adventitia (area inside the external elastic membrane). 
Plaque area was deEned as the difference between total 
vessel arca and lumen area (Figure 1). A correct match- 
ing of images of the treated segment before and after 
interventions was performed based on the relation to 
Exed anatomic landmarks (side-branches, deep calciE- 
cations). When a motorized pullback was performed, the 
time interval between origin of a side-branch and cross- 
section with the smallest lumen arca examined before 
intervention was used to repeat the measurements at the 
same level after intervention and at follow-up. When this 
method was not applicable, a careful simultaneous re- 
view of the 3 videotapes was performed to identify a 
cross-section in the lesion characterized by a permanent 
landmark, such as deep calcification or origin of a side- 
branch (Figure 1). The same measurements wcrc rcpeat- 
cd for a rcfcrcncc cross-section proximal to the treated 
segment, matched before and after intervention and at 
follow-up using the same criteria indicated for the tar- 
get stenosis. Inter- and intraobserver variability for re- 
peated mcasuremcnts has been previously reported.“’ 

Statistical analysis: All continuous variables are ex- 
pressed as mean f SD. A chi-square test was used to 
compare differences among qualitative variables. A 2- 
tailed Student’s t test for unpaired data was performed 
to test differences in the parameters defining mechanism 
of acute intervention and restenosis according to type of 
intervention performed (PTCA or DCA), prcinterven- 
tion plaque composition, and presence of fracture/dis- 
section after intervention. Regression analysis was used 
to assess the correlation between quantitative ultrasonic 

FIGURE 1. Left pane/s, cross- se&ml ullrasound images of the 
target stenosis In 0 left anterior descending coronary artery im- 
medii after percutuneous tronsluminal c~anary argiqhty 
(PTCA) and at 6-month fdlow-up. Right panels, same images 
after manual tracking of lumen (LA) and total @A) areas. The 
lumen areQ corresponds to the bkxk centra/ area; he total area 
is contoured in wk. Note thot the relativety large lumen after 
PTCA (6.4 mm2) decreases to an area ual to the catheter (1.6 
mm? 6 months after PICA as o result 3 a moderate vessef 
wall recoil (total area, 30.3 to 27.3 mm2) and intimol hyperpla- 
sia (plaque area [PAI incr-, 23.9 to 25.7 mm2). 
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measurements and immediate and follow-up changes the PTCA group a more balanced distribution of the 3 
after intervention. major coronary arteries was present (p <O.OS). 

RESULTS 
Patients treated with DCA and PTCA did not dif‘er 

in age (55 + 10 years DCA, 57 f 9 years PTCA, p = 
NS), sex (89% and 87% men in the DCA and PTCA 
groups, respectively, p = NS), clinical syndrome at the 
time of intervention (unstable angina was present in SO% 
of the patients in both groups), and previous interven- 
tional treatment at the stenosis site (25% for the DCA 
and 50% for the PTCA group, p = NS). In the DCA 
group, the treated vessel was the left anterior descend- 
ing coronary artery (75%) in most patients, whereas in 

Angiogmphic and ultrasonic characteristics before in- 
terventions: Quantitative angiography showed a similar 
minimal luminal diameter in the 2 groups (1.01 + 0.37 
mm in the PTCA group vs 1.20 f 0.43 mm in the DCA 
group, p = NS). The reference diameter was significant- 
ly larger in the DCA than in the PICA group (3.46 f 
0.31 mm vs 2.81 f 0.66 mm, respectively, p <0.002). 

The target stenosis could bc studied with ultrasound 
in 15 of 18 patients in the PTCA group (83%) and in 14 
of 16 patients in the DCA group (88%). Qualitative char- 
acteristics of the 5 patients in whom catheter insertion was 
not possible before treatment wcrc assumed based on the 

A MECHANISM OF ACUTE LUMEN GAIN 
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ultrasonic images obtained after PICA 
or after the first passage of the ather- 
ectomy cathctcr. Qualitative and quanti- 
tative ultrasonic characteristics are listed 
in Table I for the 2 groups. A similar 
lesion composition was observed in the 
2 groups, with more than half of the sten- 
otic plaques predominantly composed of 
material with low echorekctivity. De- 
posits of calcium were observed in 14 of 
18 PTCA lesions (78%) and in 10 of 16 
DCA lesions (63%) (p = NS), with a 
subendothelial location in 10 of 24 cal- 
cific lesions (42%) and a total arc of cal- 
cium of 52 f 31 degrees, without signif- 
icant differences between PTCA and 
DCA groups. 
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FIGURE 2. A, lumen (IA), totol (EEM-A), ond plaque (PA) orea changes before 
and okr interventions. Note the significontiy larger increase in lumen oreo after 
directional coronary otherectomy @CA) than after percutaneous tronsluminol 
coronovy ongioplosty (PICA), obtuined chiefly through o reduction in ploque 
area. 13, ot follow-up, note thot o similar lumen loss wos observed in the PICA 
ond DCA groups, with o dint tive mechanism (significantly larger 
decrease in total area in rhe PTCA r- on In ih DCA group). 

Intracoronary ultrasound continned 
that the reference area was larger in the 
DCA group. with the presence of a large 
plaque burden in both groups (area sten- 
osis = 46% and 45% in the PTCA and 
DCA groups, respectively, Table I). The 
ultrasound probe was wedged in the le- 
sion in 23 of 29 patients (79%). Plaque 
area, external elastic membrane area, and 
percent cross-sectional area stenosis of 
the lesion to be treated were also simi- 
lar in the 2 groups. The DCA group 
showed a trend toward a higher lesion 
eccentricity (eccentricity index, 0.43 + 
0.25 in the DCA group vs 0.46 f 0.26 
in the PTCA group, p = NS). 

Angiographic and ultrasonic changes 
immediotdy afler interventions: Quantita- 
tive angiography showed a smaller min- 
imal lumen diameter after PTCA than 
after DCA (2.04 + 0.56 mm vs 2.79 f 
0.56 mm, respectively, p cO.05) corre- 
sponding to a residual diameter stenosis 
of 31 f 14% and 22 f 12%, p = NS. A 
National Heart, Lung, and Blood Insti- 
tute Registry class B or C angiographic 
dissection was present in 5 of 1X patients 
in the PTCA group (28%) and in 2 of 16 
in the DCA group (13%); p ~0.05. 

Complete ultrasonic measurements 
after interventions (inclusion criteria in 
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this study) were obtained in all patients. Fracture or dis- 
section, or both, were observed with intracoronary ultra- 
sound in 12 of 18 patients (67%) in the FTCA group and 
in 3 of 16 patients (19%) in the DCA group (p <O.OS). 
Figure 2A shows the dilferences in lumen, plaque, and 
total vessel areas before and after intervention in the 29 
patients for whom matched measurements were avail- 
able. The increase in lumen area measured with intra- 
coronary ultrasound was signiticantly greater in the DCA 
group than in the PTCA group (p <&OS). A significant 
increase in total vessel area was observed in both groups, 
accounting for 48% of the lumen change in the PICA 
group and for 34% in the DCA group (p = NS). Con- 
versely, the plaque reduction after intervention was larg- 
er in the DCA than in the PI’CA group (66% of the 
lumen increase in the DCA group and 52% in the PICA 
group, p ~0.01). No correlation was observed between 
lesion composition before intervention and parameters 
defining the. mechanism of the intervention when the 

- 

TABLE I Results of the Ultrasound Examination Before Intervention 

PTCA DCA 
Variables (n = 18’) (n = 16) 

Lesion composition 
soft 10 8 
Mixed/calcific 8 8 
Calcium deposits 14 10 
Subendotheliol calcium 4 6 
Arc of calcium 48.6 -t 30 66 * 36 

(degrees) 
ICUS ref. lumen area* 8.9 zt 2.4 10.2 f 2.4 
ICUS ref. EEM area 17.5 i 5.8 19.5 5 5.8 
ICUS ref. plaque ore0 8.6 ct A.7 9.2 zt 5.2 
ICUS ref. %AS 46* 14 A5 i 14 
ICUS stenosis lumen areat 1.7 f 0.2 1.7 zt 0.4 
ICUS stenosis EEM area 16.4 * A.5 17.0 * 3.8 
ICUS stenosis plaque area 14.7 zt A.6 15.3 * 3.8 
ICUS stenosis %AS 89 2 A 89 zt 3 
Max. plaque thickness [mm) 2.1 * 0.4 2.3 t 0.4 
Min. plaque thickness [mm) 0.9 * 0.5 0.9 f 0.5 
Symmetry ratio 0.46 zt 0.26 0.43 f 0.25 

‘Quontitofive ultrasonic measurements refer only to 15 and I A patients 
studied before percutaneous transluminol coronary ongioplasty and direr- 
tional coronary otherectomy, respectively. 

‘When the ultrasound transducer WQS wedged in the lesson. the lumen 
cwso WOI assumed equal to 1.61/O 72 mm’ (cross-sectional oreo of 4.3Fr 
and 2.9Fr probes. respectively]. 

%AS = percent area stenosis; KA = directional coronary otherectomy; 
EEM P external elastic membrane, ICUS = introcoronary uhrosound; 
Max. = maximal; Min. = minimal; PTCA = percutaneous tronsluminal core 
nary angioplasty; ref. = reference segment. 

entire population studied was considered. Tn the DCA 
group, the lesion with a composition that was predomi- 
nantly soft achieved a larger increase in lumen area and 
external elastic membrane area and a larger decrease in 
plaque area (Figure 3. top). In contrast, in the PICA 
group, the group with calcific or mixed lesions showed 
a larger increase in lumen area, with a ditkrent mccha- 
nism in soft and mixed calcific lesions (Figure 3, bot- 
tom). In the group with soft lesions, a decrease in plaque 
area was the main operative mechanism of PICA, 
whereas in the group with calcific lesions the increase 
in total vessel area was prevalent and almost double that 
in the soft lesion group (Figure 3, bottom). None of these 
differences, however, was statistically significant. In the 
PICA group, the presence of fracture/dissection was 
associated with a bigger increase in lumen area (p = NS) 
and with a signilicant, almost threefold, increase in total 
vessel arca compared to the group without dissection 
(Figure 4). Lesion eccentricity was not significantly cor- 
related with the increase in lumen area in both groups. 
In the PTCA group, a significant inverse correlation was 
observed between plaque symmetry ratio and plaque 
area reduction after intervention (r = -0.63; p ~0.02). 

Angiographk and ultrasonic characteristics at follow- 
up: The interval between intervention and angiographic 
ultrasonic follow-up study was 6.3 + 1.7 months in the 
PTCA group and 6.8 k 2.0 months in the DCA group 
(p = NS). Recurrence of angina was observed in 7 of 18 
PTCA patients (39%) and in 4 of 16 DCA patients (25%) 
(p = NS). Quantitative angiography showed a reduction 
in lumen diameter to 1.49 f 0.43 mm in the FTCA group 
and 1.66 51 0.61 mm in the DCA group, corresponding 
to a percent diameter stenosis of 45 + 11% and SO k 
l7’%, respectively (p = NS). 



ACUTE LUMEN GAIN: PTCA 
of the vessel. Lesion composition showed 
no correlation with the parameters defin- 

FRACTURE/DISSECTION ing the late changes after intervention in 
the overall population and in patients 
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4.20 

5.12 
treated with DCA. In the RCA group, 
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however, patients with calcific or mixed 

3.07 
lesions showed a trend toward a larger 

5 reduction in lumen area and a significant 
decrease in total vessel area (Figure 5). 
Lesion eccentricity and presence of wall 

ag 1 
dissection or fracture immediately after 
interventions did not show a significant 
correlation with the follow-up changes. 

-3 DISCUSSION 

t 

Mechanisms of acute lumen enlarge- 
-2.05 

-2.94 k1.7.3 
ment: Compression of soft components of 

-7 k1.74 atherosclerotic plaques was considered 
by the pioneers of balloon angioplasty as 
the operative mechanism of lumen en- 
largement during balloon angioplasty.“~‘* 
In vitro studies and postmortem exami- 

FIGURE 4. lumen (LA), total (EEM-A), and plaque (PA) area changes before and nations have shown that in most cases bal- 
after percutaneous transluminal corona 
and without echographically visible wal 7 

angioplasty (PTCA) in arteries with 
fracture and/or dissection. Note the 

loon angioplasty is associated with the 

larger lumen area increase in the group with dissection, mainly explained by presence of deep tears and dissections 
vessel stretching (p <0.05). Cross-hatched bars, without dissection; doffed bars, involving the vascular media.‘“-Is Intra- 
with dissection. coronary ultrasound has confirmed in 

vivo the presence of extensive wall dis- 
ruption which is underestimated with an- 

LATE LUMEN LOSS: PTCA 
giography.‘-5 A recent study by Botas et 
alI6 demonstrated an increased distensi- 

PLAQUE COMPOSITION bility of the stenotic segment after balloon 
dilatation, suggesting that after plaque 

With intracoronary ultrasound, a similar decrease in In the DCA group, an increase in plaque area was by far 
lumen area was observed in the 2 groups (Figure 2B). the predominant mechanism of the lumen area changes 
A significant difference, however, was observed in the at follow-up (92%). In the PTCA group, 67% of the 
changes in total vessel and plaque areas (both p <O.OS). lumen area decrease at follow-up was induced by a 

reduction in the total cross-sectional area 
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splitting the media-adventitia complex is 
released from the cicatrizing effect of the 
indistensible plaque, with a restoration of 
the normal passive distension in response 
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to the intraluminal pressure. 
Our study confirms that more than half 

of the lumen increase after RCA is de- 
termined by an expansion of the total ves- 
sel area. Other studies with intravascular 
ultrasound have concluded that lumen en- 
largement is almost entirely dependent on 
an expansion of the total Vessel cross-sec- 
tional area.‘.” The partial conflict of these 
studies with our results and with the re- 
sults of other more recent studies*,‘,‘s can 
be explained by the absence of a prein- 
tervention study,’ by the difierent type of 
vessel studied (peripheral arteries),t7 or by 
the more frequent presence of easily com- 

FIGURE 5. lumen (LA), total (EEM-A), and plaque (PA) area changes imrnediate- 
pressible thrombotic material in our pa- 

ly after percutaneous transluminal corona angioplasty (PICA) to follow-u 
xed & 

tient population (50% of the patients treat- 
examinotion. patients have been distingurs according to predominant 
composition. Note the significantly larger decrease in total area in the group 

w 
ed for unstable angina). 

Our study confirms that plaque abla- 
with mixed/cakific lesions [dotted bars]. cross-fra&red bars, soft lesions. tion is the main operative mechanism of 
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DCA, with a significant difference with PTCA.‘-’ One 
third of lumen enlargement, however, is explained by 
vessel expansion, confirming the discrepancy observed 
in previous angiographic studies between lumen en- 
largement and mass of retrieved tissueI and the signif- 
icant Dotter effect induced by the insertion of the 
atherectomy probe. 20The larger lumen increase obtained 
after DCA in soft plaques is in accordance with prcvi- 
ous studies’ 1.21 and is explained by the limited efficacy 
of the current instrumentation in ablating calcified plaque 
material. 

Mechanisms of restenosis: Animal mod& of response 
to balloon injury and the histologic evidence of synthetic 
cells infiltrating the treated segment after FTCA have 
suggested that intimal hyperplasia is the main causative 
mechanism of restenosis. Intracoronary ultrasound, allow- 
ing a direct measurement in vivo in humans of the lumen- 
plaque changes late after coronary interventions, has rev- 
olutionized this view. The pioneering experience of 
Mintz et a122 has demonstrated that a reduction in total 
vascular area accounts for more than % of the late lumen 
loss after interventions. Their observations have been 
confirmed by other intracoronary ultrasound studies and 
by experimental research. 23 Our study confirms a key 
role of chronic wall recoil in the rcstenosis process after 
FTCA. Obliteration of the deep tears and dissections 
observed at follow-up suggests a collapse of the vessel 
wall due to the interposition of the indistensible plaque 
between lumen and more elastic components of the 
external wall or a scarring response of the vessel wall 
after plaque disruption. Therefore, restenosis after PTCA 
may occur despite a minimal or moderate intimal hypcr- 
plastic response. The more powerful hyperplastic re- 
sponse observed after DCA is possibly the consequence 
of the diffuse wall injury induced by multiple atherec- 
tomy cuts, confirmed by the direct observation with intra- 
coronary ultrasound and angioscopy. These differences 
in the mechanism of restenosis between YTCA and DCA 
may justify a diRerent strategy of restcnosis prevention, 
focused on a mechanical prevention of late recoil after 
PTCA and a treatment of the hyperplastic reaction after 
DCA. 

Study limitations: Performing serial measurements 01 
the same arterial cross-section during repeated ultrason- 
ic examinations separated by a time interval of 6 months 
is a challenge for current methods of acquisition and 
analysis of intracoronary ultrasound. The use of a per- 
manent landmark at the site of the lesion or at a distance 
precisely delined by the time interval during a motorized 
pullback can minimize, but not eliminate, errors and 
inaccuracies, and is too cumbersome to be used for on- 
line comparison. Three-dimensional reconstruction of 
sequential cross-sectional images obtained during a 
motorized pullback greatly improves the possibility of 
an immediate and reproducible assessment of the same 
position within the stenosis before and after intcrven- 
tions.24 Further, the assessment of plaque volume 
changes allows the identification of an axial redistribu- 
tion of the plaque. 
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