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kle is known about the elastic behavior of the 
coronary vessel wall directly after percutaneous 
transluminal coronary angioplasty (PTCA). Minimal 
luminal cross-sectional areas of 151 successfully 
dilated lesions were studied in P36 patients during 
balloon inflation and directly after withdrawal of 
the balloon. To circumvent geometric assumptions 
about the shape of the stenosis after PTCA, a 
videodensitometric analysis technique was used for 
the assessment of vascular cross-sectional areas. 
Elastic recoil was defined as the difference between 
balloon cross-sectional area of the largest balloon 
used at the highest pressure and minimal luminal 
cross-sectional area after PTCA. 
cross-sectional area was 5.2 f 1.6 mm* with a 
mean minimal cross-sectional area of 2.6 + 1.4 
mm* immediately after inflation. Qversixing of the 
balloon (balloon artery ratio >1) led to more recoil 
(0.8 f 0.3 vs 0.6 f 6.3 m 
of an elastic phenomenon. 
the 3 main coronary branc 

nterior descending artery 
flex artery 2.3 4~ a.2 mm* and right coronas ar- 
tery 1.9 f 1.5 mm* (p ~6.026). The ~iffere~~o was 
still statistically significant if adjusted for referen 
area. Thus, nearly 50% of the ~~eQretica~~y achie 

ble cross-sectional area (i.e., ~a~~o~n cross-sec- 
tional area) is lost short1 

( 

From the Catheterization Laboratory, Thoraxccnter, Erasmus Univer- 
sity, Rotterdam, The Netherlands. Manuscript received January 4, 
1990; revised manuscript received and accepted June 18, 1990. 

Address for reprints: Patrick W. Serruys, MD, PhD, Catheteriza- 
tion Laboratory, Thoraxcenter, Erasmus University, PO Box 1738, 
3000 DR Rotterdam, The Netherlands. 

ercutaneous transluminal coronary angioplasty 
(PTCA) is increasingly being used as an alterna- 
tive to coronary artery bypass grafting in patients 

acute and chronically obstructed vessels.1,2 Despite 
many publications on the mechanism of this treatment 
modality, little is known about the elastic behavior of 
the vessel wall during and immediately after angio- 
plasty. Castaneda-Zuniga et al3 proposed an arterial pa- 
ralysis model in which overstretching of the vessel wall 
beyond its limits of elasticity was associated with histo- 
pathologic features of smooth muscle cell lysis. Accord- 
ing to Sanborn et aL4 part of the angioplasty mecha- 
nism consists of stretching the vessel wall resulting in a 
fusiform dilatation or localized aneurysm formation. It 
is, however, a common clinical observation that in some 
lesions even the application of an oversized balloon leads 
to a poor angiographic result without a visible intimal 
tear or dissection. This phenomenon may be attributed 
to elastic recoil of the vessel wall after balloon angio- 
plasty. Densitometrically assessed cross-sectional areas 
are independent of geometric assumptions on the shape 
of the stenosis and should theoretically be more reliable 
than geometrically derived cross-sectional areas, espe- 
cially after the disruptive action of balloon angioplasty 
which is known to cause asymmetric enlargement of the 
lumen.5 This study was nndertaken to determine the 
contribution of elastic recoil to the immediate result of 
an angioplasty procedure, with the use of densitometric 
and contour detection analysis techniques. 

PP: The quantitative analysis of the 
stenotic coronary segments was performed with the 
computer-assisted Cardiovascular Angiography Analy- 
sis System (CAAS), which has been described in detail 
elsewhere.6,7 To analyze a coronary arterial segment a 
35-mm tine frame was selected. Electronically, a region 
of interest (512 X 512 pixels) encompassing the arterial 
segment to be analyzed was digitized with a high-fideli- 
ty videocamera. Contours of the arterial segments were 
detected automatically on the basis of the weighted sum 
of first and second derivative functions applied to the 
digitized brightness profile. From these contours the 
vessel diameter functions are determined by computing 
the shortest distance between the left and right contour 
positions (the upper curve in Figure 1). Conversion of 
the diameter measurements of the vessels to absolute 
values was achieved by using the contrast catheter as a 
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scaling device. To this end the contours of a user-de- 
fined portion of the optimally magnified catheter (opti- 
mal magnification factor 24) are detected automati- 
cally and corrected for pincushion distortion caused by 
the image intensifiers. In arteries with a focal obstruc- 
tive lesion and a clearly normal proximal or distal arte- 
rial segment, the choice of the reference region is 
straightforward and simple. However, in cases where 
the proximal or distal part of the arterial segment shows 
combinations of stenotic and ectatic areas, the choice 
may become difficult. To circumvent these problems, 
we implemented a method that is independent on a user 
defined reference region. This technique is denoted 
“interpolated reference diameter measurement.“s The 
principle of this technique is the computer estimation of 
the original vessel diameter at the site of obstruction 
(Figure 1). The white areas in the figure are measures 
for the “atherosclerotic plaque” and are defined by the 
actual luminal contours and the reconstructed reference 
contours. The length of the obstruction site is deter- 
mined from the diameter function on the basis of curva- 
ture analysis and expressed in millimeters. Using the 
reconstructed borders of the vessel wall, the computer 
can calculate a symmetry coefficient for the stenosis: a 
symmetrical lesion having a value of 1 and a severe ec- 

centric lesion having a value of 0. Symmetry is defined 
as the coefficient of the left hand distance between the 
reconstructed and actual vessel contours and the right 
hand distance between reconstructed and actual con- 
tours at the site of obstruction. In this equation the larg- 
est distance between actual and reconstructed contours 
becomes the denominator. The curvature value at the 
obstruction site, as a measure for coronary bending, is 
computed as the average value of all the individual cur- 
vature values along the centerline of the coronary seg- 
ment, with the curvature defined as the first derivative 
of the tangent as it moves along the centerline, which 
for a circle is equal to the reciprocal of the radius. 

Densitometric procedure: Constitution of the rela- 
tion between path length of the x-rays through the ar- 
tery and the brightness value requires a detailed analy- 
sis of the complete x-ray/tine/video chain, including 
the film development process9 For the first part of the 
chain from the x-ray source to the output of the image 
intensifier, Lambert Beer’s law is assumed to be valid 
for the x-ray absorption and certain models for the x- 
ray source and the image intensifier are applied. Sensi- 
tometric transfer functions were assessed from 21 cali- 
brated density frames, which are processed photograph- 
ically simultaneously with the coronary tine film. These 
21 density frames are then exposed homogenously with 
a specially developed sensitometer having the same col- 
or temperature as the output screen of the image inten- 
sifier. 

The contours of a selected arterial segment are de- 
tected as previously described. On each scanline perpen- 

FIGURE 1. angle frame angiograms of a proximal, circumflex 
artery (CX-PROX). Contours and densitometric analysis of the 
severky of the obstruction (Obstr.). The white areas are a 
measure for the “atherosclerotic” plaque and are defined by 
the difference between the actual luminal contours and the 
“interpolated” reference contours. Superimposed on the 
videoimage are the diameter function curves [upper curve) 
and the densitometric area function curve (lower curve) to- 
gether with the “interpolated reference” curves. A, predilata- 
tion (before percutaneous transluminal coronary angioplasty 
[PRE-PTCA]) minimal luminal cross-sectional area is 3.6 
mm*; R, 3.5 mm balloon, filmed at highest inflation pressure; 
C, after dilatation (POST-PTCA), minimal luminal cross-sec- 
tional area is 6.0 mm*. 
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dicular to the centerline a profile of brightness values is 
measured. This profile is transformed into an absorption 
profile by means of the computed transfer functions. 
The background contribution is estimated by an inter- 
polative method and subtraction of this background 
yields the net cross-sectional absorption profile. Integra- 
tion of this function results in a measure for the cross- 
sectional area at the particular scanline. By repeating 
this procedure for each scanline, the cross-sectional area 
function is obtained. The severity of the obstruction can 
thus be expressed in mm*, by comparing the minimal 
area value at the obstruction with the reference value 
obtained after an interpolative approach, which is simi- 
lar to that described earlier for diameter measurements. 

Validation of this densitometric analysis technique 
was done by analyzing tine films of perspex models 
filled with a contrast agent and filmed at 4 kV levels. 
Accuracy was found to be 2.8% and precision 1.8%.‘e 
The densitometrically determined area stenosis, as 
found by other investigators, correlates well with per- 
centage reduction of cross-sectional area measured his- 
tologically in postmortem hearts. 1 I,‘* 

Assessment of elastic recoil: One hundred fifty-one 
successfully dilated segments of 136 patients were ana- 
lyzed. A successful PTCA was defined as a visually as- 
sessed diameter stenosis after PTCA of <50%. Single 
identical views before and after PTCA, and during 
complete expansion of the largest balloon at highest in- 
flation pressure were chosen for densitometric analysis. 
Both polyvinyl chloride and polyethylene balloons were 
used for dilatation depending on the choice of the opera- 
tor. Inflation pressure and duration of inflation were left 
to the discretion of the operator. Mean balloon cross- 
sectional areas were calculated from diameter values, 
assuming a circular cross section at maximal inflation 
pressure. The same x-ray setting in terms of kilovoltage 
and milliamperes was used during the 3 tine recordings. 
To have the segment to be analyzed as perpendicular to 
the incoming x-rays as possible, a view was chosen with 
the coronary artery appearing least foreshortened. The 
same amount of nitrates, either nitroglycerin, 0.1 to 0.3 
mg, or isosorbide dinitrate, 1 to 3 mg, was given intra- 
coronarily before the pm- and postangioplasty tine re 
cordings. This was done to dilate the vessel maximally 
and thus to control the varying influence of vasomotor 
tone on luminal dimensions. Elastic recoil was then cal- 
culated as the difference between the minimal luminal 
cross-sectional area after PTCA and the mean balloon 
cross-sectional area (mm2). A representative analysis, 
with the detected contours, the diameter function curve 
and the densitometric area function curve superimposed 
on the original video image, is shown in Figure I for a 
circumflex lesion. 

RESULTS 
At quantitative analysis 140 (92%) of the dilatations 

were successful using a <50% diameter stenosis after 
PTCA as the success criterion. If in addition a >20% 
improvement in diameter stenosis was required for a 
successful dilatation, 110 (72%) lesions were successful- 
ly dilated using quantitative measurements. The densi- 

Diabetes type 1 

61 (0.40 f 0.28) 75 (0.46 + 0.29) NS 

1 

23 (0.39 f 0.27) 113 (0.44 zk 0.26) NS 

tometric analysis of the 151 segments is listed in Table 
I. Mean age of the 136 patients was 56.8 f 8 years. 
There was no significant change in “interpolated” refer- 
ence area after PTCA: Before PTCA 6.0 f 2.5 mm2, 
after PTCA 6.2 f 2.5 mm2 (difference not significant). 
The minimal luminal cross-sectional area increased 
from 1.1 f 0.9 to 2.8 f 1.4 mm* (p <O.OOl). The mean 
balloon cross-sectional area was 5.2 f 1.6 mm2. Elastic 
recoil was 2.4 f 1.4 mm2. Thus, nearly 50% of the theo- 
retically achievable cross section (i.e., balloon cross-sec- 
tional area) was lost immediately after the last balloon 
deflation. A subset of 16 patients (18 lesions) were angi- 
ographically reexamined 24 hours after PTCA as part 
of a study looking at changes in coronary flow reserve in 
the first 24 hours after balloon dilatation. Minimal lu- 
minal cross-sectional area directly after PTCA in this 
group was 2.0 f 0.8 mm2 and 1.9 It 0.5 at 24 hours 
(difference not significant). 

5alloon oversizing and elastic recoil: For each ste- 
notic lesion the balloon-artery ratio was calculated. A 
ratio >I indicates oversizing of the balloon. The mean 
balloon-artery ratio in this study was 0.95 f 0.18. This 
indicates a conservative balloon handling, considered to 
give optimal dilatation of the stenotic lesion with mini- 
mal residual stenosis and the smallest incidence of coro- 
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TABLE IV Angiographic and Procedural Characteristics and Recoil of 151 Lesions 

Yes 

Lesion length >5.2 mm and <7 mm (recoil) 50 (0.48 f 0.25) 
Calcified lesion (recoil) 22 (0.43 f 0.29) 
Symmetry (0.37 (recoil) 51(0.48 f 0.33) 
Plaque area <4.5 mm2 (recoil) 50 (0.53 f 0.33) 
Curvature <12.5 units (recoil) 51(0.53 f 0.34) 
Max. infl. pres. (8 atm (recoil) 49 (0.46 f 0.24) 
Inflation duration <220 seconds (recoil) 50 (0.47 f 0.30) 

Recoil corrected for reference area. See text for description of cutoff points. 
Max. infl. pres. = maximal inflatnn pressure of the balloon; NS = difference not significant. 

No p Value 

101 (0.43 f 0.33) NS 
129 (0.45 * 0.45) NS 
100 (0.41 f 0.30) p = 0.07 
101 (0.41 zk 0.27) p (0.01 
100 (0.43 f 0.31) p <O.Ol 
102 (0.46 f 0.35) NS 
101 (0.44 f 0.29) NS 

Mean 

6.4f 2.4mm 

0.5 f 0.3 
6.8 f 3.9 mm2 

17.7 f 10.4 
9.6 f 2.5 atm 

309 4 170 seconds 

TABLE V Recoil in the Three Main Coronary Arteries 

LAD LC Right 
(n = 77) (n =34) (n=40) ANOVA 

Balloon CSA (mma) 5.2zkl.7 5.5zt1.5 4.9f1.4 NS 
MLCAafterPTCA(mme) 2.5f1.3 3.1f1.2 3.0f1.7 NS 
Recoil (mm3 2.7f1.3 2.3zk1.2 1.9zkl1.5 p<O.O25 
Recoil/reference area 0.5f0.3 0.4f0.2 0.3zbO.3 pCO.05 

ANOVA = analysis of variance; CSA = cross-sectional area; LAD = left anterior 
descending artery; LC = left circumflex artery; MLCA = minimal luminal CTOSS- 
sectional area; NS = difference not significant. 

nary dissection.13J4 Lesions with a ratio >l (oversizing) 
were compared with lesions with a ratio Il. The com- 
parative data are listed in Table II. No difference was 
found in balloon diameter between the groups. As ex- 
pected, reference diameter was higher in the group with 
a ratio II. Elastic recoil was more pronounced in the 
second group (0.84 f 0.29 vs 0.64 f 0.30 mm, p 
<O.OOl). Thus, oversizing of the balloon leads to more 
elastic recoil. These results agree with elastic phenome- 
na: more stretch leads to more recoil (within limits of 
elasticity). 

Clinical characteristics and recoil: Clinical charac- 
teristics and risk factors of the 136 patients are listed in 

Table III. No differences in elastic recoil were observed 
for gender, the presence or absence of risk factors and 
the presence or absence of unstable angina. 

Quantitative angiographic lesion characteristics 
and recoil: Quantitative data on lesion morphology be- 
fore angioplasty are listed in Table IV. To avoid arbi- 
trary subdivision of data, cutoff criteria for lesion 
length, symmetry, plaque area and curvature value were 
derived by dividing the data in 3 groups so that each 
group contained about one-third of the population. The 
group with the highest amount of recoil was then com- 
pared with the 2 other groups. Lesions with a small 
plaque area and lesions with a shallow curvature 
showed significantly more recoil (Table IV). 

Procedural related variables and recoil: Table IV 
lists the total inflation duration and maximal balloon 
inflation pressure in relation to elastic recoil. No differ- 
ences in elastic recoil were observed. 

Recoil in the three main coronary arteries: The 
amount of recoil was calculated in the left anterior de- 
scending artery (n = 77), the circumflex artery (n = 
34) and in the right coronary artery (n = 40). Data are 
listed in Table V. The amount of recoil was significantly 
larger in the left anterior descending artery compared 
with the circumflex and right coronary arteries, 2.7, 2.3 
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and 1.9 mm*, respectively (p <0.025). When normal- 
ized for reference area the difference was still statisti- 
cally significant. 

DISCUSSION 
Vasoconstriction at the dilatation site is a common 

cause of early luminal narrowing. As has been shown 
elegantly by Fischell et all5 this can be rapidly reversed 
by an intracoronary injection of nitrates. Because we 
gave intracoronary nitrates before the pre- and post- 
PTCA tine runs, it seems unlikely that the amount of 
recoil observed was caused by vasomotion. In Figure 2 
the difference between the reference area before and af- 
ter PTCA is plotted against the amount of recoil for 
each site. The values are randomly distributed around 
the mean value of 0.2 mm2, suggesting the absence of 
vasoconstriction at the post-PTCA film, 

Platelet deposition, and the formation of a nonocclu- 
sive mural thrombus despite full heparinization, is not 
an uncommon finding in postmortem hearts obtained 
from patients who die in the first hours after angio- 
plasty.t6 This has also been confirmed by angioscopy 15 
to 30 minutes after PTCA.17 However, our post-PTCA 
angiograms were recorded within minutes of the last di- 
latation. Although we cannot rule out the possibility 
that mural thrombus formation is partly responsible for 
the observed phenomenon, we believe it cannot explain 
the 50% decrease in luminal area found. Subintimal 
hemorrhage is also a cause of severe early luminal nar- 
rowing or acute closure, a process which is usually im- 
possible to reverse and nearly always results in a failed 
PTCA. In this study only successfully dilated lesions 
were analyzed. 

The mean balloon cross-sectional area was derived 
over the total length of the balloon and compared with 
the minimal luminal cross-sectional area measured im- 
mediately after PTCA. In this study, recoil of the part 
of the dilated segment adjacent to this area was not spe- 
cifically studied. We assumed a uniform expansion of 
the balloon at maximal inflation pressure. Theoretically, 
recoil should be assessed using the minimal luminal bal- 
loon cross-sectional area. 

The 18 lesions restudied 24 hours after PTCA 
showed no difference in minimal luminal cross-sectional 
area with respect to the cross-sectional area directly af- 
ter PTCA. This suggests that elastic recoil is an instan- 
taneous phenomenon. This finding does not agree with 
the findings of Nobuyoshi et al,‘* who found a signifi- 
cant deterioration of minimal luminal diameter 1 day 
after PTCA. However, the small size of this subgroup 
may not be representative of the total population. A 
trend toward more recoil was observed in asymmetric 
lesions. In these lesions the balloon will preferrably 
stretch the nondiseased part of the vessel circumference 
with a subsequent larger elastic recoil.19 The fact that a 
small plaque area and a low curvature value are attend- 
ed with a significant higher amount of elastic recoil may 
be due to the fact that dissections have been found most 
often in areas containing thick atherosclerotic plaques 
and lesions with a high bending.20,21 Gross disruption of 

the vessel wall may prevent the recoil phenomenon. Pro- 
cedural variables had no influence on the amount of re- 
coil. Longer inflations and higher inflation pressures are 
often used after an initially poor angioplasty result. 
Only a randomized trial can indicate to what extend 
procedural factors influence procedural outcome. 

Jain et a122 found, using an in vivo technique for ob- 
taining balloon pressure-volume loops, a pattern consis- 
tent with stretching of the arterial wall in 56% of le- 
sions. A pressure-volume loop consistent with stretching 
of the vessel was a far more common event than a 
cracking pattern (17%). Stretching within limits of elas- 
ticity implies its counterpart elastic recoil. More stretch- 
ing should lead to more recoil. In our series, oversizing 
of the balloon (i.e., a balloon-artery ratio >l) was asso- 
ciated with more recoil, indicative of the elastic phe- 
nomenon. Dobrin described pressure radius curves of 
potassium cyanide-poisoned carotid arteries of mongrel 
dogs. At low pressures, the vessel exhibited large 
changes in radius with each step in pressure, whereas at 
high pressure it showed very slight changes in radius. 
The curve described an elastic hysteresis loop, with the 
ascending and descending limb close to each other at all 
pressures, suggesting no active muscle contraction in- 
volvement in the retraction process.23 

The differences in elastic recoil observed in the 3 
coronary arteries cannot be easily be explained. Differ- 
ences in histologic structure or differences in plaque 
composition in the coronary arteries might be an expla- 
nation. To our knowledge these differences have not 
been reported. 
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