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Obgectives. The popose of this study was to evalvate the
Whthmhlmmnﬂmﬂhymmm—

SOronary dary to a change in
hlon(m-ll)dlleulbllm
Backgroud, Despite the widespread use of coronary angio-
plasty, the precise mechanion {ar mechanisms) of lumen area
improvement remains poorly understood.
Metkods. Quantitative corenary g was wed o
mepsure the minireal (eontrnst agent Blied) balloon dlsmeders o ¢
1o § atm, Inelusive, during the Brst and final balioon inflatiens in
34 leslons successfully treated with covonary To rule

1% at (, 2, 3, 4 snd 5 atm, respectively, all p < 0.0091),
demonsirating an increase iu arteria) distensibiljly after snosessiul
coronary sngiopiasty. No sigeificant changes in batloon diameters
were observed durimg sequential inltial inflaticns et 1 2ud 2 atm
(n = 5} Minimal incresses In balloon dismeters were observed
during repeated bel i i the ex vi dies (4.9 1%
[mean + SEM]). A distensibllity index, devived from the intra-
vascular ultvasound date, was not different between the halloon-
dlilated and the normal sspwents bt wes significantly lower in
mildly diseased sites (1.7 = 2.2 v, 129 £ 12 vs, 69 = 19,

out poasihie confounding effects due to changes in batioon material
distensibilily during repeated inftations, five control balloows were
studied ex vivo, In parallel, intravascular ultrasound imagiog was
utilized io compare the segmental distensibility (change in Lnmen
ares durisg the cardisc cycle) of eight disease-free and seven
willy disessed coronary =egments aud serén sepmrents after
successful baBlaon segioplasty.

Resalts. Misimal balioon diameters incresced significantly
letween the first and Gus! inflaticns (46%, 3%, 26%., 14% and

peclively, p < 0.05) despite a smailer pioque area (7,3 £ 178,
113 & | moe’, proximationdilated vs. dilated segments, respec-
tvely, p < 0.05).

Conglusions, Coromary distensibllity i significantly tmpaired
In atberascierstically diseaged coronary segments and increases
significantly after baltoon smgioplasty. This increase in segmante)
corouary compliance after corenary angioplasty may crete
largur humen acea by allowing the vessel to distend in response to
normal intraarferizl pressure.

(7 Aw Colt Cordiol 1994;23:1043-52)

The precise mechanism{s) of improvement in lumen cross-
jonal area after il .

coronary angioplasty remains poorly understood. Early
studizs confirmed that plaque compression and extrusion
and distal embolization play » miaimal role in this process
(1-3). Some animal and cadaver studiés have supgesied that
irreversible medial injury with “ancurysmal' ditation might
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be a primary of lumen enlarg: (4-7). More
recently (8-10), it has baen suggested that a large proportion
of the increase in lumen cross-sectional ares after coronary
angioplasly is related to an invrease in segmental coronary
distensibility after the media is released from the cicatrizing
effects of the noncompliant intimal plaque. This “‘release™ of
the media, secondary to plaque splmmg. may allow the
vessel to passively distead in resp 1o h forces
{blood pmsum).

This study was conducted ta evaluate the effect of balloon
dilation on segmentol coronary distensibility. We used quan-
litative angiographic techniques fo measure the degree of
expansion of apgioplasty balloons at the site of a coronary
lesion Wuring incremenially increasing inflation pressures
during the first and final balioon inflations during coronary
angioplasty. Comparison of the minimal balloon diameter at
each sequential pressure during the twa inflations provides a
mean to quantify the change, if any. in segmental (fesion)
coronary distensibility induced by coronary angioplasty, Tn
an additional series of patients twe consecutive inflations
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were performed at low pressure before proceeding to the
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ﬁllgdb-lloonwagobwned Allunlgaswereukznﬁorelch

usuel dilating pressures in an attempt 1o further elucid:
ism of ful coronary angiopl

the potentially 8 effects of i

matcrial distensibility due w repeated lnhhons control ex

vivo studies were p d. I d stud-

the  patientinan view, with th
To rule out huenslﬁer—pntlam distance and lablc Imght. Addlduul bal-
in balloon  loon inflations were thea  at the di of the

operator until an angiographically satisfactory resolt was

fes were also performed it normsl, mildly diseased and
postangioplasty coronary segments to further assess the
effect of coronary angioplasly and progressive degrees of
atherosclerosis on segmental arterial distensibility.

Methods

Study patients. The fuli 1- to S-atm inflation protocol, as
described next, was performed in 24 lesions in 22 patients. A
modified protocol with sequential low pressure {1 and 2 atm)
inflations was performed in an additional five lesions in five
patients, Patient inclusion criteria included single- or double-
vessel disease, electively performed coropary angioplasty,
reforence vessel diameter 2.5 mm, discrete stsnosis
<100%, lesion length <15 mm and absence of angiographic
evidence of thrombus. Pati~nts were excluded if there was a
need for a larger balloon !Iun that used in llle ﬁm inflation.
Only patients with ful coronary y (residual
stenosis <509 and Thrombolysis in Myoardhl Infarction
trial [TIMI] flow grade 3) were included. The protocol for
this study was approved by the Institutional Review Board
of the Stanford University Medical Center, and all patients
gave informed consent before proceeding.

Coromary angiopissty procedure. Selective coronary an-
giography of the vessel to be dilated was performed in
multiple projections using the 4- to 5-in. (10 to 13 ¢m) image
cesium lodide intensifler mode at a cine rate of 30 frames/s.
The projection that best demonstrated the target coronary
lesion, minimizing vessel overlap and foreshorteaing, was
chosen and used for all subsequent images, To avoid possi-
ble differences between different balloon materials or cath-
eter typen, all coranaty angioplasty was petformed using
polyethylene 2.5- 10 3.5-mm balloon catheters (ACX, Ad-
vanced Cardiovascular Sysiems, Inc.). Balloon size was
chosen to match the lumen di of the adj anglo-

hieved. A final sequential inflation was performed with
identical methodology as the first inflation, filming the bal-
Joon affer each pressure (i.c., 1, 2, 3, 4 and § atm) was
seached and full balloon expansion at each pressure was
achieved. A final postprocedure angiogram with the balloon
and guide wire withdrawn was obtained.

To further elucidate the mechanism of balloon angio-
plmy.ﬁvenﬂhomlmmmsmdndwﬂ:sbghﬂy
different protocol. In this series of patients two consccutive
inflations were performed at low pressures only (1 and 2 atm)
before proceeding with the actual angioplasty. A final se-
quential inflation at | and 2 atm was performed once a
satisfactory result was achicved. The first two consecutive
low pressure inflations were at pressures below that typically
associated with the sudden increase in balloon diameter that
is assumed {0 represent the splitting of the plaque, The final
infiation was done after complete expansion of the balloon
was achicved at higher inflation pressures and therefore
would presumably reflect the distensibility of the arterial
segment once the plaque was split.

Ballgon comtrel stwdy. Five control ex vivo measure-
ments of balloon distensibility were performed to examine
the possibie confounding effects of changes in balloon ma-
terial distensibility with repeated inflations. Three 2.5-mm
and two 3.0-mm balloon catheters (previously unused),
identical to those used in the patients, were introduced into
# plastic wray filled with warmed (37°C) normal saline solu-
tion via an 8F guide catheter that was filled with contrast
agent for the purpose of calibration and magnification cor-
rection. Balloons were then infisted following the same
methodology described eartier. Undiluted contrast agent
(Conmy 60) was used, and cincangiographic images of the
balloon and guide catheter were recorded at 1, 2, 3, 4 and
5 atm during the first inflation. Balloons were then inflated
lwluwaummrlnunpetmﬂu.unahllmnﬂal

graphically “‘normal* reference segment. The balloons were
prepared with undiluted comtrast ageat (Conray 60) to ea-
hance radiographic visualization, pqym; specinl ammlon to

was performed with images obtained againat 1, 2, 3,

4and 5 atm.
niqu_uweleu:edlumxurebulhmd‘nms.m:yulem

climinate all possible air bubbles. I
erin (150 to 300 ug) was routincly ndnﬂnumed before
angioplasty and before final angiography. Once the guide
wire was advanced distally beyond the targst lesion, the bal-
loon was advanced to the site of stenosis such that the cen-
trel radiopagque balloon matker was positioned at the center of
the lesion. The ballaon was then sequentially inflated for the
first time at 1, 2, 3, 4 and then 5 etm under continuous
fluoroscopic obscrvation. After a minimum of 10 s after cach
particular pressure was reached, or longer if there was any
fluoroscopic evidence of further change in balloon size or
contour, cineangiographic imaging of the contrast agent-

mployed utilizes automated computer-assisted edge detec-
tion of a digiiized cine image and has been described
clsewhere (11). Briefly, for every cincangiographic nm ob-
tained at the sequential first and final balloon inflations, two
consecutive frames were selected and magnified 3.5 times,
with the balloon centered in the image field. The image was
then digitized (model 5524, De Anza Systenm), with the
vﬂenmuwmrdhdbynzlmemwm(ﬂewleu-
Packard). correction and calibration were
achieved using the contrast agent-filled 8F coronary guide
catheter. After the segment of interest was designated (the
center 15 mm of the balloon), the computer generated
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balloon boundaries and minimal and mean diameters were
derived for each segment. Only minima! balloon diamerers
were used for subsequent data analysis because they wepe
thought to best represent the balloan contact zone with the
underlying diseased segment. In general, for a given lesion
the waist or minimel dimension of the ballpon accurred at
the same site, but minimal d:lmeter was objeciively deter-
mined by a comp assisted edge detection algorithm to
ensure objectivity and was not necessanily at n identical site
in the balloon in every case. The same meliodology was
used to analyze the reference vessel. the coromary lesion
before and after coronary sngioplasty and the coutrol ex
vivo balloon inflations. All measurements were performed in
two frames [end-diastolic for the in vive study).
The data shown represent the average of these two measure-
ments. All measurements were performed by the same
investigator to minimize vambihty The resolution of tlus
system for coromary artery annlysis has been d

10 be 0.06 mm (11). with a {mean) frame to frame variation
~0.15 mm.

Intravascular wht | d The p dure for
intracéronary ultrasound i lw acquisition at our institution
has been deacn'bed elsewhere (12). Briefly. intravascolar

| d images were ided by a 5F or 4.3F 30-MHz
ultrasound catheter (CVlS Inc.). The catheter has a lumen
that accommodates a 0.014-in. ¢0.036 cm) coronery guide
wire that allows its manipulation in coronary ar.eries similar
to balfoon angioplasty systems. lmages were recorded on
Ya-in. videotape for subsequent off-line anaiysis.

Intravascular ultrasound studies were performed in seven
additional patients immediately after successful coronary
angioplasty. [mages of the balfoon-dilated segment and of 2
mildly dissased proxima] segmeat were recorded. In addi-
tiom, #s a contrg] group, images were obfained at two
coromary sltes in four cardiac trarsplant recipients who had
w0 evidence of coronary artery disease by ¢ither angiogra-
phy or istracorovary uktrasound. Images of the balloon-
ditated vessels (i.c., the dilated sepment and the proximal
mildly diseased segment) and the cotonary arteries of the
cardiac trassplant recipients were subsequently digitized
onto & 5§12 x 512 x B-bie mawix in Jdrame sequences
obtained at 30 frames/s by an image processing computer
(Dextra Medical Inc.). The largest (systolic) and smallest
(diastolic) lumens from the digitized cardiac cycle were
obigined for analysis. The lumen-vessel interfice and the
external border of the intimal layer (i.e., infimal-medin
interface) were traced by planimetry. This allows calculation
of the *‘plaque™ area in the proximal and balloon-dilated
segments in the patients with coronary angioplasty (i.e.,
subriracting the Jumen area from the area within the external
border of e intimal (ayer) and the calculation of e fractional
intimul area defined as the ratio of plaque area to the sum of
the plaqu s andd lumen areas. This is referred Lo as the plaque
index. A distensibility index lculated for each
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bas been used by Gurley et al. (I3). The data shown
represent the average of three cardiae cycle measurements.

Statisties. Al data are presented as mean value = SEM.
Comparisons between minimal balloon diameters during the
firsl. second and final inflations were analyzed by one-way
analysis of variance using repeated measures (Scheffe Frest,
Starview). Comparisons of intravascular uitrasound mea-
surements between groups were performed using the
Kruskal-Wallis test. Comparisons between two variables
were performed using a Swdent mapaired 7 test or Mann-
Whitney ¥/ test for continuous variabies and the chi-square
test for categoric variables. Analysis of scattergram plots
was performed using a linear regression approach. Data are
plotted s mean values For each group, with errors bars
signifying £SEM, and p < 0.05 was considered statistically
significant.

Results

The paticnt and procedural data are shown in Table 1.
Twenty-four lesions were studied in 22 patients. Single-
vessel coromary angioplasty was performed in 21 patients
and double-vessel angioplasty in 1. AH of these lesions were
new stenoses. In addition, one of the previously included
lesions restenosed, and a second dilation was performed
{lesion 3, Tablec 2) and inchaded in the study. In one patient
with an internal mammary artery bypass to the left anterior
descending coronary artery, angjoplasty of the *protected”
left main coronary artery was performed. The average lesion
length was 5.6 = 0.4 sem. Nine lesions were classified as
eccentric (lesion centerdine in the outer 25% of the lumen).
Nine of the lesions showed Auoroscopic calcifications, but in
only four was the cakification graded as moderate or severe.
No lesion was on 2 bend »45°, and no angiographic evidence
of thrombus was observed before or after coronary angio-
plasty, A 2.5-imn balloon was used in 14 lesions, a 3.0-mm
balloun in 8 and a 3.25- and 3.5-mm balloon in 1 each. The
result was successful (<50% residual diameter stenosis and
TIMI flow grade 3} in all lesions. Clinically insignificant
intimal dissections were observed in six patients. There was
no abrupt vessel clogure or emergency coronary artery
bypass surgery.

Railoon megserenssats of lumn distensibility. Minimal
balloon di 6t each seq 4 during the first
and final in vive inflations are shown ia Tabie 2. In Figure 1,
the mimimal diameter of the balloon at each scquential
pressure is plotted for the first and final inflations, At all
pressures (1 to § atm), there was a significant increase in the
minima!| balloon diameter achieved after coronary angio-
plasty, The increass in minlmal balloon diameter wag great-
et at law inflation pressures (465 at | atm [1.24 to 1.81 mm],
33% at 2 atm [1.48 to 1.97 mml, 26% at 3 atm [1.67 to
2.11 mm], all p < 0.0001). Although the increase diminished

as the largest mirms the smallest lumen area divided by the
smallest lumen arca muhiplied by 100. A similar definition

at higher p it ically significant (14%
increase at 4 atm [1.95 to 2.2f mm], 10% increase at 5 atm
[2.08 to 2.29 mm], p < 0.0001). Therefore, a consistently
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Tabile 1. Patient pnd Frocedirral Data
Prflesions 2
Gender F) 75
Age lyn LEEST]
Range ®-0
Viesse! dilmed
LMCA 1
Lan 9
(£} [
RCA 1]
Concentyic vs, ecceatric v ®
Lesion length (mm) 55204
Range 0
Balloon size {mm)
is It
30 3
b ¥ 1
3 1
No. of inflaticns 35=02
Toflslion time (s} 4 = 32
Max inflation pressure (atns) TI=04
Min lesim dismeles pre-FTCA {am) 0.77 % 008
% Stenovi pre-PTCA N2
Min lesion diameter posi-PTCA (wxm} 193 = 0¥
% Stenosis post-PTCA A=2

Vimpl:lllldlnmmvnln* SEM or nurnber. F = famale; LAD =
leht amterior coroRary astery: LCx = Jeft circomflox corosary
nrwry: LMCA = left mais coronary smiery; M = male; Mu-mmal.
Miz = minimal; PTCA = coronary
Prs = patients; RCA = righ! cosanary artery.

JACC Vol. 23, No. 5
April 1994:1043-52

larger minimal diameter was achieved during the final bal-
loon infletion at each pressure. This upward shift in the
pressure-diameter corve is consistent with an increase in
coronary scgmest distensibility, analogous 10 what has been
proposed for the volume relation of the left ventri-
cle (14), Figure 2 shows an anglographic cxample of i in-
creased | coronary di ibility after

caronary angioplasty.

An attcmpt was made to measure the intrinsic distensi-
bility of the coronary segmeent undergaing dilation by deter-
mining the pressure needed during the first in vivo inflatien
to reach two-thirds of the diameter achieved at 5 atm during
the ex vivo contral inflation. In Figure 3 the pressure pt
which the balloon achieved two-thirds of control balloon
diameter at 5 atm ia plotted against the minimal baseline
diameter of the lesion. Using this measure of intrinsic
distensibility there was B sk cotrelation between the
lesion baseline scverity and distensibllity (¢ = -0.527, p <
0.05). Only 2! lesions are plotied because in two cases a
talloon 3.0 mm was sed for which eo controt balloon data
was available, and in one lesion even at 5 atm the balloon
diameter during the first infistion was less tian two-thirds of
the control balioon diameter.

The influence of eecenlrny on distensibility measure-
ments was also andyaed o significant differences were
observed b

Inuly ic and
legions in imrinsic dlmnublllly measurements (2.9 = 0.3 vs.

Table 2. Mininal Balloon Diameter Before and After Angioplasty and During First and Final Inflations

" lam 2am Jan 43m S #m
Lesion size Pre First Final Fimt Final First Fimd First Finsl Fm Fisd Post
No. (nm) ({mm) (mm) (mm) nm) (nm) (im) o) imm) () fun) (mm)  (mm)
1 30 (1] 100 X 128 AL 131 25 B 9 190 29 115
H 25 o 054 P11 148 3 18 20 pAE) 4 M 2% n
3 25 (L] L6 £ 135 00 160 k4 0 208 4 2 W
4 15 an oM LN (L) 1A 15 Ik} Ln 1% 1.9 210 185
H 2 [ }:] 1o 149 166 L6l 114 n 1.64 1.9% 1.8 0 m
[ ] 0 L) [E2 15 ¥ ) n 18 7 52 236 um 0 19
1 5 0.8 1.5 195 5 219 168 28 20 32 232 24 19
] 25 118 165 1n 164 181 s 21 1B 2m 28 2n 158
[] F 138 e 3 28 210 210 b2 :] m w x] 29 .18
i 2 o7 155 185 183 195 L Lo 195 2 0 2.3 ]
n k7] 1.35 ] 3% 199 b2 ] B L L] n EE ] 8 10
1 13 08l 151 18 m 19 an b 1 x| Ex- 9 194
£} 30 om 131 148 151 K] L 07 14 2 % 23 186
13 21 038 [ 157 (1] L& u? L7 1.5 Ls? 1.3 192 189
[t} 2 0.68 128 19 140 215 155 T 230 248 24 256 208
16 30 (%] 13 154 LR K] 182 1 7 218 216 232 18
” P21 (3] [ L] 12 1.0 167 166 1M 1.8 1.8 139 08 180
18 23 (12} 09 1.5 1.0s 155 156 1.7 161 L 166 187 IE ]
”» 30 034 1 F21c) 148 09 1567 216 197 22 P4 1.9 195
» 25 [ ¥}] 08 2.9 [BL] 14 131 12 146 167 1.8 14 n
il 23 [ 1] 112 L6 1.2 1R 126 FX ] 12 28 LB b33 L88
z 33 bal 161 b1 Lie 246 212 pL ] R 261 25 m 24
b1] 30 L] 108 192 181 w20 18 an 3] 9 2% 248 2
b1 30 075 1.4 200 1.6 w 1.8 258 206 8 228 2.68 20

Pre = baseline mirimal tesion dissseter; Post = minimal lesion dlamater afes corovary kagiopiasty.
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Figure 1. Line graph showing the refation between inflation pres-
sure and minimal ballaon diameter during the first and final ballosn
inflations {n = 24). A significant increase in diameter was achieved
during the fnal inflation at all inflation pressures. sugpesting an
increase in segmental (lesion) distensibility after coronary angic-
plasty. The inflection in the distensibility curve between 3 and 4 atr
during the first inflation may refiect the initial effects of plaque
splitting. often discemible during Auoroscopy, caused by these
higher pressure inffations. Values shown are mean values + SEM at
each inflation pressure. *p < 0.0001 for change in minimal balloon
diameter (Min Dinmeter) botween first and final balloon inflations.

3.1 = 0.4 awm for eccentric and concentric lesions, respec-
tively, p = NS). Similarly, the increment in minimal balloon
diameters between the | first and fast inflations (33.8 = 4.8%
vs. 25,6 = 2.5%6 mean i for and ic

ET AL
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evaluated in an ex vivo model. The contrei studics showed
minimal changes in balloon dismeter between the airst and
fourth inflations. Mean i in minimal di ol only
47 = 0.9% (2.5-mm balloon} and 5.2 = 0.6% (3.0-mm
balloon) were observed cetween the first and final inflations.
The increase in minimal dismeter Setwesm first and final
infulions was modesty greater ot the higher inflation pres-
sures (3.9%, 2.9%, 5.19%, 6.1% and 6.2% ar 1, 2, 3. 4 and
5alm respeclively).

ular of distensibility.
Intravascular ultrasovnd measurements at the balloon-
dilated and proximal mildly discased sites in patieats with
coronary angioplasty and et the control (pormal) sites in
cardiac transplant recipients are shown in Table 3. The
distemsibility index was significantly greater at the dilated
site than at the proximal mildly diseased site of the same
vessel (14.7 = 2.2 vs. 6.9 = 1.9, respectively. p < 0.05),
despite a significantly karger plaque area (113 > [ vs. 7.3 2
1 mm?, p < 0.05) and plagrs index (0.62 = 0,05 vs. 0.36 £
0.04, p < 0.05) at the dilated site. Distensibility measure-
ments in transplant coronary arteries without any intimal
thickening ware not significantly different from those ob-
served in the balloon-dilated siies but were significanily
greater than i mildly diseased proximal scgment (12.9
1.2 vs. 6.9 = 1.9, respectively, p < 0.05).

Discussion

This study demonstrates that segmental {lesion) coronary
distensibility increases significantly after baltoon amgio~
plasty. It follows that a significa n proportion of the increase
in lumen crogs-sectional area after coronary angioplasty may
be secondary to an increase in segmental coronary compli-
ance secondary lo plaque splitting, which lhen allnws the
vesscl 10 passively distend in toh forces
(mtmartenal blood pressure).

lesions, respectively, p = NS) were not significantly differ-
ent for eccentric versus concentric fesions.

To further =luc|rh:e the mecha-sm by which distensibil-
hy is d by , a sep cohont of five
patients underwent a different bnlluon inflation pretocol. In
these patients two consecutive inflations were perfomwd at
low pressures (| and 2 atm). and a final seq L i

Mechanism of coronary angloplasty. Although angio-
plasty has been used to treat arterial stenosis for more than
adecade, the mechanism of lumen enlargement after balloon
dilatior. remains controversial, Before balloons were intro-
duced and angioplasty was performed using progressively
larger dilators, Dotter and Judkins {15) formulated the hy-
pnrhesls ol’ plnque redistribution and compression as the

main of angiopt This hypothesis was also

(i.e.. 1 and 2 atm) was performed once & 'y result
was achieved. The results are summarized in Figure 4. No
significant incrézse in minimal balloon dinmeter was noted
during the second inflation compared with the first inflation.
However, there was a large increase in balooa diameter
{p < 0.001) during the fm! inflation at both 1 atm (0.78 +
0.07 vs. 0.87 £ 0.07 vs. 1.93 + 0.0B mm, respectively} and
2 pim (0.87 x 0.07 vs. 0.91 = .08 vs. 2.03 = 0.07 mm.
respectively).

Balloon distensibilily measurements. To rulc out the pos-
sible confounding effects of changes in balloon distensibility
with repeated inflations, intrinsic balloon distensibility was

idered 2 likely mechamism of balloon angwplasly during
the early years of this technique. However, atheromatous
marerial has been shown to be relatively incompressible (1).
Early studies demonsirated that the former pmposed mech-
aniss as well as plaqne don or distal emb
play a minimal role in angioplasty-induced lumen enlarge-
ment (1-3). Animal and necropsy pathologic studies showed
that cracking and splitting of the atherosclerotic plaque was
aconsistent finding after coronary angioplasty (5,6,16-18). It
was then hypothesized that once the ploque was fractured,
the balloon could streich the muscle fibers, increasing lumen
di . [t was proposed that over hing the vessel wall
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Lesion After PTCA

1 Atm.

min. diameter = 0.87 mm

5 Atm.

min, diameter = 2.16 mm

beyond the limits of elasticity would induce medial injury,
with smooth muscle paralysis and resultant aneurysm for-
mation (5,7). This hypothesis, which was based primarily cn
observations from animal models and cadaver experiments,
has become one of the more widely quoted mechanisms of
coronary angioplasty. However, some clinical as well s
experimental deta appear to contradict this hypothesis,
First, according 1o this theory one would expect a complete
or nearly complete paralysis of the arterial wall once coro-

min. diameter = 2.27 mm

2, Angk e demonstra-
m_Anmph mons

after ;n.:
mary angioplasty. Angiogr
framses of belloon inflation are shown

at 1, Yand 5 atm during the first and
firal balloon inflations.

min. diameter = 2.78 mm

min. diameter = 2.91 mm

nwry amgioplasly is performed. On the contrary, clinical
stndies have not uncommonly reported coronary artery
spasm at the dilated site (19-24) or enhanced reactivity to
vasoconstricting stimuli (25). In addition, we have previ-
ously observed that spostaneous coronary artery vasocon-
striction occurs nearly routinely afier coronary angioplasty
at the dilnted site (24,26,27). Moreover, the degree of stretch
of the arterial wall ly induced by angioplasty does not
sesm to be sufficient to produce imeversible muscle cell
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5t °) n=2t Table 3. ‘ntravascular Ultrasound Data®
g= i - =-0.527 Distensibility Plaque Lumen Area Occupied
2 % y = 4.8058 - 2.4226x Index Arca (maf) by Plague ()
2E PICA Site
Ss
<a 12.10 53.35
2 7486 X
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Figure 3. Scattergram showing the relation berween the minimal [IX5) 5.2 PR
lesion diameter hefore coronary angioplasty and the pressure during 4 530 13
the first inflation needed to achieve two-thirds of the control balloon 7.60 9.%0 0,68
diameter at 5 atm. This varigble provides an =snmnle of lhe n\!nml..
distensibility of the lesions. By this definition. im Normal
appears 1o be Inversely related t lesion severity. - -
the baseline diameter the greater the pressure needed to achizve - _
two-thirds of the control balloon diameter during the initiat inflation _ _
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Figure 4. Bar graph demous!mung the :ﬂ':cls of s:qucnms! low *See text for PTCA = ) coronary
pressure (1 to 2 atm) infations on vesscl di n iopl

Values shown are mean value + SEM at each infiation pressure.
S ial low pressure inflations fail to increase  (lesicn)
distensibility, as determined by mininal balloon diameters achieved
at 1- and 2-atm balloon inflation pressure. Alfler successful coranary
angioplasty at higher balloon inflation pressures (mange 5to 3 atm).

damage In a previous study performed under carcfully
controi. . laboratory conditions. it was demonstrated that

there is a marked increase i in p values Tngs
ing first and second i 1o final inflation as shown).
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ly severe degrees of stretching (>350% beyond re-
laxed interna)l medial diameter) were pecessary to induce
smooth muscle paralysis in muscular arteries (8). In con-
trast, it has been estimated that coronary angioplasty more
typically results in only 15% to 30% stretching of the media
beyond its relaxed diameter (8). These abservations suggest
that the hypothesis of balloon-induced irreversible medial
injury with subsequent smooth muscle paralysis is an un-
likely mechanism for lumen improvement after coronary
angioplasty.

Arterial dhility: i Pre-
vious studies (28,2) have used balloon pressure-diameter
relations to try to assess different characteristics of the
plaque but not specifically to try to evaluate the changes
induced by balloon angioplasty. Our data demonstrate an
increase in arterial distensibility after cornnary angioplasty
at ail sequential balloon inflation pressures. The finding of
only very small increases in minimal balloon diameters
between the first and final balloon inflations in the ex vive
procedures suggest that changes in balloon material disten-
sibility would not explain the large increascs in distensibility
observed in vivo, particularly at low inflation pressures.
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The data from the secomd cohort of patients with two
oonseumve inflations at onlylwpnuum {l and 2 atm)
i by a final ftation (i.e., Innd!alm)
provide additiona! support for the study hypoth
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rosis compared with normal vessels (9,10,13). Reddy =t al.
{97 have reported . mean lumen area change during a cardiac
cyd:ofl-l% in lﬁcormrysnmmpammwthoutlﬂwm-

Inck of change in minimal ballwndummrbuwmﬂuﬂrsl
and sccond inflations, followed by a [arge increase In diam-
eter during the low pressure inflatiom after successful high
pressure balloon expansion, suggests tiat the diseased vos-
szl segmemt does not increase s distensibility umnl the
cicatrizing effect of the plagque is released by plaque splitting.

1o ihe main cehort of patients of this study the increasein
distensibility found during the first and final inflations &
differem pressures was not homogencous. The lacrease in
balloon diameters between the first and final inflations, in
vivo, were smaller al hi inflation pressures. These
vanations in the Incrense of distens|bllity fowsd at different
pressures may have several explanations. First, distensibil-
ity curves !ypiully exhibit a steep initial slnpe followed bya
plateat: phase at “igher p in
distensbility at higher pressures found in our stndy may
refiect this plateau phase of the distensibility curve. The
most likely explanation, however, is that during the first
balloon inflation the dismeters achieved were increased by
an angioplasty (splitting) effect caused by these higher infla-
tion pressures (4 to $ atm), Thus, at an isflation pressure of
4 and 5 atm, the first inflation served 1o increase vessel
distensibility rather than merely to measure it. This is a
limitation of our study, but, If uyllm-. it may result in an
underestimation of the change in distensibility caused by
coronary angioplasty. This | ion is also supported
by the data in patients undergoing sequentlal fow (1 10 2 atm)
pressure inflations. Another limitation of the study sy b
that the distensibility of the lesion was measured at pres-
sures higher thaa physiologic. However, becavse of the
usus! marphology of distensibility curves, It is likely that the
increases in distensibility would be 2t laast as great at lower
pressures than a1 the pressures m which they were mea-
sured. This view Is suppored by the intravascular uhra-
sound data, which show that distensibility is measurably
augmented afier coronary angioplasty at physiclogic blood
pressures.

Previous studies have found differences in the pressure-
diameter relation retated 1o certain lesion morphologic char-
acteristics (29). We did nen pbserve any significant differ
ences in the intrinsic d:sunmlnluy or tllE change in
disteasibility between and Tesions. This
may be explained by the observation that eccentric lesions in
our series were more severe than concentric Jesions (mini-
mal baseline diameter 0.61 = 0,07 vs. 0.85  0.07 mm,
respectively, p = 0.05) and that eccentric lesions were more
heavily calcified (1 of 9 eccemtric lesions were moderately 10
severely calcified vs, | of 15 concentric lesions, p < 0.01).

Mensurements of arterial distensibility: intravasenlar ul
trasound. Previous data from intravascular ultrasound sted-
ies have suggested that varintion im vesse] circumference
during the cardiac cycle is severely impaired in atheroscle-

d with omly 8 4% change in 25 mildly
diseased coronary sites in patients with atherosclerosis.
They observed an intermediate value of 9% in 10 severely
diseased segments after balloon angioplagty. They suggested
that the diminished response to intraarterial pressure
clunm lhll ocemred in even -ildly discased arterics

d arterial di ibility and that coronary
mjinplmy incressed arterisl distensibility by producing
plaque fracture. The findings of the current study are in
agreement with these results. In the eight control segments
in our series withont any evidence of atherosclerosis by
angiography or intravaseular ultrasomnd the mean variation
in jumen area during the cardiac cycle wos 12,97, simitar to
the resulis reported by Reddy et al. (9). This increase in
lumen area peobably repressmy the normal respotise of a
rormal vessel to the physiologic changres in blood pressure
that occur during the cardinc cycle. In our saries, the
distensibility indexes of the seven segments evaluated with
Intravascular ultrasound after coronary angloplasty were not
different fiom those observed In eight coronary segments
without detectable coronary sstery disease (14.7 £ 2.2 vs.
129 = 1.2, respectively, p = NS) but were significantly
greater than those observed in the mildly diseased proximal
segments of the belloon-dilated arteries (14.7 £ 2.2 1. 6.9
1.9 respectively, p < 0,05). This was true despite the fact
that the plaque index, measured by intravascular ultrasound,
wa3 significantly grester in the balloom-dilated segments
compared with the proximal sites (0.62 = 0.00 vs. 0.36 =
0.D4, g < 2.05), The chservation that even mild degrees of
COTOMAIY ; Impair disteasibility, along with the
negative corvelation found between an indirect measurement
of the amoust of plaque (minimal baseline diameter) and
Jesion infrinsic distensibility (see Fig. 4), support the hypoth-
esis that atherosclerosis significantly impairs arterial disten-
sibitity. These imravascular ultrasouad data are consistent
with the angiographic data and suggest that coronary artery
distensibility significantly mcreases after balloon angio-
plasty.

Stedy Nimitations. One limitation of s study is that
Talloow axsessment of lesion distensibility and the evaluation
of distensibility at physiologic presyures by intravascular
ultrasound were not performed in the same patients. Al-
though it could have been useful to perform ultrasound
assessment of segmental coronary distessibility before and
afterangioplasty in the same patients, it was thought that the
passage of a 4.3F catheter through a seveze stenosis could
posean unacceptable risk to the patients participating in this
study. In addition, @ was thought that before coromary
angloplsty, the large profile of the ultrasound catheter
would have obstructed the lumen sufficiently t decrease
distending blood pressure, rendering these measurements
inaccurate. Finally, the passage of the ultrasound catheter
#cross the stenosis before balloon dilation could disrupt the
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ARTERY BEFORE
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ELASTIC LAMINA

MEDIA PLAGUE
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Diamets 4.0 mi
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(Assuming 10% increase
after PTCA)
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lesion (Dotter effect), making it more difficult to assess the
response of the lesion to the first dilation.

ki is recogaized llnl unllnmphlc measurement ul‘ mml-
msal balloon hasnen di is & relatively indirect
for precise determination of the physical characteristics
(distensibility) of the underlyiog artetial segment. For exam-
ple, in a number of cases the minimal balloon lumen diam-
cler at 1 alm was slightly smaller than the measured post-
angioplasty minimal lesion diameter. There are several
porentin] explanations for this: 1) Balloon diameter is a
measurs of the contrast column inside the inflated halloon
and fails to take into account the thickness (on two sides) Gi
the balloon matecinl (i.¢.. two sides of Polyetbyleac 600 1s
0.10 mm thick [Ad d Cardi
communication, October 1993]). 2} In cases where thers is
macked segmental dilation after high pressure itherapeutic)
inflations, the minimal lumen diameter at physiologic bloed
pressure sy be larger than the inflated balloon diameter at
low pressure such that the balloon does not contnct the
arterial wall and will usderestimate the segmemal compli-
ance. 3) The comtrast density of Conray 60 used in the
balloon is less than that used (Ommipague 3%0) during
posuangioplasty angiography. 4) Small air bubbles in the
balloon could lead to underestimation of the balloon diame-
ter, particularly at low pressures. 5) Extraluminal (subinti-
mal) contrast may be detected during the quentitative mea-
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AFTER SUCCESSFUL
PTCA

INFLATION

AFTER
80 mmHg
11.76 mm?

44mm
80 mmHg =

Te (22 mm)?-11.78% =
%100 = | 340%

0.055 mmimmHg

342 a?s

Figare 8. S:hemlw m;unnn the n:;l:: increase in leuou/hmen
t

distensibility. Assllmn;a W% increase in m:mldmeuubil'ty at

80+ Hy perfusion (mean arterial) pressure efter successful plague

:phmq;. there would be a 340% mcnlse in lumen cross section,

that the plaque is leand is neither
extruded nor embalized. PTCA = | coro-
nary angioplasty.

surements of minimal lumen diameter after coronary
angioplasty. and this may lead to overestimation of the
aclual diameier mediating the balloon-vessel wall contact.
Qverall, the minimal lumen diameter of the balloon was only
0.12 = 0.05 mm smaller than the minimal lumen diameter of
the postangioplasty segment at 1.atm balloon inflation pres-
sure and was 0.05 = (h04 mm larger than the lesion minimat
lumen diameler at 2 atm. Thus. it is possible that the
postangioplasty {ision) segmeatal distensibility was slightly
underestimated by the balloon diameter measurements at
| atm (i.e., the lumen was lacger at a physiologic distending
pressure of 70 to 100 mm Hg than at the balloon {nflation
pressure of 760 mm Hefl atm). However, this underestima-
tion appears to be modest and would not alter the main
conclusions of this study.

Implications sad conclaslons. To explain how increased
lesion distensibility may account for successful coronary
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angioplasty, it is important to recogmize thar even small
changes in segmental compliance may result in important

h In lumen cross-sectionsl rea. In Figure 5 a sche-
malic representation of the possible influeace of small in-
ereases in distensibility on Inmen cross-sectional area Is
shown. With the assumptions that the plaque is incompress-
ﬁ([.’),ﬂnﬂ!eﬂnldedulmgthevmd(l 3} and does not
embolize {2), a 10% increase in segnenhl dlﬂenﬁbl!lty ﬂ
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B3 %vlc.ﬂimﬁ.m IX:.FisdwC.Dil_ri-AN. Reduction i

regions] congnary
bymmunanllnmdhunn] JAanlICndmllm l1:234A.
4. G s

Climical Cardialogy. Bostoa: Masticu Nikoff Poblishing, 197:193-203.

15. Dotier CT. Judkios MP, Tramkunlnal trestwent of ob-
mmd:wnﬂmuMamnmnpmuu
appcation. Circulafion 1964:30:654.

80 mm Hg mean arterial perfusion p would p

340% increase In kmmen cross-sectional arez. Thus, the
“release” of the media from the cicatrizing effects of the
noncompliant intimal plaque may alfow the vessel to pas-
sively distend in response to hydrostatic forces (blood pres-
sure) and may be an imporiant mechanism in coronary
angioplasty-inducad lumen enlargement.
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