JACC Yol, 2{. Nu. 3
March 1. 1993:612-21

Delayed Recovery of Coronary Resistive Vessel Function After

Coronary Angioplasty

NEAL G. UREN, BSc, MRCP, TOM CRAKE, MD. MRCP, DAVID C. LEFROY, MA, MRCP,
RANIL pE SILVA, BSc, GRAHAM I. DAVIES, MD, FRCP, ATTILIO MASERI, MD, FACC. FRCP*

London, England

Objectives. The aim of this study was to usc Doppler cathcter-
ization and sequential dynamic posilron emission tomograply
(PET) to investigate the role and time course of abnormat coro
nary resistive vessel function in the impairment of the coronary
vasodilator response (maximal/basal coronary bleod flow) after
successful coronary angioplasty,

Background, The coronary vasedilator response may be im-
paired immediately after coronary angioplasty, despite successful
dilatian of a flow-limiting stenosis,

Methods. Twelve men (mean age 52 + 10 years) with single-
vessel coronary artery disease and normal left ventricular function
were studied. The coronary vasedilator response to intravenous
dipyridamole (0.5 mg-kg™' over 4 min) was determined fram
intracoronary Doppler mcasurement of coronary Row velocity,
before and after successful angioplasty. Basal and maximal myo-
cardial blood flow in the angioplasty region and a normal region
were determined in nine patients with positren emission tomog-
raphy with H,*Q at 1 day (PET,}, 7 days (PET,) and 3 monihs
{PET) after angioplasty.

Results. The coronary vasodilator response, measured by
Doppler catheterization, was similar before and i after

098 = 0.16, 0.94 = 0.09 and 0.99 = 0.13 mimin~'g~',
respectively, in the remote regien and 1,19 = 0,23 (p < 0.01 ¥s.
remote region), 1.17 £ 0.19 (p < 0.01 vs. remote region) and
1.10 £ 0.08 ml-min~"-g™" (p = NS vs. remate region), respee-
tively, in the angieplasty regiun, Myocardial blood flow after
dipyridamote at PET, PET, and PET, was 3.04 * 6.68, 3.00 +
0.7t and 3.00 £ 0.60 ml-min~"-g"", respectively, in the remote
region and 2.11 = .80 (p < 0.01 vs. remote regiony, 2. 25 *
0.73 {p = NS vs. remote region) and 3.06 = .36 mlmin~"g™*
p = NS vs. remote region), respectively, in the angioplasty
region. The coronary vasodilator response at PET,, PET, and
PET, was 3.15 + 0.85, 3.18 =+ 0.68 and 3.08 = 0.75, respectively,
in the remote region and L.80 % 0.68 (p < 0,01 vs. remote region),

1,94 = 0,49 (p < 0.01 vs. remote region) and 2.77 £ 0.74{p = NS
vs, remm regian), respectively, in |he angioplasty region.

C i After l basal myacardlal
bleod How is increased for =7 days in the nngmplnsly region, with
a reduction in the dipyridamole-induced increase in maximal
myocardial blood flow for =24 h after the procedure. Thus, the
torunary vawdllalur response is impaired for =7 days after

angioplasty, 1.63 * 0.41 and 1.62 % 0.55, respectively (p = NS).
After angioplasty, in seven of nine patients wilhout restenasis,
basal myocardial bloud flow at PET,, PET, and PET, wes

that there is abnormal resistive vessel
l'unmun in 1he coronary vascular bed distal to a coronary artery
stenasis that persists for 7 days to 3 months.

(J Am Coll Cardiol 1993,21:612-21}

Animal studies indicate that dilation of the coronury resistive
vessels can allow coronary blood flow to increase three 1o
four times above rest values, even in the presence of a 70%
diameter sterosis (13, However, in patients with coronary
artery disease. the behavior of resistive vessels muy be
abnormal. and the ischemic threshold cun be altered by
changes in vasomotor tone at ihe level of the resistive
vessels rather than in the large epicardial coronary arteries
2). At preseat, determining the contribulive of resistive

vessel dysfunction to myocardial blood flow limitation is
probleniatic because it is impossible to separate the effects of
altered vasomotion at the site of a flow-limiting coronary
artery stenosis from those of the resistive vessels on modu-
lation of the residual coronary blood flow (3.4).

Tu resolve the difficulty in establishing to what cxient
coronary blood flow can be modulated by resistive vessel
dysfunction, it is necessary to evaluate coronary and re-
givnal myocardial blood flow in a clinical moded of coranary
attery disease Lhat allows exclusion of the effect of a
flow-limiting cplcardml \slcnusls such as after successful
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pereuts $ luminal coronary angioplasty. In addi-
tion. because lhc coronary vasodilator response may vary
among patients, il is essentiul 10 compare, in each case, the
behavior of the vascular bed distal to the sterosis with that
of a remote myocardial territory. We used positron emission
tomography (PET) to compare the results of Doppler cath-
eter study of & myocardial region previously subtended by a
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coronary artery stenosis with a remote region subtended by
an angiographically normal artery. and 1o monitor the coro-
nary vasodilator response to dipyridamole (3.6} noninva-
sively. We report the changes in basal myocardial blood flow
and the myocardial blood flow response to dipvridamole
after angioplasty. together with the time course of these
changes from 1 day up to 3 monibs after the procedure in
diseased and remote myocurdial regions.

Methods
Study Patients

Twelve men (mean age 32 = 10 years. range 39 to 72) with
chronic stable angina were stodied. Al patients had a
positive exercise lest response. Palients who had had a
previous myocardial infarction or unstable angina pectoris
were excluded. Al had proximal left anterior descending
coronary artery disease and were undergoing routire caro-
nary angioplasty. The left circumflex and right cororary
arteries were angiographically wormal. Doppler ¢atheter
study was used to evaluate basal and postdipyridamole
coronary blood flow velocity before and immediately afler
angioplasty in 12 patients: in Y of these patients, PET
scanning was used to evaluale regional busal and postdipyr-
idamole myocardial blood flow 1 day. 7 days and 3 months
after angioplasty.

Study Protocot

The pratocol was approved by the Research Ethics
Committee of Hammersmith Hospitat and all paticnts gave
informed and written consent.

All antianginal medication fexcept sublingual nitroglyc-
erin) was discontinued at least 48 h before initial cxercise
testing and angioplasty and 72 h before PET scanning. No
patient took nitroglycerin within 12 h of any part of the
protocol. Treadmill exercise testing was performed accord-
ing 10 the modificd Bruce protocol the day before angio-
plasty. Coronary angioplasty was performed as clinically
indicated. Coronary blood flow velocity and the coronary
vasodilator response (defined as postdipyridamole coronary
flow velocity/basal coronary flow velocity) (7) was measured
before and after angioplasty, as described later. Positron
cmission tomographic scanning with measurement of the
myocardial blood flow and coronary vasodilator response
was undertaken | day after angioplasty (PET)) in nine
patients (three paticnts declined to continue in the swudy
after angioplasty). Repeat exercise testing and PET scanning
were performed at 7 + 1 days (PET-) and 100 = 20 days
(PET;) after anpioplasty. according to he same protocol as
before. In all nine patients. repeat coronary angiography wis
performed at 110 = 25 days.

1. Corenary blued Row velocity measurement by Doppler
catheterization. Coronary angiography was performed as
clinically indicated 1o best demonsirate the lesion morphol-
ogy. On completion. an 8F guiding catheter was inserted into
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the 12l coronary ostium. A 0.0+ or 0.012-in. {0025 or
0.03 cm) ~Hi-Torque™ guide wire (Advanced Cardiovascu-
lar Systems) was advanced across the coronary lesion in
the usual fashion. Provided there was ao evidence of myo-
cardial ischemia (chest pain or electrocardiographic [ECG)
changes), a 3F Doppler flow catheter (model DC 201, Millar
Instruments) with a 20-MHz pulsed Doppler crystal. refer-
enced to zero and calibrated. was advanced over the guide
wire. The tip of the Doppler catheter was positioned up to
§ mm proximal to the stenosis (8}. The Doppler velocimeter
range control was adjusted to obtain an optimal audio signal
and buoth phasic and mean tracings of maximal coronary
blood flow velogity at rest.

Coronary flow velocity. heart rale and systemic arterial
pressure were measured continuously. Resistive vessel dila-
tion was induced by dipyridamole 0.5 mg-kg™' intrave-
nously over 4 min). In seven patieats. coronary flow velogity
was measuved before coronary angioplasty. Angioplasty was
then performed entirely as clinically mndicated with an Ad-
vanced Cardiovascular Systems RX balloon angioplasty
catheler. Aler the procedure, the angioplasty catheter was
removed. leaving the guide wire in place. The Doppier flow
catheter was repositioned as before. Repeat measurements
of basal and maximal coronary blood floy: velocity after
dipyridamole were performed as described befare in all 12
paticnts.

Quuniitative coronary arteriography, Coronary arterio-
srams were unalyzed by an antomated edge contour detec-
tion computer aralysis system (Cardiovascular Angio-
graphic Analysis System [CAAS] (9). The lumen diameter
of both the coromary stgnosis. in the projection showing
maximal severity. and the proximal reference sepment was

casurcd w end-diastole with care taken to select a view
free from overlapping vessels. This measurement was per-
formed under basal conditioas and at the peak effect on
coronary flow velocity of dipyridamole both before and after
angioptasty. The diameter of the stem of the Judkins coro-
nary cutheter was used for calibration to obtain measure-
ments in absolute units (mm). Corrcction was made for
radiogruphic pincushion distortion. Stenosis severity was
also expressed as percent reduction of the internal lumen
dinmeter relative to the angiographically normal proximal
coronary segment. the reference scgment. Restenosis was
defined with the criteria used by Beatt etal. (10): a reduction
in the residual lumen diameter =0.72 mm and =50% diam-
clcr stenosis.

Cuterlation of voranary vasculer resistance index. The
coronary vascular resistance index was calculated as the
quotient of mean arterial pressure and coronary blood flow
velocity and expressed in units (11).

2. Repional myocardial blood flow measurement with
positron emission fomography. Regional myocardial blood
flow was measured with the use of oxygen-15 (*0) and
dynamic PET scanning (12), which was performed at three
lime points after coronary angioplasty in nine patients:
1 within 24 h. D at 7 = | days. and 3) at 100 = 20 duays. All
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PET scans were recorded with an ECAT 931-08/12 scanner
(CT1 Inc.). The scanner consists of eight contiguous rings of
bismuth germanate detectors. which allows 15 cross-
sectional images of the heart to be visualized simultaneously
in a 10.5-cm axial field of view. All emission scans wer¢
reconstructed with a Hanning filter that had a cutoff fre-
quency of half maximum. This resulted in a transaxial
resolution of 8.4 * 0.7 mm FWHM (full width at half
maximum) for the emission data at the center of the field of
view (13). Thus. it was possible to rccord simultaneously
myocardial and blood tracer concentrations of the whole
heart.

Scanning procedure. Patients abstained from drinking
tea or coffee on the morning of the PET scan and all had
taken no antianginal medication for =72 h. After angio-
plasty, patients were treated with intravenous nitrate umil
12 h before Lhe scan.

Patients were positioned in the scanner and a 3-min
rectilinear transmission scan was recorded to allow position-
ing of the left ventricle in the center of the field of view. This
was done by exposing a circular ring source using 2 mCi of
germaniur-68. Another tr ission scan. rccorded for
20 min, was used 10 correct all emission scans for tissue
attenuation. The patient’s position with respect to the cam-
era was determined by a cross-shaped low power laser beam
and pen marks on the patient’s skin. Afier transmission.
radioactive gases were continuously delivered by an MC
face mask. Blood pool scans were performed wilh 'S0-
labeled carbon monoxide (C'°0). This tracer, which forms
“O-carboxyhemoglobin, was continuously delivered at a
flow ratc of 500 mi-min~"' (3 MBg-ml™") for 4 min, and a
6-min single-frame scan was recorded starting | min after the
end of gas delivery, Venous blood samples were taken
before and after gas delivery. The C'*0 concentration was
measured with a sodium iodide well counter cross-calibrared
with the scanner, After a 10-min period to allow for decay. a
continuous inhalation of C'*0, was given for 3.5 min
(4 MBg-ml™" at a flow rate of 500 ml-min~'). The C'%0. is
converted immediately by the enzyme carbonic anhydrase in
the lung capillaries to '*O-labeled water (H,'"0). which is
delivered lo pulmonary venous blood (14). A sequence of 24
scans. starting with C'*0, delivery, consisted of six seans of
5. 10. 20 and 30 5. producing a build-up scan over 3.5 min und
a washout scan over 3 min.

Basal myocardial blood flow was measured in all paticnts.
After 10 min to allow for decay. the myocardial blood flow
was measured afler an intravenous infusion of dipyridamole
(0.5 mg-ke™" over 4 min). The delivery of C'"0, staried
2 min after (he end of this infusion. A standard 12-lead ECG
was recorded every minute during the dipyridamole infusion
and for up to 8 min after the infusion. Bicod pressure was
measured every minute by a cuff sphygmomanometer during
the same period of time.

Analvsis of PET date. The sinograms were correcied for
altenuation and reconstructed on a Microvax Il computer
(Digital Equipment Corporalion) with the use of dedi |
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array processors and standard reconstruction algorithms
(12.13). Images were transferred to a SUN 3/60 work stalion
for further analysis with Analyze (Mayo Foundation) and
Pro-Matlab (The Mathworks Inc.) sofiware packages.

A blood volume image was created with the C'*O data
by dividing the raw image by the product of the average
venous blood radivactivity and the density of whole biood
(1.06 g:ml~'). Either four or five transaxial regions of
interest were drawn within the lef? atrium and projected onto
the dynamic H1'50 images to generate time-activity curves
for each region. The average was used as arterial input
function. Images of extravascular volume were created by
subtracting biood velume from transmission images after the
latter were normalized for tissue density (1.04 g:ml ™), In
addition, the blood volume images were subtracted from the
integrated time frames of the washout phase of the H,''0
studies. The images of extravascular volume and extravas-
cular H,'*0 were used to delineate four regions of myocar-
dium (anterior. lateral. inferoposterior and septal) over
five to seven transaxial planes. and data were averaged
before the modeling of myocardial perfusion. The regions of
interest were superimposed onto the Kinetic time frames
recorded during the C'*O, inhalation and washout. This
procedure generated for each region myocardial tissue time-
activity curves that. together “vith arterial time-activity
curves, were fitted to a single tissue compartment tracer
kinetic model to give values for regional myocardial blood
flow (in ml:min~"g™") (12).

In all patients, the anterior region was designated as the
angioplasty region and the inferoposterior region as the
remote region. Basal myocardial blood flow and myocardial
blood flow afier dipyridamole were determined in both
regions. The coronary vasedilator response was defined as
myocardial blood flow afler dipyridamole/basal myocardial
blood flow (7).

Statistical analysis, All values are expressed as mean
value = SD. Data from Doppler catheter siudy before and
after angioplasty were analyzed with the paired Student ¢
test. Two-way analysis of variance (ANOVA) was used to
compare data derived from PET scanning at the different
time intervals, Specific comparisons were done using the
paired Student 7 test corrected for multiple comparisons with
the Bonferroni inequality adjustment (15). Linear regression
unalysis was used 10 cxamine the relation hetween coronary
artery dimensions and the coronary vasodilator response
measured by Doppler flow catheter. Myocardial blood flow
values in the regions of interest in each individual plane for
cuch scan were derived and the cocfficient of variation
wilhin and beiween groups was measured by one-way
ANOVA. A p value < 0.05 was considered statistically
significant.

Results
Doppler flow catheter study was performed in 7 patients

before angioplasty and in all 12 patients after angioplasty
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Figure 1. Exercise testing before (Pre). at 7 days and at 100
days after (Post) angioplusty (PTCA) in two patiants with
and in seven withont restenosis. *p < 0.05 versys value
before angioplasty. C = no significant ST segment depres-
sion: @ = 20.1 mV ST segment depression.

(sec Table 2). A PET scan was obtained 1 day after angio-
plasty in nine patients (three patients declined 10 continue in
the study after angioplasty). Seven days (mean
7 = 1) and 3 months {mean 100 + 20 days) after angioplasty.
the same nine patients underwent repeat excrcise testing and
PET scanning, according 1o the protocol used before (sec
Tables 4 and 5). In all nine patients, repeat coronary angiog-
raphy was performed 110 £ 25 days after ke imtial angio-
plasty procedure. Two patients who had developed recur-
rent angina and who had a positive exercise test at this lime
had restenosis of the dilated arterial segment. as defined
carlier.

Exercise testing (Fig. 1). Before angioplasty. all patients
underwent treadmill exercise testing after at least 48 h
without anlianginal medication. Ninc paticnls agreed to
continug in the study after angioplasty. Before angioplasty,
the rate-pressure product was 9.160 = 2,880 mm Hg-min '
at rest, 18,310 + 7,820 mm Hg-min~' at 0.}-mV ST segment
depression and 20,730 + 7.670 mm Hg'min™' at peak exer-
cise, Seven days after angioplasty, all nine palienls had a
negalive exercise tesl response: rate-presswre product at
peak exercise was 29.410 = 7.920 mm He'min™' (p < 0.03
vs. peak rate-pressure product before angioplasty). In the
seven patients with no restenosis, rate-pressure product al
peak exetcise was 20,960 + 7,830 mm Hg-min~' before
angioplasty and 29,550 * 8.690 mm Hg-min~" at 7 days {p <
0.05 vs. peak rate-pressure product hefore angioplasty). All
nine patients underwent cxercise tesling approximately 3
manths (mean 100 = 20 days) after angioplasty. The exercisc
test response was negalive in six patients and positive in
three. Of these three patients, two had restenosis: one
asymptomatic patient without restenosis (Patient 3) reached
0.1-mV ST segment depression at a rate-pressure product of
25.830 mm Hg:min~' (vs. 8.370 mm Hg'min ™' before angic-
plasty), unassociated with symptoms of chest pain. Thus.
the rate-pressure product at peak cxcreise in the seven
patients without restenosis was 29.360 + 9.3(0 mm
Hg-min~".

The two patients with restenosis at 3 months had a
negative lest response at 7 days. Patient B had a vate-
pressure product to 0.1-mV ST segment depression of
18,600 mm Hg-min™" at 3 months (vs. 3.960 mm Hg-min""'
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before angioplasty). and Patient 9 had 2 rate-pressure prod-
uct 1o 0.1.mV ST segment depression of 20,450 mm
Hg'min™' at 3 months (vs. 21.250 mm Hg-min~! before
angioplasty) {Fig. 1.

Quantitative coronary arteriography (Table 1. There was
an increase in lumen diameter at the site of stenosis from
0.64 = 0.2 mm before angioplasty 10 1.86 = 0.48 mm (p <
0.0001) immediately after angioplasty. corresponding to a
reduction in percent lumen sicaosis severity from 73.1 =
10.3% 10 26.2 = 7.2% (p < 9.0001),

Before angioplasty. at the peak effect of dipyridamole.
there was no significant change in diameter at the stenosis or
of the reference segment: 0.74 + 0.27 and 2.29 = 0.38 mm.
respectively. After angioplasty. there was no significant
change in diameter at the stenosis. §.86 % 0.48 and 1.84 +
Q.46 mm. or of the reference segment, 2.50 = 0.5¢ and
2.54 *+ 0.39 mm. from basal state to peak dipyridamolc.
respectively.

Al follow-up arteriography., there was no evidence of
restenosis in seven patients, with a lumen diameter at the
site of stenesis of 1.80 = 0.23 mm (p = NS vs. pastangio-

Table 1. Q Coronary Arteriographic Findings in
12 Patients
Peak
Dipyridamole
Busal Stute Effzct
Before angtuplsty
Stenosis (mmy 0.64 028 0.74 = 0.37
Reference Imm) 7 2H =038
7 stenosis 7 = 03% 67.6 = 8Y%
Aher anginplasty
Stenosis (mm) 1.86 + 0.48* 1.84 = 0.46°
Referenee tmm) 2150 = 0.50 254 £ 039
i stenosis 7.8 = 13.1%"
Follow-up arteriopraphy*
Stenosis tmm) . -
Reference tmm) 161 =036 -
e saeaosis 16 = a6l —

“p < (M1 versus value before angioplasty. ‘Data are from the seven
putients without restenosis among the fine paticnts who underweni follow-up
coromary arterivgraphy.
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Table 2. Doppler Coronary Flow Velocity
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Before Angioplasty (n = 7)

Alter Angioplasty tn = 12}

Peak Corenary Peak Coronary
P, Basal Dipyridamole Vasodilator Basak Dipyridamote Vasodilator
No. State Effect Response State Effect Response
1 43 L3 i 40 1.0 275
2 15.5 15.5 1.00 0 2.0 .3
3 - - - 120 15.0 13
4 - - - 60 7.5 1.25
5 70 120 1710 7.5 9.0 1.20
[ 46 68 148 60 B3 147
1 59 1.2 07 7. 14.3 1.93
8 — - 0.0 17.3 178
9 — - - 7.0 2 X3
10 - - - 36 25 3
n 58 16 131 80 108 L35
12 9.2 158 L7 4.0 0.8 1.42
Mean 7.5 1.3 163 9.2 133 1.62
sD 39 3.6* 041 50 57 048

*p < 0.01. ¥p < 0.00) versus basal slate.

plasty stenosis diameter) and a reference diameter of 2.61 =
0.36 mm {p = NS vs. postangioplasty reference diameter).
Two patients had evidence of restenosis: a residual lumen
diameter of 0.46 mm (reference diameter of 3.11 mm) in
Patient 8 and complete occlusion at the site of previous
angioplasty in Patient 9. In Patient 9, there was no clinical or
ECG evidence of myocardial infarction.

Coronary flow velocity defermined by Doppler catheter
(Table 2, Fig. 2 ard 3). Seven patients underwent Doppler
catheterization before angioplasty (Table 2). Heart rate
incrcased from 64 = 8 beats-min~! at basal state to 82 =
§ beats-min ' at the peak effect of dipyridamole (p < 0.01),
with no significant reduction in systolic (149 = I8 to 140 =

Figure 2. Bar graphs showing coronary flow velocity at basal state
and at peak dipyridamole (Dip) effect in seven patienis before
angioplasty and seven palients after angioplasty. *p < 0.05 versus
value before angivplasly. *“p < 0.0) versus value in basal state.
Atoreviations as in Figure i,

ry Flow Velocity (cm/s)

Basal Dip

Pre-PTCA Post-PTCA

15 mm Hg). diastolic (92 = 9 to 87 = 10 mm Hg) or mean
{111 = 1110 106 = 11 mm Hg) anterial pressure. Coronary
flow wvelocity increased from a basal value of 7.5 %
39cms "0 11.3 = 3.6 cm's ™! (p < 0.01) after dipyrida-
mole, with a coronary vasodilator response of 1.63 = (.41
{Fig. 2). The coronary vascular resistance index decreased
from 17.5 = 6.4 U at basal state to 10.1 = 3.2 U (p < 0.01)
with dipyridamole (Fig. 3).

Twelve patients underwent Doppler catheterization after
angioplasty (Table 2). Heart rate increased from 66 *
13 beats-min ' at basal state to 81 * 18 beats-min~' at the
peak effect of dipyridamote (p < 0.001). with no significant
reduction in systolic (135 = 21 mm Hg to 130 = 20 mm Hg).

Figure 3. Bar graphs showing coronary vascular resisiance index at
basal and at peak dipyridamole (Dip) effect in seven patients before
angioplasty and seven patients after angioplasty, *p < 0.05 versus
value before angioplasty. **p < 0.01 versus value in basai state.
Abbreviations as in Figure 1.

Coronary Vasc

Basa D Basal )

Pre-PTCA

Post-PTCA
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Table 3, Hemedyramic Variables at Positren Emission Tomography

Basal State Peak Bipyridamole Effect
Systolic Blood  Diastolic Blood Rate-Pressure Systolic Blood  Diastolic Blood Rate-Pressure
Heari Rate Prossure HESSTE Hran Rate Pressure Pressure Preduct
Study  (beatsimim) tmm Hp) (mm Her heats min) (mm Hg) tmm Hg) ¢mm Heg-min ")
PET, =2 1202 1 7303 ™= ih 1Ty B3 9860 = 2.550
PET, 61=9 123 =10 Th= 10 =13 18«4 T%z8 10.199 =
PET, 6 r7 120=14 =T £=0 =13 B=B 10.390 = 2.110

PET,. PET.. PET,

diastolic (94 = 10 to 87 = 12 mm Hg) or mean (100 = 12 10
96 = 15 mm Hg) arterial pressure. The basal coronary Aow
velocity was 9.2 = 5.0 cm's™' and the maximal coronary
flow velocity at peak dipyridamole effect was 13.§ 2
5.7 ems™' (p < 0.000 vs. basal value). The coronary
vascular resistance index decrsased from 13.2 = S2 U at
basal state to 7.8 + 2.8 U with dipyridamolc (p < 0.0t vs.
basal state), with a coronary vasodilator response of 1.62 =
0.48. With linear regressic n analysis. no relation was dem-
onstrated between residual stenosis diameter after angio-
plasty and the coronary vasodilator response.

Coronary flow velocity and coronary vascular resistance
were compared in the seven patients who were sindied
before and after angioplasty. ln these seven patients. the
mean interval between the stant of cach dipyridamole infu-
sion was 55.6 = 10.6 min. There were no significant differ-
ences in systolic. diastolic or mean arterial pressures at basal
stale or at peak dipyridamole effect before or after angio-
plasty. After angioplasty. the basal coronary blood flow
velocity was significantly increased 109.9 2 6.2 cmes f(p<
0.05 vs. basal value before angioplasty) although the velocity
after dipyridamole, 14.5 & 6.9 cm-s™'. was not significanly
changed (p = NS vs, peak dipyridamole before angioplasty)

positron emission tomographic scam at | diay. 7 davs und 3 months. respectively. after angioplasty.

(Fig. 2). After angioplasty. the coromary vasodilator re-
sponse was 162 = 0.55(p = NS vs. before angioplasty). The
basal coronary vascular resistance index was significantly
lower afler angioplasty. 13.6 = 6.2 U (p < 0.05 vs. basal
siate before angioplasty), although the value at peak dipyr-
idamole. 8.3 = 3.1 U. was similar to that before angioplasty
(p = NS vs. peak dipyridamole before angioplasiy) {Fig. 3i.

Myecardial blood flow determined by positron emission
tomography (Fables 3to 5, Fig. 4 and 3). Hearl rate. systolic
and diastolic bloud pressure and rate-pressure product at
basal state and ot peak dipvridamole effect at each PET
study are shown in Table 3. There were no significant
differences in these hemodyn:mic variables comparing all
three studies. Individual myocardial blood flow data at basal
state and al peak dipyridamole effect and the coronary
vasodilator response at | day. 7 days and 3 months are
shown in Tables 4 and 5.

One day after angioplasty. in the seven {of nine) patients
without restenosis at 3 months. myocardiat blood flow at
rest was significantly higher in the anterior (angioplasty)
region, 1.19 = 0.23 mi-min~ "g~". than in the inferoposterior
(remote) region. .98 = 0.16 mt-min~"g! (p < 0.01) (Fig.
4), This in¢rease in basal myocardial bloed flow was still

Table 4. Regional Myocardial Blood Flow at Positron Emission Temography

PET, PET, PET;
n Angioplasty Region Remote Region Angioplusty Region Remote Region Angiaplasty Region Remote Region
Na. Basal Dipyr Busal Qipyr Basal Dipyr Bival Dipyr Basal Dipys Basal Dipyr
Patients Without Restenosis at Follow-Up Angiogruphy

1 4 143 L4 an 146 354 Ln 81 ] 0.8% 318

2 1.06 138 0.92 187 b7 136 LR 192 14 078 20

3 083 hAT) 074 3 o7 263 .98 19 L0 0.9 389

4 1.20 145 0.8 RE '} 1.29 168 0.96 163 105 a9 297

5 1.19 205 (XU A 1. 1580 0y 138 1.04 P4 240

6 1.60 281 108 3 106 250 0.90 40 Ly 0.87 im

7 (B} 350 LIS 4402 Ly 14 0.94 19 (AN 120 EAN
Mean L1y o 0.8 R 117 s 094 in 110 0.9 100
SD 023" 0.30* 016 0.68 2019 (173 noy 0.71 008 213 0.60

Patients With Restenosis at Follow-Up Angiography
8 1.46 1.86 07 o ny [EM w19 119 R? 103 0.84 091
9 1.60 181 P00 3ol [BiU [} 0.7% 278 0.78 148 0.69 1.26

*p < 0.01 versus value in the remote region. t day IPET ). T days (PET.. and 3 monthx {PET,) after successful coronary angioplasty in the seven patients

without restenosis at follow-up angiography.

= basil state: Dipyr = peuk dipyridamole effect: other abbreviations as in Table 3.
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Talile 5. Coronary Vasodilator Response at Positron Emission T¢ hy

PET, PET, PET,
B Angioplasty Remote Angioplasty Remote Angioplasty Remote
No. Fegion Region Region Region Region Region
Patients Without Restenosis at Follow-Up Angiography

1 L15 264 242 233 10 3.80

2 130 203 140 240 157 23

3 253 433 248 4m 3.68 405

4 1.21 4.09 130 3.78 322 30

5 .72 2.56 1.80 2.59 207 2

6 L6 288 L3 378 258 3.55

7 288 3.50 183 3.5 311 2.67

Meun 1.80 315 194 318 277 .08

5D 0.68* 0.85 0.49* 0.68 0.74 0.75

Patients With Restenosis at Folfow-Up Angiography
8 1.27 3 158 1.51 128 1.08
9 L13 161 122 35 1.50 1.85

*p < 0.01 versus remate region. Individual coranary vasodilator responses in the angioplasty und remote regions.
1 day (PET,). 7 days (PET,) and 3 months (PET;) after successfut coronary angiaplasty in the seven palients without
restenosis at follow-up angiography. The individual values for the Iwo patients with restenosis are given for

comparison.

present 7 days after angioplasty: 1.17 + 0,19 ml'min~'-g " 'in
the angioplasty region compared with 0.94 = 0.09 m)min~*-
g~ in the remote region (p < 0.01). Three months after
angioplasty, there was no significant difference between basal
myocardial blood flow in the angioplasty and remote regions
{1110 = 0.08 and 0.99 = 0.13 mi-min~'-g ", respectively)
(Table 4. Fig. 4).

The dipyridamoic-induced increase in myocardial
blood flow in the angioplasty region at | day, .11 =
0.80 m{-min~"-g~". was lower than that in the remute region.
3.04 = 0.68 ml-min~'-g~" (p < 0.01). At 7 days, although the
myocardial blood flow response to dipyridamole was still
lower in the angioplasty region than in the remote region
(2.28 + 0.73 and 3.00 = 0.71 ml-min~"-g~", respectively).
this was not a significant difference. At 3 months after
angioplasty. the myocardial bloed flow response to dipyrid-
amole was similar in the angioplasty and remote regions

PTCA Remote PTCA Remote
region  region region  region
1 day 7 days

PTCA

region

(3.06 + 0.86 and 3.00 = 60 mi-min~'-g~'. respectively)
{Table 4, Fig. 4).

One day after angioplasty. the coronary vasodilator re-
sponse was significantly lower in the angioplasty region,
£.80 = 0,68, than in the remote region, 3.15 = 0.85 (p < 0.01)
{Fig. 5). This difference was present 7 days after angioplasty:
1.94 = (.49 in the angioplasty region versus 3.18 = 0.68 in
the remote region (p < 0.01). Three months after angio-
plasty. the coronary vasodilator response was similar in the
two regions: 2.77 = 0.74 and 3.08 = 0.75 (p = NS) in the
angioplasty and remote regions, respectively.

In the two patients with restenosis at 3 months, there was
an impaired coronary vasodilator response in the angioplasty
region (1.28 in Paticnt 8 and 1,91 in Patient 9) compared with
the mean value of 2.77 = 0.74 in the seven patients without
restenosis. Ln the remote region, the coronary vasedilator
response was also impaired (1.08 in Patient 8 and 1.83 in

Figure 4. Bar graphs showing myocardial blood
flow in the basal state and at dipyridamole effectin
the angioplasty and remote myocardial regions at
1 day (PET,), 7 days (PET,) and 3 months (PET,)
after successful angioplasty (PTCA). *p < 0.01.
B = basal state; D = at peak dipyridzmole cfect.

Re

3 months
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or Response

1 day 7 days 3 months

Figure 5. Bar graphs showing the coronary vasedilator response in
the angioplasty and the remote myocardial regions at | Jay (PET)),
7 days (PET,) and 3 months (PET,) afte :mprlm!}
*p < 0.05. ® = angiopiasty region: remote tegion.

Patient 9) compared with the mean value of 3,08 = .75 in
the seven patients without restenosis (Tables 4 and ).

To assess variability in the myocardial blovd flaw mea-
surements in the angioplasty and remote regions n individ-
ual planes at each scan, the cocfficient of variation was
measured. At basal state. the coefficient of variation way
213 = 9.7%. 23,1 = 12.69% and 22.3 £ 9.4% (all p = NS) in
the angioplasty region and 24.9 * 10.6%. 0.4 = 9.8% and
28.7 + 3,7% fall p = NS) in the remote region at PET,.
PET, and PET,. respectively, After dipyridamole, the coef-
ficient of variation in the angioplasty region was 233 =
8.7%. 25.9 + 10.8% and 24.7 = 12.2% (ll p = NS} in the
remote region it was 30.5 = 10,0%. 33.8 = 5.5 and 36.1
10.1% (alt p = NS) at PET,. PET. and PET., respectively.
These coefficients of variation are similar to that reported
previously (12).

Discussion

In this study. immediately after successful coronary
angioplasty. despite a marked and ificant reduction in
slenosis severity, moximal coronary hl\)\)d flow veloeit
peak dipyridamole effect was similar 1o that observed be
angioplasty. and the coronary vasodilator response re-
mained unchanged. Basal coronary blovd flow velocity in
the region subtended by the sienosed artery before angio-
plasty was similar to that reported in normal subjects (3). and
increased immediately after angioplusty. Measurement of
basal myocardial blood flow showed that the increase per-
sisted for at least 7 days in the angioplasty region after
angioplasty. compared with values in the remole region. but
by 3 months, it had returned 1o normat. The maximal
myocardial blood flow response to dipyridamole in the
angioplasty region was lower than that in the remote region
24 h afier angioplasty. a finding consistent with (he observa-
tions made immediately after ungioplasty with the Doppler
catheter, but by 7 days it had returned wward normal values.
Thus. the coronary vasodifalor response in the region sub-
tended by the previously stenosed coronury artery is im-
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paired for the st 24 h afler angioplasry because of an
inereuse in basal coronary blood fuw and a reduction in the
maximal vasoditator respanse, At 7 days. it is still impaired
becuuse of an increase in basal coronary blood flow although
the maximal blood flow response to dipyridamole has re-
turned toward normal.

Persistent reduction in the coronary vasodilator response
after angioplasty. We werc able to documsant a reduced
coronary vasodilator response by both Doppler catheter and
PET scanning. The PET study allowed us to show that the
coronary vasodilator response was significantly lower in the
angioplasty region than in the remote region for at least 1
week after successful angioptasty. The dipyridamole infu-
sion induced an increase in myocardial blood flow and a
coronary \isodilator respanse in the remote region similar to
that previously described in patients with chronic stable
angina and single-vessel coronary artery disease. although
lower than the value usually reported in normal subjects
(121 We (161 and others (17) have shown that the coronary
vasuditator response 1o dipyridamole is fower in myocar-
dium supplicd by angiographically normal arteries in patients
with single-vessel coronary artery disease and 2 normal left
venwricle. compared with the response in patients without
coromary artery disea The value that we found in the
remate region in the present study is simitar to that reported
before in patients with single-vessel disease (12).

Alffeviation of the flow-limiting coromary artery sienosis
would be oxpected to permit o larger coronary blood flow
when resistive vessel dilation is induced. Qur findings thus
indicate that there was a clear failure of the resistive vessels
w dilute in response 1o dipyridamole within the 1st 24 h.
Furthermore, after angioplasty. there may have been resid-
ual cffects of the first dose of dipyridamole on myocardial
blood flow and this might be expecied to augment the
response 1o the secand dose of dipyridamole. Thus. a
possible explanation for the higher basal blood flow after
angioplusty is that it was caused by the residual effects of the
first dose of dipyridamote. This seems an unlikely explana-
tion, however. because basal myocardial blood flow meu-
sured by PET revealed @ higher value in the angioplasty
region compared with the remote region for ai least 7 days
after angioplusty. A more stiiking finding was that the
maximai increase in blood flow velocity in respense to
dipyridamole after angioplasty was not higher than the value
hefore angioplasty, clearly indicating a failure of resistive
vessel dilation.

Comparison with other studies. Scveral groups have de-
seribed an impaired coromary vasodilalor tesponse after
angivplasty (11,18-20), Wilson et al. (18) reported that the
coronary vasedilator response 1o papaverine. measured by
Doppler-gzuided vatheter. was impaired immediacly after
angioplasty in 3367 of palients. and that in these patients it
had returned to normal by a mean follow-up period of 7.5
months. Zijistra et al. (19 reported that the coronary vaso-
dilator rexponse to papaverine was simitarly impaired in il
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their patients immediately after angioplasty, Neither of these
studies reported either basal or peak coronary blood flow or
velocity, but only the coronary vasodilator response. Kern
er al. (11) and Nanto et al. {29) reported an impaired
coronary vasodilator response immediately after angionlasty
because of both an increase in basal coronary blood flow and
a decreased maximal coronary blood flow response to pa-
paverinc and atrial pacing, respectively. These reports are
consistent with our study: basal coronary blood flow was
increased i ly after angioplasty and tt fter for
=7 days, and the maximal corariary blaod flow response to
dipyridamole was impaired i diately after angioplasty

JACC Vol. 21. No. 3
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coronary artery stenosis) on resistive vessel auloregulation
are not well documented. It is possible that prolonged
resistive vessel dilation resulting from a low perfusion pres-
sure distal 1o the stenosis mlgh( cause a transient inability of
these vessels to autoregulate in response to a sudden resto-
ration of a normal pertusion pressure (28). If, after the abrupt
restoration of a normal coronary perfusion pressure by
successful angioplasty. the resistive vessels failed to vaso-
constrict, then an increase in basal myocardial blood flow
and a fall in the maximal myocardial blood flow/basal myo-
cardial blood flow ratio. that is, the coronary vasodilator

and for at least the Ist 24 h, The corenary vasodilalor
response was therefore reduced for at feast the st 7 days
after angioplasty. Laarman et al. (21} rcporlcd no change in
the coronary vasodilator respnnse to papaverine using digital
subtraction angi hy tiately after angioplasty and.
as in our study, no correlation was shown between residual
stenosis diameter and the impaired coronary vasodilator
response.

Walsh et al. (22) used PET 1o measure the coronary
vasadilator response after angioplasty, and reported that it
returned to normal in all patients after the procedure, but
this study was limited because individual patients were
studied at different time intcrvals (range 1 to I8 days [mcan
i1]) after angioplasty with no serial studies. It is thus likely
that any alterations in basal or maximal myocardial blood
flow contributing to an abnormal coranary vasodilalor re-
sponse within the 15t week were missed. Nevertheless. these
data are consistent with our study since we have shown that
the coronary vasudilator response returns to normal be-
tween 7 days and 3 months. In studies using thallium-201
stress imaging, this delay in the recovery of perfusion has
also been reported in patients persisting between 4 and 18
days after angioplasty (23).

Nienaber et al. (24) reported a reduction in **perfusion
defects” in patients studied with PET within 72 h of angio-
plasty, implying an carly recovery of myocardial perfusion,
but this was a qualitative analysis with no quantification of
myocardial blood flow or measurement of the vasodilator
response, and hence it does not define the vasodilator
abnormalities present in the angioplasty region relutive o &
remote region. Studies by Lassar et al. (25) and Hodgson el
al. (26) reported that the coronary blood flow reserve mea-
sured in dilated vessels immedii tely after angioplasty was
similar (o that measured in nornal coronary arteries. How-
ever, these studics are less reliable because the xenon-133
techniques tend to averestimate coronary flow, and because
the stimulus for coronary vasodilation (iodinated contrast
medium or small doses of papaverine) may have been
variable.

Mechanistns for the alteration in resistive vessel function
after angioplasty. 3everal vascular beds including the coro-
nary circulation auforegulate arteriolar resistance according
to perfusion pressure (27}, The effects of a prolonged reduc-
tion in perfusion pressurc (resulting from an epicardial

T se. would be expected. as was observed in this study.

Alternatively. basal myocardial blood flow may have
been elevated because of the release of vaseactive agents at
the time of angioplasty—that is, from platelets activated by
and adherent to the site of dilation, the injured vessel wall or
even the myocardial cells themselves, perhaps as a result of
transient ischemia. This is a less likely explanation because
the increase in basal myocardial blood flow persisted for =7
days and factors directly related to the procedure would be
expected o resolve by that time. It is more probable that
resistive vessel function is abnarmal before angioplasty
because of the altered autorcgulatory mechanisms to com-
pensate for the stenosis, as discussed earlier.

The maximal my dial blood flow r to dipyrid-
amole was also reduced immediately after angioplasty. The
mechanisms undcerlying this response are unceriain and
several can be considered rictor sub re-
leased by platelets at the angmplasty site may limit maximal
vasodilation (29). Embolization of the distal coronary circu-
lation with platelet aggregates or fragments of thrombus
might result in transient alterations in coronary blood flow
that later regress (30). Onc unimal study has shown that
microembolization of the coronary circulation increased
coronary blaod flow at rest and decreased the maximal
hyperemic coronary blood flow response (31). Other factors
related to the presence of a severe stenosis such as recurrent
ischemia before and during angioplasty might have produced
Iransient changes in the maximal coronary vasodilator re-
sponse. Although it has been suggested that short-icrm
administration of calcium channel blockers can reduce
vasodilator capacity (32). which were avoided in our study.
Wilson et al. (I8) found no difference in the coronary
vasodilator response in patients being treated with nitrates,
beta-blockers and calcium channel blockers compared with
those not 1uking antianginal medication.

Clinical implications. Two important clinical implications
arisc out of this study. 1) A satisfactory angiographic result
does not indicate the immediate return of the behavior of the
coronary circulation 1o normal. However, in the absence of
restenosis, basal myocardial blood flow. the myocardial
blood flow response 1o dipyridamole and. thus. the coronary
vasodilator response will return to norma! over a variable
period of =1 week. This observation may account for the
finding of a positive exercise test response several days after
angioplasty in the absence of restenasis (33). Thus, exercise
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tests and other noninvasive stress tests will be more refiable
in detecting vestenosis if performed =1 week after angio-
plasty. Conversely, measurement of the coronary vasodifu-
tor response after angioplasty cannot be used to assess the
adequacy of the procedure because it may take several days
before the response has normalized. 2) Resistive vessel
function may be altered in patients with coronary artery
disease. Immediately after removal of the stenosis by angio-
plasty, there is no improvement in coronary vasodilator
response, suggesting that resistive vessel dysfunction in
patients with coronary artery disease may contribute to the
development of myocardial ischemia.

Conclusions. After successful angioplasty, basai myocar-
dial blood flow is increased for 27 days in the myocardial
region subtended by the previously stenosed artery. The
dipyridamole-induced increase in maximal myocardial blood
flaw is also impaired for =24 h after the procedure. The
coronary vasodilator response in the angioplasty region is
therefore impaired for =7 days after angioplasty. Thus, there
is abnormal resistive vessel function in the coronary vascu-
lar bed distal to a coronary artery stenosis that persists for
between 7 days and 3 months after the procedure.

We thank Terry Jones, DSc for his constructive comments and Claire Taylor,
DCR and Andreanna Williams, DCR for their assistance in performing the
PET studies.
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