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Evidence for Altered Epicardial Coronary Artery Autoregulation
as a Cause of Distal Coronary Vasoconstriction
after Successful Percutaneous Transluminal Coronary Angioplasty
Tim A. Fischell, Kurt N. Bausback, and Thomas V. McDonald
Division of Cardiology, Stanford University Medical Center, Stanford, California 94305

Abstract

To determine whether vasoconstriction distal to the site of
successful percutaneous transluminal coronary angioplasty
(PTCA) is a result of altered autoregulation in a hypoperfused
coronary artery, we examined the association of this distal
vasoconstriction with lesion severity in 20 patients. Lesion se-
verity was classified as moderate, severe or critical (> 1.0,
0.5-1.0, and < 0.5 mm, respectively). Quantitative coronary
measurements were made at 3, 15, and 30 min after PTCA, and
then after intracoronary (IC) nitroglycerin, in coronary seg-
ments distal to the dilated lesion (distal) and in a nonmanipu-
lated vessel (control).

Coronary vasoconstriction in the Distal segment after
PICA correlated with lesion severity, with 14±4%, 28±2%,
and 41±5% vasoconstriction (vs. IC nitroglycerin, 30 min after
PTCA) in the moderate, severe and critical lesion severity
subgroups, respectively (P < 0.01 for critical or severe vs.
moderate). This vasoconstriction was significantly greater than
that observed in the corresponding control segment for patients
with severe (P <-0.01), and critical (P < 0.001) lesions.

These findings suggest that hypoperfused human epicar-
dial coronary arteries "reset" their autoregulatory responsive-
ness and that distal vasoconstriction after PICA is the result
of this altered autoregulation. These findings have clinical im-
plications concerning the etiology, prophylaxis and treatment
of coronary spasm after PTCAand coronary bypass surgery.
(J. Clin. Invest. 1990. 86:575-584.) Key words: epicardial.
coronary artery * vasoconstriction * angioplasty * autoregula-
tion

Introduction

In 1902 Bayliss first described the observation that rapid in-
creases in intraluminal arterial pressure were capable of pro-
voking profound vasoconstriction in both denervated arteries
in vivo, and in excised arterial segments (1). This phenomenon
was attributed to a stretch-dependent reflex of arterial smooth
muscle, and has been elaborated as the "myogenic hypothesis"
of arterial tone regulation (2, 3). In the dog a rapid increase in
blood pressure induced by methoxamine initially causes epi-
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cardial coronary artery dilation (stretch) followed by severe
vasoconstriction (4). Although these data have been inter-
preted as a adrenergic mediated vasoconstriction, the time
course of this response may be more consistent with a stretch/
pressure-dependent form of epicardial coronary vasoconstric-
tion. The importance of this myogenic reflex in the autoregula-
tion of human epicardial coronary artery tone is suggested by
the finding that coronary tone is essentially independent of
autonomic or humoral input (5). Recent observations have
suggested that chronic hypoperfusion may predispose to severe
arterial spasm after bypass grafting of totally occluded coro-
nary arteries (6). Given these observations, we hypothesized
that the distal vasoconstriction which has been observed after
percutaneous transluminal coronary angioplasty (PTCA)' (7)
may result from a rapid post-PTCA increase in perfusion
pressure causing pressure/stretch-dependent vasoconstriction
in hypoperfused epicardial coronary arteries with altered
(reset) autoregulation. If this hypothesis were correct one
would expect to see much greater distal vasoconstriction after
successful dilatation of a critical/subtotal stenosis with its large
associated resting transstenotic pressure gradient (hypoper-
fused) than after dilatation of a moderate lesion with virtually
no associated transstenotic pressure gradient at physiologic
coronary blood flow(s) (not hypoperfused) (8).

The purpose of this study was to test this hypothesis by
examining whether or not the severity of this post-PTCA distal
vasoconstriction was correlated with lesion severity and/or
qualitative assessment of coronary blood flow before PTCA.
Accordingly, we prospectively studied, using quantitative arte-
riography, the spontaneous post-PTCA vasoconstrictor re-
sponses in the coronary segment distal to the dilated lesion and
in a nonmanipulated (control) segment in 20 patients with
varying lesion severity who underwent uncomplicated single
vessel PTCA.

Methods

Patients. 20 patients scheduled for elective single vessel PTCAof focal
stenoses were prospectively entered into the study. All patients had
angina pectoris despite medical therapy. Exclusion criteria included
concurrent nitroglycerin therapy, recent (< 2 wk) myocardial infarc-
tion, length of lesion to be dilated greater than 10 mm, grade 3 collat-
eral filling of the target vessel before PTCA (9, 10), requirement for
intracoronary nitroglycerin during the PTCA, greater than 50% resid-
ual stenosis and/or less than thrombolysis in myocardial infarction
(TIMI) grade 3 coronary blood flow ( 11) after PTCA, refusal to partici-
pate in the study and/or technically inadequate coronary arteriogra-
phy. Attempts were made to enroll patients with left coronary artery

1. Abbreviations used in this paper: CSA, cross-sectional area; EDRF,
endothelium-derived relaxing factor; IC, intracoronary; PTCA, percu-
taneous transluminal coronary angioplasty; TIMI, thrombolysis in
myocardial infarction.
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lesions so that the nonmanipulated left coronary vessel (e.g., left cir-
cumflex when left anterior descending was dilated) could be used for
control measurements.

Procedure. The basic protocol for study has been described in detail
previously (7). All patients agreed to proceed with the PTCAand study
procedures after being informed of the potential risks and complica-
tions, as outlined in a protocol approved by the Institutional Review
Board of the Stanford University Medical Center. All patients took
their usual oral medications including aspirin and calcium channel
blockers on the day of the procedure. After premedication with diaze-
pam and local anesthesia with 0.25% bupivicaine femoral arterial (8
Fr) and femoral venous (7 Fr) sheaths were placed via single wall entry
technique. 5000 U i.v. of heparin was given. In those patients under-
going PTCAof the right coronary artery, a bipolar temporary pacing
catheter was placed in the right ventricular apex. Selective coronary
arteriography of the vessel to be dilated was performed in multiple
projections, including at least one pair of orthogonal views, using the
4-5-in image CsI intensifier mode and Renografin 76" at a cine rate of
30 frames per s. The precise angle of each projection was recorded so
that the projection that best demonstrated the stenosis to be dilated
with minimal foreshortening could be replicated. All contrast injec-
tions throughout a given study were performed by the same operator in
order to minimize variability in angiographic technique.

After a second bolus of 5,000 U i.v. of heparin coronary angioplasty
was performed using either an over the wire balloon catheter system
( 16 patients) or a fixed wire balloon catheter system (4 patients). Bal-
loon sizes were chosen to approximate the diameter of the "normal"
coronary segment adjacent to the segment to be dilated. At least two
balloon inflations were performed in each case, with additional infla-
tions performed as needed until the coronary stenosis had been dilated
adequately using angiographic and/or hemodynamic criteria.

As soon as was feasible after the final balloon inflation (average 3
min, range 2-5 min) the balloon catheter and guidewire were with-
drawn and selective coronary arteriography, in the previously selected
projection that best demonstrated the stenosis, was performed. This
angiogram was designated post-PTCA. The coronary guiding catheter
was then withdrawn and replaced with an 8 Fr right or left coronary
artery Judkin's "market" catheter, to be used as a reference for coro-
nary quantification (see below). Coronary arteriograms (same projec-
tion) were repeated at 15 and 30 min after final balloon inflation, and
again 3 min after the administration of 300 fig of IC nitroglycerin given
immediately after the 30-min angiogram (33 min after final balloon
inflation). This dose of IC nitroglycerin was chosen to provide a near
maximal vasodilating effect. Blood pressure and heart rates were re-
corded immediately preceding each arteriogram (pre-PTCA, post-
PTCA, 15 min, 30 min, after IC nitroglycerin).

Coronary arteriographic analysis. All films were analyzed by
quantitative arteriographic techniques. This system utilizes automated

A-mmA 5mm B 5mm

computer assisted edge detection of a digitized cineangiographic
image, as has been described in detail in prior reports (7, 12). Well-
opacified end-diastolic cine frames were selected as described, and
magnified (X3.5) with the appropriate coronary segment centered in
the image field. The image was digitized (model 5524; DeAnza Sys-
tems, Fremont, CA) with the video processor controlled by an 2100
computer (Hewlett Packard, Palo Alto, CA). The digitized image was
displayed on a graphics computer terminal linked to a light pen. Mag-
nification correction was achieved using a cylindrical tantalum marker
of known diameter that is attached to the tip of the coronary catheter in
the field of view. After the segment length was designated on the
computer terminal, the light pen was used to manually trace the mar-
gins of the appropriate vessel segment, and to indicate the fiducial
point. The maximum derivative of the density profile perpendicular to
these manually defined margins are defined as the computer generated
vascular boundaries. Using these computer generated vascular bound-
aries, the minimum, maximum, and mean diameters of the vessel
segment were calculated. The resolution of this system has been dem-
onstrated to be ±0.06 mm(12).

Three coronary segments were analyzed in patients undergoing
PTCA in the left coronary artery system, as illustrated in Fig. 1 A.
Segment 1 (Distal segment) was chosen to be a clearly identifiable
5-mm long segment distal to the dilated segment and not manipulated
by the balloon catheter. Segment 2 (Angioplasty segment) was defined
as the 5-mm long segment centered on the narrowest point of the
coronary stenosis as viewed in the pre-PTCA arteriogram. Segment 3
(Control segment) was defined as a clearly identifiable 5-mm long
segment in the left coronary artery that was not manipulated by guide
wire or balloon catheter (e.g., left circumflex when PTCAwas per-
formed in the left anterior descending coronary artery). For the three
patients undergoing right coronary artery PTCA, only segments 1 and
2 could be analyzed since there was no equivalent Control segment (see
Fig. 1 B).

One of the two designated film readers analyzed the mean and
minimum segmental diameters in each of three consecutive end-dia-
stolic frames (marked automatically on the cine film by an ECG
marker) for each 5-mm long segment, at each time/condition. The
final segmental vessel diameter (mean and minimum) at each time was
defined as the mean of the three end-diastolic measurements. Based
upon measurements of minimal lesion diameter using quantitative
coronary arteriography in orthogonal projections prior to PTCA, the
patients were divided into moderate (n = 7), severe (n = 6), and critical
(n = 7) lesion severity subgroups (minimal lesion diameters of > 1.0,
0.5-1.0, and < 0.5 mm, respectively). Minimal lesion cross-sectional
area (CSA) was calculated assuming an elliptical model where Dl
= minimal lesion diameter in one orthogonal projection, and D2
= minimal lesion diameter in the second orthogonal projection (13):
CSA = 7r(DI X D2)/4. For the purposes of determining percent (%)

Figure 1. Diagram of coronary artery segments
analyzed by quantitative coronary arteriography
in the left (A) and right (B) coronary arteries.
Segment 1 (Distal segment) was defined as a
clearly identifiable 5-mm long segment distal to
the dilated lesion. Segment 2 (Angioplasty seg-
ment) was defined as a 5-mm long segment cen-
tered in the narrowest point of the coronary ste-
nosis to be dilated. Segment 3 (Control seg-
ment) was defined as a 5-mm long segment in
the left coronary artery not manipulated by the
guidewire or balloon catheter. OM, obtuse mar-
ginal branch; Dl and D2, first and second diag-
onal branches, respectively. (Reproduced from
Circulation. 1988. 78(6):1323-1334, with per-
mission from the American Heart Association.)
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vasoconstriction, the segmental vessel diameters measured from the
post-IC nitroglycerin angiogram were defined as the maximally vaso-
dilated state such that: %Vasoconstriction (t) = Diameter after NTG
- Diameter at Time t/Diameter after nitroglycerin.

The coronary blood flow of the treated vessel in the pre-PTCA and
immediate post-PTCA arteriograms was graded according to TIMI
classification (i.e., grades 0-3) ( 11) by two film readers before quanti-
tative arteriographic analysis of the films. Coronary collateral flow
before PTCAwas graded on a 0-3 point scale as described by Rentrop
(9) and Fujita (10).

Statistics. Data are presented as the mean±standard error (SEM)
unless otherwise stated. The comparisons of percent vasoconstriction
between segments at a given time were performed using a Student's
paired t test. Comparisons of percent vasoconstriction in each segment
for each condition in the various lesion severity subgroups, and patient
and procedural variables were analyzed by a one-way analysis of vari-
ance, using repeated measures (Fisher PLSD). Analysis of scattergram
plots of percent vasoconstriction vs. minimal lesion diameter and
cross-sectional area was performed using a polynomial regression ap-
proach. A P value of < 0.05 was considered statistically significant.

Drugs. Nitroglycerin for intracoronary and intravenous adminis-
tration was prepared by the addition of 25 mgof nitroglycerin (TridilR,
DuPont Pharmaceuticals, Wilmington, DE) to 250 ml of normal sa-
line, yielding a final concentration of 100 Jg/ml. Immediately after the
30-min arteriogram, 3 ml of this solution was administered as an
intracoronary injection via the right or left coronary artery diagnostic
catheter.

Results

The patient and PTCAprocedural data (n = 20) are shown in
Table I for patients in each of the lesion severity subgroups

(moderate [n = 7], severe [n = 6], and critical [n = 7]). There
were no significant differences in the historical variables be-
tween the groups. 16 of the 20 patients were taking orally
administered calcium channel blockers (either diltiazem [n
= 12] or nifedipine [n = 4]), and 15 of 20 patients were treated
with aspirin (> 2 wk) at the time of entry into the study (see
Table I). All patients received their usual oral doses of these
medications before their PTCA. There were no statistically
significant differences between groups in the type or dosage of
medications administered before the study.

The critical lesion severity subgroup had significantly
lower TIMI flow prior to PTCAthan either the severe or mod-
erate lesion severity subgroups (Table I). The lesion severity
before PTCA, for each subgroup, is also shown in Table I.
Primary angiographic success, defined as a reduction in steno-
sis diameter to less than 50% and TIMI grade 3 flow, was
achieved in all 20 patients. There was no significant difference
in the post-PTCA luminal diameters in the dilated segment
between the critical, severe and moderate lesion subgroups
(Table I). There was a modest and nearly equal reduction in
systolic blood pressure after intracoronary nitroglycerin in all
three subgroups (12, 10, and 10 mmHgreductions in the mod-
erate, severe, and critical lesion subgroups, respectively; P
< 0.05 vs. 30 min after PTCA) without any significant change
in blood pressure from before PTCAto 30 min after PTCAin
any group. There were no statistically significant differences in
systolic, diastolic or mean blood pressures between subgroups
at any time. There were no major complications associated
with any of these procedures (i.e., no MI, death, or need for
coronary artery bypass surgery).

Table I. Patient and Procedural Data

Lesion severity: Moderate (> 1.0 mm) Severe (0.5-1.0 mm) Critical (< 0.5 mm)

Patients (n) 7 6 7
Age (mean±SEM, yr), gender 57±1.9, 7 male 61±5.4, 5 male, 1 female 61±1.6, 7 male
Vessel dilated 2 LAD, 4 Cx., I RCA 3 LAD, 2 Cx., 1 RCA 4 LAD, 2 Cx., 1 RCA
Balloon size (mean, mm) 2.8 2.7 2.8
Balloon size: reference seg. (mean±SEM) 1.06±0.07 0.96±0.10 0.93±0.12
Number of inflations (mean, n) 3.2 5.0 4.4
Maximal inflation pressure (mean, atm) 7.3 7.8 7.8
TIMI flow pre-PTCA (mean±SEM) 3±0.0 2.3±0.4 1.3±0.3*
Grade 1 (n) 0/7 1/6 5/7
Grade 2 (n) 0/7 1/6 2/7
Grade 3 (n) 7/7 4/6 0/7
Lesion diameter

lpre-PTCA (mean±SEM, mm) 1.31±0.11 0.64±.04t 0.43±0.01*
post-PTCA (mean±SEM, mm) 2.16±0.23 1.91±0.32 1.82±0.25

Distal segment diameter
After nitroglycerin (mean±SEM, mm) 2.28±0.20 2.01±.08 2.04±.23

Medications:
Diltiazem 3/7 patients 4/6 patients 5/7 patients
Nifedipine 2/7 patients 1/6 patients 1/7 patients
Aspirin 4/7 patients 6/6 patients 5/7 patients
Dipyridamole 1/7 patients 1/6 patients 0/7 patients
Beta blockers 1/7 patients 1/6 patients 2/7 patients

Cx., left circumflex artery; LAD, left anterior descending coronary artery; RCA, right coronary artery; * P < 0.001 for critical vs. severe and
moderate subgroups. t P < 0.001 for severe vs. moderate subgroup.
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Distal coronary vasoconstriction after PTCA. The severity
of vasoconstriction in the Distal versus the Control segment at
30 min after successful PTCA for patients in the moderate,
severe and critical lesion severity subgroups is illustrated in
Fig. 2 A. As shown, the degree of vasoconstriction was closely
associated with lesion severity before PTCA. There was no
significant difference in percent vasoconstriction (at 30 min)
between the Control vs. Distal segment vasoconstriction in the
moderate lesion subgroup (12±1% vs. 14+2%, respectively, P
= NS). The severe and critical lesion subgroups demonstrated
significantly greater distal vasoconstriction than the moderate
lesion subgroup (28±2% and 41±5% vs. 14±2%, respectively,
P values as shown). Similarly (Fig. 2 B) there was significantly
greater vasoconstriction in the Distal segment in those patients
with impaired translesional blood flow before PTCA (TIMI
grade < 3 subgroup, n = 10) than in those with qualitatively
normal epicardial blood flow (TIMI grade 3 subgroup, n = 10)
(36±3% vs. 16±2%, respectively, P < 0.005). In Fig. 3, percent
vasoconstriction at 30 min after PTCAis plotted as a function
of minimal lesion diameter (A, C, and E), and lesion cross-
sectional area (B, D, and F) before PTCA for the Distal, An-
gioplasty, and Control segments. Using a polynomial regres-
sion analysis of the scattergram plots, there was a significant
correlation (P < 0.001) between lesion severity, as judged by
either minimal lesion diameter or cross-sectional area, and
percent vasoconstriction for the Distal segment. In contrast,
there was no association between lesion severity and post-
PTCAvasoconstriction in the Control segment or in the An-
gioplasty segment (R2 = 0.012, R2 = 0.01 1, P = NS, for Con-
trol and Angioplasty segments, respectively). Fig. 4 shows an
example of severe post-PTCA vasoconstriction observed distal
to a subtotal occlusion compared to the modest and stable
degree of coronary tone in the nonmanipulated left coronary
artery (Control) of the same patient.

Time course of distal vasoconstriction. The time course of
the distal vasoconstriction observed in the severe and critical
lesion severity subgroups (grouped together as Distal segment
(s), n = 13) is illustrated in Fig. 5. The Distal segment in both
the severe/critical and the moderate lesion severity (distal seg-
ment (m), n = 7) groups demonstrated normal "resting" tone
before PTCA(10±2% and 12±2%, respectively). There was a
minor increase in Distal vasoconstriction noted in the imme-

diate post-PTCA angiogram in the severe/critical group but
not in the moderate lesion (14±3% vs. 8±3%, respectively). At
15 and 30 min after PTCAthere was marked vasoconstriction
in the Distal segment of the severe/critical group but not in the
moderate lesion or Control groups (31±4% and 33±3%, vs.
12±2% and 14±2%, and 14±2% and 12±1% for the severe/
critical, moderate and Control, respectively). The increase in
percent vasoconstriction from pre-PTCA to 30 min after
PTCAwas also significantly greater for the severe (21±3%) and
critical (27±6%) lesion severity subgroups than for the moder-
ate (2±2%) lesion group (P values < 0.001 for severe or critical
vs. moderate). These data suggest that the maximal vasocon-
striction in the Distal segment occurs within 15-30 min after
successful PTCA.

Vasoconstriction in angioplasty segment. As previously re-
ported (7) we again observed progressive vasoconstriction in
the dilated (Angioplasty) segment after PTCA with 2+2%,
24±2% and 28±1% vasoconstriction (vs. IC nitroglycerin di-
ameter) at 3 (post-PTCA), 15, and 30 min after PTCA, respec-
tively (Fig. 5). The degree of vasoconstriction observed 15 and
30 min after PTCA in the dilated segment was significantly
greater than that seen immediately post-PTCA (P < 0.0001),
and was significantly greater than the vasoconstriction of the
Control segment at 15 and 30 min (P values < 0.005).

Discussion

Coronary artery vasoconstriction distal to the site of balloon
dilatation has been observed after successful PTCA, and has
been previously attributed to the release of platelet-derived
vasoactive substances at the proximal site of balloon-induced
arterial injury (7). This study demonstrates that the severity of
this distal vasoconstriction is significantly correlated with le-
sion severity before PTCA. These findings suggest that human
epicardial coronary arteries reset their autoregulatory response
in the setting of chronic hypoperfusion and that this distal
vasoconstriction is the result of a maladaptive constrictor re-
sponse to increased perfusion pressure after successful PTCA.

The regulation of arterial smooth muscle tone is complex
and involves an interplay between humoral, neurogenic, myo-
genic, and endothelium-derived factors (14). After successful
PTCA the distal coronary artery bed may be subjected to a

50 A P<O0005 -50 B Figure 2. Bar graphs demonstrating the degree of vasocon-
Z l l D<0005< striction in the Control (black) and Distal (stippled) seg-
0
- 40 40 ments 30 min after PTCAas a function of lesion severity-DCO at

1X:l l i 4(A) and TIMI flow prior to PTCA(B). Vertical bars repre-

E 30- 1 30- 1 sent percent vasoconstriction (mean±SEM, vs. intracoro-
nary, IC, nitroglycerin diameter, see text). (A) Percent va-

0 ~~~~~~~~~~~~~~~~~~~~soconstriction at 30 min after PTCA is shown for the Dis-
.: .. .... tal and Control segments as a function of lesion severity

10~~~~~~~~~~~~~~~~110 for patients ith minimal leion diameters of> 1.0 (m
o 10- = * F 10- - .- .. Eli: .... erate lesion subgroup, n = 6), 0.5-1.0 mm(severe lesion

TIMI-.._... _ subgroup, n = 6), and < 0.5 mm(critical lesion subgroup,° > 1.0 0.5 1.0 < 0.5 . . ... .TIMIl 3 TIMI < 3 n = 7) (P values as shown). There was no significant differ-
Minimal Lesion Diameter (mm) TIMI Flow Prior to PTCA ence in vasoconstriction in the Control segments between

the three groups nor between the Control and Distal seg-
ment for the moderate lesion subgroup. (B) Percent vasoconstriction at 30 min after PTCAis shown for the Distal and Control segments for
patients with normal coronary blood flow ("TIMI 3," n = 10) and for patients with impaired coronary blood flow ("TIMI < 3," n = 10) prior
to PTCA. There was significantly greater vasoconstriction in the Distal segment for the subgroup with impaired coronary blood flow compared
to the subgroup with normal flow (P value as shown). There was no significant difference in vasoconstriction in the Control segments in the
two groups.
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percent vasoconstriction (mean±SEM, see text for definition) for
each segment at each time: before PTCA(pre-PTCA), < 5 min after
PTCA(post-PTCA), 15 and 30 min after PTCA. The Distal segment
group is divided into two subgroups: those with moderate pre-PTCA
lesion severity (Distal segment (m), n = 7), and those with severe or

critical lesion severity (Distal segment (s), n = 13). Vasoconstriction
in the Distal segment of the severe/critical subgroup was significantly
greater at 15 and 30 min after PTCAthan post-PTCA, and com-

pared to the vasoconstriction in the Control and Distal (m) segment
at 15 and 30 min (**Ps < 0.001 for all comparisons). In contrast, va-

soconstriction in the Distal segment (m) subgroup was not signifi-
cantly changed during the first 30 min after PTCAand did not differ
from the Control segment at any time. The degree of vasoconstric-
tion in the Angioplasty segment at 15 and 30 min after PTCAwas

significantly greater than that seen in the post-PTCA arteriograms
(**P < 0.001). NA, not applicable.

number of stimuli that could alter epicardial coronary artery
tone.

First, the distal coronary artery could be exposed to in-
creased concentrations of vasoactive substances, such as sero-

tonin or thromboxane, released from platelets aggregating at
the site of balloon injury (15, 16). The hypothesis that there
was greater vessel trauma after angioplasty of the more se-

verely narrowed segments, leading to increased platelet deposi-
tion and greater distal vasoconstriction from platelet-derived
vasoactive substances, however, is inconsistent with several
observations from this study. One difficulty with this hypoth-
esis is the lack of evidence that there was significantly greater
vessel trauma after PTCAof the critical or severe lesions com-

pared to the moderate lesions. The balloon size, ratio of in-
flated balloon diameter to diameter of adjacent normal artery,
total number of balloon inflations, total duration of inflations
and post-PTCA incidence of angiographic intimal dissection
were not significantly different for the three lesion severity

subgroups. A number of studies have demonstrated that the
severity of arterial trauma after balloon angioplasty, as judged
by the incidence of intimal dissection and acute closure after
PTCA(15-17) or determined histologically after in situ angio-
plasty (18) or after angioplasty in the cholesterol fed rabbit
model (19) is not necessarily related to the severity of the lesion
being dilated. Severe vessel injury, for example, is often ob-
served after balloon dilatation of moderate lesions (19). If,
despite the above considerations, one assumes that there was
substantially greater injury and platelet deposition in the more
severely narrowed segments, one would expect to see an associ-
ation between lesion severity and (platelet-mediated) vasocon-
striction in the dilated segment paralleling the changes seen in
the distal segment. However, there was no correlation between
lesion severity and vasoconstriction in the dilated segment.
Moreover, if one accepts this platelet-mediator hypothesis, the
absence of distal vasoconstriction in patients with moderate
lesions would lead to the unlikely conclusion that platelets
aggregate minimally or not at all following balloon angioplasty
of moderately severe coronary lesions (20, 21). Additionally,
studies of balloon angioplasty in atherosclerotic rabbits have
shown that the potent serotonin antagonist LY53857 inhibits
the spasm observed at the site of balloon injury but does not
affect the severity of distal vasoconstriction (22), which again
suggests that distal vasoconstriction after angioplasty is not
platelet mediated. Similarly, the finding that there are no de-
tectable increases in coronary sinus thromboxane concentra-
tions after successful PTCA (23) makes it unlikely that distal
vasoconstriction is mediated by in thromboxane. All of these
considerations suggest that the significant correlation between
pre-PTCA lesion severity and the degree of vasoconstriction
observed in the distal segment is not easily explained by the
release of platelet-derived vasoactive substances at the site of
balloon injury.

Increases in coronary blood flow after successful PTCA
may also affect coronary artery tone. In normal epicardial
coronary arteries of both dogs (24, 25) and humans (26, 27),
increases in blood flow cause vasodilatation. This flow-me-
diated vasodilatation appears to be endothelium dependent
and may be the result of endothelium-derived relaxing fac-
tor(s) (EDRF) release (26, 27). In contrast to patients with
normal coronary arteries, flow-mediated epicardial coronary
artery vasodilatation appears to be blunted or lost in patients
with atherosclerotic coronary artery disease (27). Since all of
the patients in the current study had coronary artery disease, it
is likely that their flow-mediated vasodilatory responses were
either blunted or absent. Such a loss of flow-mediated vasodi-
latation could predispose these subjects to exaggerated in-
creases in perfusion pressure and unopposed vasoconstriction
in the setting of increased coronary blood flow after PTCA.

The coronary segment distal to the lesion being dilated
may also be exposed to minor trauma from guidewire manipu-
lation, which could theoretically provoke coronary vasocon-

Figure 4. Serial coronary arteriograms demonstrating the vasoconstrictor responses of the Distal and Control segment of a study patient in the
critical lesion subgroup (minimum lesion diameter = 0.42 mm, TIMI grade 1 flow prior to PTCA). All images are end-diastolic frames viewed
in the same projection and magnification and shown after computerized edge-detection image processing. Images of the Distal segment and the
Control segment are shown before PTCA(pre-PTCA), 30 min after PTCA(30 min), and 3 min after the administration intracoronary nitro-
glycerin (after NTG). Marked vasoconstriction is seen in the Distal segment 30 min after PTCAcompared to the pre-PTCA diameter with a

marked (56%) vasodilatory response to nitroglycerin. The Control segment demonstrated modest (8%) vasodilatation after nitroglycerin and no

spontaneous vasoconstrictor response during the same time period.
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striction via endothelial cell injury with secondary platelet ag-
gregation. Although we cannot totally exclude guidewire
trauma as a cause of Distal segment vasoconstriction, this
mechanism would not adequately explain the association be-
tween pre-PTCA lesion severity and Distal vasoconstriction or
the lack of vasoconstriction observed in the Distal segment of
the moderate lesion severity subgroup. In addition, the vaso-
constriction observed in the coronary artery distal to the di-
lated lesion was diffuse and not limited to the part of the vessel
manipulated by the guidewire (see Fig. 4.).

Finally, depending upon the severity of the lesion being
dilated, there may be a rapid increase in perfusion pressure in
the epicardial coronary artery distal to the dilated lesion after
successful PTCA(28). Although one would expect passive epi-
cardial coronary artery dilatation from an increase in perfu-
sion (distending) pressure after PTCAwe observed either no
change (moderate lesion subgroup) or a pronounced decrease
in coronary diameter (severe and critical lesion severity sub-
groups) distal to the dilated segment after successful PTCA.
Paradoxically, those vessels with presumably the lowest resting
perfusion pressure (TIMI grade 1 flow, distal to near-total oc-
clusion) demonstrated the greatest loss of diameter after
PTCA, suggesting that hypoperfusion predisposes to vasocon-
striction after PTCA (see Fig. 4.). The spontaneous loss of
diameter in the distal segment of the severe and critical lesion
subgroups cannot be explained by hemodynamic factors, since
blood pressure was essentially constant during the serial arte-
riograms and the Control segment showed no similar loss of
diameter. The fact that this progressive loss of diameter cannot
be explained by the expected or observed changes in blood
pressure, coronary perfusion pressure or coronary blood flow,
and was reversed after an intracoronary injection of nitroglyc-
erin suggests that the loss of diameter distal to the dilated
lesion was the result of active vasoconstriction.

The magnitude of the increase in perfusion pressure
(stretch stimulus) after successful PTCA is directly related to
the severity of the resting pressure gradient across the stenosis
to be dilated. The relationship between lesion severity and
transstenotic pressure gradient across a typical high-grade
human coronary stenosis can be approximated by the formula
PpPd = 1.8 Qs/dmin4 + 6.1 Qs2/dmin' as described by Brown et al.
(8). In this formula Pp - Pd represents the pressure drop
(mmHg) across the stenosis, Qs the stenosis flow (ml/s) and
dmin the minimal lumen diameter (mm). Assuming a normal
range of resting coronary blood flow for medium sized epicar-
dial coronary arteries ( 1-1.5 ml/s) (29) one can estimate, using
this formula, that the average resting transstenotic pressure
gradients in our three groups of patients would be 3-6, 25-87,
and 1 0->200 mmHgfor the moderate, severe, and critical
lesion subgroups, respectively. It should be recognized, how-
ever, that the flow-limiting nature of the most critical lesions
may result in an overestimation of the transstenotic pressure
gradients when one calculates this gradient based upon normal
resting coronary blood flow. The expected increase in perfu-
sion pressure in the distal coronary bed after successful PTCA
should be proportional to these resting gradients (28). The
actual increase in perfusion pressure after PTCAwill also be
affected by the degree of collateral blood flow and the ade-
quacy of the PTCA result. Despite these limitations, the ob-
servation that the degree of distal vasoconstriction closely par-
allels the estimated increase in perfusion pressure after success-
ful PTCA provides good evidence that human epicardial

coronary arteries may reset their autoregulatory response in
the setting of chronic hypoperfusion. Reflex vasoconstriction
may then occur when the distal vessel is suddenly exposed to
higher than usual (pre-PTCA) perfusion pressure.

As discussed, it appears most likely that distal vasocon-
striction after angioplasty of high grade coronary stenoses is
the result of a pressure/stretch-mediated stimulus. The vaso-
constriction observed after rapid arterial stretching has classi-
cally been considered to be intrinsic to the smooth muscle, or
myogenic (1-3), and therefore endothelium independent.
However, recent studies by Harder (30), Osol (31), Vanhoutte
(32-34), and Fischell (35) suggest that some forms of stretch or
pressure-induced myogenic tone, including autoregulation to
blood pressure changes in cerebral arteries (30, 33), are endo-
thelium dependent. In a number of mammalian species such
as rats (31), rabbits (35), cats (30), dogs (33, 34), and pigs (36)
vascular endothelial cells appear capable of functioning as
"mechanotransducers" (36), such that a mechanical stimulus
(e.g., increased luminal pressure or stretch) may stimulate the
release of vasoactive substance(s) (endothelium-derived con-
tractile factor[s]) capable of activating calcium-dependent
smooth muscle contraction (30, 33, 35, 37, 38). Although spec-
ulative, it is possible that the vasoconstriction observed in the
distal segment after PTCA of severe and critical stenoses is
mediated by such an endothelium-dependent process. We
cannot exclude, however, the possibility that the distal vaso-
constriction is myogenic.

Implications. The presumptive finding of altered autoregu-
lation as a cause of vasoconstriction in hypoperfused epicar-
dial coronary arteries has several clinical implications. Several
investigators have found abnormally depressed coronary flow
reserve in 50% of patients who undergo successful PTCA
(39-41). This depressed coronary blood flow reserve is inde-
pendent of angiographic or hemodynamic parameters of suc-
cessful revascularization and eventually normalizes in all pa-
tients who do not develop restenosis (39). Wilson et al. specu-
lated that prolonged hypoperfusion distal to an epicardial
coronary stenosis may "[alter] the ability of the arteriolar vas-
culature to autoregulate in response to a sudden restoration of
normal perfusion pressure" (39). If the alteration in coronary
autoregulation that we observed in epicardial vessels were gen-
eralized to the coronary arterioles, this might explain the find-
ing of transient depression of coronary flow reserve after suc-
cessful PTCA.

A second important clinical finding of this study is the
ability of intracoronary nitroglycerin to reverse this coronary
vasoconstriction. We have previously reported that intrave-
nous nitroglycerin administered at doses that reduce the sys-
tolic blood pressure by 20 mmHgis capable of preventing
vasospasm in both the Distal and Angioplasty segments (7).
Based on these observations and the findings that orally ad-
ministered calcium channel blockers and aspirin do not pre-
vent vasoconstriction in the Angioplasty or Distal segments,
we routinely administer relatively high-dose systemic nitro-
glycerin therapy during, and for at least 24 h after PTCA.

Finally, in extreme cases this vasospasm may provoke isch-
emia and/or myocardial infarction after PTCA or coronary
artery bypass grafting surgery (6). In one particularly illustra-
tive case occlusive coronary artery spasm leading to myocar-
dial infarction occurred after bypass grafting of a chronically
occluded left anterior descending coronary artery, with no evi-
dence of spasm in a grafted obtuse marginal coronary artery
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with a moderate (60%) stenosis. Myocardial infarction second-
ary to severe coronary artery spasm after coronary bypass
grafting of chronically hypoperfused vessels could explain, in
part, the intriguing observation that a majority of postopera-
tive myocardial infarctions are associated with widely patent
bypass grafts at autopsy or arteriography (42, 43).

Limitations of the study. Despite the care taken to control
for confounding clinical variables there are several potential
limitations of this study. It is recognized that collateral blood
flow may increase the coronary perfusion pressure distal to
severe or critical stenoses. To minimize the effects of well-de-
veloped coronary collaterals on the transstenotic pressure drop
we excluded from entry patients with well-developed collat-
erals supplying the vessel to be dilated (> grade 2 collater-
als) ( 12).

Ideally, transstenotic pressure gradients should have been
used to correlate alterations in epicardial autoregulation with
chronic hypoperfusion. Although these pressure gradients can
be measured using balloon catheters before and after PTCA,
these measurements are often inaccurate and may be errone-
ously affected by vessel tortuosity, balloon catheter size, and
changes in coronary blood flow (28, 44). For these reasons we
elected to use primarily angiographic measures of lesion sever-
ity to assess the relationship between hypoperfusion and distal
vasoconstriction after PTCA. Finally, our methodolology does
not allow us to comment upon the latency period required to
reset or readjust autoregulation in the setting of hypoperfu-
sion, nor the duration of altered autoregulation after the resto-
ration of normal coronary blood flow.

Summary. The severity of coronary artery vasoconstriction
distal to the site of successful PTCA is closely correlated with
lesion severity before PTCA. This distal vasoconstriction
begins shortly after successful revascularization and appears to
peak at 15-30 min after PTCA. These observations are consis-
tent with the hypothesis that human epicardial coronary arter-
ies can reset their autoregulatory responsiveness in the setting-
of chronic hypoperfusion such that restoration of more normal
levels of perfusion pressure after successful PTCA may pro-
voke reflex vasoconstriction. It is likely that this vasospasm is
mediated by either an endothelium-dependent or myogenic
mechanism. These findings have important physiologic impli-
cations concerning the dynamics and plasticity of human cor-
onary artery blood flow regulation as well as clinical implica-
tions regarding the etiology and prophylaxis of coronary artery
spasm after PTCAand coronary artery bypass graft surgery.
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