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Long-term changes in vasocontractility were examined in 23 coronary segments from 20 patients with variant angina
using computer-based quantitative coronary angiography and ergonovine provocation tests repeated at an interval of
42 + 14 months. Measurements of vasospasticity at the sites of fixed stenoses were compared with values predicted by
an elementary geometric theory based on the assumption that the cross-sectional area of a vessel wall is constant
regardless of its state of vasoconstriction. While all patients were symptomatic initially, only 11 remained symptomatic
at follow-up. At the initial provocation test, the response was correctly predicted in four segments, was lower than
expected in one, and was stronger in 18. At follow-up, only one of the four segments in which the response had been
initially predicted correctly again showed the predicted response and the remaining three showed a response weaker than
expected; the one segment which was initially hypocontractile remained hypocontractile at follow-up,; and of the 18
segments which were initially hypercontractile, 12 exhibited hypercontractility again, four had the predicted value and
the remaining two showed hypocontractility. In only one of 23 segments did the geometric theory predict the behaviour
of vasospasticity at the site of fixed stenosis on both tests. Vasospastic responsiveness is a dynamic process
demonstrating temporal variability and is not directly predicted by geometric theory.

Introduction tests. Using elementary geometric principles, we calcu-
lated the vasospastic changes that might be expected to
occur at sites of fixed coronary stenosis on the basis of
proportional vasomotion in normal proximal reference
segments.

Coronary vasospasticity plays an integral role in the
genesis of variant anginal' ®, but the precise mechanism
of spasm at sites of fixed coronary stenosis remains
undetermined and proposed theories have included
hypersensitivity to either vasoactive agents or parasym-
pathetic tone. It has been proposed that the coronary Methods
spasm of variant angina is due to the amplification of
normal vasoconstriction at sites of atheromatous lumi-
nal encroachments, the degree of vasoconstriction being Twenty patients, admitted to Anjo Koser Hospital
related to the severity of encroachments (the geometric  (Anjo, Japan) who met the following criteria of variant
theory)”). The present study was performed to determine  angina were included in the present study: (1) chest
the applicability of the geometric theory to the coronary pain at rest; (2) pain relief immediately following the
spasm of patients with variant angina and to assess the administration of sublingual nitroglycerin; (3) no subse-
variability of coronary spasm over time by computer- quent evidence of myocardial infarction and (4) cor-
based quantitative coronary angiography. We assessed onary spasm associated with chest pain and ischaemic
vasocontractility in 20 patients with variant angina by ECG changes provoked by ergonovine during
measuring the maximal changes in coronary arterial angiography!'’'’l. The study was approved by the
diameter induced by repeated ergonovine provocation hospital’s committee on human research and fully in-

formed written consent was obtained from each patient
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Figure 1 Contribution of vascular wall thickening to luminal
narrowing during coronary vasoconstriction. The basic concept
of the geometric theory: (1) the transverse cross-sectional area
of a vessel wall 1s constant regardless of its state of constriction;
(2) the constriction of the vessel outer diameter at the reference
and obstruction segments 1s identical — thus, when the luminal
diameter at the reference segment constricts from 2:5mm to
[-87 mm, the luminal diameter at the site of obstruction constricts
from -7 mm to 0:37 mm, producing ‘spasm’.

right and left coronary arteries had been obtained,
0-2 mg ergonovine maleate was administrated intra-
venously by a rapid bolus injection. Heart rate and
aortic pressure were monitored continuously, and 12-
lead ECGs were recorded at 30 s intervals. Whenever
chest pain or significant ST segment changes were ob-
served, selective coronary angiograms were immediately
performed. Coronary vasospasm was relieved by the
intracoronary administration of 2mg to Smg ISDN.
Radiographic projections were identical during the
sequential angiographic studies.

QUANTITATIVE ANGIOGRAPHIC ANALYSIS SYSTEM

Arterial dimensions were measured at specific dis-
tances from identifiable branch points in end-diastolic
frames during the control state, after the administration
of ergonovine and after the administration of ISDN.
The cinefilms obtained were analysed off-line with the
new version of the Coronary Angiography Analysis

System (CAAS), which has recently been validated by
in-vitro and in-vivo studies!'®.

GEOMETRIC CONSIDERATIONS: DYNAMIC VASCULAR WALL
THICKENING

Quantitation of vasomotion observed by angiography
1s limited to comparing the luminal diameter in two or
more states of vasomotion. Because we cannot see the
arterial wall 1itself, we do not always appreciate the
changes which produce the variations in luminal dimen-
sions, which we call ‘vasomotion’™!'”'®]_ The elementary
geometric principle used to predict the narrowing
expected at a site of fixed stenosis, given the severity of
the fixed stenosis and the degree of vasoconstriction at

AR = 7 (Ro?*—-Ri?)
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Figure 2 A coronary artery with cross sections (AR and Ar) at a
pre-stenotic reference segment and at the site of obstruction in the
control state.

AR = 7 (Roc? — Ric?)
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Figure 3 A coronary artery with cross sections (AR and Ar) at a
prestenotic reference segment and at the site of obstruction in the
vasoconstricted state.

the normal proximal reference segment, is shown in Figs
I 10.3.

For practical purposes, we assume the material of the
arterial wall to be plastic (1.e. it can be moulded) but not
compressible (of constant volume). If we exclude any
change 1n the length of the artery as a result of varying
diameter and any extrusion of tissue from the con-
stricted area into non-constricted adjacent parts of the
artery, the cross sectional area of the arterial wall will be
constant at any point of the artery regardless of the state
of its contraction or dilation. The coronary artery is
assumed to be circular in cross-section when distended
by a normal blood pressure and its outer diameter is
assigned to include the media but exclude the adventitia.

For each of the control state and vasoconstricted
state, a set of values 1s assigned for the inner (luminal)
and outer diameters of the normal proximal (reference)
segment and the segment containing the stenosis
(obstruction):

Thus, where

AR =arterial wall area at the reference cross section
Ar=arterial wall area at the obstruction

2Ro=outer diameter of artery at baseline

2R1=1nner diameter at the reference segment at baseline
2ri=1nner diameter at the obstruction at baseline
2Roc=outer diameter of artery during vasoconstriction
2Ric=1nner diameter at the reference segment during
vasoconstriction

2ric=1ner diameter at the obstruction during vaso-
constriction,

the following equation holds;

(i) AR=n(Roc* — Ric’)=n(Ro* — Ri?)
(i1) or Ro” — Roc*=Ri* — Ric’

(i11) and Ar=n(Roc” — ric’)=n(Ro? — ri%)
(iv) or Ro” — Roc”=ri” — ric?
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Table 1 Quantitative coronary analysis in three phases of vasomotion in patients with persistent

angina at initial and follow-up studies (group A)

First angiogram

Second anglogram

Patient Vessel and
number hase RD MLD ; RD MLD g
: (mm) (mm) /DS (mm) (mm) /DS
l RCA-control 2-80 2-38 15 253 2:22 |2
RCA-erg 2-4] 0-83 66 2:16 0-87 60
RCA-ISDN 3-4] 272 20 3-67 2-86 22
2 LAD-control 2:33 |-47 37 2-18 1-20 45
LAD-erg 2:19 0-69 68 2:10 0-67 68
LAD-ISDN 2-54 1-62 36 2-59 2:17 16
RCA-control 248 1-82 27 2-37 |-87 21
RCA-erg 2-10 0-80 62 1-56 0 100
RCA-ISDN 2:96 2-52 15 2-99 2:07 31
3 RCA-control 3-00 1-28 57 2-70 [-0] 63
RCA-erg 2-68 0-71 74 2:13 0 100
RCA-ISDN 351 1-90 46 2-72 1-20 56
4 RCA-control 1-72 0-95 45 2:92 2:51 14
RCA-erg 1-65 ()-50 70 2:62 () 100
RCA-ISDN 3-40 2:15 37 3-70 3:17 14
5 RCA-control 270 [-99 26 2-59 [-30 50
RCA-erg 2-26 ()-88 61 2:52 0-71 2
RCA-ISDN 3-02 2:35 16 3-03 2-44 19
6 LLCX-control 3:21 2-39 26 3-4] 2-46 28
LCX-erg 2:382 1-:07 62 2:99 1-03 66
LCX-ISDN 3-47 2-50 28 3-49 3-11 [ ]
7 LAD-control 2-56 [-10 57 2:61 1-09 58
LAD-erg 2-31 ()-52 77 2:32 0-58 75
LAD-ISDN 2-84 27 55 2:62 [-16 56
RCA-control 2:82 -32 53 271 [-58 43
RCA-crg 2:76 1 60 2:42 [-08 55
RCA-ISDN 310 -37 56 3:27 |-81 45
N RCA-control 2:49 78 29 2:33 [-36 42
RCA-erg 2:32 0-8]1 635 2-14 0-77 64
RCA-ISDN 3-18 2-37 25 2-76 1-96 29
9 LCX-control [-93 1-13 41 1-62 1-26 22
LCX-erg 2-05 0-34 83 1-23 0 100
LCX-ISDN 2-58 1-49 42 2:46 |-80 27
10 RCA-control 2:63 1-93 27 2:59 )+ 79 32
RCA-erg 1-90 () 100 2:07 0 100
RCA-ISDN 3-17 2-64 |7 3-49 2-83 19
| ] [LAD-control 2-42 0-96 6() 2:55 [-18 54
LAD-erg 2-23 0 100 232 0 100
LAD-ISDN 3-03 2:51 17 3-07 1-52 50

ﬁ

RCA =right coronary artery; LAD=left anterior descending artery; LCX=left circumflex coronary
artery; erg=after administration of ergonovine; ISDN=after administration of 1sosorbide
dinitrate: RD =reference diameter;: MLD=minimal luminal diameter; %DS=" diameter stenosis.

Then equation (11) and (1v) yield:
(v) ric’=ri* — Ri*+Ric”

Therefore, if we know the reference diameter in the
control state (2R1), after vasoconstriction (2Ric) and the
obstruction diameter (2r1) in the control state, we can
predict the obstruction diameter (2ric) after vasocon-
striction from Equation (v). Equations (1) to (v) are
equally valid for both vasoconstriction and vasodilata-
tion. Thus, for a given degree of vasoconstriction at any
segment of a vessel, it should be possible to predict the
decrease in the luminal diameter at any other site 1n the
same vessel from simple geometric principles. On
account of the greater arterial wall area due to the
atherosclerotic plaque, the percentage reduction 1n

luminal diameter should be greater at the site of fixed
stenosis.

STATISTICAL METHODS

Vasoconstriction at the spastic segment was con-
sidered to be correctly predicted if the minimal luminal
diameter (MLD) measurement was within & 10% of the
value derived by the geometric theory as described
above. Changes in MLD and reference diameter (RD)
induced by ergonovine and ISDN were compared by the
Student’s t-test for paired data. Differences between
patient group characteristics were compared by the
chi-square test or the Student’s t-test for unpaired
data.
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Table 2 Quantitative coronary analysis in three phases of vasomotion in patients with resolution of

angina at initial study which had resolved at follow-up (group B)

First angiogram

Second anglogram

Patient Vessel and
number phase RD MLD DS RD MLD DS
(mm) (mm) ' (mm) (mm)
|2 RCA-control 2-73 1-71 37 3-46 2:70 22
RCA-erg 2:28 () 100 2:35 |-48 37
RCA-ISDN 4-08 2:56 3i/ 3-93 2-68 32
| 3 LAD-control [ -50 (-85 43 2-51 1-34 47
LAD-erg |-46 0-46 63 2:28 [-56 32
LAD-ISDN 2:32 [-30 44 2553 2:02 20)
14 LCX-control 2-63 & 7 33 2-46 |-82 26
LCX-erg 2713 () 100 2:24 1-29 42
LCX-ISDN 2-70 | -85 3 2-86 2-06 2
) LAD-control |-67 [-20 28 [-9] 25 34
LAD-erg [-50 0-61 39 2:02 4] 30
LAD-ISDN 2:19 |-68 23 2:03 2] 16
|6 LAD-control 2-38 -7 55 2-88 -89 34
LAD-erg 2-2] 0-57 74 2:37 67 30
LAD-ISDN 2-78 522 56 2:72 -76 35
17 RCA-control 2-52 [-05 58 2:83 1-91] 33
RCA-erg |-95 () 100 2-38 [-60 3:
RCA-ISDN 375 2-44 35 361 2:35 29
| 8 RCA-control 2-48 |-37 45 2-43 1-77 27
RCA-erg 1:97 () 100 2:18 [-30 40
RCA-ISDN 2-85 2:53 | | 2-83 2:02 29
19 LAD-control 2:67 2:01 2 2:56 2:10 |8
LAD-erg 257 ()-83 68 2:43 |-93 21
LAD-ISDN 3-00 2-83 6 2-80 2-10 25
20 RCA-control 2:67 [-76 34 3-80 2-:09 45
RCA-erg 2-48 ()-99 6() 3-72 2:03 45
RCA-ISDN 3-54 2:35 3 3-94 2:16 45
LCX-control 233 |-3] 44 2:63 e 33
LCX-erg 1-99 0 100 2:58 74 33
LCX-ISDN 2-69 1-62 40 2:70 -85 31

RCA=nght coronary artery; LAD=left anterior descending artery; LCX =left circumflex coronary
artery; erg=after administration of ergonovine; ISDN=after administration of isosorbide
dinitrate; RD=reference diameter; MLD=minimal luminal diameter; %DS="% diameter stenosis.

Results

At the time of the initial study all 20 patients had
classical symptoms of variant angina; at follow-up the
symptoms persisted in only 11 (group A) and had
resolved 1 nine (group B).There was no significant
difference 1n age (55+8 vs 56 £ 8) or sex (number of
female patients; 1 of 11 vs | of 9) between the two
groups. The follow-up studies in group A were per-
formed 40 + 14 months after the initial study, while
those in group B were done 43 &+ 14 months after the
initial study. The follow-up period was similar for
both groups. All patients were treated with a calcium
antagonist (diltiazem), the dose of which immediately
after the initial test was 172 + 36 mg/day in group A and
167 + 38 mg/day in group B (not significant). In group B
who showed negative follow-up test results, diltiazem
was gradually reduced or discontinued after the
follow-up test.

Twenty-three spastic coronary segments in 23 vessels

from the 20 patients were analysed. The mean diameter

of the normal proximal segment was used as the refer-

ence diameter. The results of quantiative analysis for the
control, ergonovine and ISDN phases of the initial and
follow-up studies for both groups are given in Tables 1
and 2.

In group A, ergonovine induced a significant reduc-
tion in the RD and MLD at spastic segments during
both the initial and follow-up studies; ISDN. on the
other hand, induced a significant increase in the MLD
and RD. The mean values of the initial and follow-up
studies for group A are compared in Figs 4 and 5. In
group B a significant reduction in both MLD and RD at
spastic segments was observed during the initial study,
while neither MLD nor RD changed significantly during
the follow-up study; both MLD and RD increased
following the administration of ISDN during both tests.
The mean values of the initial and follow-up studies for
group B are compared in Figs 6 and 7.

During the mitial study, two out of 11 patients in
group A and five out of nine patients in group B
developed total transient spastic occlusion in response to
ergonovine. At the level of the spastic segment athero-
sclerosis was seen to have progressed significantly after



T'emporal variability in vasospastic angina 65

Control Ergonovine ISDN

3 mm P < 0-001 RD
3-09
& P < 0-001

2'55 2.28 2‘12

2 mm}l MLD
. 1-58

Il mm}

Figure 4 Mean values of reference diameter (RD) and minimal
luminal diameter (MLD) during the control state, after adminis-
tration of ergonovine and after administration of 1sosorbide
dinitrate (ISDN) in group A during initial angiography.

Control Ergonovine [SDN
3 mmi- P < 0-001 RD
3:07
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2:47
= MLD
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1-60
I mmp
50 P < 0-001
Figure 5 Mean values of reference diameter (RD) and minimal

luminal diameter (MLD) during the control state, after adminis-
tration of ergonovine and after administration of isosorbide dini-
trate (ISDN) 1n group A at follow-up.

[SDN administration in one case from group A but 1n
none from group B.

Using the elementary geometric principles described
above, we calculated the changes that would be expected
to occur at spastic sites if vasoconstriction was uniform
throughout the coronary vessel. Figure 8 shows the
behaviour of the 23 spastic segments during both
provocation tests.

During the initial study, the decrease in MLD at the
spastic site was proportional to the vasoconstriction in
the RD in only four segments, i.e.vasospasm at the site
of fixed stenosis was correctly predicted 1n those cases.
In one segment, vasoconstriction at the site of the fixed
stenosis was less than predicted, whereas in 18 segments
clear hypercontractility was exhibited at the sites of fixed
stenosis. During the follow-up study, only one of the
four segments in which the response was correctly
predicted at the initial test, again developed the pre-
dicted value in MLD: the other three segments showed
hypocontractility. The one segment in which hypo-
contractility was initially observed, similarly demon-
strated hypocontractility at follow-up. Of the I8
segments which showed hypercontractility during the
initial test, 12 again exhibited hypercontractility, four

Control [ISDN

3 e
5 P < 0-001 RD
9.99

Ergonovine

2:04
MLD

e ey 2-34

Il mm}b

Figure 6 Mean values of reference diameter (RD) and minimal
luminal diameter (MLD) during the control state, after adminis-
tration of ergonovine and after administration of i1sosorbide dini-
trate (ISDN) in group B during initial angiography.
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giics e L P < 0-001 RD
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273 B
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Figure 7 Mean values of reference diameter (RD) and minimal
luminal diameter (MLD) during the control state, after adminis-
tration of ergonovine and after administration of 1sosorbide dini-
trate (ISDN) in group B at follow-up.

developed their pedicted MLD values and the remain-
ing two developed less contraction than predicted
(hypocontractility).

Thus, the majority of spastic segments were hyper-
contractile during both tests while some segments
changed from being initially hypercontractile to being
hypocontractile at follow-up. In only one vessel could
the behaviour of a fixed stenosis be correctly predicted
by the geometric theory during both provocation tests.

Discussion

During the past decade, clinical understanding of
changes in the vessel wall cross-sectional area during
coronary spasm has been influenced by the geometric
theory proposed by MacAlpin"), This theoretical model
suggested that vascular hypersensitivity was due to the
amplification of normal vasoconstriction at the sites
of atheromatous luminal encroachment, the degree of
vasoconstriction being related to the severity of
encroachment. In the report by MacAlpin, arterial
measurements were performed in three cases to support
the geometric theory”). However, in at least one of the
three cases, vasoconstriction induced by ergotamine was
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Figure § Percentage deviation of the minimal luminal diameter from predicted values after
administration of ergonovine of all 23 spastic segments at initial and follow-up angiography.

greater than that predicted by the geometric theory, so
this theory could not completely explain the occurrence
of coronary spasm even in the demonstrated cases. Our
study, based on computerized quantitative analysis of
coronary angiograms, further undermines the geometric
theory. Our results support the hypothesis that coronary
artery spasm results from hypersensitivity to vasocon-
strictors at atherosclerotic sites, as previously suggested
by other investigators.

Coronary artery spasm in normal coronary arteries
has also been reported by several authors!™®'**"l. In a
study investigating the severity of fixed stenosis at the
site. of coronary spasm in 406 patients*!!, 12% of the
patients had no fixed stenosis in any coronary artery
after administration of ISDN and only 30% of patients
had severe fixed stenosis. It is clear from these
results that the geometric theory alone cannot explain
vasospasm 1n patients with angiographically normal
coronary arteries. It 1s of interest that coronary spasm
has been observed in a swine model in angiographically
normal coronary arteries; however, subsequent histo-
logical studies revealed that early atherosclerotic changes
were already present”*). Both clinical and experimental
studies have demonstrated that hypercontractility of
coronary arteries, in response to a variety of vaso-
constrictive agents, 1s integrally related to the patho-
logical process of atherosclerosis; specifically, to the
disruption of endothelial control of vascular smooth
muscle tone'" **! and to the release of vasoactive prod-
ucts by platelets””°l. While such endothelial damage
will usually progress it may occasionally heal over the
course of several months®'?. Other factors unrelated
to advanced atherosclerosis, such as mediation of the
autonomic nervous system, might play a role in the
genesis of coronary spasm”’. A finding of particular
Interest in our investigation was that while the majority

of spastic segments showed arterial hypercontractility on
both tests, some segments fluctuated in their response,
which was stronger than expected in one test and weaker
than expected in the other. This indicates the variability
within a few years of vasoconstriction provoked at
each spastic site of a coronary artery. Furthermore, we
observed in a recent long-term study®** that the location
of coronary spasm shifts over a period of a few years in
some patients with vasospastic angina. This indicates
that coronary spasm i1s not a permanent condition
regulated by the severity of atherosclerosis but a dy-
namic process only partly influenced by geometric fac-
tors. The nature of the temporal and spatial variability
of vasospastic angina remains to be elucidated.

In conclusion, vasoconstriction at sites of fixed cor-
onary stenoses occurs as a result of hypersensitivity to
vasoconstrictor substances rather than as a simple geo-
metrical phenomenon. Coronary vasospastic responsive-

ness 1S a dynamic process demonstrating temporal
variability.

The authors thank Marie-Angele Morel for preparing the figures
for this publication.
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