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Summary: Traditionally, the diagnosis of significant cor-
onary atherosclerotic disease has relied on angiographic
techniques. Both histologic analyses and, more recently,
intravascular ultrasonography techniques have revealed
that a significant atherosclerotic plaque load may be
present in epicardial coronary arteries without significant
luminal narrowing, consistent with compensatory vessel
enlargement or remodeling. In patients with coronary ath-
erosclerosis, more limited structural changes are present
in the smaller resistance arterioles, whereas a decrease 1n
luminal area with an increase in wall thickness and peri-
vascular fibrosis are the characteristic structural changes
observed 1n resistance arteries in the presence of sys-
temic hypertension. Further, functional changes, such as
impairment of endothelium-mediated vasodilation, are
present in epicardial and resistance vessels of patients
with coronary atherosclerosis and may influence the pro-

gression of this disease and development of ischemic syn-
dromes. The introduction of two-dimensional intravascu-
lar and Doppler ultrasonography enables us to study in
vivo these morphologic and functional changes. In this
article, the knowledge acquired in humans on the mech-
anisms and clinical relevance of vascular remodeling with
the use of these two ultrasonography-based techniques is
reviewed. The possibility of using pharmacologic inter-
ventions to improve or normalize the vascular response
to endothelium-dependent and independent vascular in-
terventions 1s discussed, with special attention to the ef-
ficacy of the inhibition of the angiotensin-converting en-
zyme. Key Words: Endothelium-derived relaxing factor—
Angiotensin-converting enzyme inhibitors—Quantitative
anglography—Intracoronary ultrasonography—Doppler
ultrasonography—Atherosclerosis.

Coronary angiography has until recently re-
mained unchallenged as the gold standard in the
diagnosis of obstructive coronary artery disease,
and on the basis of angiographic findings, manage-
ment decisions on medication, angioplasty, or cor-
onary artery surgery are made. Pathologic studies
have shown that a considerable atherosclerotic
plagque load can be present in angiographically nor-
mal arterial segments. Further, angiography 1s un-
able to study alterations of flow induced by changes
in the distal coronary vasculature.

Two-dimensional intracoronary ultrasonography
provides a cross-sectional view of the vessel lumen
and wall comparable to that of in vivo histology and
allows quantitative measurement of the lumen and
plaque area. Intracoronary Doppler ultrasonogra-
phy can selectively measure flow velocity in base-
line conditions and after pharmacologic stimuli, and
detect flow alterations due to the presence of a

flow-limiting epicardial stenosis or to the impair-
ment of the coronary microvasculature.

The introduction of these two techniques enables
us to study in vivo, in the catheterization labora-
tory, the arterial remodeling that occurs in conduc-
tance and resistance vessels in patients with coro-
nary atherosclerosis and in those who have risk fac-
tors for this disease. In this article, the mechanisms
and clinical relevance of the remodeling process in
coronary epicardial and resistance vessels are dis-
cussed. The modalities of assessment of these mor-
phologic and functional changes and the effects of
pharmacologic interventions are reviewed.

MECHANISMS OF VASCULAR REMODELING

Remodeling in epicardial arteries
The term remodeling has been used with regard
to changes in ventricular dimensions following in-
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farction (1). More recently, this term has been ap-
plied to the vascular changes observed in athero-
sclerosis and systemic arterial hypertension (2).

The enlargement of coronary arteries 1n response
to luminal encroachment by atherogenic plague was
first observed in monkeys 1n response to an athero-
genic diet (3). This phenomenon was first reported
to occur 1in humans by Glagov et al. (4). His group
studied histologic sections of the left main coronary
artery in 136 hearts obtained at autopsy. The hearts
were fixed under pressure before intracoronary in-
jection with a barium mixture, and radiographs in
two projections were made. The arteries were then
sectioned and histologically examined. It was noted
that the area circumscribed by the internal elastic
lamina increased as the area of the plaque contained
within the lumen increased, thus preserving luminal
area up to a critical point (30—40% area stenosis). At
this point the artery appeared unable to continue to
enlarge at a rate sufficient to prevent significant lu-
minal narrowing. Similar findings were noted by
Stiel et al. (5) in the proximal left anterior descend-
ing and right coronary arteries. He concluded that
compensatory enlargement significantly influenced
the 1n vitro angiographic assessment of a coronary
lesion with underestimation up to a degree of 50%
area stenosis.

The Iimitations of in vitro techniques and fixation
methods were overcome by the introduction of in-
travascular ultrasonography imaging (IVUS). Fol-

lowing characterization of intracoronary athero-
sclerotic lesions by IVUS (6,7) researchers were
able to proceed in comparing angiography and ul-
trasonography in vivo. Angilography portrays the
vessel lumen as a silhouette, a perspective that is
unable to retlect the complex eccentric and irregu-
lar nature of coronary atherosclerotic disease.
whereas IVUS enables the visualization of wall
morphology and intramural anatomy as well as lu-
minal dimensions. Atheromatous involvement of an
artery can be i1dentified on ultrasonography images
even In segments that appear to be angiographically
normal (Figs. 1 and 2). Several studies have shown
that a significant atherosclerotic plaque area of up
to 30—45% can be present in segments of coronary
artery that appear angiographically normal (8-10).
suggesting that arterial enlargement or remodeling
occurs 1n early atherosclerotic lesions. We have
also studied this phenomenon and have found that
atherosclerotic involvement at the site identified by
quantitative coronary angiography as the normal
reference segment 1s common, with only 12% of
these sites being disease-free.

In 43 patients observed prior to coronary inter-
ventions, the mean plaque area at the site of the
anglographic reference occupied 50 = 11% (J. Es-
caned et al., unpublished observations) of the total
area inside the external elastic membrane (plaque
plus lumen area). Therefore, angiography may un-
derestimate the original dimension of the normal

FIG. 1'. Cross-sectional ilntracoronary ultrasonography images obtained from a right coronary artery showing a segment of mild
stenosis (A) and an angiographically normal segment (B). At points A and B, 71.6 and 43% of the cross-sectional area, respec-

tively, are occupied by a concentric atherosclerotic lesion.
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FIG. 2. A digital arteriogram of an angiographically normal segment of a left anterior descending artery from within which
ultrasonography images were recorded and reconstructed as a three-dimensional image [start and end points (A, B) of the
reconstructed segment are indicated in both images for comparison]. The resulting reconstructed segment of artery is opened
longitudinally to visualize the internal structure of the vessel segment. Despite the luminal diameter remaining constant, the
iInternal vessel diameter is increased at the site of maximum plaque load (continuous vertical line in middle lower panel).

lumen 1n the patient group with severe and diffuse
atherosclerotic involvement. This explains the poor
correlation of relative angiographic measurements
of stenosis severity (1.e., the percentage of diameter
stenosis) with functional status and evidence of re-
versible myocardial iIschemia after exercise or phar-
macologic stressors (11,12). These findings suggest
that the start of the stenosis identified by automated
analysis systems represents the point where com-
pensatory vessel enlargement fails to preserve lu-
minal dimensions.

This knowledge may explain the minimal changes
In lumen area observed in large angiographic stud-

les aimed at assessing progression or regression of

atherosclerotic disease after pharmacologic or di-
etary interventions (13). Animal studies have dem-
onstrated the superiority of IVUS over quantitative
anglography to assess regression of atherosclerosis
in rabbits fed an atherogenic diet (14,15). Both me-
chanical and neurohumoral mechanisms have been
proposed to explain the phenomenon of arterial re-
modeling in coronary atherosclerosis. It has been
suggested that developing atherosclerotic plaque,
which 1s usually eccentric, may destroy or com-

press underlying structures, causing wall atrophy or

degradation of mural connective tissue fibers and
resulting in the outward bulging of plaque and the
underlying vessel wall (16). Alternatively, coronary
artery remodeling may be due to an increase In
shear stress (force per unit area) that occurs as lu-
men area decreases. Vita et al. demonstrated in hu-
mans that angiographically normal coronary arter-
les dilate as shear stress increases (17). He sug-
gested that in response to local shear stress at the
endothelial surface, vasodilation occurs, probably

- by an endothelium-dependent mechanism tending

to reduce the shear stress. Thereby a local feedback
mechanism 1s established and appears to control
shear stress under conditions of increased flow.

In coronary atherosclerosis it i1s suggested there
1s a tailure of the control mechanism, perpetuating
functional disturbances in the coronary endothe-
l[lum and progression of atherosclerosis. This theory
would be in keeping with compensatory expansion
iIn mild coronary artery disease with a failure to
maintain luminal dimensions 1n more severe con-
centric lesions. Others have suggested that in less
severe disease, non-affected regions of vessels with
eccentric lesions or neighboring segments may re-
lease vasodilatory compounds, thus leading to ex-
pansion of the uninvolved segment of vessel wall
(6,18).

Changes In coronary resistance vessels
Approximately 75% of resistance to coronary
blood flow resides in arterioles <200 wm in diame-
ter (19). Despite the continuous progress In 1mage
quality and increase 1n resolution, angiography 1s
unable to visualize these 1n small-caliber arterioles.
Miniaturization of ultrasonography transducers has
facilitated the manufacture of imaging catheters as
small as I mm 1n diameter, a dimension that allows
the visualization of severe stenosis or of distal cor-
onary vessels but that 1s insutficient to explore the
resistance vessels. Further, minimal pathologic
changes can be observed in the arterioles of patients
with diffuse and severe atherosclerosis of the large
coronary arteries. In a porcine model of experimen-
tal atherosclerosis induced by a high-cholesterol
and —corn o1l diet, atherosclerotic lesions are not
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observed in vessels with a diameter <500 pm (20).
However, arterioles isolated from these animals
lack the functional responses to change in tflow ob-
served in control animals.

More specific structural abnormalities character-
ize the resistance vessels in the presence of sys-
temic hypertension. Chronic hypertension pro-
duces marked intimal hyperplasia and medial thick-
ening in both conductance and resistance vessels.
The resultant reduction in luminal diameter and
subsequent diminished flow in resistance vessels
may partly explain ischemic syndromes in patients
with normal epicardial arteries. In a human study,
Schwartzkopf et al. studied intramyocardial arteri-
oles <100 wm diameter) obtained by right ventric-
ular biopsies in 14 patients with arterial hyperten-
sion and angina pectoris despite the presence of
normal epicardial arteries (21). It was observed that
wall thickening and an increased amount of inter-
stitial fibrosis were present and inversely related to
the maximal vasodilatory capacity of the coronary
system.

Recent studies have shown that a rearrangement
of the same amount of material around a smaller
lumen, rather than wall hyperplasia, 1s the likely
cause of the abnormal vascular structure seen in the
resistance vessels of patients with essential hyper-
tension (2). In resistance vessels, therefore, the pro-
cess of vascular remodeling seems to be the inverse
of that described in epicardial arteries. Although the
structural changes of the resistance coronary ves-
sels cannot be studied in vivo using morphologic
techniques, indirect evidence of this process can be
obtained by the measurement of the maximal hy-
peremic flow or minimal vascular resistance.

The introduction and refinement of intracoronary
Doppler ultrasonography has superseded more
cumbersome methods such as coronary sinus ther-
modilution and videodensitometry (22) in the as-
sessment of coronary flow and coronary tlow resis-
tance in the catheterization laboratory (Fig. 3). By
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quantitative angiography (23) or two-dimensional
intracoronary angiography (24) the cross-sectional
area of the artery immediately distal to the radi-
opaque tip of the Doppler wire can be determined
and thus the Doppler-derived flow velocity con-
verted to an estimate of coronary arterial flow (Fig.
4). With a measure of the mean aortic pressure, the
coronary flow resistance can also be calculated.

Endothelial dysfunction in the coronary circulation

The continuous lining of endothelium that cover
the entire vascular system i1s not only a mechanical
barrier but represents a complex organ that modu-
lates the tone of underlying smooth muscle, main-
tains a nonadhesive luminal surface, and mediates
homeostasis, cellular proliferation, and inflamma-
tory and immune mechanisms in the vascular wall
(25). In the coronary system, the endothelium also
regulates myocardial perfusion by modulating vaso-
motor tone in both conduit and smaller-resistance
vessels through the release of endothelium-derived
relaxing and contracting tactors (26).

The 1n vitro observations of Furchgott and Za-
wadzki (27) and the in vitro and in vivo reports from
Palmer et al. (28) and Vallance et al. (29) have 1den-
tified that an endothelium-derived relaxing factor is
released in response to physiologic and pathologic
stimuli (increase in wall shear stress, serotonin,
bradykinin, histamine, thrombin, sympathetic stim-
ulation, acetylcholine, and endotoxins). Endothelal
damage, leading to a decreased formation or release
of nitric oxide from 1ts precursor L-arginine, or re-
duced penetration due to the presence of subendo-
thelial intimal thickening, are possible explanations
of the impairment of endothelium-mediated vasodi-
latation observed in patients with systemic hyper-
tension (30), hypercholesterolemia, diabetes melli-
tus (31), and atherosclerosis (32).

The presence of paradoxical vasoconstriction in-
duced by acetylcholine has been shown 1n coronary
patients at sites of severe stenosis or moderate wall

FIG. 3. Flow velocity measurement employing a 0.014-in. Doppler guide wire (Cardiometrics, Mountain View, CA, U.S.A.) in a
normal porcine left circumflex artery, angiographically displayed in the right panel. The middle panel shows a normal hyperemic
response following an intracoronary injection of adenosine, with a more than threefold increase in average peak velocity (APV)
and maximum peak velocity (MPV). DSVR, diastolic to systolic velocity rate.
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FIG. 4. Simultaneous measurement of flow velocity (position marked D in the angiogram) and lumen cross-sectional area (left
panels) in a right coronary artery distal to an intermediate stenosis. The Doppler spectrum is displayed in the lower left corner

of the third panel.

irregularities (33) and in angiographically normal
segments (34-36) (Fig. 5). Coronary spasm after
acetylcholine infusion has also been demonstrated
In patients with variant angina, with and without
angiographically visible changes (37,38). The ob-
served vasoconstriction or vasodilatation after ace-
tylcholine infusion 1s the net effect of the conflicting
action of this substance on the endothelial cells
(stimulation to the release of endothelium-derived
relaxing factor) and on the smooth-muscle cells (va-
soconstriction due to the direct effect on the cholin-
€rgic receptors).

With the use of intracoronary Doppler ultraso-
nography, an impairment of the endothelium-de-
rived vasodilation was also observed after addi-
tional physiological stimuli such as the increase of
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blood flow (39—41). The flow-dependent vasodilata-
tion 1s an essential mechanism of adjustment of cor-
onary tone to prevent endothelial damage due to a
pathologic increase in wall shear stress (25,26.40).
An abnormal vasoconstriction in response to sym-
pathetic stimulation or release of platelet-derived
vasoconstrictors (42—44) was observed if the direct
eftect of these substances on the muscular media
was not antagonized by a preserved endothelium-
mediated vasodilation.

Nitric oxide also has a powerful antiaggregatory
activity. Yao et al. (45) showed a protective effect
of endogenous nitric oxide in the prevention of cy-
clic flow variations due to platelet aggregation at the
site of endothelial injury. Endothelial dysfunction,
therefore, 1s not only a potential mechanism of ag-

BASELIN ACETYLCHOLINE

P3.0R.18 Acadensisch Tlekenhuls DIl jkxigt

- i - 2
" F - - . ¥
a '."I‘L S
- = g
-
- ‘- r * ¥ B
. - -
. # - i i
e
=
29S8 _ \ )
. : - l - o -
-
= -
-
- - #
- L = -
5 . .
. =

M

23_.08_19
hﬂl-nl_ln

Eol=y § g
-

FIG. 5. Upper panels: severe diffuse cor-
onary spasm in the mid-distal segment of
an angiographically normal left anterior
descending coronary artery at the peak
effect of acetylcholine, 10 ® M. A Doppler
guide wire is positioned in the mid-
segment of the artery. Lower panels: cor-
responding quantitative angiographic
measurements, showing a reduction in
the minimal coronary diameter from 2.18
to 0.63 mm.
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gravation of ischemia in patients with coronary ath-
erosclerosis, but it increases the risk of endothelial
injury and impairs the antithrombotic reaction, thus
facilitating the development of acute coronary syn-
dromes and the release of platelet-derived growth
factors that may predispose to progression of ath-
erosclerosis (46). An impairment of endothelium-
mediated vasodilation has been shown in patients
with risk factors for coronary atherosclerosis but
without angiographically visible atherosclerotic
changes (35,47). A possible limitation of these stud-
ies is the poor sensitivity of angiography in the de-
tection of early atherosclerotic changes.

More recently, using two-dimensional intracoro-
nary ultrasonography, the presence of endothelial
dysfunction has also been observed in patients with
risk factors such as hypertension, hyperlipidemia,
family history of coronary artery disease, or smok-
ing but with structurally normal coronary arteries.
A complete loss of endothelium-mediated vasodila-
tation was present in arteries with angiographically
visible atherosclerotic changes. Angiographically
normal arteries of patients with hypercholesterol-
emia showed a normal flow-mediated vasodilatation
following papaverine infusion but an abnormal va-
soconstriction after acetylcholine infusion (48).

The possible presence of opposite effects of ace-
tylcholine infusion on epicardial and resistance
coronary arteries has been reported by Hodgson et
al. (49). The observed increase of coronary ftlow
after acetylcholine infusion was prevented by pre-
treatment with methylene blue, an inhibitor of en-
dothelium-derived relaxing factor. Zeiher et al. (50)
reported a significantly lower flow increase after
acetylcholine infusion in patients with coronary ar-
terv disease than in control subjects (Fig. 6). These
findings confirmed previous experimental results

showing that the impairment of endothelial function
in atherosclerotic arteries may extend 1nto the cor-
onary microcirculation (51-53).

The presence of an impaired endothelium-
dependent vasodilation of the resistance vessels
may induce or facilitate the development of myo-
cardial ischemia in response to neurohumoral stim-
ulation or increased myocardial work (54). The epi-
cardial arteries and the arterioles have large struc-
tural differences and, as discussed earlier, show a
different involvement 1n the atherosclerotic pro-
cess. Both types of arteries, however, are likely to
show a similar response to pathologic stimuli of the
endothelial cells impairing the intracellular produc-
tion and release of nitric oxide. The presence of an
impaired diffusion or of an increased extracellular
degradation of nitric oxide in the thickened intima 1s
a phenomenon limited to the epicardial arteries and
may explain an earlier and more severe impairment
of the endothelium-mediated vasodilation of these
vessels.

An indirect confirmation of this hypothesis is the
recently reported variability of impairment of the
vasodilatory response to acetylcholine 1in conduc-
tance and resistance vessels (55). In 29 patients un-
dergoing coronary angioplasty, angiographically
normal or minimally diseased arteries were studied
with quantitative angiography and intracoronary
Doppler ultrasonography. Very low doses of ace-
tylcholine (10~ ® M) were sufficient to induce a sig-
nificant coronary vasoconstriction of the epicardial
coronary arteries. The resistance vessels, however,
showed a variable response, with a significant
change only at 10~ "and 10 ° M, and a trend toward
a moderate vasodilation (flow increase in two of
three of the patients after infusion of the highest
concentration of acetylcholine) (Fig. 7).

=
‘.

FIG. 6. Flow velocity measurements in an angiographically normal right coronary artery in baseline conditions (left panel) and
at the peak effect of acetylcholine (ACH) 10 ° M (middle panel) and papaverine (PAPAV, right panel) infusions. A more than
threefold velocity increase was observed after acetylcholine infusion, with a further increase after papaverine infusion (velocity

scale, 120 cm/s). APV, average peak velocity.
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FIG.7. Cross-sectional area (CSA) and coronary
blood flow (CBF) in baseline conditions (base-
45.1 line 2) and after infusion of the maximal concen-
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ASSESSMENT OF PHARMACOLOGIC
VASCULAR PROTECTION

The tollowing observations have potential clinical

implications for the assessment of the effects of

pharmacologic interventions.

A prolonged treatment aimed at the regression of

the atherosclerotic intimal changes may be required
to restore an impaired endothelium-mediated re-
sponse when the presence of an intimal barrier i1s
the main operative mechanism (56-58). On the con-
trary, short-term pharmacologic interventions may
be sufficient to normalize the endothelial function
when metabolic abnormalities are involved. The
possibility of normalizing the endothelial response
in hypercholesterolemia with a short-term infusion
of L-arginine has been shown 1n animal experiments
(59) as well as in human coronary arteries (60,61).
Similarly, different classes of drugs have shown the
ability to restore a normal endothelium-mediated
vascular reactivity in experimental animals (62,63).

Experimental reports suggest that the inhibitors
of the angiotensin-converting enzyme (ACE) can

also normalize structural and functional changes of

the vascular system in patients with arterial hyper-
tension and atherosclerosis and prevent intimal hy-
perplasia after vascular injury. In spontaneously
hypertensive rats, a prolonged therapy with the
long-acting ACE inhibitor cilazapril induced a com-
plete normalization of the medial thickness of cor-
onary, renal, carotid, and mesenteric arteries (64).
The same pharmacologic agent completely pre-
vented the medial thickening induced in rats by
chronic B-adrenergic stimulation with isoproterenol
(65), markedly reduced the neointima formation af-
ter balloon injury (66—68), and prevented intimal hy-
perplasia in a rat model of a venous graft implanted
as an arterial conduit (69).

Several mechanisms have been advocated to ex-
plain the normalization of the vascular structure
and restoration of a normal endothelium-mediated
response after treatment with ACE inhibitors: inhi-
bition of the tissue-based (vascular) ACE with a
reduced production of angiotensin 11, a powertul
vasoconstrictive and mitogenic factor. The preven-
tion of the proliferative response reduces the inti-

ACH 3.6 pg/ml

mal thickening that is responsible for a reduced dif-
fusion and increased degradation of the labile nitric
oxide before this compound reaches the smooth-
muscle cells of the arterial media (25,26,64,65). An-
other mechanism is the reduced breakdown of cir-
culating bradykinin and unmasking of the effect of
the local vascular kallikrein-kinin systems (70-72).
This vasodilatory polypeptide can also stimulate the
production of endothelium-derived relaxing factor
and prostacyclin 1n an autocrine—paracrine fashion.
There 1s also reduction of the subendothelial infil-
tration of blood-borne monocytes-macrophages.
which inactivates nitric oxide (73).

The experimental data reported earlier, however,
cannot be automatically applied to human hyperten-
sion and atherosclerosis. The suppression of neoin-
tima formation, one of the most interesting proper-
ties of this class of drugs, was demonstrated in rats
and guinea pigs (66—-69,74) but could not be con-
firmed in rabbits, pigs, and baboons (74-77). Fur-
ther, 1t must be noted that the doses per kilogram
used in these animal experiments were several
times higher than the maximally tolerated doses per
kilogram usable 1in humans. Species specificity of
the effect and different dosages may explain why a
6-month treatment with ACE inhibitors was not ef-
fective 1n the prevention of restenosis after percu-
taneous coronary balloon angioplasty in two large
clinical multicenter trials (78,79).

More positive results have been reported in hy-
pertensive patients treated for 4 months with 10 mg
of cilazapril and undergoing serial studies with
plethysmography (80). The minimal forearm resis-
tance showed a 16 = 20% reduction, whereas no
changes were observed after the injection of an en-
dothelium-dependent vasodilator such as acetyl-
choline. Direct evidence of a normalization of the
arteriolar structure in human hypertension was re-
cently obtained using subcutaneous gluteal biopsy
before and | year after treatment with cilazapril or
atenolol (81). A significant reduction (200400 wm)
of the media—lumen ratio of the small arteries stud-
ied was observed 1n the cilazapril group whereas no
reduction in the media-lumen ratio was observed
after atenolol, despite that the treatments were
equally eftective in lowering the elevated blood

J Cardiovasc Pharmacol™, Vol. 24 (Suppl. 3), 1994
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pressure. In this study, the arterial relaxation after
acetylcholine infusion was also improved in the
cilazapril group. In the atenolol group no changes
were observed after treatment, suggesting that a
normalization of the pressure level 1s not sufficient
to correct structural and functional arterial abnor-
malities. The possibility that similar results can also
be obtained in the coronary system can now be
studied in vivo in the human catheterization labo-
ratory using quantitative angiography and intracor-
onary Doppler probes (23.82,83).

The effect of a 6-month treatment with cilazapril
on the response of conductance and resistance cor-
onary arteries to endothelium-dependent and inde-
pendent vasodilators was recently assessed 1n pa-
tients with coronary artery disease in a randomized
placebo-controlled, parallel-group, double-blind
study. In 34 patients (58 = 9 years) undergoing elec-
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tive percutaneous coronary interventions, a Dopp-
ler guide wire was positioned 1n the proximal seg-
ment of a normal or near-normal coronary artery
(not >30% diameter stenosis). Selective intracoro-
nary infusions of papaverine (7 mg), acetylcholine
(0.036, 0.36, and 3.6 pg/ml at 2 ml/min), and 1sosor-
bide dinitrate were performed and a coronary an-
giogram was acquired for automated quantitative
analysis at the peak effect of each infusion. The
patients were randomly assigned to receive placebo
or cilazapril, 20 mg/day. After 6 months a new study
was repeated with the same protocol, and the abso-
lute measurements of cross-sectional area, flow ve-
locity, coronary flow, and flow resistance were
compared using a nonparametric test.

In the initial assessment, the cross-sectional area
decreased significantly after all three concentra-
tions of acetylcholine. Flow velocity showed an al-



VASCULAR REMODELING IN CAD 313

most threetold increase from baseline after papav-
erine infusion and a twofold increase after infusion
of the maximal concentration of acetylcholine. At
follow-up examination, no significant differences
between the placebo and the treated group were

observed in the modifications of cross-sectional 8.

area after acetylcholine and i1sosorbide dinitrate in-
fusion and 1n the response of flow velocity to pa-

paverine. After infusion of the maximal concentra- 9.

tion of acetylcholine there was a trend toward a
larger increase 1n flow and decrease in flow resis-
tance 1n the treated group in comparison with the
placebo group [coronary flow (median), 45% In- 10
crease 1n the treated group and 4% 1n the placebo
group; tflow resistance (median), 42% decrease In
the treated group and 1% increase in the placebo
group] (Fig. 8). Because of the large individual vari-

ability, no significant difference could be demon- 12.

strated 1n spite of the large difference between the
WO groups.

CONCLUSION o

New intracoronary diagnostic techniques enable
us to study in the catheterization laboratory the ef- 14
fects of vascular remodeling in epicardial and resis-
tance coronary vessels. Intracoronary ultrasonog-
raphy 1maging has the unique advantage of the abil-
1ty to detect and quantify the plagque burden and to
study progression and regression of the atheroscle-
rotic plaque. With intracoronary Doppler flow ve-

locity changes due a severe epicardial lesion, an 16.

impaired maximal vasodilation of the coronary mi-
crovasculature or an impaired endothelium-me-
diated response can be studied.

These two new complementary techniques may

allow the study of pharmacologic interventions in 8.

reversing structural and functional changes in hu-
man coronary atherosclerosis. 9
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