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Chapter 1

General overview



Percutaneous coronary intervention is widely used in the treatment of coronary
artery disease but currently [imited by restenosis in a proportion of cases. We
investigated the restenosis problem using complimentary experimental, clinical
and epidemiological approaches.

In the first part of this thesis laboratory models and techniques are evaluated
which may provide an insight into the undelying pathological processes involved.
For example extracellular matrix synthesis by vascular smooth muscle celis
{vsmc) imay be an important pathophysiological mechanism for restenosis. In
chapter 2 we assessed the ability of vsme to produce extraceflular matrix in-vitro
using vsme cultivated from primary and restenotic tissue samples obtained, in-
vivo, by directional coronary atherectomy. In chapter 3 we investigated the refa-
tionship between the clinical and histopathological substrate of tissue retrieved
during directional coronary atherectomy and the proliferative and migratory
potential of smooth muscle cells as judged from successful outgrowth during cell
culture, Cell culture however, does not take into account the normal anatomical
relationships of the different cellular components of the vessel wall or the cell to
cell interactions which may modulate growth. Therefore in Chapter 4 we develo-
ped an organ culture of human coronary artery subjected to balloon angioplasty in
order to investigate the cellular and molecular basis of intimal proliferation in a
preparation which maintained the anatomical relationships of the vessel wall. In
chapter 5 we used a serum free adaptation of the organ culture technique in con-
junction with an in vivo porcine model of restenosis o assess whether the release
of growth factors from cells intrinsic to the vessel wall is implicated in the deve-
lopment of restenosis. One of the ways it is hoped to reduce restenosis is with
local drug delivery, perhaps with growth factor antagonists, by perfusion catheters,
Pressure mediated trauma and duration of balloon inflation are however key limi-
tations of these devices. In Chapter 6 we evaluated a new delivery catheter which
promises to overcome both these restrictions,

Although experimental models can provide insight into the pathophysiology of
restenosis they can never however replace the clinical situation. Intracoronary
ultrasound imaging atlows direct visualisation of the vessel wall in vivo. In the
second part of this thesis we looked at what role this may play in our understan-
ding of the pathophysiological mechanisms involved in the mechanism of acute
fuminal gain and subsequent restenosis after coronary intervention. Chapter 7
provides an introduction and a succinct overview of the subject whilst chapter 8
compares the luminal dimensions measured by intracoronary ultrasound with the
hitherto gold standard, quantitative coronary angiography. Chapter 9 summarises
our initial clinical experience with a new device combining infravascular ultra-
sound imaging with balloon angioplasty thus allowing on line imaging during the
procedure and obviating the need for repeated catheter exchanges. In chapter 10
we used intracoronary ultrasound to assess the influence of vascular remodeling
on the mechanisms of acute luminal gain and long term restenosis following both
coronary balloon angioplasty and directional atherectomy.
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In the third part of this thesis data from four major European and American trials
were used to examine the influence of clinical angiographic and procedural varia-
bles on subsequent restenosis. Chapter 11 examines the role of cholesterol and
cholesterol subfractions whilst chapter 12 examines the influence of past and pre-
sent smoking habits on post angioplasty restenosis. Chapter 13 expands on some
of our previous findings and assessess the role of local thrombus formation and
incorporation on subsequent restenosis. Chapter 14 looks as total occlusion and
what influence these lesions may have on subsequent restenosis whilst chapter 15
examines the role of favourable arterial remodeling on outcome after coronary
angioplasty. Chapter 16 reviews critically the large multicentre trials on which the
previous studies were based and defines ways in which some of their limitations
may be minimised in futare studies,

In the final part of this thesis we look at coronary stenting, the only technique
demonstrated to date to reduce restenosis and summarise the current and future
stent technology available to the interventional cardiologist in his fight against
restenosis,
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Part 1- Experimental
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Chapter 2

Increased extracellular matrix synthesis by smooth muscle
cells obtained from in-vivo restenotic lesions by directional
coronary atherectomy

Violaris AG, de Jong M, MacLeod DC, Umans VA, Verdouw PD,
Serruys PW,

Am Heart J 1996; 131 (3): 613-615
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Increased extracellular matrix synthesls
by smooth-muscle cells obtained from
in vivo restenotic lesions by directional
coronary atherectomy

Andonis G. Vielaris, MD, MRCP (UK),2
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Donald C. MacLeod, PhDD, MRCP (UK),2
Victor A. Umans, MD, PhD,?

Piater D. Verdouw, PhD,} and

Patrick W, Serruys, MD, PhD?
Rotterdam, The Netherlands

Coronary angioplasty continues to be limited by a 30%
restenosis rate within 6 months. Postmortem histopatho-
logic studies suggest that the intimally directed migration
and proliferation of vascular smooth-muscle cells (VSMC)
may play a critical role in this problem. These studies,
however, can provide only limited static information re-
garding a specific moment in the disease process. To over-
come this limitation and to look at the underlying mecha-
nisms involved, we used directional coronary atherectomy
to percutaneously retrieve tissue from patients with clin-
jcally and angiographically decumented coronary artery
disease and examined the hypothesis that VSMC caltured
from restenotic lesions differ in extracellular matrix syn-
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thesis from primary atherosclerotic cells. Our experimen-
tal strategy was first to culture the tissue segment and
confirm the identity of the explant cells and then to com-
pare extracellular matrix synthesis between primary and
restenotic cells,

Methods, A total of 98 in vivo plague specimens were ob-
tained from 98 patients undergoing directional coronary
atherectomy with a previously described standard tech-
nique.' Tizsue specimens were cultured with standerd ex-
plant techniques. Smooth-muscle cell outgrowth was as-
sessed by light microscopy with morphologic criteria rein-
forced by electron microscapy and positive immunostaining
against specific smooth-muscle cell a-actin. Extracellular
matrix synthesis was assessed by studying the synthesis
of collagen and sulfated aminoglycans, the principal com-
ponents of the extracellular matrix. To determine collagen
synthesis growth, arrested cells of passage 2 to 4 were in-
cubated for 48 hours at 37° C in culture medium contain-
ing 2 pmol/L ascorbie acid and 10 pCiml™! *H.proline
(specific activity 23 mCi.mg-1), To determine sulfated gly-
cosaminoglycans synthesis growth, arrested cells were
incubated for 48 hours at 37° € in culture medinm
containing 0.5 ml %5S-gulfate (specific activity 20 mCi-
.mg~1). Subsequent analyses were performed with previ-
ously described techniques.! Measurements are expressed
as mean * SEM. Mean values were compared by the Stu-
dent's ¢ fest for unpaired data. Data were considered sig-
nificant if p < 0.05.

Results, Initial cell outgrewth and successful secondary
culture (up to seven serial passages) was achieved in 11
patients, 7 with primary and 4 with restenotic lesions.
Cells started to grow out from explants after 4 to 8 days
(Fig. 1), and confluent multileyer primary cultures from
the 11 patients were established after 4 to 6 weeks. Sub-
confluent cultures took the form of a network of muttilay-
ered elongated cells, whereas in confluent multilayer
structures the colls appeared as wharls, producing the “hill
and valley” pattern typical of vascular smooth-muscle cells
in culture (Fig. 1). Inmmunostaining of the cells for a-dctin
was pogitive and confirmed them to be of smooth-muscle
origin. Electron microscopy revealed features consistent
with the synthetic phenotype. Collagen synthesis, re-
flected by the incorporation of *H-proline, was significantly
greater for cells of restenotic than primary origin
(0.034 + 0.002 vs0.024 + 0.001 nmol 3H]-proline - ng to-
tal cell protein™, z = 11, p < 0.05) (Fig, 1). Similarly, pro-
duction of sulfated aminoglycans as assessed by the incor-
poration of ¥3-sulfate was significantly greater for rest-
enotic than primary cells (7.49 + 0.58 vs 5,11 = 0.48 nmol
[*H}-sulphate - ng total cell protein™, n =11, p < 0.05)
(Fig. 1).

Comments. Our study has demonstrated that restenotic
cells synthesize significantly more collagen and sulfated
antinoglycans than do primary cells, suggesting that ex-
tracellular matrix synthesis may play a significant role in
postangioplasty restenosis, This finding is in contrast to
our previous study,' in which we found that restenotic and
primary cells synthesized more extracellular matrix pro-
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Flg. 1. Upper left ponel, ¥Fragment of retrieved atherectomy tissue in culture showing dense population
of VBMOC migrating out of explant (Original magnification x60). Upper right parel, “Hill and valley” pat-
tern typical of vascular smooth-muscle cells in culture. Lower leff panel, Production of extracellular ma-
trix collagen. Lower right panel, Production of extracellular mairix sulfated aminoglycans. *p < 0.05,

tein than did human umbilical vein cells, but no differences
were seen between the two. This finding {s Hkely to have
occurred because of the significantly higher proliferation
rate in restenotic cells during those experiments. In this
study, in which we looked for differences in extracellular
matrix synthesis during growth arrest, we found that re-
stenotic cells aynthesize significantly more extracellular
matrix than do primary cells.

Because the difference in extracellular matrix synthesis
between primary and restenotic cell lines occurred under
identical culture conditions, we believe that the secretory
behavior of the restenotic cells in vitro reflects a previous
phenomenon of phenotypic modulation and selection in
vivo rather than some effect of the culture process itself2
In support of this belief are histopathologic studies that
suggest that smooth-muscle cells in both primary athero-
sclerotic and restenotic lesions are frequently of the syn-
thetic phenotype. Additionally, coreonary smooth-muscle
cells in tizsue excised at atherectomy have been recently
shown to express messenger RNA for nonmuscle myosin
heavy chain, which isassociated with the synthetic smooth-
muscle cell phenotype.3

Ourdata suggest that restenotic cetls are fundamentally
different from primary atherosclerotic cells in the produe-
ton of extracellular matrix, in keeping with previous
studies suggesting that restenotic cells differ from primary
cells in terms of their migratory activity,* growth regula-
tion,! and motility.5 This finding may be a reffection of a
more specialized function of the V3MC situated in the res.
tenotic lesion, which may have been activated as a result
of the angioplasty procedure itselfin the response to injury
hypothesis. Alternatively, it may signify a selected popu-

lation of already activated VSMC in lesions that have sub-
sequently undergone restenosis. The small numbers in-
volved preclude us from commenting on which of the two
mechanisms is most likely, but both are likely to involve
the induction of growth factors such as transforming
growth factor-B, the expression of which has heen shown
to be increased in restenotic lesions.® This finding is in
keeping with our data and would suggest that the in-
creased expression of tfransforming growth factor-p may
resul{ inincreased production of extracelbular matrix. This
study has demoenstrated that coronary smooth-muscle cells
obtained from in vivo restenotic lesions synthesize signif-
icantly more extracellular matrix than do cells from
primary Iesions, suggesting that increased extracellular
matrix production may play a fundamental role in rest-
enosis after angioplasty,
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PATHOPHYSIOLOGY AND NATURAL HISTORY

Clinical and histological determinants of
smooth-muscle cell outgrowth in
cultured atherectomy specimens:

Importance of thrombus organization

Javier Escaned, MD, Marcel de Jong*, BEng,
Andonis G. Violaris, MRCP, Donald C. MacLeod, MRCP,
Victor A. Umans, MD, Robert J. van Suylen’, MD,
Pim J. de Feyter, MD, PhD, Pieter D. Verdouw*, PhD,
and Patrick W. Serruys, MD, PhD

Background: Corcnary atherectomy provides a unique oppertunity to oblain plague
tissue from a wide variety of clinical syndromes. We Investigated the relation between
the clinical status and histopathclogical substrale of tissue relrieved during directional
coronary atherectomy and the profiferative and migratory potential of smooth-muscle
cells judged from successful ouigrowth during cell culture.

Methods: After directional coronary athereclomy, lissue samples were examined
macroscoplcally, divided into two equal pieces, and separately subjected to cell cullure
and histopathologica! study. Cell culture was performed using an explant technigue.
In-vitro smocth-muscle cell outgrowth was related to clinical and histological variables.
Results: Atherosclerotic tissue was obtained from 28 conseculive atherectomy
procedures. Histologlical examination revealed a broad spectrum of appearances,
ranging from complox atheroma conlaining dense fibrous tissus, calcium deposits,
magrophages, and nacrotic debris to necinlimal profiferation and organized thrombi,
Smooth-muscle cell cutgrowth was observed in 43 of the 98 samples (44%). Aithough
not affecied by any of the clinical variables, cell cutgrowth was inffuenced by histological
varables, In padicular the presence of organizing thrombl. Qutgrowth was successful
in elght out of 10 samples with thrombus (80%) and In only 35 out of 85 (40%) without
(P=0.03).

Gongcluslon; The presence of organizing thrombi in the reldeved Nissue facilifates
smooth-musela cell outgrowth and suggests an enhanced prelilerative and migratory
potential. These findings may be relevant to the understanding of neolrtimal profiferation
in coronary syndromes where mural thrombosis is likely to occur.

Coronary Artery Disease 1993, 4:883-890

Keywords: atherosclerosis, directional coronary atherectomy, Intimai proliferation,
thrombus organization, smooth muscle, cell culture
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Smooth-muscle cell proliferation plays a key role in
the development of typical and accelerated forms
of atherosclerosis [1]. Cell culture of atheromatous
tissue retrieved during directional coronary atherec-
tomy allows us to study smooth-muscle cells from
the pathological substrate of a variety of human
coronary syndromes, In studying the pathobiclogy
of coronary atheroma, the use of coronary atherec-
tomy specimens for cell culture offers several dis-

tinct methodological advantages over other sources

of atheromatous material, such as peripheral athe-
rectomy, carotid endarterectomy, or animal mod-
els of atherosclerosis. Vascular smooth-muscle cells
are embryolegically derived from local mesoderm
[2,3]. Those found in the coronarfy arteries are likely
to have biclogical differences from those located
in other vessels. Likewise, the development of the
atheromatous plaque is strongly affected by local
factors [4} that may influence cell populations, extra-
cellular matrix cemposition, and plaque architecture.
The use of human coronary material also makes it
possible to avoid some of the pilfalls associated with
animal models of atherosclerosis [5,6].

Nevertheless, cell culture studies using human coro-
nary smooth-muscle cells have some technical lm-
itations. Once in culture, these cells undergo a
progressive phenotypic modulation that is time-
dependent and enhanced by successive cell pas-
sages [7-9]. This process may facilitate the selection
of cell clones with a higher proliferative capacity.
Furthermore, although isolated cell studies provide
information regarding cellular function and patho-
physiological conditions, their extrapolation {o the
clinical situation is limited because they ignore the
complex cell—cell and cell-extracellutar-matrix inter-
actions that modulate smooth-muscle celt growth in
wivo {10].

in order to minimize these limitations, in the
present study we used an explant culture technique
{11,12]. This maintains a representative section of the
atherosclerotic plaque in the culture medium, thus
refaining the intrinsic distribution and anatomical
relations of the participating cells, cell-cell interac-
tions, the correct chemical configuration of the ex-
tracetlutar mairix, and the general in-vivo milieu of
the atherosclerotic plaque. Only coronary material
was used. The initial outgrowth of smooth-muscle
cells was then used as a surrogate index for their
in-vivo migratory and proliferative potential while
still under the influence of other histological and
humoral variables that were present in the athero-
matous plaque at the time of atherectomy.

Methods

Percutaneous directional coronary atherectomy was per-
formed on 98 lesions in 98 patients. Informed consent was
obtained from all patients before the procedire, in accor-
dance with the protocol approved by the Thoraxcenter
Institutional Review Board. Atherectomy was performed

using Simpson’s Atherocath (Devices for Cardiovascular
Intervention, Redwood City, CA, USA) and a conven-
tional technique [13). Multiple cuts in different sectors of
the vessel were routinely performed. Under sterile condi-
tions, the specimens were removed from the housing of
the atherocatheter, washed with 0.9% saline, and placed
in M199 HEPES buffered culiure medium (Gibco Labo-
ratories, USA) with antibiotics (1001U/ml penicillin and
0.Irg/ml streptomycin}. They were immediately trans-
ferred to the laboratory where they were flushed with
fresh culture medium and examined with a dissecting
microscope. A representative section was then fixed in
3.6% buftered formalin for histopathological examination
and the remainder placed in culture.

Clinical varlables

A number of clinical variables were recorded for each pa-
tient. These included age, sex, previous myocardial infarc-
tion, stable or unstable angina pectoris, previous coronary
intervention, and risk factors for coronary artery disease
(hypercholesterolaemia, diabeles mellitus, cigareite smok-
ing, hypertension, and family history of coronary artery
disease). Unstable angina was defined as continuous or
intermittent chest pain at rest requiring hospitalization, as-
sociated with electrocardiegraphic evidence of myocardial
ischaemia and no increase in cardiac enzyme levels.

Tissue analysls

Specimens for histopathological study were routinely pro-
cessed for light microscopy and stained with haemato-
xylin-azophloxin and Verhoeff-van Giesson stains. All
specimens were reviewed independently by bwe ob-
servers, who ivere blinded to the clinical data. If they
disagreed, the opinion of a third pathologist was sought
and a consensus reached.

For the analysis of intimal constitueats, the recommenda-
tions of the American Heart Association Medical /Scientific
stalement on the definitions of the intima of human ar-
terfes and of ils atherosclerosis-prone regions were fol-
lowesd [14]. Fibrous tissue was classified as ‘dense’ when
composed of acelludar or poorly cellular connective tis-
sue formed predominantly by dense collagen, and “loose”
when the tissue fragments showed moderate cellularity
and collagen bundles separated by accumulations of ex-
tracellular matrix. Fibromuscular hyperplasia was defined
as fibrous connective tissue showing a random orien-
tation of spindle-shaped and stellate cells embedded in
abundant extracellular matrix. Thrombus was identified
as amorphous material, often in close apposition with
atheromatous material, and frequently showing collec-
tions of leitkocytes between layers of fibrin, Discrimina-
tion bebween fibrin and dense collagen was achieved us-
ing Verhoeff-van Giesson slaining. The thrombus was re-
garded as organizing when infiltrated by cellular elements
such as smooth-muscle cells or fibroblasts. Cholesterol
crystal clefts, necrotic debris, and calcium deposits were
recorded independently. The presence of macrophages
was recorded only when these formed clusters or when
they were present in unusually high numbers. Medial
tissue was identified on the basis of a parallel arrange-
ment of smooth-muscle cells, embedded in collagen, and
frequently associated with a fragment of the internal or ex-
fernal elastic lamina. The adventitia was recognized by
the presence of coarse bundles of dense collagen inter-
mingled with elastin fibres, sometimes in association with
fragments of the external elastic lamina and media.
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Cell culture

The atheromatous tissue was cultured by a celi biolo-
gist (Md]) blinded to the clinical data. An explant tech-
nique was used. Tissue explants were placed on human
fibronectin-coated (104tg/cm?) glass cover slips in 2cm?
wells (Four-well plates, Nunc) and cultured in 300 ut cul-
fure medivm [M199 with NaHCO; (Gibeo Laboratories)
supplemented with glutamine, 10% human serum, 10%
fetal calf serum, 100 1U/m] penicillin and 0.1 mg/ml strep-
tomycin, and mixed in a ratio of 1:1 with conditioned
medium from established smooth-muscle cell lines actively
growing in our laberatory]. Cultures were maintained in a
CO, incubator at 37°C in a humidified atmosphere equili-
brated with 5% (vol/vol) CQ; in air. The culture medium
was changed every 34 days. Smooth-muscle cell out-
growth was identified using inverted light microscopy
and morpholegical criteria. These included a characteris-
tic growth pattern of multiple layers of spindle-shaped
or stellate cells showing stress fibres and lamellipodia
(Fig. 1). These morphelegical criteria were reinforced by
positive immunostaining for smooth-muscle-cell specific
a-actin (DAKO, Denmark) with human skin fibroblasts as
negative controls.

Statistical analysis

Mean values and standard deviations were calculated for
all continuous variables. Comparison of mean values was
made using the two-tailed unpaired t-test. Discrete vari-
ables were compared using the chi-squared test, and con-
tinuity correction was applied when indicated. I <0.05 was
considered statistically significant.

Resuits

Clinical

Of the 98 patients in the study, 49 presented with
stable and 47 with unstable angina pectoris. The re-
maining two were post-cardiac transplantation pa-
tients with cardiac allograph vasculopathy (Table 1).
Twenty-four of the patients had a previous history
of coronary intervention {14 of balloon angioplasty,

20

Fig. 1. Fragment of retreved lissue
examined under phase-contrast mi-
croscopy after 12 days of cullure. A
dense population of cells migrating
out of the atherectomy explant is
svidenl. These cells fulfil the mor-
pholegical criteria of myafibroblasts
discussed in detail in the texd. {Orig-
inal magnification x60.)

six of stent implantation, three of atherectomy proce-
dures, and one of excimer laser angioplasty} and had
restenosis at the site of this intervention. The mean
time interval between the previous revasculariza-
tion procedure and the atherectomy was 147+108
days. The target lesion was located in the left an-
terior descending coronary artery in 62 patients, in
the circumflex'in 12, in the right coronary in 20, and
in saphenous vein grafts in four, An average of 613
passes in different directions were made across each
lesion.

In the study population, seven patients had a his-
tory of hypercholesterolaemia (serum cholesterol le-
vel 28 mmol/dl), 27 had systemic hypertension, 36
were smokers, and 18 had a family history of coro-
nary artery disease; none of the patients had a his-
tory of diabetes mellitus. None of these risk factors
appeared to influence smooth-muscle cell outgrowth
(Table 1). Likewise, none of the other clinical vari-
ables discussed above could be related {o enhanced
cell outgrowth,

Histological

Thrombus was present in 10 out of 97 sections ex-
amined, predominantly in unstable angina patients:
nine out of 49 (18%), compared with one out of
49 (2%) stable patients, P=0.019. Some degree of
organization was present in all of the thrombolic
specimens examined (Fig. 2). This ranged from the
presence of endothelial-like cells in lacunar spaces
or capillaries and the presence of scarce myofibro-
blasts infilirating the thrombotic mass from the ad-
jacent Hbrous tissue, to infiltration by high numbers
of myofibroblasts with the production of extracellu-
lar matrix. The thrombotic material appeared to be
embedded in the fibrocellular tissue, suggesting that
areas of fibrin and platelets derived from an episode
of thrombosis or plaque haemorrhage were being in-
tegrated into the atheromatous plaque. In four cases,



Table 1. Clinical variables and outcome of smooth muscle cell culture.

Successful Failed
cell colture cell cutture Significance (F)
Clinical variables

Age (years, mean 5Dy 57110 57111 : NS
Previous Mi 14/43 21/565 NS
Syndrome

Siable angina 20/49 (41%) 20/49 (59%) NS

Unsteble angina 23/47 (49%) 24147 (51%) NS

Transplant vasculopathy 02 2/2 -
Risk faclors for CAD

Male sex 34/43 (79%) 46/55 (84%) NS

Hypercholesterolemnia 3/39 {89%) 4/59 (7%) NS

Hypertensien 10/40 (25%) 17168 {29%) NS

Smoking 17142 (40%) 19/56 (34%) NS

Family history of CAD BI43 [19%) 10/65 {18%) NS
Previous intervention 11/43 {26%) 13/55 (24%) NS

Histological variables :

Neointimal hyperplasia 14130 (47%) 29/68 (43%) NS
Thrombus {organizing) 8/t0 {80%) 35/88 (40%) 0.03
Dense fibrous lissue 32179 (41%) 1119 (58%) NS
Loose fibrous tissue 1016 (62%) 33/82 (40%) NS
Cholesterol clelts 4/8 {50%0) 39790 (43%) NS
Calcium deposits 13127 (48%) 3071 {42%) NS
MNecrolic debris 619 (B7%) 37/89 (42%) NS
Macrophage clusters TI5 (47%) 36783 (43%) NS
Media 1123 (48%) 3275 (43%) NS

MI, myocardial infarction; CAD, coronary artery disease.

this process was seen in conjunction with extensive
fibromuscular proliferation.

Necintimal hyperplasia was observed in 31 samples,
predeminantly in restenotic (17 out of 24, 71%) rather
than de-novo (14 out of 69, 20%) lesions (P =0.0001}.

In seven of the 31 samples, (22%), a neovasculariza-

tion network was found in the interphase between

. neointimal hyperplasia and surrounding dense fi-

brous or [oose fibrous tissue (four in primary and

-three in restenotic lesions). In secondary lesions,

Fig. 2. Histologlcal ¢ross-section

showing thrombus partially infiltzated

by myscfibroblasts (arrows) in close

association with newly formed fibro-

muscular tissue (FM). (Original mag-
. nification x30.)
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neointimal proliferation showed identical character-
istics irrespective of the nature of the previous inter-
vention. Dense and loose fibrous tissue was found
in 79 and 17 samples, respectively. Calcium de-
posits were observed in 27 samples. Macrophages
were identified in 15 samples, predominantly in
those with necrotic debris. Media and adventitia
were found in 23 (23%) and 7 (7%) specimens, re-
spectively,

Smooth-muscle cell outgrowth

Depending on the volume of the retrieved tissue, an
average of 4.5 fragments (range 2-8}, each measuring
approximately 1 mm3, were placed in culiure, Cells
started to grow out from explants after 4-14 days
(Fig. 1), reaching a steady state within 46 weeks.
The samples were discarded if no outgrowth was ob-
served after 3-4 weeks. Despite the use of antibiotics
in the culture medium, six of the cultured specimens
developed infections and were discarded. The infec-
tions tended to develop after 3-4 weeks, by which
time cell outgrowth should have occurred but did
not.

Primary cell outgrowth was observed in 43 out of 98
samples (44%). When primary outgrowth occurred,
light microscopy showed that the majority of cells
tended to form multiple layers and were polygo-
nal or spindl&shaﬁed, with multiple stress fibres
extending to lameHipodia. These appearances are
characteristic of smooth-muscle cells. The cells were
confirmed to be smooth-muscle cells using positive
Immunocytochemical staining with an g-actin-spe-
cific monoclonal antibody. In addition to smooth-
muscle cells, a second cell type, oval in shape with
eccentrically placed small indented nuclei, was iden-
tified in six cultures. Immunoperoxidase staining
with macrophage-specific HAM 56 confirmed these
cells to be macrophages; typically, they disappeared
after 1014 days of culture.

Cell outgrowth was not significantly influenced by
any of the clinical variables recorded (Table 1), in-
cluding the age or sex of the patient, coronary syn-
drome (stable or unstable angina), type of coro-
nary lesion {(de-novo or secondary), or risk factors
for coronary artery disease (hypercholesterolaemia,
hypertension, smoking, family history). Although
celt culture failed in samples obtained from the
two cardiac transplant patients, the small number
involved precludes any conclusions about the sta-
tistical significance of this finding. Smooth-muscle
cell outgrowth was significantly influenced, how-
ever, by the presence of organizing theombus doc-
umented during histological examination. Smooth-
muscle cell cutgrowth was documented in eight out
of 10 (30%) samples with and only 35 out of 88
{€0%) without thrombus (P=0.03, Table I). None
of the other histological variables analysed, includ-
ing the presence of neointimal hyperplasia, fibrous
Hssue {dense or loose), lipid deposits, necrotic de-
bris, macrophages, media, or adventitia, influenced
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Frash thrombus

Day 1
Edematous wall
acunar spaces
Thrombus retraction
Day 5

Endothelial calls

Capillary spreuts
Srmooth muscle cells

Endothelial celis

Capillary sprouts

Fig. 3. The sequence of avents leading o thrombus orga-
nization, based on observations in experimental animal
models [15—17]. After the Initial episode of thrombosls, a
significant réfraction of the thromgotic mass ocours, with
the formalion of facunar spaces. These, like the throm-
botlc surface, becomes quickly endothelized. A granulation
reaction with capillary ingrowth from the vessel wall cecurs
simuttaneously. By day 20, smooth-muscle celis that may
have migrated lrom the vascular wall during the granulation
reaction or that are derived from circulating cells that have
Infittrated the thrombus are seen along newly formed capil-
laries. Some of the endothelized lacunar spaces ma 8
origin to multiluminal channels, which constitufe a ¢lasslc
Pls‘?pamoioglcal landmark of previous thrombotic recanal-
zatlon.

cell outgrowth. Finally, there was no correlation be-
tween the number of explanis used in each case and
the outgrowth of smooth-muscle cells {4.5+1.6 and
4.5+1.9 explants in cases with successful and failed
culture, respectively; NS).

Discussion

Atherectomy has facilitated not only the study of the
histological constitution of the atheromatous plaque
[13,28-20] bul also the culture of smooth-muscle cells
present in human atheroma {11,12,21-25} Several
groups [22,24], including ours [21], have reported
improved cell outgrowth rates when an explant cell
culture technique is used. The advantage of this
method is that it minimizes the modifications of
cell phenotype assoctated with enzymatic disper-



sion, prolonged culture, cell division, and succes-
sive cell passages {7-9], and therefore allows a better
appreciation of the in-vivo proliferative and migra-
tory potential of smooth-muscle cells. Since cell out-
growth occurs in the presence of the constituents of
the atheromatous plaque present in the culture, the
influence that the plaque milieu existing at the time
of intervention has on the process of cell proliferation
can be assessed.

Histological findings in both de-novo and restenotic
lesions ranged broadly from neointimal hyperplasia
to typical atheroma containing dense fibrous tissue,
calcium deposits, macrophages, and necrotic debris,
In agreement with previous communications based
on the study of atherectomy specimens, neointimal
proliferation was seen not only in the classic sce-
nario of restenosis [1,26] but also in a substantial
number of primary lesions [18,20,27]. Although the
prevalent view on the development of fibromuscu-
lar proliferation is thal it constitutes a non-specific
response to various types of vessel-wall injury {11,
the type of vascular insult responsible for its devel-
opment in de-nove lesions remains unclear. Its oc-
currence in younger patients {20,27,28] suggests that
it may differ from: the classic sequence of evenis ob-
served in the formation of atheroma [29], leading to
a more aggressive form of atherosclerotic disease. Fi-
nally, we have found that organization is common in
thrombotic atherectemy samples from patients with
unstable angina {201, in agreement with recent work
by Isner ef al. [30], who used atherectomy specimens,
but not with post-mortem studies, emphasizing the
distinct advantages derived from the use of atherec-
tomy samples in the in-vivo study of coronary syn-
dromes.

Our explant culture success rate (44%) is low in
comparison with other studies [12,24), although this
must be the result of the sole use of coronary ma-
terial. Cell culture from coronary atherectomy spec-
imens is difficult, however, because of the small
amounts of tHssue involved, and yields significantly
lower outgrowth success rates than peripheral tissue.
When culture of both coronary and peripheral Hs-
sue has been attempted, a lower success rate and a
longer time span until oulgrowth has been observed
in the coronary samples {12]. This observation was
explained on the grounds that there were fewer coro-
nary specimens and that their wet weight was lower
[12]. However, it must be remembered that there are
major differences in the histopathological character-
istics of coronary and peripheral artery samples. The
prevalence of thrombus in peripheral artery speci-
mens obtained during directional atherectomy is as
high as 61% [13], significantly higher than that found
in the present and previous studies in the coronary
arterfes {19,20]. Although the relevance of this fact
for cell culture is highlighted by the conclusions of
the present study, it is unfortunate that none of the
previous studies reported on the histological charac-
teristics of the malerial used for culture, a limitation

recently acknowledged in a report by Pickering et al.
[24].

Qur study is the first to consider the influence of a
broad spectrum of histopathological features of re-
trieved tissue in addition to clinical features on cell
outgrowth. Like Bauriedel and colleagues [12], we
found that no clinical variables, including unstable
angina and drug therapy, influence the outcome of
plague cultivation. This is reffected in clinical expe-
rience, which has shown little evidence that clinical
factors influence the restenosis rate, and in which all
therapeutic strategies have been singularly unsuc-
cessful. Common sense dictates that clinical factors.
must operate through the histological milieu of the
atherosclerotic plat}ue. In spite of the fact that human
smooth-muscle cells cultured from restenotic lesions
appear to migrate more rapidly than those from pri-
mary atheroma [12] and show accelerated growth
curves [25], we did not find significant differences
between the primary outgrowth of smooth-muscle
cells from explants of restenotic and primary lesions.
A possible reason for this discrepancy is that some
of these shudies used isolated smooth-muscle cells,
obtained after several passages, and were free of the
complex cell—cell and cell-extracellular-matrix inter-
actions which modulate smooth-muscle cell prolifer-
ation and migration in the atherosclerotic plaque in
vive [10].

Evidence in the literature suggests an enhanced pro-
liferative potential of smooth-muscle cells present in
restenolic lesions, An improved smooth-muscle cell
outgrowth from the injured vascular wall has been
demonstrated by Grunwald ef al. [31] in a rat model.
Smooth-muscle cell outgrowth has been found to oc-
cur more rapidly in restenctic than in de-novo athe-
rectomy specimens obtained in peripheral vessels
[12,24], although the initial outgrowth was similar, In
our study, cell outgrowth was not significantly dif-
ferent in explants from de-novo or restenotic lesions.
There are a number of possible reasons for this.
Our experiments were performed using only ¢oro-
nary atherectomy specimens, which, as discussed
before, may differ substantially in their histologi-
cal substrate from those obtained in peripheral ves-
sels, The time interval from the former percutaneous
intervention may also be of importance because evi-
dence suggests that smooth-muscle cells experience a
process of senescence during their migration to the
necintima [32] and that their proliferation rate de-
creases after a period of time [33].

We found that smooth-muscle cells present in coro-
nary atheroma where thrombotic organization is tak-
ing place had an enhanced proliferating potential.
This may be related to three major factors. First,
mural thrombus is rich in circulating elements, such
as platelets, monocytes, and lymphocytes, which can
secrete a number of vascular growth factors {1}, pro-
moting smooth-muscle cell proliferation. Thrombin
and fibrin have both been shown to have chemo-
factic and mitogenic activity on vascular smooth-
muscle cells [34], an effect that may be prolonged
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after the incorporation of thrombus into the plaque.
Thrombin may also act as a compelence factor, stim-
ulating the expression of growth factors, including
platelet-derived growth factor, and their receptors
£35,36], and thus help to perpetuate the activation of
smooth-muscle cells. Any or all of these mechanisms
may have been operaling in our study, resulting
in the increased migratory and proliferative activ-
ity of the smooth-muscle cells when surrounded by
thrombus,

Second, the process of thrombus organization may
have played a key role in the observed outgrowth
of cells; since organization was taking place in all
of our thrombotic specimens, we believe that our
conclusions should be restricted to the presence of
organizing thrombus. Growing evidence suggests
that thrambus erganization plays a key role in the
devefopment of neointimal hyperplasia after vascu-
lar injury [37-39,15]. It has been suggested that the
smooth-muscle cells involved in this process are de-
rived from circulating mononuclear cells rather than
being of intimal or medial origin [15,16] (Fig. 3.
Thrombus would serve as a biodegradable fibrin
matrix colonized by circulating mononuclear cells
that heal the injury site from the lumen side in-
wards, towards deeper vascular layers [15}. In this
scenario the mononuclear cells that have colonized
and started organizing the thrombus are self se-
lected for thelr migratory and proliferative ability,
providing an unexpected explanation for a previous
report showing that smooth-muscle cells in organiz-
ing thrombi have a monoclonal erigin [40]. Although
the smooth-muscle cells cultured from thrombotic
and non-thrombotic origin were morpholegicatly in-
distinguishable, the above tentative scenario remains
plausible,

Finally, a third explanation for our findings is that
organizing thrombus may have facilitated cell out-
growth by optimizing cell transfer to the culture
medium.

In our study we tried to reach a compromise between
obtaining information from histopathology and from
cell culture. As discussed above, meticulous inspec-
tion of the samples under the dissecting microscope
was performed to ensure that the tissue fragments
dedicated fo the histological examination and cell
culture samples were equally representative of the
whole specimen. However, the possibilily that the
two pieces were significantly different cannot be
ruled out. Atherosclerosis is a segmental disease
process; in this regard our study shares the limita-
tions of all histopathological studies using atherec-
tomy specimens, in which conclusions are reached
using fragmented samples of the arterial wall [26].
A second limitation is that pretreatment of the cul-
ture wells with fibronectin may have facilitated the
transformation of smeoth-muscle cells from the con-
tractile to the synthetic phenotype [41], affecting
explant outgrowth. We believe that this is unlikely
to have occurred, however, because fibronectin is al-
ready present in serum and any additional effect that
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the fibronectin coating of the wells may have had is
likely to have been constant in all specimens. Fur-
thermore, poor adherence of atherosclerotic tissue
to the culture medium occurs in the absence of fi-
bronectin, and results in decreased explant success.
‘The final potential source of error is variability in the
area of contact between the explant tissue and the
fibronectin, However, this error will probably have
been randomly distributed among alf the specimens
studied, making it unlikely to account for the ob-
served differences. We believe that the differences in
cell outgrowth that we observed are a true refleciion
of the differing growth potentials of the cells present
in the explants.

Our study emphasizes the research utility of clini-
cally indicated directional coronary atherectomy and
suggests that smooth-muscle cells present in athero-
matous plaque where thrombotic organization is
taking place have an enhanced migratory and pro-
Hferating potential. This supports the concept that
plaque composition may influence the progression
of atherosclerosis. It also suggests that menitoring in-
vitro cetl outgrowth may provide a means of assess-
ing important biological features of the pathebiology
of the atheromatous plaque.
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angioplasty.
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Organ. Culture of Human Coronary Artery
Following Balloon Angioplasty

A.G. Violaris, MRCP, S.E. Francis, Ph.D,, C.M, Holt,
Ph.D., C. Cleliand, MRCPath, P. Gadsdon, FIMLS,
G.D. Angelini, FRCS,* Sheffield and Bristol, U.K.

Abstract

Intimal smooth muscle cell proliferarion is the primary cause of restenosis follow-
ing balloon angioplasty. Its underlying basis and progression remain unelear. The
authors developed an organ culture of human coronary artery subjected to balloon
angioplasty in order to investigate the cellutar and molecular basis of intimal prolifer-
ation in a preparation that maintained the anatomic relationships of the vessel wall.

Artery segments obtained from the explanted hearts of transplant recipients were
maintained at 37°C in culture medium containing 30% fetal bovine serum for four-
teen days. Balloon angioplasty produced parrial endothetial denudation and medial
smooth muscle cell damage, both of which tended to be reversed after fourteen days
in cubture, Transverse histologic sections of cultured artery showed the development
of a new Intima containing smooth muscle cells identified by immunocytochemistry
with anti-e-actin. Labeling of culiures with [ "H)] thymidine showed proliferating cells
in the neointima.

The data demonstrate that intimal profiferation occurs in organ culture of human
coronary artery subjected to balloon angioplasty. They aiso suggest the possibility that
the smooth muscle cells in the neointimal laver are the result of both migrazion and

proliferation.

Introduction

Coronary angioplasty is a technique widely used
for the treatment of coronary artery disease."” The
clinical benefits of the procedure are, however, tem-
pered by a 30% restenosis rate within six months.”
Clinical and experimental studies suggest that reste-
nosis is due to the development of a neointima
secondary to vascular smooth muscle ¢ell migration
and proliferation."‘”'"

Our current understanding of the problem is imit-
ed by the difficulty in studying the process in man.
Histopathologic specimens obtained at post
mortem, although valuable, provide static informa-
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tion regarding a specific moment in the course of
the disease.’ Isolated cells cultures do not take into
account the rormal anatomic relationships of the
different celludar components of the vessel wall or
the cell-to-cell interactions that may modulate
growth.‘

We sought, therefore, to establish whether intimal
proliferation occurred in an organ culture of human
coronary artery subjected to balloon angioplasty.
Our strategy was first to assess the degree of injury
produced by balloon angioplasty, determine whether
tissue viability would be maintained in culture, and
then detect, localize, and identify any proliferating
cells.

Malerials and Methods

Harvesting and tissue cuiture of coronary artery
segments

Hearts were obtained from 8 male patients {mean
age 33.5, range fifteen to forty-seven years) under-
going cardiac transplantation. Six patients had



ischemic and 2 congestive cardiomyopathy. Routine
premedication, anesthesia, and intraoperative
heparinization were performed as previously
described.’ The heart, if possible, was explained
with a cuff of ascending aorta to facifitate identifi-
cation of the voronary ostiae, which were then can-
nulated and perfused with 0.9% sodium chloride
solution 10 clear any blood. The coronaries were dis-
sected free of surrounding tissue by use of no-touch
technique and transporied to the laboratory wi-
thin thirty minutes of explanation in Hepes buffered
RPMI 1640 culture medium supplemented with
penicillin {100 pgsmL) streptomycin {100 units/mL),
eentamicin (2.5 pg-mL), amphotericin (2.5 ugsml.),
glutamine (2mM}, and sodium heparin (4 units/mL).

Coronary ariery segments were subjected 1o bal-
loon angioplasty twice by use of a 3mm balloon in-
flated to 10 atmospheres for sixty seconds. In one
ser of experiments the balloon was simply inflated
and deflated while in the same position. In a separate
set of experiments the balloon was moved slightly
backward and forward within the vessel while in-
fiated. Following angioplasty the vessel was culiured
by previousty described standard techniques.”™
Brieflv the vessel was opened and longitudinally,
and, with minuten pins, the intimal surface was®
pinned uppermost onto a polyesier gauze resting on
set svlgard resin in the base of a Petri dish. Vessel
segments were washed several times with medium
and then maintained in culture medium comaining
sodium bicarbonate (2.0 g/L} in place of Hepes, and
30% feral calf serum at 37°C in a humidified at-
mosphere with 5% (v/v} CO: in air. The culture
medium was replaced every two to three days, g.‘ul'
tures were pulse labeled with 1 Ci/mL [H}-
thymidine {concentration 25 Ci/mmol) for the last
twenty-four hours of the fourteen-day culture
period.

The measurement of adenosine nucleotides, DNA
and tatal ['HJ-thymidine incorporation were per-
formed as previously described.”™

Electron and light microscopy

Artery segments were fixed in 10% buffered for-
malin. processed, and paraffin embedded. Trans-
verse sections {4 m) were stained with
hematoxylin: eosin and Alcian blue/Miller's elas-
tic-Van Gieson for routine histologic examination.

Immunostaining of paraffin sections was per-
formed with monoclonal anti-e-actin antibody 10
identify smooth muscle cells, Deparaffinized sections
were incubated for thirty minutes with 1:200 dilu-
tion of e-aciin antisera following initial incubations
with methanol/hydrogen peroxide to inhibit en-
dogenous peroxidase activity and with normal rab-
bit serum to inhibit nonspecific binding. Following
two washes in Tris-buffered saline, biotinylated
secondary antisera was added for thirty minutes.
Sections were washed twice more and strep-
tavidin/biotin complex was added for thirty
minutes, Finally, diaminobenzidine was used to
visualize the staining, and sections were counter-
stained with Maver's hematoxylin. )

Auoradiography was performed to localize any
cell proliferation occurring in culture. Unstained 3
um sections were deparaffinized, rehvdrated through
alcohol 1o water, dipped in K2 nuclear emulsion,
and exposed for two weeks at 4°C, Sections were
then developed, fixed, and poststained with orcein.

Endothelial morphology was studied by means en
face scanning electron microscopy (SEM). Vessel
segments were fixed in 3% glutaraldehyde for
twenty-four hours and then transferred 1o sodium
cacodylate buffer. Dehvdrated specimens were then
critical point dried in liquid CO., sputier coated with
gold, and observed in a scanning electron
microscope,

Statistical methods

Values are shown as mean + standard error of
the mean. Data were considered significant if P
<0.05 using the Student’s t test for unixrpaired data.

Resuits
Endothelial morphology

SEM of freshly isolated vessels showed a mor-
phologically intact and almost continuous endothe-
lial monolayer in the ceniral area with a more
variable morphology, including areas of endothelial
denudation at the cut edges. Segments of vessel in
which the balloon was moved backward and for-
ward while inflated showed areas of substantial en-
dothelial denudation exposing subendothelial
structures (Figure 1b). Segments of vessel where the
balloon was simply inflated in position showed a
confluent endothelial monotayer with only occasion-
al breaks (Figure lc). After fourteen days in cul-
ture the endothelial monolaver was still intact but
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TABLE ]
Purine Metabolites and DNA Concentrations in Freshiv Isotated Coronary and
Coronary Subjected to Balloon Anpioplasty, Before and Afier Cultore

Freshly
Yessel isolated Angioplasty Angioplasty
Days in culuure 0 0 14
Number of observations 14 & 6
ATP concentration 240 (34) 103 (25)* 210 (38
(amol g wet wb)
ATP ADP ratio 2134017 1.39 (0,241 2.53 (0.40)
DNA concentration 0.44 (0.03} 0.38 {0.04) 0.45 (0.06}

tug. mg wet wil

*P < (.08 15 freshly isolated; P <0.0% vs day 0 angioplasty

the cells appeared to be slightly swollen. Fine
filamenious projections referred 1o as
lamellipodia were seen between cells (Figure 1d).

Tissue viability

Measurements of total adenosine triphosphate
(ATP)} concentration and ATP/adenosine
diphosphate (ADP) ratio {calculated from 1otal
ADP) were performed io quantify the viability of
the predominant cell type, the smooth muscle cells
before and after culture.” Balloon angioplasty
resulted in a 60% fall in ATP concentration and a
1599 fall in the ATP/ADP ratio as compared with
freshiy isolated vessel, suggesting that the procedure
causes substantial injury to the medial smooth mus-
cle cells (Table 1). This damage was, however, ful-
Iy reversed during the culture period as shown by
the increase in ATP concentration and ATP/ADP
ratio to values similar 1o thase of freshly isolated
coronary (Fable I}, The DNA concentration, which
gives a measure of total cell numbers, did not alter
significantly during the fourteen day culture peri-
od (Table 1),

Cell proliferation

Histologic examination of freshiy isolated seg-
ments of coronary artery showed a convoluted in-
ternal elastic lamina with a thickened intimal layer.
in patients with ischemic cardiomyopathy plague
formation was also seen. The medial laver, enclosed
by the internal and external elastic laminae, was
characterized by the presence of abundant elastic
fibers and axial and longitudinally arranged smooth
muscle layvers.
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Balloon angioplasty resulted in disruption of the
vessel wall with tears and fissures extending from
the intima into the media {Figure 2a). In segments
of vessels cultured for fourteen days, a neointimat
layer was visible above the preexisting intima charac-
terized by a layer of cells in a loose matrix (Figure
2b, 2¢). This neointimal laver, (mean thickness
47 512 pm) did not develop over atherosclerotic
plaque. Cell proliferation as assessed by ['H}-
thymidine incorporation occurred during culture
(841 =294 dpm/ug DNAJ.

Immunocytochemistry with a monoclonal anti-
body to g-actin was performed to identify and local-
ize vascular smooth muscle cells. In sections of
unculiured coronaries most of the medial and in-
timal cells stained positively for a-actin. Following
fourteen days in culture, positive staining was still
observed in the media and intima but also through-
out the neointimal laver (data not shown). Autoradi-
ography of transverse sections showed cells that had
incorporated [’H]-ihymidine predominantly in the
neointimatl layer, with a few dividing cells in the me-
dia (Figure 2d).

Discussion
The results from this study suggest that balloon
angioplasty produces severe medial and endotheli-
al damage that partly recovers after fourieen days
in culture, A neointima develops during the culture
period with proliferating cells identified as vascu-
lar smooth muscle cells by immunohistochemistry.
" Previous morphologic studies have documented
that balloon angioplasty results in substantial vessel
wall damage with plaque fracture and medial as welt
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Fig.-1 Transverse histotogic sections of human corenary artery before and after culture. {2k Angioplasty vesse] day 0 stained with Gadsdon's
madified trichrume stain. Note the preexisting intimal thickening (1) above the inteenal elastic Jamina {IEL). Vessel damape induced by an-
gioplasty (zerow) extends into the media (M1 ((25), th) Angieplasiy vessel day 14 stained with Gadsdon's modified irichrome siain. Note
the neointimal formation (N1 over the preeisting intimal thickenioyg (1) and the relatively few cells surraunded by a Jarge amount of ex-
tracellutar matrix {x64). td) Autoradiography of angioplasty vessel at day 14. Note that PH]-thymidine-labeled cells are present in the nzoin.

{imat layer tarrows) but nat in the medial or adventitial layers (7\37).

as intimal tears.” These findings were confirmed
in our study with the use of quantitative biochemi-
cal markers. Balloon angioplasty resulted in mare
than a 60% reduction in ATP concentration as com-
pared with control vessel, but this damage was ful-
Iy reversed during the culture period as shown by
the doubling in ATP concentration. The ATP/A DP
ratio also increased after culture to values above
those seen in fresh vessels. This may be a charac-
teristic of culiured vascular smooth muscle cells or
may represent transformation of cells from the con-
tractile into the synthetic phenotype as previously
shown in organ culture of human saphenous
vein™" and imernal mammary artery."'

SEM demonstrated that balloon angioplasty
produces a variable degree of endotheliai disruption
with exposure of the underlving basemeni mem-
brane. Following culture, endothelial resrowth

occurs in areas with limited damage with
tamellipodia-like filaments seen spanning the ex-
posed surface between endothelial celis, Ehdothelial
regrowth does not, however, take place in areas with
extensive denudation.

A new intimal layer developed after fourteen davs
in calture, This was clearly idemifiable from the pre-
existing intima owing 1o its relatively low level of
elastin staining. The neointitma was confined almost
entirely to segments of nearly normal vessel wall.
This finding is very similar to the clinical situa-
tion after balloon angioplasty where the neotntimal
proliferation occurs over the normal segment of
the vessel wall and only later spreads 10 cover the
atherosclerotic plaque.’ The majarity of the cells
in the neointima were identified by immunocyio-
chemistry as vascular smooth muscle cells consistent
with human posimiortem studies of restenosis.”™"
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(a)

Flg. 2 Scanning electron microscopy of 1hé intimal surface of human coronary artery. befere and after culture {x1250). (a) Angioplasty
vessel day 0, Note the extensive endothelial denudation, exposing subendothelial struciore and the basal membrane, (b) Angioplasiy vesse!
das 14. Some regrewlh of endothelium has taken place. but there is siilt Tzirly extensive denudation. (c) Anpioplases vesset day 0. Note
the welt-preserved endothelium with only occasional gaps between cells, {dt Angioplasty vessel day 14, Note the cccasionat breaks in the
endothelial monaYayer spanner by fine filamentous projections (\25001.
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These cells are likely to have originated from vas-
cular smooth muscle cells in either the preexisting
jntima or the vessel media, The smooth muscle cells
may have been intimaliy directed as a result of a
concentration gradient of exogenous growth factors
in the culiure medium. This is unlikety, however,
for the vessel segments were completely immersed
in culture medium. Previous organ culture studies
have suggested that intimal proliferation. depends
on the presence of endothelium, which suggests thai
an endothelium-derived chemoattractamt may be
released during culture.”™ Further evidence from
cell cultures suggests thas growing endothelial cells
release factors able 10 stimulate smooth mascle cell
proliferation in vitro,’ The injury produced by bai-
loon angioplasty may therefore lead to increased
synthesis of growth factors from damaged cells or
from activated regenerating endothelial cells.

Aworadiography at fourteen days showed most
of the proliferating cells to be in the neointimal laver
with few dividing cells in the media, The low rate
of smooth muscle cell proliferation in the tunica me-
dia is likely to be the result of constraints on prolifer-
ation by celf-celt interactions. Once cells have
migrated into the intima they are free of any such
interactions and are more fikelv to proliferate, The
lack of cell interaction may also be responsible for
the large amount of extraceflular matrix produced
by the neointimal cells. .

The organ culture systemn described here has cer-
tain limitations, in particular the variability in in-
timal thickening and plaque lesion both between and
within vessels. This makes any direct quantitative
comparison between angioplasty and freshly isolated
vessel difficult, The high concentration of serum re-
quired 10 maintain the vessel in culture also prevents
us from assessing the differential role of endogenous
mitogens, which may play an important role in the
development of intimal proliferation,

Conclusions

Nonetheless the model allows us 10 use segments
of human coronary artery in which the cells main-
1ain their normal anatomic relationships, in contact
with the extracellular matrix. This interaction can
therefore be studied in controlled conditions and
both migration and proliferation can be monitored.
The svstem may alse be readily adapted 1o evalu-
ate the role of factors such as lipoprotein concen-
tration and monocyte adhesion and migration into
the tissue, which are known to influence restenosis.

The recent developmem of serum-free organ cul-
ture techm’ques(’ should also allow us to investigate
the role of growth factors regulating intimal prolifer-
ation. Furthermore, since intimal smooth muscle cell
proliferation occurs within a relatively short time
span, the model mayv be useful in evaluating ther-
apeutic agents for the suppression of intimal
proliferation.
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Chapter 5

Growth factor activity from porcine coronary artery
following balloon angioplasty
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Abstract

The long term efficacy of coronary angioplasty remains limited by restenosis
secondary to intimal vascular smooth muscle cell (vsinc) proliferation. The relea-
se of growth factors from cells intrinsic to the vessel wall has been implicated in
the development of restenosis despite the lack of direct evidence.

To test this hypothesis, pig coronary arteries explanted 4 weeks after angioplasty
(3mm balloon, 10 atmospheres, 60 seconds) were cultured for 24 hours in serum-
free media supplemented with [*'H]-thymidine. Growth factor activity was then
evaluated in the conditioned media using a Swiss 3T3 fibroblast bioassay.

Tissue viability assessed by adenosine triphosphate concentration (nmol/g wet wt)
remained high during culture (267+21 [SEM], 0 hour vs 265+32, 24 hours) and
cell proliferation occurred as judged by total [*'H]-thymidine incorporation
(1326+226 dpm/mg wet wt). Transverse histological sections of angioplasty sites
revealed the presence of a neointimal layer, with a mean thickness of 92.82+27.95
m (0=9, p<0.001 vs freshly isolated coronary). Autoradiography showed prolif-
erating cells in the neointima identified as smooth muscle cells using a monoclon-

al antibody to e-actin,

Conditioned media from the angioplasty vessel caused a 6 fold increase in the
proliferation of Swiss 3T3 fibroblasts above that produced by basal culture media.
This mitogenic activity was inhibited by x% with a polyclonal neutralising antibo-
dy to platelet-derived growth factor (PDGF). Reverse transcription polymerase
chain reaction analysis (RT-PCR} and Northern blot analysis demonstrated expres-
sion of PDGF B chain in angioplasty vessel but not in freshly isolated vessel.

These data provide direct evidence for growth factor activity and PDGF-B gene
expression by cells intrinsic to the angioplasty site. They also suggest that a
PDGF-like protein may play a role in regulating smooth muscle cell proliferation
in vivo.
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Introduction

Percutaneous transluminal coronary angioplasty is an effective means of allevia-
ting ischaemia in coronary attery disease but is currently limited by restenosis in
30-40% of cases (1, 2). Histopathologically restenosis is characterised by intimal
thickening secondary to smooth muscle cell migration, proliferation and synthesis
of extraceliular matrix (3, 4, 5). The factors which control this process are incom-
pletely understood but preliminary work using isolated cell cultures has identified
and characterised a number of growth factors, including platelet-derived growth
factor (PDGF), basic fibroblast growth factor (bFGF), transforming growth factor
B (TGFf) and insulin like growth factor 1 (IGF-1), all of which induce vascular
simooth muscle cell migration and proliferation in vitro (6). There is however no
direct evidence that any of these factors play a role in regulating vascular smooth
muscle cell (vsmc) proliferation in vivo,

To test the hypothesis that balloon angioplasty induces growth factor production
by cells intrinsic to the vessel wall, pig coronary arteries previously subjected to
balloon angioplasty were cultured for 24 hours in serum-fiee basal media,
Release of growth factor activity was then assessed by the ability of the conditio-
ned media to stimulate the proliferation of quiescent 3T3 fibroblasts. Neutralising
antibodies were employed to further characterise the nature of the growth promo-
ting activity. To confirm that cells intrinsic to the angioplasty vessel were respon-
sible for the growth promoting activity detected, growth factor messenger RNA
expression was also investigated by reverse transcription polymerase chain reac-
tion (RT PCR) using primers derived from human gene sequences,

Methods

Coronary angioplasty

Domestic pigs (Yorkshire white), intitially weighing 25-30 Kg were used in this
study. The investigations were performed according to the national guide-lines for
the care and use of laboratory animals and the study protocol was approved by the
Home Office. After an overnight fast the animals were sedated with Ketamine
12-15 mg/kg, intubated with an endotracheal tube and ventilated with Halothane
and Oxygen to maintain adequate anaesthesia. Their ECG and arterial blood pres-
sure were monitored continnously. Each animal was prepared and draped in a ste-
rile fashion. A right femoral cut down was performed and an 8F introducer sheath
(Cordis Inc) placed in the femoral artery. Each animal then received systemic
heparin (200 units’kg iv) and Lignocaine (1 mg/kg) therapy. The left main or
right coronary artery was engaged using standard techniques with an 8 F coronary
guide catheter (Cordis Inc).
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After coronary arteriography and under fluroscopic guidance a 3mm balloon
angioplasty catheter (Mini-profile, Usci-Bard) was advanced and positioned in the
mid-coronary artery. The balloon size (3mun) was substantially larger than the pig
coronaries which were typically 1.5-2.0mm in diameter so as to induce maximum
injury. Using random assignment each of the two branches of the left system
(LAD and circumflex) underwent angioplasty or served as control. Balloon
angioplasty was performed using two inflations at 10 atmospheres for 60 seconds.
Following the procedures patency of the vessels was confirmed arteriographically,
the catheters withdrawn and the cut down site repaired using 5.0 prolene sutures.
The animals were allowed to recover and sacrificed at 4 weeks. Following seda-
tion and anaesthetic the chest was opened via a median sternotomy, a lethal dose
of phenobarbitone administered and the inferior and superior venae cavae ligated.
The aorta and pulmonary trunk were cross clamped and the heart explanted. The
coronary vessels were washed by infusing normai saline at 100 mmIHg info the
aortic root until ali effluent from the heart was clear. The vessels were then dis-
sected out using a no touch technique (7) and transported to the laboratory in ste-
rile transport medium { RPMI 1640 tissue culture medium containing 20mM
Hepes Buffer, 4 [U/mi of sodium heparin, Glutamine (200mn), Penicillin {100
pg/ml), Streptomycin (100 units/mt), Gentamycin (10 ug/ml), and Amphotericin
{250 pg/ml)

Culture procedure

Segments {Icm long) of conirol vessel and vessel which underwent coronary
angioplasty were cleaned of adventitial tissue and maintained in serum free organ
culture by an adaptation of the method described by Pedersen and Bowyer (8).
Briefly the vessel was opened out longitudinally and pinned intimal surface upper-
most onto a polyester mesh support resting on set sylgard resin in the base of a
Petri dish. The vesse! was washed several times and then maintained in culture
medium (sterile RPMI 1640 tissue culture medium as above). The vessel was
then rested for 30 minutes after which time the conditioned media was removed.
Fresh basal culture media supplemented with [*H] thymidine (I pei/ml, Amersham
International, Amersham, UK) was then added to the cultures which were maintai-
ned at 37°C in a humidified atmosphere with 5% (v/v) CO; in air for 24 hours, At
the end of this period the conditioned medium was collected, aliquoted into steriie
tubes and stored at -80°C. The vessel was washed three times with non sterile
phosphate buffered saline and then divided into two sections. One was placed in
formalin for histology and the other in liquid nitrogen for assessment of nucieoti-
des. Measurement of purine metabolites, DNA concentration and thymidine
incorporation were performed as previously described (9).
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Morphological studies

Endothelial morphology was studied using en face scanning electron microscopy.
Segments of vessel were fixed in 3% glutaraldehyde in cacodylate buffer.
Dehydrated specimens were then critical point dried in liquid CO,, splutter coared
with gold particles and observed in a scanning electron microscope (Phillips 500).
For transmission electron microscopy specimens were treated similarly. After
fixation in 3% glutaraldehyde followed by post fixation in 1% aqueous osmium
tetroxide the specimens were dehydrated in alcohol, transferred to polypropylene
oxide and embedded in epoxy resin. Ultrathin (100mn) sections were stained with
50% alcoholic uranyl acetate and Reynold's lead citrate and observed using a
Phillips 400 transmission electron microscope.

For light microscopy vessel segments were fixed in 10% buffered formalin, pro-
cessed and paraffin embedded. 4um transverse sections were stained with alcian
blue/Miller's elastic /Van Gieson and the mean neointimal, intimal and medial
thickness was determined from measurements taken at 20 equidistant points along
the section length using an image analyser (Solitaire, Seescan, Cambridge, UK).
The intima consisted of a monolayer of endothelial celis. The necintima was cle-
arly visible as a new layer above the internal elastic lamina and was distinguished
by the presence of closely packed cells in an abundance of elastic fibres.
Autoradiography was performed to localize and quantify cell protiferation.
Unstained 3 pm sections were deparaffinised, rehydrated through alcohol to water,
dipped in K2 nuclear emulsion and exposed for two weeks at 47C as previously
described (9, 10). The total number of neointimal and medial labelled cells were
counted and related to the section length which was determined using a calibrated
eye piece graticule. To identify the cells in the neointimal layer immunostaining
of paraffin sections was performed using monoclonal anti-smooth muscle «-actin
antibody as previously described (9, 10).

Cell proliferation assay

Swiss mouse 3T3 fibroblasts were used to assess the mitogenic activity of the
coronary vessel conditioned media. Measurements were performed in triplicate
and the mean value for each specimen calculated. Cells (Flow labs) were passa-
ged twice weekly and maintained in Dubecco's modified Eagles medium
(DMEM) with bicarbonate (2g/1) and supplemented with 10% foetal calf serum
(JBio chemicals, France), penicillin (100pg/ml), Streptomycin (100 1U/ml),
Fuagizone (2.5ug/ml), Gentamycin (2.5pug/ml), and glutamine (2mM). Cells were
plated at a density of 104 cells per well in a 96 well plate (Costar, UK) in DMEM
supplemented with antibiotics and 10% foetal calf serum. After 24 hours the cells
were made quiescent by incubation in medium containing 2% pig plasma derived
serum for a further 2 days before the addition of test samples and standards.
[PH]-Thymidine (1nCi/ml, specific activity 25 Ci/mmol) was added to the cells
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simultaneously with the test agents and its incorporation into DNA determined
over a 20 hour interval. After exposure, the cell layers were washed three times
with phosphate buffered saline (PBS) and fixed for 3 minutes with ice-cold 10%
w/v Trichloroacetic acid (TCA). The TCA precipitable material was harvested by
aspirating the media and solubilising the remaining TCA-insoluble material in
100pi of 1M sodium hydroxide overnight at 37°C. The solubilised material was
added to 2ml of Scintillation fluid (Ultima Gold, Packard, UK) and radioactivity
determined by liquid scintiflation counting. The data are expressed as disintegra-
tions per minute (DPM/well) and as percentage stimulation over basal culture
media and compared to 10% serum,

111 a separate series of experiments, a polyclonal antibody to platelet derived
growth factor, neutralising all forms of PDGF (British Biotechnology, Oxford,
UK) was added, at an inftial concentration of 50, and then a final concentration of
100 pg/m! to the conditioned media. The results were compared to those of the
same sample of media incubated with non-immune IgG (Sigma chemicals, Poole,
UK) at the same concentration. Media was pre incubated with antibody or non-
immune IgG for 1 hour at 37°C prior to the addition of the fibroblasts.

Expression of mRNA for PDGF

Reverse transcription polymerase chain reaction was used to assess mRNA levels
for PDGF A and B chain in angioplasty vessels. Cellular RNA was isolated from
snap-frozen segments of freshly isolated coronary artery and angioplasty vessel
using a one-step phenol chloroform method as previously described (11). For RT-
PCR, cellular RNA (1jg) was reverse transcribed in a 20ul reaction containing
1.25 Uml-1 AMYV reverse transcriptase and 2.5pM MgCl,, 10mM Tris-HCL, pH
9.0, 50mM KCL, 0.1% Triton X-100 dNTPs (I mM each), and RNasin (1U.mi-"),
RNA-cDNA hybrids were immediately used as a template for the polymerase
chain reaction. Primers for the PDGF A and PDGF B chains were designed using
a conumercial software programme (OLIGO, National Biosciences) and screened
for specificity using the EMBL database. Sequences used for PDGF A were posi-
tioned on exon 3,5' CCC CTG CCC ATT CGG AGG AAG A 3' (sense) and the
exon 4-5 boundary, 5' TTG GCC, ACC TTG ACC CTG CGG TG 3' {antisenise)
corresponding to nucleotides of the gene, Sequences used for PDGF B were in
the 3' untranslated region S'CCG CAC CAA CGC CAA CTT CC 3’ (sense) and
STTT GGC TCG CTG CTC CTG GG 3' (antisense) corresponding to nucleotides
1318 to 1569. The predicted sizes for PDGF A and PDGF B ¢cDNA products were
227 and 271 bp respectively. Oligonucleotides were synthesized using an automa-
ted DNA synthesiser (Applied Biosystems), purified by butanol extraction, divi-
ded into aliquots and stored in sterile water at -20°C. For polymerase chain reac-
tion expansion each 50pl reaction contained 10ul cDNA derived from 1 pg rNA,
7.5pmol each primer, 1.25 U T aquaticus DNA polymerase, 10 mM Tris-HCL (pH
9.0), 50mM KCI, 2.5mM MgCl, and 0.1% Triton X-100 (all from Promega,
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Southampton, UK)}. Samples were overlaid with light mineral oil to prevent eva-
poration. The cycling parameters were 1 min at 95°C, 1 min at 62°C (PDGF B) or
55°C (PDGF A), and extension at 72°C for 1 min for 40 cycles with a final exten-
sion period of 6 min at 72°C. Chain reaction products were size fractionated and
separated from unincorporated primers by electrophoresis through 1.5% agarose
gels. Amplified DNA was visualised by EtBr staining under ultraviolet light
transiltumination.

Statistical Methods

Values are shown as mean £ SEM. Data were considered significant if p < 0.05
using the Student's t-test for unpaired data.

Results

Measurements of ATP concentration and ATP:ADP ratio were performed to exa-
mine the viability of the predominant cell type, the smooth muscle cell before and
after the 24 hour culture period (Table 1). The ATP concentration for both control
and angioplasty vessels remained unchanged indicating that tissue viability was
maintained (296+28) and 270£19) before culture and 382+34) and 334+40)
respectively after 24 hour culture). This was confirmed with the ATP:ADP ratio
which again showed a similar pattern (2.15+0.05 and 2.26+0.06 before culture and
2.56+0.10 and 2.41+0.09 respectively after culture)

Total DNA was measured to assess total cell numbers and as an index of cell pro-
liferation (Table 1). Both freshly isolated and balloon angioplasty vessels demon-
strated similar DNA levels before (0.52+0.08), 0.68+0.04) respectively) and after
seruin free culture (0.742:0.09), 0.7420.08) respectively) suggesting that the total
cell number was maintained,
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Vessel
Hours in culture
No of specimens

ATP Conc.
(nmol/g wet wt)

ADP Cone.
(nmol/g wet wt)

ATP/ADP ratio

DNA Cong,
{pg/mg wet wt)

Controf
0
11

296(28)

133(14)

2.15

0.52(0.08)

Ptca
0
10

270(19)

128(15)

2.26(0,06)

0.68(0.04)

Control
24
9

382(31)

160(15)

2.56(0.10)

0.74(0.09)

Ptca
24
9

334(40)

125(17)

2.41(0.09)

0.74(0.08)

Table 1: Variation in purine metabolites and DNA concentrations at hour 0 and
hour 24 for control and angioplasty vessel in serum free organ culture (RPMI)

Morphological studies

Histological examination of freshly isolated segments of coronary artery showed
an intimal layer of endothelial cells separated from the muscular media by a con-
voluted internal elastic lamina (Figure la). Histological examination of angiopla-
sty vessels again demonstrated abundant elastic fibres and axial and longitudinally
arranged smooth muscle layers in the media but now there was a clearly defined
neointimal layer visible above the internal elastic lamina (Figure 1b)
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Figure 1: Transverse sections of pig coronary artery stained with Miller's elastic
van Gieson stain (x37);

(a) Control vessel demonstrating abundant elastic fibres and axially and longitu-
dinally arranged smooth muscle cell layers. Note the virtual absence of an intima.
(b) Angioplasty vessel demonstrating the development of a neointima. Note the
increased degree of intimal proliferation over the ruptured internal elastic lamina,
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Morphometric analyses demonstrated a markedly thicker vessel wall in
angioplasty vessels (n=9) compared to control vessels (n1=10) (291(26) vs 205(20),
p <0.001 vs control vessel). This was due to the presence of a neointima in
angioplasty vessels (imean neointimal thickness, 92.8 + 28.0 um, n = 9) compared
to the absence of a measurable intima in the control vessels, There was a marked
difference in the intimal thickness over areas where the internal elastic lamina was
ruptured compared to areas where the internal elastic lamina remained intact (206
+ 28 vs 39 & 6um, p<0.001). Measurement of the medial thickness demonstrated
no difference between the angioplasty and control vessels (205 £ 20 vs 201 £ 16
um) or between areas with intact or disrupted internal elastic lamina (206 & 18 vs
202 + 26um respectively).

Immunocytochemistry with a monoclonal antibody to e-actin was performed to
identify and localize vascular smooth muscle cells, In sections of control corona-
1y artery most of the medial cells stained positively for e-actin. In the angioplasty
vessels positive staining was observed in the media and also throughout the neoin-
timal layer (Figure 2) suggesting that the cells in the neointimal layer were predo-
minantly smooth muscle cells.

This was confirmed by transmission electron microscopy which showed this layer
comprised of extraceliular matrix and smooth muscle-like cells containing an
abundance of rough endoplasmic reticalum and few actin filaments suggesting
them to be in a synthetic rather than a contractile phenotype. Scanning electron
microscopy showed that the endothelial monolayer in both control and angioplasty
vessels was largely undamaged during preparation and these appearances were
maintained after serum free culture.

The basis of the neointimal accumulation of cells was investigated by pulse label-
ling the vessel segments with ["H]}-thymidine during culture. Thymidine incorpo-
ration and autoradiography were then used to assess cell proliferation. Liquid
scintillation counting reflecting overall cell proliferation (endothelial, smooth
muscie and fibroblast) suggested that cell proliferation was occuring during cultu-
re in both control and angioplasty vessel (mean count of 1200dpm/mg wet wt).

Autoradiography of transverse vessel segments cultured and pulse labelled for 24
hours with [*H]-thymidine was used to localise the proliferating cells. This demon-
strated the presence of cells with silver grains over their nuclear region in both the
neointimal layer but also the medial layers of the angioplasty vessels (Figure 3).
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Figure 2: Transverse sections of control and angioplasty pig coronary artery stai-
ned with anti smooth muscle a-actin (x37);

(a) Control vessel demonstrating granular staining of the medial smooth muscle
cells with no staining of the area of the internal elastic lamina or endothelium
(Counterstained with Harris' haematoxylin)

(b) Angioplasty vessel demonstrating granular staining of the medial smooth
muscle cells but also granular staining of most of the cells in the neointima
(Counterstained with Harris' haematoxylin).
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Figure 3: Transverse sections of pulse labelled control and angioplasty pig coro-
nary artery cultured for 24 hours. Sections were autoradiographed and then post
stained with haematoxylin and eosin (x37).

(a) Control vessel demonstrating few labelled nuclei

(b) Angioplasty vessel demonstrating proliferating cells both in the neointimal
but also in the medial layers.
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In the control vessels there were only a few proliferating cells in the medial layer.
The number of [*H}-thymidine labelled cells /mm? in both intima and media of
angioplasty and control vessels are given in Table 2. There were significantly
more fabelled intimal and medial cells in the angioplasty vessels than control ves-
sel suggesting that the neointimal cells were perhaps arising from both migrating
cells from the media and also dividing cells in the neointima.

Vessel Control Ptca Ptca
(+IEL) (-iIEL)

No of specimens 10 9 9

Thymidine incorporation 1289(341) 1326(2206) 1326(226)

(dpm/mg wet wt)

Labelled nuclei/mm

Intimal 0 1.03(0.23) 8.05(0.84)

Medial 2.12(0.45) 3.36(0.28)* 4,53(0.41)*+

Intimat labelled nuclei

/mm? 0 26.39(8.82)* 48,74(2.57y*+

Medial labelled nuclei

/mm? 13.88(3.22) 17.65{1.17) 24.90(3.40#

Table 2: Quantification of intimal proliferation, Vessels were exposed to [*H]
Thymidine for the last 24 hours. Labelled nuclei contained at least 20 silver
grains, The number of nuclei is expressed per mun of intimal length. +IEL= Intact
internal elastic lamina, -IEL= Ruptured internal elastic lamina. * p<0.001 vs con-
trol, # p<0.05 vs control, + p<0.001 vs +IEL.

Cell proliferation assay

A Swiss 3T3 fibroblast bioassay was used to assess mitogenic activity in the cul-
tured media. Basal culture medium produced proliferation of 3T3 fibroblasts as
assessed by [PH]-thymidine incorporation of 10,224+1,227 dpm/well (n=12),
Conditioned media from control vessel caused a 5.8+0.45 fold stimulation over
basal media whilst angioplasty vessels caused a 6.440.44 (n=10) stimulation over
basal media. By comparison 10% foetal calf serum resulted in a 5.6::0.49 stimu-
lation over basal media.

A polyclonal neutralising antibody was used to assess the contribution of PDGF-
like activity to the growth promoting activity of the conditioned media.
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Compared to non immune [gG, anti PDGF did not significantly affect the mitoge-
nic activity of the conditioned media at a concentration of either 50 or 100 pg/mi
(Table 3) suggesting that either the majority of the mitogenic activity of the condi-
tioned media must be due to other mitogenic peptides or the concentration of
PDGF in the conditioned media was such as to abolish any effect from the antibo-

dy.

Media Fold Stimuln Fold Stimuln
PDGF Ab Non immune
IgG

PDGF Ab [50pg/ml)
RPMI+10% FCS 1.6(0.27)
Conditioned Media from
a) Control vessel 3.2(0.45) 2.3(0.36)

Angioplasty vessel 2.5(0.34) 1.9(0.26)
PDGF Ab [100pg/ml)
RPMI+10% FCS 0.9(0.28)
Conditioned Media fiom

a) Control vessel 3.9¢0.12) 3.3(0.88)

Angioplasty vessel 3.2(0.46) 2.8(0.80)

Table 3; Mitogenic activity of conditioned media and response to PDGF neutrali-
sing antibody or non immune IgG at concentrations of 50 and 100pg/mi; The cell
proliferation values are given as percent stimulation over basal culture media

(mean (SEM))}. FCS - Foetal Calf Serum. PDGF - Platelet Derived Growth Factor

Expression of mRNA for PDGF B

RT-PCR analysis was used to assess levels for PDGF A and B chain in angioplasty
vessel and controls. Using this technique similar levels of PDGF A and B chain
were observed in both types of vessel (Figure 4).
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M C A C Ag A

-PDGF B

- PDGF A

Figure 4: RT-PCR analysis of angioplasty and contro! vessels. Amplification of
reverse transcribed DNA sequences for PDGF A and PDGF B were performed as
described in the methods section. After electrophoresis of RT-PCR products from
vessel segments intense bands were detected by ethidium bromide staining for the
molecular weight marker(M). The upper panel illustrates amplification products
for PDGF B whilst the fower panel illustrates amplification products for PDGF A.
Lanes 2, 4 and 6 are control vessel and lanes 3,5 and 7 are angioplasty vessel,
Similar levels of PDGF A (227 bp, lower panel} and B transcript (271bp, upper
panel) are seen in both control and angioplasty vessel.

Discussion

This study has demonstrated that balloon angioplasty of normal porcine coronary
arteries results in vsme migration and proliferation with the subsequent formation
of a clearly visible neointima. Furthermore, the degree of ncointimal proliferation
is significantly increased if the internal elastic lamina is ruptured suggesting a criti-
cal role for the internal elastic lamina in restenosis. Explanted vessels can be main-
tained in short term serum firee organ culture with no detectable loss of tissue via-
bility. Moreover conditioned media from these vessels induces proliferation of
Swiss 3T3 fibroblasts equivalent to 10% calf serum.
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The origin of this mitogenic activity is unclear but may relate to growth factor pro-
duction from the vessel wall itself.

Efforts to reduce or eliminate restenosis have so far been hampered by the lack of
knowledge regarding the pathophysiological mechanisms involved and the lack of
an accurate animal model in which to study the phenomenon further. In the present
model a reproducible neointima occurs within a reasonably short time following
oversize balloon injury to a normal coronary artery. The majority of the cells in this
layer were identified as smooth muscle cells by immunocytochemical staining with
smooth muscle cell a-actin antibodies. Furthermore autoradiography performed on
ex-vivo cultured segiments of artery suggests that these cells were actively prolifera-
ting.

Why this intimalily directed smooth muscle cell migration, proliferation and laying
down of extracellular matrix occurs is unclear. It may relate however to the intimal
and medial damage induced by balloon angioplasty. When the endothelial monolay-
er is denuded, it's barrier function is lost, resulting in the adherence of platelets
which may then stimulate smooth muscle cell migration and proliferation by the
release of different growth factors (12). Furthermore the discontinuity and dysfunc-
tiont of the endothelium during endothelial regrowth may result in the loss of the
physiological balance between the smooth muscle cell growth promoters and inhibi-
tors culminating in the smooth muscle cell migration and proliferation (13, 14).
Adherent platelets, injured and dead smooth muscle cells and mechanical stretching
of the smooth muscle cells may also result in the release of a number of mitogens
resulting in the phenotypic change of smooth muscle cells to the synthetic type (15).

The structural integrity of the internal elastic lamina appears to be crucial in mini-
mising neointimal thickening, The mean intimal thickness incieased from 39(6) um
in regions where the internal elastic lamina was intact, to 205(28)um where it was
ruptured giving an overall mean intimal thickness of 92(28)um. Thus although rup-
ture of the internal elastic lamina is not a prerequisite for neointimal formation it
appears to amplify the phenomenon, This may be because it reflects greater vessel
injury. This is unlikely however as all portions of the vessel are equally stretched
when the balloon is inflated. A more likely explanation is that rupture of the intern-
al elastic lamina exposes the medial tissues to flowing blood increasing local platelet
deposition and focal growth factor production. Furthermore associated medial tears
result in the loss of contact inhibition, both between cells and between cells and
their extracellular matrix, which mechanisms of which are known to constrain
smooth muscle cell proliferation (16). Additionally, rupture of the IEL may result in
~ the loss of any physical barrier it may represent to the intimal migration of the
medial smooth muscle cells. Any or all of these mechanisms could lead to the over
exuberant vessel reaction seen in these areas. Similar observations regarding the
importance of the internal elastic lamina have also been seen in pig coronary arte-
ries injured by wire stents (17) and oversize bailoon injury (18). Moreover a recent
report suggests that these observations may also be true in man (19). A comparable
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phenomenon is also seen in atherosclerotic coronary arteries in man where infimal
smooth muscle cell proliferation is often associate with gaps in the internal elastic
famina (20).

The angiographic facilities available did not allow quantitative measurements to be
performed pre and post angioplasty to determine whether the degree of intimal pro-
liferation seen resulted in a significant stenosis, but based on the histological meas-
urements with a neointimal thickness of 92(28)um this is unlikely. Nevertheless the
undetlying pathophysiological process involved in restenosis, intimally directed
smooth muscle cell migration and proliferation, occurred reproducibly within a
short time span.

The use of this pig model offers specific advantages over other animal models for
the study of intimal hyperplasia. Pigs resemble man with respect to their coronary
circulation, platelet coagulation system and lipoprotein metabolism. Furthermore
pigs are known to develop atherosclerotic plaques similar to those found in man and
their intima contains smooth muscle cells that participate in the response to vascular
injury and in the development of spentaneous intimal thickening in older pigs (21),
Additionally, the lesion produced by balloon angioplasty resemble those of human
post angioplasty restenosis in being composed of smooth muscle cells.

A number of pig models have previously been described. The pig carotid artery
model (22), although useful for studying the acute response of the vessel wall to
angioplasty does not cause significant intimal proliferation and any significant pro-
liferative stenoses are due to organised thrombus. Furthermore the artery used (the
carotid) is an elastic vessel with proportionally more smooth muscle than the mus-
cular coronary artery. The recently proposed coronary stent restenosis model (17,
18) although resulting in gross and histopathologic lesions virtually identical to
human restenosis tissue, is limited by the excessive tissue response perhaps as a
result of the vessel wall being under constant tension by the stent, as well as the
high cost of the stents themselves,

The present modei admittedly does not result in substantial vessel occlusion but
nonetheless the underlying pathophysiological process involved occurs and can be
monitored, Furthermore the use of standard catheterisation techniques means that
the model may be useful for the assessment of new techniques for local drug deli-
very such as the microporous balioon which offers the possibility of topical delivery
at concentrations which may be toxic at systemic level {23).

There are however a number of limitations. The animals used are young with nor-
mal coronaries and no underlying atherosclerotic plaque. This means that we are
unable to comment on any effect the plaque/vessel wall interaction may have in the
in-vivo human restenosis process. Furthermore the degree of intimal proliferation
seen is unlikely to result in significant stenoses limiting our ability to comment on
the influence of any local flow dynamics. These limitations can to some extent be
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overcome by adaptation of the model. For example sequential balloon angioplasties
at four weekly intervals may be a more realistic version of the in-vivo situation of
stenosis dilatation. Furthermore the model may be adapted to produce occlusive dis-
ease by the addition of cholesterol feeding. Using cholesterol feeding and balloon
denudation of the coronary arterics, for example, Lee and Lee produced significant
coronary stenoses with virtual occlusion of the vessels and resulting myocardial
ischaemia, myocardial infarction and sudden death within 3-6 months whilst the ani-
mals were still relatively smali (40-50 Kg) (24).

We used our model to assess endogenous growth factor production using a serum
free organ culture technique. Our first concern initially was to ensure that tissue via-
_ bility was maintained in the absence of serum. Once we confirmed that tissue viabi-
lity was maintained in short term serum-free organ culture we used the technique to,
firstly, assess the presence of endogenous growth factors in the cultured media using
a Swiss 3713 fibroblast bioassay system and, secondly, to demonstrate proliferating
cells in the neointimat tayer.

Conditioned media from both control and angioplasty vessels resulted in a 6 fold
increase in the proliferation of fibroblasts compared to a 1.5 fold increase caused by
10% serum, suggesting the presence of growth factor activity in the cultured media.
The origin of this mitogenic activity is unclear. It may have originated from a num-
ber of sources including adherent platelets, dying cells, tissue injury or the cells of
the vessel wall itself.

It is unlikely that the growth factor activity was from adherent platelets as the vessel
segments were thoroughly irrigated with saline prior to culture and scanning elec-
tron microscopy confirmed the absence of any adherent platelets on the intimal sur-
face of vessels prepared for culture. Similarly the maintenance of the ATP concen-
tration and ATP/ADP ratio in culture also argue against the possibility of growth
factor release from dying cells. The most likely explanation is that the growth factor
activity detected was released from the vessel wall. It is unclear why the control
vessel demonstrated as much growth factor activity as the angioplasty site. One
possibility is that the, unavoidable, tissue damage during harvesting of the vessel
may have resulted in induction of growth factor production from sublethally dama-
ged cells.

We tried to elucidate the nature of the mitogenic activity further by the addition of a
commercially available antibody to PDGF and compared the results to those of
sample media incubated with non immune IgG at the same concentration. The ad-
dition of antibodies to PDGF did not result in any significant inhibition of mitogenic
activity, in either the control, or the angioplasty vessel, suggesting that PDGF is not,
perhaps, the major mitogen involved. An alternative explanation however is that the
concentration of released PDGF in the conditioned media was such that the neutrali-
sing antibody used was swamped,
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We also tried to obtain supplementary evidence that balloon angioplasty leads to the
activation of growth factor gene expression in the vessel wall by performing RT-
PCR analysis on segments of angioplasty and control vessel. This demonstrated the
presence of PDGF B mRINA in both vessels sugpesting that the message for PDGF
B is present in the vessel wall. Whether this was induced during harvesting, or
whether it is present in the normal vessel wall is not clear. Additionally the techni-
que is not quantitative enough to allow us to determine whether there is increased
expression of PDGF B mRNA in the angioplasty vessel.

Factors other than PDGF could also be involved. For example fibroblast growth
factor is a particulatly good candidate because it is synthesized by both endothelial
and smooth muscle cells. Furthermore although not secreted it is released from dis-
rupted cells (25, 26) and cell disruption during harvesting may account for the lack
of difference between the control and angioplasty vessels. The nucleotide data
would be against this but of course they only represent any additional cell degrada-
tion which has occurred in the 24 hour cuiture period and not the initial damage that
the vessel may have sustained during harvesting. Whether the addition of conuner-
cially available antibodies to bFGF will inhibit this mitogenic activity is unknown.

In addition to allowing vs to assess the role of growth factor production, the serum
free organ culture techutique also allowed us o demonstrate proliferating cells in the
neointimal fayer ex-vivo. This avoided the dangers involved in giving radioactive
isotopes in-vivo. Little is known of the accuracy of the ex-vivo labelling of prolif-
erating cells however, In the only study to compare in-vivo with ex-vivo labelling of
proliferating celis, ex vivo labelling resulted in a patchy distribution of labelled cells
which did not correspond with the [*H]-thymidine [abelling pattern obtained in vivo
(27). This was in colonic and vaginal mucosa however, rather than the vessel wall.
Furthermore the in-vivo S phase cells were labelied with PH]-thymidine injected 30
minutes before sacrifice and evaluated by autoradiography whereas the ex-vivo
labelling was with Bromodeoxyuridine incubation for 60 minutes and subsequent
immunohistochemistry. We were unable to confirm in our study whether the ex-vivo
labelled cells corresponded to in-vivo proliferating cells. It is not however the state
of proliferation that is important but the rate and certainly in our case the proliferati-
ve activity in the angioplasty vessel was much higher than in the control vessel,

Conclusion

This study demonstrates that neointimal smooth imuscle cell proliferation occurs
reproducibly following balloon injury to normal porcine coronary artery.
Furthermore it suggests a pivotal role for the internal elastic lamina in this pheno-
menon. It also provides evidence for growth factor release by cells intrinsic to the
vessel wall, further characterisation of which may help us understand the mecha-
nisms involved in restenosis and guide the development of new therapies aimed at
reducing its incidence.
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Abstract

Background: Local drug delivery by perfusion catheters has been proposed as a
means of delivering high concentrations of active drug into the coronary arterial
wall but pressure mediated trauma and duration of vessel occlusion are key limita-
tions of these devices. We investigated a new delivery catheter which promises to
overcome both these restrictions.

Methods: The Dispatch™ perfusion catheter has a triple lumen shaft with a dis-
taily located polyethylene coil balloonn. The coils are connected by a membranous
aerofoil which, when inflated, divides the vessel lumen into an external compart-
ment altowing local drug delivery to the vessel wall and an internal compartment
which allows perfusion of the distal coronary bed. Using an over the wire techni-
que the device was positioned in 16 coronary arteries (luminal diameter (inm)
3.240.4(SD)} of 11 non-atherosclerotic pigs (25-68kg) and inflated to 9 atmosphe-
res. Coronary flow was estimated during device inflation using a doppler flow
wire. Infusion of a selection of 5 compounds with incremental molecular weight
(Range 0.3-150 kDa) was then performed for 10 minutes using infusion rates of
0.2 to 1.0 ml/min. Following device deflation the animals were sacrificed and
macroscopic and histological examination of the vessels performed.

Results; inflation duration 19.9+9.7min {Range 3-60 min} did not result in any
signs of ischaemia or haemodynamic compromise, Furthermore intracoronary
infusion of adenosine with the catheter inflated demonstrated enhancement of
coronary flow velocity similar to normal controls. Macroscopic examination
demonstrated that compounds ranging from 0.3-70 kDa could be infused into the
coronary wall. Microscopy showed that penetration of the compounds was limited
to the subendothelium, which showed an oedematous appearance at higher flow
rates. Most of the endotheliial layer and the internal elastic lamina remained
intact, Adventitial localization of the drugs was also observed, but this was proba-
bly due to side branches included in the target vessel segment and supplying the
vasa vasornm. Compounds with sizes 150 kDa and larger did not reach the suben-
dothelium.

Conclusion: This new drug delivery device is capable of safe prolonged infusion
of a wide range of compounds up to 70 kDa in the subendothelinm of normal por-
cine arteries. The device thus has potential for ameliorating acute occlusion and
late restenosis post coronary intervention.
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Introduction

Percutaneous coronary revascularisation has become increasingly complex with
more advanced catheter technologies (laser, atherectomy, stents) being used to
treat increasing numbers of patients with more complex coronary lesions(1). Most
techniques however remain limited by acute occlusion in 3-8%, and late restenosis
in 30-50% of cases with only the implantation of stents having been shown to re-
duce angiographic restenosis, albeit in a selected patient population and at the ex-
pense of higher haemorrhagic complications (2, 3). Although progress in solving
both carly and late complications has been slow, recent evidence suggests that the
systemic administration of new monoclonal antibodies directed against the platelet
glycoprotein IIb/I1Ia can reduce both acute occlusion and the late need for corona-
ry revascularisation procedures in high-risk angioplasty patients, again at the cost
of higher bleeding complications (4, 5). Local delivery of these and other agents
would, however, offer a means of ensuring high concentrations of the active drug
at the intervention sife whilst avoiding their systemic complications (6, 7).
Moreover site specific drug therapy would also be invaluable for the catheter
based treatment of intracoronary thrombus in the setting of unstable angina or
acute myocardial infarction.

Most methods of local drug delivery presently rely on catheters which isolate the
target vessel by balloon occlusion (7). In the coronary circulation, this approach
has the serious limitation of inducing myocardial ischaemia. In addition, the first
generation of porous balloon catheters was also shown to induce substantial local
vessel trauma due to the high pressure jets of the drug solution (8). Although the
second generation of microporous and channelled balloon catheters have minimi-
zed the degree of vessel wall injury they are still limited by the need for coronary
artery occlusion during drug delivery (7). In this study we assessed a new drug
infusion catheter designed to ailow prolonged balloon inflation and local drug
delivery with minimal vessel wall trauma, Our aims were to determine the safety
of the procedure, assess coronary flow reserve during catheter inflation, assess the
efficacy and depth of penetration of a range of compounds of incremental molecu-
lar weight and finally determine the amount of wall injury induced by the device.
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Methods

Coronary infusion catheter.

The coronary infusion catheter studied is a non-dilation, over the wire device
designed for localized delivery of solutions (Dispatch™, Scimed Life Systems,
Inc., Maple Grove, MN; Figures I and 2). The catheter has a triple lumen shaft,
the first lumen to inflate a distally located 20 mm long coil encapsulated by a thin
polyurethane sheath to isolate the selected vessel wall from the lumen. A second
lumen permits the use of a 0.014 inch coronary guide wire. The third larger lumen
of the shaft is used to infuse solution which can enter the sheath isolated vessel
wall through slits in the shaft between the coils, A radiopaque marker runs the
entire length of the inflation coil to assist precise placement.

Figure 1: Schematic representation of Dispatch infusion catheter. Note distally
located polyethylene coil allowing local drug delivery whilst maintaining distal
perfusion,
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Figure 2: Lower panel shows deflated Dispatch infusion catheter whilst upper
panel shows fully inflated device. Note distally located polyethylene coil allowing
local drug delivery whilst maintaining distal perfusion.

Animal preparation.

Experiments were performed in 11 cross-bred Landrace Yorkshire pigs (25-68 kg
in weight; HVC, Hedel, The Netherlands). The investigations were performed
according to a protocol approved by the Committee on Experimental Animals of
the Erasmus University. The anaesthetized animals were connected to a ventilator
which administered a mixture of oxygen, nitrous oxide (1:2, v/v) and {-4 vol %
enflurane. A 9F guiding catheter was advanced to the coronary ostium through an
introduction sheath placed in the left carotid artery. Coronary angiography was
performed using iopamidol (Iopamiro® 370) as contrast agent. Using on-line quan-
titative measurement of the arteriograms a segment of the left or right coronary
artery was selected with a mean diameter of 2.5 - 3.8 mm for the placement of the
infusion catheter (3.0, 3.5 or 4.0 mm) which was inflated to 6 Atm.

Three types of experiments were performed: 1) To determine the safety of the pro-
cedure the infusion catheter was inflated for prolonged periods of time and the
occurrence of myocardial wall motion abnormalities and serious arrhythinias
recorded ; 2) To determine the possibility of increasing distal coronary blood flow
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during catheter inflation, coronary infusion of the vasodilator diug adenosine was
performed ; 3) To assess the efficacy of acute delivery of compounds with incre-
mental molecular size into the coronary arterial wall macroscopic and microscopic
evaluation was used to determine the depth of marker penetration and the degree
of wall damage.

Coronary flow velocity measurements.

In three experiments a flexible coronary doppler angioplasty guidewire with a 12
MHz piezoelectric transducer at the tip {Cardiometrics, Mountain View, CA) was
positioned paraliel to the infusion catheter shaft, across the inflated coil, in the
distal coronary artery. After the animals had been haemodynamically stable for at
least 30 min baseline recordings were made of coronary flow velocity with the
infusion catheter coil inflated (9). Thereafter, a selective intracoronary dose of
adenosine 20-60 pg/kg was administered and maximal flow velocity measure-
ments repeated until the hyperaemic response subsided.

Drug infusion protocol.

After inflation of the infusion catheter coil at the selected coronary segment one
of a selection of compounds or drug solutions was infused for 10 min, Target arte-
ries, drugs and infusion rates have been summarized in Table 1. At the end of 10
min infusion period, the coil was deflated and the infusion catheter removed. In
cases of non-dye administration, the site of infusion was marked with a short infu-
sion of Evans Blue dye prior to removal of the catheter. After crossclamping the
ascending aorta, the coronary arteries were perfusion fixed with 4% formaldehy-
de. The hearts were then excised and the coronary arteries dissected from the epi-
cardial surface. The infused segments and adjacent non-infused artery were placed
in 4% formaldehyde in phosphate buffer (pH 7.3) for 48 hours in preparation for
microscopy.

Angiographic analysis.

Coronary angiograms (at baseline, after placement and inflation of the catheter
coil and finally after completion of the drug infusion protocol and removal of the
catheter) were performed after i.c. injection of 1 mg isosorbide dinitrate and
measured on-line by quantitative coronary arteriography (QCA) using the edge-
detection method (Cardiovascular Measurement System, Medis Inc, Nuenen, The
Netherlands) (10).
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Macroscopic examination

The delivery of Evans blue or Evans blue-albumin complex in the vessel wall was
assessed macroscopically and recorded using a dissection microscope

Light- and fluorescence microscopy

The coronary vessels were fixed in 4% buffered formaidehyde, processed, sectio-
ned and paraffin embedded. Marker penetration was then assessed qualitatively.
Evans blue-albumin non-stained sections were examined with fluorescence micro-
scopy and compared with non infused control sections. The 150 kDa anti-actin
was assessed using a double antibody technique {secondary cross reaction with
peroxidase labelled antibody).

Infused Arteries Infusion Rate D3 Size Mol weight (D)/Size
Compound (LAD/LCx/RCA)  (ml/min) (mm)
Fluorescent thiocyanate 1/1/- 0.2 2x3.5 300D
Evans Blue -f24- 0.2 1x3.0 1,060 D
1x35
Evans Blue albumin complex 4/-4- 0.2 1x3.0 70,000 D
3x35
Anti-actin antibody 1/-/1 02 2x4.0 150,000 D
Activated Charcoal 1/1/- 0.2 1x3.0 10-25um
Activated charcoal -/3/1 1.0 Fx3.0 10-25um
2x3.5
Ix4.0

Table 1: Summary of target artery, infused compound and infusion catheter size.
FITC = fluorescent thiocyanate; EB = Evans Blue; EBA = Evans Blue-albumin
complex;

Statistical analysis.

All data are expressed as mean + SD. Haemodynamic and angiographic parame-
ters were evaluated using paired t-test. A P-value <0.05 was considered statistical-
ly significant,
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Results

In all coronary arteries, the infusion catheter could be positioned at the site selected
by QCA. After inflation of the coil, the distal coronary artery received adequate
baseline flow as assessed angiographically (TIMI Grade III flow in all cases,
Figure 3). Continued coil inflation up to 60 min did not induce myocardial ischae-
mia as witnessed by direct observation of the heart after midline sternotomy, and
the absence of ECG changes, while heart rate and blood pressure remained stable
(Heart rate: pre 115422, during 108+26, Mean aortic pressure: pre- §3+20, during
6720 mm Hg (p=ns for both).

Figure 3: Intracoronary doppler flow measurements at baseline after coil inflation
(Ieft panel) and after intracoronary adenosine (middle panel). D3 Infusion catheter
in position and during angiogram (right panel). Note good distal perfusion even
with catheter fully inflated.

Coronary flow velocity measurements

In the three experiments where coronary flow velocity was measured at baseline,
administration of adenosine 20-60 pg/kg i.c. induced reproducible increases in
maximal velocity (Figure 3).

Quantitative coronary angiography

The average manufacturer specified infusion catheter coil size was 3.5 mm.
Measurement of the baseline angiograms showed that the catheters were placed in
coronary arteries 3.2 + 0.4 mm in diameter, It was not possible to measure the dia-
meter of the inflated coil during infusion because of interference by the strongly ra-
diopaque marker. After completion of the infusion protocol and removal of the ca-
theter the coronary diameter at the site of drug delivery had decreased to 2.7 £ 0.3
mm in the animals that had received infusion with a rate of 0.2 ml/min, and to 2.3
+ 0.8 in the experiments where a rate of 1 ml/min was used (p<0.05 vs baseline in

both groups).
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Acute drug delivery

Macroscopic examination

Macroscopic examination demonstrated that compounds ranging from 0.3-70 kDa
(Evans blue and Evans blue-albumin complex respectively) could be successfully
infused into the coronary wall (Figure 4).

Figure 4: Macroscopic appearances following infusion of Evans Blue, Note the
"Zebra' effect secondary to the areas where the coil was in contact with the vessel

wall

Microscopic examination

Fluorescence microscopy demonstrated Evans Blue penetration into the intima
and adventitia but not into the media (Figure 5).

Histological examination revealed localised endothelial damage with partial denu-
dation (Figure 6). The subendothelial space was oedematous with separation but
no rupture of the internal elastic lamina. The media was intact as was the external
elastic lamina and adventitia. Charcoal particles were seen in the adventitial vasa
vasorum and even in the adventitia and overlying muscle.
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Figure 5: Histological section under fluorescence microscopy, Note the preserva-
tion of the endothelium and the presence of Evans blue in the subendothelial
space and the surrounding adventitia.
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Discussion

The main findings of the present study are that prolonged infusion catheter infla-
tion (up to 60 minutes) is feasible with this device with no significant limitations
to coronary flow or haemodynamic compromise. Furthermore compounds ran-
ging in molecular weight from 0.3-70 kDa can be successfully infused into the
coronary wall using this device. This is achieved with only minimal trauma to the
vessel wall where there is only localised endothelial damage with preservation of
the internal elastic-lamina and media.

A number of drugs have been successful in animal models of intimal proliferation
but numerous large scale pharmacology trials in man have failed to demonstrate a
significant reduction in clinical restenosis (11-14). These may have failed either
because the drug used was ineffective in man or because the local concentration
of active drug at the angioplasty site was inadequate. In animal models drugs can
be given in high doses which man cannot tolerate without significant toxic side
effects.. Thus the systemic administration of an agent is limited by significant side
effects at high doses. Delivering agents directly into the angioplasty site has the
theoretical advantage that a high local dose of drug can be given without the
worry of potentially toxic systemic side effects (6, 7, 15).

A number of catheters have been proposed for such local drug delivery (6, 7).
These include the double balioon catheter, the porous and microporous balloons,
the stented porous balloon, the weeping balloon, the inflated externally strutted
porous catheter and the porous sleeve. All have limitations however. Some are
limited by factors such as coupling of the perfusion pressure to the inflation pres-
sure resulting in substantial arterial wall injury inctuding dissection (16, 17).
Others are limited by a short infusion time in the coronary vessels due to the coro-
nary occlusive properties and expulsion of contents downstream or into side bran-
ches, either during delivery or on balloon deflation (18, 19).

One of the major advantages of the present catheter is the independence of bal-
loon inflation and hence artery-vessel wall fit from local drug delivery conditions.
This is unlike a number of catheters, including the porous and microporous bal-
loon and weeping balloon, where both the balloon-artery fit and drug delivery
conditions are determined by inflation pressure (19). This limits both the size and
configuration of perforations within the bailoon. Furthermore the coupling of bal-
loon inflation and local drug delivery can also cause significant systemic adminis-
tration of the catheter contents during inflation and deflation of the balloon or as a
tesult of a poor catheter-artery fit. In contrast the present catheter aliows the cor-
rect pressure for the right balloon-artery fit and an independent infusion pressure.
The lack of holes which may be plugged by blood also means that the present
device can be used a number of times with no limitations to its efficacy.
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The other important advantage of the present device however is the ability to
bathe the vessel wall in drug for a prolonged period of time (up to 60 minutes)
whilst maintaining distal perfusion. The intracoronary doppler studies would sug-
gest that even when fully inflated this catheter causes minimal obstruction to coro-
nary flow and preserves a normal hyperaemic response. This may be a substantial
advantage if duration of drug infusion is important for the local concentration of
drug. In addition prolonged coil inflation also suggests that the device may be
useful in acute occlusion, allowing focal infusion of, for example, thrombolytic
therapy whilst ensuring the physical apposition of the vessel wall [ayers.

The device allows prolonged local drug delivery whilst causing minimal tramma to
the vessel wall, Although there is localised endothelial damage, the internal elas-
tic lamina remains intact at low infusion rates with no damage to the media. At
the higher infusion rates although the internal elastic lamina appeared oedematous
there was still no microscopic evidence of deep injury and medial damage. As the
degree of deep injury may relate to the subsequent neointimal thickening (20) this
suggests that use of the device is unlikely to cause additional damage to the vessel
wall and increase neointimal thickening. '

We used 5 mode! compounds of incremental molecular weight to assess the range
of compounds that this catheter could successfully transport into the vessel wall.
The range included 0.3 kDa which is the lower limit of small synthetic drugs such
as a calcium antagonist and beta blockers. Oligopeptides such as angiotensin and
angiotensin I are in the range of 0.3-1 kDa whilst the range of Evans Blue
Albumin complex (up to 70kDa) is that of proteins such as Cytokines, growth fac-
tors and growth factor antagonists. The range 70-150kDa includes plasminogen
(90kDa) and collagen type 4 (120kDa). Our study suggests that compounds in the
range of 0,3-70 kDa can be successfully infused into the coronary wall. Thus
compounds such as small synthetic drugs, growth factor antagonists and oli-
gopeptides may be successfully infused clinicaily using this device.

As well as knowing whether an agent can be successfuily infused it is also impor-
fant to know however whether the infused agent will be retained for a sufficient
length of time. For example retention of heparin is less than 48hrs (21) whilst
90% of deposited colchicine and methotrexate are cleared within & few hours (22,
23). This limitation may be addressed by the incorporation of biodegradabie
microspheres into a matrix which can be deposited locally (24) or by using micro-
particles such as charcoal as carriers, allowing the controlled diffusion of impreg-
nated drug over the course of time. A further advantage of using charcoal as the
carrier particle is that the speed of release of the relevant agent from the charcoal
can be substantially modulated. Although charcoal uptake into the vessel wall did
not occur in our study it may do so in the clinical situation where antecedent bal-
loon angioplasty is likely to have caused cracks, fissures and dissection planes
(25) into which the chaicoal may lodge. Certainly gold particles have been found
in such dissection planes (26). The finding of charcoal particles in the adventitia,
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carried there via the vasa vasorum also raises the possibility of local drug delivery
by passive infusion inwards from the adventitia to the media.

The penetration of marker dye into the adventitia in keeping with previous reports
suggesting that a large proportion of radicactive microparticles and adenoviruses
delivered endoluminally are deposited in the periadventitia and overlying muscle
layers (27, 28). The most likely explanation for this is leakage of the dye into the
side branches, the vasa vasorum and from there into the adventitia, The effect of
the delivered agent on this nontargeted tissue is unknown. Although it may detri-
mental if certain toxic substances are infused, if the appropriate agent is chosen
this periadventitial deposition of a locally delivered agent with the resulting lumi-
nally directed diffusion, may be exploited as part of the local delivery strategy.
Certainly periadventitial delivery of both heparin and dexamethasone have been
shown to reduce neointimal formation (29, 30). In our experiments substantial
infusion of drug into the local peri vascular environment may have occurred for
the luminal diameter at the infused segment to have decreased so significantly at
the time of the procedure.

In our study the internal and to a lesser extent the external elastic lamina proved a
significant barrier to the penetration of the infused agent into the media. This,
theoretically, inay be a serious limitation if, in clinical practice, it is important that
drug penetration into the media occurs for optimal freatment. It is not clear how
relevant this bartier function of the IEL would be in the clinical situation however
where the antecedent bailoon angioplasty is likely to have already disrupted it.
Even however if there is no medial drug delivery the device may still be useful for
influencing surface events such as platelet adherence and thrombosis as well as
for Iocally applied endothelial gene therapy (31, 32).

Limitations of the study

There are a number of potential limitations to the present study which must be
acknowledged. As this was an acute study we only addressed the issues of feasi-
bility, safety and delivery efficacy of local infusion. We thus did not assess the
retention properties of the infused agent or the sclection of an appropriately effec-
tive agent.

Secondly we only took into account the effect of molecular weight of the assessed
compounds on their uptake. We do not therefore know what effect other molecu-
lar factors such as lipopholicity, ionic charge, tertiary and quartenary structure of
the molecules may have on compound uptake.

Third, the device was assessed in normal coronaries with no preceding angiopla-
sty. Our findings may thus not be completely representative of the clinical situ-
ation where the device would be used in a diseased vessel. Initial experience sug-
gests however that the ability to maintain distal perfusion with no haemodynamic
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compromise also applies to the clinical sitnation (33). Additionally the infusion
efficacy is likely to be increased rather than decreased in the clinical situation as
the presence of atherosclerosis would help the transmural flux of fluid and macro-
molecules (34). Furthermore the greater vasa vasorum in the diseased vessel (35),
would further increase the intramural surface area for drug movement by diffusion
or convection.

Conclusions

Prolonged coil inflation (up to 60 minutes) is feasible with no significant limita-
tions to coronary flow or haemodynamic compromise. The device causes mini-
mal trauma to the vessel wall. Although there is localised endothelial damage the
internal elastic lamina remains intact at low infusion rates with no damage to the
media, Compounds ranging from 0.3-70 kDa can be successfully infused into the
coronary wall. The device may thus have potential for ameliorating acute occtu-
sion and late restenosis post coronary intervention.
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Chapter 7

Intraluminal imaging with ultrasound.

Violaris AG, Di Mario C, Serruys PW, de Feyter PJ, Roelandt JRTC.

In Reiber JHC and Serruys PW (Eds). Progress in Quantitative Coronary
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24. Intracoronary imaging with ultrasound

ANDONIS G. VIOLARIS, CARLO DI MARIO,
PATRICK W. SERRUYS, PIM 1. DE FEYTER &
JOS R.T.C, ROELANDT

Summary

Although intravascular ultrasound transducers were first developed and
tested in the early seventies [1] it wasn’t until the advent of catheter based
coronary interventional fechniques that a major impetus was given to their
development. Because intracoronary ultrasound allows direct, visualisation
of the atherosclerotic plaque [2, 3], it may assist in the choice of intervention,
guidance during the procedure and assessment of the results and any compli-
cations. Furthermore, direct real time visualisation of arterial wall morpho-
logy offers unique opportunities for the in vivo assessment of arterial patho-
physiology and dynamics on a beat-to-beat basis.

Instrumentation

Two approaches are available for obtaining cross-sectional imaging of the
vessel wall. Firstly by mechanical rotation, of either the ultrasound transducer
itself, or an acoustic reflector in front of a fixed transducer. The advantage
of these systems is high resolution imaging without the presence of a near-
field artefact. Realising a driving mechanism while keeping the catheter fully
flexible and steerable are, however, challenging problems. Flexibility and
steerability are not a major concern with the alternative, multi-element elec-
tronic approach, where sixty-four transducer elements are mounted circum-
ferentially in a 360° radial array perpendicular to the long axis of the catheter,
but this system is limited by near-field artifact and restricted resolution and
dynamic range. The choice of equipment is important as there is evidence to
suggest that image quality and interpretation varies between manufacturers.

Image interpretation

Comparison with angiograpity

A major limitation of contrast angiography is that it provides information
predominantly about the vessel lumen. Consequently, morphological changes

in the vessel wall are largely inferred from their effect on the lumen, but
cannot be directly visualised, Furthermore, there is high inter- and intra-
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observer variability in the measurement of coronary stenosis and the com-
monly used percentage stenosis takes no account of the eccentricity, or
otherwise of the stenosis or whether the ‘normal’ part of the vessel is truly
normal, By contrast, ultrasound allows dircct visualisation of the vessel
wall and hence overcomes many of these inherent limitations of contrast
angiography. Because intracoronary ultrasound almost invariably shows
greater vessel involvement and/or more severe atherosclerosis, it is likely
that new criteria for atherosclerotic severity, based on ultrasound findings
will be required.

Nevertheless intracoronary ultrasound cannot image the complete coron-
ary tree; therefore, contrast angiography wiil remain useful for road mapping,
guiding the ultrasound probe to the area of interest. Ultrasound imaging will
then provide more -detailed information on the area of interest or target
lesion. Greater integration of intracoronary ultrasound within angiographic
equipment will be required to fully exploit the complimentary information
provided, for improved real-time decision making during interventionat pro-
cedures,

Characteristics of the normal wall

In vitro and in vivo studies have shown that muscular arteries can be distin-
guished from elastic arteries on the basis of their echographic characteristics
[4]. Muscular arteries have a hypoechoic smooth muscle component in the
media which results in a three-layered appearance, whereas elastic arteries
and veins have a more homogeneous appearance to their vessel wall. Intimal
atheroma and calcification may, however, induce diffuse attenuation or
shadowing preventing the evaluation of the underlying media. Furthermore,
in up to 20% of muscular arteries fibrous degeneration of the muscular
component of the media results in a homogeneous appearance [5]. A homo-
geneous appearance is also seen in young peopie where the intimal layer is
thin; some diffuse intimal thickening must be present before the (typical) 3
layered appearance is visualised [6].

Study of the atherosclerotic plaque

In vitro experience

In vitro studies have shown that two types of atherosclerotic plaque can be
distinguished [4, 5]. ‘Hard’ plaques, composed of dense fibrous tissue, are
seen as bright echoreflective lesions with acoustic shadowing and perhaps
duplicate echoes in the presence of calcific deposits. ‘Soft’ lipid rich plagues
are weakly echoreflective (Figure 24.1). Thrombi, plaque rupture and dissec-
tion after intervention are also detected with great detail.
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Figure 24.1. Intracoronary ultrasound images from diseased coronary arteries demonstrating:
upper left panel, An eccentiie, soft, weakly echo reflective plaque (arrow). Lower left panel.
An eccentric, soft, weakly echo reflective, plaque with a “lipid lake’ (arrow). Upper right panel.
A hard, strongly echogenic, fibrous plaque (arrow) extending from the 12 to the 5 o’clock
positions. Lower right panel. A rim of superficial calcification {arrow}, extending from the 1 to
the 9 o’clock positions. Note the marked acoustic shadowing behind it.

In vivo experience

Peripheral vessels

Intravascular imaging of the aorta, iliac and femoral arteries can be obtained
easily and the severity of stenosis, type and extent of atherosclerotic plague
and involvement of the medial layer assessed |7, 8]. Quantitative analysis of
lumen and plague area shows a close correlation with digital angiography
[9]. Various interventions such as transluminal angioplasty, atherectomy and
endovascular stent delivery are accurately monitored {10]. In comparison
with angiography, intravascular ultrasound demonstrates a higher sensitivity
in depicting presence and extent of dissection, length of intimal tears and
characteristics of fiow in the frue and false lumen. Direct insertion of the
uitrasound catheter during surgery can be used to replace more complex
angiographic procedures in the evaluation of the efficacy of arterial bypass
operation or end-arterectomy in peripheral vessels [11].
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Coronary vessels

The limitations of contrast angiography for guidance of coronary interven-
tional procedures has resulted in the development of smaller and more
flexible catheters, amenable to coronary insertion. Intravascular ultrasound
is able to detect and characterize atherosclerotic changes in what appear to
be, angiographically, normal segments and in the presence of edge irreguiari-
ties or luminal stenoses [12, 13].

Intracoronary imaging has provided direct evidence in support of previous
pathology studies showing that coronary arteries undergo a progressive en-
largement in relation to increases in plaque arca so that a reduction of lumen -
area is delayed until the atherosclerotic lesion occupies more than 40% of
the area circumscribed by the internal elastic tamina [14], These findings
explain why angiographically normal arterial segments show extensive
atherosclerotic involvement at surgery. Hermiller and colleagues [15], have
demonstrated, in 44 consecutive patients, that when coronary segments with
<30% area stenosis are examined, there is an excellent correlation between
internal elastic lamina (IEL) area and plaque area. In these segments the
IEL area increased by 2.7 mm? for each | mm? inerease in plaque area
suggesting that arterial enlargement may overcompensate for early atheros-
clerotic lesions.

As welt as being able to detect and characterize atherosclerotic changes in
what appear to be, angiographically, normal segments, intracoronary imaging
has also provided additionai information in the presence of edge irregularities
or luminal stenoses [12, 13], Furthermore, directional atherectomy in con-
junction with intracoronary imaging has confirmed previous in vifro studies
suggesting that two types of atherosclerotic plaque can be distinguished [4,
5] by demonstrating a higher collagen and calcium content in echogenic
‘hard’ plaques and increased levels of fibrin, nuclei and lipids in ‘soft’ plaques
[16]. |

As well as information on atherosclerosis, intracoronary imaging is also
providing new insights into the pathogenesis of unstable coronary syndromes
and accelerated atherosclerosis in transplant patients [17-23]. In the unstable
coronary syndromes, ultrasound imaging has demonstrated more soft lesions
and fewer mixed, calcified plaques with fewer intralesional calcium deposits
than in stable angina, suggesting that ultrasound morphologic criteria are
closely correlated to clinical anginal patterns [18-20]. Whether they correlate
with clinical outcome, however, remains unknown.

In cardiac transplant recipients, intracoronary imaging has demonstrated
that even angiographically normal vessels show a range of coronary intimal
thickening, which includes occasional evidence of focal, early atheromatous
lesions [22]. Furthermore, it has also demonstrated a vasoconstrictor re-
sponse to acetylcholine at 1 year after transplantation suggesting endothelial
dysfunction in the epicardial vessels [21] and that the vasodilatory response
to nitroglycerin is attenuated during episodes of cardiac rejection, indepen-
dent of the degree of intimal thickening {23},
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Assessment of catheter based interventions

Preliminary evidence suggests that imaging prior to interventions may be
helpful for deciding which lesions may be most suitable for which specific
treatment modality, and imaging post-intervention may be helpful in deline-
ating which patients are at increased risk of acute occlusion and long-term
restenosis. ,

Prior to infervention ultrasound allows the distinction of ‘soft’ plaques
which are more likely to be dilated by compression, stretching and superficial
intimal tears from ‘hard’ or clearly calcific plagues, which are at increased
risk of extensive dissection after balloon angioplasty [24]. Furthermore, the
presence of diffuse subendothelial calcification is associated with a lower
success rate and higher risk of complications after directional atherectomy
{25}, indicating that alternative techniques such as rotational or laser atherec-
tomy should be used in this sitnation. Although echogenic plagues are harder
to resect by directional atherectomy than echolucent ones, they are also less
likely to restencse {16]. These initial studies confirm previous clinical and
pathological studies demonstrating that plague morphology may affect out-
come, and suggest that increased stratification of patients for specific treat-
ment modalities, based on de nove plaque morphology, may help in reducing
acute occlusion and long-term restenocsis post-intervention.

Foliowing intervention, intracoronary ultrasound assessment may be useful
in two ways, firstly in assessing and optimising the results and secondiy in
assessing the risk of acute occlusion and long term restenosis. Since angio-
graphy only provides an outline of the vessel lumen, an angiographically
successful angioplasty may turn out to be a ‘pseudo-success’, perhaps because
cracks and dissection planes in the vessel wall allow contrast flow, with, in
reality, very little increase in the actual luminal area. Subsequent apposition
of the split wall layers may result in an angiographic restenosis (a pseudo-
restenosis), a lesion being classified as restenosis whereas in fact it was never
an actual success. Intracoronary ulirasound by visualising the vesse! wall as
well as the vessel lumen may have an important role to play in ensuring a
good result, with a good luminal cross-sectional area after intervention
(Figure 24.2). Furthermore, in the case of stent implantation, the clear
imaging of the struts by intracoronary ultrasound ensures that the operator
is aware of any incomplete stent expansion and can take appropriate action.

A further important aspect of intracoronary imaging during intervention
may be in providing prognostic information regarding the subsequent risk of
acute occlusion or restenosis. Angiographic studies have shown that the
presence of an intimal flap increases the risk of acute occlusion six-fold,
Furthermore, post-mortem studies have shown that extensive medial tears
also increase the risk of abrupt closure. As intracoronary ultrasound is very
sensitive in detecting the development and characteristics of intimal flaps
following interventional procedures [26, 27] it may be able to predict subse-
quent outcome. Preliminary evidence is supportive of this showing that in-
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Figure 24.2. Left pancls. Quantitative angiographic assessment of an eccentric left anterior
descending coronary artery stenosis prior {upper panel}, and post (lower panel), successful
rotablator therapy. Right panels. Anglograms prior (upper), during (middle) and post (lower)
rotablator therapy with ultrasound images prior (upper) and after therapy (lower). Note the
eccentric nature of the, mainly fibrous plaque, with deep seated calcification resulting in some
acoustic shadowing, at the 5 o'clock position. Fellowing rotablator therapy most of the plague
has been removed apart from the, previously, deep scated, calcification {arrow),

timal tears are twice as common and also more severe in patients who
subsequently went on to develop acute occlusion [28]. Preliminary evidence
also suggests that intracoronary ultrasound may also be helpful in identifying
a subset of patients who have a higher incidence of restenosis [26]. Both of
these possibilities now need to be confirmed by the larger ongoing multicenter
studies but the preliminary data sited above are already beginning to influ-
ence therapy with preliminary data from the ongoing GUIDE (Guidance by
Ultrasound Imaging for Decision Endpoinis) trial suggesting that the detailed
information regarding plaque morphology provided by intracoronary ultra-
sound leads to a change in therapy in about 50% of cases.

Pathophysiology of infervention and restenosis
Intracoronary ultrasound has made a significant contribution to our under-

standing of the pathophysiology of coronary interventional procedures and
restenosis. Intracoronary ultrasound studies have confirmed previous studies
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in peripheral vessels showing that luminal enlargement following baltoon
angioplasty is achieved primarily by arterial wall stretching with lesion vol-
ume remaining essentially unchanged [29]. They have also suggested that
both vessel stretch and dissection are uncommon after atherectomy [30] thus
confirming that plaque removal rather than a ‘dotter effect’ as the major
mechanisin for improved lumen area after this procedure.

Intracoronary ultrasound has also brought new understanding to the me-
chanisms involved in restenosis post-intervention. Gur understanding of the
mechanisins involved has previously been confined to serial angiographic
assessment of the vessel lumen and post-mortem examination of limited
histological tissue at specific time points in the disease process. Ultrasound
has the potential to differentiate between the nature of the process {elastic
recoil, mural thrombosis and intimal hyperplasia) and allow serial assessment
of the in-vivo vessel wall, hence increasing our understanding of the patho-
physiology of restenosis and allowing better targeting of therapeutic agents.
These potential advantages have been recently confirmed by preliminary data
from Kovach and colleagues, which suggest that chronic arterial recoil may
have a far greater influence on late lnmen loss and restenosis than previously
thought [31}.

Safety

The safety of intravascular and in particular intracoronary ultrasound should
be a major concern. So far no significant adverse events have been reported
when intracoronary ultrasound studies were performed prior to and following
interventional procedures, including patients with acute coronary syndromes.
Transient coronary spasm has been observed and the catheter can occlude
flow when advanced into stenoses or small distal arteries, in which cases
prompt withdrawl is clearly necessary. Serial studies in patients have not
shown an increase in stenosis of the instrumented vessels when compared to
those which were not instrumented making endothelial damage and acceler-
ated atherosclerosis unlikely. These findings are of importance when one
considers the use of intracoronary ultrasound in therapeutic trials for the
study of regression/progression of atherosclerosis

Potential clinical and research directions

Angiography depicts only a silhouette of the vessel lumen; the extent of
atherosclerotic disease and luminal narrowing, particularly in the early pre-
stenotic phase, may therefore be misinterpreted. Intravascular ultrasound
has the potential for detecting atherosclerotic changes in the pre-stenotic
phase and allows accurate measurement of the plaque area as well as the
vessel lumen, Furthermore it allows direct evaluation of plaque character-
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istics, These advantages have important implications for regression studies
as dietary and pharmacological interventions are likely to induce regression
of the vascular changes in the ‘pre-stenctic’ rather than the more advanced,
phases of atherosclerotic disease. Intravascular ultrasound thus has the poten-
tial capability to directly visualise these vessel wall abnormalities and may
differentiate lipid plaques, potentiaily amenable to regression from fibro-
calcific plaques which are less likely to respond to an intervention. Little
progress has been made to date however because of financial costs and major
problems in correctly locating the identical imaging position during long-
term follow-up.

When a three-layered appearance is present in a muscular artery, the
middle hypoechoic layer may be used as a landmark for the detection and
quantitation of intimal and medial change [32]. Intravascular ultrasound
could thus be useful in assessing changes in medial thickness induced by
systemic arterial hypertension and evaluating the effects of long-term anti-
hypertensive treatment. Major limitations remain, however, as the plaque has
a longitudinal architecture and is complex, requiring true 3-D reconstruction
before these potential benefits may be realised.

Work is also in progress in analysis of the backscatter signals to allow a
more accurate and quantitative characterisation of plaque components. This
may allow better discrimination between soft plaque and thrombus, which
have roughly equivalent echogenicity, as well as characterising the lipid
content of specific plaques and hence their propensity to rupture and acute
occlusion,

Three-dimensional reconstruction

The present imaging field is orthogonal to the catheter and is really only a
two-dimensional representation of a complex three-dimensional process.
Three-dimensional reconstruction of intracoronary ultrasound images is a
major advance since tomographic views are now displayed longitudinally
giving a more complete spatial picture of a coronary segment and any associ-
ated mural pathology (Figure 24.3). Tt thus offers an efficient gateway to
the quantification of volumetric changes of atherosclerotic plague, a better
understanding of the complex longitudinal patho-anatomy and, when avail-
able on-line, would greatly help in guiding interventional techniques and
assessing their results. Major problems remain, however, as present algo-
rithms do not take into account catheter shift during withdrawal and lumen
curvature, resulting in a straight catheter line reconstruction and hence a
three-dimensional image which is not correctly reconstructed spatially.

Forward imaging

All available imaging transducers to date are side facing, requiring advance-
ment of the transducer to the point of interest before images can be acquired,
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Figure 24.3. Intracoronary ultrasound cross-sectional image (left pancl), taken at the level
shown {middle panel), with the equivalent three-dimensional reconstruction {right panel}). Note
the detailed morphology visible on three-dimensional reconstruction.

Forward imaging transducers would allow a more comprehensive assessment
of severe stenoses/occlusions and may make the guidance of interventions,
such as laser therapy, more feasible.

Combination devices

Therapeutic

A combination device has inherent advantages over dedicated transducers
by allowing real time ultrasound imaging during the procedure and obviating
the need for repeat catheter exchanges. This would allow direct assessment
of the immediate results and any associated elastic recoil. A number of
combination devices incorporating balloons [33, 34}, laser catheters [35}
and atherectomy devices [36] have been developed and preliminary data is
encouraging, suggesting that the on line qualitative and quantitative infor-
mation regarding the vessel wall obtained during the procedure influences
operator strategy in over 40% of cases.

Diagnostic

The combination of intracoronary imaging with recording of blood velocity
with a Doppler transducer mounted on the same catheter or on a separate
guidewire would allow measurement of basal and post-intervention absolute
regional coronary flow. In this way the effects of stenoses can be adequately
studied by integrating anatomic (stenosis cross-sectional area) and physiol-
ogic data (velocity increase at the site of the stenosis, regional flow reserve).
The combination of intravascular imaging with simultaneous recording of
high-fidelity blood pressure allows arterial compliance to be accurately calcu-
lated from the slope of the pressure-dimension refationship [37]. With this
method the changes induced by disease or ageing on the arterial wall can be
evaluated, and the effects of pharmacological agents monitored.
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Problems and limitations

There are important limitations of the present technology which are currently
being addressed. Although a marvel of miniaturising technology, imaging
transducers are still relatively large precluding the visualisation of clinically
significant coronary stenoses prior to intervention or the more distal coronary
arteries, Furthermore, the handling characteristics such as trackability, flexi-
bility and steerability of currently available systems are still not optimal. This
has important implications, particularly for intracoronary applications, where
all the elements of the catheter, including the distal end where the echo-
transducer is mounted, must be fully flexible in order to allow safe and
successful negotiation of tortuous vessels. Furthermore, increased steerability
of the catheters is required to correct for non-coaxial or eccentric intraluminat
positions, as the perpendicularity of the ultrasound beam to the vascular wall
influences the intensity with which a structure is visualised and partial drop-
out occurs above a critical angle [27]. In addition, the ‘blooming effect’
induced by off-axis positioning of the catheter, results in an overestimation
of the vascular lumen and wall.

The present images are not consistently enough adequate for a complete
evaluation of vascular dimensions and morphologic changes. Furthermore,
relatively long acquisition times limit the study of luminal changes during
the cardiac cycle. Shorter acquisition times are desirable for a more precise
study of systolic-diastolic changes in luminal dimensions.

These technical problems are currently being addressed with the introduc-
tion of even smaller (2.9F}, more flexible transducers and with industry talk
of imaging guidewires, which would not oaly allow assessment of severe
stenoses, but also serve as a platform for therapeutic devices allowing real
time imaging, on-line during the procedure.

Our knowledge of the appearance of normal and diseased vascular walls
and the effects of intervention is still in its infancy, however, and the ad-
ditional diagnostic and prognostic information obtained in small studies to-
date must be confirmed in large on-going trials before the expected benefit
outweighs the potential costs,

Conclusions

Direct visualisation of the vessel wall by intravascular uitrasound opens up
a world of opportunities to us. It may provide prognostic information on
atherosclerosis, and atlow the assessment of the effects of dietary and phar-
macologic interventions in high risk patients. Furthermore, intracoronary
ultrasound offers potentially unique information for the selection and guid-
ance of catheter based interventional technigues.
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Chapter 8

Comparison of coronary luminal quantification obtained
from intracoronary ultrasound and both geometric and
videodensitometric quantitative angiography, pre, and post,
balloon angioplasty and directional atherectomy.

Ozakiy, Violaris AG, Keane D, Camenzind E, Di Mario C, de Feyter PJ,
Roelandt JTRC, Serruys PW,
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Comparison of Coronary Luminal
Quantification Obtained From Intracoronary
Ultrasound and Both Geometric and
Videodensitometric Quantitative Angiography
Before and After Balloon Angioplasty and
Directional Atherectomy

Yukio Ozaki, MD, PhD; Andonis G. Violaris, MB, MD, MRCP; Tadashi Kobayashi, MD, PhD;
David Keang, MB, PhD, MRCPT; Edoardo Camenzind, MIY; Carlo Di Mardo, MD, PhD:
Pim de Feyter, MD, PhD; Jos R.T.C. Roelandt, MD3, PhD; Patrick W. Serruys, MD, PhD

Buckground Debate exisls regarding the relatienship be-
tween angiographic and intracerorary ultrasound (FCUS) mea-
suremenis of minimal lwminal cross-sectional area after coro-
nary intervention. We investigated this and the factors that may
influence it by using ICUS and quantitative anglography.

Methods and Results  Patients who underwent successful
balloon angioplasty (n=100) or dircctional atherectomy
(n=>50) were examined by using ICUS and quantitative angiog-
raphy (edpe-detection [ED] and videodensitometry [VID])
before and after intervention. Luminal damage postinterven-
tion was qualitatively graded into three categories based on
angiographic results {smooth fumen, haziness, or dissection).
Correfation of minimal luminal cross-sectional area measure-
ments by ICUS and ED was .59 before and 47 after balloon
angioplasty. Correlation between ICUS and VID was 50
before and .63 after balloon angioplasty. Postintervention, the
difference between ICUS and V13 was less than the difference

Ithough QCA is the gold standard in interven-
tional cardiology, pathology studies indicate
that angiography may underestimate the extent

and severily of atherosclerotic disease.’2 While TCUS
provides unique information regarding vessef wall mor-
phology contpared with angiography,$ precise quanti-
tative analysis of luminal CSA by ICUS would offer a
significant advantage in the guidance of coronary inter-
vention procedures.?!! A recent multicenter ICUS study
in patients with coronary angioplasty indicated that
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between ICUS and ED {P<.01). Additionally, the correlation
was .74 between ICUS and ED measurenieats and .78 between
ICUS and VID measurements in the smooth lumen group, 46
and .63, respectively, in the presence of haziness, and .26 and
.46, respectively, in lesions with dissection. Similar results were
obtained after directional atherectomy: the agrcement between
ICUS and quantitative angiography deteriorated according to
the degree of vessel damage, but less so with VID than ED.

Conclusions Complex morphological changes induced by
intervention may contribule to discordance between the two
quantitative imaging techniques. In the absence of ICUS, VID
may be a complementary technique to ED in lesions with
complex morphology after balloon angioplasty and directionaf
atherectomy, {Circudation. 1997;96:491-499.)

Key Words » angiography e angioplasty e imaging »
coronary discase ¢ ullrasonics

postinterventional luminal dimensions obtained by
ICUS but not QCA may be a significant predictor of
restenosis at follow-up.? Additionally, another multi-
center study suggests that a large residual plaque burden
remains on ICUS imaging, despile optimal angiographic
results3 Nakamura et al® and Colombo et al'® also
suggest that luminal measurements provided by ICUS
may be helpful for optimal stent deployment. Previous
studies, however, have provided conflicting evidence on
the agreement between quantitative measurements de-
rived from ICUS and those derived from QCA %1417
The aim of our study was to clarify whether ICUS
measurements agree with QCA measurements and to
determine which factors, if any, may play z role in
any discordance between the techniques. To do this,
we compared MCSA obtained from ICUS and both
ED and VID computer-based QCA before and after BA
and DCA.

Methods

Patients

Patients who had an ICUS examination before and after
single-vessel BA (n=100) or DCA (n=35{) with adequate



Selected Abbreviations and Acronynis
BA = ballgon angioptasty
CSA = cross-sectional arca
DCA = directional coronary atherectomy
ED = edge detection
ED-QCA = edge-detection quantitalive corenary
angiography
ICUS = intraccropary ultrasound
MCSA = minimal [uminal cress-seclional area
MLD = minimal luminal diameter
QCA = quantitative coronary angiography
RD = reference diameter
VID = videadensilometry
VID-QCA = videodensitometri¢ quantitative coronary
angiography

quality of ICUS and angiographic images for guantitative
analysis were enrolled in this study. Preintervention, the US
catheter did not cross the target lesioas in 20 lesions beeause of
proximal vessel tortuosity, the severity of the target stenosis, or
transient serfous arthythmia during the ICUS examination.
Additionaliy, the uftrasound catheter completely occluded the
coronary lesion in 89 lesions, Thus, preintervention MCSA of
the stenotic segment was measured in the remaining 41 lesions.
Postintervention ICUS measurements were obtained in all 150
lesions in the 150 patients.

BA or DCA Procedures

All patients received full anticoagulant therapy including
intravenous aspirin and heparin before FCUS examination and
intezvention, Coronary angiograms were recorded on cinefilm
after the intracoronary administration of isosorbide dinitrate (1
to 2 mg). The size of the balloon or atherectomy device was
determined 1o match the vessel RD obtained from the onling
QCA measurement. Luminal damage postintervention was
qualitatively graded into three categories by angiograplic
assessment as none {smooth lumen), generalized haziness, or
dissection. Dissection was defined according o the dissection
classification types B, C, D, B, and F of the classification of the
National Heart, Lung, ard Blood Institute,1®

ED-QCA

The new version of the computer-based Coronary Angiog-
raphy Analysis System (CAAS II}92 was used lo perform the
ED and VID quantitative analyses, In the CAAS apalysis,}*2*
the entire 18X24-mm cineframe is digitized at a resolution of
1329x 1772 pixels, and the boundaries of a selected coronary
segment are detecied automatically. The absolule diameters of
the stenosis (MLD and RD) are determined by using the
contrast-free guiding catheter as a scabing device. To standard-
ize the method of analysis before and after intervention, abl
study frames sefected for analysis were end-diastolic to mini-
mize motion artifact, and arferial segments were measured
between the same identifiable branch points in nultiple views
after the administration of isosorbide dinitrate 2524 MCSA was
calcutated as vxX(MLDL)X(MLD2}+4 from measutements
obtained from the BT analysis in orthogonal views (MED1 and
MLD2) before and after intervention.

YID-QCA

V1B measurement s based on the relationship between the
attenuating power of the lumen fifled with contrast medium
and the x-ray image infensity.2s Using this relationship, a VID
profile that was proportional to the CSA of the lumen was
obtained. Subtraction of patient structure noise was applied
after compuling the linear regression line through the back-
ground pixels located on both sides of the detected lumiral
conteurs, Consccutive densitometric profifes of the analyzed
segment were acquired in all scan lines perpendicular to the

vessel incfuding [esion, reference, and nondiseased argas, Con-
version of the individual VID profiles to absolute values was
performed after a transformation of the VID profile found in a
CSA of a nondiseased segment, assuming a CSA at any point is
proportional to the densitometric profiles at that point. MCSA
was calculated from the average value obtained from the VID
system ia mulliple views, The basic principles of the technique
are illustrated in Fig 1.

ICUS Image Acquisition

Following angiography, an ICUS catheter {30 MHz; 2.9F,
3.2F, or 4.3F; Cardiovascular Imaging Systems) was introducad
over a 0.014-in. guide wire and positioned distal to the fesion.
Lesion geometry was then imaged by using a slow, continuous
catheter pull-back procedure. Catheter position was docu-
mented by simultaneous fluoroscopy supermposed on the
BCUS display screen, ICUS images were stored on super VHS
tape for offfine analysis.

Quantitative and Qualitative Assessment of ICUS

Luetinal CSA was dafined as the inteprated area central to
the intimal Jeading-edge echo. Images with MCSA were se-
lected from the pull-back sequence by reviewing the position of
the TCUS catheter on the angiographic image that was re-
corded on the same ICUS image and by reviewing the time tog
and audio recording of the procedure to analyze the same
corenary segment as the quantitative angiogram, Total vessel
CSA was defined as the area inside the interface between the
plaque-media complex and adventitia {ie, the area inside the
exlernal elastic membrane). When the dissected lumen com-
municated constantly with the true femen, the dissected lumen
was included in the luminal area, as exemplified in Fig 2. Echo
reflectivity was categorized as either low or high (plaque
reflectivity lower or higher, respectively, than the bright adven-
titial Tayer).?® Calcium deposits were defined as highly echo-
reftective tissue with acoustic shadowing. A lesion was consid-
ercd homogeneous if the plaque consisted of >75%% of one type
of echo reflectivity. A lesion was defined as mived if it
contained both high and low echo-reflective arcas occupying
>25¢ of the plague area.® A lesion was considered predom-
inantly calcific if calcium occupied >180° of the vessel
circumfercnce.?®

Luminal damage postintervention was qualitatively graded
into three categories: regular lumen, irregular lumen including
a smalf tear ntot extending to the media, and dissected lumen
with circumferential tear behind the plague or tear exteading
to the media.~»? The eccentricity ratio was calculated as the
ratio between minimal and maximal wall thickness (1 indicates
cancentric plaque, <1 indicates increasing eccentricity).?” To
determine the interobserver vanability of ICUS measurements,
30 videotapes of the complete origiral recording were used by
two independent observers to select and measure the minimal
CSA, The mean signed diffcrence and correlation of the
measurements of minimal CSA were —0.12+0.79 mm? and
.94, respectively,

Statistical Analysis

1In the absence of the known true values, Bland and Aitman?3
recommend the use of the mean and SD of the signed
differences between two measurement systemns as an index of
agreement between the two systems. Thus, we took the mean
and SD of the signed differences between 1CUS and QCA
measurements as an index of agreement between ICUS and
QCA measurements instead of linear regression analysis. The
individual measurements obiained from ICUS and QCA were
compared by using the paired Student ¢ test and correlation
cocflicient, A probability value of <.05 was considered
significant.
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Fia 1. A, Inthe VID technique, a matrix is ptaced over the area selected for analysls from the sight ceronary anglogram encompassing
a complex coronary obstruction, B, Pseudo-threg-dimensional representation of the brightness information within the matix and he
coronary artery can be recognized as a mountain ridge with a deep pass at the site of the obstruction; the brightness profile along ona
particular scan ine Is plotted. G, Positions with maximal values of the sum of the fiest- and second-derivative functions lsft and right of
the center positions of the artery correspond to the edge positions of the artery. B, Flow chart of the analysis Indicates the main

procedures followed for the computation of the VID area funciion.

Results
Baseline Clinical and Angiographic Characteristies

No difference was found in gender, age, anginal
symptoms, or distribution of diseased vessels between
the BA and DCA groups (Table ). QCA measurements
were obtained in 100 lesions before and after BA and in

Fic 2, ED-QGCA, VID-QCA, and ICUS analyses after BA in the middle segment of the lefl anterfor descending corenary artery, Left,
Dissection is clearly seen in the IGUS image. Middle, ED algorithm partially traces behveen the trus and ths dissected lumen. Right,
Complex morphological changes cassed by BA may explain the discordance between MCSA measuremienis obtained from ICUS
(4.9 mm? and ED-QCA {2.95 mm?; MLD, 1.43 mm) and VID-QCA (3.31 mm?). The VID-QCA value Is nearer to the [CUS measurement
than ihe ED-QCA value; see "Discussion.”
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50 lesions before and after DCA. ED-QCA indicated
that the RD before and after intervention and MLD
postintervention were significantly larger in the DCA
than the BA patients. MCSA was measured by using
ICUS in 26 Iesions before BA and 15 lesions before
DCA without wedge of the ICUS catheter, One hundred
lesions after BA and 50 lesions after DCA were esti-




Tasie 1. Baseline Clinlcal and Anglographic Characteristics of 160 Patients

BA (n=100} DGA (n=50) P

No. of patients (M/F) 100 (81/19) 50 (43/7)
Age, ¥ 5910 58+8 NS
Stable/unstabla angina, n 53747 2426 NS
RCAALADA CX/SVG, n /471844 H/3478/0 NS
Lumina! diameter by ED-QCA, mm

MLD bafore 1.05+0.50 1.20+0.43 NS

R before 2.8520.64 3512061 <.001

MLD after 2.04+0.55 2.81z0.69 <.001

RD after 2.98£0.70 3.6910,59 <001
Plague composition estimated hy ICUS, n

Hemogeneous plaque (echo reflactivity: 64 {54/8/2} 31 (26/5/0) NS

poor/high with shadow/high without shadow)

tixed plague 35 19 NS

None/<90°/=90" calcium deposits 26/42132 15/19/16 NS
Luminal measurement by ICUS

Total vossel area before, mm? 17.00+5.35 1966+4 84 <05

Plague and media area before, mm? 13.65+4.97 16.97+x4.99 <05

Plaque and media area belore, % 79x7% 86+5% <05

Eccentricity index 0432024 0.38+0.22 NS

RCA inchicates right coronary artery; LAD, left anterior descerxiing coronary artery; LGX, left circumnflex
coronary artery; and SV, saphenous vein graft. All 150 feslons were analyzed by QCA before and by QCA
ard ICUS after intarvention, Preintesvention, 26 and 15 lsstons that were o be treated by BA and DCA,
respeclively, wera anatyzed by ICUS; lesions with wedge of ICUS cathater (BA=74 and DCA=35) were

axcluded from [CUS analysls,

miated by using ICUS, which revealed thai 64 lesions in
BA and 31 lesions in DCA consisted of homogencous
plaque; all remaining lesions were classified as mixed.
Most of the homogencous plague was low echo reflec-
tive. Focal calcium deposits were obseived in 42 lesions
in BA and 19 lesions in DCA, while moderate-to-diffuse
calcification was seen in 32 lesions in BA and 16 lesions
in DCA {P=NS8). Total vessel CSA, plaque and medial
CSA, and percent plaque and medial CSA preinterven-
tion were larger in the DCA than the BA group. Lesion
eccentricity was not significantly different between the
two groups.

MCSA Measured by ICUS, ED-QCA, and VID-QCA
Before and After Interventions

Table 2 shows the MCSA measured by ICUS, ED-
QCA, and VII>-QCA before and after BA and DCA.
MCSA in nonwedged lesions (BA=26 lesions and
DCA=15 lesions) as obtained by LCUS was significanily
latger than MCSA measured by using ED- or VID-QCA
pre-BA (both P<<.01} and pre-DCA (both P<01).
Post-BA MCSA in 100 lesions as obtained by ICUS was
significantly larger than the MCSA measured by either
ED- ar VID-QCA (both P<.01). Post-DCA MCSA in 5¢
lesions as obtained by ICUS was significantly larger than

MCSA as measured by ED-QCA (P<.01) but not
VID-QCA.

Agreement Between ICUS, ED, and VID Before and
After BA and DCA

Table 3 compares the agreement between the three
measurenient techniques, and Figs 3 and 4 display the
postintervention agreement between measurements ob-
tained from FCUS and ED-QCA (Fig 3} and from ICUS
and VID-QCA (Fig 4}, The correlation coefficient be-
tween the ICUS and ED measurements decreased from
.59 pre-BA to .47 post-BA and from .57 pre-DCA to .44
post-DCA. The absolute difference between ICUS and
ED was significantly greater post-BA and post-DCA
than pre-BA and pre-DCA (both P<.05). The agree-
ment between ICUS and ED deteriorated post-BA and
DCA compared with the pre-BA and DCA agreement.
The corrclation coefficient between ICUS and VID
measurements increased from .50 pre-BA to .63
post-BA and from .50 pre-DCA to .72 post-DCA (Table
3). The difterence between ¥CUS and VID was nol
significantly different from pre-BA and DCA to post-BA
and DCA, Postintervention, the difference between
ICUS and VID was significantly less than the difference
between ICUS and ED post-BA and post-DCA (both

Taste 2, Comparison of MCSA Measurements Between BA and DCA

MCSA, mm?

Icus

ED-QCA VID-GCA

Pre-BA {nomwedged lesions)
Pre-BA (a¥ lestons)

Post-BA

Pre-DCA {nonwedged laslons)
Pre-DCA {all lesions)
Post-DCA

3.36+0.99 {n=26)"t

5.99+1,90 {n=100)"t
2.6920.89 (n=15)"%

7.57x1.85 (n=50)"

1.93:1.36 (n=26)
1.12+0.96 {n=t00t
3,481,768 {n=100}t
181108 n=15)
1.2020.79 {(1=50)
6.58+2.43 (n=50)t

221+1.22 {n=26)
1.82£1.02 (n=100)
3.92+1.82 (n=100)
1.6421.02 (n=15)
1.2620,77 (R=50)
1.2522.20 (n=560)

*P<05 vs ED-QCA.
1P=<.05 vs VID-QCA.
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TaBLe 3, Comparson of Agreement Between
Measurements of MCSA by ICUS, ED, and VID Before
and After BA and DCA

Correlation  Mean+3D,
Coeflicient nm?
IGUS vs ED
Pre-BA {nonwedged leslons) 59 1432112
Post-BA A7 L7187
Pre-DCA (nonwedged lesions) 67 1.08x1.00
Post-DCA .44 6.55+2.30
ICUS vs ViD
Pre-BA (nonwedgad lesions) 50 L1512
Post-BA 63 1.27+161
Pre-DCA {nonwedged Jasions) S0 1,05£0.96
Post-DCA 42 0.28+1.54
Vil vs ED
Pre-BA {(all lesfons) 78 0.20+0.65
Post-BA .82 0.43x1.08
Pre-DCA (ail feslons) 74 -0.04£0.56
Post-CCA 13 087171

P<01). The discordance between ICUS and VID was
smaller than the discordance between ICUS and ED
both post-BA and post-DCA. While in both pre-BA and
DCA no siguificant difference was observed between ED
and VID, in post-BA and DCA there was a significant
difference between the two (BA, P<.001; DCA, P< (1},

Luminal Damage Postintervention as Assessed by
Angiography and ICUS

The degree of luminal damage postintervention as
assessed by using angiogeaphy and ICUS is given in
Table 4. Concordance between the two qualitative im-
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Fia 3. Plots show agreement of measurements of MCSA be-
tween [CUS and ED-QCA after (A) BA and (B) DCA according to
the statistical approach proposed by Bland and Altman® Diff.
In¢ticates difference,
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post Balloon Angloplasty (n=100)

mean diff.=1.27 , SD=£1.61, r~0.63

DIff. MCSA (CUS - VID} (mwnz) 5>

o 4 8 12

Average MCSA (ICUS & VID) (mm32)}

posl DCA (n=50)

mean §if.=0.28 , SD=+1.54, r=0.72

DIfr. MGSA {ICUS - VID) fmmz) T

0 4 ] 12
Avecage MCSA (ICUS & VID) (mm2)

Fra 4. Piots show agreement of measurements of MCSA be-
tween [CUS and VID-QGA after (A) BA and (B) DCA according to
the statistical approach proposed by Blard and Altman.#® DI,
Indicates difference.

aping techniques was found in 23 (70%) of the 33
patients with angiographically detected dissected lesions
and 23 (66%) of the 35 patients with dissection as
detected by ICUS post-BA and in 10 (83%) of the 12
patients with angiographically detected dissected lesions
and 10 {59%) of the 17 patients with dissection as
detected by ICUS post-DCA.

InfAuence of Vessel Damage Induced by BA and
DCA in the Agreement Between ICUS and QCA
The correlation coeflicient of ICUS and ED quantita-
tive measuremenis was .74 in lesions with an angio-
graphically determined smooth lumen, 46 in lesions
with angiographic haziness, and .26 in lesions with
angiographic evidence of dissection {Table 5). The cor-
relation of ICUS and ED guantitative measurements
was .70 in lesions with a reguiar lumen as determined by
ICUS, .52 in lesions with an irregular lumen, and .10 in

TanLe 4. Luminal Damage As Assessed by Using ICUS
and Angiography in 160 Patients After Coronary
Intervention

ICUS Luminal Assessment

Angiographic Luminal

Assessment fAegular Irregular  Dissecled
8a
Smooth [n=44} 26 13 5
Haziness {n=23} 2 14 1
Dissection (n=33) 4 & 23
DCA
Smouth (n=24) 13 9 2
Hazriess (n=14) 1 8 5
Dissection {n=12) [i} 2 10




Tapie §, Comparison of Agreement Between
Measurements of MCSA by [CUS, ED, and VID
According to Degree of Vessel Damage Induced by BA

TasLE 6. Comparison of Agreement Belween
Measurements of MCSA by 1CUS, ED, and VID
According to Degree of Vessel Damage Induced
by DCA

Correlation  Mean=SD,

Coefficient mm?®
ICUS vs ED
Anglography
Smooth lumen (n=44} T4 1.21£1.27
Hazlness {(n=23} A6 2.01+1.6%
Dissection (n=33} 26 2.16x2,47
1cUs
Regular iumen (=32} JI0 1.36x1.66
Inegutar lumen {(n=33) .52 1.45%1.71
Presence of dissection (=35} W10 221211
ICUS vs VID
Angiography
Smoath lumen {n=44} 18 1.02+1.29
Haziness (n=23) 63 1.46%1.34
Dissection (n=33) AB 1.4822.09
ICUsS
Regular lumen (n=32} 80 1.03x1.48
Irrequtar lumen {n=33) .54 1.02x1.70
Presence of dissection (n=35} a7 1.73+1.57
ViD vs ED
Angiography
Smooth lumen {n=44) 83 0.1920,75
Haziness {n=23) .86 0.55+0.89
Dissection (n=33) B4 0.68x1.48
ICUs
Regular lumen {(n=32) 93 0.22x0.92
frregutar lumen {n=33) 79 0.43£1.09
Presence of dissection {(n=35) B0 0.54x1.22

tesions with ICUS evidence of dissection. Thus, the
presence of vessel damage induced by BA was associated
with a deterioration of agreement between ICUS and
ED measurements, While agreement between LCUS and
VID-QCA also deteriorated in the presence of morpho-
logical changes induced by BA, the difference of the
measurements between ICUS and VID was significantly
less than the difference between ICUS and ED in the
presence of both angiographic (P<.05) and ICUS
(P<.05) evidence of dissection. While high agreement
was obtained between ED-QCA and VID-QCA, agree-
ment between these two techniques also decreased
post-BA according to the increase of vessel damage.

A similar pattern was seen when lesions treated by
DCA were categorized according to their morphological
characteristics (Table 6). Poor agreement was obtained
in lesions with angiographic or ICUS evidence of vessel
damage compared with lesions with an angiographicatly
smooth lamen or ICUS appearance of a regular lumen.
The absolute difference of the measurement between
ICUS and VID was significantly fess than the difference
between ICUS and ED in the presence of both angio-
graphic (P<.01} and ICUS (P<.01) evidence of
dissection.

Corretation Between QCA Analyses of the Same
Lesion From Multiple Views

To ensure that the betler relationship between VID
and ICUJS was a true phenomenon and not due to a
greater variation in values obtained from different views,
we looked at the correlation and differences between
orthogonat measurements for both V1D and ED before

Comelation  Mean+SD,
Coofficlent - mm?
1CUS vs ED
Angiography
Smooth fumen (n=24) i 0.58£1.72
Haziness (n=14} 34 1432262
Dissection (n=12) 04 146283
1CcUs
Regular jumen (n=14) T2 £4.30x1.58
Imegutar lumen (r=19) 49 0.77+2.39
Presenca of dissection (n=17) .28 1.68+261
1CUS vs VID
Anglography
Smooth fumen (n=24) g9 —0.01x1.40
Haziness (n=14) 7t 0.64:+1.81
Dissection (n=12) 55 046+1.84
1cUs
Regular lomen (n=14) 83 —G.2321.28
Irrequtar lumen {n=19) 69 0.290+1.53
Prasence of dissection (n=17) 70 0.69+1.71
VID vs ED
Angiography
Smoaoth Jumen (n=24) T8 0.59+1.68
Haziness (n=14) .74 0.80+1.68
Dissection (n=12) 83 0.9941.69
icus
Regular lumen (n=14) 87 0.53x£1.15
Irregutar Jumen (R=19) g2 0.48:+1.54
Presence of dissection (n=17} 67 1.00+2.19

and after intervention.2*3! The correlation and differ-
ences between orthogonal measurements obtained by
ED were 0.69 {0.21:£0,62 m’) preintervention and 0,49
(0.39£2.33 mm?) postintervention. The values obtained
for VID were 0.69 (0.1420,7f mm?} preintervention and
0.67 (—0.33+ 1,79 mm?) postintervention,

Discussion

The principle findings of our study were (1) that
MCSA oblained by ICUS was significantly larger than
MCSA as measured by either ED- or VID-QCA both
before and after BA and DCA, {2) that the agreement
between ICUS and ED deteriorated considerably after
both BA and DCA, (3) that the complex morphological
changes induced by BA and DCA contributed to the
discordance of the agreement between ICUS and ED,
and (4) that VID measurements were found to provide
a better agreement with ICUS than ED measurements,
particularly in lesions with complex morphological
changes post-BA and DCA.

Agreement Between ICUS and ED-QCA in
Previous Studies

Previous studies have provided conflicting evidence
on whether luminal measurements obtained from 1CUS
agree with ED-QCA measurements in human coronary
arteries. In general, studies that examined 1CUS and ED
measurements in normal coronary segments report a
favorable correlation between the two quantitative im-
aging modalities>7 while those that examined lesions
postangioplasty report a poor correlation 1536 Naka-
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Fia . ED-QCA, VID-QCA, and ICUS anaiysis after BA in the middle segment of the left clreumflex coronary artery. Left, ICUS image
shows an Irregular lumen with partial rupture of a seft eccentric plague post-BA. The elliptical and imegular shape of the lumen may
exptaln the discordance belween measurements of the MCSA obtained from ICUS (4.1 mm?) and ED-GCA {2.92 mm?; MLD, 1.82 mmy}
and VID-QCA (3.20 mm?. The VID-QCA value Is closer to the [CUS measurement than the ED-GCA value; see “Discussion.”

anira and colleagues!? report that dissection induced by
BA plays a role in the discordance between ICUS and
ED-QCA measurements, but there are several method-
ological differences between their study and ours. First,
they did not examine VID measuremenis. Second, they
showed only the correlation coeffictent in groups with
and without dissection, and no statisticat difference was
found in the difference of the individual ICUS and
angiographic measurements between two groups. Fi-
nally, they did not use a computer-based QCA system
but rather caliper measurements, which have a poor
reproducibility and result in frequent underestimation
or overestimation of stenosis severily3? Qur study is the
first to compare both ED- and VID-QCA measurements
with ICUS measurements.

Factors Contributing to the Discordance of ICUS
and QCA Measurements

Agreement of luminal area measurements as obtained
by using ICUS and ED deteriorated considerably after
BA and DCA. A progressive deterioration in the rela-
tionship between the ICUS and QCA measurements was
seen in accordance with the presence of increasing vessel
damage and increasing luminal complexity postinterven-
tion. Thus, the cress-sectional shape of the vessel lumen
postintervention may be a significant factor in the dis-
crepancy between ICUS and ED-QCA measurements,
MED obtained from ED-QCA depends on the angio-
graphic projection. Although we calculated luminal area
from two orihogonal views, the chances of obtaining the
exact mtinimal and maximal diameters of the lesion CSA
using ED-QCA would be small, particularly in the
contplex elliptical shape of the lumen postintervention
(Fig 5). ICUS and VID are not projection dependent,
and hoth would provide a measure of the “depth” as well
as the “width” of the lumen cross section. ED, however,
provides only a measure of one diameter (the “width'™)
of the lumen, Consistent with this is the fact that
ViD-QCA provided a better agreement and less relative
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underestimation in relation to ICUS measurements than
ED-QCA.

The underestimation by ED relative to ICUS mea-
surements may reflect the propensity of the contour-
detection algerithm to trace the change in the brightness
profile in the contrast-weak channel between the true
and false lumens®® (Fig 2), while ICUS measurements
and VID measurements in multiple views may include
the contribution of the false lumen. Such a phenome-
non, however, would not account for the relative under-
estimation by ED in the preintervention phase. Another
possibility is that the interventional cardiologist tends to
select angiographic projections that best demonstrate
both the stenosis preintervention and the residual ste-
nosis postintcrvention, ie, “worst view” angiography.
Even using multiple orthogonal views, as we did in our
study, the asswmed elliptical cross section may have been
based on multiple “worst views,” which although they
were, per protocol, >45° apart, were not necessarily a
combination of truly “worst view"” and “best view.”” Such
& limitation 1o ED-QCA has been an inherent problem
in all coronary imtervemtional trials, and attempts to
address this by three-dimensional imaging in truly or-
thogonal views are carrently under evaluation. 5

Two additional ICUS-related factors may also have
contributed to the observed discordance between ICUS
and quantitative angiographic measurements. Elliptical
angulation of the ultrasound catheter within the iongi-
tudinal axis of the vessel may have led o overestimation
of luminal dimensions by TCUS. Additionally, introduc-
tion of the ultrasound catheter may have itscl resulted
in tacking back of dissection flaps, with a resuttant larger
lumen during BCUS examinations postinfervention com-
pared with the less invasive technique of contrast an-
giography. Our data also suggest that quantitative an-
giography may yield larger luminal measurements than
ICUS in a significant number of patients {Figs 3 and 4).
This increase in the apparent angiographic diameter
may be caused by extraluminal contrast within fissures,
cracks, and dissection as seen around the true lumen.



Study Limitations

First, the coronary sites compared by ICUS and QCA
may not have been exactly identical. Although we tried
to ensure that this was the case by using simultancous
recording of flusroscopy and ICUS imaging as well as
landmarks such as side branches to guide us, there is no
guarantee that we analyzed exactly the same point of the
coronary artery in ICUS and QCA measurements. This
is, however, a generic problem of any ICUS-QCA
study®4 that would be very difficalt to overcome, as the
presenice of the ICUS catheter at the lesion site during
coronary arteriography would interfere with the QCA
measurements, Second, both ED- and VID-QCA anal-
ysis were performed using only the CAAS 1T system.
Thus, further studies would be required to confirm if our
findings can be generalized to other QCA hardware or
software systems.2! H is conceivable that if ag ED
algorithm were inaccurate in the normal reference seg-
ment, then a systematic underestimation or overestima-
tion of vessel diameters could be translated to subse-
quent VID measurements, Third, it is also possible that
ultrasound image analysis fails to see the true leading
intimal edge, especially if the plague has a low fibrous
component and appears relatively hypoechoic, thus
overestimating lurminat dimensions. Additionally, a poor
dynamic range can also induce technical intimal drop-
out, leading to lumen overestimation.

Clinical Implications

Although ICUS prevides unique information regard-
ing the vessel wall morphology, the clinical utility of this
technique remains unproven to date. ICUS luminal
measurements, however, do provide important addi-
tional information to that obtained by visual assessment
for optimal stent implantation 212 Whether ICUS pro-
vides more accurate information than QCA, however,
has not yet been determined. Additionally, whether
luminal measurements obtained from ICUS are a supe-
rior index for the short- and long-term success of
interventional procedures awaits the results of recent
multiceater trials. >335 While ICUS is not universally
available and involves additional time and expense,
QCA is more widely available and less time-consuming,
Our data suggest that in the absence of the known true
velue and assuming that ICUS gives the most accurate
estimate of luminal dimensions, QCA measurements,
particularly ED, may be compromised, especiatly in
assessing the complex luminal morphology following BA
or DCA. Qur study suggests that VID may offer a better
correlation with the truc luminal dimensions, as re-
flected by TCUS, thar ED-QCA, VID may thus be the
“poor man's” ICUS, especially in lesions with complex
morphology.

Conclusions

MCSA measurements obtained by ICUS are signifi-
cantly larger than measurements provided by either
geometric or VID-QCA both before and after interven-
tion, Agreement belween 1CUS and geometric QCA
measurements deteriorate considerably after interven-
tion. Complex morphological changes induced by inter-
vention may play a rofe in such a discordance between
the two quantitative imaging techniques, In the absence
of TCUS, VID, which is currently available in an online

QCA system, may provide a better afternative than
ED-QCA in lesions with complex morphology.
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Chapter 9

Intravascular ultrasound imaging combined with coronary
angioplasty- Initial clinical experience.

Violaris AG, Linnemeier TJ, Campbell S, Rothbaum DA, Cumberiand DC.
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Intravascular ultrasound imaging
combined with coronary
angioplasty

A.G.VIOLARIS T. ], LINNEMEIER
8. CamMPBELL D, A, ROTHBAUM
D. C. CUMBERLAND

A novel catheter combining ultrasound imaging
and coronary balloon angioplasty was used in the
treatment of 69 coronary-artery lesions in 51
patients. The ultrasound transducer enables reai-
time cross-sectional imaging and qualitative and
quantitative assessment of the vessel wali before and
after angioplasty. The combination catheter
successfully dilated 67 lesions. There was
a  characteristic  three-layered  appearance,
representing intima, media, and adventitia, in 60
cases. Intravascular imaging provided information
on the vessel wall unobtainable by standard contrast
angiogaphy in 28 cases and infiuenced our
management in 6 cases.

Lancet 1992; 339: 1671-72.

Technological advances have enabled miniaturisation of
ultrasound transducers to such an extent that they can now
be mounted in catheters and introduced into the body
percutaneously,! Intravascular ultrasonography allows
direct visualisation, in vivo, of vessel walls and assessment of
the results of interventional procedures.? We report here our
experience with a catheter that combines coronary
uhrasound imaging and balloon angioplasty; the vessel walt
can be viewed before and after angioplasty.

51 patients (69 lesions) of mean age 59-5 {range 41-81) years, who
were undergoing clinically indicated coronary angioplasty, gave



Ultrasound images from segments of coronary arteries,

a=nroarmal segrment showing ceatrally located transducer (T),
surrounded by air bubble artefact (B), and characteristic three-layered
appearance of tha normal vessel wall with a thin echogenic intima {1},
sanolucent media (M), and echogenic adventitia {(A); b=segment
showing intimal thickening {asrow); c=stenosis that appears as one
thick echogenic layer encroaching on transducer, with one highly
echogenic area {arow); d=segment of vessel wall immediately after
angioplasty showing dissection {arrow).

informed consent for the use of the new catheter (Oracle;
EBndosonics, Pleasanton, California, USA). The devios is inserted
and used by standard techniques. The catheler consists of a
standard polyethylene angioplasty balloon; at the proximal end is
mounted a 6d-clement ultrasound transducer, of diameter 1-83 mm,
around the catheter. Ultrasound signals are relayed from the
transducer 10 a computer that generates-real-time, cross-sectional
images of the vessel wall,

67 of the 69 lesions were successfully crossed and dilated
by the combination catheter, 2 lesions could not be crossed
because of their severity and because the device was too
wide. There were no complications from the procedure,
Images were obtained for 60 lesions; in 28 cases these images
provided information not available by contrast angiography.

Angiographically normal arterial wall gave a characteristic
three-layered appearance {see figure, a). In 14 wvessel
segments apparently normal on angiography, the intima
proximal to a stenosis scemed grossly thickened {figure, b).
At the stenosis site the three-layered appearance was no
tonger present and the vessel wall appeared as one thick
echogenic layer {figure, ¢); in 4 cases this layer included
eccentrically located highly echogenic areas, with acoustic
shadowing, which we thought might represent calcification.
After angloplasty, imaging showed intimal disruption in
almost every case. Dissections, not apparent in contrast
angiography, were seen in 4 cases (figure, d).

In 6 cases, ultrasonography gave additional information
that influenced our management. In 1 paticnt, an apparently
significant stenosis on angiography was not confirmed on
ultrasotind imaging and dilatation was not done. In 3
patients, ultrasound imaging suggested substaritial residuat
stenoses after dilatation despite an angiographically
satisfactory result. The use of a larger balloon improved the
ultrasound appearance. In the other 2 patents,
ultrasonography repeatedly showed a substantial stenosis in
an angiographically normal segment distal to the target

lesion. After dilatation there was substantial improvement
on ultrasonography, although the angiographic appearance
did not change,

Ultrasound imaging gave morphological information
about the coronary arteries, before and after angioplasty,
that added to information available from contrast
anglography in 28 cases, We were able to visualise
morphological details within the vesset of interest, such as
the degree of intimal thickening, calcification, and even
plaque structure, This information may ultimately provide
further insight into the pathogenesis of coronary artery
disease and its progression. There have been attempts to
characterise plaques in peripheral vessels in vitro according
to their ultrasound characteristics.># laques could not be as
readily differentiated in our study as in the in-vitro studies,
perhaps because of the much smaller diameter of the
coronary stenoses, but they appeared as thick echogenic
layers encroaching on the centrally located transducer.

Nevertheless, some seemed to have highly echogenic areas

with acoustic shadowing that suggested calcification, not
apparent on fluoroscopy.

We were able to assess directly the result of balloon
angioplasty on the coronary stenosis. Qur experience is not
yet sufficient to allow us to predict events from ultrasound
appearance, but published evidence on coronary angioplasty
suggests that lesion morphology and wall disruption may be
related to acute occlusion and long-term outcome.® In
future, therefore, morphological features shown by
intravascular ultrasonography may prove to be important
predictors of outcome. Furthermore, ultrasound imaging
provides a better perspective of the cross-sectional anatomy,
and hence residual stenosis, than does angiography.,

The catheter we used had two limitations. The imaging
transducer was large in relation to coronaty atery stenosis
size, 50 many stenoscs were fully visualised only after
balloon dilatadon, Another problem was that air bubbles
could become trapped ardund the transducer, reducing the
image quality. Modifications of the Oracle catheter have
eliminated the latter difficulty and reduced the diameter to
1-2 mm.

The clinical significance of morphological information
obtained with this catheter is not yet certain; long-term
follow-up in larger studies is necessary to show whether
morphological  features  visualised by  intravascular
ultrasonography are valuable in coronary angioplasty.
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Chapter 10

Impact of de novo vascular remodeling mode on the
mechanisms of acute luminal gain and long term restenosis
following coronary balloon angioplasty and directional
coronary atherectomy: A serial intracoronary ultrasound
study.

OzakiY, Violaris AG, Camenzind E, Di Mario C, de Feyter PJ,
Roelandt JTRC, Serruys PW,
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Abstract :

Background: Post mortem and intravascular uitrasound studies suggest that the
coronary vessels respond to atheroscierosis by either compensatory enlargement
or paradoxical shrinkage. The aim of our study was to determine the pathophysio-
logical role of this mode of de novo vascular remodeling on the subsequent
mechanism of acute fuminal gain and restenosis after coronary angioplasty and
directional atherectomy.

Method: Serial intracoronary ultrasound examinations (pre-, post intervention and
6 month follow-up [fup]) and quantitative coronary angiography (QCA) were per-
formed in 36 patients who underwent successful balloon angioplasty (BA, n=18)
or directional atherectomy (DCA, n=18). The minimal cross sectional area
(MCSA) and proximal reference segment area {cross section with the least dise-
ased segment within 15mm proximal to the lesion) were determined during the
puli-back sequence of the intracoronary ultrasound images. The vessel remodeling
mode was expressed as the ratio of tofal vessel area (TVA) at MCSA to TVA at
the reference site (TVA ratio) and classified into two categories; 1) paradoxical
shrinkage (TVA ratio <1.00} (BA; 12 patients, DCA 12 patients) or 2) compensa-
tory enlargement (TVA ratio >1.00) (BA; 6 patients, DCA; 6 patients), Plaque
area (PA) was defined as=TVA-MCSA. Acute plaque reduction was defined
as=PA pre-PA post, and late intimal hyperplasia as=PA fup-PA post. Acute lumen
gain was defined as=MCSA post-MCSA pre, and late lumen loss as=MCSA post-
MCSA fup. Acute vessel expansion was defined as=TVA post- TVA pre (at the
segment of MCSA) and late vessel recoil was defined as=TVA post-TVA fup, at
the segment of MCSA.

Results: Although the overall acute gain and Iate loss were similar between the
compensatory eitlargement group and paradoxical shrinkage groups after both BA
and DCA, there were significant differences in the mechanism of action involved
in cach.

Balloon Angioplasty group (BA)- Both acute vessel stretch and late vessel recoil
were significantly greater in the shrinkage group than in the compensatory enlar-
gement group (2.4 £1.3mm’ versus 0.9 20.6mm2 and 1.8 +£0.6mn? versus 1.1
+0.6mm?, respectively, both p<{(.05). There was also a significant positive correla-
tion (r=0.73, p=0.007) between the degree of acute vessel stretch and chronic ves-
sel recoil in the shrinkage group. At follow-up chronic vessel recoil accounted for
90% of late lumen loss in the shrinkage group, and for only 55% of late lumen
loss in the compensatory enlargement group (p=0.322).

Directional Coronary Atherectomy group (DCA) - Both acute vessel stretch and

chronic vessel recoil were significantly larger in the shrinkage group than the
compensatory enlargement group (vessel stretch; 2.4+1.3 mm2 versus 0.310.6
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mny’, p<0.01; chronic recoil 2.4+1.3 mm? versus 0.7+£0.9 mn??, p<0.01). Acute
plaque reduction was, however, significantly greater in the compensatory enlarge-
ment group than shrinkage group (5.8+£1.0 mm’ versus 3.6£1,5 mm?, p<0.01). At
follow-up vessel recoil accounted for 89% of late loss in the shrinkage group and
29% of late lumen loss in the compensatory enfargement group (p=0.340).

Conclusions : Our study suggests that the underlying de novo vessel remodeling
mode (vessel shrinkage/compensatory enlargement) may play a key role in the
acute efficacy of a coronary revascularisation device (vessel expansion or debul-
king) and the subsequent mechanism of restenosis (remodeling or intimal hyper-
plasia).

109



Introduction

Glagov originally proposed the hypothesis that compensatory enlargement of
corontary vessels occurs as plaque volume increases until more than 40% of the
vessel wall is composed of atherosclerotic plaque (compensatory enlargement)
[1]. The mechanism can then no longer compensate and subsequent plague
growth results in lumen reduction [1]. The initial post mortem studies have been
subsequently confirmed in vivo in man by both quantitative angiography and
intravascular echocardiography [2-5]. Intravascular echocardiography has also
confirmed that reverse glagovian modeling can also occur; that vessel shrinkage
as well as vessel enlargement can occur in response to atherosclerosis (paradoxical
shrinkage) [6,7]. We hypothesised that the mode of de novo vascular remodeling
(compensatory enlargement or paradoxical shrinkage) prior to coronary interven-
tion may be important in influencing both the mechanism of acute gain and of late
restenosis after percutancous revascularisation. The aim of our study was thus to
determine the pathophysiological role of the mode of de novo vascular remodeling
on the mechanism of acute luminal gain and subsequent restenosis after coronary
balloon angioplasty and directional coronary atherectomy using intracoronary
ultrasound and quantitative angiography pre-, post- and at 6 months after inter-
vention.

Methods

Patient selection

Fifty-four patients who underwent successful balloon angioplasty (BA) or direc-
tional coronary atherectomy (DCA) were candidates for this study. Successful
angioplasty was defined as angiographic success (<50% residual luminal diameter
stenosis post intervention) with no major cardiac events {myocardial infarction,
repeat intervention, coronary bypass surgery and death). For the purpose of this
study patients in whom we could not obtain a complete set of high quality serial
infracoronary ultrasound images either because of anatomical (total occlusion pre-
intervention or at follow-up (n=4), lesions located at the origin of major side bran-
ches thus making it impossible to measure the proximal reference segment area,
n=4) or technical reasons (the presence of severe calcification preventing the
measurement of total vessel area, n=5) were excluded from the study. Five patients
whose vessels did not show either compensatory enlargement or vessel shrinkage
were also excluded. Complete sets of serial ultrasound studies with sufficient
image quality were obtained in the remaining 36 patients (BA; 18 patients, DCA;
18 patients).
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Balloon angioplasty (BA) or directional coronary atherecto-
my (DCA) procedures:

All patients received full anticoagulant therapy including aspirin and heparin befo-
re intracoronary ultrasound examination and intervention. The size of balloon or
atherectomy device was determined from on-line quantitative angiographic meas-
urement of the reference vessel diameter,

Quantitative coronary angiography (QCA)

The new version of the computer-based Coronary Angiography Analysis System
{CAAS I} {8] was used to perform both the on-line quantitative analysis as well
as the subsequent off-line cinefilm analysis. In the CAAS analysis which has been
previously described and validated [8-10], the entire cineframe of 18 x 24mm in
size is digitized at a resolution of 1329 x 1772 pixels. Correction for pincushion
distortion is performed before analysis. Boundaries of a selected coronary seg-
ment are detected automatically. The absolute diameter of the stenosis (in mumn) is
determined using the guiding catheter as a scaling device. Using the diameter
fanction, the luminal diameter at the site of lesion (mminimal luminal diameter;
MLD) and a computer-derived estimation of an interpolated reference vessel dia-
meter (RD) at the site of the lesion were determined. To standardize the method of
analysis of the initial and follow-up angiograms, measures were taken as previous-
ly described; all study frames selected for analysis were end-diastolic to minimize
motion artifact and arterial segments were measured between the same identifia-
ble branch points after the intracoronary administration of 2mg isosorbide dinitra-
te vasodilatory therapy [8-10]. Coronary angiograms were read and analyzed by
two independent blinded observers,

Intracoronary Ultrasound (ICUS) examination

Following selective coronary angiography, a mechanical intracoronary ultrasound
imaging catheter (30-MHZ, 2.9Fr or 4.3Fr, CardioVascular Imaging Systems,
Sunnyvale, CA) was introduced over a 0.014 inch guidewire. After the imaging
catheter was passed beyond the lesion, a slow motorized pull-back (1.0
mny/second) was performed to obtain images both proximal and distal to the target
stenosis [11-13]. A simuftaneous fluoroscopic image of the position of the ICUS
catheter-tip was continuously displayed on the same video screen [11-13]. ICUS
images were stored on super VHS videotape for off-line analysis. Cross sectional
luminal area was defined as the integrated area central to the intimal leading edge
echo [11-13]. Images with minimal cross sectional area (MCSA) were selected
from the pull-back sequence by reviewing the position of the ICUS catheter on the
angiographic image. Side branches and calcification pattern on ICUS images and
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the position of the ICUS catheter on the angiographic image recorded on the same
ICUS images were used as a landmark to obtain the same position, as far as possi-
ble, during serial ultrasound examinations. A reference segment was defined as
the area with the least amount of plaque within {5mm proximal to the lesion but
distal to a major side branch. To determine the interobserver variability of ICUS
measurements, 30 lesions were independently measured by two observers. The
mean signed difference and correlation of the measurements of cross sectional
area were 0.02+0.37 nun’ and 0.97, respectively.

Qualitative Intracoronary Ultrasound (ICUS) Assessment

Echo reflectivity was categorised into; 1) poorly echo reflective plaque (reflectivi-
ty is lower than bright adventitia layer; 2) highly echo reflective plaque (reflectivi-
ty is higher than bright adventitia layer) [12]. Calcium deposit was defined as
highly echo-reflective tissue with acoustic shadow. A lesion was considered homo-
geneous if the plaque consisted of >75% of one type of echo-reflectivity. A lesion
was defined as mixed if it contained both highly and poorly echo-reflective area
occupying >25% of the plaque area [12]. A lesion was considered predominantly
calcific in calcium occupied >1800 of vessel circamference [12].

Quantitative Intracoronary Ultrasound parameters

The vessel remodeling mode was expressed as the ratio of the total vessel area
(TVA) at the minimum cross sectional area divided by the TVA at the reference
site (TVA ratio). Target lesions were classified into two categories based on this
ratio ; 1) compensatory enlargement (TVA Ratio >1.00) and 2) paradoxical
shrinkage (TVA Ratio <1.00)).

Lumen eccentricity index was calculated as the ratio between the minimal and
maximal wall thickness. Plaque area (PA) was defined as a TVA at the point of
MCSA minus MCSA., Acute lumen gain was defined as =MCSA post-MCSA
pre. Acute plaque reduction was defined as =PA pre-PA post. Acute vessel
expansion was defined as =I'VA post-TVA pre, at the segment of MCSA. Late
lumen loss was defined as =MCSA post-MCSA follow-up. Late intimal hyper-
plasia was defined as= PA follow-up minus PA post. Late vessel recoil was defi-
ned as =TVA post-TVA follow-up, at the segment of MCSA.,
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Statistical analysis

All values are expressed as mean values + standard error of the mean. Paired
Student's t-test was used to compare chronological changes at the same segment in
the same patients. Unpaired Student's t-test were used for intergroup comparisons.
Differences between categorical variables were analyzed by chi-square with cor-
rection. A p value <0.05 was considered significant.

Results

Clinical and angiographic characteristics

The baseline clinical and angiographic characteristics of the 36 patients with bal-
loon angioplasty {BA) and directional coronary atherectomy (DCA) are provided
in Table 1. The two groups were comparable in terms of age, gender, coronary risk
factors, anginal class [14] and distribution of diseased vessels. The two groups
were also similar in both the type and location of lesions, but the reference diame-
ter was significantly higher in the directional atherectomy group. Although the
minimal luminal diameter (MLD) pre intervention was similar in the two groups
(1.15£0.42 mm DCA versus 1.0140.31 mim BA, p=0.288) MLD post DCA was
significantly larger than post BA (2.85+0.55 mm DCA versus 2.16+0.47 mm BA,
p<0.001). This more favourable acute result after DCA was subsequently lost
however with the MLD at follow-up being similar in the two groups (1.73+0.51
mm DCA versus 1.57+0.50 mm BA, p=0.369).
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BA DCA p-value
Patients 18 18
Maleffemale 14/4 186/2 0.658
Age (years) 5819 58+ 8 0.846
Ischemic syndrome
Stable angina pecloris*® 12 11 0.732
Unstable angina pectoris* & 7 0.732
Prior myocardial infarction 2 4 0.658
Prior balloon angioplasty 3 2 0.635
Prior coronary bypass surgery 0 0 -
Coronary risk factors;
Hypercholesterolemia 2 6 0.228
Systemic hypertension 5 6 0.721
Cigareite smoking 6 4 0.710
Diabetes 0 1 1.000
Madified AHA/ACC classification
type A 5 6 0.721
type B1 7 v 0.732
iype B2 5 5 0.710
type C 1 0 1.000
Location of lesions
RCA 6(33%) 2{11%) 0.229
LAD 8(45%) 13(72%) 0.176
LCX 4{22%) 3(17%) 0.678
Quantitative analysis
MLD pre 1.0140.31 1.15£0.42 0.288
RD pre 2,78 +0.55 3.47:037 <0.001
% DS pre 63 +11% 67 £13% 0354
MLD post 216 £ 0.47 2.85+055 <0.0071
RD post 2.85+£047 3.66+054 <0.001
% DS post 24 £12% 22+ 10%  0.554
MLD foliow-up 1.57 +0.50 1.73:0.51 0.369
RD follow-up 2.73 10,58 3204046 <0.05
% DS follow-up 42 +156% 46 £15% 0.471
Balloon / vessel ratio 1.16 £0.34

Table 1: Clinical and angiographic characteristics of the study population. BA-
Balloon angioplasty, DCA- Directional coronary atherectomy, * angina pectoris
classification [14], LAD- Left anterior descending coronary artery, RCA- Right
coronary artery, MLD- Minimal luminal diameter, RD~ Reference diameter, %DS-
Percent diameter stenosis
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Baseline ultrasonographic characteristics

Baseline intracoronary ultrasonographic characteristics are shown in Table 2. No
difference was found in plague composition (soft or mixed plaque) and the presen-
ce and location of calcium deposits between the two groups. Minimal cross sec-
tional area (MCSA) pre and follow-up, and vessel cross sectional area (CSA) pre,
post and at follow-up were also similar in the two groups. Acute luminal gain, and
hence minimal cross sectional area (MCSA) post intervention were, however, sig-
nificantly greater after directional atherectomy than balloon angioplasty (acute
gain; 6.0+1.5 mm?® versus 3.8 £1.6 mm?, p=0.0001, and MCSA post; 7.6+1.5 mm?’
versus 5.3 £1.7 mny?, p=0.0001, respectively, Table 2). This difference was the
result of greater plaque reduction in this group (plaque reduction; 4.3 1.7 nun’ in
DCA versus 1.8 +1.8 mm2 in BA, p=0.0001). Late luminal loss was higher in the
DCA group however resulting in a similar MCSA at follow-up in the two groups
(4.942.8 mm?® (DCA) versus 3.4 +2.0 mm? (BA), p=0.051).
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BA DCA p-value

Lesion composition
Homogenous plaque

poorly echo reflective 8 16 0.739
highly echo reflective 0 0 -
Mixed plaque 10 8 0.739
Calcium deposits
Subendothelial 6 7 0.732
Basal/Center 7 6 0.732
Luminal measurement (mm’)
TVA ratio 0.9410.11 0.95£0.11 0.792
Ref TVA pre 16.644.1 18.5+3.9 0.162
TVA pre 15.4+3.5 17.4+3.6 0.105
MCSA pre 1.6+3.5 1.640.7 0.877
Plaque area pre 13.943.8 15.843.7 0.125
TVA post 17.4+3.3 19.2+3.9 0.148
MCSA post 5.3+1.7 7.611.5 <0.001
Plagque area post 12.0+3.5 11.5+3.2 0.653
TVA follow-up 15.843.2 17.313.5 0.184
MCSA follow-up 3.412.0 49128 0.051
Plague area follow-up 12.564£3.7 12.314.8 0.935
Eccentricity index 0.47+0.27 0.40+0.25 0.296
Acute luminal gain 3.811.6 6.0x1.5 <0.001
vessel stretch 2.0+1.3 1.7¢1.5 0.677
plague reduction 1.8£1.8 4.3+1.7 <0.001
Late luminal loss 2.041.4 2.512.4 0.382
vessel late recoil 1.610.7 1.91£1.5 0.461
intimal hyperplasia 0.4+1.7 0.612.5 0.618

Table 2: Baseline ultrasonographic characteristics of the study population. BA-
Balloon angioplasty, DCA- Directional coronary atherectomy, TVA- Total vessel
area in the segment with minimal cross sectional area. MCSA- Minimal cross
sectional area. Ref TVA: Total vessel area in the reference segment. Eccentricity
Index- see text
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Comparison between the shrinkage and compensatory enlar-
gement groups in Balloon Angioplasty

Whilst 12 patients showed paradoxical shrinkage (TVA ratio <1.00} (Figure 1), the
remaining 6 patients had compensatory enlargement (TVA ratio >1.00).

Po
59 STV L
1.61 - MCBA -85 !

Figure |. Intracoronary uitrasound (ICUS) images obtained from a patient with
paradoxical shrinkage and treated with balloon angioplasty (BA). Reference seg-
ment showed total vessel area (TVA) was 14.0 mm?2 [extreme left panel]. Pre BA
TVA was 10.9 mm2 and minimal cross sectional area (MCSA) was 1.61lmm?2
Imiddle left panel]. The ratio of the total vessel area (TVA) at MCSA divided by
TVA at the reference site pre intervention (TVA ratio} was 0.78, hence the de novo
remodeling mode was one of paradoxical shrinkage. Post BA MCSA improved to
6.5 mm?2 associated with TVA enlargement from 10.9 mm?2 to 13.8 mm2 [middle
right panel]. At follow-up MCSA decreased from 6.5 mm2 to 1.61 mm2 associa-
ted with TVA shrinkage from 13.8 mm2 to 10.8 mm2, In this case 39% of luminal
loss was derived from intimal hyperplasia and 61% from late chronic recoil (ves-
sel remodeling) [extreme right panel].
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Minimal CSA, vessel CSA and plaque CSA pre-, post- balloon angioplasty and at
follow-up as well as reference vessel CSA-pre were similar in both paradoxical
shrinkage and compensatory enlargement groups (Table 3).

paradoxical compensatory p-value
shrinkage enlargement
Patients (n)} 12 6
Luminal measurement {mm’)
TVA ratio 0.87+0.07 1.0740.02 <0.001
Ref. TVA pre 17.3:4.4 15.043.0 0.258
TVA pre 15.1+£3.8 16.0£3.1 0.635
MCSA pre 1.540.7 1.810.7 0.367
Plaque area pre 13.744.1 14.243.5 0.785
TVA post 17.61£3.6 17.012.6 0.722
MCSA post 53+1.6 5.3+1.9 0.977
Plaque area post 12.213.7 11.8+3.1 0.746
TVA follow-up 15.743.5 15.842.9 0.897
MCSA foltow-up 3.312.2 3.411.5 0.946
Plaque area follow-up 12.4+3.9 12.6+3.5 0.939
Acute luminal gain 3.9+1 4 3.54+2 1 0.670
vessel stretch 2.4+1.3 0.9+0.6 <0.05
plaque reduction  1.5%1.56 26423 0.225
Late luminal loss 2.0£13 20117 0.897
vessel late recoil  1.810.6 1.110.6 <0.05
intimal hyperplasia 0.2+1.6 0.9+18 0.399

Table 3: Comparison between paradoxical shrinkage and compensatory enlarge-
ment groups in Bailoon Angioplasty group. TVA- Total vessel area in the segment
with minimal cross sectional area. MCSA- Minimal cross sectional area. Ref
TVA: Total vessel area in the reference segment,

Although overall acute gain and late loss were also similar in the two groups this
masked significant differences in the mechanism of action involved in each.
Acute vessel stretch was the predominant mechanism of acute luminal gain in the
shrinkage group {2.4+1.3 mm? versus 0.940.6 mm?, p=0.0163), and plaque reduc-
tion in the compensatory enlargement group (2.6+£2,3 mm?2 versus 1.521.5 mm?)
although because of the small numbers involved this did not reach statistical signi-
ficance (p=0.2248). At follow-up the main mechanism for late loss was chronic
vessel recoil in the shrinkage group (1.84+0.6 mm? versus 1.1+0.6 mm?, p=0.0125),
and intimal hyperplasia in the compensatory enlargement group (0.9+1.8 mm®
versus 0.2+1.6 nun?}, although again, because of the small numbers involved, this
did not reach statistical significance (p=0.3991). The degree of acute vessel
stretch and late vessel recoil correlated well (i = 0.73, p=0.0068) in the shrinkage
group, but poorly in the compensatory enlargement group (r = 0.44, p=0.1496).
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Thus vessel stretch was the predominant mechanism of acute luminal gain, and
chronic vessel recoil the predominant mechanism of late loss in the shrinkage
group compared to the compensatory enlargement group.

Comparison between the shrinkage and compensatory enlar-
gement groups in DCA

While 12 patients had paradoxical shrinkage, the remaining 6 patients showed
compensatory enlargement (Figure 2).

i PreRef. 0 Pre oPost Follow-up
CTVA=A89 . TVA=216 ) >

Figure 2. Intracoronary ultrasound (ICUS) images obtained from a patient with
compensatory enlargement and treated with directional coronary atherectomy
(DCA). Reference segment showed total vessel arca (TVA) was 18.9 mun2 [extre-
me left panel]. Pre DCA TVA was 21.6 mm2 and minimal cross sectional area
(MCSA) was 1.6]1 mm2 [middle left panel]. The ratio of the total vessel area
(TVA) at MCSA divided by TVA at the reference site pre intervention (TVA ratio)
was .14 hence the de novo remodeling mode was one of compensatory enlarge-
ment. Post DCA MCSA improved to 10.2 mm2 associated with TVA enlargement
from 21.6 mm?2 to 22.1 mm?2 [middle right panel]. At follow-up MCSA decreased
from 10.2 mm2 to 4.9 mm2 associated with TVA shrinkage from 22.1 mm2 to
21.5 mm2. In this case 89% of luminal loss was derived from intimal hyperplasia
and 11% from late chronic recoil (vessel remodeling) [extreme right panel].
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Minimal CSA, vessel CSA and plaque CSA pre-, post- directional atherectomy
- and at follow-up as well as reference vessel CSA-pre were similar in both para-
doxical shrinkage and compensatory enlargement groups (Table 4).

paradoxical compensatory p-value
shrinkage enlargement
Fatients (n) 12 ]
Luminal measurement (mm®)
TVA ratio 0.8910.05 1.0840.04 <0.001
Ref. TVA pre 19.413.4 16.414.4 0.121
TVA pre 17.243.1 17.814.9 0.756
MCSA pre 1.510.8 1.8+0.5 0.356
Plaque area pre 15.743.1 16.015.0 0.899
TVA post 19.7+3.3 18.1+5.3 0.461
MCSA post 7.5t1.6 7.941.4 0.567
Plaque area post 12.242.5 10.2+4.3 0.231
TVA follow-up 17.2£3.0 17.8:+4.8 0.869
MCSA follow-up 4.7:2.8 556129 0.553
Plague area foltow-up 12.544.2 12.046.3 0.825
Acute luminal gain 6.0+1.7 6.1+1.3 0.9800
vessel stretch 24113 0.310.6 <0.01
plaque reduction  3.6+1.5 58+1.0 <0.01
Late luminal foss 27126 24128 0.810
vessel late recoit  2,441.3 0.7+0.9 <0.01
intimal! hyperplasia 0.3%2.9 1.7+2.4 0.249

Table 4: Comparison between paradoxical shrinkage and compensatory enlarge-
ment groups in directional coronary atherectomy. TVA- Total vessel area in the
segment with minimal cross sectional area, MCSA- Minimal cross sectional
area, Ref TVA: Total vessel area in the reference segment.

Although overall acute gain and late loss were also similar in the two groups, this
masked significant differences in the mechanism of action involved in each.
Acute vessel stretch was the predominant mechanism of acute luminal gain in the
shrinkage group (2.4 +1.3 mm? versus 0.3 £0.6 mn?’, p=0.0014) whilst plaque
reduction was the predominant mechanism of acute luminal gain in the compensa-
tory enlargement group (5.8 £1.0 mm’ versus 3.6 £1.5 mm?, p=0.0048). At fol-
low-up the main mechanism for late loss was chronic vessel recoil in the shrinka-
ge group (2.4 +1.3 mm?® versus 0.7 £0.9 nun?, p=0.0073), and intimal hyperplasia
in the compensatory enlargement group (1.7+2.4 mm? versus 0.3 +2.9 mm?)
although because of the small numbers involved this did not reach statistical signi-
ficance (p=0.2489). There was no significant correlation between acute vessel
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stretch and late vessel recoil in either the shrinkage or compensatory enlargement
group (r = 0.28, p=0.3673, and r = 0.41, p=0.2823, respectively),

Role of chronic vessel recoil (vessel remodeling) in the
mechanism of restenosis between the shrinkage and compen-
satory enlargement groups in BA and DCA

The mode of de novo vessel remodeling was found o play a significant role in the
mechanisms involved in late restenosis. While in the shrinkage group of balloon
angioplasty chronic vessel recoil (remodeling) accounted for 90% (1.8mny’ /
2.0mm?) of late lumen loss, in the compensatory enlargement group chronic ves-
sel recoil accounted for only 55% of late lumen loss (1. imm?/ 2.0nun?). While in
the shrinkage group of directional atherectomy chronic vessel recoil accounted for
89% (2.4mm?/ 2,7mm?) of late lumen loss, in the compensatory enlargement
group chronic vessel recoil accounted for only 29% (0.7mm? / 2.4 mm?) of late
lumen loss. Thus the de novo mode of vessel remodeling, vessel shrinkage versus
compensatory enlargement, was seen to substantially influence the subsequent
mechanism of restenosis following both balloon angioplasty and directional athe-
rectomy.

Discussion

The principle findings of our study were: 1) Overall initial luminal gain and late
loss were similar in the two different de novo vessel remodeling states for both
BA and DCA; 2) at the time of intervention significantly larger vessel stretch was
abtained in the shrinkage group for both BA and DCA, whilst significantly gre-
ater plaque removal was obtained by DCA in the compensatory enlargement
group; 3) at follow-up late vessel recoil (vessel remodeling) was significantly gre-
ater in the shrinkage group after either BA or DCA; 4) a high correlation (r =
0.73) was observed between the degree of acute stretch and late vessel recoil in
the shrinkage group in BA; 5} while in the shrinkage group chronic vessel recoil
(remodeling) accounted for 89% to 90% of late lumen ioss after BA and DCA
respectively, in the compensatory enlargement group remodeling accomnted for
only 55% to 30% of late lumen loss after BA and DCA respectively.

Role of de novo vessel remodeling mode in acute luminal
gain after coronary intervention

Recent intracoronary ultrasound studies indicate that plaque reduction accounts
for 52% to 67% and vessel stretch for the remaining 33% to 48% of acute luminal
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gain after BA and DCA [13,15] This is in keeping with our study where plaque
reduction accounted for 47% of overall acute laminal gain after BA and 72% of
overall acute gain after DCA in the total study population. However, our tomo-
graphical quantification based on the underlying de novo vessel remodeling mode
indicates that in the shrinkage group of BA vessel stretch accounted for 62% of
acute gain, while in the compensatory enlargement group of BA vessel stretch
accounted for only 26% of acute gain. In the shrinkage group of DCA plaque
reduction accounted for 60% of acute gain, while in the compensatory enlarge-
ment group of DCA plaque reduction accounted for 95% of acute gain. These fin-
dings indicate that the de novo vessel remodeling mode may have an important
role in determining the mechanism of acute lnminal gain (vessel stretch or plaque
reduction) after coronary intervention. Pasterkamp and colleagues also recently
exantined the influence of the de novo vessel remodeling made on the mechanism
of balloon angioplasty in femoral arteries and again found that vessel stretch was
significantly greater in the shrinkage group than in the compensatory enlargement
group [7]. Our findings expand on their initial observations and suggest that the
same mechanisins may also be operative in the coronary vessels. Furthermore
vessel stretch also appears to be a major mechanism of action in the paradoxical
shrinkage group treated by directional atherectomy. The reasons for this are not
clear. One possible explanation is that paradoxical shrinkage may be the result of
structural changes in the vessel wall, such as alterations in the relative proportions
of elastin or collagen, resulting in alterations in the elastic properties of the vessel.
Owr findings also indicate that vessels which have undergone compensatory enlar-
gement are much more susceptible to plague removal by directional atherectomy
than vessels which have undergone paradoxical shrinkage, perhaps again reflec~
ting underlying differences in vessel wall characteristics. Against this however is
the fact that we did not find any significant differences in uitrasound plaque char-
acteristics between the paradoxical shrinkage and compensatory enlargement
groups. ICUS visual plaque characteristic assessment however is still a fairly
rough method of assessing plaque composition. Whether newer techniques such
as angular dependent backscaftter analysis by ultrasound may result in increased
precision in cell wall characterisation and allow us to differentiate plague compo-
sition further remains to be determined [16].

Role of de novo vessel remodeling mode in restenosis

The classical paradigm regarding the mechanisms of restenosis after coronary
angioplasty has been one of neointimal thickening from the migration, prolifera-
tion and extracellular matrix synthesis by vascular smooth muscle cells [17].
More recently this paradigm has been challenged by both experimental [18,19]
and human intravascular ultrasound studies which suggest that restenosis refates
more to unfavourable late vascular remodeling than neointimal hyperplasia [20-
23]. The mechanisms involved in this however are unclear but are thought to
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involve a combination of vessel wall fibrosis (particularly of the adventitia) in
response to deep wall injury, apoptosis (programmed cell death), qualitative and
quantitative changes in the extracellular matrix and changes in local flow dyna-
mics [22-26]. What factors may influence this process remains unknown. OQur
serial intracoronary ultrasound study clearly indicates a major role for the under-
lying de novo vascular remodeling mode on late restenosis after both balloon
angioplasty and directional coronary atherectomy. Previous intracoronary ultra-
sound studies have reported that various degree of chronic vessel recoil ( "vascu-
lar remodeling" ; from 42% to 84%) account for late loss after BA and DCA
[13,15]. Our study was consistent with these studies suggesting that chronic recoil
accounts for 71% of late lumen loss after BA and for 69% of late lumen loss after
DCA in the overall patient population. However, our study also suggests that wit-
hin the overall picture, the relative contributions of chronic vessel recoil and inti-
mal hyperplasia to restenosis can vary widely, depending on the de novo vessel
remodeling mode. For example, in the shrinkage group subjected to balloon
angioplasty chronic vessel recoil (remodeling) accounted for 90% of late lumen
loss, whilst in the compensatory enlargement group of directional atherectomy
remodeling accounted for only 29% of late lumen loss whilst intimal hyperplasia
accounted for the remaining 71% of late lumen loss. The reasons for these diffe-
rences are not clear but again are likely to be secondary to structural changes in
the vessel wall as a result of whatever process underlies the initiat de novo vascu-
lar remodeling mode.

Relation of acute stretch and late recoil

Glagov and colleagues suggested that in a coronary artery compensatory enlarge-
ment without fmminal narrowing was frequently observed until plague area incre-
ased up to 40% [1]. A recent intravascular ultrasound study indicated that in a
femoral artery compensatory enlargement was mainly observed in plaque area less
than 25% and paradoxical shrinkage was frequently seen in plaque area more than
25%, although no strong relation existed between the decrease of luminal area and
the increase of the plaque area [6]. In our patients with significant fixed stenoses
33% of the patients showed compensatory enlargement of the vessel and the
remaining 67% of the patients had paradoxical shrinkage. Compensatory enlarge-
ment and paradoxical shrinkage may be natural stages in the atherosclerotic pro-
cess itself and may be associated with structural changes in the media and adven-
titia {1, 27]. In the paradoxical shrinkage stage the elastin content of the vascular
wall may be decreased and the rigidity of the wall hence increased [27], whilst in
the compensatory enlargement stage vessel wall extensibility may be preserved.
Our study would suggest that following balloon angioplasty of vessels which have
undergone paradoxical shrinkage the dilated vessel wall may constrict gradually
during the process of restenosis and that the degree of this constriction relates
directly to the original degree of vessel stretch at the time of the procedure.
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This relationship is however altered by directional atherectomy. Atherectomy spe-
cimen has been frequently reported to involve the adventitia [28], which may sub-
stantially weaken the vessel wall, and thus reduce and alter the degree of late ves-
sel recoil (remodeling) at follow-up, This phenomenon may be responsible for the
poor correlation between the degree of vessel stretch and remodeling after direc-
tional atherectomy. An alternative mechanism may be that factors responsible for
the initial paradoxical shrinkage vessel remodeling mode are still present and may
therefore influence the subsequent vessel response to balloon angioplasty, whereas
atherectomy, by removing vessel wall constituents, alters the local plaque burden,
composition and characteristics thus altering the local vessel milieu and hence the
vessels tesponse to the procedure.

Study limitations

Our study has a number of limitations. Firstly, the reference segment site used is
critically important for our definition of vascular remodeling and hence our
results, For our reference we used the least diseased segment within 15mm proxi-
mal to the narrowing but distal to a major side branch, as this is likely to be the
site of least vessel wall remodeling and hence the most likely site to approximate
the original vascular dimensions. We cannot discount the fact however, that a dif-
ferent, perhaps even more proximal, reference segment may provide a different
value of TVA and hence affect the estimated remodeling mode. Secondly, perfor-
ming serial infracoronary ultrasound measurements of the same arterial segment at
an interval of 6 months poses significant technical and fogistic problems. We
tried to overcome these however and ensure accurate localisation of the ICUS
catheter by using permanent landmarks, such as side branches and areas of calcifi-
cation, for guidance and by carefully observing the position of the ICUS catheter-
tip on the fluoroscopic image which was recorded simultaneously on a split
screen. Thirdly, pre intervention several patients showed wedging of the ICUS
catheter and in these patients the site of minimal luminal cross sectional area may
have aiready been slightly dilated by the ICUS catheter itself. However, the mini-
mal cross sectional area pre intervention calculated from QCA was 0.92mm?
whilst the cross sectional area of the most of ICUS catheter used is 0.73mm? so
any "Dotter effect" would have been minimal. Finally, our patients were, to an
extent, selected on the basis of a successful interventional procedure with subse-
quent high quality serial ICUS images. We are unable to conunent therefore on
the role of de novo vascular remodeling on the acute success rate of the procedu-
re. As the number of patients reported in this early experience is also small our
findings will need to be confirmed in larger muiticenter studics.

124



Clinical implications

Our study suggests that the underlying de novo vessel remodeling mode may sig-
nificantly contribute to the efficacy of a device (vessel expansion or debulking)
and the subsequent mechanism of restenosis (remodeling or intimal hyperplasia),
This has important clinical implications with regard to the optimal use of new
devices. Our study suggests that in a vessel with paradoxical shrinkage stent
implantation, to act as a scaffold for the vessel wall and prevent late vessel recoil,
may be the optimal device to prevent restenosis. In vesse! with compensatory
enlargement plaque reduction (debulking) during the initial interventional proce-
dure and concomitant medical treatment to prevent the growth of intimal hyper-
plasia using local drug delivery [29] or endovascular radiation {30] may be the
most useful way of reducing restenosis. Thus observation of de novo vessel remo-
deling mode provides novel information with which to determine the most suitable
interventional device for each specific lesion. Our study also suggests that the de
novo vessel remodeling mode may be substantially more important to both the
mechanism of acute Juminal gain and late restenosis than plaque characteristics.
It may thus provide some insight into why intravascular ultrasound studies, to
date, have not been wholly supportive of the role of piaque characteristics on the
subsequent acute gain and late loss and may provide important lessons for the
ongoing OARS and BOAT studies [15,31]. Finally our study once again high-
lights the limitations of quantitative coronary angiography which, although the
gold standard for interventional work, is unable to differentiate between the diffe-
rent pathophysiological mechanisms invoived in acute luminal gain and late reste-
nosis and hence guide optimal use of revascularisation devices.

Conclusions

Our study suggests that the underlying de novo vessel remodeling mode (vessel
shrinkage/compensatory enlargement) may play a key role in the acute efficacy of
a coronary revascularisation device (vessel expansion or debulking) and the subse-
quent mechanism of restenosis (remodeling or intimal hyperplasia).
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Chapter 11

Influence of serum cholesterol and cholesterol subfractions
on long term luminal renarrowing following coronary
angioplasty. A quantitative angiographic analysis.
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Influence of Serum Cholesterol and Cholesterol
Subfractions on Restenosis After
Successful Coronary Angioplasty

A Quantitative Angiographic' Analysis of 3336 Lesions

Andonis G. Violaris, MD, MRCP (UK); Rein Melkert, MD, MS; Patrick W. Serruys, MD, PhD,

Background Previous reports have suggested that hypertip-
idemia may be associated with increased restenosis afler
successful coronary angiopfasty. These studies have been
compromised, however, by their retrospective nature, the
small numbers involved, differences in the definition of reste-
nosis, and inadequate quantitative angiographic follow-up at a
prespecified time interval. The objective of the study was to
examine the relation between serum cholesterol and long-term
restenosis after coronary angioplasty, using quantitative angi-
ography, at a predetermined time interval.

Methods end Results  The study population comprised 2753
patients (3336 lesions) prospectively enrolled and successfully
completing four major restenosis trials, Cineangiographic films
were processed and analyzed at a central angiographic core
Iaboralory with the use of an awtomated inferpolated edge-
detection technique. Serum tetal cholesterol was measured at
trial entry and at 6 months. Hypercholesterolemia was defined
as total cholesterol >7.8 mmol « L™! at tral entry, Two ap-
proaches were used to assess restenosis: first, a categorical
approach using the cutoff point of >50% diameler stenosis at
follow-up and second, a continwous approach examining
changes in minimal luminal dimensions, the absolute loss
{change in minimum luminal dizmeter after PTCA to follow-
up, in mmy) and relative loss (absolute loss corrected for vessel
size), which may give a better understanding of the underiying
pathological process involved, One hundred sixty patients with
191 lesions (5.73%) had hypercholesterolemia (total choles-
terol, >7.8 mmol + L% mean+8D, 8.4610,75 mmol * L™} and

2593 patients with 3145 lesions {94.27%) normal cholesterol
(5.67+1.06 mmol-L"Y), The restenosis rate was similar in
patients with and without hypercholesterolernia (31.9% versus
33.7%, respectively; relative risk, 0.975; 95% CI, 0.882 to
1,077; P=68), Similarly, there was no difference in either the
absolute or relative loss between patients with and without
hypercholesterclemia (0.31+0.53 versus 032+0.53 mm and
0.120.20 versus (.13£0.21, respectively, P=NS for both).
Conversely, the total serum cholesterol in patients with reste.
nosis (using the cafegorical definition) was similar to those
without restenosis (5.84+1.24 versus 5.81+1.22 mmol/L, re-
spectively, P=NS). Dividing the population into deciles ac-
cording fo total cholesterol and examining the categorical
restenosis rate (by x?) as well as the absolute and relative loss
by ANOVA again revealed no significant differences between
deciles, Subgroup analysis of 579 patients {667 lesions) with
HDL and LDI cholestero] levels available again revealed no
differences in the categorical restenosis rate (by x%) or the
absolute or relative loss between deciles according to LDL,
HDL, or LDL:HDL ralio, suggesting no Influence of these
cholesterol subfractions on restenosis.

Conclusions  Our resulis indicate that there is no associa-
tion between cholesterol and restenosis by either a categorical
or continuous approach, suggesting that measures aimed at
reducing total cholesterol are unlikely to significantly influence
postangioplasty restenosis. (Cirewlation. 1994,90:2267-2279,)

Key Words e angioplasty e cholesterol » sienosis e
angiography

remains a major limitation of the technique.?

Postmortem examination suggests that this is
the result of intimal hyperplasia sccondary to the inti-
mally dirccted niigration and proliferation of vascular
smeoth muscle cells.?2 Experimental in vitro eeil studies
have shown that vascular smooth muscle cell migration
and proliferation may both be influenced by cholesterol
and cholesterot subfractions® Furthermore, in vive an-
imal work also suggests that serum cholesterol may be
an important determinant of intimal hyperplasia after
balloon angioplasty.* Because of this bedy of experi-

Restenosis after successful coronary angioplasty
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mental evidence and also clinical evidence linking ele-
vated serum lipid fractions to atherosclerosis, ¢ a num-
ber of studies have sought to investigate the relation
befween serumt lipids and restenosis. The results from
these studies have been equivocal (Table 1), with some
suggesting a positive cotrelation between the two™1° and
others suggesting no asscciation.'.!? These differences
arise for a number of reasons, First, most studies have
been retrospective analyses using small numbers of
patients, Second, angiographic follow-up was mostly
incomplete and performed for the recurrence of symp-
toms rather than at a predetermined time interval, thus
introducing selection bias. Finally, studies have alinost
invariably used visual assessment to estimate angio-
graphic severity. This is subject to wide interobserver
and intraobserver variability, which further limits the
reliability of the results.’® This study attempted to
overcome these limitations by using a validated auto-
mated edge-deicction technique to evaluate the effect
of serum cholesterol on restenosis prospectively in a



Tase 1, Summary of Studies In Which the Relation Between Lipld Levels and Subsequent

Restenosis Was Examined

MNo. of Anglo Reslenosis

Study Pallents Follow-up, % Daflnitlon Rate, % Asgoclatlon
Austin et al? 443 100 Loss >50% AG 4 TC, female

Asplrin Ax gp
Austin et al 103 74 ? 36 None
Arora et al#s 723 100 Loss =b60% AG 41 Inverse rofation to

TG at fup

Johansson ef als 167 100 >50% DS fup 33 Lov HOL (M}

High HoL (F)
Rels et ai? 186 37 >70% DS fup 32 TC:HOL cholesterol
Folay stal2 100 82 Loss >50% AG 45 None

nct %035 >30%
Shah and Amint0 68 37 >70% D5 fup 41 Low HDL
Present study 2753 80 >50% DS fup 338 None
AfRloss
ANGNG!

Anglo indicates angiographic; AG, absolute galn; DS, diameter stenosis; fup, at follow-up; AfRloss, absolute/
retalive loss; ANG, absolute et galn; NG, net galn index: TG, total cholesterol; and Rx gp, treatment group.

large series of patients undergoing successful balloon
angioplasty and routine follow-up angiographic assess-
ment at a predetermined time interval.

Methods

Patients

The study population comprised 3582 patients with signifi-
cant primary stenoses in native coronary arterics who were
prospectively enrolled into four major restenosis trials.141?
These demonsirated that active therapy had no effect on
restenosis or clinical outcome in the fist 6 months after
balloon angioplasty, so for the purposes of this study, the data
for the active and placebo groups were pooled. Patients were
eligible for study entry if they were sympiomatic or asymptom-
atic men, or women without child-bearing potential, with
stable or unsiable angina pectords and proven angiographicaily
significant narrowing in one or more major coronary arieties.
Informed consent was obtained in all cases before the coro-
nary angioplasty procedure. Patients with developing myocar-
diat infarction and significant Jeft main cofonary ariery disease
were excluded from the study.

Serum Cholesterol Measurements

Serum cholesterol measurements were taken before percu-
taneous transluminal coranary angioplasty (PTCA) and at the
lime of ¢-month follow-up angiography by each individual
center. Sample analysis was carried out locally in all partici-
pating centers. Hypercholesterolemia was defined as a serum
cholesterol feve) =78 mmol « L-* at triaf entry.* A cholesterol
level of <7.8 mmol+ L™ was, for the purposes of this study,
defined as *‘normal’ cholesterol.

Angioplasty Procedure and Follow-up Anglography

Coronary angioplasty was performed with a steerable, moy-
abte guide wite system by the femoral route. Standard ballaon
catheters were used, The choice of balloon type and brand as
welb as inflation pressure and duration were left to the
discretion of the operator. Patients were followed up for 6
months, at which time a follow-up study was performed. If
symptoms recurred within 6 months, coronary angiography
was carried owt earlier. If no definite restenosis was present
and the follow-up time was <4 months, the patient was asked
to undzargo further coronary arteriography at 6 mosnths,

Quantitative Anglography

Three coronary angiograms, in tofal, were obszined for each
patient: before PTCA, after PTCA, and at anglographlc
follow-up. The angiograms were recorded in such a manner
that they were suitable for quantitative analysis by the com-
puter-assisted Coronary Angiography Analysis System
(CAAS). To standardize the method of data acquisition and to
ensure exact reproducibility of the anglographic studies, mea-
sures were 1aken as previously described, and all angiograms
were processed in a central angiographic core laboratory, 1417
All cineangiograms were analyzed with the computer-assisied
CAAS technique, which was described and validated earli-
er.124% Decause the computer algorithm is unable fo measure
total occlusions, a value of 0 mm was substituted for the
minimal flumen diameter and a value of 100%% for the percent
diameter stenosis before PTCA. In these cases, the postangio-
plasty reference diameter was substituted for vessel size.

Angiographic Definitlons Used

Vessel size refers to the reference diameter of the relevant
coronary segment and is represented by the interpolated
reference diameter before PTCA, since this is the closest and
most objective approximation of the discase-free vessel wall.
Minimum luminal diameter (MLD) is the point of maximal
Iuminal narrowing in the analyzed segment.

Many criteria have been proposed for the assessment of
restenosis.® For the purposes of this study, two approaches
were used: Rrst, the categorical approach widely used by
clinicians who favor the traditional cutoff point of »50%
diameter stenosis at follow-up; and second, a continuous
approach using absolute and relative losses, which reflect the
behavior of the [esion during and after angloplasty and may be
better representations of the pathological process involved
during follow.up, 2122

Absolute gain and absolute loss represent the improvement
in minimal luminal diameter achieved at intervention and the
atsolute change during follow-up, respectively, measured in
mm. Absofute gain is defined as MLD after PTCA minus MLD
before PTCA. Absolute loss is MLD after PTCA minus MED
at follow-up,

Relative gain and relative loss depict the improvement in
minimal luminal diameter achieved at intervention and the
change during follow-up, respectively, normalized for vesset
size. Relative gain is (MLD after PTCA minus MLD before
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Fia 1. Flow charl of 3582 randomlzad palients. In 102 patients,
angloplasty (angio) procedure was unsuccessful; in 28, percu-
taneous transluminal coronary angloplasty (PTCA) was not per
formed; in 25, quantitative analysis was not possible; and in 199,
no cholesterol level was avallable. The study poptdation com-
prised 2753 patients with an anglographic follow-up rate of 80%
of successful procedures, QICA Indicates quarditalive corenary
arteriography; Fup, foliow-up; and chol., choleslerol.

PTCA) divided by vessel size. Relative loss is (MLD after
PTCA minus MLD at follow-up) divided by vessel size.

The absolute net gain is the MLD at follow-up minus MLD
before PTCA. The net gain index is the net gain nonnalized
for the vessel size, Net gain index is (MLD at follow-up minus
MLD before PFCA) divided by vessel size,

Statistical Analysis

Data were analyzed by the SAS statistical software package.
All values are expressed as mean=SD. A y? test was used to
assess differences in categorical varfables. Student's f test was
used to assess differences in continuous variables between two
graups or one-way ANOVA for more than two groups. Serum
total cholesterod, HDI, and LDL cholesierol, and LDL:HDI,
ratio were evaluated by linear regression analysis for their
relation with absoluie and refative loss during follow-up as well
as absolute net gain and the net gain index. A lesion-based
analysis was used, but since multiple lesions within a given
patient are not independent with respect to their cholesterol
Tevel, repeat patient-based analysis using a single randomly
selected lesion in patients with multivessel angioplasty was
performed if the previous lesion-based analysis suggested
statistical significance. Values of P<.05 werc considered
significant.

Results

Patient Characteristics and Procedural Results

The study population comprised 2753 patients (3336
lesions, 1.21 lesions per patient) who successfully com-
pleted the study (Fig 1). Of the 3582 patients initially
randomized, the angioplasty procedure was unsuccess-
ful in 102 patients, PTCA was not performed in 28,
quantitative analysis was not possible in 25, no choles-
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Tasie 2, Ciinical Varfables In Patlents With and
Without Hypercholesterolemia*

Cholestarol Cholesterol

Clinfcat Varlable <78 mmol/l.  >7.8 mmolL
No. of patients 2593 160
Men, % 82.0 738
Age, ¥ 57+93 55393
Ever smoked, % 45.3 875
Current smoker, % fo.2 it.2
History of hypeitipldemia, % 314 48.41
History of dlabetes, % 0.2 2.4
History of previcus M, % 41.7 36.9
Pravigus PTCA, % 2.7 h]
Pravious CABG, % 29 3.2
CCS class, %

0 2.5 i

! 13.9 14.9

1] 35.4 380

1] 33.2 364

[ 1650 10.7
Drug therapy af {rial entry, %

Nitratos 18.9 17.9

£-Blockers 283 26.2

Calclum anfagenists 35.9 40.4

Upld-lowering agenls 9.7 17.2
Drug therapy at 6 months, %

Nitrates 215 18.7

A-Blockers 352 30.7

Calcium antagonlsts 40.8 30.7¢

Upld{owering agents 13.9 28.7¢

Ml indicates myocardial Infarction; PTCA, percutaneous transiu.
minal coronary angioplasty; CAB@, coronary artery bypass graft;
and CCS, Canadian Cardiovascular Soclety anginal classification,

*Serum total cholesterol >7.8 mmol« L™

1P <.05,

terol level was available in 199, and 475 were excluded
for other reasons, such as patient refusal for follow-up
angiography, no quantitative coronary arteriography
possible, or left main disease. Thus, the overall angio-
graphic restudy ratc was 77% of all patients initially
randomized and 80% of ali patients undergoing success-
ful PTCA and no other interventional procedure,
Within the study population, 160 patients with 191
lesions (5.73%) had hypercholesterolemia (mean total
cholesterol, 846+0.75 mmol- L™} and 2593 patients
with 3145 lesions (94.27%), normal cholesterol
(5.67x1.06 mmoi - L") at trial entry. The clinical and
angiographic characteristics of the patient population
according to the presence or absence of hypercholester-
olemia are summarized in Tables 2 and 3.

The incidence of known hyperlipidemia, as would be
expected, was significantly higher in the high-choles-
terol group; otherwise, the two groups were comparable
in terms of known risk factors for coronary artery
disease. In particular, smoking, either past or current,



Tapie 3. Leslon Locatlon, Angiographic
Characteristics, and Quantitative Anglographic Analysls
of 160 Patlents (191 Loslons) With and 2593 Patlents
(3145 Leslons) Without Hypercholesterotemia*

Cholesterol Cholesterot
<7.8 mmol/L >7.8 mmolL

Anglographic Paramoeter {n=3145) (n=191} P

Lasion location, %
LAD 4249 42.9 NS
Circumflex 25.0 24.8 NS
RCA aza 325 NS

Leslon charactedstics, %
Congentric 47.9 47,2 NS
Tandem leslon 42 42 NS
Branch point leslon 69.2 58.4 NS
Calcification in lasion 1233 9.0 NS
Presence of thrombus 4.4 39 NS
Tolal occlusion pre-PTCA 7.4 7.9 NS
Dissection post-PTCA 346 275 NS

Vassel slze, mm

Minimal luminal diameter, mm  2.602053 2591062 NS
Before angioplasty 1002039 0082039 NS
After angloplasty 1.75+0.38  1.7510,34 NS
At follow-up 1.4420.58 1.44x0.59 NS

Di#terences In MLD
Absclule galn, mm 0752041  0.76x2043 NS
Relative gain 0.30+£0.16  0.30+0.16 NS
Absolute foss, mm 0321053 0.31x053 NS
Relative loss 0132021 0.12+x020 NS
Absolute net galn, mm 017023  0.18+0.24 NS
Het galn index 0.1720.23 0.18x0.24 NS

Parcent stenosis, %

Before angloplasty 609251447 613621464 NS
After angioptasty 33.39+8.40 33.64+7.88 NS
At follow-up 45.86+10.16 45471048 NS

DS al follow-up »50%, % 337 31.9 NS

LAD Indicates 1eft anterior descending coronary artery; RCA,
right coronary artery; PTCA, percutaneous lransluminal coronary
angloplasty; MLD, minimal luminal dlameter; and DS, diameter
stenosls,

*Serum total cholesterct >7.8 mmol L1,

was present in about two thirds of the population and
was similar in the two study groups. The anginal class of
the two study groups also did not differ to any significant
extent, most bejng in Canadian Cardiovascular Society
anginat class II to Iil, Finally, there was no significant
difference in drug therapy, although, perhaps not sur-
prisingly, more patients with high cholesterol were
taking a lipld-lowering agent (Table 2}, By the time of
the follow-up angiography, this difference persisted, but
in addition, a significantly lower percentage of patients
with hyperlipidemia were taking calcium antagonists.
The disease was predominantly mild to moderate, with
63% of the total population having one-vessel disease,
31% two-vessel disease, and only 6% three-vessel dis-
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Fia 2. (a), Cumulative distribution curve of minimal {uminal
diameter {MLD) after percitansous transluminal coronary anglo-
plasty (PTCA) and at follow-up for patlems with and without
hypercholesterclemla. {b), Cumulative distribution curve of par-
centage slenosis after PICA and at follow-up for patients with and
without hypercholesterolemia, TG indicates lolal cholosterof,

¢ase. Lesion characteristics were comparabie in the two
groups, with a similar incidence of concentric, tandem,
and branch point lesions, thrombus present before- or
after- PTCA, total occlusions before PTCA, and dissec-
tions after PTCA (Table 3}

Quantitative Angiographic Analysis nt Baseline and
6 Months

A mean of 2,12 matched angiographic projections per
lesion had satisfactory quantitative analysis performed
at the central angiographic core laboratory before
PTCA, after PTCA, and at follow-up {Table 3). The
disteibution of lestons was similar in the two groups,
with around 43% in the left anierior descending coro-
nary artery, 32% in the right coronary artery, and 25%
in the circumflex artery. There were no significant
differences in the MLD and percent stenosis before
PTCA between patients with and patients without hy-
percholesterolemia, suggesting that the two groups were
well matched angiographicailly. After PYCA, the MED,
percent residual stenosis, and absolute and relative
gains were similar for the two groups (Table 3, Fig 2),
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Fia 3. (1), Cumulative distrbution curve of absolule loss for
patients with and without hypsrcholesterolemla. (b}, Cumulative
distribution cutve of absolute loss for patients In the {op and
bottorn deciles of total cholosterof (TC).

again confirming the similarity in acute angiographic
outcome between the two groups. Similar results were
also obtained with patient rather than lesion analysis.

Restenosis According to the Presence of
Hypercholesferolemia af Trial Enfry

At the 6-month angiographic follow-up, the overal
restenosis rate for the study population was 33.6% by
the categorical {>>50% stenosis at follow-up) approach,
The MLD at foliow-up was 1.44+0.5% mm for patients
with and 1.444:0,58 mm for patients without hypercho-
lesterolemia (Fig 2). The percent stenosis at follow-up
was again similar, 45.47+19.46% for patients with and
45.86+19.16% for patients without hypercholesterol-
emia (Fig 2). The absolute loss was also similar for the
two groups (Fig 3a), as were the relative loss, net gain,
and net gain index (Table 3). By the criterion of >50%
diameter stenosis at follow-up, there were no differ-
ences in restenosis rates between patients with and
without hypercholesterolemia (31.9% versus 33.7%, re-
spectively; relative risk, 0.975; 95% CI, 0.882 10 1.077;
P=.68). Additionally, the total serum cholesterof in
patients with restenosis (according to the criterion of
>50% diameter stenosis at follow-up) was similar to
those without restencsis (5.84=1.24 versus 581122
mmol/L, respectively, P=NS).

Deciles According to Tofal Cholesterol at
Trial Entry

Since definitions for hypercholesterolemia vary!s2s
and previous population studies suggest that even
within the total cholesterol population there is a grada-
tion of atherosclerosis risksé the population was di-
vided into deciles according to total cholesterel at trial
entry to further examine the role of serum cholesterol
on restenosis and whether there is any evidence for a
nonlinear relation between the two. There were no
significant differences between groups in either the
categorical restenosis rate or the absolute or relative
loss (Table 4). The net gain and net gain index were aiso
similar in all groups. Additionally, cumuiative distribu-
tion curves of the top and boitom decilfes for cholesterol
showed no differences in either MLD at follow-up,
percent stenosis at follow-up (Fig 4), or absolute loss
(Fig 3b}.

Linear Regression Analysis of Total Cholesterol

Linear regression analysts was used to further evalu-
ate the relation between total cholesterol at trial entry

TastE 4. Aeatenosls Rates, Absoluto Loes, Helfalive Loss, Net Galn, and Net Galn Index Par Declle According to

Total Cholesterol Leval

Declle Rank n TC, mmol/L RR, % Absolute Loss, mm Relative Loss Net Galn, mm Net Galn Index
i 337 373068 35.9 0.3610.55 0.14+5.22 0.16x0.23 0.16+0.29
2 329 4.62+0.13 35.0 0.34+0.52 0.13x0.20 0.18+0.22 0.16+0.19
3 330 §.0220.11 333 0.34+0.51 9.14x0.21 0.17+0.23 0.13+£0.23
4 338 £5.37+0.09 367 0.32+0.52 0.13x0.21 0.17+0.23 0.16+0.23
[ 332 5.67+0.09 30.1 Q31£0.50 0.1320.20 01710.23 0.18x0.18
) 341 5.95+0.09 320 0.3120.83 0121022 0.17+0.23 0.1710.24
7 327 6.23+0.09 36.1 0.3320.54 0.14+0.22 0.16+0.24 0.20+0.23
8 335 8.57+0.12 3.0 027055 0.11+0.23 0.18+0.24 0.16+0.27
I:] 334 7.06+0.16 323 0.26+0.54 0.11£0.21 0.18+0.22 0.1620.21

10 333 8.08£0.72 323 0.33x0.51 0.13x0.21 0.17+20.23 0.20£0.19

TC indicates total cholestercl; AR, restenosls rats.
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Fia 4. {a), Cumulative distriidlon curve of minimal luminal
dlameter (MLD} after percutaneous transfuminal coronary ang'o-
plasty (PTCA) and a! follow-ug for patients in the top and boftom
declies ¢f total cholesterol. (b), Cumulative distribution curve of
percentage stenosls after PTGA and at follow-up for patiants in
tha top and botior deciies of folal cholesteref,

and absolute loss (Fig 5), as well as relative loss, net
gain, and net gain index {Table 5). There were no
significant relations between any of the measured vari-
ables and total cholesterol (Table 5).

The change in cholesterol Ievel during follow-up was
normally distributed around the zero mark, There was a
high correlation between cholesterol leve! at trial entry
and at the 6-month angiographic follow-up {r=.61,
P<.00001}, Lincar regression analysis of the cholesterol
levet at 6 months, the mean cholesterol level, and the
change in cholesterol level over this period again failed
to demonstrate any relation between these and any
angjographic parameters of restenosis (Table 5).

Exclusion of Covert Influence of Trial Medication

To exclude any covert influence by the triat medica-
tion on lipid levels, subgroup analysis was performed,
cxamining the change in cholesterol levels (mmol - L)
from trial entry to the 6-month follow-up in the sepa-
rate studies. There were no significant differences be-
tween the active drug groups (A} and the placebo
groups (P) in any study {CARPORT, 0.13x1.19 {A)

) o A

a3 4 5 [:] T -]
TOTAL CHOLESTERCL: DECILES (mmoly)

B
12 3 466 7 68 801 @A
TOTAL CHOLESTEROL (Tmol®
Fia 5. Plots showing relatlon between absolute loss (y axis)
and total cholesterol {x axis}. A, Declies; mean with 95% confi-
dence intervals. B, Scattergram with regression line and 95%
confidence intervals.

versus 0.06+1.05 (P); MARCATOR, 0.10:£1.02 versus
0.11£1,05; MERCATOR, 0,13+ 1.07 versus 0.83+1.05;
PARK, 0,0520.97 versus 0.07+1.07],

LDL and HDL Subgroup Analysis

Subgroup analysis was performed on 667 lesions in 579
patients in whom cholesterol subfractions were available
to examine the influence of LDL cholesterol, HDL cho-
lesterot, and LDL:HDL cholesterol ratio on restenosis
during follow-up. This patient population was divided into
deciles according to these cholesterol parameters, and we
examined for differences between deciles for restenosis
rates, absolute loss, refative loss, net gain, and net gain
index (Table 6}, There were no significant differences in
any of the examined parameters between deciles or be-
tween patients in the top and bottom deciles for HDL. and
LDL cholesterol or LDL:HDL ratio,

Linear regression analysis was used to further evalu-
ate the relation between LDL (Fig 6), HDL (Fig 7), and
LDL:HDL ratio (Fig 8) and absolute loss as well as
relative loss, net gain, and net gain index (Tables 7, 8,
and 9}, There was a negative relation between increas-
ing LDL levels and absolute loss (Fig 6, Table 7). This
negative relation between increasing LDL levels and
absolute as well as relative loss (Fig 6, Table 7) pessisted
even when the data were analyzed on a population basis
{P=.03 and P=.02, respectively). The negative relation
between increasing LDL levels and absolute loss was
due solely to 29 lesions that had occluded at foltow-up
angiography. When these were removed from the analy-
sis, there was no longer any significant relation between
increasing LDL levels and absolute loss (P=.264). In-
terestingly, the mean LDL cholesterol level was signif-

137



Tasie 5. Linear Regression Analysis to Evaluate the Reapective Contribution of Total Chelesterol
Belore PTCA, at 6 Months, Mean Tolal Cholestercl, and Changs In Total Cholesterol to Absolute
Losgs, Relatlve Loss, Net Galn, and Net Galn Index

Regrasslon Standard Error of
Varlable intercept Coefflclent Regresslon Coefllclent P R?
Total cholestero! before PTCA
Absolute loss 0.38 ~0.010 0.008 20 0005
Relative loss 0.15 ~0LO03 0.003 .30 0003
Noet gain 0.40 +0.007 0.008 43 0002
Net gain Index o.15 +0.003 0.003 38 0002
Total cholesterct at 6 months
Abselute loss 035 -0,007 0.008 37 0002
Refative foss 0.14 --0.003 0.003 .34 0002
Net gain 0.42 +0.005 0,009 .59 000t
Net galn index 0.16 +0.002 0.004 53 000t
Mean total cholestero!
Absolute loss 0.39 -0.012 0.008 14 0007
Relatiys loss 0.15 —0.005 0.003 18 0006
Net gain 0.38 +0.010 0.009 .29 {0003
Net galn index 015 +0.004 0.004 27 0004
Change In total cholestero!
Absolute loss 0.31 —0.000 0.009 89 0000
Relative loss 0.12 000 0.004 72 0000
Net gain 0.45 +0.603 G.010 74 0300
Nzt gain Index 0.17 + 0001 0.004 82 0000

PTCA indicates perculanzous transiuminal coronary angloplasty.

icantly lower in lesions that occluded at follow-up
{3.61%1.59 versus 4.13+1.26 mmol - L~!, P=.03}, Logis-
tic regression analysis was also supgestive of a relation
between fower LDL levels and probability of occlusion
at follow-up (P=.033}, Aithough there was a significant
relation between HDL cholesterol at 6 months and
absolute as well as refative loss and net gain index
(Table 8), this relation became insignificant once the
data were analyzed om a patient rather tham a lesion
basis (P=.07, .06, and .09, respectively). There was no
relation between LDL:HDL cholesterol ratio and any of
the angiographic parameters of restenosis (Table 9).

Discussion

Qur study has demtonstrated that there is no signifi-
cant association between restenosis, by either a categor-
ical or continuous approach, and serumn cholesterol
levels, This is in a large patient population with 80%
quantitative angiographic follow-up at a predetermined
tinte interval. Although the study has a number of
lmitations, #t does suggest that measures aimed at
reducing total cholesterol are unlikely to significantly
influeitce postangioplasty restenosis.

Epidemiological, pathological, and experimental
studies have shown that serum total cholesterol is a
causal factor in atherosclerosis and ischemic heart dis-
ease.® Furthermore, evidence from the MR-FIT study®
supgests that there is a continuous curvilinear relation
between serum total cholesterol and mortality from
ischemic heart disease. It is not surprising, therefore,
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that if restenosis after angioplasty is viewed as an
accelerated form of atherosclerosis, risk factors for
coronary artery disease should also be risk factors for
this process.

A number of studies have previously attempted o
examine the relation between restenosis and serum lipid
levels {Table 1). Shah and Amin'® found a strong
correlation between a low HDL cholestero} level and
the subsequent risk of restenosis. The study was limited,
however, by the categorical definition of restenosis used
(>70% diameter stenosis at follow-up) and the poor
angtographic follow-up rate of 37%. Reis and col-
leagues’ found that in a group of 186 patients enrolled
in a trial of fish oil for restenosis after angioplasty,
serum lipid levels, in particular high triglyceride and a
higher ratio of total cholesteral to HDL cholesterol
were associated wilh an increased risk of clinical reste-
nosis after angioplasty, Contrary to this, Johansson and
coworkers,® in a group of 157 patients, did not find any
significant refation between serum lipid levels and re-
stenosis excepf in subgroup analysis, in which they
found that low HDL cholesterol in men and high HDL
cholesterol in women were associated with increased
risk of restenosis, A number of other studies have been
negative, '

Discrepancies befween studies have arisen for 2 number
of reasons. First, most have been retrospective analyses
using small numbers of patients! and, as such, subject to
a type B error. Second, they have almost invariably used
visual assessment of the angiogram, which previous studies



Taste 6. Restenosl!s Rates, Absolute Loss, Relallve Loss, Net Galn, and Net Galn Index Per Declle According to (A)

LDL Level, {B) KDL Level, and {C} LDL:HDL Ratlo

2:::\'110 n 1DOL-C, mmol/L RR, % Abgolute Loss Relalive Logs Net Galn Het Galn index
A
1 50 1.70+0.70 30 0.3520.68 0.14+0.29 0.45:0.64 0.17+0.25
2 49 282+0.18 45 0.45+0.61 0.19:.0.24 0295062 0.12+£0.26
a 50 382:0.12 30 0.92+0.44 0.13+0.19 0.4120.54 0.15+0.20
4 49 3.7820.12 20 0.30+061 0.12+0.20 0.42+0.51 0.16+0.19
5 53 4.09+0.07 40 0.34+0.48 0.13:0.20 0.40+063 0.15+0.26
8 48 4324005 a8 0.28+0.67 0.110.21 0.430.52 0.1740.20
7 46 4.51:0.09 24 0.24+0.58 0.09+0.24 0.48+0.61 0.20£0.24
8 50 4.8720.11 26 0.22+0.46 0.09+0.18 0.46+0.58 0.17x0.22
9 49 5.31+0.13 29 0.24+051 0.10£0.23 0.53+0.65 0.20+0.26
10 61 6314068 27 0.27+0.48 0.40+0.19 0.4420.53 0.16£0.2¢
8 HEOL-G
1 57 0.85£0.07 47 0.43+054 0.18+0.22 0.89+0.49 0.16+0.20
2 57 0.79+0.02 25 0.26+0.52 0.09+0.19 0.5420.56 0.2020.21
3 1 0.87+0.03 33 0.2920.60 0.11+0.23 0.39+0.64 0.15:0.24
4 55 ¢.95:0.02 33 0.2820.61 0.12+0.27 0.44:+0.55 0.17+0.23
5 56 1.0220.02 36 0.30+0.52 0.13+0.24 0.41£0.56 0.14+0.22
6 61 1.10+0.02 34 0.2820.47 0.11+0.20 0.39+0.61 0.15+0.25
7 [:1} 1.20x0.02 0 0.21x0.48 0.09+0,19 0.54x0.44 0212016
8 54 1.28+0.03 26 0.2320.52 000020 0.58+0.69 0.21£0.26
9 64 141005 38 0.33+0.50 0.13+0.21 0.57+0.48 0.14=0.21
10 53 2.41+1,09 a2 0.40+0.65 0.15£0.26 026+0.64 0.14+0.26
c LDL:HDL Ratio
1 49 1.0820.61 39 0.4520.76 0.1820.31 0.41£0.74 0.16£0.29
2 49 2,96+0.23 24 0.28+0,58 0.1120.24 0.42+051 0.16+0.18
3 40 2.950.11 39 0354052 0.1420.21 0.35:0.60 0.13£0.23
4 51 3355011 35 0.31£0.50 0.12+0.21 0.41£0.56 0.16:+0.23
5 48 3,68+0.08 40 0.3110.45 0122017 0.45+0.47 0,18£0.19
8 50 403£0.12 20 0.212£0.51 0.08:£0.20 0.47+0.61 0.17x0.24
7 47 4.4320.12 34 0.25+0.43 0.1020.18 0.49+0.52 0.20:0.23
8 52 49520.15 40 0.27+0.57 0.12+0.25 0.40+0.64 0.15+0.27
9 49 5.81+0.31 29 0.37£0.56 0.14x0.21 0.4120.54 0.16£0.21
10 48 7.58+1,18 a3 0.2320.42 0.0920.16 0532062 0.20+0.19

have shown to have wide interobserver and intracbserver
variability.!* Furthermore, the angiographic follow-up rate
has been generally poor.'61* Finally, and most impor-
tantly, they have used varying but always categorical
definitions of restenosis, such as >50% diameter stenosis
at follow-up,8 >70% diameter stenosis at follow-up,?19 or
loss >30% acute gain.’25 Although the >50% diameter
stenosis al follow-up criterion may give an indication of
the functional sigaificance of a stenosis at the time of
follow-up angiography, it provides little information about
the biological process involved, which hyperlipidemia
would be expected to influence. Furthermore, the use of
percent measurements is inherently flawed, since it relies
on the normal vessel wall, which may itself undergo
restenosis.? Finally, arbitrary categorical definitions may

be misleading. For example, if we have two lesions of
identical reference diameter (3 mm), successfully difated
to a 409 (1.8-mm) and 25% (2.25-mm) residual stenosis,
respectively, if both undergo the same reduction in lumi-
nal diameter of 0.6 mm during follow-up, the first lesions
would be classified as restenosis {1.2 mm, 60% stenosis)
and the second as no restenosis (1.65 mm, 45% stenosis)
even though the absolute fuminal loss is the same in both
lesions,

We thus believe that although the clinician is best
served by the “present/mot present” assessment of reste-
nosis, the biological process itself may be best analyzed
by measurement of absclute angiographic dimensions or
changes in absolute anglographic dimensions on a con-
tinuous scale.?12? This is for two main reasons. First, as
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Fia 6. Plots showing relation between absolute loss {y axis)
and LDL cholasterol (x axis). A, Deciles; mean with 95% confi-
dence intervals. B, Scaftergram with regression line and 95%
confidence intervals.

we?? and others® have previously demonstrated, all le-
sions undergo restenosis to some extent during follow-up,
in a gaussian distribution. Second, if we {reat restenosis
as a continuous variable, more information can be
gleaned from the available data regarding the underlying
process itself.2? Furthermore, we have further expanded
on experinenial® and pathological evidence? suggesting
that a greafer acute gain after intervention is associated
with a greater loss during follow-up by introduciing the
concept of relative gain to represent vessel injury and
relative foss to represent “intimal hyperplasia,”? Thus,
the application of quantitative angiography and the
principles of absolute and relative loss provides a
useful tool for the objective measurement of the
degree of biological renarrowing during the weeks and
meoenths after intervention.?.22

The application of this to cur data allows us to comment
on the biological processes occwrring after intervention
and examine the hypothesis that hypetlipidemia influ-
ences restenosis in detail. We have shown that hypercho-
lesteralemia is not a significant risk factor for restenosis,
Furthermore, we have shown that within the angioplasty
population, there is no significant relation between serum
cholesterol before PTCA and at §-month follow-up, mean
cholesterol level or change in cholesterol level during
follow-up, and restenosis, Subgroup analysis also demon-
strated that HDL and LDL:HDL ratios have no signifi-
cant influence on subsequent restenosis, although there
was a negative relation between LDL cholesterol level and
absolute foss. Finally, we have shown that even if we take
the two extreme deciles, again there Is no difference in any
angiographic measure of restenosis, Thus, the assumption
that total cholesterol, a risk facior for atherosclerosis, may
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dence intervals, B, Scattergram with regression iine and 95%
confidence Intervals.

also be a risk factor for restenosis after angloplasty has not
been confirmed by this study.

The negative relation between increasing LDI. levels
and absolute loss is interesting and was due solely fo 29
lesions that had occluded at follow-up angiography.
When these were removed from the analysis, there was
no longer any significant relation between increasing
LDL levels and absolute loss, Intrigeingly, the mean
LDL cholesterol level was significantly lower in lesions
with than without occlusion at follow-up. This is a
paradoxical finding, the reasons for which are unclear.
Although 1.DL cholesterol is known to promote platelet
aggregation® and increases in plasma viscosity have
been reported in hyperlipidemic patients,® it is unclear
why a low LDL cholesterol should increase the hikeli-
frood of occlusion at follow-up angiography. Further-
more, this goes against recent hypeftheses that LDL
cholesterol reduction, by depleting lipid from fatty
lestons prone to rupture, stabilizes the atherosclerotic
plaque.* We are unable to explain this finding, partic-
wlarly since the occlusions at follow-up are likely to have
been thrombotic events, There is evidence in the liter-
ature, however, to suggest that there may be a J-shaped
LDL coronary heart disease risk function that puts a
sizable subset of these patients with Iow LDL choles-
terol at increased risk of cardiac death associated with
lifestyle characteristics.*s Similar mechanisms may have
becn operating in cur cohort of patients.

There are a number of possible reasons why choles-
terol, a risk factor for atherosclerosis, is not a risk factor
for restenosis after angioplasty, First, although choles-
teral has been shown to be a risk factor for atheroscle-
rosis, this is over the course of years,>® whereas careful
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TABLE 7,

serial gquantitative angiographic studies have shown
restenosis to occur in the first 3 to 6 months after
Intervention.)? Thus, total cholesterol may have little
influence on the process over this short time frame,
Second, the mechanisms of restenosis are still incom-
pletely understood and are likely to involve slow elastic
recoil,3 thrombus incorporation 38 vessel remodel-
ing,* and iate myointimal hyperplasia>* Since the
possible contribution of each of these factors may vary
within individual patients as wetl as within the general
popuiation, it is perhaps not surprising that total cho-
lesterol, which is likely to influence only late myointimal
hyperplasia, is not significantly related to restenosis.
Furthermore, although quantitative coronary angiogra-
phy is the most objective and reproducible method
currently available to describe the changes in stenosis
geometry after intervention, it measures the process
only indirectly without defining its actual nature (recoil,
organized mural thrombus, neointimal hyperplasia).
Finally, restenosis is likely to be a multifactorial process
with different contributions from different factors, some
of which are il understood. For example, most multi-
variate models can explain only a fow percentage of the
available variance in the measurements, even when all
available variables are incorporated.*'42 The most accu-
rate way to quantify restencsis would be with the direct
measurement of neointimal thickening after coronary
intervention. This, however, is not currently possible in
humans, although the advent of new imaging modalities
such as intravascular ulirasound, > particularly with

Linear Regresslon Analysis to Evaluate the Respective Contributlon of LDL Cholesterol Before

PTCA, at 6 Months, Mean LDL Cholesterol, and Change in LOL Cholestero! to Absolute Loss, Relative
Lossg, Net Galn, and Net Gain Index

Regresslon Standard Error of
Varlable Intareapt Cogffictent Regression Coefliclent £ R
LDL cholesterol before PTCA
Absolute loss 0.50 -0.046 0.019 02 0120
Relative loss 0.21 -0.020 0.008 kU] 0135
Net gain 035 +0.022 0.04 .29 0024
Net galn index 0.13 +0.009 0.008 .30 0023
LDL cholesterel at 6 monlhs
Absolute ioss 0.34 -0.010 0022 64 0005
Relative loss Q.14 —0.006 0.009 52 0009
Net gain 0.38 +0.017 0.023 47 0012
et galn index 014 +0.008 0.008 39 0017
Mean LOL cholesterol
Absolute l0ss 0.45 -0.034 0.024 .09 0053
Retative loss 0.18 —0.015 0.008 o7 0063
Net gain 0.41 +0.011 0.022 63 0004
Net gain index 0.1 +0.004 0.009 .62 0005
Change In LDL cholesterol
Absoluta loss 0.30 +0.030 0024 21 0041
Relative loss 0,12 +0.012 0010 22 20039
Net gain 0.42 -0.030 0.025 28 0035
Net gain Index 0.186 ~0.013 0.010 19 0045

PTCA indicates parcitaneous transluminal corenary angioplasty.
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TasLe 8. Linear Regressfon Analysis o Evaluate the Respective Contribution of HDL Cholesterol Before
PTCA, al 6 Months, Mean HDL Cholasterol, and Change in HDL Cholesterol to Absclute Loss, Relalive
Logs, Net Gain, and Net Galn Index

Regresslon Standard Error of
Varlable Intercept Coefilclont Regresslon Coefflclent P R*
HOL cholesterol before PTCA
Absolute loss 0,32 -0.006 0.048 90 L0000
Relativa loss 0,13 -0.002 0.019 92 0000
Mot galn 0.48 -0.018 0.048 7 0003
Net galn index 0.18 ~0.007 0.019 71 0003
HDL cholesterol at & months
Absolute loss 0.16 +0.151 0.072 .04 0082
Relative loss 0.06 +0.059 0.029 04 0081
Net galn 0.59 -0.132 0.076 .c8 0057
Net gain Index 0.24 —0.062 0.029 .04 0083
Mean HOL cholgstarol
Absolute Joss 026 +0.048 0.059 42 0011
Relative loss 010 +0.020 0.024 41 0011
Net gain 0.53 —0.066 0.063 30 0018
Net gain ingax 0.21 -0.030 0.026 24 0023
Change In HDL chelesterot
Absolule Joss 0.31 +0.040 0.047 39 0016
Relative loss 0.12 +0.016 0.019 39 0016
Net gain 0.43 ~0.G20 0.049 68 0004
Net galn index 0.17 Q012 0019 55 0008

PTCA Indicates parcutaneous transluminal coronary angioplasty.

three-dimensional reconstruction and quantitative anal-
ysis of plaque volume,*s may one day make this possible.

Cur finding that cholesterol level has no significant
bearing on long-term restenosis has several important
clinical implications. First, it explains why trials designed
to reduce overall cholesterol level have failed to influ-
ence restenosis* and why studies stiil pending are nega-
tive 47 Although one study has been positive,*® this was in
a small patient population with a poor follow-up rate;
thus, the results were biased. Second, it suggests that
although lipid lowering is generally desirable, lowering
cholesterol and ifs subfractions per se will not reduce
_restenosis. Whether newer compounds such as lovastatin,
which afso act on the vessel wall, reducing smooth muscle
cell migration and proliferation as weil as affecting lipid
subfractions, may be more effective remains to be an-
swered, Finally, it suggests that, ideally perhaps, future
studies should include intravascular ultrasound assess-
ment of the acute results of intervention and the mech-
anism of subsequent restenosis, differentiating between
slow recoil, thrombus formation/incorporation, and inti-
mal hyperplasia, to have a a better likelihood of demon-
strating benefit from lipid lowering.

Limitations of the Study

A number of limitations of the present study are to be
acknowledged. First, the study was a retrospective anal-
ysis of prospectively gathered data and is hence subject
to the limitations inherent in any retrospective analysis.
Additionally, because of the nature of the data, we are

i42

also unable to comment on the importance or otherwise
of any lipid subfractions, such as Lp(a), on long-term
restenosis.®? Second, all cholesterol measurements were
petformed localiy at the participating center and not by
a central laboratory, so we are unable to comment on
the variability of these measurements. Since all partic-
ipating centers were large, internationally recognized
institutions previously vetoed for trial participation, we
have assumed that the variability in cholesterol mea-
surements was small. Furthermore, in view of the large
numbers involved, this is unlikely to have been a signif-
icant limitation. Third, certain patients with normal
cholesterol levels at study entry were on treatment for
hypercholesterolemia either with diet or with cholester-
ol-lowering drug therapy. It is not clear what effect this
may have had on our resuits, but the absence of any
trend even when cholesterol levels were analyzed in
terms of deciles makes it unlikely that this would have a
significant influence on our resuits, Finally, data were
amalgamated from the four previously described stud-
ies*-17 to form our patient study population. We belicve
that this amalgamation of data is justified because the
number of patients in each individual study was limited,
the data amaigamated were those common fo all studies,
and the angiographic crileria were standardized, with
one central angiographic core laboratory performing the
quantitative angiographic analysis in all studies. Further-
Hore, it provides & unique opportunity to obtain accurate
quantitative angiographic data at a predetermined time
interval in a field where few such data exist to date.



Tasle 9. Linear Regression Analysls to Evaluate the Respecilve Contribution of LDL:HDL Cholesterc| Ratio Before
PTCA, at 6 Months, Mean LDOL:HDL Cholasterol Ratto, and Change In LDL:HDL Cholesterol Ratlo to Absolute Loss,

Relative Loss, Net Galn, and Net Galn indeox

Regresslen Stendard Error of
Varlable intercept CoeHEclent Regresslon Coefilctont P R?
LDL:HDL ¢holesterol ratip bafore PTCA
Absolute loss 0.37 —0.015 0.014 28 0025
Relative loss 0.16 —0.007 0.008 23 20031
Net galn 0,40 +0.010 0.015 53 0008
Net gain index 0.15 +0.004 0.006 46 ogi2
LDL:HOL cholesterol ratio at 6 months
Absoluta loss 0.4 -0.029 0017 .09 0065
Retative loss 0.16 -0.012 0.007 o7 0075
Net gain 0.36 +0.021 0.018 .28 0029
Nat galn Incdex 0.13 +(.009 0.007 RE 0038
Mean LDL:HDL cholasterol ratio
Absotute loss 0.41 -0.027 0.016 09 L0054
Relative joss 0.7 -0,011 0006 07 0064
Net gain 0.40 +0.013 0.017 A4 L0012
Net galn index Q.15 +0.006 0.007 36 0016
Change In LDL-HDL cholesterol ratio
Absolulg loss 0.30 ~0.010 017 54 0010
Relative loss 0,12 ~0.005 0,007 49 {0013
Net gain 043 -0.003 0.018 R 0001
Net gain index .18 —0.002 0.007 a0 0002

Concluslons

Our results indicate that there is no association, by
either a categorical or continuous approach, between
restenosis and serum cholesterol levels, suggesting that
measures aimed at reducing total cholesterol are unlikely
to significantly influence postangioplasty restenosfs,

Acknowledgments

Dr A.G. Violars is the reciplent of a Wellcome Trust
International Research fellowship. We gratefully acknowledge
the continually high-quality quantitative angiographic analysis
from the staff of the angiographic core laboratory at Cardial-
ysis, Rotterdam, and tiie sponsorship of Glaxo Group Re.
search Ltd, Middlesex, UK, F. Hoffman-FLa Roche Lid, Basel,
Swlizerland, and Janssen Research Foundation, Beerse, Bel-
gium, We would also like to acknowledge the work of the 31
European, 40 American, and 7 Canadian centers that partici-
pated in the CARPORT, MERCATOR, MARCATOR, and
PARK studies, without whose assistance this study would not
have been possible, A fulk list of alf participating centers can be
found in References 14 through 17.

Relerences

1. Serruys PW, Luijten HE, Bealt KJ, Geuskens R, de Feyler PJ, van
den Brand M, Reiber M, ten Katea HF, van Es GA, Hugenholtz
PG. Hucidence of restenosis afier successful coronary angiopfasty;
a lime-related phencmenon: a quantitative angiographic siudy ia
342 consecutive patients at 1, 2, 3, and 4 months. Circulation,
1988;77:361-371.

2. Bssed CF, Van den Brand M, Becker AE. Transluminal coronaty
angioplasty and early restenosis: fbroceflular otclusion after wall
laceration, Br Hearr J. 1933,45:393-396.

. Harris Hooker §, Sanford GL, Montgomery V, Rivers R, Emmett
N. Influe nee of low density lipoproteins on vascular smooth muscle

w

1

a~

w

=

=

g

=

o

w

dn

<ell growth and motility: modulation by extracellular matrix. Celf
Blol Int Rep, 1992;16:433-450,

. Gellman J, Ezekowitz MD, Sarembock IF, Azrin MA, Nocko-

mowitz LE, Lemer E, Haudenschild CC. Effect of lovastatin on
intimal hyperplasta after balloen angioplasty: a study in an athero-
sclesotic hypercholesterclemic rabbit. J Anr Coll Cantiol. 1991;17:
251.259,

. Martin M¥, Hulley SB, Browner WS, Kuller LH, Weatworth D.

Serum cholesterol, blood pressure, and mortality: implications
from a cohott of 361,662 men. Lancet, 1986;2:933.936,

. Ros¢ G, Shipley M. Plasma cholesterol concentrations and deaths

from coronary heart disease, Br Med J. 1986;293:306.307.

Austin GE, Lynn M, Hollman J. Laboratory test results as pre-
dictors of recurrent coronary artery stenosis following angioplasty.
Arch Pathol Lab Med, 1987;111:1158-1162.

. Johansson SR, Wiklund O, Karlsson T, Hjalmarson A, Eman-

uelsson H. Serum Hpids and lipoproteins in selation to restenosis
after coronary angioplasty, Eur Hears J. 1991;12:1020-1028,

. Reis GJ, Kuntz RE, Sitverman P, Pasternak RC. Effects of serum

lipid tesels on restenosis after coronary angioplasty. Am J Cardiol.
1991;68:1431-1435.

Shah PK, Amin J. Low high deosity fipoprotein level is asso-
ciated with Increased restenosis rate after coronary angioplasiy.
Circulation. 1992,85:1279-1285,

. Austin GE, Hollman J, Eyan M, Meier B. Serum lipoprotein levels

fail ¢o predict postangioplasty recurrent cotonary artery stenosis,
Cleve Clin 7 Med. 1989;56:509-514.

. Faoley JB, Younger K, Foley 3, Kinsella A, Moilay M, Crean PA,

Gearty G, Gibney M, Walsh MY, Lipids and fatty aclds and theic
relationship 1o restenosis. Cathet Cardiovase Diogn. 1992;25:25.30.

. Reiber JHC, Serruys PW. Quantitative coronary angiography, In:

Marcus ML, Schelbart HR, Skarton DJ, Wolf GL, eds. Cardiae
Iniaging: A Companion to Braunwald’s Heart Disease. Philadefphia,
Pa: WB Saunders Co; 1990:211-280.

. Sernsys PW, Rautsch W, Heyndrickx GR, Danchin N, Mast EG,

Wijns W, Rensing B}, Vos J, Stibbe J. Prevention of restenosis
after percutancous fransluminal coronary angioplasty with throm-
boxanz AZ2-receptor blockade: a randomized, double-blind,

143



16.

1

2

s

2

24.

=

23.

26.

2

-~

29,

3

—

-

[

-

placebo-controlled tral: Coronary Artery Restenosis Prevention
on Repeated Thromboxane-Antagonism Study (CARPORT).
Circulation. 1991;84:1568-1580,

. MERCATOR Study Group. Doss the new angictensin converting

enzyme inhibitor cilazapril prevent restenosis after percutaneous
transtuminal coronary angioplasty? Resuits of the MERCATOR
study: a multicenter, randomized, double-blind, placebo-controfled
trial. Circulation. 1992;86:100-110.

MARCATOR Study Group. Angiotensin converting enzyme inhi-
bition and restenosls: the final analysis of the MARCATOR tial,
Circulation. 1992;86(suppl 1):1-53.Absiract.

Seqrays PW, Klein W, Tijssen JPG, Rutsch W, Heyndrickx GR,
Emanuelsson H, Ball 8G, Decoster O, Schroeder E, Liberman H,
Eichhern E, Willerson JT, Anderson HV, Khaja F, Alexander RV,
Baim D, Melkert R, van O¢ne JC, Van Gool R. Evaluation of
ketznserin in the prevention of restenosis after percutaneous trans-
luminal coronary angioplasty: A multicenter randomized
double-blind placebo-controlled trial. Circulation. 1993;88(pt 1}
1588-1601.

. Study Group Eurcpean Atherosclerosis Society, The recogmition

and management of hypezlipidaemia in adults: a policy stalement
of the Furopean Atherosclerosis Society. Eur Heart J. [939;9:
571-600

. Di Marilo C, Haase J, den Boer A, Reiber JH, Serruys PW. Edge

detection versus deasitomelry in the quantitative assessment of
stenosis phantems: an in vivo comparison in porcing coronary
arteries. Am Hear} J. 1992;124:1181.1189,

Beatt KJ, Serruys PW, Hugenholiz PG, Restenosis after coronary
angioplasty: new standards for clinical stadies, J Am Colf Cardiol.
199(;15:491-498.

Serruys PW, Foley DF, de Feyter PL. Restenosis after coronary
angioplasty: a proposal of new comparative approaches based on
guantitative anglography, Br Heart 7. 1992,68:417-424,

Serruys PW, Foley PP, Kirkeeide RE, King SB Il Restenosls
revisited: insights provided by quantitative coronary angiography.
Am Heart J, 1993;126:1243-1267.

AHA Medical/Scientific Statement. The cholesterol facls; a
summary of the evidence relating dictary fats, serum cholesterol,
and coronary heart disease, Circulation, [550;8¢:8721-1733.
Schumacher M, Eber B, Toplak H, Klein W. Routing lipid profile
ins patients with and without resienosis after percataneeys trans-
luminal coronary angioplasty. Am J Cardiol. 1992,70:1640. Letter.
Arora RR, Konzad X, Badhwar X, Hollman J, Restenosis after
trans|uminzl corenary angioplasty: a risk factor analysis, Cathet
Cardiovase Diagn. 1990;19,17.22.

Beatt KJ, Laijten HE, de Feyter PJ, van den Brand M, Reiber JH,
Sermuys PW. Chzange in diameter of coronary azlery segments
adjacent to stenosls after percutanecus transluminal coronary

-angloplasty: fatluge of percent diameter stenosis measurement to

reflect merpholagic changes induced by balloon dilation. J Am Coif
Cardiol. 1938;12:315-323,

Rensing BE, Hermans WR, Deckers JW, de Feyter PJ, Tijssen IG,
Serruys PW. Lumen narrowing after percutaneous transluminal
coronary balloon angioplasty follows a neat gaussian distribution:
a quantitative anglographic study in 1445 successfully dilated
festons, J dm Coll Candiol, 1992;19:939-945.

Kuntz RE, Safian RD, Levine MJ, Rels GJ, Diver DJ, Balm DS.
Movel approach to the 2nalysis of restenosis after 1he use of three
new cotonary devices. J Am Coll Cardiol. 1992;19:1493.1499,
Schwartz RS, Huber KC, Murphy 15, Bdwards WD, Camrud AR,
Viietstra RE, Holmes DR. Restenosis and 1he proportional neo-
intimal response to cotonary artesy injury: resulls in a porcine
model. S Am Coll Candiol. 1992;19:267-274.

Nobuyoshi M, Kimura T, Ohishi H, Horuchi H, Nosaka H,
Hamasaki N, Yokol H, Kim K. Restenosis after percataneous
transluminal coronary angloplasty: pathologic observations in 20
patients, J Am Coll Cardial, 1991;17:433. 439,

Umans VA, Hemmans W, Foley DP, Strikwerda S, vao den Brand
M, de Jaegere P, d¢ Feyter PJ, Serruys PW. Restenosis after
directional coronary athereciomy and balicon angicplasty: com-
parative apalysis based on matched lesions, J Am Colf Cardisl.
1993;21:1382-1390.

144

3
3

3

3

3

37

38.

3

4

4

4

4

4

4

4

4
4

4

1

3,

4.

P

@*

~

-3

x

=

—-

2,

o

I

-

™~

8.

=]

bl

Aviram M, Brook KG. Platelet activation by plasma lipoprotelns,
Prog Cordipvase Dis. 1987,30:61-72.

Lowe GIDM3, McArdle BM, Stromberg P, Lorimer AR, Fozbes CD,
Prentice CRM. Increased blood viscosity and fibrinolytic inhibitor
in type H hyperlipoproteinaemia, Lancet, 1982;1:472-475,

Brown GB, Zhao XQ, Sacco DE, Albers 1, Arleriographic view of
treatment to achieve regression of coronary atherosclerosis and to
ptevent plaque disruption and clinical cardiovascular events. Br
Heart J. 1993;69:548-553.

. Shestov DB, Deev AD, Klimoy AN, Davis CE, Tyroler HAL

Encreased risk of coronary heart disease death in men witk low
total and low-density lipoprotein cholesterol in the Russian lipid
research clinics prevalence follow-up study. Circulation. 1993;88:
846-853.

Nobuyoshi M, Kimura T, Nosaka H, Micka S, Ueno K, Yokol H,
Hamasaki N, Horiuchi H, Ohishi H. Restenosis after successful
percutaneous trznsluminal corenary angioplasty: serial angio-
graphic folfow.up of 229 patients. J Am Coll Cardiol, 1988;12:
616.623,

Waller BF, Pinkerton CA, Orr CM, Slack JD, VanTassel JW,
Peters T. Restenosis 1 to 24 months after clinlcally suecessful
corenary balloon angloplasty: a necropsy study of 20 patients. JAm
Coll Cardiol. 1991;17:58B. 708,

Steete PM, Chesebro JH, Stanson AW, Holmes DR Jr, Dewanjee
MK, Badimon L, Fuster V, Balloon angioplasty: natural history of
the pathophysiological response to injury in a pig model. Circ Res,
1985;57:105-112,

Schwartz RS, Holmes DR, Topol EL. The restenosis paradigm
revisited: an alternative proposal for cellular mechanisms, J Am
Cofl Cardiol, 1992;20:1284-1293,

Kovach JA, Mintz GS, Xent KM, Pichard AD, Satfer LF, Popma
¥, Leon MB, Serial intravascular ultrasound studies indicate that
chronic recoil is an jmporiant mechanism of restenosis following
transcatheter dherapy. J Am Coll Cardiol, 1993;21:484A. Abstract,
Rensing BJ, Hermans WRM, Vos J, Tijssen JGP, Rutsch W,
Danchia N, Heyndrickz GR, Gijs Mast E, Wijns W, Szrruys PV,
on behalf of the Coronary Artery Restenosls Prevention on
Repeated Thromboxrane Antagonism (CARPORT) Study Group,
Luminal narrowing after percuiancous lranstuminal coronary
angioplasty: a study of clinical, procedural and lesional factors
eelated to long-term anglographic outcome. Cirenlation, 1993;88:
975-985.

Hermans WRM, Rensing B3, Foley DP, Tijksen JGP, Ruisch W,
Emanuelsson H, Danchin N, Wijns W, Chzppuis F, Serrey PW,
MErcATOR Study Groap. Patient, lesion and procedural variables as
1isk factors For luminal re-narrowing after successful coronary angio-
plasty: a quantitative analysis in 653 patlents with 778 lesions.
F Cardiovasc Pharmacol. 1993;22(supp! 4):845-857.

. Yock PG, Fitzgerald P}, Linker DT, Angelsen BA. Intravascular

ultraseund guidance for catheler-based coronary Interventions.
J Am Call Cardiol. 1991;17:30B-45B.

. Vidlasis AG, Linnemeier FJ, Campbell 8, Rothbaum DA, Cum-

berland DC. Intravascular altrasound imaging combined with
corenary angioplasty. Lancet, 1992;33%:1571-1572.

Mintz GS, Kovach JA, Keum S, Matar FA, Pichard AD, Kent KM,
Satler LF, Leon MB. Conservation of plague mass: 2 volumetric
Intravascular ultrasound analysis of patients before and after per-
cutanecus transluminal corenary angioplasty, J Ant Coll Cardiol.
1993;21:484A. Abstract,

Hollman J, Konrad K, Raymond R, Whitlow P, Michalak M, van
Lente F, Lipid lowering for the prevention of recurrent stenosis
following coronaty angioplasty. Circulation. 1989;86(supp! 1I};
1-65. Abstract.

Lovastatin Restenosis Trial Study Group. Lovastatin Restenosis
Trial: final results. Circtelation, 1993:88(supp] 1):1-506. Abstract.
$ahni R, Maniet AR, Voci G, Banka VS, Prevention of restenosis
by lovastatin after successful coronary angioplasty, Am Heart 1,
[591;121:1600-1608,

Hearn JA, Donchue BC, Baalbaki H, Douglas JS, King 8B, Lembo
NI, Roubin GS, Sgoutas DS. Usefulness of serum lipoproteln (a)
as a predictor of restenosis after percutaneous transluminal
corenary angioplasty, Am J Cardipl. 1992:69:736-739.



Chapter 12

Influence of past and present smoking habits on six month
clinical and angiographic outcome after successful coronary
angioplasty. ‘

Melkert R, Violaris AG, Serruys PW, Ozaki Y

J Am Coll Cardio! (Re-submitted after peer review)

145



Abstract

Background: Aithough smoking is a well known risk factor for atherosclerosis
it's influence on post angioplasty restenosis, is onclear.

Methods: We investigated the incidence of smoking on restenosis in 2,948
patients prospectively enroled and successfully completing 4 major restenosis
trials utilising quantitative angiography prior, immediately post successful angio-
plasty and at six months

Results: Within the study population there were 530 current smokers, 1690 ex
smokers and 728 patients non smokers. Smokers were more likely to be male
(85.9% vs 87.5% vs 65.3%, current vs ex vs never, p<0.001), to be younger
(54.0+£9.0 vs 57.0+9.1 vs 59.9+9.4 years, p<0.001), to have peripheral vascular
disease (7.2% vs 5.5% vs 2.3%, p<0.001), have sustained a previous imyccardial
infarction (42.9% vs 43.9% vs 37.9%, p=0.022) and be in a worse anginal class
(p=0.017), but iess likely to be diabetic (9.1% vs 9.5% vs 12.6%, p=0.043) or
hypertensive (24.9% vs 29.3% vs 37.2, p<0.001). They were more likely to have
the dilated lesion in the RCA (36.2% vs 34.1% vs 25.9%, p=0.002) and their
lesions required a longer duration of inflation (344+288secs vs 3234264 vs
3014267, p=0.021) at higher pressures (8.7£2.5 vs 8.6:£2.5 vs 8.242.5 atm,
p<0.001). There was no significant difference in the categorical (>50%DS) reste-
nosis rate at 6 months (35.28% vs 35.33% vs 37.09%, current vs ex vs never, or
the absolute/relative loss (Absolute loss 0.29+0.54 vs 0.33+0.52 vs 0.35+0.55mm,
p=0.172, reiative loss 0.12:+0.22 vs 0.13+0.21 vs 0.14+0.22 respectively,
p=0.085).

Conclusion: Thus smokers, despite having a lower incidence of known predispo-
sing risk factors for atherosclerosis, require coronary intervention almost 6 years
earlier than non smokers and 3 years earlier than ex smokers. Once they undergo
successful coronary angioplasty however their short term (six month) outcome is
similar to non smokers.
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Introduction

Restenosis after successful coronary angioplasty remains a major limitation of the
technique (1,2). Post mortem and recent intracoronary ultrasound studies suggest
that it involves a combination of slow elastic recoil, vessel remodeliing, thrombus
incorporation and late myointimal hyperplasia (3-7). Cigarette smoking can theo-
retically be involved in any of these mechanisms. Studies have shown that ciga-
rette smoke can inhibit prostacyclin production by the vascular endothelial cells
(8), impair endothelial function (9,10), activate platelets (11) and lower the base-
line fibrinolytic activity in blood (12) thus enhancing platelet aggregation and
thrombosis (9, 13), all of which may be involved in the restenosis process (14,15).
Cigarette smoke and its constituents can also cause acute coronary vasoconstric-
tion (16), substantially altering local flow dynamics at the angioplasty site resul-
ting in increased platelet deposition and local thrombus formation (17), further
increasing the possibilities of acute occlusion and long term restenosis (18).
Because of these theoretical consideration and also the large body of experimental
and clinical evidence linking smoking habits with atherosclerosis, resulting in an
increased risk of myocardial infarction, unstable angina and sudden death (19-21),
a number of studies have investigated the role of smoking on restenosis after suc-
cessful coronary angioplasty (22-26). The results have been conflicting however
with two studies suggesting a positive relationship (22,23) and others suggesting
no relationship (24-26) between the two. Discrepancies between studies have ari-
sen for a number of reasons. Firstly most have been retrospective analyses using
smali patient numbers and as such subject o a type B error (23). Second they
have almost invariably used visual assessment of the angiogram which previous
studies have shown to have wide inter- and intra- observer variability (27).
Furthermore the angiographic follow up rate has been generally poor and perfor-
med for recurrence of symptoms {22, 24), thus introducing important selection
bias. We attempted to overcome these limitations by using a validated automated
edge detection technique to evaluate the effect of smoking habits on restenosis in
a large series of patients undergoing successful balloon angioplasty and routine
follow up angiographic assessment at a pre determined time interval.

Methods

Patients

The study population comprised 3,582 patients with significant primary stenoses
in native coronary arteries who were prospectively enrolled into four major reste-
nosis trials {28-31). These demonstrated that active therapy had no effect on res-
tenosis or clinical outcome in the first 6 months after balloon angioplasty so for
the purposes of this study the data for the active and placebo groups were pooled.
Patients were eligible for study entry if they were symptomatic or asymptomatic
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men, or women without child bearing potential, with stable or unstable angina
pectoris and proved angiographically significant narrowing in one or more major
coronary arteries. Informed consent was obtained in all cases before the coronary
angioplasty procedure. Patients with developing myocardial infarction and signi-
ficant Ieft main discase were excluded from the study.

Smoking history

A history of smoking was requested as part of the routine work up. Patients were
asked if they had ever smoked and whether they were continuing to smoke and
their answers recorded on the data sheet. In a subgroup of 1048 patients (those
taking part in the Park and Carport studies) smoking status was also ascertained at
both the 1 and 6 month follow up visits.

Angioplasty procedure and follow up angiography

Coronary angioplasty was performed with a steerable, moveable guide wire sys-
tem by the femoral route. Standard balloon catheters were used. The choice of
balloon type and brand as well as inflation pressure and duration were left to the
discretion of the operator. Patients were followed up for 6 months at which time a
foltow up study was performed. If symptoms recurred within 6 months coronary
angiography was carried out earlier. If no definite restenosis was present and the
follow-up time was below 4 months, the patient was asked to undergo further
coronary arteriography at 6 months,

Quantitative angiography

Three coronary angiograms, in total, were obtained for each patient, pre-, post-
PTCA and at angiographic follow up. The angiograms were recorded in such a
manner that they were suitable for quantitative analysis by the computer assisted
Coronary Angiography Analysis System (CAAS) which has been described and
validated earlier (32). To standardise the method of data acquisition and to ensure
exact reproducibility of the angiographic studics, measures were taken as pre-
viously described and all angiograms were processed in a central angiographic
core laboratory (28-31). Because the computer algorithm is unable to measure
total occlusions, a value of Omm was substituted for the minimal lumen diameter
and a value of 100% for the percent diameter stenosis pre PTCA. In these cases
the post angioplasty reference diameter was substituted for vessel size,
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Angiographic Definitions used

Vessel size refers to the reference diameter of the relevant coronary segment and
is represented by the interpolated reference diameter pre-PTCA.

Minimum luminal diameter (MLD) is the point of maximal luminal narrowing in
the analysed segment.

Restenosis was assessed using both a categorical and a continuous approach (33,
34). For the categorical approach we used a cuf-off point of >50% diameter ste-
nosis at follow up. For the continuous approach we examined the absolute and
relative loss which may reflect the behaviour of the lesion during and after angio-
plasty better, and may therefore be better representations of the pathological pro-
cess involved during follow up (33).

Absolute Gain and Absolute loss represent the improvement in minimal luninai
diameter achieved at intervention and the absolute change during follow up
respectively, measured in mm. Absolute Gain = MLD post PTCA - MLD pre
PTCA. Absolute loss = MLD post PTCA - MLD at follow up.

Relative gain and relative loss depict the improvement in minimal luminal diame-
ter achieved at intervention and the change during foliow up respectively, normali-
zed for vessel size. Relative gain = [MLD post PTCA - MLD pre PTCA}/Vessel
size. Relative loss = [MLD post PTCA - MLD at follow up}/Vessel size.

The absolute net gain is the MLD at follow up - MLD pre-PTCA.

The net gain index is the net gain normalised for the vesel size. Net gain index=
IMLD at follow up-MLD pre-PTCA]/Vessel size.
The loss index is the late loss expressed as a fraction of the acute gain (loss/gain).

Statistical analysis

Data was analysed using the SAS statistical software package. All values are
expressed as mean value + 1 standard deviation. Differences in categorical varia-
bles were assessed using the Chi-square test. Analysis of variance was used to
assess differences in continuous variabies between the 3 groups, Whenever the
difference between 2 of the 3 subgroups were tested, Bonferroni correction was
applied. Comparisons of ranked variables (clinical end points) were tested using
the Kruskal-Wallis test. The difference in event free survival time between the
three groups was evaluated using the Kaplan-Meier method with the log rank and
Wilcoxon test. As multiple lesions within a given patient are not independent
with respect to smoking, a patient based analysis, using a single, randomly selec-

149



ted lesion in patients with multivessel angioplasty, was performed. To study the
relationship between a binary outcome parameter (the occurence of a clinical
event) and multiple categorical and continuous determinants multiple logistic
regression analysis was used. To study the relationship between continuous outco-
me parameters and multiple categorical and continuous determinants multiple
linear regression analysis was used. p values <0.05 were considered significant.

Results

Baseline patient clinical characteristics

The study population comprised 2,948 patients (3,581 lesions, 1.22 lesions per
patient) who successfully completed the study and had follow up quantitative
angiography. The overall angiographic restudy rate was 86% of all patients under-
going successful PTCA. Within the study population there were 728 patients (389
lesions) who had never smoked 1690 patients who were ex smokers (2,057
lesions) and 530 patients who were still smoking (635 lesions) at the time of the
index procedure. Within the subgroup of 1048 patients (those taking part in the
Park and Carport studies) where smoking status was also ascertained at the 1 and
6 month follow up visits, 2 (0.72%) of 279 patients who never smoked previously,
took up smoking by 1 month and continued to six months. Fifty two (8.79%) of
603 ex smokers restarted smoking by six months (26 (4.31%) by 1 month) whilst
64 (38.55%) of 166 current smokers had given up by the six month follow up visit
(43 (25.90%) by 1 month).

The clinical and angiographic characteristics of the three groups are summarised
in Tables | and 2.
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Lesion type Never smoked Ex Smoker Current smoker Significance
. Level
Number of patients 728 1690 530
Men 65.3% 87.5% 85.9% 0.000
Age (years). 56.949.4 57.049.1 54.049.0 0.000
Previous Myocardial Infarction 37.9% 43.9% 42.9% 0.022
Previous CABG 3.6% 4.6% 4.0% 0.470
Previous PTCA 4.1% 5.1% 5.5% 0.486
Diabetes mellitus 12.6% 9.5% 9.1% 0.043
Insilin dependent diabietes mellius  1.8% 0.7% 0.4% 0.009
History of hypertension 31.2% 29.3% 24.9% ¢.000
History of hypercholesterolaemia 32.0% 31,5% 31.9% 0.965
History of Peripheral vascular disease 2.3% 5.5% 7.2% 0.000
Anginal class 0.032
None 6.3% 5.8% 43
CCS Class 1 9.8% [1.7% 11.3%
CCS8 Class If 34.6% 32.6% 29.4%
CCS Class TH 31.5% 29.9% 29.1%
CCS Class IV 17.9% 20.2% 25.9%
Duration of angina (weeks) 120+208 1114209 94202 0.205
Days since deterloration of angina  80+198 79+181 65127 0.524
Medication at screening
Beta blockers 52.3% 49.2% 51.5% 0.321
Calcivm antagonists 65.4% 76.4% 72.3% 0.016
Nitrates 62.1% 66.7% 66.2% 0.659
Anticoagulants 0.8% 1.5% 2.5% 0.067
Thrombocyte aggregation inhibitor  64.3% 63.5% 67.7% 0.203
Aspirin 77.9% 83.4% 83.1% 0,032
Persantin 16.6% 11.6% 15.2% 0.121
Laboratory Investigations
Haemogtobin 8.72+0.86 8.89+0.80  8.99+0.86 0.000
Haematocrit 0.41+0.04 0.42+0.04  0.4340.04 0.000
White cell count 7.05+2.94 7.34+£2.09  8.2642.24 0,000
Platelet count 260+80 255466 258470 0.276
Total cholesterol {mmol/1} 5.88+1.31 5.80+1.21  5.88+1.20 0.249
HDL cholesterol (mmol/1} 1.2020.34 1.13+£0.56  1.11+0.69 0.477
LDIL. cholesterol (mmol/l) 4,15+1.18 4.16+£1.33  3.94+1.20 0.519

Table 1. Baseline clinical characteristics of current smokers, ex-smokers and non
smokers, CCS- Canadian classification system. CABG- Coronary artery bypass

graft. PTCA- Percutaneous transluminal coronary angioplasty. * p <0.05 vs

never, + p <0.05 vs ex smoker, * p<0.05 vs current
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Lesion type Never smoked Ex Smoker Current smoker Significance

Level
No of diseased vessels 0.347
1-VD 65.0% 62.9% 66.0%
2-VD 26.4% 29.5% 25.7%
3-VD 7.8% 7.2% 7.6%
Leston Location 0.002
LAD 50.6% 42.0% 41.1%
LCx 22.8% 24.7% 23.8%
RCA 26.5% 33.3% 34.9%
Lesion characteristics
Total acclusion pre PTCA 7.8% 7.5% 7.0% 0.852
Conceniric 46.2% 43.8% 44.6 0.606
Tandem lesion 3.8% 4.2% 3.9% 0.871
Multiple Irregularities 83% 7.5% 8.4% 0.742
Branch point in stenosis 37.3% 32.2% 26.8% 0.054
Branch point in dilatation site 65.4% 65.5% 61.8% 0.635
Coronary ariery bend 19.9% 19.7% 18.3% 0.772
Calcified lesion 12.5% 12.8% 10.2% 0.275
Thrembus visible (pre or post PTCA) 5.4% 4.5% 6.0% 0316
Degree of collateral supply 0,005
No collaterals 78.5% 85.1% 87.7%
Slight (minimal perfusion) 5.9% 4.2% 3.1%
Medium (partial perfusion) 6.8% 4.4% 4.6%
Major (complete perfusion) 4.0% 3.7% 1.6%
Not assessed 4.8% 2.7% 2.9%
PTCA procedure
Nominal size of largest batloon (mm) 2.87£0.42 2.894043 2874042 0.342
Balloon to artery ratio 1.13+£0.18 1124018 11240.19 (.402
Total number of inflations 36+2.6 3.642.2 38424 0412
Total duration of inflation (secs) 301267 3234264 3441288% 0.021
Maximum Inflation pressure (atm}  8.2+2.5 8.642.5% 8.742.5% 0.001
Post PTCA result
Dissection at the dilated site 37.5% 34.2% 31.3% 0.069
Dissection Type 0.255
Type A 16.0% 14.9% 15.7%
Type B 16.7% 15.1% 11.1%
Type C 4.1% 3.7% 4.0%
Type D 0.2% 0.0% 0.0%
Type E 0.2% 0.2% 0.0%
Type F 0.2% 0.0% 0.0%
Days to follow up 161445 162444 163444 0.553

Table 2. Baseline angiographic and procedural data of current smokers, ex-simo-
kers and non smokers. 2-VD Two vessel disease, 3-VD, three vessel disease,
LAD, left anterior descending, LCx, left circumflex artery, PTCA, percutaneous
transtuminal coronary angioplasty, RCA, right coronary artery, SVD, Single vessel
disease. *=p<0.05 vs never, + p <0.05 vs ex smoker, » p<0.05 vs current
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There were marked differences in the baseline demographic characteristics of the
three groups. There was a significantly higher proportion of men in the two smo-
king categories and they were also younger. In addition they were more likely to
have had a previous myocardial infarction and a history of peripheral vascular dis-
ease. Smokers were also less likely to be diabetic or have a history of hyperten-
sion. There were also marked differences in anginal class with smokers more
likely to have angina in CCS class IT and IV and in medication with smokers and
ex smokers more likely to be taking calcium antagonists and aspirin,
Haematologically smokers were distinguished by having higher haemoglobin
levels, haematocrit and white cell counts.

Clinical follow up.

One hundred and eight (20.3%) of the current smokers, three hundred and seventy
five (22.2%) of the previous smokers and one hundred and eighty five (25.41%)
of the non smokers had a clinical end points (Redo PTCA, CABG, Acute
Myocardial Infarction or death) during follow up (p=0.085) When we compared
the event free survival by way of the Log rank test the p value was 0.088 whilst
the Wilcoxon test, which places more emphasis on early events rendered a p value
of 0.095 which is comparable, The individual components for current, ex and non
smokers were: death, 0% vs 0.12% vs 0.55%, myocardial infarction, 2.64% vs
2.66% vs 3.57%, Coronary artery bypass grafting, 1.89% vs 2.66% vs 2.75% and
and re-PTCA, 15.85% vs 16.75% vs 18.54% respectively {p=0.057). The time
course of clinical end points are suminarised in Figure 1.
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The mean time to clinical follow up was similar in the three groups (Current smo-
kers 163244, ex smokers 162+44, non smokers 1614+45).

Figure 1. Cumulative distribution curve of clinical end points over time for cur-
rent smokers, ex-smokers and non smokers.

In order to exclude the possibility of selection bias influencing our results we also
examined the clinical end points in the 14% of the population in whom no QCA
measurements were avaitable, either pre, post or at follow up, and who were there-
fore excluded from the study population, Of these patients 22.5% of current smo-
kers, 22.6% of previous smokers and 23.2% of the non smokers had a clinical end
points (Redo PTCA, CABG, Acute Myocardial Infarction or death) during follow
up. The difference was not statistically significant (p=0.99). The individual com-
ponents of worse clinical end point such as death, myocardial infarction, Coronary
artery bypass grafting and re-PTCA were 7.14%. 2.04%, 6.12% and 7.14%
respectively for current smokers 3.17%, 4.37%, 4.76% and 10.32% for ex smo-
kers and 0.89%. 3.57%, 7.14% and 11.61% for non smokers. The differences in
the individual clinical end points between the three groups were not significant
(p=0.340).

In order to exclude the possibility of cross over from the current smokers to ex
smokers influencing our results we also examined the clinical end points in the
sub group of the study population who stopped smoking after the index procedure
and theoretically would have crossed over from the current smokers to the ex smo-
kers group. Of these 27.7%, had a clinical end peint compared to 23.8% of
patients who continued to smoke (p=0.60)

Quantitative angiographic analysis and coronary angioplasty
procedure.

A mean of 2.12 matched angiographic projections per lesion had satisfactory
quantitative analysis performed, at the central angiographic core laboratory, pre-,
post- PTCA, and at follow up (Table 2 & Table 3). The distribution of lesions was
significantly different in the three groups with non smokers having more lesions
in the LAD and less in the right coronary than smokers and ex smokers.

Non smokers were also more likely to have visible collaterals on baseline angio-
graphy. (Table 2)

There were no significant differences in the baseline quantitative angiographic

measurements between the three groups apart from a borderline significant higher
mid pre PTCA in current smokers (Table 3).
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Never smoked

Ex Smoker

Current smoker

Significance

evel
Reference Diamefer (mmn)
Before angioplasty 2.60+0.54 2.65+0.53 2.6420.54 0.116
After angioplasty 2.6540.52 2.69+0.50 2.67+£0.51 0.129
At follow up 2.6740.56 2.71+0.56 2.7140.54 0.200
Minimal luminal diameter (imm)
Before angioplasty 0.96+0.40 1.00£0.40 1.0246.38 0.046
After angioplasty 1.75+£0.37 1.78+0.36 1.76+£0.34 0.144
At follow up 1.40+0.62 1.44:0.57 1.46+0.59*% 0.096
Differences in MLD
Absolute Gain 0.78+0.43 0.7840.41 0.74+0.40 0.128
Relative Gain 0.3120.16 0.3040.16 0.29+0.15 0.074
Absolute Loss 0.35+0.55 0.3340.52 0.29+0.54 0.172
Relative Loss 0.14+0.22 0.13+£0.21 0.12+0.22 0.085
Absolute Net Gain 0431061 0.45+0.50 0.45+0.61 0.870
Net Gain Index 0,160,253 0.1740.22 0.16+0.24 0.282
Loss Index 0.41+2,37 0.60+5.01 0.45+1.34 0.545
Percentage stenosis
Before angioplasty 62.35+14.38 61.75+14.32  60.74+14.02 0.142
After angioplasty 33.5748.43 33.55+8.33 33.70£7.81 0.929
At follow up 47.32+20.34 46.19+18,91  45.69+19.11 0.278
DS at follow up >50% 37.09% 3533% 35.28% 0.687

Table 3. Quantitative angiographic analyses of current smokers, ex-smokers and
non smokers. DS, diameter stenosis. MLD, Minimal luminal diameter. *=p<(.05

YS NEvVEr,

Smokers however required a higher duration of inflation (current) and inflation

pressure (both current and ex} for a successful angioplasty procedure, Post-PTCA
all quantitative angiographic measurements and derived parameters were similar

for the three groups (Table 3, Figure 2) again confirming the similarity in acute

angiographic outcome.
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Figure 2. Upper panel: Cumulative distribution curve of MLD post PTCA and at
follow up for current smokers, ex-smokers and non smokers. Lower panel:
Cumulative distribution curve of percentage stenosis post PTCA and at follow up
for current smokers, ex-smokers and non smokers.

At the 6 month angiographic follow up there was no significant difference in
angiographic outcome between the three groups (Table 3, Figure 2). The overall
restenosis rate for the study population was 35.8% using the categorical (>50%
stenosis at follow up) approach {Current smokers 35.28%, Ex smokers 35.33%,
non smokers 37.09%, p=0.687). Additionally the absolute and relative loss were
also similar between current, ex smokers and non smokers (Absolute loss
0.2940.54 vs 0.3320.52 vs 0.354+0.55mm, p=0.172, relative loss 0.12+0.22 vs
0.13+0.21 vs 0.14:£0.22 respectively, p=0.085) (Table 3, Figure 3).
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Multiple linear regression analysis

We have previously demonstrated that Vessel size, mid pre-PTCA, absolute gain
and Lad location make a significant contribution to late angiographic outcome
(35). Adding smoking to this model did not significantly improve it's predictive
value. Least Squares means for absolute loss were 0.348, 0.311, 0.307 for non
smokers, ex smokers and current smokers respectively. The p value of adding the
variable smoking to the model was 0.15, which is not significant,
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In order to ascertain whether the tendency towards improved clinical outcome in
patients who smoke was related to differences in the underlying baseline characte-
ristics we corrected for these variables to sece whether smoking had any signifi-
cant, independent, predictive value. We performed logistic regression with the
above mentioned baseline characteristics as covariates resulting in a p value for
the variable smoking of 0.122 suggesting that differences in clinical outome were
related to differences in baseline characteristics.

Discussion

Our results indicate that there are marked differences in baseline clinical, angio-
graphic and procedural characteristics between smokers and non smokers under-
going coronary angioplasty. Smokers, despite having a lower incidence of known
predisposing risk factors for atherosclerosis, require coronary intervention much
earlier than non smokers but once they undergo successful coronary angioplasty
their short term (six month) outcome is similar to non stmokers.

Two previous studies have suggested that smoking may be associated with an
increased risk of restenosis (22, 23). Both studies however were in small patient
populations, with a low angiographic follow up rate, performed for recurrence of
symptoms, and without quantitative angiographic analysis, Using a large patient
population with a high quantitative angiographic follow up rate at a predetermi-
ned, six month, time interval our study has shown that smoking, a risk factor for
atherosclerosis in general, is not a significant risk factor for restenosis.

There are a number of possible reasons for this. First, although cigarette smoking
has been shown to be a risk factor for atherosclerosis this is over the course of
years (19-21), whereas careful serial quantitative angiographic studies have shown
restenosis to occur in the first 3 to 6 months after intervention (1,2). Thus cigaret-
te smoking may have little influence on the process over this short time frame.
Second, the mechanism(s) of restenosis are still incompletely understood and like-
ly to involve differing contributions of slow elastic recoil (4), thrombus incorpora-
tion (5, 36), vessel remodelling (6,7) and myointimal hyperplasia (3,4) in each
individual patient. Cigarette smoking is unlikely to influence all of these mecha-
nisms. Third, it is possible that the sudden withdraw! of cigarettes during and
immediately after the procedure in the smokers may have had some favorable
effect on vascular or haematological systems (37, 38) that discouraged local plate-
let deposition, mural thrombus formation and consequent restenosis. Fourth, there
may be substantive differences in plaque characteristics between smokers and non
smokers which may ameliorate any thrombogenicity associated with smoking. In
support of this are the higher inflation pressures and duration of inflation required
for successful dilatation of the atherosclerotic plaque in the smoking group and
evidence in the literature suggesting that lesions in smokers have a higher content
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of collagen (39) and that the type of lesion which precipitates myocardial infarc-
tion in smokers is less severe and possibly generated by a different mechanism in
smokeis (38).

Differences in baseline characteristics

There were significant differences in the baseline clinical, angiographic and pro-
cedural characteristics between the smoking classes which could have been
responsible for, or associated with, the outcome of the procedure, Smokers were
younger, more likely to be male, to have peripheral vascular disease and to have
sustained a previous myocardial infarction. Conversely, they were were less likely
to have diabetes mellitus or a history of hypertension, These differences in base-
line characteristic may be related to age. For example as smokers tend to develop
atherosclerosis at a younger age they would be ess likely to develop diseases of
the older age group such as hypertension and diabetes. Many epidemiological
studies have however also reported that smokers have significantly lower blood
pressures than ex smokers or non smokers (40), but the mechanism for this negati-
ve relationship is unknown, These differences in baseline clinical characteristics
may have influenced clinical and angiographic outcome in a number of ways. For
example, diabetics are more likely to have restenosis than non diabetics (24),
whilst dilatation of a vessel supplying previously infarcted territory is more likely
to result in occlusion at the time of follow up angiography.

There were also significant differences in baseline haematological characteristics
with smokers having a significantly higher haemoglobin, haematocrit and white
cell count than non smokers, with ex smokers somewhere in between. Evidence
in the literature suggests that smokers are also more likely to have a higher fibrin-
ogen level and blood viscocity (41), What infinence these variables may have on
clinical and angiographic outcome after intervention is unclear. Although elevated
fibrinogen levels have not been associated with a higher restenosis rate in a small
series (42) elevated white cell counts (43) are known to be strong predictors of
myocardial infarction {44, 45) and to be a marker of important cellular injury.

There were also differences in the distribution of lesions with smokers having
more lesions in the RCA and less in the LAD than non smokers, and ex smokers
somewhere in between. This is in keeping with other evidence in the literature
suggesting a more proximal location of coronary fesions in hypercholesterolae-
mic non smokers with more distally situated lesions in normocholesterolaemic
smokers (46). The lower incidence of LAD lesions with their known higher inci-
dence of restenosis {35) may be responsible for the trend towards less absolute
and relative loss in smokers with concordance. from current smokers, through ex
smokers to non smokers.

There were also significant differences in procedural characteristics with lesions

159



in smokers requiring a longer inflation time at a higher pressure. This would sug-
gest that there may be differences in plague characteristics between the two
groups which may have affected clinical and angiographic outcome in both a posi-
tive and a negative way. This is supported by evidence in the literature suggesing
that smokers have a significantly higher content of collagen in coronary endarte-
rectomy specimens (39), whilst smoking has also been shown to increase arterial
wall stiffness- a change which may be associated with reduction of medial porosi-
ty and reduces flow pulsatility (47).

Clinical implications

Smokers should be strongly discouraged from smoking. In our study population,
smokers, despite having a lower incidence of known predisposing risk factors for
atherosclerosis, such as hypertension, diabetes and hypercholesterolaemia, requi-
red coronary intervention almost 6 years earlier than non smokers and 3 years ear-
lier than ex smokers. This was on a background of increased risk of previous
myocardial infarction and peripheral vascular disease. If the patient is completely
unable to stop smoking however, continued smoking per se should not be a con-
traindication for coronary angioplasty.

Limitations of the study

Our study has a number of limitations. Firstly, it was a retrospective analysis of
prospectively gathered data and is hence subject to the limitations inherent in any
retrospective analysis, For example it is possibie that unknown variables not exa-
mined in our logistic regression model may account for the lack of a worse clini-
cal and angiographic outcome in smokers. Second, our data only apply to suceces-
sful angioplasty procedures and to a 6 month follow up period. Thus we do not
know if smoking reduces the chances of acute success or increases the immediate
acute complications of the procedure. Additionally, although restenosis is usually
manifest in the first 6 months, we do not know whether a longer follow up period
may in fact demonstrate progression of the angioplasty lesion in smokers. Third,
we do not have objective verification of the patient's self reported smoking status
as we did not specifically assess, perhaps by periodic measurement of urinary pro-
ducts, whether supposed ex-smokers had truly stopped or whether they were con-
tinuing to smoke. This is especially pertinent as patients may give misleading
answers in order to ensure the doctor's approval. It is also possible that, given the
large effects of secondhand smoke on arterial function, passive smoking could
have affected the data in the ex smokers and to a lesser extent the non smokers
and thus lead to an underestimate of the effects of smoking. Conversely we also
do not have information on how many current smokers stopped smoking after
angioplasty, and on the contribution of this to their improved outcome. In the
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small subgroup in which this information is available however, a large proportion
(38%) of smokers, stopped smoking by the time of the six month follow up visit.
A further possibility is that our study may have been underpowered to detect a
small enough difference between the groups. Given the number of patients and
the restenosis rate (both categorical and continuous (absolute loss)) in the never
smoked group, our study has a power of 90% to detect a difference of 20% in the
smoking group for the categorical restenosis rate and 0.10 mm for the absolute
foss. We would consider botl of these to be clinically significant but the fact
remains that if the effect of smoking is below these levels we would have been
unable to detect it. Ideally, future studies should include intravascular ultrasound
assessment of the acute results of intervention (48) and the mechanism of subse-
quent restenosis, differentiating between stow recoil, thrombus formation/incorpo-
ration and intimal hyperplasia (6, 49), to have a better likelihood of demonstrating
benefit from cessation of smoking.

Conclusions

Our results indicate that smokers, despite having a lower incidence of known pre-
disposing risk factors for atherosclerosis, require coronary intervention almost 6
years earlier than non smokers and 3 years earlier than ex smokers, Thisisona
background of increased risk from previous myocardial infarction and peripheral
vascular disease. Once they undergo successful coronary angioplasty however
their short term (six month) outcome is similar to non smokers, Our findings thus
warrant continuing strong efforts to discourage smoking in our patients.

161



References

1. Serruys PW, Luijten HE, Beatt KJ et al. Incidence of restenosis after successful
coronary angioplasty: a time-related phenomenon, A quantitative angiographic
study in 342 consecutive patients at 1, 2, 3, and 4 months, Circ 198_8; 77:361-371.

2. Nobuyoshi M, Kimura T, Nosaka H et al. Restenosis after successful percuta-
neous transluminal coronary angioplasty: serial angiographic follow-up of 229
patients, J-Am-Coli-Cardiol 1988; 12:616-623,

3. Essed CE, Van den Brand M, Becker AE: Transluminal coronary angioplasty
and early restenosis; Fibroceliular occlusion after wall laceration, Br Heart J
1983;49:393-396

4. Waller BE, Pinkerton CA, Orr CM, Slack JD, VanTassel JW, Peters T,
Restenosis | to 24 months after clinically successful coronary balloon angiopla-
sty: a necropsy study of 20 patients. J-Am-Coll-Cardiol 1991; 17:58B-70B.

5. Schwartz RS, Holimes DR, Topoi EI. The restenosis paradigm revisited: An
alternative proposal for cellular mechanisms. J-Am-Coll-Cardiol 1992; 20:1284-
1293,

6. Mintz GS, Pichard AD, Kent KM, Satler LF, Popma JJ, Leon MB.
Intravascular ultrasound comparison of restenotic and de novo coronary artery
narrowings. Am J Cardiol 1994; 89: 2809-2815.

7. Glagov S. Intimal hyperplasia, vascular modeling, and the restenosis problem.
Circulation 1994, 89; 2888-2891.

8. Nadler JL, Brinkman HJ, van Mowrik JA, de Groot PG. Cigarette smoking
inhibits prostacyclin formation. Lancet 1983; 1:1248-50

9. Benowitz NL. Pharmacologic aspects of cigarette smoking and nicotine addic-
tion, New EnglJ Med 1988; 319: 1318-1330.

10, Nabel EG. Biology of the impaired endothelium. Am-J-Cardiol 1991; 68: 6C-
8C.

11, Davis IW, Hartman CR, Lewis HD. Cigarette smoking induced enhancement
of platelet function: lack of prevention by aspirin in men with coronary artery dis-

ease. J Lab Clin Med 1985; 105: 479-83

12. Allen RA, Kluft.C, Brommer JP. Effect of chronic smoking on fibrinolysis.
Atherosclerosis 1985; 5: 443-50,

162



13. Galea G, Davidson RJL. Haematological and haemorheological changes
associated with cigarette smoking. J Clin Path 1985; 38: 978-85.

14. Liu MW, Roubin GS, King IIT SB. Restenosis after coronary angioplasty.
Potential biologic determinants and role of intimal hyperplasia. Circulation 1989;
79: 1374-87.

15. Forrester IS, Fishbein M, Helfant R, Fagin J. A paradigm for restenosis based
on cell biology: clues for the development of new preventive therapies. J Am Coll
Cardiol 1991; 17(3): 758-769

16. Quillen JE, Rossen ID, Oskarsson HI, Minor RLJ, Lopez AG and Winniford
MBD. Acute effect of cigarette smoking on the coronary circulation: constriction of
epicardial and resistance vessels, J Am Coll Cardiol 1993; 22; 642-647.

17. Badimon I, Badimon JJ. Mechanisms of arterial thrombosis in non parallel
streamlines; Platelet thrombi grow on the apex of stenotic severely injured vessel
wall. Experimental study in a pig model. J-Clin-Invest 1989; 84:1134-1144,

18. Ip JH, Fuster V, Badimon L, Badimon J, Taubman MB, Chesebro JH.
Syndromes of accelerated atherosclerosis: role of vascular injury and smooth mus-
cle cell proliferation. J Am Coll Cardiol 1990; 15: 1667-1687.

19. Doll R, Peto R. Mortality in relation to smoking: Twenty years' observations
of maie British doctors, Br Med J 1976; 2: 1525-1536.

20. Pooling project research group. Relationship of blood pressure, serum cho-
lesterol, smoking height, relative weight and ECG abnormalities to incidence of
major coronary events; final report of the Pooling project. J Chronic Dis 1978;
31: 201-306.

21. Hallstrom AP, Cobb LA, Ray R, Smoking as a risk factor for recurrence of
sudden death. New Engl ] Med 1986; 314: 271-5.

22. Myler RK, Topol EJ, Shaw RE et al. Multiple vessel coronary angioplasty:
classification, results, and patterns of restenosis in 494 consecutive patients.
Catheterization & Cardiovascular Diagnosis 1987; 13: 1-15.

23, Galan KM, Deligonul U, Kern MJ, Chaitman BR and Vandormae! MG.
Increased frequency of restenosis in patients continuing to smoke cigarettes after
percutancous transhuminal coronary angioplasty. Am-J-Cardiol 1988; 61: 260-263.

24, Holmes DR, Jr,, Vlietstra RE, Smith HC et al. Restenosis after percutaneous
transluminal coronary angioplasty (PTCA): a report from the PTCA Registry of
the National Heart, Lung, and Blood Institute. Am J Cardioi 1984, 53:77C-81C.

163



25. Vandormael MG, Deligonul U, Kern MJ et al. Multilesion coronary angiopia-
sty: clinical and angiographic follow-up. J Am Coll Cardiol 1987; 10:246-252.

26. Macdonald RG, Henderson MA, Hirshfeld TW,Jr, et al. Patient-related varia-
bles and restenosis after percutancous translhuminal coronary angioplasty--a report
from the M-HEART Group. Am. J. Cardiol. 1990; 66: 926-931.

27. Haase J, Keane D, di Mario C, Escaned J, Slager CJ, Serruys PW. How relia-
ble are geometric coronary measurements? In vitro and in vivo validation of digi-
tal and cinefilm-based quantitative coronary analysis systems. In: Serruys PW,
Foley DP, de Feyter PJ (Eds). Quantitative coronary angiography in clinical practi-
ce. Klower Academic publishers, 1994: 27-49

28. Serruys PW, Rutsch W, Heyndrickx GR et al, Prevention of restenosis after
percutaneous transluminal coronary angioplasty with thromboxane A2-receptor
blockade, A randomized, double-blind, placebo-controlled trial. Coronary Artery
Restenosis Prevention on Repeated Thromboxane-Antagonism Study (CAR-
PORT). Circ 1991; 84: 1568-1580.

29. MERCATOR study group. Does the new angiotensin converting enzyme inhi-
bitor Cilazapril prevent restenosis after percutaneous transiuminal coronary angio-
plasty? Results of the MERCATOR study: A multicenter, randomized, double-
blind, placebo-controlled trial. Circ 1992; 86:100-110.

30. Serruys PW, Klein W, Tijssen JGP et al. Evaluation of ketanserin in the pre-
vention of restenosis after percutancous transluminal coronary angioplasty: A
multicentre randomized double blind placebo controlled trial. The Post-
Angioplasty Restenosis Ketanserin (PARK) trial. Circ 1993; 88: 1588-1601.

31. Faxon DP on behalf of the MARCATOR study group. Effect of high dose
angiotensin-converting enzyme inhibition on restenosis: Final results of the
MARCATOR study, a multicenter, double-blind, placebo-controlled trial of
Cilazapril. J Am Coll Cardiol 1995; 25: 362-9.

32. Serruys PW, Foley DP, deFeyter PI (Editors): Quantitative coronary angiogra-
phy in clinical practise. Dordrecht, Klower Academic press, 1994.

33. Serruys PW, Foley DP, de Feyter PJ. Restenosis after coronary angioplasty: a
proposal of new comparative approaches based on quantitative angiography. Br
Heart J 1992; 68: 417-424

34. Kuntz RE, Baim DS, Defining coronary restenosis. Newer clinical and
angiographic paradigms. Circ 1993; 88:1310-1323.

164



35. Foley DP, Melkert R, Serruys PW, on behalf of the CARPORT MERCA-
TOR,MARCATOR and PARK investigators. Influence of coronary vessel size on
renarrowing process and late angiographic outcome after successful balloon
angioplasty. Circ 1994; 90:1239-1251.

36. Nobuyoshi M, Kimura T, Ohishi H et a;. Restenosis after percutaneous trans-
luminal coronary angioplasty: pathologic observations in 20 patients. J-Am-Coll-
Cardiol 1991; 17:433-439,

37, Handley AJ, Teather D, Influence of smoking on deep vein thrombosis after
myocardial infarction. Br Med T 1974; 3: 230-231

38. Barbash GI, White HD, Modan M et al. Significance of smoking in patients
receiving thrombolytic therapy for acute myocardial infarction. Experience gle-
aned from the International Tissue Plasminogen Activator/Streptokinase mortality
trial, Circulation 1993; 87: 53-58

39. Ribeiro P, Jadhav AV, Walesby R et al. Collagen content of atherosclerotic
arteries is higher in smokers than in non-smokers. Lancet 1983; i: 1070-72

40. Green MS, Jucha E, Luz Y. Blood pressure in smokers and nonsmokers:
Epidemiological findings. Am Heart J 1986; 111: 939-940

41. Ernst E, Koenig W, Matrai A, Filipiak B, Sticber J. Blood rheology in healthy
cigarette smokers. Arteriosclerosis 1988; 8: 385

42. Schumacher M, Eber B, Tiran A et al. Fibrinogen values in patients with and
without restenosis following percutaneous transluminal coronary angioplasty.
Cardiology 1992; 80 : 345-348.

43, Friedman GD, Siegelaub AB, Seltzer CC, Feldman R, Colien MF, Smoking
habits and the leucocyte count, Arch Environ Health 1973; 26: 137-143.

44, Friedman GD, Klatsky AL, Siegelaub AB. The leucocyte count as a predictor
of myocardial infarction. New Engl J Med 1974, 290: 1275-78.

45. Knoke JD, Hunninghake DB, Heiss G. Physiological markers of smoking and
their relation to coronary heart disease. The lipid research clinics coronary prima-
1y prevention trial. Arteriosclerosis 1987; 7: 477-482.

46. Sugrue D, Thompson GR, Oakley CM, Trayner IM, Steiner RE. Confrasting

patterns of coronary atherosclerosis in normocholesterolaemic smokers and
patients with hypercholesterolaemia. Br Med T 1981; 283: 1358-60

165



47. Caro CG, Lever MJ, Parker JH, Fish PJ. Effect of cigarette smoking on the
pattern of arterial blood flow; possible insight into mechanisms underlying the
development of arterioscierosis. Lancet 1987; I 11-13

48, Violaris AG, Linnemeier TJ, Campbell S, Rothbaum DA, Cumberland DC.
Intravascular ultrasound imaging combined with coronary angioplasty. Lancet
1992; 339:1571-1572.

49. Di Mario C, Gil R, Camenzind E et al, Wall recoil and intimal hyperplasia:
quantitative assessment with intracoronary ultrasound of the mechanism of reste-
nosis after balloon angioplasty and directional atherectomy, Am J Cardiol
1995;75:772-777,

166



Chapter 13

Role of angiographically identifiable thrombus on long term
luminal renarrowing following coronary angioplasty: A
quantitative angiographic analysis.
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Role of Angiographically Identifiable Thrombus
on Long-term Luminal Renarrowing
After Coronary Angioplasty
A Quantitative Angiographic Analysis

Andonis G, Violaris, MD, MRCP; Rein Melkert, MD, MS;
Jean-Paul R. Herrman, MD; Patrick W. Serruys, MD, PhD

Background Esperimental studjes suggest that mural
thrombus may be fovolved i postangioplasty restenosis. The
aim of our study was to examine the rofe of angiographically
identifiable thrombus in the clinical situation.

Methods and Results  'The study poputation comprised 2950
patients {3583 lesions). The presence of angiographicatly iden-
tifiable thrombus either before or after the procedure was
defined as the presence of a generalized haziness or fiiling defect
within the arierial fumen. Restenosis was assessed by both a
categorical (>>505% diameter stenosis at follow-up) and a contin-
uous approach {absolute and relative losses). The study popula-
tion included I6G lesions with and 3423 lesions without angio-
graphically ideatifiable thrombus. The categorical restenosis rate
was significantly higher in lesions containing angiographically
identifigble thrombus: 43,19 versus 34.4%%, £<.01; relative risk,
£449; CI, 1.051 to 1.997. The absolute and relative losses were
also higher in lesions containing anpiographically ideatifiable
thrombus (absolute loss, 0.43+0.66 versus 0.3220.57; relative loss,
0.1620.26 versus 0.130.2k; both P<.05). The higher restenosis

in these lesions was due primarily to an increased incidence of
acelusion at follow-up angiography in this group: 13.8% versus
5.76%, P<.001. When lesions that went on to occlude by the time
of follow-up angiography were excluded from the analysis, the
restenosis rate between the two groups was similar by both the
categorical {34.15% versus HLd%, P=NB; relative risk, 1.183; CI,
0.824 to 1.696) and continuous (absolate loss, §.23£0.46 versus
0242042, P=NS; relative loss, 0.09+0.17 versus 0.09+0.16,
P=NBS} approaches.

Conelusions  Qur results indicate that the presence of an-
piographically identifiable thrombus at the time of the angio-
plasty procedure is associnted with higher restenosis. The
mechanism by which this eccurs is through vessel occlusion at
follow-up angiography. Measures aimed at improving ouicome
in this group of patients should be focused in this direction.
(Circulation. 1996;93:989-897,)

Key Words e angioplasty e thrombus e angiopraphy e
trials ¢ meta-analysis

Gruentzig et al! and the subsequent refinements

in equipment, the indications for the technique
have been expanded to include patients with unstablc
angina’* and acute myocardial infarction.’ In these
situations, however, angioplasty carries increased risks
thought 1o relate, in part, to the presence of thrombus, A
number of studies have demonsirated that the presence
of angiographically identifiable thrombus either before
or after dilatation of a coronary stenosis carries an
increased risk of acute occlusion®” The influence of
thrombus on long-term restenosis, however, is less clear.
Esperimental work suggesis that local platelet deposi-
tion with the subsequent release of a number of chemo-
tactic and milogenic factors, such as platelet-derived
growth factor and thrombin,® may mediate the fibropro-
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liferative response. Recurrent platelet aggregation at the
site of injury with associated vasoconsiriction and the
consequent increased frequency and severity of cyclic
coronary blood flow variations may also play an impor-
tant role in the subsequent development of neointimal
proliferation,® Although one study suggested that throm-
bus formation and incorporation into the vessel wall may
play a pivotal role in restenosis,’® this has not been
cenfirmed by other investigators.” Few clinical studies
have actually assessed the role of angiographically iden-
tifiable thrombus on subsequent restenosis. The aim of
this study was o examine the role of angiographicaliy
identifiable (hrombus on long-term restenosis in a large
series of patients undergoing successful balloon angio-
plasty and routine follow-up QCA assessment.

Methods

Patients

‘The study population was taken from the 3582 patients with
significant primary stenoses in native coronary arteries who
were prospectively envolled into four major restenosis tri-
als,!>15 These demonstrated that active therapy had no effect
on restenosis or clinical eutcome in the first & menths after
balloon angioplasty, so for the purposes of this study, the data
for the active and placebo groups were pooled. Patients, men
or womer, were eligible for study entry if they were symptom-
atic or asymplematic, bad stable or unstable angina pectoris,
and showed angiographically significant narrowing in one or
more major coronary arteries. Patients with recent (<1 week)



Selected Abbreviatlons and Acronyins
LAD = left anterior descending cororary artery
MLD = minimum Juminal diameter
PTCA = percutancous {ranslumiral coronary angioplasty
QCA = quantitative cororary angiography
RCA = right coronary artery

or evolving myocardial infarction and those with significant left
main coronary artery disease were excluded from the study.

Angioplasty Procedure and Follow-up Angiegraphy

Coronary angioplasty was performed with a steerable, mov-
able guide-wire system by the femoral route. Standard balloon
catheters were used, The chedce of balloon type and brand as
well as inflation duration and inflation pressure were [eft to the
discretion of the operator. Patients were followed up for 6
months, at which time a follow-up study was performed. If
symptoms recurred within & months, coronary angiography was
carried out earlier, If no definite restenosis was present and the
follow-up time was <4 months, the patient was asked to
underge further coronary arteriography at 6 months,

Quantitative Coronary Angiography

Three coroaary angiograms, in total, were obtained for cach
patient: before and after PTCA and at angiographic follow-up.
To standardize the method of data acquisition and to ensure
cxact reproducibility of the angiographic studies, measures
were laken as previously described and all angiograms were
processed in a central angiographic core laboratory. 4% The
angiograms were recorded in such a manner that they were
suitable for QCA by the computer-assisted Coronary Angiog-
raphy Analysis System (CAAS), which was deseribed and
validated earlier.’® Because the computer algorithm s unable
to measure total occlusions, a value of 0 mm was substituted for
the MLD and a value of 100% for the percent diameler
stenosis before PTCA. In these cases, the postangioplasty
reference diameter was substituted for vessel size,

Definitions

Angiographically identifiable thrombus was defined as the
presence of a filling defect within the corenary lumen, sur-
rounded by contrast material, seen in multiple projections and
in the absence of calcium within the filling defect.1%18 Alterna-
tively, the persistence of contrast material within the lumen or
visible embolization of intraluminal materizl downstream was
also taken to represent intracoronary thrombus.

Total occlusion was present if no anterograde filling beyond
the lesion was visible or if faint, late anterograde opacification
of the distal segment was present in the absence of a discernible
luminal continuity.!? Occlusion at follow-up angiography was
similarly defined.

Vessel size refers to the reference diameter of the relevant
coronary segment and is represented by the interpolated
reference diameter before PTCA. MLD is the point of masimal
luminal narrowing in the analyzed segment.

Restenosis: Many criteria have been proposed for the assess-
ment of resienosis?2! For the purposes of this study, we used,
first, the eategorical approach with the traditional cutoff point
of >50% diameter stenosis at follow-up and second, a contin-
uous approach using absolute ard relative losses.?!

Absolute gain and absolute foss represent the improvement
in MLD achieved at interveation and the absolute change
during follow-up, respectively, measured in millimeters, Abso-
lute gain js the MLD afier PTCA minus MLD before PTCA.
Absolute loss is the MED after PTCA minus MLD at follow-up.

Relative gain and relative loss depici the improvement in
ML achjeved at iatervention and the change dering follow-
up, respectively, normalized for vessel size. Relative gain is
[MLD after PTCA minus MLE before PTCA] divided by

vesse] size. Relative Joss is [MLD after PTCA minus MLD at
follow-up] divided by vessel siza.

Absolute net gain is the MLD at follow-up minus MLD
before PTCA.

Net gain index is the net gain normalized for the vessel size,
Net gain index is [MLD at follow-up minus MLD before
PTCA] divided by vessel size.

Statistical Analysis

Data were analyzed with the SAS statistical software pack-
age. A x? test was used to assess differences in categorical
varjables, Student’s ¢ test was used to assess differences in
continuous variables. To test the assurmption that the variances
were equal, the folded-form F statistic was used, Whenever this
assumption was violated, the Cochran and Cox approxdmation
of the r test was used. Differences in variables with an ordinal
scale (severily of clinical outcome) were assessed with the
Wilcoxen rank-sum test. The difference in event-free survival
time between the twa groups was evaluated by the Kaplan-
Meifer method with the log rank and Wilcoson tests. To study
the relation between 2 binary outcome parameter {occlusion at
follow-up, the occurrence of a clinical event) and multiple
categorical and continuous determinants, multiple logistic re-
gression analysis was used. To study the relation between
continuous owicome parameters and multiple categorical and
continuous determinants, multiple linear regression analysis
was used. Lesion characteristics were Investigated with a lesion-
based analysis and patient characteristics with a per-patient
analysis ir which a single lesion was rondomly selecied in
patients with multivessel angioplasty. Values of P<.05 were
considered significant.

Results
Baseline Patient Characteristics, Procedural
Results, and Clinical Follow-up

The study population comprised the 2950 patients
(3583 lesions, 1.21 lesions per patient) who successfully
completed the study and bhad follow-up QCA. The
overall QCA testudy rate was 86% of all patients
untdergoing successful PTCA with a residual QCA ste-
nosis of <50%. Of 3583 lesions in 2950 patients, 160
lesions in 158 patients complied with the angiographic
definition of thrombus present either before or after
PTCA.

The two groups were comparable in terms of age and
sex, but patients with angiopraphically identifiable
thrombus at PTCA were more likely to have sustained a
previgus myocardial infarction and less likely (o have
had a previcus PTCA (Table [}, There were, however,
substantial differences in lesion and procedurat charac-
teristics between the two groups (Table 2}. Thrombotic
lesions were more Hkely to be located in the RCA than
in the LAD and had a much higher proportion of total
occlusions and multiple irregularities. They were also
more likely to require a larger balloon and a greater
number and duration of inflations. After the procedure,
this group of lesions was also more likely to have a
dissection (Table 2).

Forty-four {28%) of the patiests with angiographically
identifiable thrombus present and 625 (22.4%) of the
patients without thrombus had a clinical end point
during follow-up (P=.116). The individuat components
of death, myocardial infarciion, coronary arlery bypass
graft surgery, and repeat PTCA were 0%, 8.3%, 2.6%,
and 17.296, respectively, for lesions containing angio-
graphically identifiable thrombus and 0.2%, 2.6%, 2.5%,
and 17.0% for lesions without thrombus (P=.053). The
mean time to clinical end point was significantly less in
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TasLE 1. Demographlc Data of Patlents With
and Without Thrombus Preangioplasty or
Postangioplasty Inciuded in Anafysis

Thrombus Thrombus

Clinlcal Yariable Preseat Absent
Patients, n 158 2792
Lestons, p 160 3423
fen, % 83 82
Age, ¥ 57+93 55.3%9.3
Ever smoked, % 74 75
Cument smoker, % 22 18
Hypertension, % 36 H
Diabstes, %6 8 1
Hyperipldemia, % 35 32
History of previous PTCA, % 1 4
History of previous MI, % 61 421
Pravious CABG, % 35 4.5
Pain al rest, % 28 34
No. of vessels diseased, %

1vD 61 59

2D 33 32

3V 6 9

Ml indicales myocardial infarction; GABG, coronary artery bypass graft
surgery; and VD, vessels diseased.
‘P<.05, tP<.001.

the angiographically identifiable thrombus group
{63+63 versus 9256 days, P<.05, Fig la), and when
we compared the patlern of occurrence of clinical end
points by way of {he log rank test, the probability value
was 031, whereas the Wilcoxon test, which places more
emphasis on ¢arly survival times, rendered a value of
P=.026, indicating the diverging survival curves in the
beginning. When lesions that went on to occlude at the
time of folow-up angiography were excluded from the
analysis, there was no significant difference in the mean
time to clinical end point (Fig 1b), and the log rank test
gave a value of P=.209, whereas the Wilcoxon test
renderced a value of P=.159, suggesting that the excess
early events were related to the ccclusions at follow-up
angiography.
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Fia 1. a, Cumulative distibution curve of clinical end points
over time for patients with and without the presence of thrombus
at the time of angioplasty. b, Cumulative distribution curve of
clinical end polnis over time for patients with and without the
presence of ihrombus at the time of angioplasty {exciuding
lesfons that went on to ocelude at the time of foflow-up angiog-
raphy). Numbers given are mean=5D. *P<.05,

To exclude the possibility of a selection bias influenc-
ing our results, we alse examined the incidence of
thrombus-laden lesions and clinical end points in the
4% of the population in whom full QCA measurements

TaBte 2, Baseline Anglographic and Procedural Data of Leslons

No Signifleance
Lesfon Type Thrombus Threambus Lovel
Number of lesions 160 3423
Leslon location, % 0040
LAD 338 43.2
LCx 208 25.0
RCA 456 3.8
Typa of lesion, %6
Multipla imegutarities 13.0 7.6 0400
Total occlusion 20.0 68 0000
Tandem lesion 1.3 42 1120
Branch polntin lesion 28.6 328 4660
Eeslon calcification 16.9 121 0930
PICA procedure
Mominal size of largest balloon, mm 3.00+0.43 285043 0001
Ballooa-to-artery ratio 1.12:0.18 1.13=0.19 4345
Totat aumber of Infiations 4229 35323 0013
Total duration of inflation, s A80+325 308+268 0018
Maximum inflation pressure, atm 8.35+253 8482250 5423
Post-PTCA resuit
Dissection al tha dilated sits, 544 33 O0G0

LCx indicates left circumfiex artery.
‘P<05.
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TABLE 3, Cuantitative Analysis of 160 Lesions With and
3423 Lesions Without Thrembus Before or After
Angioplasty Included in Analysis

Ho Signlficance
Thrombus Present Thrombnues Thrembus Level

Ne. 160 3423
Reference diameter, mm

Belora anglopfasty 2771054 2.6020.54 0008
After angloplasty 2.80+0.53 2.65x0.51 0007
Al follow-up 2671064 2.67+056 0000
MLD, am
Befora angioplasty 0.88x0.52 1.01x0.39 .ooat
Adter angioplasty 1.80£0,35 1.75+0.36 0868
At follow-up 1.37x0.71 1442058 1552
Differences in MLD
Absolute gain, mm 0.92+0.53 0.75z041 0000
Relativa gain 0.34+0.19 0.29+0.18 0002
Absofute loss, mm 0.4320,68 0.3220.52 0070
Relative loss 0.1620.26  0.13x0.21 0339
Absoluta net galn, mm 0.49+0.72 0.43+0.57 1970
Net gain index 0.18x027 0,17+0.23 5050
Loss index 1.57+1359 0.46x2.44 Aeoz

Percentags stenosis

Befora angiopfasty 67.78+1827 60.63+14.30 0000

After angloplasty 35.1527.45 33.38x837 0039
Al follow-up S1.71£23.70 45.71x39.00 .oool
DS at follow-up >505%, % 43,13 3438 0289

DS indicates diameter stenosls.
P05, + P01, AP< 001,

were not available and who were therefore excluded
from the study population. The incidence of thrombus in
these patienis {6.79%) was comparable to that in our
study population (5.4%, P=NS). Of these patients with
thrombus, 22.6% and of patients without thrombus,
22.6% had a clinical end point during follow-up
(P=1.000), The individuat worst clinical ¢nd-point com-
ponents of death, myocardial infarction, coronary artery
bypass graft surgery, and repeat PTCA were 3.2%, 9.7%,
3.2%, and 6.5%, respectively, for lesions with and 3.5%,
3.2%, 5.8%, and 10.2% for lesions without thrombus
(P=.403).

QCA Analysis

Satisfactory QCA was performed in a mean of 2.12
matched angiographic projections per lesion (Table 3).
The reference diameter did not change from before to
after the precedure but was significantly larger in lesions
containing angiographically identifiable thrombus, and
this difference remained at follow-up (Table 3). Al-
though the MLD before angioplasty was significantly
smaller in lestons containing angiographically identifi-
able thrombus, the MLD after angioplasty was sinslar,
The residual percent stenosis after PTCA was higher in
the angiographically identifiable thrombus group, as
were the absoluie and relative gains {Table 3, Fig 2}, At
follow-up, although the MLD was similar in both groups,
the percent stenosis was significantly higher in lesions
containing thrombus (Fig 2, Table 3}, as were the
categorical restenosis rate (43,1% versus 34.4%, P<.01;
relative risk, 1.449; CL, 1051 to 1.997) and tihe absolute
and refative losses (Table 3, Fig 3).

The higher restenosis rate in the angiographically
identifiable thrombus group was predeminantly due to
an increased number of ccclusions at follow-up angiog-
raphy (13.8% versus 5.7%, P<.001; relative risk, 2.639;
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Fis 2, a, Cumufative distribution curve of MLD after PTGA and
at follow-up for patients with and without the presence of
thrombus at the time of angloplasty. b, Cumulative distribution
curve of percent stenosis after PTCA and at follow-up for
patients with and without the presence of thrombus at the time
of angioplasty, Numbers given are mean= 8D, *P<.05.

95% CI, 1.645 to 4.233). When lesions that went on to
occlude at follow-up angiography were excluded from
the analysis, there remained a tendency for a higher
categorical restenosis tate in the thrombus group (34.1%
versus 30.4%; relative risk, 1.183; CI, 0.824 to 1.696), but
this was no longer statistically significant (P=.411). The
absolute and relative losses were now also similar
{0.23£0.46 versus 024+042 and 0691017 versus
0.09:£0.16, respectively, both P=NS).

Multiple Linear Regression Analysis

We have previously demonstrated that vessel size,
MLD before PTCA, absoluie gain, and LAD location
make a significant contribution to Jate angiographic
outcome.? Adding thrombus to this model significantly
improved its predictive value. Least-squares means for
absolute loss were 0,404 for lesions with thrombus and
0.318 for lesions without thrombus. The probability
value of adding the variable thrombus to the model was
.037. Adding thrombus to the model when lesions that
went on {o occlude at follow-up angiography were
excluded did not improve its predictive value. Least-
squares means for absolute loss were 0.222 for lesions
with thrombus and 0.243 for lesions without thrombus.
The probability value of adding the variable thrombus to
the model was .549.

To ascertain whether the trend toward a worse clinical
ontcome in patients with thrombus was related to dif-
ferences in the underlying baseline characteristics, we
corrected for these variables to see whether thrombus
had an independent predictive value. We performed
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Fia 3. a, Cumulative distribution curve of absolule (Abs) loss
{ehange In MLD from before PTCA o follow-up) for leslons with
and without thrombus. b, Cumulative distribution curve of rela-
tive (Rel) loss (change in MLD from before PTCA to follow-up
comected for vessel size} for lesions with and without thrombus,
Nurebers given are mean+ S0, *P<.001.

logistic regression with the above-mentioned baseline
characleristics as covarfates resulting in a value for the
variable thrombus of P=.038, implying that thrombus
has a positive relation with the probabitity of a clinical
end point. Performing the analysis when lesions that
went on to occlude at follow-up angiography were
excluded gave a value of P=.183, suggesting that the
positive relation with the probabiliey of a clinical end
point was related to ccclusion at follow-up angiography.

Univariate and Multivariate Analyses of Occlusions
at Follow-up Angiography

The finding that the higher restenosis in lesions con-
taining angiographically identifiable thrombus was pre-
dominantly die to an increased number of occlusions at
foliow-up angiography prompted us to examine the time
to clinical and anpiographic follow-up and a number of
variables predictive of late occlusion in this group {Table
4. The time to clinical and angiographic follow-up was
significantly shorter in lesions that occluded at the time
of angiographic follow-up, These lesions had a higher
incidence of total occlusion, a tighter stenosis before
PTCA, a longer duration of inflation with the use of a
smaller balloon in a smailer vessel with a tighter residual
MLD, and a greater likelihood of a dissection after
PTCA. Logistic regression analysis confirmed the pres-
ence of a total occlusion before PTCA and total inflation
time (seconds) to be positively related and the reference
diameter after PTCA (millimeters} (o be negatively
related to occlusion at follow-up angiography {Table 5).
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Discussion

Our study has specifically addressed the role of angio-
graphically identifiable thrombus in long-term restenosis
in a large patient population with a control group, a high
angiographic follow-up rate, and QCA at a predeter-
mined time interval. We have demonstrated, using both
a categorical and a continuous approach, that restenosis
is significantly increased by the presence of angiographi-
cally identifiable thrombus during coronary angioplasty.
Furthermore, we have also shown that the mechanism
for this is an increased rate of occlusion at follow-up
angiography and that this is positively related to the
presence of a total occlusion before PTCA and the totat
duration of balloon inflation and negatively related to
the residual stenosis after intervention. If lesions that
subsequently occlude at follow-up angiography are ex-
cluded from the analysis, then restenosis s similar in
both groups. These findings support and expand our
current understanding regarding the role of thrombus in
long-term Juminal renarrowing and occlusion after suc-
cessful PTCA,

Qur findings support a role for thrombus in resterosis
after successful PTCA in terms of both clinical and
angiographic outcomes. They suggest that the contribu-
tion thrombus makes to restenosis relates to vessel
occlusion by the time of follow-up angiography. The
timing of this occlusion is unciear. If it occurred early, it
is likely to have been the end result of an acute
thrombotic process, whereas if it occurred late, it would
be the final end result of the process of restenosis itself.
We do not know when the occlusion at follow-up
angiography eccurred in our patients, so our results must
be speculative. We suspect, however, that it occurred
carly. In support of this is the higher incidence of
previous myocardiat infarction in the thrombus group
(successful dilatation of the infarct-refated vessel is
associated with a higher rate of early silent occlusion®?)
and the Wilcoxon test indicating carly divergence in the
survival curves when occlusions at follow-up angiogra-
phy are included. Additional evidence comes from the
much earlier occurrence of clinical and angiographic end
points in the thrembus-laden fesions that had occluded
by the time of follow-up angiography and the fact that
the excess in clinical end points is driven by a much
higher incidence of acute myocardial infarction. Our
hypothesis that the occlusions occurred carly is also
supported by evidence in the literature suggesting that
2% to 8% of elective PTCA lesions? occlude during the
first 24 hours, sitently in many cases, Thus, although our
data support a role for thrombus in vessel occlusion by
the time of follow-up angiography and hence resteno-
sis, they do not provide any strong evidence to support
a role for angiographically identifiable thrombus in
late myointimat hyperplasia. Further prospective stud-
ies are thus required to evaluate this important matter
further.

Univariate regression analysis was suggestive of a
number of procedural and anglographic variables re-
lated to occlusion at follow-up angiography. These in-
cluded the presence of a total occlusion and a tighter
stenosis before PTCA, a longer duration of inflation
with the use of a smaller balloon diameter in a smaller
vessel with a tighter residual MLD, and a greater
likelihaod of a dissection after PTCA at the dilated site.
Thus, the more difficult difatation of a more complex



Taste 4. Univariate Analysis of Patient-, Lesion-, and Procedure-Related

Characteristics Relevant to Occlusion at Follow-up Anglography

in 160 Lestons Containing Thrombus

Qccluslon Mo Occlusion
at Foflow-up at Follow-up Signliicance
tesion Type {n=22) {n=138) Level
Anginal class, % 385
HNone 4.6 1.6
CCS class | 93 138
CCS class I 409 268
CGS class Il 318 225
CCS class IV 13.6 254
Duralion of angina, wk 106+219 $3+132 326
Medlcation at screening, %4
Antkoagulants [ 07 1,000
Thrombaocyle aggregation Inhibitor 68.2 65.2 476
Aspinin 80.0 742 872
Dipyridamole 20.0 7.8 317
Laboratory lnvestiqations
Hemuoglobin 8.70%1.00 881088 593
Hematocrit 042+004 042+0.04 563
Platstet count 274£85 26780 6M
Lesion location, % .085
LAD 137 37.0
LCx 227 203
RCA 63.7 428
Leslon characteristics, %
Concentric 26.3 6.6 542
Multiple irregutarities 10.5 134 1.000
Branch point in stenosls 16.7 164 1.000
Caronary artery bend 15.6 241 615
Celcified lasion 318 14.56 088
Total occlusion 455 15.6 003°
Degree of collateral supply, % 138
No collaterals 66.7 813
Sfight {minimal perfusion) Ll 7.3
Hedium (partial perfusion} 2.7 73
Major ([complete perfuston) 1} 10
HNol assessed 6.7 341
PTCA procedurs
Nomina! size of largest balloon, mm 281=040 303+043 0284
Bafioon {e artery ratio 1.10+0.19 1.1220.16 J172
Total number of Inflations 4,6+3.2 42x29 6687
Tolal duration of inflation, s 530484 356+289 0248
Maxmuns inflation pressure, atm 9.10+2.93 B824+245 2159
Post-PTCA rasult
Disseclion at the dilated site, % 773 50,7 038
Quantitative angicgraphic measurements
Relerence diameler, mm
Bsfore angloplasty 262+0.53 2792054 3101
After angloplasty 2544039 2.8420.54 0036
MLD, mm
Before angloplasty 055056 093+049 0052
After angioplasty 1£,6620.30 1.8240.35 0277
Differences in MLD, mm
Absolute galn 1112060 0.89+0.51 A16t
Relativa gain 0.44+0.22 033+0.18 0360
Percentage stenosls
Befora angloplasty 79.00+20.40 £599+17.33 0088
After angloplasty 34.35+8.38 3528+7.35 6276
Lesfon length post-PTCA, mm 6.14+1.99 6.26+2.35 8032
Days to foliow-up 127279 16048 007

GCS indicates Canadian Cardiovascular Society angina classification; LCx, left clrcumflex, astery. Values

are mean* S0,
*Retained in multivariate mogel.

the presence of total oeclusion before PTCA and a
longer total inflation time to be positively related to the
risk of subsequent occlusion and the reference diameter

lesion in a smaller vessel with a less satisfactory result
would be more likely to occlude by the time of follow-up
angiography. Multivariate regression analysis confirmed
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TasLE 5, Result of Multiple Loglstic Regression Analysis to Evaluate
the Respective Contributions of Glinical, Anglographic, and
Procedural Variables to Occlusion at Fellow-up

Angiography in Leslons Gontaining Thrombus

Standard Error

Regression of Ragression
Variable Coaeflicient Cosflicient P
Presenca of totat acclusion pre-PTCA 379 163 021
Total inflation time, s 002 0006 002
Reference diameter post-PTCA, mm —-1.634 B30

after PTCA to be negatively related. The relation be-
tween total coclusion and subsequent risk of occlusion
ntay be secondary to the highly thrombogenic surface
generated by the successful dilatation of a total occlu-
sion, without a preexisting endothelial lining.>* Success-
ful dilatation of a total occlusion may also expose flowing
blood to activated thrombin bound to fibrin in the
internal layers of a previously formed thrombus, The
prothrombotic processes stimulated by the activated
thrombin would be even more severe than those associ-
ated with the deeply injured artery and would further
accelerate thrombosis after PTCA in these lesions, 227
thus contributing to both enhanced local thrombus
formation after successful dilatation of these fesions and
an increased likelihood of thrombotic occlusion, The
total inflation {ime may represent the more complex
dilatation of a total occlusion, multiple irregularities, or
a more complicated angioplasty, This is further sup-
ported by the higher incidence of disscetions requiring
prolonged inflation in lesions that occlude by the time of
follow-up angiography. The negative relation between
increasing vessel size and subsequent occlusion is prob-
ably representative of the local low dynamics.2s

Our study has a number of limitations, First, it was a
retrospective analysis of prospectively gathered data and
is hence subject 1o the limitations inherent in any
retrospective analysis. For example, there are significant
differences in the baseline clinical, angiographic, and
procedural characteristics between the two groups that
could have been responsible for, or associated with, the
oufcome of the procedure, including the presence of
thrombus, Patients with angiographic cvidence of
thrombus before or after angioplasty had a significantly
greater history of previous myocardial infarction and a
significantly lower proportion of previous coronary an-
gioplasty, both of which may have had an impact on the
clinical and angiographic outcomes. There is evidence
for a silent early occlusion after successful acute dilata-
tion of infarct-related vessels® and evidence that after
stent implantation in coronary vessels supplying an
infarcted segment, the low flow makes the vessel more
pronie to thrombotic ecclusion.? Similar mechanisms
may be operating in our study, but we do not know
whether the vesscl dilated was the infarct-related vessel,
and we do not know the [ength of time since myocardial
infarction, except that it was longer than [week. Simifar
arguments also apply to the history of previous PTCA.
Again, we do not know whether the present procedure
was performed at the same site, and it is not possible to
draw conclusions about what effect it may have had on
subsequent clinical and angiographic outcomes.

There were also significant differences in lesion loca-
tion and lesion characteristics, There was a higher
proporiion of lesions containing thrombus in the RCA
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and less in the LAD. This may have had an impact on
angiographic outcome in two ways. First, the RCA is
significantly larger than the LAT, and this may explain
why the reference diameter in lesions containing throm-
bus was significantly larger. Second, there are significant
differences between the two vesscls in terms of local flow
dynarnics, vessel geometry, and external compressive
forces® that may have a substantial influence on the
subsequent risk of occlusion.3t Although lesion location
was not a major risk factor in our multivariate analysis of
occlusions at follow-up angiography, it is nonctheless
interesting to note that the trend was for lesions that
occluded to be in the RCA (P=.085). Thus, similar
mechanisms may be operating in our study.

The type of lesion was also significantly different, with
a greater proportion of total occlusions in the thrombus
group. Successful dilatation of these may have enhanced
local thrombus formation and may have contributed to
the increased incidence of occlusion at follow-up angiog-
raphy. 222 It may also partly explain the smaller MLD
before PTCA and greater absolute and relative gains in
this group of lesions. Differences in lesion [ocation and
characteristics could also have been responsible for the
significant differences in the PTCA procedure. For
example, the prevalence of RCA lesions could explain
the larger nominal size of the largest balloon, whereas
the greater number of inflations and total duration of
inflation may reflect the more complex dilatation of a
total occlusion, multiple irregularities, or a more com-
plicated angioplasty.

Although we tried to compensate for these dilferences
in baseline characteristics by using multivariate analysis
and demonstrated that thrombus has a predictive value
on restenosis and clinical outcome independent of the
underlying clinical and angiographic characteristics,
nonetheless, we cannot exclede the possibility of covert
factors not available in the study influencing outcome.
For example, we do not know what proportion of the
angiographically identifiable thrombus group had a suc-
cessfully treated occlusive dissection, a recognized risk
factor for restenosis,® and total occlusion as a late
outcome,*

Second, although the angiographic definition of
thromibus we used is the standard definition found in the
literature,!€ the individual sensitivity and specificity of
the three criterfa have, to the best of our knowledge,
never been addressed. In addition, conlrast angiography,
although the gold standard for randomized studies, has
a poor sensitivity for intracoronary thrombus.® When
we used the above angiographic definition and corenary
angioscopy as the gold standard, we found the specificity
of contrast angiography to be good (108%) but the
sensitivity to be poor (19.4%). This is in keeping with
other evidence in the literature, Coronary angioscopy,



for example, supgests a very high incidence of macro-
scopic mural thrombus, not identifiable by contrast angiog-
raphy, after balloon angioplasty,’>? whereas directional
atherectomy suggests that thrombus may contribute to
arterial narrowing in 8% to 25% of restenosis cases.?”
Thus, although our results apply to angiographically iden-
tifiable thrombus, they may not apply to patients with
mural thrombus not visualized by contrast angiography.

Finaily, the study relies on data pooled from four
separate restenosis irials. )15 We believe that the pool-
ing of data was justified, however, since the number of
patients with angiographically identifiable thrombus pres-
ent in each individual study was limited, Furthermore,
the entry criteria for the studies were broadly similar, the
data pooled were those common to all studies, and the
angiographic criteria were standardized, with one cen-
tral angiographic core laboratory performing the QCA
analysis in all stedies, n addition, the resulting large
study population provides a unique opportunity o ob-
tain accurate QCA dafa at a predetermined time interval
in a field in which few such data exist to date.

Clinical Implications

Our data support previous work suggesting that local
thrombus formation may result in acute occlusion?3832
and expand it to include late subacute occlusion and
hence restenosis, This may have important clinical im-
plications with regard fo recent studies using monoclo-
nal antibodies and synthetic peptides directed against
the platelet glycoprotein ITb/ITTa receptor.s0-2 Although
preliminary data supgest that they reduce the need for
coronary revascularization procedures in high-risk an-
gioplasty patients,*? most of the reduction occurred in
the first 30 days after intervention, and the effects were
not verified at the angiographic level. Our data would
suggest that perhaps some of their improved clinical
outcome may relate to ¢liminating subacute occlusion in
a subset of the population without necessarily affecting
the restenosis process,

Conclusions

Our results indicate that the presence of anglographi-
cally identifiable thrombus at the time of the angioplasty
procedure is associated with a higher rate of angio-
graphic restenosis. The mechanism by which this ogcurs
is through increased vessel occlusion at follow-up an-
giopraphy, Measures aimed at improving outcome in this
group of lesions should be focused in this direction.
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Chapter 14

Long term luminal renarrowing after successful elective
coronary angioplasty of total occlusions: a quantitative
angiographic analysis.

Yiolaris AG, Melkert R, Serruys PW,
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Long-term Luminal Renarrowing After
Successful Elective Coronary Angioplasty
of Total Occlusions
A Quantitative Angiographic Analysis

Andonis G, Violaris, MD, MRCP (UK); Rein Melkert, MD, MS; Patrick W. Serruys, MD, PhDD

Background 'The long-term angiographic outcome after
successful dilatation of coronary ccclusions remains unclear,
The objective of this study was to examine long-term resienosis
after successful balloon dilatation of coronary occlusions at a
predetermined time interval with quantitative angiography and
compare this with a control population of stenoses.

Methods and Resulis  'The study population comprised 2950
patients {3583 tesions) prospectively enrolled in and successfully
completing four mejor restenosis trials (8655 quantitative angio-
graphic follow-up). Cincangiographic films were processed and
analyzed at a centeal core Jaboratery with the use of an automated
interpolated edge detection technigque. The study population
comprised 266 occlusions (7%%) defined as tofal when there was
absent anterograde filling beyond the fesion {109 lesions) and
functional (157 lesions) when faint, fate anterograde opacification
of the distal segenent was seen in the absence of a discemible
luminal contimsity; 3317 lesions were defined as stenoses (939%).
Restenosis was significantly higher after successful dilatation of
ooclusions than of stenoses, With the categorical (>50% diameter
stenosis at follow-up) approach, the restenosis rate was 44,7% in
occlusions compared with 34.6% in stenoses (P<<001; relative
risk, 1.575; C1, 1.224 10 2.027). Similarly, the absolute loss (defined
as the change in minimal Jumen diameter betweea post coronary

angioplasty and follow-up; in millimeters, mean*+58D} (0.431£0.68)
in occlusions was significantly higher than in steaoses (031051,
P<2.001), as was the relative loss, defined as the change in minimal
lumean dlameter between postangioplasty and follow-up, adjusted
for the vessel size {0.17+0.28 versus 0.[2£0.20, P<.001}. The
higher restenosis rate in the occlusions group was due predomi-
nantly to an increased number of occlusions at follow.up angiog-
raphy in this group (19.2% compared with 5.0% for stenoses,
P< 001, Within the occlusions group, there were po significant
differences in Jong-term owtcome between total and functional
occlusions (restenosis rate, 45.09% versus 44.6%; reocclusion rate,
23.9% versus 15.99%; absolute loss, 0.5320.69 versus 0.36%0.67;
relative loss, 021 20,28 versus 0.15:0.28: P=N5).

Conclusions These results indicate that successfully dilated
coronary occlusions, both total and functional, bave a higher
rate of angiographic restenosis at 6 months than stenoses, This
is due chiefly to a hipher rate of occlusion at follow-up
angiography in this group of lesions, Measures aimed at
reducing restenosis after successful dilatation of coronary
occlusion should be focused in this direction. (Circulation.
1995;91:2140-2150.)

Key Words o angioplasty e occlusions s angiography

Griintzig et al in 19791 the indication for iis

usc were at first tentatively and subsequently
more strikingly expanded to include patients with total
ocelusions. 2§ Although a namber of factors are known to
influence the acute success rate,*™® relatively dittle is
known regarding long-term luminal renarrowing after
sugcessful dilatation of total occlusions. A number of
studies have investipated this, but uncertainty continues
with restenosis rates in the literature varying from 20%
to 65%.23561017 This variation has three primary
sources. First, most studies have been retrospective
analyses that use small patient numbers and no conirol
group. 2311121516 Second, the angiographic follow-up

ﬁ fier the introduction of coronary angioplasty by
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rates have been low and performed for the recurrence of
symptoms rather than at a predetermined time interval,
thus introducing important selection bias.’%!7 Finally,
some have used visual assessment lo estimate angio-
graphic severity, which is subject to wide interobserver
and intraobserver variability.’® This study attempted to
overcome these Hmitations by using a validated auto-
mated edge detection technigue to evaluate restenosis
prospectively in a large series of patients undergoing
successful balloon angioplasty and routine follow-up
angiographic assessment af a predetermined time inter-
val, Furihermore, a control cohort of patients with
stentoses was used to directly compare the long-term
results,

See p 2113

Methods
Patients

The study population comprised 3582 patients with signifi-
cant primary stenoses ln native coronary arteries who were
prospectively enrolled in four major restenosis trials!®2 and
who underwent successful coronary angioplasty (postproce-
dural stenosis <509%). These trials demonstrated that active
therapy had no effect on restenosis or clinical outcome in the



first 6 months after balloen angioplasty, so for the purposes of
this study, the data for the active and placebo groups were
paoled. Men or women were eligible for study entry if they
were symplomatic or asymplomatic with stable or unstable
angina pectoris and proven angiographically significant narrow-
ing in one er more major coronary arferies, Informed consent
was oblained in all cases before the corenary angioplasty
precedurs, Patients with evolving myocardial infarction and
significant left main disease were excluded from the study.

Angloplasty Procedure and Foflow-up Angiography

Coronary angioplasty was performed with a steerable, move-
able guide wire system by the femoral route. Standard bailoon
catheters were used. The choice of balloon type and brard,
inflation duration, and inflation pressure was [eft to the discre-
tion of the eperator. Patients were followed up for 6 months;
then a follow-up study was performed. If symptoms recurred
within 6 months, coronary angiography was performed earlier.
If no definite restenesis was present and the folfow-up time was
fess than 4 months, the patient was asked to undergo further
corenary arteriography at 6 months.

Quantitative Angiography

in fotal, three coronary angiograms were obtained for each
patient—nbefore and after percutaneous {ransluminal coronary
angioplasty (PTCA) and at anglographic follow-up. To stan-
dardize the method of data acquisition and 1o ensure exact
reproducibility of the angiographic studies, measures were
taken as previcusly described, and all angiograms were pro-
cessed in a central anglographic core laboratory.1%2022 The
angiograms were recorded in such a manner that they were
suitable for quantitative analysis by the computer-assisted
CORONARY ANGIOGRAPHY ANALYSIS SYSTEM, which was de-
scribed and validated earlier.22* Because the computer algo-
rithm cannet measure total occlusions, a value of ¢ mm was
substituted for the minimal lumen diameter and a value of
100% for the pre-PTCA percent diameter stenosis. In these
cases, the post-PTCA reference diameter was substituted for
vessel size.

Definitions
Total Occlusion

As in previous studies, total occlusions were divided into
absolute occlusions {Thrombolysis in Myocardial Infarction
{TIMI]} ftow grade 0} where no anterograde filling beyond the
lesion was visible and functional occlusioas (TIME grade 1)
where faint, late anterograde opacification of the distal seg-
ment was present in the absence of a discernible luminal
continuity,i+3

Ocelusion at Follow-np Angiography

Ocelusion at follow-ug angiography was defined as the
presence of an absolute or functional occlusion at the previ-
ously dilated angioplasty site on angiographic follow-up.

Angiographic Parameiers Assessed

Vessel size refers to the reference diameter of the relevant
coronary segment and is represented by the interpolated
reference diameter pre-PTCA because this is the closest and
most objective approximation of the disease-free vessel wall.

Minimtum luminal diameter {MEDY} is the point of maximal
luminal narrowing in the analyzed segment.

Many criteria have been proposed for the assessment of
restenosis 2628 For the purposes of this study, two approaches
were used: the categorical approach with the traditional cutoff
point of =>30% diameter stenosis at follow-up and a continuous
approach that used absolute and relative loss, which reflect the
behavior of the lesion during and after angioplasiy and may be
more represeatative of the pathological process involved dur-
ing follow-up.2%29

Absolute gain and absolute loss represent the improvement
in MLD achieved at intervention and the absolute change
during follow-up respectively, measured in millimeters. Abso-
late gain is post-PTCA MLD minus pre-PTCA MLD. Absolute
loss is post-PTCA MLD minus MLD at follow-up.

Relative gain and relative loss depict the improvement in
MLD achieved at intervention and the change during follow-up
respectively, normalized for vessel size. Relative gain is (post-
PTCA MLD minus pre-PTCA MLD) divided by vessel size.
Relative loss is {posi-PTCA MED minus MLD at follow-up)
divided by vessel size.

The absolute net gain is the MLD at follow-up minus
pre-PTCA MLD, The net gain index is tive net gain normalized
for the vessel size. The net gain index is (MLD at follow-up
minus pre-PTCA MLD) divided by vessel size.

The loss index is the relation of late loss to acute gain: loss
index is (MLD at follow-up minus post-PTCA MLD) divided
by (post-PTCA MLD minus pre-PTCA MLD).

Statistical Analysis

Data were analyzed with the SAs statistical software package.
Categorical varjables are presented as absolute numbers (55).
Ceontinuous variables are expressed as mean valueSD, Dif-
ferences between groups were evaluated with adjusted ) ? tests
for categorical variables and Student’s f tests for continupus
variables, The contributions of clinical, angiographic, and
procedural variables to the categorical outcome parameters
were evaluvated with logistic regression analysis. For the con-
tinuous owicome parameter {absolute [oss), multiple linear
regression analysis was used, Categorical variables were dichot-
omized and entered into the analysis as indicator variables with
values of 0 and 1, Selection of variables was achieved in a
stepwise fashion, The adjusted R was used as the criterion for
model selection. Probability values <.05 were considered
significant,

Results
Patienl Characteristics and Clinical Follow-up

The study population comprised 2950 patients (3583
lesions, 1.21 lesions per patient) who successfully com-
pleted the study and had follow-up quantitative angiog-
1aphy. The overall angiographic restudy rate was 86% of
all patients undergoing successful PTCA. We found that
266 lesions in 249 patients out of 3583 lesions in 2950
patients complied with the angiographic definition of
total occlusion, Of these, 109 were absolute and 157
were functional total occlusions,

Tables 1 and 2 summarize the clinical and angio-
graphic characteristics of the 249 patients with occlu-
sions compared with the 2701 with stenoses. Paticnis
with total occlusions were younger and had a signifi-
cantly higher rate of previous myocardial infarction than
patients with stenoscs. Furthermore, the duration of
angina in this group was significantly shorter than in
stenoses. Additionally, the presence of thrombus either
before or after PTCA was significantly higher in occlu-
sions. Of the procedural characteristics, the nominal size
of the largest balloon was significantly higher in stenoses,
while the total number of balloon inflations required,
total duration, and maximum inflation pressure were
higher in occlusions. Within the occlusions group, there
were no significant differences between lesions with total
and functional occlusions.

Seventy-one (28.5%) of the patients with successfully
dilated total occlusions and 598 (22.19) of the patients
with stenoses had clinicat end points (additional PTCA,
coronary artery bypass graft [CABG] surgery, acute
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Taste 1. Baseline Clinical Characteristics of Patlents
With Occlusions and Stenoses Before

TasLe 2. Basellne Anglographic and Procedural Data
of Patients With Occlusions and Stenoses Before

Corenary Angloplasty Coronary Angioplasty
Lesion Type Leslon Type
Cecluston Stenoses Occlusions Stenoses
Patlents, n 249 2701 Lesions, n 266 3317
Men, % 85.1 891.4 Leslons per patient, 1.07 1.23
Age,y 54,496 57.4£9.3" Number of diseased vessels, 35
Smoking status, % svD 61.0 542
Ever smoked 7341 7585 2D 345 276
Current smoker 17.2 183 3VD 36 7.8
Previous myocardial infarction, %5 54,2 41,1 Leslon location, %6
Previgus CABG, % 16 4.5 1AD 394 442
Previous PTCA, % 38 6.0 LCx 269 24.0
Diabetes mellitus, % . 10.8 0.2 RCA 337 T
History of hypertension, % 301 205 Typa of leslon, %
History of hypercholesterolemia, % 333 315 Muttiple imegularities 8.9 8.0
History of peripheral vascular diseass, % 36 5.1 Side branch in leslon 21 202
CCS anginal class, %4 Leslen calkeification 12.0 12,4
None 60 5.6 PTCA procedura
1 100 11.2 Nominal siza of largast balfoon, mm 2.74+043 289043
] 33.7 32.4 Batioon to artery ratio 1.14£0.18 1.13+0.19
H 239 30.2 Tatal number of inflations 46+3.2 347222
Y 213 206 Totat duration of infiation, s 404+ 341 303+261°
Buration of angina, wk 89126 14207 Maximum infistion prassure, atm 8.80x2.69 845x2.50°
Medication at screening, % Post-PTCA resull, %
Nitrates 57.6 66.2 Dissection at the ditated site 39.8 345
Calclum antagonlsts 8a.1 69.6 Thrombus visible (before or after
B-blockers 57.4 498 PTGA} 12.8 a2
Antlcoagufants 1.6 1.5 SVD indicates single-vessel disease; 2-VD, two-vessel disease; 3-V0,
Aspldn 802 820 three-vessel diseass; LAD, left anterior descending; LOx, left circumflex
Leboratory Investigations artery; RCA, right coronary arteny; and PTCA, percutancous transtuminal
Total cholesterol 5564130 5854123 coronary angioplasty.
‘P05,
Hemoglobin 8.89+080  8.86+083
i +| =+
L‘;’{;ﬁ;‘j‘;ﬁlm %::;2'804 %;?;2'104 the central Angiographic Core Laboratory before and

CABG indigates coronary artery bypass grafts; PTCA, percutancous
transtuminal coronary angloplasty; and CCS, Canadian Cardipvascutar
Soclety.

*P<.,05,

myocardial infarction, or death) during follow-up. The
difference was statistically significant (P=.026). The
individual componeants of death, myocardial infarction,
CABG, and re-PTCA were 0%, 3.6%, 3.6%, and 21.3%,
respectively, for occlusions and 0.2%, 2.8%, 2.4%, and
16.7%, respectively, for stenoses. The differences in the
individual clinical end points between the two groups
were also statistically significant (P=.022). Fig 1 summa-
rizes the time course of clinical end points. Although the
mean time to clinical follow-up was similar in the two
groups, when we compared the pattern of occurrence of
clinical end points by way of the log-rank test, ¢linical
end points in the occlusions group were found to occur
earlier than in stenoses (P=,022),

Interestingly, when tesions that went on to occlude at
follow-up angiography were excluded from the analysis,
50 patients (25.19%) with occlusions and 541 patients
{21.1%) with stenoses reached a clinical end point, and
the difference was no longer statistically significant
{P=.217). The individual clinicat end points and the time
to a clinical end point were also no longer significantly
different {P=.238 and .214, respectively).

Quantifative Angiographic Analysis

A mean of 2.12 matched angiographic projections per
lesion had satisfactory quantitative analysis performed at
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after PTCA and at follow-up (Fable 3). The reference
diameter was significantly lower in occlusions than in
stenoses, and this difference remained at follow-up, As
expected, the MLD increased substantially more after
dilatation of occlusions than of stenoses, which was
reflected in the substantially greater relative gain. New-
ertheless, the post-PTCA ML was significantly lower in
occlusions, perhaps reflecting the smaller vessel diame-
ter in this group (Fig 2a). When this was taken into
accoun, the percent stenosis after PTCA was similar in
both groups (Fig 2b). At follow-up, previously ocecluded
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Fi6 1. Graph showing cumulative distibution curves of clinlcal
end polnts ovar time for tolal occlusions and steroses. Numbers
given are mean+SD (days), *P<.05.



TasLe 3, Quantitative Analyses of 266 Leslons in 249
Patients With Occlusfons and 3317 Stenoses in 270!
Patlents Included in the Analysls

Laslon Type
Declusions,  Stenosas,  Sigaificance
n=266 n=3317 Level

Referenca diameter, mm

Before angloplasty cee 261+0.54 N

After angioplasty 246049 267051 <000l

At follow-up 2.60+055 2691055 0,026
MLD, mm

Before angloplasty [¢] 1.08+0.29 ver

After angioplasty 1614034 1.77+0.36 <0.001

At follow-up 1.18x0.69 1.4620.57 <0.001
Differences in MLD, mm

Absalute galn 1.61+0.34 060034 <0.001

Retative gain 0682009 027+0.13 <0001

Abscelute loss 0.43£0.68 0.31x0.51 <0.001

Relativa loss 0.17x0.28 0.1220.20 <0.001

Absolute net galn 1.18+0.69 0,38x053 <0.001

Net gain index 0.4820.28 0.14x0.21 <0.001

Loss index 0262043  053x388 0.255
Percentage stenosls

Before angioplasty 100 57.83:9.85 vee

After angloplasty 34165846 J340+8.33 0.156

At follow-up 540922567 45.33£18.52 <0.001
DS &t follow-up >50%, % 4474 33.95 <0.001

MLD indlicates minimal Juminal ciameter; DS, diameter stenosfs,

lesions deteriorated significantly more in terms of both
absolute and relative loss (Fig 3, Table 3}, resulting in a
smaller follow-up MLD and higher percent stenosis (Fig
2a and 2b, Table 3). Thus, in addition to restenosis being
higher when the continuous, absolute, and relative loss
approach was used, the restenosis rale when the cate-
gorical approach was used was also significantty higher
(44.74% in ocelusions compared with 33.95% in steno-
ses; P<<.001; relative risk, 1.575; CI, 1.224 to 2.027).

Although angiographic restenosis was higher in occlu-
sions than stenoses, there were no significant differences
in the presentation of restenosis beiween the two
groups. Of recanalized {otal occlusions with angio-
graphic restenosis, 40% were symptom-free, while
18.5% complained of angina and 41.5% had a clinfcal
end poini. This compares with 39.9%, 18.7%, and
41.4%, respectively, for stenoses with angiographic
restenosis.

The higher restenocsis rate in the occlusions was due
predominantly to an increased number of occlusions at
follow-up angiography in this group (19.2% versus 5.0%
for stenoses, P<.601). Thus, recanalized acclusions ac-
counted for 23.5% of all occlusions at follow-up angiog-
raphy even though they formed only 79 of the total
study population. The relative risk for occlusion at
follow-up angiography was 4.503 (95% CI, 3.196 to
6.344).

Subgroup Analysis of Qcclusions Group

Subgroup analysis of the occlusions group revealed
109 absclute and 157 functional occlusions (Table 4),
The reference diameter after angioplasty was signifi-
cantly higher in absolute than in functional occlusions,
but this difference did not persist to follow-up angiogra-
phy. There were no significant differences in the MLD or
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Fia 2. Graphs showing {a) cumulalive distribution curves of
mean furninal diameter (MLD) after percutaneous transluminal
caronary angloplasty (PTGA) and at fetlow-up for total occlu-
slons and stencses and (b) cumulative distribution curves of
percentage stenosis after PTGA and at follow-up for total
occlusions and stenoses, Numbers given are mean=SD,
*P.001.

percent stenosis after PTCA or at follow-up (Table 4)
between the two groups. The categorical restencsis rate
(>50% diameter stenosis at follow-up) was almost iden-
tical (44.95% versus 44.59%%) in the two groups. Al-
though the reocclusion rate in absolute occlusions
tended to be higher than in functional occlusions (23.9%
versus 15.9%), this did not reach statistical significance
{P=.06), By use of the continuous measurements of
restenosis, the absolute and relative loss tended to be
tower in functional occlusions (Table 4), resulting in a
sipnificantly higher net gain index and a significantly
lower loss index.

Univariate and Multivariate Analyses of Restenosis
in Tatal Occlusions

Univariate analysis of the available clinical-, procedural-,
and lesion-related characteristics was performed to assess
whether any of these variables were associated with an
increased categorical restenosis rate (Table 5). The only
significant associations were with a shorter duration of
angina, a tonger balloon tosal inflation time, higher residual
stenosis after PTCA, and a lower relative gain. Stepwise
logistic regression analysis was used to further evaluate the
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TasLe 4. Quantitative Angiographic Analysls of 109
Totat and 167 Functionai Ocelusions Inctuded in
the Analysis

iesion Type
TIMI O, Tis £, Slgnificance
n=109 n=167 Level

Reference diameter, mm

Befora angioplasty eea ees cen

After angioplasty 2.55:0.52 2.40+0.56 0015

At follow-up 266055 2.56+0.64 0.200
MLD, mm

Befors angloplasty ven . ces

After angloplasty 1.65+0.35 1.58x0.34 0095

At follow-up 1.1220.74 1.2150.65 0.285
Diferences In MLD, mm

Absoluta gain 1.65:0.35 1.6820,34 0.095

Relative gain 0.6520.09 0.66+0.08 0.440

Absolute loss 0.6320.69 036+067 0053

Relative loss 0.21x028 0.15£0.28 0.063

Absolute net galin 1.1220.74 1.2120.65 0.285

Net gain Index 0.4420.29 051028 0.037

Less index 0.32+0.44 0.22+042 0.042
Percentage stenosis

Before angloplasty . i 0.285

After angioplasty 3481+8.69 33.86+8.32 9.481

Al fotlow-up 57.52+26.38 51.70%24.96 0.072

DS at follow-up >50%, % 44.95 44.59 1.000
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Fia 3. Graphs showing {a) cumuiative distribution curves of
absolute loss (Abs) {change in mean luminal diameter [MLD] from
before percutaneous angloplasty to follow-up) for total acoiu-
stons and stenoses and {b} curnulative distribution curves of
relative {rel) loss (change In MLD from belore percutanecus
angloplasty to follow-up comecled for vessel size) for total
occlusions and stenoses. Mumbers given are meant50,
P<.001,

relation between this dichotomous definition of restenosis
and the above variables, as well as all ather clinical, lesion,
and procedural characteristics. The nuraber of diseased
vessels and the percent stenosis after PTCA were positively
related; duration of angina (in days) was negatively related
to the probability of restenosis at follow-up (Table 6).

Univariate analysis of clinical, procedural, and fesion
characteristics related to absolute loss showed the only
sipnificant associations to be with total inflation time
(P=.0004), presence of thrombus (P=.0039), post-
PTCA MLD (P=.0144), duration of angina (P=.0262},
left anterior descending coronary artery location
(P=.0418), and lesion calcification (P=.0443}, Multiple
linear regression analysis was used to further evaluate
absolute [oss. Of the variables assessed, total inflation
time (in seconds) and the presence of thrombus were
both positively related to absolute loss {Table 8).

Univariate and Muoltivarlate Analysis of Occlusions
at Follow-up Angiography

The finding that the higher restenosis rate after dila-
tation of occlusions was due predominantly to an in-
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TiM indicates Thrombosis in Myocardial infarction classification; MLD,
minimal luminal diameter.

creased number of reocclusions at follow-up angiogra-
phy in this group prompted us to examine a number of
variables predictive of reocclusion (Table 7). The clinical
characteristics of the two groups were similar, although
lesions that went on to receclude had a shorter duration
of angina (2752 versus 74132 weeks). Proccdural
characteristics were also similar, although lesions that
went on to reacclude required a fonger balloon inflation
(5371478 versus 3732294 seconds). Logistic regression
analysis was performed for the above and for all other
clinical, angiographic, and procedural paramcters
thought to be associated with the occlusion at follow-up.
Of these variables, the total inflation time (in scconds)
was positively related and the post-PTCA refcrence
diameter (in millimeters) was negatively refated to reoc-
clusion at follow-up angiography {Table 6).

Discussion

Our study specifically addressed the problem of long-
term luminal renarrowing after dilatation of total coro.
nary occlusions in a large patient population with a
control group, a high angiographic follow-up rate, and
quantitative angiography at a predetermined time inter-
val. We demonstrated using both a catcgorical and a
continuous approach that restenosis is significantly
greater after batloon dilatation of occlusions than of
stenoses. Furthermore, we also showed that thds is
mainly the result of an increased rate of occlusion at
follow-up angiography, which is specifically related to
total inflation time and reference diameter after inter-
vention. We also demonstrated that restenosis and re-
occlusion occur to an equal extent in both absolute and
functional occlusions, These findings support and ex-
pand our current understanding of the long-term angio-



TasLe 5. Unlvarlate Analysis of Patient-, Lesion-, and

Procedure-Related Characteristics Relevant te Long-term Restenosis*

I 266 Occlusions

No
Resfencsls al Reslenosls at
Folfow-up, Foftow-up,  Slgnificance
n=118 n=147 Level
CS anginal class, % 0.790
None 6.7 48
| 84 11.6
i} 311 #.7
I 3.1 293
i 227 19.7
Duration of angina, wk 4076 851146 0.018¢
Medication at screening, n
Anticoagulants 1.7 14 1.000
Thrombocyts aggregation Inhibitor 706 70.8 1.000
Asplrin ’ 79.8 81.6 0.896
Persantin 4.3 9.2 0.400
Labaoratory Inyestigations
Hemeoglobin 8832077 895080 0.235
Hematocrit 0.42+0.04 0.420.04 0,398
Platelet count 281+63 26756 0.564
Leslon Jocation, %6 0.654
LAD 370 435
10x 27.7 245
RCA 35.3 32.0
Leslon characteristics, 3%
Concentric 19.3 15.8 0.845
Muttipls lregulanities 5.7 8.0 0.661
Branch point in stenasls 30.2 208 0.430
Coronary artery bend 9.4 7.2 0.707
Galcified leslon 143 10.2 0408
Degres of collateral supply, % 0,704
No collaterals 52.3 47.1
Slight (mintmal perfusion) 7.0 10.1
Medium {partfal perfuslon) 256 219
Malor {tomplete perfusion) 128 168
Not assessed 23 42
PTCA precedure
Nominal size of Jargest baltoon, mm 2742043 275043 0.846
Balloon to artery ratio 1.13x0.18 1.15x0.19 0.293
Total number of inflations 4.6x34 46+3.0 0.925
Total duration of inflatlon, s 4524380 3652293 0.043
Maximum inflation pressute, alm 892263 8691244 0464
Post-PTCA result, %
Dissection at the dilated site 420 381 0601
Thrombus visible (befora o alter PTCA) 16.1 9.5 G.227
Quantitative anglegraphic measurements
Reference diameler afier PTCA 2.48+0.48 2.4470.50 0.590
Minlmal luminal diameter after PTCA 1.59x0.35 1.6220.34 0.474
Stenos’s after PTCA, % 3550=7.99 33.08+8.70 G.0191
Absolute gain 1.59£0.35 1.62+0.34 0.474
Relative galn 0.8420.08 0.67+0.09 0.024
Leslen length after PTCA, mm 6.29+2.35 8.44=2.71 0.631
Time ta follow-up, ¢ 14755 167+41 0,001

{C5 Indicates Canadian Cardiovascular Society angina classificaion; LAD, left anterior
descending: LCx, left circumflex; RCA, right coronary artery; and PTCA, percutanecus

transtuminal coronary angloplasty. Values are mean£SD.
*>50% diameter stenos!s at follow-up anglography.
tRetalned In muttivariate modst.

graphic outcome after suceessful angtoplasty of coronary
acclusions.

Qur overall restenosis rate of 44.7% with the categor-
ical (>>50% diameter stenosis) approach compares with
the previously reported recurrence rate of 65% from our
center® and is within the 20% to 65% range described

previously. 23551018 Qur restenosis rate, however, is sig-
nificantly lower than those of the two largest studies
published to date,*¢ perhaps as a resull of our high
angiographic follow-up rate. With univariate analysis, a
nummber of risk factors have been postulated for the
higher restenosis rate after dilatation of chronic ocelu-
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TasLE 6. Regresslon Analyses to Evaluate the Respective
Contributions of Glinical, Anglographic, and Procedural Variables on
the Gategoricat Hestenosts Rate,* Absolute Loss, and Reocclusion

Buring Follow-up

Standard Error of

Regression Regrassion

Varlabls Coefflcient Goefficlent P
CGategorical restenos's rate

Duration of angina, d —0.0007 0.0003 032

Diseased vassels, n 0.649 0307 034

Stenosls after PTCA, 4 0.043 0023 {049
Abselule loss

Total infiation time, 0.0005 0.0001 0004

Presenca of thrombus 0.37¢ 0163 021
Recccluslon al follow-up angiography

Tota! inflation time, s 0.002 0.0006 002

Reference diameter after PTCA, mm —1.634 0630 009

PTCA indicates percutaneous transfuminal coronary angioplasty, Logistic regression
analysls was used for tha categoerical restenosis rate and reocciusion at follow-up. Multiple
near regression analysls was used for absolute loss.

*>50% diameter stenosis at follow-up.

sions. These include anatomic factors such as lesion
location {left anterior descending and circumflex)s!? and
absence of functional ecclusion,® procedural factors such
as multivessel dilatations® and increased balloon infla-
tiens at higher pressures,!® and residual stenosis after
intervention.&121435 A final risk factor is thought to be
the presence of collateral vessels, which may exert
competitive pressure cven after they are no longer
visibly functional®® and thus lead to an increased reste-
nosis rate.

Univariate analysis in our study confirmed significant
associations between the categorical definition of reste-
nosis (>509 diameter stenosis at follow-up) and a
shorter duration of angina, a longer balloon total infla-
tion time, higher residual stenosis after PTCA, and a
greater relative gain, Multivariate analysis, however,
suggested that the only significant positive relations were
with the number of diseased vessels and the percent
stenosis after PTCA, while duration of angina was
negatively related to the probability of restenosis at
follow-up. The positive relation between the number of
diseased vessels and the percent stenosis after PTCA
with a categorical definition of restenosis is in keeping
with previous studies in both occlusions® and stenoses.?t
The negative refation with duration of angina is also in
keeping with previous studies suggesting a positive rela-
tien between recent onset of symptoms and a higher risk
of restenosis. 33

Interestingly, when we looked at the absolute foss as a
marker of restenosis, an outcome measure that may
better indicate the underlying pathological process in-
volved, the above variables were no longer significant.
The only significant relations were found to be with tetal
inflation time and the presence of thrombus. Both of
these were positively related to the subsequent absolute
loss. The duration of balloon inflation as a positive risk
factor may represent the sum tofal of the lesion charac-
{eristics and a more difficult, more complex procedure
with & consequently higher risk of occlusion, thereby
markedly infleencing the absolute loss. In keeping with
thtis is the fact that we also demonstrated total inflation
time to be positively related to the subsequent risk of
occlusion at follow-up angiography. The positive rela-
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tion between the presence of thrombus and the subse-
quent absolute loss may also reftect a greater likelihood
of subsequent occlusion, although we were unable fo
dentonstrate this in our study. Previous studies, however,
showed thrombus to be a risk factor for subsequent
acclusion,353 perhaps acting as a nidus for further
platelet deposition.

The main reason for the significantly higher rate of
angiographic restenosis in recanalized occlusions in our
study was the high rate of occlusion at follow-up angiog-
raphy in this group (19.2% versus 5.0% after dilatation
of stenoses). A number of reasons may account for this.
First, this group may represent a subset of the total
population that has an intrinsic hemalological propen-
sity to thrombosis. Although our laborajory data did not
confirm this, there are other hematologic factors such as
fibrinogen levels that we did not measure that may
influence reocclusion covertly.?s

Second, there are substantial morphological differ-
ences between lesions,? which may have considerzble
influence on the subsequent risk of occlusion. Angiog.
raphy provides little information on this or on the
pathway of subsequent recanalization, which may vary
from subintimal to periatheromatous and transathero-
matous.?® What effect these variables may have on the
subsequent reocclusion and indeed restenosis rates is
unknown. Differences in these lesion characteristics may
be reflected in the total inflation time, which was signif-
icantly higher in lesions more likely to reocciude.

Third, the coronary vasomotor responses after bal-
loon angioplasty of chronic total occlusions may be
abnormal, Distal vasoconstriction cccurs frequently
after angioplasty and correlates well with coronary
perfusion pressure, suggesting that chronic hypoper-
fusion resets epicardial coronary autoregulation and
that restoration of normal perfusion pressure after
PTCA may provoke reflex vasoconstriction,® thus
precipitating early reocclusion.

Finally, the increased reocclusion rate may relate to
local flow dynamics, The reference diameters before and
after PTCA, and at follow-up were significantly lower in
occlusions than in stenoses, Furthgrmore, within the
occlusions group multivariate analysis suggested that



TaBLe 7. Unlvariate Analysis of Patient, Lesion, and Procedural
Characteristics Relovant to Reocclusion During Follow-up in

266 Occlusions

Ho Sigalticance
Reocelusion at  Ogclusion at Lavel,
Follow-up, Follow-up, Univariate
n=51 n=215 Analysis
CCS anglnal class, % 6.125
None 98 47
I 39 116
it 255 349
n 322 279
v 216 209
Duration of angina, wk 27x52 74x332 0.044
Medication at screening, %
Anticoagutants 0 1.8 0.733
Tarombacyte aggregation inhibitor 64,7 72.1 0.384
Aspldn 735 824 0.344
Persantin 11.8 1.5 1.000
Laboratory investigations
Hemogtobin 8.8220.51 891+0.78 0.505
Hematocrit 0.42+0.03 0422004 0.960
Pialelat count 25655 25960 0.706
Lesion tocation, % 0.400
LA 373 4.4
LCx 235 265
RCA 392 324
Leslen characierstics, %
Cencentric 183 207 0653
Muttiple Imegutarities 23 80 0326
Branch polnt in stenosls 133 228 0.365
Coronary arlery bend 83 8.0 1.000
Calcified leslon 15.7 1.2 0.514
Degrea of collateral supply, % 0778
No coliaterals 44.7 50.3
Slight {mnirmal perfusion) Ta 9.6
Medium {partial parfusion) 368 216
Malor {complete perfusion) 13.2 1586
Not assessed 28 3.6
PTCA procedure
Nemiinal size of fargest baltoon, mm 2672047 2.76x0.42 0214
Balloon to artery ratio 1152018 1.14x0.18 0.665
Total number of infations 45231 46+32 0.777
Teota? duration of inflatien, s 537x478 3732294 0.003*
Maximum Inflation pressure, atm 0.10+2.80 8.72x2.46 0370
Post-PTCA result, %
Dissection at the dilated site 43.1 9.1 0.708
Theombus visible (before or after PTCA) 196 16.2 0.i07
Quantitative anglographic measurements
Reference diameter after PTCA 236047 2.48:0.49 6.105*
Mintmal luminal diameler after PTGA 1.54£0.36 1.62+0.34 0.123
Stenosis after PTCA, % 3452+833 34,08+8.51 0.735
Absolute gain 1,54+0.36 1.62+034 0,123
Relative galn 0.66=0.08 0.6620.09 0.693
Lesion length after PTCA, mm 817247 6424258 0.519

CCS indicates Canadian Cardiovascular Soclety; LAD, feft anterior descending; LCx, loft
circurnflax; RCA, ight coronary artery; and PTCA, percutaneous transtundina! coronary artery,

Values are mean+5D,
*Retained in multivariale anafysls.

there is a negative relation between vessel size and
subsequent risk of reacchusion. Thus, successfuily dilated
occlusions in larger vessels were less likely to reocclude
than those in smalfer vessels. This is in kecping with
experimental work that suggested that smaller vessel
diameters and hence higher shear rates favor local
platelet activation and deposition, 41 resulting in a
greater likelihood of occhesion.

In addition to being responsible for the higher rate of
angiographic restenosis, the high reocclusion rate in
recanalized occlusions also seems {o have been respon-
sible for the higher rate of clinical events in this group of
patients, Patiemts with recanalized occlusions had a
significantly higher proportion of clinical events, mainly
in terms of myocardial infarction, CABG, and repeated
PTCA. Furthermore, these occurred carlier in cecclu-



sions than in stenoses. When patients with occlusions
that went on to occlude at the time of follow-up angiog-
raphy were removed from the analysis, the differences
between the two groups were no longer significant,
suggesting that the excess risk relates to the higher rate
of ccclusion at follow-up angiography. Interestingly,
despite the higher rate of reocclusion in recanalized
occlusions, there were no significant differences in the
presentation of restenosis between the two groups, with
approximately 40% of patients with angiographic reste-
nosis in both groups being symptom-free.

Although studies of total occlusions supgest that there
are imporiant differences in the acute success rates
between total and functional occlusions?® our data
suggest that in terms of resienosis and reacclusion, there
is littte difference between the two groups. Although
reacclusion after successful dilatation of total occlusions
was higher than in functional ceclusions (23.9% versus
159}, this did not reach statistical significance. How-
ever, there was a tendency for functional occlusions to
mount less of a fibroproliferative response, which was
reflected in the significantly greater net gain index and
lower loss index. The cause for this is unclear but is likely
to reflect differences in the underlying pathological
substrate.

Clinical Implications

Up to 20% of patients undergoing diagnostic catheter-
ization have one or more total occlusions; thus, they make
up 10% 1o 20% of the iotal angioplasty population.*
Furthermore, in multivessel disease, they may make the
difference in referring the patient for angioplasty or for
CABG surgery. Althouph great attention has been paid to
increasing the acute success rate with the use of sophisti-
cated new devices such as the low-speed rotational angio-
plasty®® and the Excimer Jaser,* relatively Litile attention
has been paid to long-term restenosis and its amelioration.
Our results suggest that the higher restenosis in these
lesions is likely to relate in part to the very high rate of
occlusion at follow-up angiography in this group, Thus, it
suggests that if we can identily these lesions and stop
reocclusion, then the angiographic and clinieal courses of
recanalized total occlusions are likely to be similar to those
of stenoses. The question of how we do this, however, is a
vexing one. The clinical course in our patient population
and previous studies would suggest that reocelusions tend
to cccur early*s A number of pharmacological and me-
chanical approaches have been tried. Ellis and colleaguest?
denmonsirated that drug therapy with aspirin, dipyridamole,
or warfarin did not influence the overall restenosis rate. In
a4 prospective study, Di Sciascio and colleagues® demon-
strated that restenosis is not modified by a longer baltoon
inflation time. A more recent study assessed the value of
toronary stenting for dissection with threatened closure
following recanalization of total occlusions.*” The resteno-
sis rate at follow-up was high at 57%, as was the recurrent
occlusion rate (20%). When stenting was used routinely
after recanalization of chronic total occlusions and hence
when vigorous anticoagulation was used, the restenosis rate
was low at 24% in a small patient population (65 patients)
with an 809 angiographic follow-up rate.*® Thus, whether
the reocclusion rate can be ameliorated by additional {eg,
stenting) or alternative percutancous revascuiarization
techniques (high-speed rotational atherectomy or taser
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angioplasty) with or without concomitant pharmacological
therapy remains to be established.

Study Limitatlons

A number of limitations of the present study are to be
acknowledged. First, the study was a retrospective analy-
sis of prospectively gathered data and heace is subject to
the limitations inherent in any retrospective study.

Second, there were minor variations in the entry
criteria of the studies, In CARPORT and PARK, for
example, patienfs were randomized before PTCA,
whereas in MERCATOR and MARCATOR, patients
were entered imto the trial only after a successful angio-
plasty procedure.'?2 Thus, we are unable to contment
on clinical, angiographic, or procedural factors influenc-
ing the acute success rate of the procedure, Further-
more, patients taking part in large multicenter studics
like these are selected in certain ways; therefore, care
needs to be taken in extrapolating our results to the
broader angioplasty population.

Third, for obvious reasons, the reference diameter in
the occlusions group before PTCA could not be reliably
measured, so we took the reference diameter afier
dilatation as the reference diameter before dilatation.
The statistical analyses remain valid, however, because
even if we substitute the post-PTCA reference diameter
for the pre-PTCA reference diameter in the stenoses
group, the significant differences between the two groups
remain.

Fourth, because of the nature of the data, we unfor-
tunately are unable to comment on whether certain
previously documented risk factors for restenosis such as
the degree of collateral supply!! or the measured coro-
nary wedge pressures50 may relate to reocciusion rather
than to long-term restenosis,

Finafly, data from the active therapy group and the
placebo group were amalgamated. Althouph the drugs
did not seem to influence the overall restenosis rate, the
Ketanserin in the PARK study and the thromboxane
Agpreceptor blocker in the CARPORT studies may have
had a covert influence on the reocclusion rate after
dilatation of occlusions that we were unable to detect.

Nonctheless, we believe that the merging of the data is
justified because the data amalgamated were common to
all studies and the angiographic criteria were standard-
ized, with one central laboratory performing the quan-
titative angiographic analysis in all studies. Furthermore,
the resulting large study population provides a unique
opportunity to obtain accurate quantitative angiographic
data at a predetermined time interval in a field where
such few data currently exist.

Concluslons

These results indicate that successfully dilated coro-
nary occlusions, both total and functional, have a higher
rate of angiographic restenosis at 6 months than steno-
ses. This is due chiefly to a higher rate of ccclusion at
follow-up angiography in this group of lesions, Measures
aimed at reducing restenosis after successful dilatation
of coronary occlusions should therefore be focused in
this direction.
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Abstract

Background. Experimental and human intravascular ultrasound studies suggest
that unfavourable vascular remodelling may contribute to restenosis after coronary
angioplasty. We evaluated whether favourable remodeling and hence luminal
enlargement, defined as a negative absolute loss, may also occur following succes-
sful balloon angioplasty and which factors may influence this.

Methods and Results. Our study population consisted of 3,583 lesions in 2,950
patients taking part and successfully completing four major restenosis studies.
Within the study population there were 980 lesions (27.3%) which underwent
luminal entargement during follow up and 2,603 lesions (72.7%) which did not.
As expected the categorical restenosis rate was significantly lower in lesions
which underwent favourable remodeling (1.53% vs 47.25%, p<0.0001) as was the
rate of clinical events during follow up (8.23% vs 26.91%, p<0.0001).
Multivariate analysis suggested that diuretic therapy (p=0.024), MLD pre PTCA
(p=0.0003), diameter stenosis pre PTCA (p=4.E"), balloon artery ratio (p=6.E"?)
and dissection post PTCA (p=0.0084) increased the probability of luminal enlar-
gement whilst age (p=0.036), heparin therapy (p=1.E"), number of vessels dise-
ased (p=0.037), lesion length (p=0.0001), LAD location (p=0.001), total inflation
time (p=0.0139) and relative gain (p=0.E"®) decreased the probability of luminal
enfargement during follow up.

Conclusions. Luminal enlargement may occur after successful coronary angio-
plasty and can be substantially influenced by clinical, angiographic and procedural
variables,
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Introduction

The classical paradigm regarding the mechanism of restenosis after successful
coronary angioplasty has been one of neointimal thickening from the migration,
proliferation and extracellular matrix production by smooth muscle celis(1-3).
More recently this paradigm has been chalienged by both experimental (4,5) and
human (6-8) infravascular ultrasound studies which suggest that restenosis relates
more to unfavourable vascuiar remodeling than neointimal hyperplasia (9-11).
The data regarding this however are still controversial with some studies confii-
ming this whilst others refute it (12). We hypothesized that favourabie arterial
remodeling and hence luininal enlargement may also occur, increasing luminal
dimensions during follow up. The aim of our study was to assess whether such
luminal enlargement occurs in man and define which, if any, factors may influen-
ce it.

Methods

Patients

Our study population was taken from the 3,582 patients with significant primary
stenoses in native coronary arteries who were prospectively enroled into four
major restenosis trials (13-16) and consisted of the 2,950 patients with coronary
angioplasty and quantitative angiographic follow up. Patients were eligible for
study entry if they were symptomatic or asymptomatic mei, or woinen, with sta-
ble or unstable angina pectoris and proved angiographically significant narrowing
in one or more major coronary arteries. Informed consent was obtained in ali
cases before the coronary angioplasty procedure, Patients with evolving myocar-
dial infarction and significant left main disease were excluded from the study.

Angioplasty procedure and follow up angiography

Coronary angioplasty was performed with a stecrable, moveable guide wire sys-
tem by the femoral route. Standard balioon catheters were used. The choice of
bailoon type and brand as well as inflation duration and inflation pressure were
left to the discretion of the operator. Patients were followed up for 6 months at
which time a follow up study was performed. 1f symptoms recurred within 6
months coronary angiography was carried out eariier. If no definite restenosis
was present and the follow-up time was below 4 months, the patient was asked to
undergo further coronary arteriography at 6 months,
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Quantitative angiography

Three coronary angiograms, in total, were obtained for each patient, pre-, post-
PTCA and at angiographic foliow up. The angiograms were recorded in such a
manner that they were suitable for quantitative analysis by the computer assisted
Coronary Angiography Analysis System (CAAS) which has been described and
validated earlier (17,18). To standardise the method of data acquisition and to
ensure exact reproducibility of the angiographic studies, measures were taken as
previously described and all angiograms were processed in a central angiographic
core laboratory {13-16). Because the computer algorithm is unable to measure
total occlusions, a value of Omm was substituted for the minimal lumen diameter
and a value of 100% for the percent diameter stenosis pre PTCA. In these cases
the post angioplasty reference diameter was substituted for vessel size.

Definitions

Luminal enlargement

Luminal enlargement was defined as an increase in minimal luminal diameter
during angiographic follow up (ie a negative absolute loss).

Clinical end point

A clinical end point was defined as the occurrence of death, myocardial infarc-
tion, Coronary attery bypass grafting and repeat PTCA during follow up (13-16).

Angiographic definitions

Reference diameter refers to the reference diameter of the relevant coronary seg-
ment and is represented by the interpolated reference diameter pre-PTCA.

Minimum luminal diameter (MLD}) is the point of maximal huminal narrowing in
the analysed segment.

Many criteria have been proposed for the assessment of restenosis (20,21). For
the purposes of this study a categorical approach with the fraditional cut-off point

of >50% diameter stenosis at follow up was used.

Absolute Gain and Absolute loss represent the improvement in minimal luminal
diameter achieved at intervention and the absolute change during follow up
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respectively, measured in mm. Absolute Gain = MLD post PTCA - MLD pre
PTCA. Absolute loss = MLD post PTCA - MLD at follow up.

Relative gain and relative toss depict the improvement in minimal luminal diame-
ter achieved at intervention and the change during follow up respectively, normali-
zed for vessel size. Relative gain = {MLD post PTCA - MLD pre PTCA]/Vessel
size. Relative loss = [MLD post PTCA - MLD at follow up}/Vessel size.

The absolute net gain is the MLD at follow up - MLD pre-PTCA. The net gain
index is the net gain normalised for the vessel size. Net gain index= [MLD at fol-
low up-MLD pre-PTCA}/Vessel size.

Statistical analysis

Data was analysed using the SAS statistical software package. A chi square test
was used to assess the difference in categorical variables. A Student t-test was
used to assess differences in continuous variables. To test the assumption that the
variances were equal, the Folded form F statistic was used. Whenever this
assumption was violated the Cochran and Cox approximation of the t test was
used. Differences in variables with an ordinal scale (severity of clinicai outcome)
were assessed with the Wilcoxon rank-sum test.” The difference in event free sur-
vival time between the two groups was evaluated using the Kaplan-Meier method
with the log rank and Wilcoxon test. To study the relationship between a binary
outcome parameter {the occurrence of a clinical event) and multiple categorical
and continuous determinants multiple logistic regression analysis was used. To
study the relationship between continuous outcome parameters and multiple cate-
gorical and continuous determinants multipie linear regression analysis was used.
P values <0.05 were considered significant.

Results

Baseline patient characteristics, procedural results and clini-
cal follow up

‘The study population comprised 2,950 patients who underwent successful corona-
ry angioplasty and quantitative angiographic foliow up. 980 lesions (27%) in 668
patients out of 3583 lesions in 2,950 patients underwent luminal enlargement
uring angiographic follow up (Figure 1).
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Figure 1. Cuinulative distribution curve of absolute loss {change in MLD from
before percutaneous angioplasty to follow up) for all lesions in study. Note that
28% have luminal enlargement (a negative absolute loss).

The clinical and angiographic characteristics of the 980 lesions which underwent
luminal enfargement compared with the 2,603 which did not are summarised in
Tables 1 and 2. The two groups were broadly comparable in terms of baseline
demographic characteristics although patients who underwent luminal enlarge-
ment were less likely to have grade 3-4 angina. They were also less likely to be
on heparin and a thrombocyte aggregation inhibitor and more likely to be on oral
diuretics (Table 1). The lesion characteristics were also broadly similar although
lesions which underwent luminal enlargement were less likely to have a branch
point in the middle of the stenosis (Table 2).
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Remodeling Yes No Significance

Level

Patient No 668 2282
Lesion No 980 2,603
Men

82% 81% 0.672
Age (years). 57+9.4 57.449.3 0.247
Ever smoked 75% 75% 0.913
Current smoker 20% 18% 0.173
Hypertension 30% 3% 0.679
Digbetes 8.0% 10.7% ¢.10t
Hyperlipidaemia 32% 32% 0.906
History of previous PTCA 5.1% 4.9% 0.806
History of previous MI 42% 43% 0.493
Previous CABG 3.8% 4.4 0.472
Pain at rest 40% 42% 0.461
Vessels diseased 0.058
IvD 08% 63%
2VD 24% 29%
vD T 8%
Anginal class 0.047
None 5.3% 5.8%
CCS Class 1 £1.5% 10.9%
CCS Class I 35.8% 31.5%
CCS Class i1 30.6% 30.0%
CCS Class TV 16.8% 21.8%
Duratien of angina (weeks) 114189 110£205 0.627
Medication at sereening
Anticoagulants 1.8% [.5% 0.516
Thrombocyte aggregation inhibitor 59.7% 65.8% 0.004
Aspirin 79.1% 82.6% 0.125
Persantin 12.5% 11.9% 0.763
Heparin 36.5% 48.3% <0.0001
Beta blocker 47.9% 51.2% 0.136
Calcium antagonist 67.4% 70.0% 0.189
Nitrates 65.1% 65.8% 0.866
Diuretic 9.28% 6.53% 0.015
Cholesterol lowering agent 9.9% 9.8% 0,934
Laboratory Investigations
Haemoglobin 8.8740.82 8.86+0.83 08779
Haematocrit 0.42+0.04 0.4220.04 0.8729
White cell count 7.36+£2.08 7.46+2.47 0.2971
Platelet count 255469 257471 0.4866
Total cholesterol (mmol/) 5.0!1+1.23 5.81£1.23 0.0641
HDL cholesterol {(mmol/1) 1. 12+0.51 1.15+0.55 0.5561
LDL cholesterol (mmoi/l) 4,32+1.18 4.06+1.31 0.0753

Table 1. Demographic data of patients with and without luminal enlargement
included in analysis. CABG indicates coronary artery bypass grafts, PTCA, per-
cutaneous transluminal coronary angtoplasty and CCS, Canadian Cardiovascular
Society angina classification.
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Remodeling Yes No Significance

No. 930 2,603 Level
Lesion location 0.120
LAD 39.6% 43.9%
LCx 25.5% 24.5%
RCA 34.8% 31.5%
Type of lesion
Concentric 44.4% 44.8% 0.584
Multiple Irregularitics 8.4% 1.7% 0.599
Tandem lesion 3.6% 4.3% 0.400
Branch point in stenosis 26.9% 35.0% 0.005
Branch point in dilatation site 61.4% 65.2% 0.209
Coronary artery bend 21.7% 19.6% 0.222
Lesion calcification 12.2% 12.4% 0.940
Thrombus (pre/post PTCA) 4.2% 4.6% 0.081
Total occlusion pre PTCA 8.5% 7.0% 0.164
Lesion length pre 6.136+2.165 6.337+2.331 0.020
Degree of collateral supply 0.224
No collaterals 85.7% 84.1%
Slight (minimal perfusion) 4.0% 4.2%
Medium (partial perfusion) 4.4% 5.0%
Major (complete perfusion) 3.9% 3.1%
Not assessed 2.1% 37%
PTCA procedure
Nominal size of largest batloon (mm) 2.88+0.45 2.85+0.43 0.1915
Balloon to artery ratio 1.1320.19 1.13+0.19 04183
Total number of inflations 33422 3.7x2.4 0.0002
Total duration of inflation (secs) 2754262 3254271 <0.0001
Maximum Inflation pressure (ati} 8.3242.63 8.53+2.45 0.0258
Post PTCA result
Dissection at the dilated site 353% 33.5% 0.339
Table 2 (continned)
Disscction Type 0.055

Type A 13.7% 15.3%

Type B 18.2% 13.5%

Type C 39% 3.5%

Type D 0.0% 0.1%

Type B 0.1% 0.1%

Type F 0.0% 0.1%

Table 2. Angiographic baseline data of patients. SVD, Single vessel disease, 2-
VD Two vessel disease, 3-VD, three vessel disease. LAD, left anterior descen-
ding, LCx, left circumflex artery, RCA, right coronary artery. PTCA, percutane-
ous transluminal coronary angioplasty. CCS, Canadian Cardiovascular Society
angina classification. Mean values = SD.
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As our data set was composed of four negative restenosis trials we also assessed
whether active drug therapy had any effect on luminal enlargement in each indivi-
dual data set. There was no difference in the Carport Mercator or Marcator stu-
dies (31.89 vs 28.16, 31.23 vs 26.58, 22.65 vs 26,95, respectively, active therapy
vs placebo, p=ns) but a tendency in the Park study for less patients on the active
drug therapy (Ketanserin) having luminal enlargement during follow up (26.35%
vs 36.09%, p=0.08).

Fifty five (8.2%) of the patients with lesions which underwent luminal enlarge-
ment compared to 614 (26.6%) of the patients without luminal enlargement had a
clinical end points (Redo PTCA, CABG, acute myocardial infarction or death)
during follow up (p<0.0001). The individual components of death, myocardial
infarction, Coronary artery bypass grafting and re-PTCA were 0.15% vs 0.22%,
2.40% vs 3.02%, 1.05% vs 2.98% and 4.64% vs 20.68% respectively for lesions
which underwent luminal enlargement vs lesions which did not, The differences
in the individual clinical end points between the two groups were also statisticaily
significant (p<0.0001). The time course of clinical end points are summarised in
2, which aiso demonstrate that the two curves only begin to diverge after the first
40 days of follow up. The mean time to clinical end point was significantly lon-
ger in the luminal enlargement group (172438 vs 159446 days, p=0.0001).
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Figure 2. Cumulative distribution curve of clinical end points over time for
patients with and without luminal enlargement during angiographic follow up.

197



Quantitative angiographic analysis and angioplasty procedure

A mean of 2.12 maiched angiographic projections per lesion had satisfactory
quantitative analysis performed, pre-, post- PTCA, and at follow up. Lesions
which subsequently underwent luminal enlargement had a shorter fength and nee-
ded fewer inflations for a shorter duration at a lower pressure (Table 2). Both the
absolute and relative gain were significantly lower in lesions which underwent
remodeling. Post-PTCA the MLD was significantly lower and the % residual ste-
nosis significantly higher in the group which underwent luminal enlargement.

Remodeling Yes No Significance
No. 980 2,603 Level
Reference Diameter (mm)

Before angioplasty 2.62:+0.56 2.6040.53 0.2626
Afier angioplasty 2.62+0.53 2.67+0.51 0.0243
At follow up 2.80+0.56 2.63+0.56 <0.0001
Minimal luminal diameter (mm)

Before angioplasty £.02+£0.43 0.99+0.38 0.1602
After angioplasty 1.68+0.35 1.7840.36 <0.0001
At follow up 1.92+0.40 1,2540.53 0.0001
Differences in ML)

Absolute Gain (mm) 0.67+0.41 0.79+0.41 <0.0001
Relative Gain 0.26+0.16 0.31+0.16 <0.0001
Absolute Loss (inm) -0.2410.20 0.53+£0.45 0.0001
Relative Loss -0.10+0.08  0.21£0.19 0.0001
Absolute Net Gain (nmun) 0.91+0.44 0.26+0.53 0.0001
Net Gain Tndex 0.36+0.18 0.10+0.21 0.0001
Loss Index -0.61+2,22 0.93+4.09 0.0001
Percentage stenagsis

Before angioplasty 60.71+15.23  61.05£14.30  0.5573
After angioplasty 3539+8.09  32.73£832  <0.0001
At follow up 30.7618.75 51.71£19.04  0.0001
DS at follow up >50% 1.53% 47.25% <0.0001

Table 3. Quantitative angiographic analysis of 980 lesions which underwent lumi-
nal enlargement compared with 2,603 which did not. MLD, Minimal luminal dia-
meter. DS, diameter stenosis.
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Figure 3. Upper panel: Cumulative distribution corve of MLD pre, post PTCA
and at follow up for patients with and without luminal enlargement during follow
up. Lower panel: Cumulative distribution curve of percentage stenosis pre, post
PTCA and at follow up for patients with and without luminal enlargement during
follow up.

At follow up the reference diameter was significantly higher in the luminal enlar-

gement group suggesting that the whole vessel size had been reset (Table 3). As

would be expected the categorical restenosis rate was significantly lower at 1.53%
in lesions with luminal enlargement compared to 47.25 in lesions without.

Multiple linear regression analysis

Univariate analysis suggested that anginal class as well as drug therapy and pro-
cedural characteristics such as balloon pressure, number and duration of inflation
may influence subsequent luminal enlargement (Table 1 and 2) so logistic regres-
sion analysis was performed for the above as well as ali other clinical, angiograp-
hic and procedural parameters listed in tables 1-3. Of these variables diuretic the-
rapy (regression co-efficient 0.41), MLD and diameter stenosis pre PTCA (1.11,
0.08 respectively), balloon artery ratio (2.70) and dissection post PTCA (0.27)
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Variable Regression  Standard Error of p value Odds ratio
Co-efficient Regression co-efficient

Remodeling af follow up angiography

Intercept -0.704 f.182 3.E” 0.001
Diuretic therapy 0.407 0.180 0.0240 i.502
MLD pre PTCA 1.109 0.303 0.0003 3.032
Diameter stenosis pre PTCA (.084 0.010 4E* 1.088
Balloon artery ratio 2.700 0.392 6.E” 14.88
Dissection post PTCA (.265 0.101 0.0084 1.303
Age -0.011 0.005 0.036 0.989
Heparin therapy -0.549 0.103 1.E¥ 0.578
No of vessels diseased -0.168 0.081 0.037 0.845
Lesion length -0.078 0.024 0.0001 0.925
LAD location -0.336 0.102 0.001 0.715
Total inflation time -0.001 0.000 0.0139 $.999
Relative gain -6.001 0.590 0.E*® 0.002

Table 4. Regression analyses to evaluate the respective contributions of clinical,
angiographic and procedural variables to remodeling at follow up angiography in
these lesions. Logistic regression analysis was used for this. Incl, Including.
Excl, Excluding. Fup, follow up. PTCA, Percatancous Transluminal Coronary
Angioplasty, MLD. Minimal Luminal Diameter.

increased the probability of luminal enlargement whilst age (regression co-effi-
cient -0.01), heparin therapy (-0.55), number of vessels diseased (-0.17), lesion
length (-0.08), LAD location (-0.34), total inflation time (-0.001) and relative gain
(-6.00) decreased the probability of luminal enlargement (Table 4).

Discussion:

Our results indicate that luminal enlargement may occur after successful coronary
angioplasty, resulting in improved clinical outcome, and that a number of factors
can substantially influence this, Future prospective studies are required to investi-
gate this phenomenon further.

The reasons for the luminal enlargement in the angiographic follow up period are
unclear. It may however reflect improvements in local flow dynamics and reset-
ting of the vessel wall during follow up. The increase in blood flow velocity fol-
lowing successful dilatation of a stenosis results in an increase in wall shear stress
which may stimulate endothelial dependent vasodilatation and resetting of the ves-
sel wall (22-25). The higher residual stenosis and lower MLD post intervention in
the luminal enlargement group however auger against this. It may still be a play-

200



sible explanation however if there were covert differences in endothelial vasodila-
tor function between the two groups (24). An alternative explanation is that the
process reflects differences in wall and plaque composition and hence susceptibili-
ty to regression or favourable "Glagovian" arterial remodeling. In support of this
are the differences in lesion length and procedural characteristics between the two
groups, with fewer inflations at a lower pressure for a shorter time in the group
which underwent luminal enlargement, perhaps refiecting a softer lesion, more
likely to undergo regression and remodeling during foliow up.

Multivariate analysis was suggestive of a number of clinical procedural and angio-
graphic variables related to luminal enlargement. Those which increased the pro-
bability of luminal enlargement included diwretic therapy, mld and % stenosis pre
PTCA, balloon artery ratio and dissection post PTCA, whilst those which decre-
ased the probability of luminal enlargement included age, heparin therapy, no of
vessels diseased, LAD location, lesion length, total inflation time and relative
gain.

Both sets of variables revolve around lesion characteristics. The increased likeli-
hood of luminal enlargement with balloon artery ratio and dissection may reflect
enough damage to the vessel wall to allow freeing of the atheroscierotic plaque.
The characteristics which decrease the probability of luminal enlargement again
revolve around lesion characteristics and may reflect less likelihood of luminal
enlargement in more advanced, more calcified, atherosclerotic disease. This is
reflected in increased age, increased involvement of other vessels, increased lesion
length and the requirement for increased total inflation {ime.

The relationship with drug therapy was also interesting and warrants further inves-
tigation, The positive relationship with diuretic therapy may reflect the influence
of a third factor, such as hypertension, on vascular remodeling. Additionally both
hypomagnasaemia and spironolactone can inhibit growth of vascular cells and
decrease collagen synthesis, both of which may weaken the reparative processes in
the vessel wall and allow luminal enlargement. The negative relationship with
heparin therapy may provide one possible explanation as to why heparin which
has been shown to suppress smooth muscle proiiferation in vitro (26) and reduce
neointimal hyperplasia in animal models of vascular injury (27,28} has failed to
influence restenosis in the clinical situation (29). If restenosis is a result of both
neointimal hyperplasia and vascular remodeling the negative effect of heparin on
luminal enlargement may obviate any differential effect on neointimal hyperplasia.
It is not clear why heparin should exert a negative influence on luminal enlarge-
ment. One possible explanation may be through strengthening of the vessel wall.
Heparin is known to stimulate endothelial cell migration and angiogenesis which
may result in faster healing, increased strengthening of the vessel wall and hence
minimisation of any luminal enlargement. In addition heparin is also known to
activate Transforming growth factor beta, an enhancer of matrix secretion and
matrix confraction, which again may minimise any luminal enlargement.

201



Clinical implications: Our finding that luminal enlargement may occur after
coronary angioplasty has important clinical implications for coronary interven-
tion. If we can differentiate lesions which undergo favourable luminal enlarge-
ment we may be able to target newer percutaneous revascularisation techniques
such as coronary stenting more effectively. Furthermore, by identifying clinical
and procedural factors favourably influencing luminal enlargement and applying
them to the other group we may be able to reduce restenosis. Additionally our
data also suggest that luminal enlargement can be influenced by drug therapy in
both a positive and a negative manner. This may open a second therapeutic win-
dow in tackling the problem of restenosis after coronary angioplasty and may also
explain why agents such as heparin, which has been shown to suppress smooth
muscle proliferation neointimal hyperplasia in animal models of vascular injury
have failed to influence restenosis in the clinical situation. Future prospective stu-
dies, ideally utilising intracoronary ultrasound imaging to directly visualise the
atherosclerotic plaque, are required to investigate this phenomenon further.

Limitations of the study: Our study could have been confounded by a number of
methodological problems inciuding measurement variability. We feel this is unli-
kely however for 2 reasons. Firstly previous work from our group (30) has shown
that the re-measurement of the same lesion renders a difference between the meas-
urements of 0.007mm with a standard deviation of 0.2mm. So we assume that
0.2mm is the standard deviation of the measurement error. In a worst case scena-
rio where we assume all lesions to have a loss of Omm we would expect 95% of
the observations to be within 1,96 fimes the standard deviation, so even in this
hypothetical situation, we would expect only 2.5% of the lesions to have a negati-
ve loss of 0.4 mm or more. In our database, we find, in fact 6.0% of lesions in
this category. Testing for the difference between these proportions, we find a p-
value of <0.00001, More importantly however as the mean loss in fact is much
grater than zero at 0.30mm, measurement variability is extremely unlikely to be
responsible for the negative loss which we see. Thus our results are unlikely to be
due to measurement variability but are more likely to reflect real luminal increases
over time. Our results may also relate to local dissection and inappropriate con-
tour detection by the CAAS system. Again, this is unlikely as there was no signi-
ficant difference in the overall incidence or type of dissection between the two
groups. Another possible explanation is variability in vasomotor tone at the diffe-
rent time points. We controlled for this however with intracoronary nitrates admi-
nistered immediately before each angiogram, again making this an unlikely expla-
nation, Furthermore, as can be seen from Figure 2 the two curves do not begin to
diverge until after 40 days, again suggesting that the cause of this is unlikely to be
coronary spasm at the time of the procedure. We thus believe that we are seeing a
true phenomenon, which is reflected in the low rate of clinical events in the lumi-
nal enlargement group. The fact that the process also affects the reference vessel
segment, which has, in the past been shown to undergo the same restenosis pro-
cess as the lesion itself (31) adds additional strength to this argument.
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Our study was also a retrospective analysis of prospectively gathered data and is
hence subject to the limitations inherent in any retrospective analysis.
Additionally, contrast angiography can only provide an image of the vessel lumen
and not the vessel wall. 1t is thus unclear whether the mechanism for luminal
enlargement is plaque regression or vessel expansion over time or any coinbina-
tion of these factors,

Conclusion: Our resuits indicate that luminal enlargement may occur after suc-
cessful coronary angioplasty, resulting in improved clinical outcome. They also
suggest that lesion related characteristics, reflected by procedural variables, and
drug therapy may substantially influence this process.

203



References

1. Austin GE, Ratliff NB, Hollman J, Tabei S, Phillips DE. Intimal proliferation
of smooth muscle cells as an explanation for recurrent coronary artery stenosis
after percutaneous transluminal coronary angioplasty. J Am Coll Cardio] 1985; 6:
369-75

2. Liu MW, Roubin GS, King IIf 8B. Restenosis after coronary angioplasty.
Potential biologic determinants and role of intimal hyperplasia, Circulation 1989;
79:1374-87.

3. Forrester JS, Fishbein M, Helfant R, Fagin J. A paradigm for restenosis based
on cell biology: clues for the development of new preventive therapies. J Am Coll
Cardiol 1991; 17(3): 758-769

4, Kakuta T, Currier JW, Haudenschild CC, Ryan TJ and Faxon DP. Differences
in compensatory vessel enlargement, not intimal formation, account for restenosis
after angioplasty in the hypercholesterolemic rabbit model. Circulation 1994; 89;
2809-2815.

5. Post MJ, Borst C and Kuntz RE. The relative importance of arterial remodeling
compared with intimal hyperplasia in lumen renarrowing after bailoon angiopla-
sty. A study in the normal rabbit and the hypercholesterolemic Yucatan micropig.
Circulation 1994; 89: 2816-2821.

6. ‘Mintz GS, Pichard AD, Kent KM, Satler LF, Popma JJ, Leon MB.
Intravascular ultrasound comparison of restenotic and de novo coronary artery
narrowings. Am J Cardiol 1994; 89: 2809-2815.

7. Pasterkamp G, Wensing PJ, Post MJ, Hillen B, Mali WP and Borst C.
Paradoxical arterial wall shrinkage may contribute to luminal narrowing of human
atherosclerotic femoral arteries. Circulation 1995; 91 1444-1449,

8. Mintz GS, Popma JJ, Pichard AD, Kent KM, Satler LF, Wong SC, Hong MK,
Kovach JA, Leon MB. Arterial remodeling after coronary angioplasty: a serial

intravascular ultrasound study. Circulation 1996;94:35-43.

9. Glagov S. Intimal hyperplasia, vascular modeling, and the restenosis problem.
Circulation 1994; 89: 2888-2891.

10. Isner JM. Vascular remodeling. Honey, I think I shrunk the artery. Circulation
1994; 89; 2937-2941.

11. Currier JW and Faxon DP. Restenosis after percutaneous transluminal corona-

204



ry angioplasty: have we been aiming at the wrong target? J Am Coll Cardiol
1995; 25: 516-520,

12. Gertz SD, Gimple LW, Banai S, Ragosta M, Powers ER, Roberts WC, Perez
LS and Sarembock 1. Geometric remodeling is not the principal pathogenetic pro-
cess in restenosis after balloon angioplasty. Evidence from correlative angiograp-
hic-histomorphometric studies of atherosclerotic arteries in rabbits. Circulation
1994; 90: 3001-3008,

13. Serruys PW, Rutsch W, Heyndrickx GR, Danchin N, Mast EG, Wijns W,
Rensing BJ, Vos ] and Stibbe J. Prevention of restenosis after percutaneous trans-
luminal coronary angioplasty with thromboxane As-receptor blockade. A randomi-
zed, double-blind, placebo-controlled trial. Coronary Artery Restenosis Prevention
on Repeated Thromboxane-Antagonism Study (CARPORT). Circ 1991; 84: 1568-
1580.

14, MERCATOR study group, Does the new angiotensin converting enzyme inhi-
bitor Cilazapril prevent restenosis after percutaneous transluminal coronary angio-
plasty? Results of the MERCATOR study: A multicenter, randomized, double-
blind, placebo-controlled trial. Circ 1992; 86:100-110.

15. Serruys PW, Klein W, Tijssen JGF, Rutsch W, Heyndrickx GR, Emanuelsson
H, Ball SG, Decoster O, Schroeder E, Leibermann H, Eichhorn E, Willerson JT,
Anderson HVY, Khaja F, Alexander RW, Baim D, Melkert R, van Oene JC, van
Gool R. Evaluation of ketanserin in the prevention of restenosis after percutaneous
transluminal coronary angioplasty: A multicentre randomized double blind place-
bo controlied trial. The Post-Angioplasty Restenosis Ketanserin (PARK) trial.
Circ 1993; 88 1588-1601,

16. Faxon DP on behalf of the MARCATOR study group. Effect of high dose
angiotensin-converting enzyme inhibition on restenosis: Final results of the
MARCATOR study, a multicenter, double-blind, placebo-controlled trial of
Citazapril. J Am Coll Cardiol 1995; 25: 362-9.

17. Haase J, Keane D, di Mario C, Escaned I, Slager CJ, Serruys PW. How relia-
ble are geometric coronary measurements? In vitro and in vivo validation of digi-
tal and cinefilm-based quantitative coronary analysis systems. In: Serruys PW,
Foley DP, de Feyter PJ (Eds). Quantitative coronary angiography in clinical practi-
ce. Klower Academic publishers, 1994; 27-49

18. Ozaki Y, Keane D, Herrman JP, Foley D, Haase J, Boer Ad den, Di Mario C,
Serruys PW. Coronary arteriography for quantitative anaiysis: an experimental and
clinical comparison of cinefilm and video recordings, Am Heart J 1995;129:471-
475,

205



19. Di Mario C, Haase J, den Boer A, Reiber JH, Serruys PW. Edge detection
versus densitometry in the quantitative assessment of stenosis phantoms: an in
vivo comparison in porcine coronary arteries, Am-Heart-J 1992; 124:1181-1189.

20. Serruys PW, Foley DP, de Feyter PJ. Restenosis after coronary angioplasty: a
proposal of new comparative approaches based on quantitative angiography. Br
Heart J 1992; 68: 417-24

21. Kuntz RE, Baim DS. Defining coronary restenosis: Newer clinical and angio-
graphic paradigms. Circulation 1993; 88: 1310-23.

22, Kamiya A, Togawa T. Adaptive regulation of wall shear stress to flow chan-
ges in the canine carotid artery. Am J Physiol 1980; 238: H14-H21

23. Ando J, Nomura H and Kamiya A. The effect of fluid shear stress on the
migration and proliferation of cultured endothelial cells. M;cnovasculal Research
1987; 33: 62-70.

24, Vita JA, Treasure CB, Ganz P, Cox DA, Fish RD, Selwyn AP. Control of
shear stress in the epicardial coronary arteries of humans: Impairment by athero-
sclerosis, J Am Coll Cardiol 1989; 14: 1193-1199

25. Hodgson JM and Marshall JI. Direct vasoconstriction and endothelivin-
dependent vasodilation. Mechanisms of acetylcholine effects on coronary flow
and arterial diameter in patients with nonstenotic coronary arteries. Circ 1989; 79:
1043-1051.

26. Hoover Rl, Rosenberg R, Haering W, Karnovsky MJ. Inhibition of arterial
smooth muscle cell proliferation by heparin IL In vitro studies. Circ Research
1980; 47: 578-83

27, Clowes AW, Karnovsky MJ. Suppression by heparin of smooth muscle cell
proliferation in injured arteries. Nature 1977; 265: 625-626 :

28. Clowes AW, Clowes MM. Regulation of smooth muscie proliferation by
heparin in vitro and in vivo. Int Angiol 1987, 6: 45-51.

29, Ellis SG, Roubin GS, Wilentz J, Douglas JS, King SB III. Effect of 18- to
24- hour heparin administration for prevention of restenosis after uncomplicated
coronary angioplasty. Am Heart J 1989; 117: 777-82

30. Foley DP, Deckers J, van den Bos AA, Heyndrickx GR, Laarman GJ,
Suryapranata H, Zijlstra F and Serruys PW. Usefulness of repeat coronary angio-
graphy 24 hours after successful balloon angioplasty to evaluate early luminal

206



deterioration and facilitate quantitative analysis. Am J Cardiol 1993; 72: 1341-
1347.

31. Beatt KJ, Juijten HE, de Feyter PJ, et al. Change in diameter of coronary
artery segments adjacent to stenosis after percutaneous transluminal coronary
angioplasty: failure of percent diameter stenosis measureinent to reflect morpho-
logic changes induced by balloon dilatation. J Am Coll Cardiol 1988; 12: 315-23.

207



208



Chapter 16

Randomised trials, registries or experience-based common
sense?
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Ellis SG, Holmes DR (Editors) Strategies for cotonary intervention: a practical
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The Thoraxcenter

Perspective

ANDONIS G. VIOLARIS and PATRICK W.
SERRUYS

Percutaneous transluminal coronary angie-
plasty (PTCA), introduced by Griintzig in
the late 1970s, has been a major break-
through in the treatment of obstructive coro-
nary artery disease. Increasing operator expe-
rience and improvements in balloon catheter
technology have resulted in a high immediate
success rate and a low incidence of complica-
tions, which in turn has resulted in an
increasing number of patients with more
advanced coronary artery disease now being
considered candidates for halloon angio-
plasty. Substantial limitations still remain,
however, which include technical factors
relating to the coronary anatomy that limit the
intervention to particular subgroups of
patients with coronary artery disease, acute
occlusion resulting in increased morbidity
and mortality, and longer-term: restenosis in
30 to 40% of patients. Because of these limi-
tations inherent in balloon angioplasty, phar-
macologic agents to reduce restenosis and a
plethora of new devices designed to improve
the short- and long-term results of catheter-
based revascularization have been intro-
duced.

Considerable difficulties exist, however, in
assessing long-term restenesis and making
valid comparisons between the different
treatment modalities available. We therefore
need a means of rapidly and effectively as-
sessing not only the acute efficacy and safety
of new devices but also of comparing their
long-term results with these of balloon angio-
plasty. Randomized trials, registries, and
personal experience all go some way toward
answering these questions. In this mona-
graph we review the use of these three meth-
ods and propose a compromise approach,
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hased on matching patient and lesion charac-
teristics, that may result in the more rapid
and efficient assessment of new devices and
pharmacologic agents.

RANDOMIZED STUDIES

The best way te compare the short- and long-
term clinical and angiographic results of dif-
ferent coronary interventions or pharmaco-
iogic agents is with a randomized study, The
proper design of a randomized study to com-
pare different interventional techniques re-
quires the selection of the appropriate angio-
graphic variables reflecting the restenosis
process. In arecent study we examined which
angiographic parameter best described func-
tional status 6 months after suecessful single-
vessel coronary angioplasty (1}, Sensitivity
and specificity curves for the prediction of
anginal status and exercise electrocardiogra-
phy of four quantitative angiographie vari-
ables were constructed, and the point of high-
est diagnostic accuracy for the variables was
determined at the intersection of the sensi-
tivity and specificity curves. The poinis of
highest diagnostie accuracy using minimal
luminal diameter were similar for both angi-
nal status and exercise electrocardiography at
1.45 and 1.46 mm, respectively, This sug-
gests that the minimal luminal diameter at
follow-up may be useful for predicting clini-
cal events such as reciurence of angina. In
addition, the use of a central angiegraphic
core lab, using a well-validated system of
quantitative coronary angiography, with the
expertise required to ensure the accuracy of
all collated data and to minimize the possibil-
ity of introducing methodologic errors and
bias is required. Also required are a sufficient
number of patients undergoing repeat angiog-
raphy at a predetermined time, This number
depends on the variability in outcome among
the patients, the magnitude of the difference
in outcome, and the alpha and beta ervors.
Changing the power of the study in one way or
another will affect the number of patients
needed. Accepling a larger chance of missing



an effective treatment (large beta error and
thus a reduction in power) means substan-
tially less patients are needed.

A randomized study has several theoreti-
cal advantages. It guaraniees population
homogeneity in terms of clinical and angio-
graphic variables and thus allows the direct
compatison of different therapeutic treatment
modalities with no bias regarding selection of
treatment, Furthermore a weli-designed ran-
domized siudy may ensure that if a device is
used, the device has a fair trial by requiring
adequate expertise of ali participating inves-
tigators. For example, with most devices there
is often a steep learning curve, and therefore
1o ensure the fair evaluation of a device a min-
imum requirement wounld be that participat-
ing personnel have performed a set number of
procedures using the device, with acceptable
sueccess and complication rates.

Problems Related to All Studies

Despite the above advantages randomized
studies also have some inherent, logistic limi-
tations. These include patient exclusions
by virtue of the inclusion/exclusion criteria
and inconsistencies in the timing of random-
ization, foliow-up duration, and definitions of
clinical and angiographic primary endpoints,
We would like to expand on these using as an
example four, recently completed, multicen-
ter, restenosis trialss MERCATOR (ran-
domized, double-blind, placebo-controlled,
restenosis prevention trial of cilazapril 5
mg} (2), MARCATOR (vandomized, double-
blind, placebo-controlled, restenosis preven-
tion trial of cilazapril 1, 5, or 10 mg) (3}, CAR-
PORT (randomized, double-blind, placebo-
controlled, restenosis prevention wrial of a
thromboxane A, receptor aniagonist) (4}, and
PARK (randomized, double-blind, placeho-
controlled trial of ketanserin 40 mg) (5),

Patient Selection Bias—Inclusion/Exclusion
Criteria

The inclusion/exclusion criteria for a study
may have a substantial influence on both the

power of a study and the applicability of the
results to the general angioplasty population.
The main inclusion/exclusion eriteria in most
studies relate to the coronary anatomy (sin-
gle-vessel versus multivessel disease)/lesion
morphology, the pattern of angina {stable ver-
sus unstable), a previous history of myocar-
dial infarction, and concomitant drug therapy
or device use.

SINGLE-VESSEL VERSUS MULTIVESSEL DISEASE

Large centers likely to participate in ran-
domized studies often report that a large pro-
portion of their patients have multivessel
disease requiring multilesion angioplasty. If
you therefore confine your study to single-
vessel disease, you will limit the number of
eligible patients. If you decide to include
multivessel angioplasty, however, the prob-
lem then arises of how to handle restenosis.
Do you perform a lesion- or a patient-related
analysis. If you choose a patient-related anal-
ysis, how do you handie three dilated lesions
in the same patient? It is much easier in
statistics fo work with single numbers than
a collection of numbers, Because reslenesis
is likely to be a lesion-related rather than a
patient-related problem {even the so-called
patient-related factors such as unstable an-
gina or recent angina actually reflect lesion
instability) {6), we tend to reconcile lesion
with patient analysis by using the average
MLD (minimal luminal diameter) of multiple
lesions obtained from multiple views so
that statistically you deal with one MLD
per patient. It is interesting, however, that
despite the onus in the planning stage to
include multivessel dilation, over 80% of
patients randomized in the large multicentre
trials have single-vessel disease with 16%
two-vessel disease and 4% three-vessel dis-
ease.

STABLE VERSUS UNSTABLE ANGINA PECTORIS

One reason for including unstable patients
is that in multivariate analysis the greatest
foss in MLD occurs in the unstable patients,

211



For example, in the CARPORT study the
change in MLD at follow-up was —0.37 &
0.59 mm in patients with duration of angina
<2.3 months {n = 210), while it was only
—0.26 * 0.53 mm in patients with duration
of angina >>8.5 months (n = 229), A similar
pattern was seen in the MERCATOR study
where the change in MLD at follow-up was
—0.33 * 0.55 mm in patients with duration
of angina <<86 days (n = 252}, while it was
only —0.19 * .48 mm in patients with du-
ration of angina >>305 days (n = 256). The
importance of this is in the power calcula-
tion. If unstable patients are excluded, then
the calculation of the power of the trial be-
conmes extremely difficult and large numbers
of patients are required. In the ongoing
FLARE study looking at Huvastatin for
restenosis, the drug has to be started 3 weeks
prior to PTCA which means unstable pa-
tienis are excluded from the study, increas-
ing the nwmber of patients required.

If you do decide to include patienis with
unstable angina, the problem then arises that
there is no accepted definition of this term. A
practical definition, used in the CARPORT
sludy, was pain at rest controlled by intra-

Table 12C.1,

venous nitrates. Even within this group, how-
ever, there is a marked heterogeneity of
patients, and a better definition and subdivi-
sion of unstable angina is needed. In the
ongoing HELVETICA study (randemized,
double-blind, placebo-controlled, restenosis
prevention frial of recembinant hirudin)
patients are entered using the Braunwald
classification, which will hopefully provide
better information on the long-term restenosis
rate in the various subgroups of unstable
angina,

PREVIOUS MYOCARDIAL INFARCTION

Most studies have systematically excluded
patients with recent myocardial infarction
from trial entry. In the MERCATOR study, for
example, patients with a myocardial infarct
within 3 weeks were excluded (Table 12C.1}).
In the MARCATOR study an amendment was
passed 3 months into the irial allowing
patients within 5 days of myecardial infare-
tion to be entered into the study. This high rate
of recent myocardial infarction may be
responsible for the increased loss in MLD in
the MARCATOR compared with the MER-
CATOR study (0.37 versus 0.28 mm).

Screening Results of 17 Log-Keaping Clinics Particlpating in the MERCATOR Multicenter Randomized

Study of Cllazapril*

Reason for Exclusion Number® %
History of sustained essential hypertenslon 271 21.2
Pravious and/or falled PTCA at lhe same site 268 21.0
Qhwava M less than 4 weeks prior to sludy entry 174 138
Follow-up cororary anglography unlikefy 109 85
Loglstic reasons 67 5.2
Signiflcant concomitant disease 50 3.9
Older than 75 years 43 3.4
Ditatalion of bypass graft 40 3
Primaey perfusion thesapy 38 a4
Ne informed consent given 39 34
Current evidance of prior history of heart faiture 28 22
Pariicipation in othar {ral 14 1.1
Athareciomy/stent 13 1.0
Other reasonse (less than 1% each) 122 9.6

“From MERCATOR study group. Circulation 1992; 86-100-101 with permission.

ESeresning resuits of 17 dlinles which recruited 65% of the patients.

<Left main disease, history of type Il hypercholesterolemta, previous cerebro-vascular accldent, previous participation In MERCAFOR, hypotension, con-
tralndication to AGE Inhibitiondasplrin, women of childbearing petential, insufin-depsndent diabates, miscelfaneous.
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EXCLUSION CRITERIA BASED ON TRIAL
MEDICATION

The trial medication may also play a sig-
nificant role in selection bias by exclud-
ing patients with contraindications to the
medication or those on concomitant therapy
that may interact with the trial medica-
tion. For example, in the MERCATOR and
MARCATOR studies hypertension was a
major exclusion criterion because of the
associated hypotensive effect of cilazapril
(Table 12C.1). In the MERCATOR study
15% of all patients screened were excluded
because of sustained essential hypertension.
In: the CARPORT and PARK studies the use
of platelet-inhibiting or nonsteroidal antiin-
Rammatory drugs within 7 days preceding
the study was responsible for the exclusion
of 289 of patients. The use of oral anticoag-
ulants at the time of the procedure excluded
a further 9% of patients,

EXCLUSION CRITERIA BASED ON TECHNOLOGY

Most randomized pharmacologic studies on
restenosis have specifically excluded the use
of new devices, This means that when the
results are published, a possible criticism
will be that they do not reflect and therefore do
not apply to the real world. Statistically, as
long as the use of new devices occurs in less
than 10% of randomized patients, dealing
with them-is not a problem. Once they reach
50%, however, stratification of patients
according lo treatment medality would be
required, Fulure trials arve thus likely to
include all new technologies, apart from
stents. It is of interest, however, that in the
ongoing HELVETICA study, where the use of
new lechnology is allowed, these only oceurin
4% of the patients entered, so there is noneed
for posthoc stratification,

Stringent entry criteria designed to mini-
mize the randomization of high-risk patients
mean that only a minerity of eligible patients
may be recruited for a particular study. In the
MERCATOR study, for example, 1755 pa-
tients were sereened but only 478 (27.2%)

were actually recruited into the study. The
reasons for exclusion included a history of
sustained essential hypertension (271 pa-
tients, 15.4%) and previous and/or failed
PTCA at the same site (268 palients, 15.39),
as well as a variety of other less frequent fac-
tors (Table 12C.1). In the PARK study even
fewer screened patienls were enrolled into
the study (704/5636, 12.5%).

The exclusion of high-risk patients may
have a significant influence, however, on the
power of a trial. Historically, the loss in MLD
during follow-up has been around 0.4 mm
(7). For the trial power calculations, for a
30% reduction in the treatment group the
expected loss would be 0.25 mw. For all the
recent trials, however, the MLD loss has
been much lower {CARPORT 0.31 mm,
MERCATOR 0.30 mm, PARK 0.26 nnm), re-
sulting in a reduction in the power of the tri-
als and making it more difficult to demon-
strate significant benefit. This is because
they have taken the minimalist approach to-
ward patient recruitmeni—only enrolling
patients with single-vessel disease and sta-
ble angina pectoris and specifically exclud-
ing high-risk patients such as those with re-
cent myoeardial infarction and unstable
angina,

Inclusion of such patients should increase
the loss in MLD during follow-up and hence
increase the power of a frial. Thus future tri-
als are likely to take a “maximalist” approach
by including patients with multivessel dis-
ease, unslable angina, recent myocardial
infarction, and previous PT'CA and resteno-
sis. In the ongoing HELVETICA (rial, for
example, only difficult unstable patients are
included, which will hopefully increase the
power of the study.

En addition, often little indication is given
of the proportion of eligible patients entered
into the study and the likely oulcome of
patients excluded from the study. Therefore
the resulls of a study may not apply to the
large proportion of patients seen in clinical
practice.
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Timing of Randomization

The optimal timing of randomization is also
unclear, Do you randomize the patients before
the procedure as in the PARK, HELVITICA,
and CARPORT studies, or do you only ran-
domize them once the procedure has been
successfully performed as in the MERCA-
TOR and MARCATOR studies? In the PARK
and CARPORT studies, since the mechanism
of drug action implied that it would prevent
both acute occlusion caused by platelet
aggregation-induced thrombus formation
and late restenosis caused by platelet aggre-
gation—-induced hyperplasia, trial medication
was started before the procedure, that is,
before wall injury eccurred. This had major
consequences for the definition of the clinical
endpoint. On the one hand, all failure
between first balloon inflation and the end of
the procedure could have been influenced by
the trial medication and were therefore
counted as clinical endpoints. On the other
hand, as the aim of this trial was to study the
effect of ketanserin on the inhibition of neoin-
timal hyperplasia following balloon wall
injury, it seemed reasonable to exclude from
the analysis of the main clinical endpoints
those patients in whom no batloon inflation
had occurred.

In the MERCATOR and MARCATOR
studies, concern was voiced over the possible
hypotensive effect of the medication if it was
given prior to the procedure. The debate cen-
tered around whether the medication should
be given prior to the procedure and any peri-
operative hypotension treated with volume
expansion or whether it would be safer to
administer the study medication after the pro-
cedure. Since preliminary animal experi-
menis had shown no major difference in inhi-
bition of neointimal proliferation whether the
drug was given 1 hour before or within 2 days
after wall injury, we were able to screen
patients before the procedure but only envoll
those who had undergone a successful coro-
nary angioplasty into the study. This approach
eliminated problems relating to the influence
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of the drug on the suecess of the procedure but
may also have introduced selection bias. For
example, if the investigator noted the pres-
ence of thrombus postangioplasty, this may
have influenced the likelihood of a patient
being subsequently entered into the study.
This may explain why in a multivariate analy-
sis of the CARPORT study the presence of
thrombus was associated with the relative
loss, whereas this was not the case in the

MERCATOR study.

Timing of Follow-Up Duration

One of the consequences of having sys-
tematic, follow-up angiography at 6 months is
that it distorts the nataral occurrence of clin-
ical endpoints (reinterventions). As a conse-
quence, all indications for a revascularization
procedure that have been triggered by the
6-month repeat angiogram are counted as
endpoints, provided that the indication is also
substantiated by anginal symptoms or posi-
tive findings at exercise testing, In the CAR-
PORT study clinical events were counted up
10 the 6-month angiogram minus 2 weeks.
This meant that the therapeutic implications
of the diagnostic angiogram were circum-
vented, resulting in a lower rate of events
compared with similar studies. This led to two
problems, Firstly, it reduced the power of the
study to detect a difference in restenosis, and
secondly, it may have tempted investigators to
awail recatheierisation before further ther-
apy. To overcome these problems, in the
MERCATOR study we increased the cutoff
point to 7 months. This, however, tended
io overestimaie the clinical event rate by
including cosmetic dilatations following the
6-month angiograms and thus introduced a
differerit problem into the analysis, For the
PARK study we again extended the study to 7
months, but excluded cosmetic dilatation by
insisting that for a repeat PTCA to be a clini-
cal event the clinician had to justify his deci-
sion on the basis of objective evidence of
ischemia. Furthermore, the decision to redo
the PI'CA was counted as a clinical event
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CUMULATIVE DISTRIBUTION of
CLINICAL ENBPOINTS

Figure 12C.1. Cumulative distribution
curve of clinical endpoints for the Post An-
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even if it did not physically occur during the
follow-up period. This did not completely
solve the problem, however, as cerfain
patients were marked down for repeat inter-
ventions that never occurred for a variety of
reasons, Thus the optimal time for restudy
may play a role in the clinical endpoints as
shown graphically in Figure 12C.1.

It may be best in the future therefore to
have a primary endpoint at 7 months and a
secondary endpoint at 12 months.

Definition of Primary Endpoints

The primary goal in restenosis trials is an
improvement in the short- and long-term clin-
ical oulcome in patients undergoing PTCA, It
is assumed that the improvement in clinical
sutcome relates directly to the prevention of
the stenosis recinrence. This may not be com-
pletely true, however.

CLINICAL ENDPOINTS

For the MERCATOR study as owr primary
clinical endpoints we chose a combination of
the major untoward clinical events, namely,
death, myocardial infarction, refeiral for
coronary aztery bypass surgery, or an indica-
tion for repeat angioplasty. The advantages
are obvious in that if the endpoint is based on
these so-called “hard” criteria, the endpoint

is evaluable in all randomized patients and
teads to simple effect estimates with corre-
sponding 95% confidence intervals. Because
hard endpoints only occur, however, in ap-
proximately 20% of cases, our ability to de-
tect even a 50% difference in restenosis rate
between intervention and control requires a
very large sample size with all the associated
logistic problems. Surregate, soft endpoints
such as recurrence of angina or noninvasive
evidence of myocardial ischemia may also be
introduced to increase the event rate to 50%
and hence to reduce the sample size required
(Table 12C.2). Because of the subjective na-
ture of these, however, bias is introduced into
the study.

For example, in trials testing pharmaco-
logic compounds with possible antiischemic
or antianginal effects unvelated to postinjury
hyperplasia, subjective, soft endpoints may
be misleading and obscure the reasons for
observed improvement. In the MERCATOR
study fewer patients in the cilazapril-treated
group experienced anginal pain during exer-
cise testing compared with the control group,
despite similar workloads, double product,
and ST-segment changes (Table 12G.3). This
was regardless of angiographically similar
restenosis rates suggesting that cilazapril had
no effect on intimal hyperplasia but perhaps
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Table 12C.2.
Total Number of Events and Ranking Scale In the CARPORT Study®

Total No. of Evenis During 6-Month Follow-Up Ranking of Clinlcal Status 6 Months After PTCA
Control GR32191B Control GR321918
N = 346 N = 351 N =346 N =351

Death
-late [ 4
-All 6 (2% 4 {1%) ] (2%} 4 (1%)
Myocardial infarclion
-Procedusal 5 5
-Early 1 7
-Late 3] 6
-All 22 (6% 18 (59%) 22 (6%} 18 (5%
CABG
-Procedural 3 7
-Earfy 5 2
-Late 18 18
-Alf 26 {8%) 27 {8%) 19 {6%) 22 {6%)
Repeat angioplasty
-Early 9 [
-Late 59 54
-All 68 (20%} 60 {17%) 52 {16%) 49 (14%)
"@CCs IV 5 (2%} 1 {0.3%) 5 {2%) 1 {0.3%)
*@CCSIH 19 (6%} 18 (5%} 11 {3%) 11 {3%)
*@CCS 36 (11%) a7 {14%) 23 {7%) 30 {9%)
*@ces| 26 (8%) 32 {9%) 14 {4%) 19 (5%}
None 254 {76%) 249 {72%) 194 {56%;) 197 {56%)

*From Serruys PW et al. Circulation 1991; 84; §568-15680 with permisston.
*, Fer 887 patients alive at 6-month follow-up; @, secondary endpoint; CCS, Canadian Cardiovascular Soclsty angina classification,

Table 12C.3.
Exercise Test Results of 564 Patlents Randomized inthe MERCATOR Study*
Centeot Cilazapril
N=291Pls N=273Pis PValus

Maximum workload (Watis) 146 + 39 151 + 44 NS
Exerclse time (sec) 446 + 124 454 + 127 NS
Systolic blood pressure at peaX exerclse {mm Hg) 196 + 27 192 + 28 NS
Hearl rate al peak exercise {(bpm) 142 + 22 142 = 21 NS
Double produst (mm Hg 100/bpm) 278 + 65 275 *+ 66 NS
ST deviation >1 mm 102 (36%) 99 (37%) NS
Anginal symptoms during 1ost 74 (25%) 42 (15%) 0.03
Cormbinatlon of ST >1 mm and symptoms 35 (13%) 25 (9%} NS

*From MERCATOR study group. Gircutation 1992; 86:100-101 with permisslon.
Pis, Patients.
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may have affected endothelial function. A
similar effect was seen in the PARK study
where patients receiving ketanserin demon-
sirated a trend toward a lower incidence of
revascularization procedures (77 versus 95in
the control group). This may have been sec-
ondary to the arleriolar dilating effect of
ketanserin, resulling in left ventricular
unloading, or perhaps to its effect on rheo-
logic parameters, resulting in increased coro-
nary blood flow.

A further confounding variable is the fact
that not all variables are of equal importance.
For example, death is of a different order of
magnttude from myocardial infaretion, which
in turn is of a different order of magnitude
from repeat angioplasty. Furthermore, the
total count of events only gives a general
impression of complications as events are not
mutually exclusive and may overlap. A
patient may, for example, sustain an acute
ocelusion resulting in myocardial infarction
and subsequent death despite emergency
coronary artery bypass grafting; in terms of
total count of evenis this patient might be
counted four times.

Ranking endpoints in terms of relative
descending importance (Table 12C.2) may
overcome some of these problems, but the
problem of quantifying each complication
and its relative importance then arises, For
example, how many myocardial infarctions
are equivalent to death? Such methods are
standard in the field of decision analysis,
however, and a similar composite endpoint
has heen recently proposed for late follow-up
after coronary angioplasty (8, 9). Although
such an approach requires prospective valua-
tion, it clearly provides the ability to combine
both elinical and angiographic endpoints and
may thus be useful in early, phase 2 clinical
irials to improve statistical power.

In atiempting to address these questions
other models have also been proposed.
Friedrich and colleagues showed that the
constant-hazard model cannot be applied to
coronary interventional techniques as the risk

is not constant but varies over time (10). Fun-
thermore, this rate combines two undetlying
hazards: an early time-dependemt hazard
caused by restenosis of the target vessel and a
more constant hazard caused by the progres-
sion of coronary atherosclerosis or comorbid’
disease, This temporal sequence of events is
highest at the time of the initial procedure and
at the follow-up catheterization, where there
is an artificial increase in the rate of events
(Fig. 12C.1).

An alternative means of overcoming some
of these problems is alsowith the use of event-
free survival curves, These provide in a
graphic form mformation on the time course,
as well as on the incidence of endpoints.

NONINVASIVE EVALUATION OF RESTENOSIS

As far as detection of restenosis by noninva-
sive diagnostic lests is concerned, it can
generally be said that an abnormal exercise
ECG response or myocardial peifusion de-
fect on a thallium-201 scintigram is usually
associated with either an angiographically
demonstrable restenosis of the dilated seg-
ment, a functionally inadequate original di-
lation, or the presence of additional disease,
The sensitivity and specificity of the test may
therefore he increased hy performing the test
prior lo the procedure to document a bdse-
line result, immediately after angioplasty to
filter out the presence of additional disease
or inadequate functional dilation, and sub-
sequently at 6 months to document reste-
nosis.

Logistic problems arise, however, in trying
to perform the exercise test. Firstly, most of
the centers participating in large multicenter
studies are regional referral centers draining
large areas, whose first contact with the
referred patient is at the time, of the proce-
dure. It is logistically difficult for them there-
fore to ensure that all patients have an exer-
cise test prior to the procedure, Secondly,
problems arise in performing the exercise test
immediately after the procedure with doubts
raised as to the safety of this policy. Thus
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insurmountable difficulties arise in trying to
arrange the exercise test prior to and immedi-
ately after angioplasty. The concept is ad-
vanced, however, that perhaps we do not need
to do this and, sinee all we are doing is com-
paring two groups—an active and a placebo
group, perhaps we should just exercise test all
patients at 6 months. For the reasons outlined
above, however, the positive predictive value
of late treadmill testing varies from 39 to 64%
(Table 12C.4), making it difficult to make
valid intergroup observations, The only use-
ful role we have found for the exercise test is
to substantiate the need for a repeat thera-
peutic PTCA at follow-up,

Similar arguments can also be used against
the role radioisotopes. The need for pre-,
immediate, post-, and follow-up scans alse
raises two additional issues. Firstly, objec-
tions are raised regarding the repeated use of
radioisotopes and the long-term result of
doing so. Secondly, problems arise in the
objective assessment of the resulis as there is
still no agreed standardized precedure for
image acquisition and interprelation.

For all the above reasons exercise testing
or thallium seintigraphy are of little value in
the assessment of long-term restencsis. Their
only role may be to substantiate the therapeu-
tic'procedure if repeat angiography is sugges-
tive of a significant restenosis.

Table 12C.4.

Detection of Restenosis by Exercise Treadmiil Testing®

ANGIOGRAPHIC ENDPOINTS

The most accurate way to quantify the pro-
liferative response as part of restenosis
would be with the direct measurement of
neointimal thickening following coronary in-
tervention. This is not, however, currently
possible in man, although the advent of new
imaging modalities such as angioscopy and,
more especially, intravascular ulirasound
may one day make it possible. For debulk-
ing devices that may alter both acute di-
mensional gain and the later prolilerative
response, currently quantitative coronary an-
giography is the most objective and repro-
ducible method available to deserihe the
changes in stenosis geomeiry following in-
tervention. Although it only measures the
process indirectly without defining its nature
(recoil, organized mural thrombus, neointi-
mal hyperplasia), it has nonetheless become
the accepted gold standard in documenting
restenosis.

There is still, however, no agreed on an-
giographic definition of restenosis (11, 12),
To date there have heen a total of 13 differ-
ent definitions used in the literature, but
none have become widely accepted. Al-
though the clinician is hest served by the
“present/not present” assessment of resteno-
sis, the biologic process of restenosis itsell
may he best analyzed by measuring the ab-

Anglographic Restenosls PPV NPV

Author Follow-Up % Y% % Y Timing of Test
O'Keefe 100 13 29 73 <1 month
Schofl 83 12 40 27 1 month
Wiins® 74 35 50 65 3-7 weeks
Wijns? 89 40 60 52 3-8 weeks
Bengston 96 51 39 a4 6 months
Rosing 100 3 47 76 8 months
Emst 100 4 50 95 4-8 months
Honan a8 58 57 64 6 months
Scholl 83 12 64 50 6 monihs

*Modified from Califf et af. Restenosis: the clintcal issues. In: Topol EJ, ed. Texibook of interventional cardiology. PhiladeTphla: WB Saunders, 1990,

*Thoraxcenter

PPY. Positive predictive vafua; NPV, negative predictive value.
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solute angiographic dimensions on a contin-
uous scale. This is for two main reasons.
Firstly, as we have previously demonstrated,
all lesions undergo restenosis to some extent
during follow-up in a Gaussian distribution.
Secondly, if we treat restenosis as a continu-
ous variable, more information can be
gleaned from the available data regarding
the underlying process. Furthermore, the use
of a continuous variable in stalistical analy-
sis allows us to reduce the number of pa-
tients required to demonstirate benefit in a
specific study by two-thirds. For example, if
treatment reduces the loss of luminal diame-
ter from 0.40 mm under placebo to 0.25 mm
under active medication (SD = 0.5 mmy},
233 patients per group would be required to
have a power of 90%, The above reduction
corresponds o restenosis rates (defined as a
loss of minimal luminal diameter of 0.72
mmy) of 256% and 17.5%, respectively. This
difference, however, can be statistically de-
tected with a power of 90% with 620 patients
per treatment group. Thus the quantitative
outcome determined from direct measure-
ments of continuous variables can be evalu-
ated statisticaily with only one-third the
number of patients required for the categori-
cal outcome.

The minimal luminal diameter provides
more reliable and meaningfai information
than percentage diameter stenosis with
regard to the hemodynamic significance of a
coronary artery lesion and has been shown
to correlate at follow-up with the recurrence
of angina or exercise-induced myocardial
ischemia (1), The minimal luminal diameter
at follow-up thus hest describes the lesion
severity at this point in time, while the
process of restenosis can best be addressed
by measuring the changes in luminal diame-
ter from postintervention to follow-up in phar-
macologic studies locking at restenosis. In
studies examining devices, however, because
of differences in the initial gainfloss, it is
impossible to use the change in luminal diam-
eter at follow-up and is best to look at a static

parameter such as the MLD at follow-up to
assess restenosis,

Are Quantétative Angiographic Parameters a
Good Surrogate for Clinical Events?

One of our convictions is that the difference in
minimal luminal diameter at follow-up
between iwo populations will be translated
into clinical terms. This has been generally
true, as illustrated recently by the results of
the BENESTENT and STRESS trials. A dis-
cordance, however, was noted in the CAVEAT
Itrial wherein a modest improvement in lumi-
nal dimensions at follow-up after directional
atherectomy compared with PTCA did not
“iranslate” into clinical benefit.

A more detailed analysis is available for
the CARPORT study. In: that study the mean
difference in coronary diameter between
postangioplasty and follow-up angiogram was
similar in the conirol and GR32191B groups
(—0.31 = 0.54 mm and —0.31 * 0,55 mm,
respectively), and this was reflected in sinilar
rates of clinical events. If you separate the
population into two, however, on the basis of
syniptoms or positive ergometry, the cumula-
tive distribution curves for change in minimat
luminal diameter clearly separate (Fig,
12C.2), suggesting that the change in MLD
may indeed reflect clinical events, Furthér-
more, in the MERCATOR study when the
patient population was stratified according to
the minimal lumen diameter at follow-up
(Table 12C.5), the percentage of patients
reaching one of the predefined clinical end-
points was as high as 65% in the woist cate-
gory {MLD at follow-up <1.15), whereas the
percentage of eveni-free patients ranged from
63 10 78% in the other categories, Addition-
ally, 41% of the patients in the worst versus
only 6% in the best anatomic category had
reintervention irespeetive of the initial
dilatation site. Besides the prognostic value,
the anatomic results also had a clear func-
tional impact because only 2% of the patients
in the best anatomic category had a positive
exercise test versus 26% in the worst,
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argometry at follow-up angiography. (Reprinted by per-
misston from Serruys PW et ab. Circulation 1991;
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Table 12C.5.

Limitations of Differences in MLD Between
Various Tifals

Over the last few years it has become ap-
parent that the loss in MLD in different trials
could vary considerably, and in the placebo
groups the loss in MLD ranged from .24 to
0.36 mm. The reasons for this are unclear,
although one possibility is that these differ-
ences i mean luminal diameter at follow-up
reflect differences in baseline demagraphic
data, Factors such as the percentage of
recruited patients i angina class 4, pa-
tients with recent onset of angina, unstable
patients, and diabetic patienis and the fre-
quency of total occlusion have a major im-
pact on the loss in MLD at follow-up. Popma
and ecolleagues suggest that in future trials
high-risk patients not be excluded to there-
fore avoid a misrepresentation of the pop-
ulation of typical patients undergoing an-
gioplasty (9). Furthermore, they suggest that
by selecling elective patients the expected
late loss in MLD may be reduced, resulting
in a requirement for a larger study popu-
lation.

Limitations of Quantitative Angiography

Quantitative coronary angiography (QCA)
provides an outline of the vessel lumen and
not the vessel wall, which is where the un-

Prognostic Vatue of Minimal Luminal Diameter at Follow-Up In the Preprotocol MERCATOR Population

Divided Into Five Equal Segments*

Exercise Tost Clinlcal Quicome

MLD <1mm =1 mm
Follow-Up STT Changes STT Changes

{mrn} and No Chest Pain and Chest Paln Mi Relntervention Anglra Nona
<110 70 {75%) 24 [26%) 5 (4%} 49 (41%) 24 {20%}) 41 (35%)
11010 1.39 88 (83%) 12 {12%) 1 (1%} 18 (15%) 25 (21%} 74 (63%)
1.39 0 1.63 103 {00%) 11 (10%) 2 (2%} 10 {8%) 31 (26%) 7 (B4%)
16310 1.1 99 (93%) B8 (7%) 1 (1%} 7 (68%) 21 {16%) 89 (75%)
1.81 or more 111 (98%) 2 (2%) 1 (%) 7 (6%) 18 (156%} 94 (78%)

471 Pis 57 Pts 10 Pts H Pts 119 Pis 375 PIs

*Frem MEACATOR study group, Circutation 1992, 86;100-101 with permission.

LD, Minimal luminal diameter; mm, miimeter; M/, myocardial infarction; Pis, patiepts.
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Figure 12C.3. Ultrasound Imaging pricr to balloon anglo-
plasty and following angiographically successful balloon
dilatation. It can be clearly seen post-PTCA that the anglo-
graphic success is as a result of eceentric tears in the ves-
sel wall with only a small increase in the residual Juminal
area (pseudosuccess). Following successiul stent implan-
tation there is a good residual luminal area. (Images cour-
tesy of Dr. C. diMario, Thoraxcenter, Erasmus University,
Aofterdam, The Netherlands.)

derlying pathologic process is occurring.
Thus much of what may be an angiographic
success may furn out to be a pseudosuccess,
perhaps because of cracks and dissection
planes in the vessel wall giving the impres-
sion of a successful result whereas in reality
there may be little increase in the actual
lumninat avea (Fig. 12C.3). Thus a split in the
vessel wall may provide an angiographical-
ly successful result (a pseudosuccess), but
subsequent apposition of the split-wall lay-
ers may result in an angiographic restenosis
{a pseudorestenosis), a lesion being classi-
fied as restenosis whereas in fact it was
never an actual success.

Thus we may have to separate the clinical
onicome, which may be measured by QCA,
from the pathologic process cocurring in the
vessel wall. Whether new concepts in the
visualisation of the vessel wall such as
angioscopy or, perhaps more importantly,
intravascular ultrasound can refine our
understanding of the underlying pathologic

process is still unclear but holds a great deal
of promise.

Hdeal Trial

As outlined above, although randomized
studies are the best means we have of com-
paring the acute and long-term resulis of dif-
ferent interventional devices and the impact
of pharmacologic therapies, they remain lim-
ited by inherent logistic problems. Our ideal
randomized irial would be based purely on
clinical follow-up of hard endpoints at 1 year.
This would assess the effect of the interven-
tion, whether it is drug therapy or a device
compared with stand-alone angioplasty with-
out the interference from the recatheteriza-
tion procedure.

MATCHING STUDIES

In view of the large number of pharmacologic
and mecharical interventions available to us
and the lime, energy, and financial burdens
involved in conducting a large randomized
trial, we have developed the concept of
malching to use as a surrogate for a random-
ized study. Matehing may offer insight into the
effects of different interventional techniques,
screen devices, and yield statistically helpful
information such as a required sample size for
the proper design of a randomized trial.

The principles of matching by quantita-
tive angiography are threefold. Firstly, the
angiographic dimensions of maiched lesions
are assumed to be identical. Secondly, the
observed differences between the two identi-
cal lesions must be within the range of sys-
tem-analysis reproducibility (0.1 mm; 1 SD).
Finally, the reference diameter of the lesions
to be matched must be selected to be within
a range of +0.3 mm (3 SD; confidence limits
999%). Matching can also be extended to in-
clude lesion location and clinieal parameters
such as male sex, stable/unstable angina, di-
abetes, total ocelusions, and other risk fac-
tors that may confound the incidence of
restenosis.
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Matching in Action

We have used the principles outlined above to
assess late luminal renarrowing in atherec-
torty, stent implantation, and excimer laser
versus balloon angioplasty (Fig. 12C.4).

In atherectomy versus balloon angioplasty
we demonstrated that matching for clinical
and angiographic variables resulted in two
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comparable groups with identical baseline
stenosis characteristics (13). Atherectomy
resulted in & more pronounced increase in
minimal luminal diameter than did balleon
angioplasty (1.17 * 0.29t0 2.44 + 0.42 mm
versus 1.21 = 0.38 to 2.00 = 0.36 mm),
but this favorable immediate result was sub-
sequently lost during late angiographic {ol-
tow-up, as the minimal luminal diameter at
follow-up did not differ between the two
groups {1.76 * 0.62 versus 1.77 * 0.59 mm,
atherectomy versus balloon angieplasty) (Fig.
12C.44). This suggests that in matched popu-
lations, atherectomy induces a greater initial
gain in minimal luminal dizmeter than bal-
loon angioplasty but that the greater vascular
wall injury induced by this device is associ-
ated with a more prenounced late loss. The
results of this study were subsequently
reflected in the CCAT and CAVEAT studies,

Using coronary stenting we demonstrated
that Wallstent implantation resulls in a supe-
rior immediate increase in minimal lwmninal
diameter (from 1.22 * 0.34 to 2.49 + 0.40
mm) compared with balloon angioplasty
(from 1.21 * 0.29 10 1.92 * 0.35 mm) (14).
Despite a greater decrease in minimal lumi-
nal diameter after Wallstent implantation
compared with balloon angioplasty (0.48 =
0.74 versus .20 * (.46 mm}, the minimal
luminal diameter at follow-up was signifi-
canily greater after stent implantation
(2.01 * 0.75 versus 1.72 &-0.54 mm) {Fig.
12C.4B}. Although different stents were eval-
uated, our results paralleled those of the re-
cently reported BENESTENT and STRESS
trials.

Using excimer laser we demonstrated that
despite similar acute increases in minimal
luminal diameter (from 0.73 £ 047 to
1.77 £ 041 mm, excimer laser, versus
0.74 £ 046 to 1.78 £ 0.34 mmn, coronary
angioplasty), the minimal luminal diameter
after excimer laser was significanily lower at
follow-up (117 % 0,63 versus 146 * 0,63
mm) (Fig, 12C.4C}, suggesting that in suc-
cessfully treated matched coronary lesions



there is reduced long-term efficacy after
excimer laser compared with balloon angio-
plasty. Whether these preliminary results will
be reflected in clinical outcome will be
answered in the ongoing AMRO randomized
study of excimer laser versus balloen angio-
plasty.

Limitations of Matching

The major limitation of a matching study is its
retrospective design and the inevitable pres-
ence of selection hias, It controls for bias only
in those variables taken into account, It is not
possible to match for all variables because of
practical difficulties in finding patients who
meel all the matching criteria. Moreover, if
categories of matching are relatively crude,
there may be room for substantial differences
between matched groups. For example, if
clinical variables such as unstable angina or
perhaps diahetes, which are known to predis-
pose to a higher restenosis rale, are not
included in the matching, substantial differ-
ences will oecur between the two groups that
may influence the validity of statistical com-
parisons.

Role in Clinical Decision Making

The use of matching studies as a surrogate for
randomized siudies offers the potential fo
rapidly sereen a number of devices and to
assess which are most likely to represent
advances in balloon angioplasty. These can
then be examined in larger randomized stud-
ies. Farthermore, matching yields statisti-
cally helpful information regarding the proper
design of subsequent randomized trials such
as required sample size.

REGISTRIES

The advantage of a registry is that data are
collated in a coordinating center that allows
information to be gleaned regarding the suc-
cess and acute complications in a self-
selected group of patients from a variety of
centers with varying expertise. It therefore
gives an impression of the acute results at the

ground level and may, if adequate follow-up is
encouraged, give an indication of the long-
term restenosis rate. Information is obtained
at little expense in terms of tiine or money as
it is normally freely available at each institu-
tion.

There are a number of major limitations to
extrapolating the results from registries to the
general population, however. Firstly, the
patients are entered on an ad hoc basis by the
operator and may not be representative of the
totality of patients on whom the device was
used. This may explain, for example, why the
reported complication rates from registries are
consistently lower than the complication rates
observed in clinical practice. Secondly, there
are usually no central angiographic core lab
and no independent verification or audit of
the data supplied by the investigator to ensure
accuracy and reproducibility. Furthermore,
the angiographic analysis is normally per-
formed by the operator with visual assessment
of the coronary angiogram, a technigue intro-
ducing bias and inaccuracies. Finally, the
analysis is usually performed onr a post hoc
basis with multiple statistical comparisons
being made on a small number of selected
patient subgroups.

Because of the inherent limitations out-
lined above it is difficult to Interpret the data
from the various registries and to draw mean-
ingful conclusions (15). The only useful infor-
mation that may be gleaned from registries
may be some idea about trends in various
patient subgroups; for example, that caleifica-
tion may not be good for atherectomy.

EXPERIENCE-BASED COMMON SENSE

Whatever the results of large randomized
studies, it is ultimately the skil and judgment
of the individual doctor in assessing and
treating a particular lesion in an individual
patient that will determine the safety and effi-
cacy of the procedure. The main advaniage of
experience-based common sense is that it wilt
limit cardiologists to the use of specifie
devices that are safe in their hands on specific
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lesions in their particular circumstances.
Experience-based common sense, however,
will tell them litile regarding long-term
restenosis.

Furthermore, there are a large number of
other potential limitations to experience-
based common sense. Virtually all new
devices have a steep learning eurve so that an
individual doctor may never do enough cases
to get past this learning curve. Thus an oper-
ator who has never attained a sufficient level
of skill in using the device will be prejudiced
against it and perhaps only use it in specifie
patient subgroups. This combination of indi-
vidual expertise and selection hias means
that the safety and efficacy of particular
devices can never he adequately quantified
and that any differences between devices
would be extremely difficult to prove.

SUMMARY

Adverse coronary anatomy, acute occlusion, and
long-term restenesis remain major limitations of
coronary angioplasty. Over the last 5 years ath-
erectomy, stenting, and laser techniques have
been introduced as potentially safer alternatives
to balloon angioplasty with improved short- and
long-term results, Considerable difficulty exists,
however, in making valid comparisons between
the different modalities with regard o the above
ontcome measures. Device registries may be use-
ful for the initial assessment of the initial safety
and success of the device. Malching studies may
help to sereen devices for subsequent randomized
studies to delineate the precise role of each new
device. We must never forget, however, that iire-
spective of the results of registries and matching
and randomized studies, the final arbiter of the
success or failure of the procedure will he the car-
diologist and the team treating the individual
patient,
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Abstract

Coronary stents were developed to overcome the two main limitations of balloon angioplasty, acute occlusion and
long term restenosis. Coronary stents can tack back intimal flaps and seal the dissected vessel wall and thereby treat
acute or threatened vessel closure after unsuccessful balloon angioplasty. Following successful balloon angioplasty
stents can prevent late vessel remodeling (chronic vessel recoil) by mechanicaily enforcing the vessel wall and
resefting the vessel size resulting in a low incidence of restenosis. All currently available stents are composed of
metal and the long-term effects of their implantation in the coronary arterics are still not clear. Because of the
metallic surface they are also thrombogenic, therefore rigorous antiplatelet or anticoagulant therapy is theoretically
required. Furthermore, they have an imperfect compromise between scaffolding properties and flexibility, resulting
in an unfavourable interaction belween stenis and unstable or thrombus laded plague. Finaily, they stitl induce
substantial intimal hyperplasia which may result in restenosis. Future stent can be made less thrombogenic by
modifying the metallic surface, or coating it with an antithrombotic agent or a membrane eluting an antithrombotic
drug. The unfavourable interaction with the unstable plaque and the thrombus burden can be avercome by covering
the stent with a biological conduit such as a vein, or a biodegradable material which can be endogenous such as
fibrin or exogenous such as a polymer. Finally the problem of persisting induction of intimal hyperplasia may be
overcome with the use of either a radivactive stent or a stent eluting an antiproliferative drug.

Introduction

Coronary stents were developed to overcome the two
main limitations of ballcon angioplasty, acute occlu-
sion and long term restenosis. Coronary stents can tack
back intimal flaps and seal the dissected vessel wall
and thereby treat acute or threatened wvessel closure
after unsuccessful balioon angieplasty. Following suc-
cessful balloon angioplasty stent can prevent late ves-
sel remodeling {chronic vessel recoil} by mechanically
enforcing the vessel wall and resetting the vessel size
resulting in a low incidence of restenosis. These theo-
retical advantages of coronary stenting have been tested
in two major randomised trials {1, 2]. Both BENES-
TENT and STRESS confirmed the theoretical advan-
tages of coronary stenting by demonstrating a reduc-
tion in angiographic restenosis and clinical events dur-

* Andonis G. Vielars was the reciplent of a Wellcome Trast
Tnternational Research fellowship [992-1995.
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ing follow-up (1, 2]. This reduction in restenosis was
achieved by a greater luminal gain despite the accom-
modation of a greater absolute loss in lumen diame-
ter in the stent group, suggesting greater neointimal
hyperplasia in this group. The reduction in fong-term
restenosis was counterbalanced by bleeding complica-
tions related 1o the anticoagulant therapy. Therefore,
a number of limitations have to be overcoms before
coronary stenting achieve its full potential.

Currently available stents

The currently available stents, a description of their
design, and the year of their clinical introduction are
listed in Table I and illusteated in Figure 1. In the
ahsence of prospective randomized interstent compar-
ative trials, it is difficult to draw conclusions on the
relative merits and demerits of each stent design. Indi-
vidual expericnce and registry data from each sten,
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Figure 1. Coronary stents which have vndergone clinical evaluation. These are going clockwise from the left. Wallstent (Schneider), Palmaz-
Schatz (Johnson & Johnson), Wiktor (Medtronic), Gianturco-Roubin {Cook), Cordis, Micro {A.V.E.), Multilink {A.C.3.)

Table 1. Currently availabele stents undergoing clinical evaliation

Coronary Stent Dlesign Deployment Premounted  Delivery Diameter Tength First Clinical
{mn1) (mm} Implantatica
Wallstent Wire mesh Self-expanding balloon not  over-the-wire 3.5-6.0 12-42 1986
required 1991 {Less shortening)
Palmaz-Schatz  Slolted tube Balloon-expandable pre-mounted over-the-wire 3.04.0  §-18 1988
& vnmounted & both 1994 (Heparin coated)
Gilantiteo-Reubin Inoomplete codl Balloon-expandable premounted  over-the-wire 2.5-4.00 2040 1989 (GR-T) \
clam shell toop 1995 (GR-11)
Wiktor Sinusoidal Balloon-expandable premounted  over-the-wire 3.0-4.5 16 1991
helical coil or menoral 1995 (Short wave)
Multilink Muitiple rings with Balloon-expandable premounted  over-the-wire 3.0-3.5 15 1993
multiple links
Cordis Sinuseidal Balloon-gxpandable premounted  over-the-wire 3.0-£0 15 1991
helical coil
AVE Micmo Zig-Zap axial struts  Balloon-expandable premounted  monorail 2540 636 1994 (Micro-)
1995 (Micro-1T}
NiR Expandable uniferm Balloon-expandable unmounted  both 20-50 932 1995

cellular mesh

Wallstent — Schneider Bulach, Switzerland; Palmaz-Schatz — Johnson & Johnson, Wareen, New Jersey, USA; Gianturco-Reubin — Cook,
Bloomington, Indiana, USA; Wikter — Medtronic, Minneapolis, Minnesots, USA; ACS — Advanced Cardiovascular Systems, London,
U.K.; Cordis, Cordis, Miami, Florida, USA; AVE Micro, Advanced Vascufar Engineering, Santa Rosa, California, USA; NIR, Medino,

Tel Aviv, {sracl,

however, allow preliminary impressions to be made on

the advantages and limitations of each stent.

Wallstent

The Wallstent was the pioneer of stents [3, 4] through
which we learnt the risk profile and indications for

229



Figure 2. Coronary angiography of the right cosonary artery in a patieat with total occlusion pre-balloon angioplasty, Post balloon angioplasty
diffuse narrawing associated with & proximal dissection was observed [left panel]. The radiopaque stent siruts can be seen post Wallstent
deployment [middle panel]. An excellent angiographic result {right panel].

coronary stenting and the necessity and adverse effects
of antithrombotic measures, The new Less Shortening
Wallstent has been developed recently with a change
in the braiding angie and results of the first clinical
implantation of this second generation steat in coro-
nary vein grafts have been promising [5, 6]. The
unique advantages of the Wallstent include the exten-
sive range of diameters and lengths available, thereby
allowing the Wallstent to be used for the management
of long spiral dissections [ 7], and for vessel reconstruc-
tion [8]. The sheathed ‘balloon-less’ delivery system
s combination with the free unconnected wire mesh
design, render the Wallstent one of the most track-
able, pushable and flexible stents for negotiating tor-
tuous vessel and passing through proximally deployed
stents (Figure 2). Furthermore recent modification of
the delivery system allows recapture of the stent pri-
or to final deployment and also improved positioning,
raising the possibility of shorter Wallstents in clinical
practise. Its fine cross-hatched mesh design provides
excelient scaffolding propetties; particularly well suit-
ed to enirap friable material in diffusely diseased vein
grafts. Additionally enforced mechanical remodeting
produced by oversizing Wallstent implantation con-
veys a favourable 6 month clinical and angiographic
ouicome in both stenosis and total occlusions in native
coronary arteries both [7, 8], Its primary limitations
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are the longitudinal shortening of the stent upon radial
expansion and motion of the stent during refraction of
the rolling membrane rendering the stent Jess suitable
for ostial lesions.

Palmaz-Schatz stent

The Palmaz-Schatz stent has been extensively investi-
gated in a broad range of coronary lesions {9-L8]. It
is the only stend to dale to have completed prospective
randomized trials comparing the clinical and angio-
graphic outcome with that of balloon angioplasty
[1, 2]. The angiographic results following Palmaz-
Schatz stent implantation are predictable and the slot-
ted tube design allows the performance of high pres-
sure intrastent balloon inflations without risk of struc-
tural deformation. The low radiopacity of the Palmaz-
Schatz stend, however, can render the positioning of
a non- compliant balloon for post deployment high
pressure intrastent inflations difficulf. Additionally, a
higher incidence of restenosis has been reported at the
site of the central articulation [19]. To overcome this
limitation a recent model has been developed with-
out the central articulation {spiral articulation design).
This model has a higher radiopacity compared to the
standard single articulation design. The availability of
a free unmounted Palimaz-Schatz steat which can be
crimped by the operator on any balloon provides more



procedural versatility and results in a lower profile dur-
ing stent delivery. It does, however, increase the risk
of losing the stent during deployment.

Glanturco-Roubin steit

Prior 1o obtaining FDA approval for non-inves-
tigational clinical use, most of the clinical data on
the Gianturco-Roubin stent was gathered in single and
multicenter registries in the U.S.A. {20-25], The indi-
cation for the Gianturco-Roubin stent for which most
data has been gathered is for the bailout of subocclusive
and occlusive dissections following balloon angioplas-
ty in native coronary arteries, The data gathered com-
pares well with historical controls treated by repeated
and prolonged balloon angioplasty alone. The results
of the first randomized trial of the Gianturco-Roubin
in bailout therapy (GRACE} are awaited with inter-
est [26]. The principle advantages of the Gianfurco-
Roubin stent include its range of lengihs and longi-
tudinal flexibility. While the relatively Iarge interstrut
intervals of Imm raise questions over the suitability
of this stent for the management of friable vein graft
lesions, the advaatages of the Gianturco-Roubin stent
design include minimal risk of ‘jailing’ side branch-
es and the potential 1o perform coronary intervention-
al procedures in side branches through the interstrut
spaces. While this stent excels in long dissections in
curved coronary segmenis, ils more generalised use
was hindered by the high profile of the first genera-
tion. The new generation flex I stent overcome these
problems with a lower profile and a higher visibility,

Wiktor stent

The available clinical data on the Wiktor stent aris-
es from observational studies and registry data [27-
30], the principle registry of which has been in the
management of restenotic lesions. Like the Gianturco-
Roubin stent, the Wiktor stent is a coil stent which
offers marked fiexibility and thus conformability with
the vessel curvature. However, also like the Gianturco-
Roubin stent, the Wiktor stent is unlikely to excel in the
treatment of friable vein grafis on account of the large
interstrut interval of the Wiktor stent and subsequeni-
ly reduced scaffolding properties. The radiopacity of
the Wiktor stent allows exquisite positioning of the
stent in ostial and focal lesions, while the flexibili-
ty of the stent makes it suitable for short dissections
on curved coronary segmenis. The recent introduction
of the option of a monorail delivery system improves
the user-friendliness of the device, The limitations of

the initial prototype of the Wiktor stent included the
avaitability of only one length and the limited scaf-
folding properties with the potential for the protrusion
of intimal flaps through the Interstrut intervals. These
limitations have been overcome by the new generation
short wave form Wiktor stent, although the radiopacity
of this tantzlum stent can still interfere with on-line
quantitative angiographic analysis of the stented seg-
ment {31].

Multilink stent

The ACS stent currently has the least clinical expe-
rience of the currently available stents having just
completed its first 100 patient registry conducted at
five Buropean centers [32]. The advantages of this
new sient include the flexibitity and low profile of the
sheathed stent and delivery system. Although the Mul-
tilink stent design manages to provide remarkable scaf-
folding properties, the metallic burden to the stented
vessel remains very low by virtue of the smalt diam-
eler of the corrugated struts, The limitations of the
stent include its radiolucency rendering the position-
ing of non-compliant balloons for post-delivery high
pressure intrastent inflations very difficult. The current
availability of only one length of 15mm, means that the
1st prototype can only be used for very focal lesions.
Following some minor modifications this stent may
offer some significant advantages over the earlier gen-
eration of stent designs. The attachment of radiopaque
tips on the stent would present a significant enhance-
ment,

AVE Micro stent :

The AVE Micro stent is now undergoing clinical eval-
uation in a large number of countries {33]. The high
degree of radiopacity and balloon expandable deploy-
ment should render this stent ideal for exquisite posi-
tioning in highly focal and ostial lesions (Figure 3),
However, by virtue of the longitudinal (axial) orienta-
tion of its eight struts, the 4mm AVE Micro stent units
may be prone to proximal migration and protrusion and
Iherefore preferably longer welded AVE Micro stents
should be deployed in ostial locations. The custonyized
range of shorl lengths make the AVE Micro stent ide-
al as an adjunctive complementary device for multi-
ple stenting, filling in the gaps between [onger stents
and improving the inflow or outflow of longer stents.
Additionally the high fiexibility and {ow thrombogen-
esity of the AVE micro stent make it an ideal stent for
bailout management after failed balloon angioplasty
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Figure 3. (A) Short dissection in the origin of the left circumflex
coronary arlery following balloon angiopfasty. (/) An AVE Micro
stent is delivesed to the target vessel through an 8F Amplatz guid-
ing catketer. ‘The two radiopaque markers at the extremities of the
stent are clearly seen, (€3 Following delivery of the stent, the thick
radiopague stainless steel struts facilitate the precise positioning of
a short non-compliant balloon (single marker) within the stent for
subsequent high pressure inflations and optimization of stent deploy-
ment (7).
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[33]. Despite the absence of a protective sheath, the
low profile and longitudinal strut orientation, make the
AVE micro stent one of {he easiest stent to pass through
other proximally deployed stents. The monorail deliv-
cry system increases the user-friendliness of the device
which has a short learning curve, The strong radial sup-
port proffercd by the thick struts should make the stent
suitable for the prevention of recoil and restenosis.
Care should be taken, however, 1o avoid the position-
ing of junctions between the unconnected dmm units
at the site of the minimal lumen diameter of lesions
in order to prevent intimal profrusion, Recent devel-
opments include the helicoildal welding of multiple
3mm length units (Micro stent - II} to provide multiple
lengths of up to 36mm.

Cordis stent

The Cordis stent continues 1o undergo early evaluation
in the clinical arena [31]). Like the A.C.S. stent, the
Cordis stent offers some advantages over the first gen-
eration stents by virtue of its low profile, flexibility, and
comprehensive scaffolding properties, The absence of
a protective sheath on the delivery system, however,
increases the possibility of stent dislodgement or dis-
ruption during delivery. The operator should be aware
of the protrusion of the delivery balloon beyond the
limits of the Cordis stent if inflations of higher pres-
sure are considered. While the strongly radiopaque
tantafum struts allow exquisite positioning (Figure 4)
of the stent in short dissections in curved coronary
segments, the radiopacity may pose problems for on-
line quantitative angiographic assessment, particularly
during assessment of luminal renarrowing at 6 month
angiographic foHow-up [31]. The relative merits of this
stent are currently being evaluated in a Evropean mul-
ticenter registry and by Dr. Nobuyoshi and colleagues
in Japan [34].

NIR stent

The NIR stent is a recently developed balloon expand-
able stent currenily undergoing clinical evaluation in
some centers in Israel and Europe. Although this stent
has alow radiopacity, the stent has a high flexibility and
comes in a wide range of customized sizes (diameter 2
to 5mm) and lengths (9 to 32mm). Balloon unmount-
ed model allows to choose various types of balloon
for the stent delivery and may spare the usage of an
additional balloon catheter only for stent delivery, A
preliminary report indicates a high deployment suc-
cess rate despite most of the lesions were difficult to



Figure 4, {A) Complex lesion of the mid-segment of the right coronary artery, {) Positicning of the Cordis stent was facilitated by the radiopacity
of the tantalum struts which are clearly seen during inflation of the contrast-filied intrastent balloon to 12 atmospheres, (C} Angiography post
stent deployment reveals (he stent struts to be entbedded in the vessel wall external ta the contour of the contrasi-filied lumen,

treat because of vesset tortuosity, distal tocation and
long lesion [35]. The restenosis rate has not yet been
determined.

Future stents

Alil currently available stenis are composed of met-
al and the long-erm effects of their implantation in
the coronary arleries are still not clear. Because of
the metallic surface they are thrombogenic, therefore
rigorous antiplatelet or anticoagulant therapy is theo-
retically required. Furihermore, they have an imperfect
compromise between scaffolding properties and flexi-
bility, resulting in an unfavourable interaction between
stent and unstable plaque or tiirombus burden. Finally,
they still induce substantial intimal hyperplasia which
may result in restenosis. Future stent can be made less
thrombogenic by modifying the metallic surface, or
coaling it with an antithrombotic agent or a membrane
eluting an antithrombotic drug. The unfavourable inter-
action with the unstable plaque and the thrombus bur-
den can be overcome by covering the sient with a bio-
logical conduit such as 2 vein, or a biodegradable mate-
rial which can be endogenous such as fibrin or exoge-
nous such as a polymer, Finally the problem of persist-
ing induction of intimal hyperplasia may be overcome
with the use of gither a radioactive slent or a stent
eluting an antiproliferative drug,.

Coated stents

Metal coated

In vitro work suggests that surface potential may exert
a substantial effect on both the thrombogenicity and
antiproliferative cffect of metals. High surface poten-
lial {5 associated with pronounced aftraction of nega-
tively changed patticles such as platelets and plasma
profeins thus resulting in high thrombogenicity. On the
positive side, however, metals with high surface poten-
tial also have a substantial anfiproliferative effect on
fibroblasis suggesting that by varying surface charge
we may be able 1o influence the thrombogenicity and
neoinlimal hyperplasia after stent implantation. One
way of doing this would be by modifying the base
melal {36].

Metals can be modified either by Galvanization or
by Ion bombardment. Galvanisation involves the elec-
trochemical deposition of metal 3.3 ym in thickness
on the stent and results in 100% of the stent surface
being covered prior to stent expansion. fon bombard-
ment consists of spluttering a thin metal film onto the
stent followed by a bombardment with argen jons. The
resulting implantation of metal onto the stent surface
is 20nm in thickness and 75% stent surface coverage
is required prior to expansion.

Preliminary experience suggests that coating steel
stents with platinum, gold or copper results in high-
er in vitro surface potentiafs but that the incidence of
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thrombesis in vivo is increased particularly in stents
coated using galvanization {36}, Thus in contrast to
the in vitro suggestion metal charge does not seem
to play a major role in stent thrombogenicity in vivo.
Furthermore a low stent charge appeared to correlate
with an increased neointima formation. Thus modify-
ing stainless steel stents by covering them with gold,
platinum or copper is unlikely to be the solution to
either increased thrombogenicity of neointimal hyper-
plasia.

Cell seeding of stents

Coating of metallic stents with endothelial cells, partic-
ularly genetically engineered cells with increased celf
surface fibrinolytic activity may improve their throm-
bogenic nature, Preliminary work has demonstrated
the feasibility of this approach [37, 38]. More receit-
ly in vitro work suggests that genetically ¢ngineered
endothelial cells woould allow increased fibrinolysis
to be promoted by the surface focalisation of urokinase
[39]. Questions remain however over the number of
cells that will remain attached under flow conditions
as well as the legal responsibility in case of failure of
endolhelial cell function.

Immobilised drug coatings

Coating of the stent surface with an antithrombotic
agent such as heparin {40-42] provides a novel solu-
tion fo the problem of increased thrombogenicity of
metallic stents and the subsequent need for intensive
anticoagulation resulting in increased morbidity and
costs. Following encouraging preliminary experience
with a heparin coated Palmaz Schatz stent in pig coro-
nary arieries the Benestent 2 study evaluated the safety
ofi reducing and eliminating anticoagulant therapy in
patients receiving a heparin coated stent. Initiai results
from the pilot study suggests that subacute stent throm-
bosis does not occur using the heparin coated stent
which has virtually eliminated the bleeding complica-
tions following stent implantation and reduced the in
hospital stay to 3 days [43]. The 6 month angiographic
follow up also indicates that these coated stents do nod
induce an excess of intimal hypeplasia [44]. Follow up
of phase 4 (where coumadin and heparin are replaced
by ticlodipine and aspirin) are awaited.

Polymer coated stents

The stent metal surface can be rendered less throm-
bogenic by coating it with a thin layer of a synthetic
polymer. Initial results suggested that although this
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may protect against acute thrombotic evenis it does
not reduce the extent of subsequent neointimal hyper-
plasia [45]. The advantage of a polymer coated stent
however is that it can be loaded with antithrombotic or
antiproliferative agents directed against the neointimal
reparative process [46] (Figure 5).

Fibrin stent

The fibrin film stent has several theorctical advantages.
It is a membrane stent and can thus cover the bal-
loon angioptasty injury site providing a natural healing
matrix and reducing local thrombus formation. It may
also be useful in vein grafts where the membrane may
prevent distal embolisation of friable material. Prelim-
inary work suggests that the fibrin film stent is both
bioabsorbable and biocompatible [47]. Tt also appears
to be safe in pigs with the use of an antiplatelet agent,
1t had little effect on neointimal proliferation however,

Vein coated stents

An autologous vein graft coated stent consisting of a
conventional stent covered by a vein graft may be the
ideal conduil for percutaneous revascularisation min-
imising stent thrombogenicity and local tissue reaction
stent. Preliminary experience in 13 patients suggests
that the technique is feasible and safe resulting in an
excellent immmediate angiographicresult {48] but fur-
ther studies are warranted to investigate the effect of
the procedure on subacute thrombosis and tong term
resenosis,

Nitinol stent

Nitinol has a number of properties which make it ideal
for stent composition. It is known to be highly bio-
compatible and highly malleable allowing 0.006 inch
struts without sacrificing flexibility. Furthermore it hag
unique thermoelastic properties which allow for stent
collapse and removal as wetl as setf expansion [49-52],
Finally it is amenable to surface coating for local drug
delivery and is transmutable into a radioactive emitter
for local radiation therapy. Preliminary work in a pig
coronary subacute thrombosis model has confirmed
some of these theoretical advantages of a nitinol stent
demonstrating that nitinol steats, particularly polished
nitinol stents, develop significantly less thrombus (as
measured by thrombus weight and thrombus grade) in
comparison to stainless steel sienis of similar design
[49]. The resulls on necintimal hyperplasia are still
awaited although preliminary results from a separate



Figure 5. Eluting steat consisting of a stent surrounded by an elastic sleeve made of biodegradable polymer loaded with 40% antitbrombotic

agent.

group suggest that a self expanding nitinol stent exeris
a more favourable ¢ffect on vascular remodeling and
neointimal formation than a balloon expandable tubu-
far stotted stent [50]. Initial experience in 20 patients
suggests that a nitinol stent is safe and effective in the
treatment of suboptimal resalts [52].

Folymer stent

Polymer stents have several potential advantages. They
can be loaded with antithrombotic andfor antiprolif-
erative pharmaceutical agenis in high concentration
for sustained local delivery. They may have less of
a mechanical mismatch with the vessel wall than met-
al stents and may avoid the potential for late stage
complications. They thus have a synergistic mechani-
cal and locai pharmacological therapy providing sus-
tained structural support throughout the healing phase
1o avoid early and late elastic recoil, while local high
dose drug delivery will avoid thrombosis, neointimal
proliferation and systemic side cffects. There is how-
ever only limited steength if a large% of drug is loaded
onto the stent. Initial animal experiments, however,
have demonstrated a marked inflammatory response
resulting in substantial Juminal encroachment with
polymer stents in porcine corenary arteries [53, 54].
There is no vascular tissue reaction with HMW PLLA,
however, and this remains a promising avenue of inves-
tigation.

Composite (metal augmented) polymer steits

Composite polymer stents guarantee a minimal
mechanical mismatch between the stent and the vessel
wall, leaving a delicate metal skeleton after bicdegra-
dation. They provides proteciion of tissues from deep
strat laceration and allow large amounts of drug (up
to 409%) for slow local release without affecting hoop
strength. Such a composite polymeric stent, capable of
excellent mechanicat strength as well high dose [ocat
drug delivery, has been developed and evaluated in
porcine coronary arteries. All stent designs could be
placed in the selected coronary arteries. Prefiminary
histological analysis showed that neointimal hyperpla-
sia and some degree of inflammatory response was
present in all groups. Unfortunately implantation of
bicomponent stents caused a reduction in lumen diam-
cter for all designs. Further research will be directed
to the assessment of the relative contribution of stent
geometry, polymer type and incorporaied drug fo the
overall response.

Radioactive stents

Radiation selectively kills proliferating cells indepen-
dent of any stimulus for cell growth. As a major com-
ponent of reslenosis is neointimal hyperplasia sec-
ondary to vascular smooth muscle cell proliferation
it seems reasonable to assume that radiation thera-
py may reduce restenosis. Muliple animal studies
have now confirmed this ability of radiation therapy
to inhibit neointimal hyperplasia and reduce restenosis
[55,56]. Radioactive stenis have the potential to deliv-
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er an appropriate dose of radiotherapy to the area of
interest thus reducing restenosis, while minimising the
totak dose given to the patient,

Two methods are currently in use. In the first
method conveniional Palmaz-Schatz stents were ion
bombard in a cyclotron to emit low dose beta and gam-
ma radiation from radioisotopes Co55, 56, 57, Mn52
and Fe55 with half lives between 17.5 houes and 2.7
years {57]. The radiation is predominantly short range
and homogeneously distributed over the length and cir-
cumference of the steni and being absolutely fixed to
the metal. Because of this the stents do not require a
license from the International Atomic Awthority, An
intimal surface dose rate of 4mGray/h results in an
integral dose of 180mGray after a period of 100 days.

The low dose radioactive stents were found to
markedly inhibit neointimal hyperplasia in rabbits.
Endothelialisation of the radioactive stents was found
to be detayed with macrophages being located on top of
the radioactive stent struts until endothelialisation was
complete, Although the degree of neointimal hyperpla-
sia was reduced it was found, paradoxically, that extra-
cellutar matrix production increases after radicactive
stent implantation 57].

The second method is though the use of beta Parti-
cles {58, 59]. Beta particles (free elecirons) may rep-
resent the ideal means of local irradiation, P32 is an
excellent candidate for local delivery as the maximal
range of beta particles is 3-4mm in tissue, It has a
desirable half life of 14.3 days and once implanted
after balloon angioplasty, there is no detectable radia-
tion by 4 months. P32 or other Beta emitter and also
be implanted directly onto the stent wire.

Such P32 impregnated stents have been now fabri-
cated. In vitro work suggests that very low beta particle
activity levels inhibit smooth muscle cell growth pref-
erentiatty within 5-7 mm of P32 coated stent wires,
while endotheliat cells appear to be much more radio
resistant. In vivo animal testing in a porcing restenosis
mode] using fow dose rate P32 stents have demonsirat-
ed inhibition of ncointimal growth [58].

A P32 coated stent with doses similar to those
described shoutd be safe in man. Total body dose to the
patient would be less than 1/1000 that of fluoroscopy
during angioplasty., Furthermore the radiation would
be local and would not reach any mediastinal tissues.
Additiopally, the radiation to the interventionalist will
be much less than fluoro scatler.
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Conclusions

‘The stent is the second wind of coronary angioplasty. 1t
is for every physician a predictable therapy for bailout,
improving a suboptimal result and reducing the risk of
restenosis. As a result of these advantages over 40%
of coronary interventional procedures in the current
year will be by stent implantation. Currently available
stents, however, have a number of limitations which
are currenly being addressed. Drug eluting stents to
address the problem of the smail vessel and the low
flow situation are on the horizon. Covered stents where
a membrane acts as an isolating barrier passivating the
{esion, minimising local thrombus formation and deliv-
ering local drug therapy are promising, Radioactive
stents to inhibit local neointima formation are anoth-
er promising avenue of investigation, Biodegradable
stents and composite stents are also being actively
investigated. The future is bright indeed for coronary
stenting.
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Principal findings of the current thesis

Restenosis after percutancous coronary revascularisation remains a major problem
limiting the long term efficacy of these techniques. Accumulated evidence sugge-
sts that intimal thickening secondary to the migration and proliferation of vsme is
the main cause. We investigated the problem using a combination of experimental
and clinical approaches,

Coronary atherectomy provides a unique opportunity to obtain plaque tissue from
a wide variety of clinical syndromes. In chapter 2 we used directional coronary
atherectomy to percutancously retrieve tissue from patients with clinically and
angiographically documented coronary artery disease and examined the hypothe-
sis that vsmc cultured from restenotic lesions differ in extracellular matrix synthe-
sis fiom primary atherosclerotic cells. We demonstrated that restenotic cells syn-
thesise significantly more collagen and sulfated aminoglycans than primary cells.
This would suggest that extracellular matrix synthesis may play a far greater role
in restenosis than previously thought and may be one potential avenue of treat-
ment.

Although extracellular matrix production is undoubtedly of importance in defi-
ning the volume of the neointimal lesion, the proliferative and migratory potential
of the smooth muscle cell must also play a substantial role. In Chapter 3 we
investigated the relationship between the clinical and histopathological substrate
of tissue retrieved during directional coronary atherectomy and the proliferative
and migratory potential of smooth muscle cells as judged from successful out-
growth during cell culture. We found that although cell outgrowth was not influ-
enced by any of the clinical variables assessed, it was influenced however by the
presence of organising thrombus in the atherectomy specimen, Thus the presence
of organising thrombus in the retrieved tissue appeared to facilitate smooth muscle
cell outgrowth suggesting an enhanced proliferative and migratory potential for
the smooth muscle cell in coronary syndromes where mural thrombosis is likely to
be present,

One of the limitations of cell culture is that it does not take into account the nor-
mal anatomical relationships of the different cellular components of the vessel
wall or the cell to cell interactions which may modulate growth. Furthermore cell
culture fromy atherectomy specimens has a low yield and it can take a substantial
amount of tiine before adequate numbers of cells can be harvested for further
investigation. Therefore in chapter 4 an in vitro organ culture of human coronary
artery subjected to balloon angioplasty was developed. In this system intimal
smooth muscle cell proliferation occurred reproducibly but because of the diffuse
nature of the disease it was difficult to assess any differential effects balloon an-
gioplasty may have. We were however able to demonstrate quantitatively that bal-
loon angioplasty results in substantial wall damage which recovers after culture.
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The above in-vitro model relies on the use of serum to maintain tissue viability
and does not therefore allow us to assess the role that growth factors may play in
the in-vivo situation, To determine this an in-vivo porcine model of restenosis
was developed, in which intimal proliferation occurs reproducibly within 4 weeks
of coronary angioplasty and can be easily quantified (Chapter 5). The integrity of
the internal elastic lamina appears to be of critical importance in minimising
neointimal thickening and smooth muscle cell migration and proliferation in this
model. Using this model and a serum free adaptation of the previously developed
organ culture technique we were able to show that growth factors may be released
by the vessel wall, suggesting that growth factor activity by cells intrinsic to the
angioplasty site may regulate vsme proliferation in vivo.

Local drug delivery by perfusion catheters may be a means of delivering high con-
centrations of active drug, such as growth factor antagonists, into the vessel wall.
Pressure mediated trauma and duration of balloon inflation: have, until now, been
key limitations of these devices. In chapter 6 we investigated a new delivery
catheter which promises to overcome both these restrictions on normal porcine
coronary arteries. Inflation duration of up to 60 minutes did not result in any
signs of ischaemia or haemodynamic compromise. Furthermore intracoronary
infusion of adenosine with the catheter inflated demonstrated coronary flow velo-
cities similar to controls, Macroscopic examination demonstrated that compounds
ranging from 0.3-70 kDa could be successfully infused into the coronary wali
with only localised endothelial damage and an intact internal elastic lamina and
media. Our data thus suggest that prolonged balloon inflation is feasible with this
device and that local drug infusion occurs with minimal trauma to the vessel wall.
The device may have potential for ameliorating restenosis post coronary interven-
tion. Human studies are eurrently under way although preliminary data from the
ITALIC study suggest that local delivery of antisense oligonucleotides, despite
positive animal results, may not reduce clinical and angiographic restenosis.

Although experimental modeis can provide insight into the pathophysiclogy of
restenosis they can never however replace the clinical situation. Tntracoronary
ultrasound imaging atlows direct visualisation of the vessel wall in vivo. In the
second part of this thesis we looked at what role this may play in our understan-
ding of the pathophysiological mechanisms involved in the mechanism of acute
luminal gain and subsequent restenosis after coronary intervention, In chapter 8
we were able to compare the coronary luminal dimensions obtained from intraco-
ronary ultrasound with both geometric and videodensitometric quantitative angio-
graphy (the current gold standard) pre and post intervention. We were able to
show that intracoronary ultrasound may be better at assessing the complex morp-
hological changes induced by intervention. Chapter 9 summarises our initial cli-
nical experience with a new device combining intravascular ultrasound imaging
with balloon angioplasty thus obviating the need for repeated catheter exchanges
and allowing on line imaging during the procedure. We were able to show that
intracoronary imaging provides information additional to that provided by contrast
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angiography in a large proportion of cases and that this information can, on occa-
sion, influence clinical management, In chapter 10 we used intracoronary ultra-
sound to assess the influence of the undertying de-novo vessel remodeling mode
on the mechanism of acute luminal gain and long term restenosis following coro-
nary balloon angioplasty and directional coronary atherectomy, We were able to
show that the mode of vessel remodelling may contribute to the efficacy of the
interventional device (vessel stretch or debulking) and may play a role of the
mechanism of restenosis. This would be important in the optimal use of new
devices. Tor example our study suggests that, in a vessel with paradoxical shrink-
age, stent implantation, to act as a scaffold for the vessel wall and prevent late
vessel recoil, may be the optimal device to prevent restenosis whereas in a vessel
with compensatory enlargement, plaque reduction (debulking), during the initial
interventional procedure and concomitant medical treatment to prevent the growth
of intimal hyperplasia using local drug delivery or endovascular radiation may be
the most useful way of reducing restenosis.

The clinical literature on restenosis is confusing and conflicting because of the
lack of a readily accepted definition of restenosis and widespread differences in
the methodology used in different trials. Based on the pioneering work of Serruys
and Nobuyoshi however it is likely that restenosis is one end of a continuous spec-
trum and that ali lesions deteriorate over time, with around 30% deteriorating to
such an extent by six months that they are said to have restenosed. A number of
studies have attempted to define the role that patient, lesion and procedural related
characteristies may play in predisposing to restenosis. These studies are, however,
flawed by inconsistencies in the definition of restenosis, the angiographic follow
up rate and the method of angiographic assessment used, For any study to accura-
tely reflect the incidence of restenosis it should involve angiographic follow up of
all patients, at a predetermined interval, and a well validated system of analysis
with known accuracy and variability. The logistics, amount of work and expense
involved however in organising a major restenosis trial are such that no single
investigator or group of investigators can possibly mount such a study. In the
third part of the thesis we used data pooled from 4 major restenosis trial with a
high angiographic follow up rate and where the angiographic criteria were stan-
dardised with one central angiographic core lab performing the quantitative angio-
graphic analysis in all studies to assess what clinical procedural and angiographic
variables may influence restenosis.

The objective of our study in Chapter 11 was to examine the relationship between
serum cholesterol, a known risk factor for atherosclerosis, and long term resteno-
sis. We found the restenosis rate to be similar in patients with and without hyper-
cholesterolaemia, Additionally there was no difference in either the absolute or
relative loss, between patients with, and without, hypercholesterolaesmia.
Conversely the total serum cholesterol in patients with restenosis (vsing the cate-
gorical definition) was similar to those without restenosis, Dividing the popula-
tion into deciles according to total cholesterol and examining the categorical reste-
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nosis rate, as well as the absolute and relative loss, again revealed no significant
differences between deciles. There was also no differences in the categorical res-
tenosis rate, or the absolute or relative loss between deciles according to LDL,
HDL, or LDL:HDL ratio suggesting no influence by these cholesterol subfractions
on restenosis. Our results thus indicate that there is no association between cho-
lesterol and restenosis, suggesting that measures aimed at reducing total choleste-
rol, although highly desirable in this high risk group, are unlikely by themselves,
to significantly influence post angioplasty restenosis. This has been subsequently
borne out by a number of studies looking at cholesterol lowering therapy post
angioplasty, including the Flare study, ail of which have been negative.

Another major risk factor for atherosclerosis is smoking. The influence of smo-
king on post angioplasty restenosis, however is unclear. In our study population
we found substantial differences in the underlying demographic characteristics
between smokers and non-smokers (Chapter 12). Smokers were less likely to be
diabetic or hypertensive but were younger, more likely to be male, to have perip-
heral vascular disease, have sustained a previous myocardial fifarction and be in a
worse anginal class, Their lesions were more likely to be located in the right coro-
nary artery and to require a longer duration of inflation at higher pressures. There
was, however, no significant difference in either categorical or continuous meas-
ures of restenosis at 6 months, Thus smokers require coronary intervention earlier
than non smokers but their short term, six month outcome is similar to non smo-
kers.

Our experimental work in Chapter 3 suggested that he presence of organising
thrombus in retrieved atherectomy tissue facilitates smooth muscle cell outgrowth
suggesting an enhanced proliferative and migratory potential potential in these
lesions. Therefore in Chapter 13 we examined whether the presence and subse-
quent organisation of local thrombus may influence post angioplasty restenosis.
We found the categorical restenosis rate and both the absolute and relative loss to
be significantly higher in lesions containing thrombus. The higher restenosis in
lesions containing thrombus was primarily due to an increased incidence of occlu-
sions at follow up angiography in this group. When these were excluded from the
analysis the categorical restenosis rate and the absolute and relative loss were
similar in the two groups. Our results thus indicate that thrombus is associated
with higher restenosis but that this reflects an increased risk of occlusion rather
than long term luminal renarrowing, suggesting that although thrombus may be of
importance in this, it is unlikely to play an important role in long term intimal
hyperplasia after PTCA.

Total occlusions are an interesting subgroup of the angioplasty population.
Although a number of factors arc known to influence the acute success rate relati-
vely little accurate information is available regarding long term restenosis. In
chapter 14 we evaluated restenosis in total occlusions and compared this with the
controf population of stenoses. We found restenosis to be significantly higher in
occlusions using both the categorical and continuous approach. The higher reste-
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nosis in these lesions was again predominantly due to an increased number of
occlusions at follow up angiography in this group. There were no significant dif-
ferences within the occlusions group between total and functional occlusions, in
either long term restenosis or re-occlusion. These results thus indicate that suc-
cessfully dilated coronary occlusions have a higher rate of angiographic restenosis
at 6 months, chiefly due to a higher rate of re-occlusion at follow up angiography.
Measures aimed at reducing restenosis following successful dilatation of coronary
occlusion should therefore be focused in this direction.

Experimental and human intravascular ultrasound studies suggest that unfavoura-
ble vascular remodelling may be important in restenosis after coronary angiopla-
sty. In chapter 16 we evaluated whether favourable vascular remodelling, ie lumi-
nal enlargement, may also occur following successful balloon angioplasty and
which factors may influence this. Within our study population 27.3% of lesions
underwent fuminal enlargement in the angiographic follow up period.
Multivariate analysis suggested that diuretic therapy, ML and diameter stcnosis
pre PTCA were positively related whilst age, heparin therapy, number of vessels
diseased, lesion length, Lad location, total inflation time and relative gain were
negatively related to luminal enlargement at follow up angiography. Thus luminal
enlargement may occur after successful coronary angioplasty and can be substan-
tially influenced by clinical, angiographic and procedural variables.

Future interventional perspectives for these findings

Restenosis remains a major limitation of percutaneous coronary revascularisation
detracting from both the clinical and economic advantages of the techniques. In
this thesis both in-vivo and in-vitro models of intimal hyperplasia after batloon
angioplasty were developed and the pathophysiological mechanisms involved stu-
died. In addition the epidemiology of restenosis was investigated and lesions with
a higher rate of angiographic restenosis identified.

In many ways however the current thesis marks the end of one era and the begin-
ning of another. With the landmark publication of the Benestent/Stress studies
and subsequent refining of the stents themselves as well as the deployment techni-
que, coronary stenting has finally overcome some of the major limitations of coro-
nary angioplasty in terms of both acute occlusion and long term restenosis.
Coronary stenting has in many ways moved the goal posts further back allowing
us to dilate lesions previously thought difficult or impossible, with relative impu-
nity. Although coronary stenting has overcome some of the mechanisms involved
in restenosis, such as acute/chronic recoil and remodeling, in-stent restenosis stili
occurs and in fact, if we look at absolute loss as a biological marker of intimal
hyperplasia, is probably greater after stent implantation than it is after balloon
angioplasty. The basic science factors discussed in the first part of this thesis now
become even more relevant, as in-stent restenosis is predominantly neointimal
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hyperplasia. Furthermore coronary stenting by encasing the vessel in a metallic
constraint, may prevent favourable arterial remodeling and hence any long term
luminal enlargement which, as discussed in Chapter 15, may occur in up to 27%
of lesions, Thus the interventional cardiolagist has finally created the disease he
initiatly thought was responsible for a large percentage of restenosis after angio-
plasty and may have inadvertently also minimised any possibility of favourable
vessel remodeling.

Balloon angioplasty

Balloon angioplasty has been left in the doldrums since the widespread uptake of
coronary stenting. Nonetheless a substantial number of coronary interventions are
currently being performed with stand alone balloon angioplasty and potentially, by
using ultrasound guidance for esion characterisation and selection with subse-
quent optimal balloon sizing excellent long term results can be obtained using
standalone angioplasty. Another potential avenue for optimising balloon angiopla-
sty is through Doppler flow guidance to achieve a haemodynamically excellent
acute result. Two further avenues of potential expansion of balioon angioplasty
are brachytherapy and local drug/therapeutic agent delivery, Ionizing radiation is
known to have an inhibitory effect on cellular proliferation and is widely used in
the treatment of both neoplastic and non neoplastic conditions. In addition bra-
chytherapy has also been demonstrated to reduce restenosis in peripheral and
coronary arteries in animal models and restenosis after stent implantation in
femoral-popliteal arteries in man. More recently a number of groups have been
able to demonstrate that coronary brachytherapy is both feasible and safe in man *
and preliminary analysis suggests a reduction in late loss. The efficacy and safety
of the different sources and procedures however have stilt not been well establish-
ed and neither has their long term safety. As more data becomes available, if the
efficacy and safety of brachytherapy is confirmed it is likely to lead to increasing
endovascular revascularisation and a resurgence of balloon angioplasty. Brachy
therapy and, as discussed below, the local delivery of therapeutic agents may thus
be the second wind of coronary angioplasty.

Stent implantation

It is also feasible that coronary stenting which reduces recoil and vascular remo-
deling may also be married to radiotherapy in the form of radicactive stents to
reduce neointimal proliferation. These would provide endovascular scaffolding to
the vessel but also deliver very low dose ionising radiation (up to 10,000 times
lower than activity levels of sources used for catheter-based vascular brachythera-
py) whilst at the same time allowing uniform dose distribution and precise dosi
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metry. Initial animal work is encouraging demonstrating potent inhibition of
neointimal hyperplasia. One caveat however is that stent endothelialisation appe-
ars to be delayed; this may have important clinical implications with regard to
stent occlusion.

Intravascular imaging

Intracoronary ultrasound imaging has seen a major advance in our understanding
of the mechanisms involved in the acute results of percutaneous revascularisation
and the long term restenosis. As imaging transducers become smaller, and are
married with balloon/stent/atherectomy devices they are likely to become an
integral part of the armamentarium of the interventional cardiologist. As well as
providing tomographic imaging of the vessel wall intravascular ultrasound has
also been used recently for assessing flow. Using analysis of the intravascular
radiofrequency echo signals and a decorrelation based method, extraction of cross
sectional velocity profiles and quantification of volume blood flow is performed
which allows a unique opporunity to simultancously assess physiologic and ana-
tomic parameters, What impact this may have on clinical decision making still
has to be demonstrated.

Local drug delivery

Locally deliveredGene therapy is emerging as a potential strategy for the treat-
ment of restenosis after angioplasty. Experimental studies have already demon-
strated that vascular smooth muscle proliferation and iesion formation can be pre-
vented by the blockade of genes regulating cell cycle progression and that thera-
peutic effects can also be achieved by the in vivo transfer of gene(s) whose pro-
duct(s) {eg nitric oxide) exert a paracrine effect on the vessel wall, Adenovirai
vectors have been recently used to demonstrate that therapeutic genes encoding
both cytotoxic and cytostatic products successfuily inhibit smooth muscle cell pro-
liferation and related intimal hyperplasia. Major technical issues however include
the toxicity of first generation adenoviral vectors, inefficient transduction of athe-
rosclerotic arteries, and the risk of extra-arterial transfection. These issues remain
to be addressed before gene therapy can be applied to clinical restenosis,

Therapeutic angiogenesis

Diffuse coronary disease remains a problem for both the interventional cardiolo-
gist and the cardiac surgeon. A promising approach to the treatment of such
patients is therapeutic angiogenesis, the induction of new capillaries and other
blood vessels thereby by-passing the epicardial vessels. The first clinical study on
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angiogenic therapy for ischaemic tissue was the administration of vascular endot-
helial growth factor to patients with severe peripheral vascular disease demonstra-
ting improved collateral blood flow with a corresponding increase in both resting
and maximal blood flow in the treated extremity. More recently the first angioge-
nic therapy of human coronary artery disease has been demonstrated. Shumacher
and colleagues were able to show that neovascularisation occurs, extending out
from the relevant area, 12 weeks after injection of fibroblast growth factor-1
directly into the myocardium, at the time of coronary artery bypass grafting. A
number of issues remain to be clarified however. These include defining what is
the optimal agent and the optimal route, what is the optimal dosing regimen, what
is the duration of therapy or action, and whether therapy can be targeted towards
ischaemic tissues, thus minimising the potential for undesired angiogenesis.

Transmyocardial revascularisation

Transmyocardial revascularisation is based on the premise underlying the original
Vineberg procedure, first proposed more than 40 years ago, that ischaemic myo-
cardium may be directly supplied with oxygenated blood. In the case of TMR this
is directly from the left ventricle, via the creation of a series of small transmyocar-
dial channels. Although the mechanism of benefit by TMR remains unclear preli-
minary clinical studies have demonstrated clear improvement in anginal sympto-
matology; this however has come at the cost of substantial perioperative mortali-
ty. Whether the less invasive, percutaneous, methods of TMR currently under-
going clinical trials will result in equivalent benefit at substantially lower mortali-
ty remains to be answered. :

Final thoughts

Percutaneous revascularisation has finally coime of age, 21 years after Andreas
Gruentzig's seminal procedure. We can now tackle almost any lesion in the coro-
nary tree with relative impunity, and even small centres, with a Hmited selection
of balloons and stents can offer their patients percutaneous revascularisation with
little risk and a high chance of long term success. We arc finally enfering an era
in which percutaneous revascularisation can replace open heart surgery for the
majority of patients and lesions. The only cloud on the horizon, is in-stent reste-
nosis. If this can be eliminated by stent coating, local drug therapy, or brachythe-
rapy the future wiil be bright indeed for coronary revascularisation.
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Chapter 19

Samenvatting
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PTCA is een techniek die wijd verbieid is voor de behandeling van vernauwingen
in de kransslagaders. Een beperking is echter, dat in 25 tot 30% van de gevallen
restenose optreedt. Pathologisch-anatomisch onderzock suggereert dat de belang-
rijkste oorzaak van restenose hyperplasie van de intima tengevolge van proliferatie
van gladde spierceilen in de vaatwand is. Ons inzicht in het probleem wordt
momentee! beperkt door een gebrek aan adequate laboratiorinmmodellen waarin
het proces verder onderzocht kan worden en door een gebrek aan klinische en epi-
demiologische gegevens van goede kwaliteit. Wij onderzochten het restenosepro-
bleem, gebruikmakend van elkaar aanvullende experimentele en klinische benade-
ringen.

In het eerste deel (hoofdstuk 2 t/m 6) van dit proefschrift worden laboratiorium-
modellen en -technieken geévalucerd die inzicht kunnen verschaffen in de onder-
liggende pathologische processen. Bijvoorbeeld synthese van extracellulaire
matrix door gladde spicrcellen (gse) in de vaatwand kan een belangrijk mechanis-
me zijn voor restenose.

In hoofdstuk 2 onderzochten we het vermogen van gsc om extracellulaire matrix
te produceren in vitro, waarbij we gsc gebruikten die gekweekt waren uit primaire
vernauwingen en uit restenose weefsel, dat in vivo verkregen was door middel van
directional coronary atherectomy (DCA). We toonden aan dat cellen uit resteno-
se-weefsel significant meer collageen en gesulfateerde aminoglycanen syntheti-
seerden dan cellen uit primaire vernauwingen. Dit suggereert dat synthese van
extracellulaire matrix een veel grotere rol kan spelen bij restenose dan in het ver-
leden werd gedacht,

In hoofdstuk 3 onderzochten we de relatie tussen klinische factoren en het histo-
pathologische substraat van via DCA verkregen weefsel aan de ene kant, en het
proliferatief en migratorisch vermogen van gladde spiercellen, zoals bepaald op
basis van succesvolle groei bij celkweek aan de andere kant. We vonden dat de
aanwezigheid van een zich organiserende trombus in het verkregen weefsel de
groei van gladde spiercellen faciliteert, hetgeen een toegenomen proliferatief en
migratorisch potentieel suggereert van de gsc in deze lesies.

Celkweek houdt echter geen rekening met de normale anatomische verbanden van
de verschillende cellulaire componenten van de vaatwand of de cel-cel interacties
die de groei kunnen moduleren. Daarom ontwikkelden we in hoofdstuk 4 een
orgaankweek van menselijke coronair-arterie die ballon angioplastiek had onder-
gaan teneinde de cellulaire en moleculaire basis van intima-proliferatie te onder-
zoeken in een opzet die de anatomische verbanden van de vaatwand intact liet,
We vonden dat intima-proliferatie optrad in orgaancultuur van menselijke coronair
arterie die ballon-angioplastiek ondergaait had, en dat de gladde spiercellen in de
neointimale laag het resultaat zijn van zowel migratie als proliferatie.

In hoofdstuk 5 gebruikten we een serumvrije aanpassing van de orgaancultvur
techniek in combinatie met een in vivo varken model! van restenose om te bepalen
of het vrijkomen van groeifactoren van cellen infrinsiek aan de vaatwand een rol
speelt bij de ontwikkeling van restenose. We vonden dat de lamina elastica inter-
na een sleutelrol speelt bij het minimaliseren van neointimale verdikking en sme
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proliferatie in dit model en vonden direct bewijs voor groeifactor activiteit van
cellen intrinsiek aan de plaats van angioplastiek, die sme proliferatie kunnen regu-
leren. Karakterisering van deze factoren kan ons helpen de mechanismen te
begrijpen die een rol spelen bij restenose en richting geven aan de ontwikkeling
van nicuwe therapieén die tot doel hebben de incidentie ervan te verlagen.

Een van de manieren waarop men hoopt restenose te kunnen reduceren is lokale
toediening van gencesmiddelen via perfusie catheters. Trauma door de druk ver-
oorzaakt en duur van de ballon inflatie zijn echter belangrijke beperkingen van
deze techniek. In hoofdstuk 6 evalueerden we een nicuwe lokale afgifte catheter,
de Dispatch, die ontworpen is om beide beperkingen te boven te komen. We von-
den dat langdurige ballon-inflatic haalbaar is met dit instrument, en dat lokale
drug-infusie optreedt met minimale beschadiging van de vaatwand. Het instru-
ment biedt dus grote mogelijkheden voor het lokaal toedienen van geneesmidde-
len die acute occlusie en restenose na coronaire interventie kunnen verminderen.,

Hoewel experimentele modellen inzicht kunnen verschaffen in de pathofysiologie
van restenose, kunnen ze nooit de klinische situatie vervangen, In het tweede deel
van dit proefschrift (hoofdstuk 7 t/m 10) onderzochten we een nieuwe techniek,
intravasculair ultrageluid (IVUS), die van revolutionair belang kan zijn voor ons
begrip van de mechanismen die een rol spelen bij de gebeurtenissen tijdens coro-
nair angioplastiek en de daarop volgende restenose in de kiinische situatie,
Hoofdstuk 7 geeft een beknopt overzicht van het onderwerp terwijl hoofdstuk 8 de
met IVUS aan het vaatlumen verrichte metingen vergelijkt met de gouden stan-
daard tot nu toe, kwantitatieve coronair angiografie.

Hoofdstuk 9 geeft een samenvatting van onze eerste klinische ervaringen met een
nieuw instrument, waarbij beeldvorming door intravasculair ultrageluid gecombi-
neerd wordt met ballon angioplastick, waardoor on-line beeldvorming gedurende
de procedure mogelijk wordt en de behoefte aan herhaald verwisselen van cathe-
ters vervalt. We vonden dat intravasculare beeldvorming in meer dan 50% van de
gevallen extra informatie opleverde bovenop de informatie die verkregen werd
door contrast angiografie. Deze informatie speelde in ruim 10% van de gevallen
een doorslaggevende rol bij het bepalen van de behandeling van de patiént.

In hoofdstuk 10 gebruikten we intracoronair ultrageluid om te zien wat de rol is
van het zich aktief omvormen van de vaatwand (vascular remodelling) bij de
mechanismen van vergroting van het vaatlumen tijdens PTCA en DCA, en bij de
lange termijn restenose erna.

In het laatste deel van dit proefschrift (hoofdstuk 11 t/m 17) werden gegevens van
vier grote Europese en Amerikaanse triais gebruikt om de invioed van klinische,
angiografische en procedure-gerelateerde factoren op restenose te onderzoeken.
Hoofdstuk 11 onderzoekt de rol van cholesterol en cholesterol subfracties op res-
tenose, terwijl hoofdstuk 12 de invioed van het roker of ex-roker zijn op restenose
na angioplastiek nagaat. We vonden geen verband tussen cholesterol (inclusief
subfracties) en restenose bij een categoriale noch bij een continue benadering. Dus
maatregelen die uitslnitend gericht zijn op het verlagen van het totale cholesterol
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zullen waarschijnlijk geen significante invloed hebben op het optreden van reste-
nose na PTCA. We vonden geen verband tussen rookgewoonten en restenose, met
gen categoriale noch met een continue benadering, hetgeen suggereert dat maatre-
gelen gericht op het terugdringen van roken waarschijnlijk geen significante
invlioed zullen hebben op restenose na PTCA.

Hoofdstuk 13 gaat verder in op een aantal van onze bevindingen en bepaalt de rol
van lokale trombus vorming en -incorporatic op restenose. We vonden dat trom-
bus geassocieerd is met meer restenose. Het mechanisme hiervoor staat in verband
met occlusie tijdens follow-up angiografie, hetgeen suggereert dat maatregelen die
gericht zijn op het verbeteren van het resultaat bij deze patiénten toegespitst moe-
ten worden in deze richting.

Hoofdstuk 14 gaat in op totale occlusies en de kans dat bij deze lesies restenose
optreedt, terwijl hoofdstuk 15 de rol onderzoekt van gunstige vaatwand-omvor-
ming (gedefinieerd als negatief verlies van lumen) na PTCA.

Hoofdstuk 16 geeft een kritisch overzicht van de grote multi-cenfre onderzoeken
waarop de vorige onderzoeken gebasecrd waren en bespreekt manicren waarop
sommige van de beperkingen ervan gereduceerd zouden kunnen worden in toe-
komstige onderzoeken,

Tenslotte vatten we in hoofdstuk 17 het huidige spectrum van technologieen
samen, dat de interventionele cardioloog ter beschikking staat bij zijn strijd tegen
restenose.

Restenose blijft cen belangrijke beperking van angioplastiek van de kransvaten,
die afbreuk doet aan zowel de kiinische als economische voordelen van de tech-
niek. In dit proefschrift werden zowel in vivo als in vitro modellen van intimale
hyperplasie na ballon angioplastiek ontwikkeld en de pathofysiologische mecha-
nismen die een rol spelen bestudeerd. Daarnaast werd de epidemiologie van reste-
nose onderzocht en werden lesies waarbij restenosen vaker opireedt geidentifi-
ceerd,
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