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Coronary angioplasty
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Historical perspective

Techniques for selective coronary arteriography were
developed in the late 1950s and 1960s.'-4 Attempts at
myocardial revascularization had been performed
before this time, but it was not until the development
of selective coronary arteriography in 1964 that
present-day techniques of aorto-coronary bypass sur-
gery were first used.5'6 In the same year Dotter &
Judkins7 described a method of dilating atheros-
clerotic lesions in peripheral arteries using a co-axial
catheter system. In the early 1970s Gruentzig devised
an inflatable balloon for dilatation of peripheral
arterial lesions and in 1977 successfully performed the
first percutaneous transluminal coronary angioplasty
(PTCA).8

Following this initial report PTCA has rapidly
become commonplace in cardiac units throughout the
world. In 1983 Gruentzig reported his first 1000 cases9
and in 1984 the National Heart, Lung, and Blood
Institute (NHLBI) PTCA Registry reported the results
of 3079 patients treated by 105 centres.10 In this
country a number of centres now have individual
experience of over 300 cases.

Present techniques are similar to the initial method
of Gruentzig, but more recent developments, such as
that of the steerable guide wire, and the low profile
balloon, together with increasing operator experience
have lead to a primary success rate in excess of90% in
some centres.9 These technical improvements have
made lesions in all three major coronary arteries
accessible to the balloon." Early experience was
limited mainly to single lesion dilatation in patients
with stable angina. Increasingly, PTCA is being
performed in more complex situations, such as multi-
ple vessel disease, unstable angina, following acute
myocardial infarction and in elderly patients. Most
recently there have been reports ofthe use ofpercutan-
eous laser-assisted angioplasty in man.'2"3

Pathology

The exact mechanism by which balloon dilatation
relieves stenosis is poorly understood. The athero-
sclerotic plaque tends to cause luminal narrowing by a
splinting and underlying contraction of the arterial
wall rather than by volume displacement of the lumen
by the lesion.'4 Studies on both human autopsy and
animal material suggest that dilatation of the athero-
sclerotic coronary artery lesion is achieved primarily by
splitting of the atheromatous plaque.'5 Hence, when
splinting is relieved as a result of balloon inflation, the
stenosis may be largely eliminated. Further dilatations
may reduce the elastic recoil of the media and
adventitia by simple stretching and injury to the
smooth-muscle cells of the media.'6 Remarkably this
procedure only rarely causes significant embolization
of atherosclerotic debris into the distal coronary
artery.'7 Splitting of the, plaque gives rise to the
frequent angiographic appearance of a localized dis-
section at the site of successful dilatation. It is unusual
for the dissection to extend and compromise the
arterial lumen.
The mechanism of healing of the dilated, and hence

injured, atherosclerotic segment is rather less com-
pletely understood. A combination of dissolution of
atheroma and fibrous retraction may contribute to the
normalization of the appearance of the dilated seg-
ment and, in some cases, cause a further increase in
lumen size. If reendothelialization of the enlarged
lumen occurs then a successful dilatation is likely to
persist. However, the process of healing commonly
appears to accelerate local atherosclerosis and may in
part explain the high incidence of restenosis after
successful dilatation. This 'response to injury'
mechanism ofatherogenesis may also explain a similar
high incidence of recurrence at the site of dilatation of
non-critical lesions.'8 Restenosis continues to occur in
30% of cases in most series. A knowledge of the
mechanisms involved would appear to be pertinent to
this problem.
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Technique

PTCA is a complex procedure based on the principles
of cardiac catheterization. The procedure requires a
trained operator and team, appropriate laboratory
facilities and equipment, and usually cardiothoracic
surgical cover. A well defined operator learning curve
has been described'9 and has been shown to be
modified by the introduction of newer catheter sys-
tems.20
The choice between femoral artery Seldinger punc-

ture and brachial arteriotomy is based on a combina-
tion of the previous experience and preference of the
operator, vascular access available in the patient and
on the site of the lesion to be dilated.2' Stability and
extent of coronary intubation and guide wire man-
oeuverability vary with the approach used. As a
general rule, right coronary lesions and saphenous
vein grafts are more easily tackled using the brachial
approach; circumflex by the femoral approach, and
left anterior descending by either method.
The basic method most commonly consists of:

(1) Right heart catheterization with a bipolar pacing
catheter positioned so that ventricular pacing
may be initiated, should the need arise.

(2) Left heart catheterization and selective coronary
angiography (providing the pre-dilatation
images).

(3) Insertion of a guiding catheter and engagement
within the coronary ostium.

(4) Passage ofthe balloon catheter into the coronary
artery via the guiding catheter (usually preceded
by its central steerable guide wire).

(5) Positioning of the balloon at the site of the
stenosis.

(6) Multiple inflations of the balloon of different
durations and pressures.

(7) Withdrawal of the balloon and guiding system,
and repeat coronary angiography (providing the
post-dilatation images). (Figure 1).

In addition, nitrates and calcium antagonists may
be given around the time of the procedure in an
attempt to reduce the incidence of coronary arterial
spasm. P-blockers are usually withdrawn for the same
reason. In order to reduce the risk of thrombosis,
rheomacrodex is usually infused during the procedure
and the patient is fully anti-coagulated with heparin.
Anti-platelet agents may be given together with cal-
cium antagonists for several months after the PTCA,
although there is no evidence that this reduces the
incidence of restenosis.
The original balloon catheter, introduced by Sch-

neider-Medintag, consists of a double lumen catheter;
the outer lumen communicating with the balloon. The
central lumen, which communicates with the end-hole,
enables the monitoring of pressure distal to the

balloon, and the injection of contrast material and
drugs into the distal coronary artery. A 9mm fixed
wire extends from the tip and may be either straight or
curved. The catheters are available with balloons of
different diameters and lengths.
The movable, independent guide-wire system

introduced in 1979 provided a number of significant
advantages over the fixed wire systems22 and has
consequently increased the success rate and safety of
the procedure.23 The guide-wire is passed through the
central lumen of the balloon catheter so that its tip
may be manipulated to provide a guide for the
advancing balloon. The 'steerable' wire is so called by
virtue ofits 'J'-shaped tip which may be rotated within
the coronary artery by applying torque to the other
end. By rotating and advancing the wire, it may be
'steered' into the required branch ofthe coronary tree,
thus allowing access to previously inaccessable lesions.
A number of movable guide wires are currently
available, each with different characteristics.'" A long
'exchange wire' allows exchange of balloon catheters
while the wire itself remains in position across the
lesion, removing the need to recross difficult lesions.
More recently, improvements in manufacturing

technique have brought the introduction of a number
of 'low-profile' balloons. These have increased the
proportion of lesions crossed and hence improved
primary success rates."

Guiding catheters are largely modelled on their
smaller selective coronary and multipurpose catheter
counterparts. The larger diameter guiding catheter is
more likely to occlude or damage the coronary ostium.
The new generation guiding catheters, however, tend
to be smaller and are available with soft-tips and distal
side holes. The optimal selection and manipulation of
the guiding catheter is vital to the technique ofcrossing
the stenosis with the balloon.25
The choice of appropriate guiding catheter, balloon

catheter and guide-wire for a particular procedure is
becoming increasingly wide and depends on the vessel,
the site and characteristics of the lesion and the
experience of the operator.
The number, duration and pressure of balloon

inflations are determined by many factors. The num-
ber of inflations depends largely on evidence of
successful dilatation, i.e. a fall in pressure gradient
across the lesion, or angiographic evidence of reduc-
tion of the stenosis. There is evidence that long
inflation times (ofone minute or longer) may improve
results.26 The duration ofinflation is frequently limited
by chest pain or other evidence of myocardial
ischaemia, such as ST segment elevation or left-ven-
tricular dysfunction. In our unit 31% of patients have
required diamorphine during the procedure. It has
been shown that regional myocardial dysfunction may
occur with as little as 20 seconds of balloon inflation.27
The inflation pressure is usually increased until a
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Figure 1 Digital subtraction coronary angiograms from a patient undergoing successful dilatation of a left
anterior descending coronary artery stenosis, before (left), immediately after (centre) and 14 months after PTCA
(right). Immediately following PTCA both the lumen diameter and the pixel density (below) are improved.
Fourteen months after PTCA the coronary arteriogram at the site of the lesion appears to be normal.
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Coronary artery pixel density proximal to the stenosis (P), at the site of stenosis (S) and distal to the stenosis (D).
There is a significant improvement in the pixel density at the site of the stenosis following PTCA (P< 0.05).

satisfactory result is obtained. However, there is a risk
of balloon rupture at high pressures.
An important element in successful PTCA is the

quality of X-ray screening and the ability to store still
frames for continuous display, using either video,
photographic, or digital images.

Lesions involving, or near to, an important bifurca-
tion were originally thought, because of the risk of
iatrogenic occlusion of one of the branches, to be a
contraindication to PTCA. Double balloon tech-
niques (the so-called 'kissing balloon' technique) may

be used with safety in such cases.28'29 The insertion of
the second guiding catheter inevitably carries an
increased risk of complications at the site of arterial
puncture. An alternative method is to pass a second
guide wire through the original guiding catheter to be
positioned in the side branch at risk while dilatation of
the main vessel is performed (the so-called 'protective'
guide wire technique).30 The second guide wire may
then be used to guide balloon access to the side branch
in the event of occlusion.

Technical improvements in angioplasty equipment
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continue to improve success rates. Attention recently
has been turned towards protection of the ischaemic
myocardium distal to the inflated balloon. Catheters
which allow the perfusion of arterial blood into distal
artery are now available, and there has been some
interest in coronary sinus retroperfusion techniques.

Successful recanalization, by argon laser probe, of
coronary arteries with severe stenoses, which are not
traversable with standard PTCA techniques, have
recently been reported in man.'2"3 While demonstrat-
ing the feasibility of this technique, it is apparent that
there may be an increased risk of spasm and throm-
bosis.

Results

The definition of successful PTCA differs widely
between institutions. When examining the success of
PTCA, consideration is made of the primary success of
the procedure itself, including the absence of com-
plications, improvement in myocardial ischaemia, and
of symptomatic improvement of the patient. The
primary success of the procedure may be defined by
several criteria, for example, 'a reduction of the
diameter narrowing by at least 20%, and the absence
of in-hospital myocardial infarction (MI), coronary
artery bypass surgery (CABG) or death', as adopted
by the National Heart, Lung, and Blood Institute
(NHLBI) PTCA Registry.'" Others may take into
account the degree of residual stenosis, and the
reduction in trans-stenotic gradient.3' The simple
definition of a reduction in stenosis by a particular
percentage is commonly accepted, despite the errors
inherent in estimating the degree of stenosis by
angiography.32 A major drawback of using the trans-
stenotic gradient as an index of success, is the frequent
difficulty in measuring distal coronary artery pressure
through the balloon catheter.33 Initial primary success
rates in the late 1970s were reported to be in the region
of 60%, but increased operator experience and more
advanced equipment and techniques have lead to
primary success in excess of 90%.3

Assessment of multiple lesion PTCA is more com-
plicated, as primary success may be achieved in some
but not all attempted lesions. Improvement in angina
may occur in this group even when not all attempted
lesions are successfully dilated.35 Some would define
success, in this group, as when either all attempted
lesions are successfully dilated, or the considered-
critical-stenosis is successfully dilated and there was
clinical improvement.36 Varying definitions of success
make the direct comparison of different reported
series difficult and often impossible.
Both symptomatic, and objective exercise test

criteria of ischaemia have been shown to improve
following primary successful PTCA; 90%-96% of

patients can be expected to experience improvement in
their symptoms following successful PTCA.3"37'38
Improvement in exercise electro-cardiography,3",38-40
thallium myocardial scintigraphy,39"40 and improve-
ment in radionuclide cineangiographic exercise ejection
fraction39 have all been observed.

Complex PTCA

Initial experience was limited to single vessel dilatation
in patients with single vessel coronary artery disease.
Multiple lesions, distal lesions, left main-stem stenosis,
eccentric stenoses, poor left-ventricular function,
acute myocardial infarction and advanced age were all
considered contraindications to PTCA. With
increased operator experience and improved catheter
systems, multiple dilatations in patients with multives-
sel disease have been performed with a high degree of
success and a low complication rate.24'36'""42
The progression of native coronary artery disease

and stenosis of grafts causes a recurrence of angina in
many patients with previous successful CABG.43' The
morbidity and mortality of repeat CABG are both
greater than for the first operation and symptomatic
relief is less likely to occur.45 In patients with previous
CABG, angioplasty may provide an alternative to
repeat surgery, and may be performed in both native
coronary arteries and grafts with rates of success and
complication similar to less complex cases."2"'47
CABG in elderly patients may carry a higher

mortality and morbidity. Despite anatomical and
pathological differences between the coronary arteries
of the young and old, the success and complication
rates ofPTCA in patients over 65 years were found, by
one group, to be comparable to younger patients."8
This was not the experience of Hartzler's group42 who
found a mortality of 4% in patients over 70 years
undergoing single vessel PTCA.

In the presence ofpoor left ventricular function (i.e.
ejection fraction of less than 50%), and despite
comparable angiographic success rates when com-
pared to patients with normal left-ventricular func-
tion, there is an associated higher morbidity and
mortality."9

Angioplasty to left main-stem stenoses remains a
high risk procedure. However, it may be considered in
patients who are inoperable, who have isolated main-
stem disease, or who have patent grafts to the left
coronary circulation, and in patients with good
collateral supply from the right coronary artery."2
Intra-aortic balloon pump insertion and relatively
short dilatation times are advisable in these cases.
With these precautions, left main-stem stenoses may
be successfully dilated although not always as com-
pletely as other vessels."2

In patients with unstable angina refactory to
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medical therapy, PTCA may be performed with safety,
and with an 80 to 90% primary success rate."'55 PTCA
is effective in both the short term and long term
improvement of angina in this group.

PTCA in acute myocardial infarction

In an attempt to reduce infarct size and mortality,
there is a great deal of current interest in intervention
in acute myocardial infarction. Numerous studies
have been published on the effects of either intraven-
ous or intracoronary streptokinase, and more recently
of human tissue-type plasminogen activator (t-PA).
Such fibrinolytic therapy is proven to reopen obstruc-
ted arteries, but in approximately 90% ofcases critical
stenoses remain at the site of occlusion. These residual
stenoses have the potential for causing further
myocardial ischaemia, reocclusion and reinfarction.
Several studies have been made on the role of PTCA
either as an adjunct to thrombolysis in the acute phase
of myocardial infarction, or as a means of primary
reperfusion of the infarct related vessel.52-56 Successful
dilatation is achieved with the combination of throm-
bolysis and PTCA in 77-88% of cases in the acute
phase of myocardial infarction. Despite the use of
thrombolytic agents, transient peripheral coronary
embolization may be seen in 12% of cases' and early
(in hospital) reocclusion occurs in 6-16%.53-56 It is
commonly agreed that during acute myocardial infar-
ction only the infarct-related vessel should be dilated
and any further stenoses should be tackled on a
subsequent occasion. Ifa vessel remote from the site of
infarction were to become occluded, causing a second
infarction, the result would be likely to be fatal; hence
the attempt of unrelated lesions carries an excessive
risk.

Restenosis

In Gruentzig's series, follow-up of patients over 2 to 5
years revealed a restenosis rate of 25%, with all
recurrences occuring within the first 9 months after
PTCA.9 The NHLBI PTCA registry reported a resten-
osis rate of 33.6%.'" It is of interest to note that
restenosis was found in 56% ofpatients with recurrent
angina and in only 14% of patients without angina
after PTCA.
The most common histological finding at the site of

restenosis is that of intimal hyperplasia.57 The exact
mechanism by which restenosis occurs remains obs-
cure. There are suggestions that a significant reduction
in trans-stenotic gradient and the presence of a small
intimal dissection may reduce the incidence of resten-
osis.58 In addition, the use of too small a balloon may
be implicated in an increased incidence of recurrent

stenosis.59 This observation may in part explain the
different risk of restenosis in left anterior descending
(LAD) and right coronary artery lesions. Spasm at the
site of successful dilatation may also be relevant to the
genesis of restenosis.W
Recurrent stenosis at the site ofdilatation remains a

significant problem which has yet to be overcome.
Studies have been made on the effect of aspirin,
sulphinpyrazone, dipyridamole, anticoagulants and
calcium antagonists on restenosis, but as yet no firm
conclusion can be drawn other than that several more
suitable clinical trials are required.59 Although
recurrent stenosis remains common, it is clear that a
second PTCA may be performed with a higher success
rate and fewer complications than for initial
procedures.6' The recurrence rate following a second
PTCA is the same as for the first, and it has therefore
been recommended that 'repeat PTCA for patients
with restenosis should be an integral component of
PTCA therapy'.

Socio-economic considerations

Despite the vast expense, coronary artery bypass
surgery (CABG) has been shown, in the USA, to be a
more cost-effective form of treatment than medical
therapy alone.62 When compared with CABG, PTCA
is significantly less expensive and involves a shorter
stay in hospital.63 With a primary success rate of80%
for PTCA, it has been estimated that surgery is 1.9
times more expensive than PTCA.63 This calculation is,
of course, based on a comparison of the costs of single
procedures. As already discussed, in view of the
currently observed rate of restenosis, PTCA should be
regarded as a multi-procedure treatment; a fact that
complicates the direct comparison of costs and when
taken into account reduces this cost-benefit ratio.'
There is yet another economic factor to consider. If
patients undergo PTCA who might not otherwise have
been referred for surgery, then PTCA may actually
add to the national bill for interventional treatment of
coronary artery disease.

Clearly, comparison of the costs of PTCA and
CABG should take into account both the material cost
of the procedure itself and the broader economic
implications of a shorter convalescence and an earlier
return to work. Psychosocial adjustment of patients
following PTCA has been shown to be significantly
better than in patients following coronary artery
bypass surgery.65 Six months following PTCA,
patients were functioning better at work, with their
families, and in sexual performance. Problems of
anxiety, depression and somatic complaints tend to
subside much earlier in patients following PTCA than
those undergoing CABG. The return to work of a
patient following PTCA may depend on a number of
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factors, including whether the patient was working up
to the time of the PTCA, the type of work, the
socioeconomic environment, the presence of angina,
and the number of tablets taken.' In those patients
who were working right up to the time ofPTCA 81 to
86% were working at the time offollow-up (mean time
since PTCA: 1.4 years). Whether or not the patient
returned to work was independent ofthe success ofthe
PTCA. However, those undergoing successful PTCA
returned to work significantly sooner.

Complications

PTCA carries a significant risk of complications.
These are most frequently acute coronary events
resulting from coronary artery dissection and
occlusion, but less commonly include arrhythmias,
coronary embolism, coronary perforation, tampon-
ade, problems at the site of vascular access and
bleeding.

In over three thousand patients reported by the
NHLBI registry67 the incidence of major complica-
tions (i.e. death, non-fatal myocardial infarction,
emergency surgery) was 9.4%. Non-fatal MI occurred
in 5%, the mortality was 0.9%, and emergency surgery
without death or infarction was performed in 3.4%. In
all, 6.6% of patients were referred for emergency
surgery, of whom 6.4% died and 25% developed
trans-mural myocardial infarction.68 Coronary
arterial spasm was reported in 5% ofthe patients in the
NHLBI registry; a complication rarely seen in our
experience.

In the combined experience of 609 procedures
recently reported by two centres in this country,31'69
myocardial infarction, emergency surgery and death,
occurred in 5.5%, 6% and 1% respectively. While
these figures include the early experience of these
operators, they must be taken as representing the
current complication rate for PTCA in this country.
However, increased operator experience does appear
to reduce the incidence of major complications.70

In early experience with PTCA, emergency surgery
was used whenever a major complication occurred.
Referral for emergency CABG is now influenced more
by the personal preference of the cardiologist. In view
of the complication rate of emergency surgery, many
now manage acute coronary events either con-
servatively, if the patient's condition is stable, or with
repeat angiography leading to repeat angioplasty if
appropriate.7 Clearly in certain cases there may be no
alternative to emergency CABG.

Conclusions

The wealth of worldwide experience with PTCA, to
date, provides reliable data concerning the use of this
procedure in patients presenting with different facets
ofthe spectrum ofcoronary artery disease. As we have
shown, rates of success, the probability of the relief of
symptoms, complication rates, and the rate of resten-
osis, have been well established. However, the state of
the art leaves a number of significant unanswered
questions.

Firstly, the problem of restenosis. In order to
address this problem we will need to know more about
the mechanism of restenosis, and examine possible
means ofdealing with it. There are suggestions that the
size of balloon, and the number and duration of
inflations may be important. It is also possible that
anti-platelet and anti-spasm drugs may be of benefit.
All these will need to be examined in properly
conducted controlled clinical trials.

Secondly, despite the knowledge gained from the
treatment of many thousands of patients worldwide,
the indications for PTCA remain imprecise. We know
that PTCA is effective at relieving angina in patients
with anatomy that is technically suitable ('balloona-
ble'), but beyond this several pertinent questions
remain: (1) What are the long term effects of PTCA
on mortality and future coronary events, and how
does this compare with surgery? (2) Is a patient with
mild symptoms and single vessel disease better treated
by PTCA than medically? (3) In patients with failed
medical therapy and single vessel disease, is an internal
mammary graft better than PTCA? (4) Does PTCA
merely postpone surgery, and, if by doing so, does it
influence the long term expectations of the individual
patient? (5) In patients with multiple lesions, should
we be attempting the same degree of revascularization
as would be achieved surgically, or should we attempt
only those lesions responsible for regional ischaemia?

Clearly there is enormous scope for prospective
randomized trials comparing PTCA with CABG and
medical therapy. It is necessary to compare the extent
and duration of the relief of symptoms, the effect on
the patient's life-style, the mortality, the frequency of
coronary events, the frequency of second procedures,
and the cumulative cost. As in any other situation
where the possibility of controlled trials exist, it is
inadequate to rely on anecdotal evidence and personal
experience.
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