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Progression of coronary atherosclerosis
Clues to pathogenesis from serial coronary arteriography

RAM N SINGH
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SUMMARY Fifty two patients with coronary artery disease underwent repeat coronary arteriographic
studies separated by 2-108 (mean 51) months of medical treatment. The results were compared and
correlated with symptoms to determine the nature of the progression of coronary atherosclerosis.
The condition appeared to progress episodically in the proximal segments of the coronary arteries
and in relation to the abrupt development of new symptoms or acute coronary events such as
unstable angina or myocardial infarction. Thirty four of 105 (33%) of the pre-existing stenoses
showed evidence of progression. Progression to total occlusion was uncommon (13) except for
stenoses >900/o (six out of 18). New lesions frequently occurred (37) in previously normal segments
of the arteries; most of these were stenoses >900/o (13) or total occlusions (12). Rapid progression of
a mild lesion and new lesions occurred in the form of smooth intimal protrusions into the arterial
lumen. Intimal haemorrhages are the likely explanation for these intimal encroachments and also for
the episodic nature of the progression of coronary artery disease. Coronary atherosclerosis does not
progress gradually in a linear fashion, and local anatomical factors appear to play a dominant role in
the natural history.

Present knowledge of the natural history of atherosc-
lerosis is based primarily on pathological examination
of the lesions at necropsy. Histopathological examina-
tion provides unequivocal information on their form
and composition. Nevertheless, the lesions can be
examined only at one point in their natural history
and the events leading up to that point are based
mainly on imaginative reconstruction. ' Arteriography
allows the disease to be studied during life and offers
the advantage of recording the evolution of lesions by
serial studies on the same patient. In the 1970s several
studies2-6 attempted to examine the progression of
coronary atherosclerosis by serial angiography. These
were heterogeneous studies which included symp-
tomatic and asymptomatic patients with and without
coronary artery disease. Some important points
emerged from them even though the conclusions
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reached were conflicting. Only one study5 examined
the behaviour of individual lesions after a mean follow
up period of 26 months.

In the past decade the widespread application of
coronary bypass surgery, and more recently coronary
angioplasty, have altered the natural history of coro-
nary artery disease. These interventions have also
prevented systematic studies of the natural progres-
sion of the disease process. The present report is
based on the analysis of serial coronary arteriograms
of 52 patients medically treated for periods of up to
nine years. Careful observation of the morphology of
progression, particularly that of the new lesions, and
correlation with the patients' symptoms provided
important clues to the natural history of coronary
atherosclerosis.

Patients and methods

The clinical and arteriographic records of all patients
with coronary artery disease who had undergone at
least two arteriographic examinations without surgical
intervention between October 1974 and September
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1983 were reviewed. During this period 1424 patients
underwent cardiac catheterisation, 993 of whom had
coronary artery disease. Fifty two patients fulfilled the
criteria for inclusion in the study; 47 men and five
women ranging from 28 to 62 (mean 49) years in age
at the time of the first study. Twenty nine patients
had one vessel disease, 16 two vessel disease, and
seven three vessel disease. At this time either the dis-
ease was considered not to be severe enough to war-
rant surgery, or the patient elected medical treatment,
or surgery was offered but refused. In 51 patients the
indication for recatheterisation was the development
of new symptoms or persistent symptoms. One
patient was electively re-examined because of the
unexpected disappearance of symptoms. The interval
between the arteriographic studies ranged from 2 to
108 (mean 51) months. Nineteen of these patients
underwent coronary bypass surgery after the second
study, but only three were subsequently re-examined
because of symptoms. In these three patients, the
postoperative follow up studies were included, but the
grafted arteries were excluded from analysis.
A careful history was taken before each study. All

except five of the angiographic studies were per-
formed by me and recorded on 35 mm cine film at 30
frames/s using a Philip's 6 inch image intensifier. In
five patients, one of the two studies was performed in
another institution. These five studies were per-
formed on different equipment, but the angiograms
were adequate for comparison. Both the coronary
arteries were examined in multiple oblique projec-
tions after the routine administration of 0-4 mg of
sublingual glyceryl trinitrate. Additional sublingual
glyceryl trinitrate was given when necessary, and on
one occasion 0-2 mg of intracoronary glyceryl trini-
trate was also used.
Two coronary arteriograms from each patient were

simultaneously projected from adjacently placed
Tagarno 35 mm projectors and compared. The indi-
vidual stenoses were measured with calipers and
recorded. The individual lesions were graded accord-
ing to the percentage reduction in luminal diameter:
grade 1, <500/o, grade 2, 50-69%, grade 3, 70-890/o,
grade 4, 90-990/o, grade 5, 1000/o. The progression of
coronary artery disease was defined as: (a) an increase
in pre-existing stenosis by >25%, (b) development of
a new lesion >25%, and (c) total occlusion of any
vessel not previously totally occluded. Regression was
defined as a decrease in stenosis by >25%. Two or

more lesions in the same vessel were counted sepa-

Singh
rately. The arterial segments filling by collaterals were
excluded from analysis.

Results

CLINICAL CORRELATIONS
Table 1 shows the time interval between the studies in
the 52 patients. Of the total patient population, 45
(87%) showed progression of coronary atherosc-
lerosis, six stable disease, and one regression only. Of
the 45 patients with progressive disease, 28 had prog-
ression in pre-existing lesions and 27 had new lesions
(10 patients showed progression as well as new
lesions). All these patients had been re-examined
because of an abrupt onset of new symptoms or an
acute coronary event such as unstable angina or
myocardial infarction. Of the six patients showing
stable disease, five had been studied because of persis-
tent symptoms and denied a change in symptoms and
one had had a myocardial infarction. One patient who
showed regression only had been electively studied
because of the unexpected disappearance of symp-
toms (Fig. 1).

LESIONS
Table 2 shows the distribution of the different grades
of severity of the lesions in the first study and their
progression as well as the grade of severity of new
lesions in the second study. One hundred and twenty
nine lesions -were found in the first arteriographic
study: 108 stenoses and 21 total occlusions. Three of
the 21 total occlusions had recanalised by the second
study (Figs. 2 and 3), but the criteria for regression
were not fulfilled. Of 108 stenoses, 105 were available
for comparison in the second study; in three instances
the vessel had completely occluded proximal to the
lesion. Of the 105 stenoses, 34 (33%) showed progres-
sion, 68 remained stable, and three showed true
regression (Figs. 1 and 4). Of the 37 new lesions in the
second study, 27 occurred in previously normal
arteries and 10 in the arteries with lesions elsewhere.

INTERVAL BETWEEN STUDIES AND PROGRESSION
OF LESIONS
The mean interval between the studies was similar for
new lesions of varying grades of severity and the pre-

existing lesions that had remained stable. It was also
similar (48 months) for the lesions of <700/o which
showed progression. The mean interval between
studies was significantly shorter (22-5 months) for the

Table 1 Intval between the tvo arteriographic studies in 52 patients with coronary artery disease

Interval (mths): <12 13-24 25-36 37-48 49-60 61-72 73-84 85-96 97-108

No of patients 4 6 11 9 6 4 1 9 2
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Progression of coronary atherosclerosis

Fig. 1 Coronary arteriograms: (a) shows a right coronary artery (RCA) after recent onset ofangina and positive stress test (note
subtotal obstruction (arrowheads) and (b) a more magnified image oneyear later shows only mild intimal thickening at that site
(arrow); the patint was asymptomatic with a negative treadmill test.

Table 2 Distribution and behaviour of lesions in 52 patients with coronary artery disease. Figures are numbers of lesions*

Grade I Grade 2 Grade 3 Grade 4 Grade 5
(<50%) (50-69%) (70-89%) (90-99%/0) (100%)

Lesions in the first study 33 39 15 18 21
Behaviour of lesions:

Stable 19 27 12 10- -
Progressed 14 (3) 11 (2) 3 (2) 6 (6)
Regressed 0 1 - 2 -

New lesions in the second study 5 3 4 13 12

*Figures within brackets are the number of lesions which progressed to total occlusion.

lesions >70/o which progressed to total occlusion.
The difference is statistically significant (p<005).

Discussion

There are limitations to the visual assessment of the
severity of coronary artery stenosis, particularly in
view of interobserver differences in arteriographic

interpretation. For the purpose of comparison, how-
ever, the simultaneous projection of arteriograms is a
better solution than separate analysis by several
reviewers. The routine use of glyceryl trinitrate before
arteriography reduces the possibility of focal coronary
spasm. Hopefully, it produced comparable vasodilata-
tion in the two studies, so minimising the errors of
observation. A conservative definition of the progres-
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a~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
Fig. 2 Coronary arteriograms: (a) shows total occhlsion (X) of the marginal branch ofkft circumflex artery and mild narrowing
(arrow) ofthe proximal kft anterior descending artery (LAD); and (b) threeyears later shows subtotal obstruction (arrow) at the site of
old mild narrowing in the left anterior descending artery; the morphology suggests a mural thrombus. The marginal branch (MB) has
recanalised.

sion of change in stenosis by 25% is similar to that in
other reported series3- 7 and excludes minimal or
questionable changes in arteriographic appearance.
This retrospective study represents a selected group
of symptomatic patients and naturally excludes
asymptomatic patients, who are more likely to have
stable disease. A few patients who were referred
because of persistent rather than a change in symp-
toms did show stable disease. On the other hand, the
patients with an abrupt onset of new symptoms nearly
always showed progression. This accords with a
recently reported study" showing a high incidence of
progression in patients with unstable angina and a low
incidence of progression in patients with stable
angina.
The manner in which progression occurs is of inter-

est. In this study two thirds of the pre-existing lesions
remained stable and only one third showed progres-
sion. Progression frequently occurred in the form of

new lesions. These observations are consistent with
those of other studies.3 5 7 8

SITE OF LESIONS
Progression occurred in the proximal segments of the
coronary arteries, which are well known to have pre-
dilection for atherosclerosis.9 This is also consistent
with other arteriographic studies.3 5 7 8 These are the
segments of the coronary arteries which are subject to
stresses of movement during cardiac systole. Cine
coronary arteriography offers special advantages
because the arteries can be seen in motion and the
stress points identified. The portions of the arteries
which are bent, particularly the junctions of moving
and fixed parts of the vessels, are especially vulner-
able. Favoured sites are (a) the right coronary artery
around the origin of the marginal branch, which
anchors the artery to the right ventricle (Figs. 4 and
5), (b) the distal right coronary artery before the ter-
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Progression of coronary atherosclerosis

Fig. 3 Coronary ant gams; (a) shows total occsimon (X) ofone subdivision ofthe marginal branch ofthe left coronary artey and
mild irregulaities (arrowheads) in the nmd porion ofleft antenor descending artery (LAD); (b) shows nild irregulaiitiesproximaiy of
the right coronary arter (RCA); (c) shows that the id urelities in the nid kft antrior descending (LAD) artey are unchanged
but a nev high grade Lsion has deteloped proximaly (arrow) (note the asymmetncal but smooth intmal protusion); the previously
occluded branch (X) has realised; (d) shows a new armmetrical intimal protrusi (arrow) in the proximal right coronary artery
(RCA).

minal branches, which anchor the artery to the left
ventricle (Fig. 6), (c) the lateral circumflex branches
just proximal to their intramural course (Figs. 7 and
8), and (d) the left anterior descending artery both
above and below the first septal branch, which fixes
the artery to the interventricular septum (Figs. 3, 6,
and 9). Stress points such as these are known to be
favoured sites of lesions in other arteries, such as
those of the lower limbs'0 and the internal mammary
arteries." The local anatomical factors appear to be
dominant in the aetiology of atherosclerosis.'2 Any
valid theory of atherosclerosis must explain the free-
dom of cerWn segments of vessels from disease as
well as lesions in the affected segments.

PROBABLE PATHOLOGICAL MECHANISMS
It is clear from this study as well as other reported
serial studies3-7 that coronary artery disease does not

progress linearly. The progression is quite unpredict-
able, frequently occurring in previously normal sites
(Figs. 3-8), and shows little or no correlation with
coronary risk factors.4 67 These observations conflict
with the popular theories of genesis and progression
of atherosclerosis. It is said that atherosclerosis starts
in childhood in the form of "fatty streaks" with
gradual maturation into raised fibrolipid plaque by
middle age. The frequent occurrence of a high grade
new lesion in a previously normal segment of the ves-
sel and the stability of most pre-existing lesions
appear to conflict with the idea of a gradual build up
of plaque tissue. Gradual progression also occurs and
may be due to deposits of fibrin within the substance
of the plaques. This does not, however, explain
rapidly developing new lesions. Other mechanisms of
inception and progression of atherosclerosis may be
operative. It is quite likely that the common end
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point-the raised fibrolipid lesion-may be reached
from different beginnings.' Is there a pathogenic
explanation for these arteriographic observations?
The detailed studies of Lindbom'0 appear to offer

important clues. He performed a large number of
antemortem and postmortem arteriographic studies of
the lower limb arteries and correlated these with nec-
ropsy findings. He was unable to diagnose the diffuse
intimal thickening arteriographically but could detect
focal intimal thickening of even a slight degree (0.25
mm). The intimal haemorrhages were a frequent
cause of intimal protrusions into the lumen. These
were of intramural origin and were usually covered by
intact endothelium. He explained the rapidly develop-
ing intimal protrusions during life by the occurrence
of intimal haemorrhages and produced evidence for
this by undertaking antemortem and postmortem
arteriography in the same patient followed by
pathological examination.

Lindbom's observations were not limited to large
arteries but included the arteries of the lower leg. The

Singh

tibial and peroneal arteries are similar in size and his-
tological structure to the coronary arteries. When
intimal disease develops it is similar to coronary artery
disease.'2 The extrapolation of Lindbom's findings to
the coronary arteries is therefore justified. Modern
imaging techniques and the multiple oblique views
used in coronary arteriography enable even smaller
focal intimal protrusions to be detected. Nevertheless,
diffuse intimal thickening is not easily diagnosed
arteriographically. It may be discernible in the form
of minimal luminal irregularities (Fig. 3) because the
intima is practically always irregular when thick-
ened. I0
Even though the present study provides no

pathological proof, the morphology of the new lesions
in the coronary arteriographic studies accords with
Lindbom's observations. A smooth convex bulge into
the arterial lumen, sloping to merge with the normal
lumen proximally and distally, is the characteristic
appearance of intimal haemorrhage. The smooth
appearance probably indicates intact endotheliumD~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Fig.4 Coronary arteriograms: (a) shows total occlusion (X) ofthe left anterior descending artery and a high grade lesion (arrow) in a
large intrmediate ramus. (b) the right coronary artery (RCA) is essentially normal; three months later, the patient became
asymptomatic and discontinued treatment. (c) Six years later the lesion in the intrmediate ramus had completely regressed and (d) a
new high grade lesion had developed (arrow) in the proximal right coronary artery (RCA). LCA, left coronary artery.
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Progression of coronary atherosclerosis

Fig. 5 Coronary arteriograms: (a) shows three esions ofthe rght coronary artery. (b) Two and a halfyears later one lesion (1) had
progressed but two ((2) and (3)) were unchanged. A new lesion had developed (arrow). Note the asVnetncal but smooth intimal
protrumon.

without a surface thrombus. The same characteristic
morphology was seen in most of the rapidly progres-
sive mild lesions. At times the latter had the appear-
ance of a filling defect, without sharp margins (Figs. 2
and 9), which I believe represents a mural thrombus.
In these cases, studied within a few days of the acute
event, delayed clearance of the contrast agent at the
filling defect was additional evidence of their throm-
botic nature. Incorporation of mural thrombus into
the intimal lesion is another important cause of the
increase in the dimensions of atherosclerotic
lesions.13 14 This is probably a frequent mode of prog-
ression of the lesions that are already well established.
Serial angiographic studies are not very helpful in
ascertaining this because the changes in morphology
in the second study are difficult to evaluate when
significant luminal distortion is already present in the
first study. Incorporated mural thrombi may undergo
organisation. Fibrin is converted into fibrous tissue
and the blood corpuscles into fat droplets'4; a fibro-
lipid plaque results, leaving little or no evidence of its
true origin. The behaviour of intramural haemor-
rhages is probably similar to that of "red" thrombi
described by Duguid,'4 which organise poorly and

undergo fatty degeneration. Softer lesions may result.
Recent experience with coronary angioplasty has indi-
cated that the lesions with an hour glass configura-
tion, associated with the recent onset of symptoms,
are most easily compressed by this procedure. The
occurrence of intimal haemorrhage may also explain
acute occlusion during the procedure as well as fre-
quent restenosis's within a few months. Pathological
correlations are scanty but support this point of
view. 16

In the present study population, there were two
instances of notable regression (Figs. 1 and 3). This
could be explained by the absorption of haematoma
without an appreciable fibrous reaction.

TOTAL OCCLUSIONS
Thrombosis is undoubtedly the final event in all total
coronary occlusions except those which are transient.
The mechanism that triggers thrombosis is still not
well understood. A commonly accepted mechanism is
plaque rupture, which in turn is believed to occur
owing to attenuation of its fibrous cap.'7 18 Falk
recently studied 103 plaque ruptures in 47 patients
dying of coronary artery disease.'8 Intimal haemor-
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rhage was present in all cases and was associated with
occlusive thrombus in 40. Total occlusion from this
mechanism occurred always if pre-existing coronary
stenosis was >95%, occurred frequently if stenosis
was 90-94%, and was rare if stenosis was <75%. This
may explain why in the present study population the
total occlusion was frequent only at the site of lesions
>90%. This mechanism does not, however, satisfac-
torily explain the total occlusions that occurred at the
sites which were previously found to be arteriographi-
cally normal. It is difficult to envisage that a plaque
had formed, matured, and undergone degeneration of
its fibrous cap in only a few months. The possibility of
an acutely developing intimal lesion has to be consi-
dered. An intimal tear, erosion, or haemorrhage could
have precipitated thrombus formation in these cases.

PROBABLE SOURCE OF INTIMAL HAEMORRHAGES
Intimal haemorrhage is a well known complication of
atherosclerosis.9 19-22 Contemporary pathologists
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tend to trace the origin of these haemorrhages to inti-
mal dissection from the lumen.'3 17 18 There is, how-
ever, another school of thought which believes in the
intramural origin of these haemorrhages, arising as a
sequel to vascularisation of the intima.192023 24 The
wall of a medium sized artery derives its oxygen and
nutrients from two sources: the adventitia and outer
two thirds of the media are supplied by the vasa vas-
orum while the intima and inner part of the media are
supplied by diffusion from the blood in the arterial
lumen.13 24 The borderline between these two zones is
prone to hypoxia by any process that leads to intimal
thickening. As intima thickens with age, particularly
in the segments of arteries exposed to haemodynamic
or mechanical stresses, the deeper parts of the intima
may become richly vascularised from the capillaries
derived from the vasa vasorum. Attention was first
drawn to this phenomenon by Winternitz and cowor-
kers23 and later supported by Geiringer.24 Recently,
Barger ei al demonstrated cinematographically the

Fig. 6 (a) and (b) Coronaty arteriograms performed because of recent onset angina and a positive treadmill test. (a) The right
coronary artery (RCA) is normal. (b) A left coronary arteriogram (LCA) shows 60% stenosis (arrowhead) of the left anterior
descending artery. The patent became asymptomatic with medical treatment. (c) and (d) Coronary arteriography repeated fouryears
later because ofrecent onset ofsevere angina on effort shows that (c) a new subtotal obstruction (arrow) had developed in the distal
right coronary artery (RCA) and (d) the moderate stenosis in the mid left anterior descending artery (arrowhead) was essentially
unchanged but a new stenosis had developed proximaly (open arrow). Note the asmetncal but smooth intimal protrusion.
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Fig. 7 (a) Left corony anenogram in the fight anterior obliqu projection showinga high grade lesion in theproximal left anterior
descending arty (LAD) and an essentialy normal left circun#ex artMy(LC). The arrow denotes the bend in the arMy with cardiac
rYstole. The patnt under bypass grafting to the left anenr descending artay. (b) Six months later a new high grade lesio
(arrov) had developed in the circumflex artery at the bend. Note the smooth and synmetrical intimal protuons.

Fig. 8 Left coronayartenograms showing(a) nmalkft cornrar ; (b) a high grade.ksizon (arrow) in ie intrmediate ram-us
(IR) eight years lter, and (c) a bend in the vessel at the site of dte lsion during cardiac systole.
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Fig. 9 Left coronary arteniograms. (a) shows total occlusion (X) ofthe circumflex division and only mild intimal thickening (arrows)
ofthe left anterior descending artery (LAD). (b) One week after recent onset angina (three and a halfyears later) a high gradefilling
defect (arrow) had developed at the site ofold intimal disease and is probably a mural thrombus.

vasa vasorum of the coronary arteries after the injec-
tion of a silicon polymer in cleared human hearts and
found evidence of neovascularisation in the regions of
intimal thickening and plaque formation.25 Haemor-
rhages from the neovascularised intima would most
readily explain the new intimal protrusions seen in
this study at the sites which were previously normal
arteriographically. There is clearly a need for further
investigations to examine the role of intimal neovas-
cularisation and haemorrhage in the pathogenesis of
atherosclerosis.

OTHER IMPLICATIONS OF THE STUDY
In the belief that coronary artery lesions are relent-
lessly progressive, interventions such as coronary
angioplasty and coronary bypass surgery have been
advocated "prophylactically"15 26 for lesions
<600/o. The high restenosis rate within a year after
angioplasty is well known. 15 Also known is the accel-
erated occlusion of the proximal coronary lesion after
saphenous vein grafting26 and the tendency of the

vein grafts to fail in time.2728 In view of the tempor-
ary benefit from these procedures and the demons-
trated stability of two thirds of the coronary artery
lesions during the follow up period in this study, the
wisdom of these prophylactic interventions can be
questioned. Coronary atherosclerosis does not pro-
gress gradually in a linear fashion, and local anatomi-
cal factors appear to play a dominant role in the
pathogenesis.

I thank Ted Kirk and James Ross for their continued
technical assistance, and Frank J Losos for the statis-
tical analysis.
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