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Abstract

Objective—To assess the size of the lipid
pool and the number of smooth muscle
cells and monocyte/macrophages in
human aortic plaques that were intact
and to compare the results with those in
aortic plaques undergoing ulceration and
thrombosis.

Design—The lipid pool was measured as a
percentage of the total cross sectional
area of the plaque. Immunochisto-
chemistry was used to identify cell types
(monocytes/macrophages (Mg) by EBM11
and HAMS6, smooth muscle cells by a
actin). The area of the tissue occupied by
each cell type was measured by quantita-
tive microscopy in the peripheral (shoul-
der) area of the plaque and the plaque
cap. Absolute counts of each cell type
were expressed as the ratio of SMC:Mo.
Material—Aortas were obtained at ne-
cropsy from men aged less than 69 years
who died suddenly (within 6 hours of the
onset of symptoms) of ischaemic heart
disease. 155 plaques from 13 aortas were
studied. Four aortas showed intact
plaques only (group A, n = 31). Nine aor-
tas showed both intact plaques (group B,
n =79) and plaques that were under-
going thrombosis (group C, n = 45).
Results—In 41 (91:1%) of the 45 plaques
undergoing thrombosis (group C) lipid
pools occupied more than 40% of the
cross sectional area of the plaque. Only
12 (10:9%) of the 110 intact plaques

" (groups A + B) had lipid pools of this

size. The mean size of the lipid pool in
plaques of groups A, B, and C was 12:7%,
27-3% and 56:7% respectively. Compared
with intact plaques those undergoing
thrombosis contained a smaller volume
of smooth muscle cells (2:8% v 11:8%)
and a larger volume of monocyte/
macrophages (13:7% v 2:9%) in the
plaque cap. The ratio of the number of
smooth muscle cells to monocytes/
macrophages was 7-8 in group A plaques,
4-1 in group B plaques, and 10 in group
C plaques. This gradient was the result
of an absolute increase in monocyte/
macrophages and an absolute decrease
in smooth muscle cells.

Conclusions—In the aorta ulceration and
thrombosis were characteristic of

plaques with a high proportion of their
volume occupied by extracellular lipid,
and in which there was a shift toward
a preponderance of monocyte/macro-
phages compared with smooth muscle
cells in the cap.

(Br Heart § 1993;69:377-381)

The human atherosclerotic plaque has come
under intense study to clarify why it is com-
plicated by the sudden episodes of thrombo-
sis which lead directly to considerable
morbidity.! 2 The importance of plaque fissur-
ing, or cracking, or ulceration has become
increasingly recognised in pathological ma-
terial,>” in both in vivo and in postmortem
angiographic studies®” and recently at
angioscopy.®® Pathological studies have
emphasised the importance of a central lipid
pool in the process of plaque fissuring!°!! and
this has been confirmed by in vivo intravascu-
lar ultrasound.? ,

These studies do not, however, indicate
whether there is a critical size of the lipid pool
at, or above which, the risk of fissuring is sig-
nificantly increased. Nor do they provide
information on the type and number of cells
which make up the plaque.

Plaques that fissure are of the advanced or
raised fibrolipid type'? and have a characteris-
tic microanatomy. The core of the plaque
consists of extracellular lipid separated from
the lumen by a fibrous tissue cap. Within this
cap there are smooth muscle cells and mono-
cyte/macrophages. The margins of the lipid
core also contain monocytes/macrophages,
concentrated at the lateral or shoulder area of
the plaque. This concentration has led to the
suggestion that plaques grow centrifugally
and are most active at their edges.'

We describe the major cellular constituents
of different parts of advanced aortic plaques
in terms of their quantitative relation to lipid
cores of different sizes and whether the
plaque had undergone thrombosis.

Methods
At necropsy we studied aortas from men aged
less than 69 who died suddenly and who had
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Figure 1 Contrast between an intact advanced aortic plaque (left), in which the surface
is opaque and smooth, and early ulceration (right), in which thrombus has formed over the
plaques. A large part of the plague, however, is not covered by thrombus.

significant stenosis caused by coronary
atherosclerosis without any other apparent
cause of death. The aorta was slit open longi-
tudinally and, the intima was washed with
physiological saline and then examined by the
naked eye. All the advanced fibrolipid athero-
sclerotic plaques that were raised above the
surface and had a long axis of >0:75 cm in
the thoracic and abdominal aorta from the
left subclavian to the renal arteries were stud-

ied. Flat lesions (fatty streaks) were not stud-

ied. Plaques were classified as those with a
smooth, apparently intact intimal surface and
those with an area of thrombosis and focal
ulceration at one end that left most of the
plaque intact (fig 1). We did not study
plaques that were extensively ulcerated, cov-
ered by thrombus and in which there was no

A
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Figure 2 Method of plaque analysis. A tissue block was taken across the short axis of the
plague. Proximate histological sections were taken and stained for lipid, collagen, and the
different cell types. The sections were examined in a quantifying microscope. (A) The
outline of the plaque (red line) was defined by the user. Within this red line the area
occupied by the lipid core was measured under very low power microscopy and expressed as
a percentage of the whole area. (B) User defined fields (outlined in red) encompassing the
cap tissue and peripheral portions of the plaque. Within the peripheral and cap fields we
measured the area occupied by macrophage and smooth muscle cytopl and counted
their numbers. -
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residual intact plaque structure. Two adja-
cent transverse 2 mm thick blocks of tissue
were taken through the centre of the plaque
avoiding areas of ulceration (fig 2). One sam-
ple was frozen in liquid nitrogen and 6 um
thick sections were cut on a cryostat. The
other sample was fixed in formaldehyde and
processed to paraffin wax.

Histological sections from the paraffin-
embedded material were stained for collagen
by the Sirius Red method and by the haema-
toxylin and eosin method. In frozen material
lipid was stained by the Sudan III
method. Monocytes/macrophages were iden-
tified immunohistochemically with antibody
EBMI11" and antibody HAMS56. Smooth
muscle cells were identified by antibodies to
smooth muscle a actin.!® All these antibodies
mark the cytoplasm of the cells and allow the
area of the section that is stained positively to
be used as a measure of the volume of the tis-
sue occupied by different cell types. The
immunohistochemical reaction was visualised
by the APAAP method.”” Tissue sections
were quantified by an AMS quantifying
microscope and an Optomex programme run
on an IBM 55-SX computer. The outline of
each plaque, excluding the media, was drawn
manually from the haematoxylin and eosin
stained section and displayed on the TV
monitor screen (fig 2). Within this overall
plaque outline we drew in fields, red lines on
(fig 2), delineating the peripheral (shoulder)
area adjacent to more normal intima and the
plaque cap. All these outlines were then
retained on the monitor screen. Images of
immediately adjacent histological sections
stained for collagen, lipid, smooth muscle,
and monocyte/macrophages were then suc-
cessively registered on these outlines to
build up a picture of the constituents of
the plaque. The lipid pool area was defined as
the proportion of the total plaque cross sec-
tional area occupied by extracellular lipid
alone (fig 2). For each delineated field (shoul-
der/periphery or cap) within the plaque the
areas occupied by cell cytoplasm of smooth
muscle cells and monocyte/macrophages was
measured as percentages of the field area.
Within the defined fields we counted the total
number of nuclei, and the ratio which fell
within cytoplasm marking for smooth
muscle cells or monocytes/macrophages was
also counted. Cell counts were expressed as
the number per square millimetre of tissue.
Unidentified cells made up less than 10% in
all the samples and this proportion was simi-
lar in all the plaque groups.

In all, we analysed 155 plaques from 13

“aortas. Four of the aortas contained intact

plaques only and there was no thrombus at
any site in the aorta; in the other nine aortas
there was a mixed population of intact and
ulcerated plaques. Thirty one plaques were
intact and came from the four aortas in which
there were no thrombotic plaques (group A).
There were 79 intact plaques (group B) and
45 ulcerated plaques (group C) which came
from the nine aortas in which there were both
types of plaque.
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Figure 3  Individual data
point plots of the
percentage lipid content of
the three plaque groups.
Though there was
considerable overlap
between the groups the
mean values were very
different. Only one plaque
in group A had a value
over 40% while 41 of the
45 plaques in group C
exceeded a value of 40%.

The results are expressed as mean (SEM).
We used a two tailed Student’s z test
(Statsview 512) and a three dimensional plot
(DANCAD 3D) programme to compare the
areas occupied by smooth muscle,
macrophages, and extracellular lipid core in
the three different plaque types.

Results

The area occupied by the lipid core was
largest in the group C plaques and smallest in
the group A plaques. The increase in the
mean core size from A to B to C was statisti-
cally significant (table). Figure 3 shows the
differences as plots of individual data points
(fig 3). Forty one (91-1%) of the 45 ulcerated
plaques in group C had lipid cores occupying
>40% of the cross sectional area of the
plaque. Of the intact plaques in group A and
B only 12 (10-9%) of 110 had bigger pools.
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These data reinforce the view that the size of
the lipid pool is positively correlated with the
risk of ulceration and thrombosis, and that
the crucial threshold is 40% of the plaque
cross sectional area in its mid point. Within
the intact plaques of group B 11 (13-9%) of
the 79 plaques had lipid pools that exceeded
this value. These may be plaques in which
ulceration would have occurred in the
future.

Within cap tissue the area occupied by
monocytes was greatest in plaques of group C
but the areas in groups A and B were not sig-
nificantly different. The area occupied by
smooth muscle cells in cap tissue decreased
from A to B to C. The ratio of absolute
numbers of smooth muscle cells to
macrophages per unit area was highest in cap
tissue of plaques from group A and lowest in
group C. The changes in both occupied area
and number density of cell types in the shoul-
der/periphery region of the plaque paralled
those in the cap in a similar direction but
were not as big. Figure 4 shows the three
dimensional plots linking changes in the lipid
core size to changes in the cell populations at
both sites in the plaques.

Discussion

This study relates the lipid core size and
smooth muscle and macrophage content of
three groups of plaques. Plaques in group A
can be regarded as coming from aortas in
which there was no tendency to plaque
thrombosis while in group C the plaques were
undergoing thrombosis.

The most striking difference between the
plaques of group A and C was the size of the
central pool of extracellular lipid which
exceeded 40% of the cross sectional area of
the plaques in 91-1% of group C plaques but
in only 3-2% of group A plaques. Thus the
size of the lipid pool is an important determi-
nant of thrombosis on aortic plaques. It can
be questioned whether aortic plaque throm-
bosis is a paradigm of coronary thrombosis.
There are, however, abundant observational,
but not quantified data, showing a similar
relation between a coronary lipid rich plaques
and thrombosis.® 1°

The data also show the relation between
the plaque type and the cell content at differ-
ent sites within the plaque. For the cap tissue
three dimensional plots show that as the size

Analysis of different types of plaques for lipid pool size and cell density

Significance Significance
Group A A-B Group B B-C Group C

Lipid core (as % plaque area) 12:7 (1-8) <0-:0002 273 (2°1) <0-0001 56-7 (2:6)
Area (%):

Mg cap 25 (0-8) 0-3343 (NS) 29 (0-4) <0-0001 137 (1-6)

SMC cap 16-3 (1-9) 0-4681 (NS) 11-8 (1-0) <0-0001 2-8 (0-6)

Mo periphery 49 (0-7) 0-7211 (NS) 4-9 (0-6) <0-006 89 (1:2)

SMC periphery 13-5(1-6) 0434 (NS) 11-8 (0-9) <0-003 5-8 (0-7)
Number (per mm?):

Mg in cap 60 (17-3) 0-2878 (NS) 79 (7-2) <0:0006 142 (13-9)

SMC in cap 183 (18-3) 0-8385 (NS) 186 (13-5) <0-0001 60 (9-8)

Mo in periphery 96 (14-0) 0-6743 (NS) 108 (9-1) <0-002 153 (14-6)

SMC in periphery 183 (19-4) 0-4938 (NS) 212 (14-8) <0-003 113 (10-9)
Ratio number SMC/Mo

in cap tissue 7-8 41 1-0

Entries are mean (standard error of mean).
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Figure 4 Three
dimensional plots relating
percentage lipid and
smooth muscle and
macrophage content in the
three plaque types within
cap tissue and the shoulder
region. Every plaque in
each group was plotted.
The striking feature is that
intact plaques in group A
had a low lipid content (at
the front of the graph) with
a high proportion of
smooth muscle. In contrast,
unstable ulcerated plaques
in group C had high lipid
(at the back of the graph)
and macrophage contents
with a striking reduction in
smooth muscle content.

Cap tissue

Shoulder
Region

(A) Plaques
(stable)

of the lipid pool increased (0% is in the front
of fig 4) the volume fraction occupied by
smooth muscle cells falls, and that of
macrophages rises. The total volume fraction
occupied by smooth muscle cell and
macrophage cytoplasm is 10-25%, the
remainder of the tissue being connective tis-
sue matrix. Changes in the shoulder region
are virtually identical.

In the three dimensional graphs every
plaque is plotted as a line. There is very close
concordance between all the plaques in a par-
ticular group and no suggestion that the plots
are distorted by a particular population of
plaques perhaps coming from one or two
individuals whose plaques are in some way
different.

The sequence of events leading to the
quantitative changes observed is not known.
It is generally accepted that most foam cells
are derived from monocytes that have initially
adhered to the intimal aspect of the plaque,
which they have then entered.!*!'®* Whether
macrophages move laterally within the plaque
is not known, though an increased density of
macrophages in the peripheral shoulder
regions of plaques has been noted pre-
viously.!?? Some of the increase in the area
fraction of macrophages at higher lipid frac-
tions is associated with an increase in the cell
size as macrophages become more distended
with lipid, but this is not the whole explana-
tion because there are similar changes in
absolute cell number density. Smooth muscle
cells contained some lipid but retained their
elongated shape.

As in all other tissues, the relative cell
populations within plaques may change after
selective cell death, by an increase or decrease
in the rate of division of one cell type, or by
migration into or away from the area. Both
monocytes and smooth muscle cells can
divide within the plaque®' and smooth muscle
migration is well recognised, but which of the

% Lipid

(b) Plaques
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(C) Plaqueé
(unstable)

possible mechanisms brings about the shifts
in cell population within cap tissue is
unknown.

More particularly, it is not known whether
shifts in cell populations precede or follow
upon the alteration in lipid content of the
plaque, or even whether each is driven by
independent forces. The men we studied had
not been taking lipid-reducing pharmaceuti-
cal agents, so it is unlikely that the results
include cases in which the lipid content of the
plaque had increased beyond 40% and had
subsequently been reduced.

The changes described in the plaques may
largely explain the propensity to ulceration
and thrombosis. Previous studies of the
mechanical properties of aortic plaque cap
tissue in vitro showed an association between
the number of macrophages containing lipid
and cap fracture.?? The mechanical strength
of the plaque cap tissue depends on the
amount, and organisation, of the connective
tissue matrix proteins—including collagen,
elastin, and proteoglycans. These proteins in
turn depend on metabolism and synthesis by
smooth muscle cells. A loss of smooth muscle
cells would in time lead to degeneration and
fragmentation of the connective tissue, but a
more active dissolution by proteolytic
enzymes released by both smooth muscle
cells and macrophages is also possible.?> The
association of smooth muscle proliferation
with post-angioplasty stenosis has led to the
view that it is an undesirable aspect of athero-
sclerosis. Our study suggests that smooth
muscle proliferation is an integral part of
plaque stability and repair and is thus neces-
sary to some extent.

Ulceration and thrombosis of aortic
plaques can be regarded a paradigm of plaque
fissuring in the coronary arteries but there are
some important differences. Ulcerated and
thrombotic plaques seem to persist and
become chronic in the aorta and carotid
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arteries.?* Chronic ulceration and thrombosis
are far less common in the coronary arteries.
In our study we eliminated aortic plaques that
had become an ulcer crater filled with throm-
bus and analysed only plaques that were
largely still intact. It could be argued that the
changes we have quantified are merely sec-
ondary to the process of ulceration. Against
this view is the fact that group B plaques,
which were still intact, had some characteris-
tics that lay between those of groups A and
C.

The changes that we have described indi-
cate that three processes—lipid accumulation,
both extracellular and associated with an
increase in lipid laden macrophages, and dis-
turbances of the reparative smooth muscle
proliferation in the cap—predispose to fissur-
ing. Animal studies of regression suggest all
these processes may be reversed by plasma
lipid lowering.?>?" If the same were true in
humans lipid lowering might improve plaque
stability with a consequent reduction in the
acute sequelae of plaque fissuring including
unstable angina and acute myocardial infarc-
tion in the coronary circulation and embolic
stroke from ulcerated carotid plaques. Data
are beginning to accumulate that plasma lipid
lowering does lead to a reduction in the num-
ber of subsequent acute ischaemic events in
men.”?® The present study is consistent with
the view that this effect is mediated by either
the prevention of the formation new lipid rich
plaques or the restoration of smooth muscle
proliferation within existing plaques, which
makes them more stable.
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