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The formation of the atherosclerotic lipid-rich core has
been elucidated by electron microscopy of the core re-
gion in small, raised fibrolipid lesions. The relationship
among lipid deposits, extracellular matAix, and cells found
in distinct regions ofthe fibrolipid lesion was examined.
Extracellular lipid droplets, verified by osmium-thiocar-
bohydrazide-osmium staining, made up approximately
40% ofthe lipid-rich core volume. The lipid droplets were
often found distinctly associated with elastin and/or col-
lagen; these associations were dependent upon the loca-
tion examined within or near the lipid-rich core. Within
areas of intense extracellular lipid deposits, crystalline
clefts suggesting cholesterol monohydrate were observed.
Stereologic analysis ofthe lipid-rich core components re-
vealed marked reductions in the volume fractions ofcells,

WE HAVE reported that precursor lesions of the ath-
erosclerotic fibrous plaque can be identified consistently
within the human aorta.1 These raised lesions, termed
"fibrolipid lesions," covered less than 16 sq mm of sur-
face area and possessed total intimal volumes rang-
ing from 3 to 43 gl, with the majority less than 16 gl.
Light-microscopic examination of fresh-frozen sections
of these lesions characteristically showed superficial
clusters of foam cells and a deeper lipid-rich core. The
lipid-rich core appeared to originate near the inner lim-
iting elastic membrane, which marks the boundary be-
tween the elastic hyperplastic (middle) and musculo-
elastic (deepest) intimal layers. In tissue sections stained
with oil red 0, the lipid-rich core appeared to contain
predominantly extracellular lipid. Cholesterol crystals,
identified by polarizing light microscopy, were found
in 370/o of the lesions. The location of the fibrolipid
lesion at sites of predilection for fibrous plaque devel-
opment, the relationship to subject age, the presence
of a lipid-rich core with cholesterol monohydrate crys-
tals, and a chemical composition comparable to fibrous
plaques strongly suggested that the fibrolipid lesion was
a precursor to the fibrous plaque. Reported here is an
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reticular ground substance, and basement membrane;
while the extent ofextracellular lipid increased 7-10-fold.
Eleven percent or less oflipid in the core region was found
within cells, usually smooth muscle cells. Above the core
region in the lesion cap, monocyte-macrophage foam cells
were prominent. Cellular lipid droplets were much larger
(profile diameters sixfold higher) than extracellular
droplets. With these data as well as transitional morpho-
logic features at the boundaries of the core region, it is
suggested that 1) the abundant extracellular lipid does
not derive from cell necrosis, and 2) lipid deposition in
association with extracellular matrix constituents is an
early event in the development ofthe lipid-rich core. (Am
J Pathol 1986, 123:413-424)

ultrastructural study of the same specimens of fibrolipid
lesions examined earlier at the light-microscopic and
chemical levels.
Most electron-microscopic studies of human athero-

sclerosis have focused on lesions at either end of the
disease spectrum. Several investigators2-4 examining
fatty streaks have speculated that the lipid-rich core re-
gion of the fibrous plaque could develop from these le-
sions as a result of foam cell necrosis with release of
the cellular lipid content into the extracellular space.
However, scant evidence has been provided to suggest
that this mechanism actually accounts for the bulk of
core lipid accumulation. Smith et al5 have suggested an
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alternative mechanism to foam cell degeneration. In
normal intima, Smith and colleagues have found ex-
tracellular lipid deposition, termed "perifibrous lipid,"
even in the absence of foam cells. Our recent ultrastruc-
tural observations in normal aortic intima demonstrated
that perifibrous lipid is localized preferentially to elastin
fibers.6 Thus, direct deposition of lipid in association
with the extracellular matrix is an alternative hypothe-
sis for lipid-rich core formation.
At the other end of the lesion spectrum, Ross and

co-workers' have examined advanced lesions of the su-
perficial femoral artery. They observed a relatively small
amount of lipid in the lesions. After examining the
growth characteristics of the smooth muscle cells iso-
lated from these lesions, they suggested that these cells
had senesced. It seems likely that the lesions examined
were beyond the period of relatively rapid growth. By
focusing on apparently progressive lesions, more ad-
vanced than fatty streaks but not yet to the stage of
senescent fibrous plaques, we may gain insight into the
role of cellular degeneration in lipid deposition and/or
possibly the role of the extracellular matrix constitu-
ents in lipid-rich core formation.
Thus the present study aimed to describe the ultra-

structural appearance of the fibrolipid lesion, a pre-
cursor of the atherosclerotic fibrous plaque. Special
attention was given to the relationship among cells,
extracellular matrix, and lipid deposition found in dis-
tinct regions of the fibrolipid lesion, ie, cap, lipid-rich
core, and core periphery. We performed a stereologic
analysis of lesion connective tissue elements and lipid
in order to ascertain whether any significant changes
in the extracellular matrix of the core occurred with le-
sion initiation and development. Core region develop-
ment via lipid deposition within the extracellular ma-
trix was strongly suggested by 1) discrepancies between
the sizes of cellular and extracellular lipid droplets and
2) consideration of the transitional morphologic find-
ings observed at the boundaries between core region
and adjoining tissue.

Materials and Methods

Selection of Fibrolipid Lesions

The material examined here by electron microscopy
consisted of intervening slices from our previously
reported light-microscopic and chemical analysis of
fibrolipid lesions.1 The lesions were found in 147 aortas
(132 from men, 15 from women) obtained at autopsy.
The aortas were from individuals aged 18-71, with 85%!o
of the individuals aged 45 or younger. Trauma was the
cause of death in about 9001 of the cases. All distinct

raised lesions covering no more than 16 sq mm surface
area were dissected from the descending thoracic and
abdominal aorta. The small raised lesions, when viewed
from above, were covered by either a cluster of small
yellow dots, a homogeneous yellowish cover, fingerlike
projections of a white fibrous material, or a complete
pearly white cap. Lesions were sliced transversely at 1-
mm intervals with the aid of a McIlwain Mechanical
Tissue Chopper (Mickle Laboratory, Brinkmann In-
struments, Westbury, NY). About three-fourths of the
small raised lesions contained lipid deposits fluoresc-
ing yellow-orange under ultraviolet light and stainable
with oil red 0. The lipid-containing lesions, termed
"fibrolipid lesions," constituted the primary tissue ma-
terial for our previous studies and for the electron-
microscopic studies reported here.

Tissue Processing for Electron Microscopy

Selected tissue slices were transected at the site of
maximum intimal thickness. The two halves from each
lesion were fixed in 2% paraformaldehyde and 2.5%
glutaraldehyde in 0.13 M sodium phosphate buffer, pH
7.4, for 24 hours at 4 C. After an overnight buffer wash,
the tissues were postfixed in2% aqueous osmium tetrox-
ide, stained en bloc with 1% uranyl acetate in 0.05 M
sodium maleate buffer, pH 6.0, dehydrated through a
graded ethanol series (to 100%o ethanol over 2-3 hours
at 25 C) and in propylene oxide, and embedded in Epon
812. Representative slices of normal intima were
processed along with the fibrolipid lesions. Gold to sil-
ver-gold thin sections were cut on an LKB III Ultratome
and stained with 3% uranyl acetate in 30% ethanol and
Reynolds lead citrate sequentially.
A selected group of lesions were also fixed in 3%

glutaraldehyde in 0.1 M cacodylate buffer, pH 7.2, for
24 hours at 4 C. These lesion slices were subsequently
stained with an osmium-thiocarbohydrazide-osmium
(OTO) sequence en bloc as described by Willingham
and Rutherford8 and Guyton et al.6 The OTO proce-
dure was used for increased preservation and high-
contrast positive staining of lipid-containing structures.
This procedure entailed incubating 200-p lesion slices
in 1.5% OS04 in 0.1 M cacodylate buffer, pH 7.4, for
30 minutes followed by 1% thiocarbohydrazide in H20
for 5 minutes, then 1.5% OS04 for 30 minutes. Exten-
sive washing of lesion slices with 0.1 M cacodylate
buffer, pH 7.4, was performed between each step. The
thiocarbohydrazide solution used was freshly prepared
each day by adding solid thiocarbohydrazide to H20
at 58 C with intermittent shaking for 3-4 hours. The
solution was cooled to room temperature and filtered
through a 0.22-g Millipore fiilter. After staining, the
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lesion slices were dehydrated at 4 C in a graded series
of acetone to 100% acetone over 1 hour, infiltrated with
the use of 1:1 acetone/Epon 812 overnight at 4 C, and
embedded in Epon 812. Thin sections were examined
without additional staining.

Selection of Electron Micrographs

Two-micrometer plastic sections were cut from each
of the tissue block faces prior to ultrathin sectioning.
After staining with toluidine blue-basic fuchsin, the
lipid-rich core could be distinguished from the sur-
rounding intima on the basis of the core's intense nega-
tive metachromasia, which gave it a greenish hue. The
surrounding tissue was magenta to blue in color. The
tissue block was trimmed to include the lipid-rich core
and core periphery. Ultrathin sections were then cut
from 27 different fibrolipid lesions, stained, and exam-
ined on a Phillips 201 transmission electron microscope.
For some lesions, the tissue block containing the op-
posing face of the lesion was trimmed so as to examine
the more superficial layers, which would include the le-
sion cap above the lipid-rich core.

Electron microscopy of the lesions included qualita-
tive and quantitative approaches. For stereologic assess-
ment of the lipid-rich core, 12 of the 27 lesions were
randomly selected and the areas to be photographed
were selected in an unbiased manner. At a magnifica-
tion of 1000x the lipid-rich core was located and the
center determined with the microscope stage microm-
eters. The magnification was increased to 7000x. Again
using the stage micrometers, three micrographs were
photographed at the corners of an equilateral triangle,
the sides of which were one-quarter the average diameter
of the entire core region. A triangle of this size was
chosen so as to obtain an unbiased sampling at three
separate, nonoverlapping sites around the center of the
lipid-rich core. Micrographs of normal intima were se-
lected in a manner described previously6 from subjects
matched for age, race, and sex. This simply entailed ob-
taining micrographs 50 g above and 50 p below the in-
ner limiting elastic membrane (ILM). It was determined
from light-microscopic observations that the lipid-rich
core of the fibrolipid lesion and the deposition of ex-
tracellular lipid (perifibrous) in normal intima were both
characteristically found about the ILM. Although not
all lipid-rich cores of the fibrolipid lesion were located
exclusively along the ILM, most of the core regions were
found in the elastic hyperplastic layer above the ILM
or in the musculoelastic layer just below the ILM. Thus,
the 100 i about the ILM was useful in determining what
the volume composition of normal intima was at the
predominant site of the lipid-rich core Each micrograph

was printed at a final magnification of 19,600x for
stereologic analysis. Component volume fractions were
determined with the use of a point grid overlay of ap-
proximately 150 points.

Stereologic Analysis

The criteria established to identify structures for
stereologic analysis were as follows. Fibrillar collagen
consisted of bundles of fibrils with axial periodicity.
Elastin consisted of a fibrillar substance containing
moderate numbers of electron-dense microfibrils or a
pale electron-lucent material of glassy appearance, more
dense than the surrounding reticular space, lacking pe-
riodicity and containing a few dense microfibrils. Base-
ment membrane was identified as a homogeneous
electron-dense layer or multilayered structure in close
association with cells. Reticular ground substance was
characterized as an electron-lucent space superimposed
by a reticular pattern of fibrils and granules, which rep-
resent matrix proteoglycans. Lipid droplets both intra-
cellular and extracellular were identified as vesicular
structures, often containing a thick crescent of an
electron-dense material surrounding a clear center.
Some of the cellular droplets were identifiied as solid
osmiophilic round structures. Vesicles without a cres-
cent of osmiophilic material were also categorized as
lipid droplets with the central lipid completely removed
in processing. Since it was sometimes difficult to dis-
tinguish between smooth muscle cells and monocyte-
macrophages, the volume fraction of all cells in nor-
mal intima and lipid-rich core was determined. The
volume fraction of the various components was tabu-
lated for normal intima and the fibrolipid lesions with
and without cholesterol crystals. These categories of
fibrolipid lesions were based on previous results using
polarizing light microscopy.I Statistical comparisons of
the volume fraction was performed using analysis of
variance. The P value was corrected for multiple com-
parisons by Bonferroni's method.9
The diameters of cellular and extracellular lipid drop-

let profiles were also determined on the micrographs
of the lipid-rich core. For elliptical droplet profiles, the
length of a chord bisecting the angle of the major and
minor axes was recorded as the profile diameter. A to-
tal of 300 intracellular and 300 extracellular droplet
profiles were measured. A point grid overlay was used
for random selection of extracellular droplet profiles
for measurement. Thus, the likelihood of recording the
diameter of a given droplet profile was proportional to
the area of that droplet profile. The sizes of all osmio-
philic droplets within cells were measured, since cells
with lipid droplets were infrequent in the micrographs
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Figure 1-Lipid droplets within a monocyte-macrophage in a lesion cap.
The lipid droplets (L) contain a rim of osmiophilic material. The cell pos-
sesses prominent micropodia (arrows) and lacks a surrounding basement
membrane. The loose arrangement of collagen and reticular ground sub-
stance, without extracellular lipid, is typical of the appearance of the le-
sion cap. (Uranyl acetate and lead citrate, bar = 1 g, x 8100)

examined. Since all cellular droplets were measured, a

correction was necessary for an accurate comparison
of cellular and extracellular droplet diameters. The cel-
lular lipid distribution was corrected by multiplying the
number of droplets at each interval by the square of
the profile diameter (proportional to profile area). This
allowed for an accurate representation of the area frac-
tion of lipid contained in droplet profiles of each size
category.

Results

Qualitative Observations

Lesion Cap

The lesion cap contained collagen bundles, reticular
ground substance and scant elastin fibers. Visible lipid
was almost entirely cellular; extracellular lipid droplets
were rarely found. Monocyte-macrophage foam cells
(Figure 1), smooth muscle cells (SMCs) with and with-
out lipid inclusions, infrequent macrophages with few
or no lipid inclusions, and infrequent lymphocytes were

found in this area of the fibrolipid lesion.

Lipid-Rich Core Region

The lipid-rich core of the fibrolipid lesion was charac-
terized by abundant extracellular lipid (Figure 2). Lipid-
rich cores were found in the deep intimal layers; ie, the
musculoelastic layer adjacent to the internal elastic lam-
ina and in the more superficial elastic hyperplastic layer.
Cholesterol crystals were sometimes found within these
regions of dense extracellular lipid deposition (Figure
3). In several of the larger fibrolipid lesions calcific
spheroids (Figure 4) could be observed scattered in the
extracellular space. These structures corresponded to
the eosinophilic spheroids, positive for calcium by von
Kossa staining, noted earlier by light microscopy.I
Ultrastructurally, the calcific spheroid appeared as a cir-
cle with a very electron-dense periphery surrounding
a clear or reticular core. SMCs of several distinct ap-

pearances were present within the lipid-rich core; how-
ever, the number of cells was much less than that ob-
served at the periphery of the core. The SMCs were

surrounded by a basement membrane and intact plas-
ma membrane with distinct micropinocytotic vesicles.
SMC-derived foam cells with varying amounts of myofil-
aments and lipid inclusions were observed. SMCs with
an extensive rough endoplasmic reticulum and abun-
dant free and attached ribosomes were also present.
Flattened SMCs within collagen bundles and stellate
SMCs associated with elastin fibers were present in the
lesions; however, they were infrequent within the core

region.
The lipid droplets which comprised approximately

40% of the lipid-rich core volume had several appear-
ances. Often the lipid droplets were seen as vesicular
structures with an enclosed crescent of an electron-dense
material surrounding a clear center (Figure 2a). Vesi-
cles, presumed to be lipid droplets, without a crescent
of osmiophilic material, were also observed in regions
of a dense, finely granular matrix possibly repre-
senting elastin (Figure 3a). Cellular lipid droplets were

similar in appearance to the extracellular droplets.
However, the droplets were much larger, and their os-
miophilic centers were retained better through the
course of tissue preparation (Figure 1). In a few appar-
ently necrotic cells, these droplets showed a scalloped
or "cut-out" contour to the droplet border. Scalloping
of extracellular droplets was not evident in the tissue
specimens processed for electron microscopy in a rou-

tine manner. In the fibrolipid lesion specimens stained

Figure 2-Lipid-rich core regions. a-A lipid-rich core developing in the musculoelastic layer of the intima. Lipid droplets (arrows) are present in
elastin (E) and collagen (C). The electron-dense material adjacent to the elastin band has the appearance of immature elastin. An SMC is at the left.
(x 11,250) b-A lipid-rich core of the elastic hyperplastic layer. Lipid droplets are located in prominent collagen bundles (C). Elongated SMCs sur-
round the collagen. Elastin is relatively scant in this layer. (Uranyl acetate and lead citrate, bar = 1 p, x 8325)
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Figure 4-Calcific spheroid (arrow) associated with a flattened SMC (aster-
isk) amidst collagen and extracellular lipid deposition (arrowhead). (Ura-
nyl acetate and lead citrate, bar = 1 p, x 12,375)

with the osmium-thiocarbohydrazide-osmium (OTO)
sequence, numerous extracellular lipid droplets showed
a scalloped or cut-out contour (Figure 5). In the OTO-
treated specimens, the extracellular and cellular lipid
droplets were more pronounced and appeared as very
electron-dense structures resistant to removal by lipid
solvents (Figure 5).

All of the lesions examined contained this extensive
extracellular lipid deposition; yet the relationship of
these droplets to the connective tissue matrix was de-

9 ; < pendent upon the region of the lipid-rich core being
t--s % * * b*>-r,+t;>0t *examined. In the center of the lipid-rich core no clear

association between the ubiquitous extracellular lipid
b_t deposits and specific connective tissue elements could

- be made. Lipid droplets were found interspersed with
u;& 'Xw~ 1 collagen, elastin, and reticular ground substance (Fig-

ure 6a). In areas of the lipid-rich core with less intense
lipid deposition, lipid droplets were found in associa-
tion with both collagen and elastin (Figure 2a). In some
small core regions found primarily in the musculoelas-
tic layer of the intima especially near the core periph-
ery, lipid droplets were present predominantly in associ-

-JW ;.. ation with abundant elastin fibers (Figure 6b). In the
lesions with core regions extending upward into the cap
region, the lipid droplets were found embedded within
collagen bundles (Figure 2c).

Figure 3-Cholesterol crystallization within the lipid-rich core. a- C, collagen. (x 14,175) c-Cholesterol clefts in an area of a necrotic
Cholesterol clefts (arrows) in close association with collagen (C) elastin cell. Note the remnant of a nucleus (N) and the scalloped appearance of
(E) and an electron-dense material with the appearance of immature elastin. the lipid droplet (L). Small extracellular lipid droplets are also present at
Extracellular lipid droplets (arrowheads). (x 15,000) b-Cholesterol the bottom of micrograph. (Uranyl acetate and lead citrate, bars = 1 I,
clefts (arrows) in an area of small vesicles surrounded by a granular matrix. x 6300)
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Figure 5-Osmium-thiocarbohydrazide-osmium stained fibroiipid lesion. The lipid droplets (arrows) are embedded in both collagen and elastin. Note
the scalloped appearance of some lipid droplets (arrowhead) and the homogeneous nature of the osmiophilic material within the droplets. (No counter-
stain, bar = 1 A±, x 16,200)

Cholesterol crystallization was observed with three
distinct morphologies. Most commonly, cholesterol
crystallization was found adjacent to and within elas-
tic fibers (Figure 3a). Cholesterol clefts were also pres-
ent among bundles of collagen in areas of small lipid
droplets surrounded by granular matrix (Figure 3b).
Cholesterol crystals were observed within a necrotic cell
found near the edge of the lipid-rich core in only one
of the 27 specimens examined (Figure 3c). It is interest-
ing to note that the dead cell with intracellular choles-
terol clefts had lipid droplets with a distinct scalloped
appearance.

Periphery of the Lipid-Rich Core
No clear line of demarcation was found between the

lipid-rich core and the surrounding tissue; however,
several consistent morphologic features were observed
within a broad transition region, which we designated
as the core periphery. Near the lateral edges of a core
region found in the musculoelastic layer of the intima,
the extracellular lipid was still observed in both colla-
gen and elastin fibers (Figure 6a). Where the lipid-rich

core made its transition into apparently normal intima,
these lipid droplets preferentially localized to elastin
fibers despite the presence of collagen (Figure 6b). The
luminal boundary of the lipid-rich core region also con-
tained extracellular lipid droplets; however, the droplets
were localized primarily to collagen bundles (Figure 7).
In this part of the fibrolipid lesion very few elastic fibers
were present. The lipid droplets of the core periphery
had an appearance similar to that of those observed
within the center of the core region. The cells were
predominatly SMCs morphologically similar to those
found in the core region. Few monocyte-macrophages
(Figure 1) were observed at the periphery of most core
regions; however, in the large fibrolipid lesions with core
regions extending into the elastic hyperplastic layer these
cells could be found at the superior and lateral edges
of the core.

Stereologic Analyses

The volume compositions of normal intima and of
fibrolipid core regions with and without cholesterol crys-
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Figure 6-Lipid-rich core region to the core periphery. a-Appearance of extracellular lipid droplets deep within a lipid-rich core, but near its lateral
edge. An SMC with a prominent basement membrane is surrounded by abundant lipid droplets embedded within and lying between collagen and elastic
fibers. (x 7650) b-Lateral edge of the lipid-rich core. SMCs are present. Lipid droplets (arrows) are preferentially localized to elastin, rather than
collagen. (x 13,050) Inset- Higher magnification of small extracellular lipid droplets. The smallest droplet profiles in this group have diameters of
approximately 30 nm. Calcific spheroid (arrow). (x 33,750, bar = 250 nm; uranyl acetate and lead citrate, bars in a and b = 1 i)
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Figure 7-Superficial edge of
the lipid-rich core. Lipid (ar-
rows) is embedded in collagen
bundles. SMCs are present.
(Uranyl acetate and lead citrate,
bar = 1 t, x19,600)
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tallization are summarized in Table 1. In normal intima,
the 100 p about the inner limiting membrane contained
a total lipid fraction of 4.3%, with 3.5(% being extracel-
lular. A 7-10-fold increase in the extent of extracellu-
lar lipid was observed in the core regions of fibrolipid
lesions with the increase more marked in the lesions
with cholesterol crystallization. No significant change
in the extent of intracellular lipid was observed, while
the volume fraction attributed to cells was significantly
reduced (P< .05) by 69% and 83/o in lesions with and
without cholesterol crystals, respectively. In the fibro-
lipid lesion with cholesterol crystals, the fractions of
basement membrane and reticular ground substance
were also reduced significantly by 76% and 69%, respec-

tively. A slight reduction in the material identified as

elastin in the core region was observed, ie, 17-28%; how-
ever, the change was not significant. In this analysis we
identified as elastin the granular material surrounding
small lipid droplets in the core region (Figure 3a). Al-

though this identification seems likely, it is far from cer-

tain, and the possibility of a much greater reduction
of elastin in the core region must be considered. The
fraction of fibrillar collagen remained constant between
normal intima and lesion area.

A profound and highly significant discrepancy be-
tween the sizes of intracellular and extracellular droplets
can be seen in Figure 8. The mean profile diameter of
the extracellular droplets was 0.19 0.11 g, while the
mean of cellular droplets was 1.2 + 0.43 i.

Discussion

The present study has provided new electron-micro-
scopic data related principally to the formation of the
lipid-rich core region in an early raised atherosclerotic
lesion in human aorta. This lesion, which we have
termed the fibrolipid lesion, was previously demon-
strated to be a progenitor of the fibrous plaque.' The

Table 1-Volume Composition of Normal Intima and the Lipid-Rich Core Region of Human Aortic Fibrolipid Lesion

Fibrolipid lesion Fibrolipid lesion
Normal intima without crystals with crystals

Number 8 5 7
Fibrillar collagen 0.248 + 0.105 0.240 ± 0.233 0.253 ± 0.117
Elastin 0.259 ± 0.093 0.214 + 0.135 0.186 + 0.102
Basement membrane 0.080 ± 0.027 0.038 ± 0.045 0.019 ± 0.025*
Reticular ground substance 0.193 ± 0.100 0.086 ± 0.075 0.059 + 0.067*
Cells 0.166 ± 0.098 0.052 ± 0.036* 0.029 + 0.039*
Extracellular lipid 0.035 ± 0.031 0.322 _ 0.191* 0.440 + 0.236*
Cellular lipid 0.008 ± 0.020 0.038 ± 0.050 0.003 + 0.005
Other 0.011 0.010 0.011

Values are the mean ± standard deviation.
* Significantly different from normal intima; P < 0.05.
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Figure 8-Distribution of lipid according to droplet size.

major implications with regard to the lipid-rich core

can be outlined as follows: 1) The abundant extracellu-
lar lipid does not appear to arise via foam cell necrosis.
2) Lipid deposition in association with extracellular ma-
trix constituents is an early event in the development
of the lipid-rich core.

Near the center of the lipid-rich core, an unbiased
sampling procedure revealed that extracellular lipid
droplets occupied an average of 32-44% of total vol-
ume, depending on the category of fibrolipid lesion. The
core region content of cellular lipid was about 10-fold
less. This was in contrast to the fibrous cap, where on

qualitative observation the lipid was almost entirely cel-
lular, with scant extracellular lipid deposits. A marked
size difference was apparent between the cellular and
extracellular droplets, with cellular droplet profiles hav-
ing diameters typically six times larger than the extracel-
lular droplet profiles. Such a size discrepancy suggests
that the abundant extracellular lipid may not be the re-

sult of cellular necrosis. If that were so, one might ex-

pect to find clusters of large lipid droplets in a pattern
suggesting sites of foam cell necrosis. However, the pat-
terns of extracellular lipid deposition were either diffuse
or clearly associated with extracellular matrix constit-
uents. Unequivocal evidence of foam cell necrosis (Fig-
ure 3c) was extremely rare.

An alternative explanation for the discrepancy in lipid
droplet sizes would entail a dispersal of lipid contained
in a large cellular droplet into smaller droplets shortly
after the death of the foam cell. If the process of dis-
persal were relatively rapid, then transitional forms of
lipid would be rare. The scalloped nature of a few larger

droplets, seen either extracellularly or in the vicinity
of a dead cell, is consistent with this hypothesis. Con-
ceptually, either enzymatic or physicochemical mech-
anisms could be invoked to explain both the transfor-
mation of cholesteryl ester (hydrolysis and/or change
of physical state) and the scalloping.10'1 However, scal-
loping of a few large droplets must be regarded as scant
evidence for the transformation of cellular lipid as a
major contributor to the lipid-rich core of the lesion.
Moreover, by OTO staining, many smaller extracellu-
lar droplets also showed scalloping. Some of these scal-
loped droplets were embedded within elastic fibers or
collagen bundles, where direct deposition of lipid from
permeating or bound lipoproteins seemed highly likely.
The scalloped appearance of the smaller extracellular
droplets could be, of course, an artifact of OTO stain-
ing. In routinely prepared specimens this appearance
could be neither confirmed nor denied, because of poor
preservation of lipid. Overall, the scalloped or cut-out
appearance of some lipid droplets is an interesting
phenomenon deserving further attention, because it
might be a clue to a dynamic state of lipid deposits un-
dergoing continuous deposition and removal.
The selection of small lesions for this study may have

been an important factor accentuating the size dis-
crepancy between cellular and extracellular lipid drop-
lets. In the lipid-rich cores of larger fibrous plaques,
not fibrolipid lesions, we have observed larger extracel-
lular droplets (not shown). However, we regard the data
presented here to be more informative, because the small
core regions selected by the present protocol are more
likely to be at an early and formative stage of develop-
ment. The huge extracellular droplets found in some
large fibrous plaques could represent an end-stage
pathology culminating from years or decades of lesion
development with coalescence of lipid. In any case, the
present data on lipid droplet sizes mitigate against foam
cell necrosis as an event responsible for core initiation.
Whether the core region may enlarge subsequently via
foam cell necrosis is a question requiring further study.
The role of cells in lesion development is still unclear.

Our previous paper noted and discussed the consistent
presence of foam cells in the lesion cap and the relative
absence of these cells in the core region.1 Electron-
microscopic examination of the superficial foam cells
suggests that most may be derived from monocyte-
macrophages, an origin previously suggested by non-
specific acid esterase staining. The presence in the
fibrolipid lesion of monocyte-macrophages and SMCs
with abundant myofilaments, lipid vacuoles, and rough
endoplasmic reticulum is consistent with the notion that
the lesion is indeed progressive. The presence of viable-
appearing cells within areas of intense extracellular lipid
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deposition lends further support to the hypothesis that
cell necrosis may not be responsible for the extracellu-
lar lipid. This hypothesis contrasts with that of previ-
ous investigators,2-4 who suggested that cell necrosis
may be the critical event in lipid-rich core initiation.
However, previous studies fail to show sufficient mor-
phologic evidence to support such a hypothesis. It seems
possible that cell necrosis may be a secondary conse-
quence of core region development.
A speculative hypothesis for the role of foam cells

in lesion development may be that these cells process
lipoprotein and lipid, thereby making them more prone
to bind to extracellular matrix constituents. For exam-
ple, the increased ratio of free to esterified cholesterol
in the fibrolipid lesion' could be due to hydrolysis of
cholesteryl ester in cells, with subsequent diffusion
and/or transport of individual cholesterol molecules to
extracellular binding sites. This speculative scenario
would not conflict at all with our findings, since the
eventual lipid deposits in the core region would still be
assembled extracellularly.

Additional ultrastructural evidence confirms the hy-
pothesis of direct extracellular deposition of the core
lipid. We have observed abundant extracellular lipid
deposition in the core regions of fibrolipid lesions of
all sizes. The lipid was associated intimately with ex-
tracellular matrix constituents in the core region. At
the periphery of the lipid-rich core, lipid droplets were
observed in close association with elastic fibers and col-
lagen bundles. Smith et als and Robertson and co-
workers12 observed at the light-microscopic level that
lipid staining along deep elastic membranes was com-
mon in normal intima in older subjects. They referred
to these lipid deposits as perifibrous lipid. We have re-
cently reported that three-fourths or more of the deep
extracellular lipid in normal intima was associated with
elastic fibers.6 Using the OTaO en bloc staining proce-
dure, we found that the lipid of normal intima was rel-
atively well preserved and more easily visualized. In the
present study of fibrolipid lesions, lipid droplets were
intensely stained by the OTO procedure and were found
associated with both collagen and elastic fibers. The
0T0 staining adds confirmation that the vesicular struc-
tures (by routine staining) associated with collagen and
elastin were indeed lipid droplets and not cellular debris.
The idea of direct extracellular deposition of core

lipid in atherosclerosis is not new, although ultrastruc-
tural evidence previously was lacking. Smith and
colleagues' 13 have shown that the fatty acyl pattern of
tissue cholesteryl esters in fibrous plaques is similar to
that of plasma low-density lipoproteins. A high frac-
tion of cholesteryl linoleate is found in both. If cell
necrosis was the major source of the extracellular lipid,

one might expect a tissue fatty acyl pattern similar to
that of cellular cholesteryl ester, ie, cholesteryl oleate
as the major ester. Kramsch and Hollander'4 and Noma
and co-workers'5 have shown that low-density lipo-
proteins interact strongly with isolated elastin, which
results in the uptake of cholesteryl ester by the elastin.
It is interesting to note that at the periphery of the lipid-
rich core region in the musculoelastic intimal layer, lipid
droplets preferentially localized to elastic fibers despite
the presence of collagen, basement membrane, and re-
ticular ground substance. Certain proteoglycans of the
arterial wall form insoluble complexes with LDL, and
this process may disrupt the structural integrity of the
LDL particle.'6 Walton and co-workers'7 and Hoffand
co-workers'8 have already shown in larger fibrous
plaques that the lipid-rich core region contains low-
density lipoproteins. We have recently observed that the
fibrolipid lesion also contains antigenic determinants
reactive with affinity-purified anti-LDL antibodies (un-
published observations). Thus, it seems plausible to
hypothesize that an interaction of intimal elastin, col-
lagen, and proteoglycans with permeating lipoproteins
could initiate a series of events, yet unknown, that would
lead to the formation of the lipid-rich core.
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