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ABSTRACT

therosclerosis develops over the course of 50 years, beginning in the early teenage years. The causes of
his process appear to be lipid retention, oxidation, and modification, which provoke chronic inflammation
t susceptible sites in the walls of all major conduit arteries. Initial fatty streaks evolve into fibrous plaques,
ome of which develop into forms that are vulnerable to rupture, causing thrombosis or stenosis. Erosion
f the surfaces of some plaques and rupture of a plaque’s calcific nodule into the artery lumen also may
rigger thrombosis. The process of plaque development is the same regardless of race/ethnicity, sex, or
eographic location, apparently worldwide. However, the rate of development is faster in patients with risk
actors such as hypertension, tobacco smoking, diabetes mellitus, obesity, and genetic predisposition.
linical trial data demonstrate that treatment with 3-hydroxy-3-methylglutaryl coenzyme A reductase

nhibitors (statins) favorably alters plaque size, cellular composition, chemical composition, and biological
ctivities centered on inflammation and cholesterol metabolism, as well as the risk of clinical events due
o atherosclerosis. Even with advanced atherosclerosis, statins begin to improve clinical risk within
months. During long-term follow-up in clinical trials for up to 11 years with or without further treatment,

linical benefit remains significant, indicating the durability of treatment-induced changes in the devel-
pment of plaque. Thus, atherosclerosis, a disease heretofore viewed as inevitably progressive, can be
reated to significantly alter arterial lesions and reduce their clinical consequences.

2009 Published by Elsevier Inc. • The American Journal of Medicine (2009) 122, S3–S14
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he clinical practitioner’s goal for atherosclerosis is to treat it
ffectively. The purpose of this article is to introduce the
athology of atherosclerotic lesions to provide a rational basis
or their clinical management. For each human individual, the
atural history of the pathology of arterial lesion development
asts �40 years.1,2 Treatments such as diet modification, ex-
rcise, and drugs that affect plasma lipids and hypertension
ay induce changes in the clinical manifestations and in the

atural pathology of plaques and arteries.
This review of plaque pathology includes a discussion of

oth gross pathology and histopathology, along with infor-
ation on assessment of plaques by various imaging meth-
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ront matter © 2009 Published by Elsevier Inc.
ed.2008.10.013
ds, because some significant pathology is currently de-
cribed indirectly only by clinical imaging methods. These
maging methods have been rigorously validated and cali-
rated against the standard of classic histopathologic meth-
ds applied directly to human tissues, and sometimes are
eferred to as “virtual histology.”

Definitions of the terms used in this article are provided
n Table 1.

HAT IS ATHEROSCLEROSIS? HOW DO WE
TUDY IT?
therosclerosis is a disease of the arterial wall that occurs at

usceptible sites in the major conduit arteries. It is initiated
y lipid retention, oxidation, and modification, which pro-
oke chronic inflammation, ultimately causing thrombosis
r stenosis. Atherosclerotic lesions can cause stenosis with
otentially lethal distal ischemia or can trigger thrombotic

cclusion of major conduit arteries to the heart, brain, legs,

http://www.amjmed.org
mailto:winsull@bcm.edu
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S4 The American Journal of Medicine, Vol 122, No 1A, January 2009
nd other organs. Lesions begin in the inner lining of the
rteries—the intima—and they progressively affect the en-
ire arterial wall, including the media and the adventitia.
therosclerosis has been a human disease for �3,500 years;

t occurred in Egyptian mummies and showed the same
athologic features that are observed in modern times.3

everal risk factors may intensify or provoke atherosclero-
is through their effects on low-density lipoprotein (LDL)
articles and inflammation. These risk factors most fre-
uently include hypertension, tobacco smoking, diabetes
ellitus, obesity, and genetic predisposition; the molecular

etails of how they work are not yet known.
Our knowledge of the major characteristics of human

therosclerosis is based largely on studies of coronary artery
esions, with significant contributions from studies of
losely similar lesions in the carotid arteries and aorta.
tudies of experimental atherosclerosis in various animal
pecies, particularly in genetically manipulated mice, have
dentified contributions from components of lipid metabo-
ism, components of the inflammatory response, and various
ell types within the lesion.4–6 These animal studies have
emonstrated that inflammatory processes tightly regulate
he developmental processes of lesions, with significant
ontributions from both adaptive and innate immune
rocesses.7–10

THEROSCLEROSIS: A GRADUAL, LIFELONG
ONTINUUM OF CHANGES IN ARTERIAL
ISSUES
therosclerosis develops progressively through continuous

volution of arterial wall lesions centered on the accumu-
ation of cholesterol-rich lipids and the accompanying in-
ammatory response. These changes have been described in

he histopathology of human plaques and the plaques of
xperimental animals. These systematically observed changes
re closely similar in the coronary arteries, the carotid arteries,
nd the aorta, and they form a strong description of the total

Table 1 Glossary of terms

Term

theroma Accumulation of cell
tissue between the
arteries

atty streak The first grossly visib
ibrous cap A layer of fibrous con
oam cells Cells in an atheroma

inclusions rich in c
ntima The innermost layer
ntimal thickening Accumulation in the
laque Accumulation of fatt
hin-cap fibroatheroma (TCFA) A thin fibrous cap in

and an underlying
ulnerable plaque A plaque whose thin
umulative development of atherosclerosis. c
As development progresses with lipid accumulation and
nflammation, the processes and histologic changes become
ncreasingly complex and can vary considerably among
ndividuals and within any given individual. In the natural
ourse of atherosclerosis, spontaneous regression of early-
tage lesions may occur, but the intermediate and advanced
tages appear to be continuously progressive. This concept
f a developmental continuum of plaque changes is useful
s an aid to understanding the potential steps of atheroscle-
osis development. Although our current molecular under-
tanding of these steps and their integration is fragmentary,
heir general outline supports crucial interplay among lipid
ccumulation, lipid oxidation, and inflammation.

The continuous development of atherosclerosis usually is
escribed in 2 ways that are different but complementary:
1) as an extended series of histologic processes and
hanges, and (2) as a shorter series of different classes of
esions that are grossly visible to the unaided eye. Together,
hese approaches enhance our understanding of atheroscle-
osis. Both are clinically useful when combined with clini-
al imaging of plaques for diagnosing each individual pa-
ient’s stage of atherosclerosis and risks, and for selecting
ppropriate therapy.

NDERSTANDING THE DEVELOPMENT OF
THEROSCLEROSIS AS A CONTINUUM OF
ISTOLOGIC CHANGES IN THE ARTERIAL WALL
atural variation in the rate and extent of development

auses marked heterogeneity in plaque histology within
ndividual plaques, among adjacent plaques, among differ-
nt arteries, and among individual patients. See Figure 1 for
xamples of the histologic complexity of lesions.11–13

Major changes in the development of atherosclerotic
laques are described briefly in the next paragraphs in their
pproximate order of occurrence to illustrate their range of

Definition

llular debris that contain lipids, calcium, and fibrous connective
helium lining and the smooth muscle cell–rich medial wall of

on in the development of atherosclerosis
e tissue in the intima
onsist of monocyte macrophages containing numerous lipid
eryl esters
ood vessel
of smooth muscle cells within a matrix of proteoglycans

sits within the wall of a blood vessel
d with macrophages and lymphocytes, rare smooth muscle cells,
ich necrotic core
s cap is prone to rupture and cause thrombosis
s or ce
endot

le lesi
nectiv
that c
holest
of a bl
intima
y depo
filtrate
lipid-r
fibrou
omplexity and extent.
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S5Insull The Pathology of Atherosclerosis
arly Fatty Streak Development
arly fatty streak development begins in childhood and
dolescence.11,14,15

The initial step occurs when LDL particles leave the
lood and enter the arterial intima, where, if LDL levels are
ncreased, they accumulate. They then are modified by en-
ymes and are oxidized into proinflammatory particles,
hich provoke the reaction of the innate inflammatory sys-

em within the intima. Fat droplets may accumulate in the
ytoplasm of smooth muscle cells. These first changes in the
rterial wall occur at the branch points of arteries, where
daptive intimal thickening occurs in response to normal
emodynamic stresses.

Inflammation begins when the endothelial cells become
ctivated and secrete adhesion molecules, and the smooth
uscle cells secrete chemokines and chemoattractants,
hich together draw monocytes, lymphocytes, mast cells,

nd neutrophils into the arterial wall. Intimal smooth muscle
ells also secrete into the extracellular matrix proteogly-
ans, collagen, and elastic fibers.

Upon entry, monocytes transform into macrophages,
ake up lipids as multiple small inclusions, and become
oam cells. The degree of lipid accumulation is critical for
arly-stage diagnosis of atherosclerosis. Isolated foam cells,
ultiple layers of foam cells, and isolated extracellular

ools of lipid are not considered atherosclerosis. These early
hanges are microscopic and may progress to gross visibil-
ty. These lipid changes can be reversed. Atherosclerosis is
elieved to start when the lipid accumulation appears as
onfluent extracellular lipid pools and extracellular lipid
ores with decreased cellularity.

arly Fibroatheroma
arly fibroatheroma occurs in persons in their teens and
0s.11–13,16 Numerous macrophage foam cells, other acti-
ated inflammatory cells, and the natural cells of arteries
ccumulate. Macrophages take a controlling role in plaque
evelopment, but inflammation may become unchecked and
xcessive. Extracellular proteoglycans, secreted by smooth
uscle cells, bind lipids and progressively increase their

ipid-binding capacity by extension of their disaccharide
rms. Some factors promote the death of macrophages and
mooth muscle cells. The necrotic debris provokes further
nflammation.

Increasing accumulation of extracellular lipid coalesces
nto pools and causes cell necrosis. This progressively dis-
orts the normal architecture of the intima until it is com-
letely disrupted. These enlarging pools form lipid-rich
ecrotic cores that dominate the central part of the intima,
ltimately occupying 30% to 50% of arterial wall volume.

Fibrous tissue is added to form a fibrous cap over the
ipid-rich necrotic cores and just under the endothelium at
he blood interface. This forms the fibrous plaque lesions
hat develop to become the dominant lesion. See Figure 1A

or this development in the natural history of atherosclero- e
is, starting at about age 15 to 30 years and continuing
hroughout life.

dvancing Atheroma: Thin-Cap Fibroatheroma
nd Its Rupture
dvancing atheroma occurs in persons aged �55 years. In

his stage of plaque development, a thin-cap fibroatheroma
TCFA) develops and may rupture.12,17,18

The fibrous cap at a few sites becomes thin and weak-
ned when proteolytic enzyme activity continues unchecked
nd dissolves the fibrous tissue. This thin cap is susceptible
o rupture, which exposes the thrombogenic interior arterial
all and produces a thrombus that extends into the arterial

umen. This lesion usually is labeled a vulnerable plaque
ecause of the risk of rupture and life-threatening thrombo-
is. These lesions appear at about age 55 to 65 years, just
efore the peak incidences of myocardial infarction and
troke. See Figure 1B for an example.

Distribution of TCFAs and ruptured plaques within cor-
nary arteries is apparently highly focal and very limited in
atients who are dying of cardiovascular causes. This con-
rasts with the extensive distribution in coronary arteries of
ll earlier grades of atherosclerotic lesions. Thin-cap ather-
ma and ruptured plaques, respectively, involved means of
.6% and 1.2% of the epicardial portions of coronary arter-
es. Most of these lesions were limited to the proximal
ortions of the major coronary arteries, and 92% were
lustered within �2 adjacent 20-mm artery segments.17 The
laque may grow into adjacent media and adventitia and
istort them. As the plaque grows, the local segment of the
rterial wall may enlarge its caliber, thus compensating for
hreatened reduction of the lumen by the plaque. This com-
ensation, which is seen as remodeling, stops when the
laque occupies about 40% of the area of the artery. Any
urther plaque enlargement reduces the arterial lumen and
ay become hemodynamically significant. New vaso vaso-

um with thin walls invade the diseased intima from the
edia. These fragile vessels of endothelium, lacking peri-

ytes for support, may leak, producing hemorrhage within
he arterial wall. These intramural hemorrhages provoke
ncreased fibrous tissue.

omplex Lesion Development
any ruptures of thin fibrous caps (see above) are clinically

ilent in that they heal by forming fibrous tissue matrices of
ells, collagen fibers, and extracellular space but may rup-
ure again with thrombus formation.11–13 These cyclic
hanges of rupture, thrombosis, and healing may recur as
any as 4 times at a single site in the arterial wall, resulting

n multiple layers of healed tissue (Figure 1C). In 60% of
udden cardiac deaths, cyclic healing of clinically silent
uptures has been reported.13

Calcium deposits in the wall occur throughout all
hese steps, initially as small aggregates, and later as
arge nodules. Plaques may rupture into the lumen and

xpose the nodules, which become sites for thrombosis.
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rosion of endothelium, underlain by some of the
hanges described previously or with no underlying his-
ologic abnormality, may occur, resulting in thrombosis.
he increasing mass of some plaques alone may become
ufficient to form significant stenosis that may cause
ethal ischemia simply through flow restriction (Figure
D) (see also Figure 1 in the article by Ibañez and
olleagues19 elsewhere in this supplement).

All of these changes may be significantly influenced by risk
actors, notably the stresses of local hemodynamics and blood
ow patterns, hypertension, tobacco smoking, and diabetes, as
ell as genetically determined arterial susceptibility or resis-

Lipid-Rich
Necrotic Core

Fibrous Cap 
Atheroma

A

Thin FThin F

Lipid-Rich
Necrotic Core 

B

Figure 1 Histologic examples of 4 ath
cap atheroma in a 24-year-old man. (B)
ance to atherosclerosis. The mechanisms of these risk fac- g
ors in influencing atherosclerosis are the target of inten-
ive investigation by molecular pathology, along with
roteomics and genomics, conducted to determine the
xact molecular biological processes involved in their
evelopment.

NDERSTANDING THE DEVELOPMENT OF
THEROSCLEROSIS AS A SEQUENCE OF
ROSSLY VISIBLE DIFFERENT
THEROSCLEROTIC PLAQUES
ost of the histologic changes already described appear as

n

Normal

Intima

Media

Adventitia

 Cap Cap

rotic plaque types. (A) Coronary fibrous
brous cap atheroma.
Lume

ibrousibrous

eroscle
ross plaques that are visible to the naked eye, but the fine
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S7Insull The Pathology of Atherosclerosis
istologic changes cannot be distinguished. For conve-
ience and simplicity, it is useful to condense lesion devel-
pment into classes of plaques that are grossly visible.
ithin the later portions of the developmental continuum

re a series of advanced plaques that have been identified by
ifferences in their gross appearance and histopathology
hat distinguish them from each other and from earlier and
ater changes. These major classes of plaques emphasize the
dvanced-stage plaques responsible for clinical disease and
re summarized in Table 2.11,12,20 Four examples of these

C

D

Figure 1 (Cont’d.) (C) Healed pl
descending coronary artery in a 40-
from Atlas of Atherosclerosis: Prog
Thromb Vasc Biol.12)
lasses are shown in Figure 1.11–13 r
imilar Types of Plaques Are Seen in
ow-Risk and High-Risk Groups
ver the 40 to 50 years that atherosclerosis develops, time

equences for the continuously progressive development of
rossly visible fatty streaks and fibrous plaques follow a
attern that is closely similar in all population groups over
range of risks for atherosclerotic cardiovascular disease.1

or example, Figure 2 compares plaque development in
hite males with higher and lower risks, respectively, from
ew Orleans, Louisiana, and Santiago, Chile. Mortality

Older Fibrous Cap

Newer Fibrous Cap

upture. (D) Stenosis of the anterior
d man. (Reprinted with permission
and Regression11 and Arterioscler
aque r
year-ol
ression
ates for heart disease at ages 55 to 64 years, respectively,
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ere reported as 878 deaths per 100,000 in a North Amer-
can city comparable to New Orleans and 370 deaths per
00,000 in Santiago.21 In both groups, fatty streaks occur
rst at about 11 to 12 years of age; these are followed by
brous plaques, starting at about age 15 to 30 years, de-
ending on the individual’s risk for atherosclerotic
isease.16

ibrous Plaques Develop More Rapidly in
igh-Risk Groups

nitially, both high-risk and low-risk groups develop fatty
treaks, but shortly after the start of development, fibrous
laques become dominant and progressively expand to
over about 20% to 46% of the coronary arterial surface.
ogether, these plaques can reach a total extent of about
0% to 60% by age 60 years. In a comparison of males in
igh- and low-risk groups, fatty streaks were first noted at
bout the same ages (11 to 12 years), and similar growth
ates of about 0.3% of surface per year were reported;
owever, in the high-risk group compared with the low-risk
roup, fibrous plaques tended to start at a younger age (17
ears vs 23 years) and to grow more rapidly (0.8% vs 0.5%
f surface per year).16

laque Development in Women Is Similar to
hat in Men
hen women were compared with men at each geographic

Table 2 Major types of lesions of atherosclerosis

Lesion Name Lesion Descrip

onatherosclerotic intimal lesions
1. Intimal thickening The normal accumulation

absence of lipid or macrop
2. Intimal xanthoma or fatty

streaks
Subendothelial accumulati
necrotic core or fibrous ca
that such lesions usually r

rogressive atherosclerotic lesions
1a. Pathologic intimal

thickening
SMCs in a proteoglycan-ric
lipid accumulation withou

1b. With erosion Luminal thrombosis, plaqu

2a. Fibrous cap atheroma Well-formed necrotic core
2b. With erosion Luminal thrombosis; plaqu

communication of thromb
3. TCFA A thin fibrous cap infiltrat

lymphocytes, rare SMCs,
a. With rupture Fibroatheroma with cap di

communicates with underl
4. Calcified nodule Eruptive nodular calcificat

plaque
5. Fibrocalcific plaque Collagen-rich plaque usual

contains large areas of ca
cells; necrotic core may be

SMC � smooth muscle cell; TCFA � thin-cap fibroatheroma. Reprinte
ocation (i.e., New Orleans and Santiago), closely similar s
atterns of development and growth of fatty streaks and
brous plaques were shown.16 Fibrous plaques appeared at

he same anatomic sites as fatty streaks, indicating that
brous plaques developed from fatty streaks.

Figure 2 is an example of data from the large Interna-
ional Atherosclerosis Project.1,22 However, detailed histo-
ogic information about the time course of fibrous plaque
evelopment between the ages of 35 and 55 years is not
nown. Patterns of plaque development as related to risk are
characteristic of atherosclerosis, having been observed in

oth sexes at 15 geographic locations, in 4 ethnic groups,
nd on 5 continents.16

It is important for the clinician to be aware that through
convention of pathology, individual plaques frequently are
lassified according to their most advanced stage of devel-
pment, although earlier stages usually are present and are
eveloping within zones adjacent to the plaque and in sep-
rate neighboring plaques.17,23–25 New plaques can be ini-
iated at any time. This convention of staging and classifi-
ation is clinically useful for individual patients because it
mphasizes their kind of plaque, which determines their
mmediate risk for acute thrombosis or lethal ischemia.

EQUENCE OF DEVELOPMENT OF HISTOLOGIC
LASSES OF PLAQUES THAT CAUSE SUDDEN
ARDIAC DEATH
ypothetical sequences of plaque development can be rea-

y Histopathology Thrombosis

s in the intima with the
oam cells

Thrombus is absent

foam cells in intima without
al and human data show

Thrombus is absent

rix with areas of extracellular
sis

Thrombus is absent

as above Thrombus most often mural and
infrequently occlusive

verlying fibrous cap Thrombus is absent
as above, no
necrotic core

Thrombus most often mural and
infrequently occlusive

h macrophages and Absent, with intraplaque
n underlying necrotic core hemorrhage/fibrin
n; luminal thrombus
ecrotic core

Thrombus usually occlusive

h underlying fibrocalcific Thrombus usually nonocclusive

significant stenosis;
ion with few inflammatory
nt

Thrombus is absent

permission from Arterioscler Thromb Vasc Biol.12
tion b

of SMC
hage f
on of
p; anim
egress

h mat
t necro
e same

with o
e same
us with
ed wit
and a

sruptio
ying n
ion wit

ly with
lcificat

prese
onably proposed because pathology studies now have out-
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S9Insull The Pathology of Atherosclerosis
ined the complete sequence of development of major
laques from pathologic intimal thickening to fatty streaks,
hrough fibrous cap atheromas, to plaques associated with
udden cardiac death.2,12,20 The hypothetical developmental
equences in Figure 3 are based on identification of precur-
or plaques for the 4 classes of sudden death by the logical
riterion that they possess closely similar histopatholo-
ies.12 For the clinical practitioner who is managing the
ndividual patient, this sequence can serve as a useful guide
o the choice of plaque imaging method, the plaque diag-
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Figure 2 Increasing extent of atherosclerotic plaq
anterior descending. (Adapted with permission from
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osis, the plaque prognosis, and the choice of therapy. �
Four major classes of plaques are associated with the
cute coronary syndromes and sudden cardiac death (Figure
).12 Three classes of plaque are known to cause terminal
vents due to thrombosis, with the observed relative pro-
ortions of their prevalence as follows: thrombosis due to
upture of TCFA, �50% to 60%; thrombosis due to erosion
f the endothelium, �20%; and thrombosis due to protru-
ion of a calcified nodule into the arterial lumen, �2%. In
he fourth class, fibrocalcific plaques, there is an advanced
tenosis in the absence of thrombosis, with a prevalence of
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S10 The American Journal of Medicine, Vol 122, No 1A, January 2009
cient to provoke myocardial ischemia and fatal arrhyth-
ia. Multiple cycles of subclinical plaque rupture or ero-

ion, followed by thrombosis and healing, occur in 60% of
udden cardiac deaths before the fatal event. The histology
f all these classes of lesions shows that subclinical coro-
ary artery thrombosis had repeatedly occurred and healed
p to 4 times (Figure 1C and Figure 3).12,13

REATMENT OF ATHEROSCLEROSIS CHANGES
LINICAL COURSE AND PLAQUE SIZE,
OMPOSITION, AND BIOLOGICAL ACTIVITIES
ipid treatments available to all practitioners have favorably
hanged atherosclerosis in terms of 5 fundamental measures:
1) risk of clinical events, (2) plaque size, (3) cellular compo-
ition, (4) plaque chemical composition, and (5) plaque bio-
ogical activities centered on inflammation and cholesterol
etabolism. These broad therapeutic effects have been

emonstrated in numerous clinical trials undertaken to mea-
ure clinical events, in recent studies of arterial pathology,
nd, indirectly, in studies that measured changes in images
f arteries and plaques. Clearly, all aspects of advanced
tages of atherosclerosis can be favorably changed by cur-
ent lipid treatments (Figure 4). Atherosclerosis should no

Calcified nodule 
erupts into lumen

Formation of 
fibrous cap

Inflammation, 
proteolysis, 
angiogenesis

Calcified nodule
fibrous cap
disruption

ACS
(50%−60% of de

ACS
(~2% of deaths)

Rupture

Thrombosis

Intimal xanthom

Fibrous cap
atheroma

Thin fibrous ca
atheroma

Figure 3 Flow chart of the general concepts
coronary syndromes. (Adapted with permission

~ '----------,---
~ 
onger be considered inexorably progressive, but can now l
e regarded as partially controllable by treatment. Treat-
ent effects on clinical pathology and on arterial pathology

re reviewed below (see also articles by Bays26 and Lewis27

lsewhere in this supplement).

linical Course
hen any lesion of the body, including an atherosclerotic

laque, is treated, the usual goal of treatment is to make it
isappear or regress. However, a more pragmatic definition,
ppropriate to our current limited knowledge, is the follow-
ng: “Regression of atherosclerosis refers to any change in
n established atherosclerotic lesion that is favorable be-
ause it improves the [clinical] course of the disease.”11 The
isks of clinical manifestations of atherosclerosis can be
educed by 20% to 40% with 3-hydroxy-3-methylglutaryl
oenzyme A reductase inhibitor (statin) treatment. Con-
rolled clinical trials of statins have demonstrated reduction
n atherosclerotic cardiovascular morbidity and mortality,
ncluding angina pectoris, nonfatal and fatal myocardial
nfarction, uses of coronary bypass surgery and coronary
rtery angioplasty and stenting, transient ischemic attacks,
troke, and total mortality.28–31 The relative risk reductions
re proportional to the magnitude of LDL cholesterol re-
uction over a broad range of absolute levels of LDL cho-

Intimal thickening

Pathologic
intimal thickening 

Fibrocalcific 
plaque 

ACS
(~20% of deaths)

Formation of 
lipid-rich
necrotic core

ACS
(20%−30% of deaths)

Erosion

Thrombosis

Repairir

 narrowing
al ischemia

development of atherosclerosis. ACS � acute
rterioscler Thromb Vasc Biol.12)
aths)

Repa

>75%
Leth

a

p
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esterol. These data strongly indicate that statin treatment
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S11Insull The Pathology of Atherosclerosis
etards the development of atherosclerotic plaques and
auses their stabilization.

laque Size
reatment-induced changes in plaques have been demon-
trated in clinical trials that directly measured images of
laques or parts of plaques. In these studies, statin treatment
educed the rate of plaque development and reduced plaque
ize. These trials have examined treatment effects across
ifferent patient populations using a variety of vascular
maging methods to measure carotid artery intima-media
hickness (CIMT), carotid and aortic wall thickness, and
oronary artery plaque volume.32–36 Statin treatments given
or 18 to 24 months produced reduction of coronary plaque
rogression that was proportional to the new levels of LDL
holesterol.37 Reduction of percent atheroma volume by
0.4% occurred when LDL cholesterol was reduced to less

han the mean of 87.5 mg/dL (1 mg/dL � 0.02586 mmol/L)
nd high-density lipoprotein cholesterol was increased by
ore than the mean of 7.5%.37 Magnetic resonance imaging

MRI) studies of the effects of statin treatment on carotid
therosclerosis have shown slowing of progression,38 stabi-
ization,34 or volumetric reduction.33 Treatment with niacin
lus colestipol reduced CIMT over 2 years.39 Reduction in
ize of the lipid-rich necrotic core of advanced lesions
ccurred when LDL cholesterol was substantially lowered
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Figure 4 Influence of therapeutic i
y statin treatment and plaques were measured by MRI.34 It i
ppears that substantial reduction of LDL cholesterol is
equired to reduce plaque volume.

laque Composition and Biological Activities
he histology of advanced plaques has been changed sub-
tantially by short-term statin treatment, which alters the
ellular composition, chemical composition, and biological
ctivities of plaque. Recently, 4 trials of statin treatment
irectly measured the tissue components of advanced ath-
rosclerotic plaque.40 Tissues from carotid endarterectomy
ere analyzed by quantitative immunohistochemical tech-
iques. Statin treatments, which reduced serum LDL cho-
esterol to an average of 90 mg/dL (range, 74 to 124 mg/dL)
or 3 to 4 months, caused significant favorable alterations in
he composition of advanced plaques. On average, statins
educed the plaque contents of macrophages by 57% and
hose of lymphocytes by 67%. The content of smooth mus-
le cells appeared to be sustained. Statins reduced the total
ipid content by 72%, and collagen content increased by
60%. Biological activities associated with inflammation
nd oxidation were markedly decreased. Enzymes that lyse
brous cap collagen and cause cap thinning and increased
ulnerability to plaque rupture were reduced—matrix met-
lloproteinase (MMP)-2 content by 68% and MMP-9 con-
ent by 73%. Content of cyclooxygenase (COX)-2 enzymes
esponsible for oxidation was reduced. Changes in lesions
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or the occurrence of plaque stabilization.41 These statin-
nduced changes caused major disruptions in the usual
therogenic complex of abnormal lipid metabolism and in-
ammation in advanced plaques.

Additional studies are needed to enhance our understand-
ng of the full extent and significance of these changes;
nvestigators should seek to (1) identify the relation between
rug doses and plaque responses, (2) determine the time
ourses of various responses of plaques during long-term
herapy, (3) identify statin regimens to be used for optimal
laque treatment, (4) describe the nature of residual arterial
bnormalities after statin treatment, and (5) select and test
onstatin treatments that target poststatin residual lesions
nd poststatin residual risks for clinical disease.

THEROSCLEROSIS TREATMENT: TIME TO
ENEFIT AND DURABILITY OF RISK REDUCTION
NDUCED BY LIPID THERAPIES
he time to clinical benefit from statin treatment appears to
e as short as a few months. In patients receiving intensive
tatin treatment after acute coronary syndromes, a reduction
n risk for clinical events occurred after 4 to 6 months in 2
rials, and after 1 month in a post hoc analysis from 1 of
hose trials.42–45 This indicates that extensive statin-induced
hanges in plaque tissue after 3 to 4 months of treatment
robably have clinical benefits. Rigorous confirmation of
his relation is not likely because few clinical trials will
ompare plaque changes in terms of histopathology versus
linical benefit. Instead, proof probably will be obtained
hrough clinical trials undertaken to compare treatment-
nduced changes in plaque images versus changes in clinical
vents.

Statin treatment has durable effects in 2 ways. First,
uring statin treatment, cardiovascular risk benefits are sus-
ained and cumulative. All long-term clinical trials of statins
how sustained and increasing benefit compared with par-
llel treatment groups given placebo or a less effective
omparator drug. Second, the durability of benefit of statin
reatment after treatment has stopped is likely to be signif-
cant. In the West of Scotland Coronary Prevention Study
WOSCOPS), which tested the effects of pravastatin for 5
ears, a substantial reduction in risk persisted 10 years after
he study was terminated.46 Another trial, which explored
he use of niacin, has also shown durability of benefit. In the
oronary Drug Project, the reduction in cardiovascular risk

nduced by niacin treatment for 5 years resulted in an 11%
eduction in mortality after 9 years without further lipid
reatment.47 These results indicate that with lipid treatment,
cute clinical benefits “on treatment” were cumulative, and
hese benefits when “off treatment” were sustained persis-
ently. Apparently, the usual trajectory of the progressive
evelopment of atherosclerotic plaque was slowed, and
linical events were delayed. A compensatory acceleration
n development did not occur when patients were off treat-
ent; benefits to the arterial walls were “put in the bank.”48
dditional studies are needed to confirm and extend these l
ndings on the durability of treatment effects and to identify
he mechanisms responsible for posttreatment outcomes.

THEROSCLEROSIS TREATMENT: THE FUTURE
he comprehensive effects of statins on plaque with partial
ontrol of atherosclerosis indicate that treatment with new
rug regimens will be successful and will significantly
hange the course and risk of clinical events due to athero-
clerosis. Future benefits may be �70% compared with the
resent usual maximum of �40%. The study findings re-
orted here can assist the clinician in selecting targets for
uture therapies designed to control remaining poststatin
bnormalities in arterial tissues and plaques while reducing
he residual risks of clinical disease.

UMMARY
ecent clinical trial data on the pathology of advanced-stage
rterial lesions of atherosclerosis demonstrate that statin
reatment can begin to alter plaque composition and reduce
laque size within 1 to 4 months, resulting simultaneously
n parallel reduction in the risk for clinical cardiovascular
isease. Thus, atherosclerosis, a disease heretofore viewed
s inevitably progressive, can be significantly treated to alter
he arterial lesions and reduce their clinical consequences,
hus fulfilling Stary’s pragmatic definition of plaque regres-
ion. These benefits can be attained by practicing clini-
ians who use approved drugs in combination with ap-
ropriate diet, exercise, weight control, and smoking
essation measures.

EARLS FOR CLINICAL GUIDANCE

Atherosclerosis develops over 50 years, from early teen-
age years to death.
Atherosclerotic plaques develop as accumulations of cho-
lesterol-rich lipids that incite inflammatory responses.
Atherosclerosis affects all major conduit arteries, largely
in their proximal portions.
A small proportion of the most advanced plaques in the
coronary arteries or the cerebrovascular arteries can cause
sudden death due to thrombotic occlusion or ischemic
stenosis.
Each person’s extent of atherosclerosis depends on his or
her risk factors and arterial susceptibility.
Lipid treatment can produce favorable major changes in
the composition of advanced plaques within 4 months,
resulting in clinical benefit.
Clinical benefit that continues after lipid treatment for
atherosclerosis has ceased may be fully durable for at
least 10 years, indicating the durability of histologic al-
terations of the artery.
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