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 Introduction 

 Stroke is the third most common cause of death in 
North America, and approximately 600 000 new 
strokes are reported annually in the United States. 
Seventy-five per cent of these occur in the distri-
bution of the carotid arteries. Among these, 
400 000 affect previously asymptomatic patients 
and demonstrate a thromboembolic etiology due 
to carotid occlusive disease. 

 Carotid artery stenosis is a frequent finding in 
the general population, with a prevalence of 75% 
in men and 62% in women over 64 years as deter-
mined by ultrasonography in the Cardiovascular 
Health Study. 1  Stroke prevention has conse-
quently become of utmost importance in modern 
healthcare. Since the introduction of catheter 
angiography, luminal narrowing has become the 
standard parameter used to report on the extent 
and severity of carotid artery stenosis. This is pri-
marily related to several randomized clinical trials 
including the North American Symptomatic Carotid 
Endarterectomy Trial (NASCET) and the European 
Carotid Surgery Trial (ECST), which relied on the 
assessment of luminal narrowing. These trials 
demonstrated a significant reduction in stroke risk 
after carotid endarterectomy compared with med-
ical treatment alone, in patients with luminal 
stenosis of  >  69%. 2  ,  3  

 Although the value of angiography is recognized 
for more advanced disease, its reliability for pre-

dicting the benefit of surgery for lower-grade nar-
rowing remains less clear, particularly for those 
with 30–69% stenosis. 4  Indeed, today new detection 
imaging techniques such as pixel density analysis 
at Doppler ultrasound, intravascular ultrasound, 
elastography, and multisequence magnetic reso-
nance imaging (MRI) 5      –  9  have been developed in 
order to document atherosclerotic lesion composi-
tion, which may help to investigate the association 
between plaque components and subsequent cer-
ebrovascular events prospectively in asymptomatic 
patients. 

 Epidemiologically, it is also important to recog-
nize that, although carotid artery disease is common 
in the general population, the prevalence of steno-
sis with luminal narrowing  >  50% is rare (e.g. 
 <  8% in the Cardiovascular Health Study). We 
know that the 5-year risk of stroke in asympto-
matic patients with  <  60% carotid artery stenosis 
is ̃ 8% (and 1.6% annually). 10  Therefore, although 
the individual risk for cerebrovascular events with 
low- and moderate-grade luminal narrowing is 
relatively low, the implication for the overall risk 
of cerebrovascular events may be significant because 
of the high prevalence of this finding. 

 From these premises it is clear that parameters 
other than the simple concept of luminal narrow-
ing are needed to predict the risk of cerebrovascu-
lar events more reliably and to assess the potential 
benefit of carotid endarterectomy, particularly in 
the group of asymptomatic patients with stenosis 
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of 30–69%. 9  Furthermore, as we know well from 
the coronary circulation, arterial remodeling is 
present even during early plaque formation. Angi-
ography is not able to detect this early stage of 
atherosclerosis because luminal narrowing begins 
only when  >  40% of the area of the vessel wall is 
occupied by plaque. 11  Coronary plaque rupture 
may occur in the presence of low-grade stenosis, 
and the degree of stenosis is a poor predictor of 
myocardial events. 12  We also know from patho-
logic studies in the coronary district that in  >  75% 
of acute myocardial infarctions, thromboembolism 
arises from plaque rupture, and is more common in 
plaques with less luminal narrowing. 13  ,  14  Although 
fewer data are available for the carotid arteries, 
plaque rupture even in low-grade disease seems to 
play a similar role in the development of cerebrov-
ascular events. 15  

 In other words, categorizing patients as candi-
dates for either medical therapy or any carotid 
procedure on the basis of stenosis severity and the 
presence or absence of neurological symptoms alone 
does not identify sufficiently and accurately the real 
risk presented by the patient. 

 This chapter will focus on the similarities between 
coronary and carotid atherosclerotic disease with 
the intent of shifting the paradigm of plaque vul-
nerability from coronaries to carotids and to give a 
pathology-based rationale for the assessment, risk 
stratification, and decision-making therapeutic 
strategy in the treatment of carotid atherosclerotic 
disease.     

 Clinical correlation between 
coronary and carotid 
atherosclerotic disease 

 Different studies have demonstrated that patients 
with clinically manifested carotid disease (previous 
transient ischemic attack (TIA) or minor stroke) 
in the absence of known coronary disease are 
affected indeed by atherosclerotic disease of the 
coronary tree. 1  ,  16  –  18  The tight association between 
carotid and coronary disease has been demonstrated 
not only in several autoptic studies 19  –  21  but also in 
different epidemiologic and clinical studies. 16  ,  18  ,  22    –  25  
One of the most interesting, in terms of both the 

number of patients enrolled (5184 of both sexes 
with an age between 30 and 62 years) and follow-up 
duration, is the Framingham Study. In this study, 
Kannel and colleagues 26  demonstrated that stroke 
risk was low in subjects not affected by coronary 
disease while it increased in relation to disease 
onset severity (less for angina, greater for infarc-
tion), especially in the female sex. On the other 
hand, carotid atherosclerotic disease doubled the 
risk of death from coronary disease. 27  Eagle and 
associates 28  compared the survival rate of patients 
affected by stable coronary artery disease with 
(2296 subjects) and without (13 953 subjects) 
peripheral disease. At 12 years, survival curves 
showed significantly increased mortality in patients 
affected by peripheral disease compared to the 
others. In addition, at multivariate analysis, periph-
eral disease was the strongest predictor of mortal-
ity during follow-up. This concept is best expressed 
by the known notion of increased incidence of 
perioperative myocardial infarction in patients 
submitted to surgical carotid endarterectomy and 
increased cerebrovascular accidents in patients 
submitted to coronary artery bypass. 4  ,  29  In this 
context, Lombardo and associates 30  have retro-
spectively evaluated the ultrasound characteristics 
of carotid plaques in patients scheduled for coro-
nary bypass surgery, 181 with unstable and 92 with 
stable angina, and prospectively in a similar group 
of patients, 67 with unstable and 25 with stable 
angina, in whom serum C-reactive protein levels 
were also measured. The prevalence of carotid 
plaques was similar in the retrospective and pro-
spective studies and  >  64% in both unstable and 
stable coronary patients. The prevalence of complex, 
presumably unstable carotid plaques was 23.2% in 
unstable versus 3.2% in stable patients ( p   <  0.001) 
in the retrospective study and 41.8% versus 8.0% 
( p  = 0.002) in the prospective study. C-reactive pro-
tein levels were higher in patients with complex 
(7.55 mg/l) than in those with simple (3.94 mg/l; 
 p   <  0.05) plaques or without plaques (2.45 mg/l; 
 p   <  0.05). On multivariate analysis, unstable 
angina and C-reactive protein levels  >  3 mg/l were 
independently associated with complex carotid 
plaques (odds ratio (OR) 6.09, 95% confidence 
interval (CI) 1.01–33.72;  p  = 0.039, and OR 5.80, 
95% CI 1.55–21.69;  p  = 0.009, respectively), 
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suggesting that in patients affected by unstable 
angina, plaque instability may not be confined to 
coronary arteries, and inflammation may be the 
common link with carotid plaque instability. We 
have recently confirmed and expanded these obser-
vations demonstrating that coronary instability 
may also influence carotid atherosclerotic plaque 
composition with a related increased risk to develop 
a cerebrovascular event. 31  In particular, we have 
demonstrated in patients affected by both coronary 
and carotid disease and undergoing surgical endar-
terectomy associated with coronary bypass a sig-
nificantly greater amount of inflammatory infiltrate 
(macrophages and T lymphocytes) and a stronger 
expression of interleukin-6 and C-reactive protein 
in carotid plaques from patients affected by unsta-
ble angina compared to stable angina ( Table 7.1  
and  Figures 7.1  and  7.2 ). 

       Similarities between coronary and 
carotid atherosclerotic disease: the 
grade of stenosis and risk of acute 
clinical events 

 The grade of stenosis due to plaque encroaching 
the lumen constitutes the most commonly utilized 
criterion to identify subgroups of patients at high 
risk for stroke. 4  Cumulative clinical evidence 
reported by different trials suggests that more severe 
stenosis correlates with greater severity of the clini-
cal event. 32  In addition, the risk of stroke is increased 
in patients bearing symptomatic stenosis, 33  and for 

stenosis less than 50% the annual stroke risk is 
1%. Conversely, stenosis greater than 50% has an 
annual risk of around 3%. As reported in the 
NASCET trial, 32  for patients who have already 
suffered a cerebrovascular event, the annual stroke 
risk is 13% in the presence of a carotid stenosis 
greater than 70%. Bilateral stenosis may heighten 
the risk, especially if the patient has an incomplete 
circle of Willis. In addition, asymptomatic patients 
with significant stenosis progress to have ipsilat-
eral neurologic events (amaurosis fugax, TIA, and 
stroke) at a rate of 20.6% over 48 months, and 
progress to a detectable cerebral infarction at a 
rate of 11% over 2.7 years. Furthermore, plaque 
progression in asymptomatic patients seems to be 
common, occurring in 60% of patients, while rapid 
progression from minor to high-grade stenosis and 
symptoms occurs in 8% of cases. 

 In addition, from different pathologic studies in 
the coronary district it is now evident that plaque 
rupture occurs at low degrees of narrowing and 
the degree of narrowing poorly predicts events. 
Ambrose and associates 12  retrospectively assessed 
angiograms of 38 subjects, 23 of whom had a sub-
sequent myocardial infarction (MI), and found 
that the median stenosis on the initial angiogram of 
an artery that later caused an infarction was 48%. 
This is in contradistinction to the median narrow-
ing of vessels that subsequently occluded but did 
not lead to a MI which was around 73.5%. Only 
22% of the lesions related to a subsequent infarc-
tion were narrowed  >  70%, whereas 61% of lesions 
that occluded but did not lead to an infarction 

Table 7.1    Carotid plaque characterization in patients affected by stable or unstable angina submitted to 
combined carotid enderarterectomy and coronary artery bypass graft surgical intervention. Modified from 
reference 31

           Patients with stable angina  Patients with unstable angina
Histologic variable ( n  = 29)     ( n  = 23)  

 Thrombosed plaques   10 (34.5%)   8 (34.8%) 
 Vulnerable plaques   7 (24.1%)   15 (65.2%) †  
 Stable plaques   12 (41.4%)   0 †  
 Total inflammation*   23.10 ± 3.57   38.56 ± 4.22 †  
 Cap inflammation*   22.45 ± 3.52   36.82 ± 3.94 †  
 Shoulder inflammation*   28.35 ± 5.56   38.53 ± 5.83 

 *CD68 positive cells and CD3 positive cells × mm 2 ;  †  p  <  0.009.  
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(a) (b)

(c) (d)

(e) (f)

  Figure 7.1     Micrographs showing histopathologic carotid plaque segments from a patient affected by both 
carotid and coronary disease (stable angina) who underwent carotid endarterectomy. (a) A large, stable 
fibrotic plaque with small necrotic core and little area of hemorrhage (asterisk) is shown (Movat stain; original 
magnification ×2). (b) In the shoulder region of the plaque, numerous cellular types are present, and in 
particular a few macrophage foam cells (c, Kp1 staining; ×20) and T lymphocytes (d, CD3 staining; ×20). 
Note the weak positivity for C-reactive protein and interleukin 6 within the plaque (e, f, respectively, ×20).    

measured  <  70%. Little et al 34  reviewed coronary 
angiograms both before and up to 1 month after an 
acute MI in 42 patients. The authors found that 
65% of newly occluded vessels had  >  50% stenosis 
on the initial angiogram. Plaque disruption may be 
more common at lower degrees of narrowing 
because of the higher shear stress experienced by 
the fibrous caps compared with more stenotic 
plaques. This can be explained by the greater ten-
sion created in the caps of plaques causing moder-
ate stenosis compared with that created in caps of 

more severely stenotic plaques with the same cap 
thickness and at the same blood pressure, based 
on Laplace’s law. 35  

 Although angiographic studies of extracranial 
carotid atherosclerosis and stroke have not been 
reported, the mechanism of plaque rupture may be 
similar to that seen in coronary arteries. In this 
setting, despite additional factors such as slow flow 
or a hypercoagulable state that may contribute to 
the likelihood of symptoms for more advanced 
carotid disease, the initial event of stroke related 
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(a) (b)

(c) (d)

(e) (f)

  Figure 7.2     Micrographs showing histological cross-section of a carotid plaque obtained from a patient affected 
by carotid disease and unstable angina. (a) The rupture site with thrombus apposition within the lumen 
(Movat stain; original magnification ×2). (b) High power view (box in a) in the cap region. Fibrin and 
platelet deposition at the rupture site are depicted (Movat stain; ×10). Cap is infiltrated by macrophage foam 
cells (c, Kp1, ×10), monocytes, and T lymphocytes (d, ×20). In addition a strong positivity for C-reactive 
protein (e, ×10) and IL-6 (f, ×10) is present, suggesting that the plaque is biologically active.    

to carotid atherosclerosis can be similar to that 
seen in coronary arteries. 36  In the case of high-
grade carotid artery stenosis, it may be that plaque 
rupture results in vessel occlusion, but in low-grade 
carotid stenosis, plaque rupture theoretically may 
result in microembolism. In addition to plaque 
rupture, factors such as slow flow or a hypercoagu-
lable state contribute to the likelihood of symptoms 
for more advanced carotid disease. 37  

 The natural history of asymptomatic stenosis is 
different. In this setting, several prospective rand-

omized studies have evaluated the results of surgi-
cal endarterectomy versus medical treatment for 
patients with asymptomatic carotid artery stenosis. 
A study conducted at the Mayo Clinic included 
71 randomized patients and 87 non-randomized 
patients, 38  and demonstrated no differences in 
major strokes and deaths between the surgical and 
the medical arm. Surgically treated patients were not 
given aspirin, and myocardial infarction occurred 
in 9% of those in the medical arm versus 26% of 
those in the surgical arm ( p   <  0.002), suggesting 
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the importance of antiplatelet therapy in treating 
patients affected by cerebrovascular disease. A 
Veterans Affairs Cooperative Study included 
patients affected by  >  50% asymptomatic stenosis 39  
with a combined perioperative and angiographic 
risk of 4.7%. In this study a 38% risk reduction for 
the primary endpoint of ipsilateral TIA, transient 
monocular blindness, and stroke over 2 years was 
observed. Although the risk of stroke was reduced 
by 50% in the group treated by endarterectomy, 
the differences between groups were not statistically 
significant, but the study was not powered to detect 
such differences. The ACAS (Asymptomatic 
Carotid Atherosclerosis Study, 40 ) the largest study 
in asymptomatic patients completed to date, eval-
uated the 5-year life expectancy in asymptomatic 
patients with  >  60% carotid stenosis randomized 
between medical and surgical therapy. The event 
rate in surgically treated patients for the primary 
endpoint (ipsilateral stroke, perioperative stroke, 
or death) was 5.1% over 5 years. The correspond-
ing rate in medically treated patients was 11% 
(with 55% risk reduction; 2%/year rate reduced to 
1%/year, number needed to treat  = 17;  p   <  0.004). 
Interestingly, in a subgroup analysis of the ACAS 40  
there was no evidence of increasing efficacy with 
increasing degrees of stenosis. When applied to 
clinical practice the results of the ACAS are con-
troversial. For instance, the lack of an identifiable 
higher-risk ACAS subgroup makes case selection 
difficult, and some authors have suggested that 
the rate of stroke may be higher in those patients 
with progressing stenosis compared with those 
with stable disease. 41  In addition, the ACAS included 
only asymptomatic individuals with carotid 
narrowing  >  59%.   The identification of asympto-
matic individuals with low-grade narrowing who 
would benefit from surgical management would 
necessitate a highly specific method for stratifying 
risk not achievable by angiography, considering 
the high prevalence of low-grade disease. In support 
of this concept there is evidence that at 24-hour 
transcranial Doppler examination the emboliza-
tion frequency is greater in patients affected by 
TIA, compared to patients bearing similar stenosis 
but asymptomatic. 42  Thus, these data suggest two 
types of carotid artery disease: one stable form, 
unlikely to produce symptomatic embolization or 

carotid occlusion, and a second unstable form, at 
high risk of producing symptomatic embolization 
or carotid occlusion, not necessarily being any 
more stenotic. 

 It is also important to recognize that a non-
significant reduction in risk by surgery for low-grade 
(i.e.  <  50%) symptomatic stenosis does not imply 
that these individuals are risk-free, but rather that 
the risk of surgery exceeds the stroke risk with med-
ical management. These individuals had events 
included in these analyses despite their low-grade 
narrowing. Furthermore, the prevalence of low-
grade carotid stenosis is very high. The Cardiovas-
cular Health Study detected carotid stenosis in 
75% of men and 62% of women over 64 years of 
age by ultrasound, although the prevalence of ste-
nosis above 49% was only 7% in men and 5% in 
women. 1  As consequence, although the risk of stroke 
with  <  50% carotid stenosis is low, the attributa-
ble risk for stroke resulting from  <  50% carotid 
stenosis may be significant as a result of the high 
prevalence of this finding. 

 Therefore, it is now clear that the stenosis grade 
is no longer sufficient to identify patients at high 
risk to develop an acute cerebrovascular event, 
and that it is of great importance to identify other 
factors for correct risk stratification of ischemic 
complications in patients affected by atheroscle-
rotic carotid disease. Research should thus focus 
on the concept of ‘when to treat’ rather than the 
concept of ‘who should be treated’.     

 Similarities between coronary and 
carotid atherosclerotic disease: 
plaque morphology, composition, 
and risk of acute clinical events 

 Atherosclerosis is a diffuse, systemic disease process 
that typically begins many years before symptoms 
occur. 43  The atherosclerotic plaque at the carotid 
bifurcation is an example of the advanced fibrous 
plaque found at sites of predilection throughout 
the arterial system. Carotid atherosclerotic plaques, 
similarly to atherosclerotic plaques present in the 
coronary district, are composed of a dense cap of 
connective tissue embedded with smooth muscle 
cells, overlying a core of lipidic and necrotic debris. 
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The plaque contains monocyte-derived macro-
phages, smooth muscle cells, and T lymphocytes. 
Interaction between these cell types and the con-
nective tissue appears to determine the develop-
ment and progression of the plaque itself, including 
important complications such as thrombosis and 
rupture. Typically, the accumulating plaque burden 
is initially accommodated by an adaptive positive 
remodeling consisting of expansion of the vessel 
external elastic lamina with minimal changes in 
lumen size. 44  It is now generally accepted that 
sudden rupture, erosion, and embolization of such 
mildly stenotic but ‘complex’ lesions causes most 
coronary and cerebrovascular accidents. Animal and 
human studies demonstrate that such complex 
plaques also in peripheral and carotid districts are 
associated with positive remodeling and increased 
inflammatory infiltrate, which in turn may play a 
central role in destabilization of the atheroscle-
rotic lesion, triggering plaque rupture and subse-
quent thrombosis. 

 Despite the many similarities demonstrated in 
plaque morphology between the carotid and coro-
nary circulation, there are several unique features 
of carotid plaque morphology related to the high 
flow rates and shear forces caused by bifurcation of 
the common carotid artery into the internal and 
external carotids. One of the most important is 
ulcerated plaque, which is rare in the coronary 
artery circulation but relatively common in the 
carotid and other elastic arteries. While ulceration 
is associated with thrombotic lesions in symptomatic 
patients, thrombus is not always present at the 
ulcerative site, a phenomenon most likely related 
to embolic mechanisms in the carotid circulation. 

 Plaque hemorrhage in the carotid district is much 
more frequent than in the coronary arteries and 
may be related to high flow rates and pressures in 
the lumen and the vasa vasorum. The maximum 
frequency of hemorrhage is observed in arteries 
with 50–75% cross-sectional area luminal narrow-
ing. 45  Kolodgie and co-authors have reported in 
coronary plaques that intraplaque hemorrhage is 
responsible for necrotic core enlargement and 
excessive foamy macrophages in fibrous caps. 46  
Red blood cell membranes are the richest source 
of free cholesterol as compared to any other cell in 
the body. The free cholesterol in the necrotic core 

is believed to arise from apoptotic cell death of foamy 
macrophages. However, we have shown that free 
cholesterol in fibroatheromas, thin cap fibroath-
eromas, and plaque ruptures is also derived from 
erythrocytes that become trapped in the necrotic 
core when intraplaque hemorrhages occur. Takaya 
et al recently reported that patients with carotid 
intraplaque hemorrhage at 18 months’ follow-up 
had larger necrotic cores as well as accelerated 
plaque progression as compared to patients without 
intraplaque hemorrhage. 47  The frequency of calci-
fication is similar in coronary and carotid arteries, 
with maximum calcification seen in carotid arteries 
narrowed greater than 70% cross-sectional area. 
However, the frequency of calcified nodules is 
slightly higher in carotid disease (approximately 
6–7%) as compared to 2–5% in coronary artery dis-
ease. Finally, plaque erosion, which accounts for 
30–35% of coronary thrombosis, is a distinctly rare 
entity in the carotid artery. 

 Pathologic investigations comparing endarter-
ectomy tissue samples obtained from patients with 
or without neurological symptoms have clarified 
the instability determinants of carotid plaque, 
which are indeed similar to those characterizing 
coronary plaque. 48  The vulnerability of a plaque to 
rupture is mainly characterized by: decreased fibrous 
cap thickness, large lipidic–necrotic core, and 
increased inflammatory infiltrate (macrophages 
and T lymphocytes). 49  In addition, the likelihood 
of plaque rupture is due not only to the intrinsic 
plaque characteristics (vulnerability), but also to the 
tensile strength of the plaque and the stress exerted 
on it. Hemodynamic factors seem to influence 
also the cellular composition of the plaque. Indeed, 
Dirksen et al 50  demonstrated that different plaque 
areas have different cellular compositions. In par-
ticular, plaque areas distal to flow are more rich in 
smooth muscle cells, whereas proximal plaque areas 
are exposed to a greater shear stress and are there-
fore more rich in macrophages. 

 Histologic plaque composition modification 
seems to play a major role in the determination of 
cerebrovascular events due to complications, such 
as plaque hemorrhage, thrombosis, and emboliza-
tion following destabilization of the plaque itself. 
Biasi and co-authors demonstrated a strong cor-
relation between hypoechoic soft plaques with low 
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gray-scale median (GSM) values and the inci-
dence of cerebrovascular events. In this setting, 
the rate of neurological complications following 
carotid stenting in patients with a GSM  <  25 was 
statistically higher than that with GSM  >  25 
( p   <  <  0.001). 51  –  53  Moreover, it has been demon-
strated that particular risk factors, similar to those 
observed in the coronary district, 54  modifying his-
tologic plaque composition may transform a stable 
plaque to an unstable one. In this setting, our 
group showed that histologic plaque composition 
strongly correlated with different cardiovascular 
risk factors. In particular, fibrous plaques were 
associated with diabetes, granulomatous plaques 
infiltrated by giant cells with hypertension, foam 
cell-rich plaques with hypercholesterolemia, and 
thrombotic plaques with smoking. 55  In addition, 
we demonstrated that patients affected by hyperfi-
brinogenemia (greater than 400 mg/dl) were char-
acterized by a greater inflammatory infiltrate and 
thinner atherosclerotic plaque cap with conse-
quent increased risk of thrombosis and rupture, 
compared to patients with lower fibrinogen levels, 
independent of other risk factors. 37  

 More than 75% of thrombi responsible for acute 
coronary syndromes arise from plaque disruption. 14  
Reports of the mean necrotic core size seen with 
plaque rupture related to sudden coronary death 
range from 34 to 50%. 56  These plaques are highly 
vascularized by first and second order vasa vaso-
rum. 57  Carotid plaques follow a similar pattern of 
disruption, with fibrous cap foam cell infiltration 
and thinning and neovascularization also influ-
encing the likelihood of rupture. 36  ,  58  Morphologic 
studies of coronary arteries suggest that plaque 
progression beyond 50% cross-sectional luminal 
narrowing occurs secondary to repeated rupture, 
which may be clinically silent. 59  ,  60  The sites of 
healed plaque rupture can be recognized by dem-
onstrating a necrotic core with a discontinuous 
fibrous cap, which is rich in type I collagen, and an 
overlying intima formed by smooth muscle cells in 
a matrix rich in proteoglycans and type III colla-
gen. 59  Few angiographic studies have demon-
strated plaque progression, and short-term studies 
have suggested that thrombosis is the likely cause. 
Mann and Davies showed that the frequency of 
healed plaque rupture increases along with lumen 

narrowing. 60  Burke et al found healed plaque rup-
ture in 61% of hearts from sudden coronary death 
victims. 59  Multiple healed plaque ruptures with 
layering are also common in carotid segments, and 
the percentage cross-sectional luminal narrowing 
is dependent on the number of healed repair sites. 
Therefore, it seems that the progression of athero-
sclerotic disease to severe stenosis is the result of 
repeated ruptures. 

At least 40–50% of coronary rupture sites show 
 <  50% diameter stenosis, 35  ,  61  and the same may be 
true in carotid disease. In this setting, our group 
recently reported a higher incidence of thrombosis 
in patients with recent stroke as compared with 
asymptomatic individuals. 62  In particular, a total 
of 269 carotid plaques from patients submitted to 
carotid endarterectomy (96 from patients with ipsi-
lateral major stroke, 91 from patients with tran-
sient ischemic attack, and 82 plaques from patients 
without symptoms) were evaluated. A thromboti-
cally active carotid plaque associated with high 
inflammatory infiltrate was observed in 71 (74.0%) 
of 96 patients with ipsilateral major stroke (and in 
all 32 plaques from patients operated on within 
2 months of symptom onset) compared with 
32 (35.2%) of 91 patients with TIA ( p   <  0.001) or 
12 (14.6%) of 82 patients who were without symp-
toms ( p   <  0.001). In addition, a fresh thrombus was 
observed in 53.8% of patients with stroke oper-
ated on 13–24 months after the cerebrovascular 
event. An acute thrombus was associated with cap 
rupture in 64 (90.1%) of 71 thrombosed plaques 
from patients with stroke and with cap erosion 
in the remaining seven cases (9.9%). Ruptured 
plaques of patients affected by stroke were charac-
terized by the presence of a more severe inflam-
matory infiltrate, constituted by monocytes, 
macrophages, and T lymphocyte cells, compared 
with that observed in the TIA and asymptomatic 
groups ( p  = 0.001;  Table 7.2 ). 

 Recently, Saam and co-authors 63  evaluated 23 
patients with unilateral symptomatic carotid disease 
after examining both carotid arteries with 1.5-T 
time-of-flight magnetic resonance (MR) angiogra-
phy and 1.5-T T1, intermediate, and T2 weighted 
MR imaging. Quantitative and morphologic 
plaque information were recorded. Compared with 
asymptomatic plaques, symptomatic plaques had a 
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  Table 7.2     Thrombotically active plaques, cap rupture, and cap erosion by patient clinical status. Modified 
from reference 62    

    Number of plaques (%)      p  Value  

     Patients Patients Asymptomatic   
 with stroke     with TIA      patients       Stroke   Stroke vs TIA vs
 ( n  = 96) ( n  = 82)  ( n  = 82)    vs TIA   asymptomatic   asymptomatic

 Thrombotically  71 (74%)  32 (35.2%)   12 (14.6%)    <  0.001    <  0.001    <  0.001 
active plaque    
 Cap rupture   64 (66.7%)   21 (23.1%)   11 (13.4%)    <  0.001    <  0.001    <  0.001 
 Cap erosion    7 (7.3%)   11 (12.1%)    1 (1.2%)    0.51    0.09    0.03  

higher incidence of fibrous cap rupture ( p  = 0.007), 
juxtaluminal hemorrhage or thrombus ( p  = 0.039), 
type I hemorrhage ( p  = 0.021), and complicated 
American Heart Association (AHA) type VI lesions 
( p  = 0.004), and a lower incidence of uncompli-
cated AHA type IV and V lesions ( p  = 0.005). 
Symptomatic plaques also had larger hemorrhage 
( p  = 0.003) and loose matrix ( p  = 0.014) areas and 
a smaller lumen area ( p  = 0.008). No significant 
differences between symptomatic and asymptomatic 
plaques were found for quantitative measurements 
of the lipid-rich necrotic core, calcification, and 
the vessel wall or for the occurrence of intraplaque 
hemorrhage or type II hemorrhage. Moreover, in an 
elegant study, Takaya and associates prospectively 
studied the association between plaque composi-
tion and cerebrovascular events in 154 asympto-
matic patients with ultrasonographically proven 
50–79% carotid artery stenosis over a time period 
of at least 12 months. They found that the pres-
ence of a thin or ruptured fibrous cap, intraplaque 
hemorrhage, larger mean intraplaque hemorrhage 
area, larger maximum percentage of lipid-rich/
necrotic core, and larger maximum wall thickness 
accounted for an increased risk of subsequent ipsi-
lateral cerebrovascular events. Thereby, they pro-
spectively confirmed the well-established findings 
from retrospective trials that thin or ruptured fibrous 
caps and intraplaque hemorrhage are linked with 
cerebrovascular events. 47  It is noteworthy, however, 
that the presence of a lipid-rich/necrotic core with-
out intraplaque hemorrhage was not significantly 
associated with subsequent ischemic events. 

 Finally, the relationship between plaque size and 
stroke is poorly understood in the carotid artery, 
although it is possible to suspect that there are fea-
tures of low-grade disease that predispose to events. 
For example, Weinstein 15  found that hemorrhage 
and ulceration were strongly associated with symp-
toms, despite many having 50% or less internal 
carotid artery stenosis.     

 Emerging role of systemic 
biomarkers for evaluation of 
plaque vulnerability in coronary 
and carotid atherosclerotic disease 

 Inflammation plays a key role in the initiation, 
progression, and rupture of the atherosclerotic 
plaque. 64    –  67  Several systemic proteins have been 
proposed as markers of a chronic inflammatory 
state in the arterial wall, including high-sensitivity 
C-reactive protein (hsCRP), serum amyloid A pro-
tein, and soluble adhesion molecules, 68    –  71  and many 
of them have also been found in carotid athero-
sclerotic disease. 48  The Physicians' Health Study 
evaluated more than 14 000 healthy subjects dem-
onstrating that ICAM 1 (intercellular adhesion 
molecule 1) correlated with cardiovascular risk, and 
that subjects in the highest quartile had a relative 
risk of developing an acute event 1.8 times greater 
than subjects in the lowest quartile. 68  ,  72  Furthermore, 
soluble ICAM-1 and VCAM-1 (vascular adhesion 
molecule 1) correlate with the extent of peripheral 
vascular disease. 68  The proinflammatory cytokine 
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IL-18 (interleukin 18) is mainly produced by mac-
rophage and monocyte cells, and stimulates inter-
feron  γ  production, which in turn inhibits collagen 
production. Mallat and associates 73  demonstrated 
an elevated expression of IL-18 in unstable carotid 
plaques compared to stable plaques, and that the 
presence of this marker correlated with clinically 
symptomatic carotid plaques. 

 In addition, as largely demonstrated in the cor-
onary district, also in the peripheral and carotid 
districts the presence of elevated inflammatory 
indices is considered an independent predictor for 
cerebrovascular disease. In the Physicians' Health 
Study the basal levels of C-reactive protein (CRP) 
were retrospectively evaluated in healthy subjects. 
The risk of developing a stroke was twice greater 
in subjects with CRP in the highest quartile com-
pared to subjects in the lowest quartile. Such type 
of risk was not modified by smoking status, and it 
was independent of other risk factors. 65  Recently, 
Erren and colleagues 74  evaluated the plasma levels 
of different inflammatory markers in patients 
affected by both coronary and peripheral athero-
sclerosis. In 147 patients submitted to coronary 
angiography the levels of CRP, fibrinogen, serum 
amyloid A, and interleukin 6 were evaluated. All 
inflammatory indices were increased in patients 
with diffuse atherosclerosis compared to patients 
with only coronary disease or healthy controls, 
suggesting a higher degree of inflammatory activa-
tion in patients with multidistrict atherosclerotic 
disease. 

 Recently, pregnancy-associated protein A 
(PAPP-A) – a high molecular weight, zinc-binding 
metalloproteinase that is abundantly expressed in 
advanced atherosclerotic lesions – has been dem-
onstrated in patients bearing coronary atheroscle-
rosis. 75  In particular, this protease cleaves the bond 
between insulin-like growth factor 1 (IGF-1) and 
its natural inhibitor IGFBP-4 (IGF binding protein 
4), increasing the levels of free IGF-1. 76  It is well 
known that IGF-1 stimulation of the chemotactic 
activity of monocytes–macrophages within the 
plaque, their activation with consequent release of 
circulating proinflammatory cytokines, and the 
endothelial cell migration and proliferation with 
neoangiogenesis, may be considered one of the most 
important mediators of transformation from a stable 

to an unstable plaque. In addition, macrophage 
stimulation by IGF-1 induces tumor necrosis factor 
(TNF) synthesis. 77  This cytokine amplifies the 
plaque destabilization mechanisms both directly and 
indirectly by other interleukins (IL-1, IL-6, and 
interferon γ (IFN γ ) production. The latter induce 
apoptosis of the smooth muscle cells (principal 
producers of collagen, elastin, and metalloproteinase 
inhibitor within the plaque) and stimulate macro-
phages to produce metalloproteinases, with conse-
quent digestion of the collagen and extracellular 
matrix of the fibrous cap. 66  Recently, Bayes-Genis 
et al found that PAPP-A was highly expressed in 
both ruptured and eroded coronary unstable 
plaques of eight patients who died suddenly from 
cardiac causes, but PAPP-A was absent or mini-
mally expressed in stable plaques. 78  Beaudeux and 
associates, 79  found that elevated serum PAPP-A 
levels are associated not only with the echogenic-
ity of atherosclerotic carotid lesions but also with 
an enhanced inflammatory state in asymptomatic 
hyperlipidemic subjects. In this context, our group 
has recently demonstrated that also in the carotid 
distribution there is an increased expression of 
PAPP-A related either to the presence of complex 
vulnerable plaques or ruptured plaques with 
thrombus. 80  Conversely, stable plaques or plaques 
with organized thrombus did not show PAPP-A 
expression. In addition, at confocal microscopic 
examination, PAPP-A expression was increased in 
macrophages compared to smooth muscle cells 
and T lymphocytes. PAPP-A serologic values were 
4.02 ± 0.18 mIU/l in stable plaques, 7.43 ± 0.97 mIU/l 
in vulnerable plaques and 6.97 ± 0.75 mIU/l in 
ruptured plaques with thrombus (group 1 vs 3, 
 p  = 0.01; 1 vs 2,  p  = 0.004; 2 vs 3,  p  = 0.71, respec-
tively), suggesting that this marker may represent 
a useful and simple method to detect high-risk sub-
groups of patients bearing vulnerable atherosclerotic 
carotid plaques before the onset of cerebrovascu-
lar events. In this context, a multicenter Italian 
registry study (SUBMARINE; Serum and Urinary 
Plaque Vulnerability Biomarkers Detection before 
and after Carotid Stent Implantation) currently in 
progress will assess whether patients presenting with 
recurrent transient ischemic attacks or minor stroke 
and submitted to early carotid stenting (2 days after 
TIA and 14 days after minor stroke) may have 
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mechanical plaque stabilization with concomitant 
reduction in the expression of different biomark-
ers of vulnerability.     

 Conclusions 

 Atherosclerotic lesions in the coronary and carotid 
arteries are morphologically similar, and the mean 
percentage luminal narrowing is similar when 
individual types of plaques are considered. In addi-
tion, patients affected by carotid atherosclerosis, 
are most probably also affected by coronary athero-
sclerosis and the presence of disease in one district 
may also influence the other in terms of plaque 
progression and destabilization. It is now clear that, 
similar to acute coronary syndromes, many cere-
brovascular accidents are triggered by the rupture 
of a vulnerable carotid plaque, which in turn may 
not significantly encroach the lumen. Thus, to 
better stratify the risk of cerebrovascular events due 
to carotid atherosclerotic disease – similar to the 
coronary district – it is of utmost importance to 
define subgroups of patients characterized on the 
basis of different plaque features. Indeed, most 
probably an integration of different serologic pro-
files and either non-invasive or invasive morphologic 
and functional imaging modalities will be the method 
with a significant predictive role for correlation 
between complex plaque patterns and clinical out-
comes. The opportunity created by the conver-
gence of developments in these multiple fields will 
be impressive, and also coupled with a gain in 
patient quality of life and cost-saving generated 
when the downstream effects of acute coronary 
and cerebrovascular accidents are reduced.     
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