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INTRODUCTION

Atherosclerosis is a chronic predominantly silent
process in which local and systemic factors interact to
reduce or delay clinical events. In obstructive carotid artery
disease, the catastrophic nature of strokes, currently a
priority in public health worldwide, justifies the increasing
concern with morphologic, inflammatory and biochemical
characteristics of atheromatous plaque, which eventually
may become vulnerability to injury.

Currently, it is well known that systemic aggression
causes compensatory responses that alter endothelial
homeostasis, in particular by the activation of leucocytes
and platelets and changes in permeability. Endothelial cells
secrete adhesion molecules, cytokines and growth factors
among other substances which, if the aggression process
is not blocked, continue to be produced indefinitely. Similarly,
the inflammatory process induces the migration and
proliferation of smooth muscle cells to the subintimal portion
by means of chemical mediators released by macrophages
modified by capture of lipids (foam cells), and by specific
subtypes of T lymphocytes. In this phase, intraparietal
growth in the area of inflammation occurs in the opposite
direction to the lumen of the vessel, in the direction of the
adventitial layer, continuously stimulating the release of
proteolytic enzymes in the interstitial matrix, of cytokines
and tumoral growth factor, which may eventually induce
local necrosis [1,2]. Additionally, the macrophage
accumulating process is related to an increase in the plasma
concentration of interleukins, C-reactive protein and other
inflammatory markers, currently proposed as markers of
presence or clinical instability of atherosclerosis, both locally
and systemically [3].

Also the possible role of infectious agents, such as
chlamydia, has been investigated in the genesis of
atheroma plaques or in triggering events but data is still
inconclusive [4-6].

Another sign of the immuno-inflammatory activity in
atherosclerotic disease relates to the production of
autoantibodies that damage endothelial cells and/or smooth
muscle cells of the arterial wall. Experimental and clinical
studies have proposed that the increase in serum levels of
antibodies against phospholipids of the cellular membrane
or against thermal shock proteins are associated to acute
events of atherosclerosis, although any causal relationship
has not been elucidated yet [7-10].

Moreover, the refinement of noninvasive imaging
methods, such as ultrasonography and angiography by
nuclear magnetic resonance, has provided greater
knowledge on the morphologic structure of carotid plaque
and its possible association with clinical outcomes. The
capacity of these methods to identify signs of instability

from an analysis of the plaque content and surface has
recently been tested in several histological studies [11].

Part 1 of this review analysed current studies related to
the vulnerability of carotid arteries in atherosclerotic disease,
expressed in their epidemiological, clinical and inflammatory
aspects. In Part II, currently used serum markers will be
discussed as will histological aspects and diagnostic imaging
in relation to the instability of carotid artery disease, including
possible therapeutic implications and eventual changes of
paradigms related to current indications of intervention.

Serological markers
Over the last years, particular interest has been shown

in identifying circulating inflammatory mediators associated
to atherosclerotic processes and in prediction of events.
Possible therapeutic implications, such as the role of statins,
acetylsalicylic acid and cyclooxygenase inhibitors, have
been similarly studied [12,13].

In obstructive carotid artery disease, recent works have
attempted to elucidate the role of several substances
involved in its formation, growth and possibly in plaque
stabilization. Although Waddington et al. [14] studying the
oxidation of fatty acids in carotid artery disease, did not
manage to demonstrate a direct correlation with clinical
instability, Nishi et al. [15] observed that high levels of
oxidized anti-LDL antibodies are associated with greater
macrophage infiltration in a histological analysis of 44
specimens from carotid endarterectomies suggesting that
this marker may confirm plaque vulnerability. However, this
seems to be the protector role of HDL cholesterol in the
progression of carotid artery disease. Johnsen et al. [16]
accompanied 1952 patients with carotid artery disease
diagnosed by ultrasonography for a period of seven years
and demonstrated a lower growth rate of the lesions in the
group with HDL levels in the upper quartile. This finding
agrees with research related to the recurrence of coronary
artery [17] and cerebral outcomes [18].

Another marker of interest in the immunological response
that accompanies the atherosclerotic process is the CD40
and CD40 ligand interaction. Initially exclusively related to
lymphocytic activity, these markers already have their
expression documented in other cells present in atheroma
plaque formation. There is evidence that the CD40 and
CD40L interaction contributes to the instability of plaque
through interactions with endothelial cells, smooth muscle
cells, macrophages and platelets, causing the release of
cytokines, alpha tumor necrosis factor, extracellular matrix
metalloproteinases and procoagulant substances [19]. A
sub-analysis of the Women’s Health Study demonstrated
significantly higher levels of CD40L in 130 women who
developed acute myocardial infarction or strokes over a four-
year period in comparison to smokers, matched in relation
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to age, but with normal CD40L levels (p-value = 0.02) [20]. In
another study, an analysis of 2908 cases of acute coronary
syndromes demonstrated a higher risk of event recurrence
over the 16-week period when the CD40L levels were over
the 90 percentil [21]. The hypothesis that serum CD40L levels
are related to morphological vulnerability characteristics was
reported by Blake et al. [22] in 49 patients with carotid
stenosis. Although the CD40L levels were not correlated to
the percentage of stenosis, above average CD40L levels
were associated to the presence of intraplaque acellular lipid-
rich deposits.

Studies of histological associations of possible actions
of extracellular matrix metalloproteinases on the
atheromatous disease of the carotid artery have also been
proposed. Sapienza et al. [23], analyzing 53 consecutive
carotid endarterectomies, demonstrated that in patients with
lesions classified as microscopically unstable, serum levels
of several metalloproteinases were significantly higher than
with stable lesions. However, using transcranial Doppler,
Loftus et al. [24] observed that high levels of matrix
metalloproteinase-9 were related to a higher occurrence of
intraoperative microembolism during strokes, while Molloy
et al. [25] demonstrated a correlation between high levels of
matrix metalloproteinase-8, recent symptoms, silent
embolization and histologic evidence of plaque rupture.
Recently, Sluijter et al. [26] proposed that different MMP
activity may vary according to the cellular predominance of
the atheroma plaque. An analysis of 150 specimens from
carotid endarterectomies revealed significantly greater
activity of the matrix metalloproteinase 8 and 9 in
macrophage-rich lesions and of matrix metalloproteinase-2
in plaques with predominance of smooth muscle cells. The
correlation between the cellular elements, symptoms and
matrix metalloproteinase-8 and 9 was verified by Verhoeven
et al. [27], in 404 patients who underwent carotid artery
surgery. In cases of transient ischemic attack (TIA) or recent
strokes, the metalloproteinase levels were significantly
higher than levels observed in asymptomatic patients (p-
value < 0.001). However, although there seems to be a direct
relationship between of these markers and vulnerability of
the plaque, there is no evidence for its use as a predictor for
risk in the clinical practice.

Another group of substances with confirmed
involvement in atheromatous disease, both in tissue and
serum, are the interleukins [28]. Although the majority of
the interleukins have a proinflammatory role and the most
studied are interleukins-1, -2, -6, -7, -8 and -18, some
subgroups seem to have anti-inflammatory qualities,
determining a modulation of the resulting effect and
producing oscillations during the course of the disease.
The highest activity of interleukin-18 undoubtedly was
observed by Mallat et al. [29] in symptomatic or ulcerated

carotid plaques in comparison to cases considered stable.
Also its stimulating effect was demonstrated by the
production of alpha tumoral necrosis factor, interferon and
adhesion molecules, or cellular apoptosis induction from
its interaction with interleukin-12 [30]. Recently, the
relationship between elevated levels of circulating
interleukin-18 and thinning of the fibrous cover of carotid
plaques was demonstrated by Yamagami et al. [31] in 366
patients who had not suffered previous strokes, findings
similar to those described by Elkind et al. [32] in relation
to interleukin-2. Although with less consistency, the
possible anti-inflammatory effect of some types of
interleukins has also been investigated. In preliminary
histochemical analysis of 21 specimens of carotid
endarterectomies, an inverse relationship was
demonstrated between the expression of interleukin-10
with the production of nitric oxide synthetase and the
cellular apoptosis rate, suggesting a protector effect
against excessive intraplaque necrosis and presumably,
conferring stability to the injuries [33].

Among all the inflammatory substances associated
to atherogenesis, C-reactive protein (CRP) has been
affirmed as the most important biomarker of
cardiovascular events, specifically after the discovery of
a ultrasensitive method to measure it (US-CRP) [34,35].
RCP is a polypeptide secreted by the liver, mainly in
response to elevations in serum interleukin-6 levels, which
present a proven action in the differentiation of
macrophages from foam cells [36], the production of
adhesion molecules and selectins [37], local recruitment
of monocytes [38], activation of complement [39], T-
lymphocyte mediated cellular destruction [40], increase
in the angiotensin II effects [40] and in the attenuation of
nitric oxide production and action [41].

The association between elevated levels of US-CRP and
cardiovascular prognosis was first demonstrated in acute
coronary artery syndromes (ACS), from evidence that US-
CRP levels = 0.3g/dL were related to more ischemic events
and worst evolution, both over short and long terms [42,43].
In patients after acute myocardial infarction, the CARE study
[44] revealed increased risk of recurrent events or death
when high levels of US-CRP are present, a result in agreement
with other authors [45,46].

When associated to the Framingham score and to LDL
cholesterol levels, US-CRP may provide an additional
predictive value in the evolution of coronary disease
[47,48]. Moreover, US-CRP has been suggested in several
studies as a predictor of sudden death, cerebral infarction
and development of obstructive arterial disease of the
lower limbs, even though the effect may be less
accentuated [49-51].

The role of US-CRP in the prediction of strokes was
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studied in a cohort of the Framingham study, correlating the
incidence of the first episode of TIA or stroke to the US-
CRP serum level over a 14-year period. In the 1462 cases
evaluated, levels in the upper quartile doubled the relative
risk of outcomes in men and tripled it in women, independent
of age; although the sample consisted principally old
patients (average of 70 years) [50]. Also it has been
suggested that elevated US-CRP may be an independent
predictor for death and recurrent events after the first stroke
[52,53].

Without analyzing clinical outcomes, Wang et al. [54]
demonstrated that the development of intimal-medial
thickening of the internal carotid artery was more
frequently seen with US-CRP in the upper quartile in 3173
patients with asymptomatic plaques. This result only
continued significant in women after adjusting for other
risk factors. In the Rotterdam study, the US-CRP,
interleukin-6 and adhesion molecules levels were
compared to the severity of atherosclerosis at specific
arterial sites. In carotid bifurcation, only US-CRP levels =
0.28 g/dL (upper third) were associated to the intimal-
medial thickening and doubled the risk of developing
moderate or severe stenosis (= 50%) [55]. The association
between US-CRP, intimal-medial thickening of the carotid
artery and risk of strokes was prospectively investigated
in 5417 patients in the Cardiovascular Health Study [56].
A strong positive correlation between the US-CRP levels
and strokes was observed in cases that presented with
thickening (p-value < 0.02).

The association between US-CRP serum concentrations,
histological and immunocytological structure of the carotid
plaque and presence of neurological symptoms was carefully
investigated by Alvarez Garcia et al. [57] in 62 patients
submitted to carotid endarterectomy. The average US-CRP
was significantly higher in symptomatic cases and in cases
histologically classified as unstable (p-value < 0.001), also
demonstrating a positive correlation with the presence of
macrophages and T lymphocytes in the plaque. These results
confirm the usefulness of US-CRP as a marker of carotid
artery disease vulnerability. However, as the group classified
as clinically unstable also included patients with well
established ischemic conditions, without recent symptoms,
the results may be biased and interpretation difficult.

On the other hand, the association of US-CRP, interleukin-
6 and silent cerebral infarction was prospectively assessed
in 194 patients without evidence of carotid, coronary artery,
or peripheral artery diseases over a 10-year period. In the 40
cases of mild silent cerebral infarction documented by
encephalic resonance, the US-CRP and IL-6 levels were
significantly higher, suggesting a proinflammatory action
of these mediators in intracranial arteries [58].

Nevertheless, the behavior of US-CRP in patients with

coronary artery disease and carotid stenosis has been
described as non-linear and controversial by some authors.
Choi et al. [59] prospectively evaluated the development of
coronary artery events and intimal-medial thickening of the
internal carotid artery in a series of 122 hypertensive patients
and compared this with interleukin-6 and US-CRP levels.
US-CRP was significantly higher only in cases of coronary
artery disease; this marker did not show any correlation
with carotid artery disease, even when compared with
normotensive controls.

Recently, the American Heart Association published a
systematic review with recommendations on the clinical use
of several inflammatory markers in atherosclerosis. In relation
to US-CRP the report concluded that no justification was
found to use this marker as an isolated predictor of events
in the general population but as an adjuvant in individuals
with risk of coronary disease estimated between 10% and
20%, over 10 years [60]. However, the extent to which these
guidelines correspond to cerebrovascular diseases
demonstrated there to be insufficient evidence for the
systematic use of US-CRP in primary prevention of strokes.
In secondary prevention, there is recognized prognostic
value when associated to other factors but its role as a
determinant of therapeutic decisions has not yet been
established [61].

The influence of US-CRP levels associated with
phospholipase A2-lipoprotein complex serum levels, on the
incidence of strokes was recently investigated in 12,819
patients in the ARIC study. After adjusting for other risk
factors, when the US-CRP and phospholipase A2-lipoprotein
complex levels were in the upper third, the risk of strokes
was 8 times higher (p-value < 0.001) [62]. Similar results
were reported in the Rotterdam study, which analysed the
relationship between the phospholipase A2-lipoprotein
complex and development of coronary disease and/or
strokes [63].

The monocyte chemotactic factor 1 (MCF1) has been
reported as being related to dyslipidemia and to the instability
of coronary artery disease, by some authors [64,65]. In the
Dallas Heart Study [66], the proportion of patients with
detectable coronary artery disease increased linearly
according to the quartiles of MCF1 (from 17% for the lowest
quartile to 32% for the highest quartile – p-value < 0.0001).
Increased expression of MCF1 was described in human
atheromatous carotid arteries, when compared to healthy
arteries however its relationship to acute outcomes remains
unclear [67].

Infectious agents
The possible contribution of some infectious processes,

by accelerating the growth of atheroma plaques, or
facilitating ruptures and/or instability, has been studied, in
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particular in relation to Chlamydia pneumoniae (chlamydia)
infection. Antibodies against chlamydia have been detected
in specimens of coronary plaques and of carotid arteries,
sustaining the hypothesis of its involvement [68,69].
Fagerberg et al. [70] prospectively studied the association
between chlamydia antibodies and cytomegalovirus with
the incidence of strokes. Analyzing 152 men over 6.5 years,
the authors demonstrated a eight-fold risk of suffering from
strokes in patients with high titers of chlamydia antibodies,
but not in relation to cytomegalovirus (p-value = 0.043).
Subsequently, these researchers observed that
seropositivity for chlamydia was associated with carotid
artery intimal-medial thickening in 113 men with arterial
hypertension [71].

The correlation between recent infections by chlamydia
and clinical instability of carotid artery disease was
investigated by Katsenis et al. [19], who studied 35 patients
submitted to carotid endarterectomy. The positivity for
antibodies was related to the presence of symptoms but not
to ultrasonographic characteristics of vulnerability. Gibbs
et al. [72], in more detailed studies, compared the presence
of chlamydia in plaque, the degree of perioperative
embolization (by transcranial Doppler) and the occurrence
of cerebral infarction in 98 symptomatic patients. The finding
that only 25% of the cases had evidence of chlamydia in the
plaque and the absence of a correlation of this with the
embolization rate or ipsilateral strokes suggest that other
mechanisms are involved in the destabilization process.
There is similar controversy in relation to the use of
antibiotics against chlamydia as tertiary or secondary
prevention strategies in cerebrovascular disease. A clinical
trial performed by Sander et al. [73] investigated the effect
of roxithromycin on the development of carotid artery plaque
in 272 over 55-year-old patients who had suffered from
cerebral infarction. After a three-year follow-up, there was a
significant reduction in the intimal-medial thickness in cases
with positive serology of the treated group, but no alterations
in the non-reagent patients. However, Ieven et al. [74] did
not observe any differences in the IgG antibodies against
chlamydia assessed by immunofluorescence in 106 patients
with coronary artery disease and 112 healthy controls,
probably due to cross-reactions with other bacteria. On the
other hand, Vainas et al. [75] described an association
between IgA seropositivity and intraoperative
thromboembolism in plaques considered histologically
stable suggesting that infection by chlamydia can also have
a thrombogenic effect in atherosclerosis.

A recent prospective study, analyzing the behavior of
the antibodies against chlamydia, herpes virus and
cytomegalovirus in 109 patients with carotid stenosis of
more than 50%, did not identify differences in serum levels
between groups, nor in a comparison between

asymptomatic and symptomatic patients, or even
comparing the US-CRP levels, making the hypothesis that
infectious processes directly determine the instability of
existing lesions weaker [76].

Role of autoantibodies
The role of immune system activation by anti-endothelial

antibodies is currently being researched in respect to
atherosclerotic disease. Farsi et al. [7] measured anti-â2
glycoprotein antibodies (IgG and IgM – ELISA) in 93
patients submitted to percutaneous coronary angioplasty
and compared the results to 105 controls. The authors
observed that the level of antibodies was 13% in the coronary
artery disease group and only 1% in the control group (p-
value < 0.001). Additionally, within the coronary disease
group, the titers were significantly higher in patients with
instable angina than in patients with stable angina (p-value
< 001) and the rate of angiographically identified restenosis
was 66% in positive antibody cases and only 14% in negative
patients (p-value < 0.0004). These findings suggest the
presence of an immuno-active inflammatory state in the
instable disease or in cases with endothelial injury due to
the use of catheters.

The correlation between anticardiolipin antibody levels
and the risk of acute myocardial infarction was studied in
the Helsinki Heart Study, which followed-up 133 men with
dyslipidemia out of a total of 19,000 patients over a period
of five years. The IgG Class antibody level was significantly
higher in the cases that subsequently developed infarction
or sudden death than in control cases (0.417 versus 0.361;
p-value < 0.005) [77]. Sherer et al. [78] also demonstrated
elevation of anticardiolipin and anti-â2 glycoprotein
antibodies in patients with coronary artery disease both
with and without arterial hypertension. Similar results in
relation to the peripheral artery disease were reported by
Godoy et al. [79] in 40 patients with ages between 45 and 84
years, in which the risk of developing claudication
quadruplicated when high levels of anticardiolipin antibodies
were observed (p-value < 0.0001). Studying the relationship
between anti-â2 glycoprotein antibodies and cerebral
infarction, Staub et al. [80] compared 92 cases of strokes
with 93 controls, demonstrating that high levels of IgA class
antibodies gave a significantly higher risk of the occurrence
of this outcome (p-value = 0.025). Nevertheless, a recent
analysis of a series of 4974 patients in the Framingham
study [81] demonstrated that the elevation of anticardiolipin
antibody titers conferred a significant risk of developing
strokes and/or TIA only in women.

In obstructive carotid artery disease George et al. [82]
demonstrated a significant increase in anti-â2 glycoprotein
antibodies in subendothelial regions of the plaque,
possibly indicating interactions with endothelial cells,
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macrophages and lymphocytes. However, only future
studies can confirm if anticardiolipin antibodies constitute
an independent risk factor, or merely an incidental
phenomenon in the atherosclerotic processes [10].

Also the cytoprotector role of thermal shock proteins
has been investigated in respect to cardiovascular diseases.
Thermal shock proteins constitute a family of proteins with
molecular weights between 20 and 150 Daltons, which
demonstrate highly homogeneous amino acid sequences
among different species including bacteria and man. Their
expression increases in stress situations, such as with
infections, high temperatures, exposure to free ions and
endothelial injury. Experimental and clinical evidence has
associated the thermal shock proteins expression and even
antibody titers, to the severity and instability of
atherosclerotic disease. These analyses utilize recombinant
thermal shock proteins of infectious agents, such as
mycobacteria, Helicobacter pylori and Chlamydia
pneumoniae, attributing a possible relationship of acute
cardiovascular events to an auto-immune response triggered
by exposure to the bacteria [9, 83-86].

Birnie et al. [87] researched a possible association of
thermal shock anti-protein antibodies 65 with coronary
atherosclerosis in 136 patients submitted to coronarography.
These authors verified that the antibody titers were linked
to the extent and severity of the disease and that patients
with Helicobacter pylori infection that were effectively
treated showed a drop in titers.

Zhu et al. [88] reported the possibility that antibodies
against human thermal shock protein 60 conferred a risk for
atherosclerosis. Of the 391 patients who underwent
coronarography, 75% presented positive IgG fractions. The
presence of antibodies was also associated to the severity
of the disease, as high titers were associated to disease of a
larger number of vessels, even after adjusting for other risk
factors.

Prohaszka et al. [89] evaluated antibodies for human
thermal shock protein 60 and 65 in a cohort involving three
groups of patients: 1) Patients with severe coronary artery
diseases submitted to revascularization surgery; 2) patients
with risk factors for ischemic cardiopathy and normal
coronarographies and 3) healthy controls. In the multivariate
analysis, only the levels of thermal shock protein antibodies
60 were considerately higher in group I than in the other
groups.

Mukherjee et al. [90] investigated the role of thermal shock
anti-protein antibodies in patients who developed restenosis
of coronary arteries after percutaneous angioplasty. The group
of patients with restenosis coursed with sustained levels of
the antibodies, while those with favorable evolution presented
with drops in their titers suggesting that a reduction can indicate
a better prognosis after revascularization.

In obstructive carotid artery disease, the correlation of
high titers of thermal shock anti-protein antibodies 65 was
first demonstrated by Xu et al. [91]. In a cross-sectional
population study, the authors measured IgG antibody serum
titles against recombinant thermal shock protein 65 of
mycobacteria in 867 individuals with ages between 40 and
79 years and compared the results with assessments of the
carotid bifurcation using ultra-sonography. There was a
significant correlation between high antibody titers and the
presence of plaques in over 60-year-old patients, even after
adjusting for factors such as gender, smoking, diabetes and
dyslipidemia (p-value < 0.003).

The clinical significance of this association was
subsequently investigated by the same authors in a follow-
up of 750 patients selected from the first study. The authors
verified that the increase in these antibodies did not only
present a strong correlation with carotid evolutive injuries
(r = 0.78) but was also an independent predictor of five-year
mortality (p-value < 0.001) [92].

The relevance of thermal shock anti-protein antibodies
in atherogenesis and the possible diagnostic and therapeutic
implications will only be better elucidated with further
studies [93].

Morphological aspects of atheroma in carotid artery
disease

Although the percentage of carotid stenosis currently
defines therapeutic decisions, strokes are caused by
vulnerable plaques, which in part, depend of distinct
morphological characteristics. Thus, several studies have
proposed improvements in the imaging techniques in order
to identify high-risk plaques, the majority of which utilize
histological composition as the gold standard [11,94].
However, the direct correlation between histology and
instability of the plaque has not been consistently
established yet. The classic study of Hatsukami et al. [95]
analysed histological components of 43 specimens of carotid
endarterectomy, in respect to intimal fibrosis, lipid pools,
necrotic regions, intraplaque hemorrhage and calcification
and compared this with the presence of preoperative
symptoms; significant differences between the clinical
classes were not found. Recently the systematic review of
Lovett et al. [96] evaluated the quality and comparability of
73 studies correlating imaging and histology examinations
of carotid plaque. Only 23% evaluated the reproducibility
of the different imaging techniques and in only 12% the
histological data were comparable; no studies reported
possible limitations of the results. Apart from recommending
important precautions when accessing and reading
histological data, such as the utilization of representative
samples with similar numbers of cases with or without
symptoms, time of the symptoms and time between obtaining
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the image and specimen, precaution in respect to the
position of the image and inclusion of specimens,
acquirement of imaging slices of at least 3 mm and blind
reading, the authors reinforced the necessity of more
homogeneous criteria for studies that aim at evaluating the
association between imaging and histology.

Apart from having a defined role in the determination of
the degree of stenosis and being considered sufficient for
the decision to intervene, ultrasonography has contributed
substantially to the characterization of the content and
surface of carotid plaque [97-101]. Initial stages of
atherosclerosis may be monitored by the ultrasonographic
arterial wall thickness, called the intimal-medial thickness,
which, although it does not define if infiltration is attributed
to the intimal or to hypertrophy of the medial layer, is a
recognized as a marker of evolution of early lesions [102].
On the other hand, there is evidence suggesting that
thinning of the fibrous cover, the presence of “soft” content
or of ulceration give instability to the plaque [103,104], and
that the proximity of necrotic regions, specifically if
associated to infiltration of macrophages, predispose the
patient to clinical events [105]. Moreover, both in models
utilizing surface ultrasonography and in more recent studies
with computed reconstruction or intravascular
ultrasonography, low echogenicity images have been related
to necrotic or hemorrhagic content of the plaque [106-108],
and the degree of calcification is considered to be inversely
proportional to the stability of the lesions [75]. It is well
known that, for any hemodynamically significant stenosis,
patients with less echogenic plaques present with a higher
incidence of cerebral infarction. However, the high intra-
and inter-observer variability of conventional imaging and
the morphological characterization criteria of plaque demand
technical improvements [109]. Utilizing computed image
reconstruction, with grayscale stratification, Gronholdt et
al. [110] prospectively analyzed 146 patients with carotid
artery disease over four years and observed that the low
echogenicity associated to very low values on the scale
was an independent predictor of strokes, but only in a
symptomatic patient group (n=135). Recently, Sztajzel et al.
[111] added the colored flow map to the stratified grayscale
in 28 patients submitted to carotid endarterectomy and
obtained a strong histological association in respect to
determination of hemorrhagic regions, necrotic regions and
surface irregularity. Also the codification of the B-mode image
for a three-dimensional real time computed model has been
proposed for the identification of high-risk plaques by
reducing ultrasonographic artifacts [112].

High resolution nuclear magnetic resonance (NMR)
represents another significant advance in the morphological
analysis of atheroma plaque, initially by means of ex vivo
developed models which proved to be ineffective to study

any association between histological and clinical aspects
in vivo. Von Ingersleben et al. [113] compared images of the
carotid bifurcation obtained using T1 weighted sequences
and corresponding histological sections in patients
submitted to carotid endarterectomy. After analyzing only
eight specimens, the authors obtained a significant positive
correlation of the identification of hemorrhage regions, lipid
deposits, fibrosis and calcification. Subsequently, the same
group tested the histological characteristics of fibrous cover
- normal versus thinned versus ruptured - in 22 patients.
Utilizing the same protocol of NMR and considering a
thickness = 0.25 mm of fibrous cover as normal; the observed
correlation coefficient was 0.88 (p-value = 0.01) [114]. In
another study, rupture of the fibrous cover was strongly
associated to a recent history of TIA or ipsilateral stroke
which more frequently occurred in plaques with a thin layer
of fibrous cover or with a great lipid core [115].

The composition of the plaque may be determined by
NMR utilizing a combination of pulse sequences that vary
according to the type of structure which will be identified;
there are thus different proposed classifications. Models
based on tissue measurement have been proved accurate
and reproducible [11]. Saam et al. [116] studied candidates
for carotid endarterectomy using NMR 31 utilizing
sequences with weighted T1, T2 and time-of-flight (TOF).
In the measurement of lipids or necrotic regions, extracellular
matrix loss, calcification and fibrosis, the authors obtained
a histologic correlation of between 73% and 95% of cases,
suggesting the inclusion of the technique in prospective
assessment of plaques before indication of intervention.

The detection using NMR of hemorrhagic regions or
wall thrombi which are frequently associated to complex
plaques and clinical events is of particular interest. Moody
et al. [117] verified that the presence of metahemoglobin
produces an amplification of the sign in weighted
T1sequences, which confers to the region in which there is
sub-acute hemorrhage or recent thrombi, an aspect of
hyperintense signal. Among 63 plaques that presented
intense brightness by NMR, 44 demonstrated at least one
of four histological criteria of hemorrhage, bestowing a
specificity of 84% and a positive predictive value of 93% to
the method, with minimum inter-observer variability. In the
subsequent study, these authors correlated the hyperintense
signal of the plaque, to the presence of recent ipsilateral
symptoms. Information from NMRs of 120 patients with TIA
or strokes was compared to 14 normal controls and also to
the contralateral carotid artery (asymptomatic) of the same
patient. The hyperintense signal was present in 60% of
symptomatic carotid arteries, in 36% of asymptomatic carotid
arteries, and in none of the controls (p-value < 0.001) [118].
The hypothesis that intraplaque hemorrhages stimulate
progression of the plaques was tested by Takaya et al. [119]
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in 29 patients followed-up over 18 months. In this period,
the mean parietal volume and increase in lipid core volume
were 7% and 28% respectively in 14 cases with intraplaque
hemorrhage at the start of the study and were 0.15% and
5%, respectively in controls without previous hemorrhages
(p-value < 0.01). Moreover, new regions of hemorrhage were
observed in 43% of the cases and in none of the controls (p-
value = 0.006). Figure 1 demonstrates examples of
angiography by NMR, with and without the hyperintense
signal.

Determination of the evolution time of carotid plaque
hemorrhages by high resolution NMR was recently
proposed by Chu et al. [120]. In 27 patients submitted to
NMR with weighted T1, T2 and proton density weighted
sequences (PDw), the classification of fresh, recent or old
hemorrhages demonstrated a strong histological correlation
(coefficient kappa = 0.7) and good accuracy (specificity 90%
and sensitivity 74%). Moreover, the authors suggest that
the utilization of this sequence in NMR is capable of defining
the exact local of the thrombus in advanced lesions,
differentiating hemorrhage of the plaque of juxta-luminal

thrombi [121]. As intraplaque hemorrhage, without rupture
of the fibrous cover, has not been directly associated with
symptoms, similar to thrombi adjacent to the lumen in general
indicate erosion, ulceration or rupture of the plaque, this
capacity of differentiation by NMR, if confirmed in future
studies, may have important therapeutic implications in the
context of vulnerability.

Even in preliminary assessment, intravascular NMR
seems to be a promising technique to characterize the
plaque, mainly on the intimal surface, with a histological
association described in ex vivo models [122]. Thus, recently,
an improvement tested in vitro by Clarke et al. [123]
recommends a validation of automatic algorithms of plaque
classification by NMR, utilizing the histopathological scale
of the American Heart Association [124].

In the future, techniques such as molecular imaging of
macrophage activity, angiogenesis measurement, intraplaque
enzymatic activity and cellular apoptosis must be included
as imaging methods for atherosclerosis [9].

Currently used examinations for the characterization of
carotid plaque are shown in Table 1
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Characteristic

- Thinning/rupture of the fibrous
cover
- lipid core/necrotic
- intraplaque hemorrhage
- juxta-luminal thrombi
- Neo vascularization
- Imaging of macrophages (?)
- Enzymatic activity (?)

- Thinning/rupture of the fibrous
cover
- Ulceration/erosion
- Echo-lucent plaque content
(hemorrhage or lipid core)

Table 1. Imaging methods and vulnerability of carotid
artery

Method

High resolution
magnetic resonance

Ultrasonography

Fig. 1 – A1) Asymptomatic patient with 90% stenosis%; A2) Absence of
hyperintense signal in weighted T1 sequence; B1) Patient with amaurosis
fugax for one week and 90% stenosis; B2) hyperintense signal demonstrating
intraplaque hemorrhage in the internal carotid (arrow)
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