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Abstract

Background: In this study a multiscore analysis of various
biomarkers including matrix metalloproteinases (MMPs), in-
flammatory factors and other clinical parameters was per-
formed to establish a set of reliable biomarkers forimproved
detection of plaque instability in patients with advanced ca-
rotid stenosis. Methods: Study patients (n = 101) were classi-
fied as histologically stable (n = 37) or unstable (n = 64). Se-
rum levels of MMP-1, -2, -3, -7, -8, -9, MMP inhibitors TIMP-1,
-2, and inflammatory factors such as tumor necrosis factor
(TNF-a), interleukin (IL)-1B, -6, -8,-10, and -12 were measured
by ELISA assays. Multiscore analysis was performed using
multiple receiver operating characteristics analysis and de-
termination of appropriate cutoff values. Results: Circulat-
ing levels of MMP-1, -7, TIMP-1, TNF-«, and IL-8 were signifi-
cantlyenhancedin patients with unstable plaques compared
toindividuals with stable lesions, mean differences being 1.2
(p=0.032),2.5(p=0.004),30.0 (p=0.014), 1.3 (p =0.047),and
2.2 (p = 0.033), respectively. The combination of MMP-1, -7,
TIMP-1 and IL-8 demonstrated the highest positive predic-
tive value of 89.4% and negative predictive value of 60.1%

for patients correctly classified as individuals with unstable
and stable carotid lesions by means of blood sample analy-
sis. Conclusions: Multiple relevant biomarkers that play a
decisive role in plaque instability can improve the correct
determination of vulnerable carotid plaques in patients with
advanced carotid artery stenosis.

Copyright © 2009 S. Karger AG, Basel

Introduction

Advanced atherosclerotic lesions of carotid arteries
are highly vulnerable and often lead to ischemic events
[1-4]. Degradation of extracellular matrix components
particularly by matrix metalloproteinases (MMPs), to-
gether with an increased inflammatory reaction is the
main reason for plaque progression to rupture and con-
sequent neurological symptoms [3, 5, 6]. Thus, MMPs
and inflammatory factors may also serve as possible
markers of plaque instability [7-12]. Several studies have
already demonstrated increased levels of some MMPs
and inflammatory proteins in the blood of patients with
advanced carotid atherosclerosis [13-18]. However, most
studies investigated these biomarkers in patients with
symptomatic or asymptomatic carotid stenosis and in pa-
tients with or without emboli [13, 16-18]. Only few stud-
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Fig. 1. Schematic drawings and selected examples of advanced atherosclerotic lesions in the intimal region of
patients with advanced carotid artery stenosis following CEA: stable (a), unstable (b), and ruptured carotid
plaques (c). 1 = Fibrous cap, 2 = rupture site, 3 = necrotic atheromatous core, 4 = remaining medial part after

CEA.

ies have analyzed e.g. MMPs in the blood of patients with
stable or unstable plaques determined by morphological
criteria [13, 15]. Furthermore, only very few investiga-
tions have evaluated the usefulness of multiple biomark-
ers to predict rupture-prone lesions [19-21].

The aim of the study was therefore to analyze various
soluble MMPs (MMP-1, -2, -3, -7, -8, -9), tissue inhibitor
metalloproteinases (TIMP-1, -2), inflammatory factors
such as C-reactive protein [CRP, fibrinogen, tumor ne-
crosis factor-a (TNF-w), interleukin (IL)-1pB, -6, -8, -10,
-12] and other clinical parameters (hypertension, diabe-
tes mellitus, hypercholesterolemia, nicotine abuse, renal
failure, coronary heart disease, urea nitrogen, creatinine,
creatine kinase, leukocytes, thrombocytes and erythro-
cytes) to find an optimal set of biomarkers of vulnerable
plaques in patients with advanced carotid stenosis for
possible prediction of ischemic stroke.
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Patients and Methods

Patients

The study group consisted of 145 consecutive patients with
high-grade carotid artery stenosis intended for carotid endarter-
ectomy (CEA). Carotid plaques of these patients were analyzed by
means of histology and characterized as stable or unstable (see
further below). Patients with plaques that could not be clearly de-
fined as stable or unstable or ruptured were excluded from the
study. Thus, 101 patients with histologically well-defined carotid
plaque morphology were included: n = 37 patients with stable ca-
rotidlesions and n = 64 patients with unstable or ruptured plaques.
The degree of stenosis was evaluated by color-coded duplex so-
nography following ECST criteria in all patients. All patients un-
derwent detailed neurological examination within 2 days before
and after the procedure by a neurologist. Fifty-seven patients had
experienced a previous neurologic event, the remainder had no
symptoms. The study was performed according to the Guidelines
of the World Medical Association Declaration of Helsinki.
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Table 1. Demographic and clinical characteristics of study pa-
tients (%)

Stable Unstable p value

(n=37) (n=64)
Mean age £ SD, years 68.9%9.6 68.8+8.6 0.957
Sex, male/female 56.8/43.2 71.9/28.1 0.136
Neurological symptoms 324 68.8 0.045*
Associated diseases
Hypertension 93.8 81.1 0.103
Diabetes mellitus 18.8 27.6 0.353
Hypercholesterolemia 87.5 73.8 0.278
Nicotine abuse 40.6 53.5 0.247
Renal failure 6.3 6.9 0.908
Coronary heart disease 323 37.9 0.597
Medication
Aspirin/clopidogrel 99.7 98.1 0.457
Beta-blockers 64.5 71.4 0.507
ACE inhibitors 38.7 48.2 0.314
Statins 58.1 58.9 0.938
Nitrates 9.7 7.4 0.449

Carotid Artery Classification and Determination of Plaque

Stability

The carotid plaque was removed by standard CEA, fixed in
formalin, separated into 3-5 segments of 3-4 mm (depending on
plaque size) and embedded in paraffin. From each segment sec-
tions of 2-3 wm were prepared and routinely stained with hema-
toxylin and eosin and elastin van Gieson to assess plaque struc-
ture, stability, and fibrous cap thickness. Stained samples were
analyzed using light microscopy by 2 independent experts (one of
them was an experienced pathologist) blinded as to the study
groups. Morphological characteristics of the carotid plaques were
established according to the classification of the American Heart
Association. All plaques were advanced lesions graded as type V,
VI, VII, or VIII [22]. Selection of stable or unstable plaques was
performed in accordance with the modified scheme established
by Virmani et al. [3, 23]. Carotid lesions were classified by 2 inde-
pendent and experienced investigators as follows: unstable lesions
= ruptured or rupture-prone plaques with thin-cap fibroathero-
ma of cap thickness less than 65 m; stable lesions = plaques with
thick-cap fibroatheroma and/or without lipid/necrotic core. A
schematic drawing and illustrative figures of stable and unstable
or ruptured carotid plaques are given in figure 1.

Enzyme-Linked Immunosorbent Assay and Sample Analyses

MMPs and TIMPs were quantified in serum samples using
enzyme-linked immunosorbent assays (ELISA) from R&D Sys-
tem (Quantikine human MMP-1, -2, -3, -7, -8, -9 and TIMP-1, -2
kit; Wiesbaden-Nordenstadt, Germany) according to the manu-
facturer’s protocol. The color development was measured by using
multiplate reader Mithras LB940 (Berthold Technologies, Bad
Herrenalb, Germany) at 450 nm with correction at 570 nm. In-
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flammatory markers were analyzed using Cytometric Bead Array
(BD Biosciences, San Jose, Calif., USA). The BA system uses the
sensitivity of amplified fluorescence detection by flow cytometry
in a particle-based immunoassay. Special beads provide a capture
surface with distinct fluorescence intensities specific for TNF-a,
IL-1B, -6, -8, -10, -12 and are analogous to the individually coated
wells in the ELISA plate. Fibrinogen activity was determined by
the Clauss method (Dade Behring, Schwalbach, Germany). High-
sensitivity CRP was determined by ELISA assay from Life Diag-
nostics (West Chester, Pa., USA) with an analytical sensitivity of
<0.01 mg/dl. Determination of other clinical markers such as urea
nitrogen, creatinine, creatine kinase, leukocytes, thrombocytes,
erythrocytes and other blood sample parameters was performed
using routine assays in laboratories of our clinical chemistry.

Immunohistochemistry

Histological analyses and immunohistochemistry were per-
formed on formalin-fixed paraffin-embedded sections of carotid
plaques. The sections were routinely stained with hematoxylin
and eosin and elastin van Gieson to assess the plaque structure,
stability, size of the necrotic core, fibrous cap thickness, cellular
composition of the plaques and degree of infiltration. For immu-
nohistochemistry anti-CD68 (macrophages/monocytes; clone
KP1, dilution 1:2,000; Dako) and anti-CD45 (infiltrates/lympho-
cytes; mouse monoclonal antibody, dilution 1:30; Novocastra,
UK) primary antibodies were used. Following primary antibody
incubation, visualization was performed by using the Peroxidase/
DAB ChemMate Detection Kit (biotinylated goat anti-mouse/
anti-rabbit secondary Ab; Dako) according to the manufacturer’s
instructions.

Statistical Analysis

All statistical analyses were performed using SPSS for Win-
dows version 15.0 (SPSS Inc., Chicago, Ill., USA). Values of con-
tinuous variables were expressed as means * standard deviation
(SD). Kolmogorov-Smirnov test was used to assess the deviation
from normal distribution of continuous data. In case of non-nor-
mal skewed distribution of data log transformation was conduct-
ed if appropriate. To compare means between two independent
normally distributed samples, t test was applied. For all other
two-sample comparisons the nonparametric Mann-Whitney U
test was used. Correction for multiple testing was performed by
Benjamini and Hochberg [24] approach that considers the frac-
tion of false positives over the amount of tests declared significant
and does not reduce the overall statistical power. Correlations be-
tween continuous variables were quantified by using Spearman’s
rank correlation coefficient. Receiver operating characteristic
(ROC) analysis was applied to evaluate and compare the perfor-
mance of group prediction (stable or unstable carotid lesion) by
biomarkers. The resulting sensitivity and specificity were used to
determine optimal cutoff values of each prognostic marker and
their combinations by using Youden index [J = maximum (sensi-
tivity + specificity - 1)]. Positive and negative predictive values
were used to assess the accuracy of prediction. All statistical com-
parisons were performed two-sided in the sense of an exploratory
data analysis using a 0.05 (¥), 0.01 (**), and 0.001 (***) level of sig-
nificance.
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Table 2. Serum levels of MMP, TIMPs, inflammatory and other clinical factors

Stable (n = 37) Unstable (n = 64) p value! Corrected
p value?
MMP-1 2.9+2.5(0.3-10.5) 4.1+3.3(0.39-17.8) 0.032* 0.100
MMP-2 252 %76 (159-471) 268 £ 88 (139-542) 0.437 0.680
MMP-3 13.4+4.9 (7.3-25.9) 13.9+8.1 (7.1-48.8) 0.876 0.876
MMP-7 8.3+4.4(0.4-22.6) 10.8+4.3 (4.9-28.4) 0.004* 0.016**
MMP-8 10.4+8.3(1.4-32.4) 14.8+16.4 (1.9-67.1) 0.202 0.354
MMP-9 191 £ 61 (74-325) 20379 (78-411) 0.437 0.644
TIMP-1 147 + 40 (70-229) 177 + 66 (82-389) 0.014* 0.049%*
TIMP-2 60.4+23.4 (25.7-109.6)  74.9+37.1 (7.8-161.1) 0.058 0.135
TNF-« 3.6%£0.9 (1.7-5.3) 4.9+3.15(0-14.9) 0.047* 0.120
IL-1B 1.4%£2.0(0-7.2) 2.2%3.8(0-15.4) 0.444 0.622
IL-6 2.9+0.9 (1.5-4.7) 3.7%2.7 (1.5-10.1) 0.193 0.386
1L-8 5.9+4.2(3.5-20.9) 8.1+x54(2.6-22.9) 0.033* 0.092
1L-10 1.5+1.0 (0-3.1) 2.5%+2.2(0-9.7) 0.058 0.125
IL-12 1.4+2.1(0-7.8) 2.1+4.5(0-17.7) 0.530 0.707
hsCRP 1.4+2.1(0.1-8.0) 1.1+1.0 (0.01-5.3) 0.549 0.699
Fibrinogen 353 +84 (242-594) 372 %1107 (217-731) 0.434 0.715
Urea 17.9 % 5.4 (9.0-29.0) 18.7 + 8.9 (4.6-53.0) 0.759 0.886
Creatinine 0.9%0.3 (0.6-2.3) 1.1+0.4 (0.7-2.8) 0.199 0.371
Creatine kinase 95+ 51 (37-230) 98.6 £50.3 (32-280) 0.812 0.842
Leukocytes 7.4+ 1.7 (4.1-12.7) 7.2+ 1.8 (4.0-12.2) 0.561 0.683
Erythrocytes 4.6*0.5(3.1-5.4) 4.5%0.5(3.2-5.4) 0.810 0.872
Thrombocytes 235+41 (142-324) 245+ 74 (115-504) 0.778 0.871

Data are shown as mean * SD with range in parentheses. MMPs and TIMPs: ng/ml; TNF-q, IL-1B, IL-6,
-8, -10, -12: pg/ml; high-sensitivity CRP (hsCRP), fibrinogen, urea, and creatinine: mg/dl; leukocytes, throm-

bocytes: 10%/pl; erythrocytes: 10%/pl.

! Significant differences between groups by using single comparison (*p < 0.05).
2 Multiple correction analysis by using Benjamini and Hochberg approach (**p < 0.01).

Results

Patient Demographic Data

The characteristics of patients, various risk factors, as-
sociated diseases and other clinical symptoms are sum-
marized in table 1. Both groups, patients with stable and
unstable carotid lesions, had no significant differences
with regard to patient epidemiology, associated diseases
or medication. The only significant difference was found
for neurological symptoms. Patients with unstable
plaqueshad 2.1 times more frequently neurological symp-
toms compared to individuals with stable lesions (p =
0.045). The average age of the study population was 68.9
+ 9.1 years. A predominant number of patients were hy-
pertonic (87.4%) and hypercholesterolemic (80.6%). Al-
most all patients received aspirin (300 mg) or clopidogrel
(75 mg) (98.9%).
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Determination of Serum Levels of MMPs, TIMPs,

Inflammatory Factors and Other Clinical Parameters

The concentrations of MMPs and TIMPs in the serum
of patients with stable and unstable carotid plaques are
summarized in table 2. MMP-2, -3, -8, -9 and TIMP-2
were not significantly different between the groups. In
contrast, the levels of circulating MMP-1, -7, and TIMP-1
were significantly enhanced in individuals with unstable
lesions [mean differences in ng/ml: 1.2 (p = 0.032), 2.5
(p = 0.004), and 30.0 (p = 0.014), respectively; fig. 2]. Re-
garding inflammatory factors only TNF-a and IL-8
showed a significant increment of 1.3 and 2.2 pg/ml in
patients with unstable carotid lesions (p = 0.047 and
0.033, respectively; table 2, fig. 2) compared to patients
with stable carotid lesions. The remaining inflammatory
markers and other clinical factors such as CRP, fibrino-
gen, urea, creatinine, creatine kinase, leukocytes, eryth-
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Fig. 2. Comparison of MMP-1, -7, TIMP-1, TNF-q, and IL-8 values in blood serum of patients with stable ver-
sus unstable carotid lesions using box-and-whisker plots with significant differences between the groups (ta-
ble 2). The boxes demonstrate values between 0.25 and 0.75 quartiles with the median within the box. The lines
(whiskers) show 95% percentiles of the corresponding samples.

rocytes and thrombocytes revealed no differences be-
tween the groups. Furthermore, to adjust the significance
values for multiple biomarkers, we performed an appro-
priate correction for multiple testing by using Benjamini
and Hochberg approach (table 2). Following correction,
MMP-7 and TIMP-1 were still statistically significant be-
tween the groups (p = 0.016 and p = 0.049, respectively).

Multiple ROC Curve Analysis and Cutoff Values

First, a ROC curve was designed for all biomarkers
considered in the study. In accordance with the above-
described analyses of differences between patients with
stable and unstable carotid lesions, only MMP-1, -7,
TIMP-1, TNF-a, and IL-8 showed curves above the non-
discrimination line. The sensitivity, specificity and the

Biological Predictors of Vulnerable
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predictive values are summarized in table 3. From the
ROC curve the cutoff value for each biomarker was de-
termined by using Youden index (giving the cutoff value
with the highest accuracy of prediction) to distinguish
between patients with stable and unstable carotid le-
sions. The cutoff values were as follows: MMP-1 = 1.88
ng/ml; MMP-7 = 10.66 ng/ml; TIMP-1 = 196.2 ng/ml;
TNF-a =4.70 pg/ml; IL-8 = 4.8 pg/ml. All patients with
biomarker values higher than the cutoff points were con-
sidered as individuals with unstable plaques. Further-
more, multiple ROC analysis was performed by combi-
nation of the above-described biomarkers. The signifi-
cance values between patients with stable or unstable
carotid plaques markedly increased when the corre-
sponding biomarkers were combined (table 3). Indepen-
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Fig. 3. ROC curves. Comparison of the performance of biomark-
ers MMP-1, MMP-7, and TIMP-1 alone, each significantly differ-
ent between patients with stable and unstable carotid lesions, and
the combination of MMP-1 + MMP-7 + TIMP-1 with and without
TNF-a or IL-8. The curve above the diagonal shows the true-
positive against the false-negative rate for determination of pos-

dent of the multiple testing corrections of these multi-
score biomarkers, the p values were still highly signifi-
cant. The best performance and the highest predictive
values were found for the combination of MMP-1 +
MMP-7 + TIMP-1 + IL-8 with positive predictive value
(PPV) ofalmost 90% and negative predictive value (NPV)
of 60% (table 3). Figure 3 shows the ROC curves for in-
dividual biomarkers and their combinations. Multiple
biomarkers showed markedly improved performance of
the ROC curve. Furthermore, the distance between the
nondiscrimination line and the top of the curve was sig-
nificantly greater by the combination of biomarkers as
compared to single biomarkers.

Semiquantitative Evaluation of Infiltrates and

Macrophages in Carotid Plaques

For evaluation of possible correlations between the
level of MMPs and inflammatory factors in the blood of
patients with advanced carotid stenosis and the degree of
inflammation within the plaques, semiquantitative anal-
ysis of inflammatory cells and macrophages was per-
formed. Significant correlations were observed between
the number of macrophages and levels of IL-1(3 or IL-8 in
the blood (r = 0.376, p = 0.049 or r = 0.505, p = 0.006). In
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sible cutoff values of a prediction algorithm as a trade-off between
sensitivity and specificity. The best performance and the highest
predictive values were found for the combination of MMP-1 +
MMP-7 + TIMP-1 + IL-8 with a PPV of almost 90% and an NPV
of 60% (table 3).

contrast, no correlation was found between the amount
of inflammatory cells determined by CD45 and MMPs
or inflammatory factors.

Correlation between MMPs, TIMPs, Inflammatory

Factors and Other Clinical Parameters

Finally, correlation study was performed between
MMPs, TIMPs and all other factors in the blood of pa-
tients with advanced carotid artery stenosis by using
Spearman’s rank correlation coefficient (table 4). Vari-
ous correlations were found between individual MM Ps,
MMPs and TIMPs, MMPs and inflammatory factors,
and MMPs and fibrinogen, leukocytes, erythrocytes,
and thrombocytes. The highest correlations were ob-
served between MMP-8 and MMP-9 (r = 0.695), MMP-
2 and TIMP-2 (r = 0.545), TIMP-1 and TIMP-2 (r =
0.443), fibrinogen and MMP-8 and MMP-9 (r = 0.441
and 0.442, respectively), and MMP-9 and leukocytes
(r =0.343). Interestingly, various MMPs (MMP-7, -8, -9,
and TIMP-1) correlated also with fibrinogen (table 4).
Furthermore, significant correlations were observed
also between individual inflammatory factors, e.g. IL-8
and IL-12 correlated with all other inflammatory fac-
tors tested.
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Table 3. Correlation between MMPs, TIMPs and other clinical parameters

MMP-1 MMP-2 MMP-3 MMP-7 MMP-8 MMP-9 TIMP-1 TIMP-2
MMP-1 -
MMP-2 w.C. -
MMP-3 w.C. W.C. -
MMP-7 0.302%* w.C. 0.325%* -
MMP-8 w.C. w.C. w.C. w.C. -
MMP-9 w.C. w.C. w.C. w.C. 0.729%**  —
TIMP-1 0.222* 0.197* w.C. 0.366**  w.c. w.C. -
TIMP-2 w.C. 0.551%**  w.c. w.C. w.C. w.C. 0.428%**  —
TNF-a w.C. 0.341% w.C. w.C. w.C. w.C. w.C. w.C.
IL-1B w.C. w.C. w.C. w.C. w.C. w.C. w.C. w.C.
1L-6 Ww.C. Ww.C. Ww.C. w.C. 0.348* 0.436** 0.291* w.C.
1L-8 w.C. w.C. w.C. w.cC. 0.421%* 0.308* w.C. w.C.
1L-10 w.C. w.C. w.C. w.C. w.C. W.C. 0.311* w.C.
1L-12 w.C. w.C. w.C. w.C. w.C. W.C. w.C. w.C.
Fibrinogen w.c. w.C. w.C. 0.279%  0.441***  0.442%** 0.235% w.C.
Leukocytes 0.198* w.C. w.C. w.C. 0.210% 0.343%%* w.C. w.C.
Erythrocytes w.C. w.C. w.C. -0.227* w.C. w.C. -0.225* -0.227*
Thrombocytes  w.c. w.C. w.C. w.C. 0.171% 0.113 0.311%* Ww.C.

Significant differences between individual biomarkers: * p < 0.05, ** p < 0.01, *** p < 0.001. w.c. = Weak cor-

relation (<0.150).

Table 4. Combined sensitivity, specificity, PPV, and NPV for optimal cutoff points!

AUC 95% CI p value pvalue?  Sensitivity ~Specificity PPV~ NPV
MMP-1 0.63 0.53-0.73 0.0174 0.100 56.8 70.3 73.8 52.5
MMP-7 0.66 0.56-0.77 0.0005 0.016 86.5 50.0 86.5 50.0
TIMP-1 0.63 0.53-0.72 0.0220 0.049 89.2 37.5 85.7 45.2
TNF-a 0.63 0.47-0.77 0.1252 0.120 70.6 53.65 75.0 48.0
IL-8 0.65 0.49-0.79 0.0607 0.092 56.3 82.1 76.7 64.3
MMP-1 + MMP-7 0.70 0.602-0.788  0.0001 0.0028 78.4 60.9 83.0 53.7
MMP-1 + TIMP-1 0.67 0.573-0.764  0.0012 0.0009 73.0 62.5 80.0 52.9
MMP-7 + TIMP-1 0.69 0.599-0.786  0.0001 0.0006 67.6 70.3 78.9 56.8
MMP-1 + MMP-7 + TIMP-1 0.71 0.62-0.80 0.0001 0.0007 83.8 59.38 86.4 54.4
MMP-1 + MMP-7 + TIMP-1 + TNF-« 0.71 0.61-0.79 0.0001 0.0056 64.9 73.44 78.3 58.5
MMP-1 + MMP-7 + TIMP-1 + IL-8 0.71 0.61-0.79 0.0001 0.0014 86.5 67.19 89.4 60.1

! The optimal decision rule (cutoff point) for prediction of unstable carotid lesions was determined by ROC curve analysis using
Youden index [J = maximum (sensitivity + specificity — 1)] for each factor with significant differences between the groups and their
combinations [23]. AUC = Area under the curve; 95% CI = 95% confidence interval.

2 Correction for multiple testing by using Benjamini and Hochberg approach.

Discussion

So far only few studies have evaluated the usefulness
of multiple biomarkers for the possible prediction of car-
diovascular disease, and up to date none was concerned

Biological Predictors of Vulnerable

Plaques

with vulnerable carotid lesions. A recent investigation
from the Framingham Heart Study in 3,209 participants
demonstrated that the combination of various biomark-
ers enhanced the prediction of cardiovascular disease by
2-fold and even 4-fold regarding the enhanced risk of

Cerebrovasc Dis 2009;28:601-610 607



death compared with a single biomarker [19]. Therefore,
the aim of this study was to evaluate relevant biomarkers
for vulnerability of carotid lesions and to combine them
in a multimarker score to prove whether a set of such bio-
markers might enhance the predictive value for patients
with unstable plaques.

From the various MMPs (MMP-1, -2, -3, -7, -8, -9) and
their inhibitors (TIMP-1, -2) that were analyzed in this
study, serum levels of MMP-1, -7, and TIMP-1 were sig-
nificantly increased in patients with unstable carotid le-
sions as shown by single comparisons between the groups.
Furthermore, MMP-7 and TIMP-1 demonstrated signif-
icant differences also following correction for multiple
testing. Both MMP-1 and -7 together with their inhibitor
TIMP-1 play an important role in tissue remodeling, tis-
sue degradation, progress and development of atheroscle-
rotic lesions [7, 25]. MMP-1 is able to digest collagenous
and noncollagenous matrix substrates and is believed to
be responsible for the destabilization of the fibrous cap
and plaque rupture [7, 26, 27]. MMP-7 is one of the most
active enzymes degrading proteoglycans and may thus
serve as a new potential biomarker of plaque instability.
Vessel wall proteoglycans play a crucial role in the patho-
genesis of atherosclerosis by trapping and storing differ-
ent growth factors, lipoproteins, cholesterol, and a vari-
ety of other components of extracellular matrix [27].

Interestingly, no statistically significant differences
between patients with stable and unstable lesions were
observed for MMP-2 and -9 as described before in other
studies [13-15]. The reason for these discrepancies might
be first that both Borrelli et al. [13] and Alvarez et al. [15]
graded all plaques as type V or VI (advanced lesions ac-
cording to AHA) with type V classified as stable and type
VI as complicated and unstable. In contrast, we per-
formed more detailed morphological and histological
analysis of the carotid lesions in accordance with Vir-
mani et al. [3, 23] and defined unstable plaques as those
with a thin fibrous cap covering a large necrotic core.
Thus, also patients with carotid lesion type VI (defined
as type V with thrombotic deposits and/or marked hem-
orrhage) with a thick fibrous cap were considered as sta-
ble. Such a thrombus or hemorrhage was mainly anterior
and apparently not the reason why the patients under-
went the current CEA. Furthermore, patients with ad-
vanced carotid stenoses, independent of whether the
plaque is stable or unstable, may have enhanced levels of
MMP-2 or/and MMP-9. Interestingly, in accordance with
previous reports [14, 15], MMP-9 was significantly in-
creased in the subgroup of patients with neurological
symptoms (symptomatic patients, data not shown) com-
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pared with asymptomatic individuals. This would sup-
port the hypothesis that MMP-2 and MMP-9 might be
more associated with neurological symptoms but are too
unspecific or not sensitive enough to detect plaque vul-
nerability.

From the inflammatory factors such as fibrinogen and
CRP, TNF-a, IL-14, -6, -8, -10, -12 only TNF-« and IL-8
revealed significantly increased blood levels in patients
with unstable versus stable carotid lesions by using single
comparisons between the groups. TNF-« is one of the
main proinflammatory cytokines derived from endothe-
lial and smooth muscle cells as well as macrophages and
stimulates the synthesis of a plethora of other inflamma-
tory factors [13, 14, 28]. IL-8 is a CXCL8 cytokine che-
moattractive for T cells and has proatherogenic action by
stimulating the secretion of IFN-vy and macrophage ac-
cumulation [29]. This was apparently the reason for the
relatively strong correlation between IL-8 in the blood of
study patients and the number of macrophages within
the carotid plaques (r = 0.505). Interestingly, no signifi-
cant differences were found for CRP, IL-1B or IL-6, also
known as main contributors of inflammation in athero-
sclerotic plaques [10]. However, it has to be considered
that all patients included in the study had already ad-
vanced carotid stenosis of types V-VIII. In these patients,
atherosclerotic lesions are frequently accompanied by
chronic inflammation. Furthermore, significantly en-
hanced levels of CRP were observed in diseased patients
compared to healthy individuals (CRP, unstable/stable
vs. healthy: 1.35/1.05 vs. <0.5 mg/dl). Thus, some inflam-
matory factors may commonly correlate with advanced
carotid stenosis or neurological symptoms being, how-
ever, not specific enough to detect vulnerable lesions
(30].

The main aim of the study was, however, to assess
whether a combination of relevant biomarkers of ad-
vanced carotid lesions might improve the prediction of
lesion vulnerability compared with single biomarkers.
Various combinations of the above-described biomarkers
were analyzed by ROC. The best predictive value was
found for the combination of MMP-1, -7, TIMP-1, and
IL-8 with up to 90% of patients correctly diagnosed as
individuals with unstable plaques and up to 60% of indi-
viduals correctly diagnosed as negative (table 4). It has to
be emphasized that both PPV and NPV are important for
the correct determination of vulnerable plaques. In our
study, the combination of various biomarkers increased
not only the possible prediction of vulnerable plaques but
also the exclusion of patients with stable lesions. Further-
more, the use of combined biomarkers increased the sig-
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nificance values between the groups compared to the sig-
nificance of single factors. So using a combination of
more than one biomarker for the prediction of unstable
carotid plaques, significant differences were observed
also following correction for multiple testing. These re-
sults confirm our assumption that multiple analyses of
relevant biomarkers can improve the overall predictive
value and reduce the risk of inaccurate diagnosis.
Limitation of the Study. Despite the careful and de-
tailed characterization of all carotid plaques, some pa-
tients with small or unremarkable ruptures or fissures
could still escape our attention. However, due to the ex-
clusion of patients without well-defined plaque morphol-
ogy, such mistakes were reduced to a minimum. Further-
more, our study is limited by the relatively small sample
size for exact determination of truly appropriate cutoff
values of each individual biomarker. The use of such cut-
off values for the prediction of vulnerable carotid plaques
in the clinical routine requires further multicentric stud-
ies with larger patient groups, which we intend to do in

In summary, we performed a detailed multiple analy-
sis of various predictive biomarkers in patients with ad-
vanced carotid stenosis to detect vulnerable lesions for
each single individual. Using a multimarker score, ROC
analysis and the estimated cutoff values we demonstrated
the usefulness of a set of relevant biomarkers that play a
role in plaque instability as a possible predictor of isch-
emic stroke. Larger clinical studies with enhanced statis-
tical power are necessary to prove the relevance of the
biomarkers found in our study and to find further prog-
nostic markers to generate a set of reliable biomarkers for
identifying vulnerable plaques in an attempt to prevent
stroke.
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