
Shear stress is associated with markers of plaque
vulnerability and MMP-9 activity

Abstract
Background: Vulnerable plaque has been associated with local macrophage accumulation and local high

matrix metalloproteinase-2 (MMP-2) and MMP-9 activity. Since shear stress is a known local modulator of

plaque location, we have determined whether local shear stress was associated with local plaque compo-

sition and with local MMP activity.

Methods and results: In 17 NZW rabbits plaque was generated by denudation of the infrarenal aorta over

a region of 5 cm and feeding them a high cholesterol diet for 2 months. After 2 months, a motorised IVUS

pullback of the infrarenal aorta was performed with a 40 MHz IVUS catheter (CVIS, Boston Scientific, USA).

IVUS derived vessel wall-lumen contours were reconstructed in 3D with in-house developed software. These

reconstructions served as an input for a computational fluid dynamics technique, from which the 3-D shear

stress field was calculated. Plaque regions were divided in 5 regions (n=8) to identify the location of highest

macrophage accumulation or selected on basis of shear stress to identify whether high shear stress selects

macrophage accumulation (n=8). In a second series, shear stress values were used to select regions

containing both latent and active MMP-2 and MMP-9. Segments were sectioned with a microtome and

stained for smooth muscle cells (SMC), macrophages (MΦ) and collagen (COL). MΦ, displayed the highest

density upstream of the plaque (6.9±2.4%, p<0.05), while SMC accumulated downstream (74.8±1.9%)

of the plaque. High shear stress was associated with MΦ accumulation and MMP-9 activity (p<0.05). 

Conclusion: Upstream location of macrophages in plaques is associated with high shear stress and 

MMP-9 accumulation. These findings are discussed in relation to rheological theories reported previously

in atherosclerosis.
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Introduction
Acute coronary syndromes have been associated most frequently

with ruptured and superficially eroded plaques1-3. In search of the

underlying mechanism, several groups have identified that ruptured

plaques consist typically of a large lipid pool, covered with a thin

fibrous cap and macrophages infiltrating the shoulder of these

caps2,4. Recently, in addition to this cross-sectional characterisation

of plaque composition, variation in the longitudinal composition

of the human plaque has been reported5-7. The existence of both

cross sectional and longitudinal heterogeneity is of importance,

as local variation in plaque composition cannot be explained by 

systemic factors – such as existing risk factors for atherosclerosis –

and thus local factors must be involved. 

Variations in plaque location throughout the vascular system have

been associated predominantly with local variation of shear stress8-13.

We have developed and reported upon a technique to calculate

local shear stress values with high resolution in human blood ves-

sels11-17. For the present study we have modified this method,

to evaluate the role of local shear stress (changes) on plaque hete-

rogeneity in an experimental atherosclerotic rabbit model. With the

combination of techniques we evaluate whether local shear stress

plays a role in the local composition of plaques and thereby plaque

rupture. As a special end-point, emphasis is placed upon markers

of plaque vulnerability.

Recent studies proposed a relationship between inflammation and

plaque vulnerability through the accumulation and activation of metallo-

proteinases18,19. MMPs in atherosclerotic plaques are synthesised by

a variety of cells including endothelial cells, smooth muscle cells and

(activated) macrophages18,19. Of the large family of MMPs, MMP-2

and MMP-9 have been associated with degradation of the basement

membrane, cell migration and cell accumulation19-21. Furthermore,

several studies showed that shear stress modulates the expression

of MMP-2 and MMP-9 in vitro and in vivo14,22,23. Thus, to evaluate

part of the underlying mechanism relating the accumulation of

inflammatory cells to shear stress, we evaluated both latent and acti-

vated forms of MMP-2 and MMP-9 in vivo.

Methods

Instrumentation
All experiments have been performed in accordance with institu-

tional regulations and the “Guiding principles for the care and use

of animals” as approved by the Council of the American

Physiological Society.

A couple of days before denudation, the rabbits started a high (2%)

cholesterol diet, for a period of 2 months. On the day of experimen-

tation, NZW rabbits (n=17; weight=3.1±0.2 kg) were premedicated

with fentanyl (0.315 mg/ml) and fluanisone (10 mg/ml) (Hypnorm®

0.5 ml/kg i.m.) and anesthetised with propofol i.v. (10 mg/ml, infusion

rate 10-15 ml/h, Abbott, Hoofddorp, The Netherlands), fentanyl i.a.

(0.2 mg/kg/h, B.Braun, Melsungen, Germany) and a 2:1 mixture

of N2O:O2 (vol/vol) after intubation (3.0 mm tube). The marginal 

ear artery was cannulated for arterial pressure measurement with

a fluid-filled catheter (Amatek Inc., PA), and for arterial blood with

drawal. The reduction in mean arterial blood pressure induced

by the anaesthetics was compensated for by an infusion of adrena-

line (1 mg/ml, infusion rate 2-12 ml/h, Centrafarm, Etten Leur,

The Netherlands) titrated to achieve a mean arterial pressure of

70 mmHg. A 4 French guiding catheter was advanced from the

arteriotomized femoral artery to the renal artery. After performing

angiography, a 40 MHz IVUS catheter (CVIS, Boston Scientific,

Maastricht, The Netherlands) was advanced through the guiding

catheter and located just above the left renal artery. Next, a motorised

pull back was performed at a speed of 0.5 mm/sec spanning an

arterial segment of 7 cm, which included the denuded segment

(see below). Subsequently, a Fogarty balloon (3F, Applied Medical,

Laguna Hills, USA), attached to a manometer (2.2-2.5A) was located

just below the renal artery and endothelial denudation was performed

by pulling back and twisting the inflated Fogarty balloon three times

over a length of 5 centimeter. After an 8-week follow up period, the

right carotid artery was dissected for the introduction of a 5 French

sheath. An angiographic overview image of the infra-renal aorta was

carried out and markers were located to indicate the previously

denuded region. A pull back was performed with the IVUS catheter

as described above. Subsequently, the rabbit was euthanised

(Euthasate®, 5 ml/kg) and perfusion fixation (formaldehyde 4%) 

was performed in the aorta under controlled arterial pressure 

of 70-80 mmHg for the duration of 20-30 minutes. Next, the infra-

renal aorta was dissected and stored in 4% formaldehyde for further

analysis.

3-D IVUS Reconstructions
3-D reconstruction of the infra-renal aorta before denudation and

at follow up has been performed as follows. First, the IVUS images

were digitised at intervals of 0.5 mm from the videotape with 

a resolution of 800×600 pixels and stored in a standard PC.

Subsequently, the lumen and media were traced semi-automatically

by a well-validated software package17 and positioned perpendicular

to the IVUS catheter axis at intervals of 0.5 mm. with in-house

developed software (Matlab®, Mathworks Inc., Mass, USA). After

resampling, a template deformable surface was fitted through

the lumen and media contours such that a 3-D reconstruction of the

lumen and wall of the iliac arteries was obtained. For comparison

of the 3-D data set at baseline and at follow-up, the start (renal

artery) and the end (5 cm) of the pull backs were aligned, and 

an interpolation algorithm was used to overlay both 3D reconstruc-

tions11,12.

Computational fluid dynamics (CFD)
To obtain the 3-D shear stress distribution at follow up, the lumen

of the reconstructed artery has been filled with 3-D finite elements

with a method described previously12. The axial resolution of the

mesh was 0.75±0.11 mm, while the cross-sectional resolution

varied between 22 µm to 45 µm for the largest vessel diameter and

between 9 to 19 µm for the smallest vessel diameter. The range

of resolutions was a result of a purposely-induced increase in reso-

lution towards the vessel wall. The boundary conditions for the

CFD simulations consisted of a parabolic entrance velocity, no slip

condition at the endothelium and zero stress at the outflow12. 

Blood was modelled as a non-Newtonian fluid13. Non-linear terms
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of the Navier-Stokes relationships have been solved with a Newton-

Raphson iteration scheme. 

Tissue harvesting and histological analysis

All slices were stained with hematoxyline-eosine, and prepared for

immunohistochemistry. Vessel morphology was obtained through

the quantification of plaque area, medial area, and media bounded

area from the hematoxyline-eosine stained slices with a software

package (Clemex Technologies Inc., Quebec, Canada). In addition,

monoclonal antibodies were applied to identify for macrophages

(MΦ RAM-11, Dako Diagnostics BV, Glostrup, DK), and for smooth

muscle cells (SMC: α-actin, Dako Diagnostics BV, Glostrup, DK).

Collagen content was determined by picrosirius red (Sigma).

Quantitative software has been developed applying the Clemex

Vision software package. Areas of MΦ, SMC and COL were calcu-

lated and related to plaque area and reported as densities (%).

On basis of these parameters an Vulnerability Index according to Saomi

was calculated25. Four regions per cross section were studied and

averaged to obtain a single number.

In the second series, zymography was performed as described pre-

viously24. Briefly, electrophoresis was performed applying 8% acry-

lamide gels containing 2mg/ml gelatin. Afterwards, the substrate

gels were soaked twice with Triton X-100 solution for 30 minutes

to remove SDS. The gels were then incubated in 50 mmol/L Tris-HCL,

pH 7.4, 0.15 mol/L CaCl2, 0.02%NaN3, and 0.05% Brij 35 for 24 hours

at 37 °C. The lyses of the substrates in the gels were visualized by

staining with 2.5% Coomassie Brilliant Blue G-250 (Sigma Chemical

Co.). Quantification was performed with a densitometric method.

Lipids

The plasma lipid profile (cholesterol, LDL-cholesterol, HDL-choles-

terol and triglycerides) was measured according to well-established

enzymatic-calorimetric methods (Roche Diagnostics, IN, USA)

at 8 weeks follow up (n=9), and in a normocholesteremic control

group (n=8).

Protocols

Two series of studies were performed. In the first series, the infra

renal aorta was excised after perfusion-fixation and the plaque

region divided into 5 equal regions (n=8) to identify the location

of histological markers of plaque vulnerability. A second analysis

on the first series was performed, by selection of the histological

parameters on basis of high and low shear stress values (see

below). This analysis aims at identifying the role of shear stress

in plaque composition. In the second series, two 500 µm regions

were selected in each plaque segment on basis of high, and low

shear stress values, to study both latent and active MMP-2 and

MMP-9 tissue content. This study was intended to study the rela-

tion between MMP activity and shear stress. 

Analysis and statistics

The 3D shear stress tensor, obtained from the CFD simulations, was

selected at the vessel wall and its magnitude was projected onto the

vessel wall. Since no absolute entrance velocity was available in our

experiments, the absolute shear stress values were divided by their

vessel average and multiplied by 100% to obtain an Average Vessel

Shear Stress (AVSS). 

In order to spatially match the fixated arterial segment to the IVUS

segment, we identified the start (renal artery) and the finish (5 cm)

of the pull back in the arterial segment before sectioning. Then,

the length of the vessel was measured directly after sectioning, and

the ratio of both lengths was defined as a global shrinkage correc-

tion factor (GSCF). Next, the location of the arterial cross section was

monitored and multiplied with the GSCF for correction of shrinkage

in the histology. As we could not correct for rotational differences

between both methods, all cross-sectional parameters were aver-

aged per cross-section. From macrophage density (MΦ), smooth

muscle cell density (SMC), and collagen distribution (COL), a VI-

index25, was calculated as MΦ/(SMC + COL). After that, the role

of shear stress on plaque composition was evaluated by selection

of all histology on basis of high (≥1.0*median), and low (<1.0*median)

shear stress values in matched arterial segments. 

In order to evaluate longitudinal cellular plaque heterogeneity,

the value of each parameter (MΦ, SMC, COL, shear stress, plaque

morphology, VI-index) was tested with ANOVA for repeated measures,

taking location as the independent variable. To test the influence

of shear stress, the two groups of MΦ, SMC, COL, shear stress,

plaque morphology, VI-index and MMP-activity selected on basis

of high and low shear stress were tested with a paired t-test. All values

are reported as mean±SEM. A value of P<0.05 was considered

significant.

Results

Animal characteristics

Arterial pressure was 85±5 mmHg and heart rate was 166±10

beats/min during denudation. A similar mean arterial pressure

(84±3 mmHg) and heart rate (184±14) was measured at follow up.

The plasma lipid profile changed significantly, as cholesterol

increased to 33.9±12.4 mM (normal value: 1.4±0.2 mM; p<0.05);

LDL-cholesterol to 28.7±9.2 (normal value: 0.2±0.1;p<0.05); 

HDL-cholesterol to 5.7±2.6 mM (normal value 0.7±0.1;p<0.05);

and triglycerides to 32.2±21.5 mM (0.7±0.1;P<0.05). Normal values

have been obtained from another group of rabbits (n=8).

Longitudinal heterogeneity of plaque
composition

The longitudinal segments of the arteries that contained the ather-

osclerotic lesions were divided into 5 zones of equal length. Zone 1

and 2 represent the upstream shoulder region of the plaque, while

zone 4 and 5 are the downstream shoulder region. Zone 3 is the

pinnacle of the atherosclerotic lesion, containing the locations with

the largest intimal areas of the various zones in all animals. Table 1

provides a detailed description of the vessel wall morphometry.

Within the plaque region, the MΦ density (Figure 1) displayed its

largest value upstream of the plaque (zone 2), while smooth muscle

cells were located mainly downstream of the plaque (Figure 1). The

entire group shows a similar result, as macrophage accumulation
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was increased up to 6.9±2.4% in zone 2 (Table 1). This was

accompanied by a significant increase in SMC (74.8±1.9%) down-

stream of the plaque and an increased vulnerability index upstream

of the plaque (8.9±2.7%; Table 1). Shift of MΦ vs. plaque area

is apparent if both signals are scaled to 100% (Figure 2). A predom-

inant downward shift is noted for collagen and the smooth muscle

cells. These findings lead to a small upward shift of the vulnerability

index (Figure 2).

Correlation of shear stress and plaque
composition

After shear stress increased from 85.7% to 109.5% (p<0.05),

macrophage density increased (to 344% of reference; p<0.05),

smooth muscle cell density remained unchanged, collagen

increased (to 154%) and the VI-index increased (from 2*10–2 to

4*10–2; p=0.065; Figure 3). Plaque area, media bounded area and

medial area all remained unchanged after selection by shear stress

(data not shown).

Figure 1. Example of Macrophage distribution (upper row), smooth
muscle cell distribution (middle row) and collagen distribution versus
location, where upstream is zone 1, and downstream is zone 5. 

Figure 2. Typical wall thickness and shear stress distributions after
8 weeks of high cholesterol diet and endothelial denudation of the
infrarenal aorta of a rabbit. Indicated are the smooth muscle cell dis-
tribution (left column) and macrophage distribution (right column).
The black lines in the 3-D IVUS reconstruction indicate the location
of these histological slides. Note that upstream macrophage predom-
inantly accumulate while downstream the smooth muscle cells are
predominant. The plaque in the cross-section shown at location D is
dissected from the vessel wall as no lipids or MΦ can be indentified
underneath the VSMC layer. 

Figure 3. Accumulation of macrophages (Panel A), Smooth Muscle
Cells (Panel B), Collagen (Panel C) and Vulnerability Index (Panel D)
with respect to plaque location. L means Low shear stress, while 
H means high shear stress. Data were obtained by scaling each
parameter from zero to 100 percent and to interpolate and smooth
the individual measurement points by a linear interpolation scheme
developed in Matlab. 

Table 1. Histological derived vessel wall morphology and cellular
distribution in 5 equidistant regions within the plaque of 8 rabbit
aortas

Zone 1 Zone 2 Zone 3 Zone 4 Zone 5

Vessel wall morphometry

Plaque area (mm2) 1.4±0.4 2.1±0.4 2.0±0.2 1.5±0.3 1.6±0.2

Media area (mm2) 1.1±0.2 0.9±0.2 0.8±0.3 0.9±0.1 0.9±0.2

Lumen area (mm2) 1.9±0.1 1.9±0.2 1.9±0.2 1.9±0.1 2.0±0.4

MBA (mm2) 4.4±0.3 4.9±0.4 4.8±0.4 4.5±0.4 3.9.±0.4

Cellular and Shear Stress distribution in the plaque

Macrophages (%) 2.5±1.4 6.9±2.4* 0.9±0.1 1.6±0.4 2.4±0.5

Smooth Muscle Cells (%) 64.4±2.2 62.9±3.4 70.7±4.4 74.8±1.9#69.5±4.5

Collagen (%) 7.1±2.5 8.6±3.2 8.6±2.9 12.5±4.2 7.4±1.8

VI-index (x10-2) 3.7±2.1 8.9±2.7* 1.1±0.2 1.8±0.5 3.2±0.8

Shear Stress (%) 109.5±9.9 106.2±6.3 103.1±7.4 95.6±8.1 85.7±6.8#

All values are mean ± standard error of the mean. * P<0.05, Zone is
significantly different compared to any other location. # P<0.05, Zone
is significantly different compared to Zone 1 and 2 (upstream). 

Correlation of shear stress, MMP-2 and MMP-9
accumulation and activity

Latent MMP-2 (3.0±0.2 OD*mm2 vs. 3.0±0.3 OD*mm2), latent

MMP-9 (0.6±0.01 OD*mm2 vs. 0.7±0.02 OD*mm2) and active

MMP-2 (0.2±0.05 OD*mm2 vs. 0.4±0.07 OD*mm2) values were

not different for low and high shear stress values respectively

(Figure 4). In contrast active MMP-9 significantly increased from
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0.1±0.03 OD*mm2 to 0.3±0.07 (OD*mm2; p<0.05) units when

these data were selected on basis of low and high shear stress 

values. 

Discussion
Both plaque inflammation, plaque vulnerability and plaque rupture

have been shown to be distributed heterogeneously in human

plaques5-7. As classical risk factors are systemic of nature and can-

not explain these local variations, we evaluated whether local shear

stress might underlie these findings. The present study may

be summarised as follows: i) plaques were generated in an animal

model consisting of a predominantly upstream accumulation

of macrophages, and a downstream accumulation of collagen and

smooth muscle cells in the rabbit aorta. These findings are similar

to those found in humans5-7; ii) local shear stress identified regions

of high plaque vulnerability, and a high macrophage accumulation,

suggesting a role of blood flow in plaque heterogeneity; and iii) high

shear stress values were associated with high MMP-9 activity. 

Plaque vulnerability has been associated with a thin fibrous cap and

with the existence of macrophages in the shoulder of the plaque1,2,4.

Recently, in addition to this cross sectional heterogeneity of plaque

composition, longitudinal heterogeneity of plaque composition was

reported in human carotid arteries5,7. In those studies, comparable

to the present study, SMC and collagen accumulation occurred

predominantly downstream of the plaque, while macrophage accu-

mulation occurred upstream of the plaque5,7. This finding is

remarkable as, in general, high shear stress prevails upstream and

low shear stress exists downstream of the plaque. Also in the pres-

ent study high shear stress values occurred upstream, while low

shear stress occurred downstream of the plaque. Low shear stress

has been associated with VCAM-1 expression and macrophage

adhesion26,27 and cannot explain the present findings. However,

in line with studies of Truskey et al28 (Figure 5) we propose that the

local rheological environment determines the interaction between

macrophages and their adhesion factors and thereby the

macrophage uptake. Factors that determine the local rheological
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Figure 4. Zymography-derived proMMP-2, active MMP-2, proMMP-9
and active MMP-9 selected on basis of low shear stress (black bars),
and high shear stress (gray bars) values. * P<0.05 High shear versus
low shear stress. 
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Figure 5. Postulated mechanism: Upstream of the plaque narrowing
of the lumen induces curved flow lines, increments in velocity along
the path (velocity gradients) and centrifugal derived velocity compo-
nent directed towards the vessel wall. The combination of factors
might enhance the interaction between particles and the vessel wall. 

environment are local velocity vectors directed towards the vessel

wall (‘secondary velocity patterns’29), long resident times, and 

gradients in shear stressor that increase local concentrations

of macrophages30. All these factors determine the change of inter-

action between macrophages and the vessel wall. In addition,

increased MMP-9 activity produced either by the endothelial layer

or by previously accumulated macrophages may contribute to the

subendothelial accumulation of monocytes in the plaque shoulder

by locally increasing tissue permeability. However, the activation

of chemokines, cytokines and other bio-active proteins that could

prime the endothelium of the plaque for adhesion and transmigration

of monocytes may have pivotal roles in this localised accumulation

and should be further investigated in future studies. 

Limitation of the method

Although the hypercholesteremic rabbit is a well-accepted model

for the study of the vascular biology in atherosclerosis, it displays

a relatively early form of atherosclerosis. As such extrapolations

towards patients should be done with caution.

We did not measure, but calculated the shear stress distribution

in the blood vessel. Although the method has been validated in sev-

eral earlier studies by independent laboratories11-15,17, it relies on

a number of assumptions. We used parabolic inflow as entrance

and constant, zero stress as outflow condition. We evaluated this

effect in straight and curved tubes with Newtonian conditions15.

It could be shown that 3-5 times the diameter (i.e. 10 mm) was

necessary for compensating for these boundary effects. We evaluated,

as described in the Methods section, only the plaque regions inside

the denuded regions. We used a non-compliant wall for our calcu-

lations. In several studies it has been shown that a radial expansion

of 2-7% which was measured in our experiments (data not shown)

did not affect mean shear stress to a large extent.31

The current study is descriptive and limited to one time point

at which the accumulation of different plaque components and

lesion vulnerability is related to the actual shear stress conditions.

It is impossible to analyse the same animal for shear stress condi-

tions at several time points during development of the lesion using

(immuno) histological parameters, because the animals need to be
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sacrificed for analyses. Therefore, it is important to develop intravi-

tal imaging techniques to measure the various plaque components.

For the matching of histological sections with our numerical pack-

age, we assume a homogeneous shrinkage of the blood vessel,

despite a non-homogeneous distribution of plaque and lipids.

Therefore, we introduced several markers upon the blood vessel

at equidistant points in three aortas of atherosclerotic rabbits and

measured their shrinkage before and after sectioning the 5 cm arte-

rial segment. An overall shrinkage of 32% was accompanied

by a variation of 1% (i.e. 0.3%) in individual sections (n=11), which

is small compared to the overall effect. 

We applied semi-quantitative techniques to obtain accumulation

of cells into our plaque regions. To evaluate the reproducibility of

this method, a random set of 10 slices was re-analysed by the same

observer (to assess the inter-variability) and by a different observer

blinded for the results of the first observer (to assess the intra-vari-

ability). The inter-variability for lumen, media and plaque areas was

0.09%, 0.11% and 1.93%, respectively, while for macrophage,

smooth muscle and collagen accumulation it was 1.4%, 0.4% and

8.1%, respectively. The intra-variability for these lumen, media,

plaque, macrophage, smooth muscle cell and collagen was 0.3%,

0.4%, 2%, 1%, 1% and 13%. Except for the collagen accumulation,

the variability was small compared to the reported findings (see table 1). 

Denudation was a necessary step to create complex plaques in this

animal model over such a short time period. To test for recurrence

of the endothelial layer we performed a Von Willibrand staining

for the 5 plaque regions obtained in series 1 (data not shown).

For each segment Von Willibrand positive staining covered 63%

of the circumference, independent of location within the plaque.

Hence, re-endothelisation was uniform throughout the plaque and

cannot explain the differences found in the plaque indicating that

shear stress by itself might be an important factor.

Two series of studies were performed, as it was not possible in our

hands to obtain histology and MMP activity in the same animal. This

was due to the fact that zymography needed to be analysed in snap

frozen tissue, excluding paraffin embedding, thereby reducing the

morphological quality of the sections. 

In conclusion, local increments in shear stress upstream of a plaque

are associated with histological markers of plaque vulnerability and

local MMP-9 activity. These findings suggest a relation between

plaque vulnerability and local rheological conditions.
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