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THE AVERAGE blood flow-induced shear stress (SS) in healthy
arteries is ⬃1 Pa (20). Although it is several orders of magnitude smaller than blood pressure, SS has a strong impact on
endothelial function. It is well accepted that low and/or oscillating SS causes endothelial dysfunction and is one of the key
players in localizing early atherosclerosis (20, 33, 40, 43). On
the other hand, normal and high SS is atheroprotective and is
involved in compensatory remodeling (11, 33).
At a certain point, compensatory remodeling fails, and the
plaque will intrude into the lumen. The transition from compensatory remodeling to plaque intrusion into the lumen is
poorly understood (33), but intraplaque hemorrhage might play

a role (1). Even a slight intrusion into the lumen will result in
a change of the SS pattern over the plaque. Some plaque
regions will be exposed to higher SS levels, whereas in other
regions (notably downstream of a lumen-intruding plaque), SS
will decrease. The possible effects of these changes in SS over
lumen-intruding plaques was reviewed by Slager et al. (34).
They identified various pathways along which increased SS
levels could influence plaque composition in such a way that it
enhances plaque vulnerability. These pathways include nitric
oxide-mediated smooth muscle cell (SMC) apoptosis and plasmin-induced metalloproteinase activity. Plaque regions exposed to decreased SS levels remain proatherogenetic. Apart
from a continued influx from lipids and proinflammatory cells,
there are several pathways that could induce SMC proliferation
and matrix synthesis. These pathways include the effect of
platelet-derived growth factors and endothelin-1, both potent
vascular smooth muscle cell mitogens (for a review, see Ref.
2). An observational study by Dirksen et al. (8) showed indeed
that the downstream region of lumen-intruding plaques in the
carotid bifurcation contained more SMCs compared with those
of the upstream region.
The mechanism described above might be especially relevant, but not limited to, vulnerable plaques. The mechanical
trigger for the rupture of a vulnerable plaque, the main cause of
unstable angina and acute myocardial infarction (30), is most
likely a blood pressure peak (27). Blood pressure can induce
high tensile stresses in the cap of a vulnerable plaque (17),
especially in the presence of microcalcifications (42). If these
tensile stresses exceed the local fracture stress of a cap, rupture
will occur. The local fracture stress of a cap is determined by
several factors, the most important being local cap thickness
and composition (26). The cap is a structure in a dynamic state,
and its composition is determined by many factors including
collagen synthesis by SMCs and collagen breakdown by metalloproteinases (16). Blood flow-induced SS might be one of
the factors that influences the processes that govern cap morphology and composition (8, 10, 12, 18, 36).
The aim of this study is to investigate the relationship
between SS and plaque composition in human coronary arteries in vivo. For this purpose, we use two intravascular ultrasound (IVUS)-based imaging techniques. The first concerns
biplane angiography and intravascular ultrasound (ANGUS)
and provides detailed three-dimensional geometrical information, which is used to determine the wall thickness and the SS
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Physiol 295: H1608 –H1614, 2008. First published July 11, 2008;
doi:10.1152/ajpheart.01081.2007.—Once plaques intrude into the lumen, the shear stress they are exposed to alters with hitherto unknown
consequences for plaque composition. We investigated the relationship between shear stress and strain, a marker for plaque composition,
in human coronary arteries. We imaged 31 plaques in coronary
arteries with angiography and intravascular ultrasound. Computational fluid dynamics was used to obtain shear stress. Palpography was
applied to measure strain. Each plaque was divided into four regions:
upstream, throat, shoulder, and downstream. Average shear stress and
strain were determined in each region. Shear stress in the upstream,
shoulder, throat, and downstream region was 2.55 ⫾ 0.89, 2.07 ⫾
0.98, 2.32 ⫾ 1.11, and 0.67 ⫾ 0.35 Pa, respectively. Shear stress in
the downstream region was significantly lower. Strain in the downstream region was also significantly lower than the values in the other
regions (0.23 ⫾ 0.08% vs. 0.48 ⫾ 0.15%, 0.43 ⫾ 0.17%, and 0.47 ⫾
0.12%, for the upstream, shoulder, and throat regions, respectively).
Pooling all regions, dividing shear stress per plaque into tertiles, and
computing average strain showed a positive correlation; for low,
medium, and high shear stress, strain was 0.23 ⫾ 0.10%, 0.40 ⫾
0.15%, and 0.60 ⫾ 0.18%, respectively. Low strain colocalizes with
low shear stress downstream of plaques. Higher strain can be found
in all other plaque regions, with the highest strain found in regions
exposed to the highest shear stresses. This indicates that high shear
stress might destabilize plaques, which could lead to plaque rupture.
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MATERIALS AND METHODS

Patients. We investigated 13 native coronary arteries in 12 patients
who participated in the Integrated Biomarker and Imaging Study
(IBIS), a single center, prospective, nonrandomized observational
study (39). Patients with stable angina, silent ischemia, or an acute
coronary syndrome referred for percutaneous coronary intervention
were eligible. The aim of the IBIS study was to assess nonflowlimiting coronary lesions using invasive and noninvasive imaging
techniques in conjunction with biomarkers in a coronary artery, other
than the artery that was the target for intervention.
The Institutional Medical Ethical Committee approved the study
protocol, and all patients gave written informed consent to participate
in this study.
Three-dimensional coronary artery imaging. The ANGUS procedure combines biplane angiography with IVUS to obtain the threedimensional geometry of the coronary arteries. Briefly, a sheath-based
IVUS catheter with a rotating element (UltraCross 2.9 or CVIS
Atlantis; Boston Scientific) was positioned distal in the artery and
imaged using a biplane angiographic system (Bicor; Siemens). IVUS
images were acquired during an ECG-gated motorized pullback
(EchoScan; TomTec) with a step size of 0.5 mm. Contours of the
lumen and the media-bounded area (the latter were based on the
external elastic lamina) were drawn in the IVUS images and subsequently stacked on the three-dimensional reconstruction of the path of
the catheter that was derived from the initial biplane angiographic
recordings. The three-dimensional lumen reconstruction served as
input for the computation of the SS distribution, and the distance
between the lumen and media-bounded area was used to derive the
wall thickness distribution. Details regarding the ANGUS procedure
are described elsewhere (35).
Shear stress. The SS distribution was obtained by solving the
Navier-Stokes equations on a finite element mesh that represented the
reconstructed three-dimensional lumen of the coronary artery (15).
The boundary conditions for the finite element analysis consisted of
patient-specific data. Flow through the artery was derived from
average velocity measured by quantitative IVUS blood flow (20 MHz
Avanar; Volcano Therapeutics) (19). The measured flow was used to
generate a parabolic velocity profile at the inlet of the artery. No-slip
boundary conditions were used at the lumen wall, and stress-free
outflow was prescribed. We applied a shear thinning power-law model
for blood, using the measured viscosity, hematocrit, and fibrinogen
(25). The Navier-Stokes equations were solved with a validated finite
element code (SEPRAN, SEPRA BV). For more details on the
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computational methods, see supplemental data (supplemental data can
be found with the online version of this article).
Strain. IVUS palpography measures the STR in the direction of the
ultrasound beam in the inner layer of the vessel wall. The STR
distribution is inferred from data acquired during a continuous (0.5 or
1 mm/s) IVUS pullback (Trackback II; Volcano Therapeutics) with a
commercially available catheter (20 MHz Avanar; Volcano Therapeutics). IVUS palpography measures the radial STR in the inner layer of
the wall of a coronary artery that is deformed by variations in the
arterial pressure pulse (9). The STR values are determined by applying cross-correlation techniques on the reflected radio frequency
ultrasound signals from two different time points of the arterial
pressure pulse (7). The STR values were normalized by average
pressure drop between the two time points. The STR values from one
heart cycle were averaged to determine the compounded STR distribution, which we used in the current analysis (9). It was shown that
the STR distribution, as can be measured with palpography, is a
surrogate marker for plaque composition (29).
Image registration. Since the SS imaging and the STR imaging use
data from different IVUS catheters, the two data sets were registered.
This was achieved by carefully matching the underlying IVUS images
of the two data sets. Anatomical landmarks, including side branches
and calcified spots, were identified in both image stacks. Based on
these landmarks, two second-order polynomial fits were derived to
register the two image stacks: one for matching the IVUS images in
the axial direction and one for the rotation of the IVUS images. We
used, on average, 5.4 ⫾ 1.6 landmarks to match the two data sets.
Only the region in between the most distal and most proximal
landmark observed in both data sets was used for further analysis. We
excluded regions containing IVUS artifacts that could be indicative of
a nonuniform pullback speed.
Data analysis and statistics. Segments between side branches were
analyzed. Plaques were identified based on wall thickness data. Plaques
were considered to be present at those locations where wall thickness was
larger than 20% of the local lumen diameter (Fig. 1) (44). Plaques were
selected, and plaque burden [plaque burden ⫽ (vessel area ⫺ lumen
area)/ vessel area ⫻ 100%] was determined at minimal lumen diameter
for each plaque. At that same location, we also determined area stenosis
[area stenosis ⫽ (lumen area at the reference cross section ⫺ lumen
area)/lumen area at the reference cross section ⫻ 100%] and remodeling
[remodeling ⫽ (vessel area ⫺ vessel at the reference cross section)/vessel
area at the reference cross section ⫻ 100%]. The reference cross section
was defined as the cross section with a maximum lumen area in the
segment that contained the plaque.
Subsequently, the plaques were divided into regions: upstream,
throat, downstream, and lateral shoulders (Fig. 1). These regions
covered the complete plaque. The average SS and STR values were
determined in each region, and these average values form the basis for
the analyses in this study.
One-way ANOVA with post hoc testing was applied to compare
mean values. Regression analyses were applied to study the relationship between SS and STR per plaque. P values smaller than 0.05 were
considered to be statistically significant. All statistical analyses were
carried out with SPSS (version 11.3; SPSS).
RESULTS

Plaque characteristics. We analyzed 13 coronary arteries in
12 patients. The study vessel was the right coronary in 7 of 13
arteries, the left anterior descending in 4 of 13 arteries, and the
left circumflex in 2 of 13 arteries. The demographic and
clinical patient characteristics are given in Table 1. The threedimensional geometry of all arteries was successfully reconstructed with the ANGUS procedure. The registration of the
two IVUS data sets failed in one artery; the region in which the
two data sets overlapped contained only a single identifiable
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distribution. The second imaging modality is palpography (9),
which measures local radial strain (STR) in the vessel wall,
induced by the blood pressure. In general, plaque regions with
lower wall stiffness will reveal higher STR values, and where
wall stiffness is higher, the STR values will be lower. In vitro
studies have shown that STR measurements can be used to
discriminate between fibrous, fatty-fibrous, and fatty arterial
tissue (5). It was also shown in vivo that plaques containing
calcium showed lower STR values than those of noncalcified
plaques (4) and that fatty plaques showed higher STR values
(6). In diseased human coronary arteries, measured STR values
showed a strong positive correlation with macrophage concentration and a negative correlation with smooth muscle cell
content (29). These in vivo experiments demonstrate that STR
values over a plaque, measured with palpography, can be
regarded as a surrogate marker of local plaque composition
(32). The two imaging modalities are combined to study the
distribution of STR over plaques and to relate this marker of
plaque composition to local SS values.

H1609

H1610
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anatomical landmark. The remaining 12 arteries rendered 25
segments between side branches, four of which were free of
any disease. The remaining 21 matched segments had an
average length of 21 ⫾ 10 mm with an average diameter of
3.1 ⫾ 0.6 mm. The segments were exposed to an average SS
of 1.28 ⫾ 0.16 Pa and an average STR of 0.33 ⫾ 0.15% at a
mean pressure drop of 2.5 ⫾ 1.1 mmHg. The average wall
thickness was 0.47 ⫾ 0.09 mm. In the matched segments, 31
plaques were present with an average plaque burden of 50 ⫾
12%. The average area stenosis of the plaques was 36 ⫾ 22%,
and positive remodeling was observed (8 ⫾ 9%). Out of 31
plaques, five showed calcifications on IVUS. In the axial direcTable 1. Patient characteristics
Number of patients
Number of vessels
Vessel
Right coronary artery
Left anterior descending
Left circumflex
Sex
Male
Female
Age
Hypercholesteremia
Hypertension
Diabetes
Systolic blood pressure, mmHg
Diastolic blood pressure, mmHg
Average flow rate, ml/min
Clinical presentation
Unstable angina
Stable angina
Silent ischemia

12
13
7
4
2
11
1
59⫾13
12
6
1
142⫾19
80⫾7
105⫾63
3
8
1

Values are means ⫾ SE.
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tion, the plaques were 6.3 ⫾ 3.1 mm long and in the circumferential direction they extended over an angle of 192 ⫾ 68°.
SS versus location. The average SS over the plaques was
1.82 ⫾ 1.14 Pa, being 42% higher than the average SS in the
complete segment, which contains the plaque. For all plaques, the
respective average SS values in the upstream, shoulder, throat,
and downstream region were 2.55 ⫾ 0.89, 2.07 ⫾ 0.98, 2.32 ⫾
1.11, and 0.67 ⫾ 0.35 Pa, respectively (Fig. 2, top). We did not
observe negative SS values in the downstream region, which
indicates that no flow reversal is present. The average SS in
the downstream region was significantly lower than in all
the other regions (P ⬍ 0.05). Upstream, shoulders, and
throat were exposed to similar SS levels.
STR versus location. The average STR over the plaque
was 0.40 ⫾ 0.13%, which is 15% higher than the average
STR in the complete segment in which the plaque is located.
The pattern of the STR distribution over the plaque was
similar to the pattern observed for the SS: comparable
values at the upstream, shoulder, and throat region of the
plaque and lower STR values downstream of the plaque.
The average STR values for all the plaques in the upstream,
shoulder, throat, and downstream region were 0.48 ⫾
0.15%, 0.47 ⫾ 0.12%, 0.43 ⫾ 0.17%, and 0.23 ⫾ 0.08%
(Fig. 2, bottom). Downstream, the STR was significantly
lower than at all the other locations (P ⬍ 0.05).
SS versus STR. We investigated the relationship between
average SS and average STR over each plaque using regression analysis. An example is shown in Fig. 3; the regression
line shows a positive slope: regions exposed to low SS
exhibit low STR and the STR increases with increasing SS.
From the 31 plaques, 29 showed a positive relationship. The
average slope for all the plaques was 0.28 ⫾ 0.15% Pa (P ⬍
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Fig. 1. The results of the 3-dimensional reconstruction of a right coronary artery are given in A. The lumen is in red, and the media-bounded area is represented
in gray. The normalized wall thickness is projected on the lumen in B (red/brown is low, and yellow/white is high). A 2-dimensional anatomical representation
of a part of the lumen is given in C, where the normalized wall thickness (WTnorm) contour that defines a plaque (WTnorm ⫽ 0.2) is demarcated by the green
line. The specific plaque regions [upstream (U), throat (T), lateral shoulder (S), and downstream (D)] are given in D.
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0.001), implying that the STR increases 0.28% with each Pa
the SS increases.
To be able to compare the data from all the plaques, we
divided the SS values into tertiles for each plaque. The SS in
each plaque region was labeled as low, medium, or high,
depending on its value. The data of all the plaques were pooled,
and the average STR for each SS tertile was computed. The
average STR in the lowest SS tertile was 0.23 ⫾ 0.010%, in the
medium SS tertile the average STR was 0.40 ⫾ 0.15%, and
in the highest SS tertile the average STR was 0.60 ⫾ 0.18%
(Fig. 4). All values were significantly different from each other
at a P ⬍ 0.01 level.
DISCUSSION

This study is the first to provide combined data on the
distribution of SS and STR over plaques in human coronary
arteries in vivo. The data enabled us to study the relationship
between SS and STR, a surrogate marker for plaque composition. We found that low STR values colocalize with low SS
values downstream of a plaque. Higher STR values can be
found in all the other plaque regions, with the highest STR
values found in regions exposed to the highest SS.
SS versus location. The SS distribution in often idealized
geometrical models of human coronary arteries was the
subject of numerous investigations (14, 15, 24, 36, 44), and
in these studies it was shown that the geometry of coronary
arteries is the main determinant of the observed SS distribution. Generally, downstream of a plaque, low SS can be
AJP-Heart Circ Physiol • VOL

expected, which was confirmed in the current investigation.
The results of this study show that complex three-dimensional shape of the coronary artery does not permit the
prediction of the SS in the other regions; the SS in a specific
plaque region is influenced by the patient-specific proximal
geometry of the artery.
STR versus location. The wall stiffness of a plaque region is
mainly determined by its composition. The STR distribution,
as was measured by palpography, can therefore be regarded as
a surrogate marker for plaque composition. Postmortem experiments have shown that plaque regions with a high concentration of SMCs correlate with low STR values and can therefore
be considered to be stiffer. Plaque regions with large amount of
macrophages show high STR values and thus have a lower wall
stiffness (29). The measured STR distribution over coronary
plaques from this study reveal that low STR values are present
in the downstream regions, indicating that the vessel wall is
stiffer there than it is at the other plaque locations. The
observed increased SMC concentration in the downstream
region of carotid plaques (8) as well as earlier proposed
mechanobiological mechanisms (34) agree well with this observation. The results of the current study also revealed that,
compared with the downstream regions, the upstream regions
of the plaques showed higher STR values. This observation
agrees with the observed higher concentration of macrophages
in the upstream region of carotid plaques (8). The STR values
in the upstream, throat, and shoulder regions showed a heterogeneous distribution, indicating that, apart from downstream,
location alone does not govern the composition of the plaque.
Since one can expect an inverse relationship between wall
thickness and STR, this could be a confounding factor in the
current study. However, since STR is larger in the throat region
(the region where wall thickness is largest) than in the
downstream region (where wall thickness is lower), the
composition of the plaque seems to govern the measured
STR distribution.
SS versus STR. SS itself does not induce deformation of the
plaque; wall stresses, induced by blood pressure, are ⬃100,000
times higher than SS and are most likely the mechanical trigger
of plaque rupture (27). Although the direct mechanical impact
of SS is limited, SS has an important effect on endothelial
function (38), and results from basic research and clinical
observations suggest a biological effect of SS on plaque composition (21). It was hypothesized (34) that plaque regions
exposed to high SS might be weakened due to matrix breakdown by plasmin-induced metalloproteinases and the regression of the SMC. One can speculate that, when applying these
findings to vulnerable plaques, cap thickness in regions exposed to high SS might be reduced. Combined with the effect
of microcalcifications (41, 42), this might enhance plaque
vulnerability. In plaque regions exposed to low SS, atherosclerosis might progress due to endothelial dysfunction with the
accompanying SMC proliferation. The relationship between
SS and STR and their spatial distribution over the plaques we
found in this study agree with this hypothesis: the downstream
region of the plaque, exposed to low SS, is stiffer, pointing at
an increased SMC concentration. In the other regions, high SS
coincides with high STR, indicating that weaker material is
present at those locations.
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Fig. 2. Average shear stress (top) and average strain (bottom) for each plaque
region (U, T, D, and S). #Significant difference at a P ⬍ 0.05 level.
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Limitations
This study has certain limitations. First, the patient population and the number of plaques investigated are small. We
determined the peak STR before pressure normalization for
each plaque to be able to categorize them according to the
validated Rotterdam classification (ROC) classification (39).
The ROC I classification was used for plaques with a peak STR
between 0% and 0.6%, ROC II for a peak STR between 0.6%
and 0.9%, ROC III for a peak STR between 0.9% and 1.2%,
and ROC IV for a peak STR over 1.2%. Using these values to
separate the plaques, we found that 10 plaques were ROC I, six

Fig. 4. The average strain at the 3 shear stress levels. #Significant different
average strain values at a P ⬍ 0.01 level.
AJP-Heart Circ Physiol • VOL

plaques were ROC II, 10 were ROC III, and five plaques were
ROC IV. The incidence of ROC values of the plaques in this
study is in good agreement with previously reported data (31),
indicating that our patient population spans a wide range of the
overall population of the IBIS trial. Increasing the number of
plaques combined with data over time would be especially
relevant if we would like to further investigate the various
hypothesis on the possible influence of SS on the composition
of vulnerable plaques (3, 34). Second, we have to consider the
accuracy with which the image registration was performed.
Based on the results of the polynomial fitting procedure, we
estimate the axial mapping to be accurate within 0.5 mm and
the circumferential mapping within 5°. With the average size
of the plaques in this study (6.3 mm and 192°) taken into
account, it is unlikely that mismatch in image registration
confounds the observed relationship between SS and STR.
Although we do not expect mismatch in image registration to
be a major source of error, studies like these could benefit from
simultaneous SS and plaque composition imaging. This can be
achieved by the application of the sheath-based IVUS catheter
with a rotating element, which can be used for both the
ANGUS procedure and IVUS virtual histology (28). Finally,
palpography measures radial STR and cannot visualize plaque
composition directly, and it suffers from limited resolution.
Several imaging modalities emerged that can provide information on plaque composition based on spectroscopy (22, 23) but
more studies need to be carried out to validate them. Once the
imaging techniques for plaque composition are established, we
can combine this information with palpography to extend the
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Fig. 3. Average shear stress vs. the average
strain in the regions covering a plaque. The
downstream (D) region is exposed to low
shear stress, and low strain values were measured at that location (green arrow). In the
other regions, the measured strain increased
with the shear stress the regions were exposed to.
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computational framework to include fluid-solid interaction,
like some of the studies concerning plaque deformation in
carotid arteries (37). Such coupled computations will contribute to a more complete understanding of plaque mechanics.
The combination of palpography with high-resolution optical
coherence tomography (13) seems to be a promising approach
to identify plaques with thin caps and high STR spots, a
possible fingerprint of plaque vulnerability.

13.

14.

15.

Conclusions

16.
17.
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