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Wall shear stress (WSS) is involved in atherosclerotic plaque
initiation, yet its role in plaque progression remains unclear.
We aimed to study (i) the temporal and spatial changes in
WSS over a growing plaque and (ii) the correlation between
WSS and plaque composition, using animal-specific data in an
atherosclerotic mouse model. Tapered casts were placed around
the right common carotid arteries (RCCA) of ApoE−/− mice.
At 5, 7 and 9 weeks after cast placement, RCCA geometry
was reconstructed using contrast-enhanced micro-CT. Lumen
narrowing was observed in all mice, indicating the progression
of a lumen intruding plaque. Next, we determined the flow
rate in the RCCA of each mouse using Doppler Ultrasound
and computed WSS at all time points. Over time, as the plaque
developed and further intruded into the lumen, absolute WSS
significantly decreased. Finally at week 9, plaque composition
was histologically characterized. The proximal part of the
plaque was small and eccentric, exposed to relatively lower
WSS. Close to the cast a larger and concentric plaque was
present, exposed to relatively higher WSS. Lower WSS was
significantly correlated to the accumulation of macrophages
in the eccentric plaque. When pooling data of all animals,
correlation between WSS and plaque composition was weak
and no longer statistically significant. In conclusion, our data
showed that in our mouse model absolute WSS strikingly
decreased during disease progression, which was significantly
correlated to plaque area and macrophage content. Besides, our
study demonstrates the necessity to analyse individual animals
and plaques when studying correlations between WSS and
plaque composition.

2018 The Authors. Published by the Royal Society under the terms of the Creative Commons
Attribution License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted
use, provided the original author and source are credited.
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1. Introduction
Wall shear stress (WSS) is the frictional force induced by blood flow acting on the endothelial lining of
the vessel surface. WSS regulates the inflammatory status of the endothelium and thus determines the
location of plaque development [1–3]. The progression of a plaque is a dynamic process, during which
vessel geometry undergoes remodelling and narrowing, leading to substantial changes in the local WSS
environment over time [4–7]. As the disease advances, plaques grow and they differ in composition,
showing either a stable or vulnerable phenotype. Vulnerable plaques are characterized by the presence
of a large necrotic core with a thin overlying fibrous cap and abundant infiltration of inflammatory
cells [8]. Vulnerable plaques are prone to rupture and can cause subsequent thromboembolic events [9].
A substantial role for WSS in the initiation of atherosclerosis is established, however, whether WSS plays
a role in plaque growth and/or progression remains under debate.

Evidence towards a role for WSS in plaque growth and progression does exist but is ambiguous.
Clinical studies revealed that in carotid and coronary arteries, plaque rupture was predominantly
located at the upstream shoulder of a plaque [10–13]. Plaque composition was heterogeneous along the
direction of blood flow: thinner fibrous caps, larger necrotic cores and accumulation of macrophages
were observed at the upstream shoulder of a plaque, correlating a vulnerable plaque phenotype to the
location of rupture [12,14–17]. Several studies proposed that these regions were exposed to increased
WSS, suggesting that high WSS may promote plaque vulnerability [18–21]. By contrast, low WSS was
correlated to characteristics of plaque vulnerability in human and porcine coronary arteries [22–30].
Nevertheless, no direct association between evolution of WSS and plaque composition was established.
We set out to study the dynamic process of disease progression and the concomitant spatial and temporal
changes in lumen geometry and WSS using an atherosclerotic mouse model. In addition, we analysed
the association between WSS and plaque composition.

We use an atherosclerotic animal model in which we can manipulate WSS in vivo and induce
atherosclerotic plaque development [31–37]. We previously summarized the use of surgically
manipulated flow models [38] and found that WSS distribution was studied only in some of these
models and usually not taking full three-dimensional vessel geometry into account [34,36,39], while
calculation of WSS critically depends on detailed vessel geometry and blood flow velocity [40]. In
a previous cross-sectional study, using a tapered cast model [33], Pedrigi et al. [37] discovered that
certain WSS metrics co-localized to the presence of a plaque with increased Oil Red O-lipid staining.
However, quantitative analysis of plaque composition was not performed in this study and thus spatial
correlations between WSS metrics and plaque composition could not be studied. The WSS metrics
were investigated only at one time point while temporal data were lacking. Owing to the dynamic
nature of plaque progression, monitoring WSS in vivo over time is a prerequisite. To the best of our
knowledge, no studies have monitored temporal and spatial changes of WSS or correlated these to plaque
composition in individual animals. We investigated the evolution of geometry, flow and WSS during
plaque progression and the correlation between WSS and plaque composition in individual animals
by analysing WSS in vivo at various time points during plaque progression. First, we obtained mouse-
specific geometrical and flow data to compute WSS distribution at 5, 7 and 9 weeks after cast placement.
This enabled us to monitor changes in WSS over the very same plaque during its growth and progression
into an advanced plaque. At 9 weeks after cast placement, vessel samples were harvested and plaque
composition was histologically characterized. Finally, regression analysis was performed to determine
correlations between plaque composition and WSS.

2. Material and methods
2.1. Animals and cast placement
Female ApoE−/− mice on C57BL/6 J background (n = 9) were purchased from Charles River (Maastricht,
The Netherlands). At 13 weeks of age, normal chow diet was replaced with an atherogenic Western
diet and provided ad libitum (Arie Blok, The Netherlands). Cast surgery was performed two weeks
later on the animals under isoflurane-induced anaesthesia as described previously [33,41,42]. The
average weight of the mice was 21.9 g. A tapering cast was placed around the right common carotid
artery (RCCA), leading to changes in local WSS environment and subsequent plaque development. All
animal experiments performed conform to the guidelines from Directive 2010/63/EU of the European
Parliament on the protection of animals used for scientific purposes and approved by ethical committee
of Erasmus MC Rotterdam.
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Figure 1. Experimental scheme. At t= −2 weeks, ApoE−/− mice were fed a high fat diet; cast operation was performed on the right
common carotid artery (RCCA) at t= 0week to induce plaquegrowth (note that at t= 0,micewere 15weeks of age); At t= 5, 7, 9weeks
during plaque progression, three-dimensional RCCA vessel geometry was reconstructed using contrast-enhanced micro-CT imaging.
Blood flow velocity through the RCCA was measured by Doppler ultrasound; both micro-CT and ultrasound were carried out in each
individual mouse; three-dimensional WSSmaps at three time points of the same animal were thus generated using these imaging data.
After the last imaging moment at t= 9 weeks, animals were euthanized, RCCA was excised for histological analyses.

2.2. Contrast-enhanced micro-CT imaging and right common carotid artery lumen
reconstruction

To compute WSS in RCCA, we used time point and mouse-specific vessel geometries as the input,
which was captured by contrast-enhanced micro-CT imaging (Quantum FX) with isotropic resolution
of 40 µm. Images in Hounsfield unit (HU) were reconstructed. RCCA geometry of each animal at week
5, 7 and 9 was analysed using in-house developed modules in MeVisLab (MeVisLab 2.2.1) and Matlab
(Matlab 2012). The segmentation protocol was previously established [40]. RCCA lumen surface was
reconstructed from its origin at the bifurcation of the brachiocephalic artery, to its bifurcation into the
internal and external carotid artery. Mice were anaesthetized with isoflurane with scanning parameters
of 90 kvp, 160 µA, field of view 20 mm (figure 1). The radiation dose of each micro-CT scan was
approximately 1.7 Gy. Mice underwent three scans in total, with 2-week time intervals. To determine
a possible effect of radiation on atherosclerosis progression, we included a control group (n = 5) that was
not imaged and analysed plaque composition 9 weeks after cast placement. No significant differences
in plaque area or macrophage content were found (data not shown). Contrast agent eXIA 160 was used
with an injection dose of 150 µl/25 grams of body weight. One mouse had paralysed hind limbs after the
first imaging and was euthanized. One mouse was found dead before the third imaging at week 9. These
two mice were excluded from subsequent analyses. Note that micro-CT is unable to capture outward
remodelling of the vessel wall but allows visualization of lumen surface.

2.3. Doppler ultrasound imaging
Ultrasound imaging was performed using Vevo 2100 (VisualSonics) with a 40 MHz transducer. Blood
velocity wave form was measured upstream of the RCCA under pulse-wave mode at five different
time points: before and immediately after cast surgery, at 5, 7 and 9 weeks after cast surgery (figure 1).
RCCA diameter was measured under M-mode at the same location as the pulse-wave measurement,
thus allowing conversion of blood velocity (mm s−1) to flow (mm3 s−1) assuming a parabolic velocity
profile.

2.4. Mesh and computational fluid dynamics simulations
RCCA lumen surface was smoothed using Vascular Modelling Tool Kit (VMTK 1.2). The superfluous
ends at the proximal and distal side of the vessel surface were clipped and flow extensions were
added. A volume mesh with prism layers was then generated using ICEM (ICEM-CFD 14.5, Ansys).
Parameters including number of mesh elements, maximum element size, use of curvature/proximity
based refinement, numbers and thickness of prism layers were optimized to obtain a mesh-independent
solution resulting in approximately 640 000 elements. Surface area of the RCCA inlet was derived,
enabling the calculation of location-specific blood flow velocity as boundary condition.
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Several assumptions were made when solving the Navier–Stokes equations. First, the endothelial

cells are exposed to time varying WSS levels. It is well established that the response of these cells is
triggered by the time-averaged WSS that they are exposed to [43]. To obtain the time-averaged WSS, we
can use steady flow simulations, using the average flow through the vessel as input [44]. In previous
studies, it was demonstrated that other time-dependent WSS-derived parameters such as oscillatory
shear index (OSI) are not relevant due to the geometry and flow conditions in this model [37,40], unlike
in other vascular territories [45,46]. Furthermore, we assumed the WSS values are not influenced by
the distensibility of the vessel wall. For blood flow in carotid arteries in mice, it was previously shown
that distensibility is only important in the carotid bifurcation, and has a negligible effect in the common
carotid artery [47]. Finally, blood was modelled as a Newtonian fluid, a valid assumption given the high
shear rates in the carotid arteries of mice [48]. Therefore, we confined ourselves to steady flow simulation.

The resulting Navier–Stokes equations were solved by computational fluid dynamics (CFD) using
Fluent (Fluent 14.5, Ansys). Blood was modelled to be incompressible. A constant viscosity of
3.5 × 10−3 kg m−1 s−1 and a density of 1060 kg m−3 were used [47,49]. Vessel wall was assumed to be
rigid. A parabolic velocity profile was imposed as inlet boundary condition. Average blood flow velocity
of the RCCA was derived from Doppler velocity measurements. For outlet boundary condition, zero
pressure was used. WSS was then derived from the computed velocity field. Finally, post-processing and
analysis were performed using CFD-Post (CFD-Post 14.5, Ansys) and Matlab.

2.5. Histological staining and analysis
After final imaging at week 9 (figure 1), mice were euthanized by isoflurane overdose. The vascular
system was then flushed with PBS through the left ventricle. Subsequently, 4% paraformaldehyde (PFA)
in 0.15 mM PBS was used for pressure fixation at 100 mmHg [50]. Tissue around the RCCA was carefully
cleaned, exposing the vasculature. The RCCA, cast, proximal brachiocephalic bifurcation and aortic arch
could be clearly seen (figure 2b). Photos of RCCA were taken with a 1 mm grid strip. The cast was then
carefully removed from the vessel. Proximally, the RCCA was excised 3 mm distal to the aortic arch
and distally after the carotid bifurcation. The RCCA was then immersed in 4% PFA for 24 h at room
temperature. Tissue samples were then processed and embedded in paraffin for histological analysis. We
focused on the plaque upstream of the cast because its composition was relevant to our aim of study. We
did not investigate the region within the cast because this region was exposed to increased WSS, and thus
no plaque formation was observed. For the region downstream of the constriction, the cast was generally
located close to the bifurcation. We can, therefore, expect a strong interplay between the presence of the
jet downstream of the cast and the flow features associated with the division of the flow in the carotid
bifurcation. These features will be greatly influenced by the flow division over the internal and external
carotid artery. This ratio will change during the progression of the disease [47]. Since we did not measure
flow in the internal or external carotid artery due to restricted time allocated for flow measurements, we
cannot establish flow division and thus cannot evaluate WSS patterns downstream of the cast reliably.
Therefore, we decided to exclude the plaque formed downstream in our analysis. Serial sections of the
plaque upstream of the cast were collected. On average each plaque contains 21 serial sections (5 µm, at
50 µm interval), the two sections adjacent to the cast were excluded from the analysis to avoid possible
confounding effects from the presence of the cast. Sections were stained for general plaque morphology
(H&E), macrophages (CD68, Bio-Rad), endothelium (CD31, Dianova) and collagen (Resorcin-Fuchsine).
Atherosclerotic plaque area, media area and relative macrophage area were quantified (BioPix iQ3.2).
Necrotic core was defined as a-cellular, a-nuclear areas free of H&E staining [51].

2.6. Registration of histological staining to three-dimensional wall shear stress maps
For each animal, histological sections of the RCCA (figure 2a) were spatially registered to three-
dimensional WSS maps at various time points (figure 2c) via the in vivo RCCA overview (figure 2b).
We correlated plaque composition to WSS at different time points because although the effect of WSS on
the endothelium is instant, the subsequent changes in plaque composition are not. Thus it is necessary
to register WSS maps at week 5, 7 and 9 to plaque composition observed at the latest time point. To
do the registration, we calculated RCCA vessel shrinkage from the in vivo situation to histology. Two
landmarks are needed for this purpose. Since vessel segments with and without plaques were likely
to exhibit different elasticity and therefore shrinkage, selection of landmarks should preferably be the
beginning and the end of a plaque. The proximal edge of the plaque was clearly visible both on the
RCCA overview (figure 2b, arrow) and histological sections (figure 2a, second section on the left). We
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Figure 2. Spatialmatching of histological sections to three-dimensionalWSSmap of an individual RCCA. (a) Representative H&E stained
sections of the RCCA proximal to the cast, showing the healthy part, eccentric plaque part and the concentric plaque part. (b) Overview
of the RCCA in situ before excision with 1 mm-spacing grid paper (arrowhead, black suture around the cast; arrow, proximal side of the
plaque; asterisk, plaques located at the inner curve of the aortic arch and brachiocephalic artery). (c) Three-dimensional WSS map.

thus selected it as the first landmark. The end of the plaque coincided with the proximal edge of the cast,
which can be identified on histology. However, due to the scar tissue surrounding the cast, the distal edge
of the plaque was not clearly visible on the RCCA overview. The black suture around the cast, however,
can be easily spotted (figure 2b, arrowhead). Since the distance to the proximal edge of the cast was
known (0.5 mm), we could pinpoint it as our second landmark. The average longitudinal shrinkage was
51% ± 20%, comparable to that reported previously [37]. On the three-dimensional WSS maps, location
of the cast was identified from the micro-CT images. Using the individual shrinkage factor obtained for
each mouse, histological sections were then spatially registered to the three-dimensional WSS maps at
week 5, 7 and 9 (figure 2c). We investigated the association between plaque composition and WSS profiles
at three time points as the duration between changes in WSS and the actual effect of that particular WSS
on plaque composition is unknown.

According to the histological sections, proximal RCCA was divided into two segments: the healthy
segment and the diseased segment. The corresponding segments were also identified on the three-
dimensional RCCA geometry reconstructed from the micro-CT images at week 9. Since histology was
only available at week 9 and micro-CT imaging can only capture lumen geometry but not plaque
composition, it was not possible to pinpoint the border between the healthy and diseased segment on the
three-dimensional RCCA geometry at week 5 and 7. We used the histology data obtained at week 9 to
identify the healthy and diseased segments for these two time points. Lumen area in the proximal RCCA
was derived from the three-dimensional RCCA geometry assuming circular cross-section [52]. Degree of
stenosis was calculated as the percentage ratio between the minimum lumen area in the diseased segment
and the average lumen area of the healthy segment. When analysing histological data, the diseased
segment was further divided into two segments. Proximally, the plaque was composed of sections with
eccentric plaque growth, in which plaque did not cover the entire circumferential direction. Close to the
cast, the plaque covered the entire circumferential direction and was thus concentric (figure 2a).

2.7. Statistics
Data are presented as mean ± s.d. and analysed in Matlab and RStudio. Differences between samples
were evaluated using a paired, two-tailed, Student’s t-test or repeated-measures ANOVA. A Tukey’s
honest significant difference (HSD) post hoc test was performed after the ANOVA test. Correlations
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between histological quantifications and WSS data were performed by linear regression. A value of
p < 0.05 was considered significant.

3. Results
3.1. In vivomicro-CT reveals various plaque progression profiles among animals
Three-dimensional RCCA vessel geometries were reconstructed from contrast-enhanced micro-CT at 5,
7 and 9 weeks after cast placement. Various plaque progression profiles were evident among animals.
Changes in lumen diameter were most evident between either 7 and 9 weeks, or 5 and 7 weeks. In a
representative animal (mouse number 1 shown in figures 3–6), lumen narrowing was observed gradually
over time (figure 3a, pink line, 3b). Degree of stenosis increased steadily from 55% at week 5 to 63% at
week 7 and 80.0% at week 9 (figure 3a, pink line).

In all animals (n = 7), at week 5, lumen narrowing can be clearly seen in the diseased segment
upstream of the cast (electronic supplementary material, figure S1), suggesting presence of a lumen
intruding plaque. Degree of stenosis averaged among seven animals was 41 ± 11% at week 5, 57 ± 8%
at week 7 (p < 0.05 versus week 5) and 62 ± 16% at week 9 (p < 0.05 versus week 5) (figure 3a,
black line).
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Figure 5. Illustration and quantification of WSS in a RCCA. (a) Three-dimensional WSS distribution in the RCCA of representative mouse
1 at 5, 7 and 9weeks after cast placement. Circumferentially averagedWSS along the RCCA is shown (b). Proximally the RCCAwas divided
into a healthy and diseased segment, indicated by the vertical dashed line, based on the week 9 histology data. WSS distribution was
heterogeneous over the diseased segment. Averaged WSS in both segments significantly decreased over time and was relatively higher
in the diseased segment (Student’s t-test, *p< 0.05).

3.2. Blood flow in right common carotid artery decreased over time
Blood velocity was measured upstream of the RCCA before and immediately after cast surgery, and
at 5, 7 and 9 weeks after cast placement. Blood flow in the RCCA was then converted using the
measured parameters. In our representative animal, blood flow reduced from 47.3 to 19.4 mm3 s−1

after cast placement and further decreased during plaque progression, from 14.8 mm3 s−1 at week 5 to
11.4 mm3 s−1 at week 7 and 2.0 mm3 s−1 at week 9 (figure 4, pink line).

All mice except for one (mouse number 3 in electronic supplementary material, figure S1) showed
a general decrease in blood flow over time. Blood flow in the RCCA averaged from all seven animals
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Figure 6. Characterization of plaque composition. Representative histological staining of the eccentric and concentric segment of
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decreased immediately after cast placement from 38.4 ± 9.0 to 28.0 ± 5.5 mm3 s−1 (figure 4, black line). At
weeks 5 and 7, blood flow further reduced to 19.8 ± 9.2 and 16.4 ± 6.0 mm3 s−1 (p < 0.05 versus before cast
placement). Finally, at 9 weeks, blood flow was 9.9 ± 11.3 mm3 s−1, significantly lower than that before
and after cast placement (p < 0.05).

3.3. Wall shear stress profiles as determined by animal-specific geometry and flow data
The spatial and temporal three-dimensional WSS distribution based on the mouse-specific geometry
and flow data was computed at 5, 7 and 9 weeks after cast placement with CFD. Figure 5 illustrates the
evolution of the three-dimensional WSS distribution of our representative animal. Before cast placement,
average WSS was 14.4 ± 9.4 Pa decreasing to 12.9 ± 4.4 Pa after cast placement. At week 5, WSS was low
upstream of the cast with an average value of 4.1 ± 2.2 Pa (figure 5a, upper panel). At week 7 and 9, as
blood flow in the RCCA gradually reduced, WSS decreased in the RCCA (figure 5a, middle and lower
panel). WSS distribution in the RCCA upstream of the cast was further analysed in the healthy and
diseased segment. At week 5, the two segments were exposed to WSS of 2.2 ± 0.1 Pa and 5.0 ± 2.2 Pa
respectively (figure 5c, green bars). Furthermore, WSS distribution was heterogeneous over the diseased
segment (figure 5b, green line). Over time, as lumen area remained constant along the healthy segment,
the decrease in blood flow led to lower WSS in this region (figure 5b, blue and red lines), with 1.3 ± 0.1 Pa
at week 7 and 0.3 ± 0.0 Pa at week 9 (p < 0.05, figure 5c, blue bars). For the diseased segment, the lumen
area narrowed gradually over time. Combined with the reduction in blood flow over time, WSS in this
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segment decreased significantly to 3.4 ± 1.7 Pa at week 7 and 1.7 ± 1.0 Pa at week 9 (p < 0.05, figure 5c,
red bars).

Since various geometry features and blood flow patterns were observed among the seven mice,
different WSS profiles were evident, presented in electronic supplementary material, figure S1. A general
reduction in WSS over time was seen in five animals. Mouse number 2 showed an increase in WSS from
5 to 7 weeks, with a subsequent dramatic decrease from 7 to 9 weeks. Mouse number 3 was the only one
showing a WSS increase over time, while in all other mice WSS was minimal in both the healthy and
diseased segment at week 9. Furthermore, in all mice, the healthy segment was exposed to significantly
lower levels of WSS when compared to the diseased segment at all time points.

3.4. Plaque morphology and composition varied within a single plaque
Histological analysis revealed the presence of one continuous plaque in the RCCA upstream of the
cast 9 weeks after cast placement. However, differences in morphology and composition were found
within this continuous plaque depending on the axial location. Histological sections of our representative
animal are shown in figure 6. A smaller and eccentric plaque was observed proximally (figure 6, left
section). Closer to the cast, the plaque was concentric and larger (figure 6, right section). Plaque area of the
eccentric part was 0.04 mm2 compared to that of the concentric plaque 0.15 mm2. Relative macrophage
area in the eccentric plaque was 24.6%, while in the concentric plaque a relative macrophage area of
13.9% was observed. In the eccentric plaque, relative necrotic core area was 2.7%, while it was 15.0% in
the concentric plaque (data not shown).

The eccentric–concentric plaque morphology was present in all animals. Plaque area was significantly
smaller in the eccentric plaque compared to that of the concentric plaque (0.03 ± 0.01 mm2 versus
0.12 ± 0.02 mm2, p < 0.05) (figure 6a). Macrophages were more concentrated in the eccentric plaque
compared to that of the concentric plaque (figure 6b). On average, relative macrophage area in the
eccentric plaque was 28.3 ± 6.9%, while in the concentric plaque a relative macrophage area of 13.4 ± 3.5%
was observed (p < 0.05). In the eccentric plaque, relative necrotic core area appears to be somewhat
smaller than that of the concentric plaque (figure 6c, 15.2 ± 8.2% versus 21.1 ± 7.7%). However, the
difference between the eccentric and concentric plaque regarding relative necrotic core area was not
statistically significant.

3.5. Correlation between wall shear stress and plaque composition
Plaque area, macrophage content, and necrotic core area at week 9 was linked to WSS profiles at week
5, 7 and 9 (figure 7). In our representative animal, plaque area was positively associated with WSS and
significant at all time points (p < 0.05). Accumulation of macrophages was negatively correlated to WSS
and significant at both week 5 and 7 (p < 0.05), indicating that lower WSS suggested a pro-inflammatory
profile in plaques. A positive correlation between relative necrotic core area and WSS level was positive
at all three time points, however, only significant at week 5 and 7. Figure 7 summarizes the correlation
between WSS and plaque area, macrophage content, and necrotic core area of all seven animals at three
time points. Thus for each plaque parameter, there were 7 × 3 = 21 observations. In six out of seven
animals at all time points, a positive and statistically significant correlation between WSS and plaque area
was seen in 17 out of 21 observations. Inverse correlation between WSS and macrophages was observed
in six out of seven animals where 12 out of 21 observations were statistically significant, and 6 out of 21
showed a non-significant negative correlation. The correlations between WSS and relative necrotic core
size showed less significance. For relative necrotic core size, 6 out of 21 correlations were positive and
statistically significant.

The correlation between plaque composition and WSS profiles were analysed in each individual
animal. When histological data from all the animals was pooled together, as is usually the followed
approach in these types of studies, a positive but very weak correlation between WSS and plaque area
was seen, which was not statistically significant at any time point (the correlation coefficient was 0.08 at
week 5, 0.1 at week 7 and 0.04 at week 9, p > 0.05), contrary to the result obtained from the individual
animal analysis. Pooling data results in different and not necessarily correct correlation patterns.

4. Discussion
Our study described the temporal and spatial changes in vessel geometry, blood flow and concomitant
WSS over an advanced murine plaque and its correlation to plaque area and macrophage content. First,
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Figure 7. Correlation between WSS at all time points and plaque composition. Yellow, positive correlation, p< 0.05; light yellow,
positive correlation, p> 0.05; blue, negative correlation, p< 0.05; light blue, negative correlation, p> 0.05.

we demonstrated that it was possible to follow changes in lumen area over time using contrast-enhanced
micro-CT. Lumen narrowing was observed in all animals upstream of the cast, implying the formation
of a lumen intruding plaque. The minimum degree of stenosis varied among animals at each time point,
leading to different progression profiles over time. These differences in disease progression rate were not
related to the initial degree of stenosis at week 5 or plaque size observed at week 9. Immediately after
cast placement, flow reduction of 23.3 ± 19.8% was observed in the RCCA, comparable with previously
reported values [33,37]. During plaque progression, as stenotic degree increased over time, blood flow
in the RCCA decreased gradually from week 5 to 9. Flow decrease was also observed in animals with
constant degree of stenosis over time. Therefore, the observed flow decrease was not only due to the
increasing stenotic degree of the lumen intruding plaque, but also likely to be due to increasing resistance
of the distal vascular bed beyond the carotid bifurcation. In general, blood flow decreased during plaque
progression in all mice, except one. Our results strongly suggested that there were temporal and animal-
specific variations in vessel geometry and blood flow and, therefore, one should not use generic values
when computing WSS distribution as suggested previously [53].

Variations in the local geometrical and blood flow data at the time of investigation led to a complex
spatial and temporal distribution of WSS in vivo among animals. As blood flow reduced and vessel
diameter remained constant, RCCA was exposed to dramatically decreasing levels of absolute WSS over
time. However, over all, WSS decreased over time and was minimal at week 9 in all animals but one.
Generally it is believed that WSS over a lumen intruding plaque would increase over time due to
the increased degree of stenosis. Our findings showed that this is not the case in this animal model,
contrary to the general consensus [54]. Nevertheless, if we look at the spatial distribution of WSS in the
upstream RCCA, relative WSS showed a gradual increase from the healthy segment to the eccentric and
then concentric plaque segment, which is in line with the general consensus. Although relative WSS
distribution followed the expected spatial pattern, one should keep in mind that it was on a background
with dramatically decreased absolute WSS levels. This implies that previous studies which correlated
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Figure 8. Schematic overview of plaque morphology. Proximally, the plaque was smaller and eccentric with abundant accumulation of
macrophages. Closer to the cast, the plaque was larger and concentric.

high WSS to plaque pathogenesis using this mouse model should potentially be reinterpreted. This
underlines again the importance of computing WSS on subject-specific flow and geometries.

To analyse correlations between WSS and plaque components, we analysed plaque composition after
the final imaging moment. To visualize the spatial heterogeneity of plaque composition, we performed
consistent sampling of the plaque, similar to the study reported before [55]. This analysis revealed
the presence of one continuous plaque. Its composition varied in the axial direction (figure 8). In all
animals, proximally, the plaque was small and eccentric, and abundant in macrophages. The macrophage
concentration was comparable to that reported by Cheng et al. [33]. We observed that the plaque segment
located closer to the cast was big and concentric. CT data demonstrated that vessel lumen narrowing was
first observed close to the upstream part of the cast, suggesting that the plaque revealed here was present
for a longer time and thus its composition was more advanced, while the proximal part of the plaque
is ‘younger’ and less advanced. The spatial heterogeneity of the plaque implied that sampling location
should be taken into account when analysing plaque composition in any animal model for atherosclerosis
or human atherosclerotic sample [15]. Results might be different if one only selects histological sections
from either eccentric or concentric diseased segments.

Using mouse-specific absolute WSS at a given time point and using the histological data, we
demonstrated a strong inverse relationship between macrophages and WSS. Macrophages accumulated
in the proximal eccentric plaques where WSS was lowest, confirming the pro-inflammatory effect of
low WSS reported before [1,14,56]. In this mouse model, the continuous exposure to reducing levels of
WSS in the proximal eccentric plaque correlated to inflammation and thus plaque growth. However,
regardless of the homogeneous distribution of WSS in the upstream RCCA, the proximal segment of
the plaque had an eccentric composition. In addition, although the upstream part of the RCCA was
homogeneously exposed to extremely low WSS, plaque was only present close to the cast. This evidence
suggested that low WSS alone is not incentive enough to induce plaque initiation. We think that the
plaque initially grew from the region close to the cast, and there might be factors (damage from the
cast surgery, distribution of inflammatory cells or layout of fibrotic tissues) from the existing plaque
that induced a non-homogeneous growth pattern in the proximal direction. In addition, we showed that
six out of seven mice had a positive and significant correlation between WSS and plaque area. The one
animal that showed contrasting correlations (mouse number 6 in figure 7) presented with such extensive
plaque progression that the stenosis created by the plaque was more severe than the stenosis induced by
cast placement (electronic supplementary material, figure S1).

In our study, we observed large variations in both WSS distribution and plaque composition among
animals. Correlation between WSS distribution and plaque composition reduced when data were
pooled. This implies that one can miss out on important correlations if the often-applied approach
of pooling WSS and histological data is used. Similarly, De Wilde et al. [7] showed that pooling data
led to misinterpretation of correlation between WSS metrics and plaque composition. Therefore, when
analysing functional parameters from one to another, using subject-specific WSS and histological data is
necessary.
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5. Study limitations
A limitation of this study was that we were not able to perform rotational matching between the
three-dimensional WSS maps to the lumen surface obtained from histology. Subdividing the three-
dimensional WSS maps into cross-sections and matching it to the corresponding orientation of the
histological sections would potentially increase information density. In our study, the upstream RCCA
was a relatively straight segment where WSS distributed homogeneously along the lumen circumference.
We thus expected little effect of performing rotational matching. In addition, we focused on computing
WSS and did not compute wall stress which is expected to play a role, especially close to the cast [42],
which is why we did not include the sections close to the cast in our histological analysis. A limitation
of our model is that mice do not present with vulnerable plaques in accordance with the definition of a
human vulnerable plaque; that is, mouse plaques are not rupture-prone [42]. The differences between
mice—and animal models in general—and humans were reviewed by us and others [42,57,58]. The
implication of these differences is that translation of the findings based on these animal data to patient
studies should, therefore, be done cautiously. A relevant example of the difference between mice and
humans pertains to cap thickness, a strong indicator of plaque vulnerability in human plaques, which
is ill-defined in mice due to the presence of multiple necrotic cores, located deep in the plaque. We,
therefore, decided not to put forward cap thickness analyses in this manuscript.

6. Conclusion
We quantified the temporal and spatial evolution of WSS in an atherosclerotic mouse model and we
studied the correlation between the animal-specific WSS data and plaque composition in the same
animal. Strikingly, due to the temporal changes in geometry and flow, WSS decreased over time during
disease progression, contrary to the general belief. In the majority of the mice, lower WSS was associated
with elevated levels of inflammation, which mainly localized proximally where the plaque was small and
eccentric. Closer to the cast where a larger concentric plaque was observed, higher WSS was associated
with increased plaque area. In addition, our study clearly demonstrated the necessity to analyse
individual animals and plaques when studying correlations between WSS and plaque composition.
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