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ABSTRACT 

Local hemodynamic forces in atherosclerotic carotid arteries are thought to trigger cellular and molecular mechanisms 
that determine plaque vulnerability. Magnetic Resonance Imaging (MRI) has emerged as a powerful tool to characterize 
human carotid atherosclerotic plaque composition and morphology, and to identify plaque features shown to be key 
determinants of plaque vulnerability. Image-based computational fluid dynamics (CFD) has allowed researchers to 
obtain time-resolved wall shear stress (WSS) information for atherosclerotic carotid arteries. A deeper understanding of 
the mechanisms of initiation and progression of atherosclerosis can be obtained through the comparison of WSS and 
plaque composition. The aim of this study was to explore the hypothesis that intra-plaque hemorrhage, a feature 
associated with adverse outcomes and plaque progression, is more likely to occur in plaques with elevated WSS levels. 
We compared 2D representations of the WSS distribution and the amount of intra-plaque hemorrhage to determine 
relationships between WSS patterns and plaque vulnerability. We extracted WSS data to compare patterns between cases 
with and without hemorrhage. We found elevated values of WSS at regions where intra-plaque hemorrhage was 
detected, suggesting that WSS might be used as a marker for the risk of intra-plaque hemorrhage and subsequent 
complications.  
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1. INTRODUCTION 
Cells present in the arterial vessel wall respond to sustained altered values of hemodynamic forces modifying their 
structure and function at the cellular, molecular, and genetic levels to return these forces to their physiological values1-4. 
However, under certain circumstances, this response may lead to pathologies, such as atherosclerosis. Indeed, low values 
of the shear stress exerted on the wall by the blood flow induce atherogenic endothelial gene expression, whereas high 
and unidirectional values stimulate the expression of an atheroprotective phenotype1.  

Less is understood regarding the role of shear stress on existing plaques, but high stress may conversely be a stimulus for 
further progression or rupture of advanced plaques. Recent studies have suggested that endothelial cells may modify the 
balance between cap-reinforcing extracellular matrix synthesis by smooth-muscle cells and extracellular matrix 
degradation by metalloproteinases secreted by infiltrating macrophages as a response to shear stress3, 5. Therefore, there 
might be a link between the distribution of plaque components and shear stress patterns. 

Magnetic resonance imaging (MRI) has emerged as a powerful tool to characterize human carotid atherosclerotic plaque 
composition and morphology, and to identify plaque features shown to be key determinants of plaque vulnerability6-9. 
This information is vital since plaque’s vulnerability to rupture and, subsequent cardiovascular complications is not 
determined accurately by the luminal diameter (stenosis) alone. Thus, MRI provides the opportunity to non-invasively 
examine the role of shear stress in determining plaque composition.  

Due to the challenges of in vivo measuring wall shear stress (WSS) and its distribution along the arterial wall, time-
resolved wall shear information has been obtained by solving the Navier-Stokes equations that govern the flow with 
computational fluid dynamics (CFD) packages10-13. The geometries used in these numerical models are, commonly, the 
result of the 3D rendering of the MRI segmentation. Some of them also made use of the patient-specific velocity 
information from phase-contrast MRI (PC-MRI) as boundary condition to solve the equations. Even though different 
groups have successfully estimated wall shear stress patterns in carotid atherosclerotic plaques, a technique that 
correlates these force patterns with plaque composition is still lacking. The aim of this study was to explore the 
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hypothesis that intraplaque hemorrhage (IPH), a feature associated with adverse outcomes as well as plaque progression 
and destabilization, is more likely to occur in plaques with elevated levels of WSS. We used a CFD software package to 
determine the distribution of shear stress along the arterial wall. We then compared 2D representations of the resulting 
3D WSS distribution with the thickness and location of intraplaque hemorrhage in an effort to determine relationships 
between WSS patterns and plaque vulnerability.  

2. MATERIALS AND METHODS 
2.1 Carotid imaging 

From an ongoing carotid artery MRI study (PRIMARI)14, we selected seven cases with similar stenosis (50-70%) but 
different plaque morphologies. Three subjects exhibited intraplaque hemorrhage (IPH), 2 subjects exhibited lipid-rich 
necrotic core (LRNC) without hemorrhage, and 2 exhibited neither necrotic core nor hemorrhage. In all cases, the 
carotid bifurcations were imaged using a standardized protocol15 with a 1.5 T MRI scanner (Signa Horizon Echospeed; 
GE Healthcare).  3D time-of-flight (TOF), 2D T2- and PD-weighted FSE, and 2D T1-weighted pre- and post-contrast 
quadruple inversion-recovery FSE sequences were obtained. MRI parameters were as follows: T1-weighted (T1W): 
black blood, 2D fast spin-echo, repetition time (TR)/effective echo time (TE)=800/10 ms, echo train length=8; PD-
weighted (PDW) and T2-weighted (T2W): fast spin echo, cardiac gated, TR=3 or 4 cardiac R-R intervals, effective 
TE=20 ms for PDW and 40 ms for T2W, echo train length=6; and 3D TOF: TR/TE 23/3.8 ms, flip angle 25°. Fat 
suppression was used for T1W, PDW, and T2W images to reduce signals from subcutaneous fat. Images were obtained 
with a field of view of 13 to 16 cm, matrix size of 256, slice thickness of 2 mm, and 2 signal averages. Interslice spacing 
was 0 mm for T1W, PDW, and T2W and -1 mm for 3D TOF (1 mm overlapping between adjacent slices). The 
longitudinal coverage of each carotid artery was 24 mm (12 slices) for T1W, 30 mm (15 slices) for PDW and T2W, and 
40 mm (40 slices) for 3D TOF. A zero-filled Fourier transform was used to reduce pixel size (0.25×0.25 to 0.31×0.31 
mm2) and minimize partial-volume artifacts. The protocol was approved by the local institutional review board and 
informed consent was obtained prior to patient enrollment. Custom designed analysis software (CASCADE) was used to 
register and segment the images16. Lumen and wall boundaries were outlined for each imaged slice, as well as, the lipid-
rich necrotic core and hemorrhage boundaries, if present.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Image segmentation: Cyan, outer wall boundary; red, lumen boundary; navy blue, calcification; yellow, 
lipid-rich necrotic core; orange, intraplaque hemorrhage. 

2.2 Computational Fluid Dynamics (CFD) model 

Unstructured tetrahedral meshes were constructed based on the geometrical information obtained from the segmented 
MR images using a customized version of the MATLAB code developed by Persson and Strang17. Once the 
computational mesh was built, it was imported into a CFD software package (COMSOL Multiphysics, Stockholm, 
Sweden) to solve the Navier-Stokes equations using finite element analysis. Blood was treated as a Newtonian, viscous 
fluid with a density of 1045 kg/m3 and dynamic viscosity of 0.0035 Pa·s. Due to the lack of patient-specific flow 
information from the common, external, and internal carotid arteries, we assumed flow conditions at the inlet (common 
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carotid artery) and outlets (internal and external carotid arteries) of the model as follows: a fully-developed Womersley 
flow was assumed at the entrance with a Womersley number of 5.7 and a peak Reynolds number of 609.63. A normal 
stress of 1000 N/m2 was imposed at the outlets. A no-slip boundary condition was applied along the luminal surface. The 
computational time step was set at 10 ms. Three cycles were computed to ensure a reproducible solution. The results 
reported here correspond to the third cycle. 

2.3 Measurement of lipid-rich necrotic core and intraplaque hemorrhage’s thicknesses 

Figure 1 shows a cross-section of an internal carotid artery with lumen, outer wall, lipid-rich necrotic core and 
intraplaque hemorrhage segmented. Each point on the lumen boundary has a corresponding point with the outer wall 
boundary. This relationship was established by using the symmetric correspondence algorithm18. The distance between 
the first encountered interface of a plaque component (LRNC or IPH) and the second encountered interface of that same 
plaque component is computed and superimposed on the lumen boundary (e.g., the distance TIPH in Figure 1 (a) is 
superimposed on point p of the lumen boundary).  
 

 
 
 
 
 
 
 
 
 
 
 

Figure 2. Schematic demonstrating how intra-plaque hemorrhage is quantified (the LRNC is quantified in a 
similar fashion). Black lines join correspondence points between the lumen and outer wall. TIPH is used to denote 
the thickness of the intra-plaque. 

2.4 2D map representation of IPH and WSS 

The values of wall shear stress resulting from the numerical simulation and the amount of lipid-rich necrotic core and 
intra-plaque hemorrhage (if present) obtained in Sections 2.2 and 2.3, respectively, were mapped on a 3D lumen surface. 
In order to facilitate the interpretation and comparison between these 3D maps (wall shear stress vs. plaque component), 
they were flattened onto 2D planes so that each transverse contour of the 3D surface was mapped to a 2D line with the 
arc-length of the contour preserved. The reader is referred to19 for a detailed description about the arc-length preserving 
map. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 2D representation (right) of the 3D wall shear stress distribution obtained from the flow simulation in a 
diseased carotid artery bifurcation (left). 
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3. RESULTS 
Seven human carotid arteries were included in the study. LRNC was present in five of the seven vessels and IPH was 
detected in three of these five cases with LRNC (Figure 1). The segmented MR images were used to build the 
computational flow simulation as indicated in Section2.2 and the resulting WSS data were extracted from the results. We 
used the results corresponding to peak systole to compare patterns of these stresses between the atherosclerotic plaques 
with and without hemorrhage.  

For each time point of the cardiac cycle, we computed the mean value of the wall shear stress across the region where 
IPH and/or LRNC was detected for the arteries where these features were identified (Figure 5). In the case of the two 
arteries where no LRNC was detected, we computed the mean WSS for the section corresponding to the internal carotid 
artery. We then extracted the WSS value corresponding to the peak systole and analyzed how this value varied across the 
seven arteries (Figure 6). We found that in two of the three subjects with IPH, the local WSS was elevated.  
 

 

 

 

 

 

 

 

 

 

Figure 5. The 3D reconstruction of the arterial segmentation was used to identify the region where intra-plaque 
hemorrhage and/or necrotic core was detected in the CFD model. The WSS was averaged within this region. 

In order to better visualize this finding, we extracted the 3D map of the distribution of wall shear stress data from the 
numerical simulation and built 2D flattened maps, as depicted in Figure 7, column (a). Similarly, we built 2D flattened 
maps of the thickness of the lipid-rich necrotic core and the intra-plaque hemorrhage in the cases where these plaque 
components were detected, as explained in Sections 2.3 and 2.4 (Figure 7 (b) and (c)). 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Peak systole WSS for the arteries without necrotic core (No LRNC/No IPH), with necrotic core but no 
intra-plaque hemorrhage (LRNC/No IPH), and with intra-plaque hemorrhage (LRNC/IPH).  
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(a) Wall shear stress (b) Lipid-rich necrotic core                               (c) Intra-plaque hemorrhage 
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Figure 7. 2D flattened maps of (a): the distribution of walFigure 7. 2D flattened maps of (a): the distribution of 
wall shear stress as measured at peak systole; (b) the thickness of the lipid-rich necrotic core; (c) the thickness of 
the intra-plaque hemorrhage. White arrows indicate zones of very relatively high wall shear stress in close 
proximity to intra-plaque hemorrhage. 

Qualitative comparison of these flattened maps shows that in the two cases with IPH and elevated WSS, the regions of 
IPH and high WSS are in close proximity. In contrast, in the 5 cases with LRNC (with or without IPH), no discernable 
pattern between LRNC and WSS is evident. 

4. CONCLUSSION 
Although different groups have successfully estimated wall shear stress patterns in carotid atherosclerotic plaques, there 
has not been any prior study that identifies shear stress patterns that may be responsible for the presence of a specific 
plaque component. This work is the first attempt to correlate wall shear stress distribution patterns with the location and 
size of specific components of the atherosclerotic plaque. Because intra-plaque hemorrhage is a critical factor in plaque 
progression and destabilization, it is used as a biomarker for identifying plaques at risk of rupturing. In this work, we 
have analyzed the possible correlation between the presence of intra-plaque hemorrhage and certain levels of wall shear 
stress.  

The results from this pilot study indicate a possible link between the presence of hemorrhage within a lipid-rich necrotic 
core in human carotid atherosclerotic plaques and the shear stress force acting on the luminal surface. An alternative 
view is that elevated wall shear stress may be the high risk feature and intra-plaque hemorrhage could be viewed as a 
marker for elevated shear forces on the plaque. 

Given the very small size of this study, any conclusions regarding the link between IPH and WSS remain highly 
speculative. Nevertheless, a major aim of this study was to construct and demonstrate a framework for investigating this 
link. We have demonstrated the potential of 2D mapping of the wall shear stress distribution and location and size of 
plaque components as a tool in classifying different types of atherosclerotic lesions and identifying patterns of wall shear 
stress that may be linked to plaque vulnerability. If further studies bear out the association, wall shear stress might be 
used as a marker for the risk of intra-plaque hemorrhage and subsequent complications and this tool would allow for a 
quick analysis of the patterns of wall shear stress that may play a role in the development of this and other plaque 
components. 
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