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Introduction

Acute cardiovascular events are triggered by the 
disruption of coronary atherosclerotic plaques, involv-
ing rupture and erosion1, 2). Rupture is more likely to 
occur in plaques with a large lipid core encapsulated 
by a thin fibrous cap containing inflammatory cell 
infiltration1-3). Accumulating evidence supports the 

notion that inflammation and matrix degradation play 
crucial roles in the pathogenesis of plaque rupture. On 
the other hand, plaque erosion is characterized by 
superficial plaque injury. The morphological charac-
teristics include an abundance of smooth muscle cells 
(SMCs) and extracellular matrix, whereas the lipid 
core is small or absent and inflammatory cells are 
scant1, 2, 4). Plaque erosion accounts for 20% to 40% 
of coronary sudden deaths and is particularly common 
among patients ＜50 years of age and smokers, with 
the frequency being higher in women4-7). These histo-
logical and clinical differences indicate that the under-
lying mechanisms of plaque erosion differ from those 
of plaque rupture. However, the details of the mecha-
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nally placed along the ventral surface of the injured 
femoral artery, and a 1-0 silk suture was tied at one 
point around both the artery and the needle, which 
was then removed to resume the blood flow16). The 
blood flow was reduced to approximately 25% of the 
initial level measured using a T106 transit flow meter 
(Transonic Systems Inc., NY, USA). These techniques 
were carried out under the utmost care in order to 
prevent traumatic endothelial injury. One hour later, 
the rabbits were injected with heparin (500 U/kg, i.v.) 
and sacrificed with an overdose of pentobarbital (60 
mg/kg, i.v.). The animals were then perfused with 
0.01 mol/L of phosphate buffered saline and 50 mL 
of 4% paraformaldehyde for the histological analyses.

Histological Sections and Vascular Geometry 
Reconstruction

The excised femoral arteries were fixed in 4% 
paraformaldehyde for 12 hours at 4℃ and longitudi-
nally embedded in paraffin. Sections (3 μm thick) 
obtained at 100-μm intervals were stained with hema-
toxylin and eosin. Histological arterial sections (130 
to 162 slices per artery) were captured as digital images 
in JPEG format with a resolution of 640×480 pixels 
using the NIS-Element D3.2 microscope imaging 
software program (Nikon Instruments, Tokyo, Japan). 
The image files were then aligned using the Avizo 6.1 
image processing software program (FEI Visualization 
Sciences Group, Oregon, USA) in order to reconstruct 
the 3-dimensional (3D) geometry (Fig.1A). Unrea-
sonable excess bumps between slices were manually 
smoothed. Aligned images of the arterial walls were 
processed via surface rendering, and the extracted 
inner vascular cavities were saved into 3D computer-
aided design data in the STereoLithography (STL) 
format.

Analysis of Computational Fluid Dynamics (CFD)
Vascular geometrical STL files were applied to a 

CFD analysis using the OpenFOAM® 2.0 open source 
CFD toolbox (OpenCFD Ltd./OpenFOAM founda-
tion, Bracknell, UK) under the following conditions. 
Blood was assumed to be a non-compressive Newto-
nian fluid. The blood flow at the inlet was set as a 
continuous flow with a plugged velocity profile of 
|umean, inlet|=12.7 cm/s in the axial direction determined 
based on a flow reduction model17). The blood prop-
erties were selected according to the literature as fol-
lows: dynamic viscosity ν=3.873×10−6 m2/s and den-
sity ρ=1044 kg/m3 18, 19). These values are valid under 
physiological conditions, and the vascular wall was 
assumed to be rigid.

The effects of turbulence were evaluated in the 

nisms underlying the development of plaque erosion 
remain unclear1, 2).

Blood flow-induced mechanical stress is an essen-
tial factor in the development of atherosclerosis and 
thrombosis. Various mechanical factors likely also play 
a role in plaque rupture, including wall shear stress 
(WSS), blood pressure (BP) and the tensile stress con-
centration within the lesion wall8-11). Endothelial cells 
preferentially become damaged downstream of athero-
sclerotic plaques, where the blood flow is disturbed 
and shear stress is lower than at upstream portions12). 
Experimental acute arterial stenosis has been shown to 
induce endothelial changes or damage of the normal 
aorta as well as coronary and carotid arteries13, 14). We 
recently demonstrated that the blood flow disturbed 
by acute vascular narrowing induces superficial erosive 
injury to SMC-rich plaque with consequent thrombus 
formation15). Therefore, hemodynamic forces, such as 
a disturbed or turbulent blood flow induced by steno-
sis or vasoconstriction in particular, are crucial factors 
in generating erosive injury. However, how blood 
flow-induced mechanical factors contribute to the 
onset of plaque erosion remains unclear.

We assessed WSS, turbulence kinetic energy 
(TKE), BP and blood pressure gradient (BPG) values 
in a rabbit model of plaque erosion and computa-
tional fluid dynamics in order to determine the con-
tribution of blood flow-induced mechanical factors to 
the onset of plaque erosion.

Methods

Ethics Statement
The Animal Care Committee of Miyazaki 

University approved the animal research protocols 
(permit number 2010-511), which conformed to the 
Guide for the Care and Use of Laboratory Animals 
published by the US National Institutes of Health. All 
efforts were made to minimize suffering.

Generation of a Rabbit Model of Plaque Erosion
Five male Japanese white rabbits weighing 2.5 to 

3.0 kg were fed a conventional diet. Surgery proceeded 
under aseptic conditions and general anesthesia with 
the administration of intravenous pentobarbital (25 
mg/kg). An angioplasty balloon catheter (diameter, 2.5 
mm; length, 9 mm; QUANTUM, Boston Scientific, 
Galway, Ireland) was inserted via the carotid artery 
into the right femoral artery under fluoroscopic guid-
ance. The catheter was inflated to 1.5 atm and retracted 
three times to induce SMC-rich atherosclerotic plaque 
formation in the right femoral artery15). Three weeks 
later, a 21-G needle (1 cm in length) was longitudi-
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deviation or median with interquartile range. Rela-
tionships between factors were evaluated using Spear-
man’s rank correlation test. Differences between 
groups were tested using the two-tailed Mann-Whit-
ney U-test (JMP® 8.0.2, SAS Institute Inc., Cary, 
North Carolina, USA). A p value of ＜0.05 was con-
sidered to be statistically significant.

Results

WSS, TKE, BP and BPG in the Reconstructed 
Vessels

Fig.2A-C shows the mean values for WSS, TKE 
and BP at the longitudinal distance from the most ste-

Reynolds-averaged Navier-Stokes (RANS) model. The 
initial TKE (k) in the inlet was given as:

k=1/2 (umean, inlet×I)2, where I is the turbulent 
intensity. The values for, or distribution of, BP, fluid 
velocity, WSS and TKE did not differ significantly in 
a pilot study of turbulent conditions that were very 
low (I=0.00005) or became higher (I=0.05). There-
fore, we established I=0.00005 as the initial inlet con-
dition. The systems were developed by solving the 
Navier-Stokes equation using time steps.

∂u 1—＋(u ·∇)u=−—∇p＋ν∇2u (Navier-Stokes equation)
∂t ρ

∇·u=0 (equation of continuity)20),

where u is the flow velocity, ρ is the density, p is 
BP and ν is the dynamic viscosity. The blood pressure 
gradient (BPG) was defined as the change ratio of the 
mean blood pressure per distance between two 
observed slices, practically calculated with a distance 
of 0.1 mm.

BPG=(BPmean, sliceX−BPmean, sliceX＋ΔX)/ΔX (ΔX=0.1 mm)

All CFD simulations finished with a residual error of 
＜10−5.

Data Analysis
We assessed the relationships between WSS, 

TKE, BP or BPG and the extent of erosive damage 
using 40 sections of longitudinal portions comprising 
the inlet, the most stenotic portion and areas 1, 2, 5 
mm proximal or distal from the most stenotic portion 
of five arteries (Fig.1A). Erosive injury was histologi-
cally defined as endothelial cell detachment with 
thrombus formation (Fig.1B)5, 15). We measured the 
ratio of the length of erosive injury to the circumfer-
ence in each histological section and expressed this 
figure as the erosion length/circumference (%) for 
each longitudinal portion. The WSS, TKE, relative 
BP to the outlet and BPG are expressed as mean val-
ues for the corresponding cross sections.

We examined whether the magnitudes of WSS 
and TKE correlated with the sites of erosive injury. Six 
points were selected from the circumference (the locally 
highest, median and lowest value of WSS and TKE) 
in each section, and the presence or absence of erosive 
injury was assessed point by point (Fig.4A) across 226 
points because 14 points overlapped with other points. 
Since the BPG was assessed between sections in our 
model, it was not evaluated in this point assessment.

Statistical Analysis
All data are presented as the mean and standard 

Fig.1. Representative reconstructed image and microphoto-
graph of a rabbit femoral artery with SMC-rich plaque.

A. Representative 3D-reconstruction image of the rabbit femoral 
artery. A thrombus has formed around the stenotic portion.
B. Microphotograph highlights the surface portion of SMC-rich 
plaque (P) with erosive injury (arrow) and thrombus formation 
(T). Balloon injury has induced atherosclerotic plaque-rich SMC 
in the rabbit femoral artery.

A

B
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WSS and TKE Values at the Erosive and Non-Erosive 
Points

We examined whether the magnitudes of WSS 
and of TKE correlated with the presence or absence of 
erosive injury. Fig.4A and B shows representative cross 
sectional images 2 mm distal from the stenotic por-
tion. Six points indicate the locally highest, median 
and lowest WSS and TKE values. The magnitudes of 
WSS and TKE were unevenly distributed with a rela-
tively similar pattern. The sites of erosive injury were 
also unevenly distributed, although they tended to 
localize where the magnitudes of WSS and TKE were 
higher. As shown in Fig.4C and D, the magnitudes of 
WSS and TKE were statistically higher at sites with, 
compared to without, erosive injury (n=107 and n=  
119 points, respectively; both p＜0.0001) among 226 
points per 40 sections.

Discussion

In this study, erosive injury of SMC-rich athero-
sclerotic plaque was found to be associated with a tur-
bulent blood flow and increased WSS, TKE and BPG 
values in rabbits.

Plaque erosion is a type of atherosclerotic plaque 
disruption responsible for a relatively large proportion 

notic portion. Blood pressure is expressed relative to 
the value at the outlet. The magnitudes of WSS and 
TKE peaked at the stenotic portion. The CFD simu-
lation showed a rapid decrease in BP across the ste-
notic portion, indicating a high BPG. Fig.2D-F dem-
onstrates the distribution of WSS, TKE and BP from 
the 5 mm proximal portion to the 5 mm distal por-
tion of the 3D-image of the reconstructed artery. The 
magnitude of the WSS increased at the stenotic por-
tion. The magnitude of TKE broadly and heteroge-
neously increased in this model and peaked at the ste-
notic portion, whereas BP rapidly decreased across the 
stenotic portion.

Relationships between Erosive Injury and WSS, 
TKE and BPG

We measured the ratios of the length of erosive 
injury to the circumference in the histological sections 
in order to determine whether the extent of erosive 
injury was associated with the values of WSS, TKE, 
BP and BPG. Erosive injury was broadly distributed 
in the proximal, stenotic and distal portions (Fig.3A), 
maximal at the stenotic portion and positively corre-
lated with the WSS, TKE and BPG of the correspond-
ing arterial sections (Fig.3B, C and D), but not with 
BP (Fig.3E).

Fig.2. Values for WSS, TKE and BP at a longitudinal distance from the stenotic portion.

Values for WSS (A), TKE and turbulent intensity (B) and BP (C) at a longitudinal distance from the stenotic portion (n=5 each). Blood pres-
sure is shown relative to the outlet.
Representative 3D image of a reconstructed artery showing the distribution of WSS (D), TKE (E) and BP (F). The value of WSS is increased 
at the stenotic portion. The value of TKE is broadly increased in terms of the proximal, stenotic, distal and peak values observed at the ste-
notic portion. Blood pressure rapidly decreased across the stenotic portion.

A
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B
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and detachment at the post-stenotic portion in a 
canine model of the normal aorta. The calculated 
value of acute yield stress at the portion was ＞37.9±
8.5 Pa. The value of WSS at the erosive injury portion 
in our model was approximately 50% lower. Mean-
while, Kolodgie et al.23) proposed that the extracellular 
matrix at sites of SMC-rich plaque interferes with the 
integrity of the endothelium. Although the vascular 
size in Fry’s and the present model differed, the matrix 
components of SMC-rich plaques may affect plaque 
fragility. On the other hand, Campbell et al.24) recently 
generated patient-specific 3D-models of the coronary 
arteries from biplane angiographic images of three 
patients with plaque erosion and found that neither a 
high nor low magnitude of mean WSS is associated 
with sites of plaque erosion and that the oscillatory 
shear index and local curvature are not associated with 
erosion per se. We are unable to explain this discrep-
ancy; however, the angiograms of the patients evalu-
ated in their study were acquired after thrombectomy, 

of acute cardiovascular events that is characterized by 
superficial erosive injury of SMC-rich plaque5). Acute 
luminal changes due to vasoconstriction or stenosis 
can induce erosive injury in areas of SMC-rich athero-
sclerotic plaque12, 14); however, the underlying hemo-
dynamic factors remain unknown. The WSS is a 
parameter of force that directly acts tangentially on 
the vascular luminal surface. The TKE is a parameter 
of the local strength of turbulence and represents the 
divergence of the flow velocity. The notion has been 
established that a steady laminar flow plays a protec-
tive role with respect to the endothelial function and 
survival, whereas a disturbed flow has an adverse effect 
on endothelial cells12, 21, 22). Therefore, the increase in 
WSS and/or TKE is likely to induce erosive injury in 
areas of SMC-rich plaque.

A turbulent flow can induce morphological changes 
and the detachment of arterial endothelial cells. Fry13) 
reported that turbulent shear stress induced by acute 
aortic stenosis promotes changes in endothelial shape 

Fig.3. Relationship between the extent of erosive injury and WSS, TKE, BPG and BP.

The ratio of the length of erosive injury to the luminal circumference was measured in the histological sections. A. Extent of erosive injury at 
a longitudinal distance from the stenotic portion (n=5). B-E. Relationships between the extent of erosive injury and WSS (B), TKE (C), BPG 
(D) and BP (E) (two-tailed Spearman’s rank correlation test).
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nance imaging (MRI) now allows for the non-invasive 
estimation of TKE in vivo26, 27). Lantz et al. assessed 
TKE values using MRI in a patient with aortic coarc-
tation before and after catheter intervention26) and 
concluded that MRI-based TKE measurements are 
useful for evaluating intervention outcomes. In addi-
tion, Dyverfeldt et al. closely correlated the MRI val-
ues of TKE with irreversible pressure loss measured on 
echocardiography in 14 patients with aortic steno-
sis27). The measurement of TKE using MRI is there-
fore a novel tool for the non-invasive diagnosis of 
plaque erosion.

Human pathological studies have documented 
plaque erosion in the cerebral and carotid arteries as 
well as coronary arteries28, 29), while clinical studies 
have reported vasoconstriction and/or vasospasm of 
the cerebral arteries to be associated with cerebral 
thrombosis30, 31). However, the contribution of hemo-
dynamic changes induced by vasoconstriction to ero-
sive injury in these arteries remains unknown. Further 
investigation is thus required to clarify this issue.

and morphological changes following intervention ther-
apy may affect outcomes.

Blood pressure and BPG are important factors 
involved in inducing endothelial cell injury. Svendsen 
et al.9) reported a significant association between an 
elevated BP and endothelial cell injury in a rabbit 
model of renal artery stenosis. In addition, Li et al.25) 
examined the effects of WSS and BPG on plaque dis-
ruption under a pulsatile viscous flow using a rigid 
tube with asymmetric stenosis and concluded that 
BPG was more powerful than WSS in terms of induc-
ing plaque injury. These results indicate that BP and 
BPG are significant factors involved in damage to 
areas of atherosclerotic plaque. We found that BPG 
closely correlated with erosive injury, whereas BP did 
not. The BPG accelerates the flow velocity, which 
increases the WSS and TKE and may exert vertical 
torsion on the endothelium. These processes can be 
considered to induce erosive injury.

The magnitude of TKE was also higher at the 
eroded than at the non-eroded points. Magnetic reso-

Fig.4. Values for WSS and TKE at points with and without erosive injury.

Representative cross sectional images of WSS (A) and TKE (B) 2 mm distal from the most stenotic portion. The dot-
ted lines indicate sites of erosive injury. The values for WSS and TKE are similar but unevenly distributed in the area 
of plaque. The sites of erosive injury tend to localize at areas of higher WSS and TKE values (Wh, highest WSS; Kh, 
highest TKE; Wm, median WSS; Km, median TKE; Wl, lowest WSS; K l, lowest TKE).
The magnitudes of WSS (C) and TKE (D) are significantly higher at points with, compared to without, erosive injury 
(two-tailed Mann-Whitney U-test).
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This study is associated with several limitations. 
The elasticity of the vascular wall was not taken into 
account, which would decrease the WSS, TKE and 
BPG values. In addition, the pulsatile flow may have 
had some effects on the incidence of erosive injury in 
our model. However, we were unable to obtain a valid 
pulsatile flow pattern applicable for CFD simulation 
because the vessel size was small and the blood flow 
was highly reduced. Further studies of the case-specific 
nature of a pulsatile flow would help to clarify these 
effects.

Conclusion

In this study, we discovered that increased WSS, 
TKE and BPG values closely correlate with the devel-
opment of erosion in areas of SMC-rich plaque in a 
rabbit model of SMC-rich atherosclerotic plaque in 
vivo. This mechanism may be involved in plaque ero-
sion in atherosclerotic human coronary arteries.
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