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Abstract Head and neck postures may cause morphology

changes to the geometry of the carotid bifurcation (CB)

that alter the low and oscillating wall shear stress (WSS)

regions previously reported as important in the develop-

ment of atherosclerosis. Here the right and left CB were

imaged by MRI in two healthy subjects in the neutral head

posture with the subject in the supine position and in two

other head postures with the subject in the prone position:

(1) rightward rotation up to 80�, and (2) leftward rotation

up to 80�. Image-based computational models were con-

structed to investigate the effect of posture on arterial

geometry and local hemodynamics. The area exposure to

unfavorable hemodynamics, based on thresholds set for

oscillatory shear index (OSI), WSS and relative residence

time, was used to quantify the hemodynamic impact on the

wall. Torsion of the head was found to: (1) cause notable

changes in the bifurcation and internal carotid artery angles

and, in most cases, on cross-sectional area ratios for

common, internal and external carotid artery, (2) change

the spatial distribution of wall regions exposed to unfa-

vorable hemodynamics, and (3) cause a marked change in

the hemodynamic burden on the wall when the OSI was

considered. These findings suggest that head posture may

be associated with the genesis and development of ath-

erosclerotic disease as well as complications in stenotic and

stented vessels.

Keywords Image-based CFD � Wall shear stress �
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1 Introduction

Each year *795,000 people experience a new or recurrent

stroke, and mortality data from 2007 indicate that stroke

accounted for *1 of every 18 deaths in the US [26]. The

carotid bifurcation (CB) has been one of the most fre-

quently studied sites evaluating the hemodynamic

hypothesis of atherosclerosis. Earlier experimental studies

in rigid and compliant models provided limited velocity

and wall shear stress measurements and correlation of

plaque location with regions of low and oscillating wall

shear stress (WSS) [1, 8, 14, 17]. A complementary

approach is the reconstruction of the complex three

dimensional (3-D) flowfield of the CB using computational

fluid dynamics (CFD) techniques. Perktold et al., provided
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detailed numerical results of the 3D carotid bifurcation

flowfield in idealized rigid [24] and compliant [25] wall

models. These studies confirmed the existence of a com-

plex flowfield at the bifurcation, with a high WSS region at

the flow divider, and regions of low and oscillating WSS

regions at the outer walls of the bifurcation.

The combination of 3D imaging techniques such as

magnetic resonance imaging (MRI) and computer tomog-

raphy (CT) with CFD allowed the construction of arterial

models from anatomical images with more accurate geo-

metric characteristics and boundary conditions [10, 28].

Such studies add the dimension of a patient-specific

geometry to the carotid artery simulation. A recent study [6]

including 61 subjects reported high reproducibility of CB

models reconstructed from images obtained during routine

contrast-enhanced MR angiography in the majority of

cases. Hoi et al. [13] reported that the mild curvature that

exists in the common carotid artery (CCA) of many subjects

creates mild skewness of the CCA velocity profile. Zhang

et al. [34] investigated the effect of geometry on the

hemodynamics of the CB in 50 healthy subjects. Factor

analysis was applied to a set of geometric variables to

predict hemodynamic metrics related to shear and near wall

residence times. The results showed that branch angle does

not correlate with hemodynamic changes but other param-

eters, such as cross-sectional expansion and colinearity of

the common and internal carotids have better correlation.

Several reports highlight the importance of motion and

posture change on peripheral arteries such as the carotid,

femoral, popliteal, and brachial, which may alter mor-

phology and hemodynamic characteristics. The overviews

by Taylor and Draney [29] and Steinman and Taylor [27]

assessed the progress that has been achieved with image-

based CFD studies in understanding the relationship

between hemodynamics and development of disease. These

authors specifically mention that it is important to better

understand how local hemodynamics respond to normal

physiological and postural variations. Cheng et al. [7]

studied the in vivo deformations of the superficial femoral

artery during maximum knee and hip flexion in seven

healthy subjects, using magnetic resonance angiography.

They reported significant morphological changes, such as

shortening, lengthening and twisting clockwise and counter

clockwise. These changes varied between subjects. Glor

et al. [9] performed an ultrasound imaging study of the

right CB and looked at the effects of leftwards head rota-

tion in nine healthy subjects. They reported that head

rotation changed the distribution of WSS and oscillatory

index (OSI) primarily due to flow rate change in the rotated

position. They also reported ‘‘planarification’’ of the CCA

and changes in centerline location of the vessel with

rotation.

Our recent work [3] in a group of ten healthy subjects

imaged in the supine and prone position with head rotation

to the right *80� demonstrated differences in the geo-

metric parameters of the CB, with posture changes such as

the bifurcation and internal carotid angles. In this study we

seek to obtain a detailed description of the effects of left-

wards and rightwards head rotation on both right and left

CB morphology and local hemodynamics. Our hypothesis

is that torsion of the head will affect the local hemody-

namics by altering the magnitude and distribution of

physiologically relevant hemodynamic variables such as

WSS, OSI, wall shear stress temporal gradient (WSSTG)

and relative residence time (RRT) that are generally

associated with the genesis, development and proliferation

of atherosclerosis.

2 Materials and methods

2.1 Subjects and imaging

Two healthy male volunteers in their mid-twenties were

the subjects selected for this study. Both subjects were

normotensives without known history of atherosclerotic

disease. The right and left CB were MR imaged in the

neutral head posture with the subject in the supine

position and in two other head postures with the subject

in the prone position: (1) rightward rotation (RR) up

to 80�, and (2) leftward rotation (LR) up to 80� (Fig. 1).

Supine and prone imaging sessions were carried out in

a span of 2 weeks. The study was approved by the

Cyprus Bioethics Committee and a consent form was

obtained.

MRI images were obtained with a 3.0 Tesla scanner

(Achieva, Philips Medical Systems, Best, The Netherlands)

using the built-in quadrature RF body coil for proton

excitation. A phased array eight-channel knee coil and a

phased array two-channel superficial coil were used for

signal detection in supine and prone position, respectively.

A series of 100 thin sequential slices were obtained in the

axial plane by 3D time-of-flight (TOF) methods, covering

the CB of a healthy subject in the supine position. A 3D

gradient-echo (GRE) pulse sequence (echo time

(TE) = 3.5 ms, repetition time (TR) = 23 ms, a flip angle

(FA) = 20�, 0.36 9 0.36 9 1.2 mm3 acquisition voxel

and 0.2 9 0.2 9 0.6 mm3 reconstruction voxel) was

employed. Multiple overlapping thin slab acquisition, a

variable flip angle (16–24�) and gradient first moment

nulling were applied to decrease the saturation effects of

inflowing blood and reduce signal loss due to complex

flow. The imaging sessions were carried out in a span of

2 weeks.
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2.2 Surface reconstruction and geometric feature

quantification

Segmentation and 3-D surface reconstruction of the

acquired MR images were performed using ITK-Snap

software [33]. The surface of the 3-D true vessel lumen was

reconstructed from the manually segmented TOF images to

extract the lumen contours. Pixel width constrained

smoothing of the reconstructed surfaces was applied and

smoothly matched cylindrical extensions of both inflow

and outflow segments were added to facilitate the appli-

cation of fully developed boundary conditions for the

numerical simulation. In order to quantify the effects of

head posture on the 3D geometry of the carotid bifurcation,

the reconstructed 3D lumen surface was processed using

VMTK [2] to extract the lumen centerlines and compute

various geometric parameters.

Geometric features related to the CB such as the bifurcation

angle, the ICA angle, the bifurcation area ratio, the ICA/CCA,

ECA/CCA and ECA/ICA area ratios were computed based on

the clipped CB geometries at the CCA3, ECA5 and ICA5

sections (more details can be found in [3]). The number in the

specific locations CCA3, ECA5 and ICA5 indicates their

geodesic distance along the centerline from reference points

defining the boundaries of the CCA, and the ECA, ICA bran-

ches measured in units of maximally inscribed sphere radii as

defined in [2]. The geometric parameter definitions are as

follows: bifurcation angle is the angle between the projections

of ICA and ECA vectors on to the bifurcation plane. ICA angle

is the angle between the projections of CCA and ICA on to the

bifurcation plane. Bifurcation area ratio was calculated as the

sum of the ICA and ECA areas (levels ICA5 and ECA5)

divided by the CCA area (level CCA3) ICA/CCA, ECA/CCA,

and ECA/ICA diameter ratios were calculated as the square

root of the corresponding area ratios, equivalent to vessel

cross-sectional areas at levels CCA3, ICA5, and ECA5.

2.3 Mesh generation and flow computations

Previous studies have shown that, at regions of flow sep-

aration, low or oscillatory shear stress causes monocyte

adhesion to the endothelium, an early stage in atherogen-

esis. Low shear stress leads to the expression of vascular

cell adhesion molecule 1 (VCAM-1) a protein that medi-

ates the adhesion of monocytes to the vascular endothelium

[11], and a reduction in NO release [31]. WSSTG has also

been related to the expression of atherogenesis-related

genes in endothelial cells (ECs). Bao et al. [5] found that a

temporal gradient in shear, stimulates the expression of

monocyte chemoattractant protein-1 (MCP-1), a potent

chemotactic agent for monocytes, and platelet-derived

growth factor A (PDGF-A), a potent mitogen and chemo-

tactic agent for smooth muscle cells. Higher values of

WSSTG are, thus, likely to augment the development of

atherosclerosis. WSSTG is the cycle-averaged magnitude

of the time derivative of the instantaneous WSS and is

expressed as:

WSSTG ¼ 1

T

Z T

0

os
ot

����
����dt ð1Þ

where T is the flow-cycle period and s is the instantaneous

WSS vector.

To investigate the complex 3-D flow dynamics, the

Navier–Stokes equations were solved numerically using

Fluent v12.1 (Ansys Inc.). The computational domain was

spatially discretised with ICEM CFD v12.1 (Ansys Inc.)

using *8.5 9 105 mixed type elements with higher grid

density in the vicinity of the bifurcation and a viscous layer

adjacent to the wall. The arterial wall was assumed rigid

and blood was modeled as an incompressible Newtonian

fluid with a density of 1.05 g cm3 and a viscosity of 3.5 cP.

For practical reasons flow measurements were not

obtained from the subjects in this study group. However, a

physiological CCA flow waveform from a healthy male

subject (Fig. 2), obtained previously by MR phase contrast

velocimetry by our group, was used to prescribe the inlet

boundary condition for all cases presented. By this method,

we sought to exclude the effects of inter-individual CCA

flow waveform variability, documented in the study of Glor

et al. [9], from our results. For the same reason a constant

0.65/0.35 internal (ICA) to external carotid artery (ECA)

flow split was applied. From the discrete Fourier series of

Left CCA  

Right CCA  

Fig. 1 Left to Right Neutral

head position, prone rightwards

rotated head position, and a

TOF image used for

segmentation
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the volume flow rate, the fully developed time varying

velocity profile was computed and was applied as the time-

dependent inflow boundary condition. The spatiotemporally

averaged Reynolds number of the prescribed waveform

shown in Fig. 2 was Rem = 305 at the inlet and the

Womersley parameter was a = 4.0 (based on inlet radius

R = 2.96 mm). A second-order upwind discretisation

scheme was applied for the momentum equations and a

second-order interpolation scheme for the pressure. The

PISO algorithm was used for pressure velocity coupling. A

time periodic solution was achieved after three flow cycles.

A time step of Dt = 6.5 9 10-6 normalized by the spa-

tiotemporal mean inlet velocity per inlet diameter which

resulted in 4,000 time steps per flow cycle and a spatial

discretisation of the computational domain of *8.5 9 105

elements were applied. To test grid size independence we

refined our initial mesh by reducing the mean cell center

distance to double the number of elements in the computa-

tional domain from *8.5 9 105 to *1.7 9 106 and repe-

ated our flow computations. Our results indicated a

difference of less than 3.1 % in the computed wall shear

stress magnitude integrated over the carotid bifurcation

surface at peak systolic acceleration between the initial and

refined meshes. A mesh of *8.5 9 105 elements was thus

considered to provide sufficient computational accuracy and

used as a guide in generating the meshes for all CB models

used in this study. We also repeated our computations with

half the initial time step resulting in 8,000 time steps per

cycle and the difference found in the computed wall shear

stress magnitude integrated over the carotid bifurcation

surface at peak systolic acceleration was less than 2 %.

To obtain a measure of the oscillatory motion of the wall

shear stress vector, a modified oscillatory shear index (OSI)

was used based on the definition of Papaharilaou et al. [23],

as both shear vector magnitude and direction change with

time in a continuous fashion:

OSI ¼
R T

0
w s � nmj jdtR T

0
s � nmj jdt

; nm ¼
1

T

Z T

0

s
sk k

� �
dt ð2Þ

where T is the heart cycle period, s is the instantaneous

wall shear stress vector, nm is the mean shear direction and

w is defined as w ¼ 0:5ð1� cos aÞ where a is the angle

between s and nm. The range of values for the modified

index is 0 \ OSI \ 0.5 where 0 corresponds to

unidirectional shear flow and 0.5 to the purely oscillatory

shear case. To identify regions of low and oscillatory shear,

we also consider a normalized OSI, (nOSI), which is

calculated by dividing the OSI by the time-averaged WSS

(TAWSS) magnitude normalized by the time-averaged

inlet Poiseuille flow WSS. The WSSTG was also computed

at each time step using a second-order central difference

scheme.

We define unfavorable hemodynamics based on

thresholds set for low TAWSS, high OSI, nOSI and RRT.

The threshold for TAWSS was set to 0.4 Pa based on the

study by Malek et al. [18]. Altering this value by ± 10 %

and ± 20 % did not change the pattern in the results shown

in Table 2. For high OSI we selected three threshold values

(0.145, 0.238 and 0.3), the first two adopted from Lee et al.

[16] and the last one added arbitrarily to assess the sensi-

tivity of our results to the threshold. For nOSI the threshold

(1.125) is calculated based on the respective thresholds for

OSI and TAWSS and by normalizing the TAWSS thresh-

old with the physiological level of TAWSS in arteries

which is 1.5 Pa based on the study by Malek et al. [18].

The threshold values for RRT are computed using the

following expression for RRT (Himburg et al. [12]):

RRT ¼ 1

ð1� 2 ðOSIÞ�WSSpoiseuilleÞ
ð3Þ

where WSSPoiseuille is the Poiseuille flow WSS at the inlet

which here has a value of 0.267 Pa based on the applied

cycle-averaged flow rate Q = 4.72 ml/s. From the three

thresholds selected for OSI (0.3, 0.145, 0.238) and the

expression for RRT we obtain the corresponding values for

RRT 9.35, 5.29 and 7.14, respectively.

2.4 Reproducibility

In order to obtain an estimate of the uncertainty in the

methodology used to quantify the hemodynamic burden for

the cases studied and to assess the significance of our

results, we repeated the whole process of imaging, seg-

mentation, and flow simulation for subject II with the head

in the neutral position. Repeat imaging was performed

within 1 month from the original scan session using

exactly the same setup and imaging protocol. Processing of

the obtained images was carried out by the same individual

in a similar manner to the original procedure. The absolute

value of the difference between repeated measurements of

subject II of the morphologic and hemodynamic metrics

reported in this study are presented in Tables 1 and 2
Fig. 2 MRI measured flow waveform imposed as inflow boundary

condition for the computations
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herein (values to the right of symbol ±) as an estimate of

whole process reproducibility.

3 Results

Our analysis of the reconstructed models of the left and

right carotid arteries for the rightwards and leftwards head

rotation revealed marked morphological differences com-

pared to the neutral head posture for the two subjects

presented in Table 1. Geometric features related to the CB

such as the bifurcation angle, the ICA angle, the bifurcation

area ratio, the ICA/CCA, ECA/CCA and ECA/ICA area

ratios were computed based on the clipped CB geometries

at the CCA3, ECA5 and ICA5 sections. The changes in the

bifurcation and ICA angles due to head rotation reported in

Table 1 are well above the reproducibility of our method.

Of note is the reduction in both the bifurcation and ICA

angles caused by head torsion both rightwards and left-

wards that occurs for the left CB in both subjects. This

change ranges from 6� to 24� for the bifurcation angle and

from 2� to 18� for the ICA angle. The effect is opposite for

the right CB where an increase between 3� and 17� of the

bifurcation angle and 3� and 18� of the ICA angle with

head torsion is observed. These changes are significant

considering that a mean values for the bifurcation and ICA

angles in the neutral position is *42� and *23�, respec-

tively. Another observation is that there is a larger effect on

the bifurcation and ICA angles due to rightwards as com-

pared to the leftwards rotation of the head. The difference

in cross-sectional area ratios for CCA, ICA and ECA found

as a result of head torsion was considered relatively small

to moderate but still in most cases well above our whole

process reproducibility.

A quantification of the impact on the atherosclerotic

burden associated with head posture changes is presented

in Table 2. For each case the relative area exposed to

unfavorable hemodynamics was obtained by dividing the

exposed area to the CB wall surface area clipped at the

CCA3, ECA5 and ICA5 sections as reported in Lee et al.

[16]. Differences in the exposure area due to head rotation

are reported in reference to the reproducibility of the

‘whole process’ methodology. It is worth noting that, in

almost all cases considered, there are differences in the

magnitude of the respective metric between the neutral and

leftwards and rightwards head postures. Considering the

whole process reproducibility, the reported changes rep-

resent a marked alteration in hemodynamic burden when

the wall exposure to OSI and nOSI are considered. The

changes in the computed flow field due to head torsion

Table 1 Geometric parameters for the three different head postures (N neutral head posture, LR leftward rotation, RR rightward rotation) and

differences between LR and N (LR–N) and RR and N (RR–N), for the right (RCB) and left carotid bifurcation (LCB)

Geometric parameter Subject I Subject II

LCB RCB LCB RCB

Angles (�)

Bifurcation angle LR–N -6.3 ± 0.54 3.4 ± 0.54 -7.7 ± 0.54 9.5 ± 0.54

N 54.65 40.74 45.34 31.09

RR–N -23.6 ± 0.54 16.8 ± 0.54 -5.7 ± 0.54 15.3 ± 0.54

ICA angle LR–N -2.1 ± 1.19 3.5 ± 1.19 -9.17 ± 1.19 17.9 ± 1.19

N 26.3 22.73 28.88 15.73

RR–N -18.4 ± 1.19 12.7 ± 1.19 -16.2 ± 1.19 13.2 ± 1.19

Area ratios

Bifurcation area ratio (ICA5 ? ECA5)/CCA3 LR–N -0.03 ± 0.06 -0.15 ± 0.06 0.13 ± 0.06 0.35 ± 0.06

N 1.21 1.34 1.14 1.0

RR–N 0.27 ± 0.06 -0.11 ± 0.06 0.03 ± 0.06 0.21 ± 0.06

ICA5/CCA3 LR–N -0.07 ± 0.02 0.08 ± 0.02 -0.08 ± 0.02 0.12 ± 0.02

N 0.82 0.76 0.85 0.77

RR–N -0.1 ± 0.02 0.06 ± 0.02 -0.04 ± 0.02 0.12 ± 0.02

ECA5/CCA3 LR–N 0.04 ± 0.03 -0.17 ± 0.03 0.01 ± 0.03 0.12 ± 0.03

N 0.74 0.87 0.64 0.63

RR–N -0.1 ± 0.03 -0.12 ± 0.03 0.03 ± 0.03 0.01 ± 0.03

ECA5/ICA5 LR–N -0.1 ± 0.01 -0.1 ± 0.01 0.1 ± 0.01 0.03 ± 0.01

N 0.9 1.14 0.75 0.82

RR–N 0.0 ± 0.01 -0.22 ± 0.01 0.07 ± 0.01 -0.1 ± 0.01

Whole process reproducibility for each parameter is also reported to the right of symbol (±) for reference
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observed in the reconstructed models of subjects I and II

are depicted in Figs. 3, 4, 5 and 6, respectively. Contour

plots of the TAWSS, nOSI, OSI, RRT and WSSTG are

shown for the different head positions of the two cases

studied.

For subject I and for OSI and nOSI parameters a dif-

ferent pattern is noted where a reduction of arterial wall

exposure to unfavorable hemodynamics occurs as a result

of leftward rotation of the right CB and of rightward

rotation of the left CB which range from 33 to 50 % and

from 22 to 60 %, respectively, compared to the neutral

position. In the later case we also note a marked change in

the distribution of the wall exposure to unfavorable

hemodynamics as shown in Figs. 3 and 4 where contour

lines for OSI = 0.238 and nOSI = 1.125 are depicted to

mark the boundaries of the wall regions exposed to highly

oscillatory or low and oscillatory shear stress, respectively.

RRT-related graphs in Figs. 3 and 4 present similar dis-

tribution patterns as those for OSI and nOSI. This is not

unexpected as these parameters are measures of similar

hemodynamic features. It also worth noting that in most

cases considered the temporal gradients of WSS in the

vicinity of the CB are not strongly affected by head torsion.

This could be explained by the fact that WSSTG is pri-

marily sensitive to the frequency content of the flow

waveform which in this study was kept the same for all

cases considered. Finally, it is also of interest to note that

differences in the spatial distribution of RRT as depicted in

Table 2 Area exposed to unfavorable hemodynamics normalised by

the total surface area bounded by CCA3, ECA5, ICA5 for the three

head postures considered (N neutral head posture, LR leftward

rotation, RR rightward rotation) and differences between LR and N

(LR–N) and RR and N (RR–N) for the right (RCB) and left carotid

bifurcation (LCB)

Subject I Subject II

LCB RCB LCB RCB

TAWSS \ 0.32 (Pa) LR–N -0.02 ± 0.025 -0.1 ± 0.025 -0.02 ± 0.025 0.01 ± 0.025

N 0.23 0.29 0.25 0.23

RR–N -0.05 ± 0.025 0 ± 0.025 -0.08 ± 0.025 0.07 ± 0.025

TAWSS \ 0.4 (Pa) LR–N -0.01 ± 0.034 -0.1 ± 0.034 0 ± 0.034 0.03 ± 0.034

N 0.28 0.36 0.29 0.27

RR–N -0.06 ± 0.034 -0.01 ± 0.034 -0.1 ± 0.034 0.08 ± 0.034

TAWSS \ 0.48 (Pa) LR–N -0.01 ± 0.038 -0.1 ± 0.038 0 ± 0.038 0.05 ± 0.038

N 0.33 0.43 0.35 0.32

RR–N -0.07 ± 0.038 -0.01 ± 0.038 -0.13 ± 0.038 0.08 ± 0.038

OSI [ 0.3 LR–N -0.01 ± 0.001 -0.01 ± 0.001 -0.03 ± 0.001 0.01 ± 0.001

N 0.03 0.02 0.04 0.02

RR–N -0.02 ± 0.001 0 ± 0.001 -0.01 ± 0.001 0.03 ± 0.001

OSI [ 0.145 LR–N 0 ± 0.02 -0.03 ± 0.02 -0.05 ± 0.02 -0.02 ± 0.02

N 0.09 0.09 0.14 0.11

RR–N -0.02 ± 0.02 -0.01 ± 0.02 -0.01 ± 0.02 0.05 ± 0.02

OSI [ 0.238 LR–N -0.02 ± 0.004 -0.02 ± 0.004 -0.04 ± 0.004 0.01 ± 0.004

N 0.05 0.04 0.07 0.04

RR–N -0.03 ± 0.004 -0.01 ± 0.004 -0.01 ± 0.004 0.05 ± 0.004

nOSI [ 1.125 LR–N -0.01 ± 0.01 -0.02 ± 0.01 -0.06 ± 0.01 -0.01 ± 0.01

N 0.07 0.06 0.11 0.08

RR–N -0.02 ± 0.01 0.01 ± 0.01 -0.02 ± 0.01 0.05 ± 0.01

RRT [ 9.35 LR–N -0.02 ± 0.055 -0.03 ± 0.055 -0.06 ± 0.055 -0.02 ± 0.055

N 0.11 0.10 0.15 0.12

RR–N -0.03 ± 0.055 0.01 ± 0.055 -0.03 ± 0.055 0.05 ± 0.055

RRT [ 5.29 LR–N -0.01 ± 0.047 -0.09 ± 0.047 -0.05 ± 0.047 -0.02 ± 0.047

N 0.16 0.21 0.21 0.17

RR–N -0.03 ± 0.047 -0.02 ± 0.047 -0.06 ± 0.047 0.07 ± 0.047

RRT [ 7.14 LR–N 0.02 ± 0.05 -0.06 ± 0.05 -0.06 ± 0.05 -0.02 ± 0.05

N 0.10 0.15 0.18 0.14

RR–N 0 ± 0.05 0 ± 0.05 -0.05 ± 0.05 0.07 ± 0.05

Whole process reproducibility for each hemodynamic index is also reported to the right of symbol (±) for reference
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Figs. 4 and 6 are not associated with notable changes in the

total hemodynamic burden on the wall as shown in Table 2.

Based on the results obtained from subject II presented

in Table 2 for the OSI and nOSI parameters a marked

reduction is found in the hemodynamic burden caused by

leftward rotation of the left CB which ranged from 35 to

75 % compared to the neutral position. We also note a

marked increase in hemodynamic burden caused by right-

wards rotation of the right CB which ranged from 45 to

125 % compared to the neutral position. These findings are

illustrated in Figs. 5 and 6. Of note is the marked change in

the nOSI distribution caused by the rightwards rotation of

the right CB where there is both a relatively large increase

in the surface area exposed to low and highly oscillatory

shear stress and a large change in the distribution of the

affected wall regions in the rotated head posture.

4 Discussion

The results of this study indicate that torsion of the neck

associated with head rotation to the right or to the left may

nOSI WSSTG

LCB RCB LCB RCB

L
ef

tw
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ds
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R
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ht
w
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Fig. 3 Contour plots of time-averaged nOSI and WSSTG for the right and left carotid in the neutral, leftward and rightward rotated head

position for subject I. nOSI = 1.125 contour lines are shown
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cause marked changes in CB morphology and hemody-

namics. Our findings suggest that head rotation reduces the

hemodynamic burden for subject I both for left and right

CB, and for the left CB of subject II. For the right CB of

subject II, we found that leftwards rotation reduces and

rightwards rotation increases the hemodynamic burden. We

have shown previously [3] that the variation caused by

head rotation on CB geometry is subject specific. Here our

results suggest that not only the effect of head torsion on

the CB hemodynamics is subject specific which is in

agreement with the findings of Glor et al. [9] but also varies

between right and left CB for the same subject. Glor et al.

[9] only looked into the effects of head rotation on

geometry and hemodynamics for the right CB and for

leftwards rotation of the head. Moreover, their study

included nine healthy subjects selected to have a bifurca-

tion point relatively low in the neck due to accessibility

constraints associated with their imaging method (3D

Ultrasound). They regarded the changes in cross-sectional

areas of the CB vessels due to head rotation as insignificant
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Fig. 4 Contour plots of time-averaged OSI and RRT for the right and left carotid in the neutral, leftward and rightward rotated head position for

subject I. OSI = 0.238 contour lines are shown
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considering the uncertainty of their methods. However, this

may also be due to the lack of sufficient sensitivity of their

measurement technique as they admit. Our results also

indicate that cross-sectional changes with head rotation are

small to moderate in most cases but above the reproduc-

ibility of our methodology.

Glor et al. [9] reported significant changes in the relative

positions of the CCA, ICA and ECA quantified on the basis

of the centerlines extracted from the respective vessels.

Such CB shape alterations, quantified by the bifurcation

and ICA angles, were also reported in our previous work

with a greater number of subjects [3]. This study confirms

that this occurs in both the right and left CB and inde-

pendent of the head rotation direction. Glor et al. [9]

reported significant changes in the distribution patterns of

TAWSS and OSI with head rotation. Since, however,

subject-specific flow waveforms were applied as boundary

conditions in their numerical simulations, both geometric

and flow rate changes contributed to the differences found.

To isolate the effect of head rotation on the hemodynamics

from the variations in flow rate, we imposed the same inlet

boundary condition and prescribed a constant ECA/ICA

flow split for all cases. This, however, excludes the mild

influence of head posture on the inlet conditions which was
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Fig. 5 Contour plots of time-

averaged nOSI and WSSTG for

the right and left carotid in the

neutral, leftward and rightward

rotated head position for subject

II. nOSI = 1.125 contour lines
are shown
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found by Glor et al. [9]. The relative significance of inlet

boundary conditions to the observed change in hemody-

namics associated to head rotation requires further

investigation.

Our results show that the marked changes in CB mor-

phology due to head rotation affect the distribution patterns

of OSI, nOSI and RRT on the CB wall. However, a cor-

relation between patterns of change in CB morphology

with changes in the hemodynamic environment could not

be identified. Furthermore, the potential atherogenic impact

of these changes, quantified as the wall area exposure to

unfavorable hemodynamics, differed both between subjects

and also between head postures for the same subject. It is

thus not possible based on the results of this study to

indicate a preferred head posture considering the associated

atherogenic impact on the CB wall.

Recent results by Zhang et al. [34], showed a correlation

between expansion of the bifurcation, measured through

the CCA/ICA area ratio, and CCA/ICA colinearity, mea-

sured from the ICA angle, with local CB hemodynamics.

Our results indicate that given the magnitude of the

observed changes in CB geometry caused by head rotation
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Fig. 6 Contour plots of time-

averaged OSI and RRT for the

right and left carotid in the

neutral, leftward and rightward

rotated head position for the

subject II. OSI = 0.238 contour
lines are shown
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and the results of Zhang et al. [34], one could expect that

head torsion may cause true changes in the local CB

hemodynamics. However, taking into account the com-

plexity and inherent uncertainties of the involved processes

(image acquisition and processing, and numerical simula-

tion) in quantifying the atherogenic impact, the results in

Table 2 should not be surprising. Imaging is the major

source of uncertainty in the series of processes involved in

computing the flow field in a reconstructed subject-specific

CB model [30]. Therefore, lack of sufficient imaging sen-

sitivity results in an inability to accurately resolve small

scale CB shape features that change with head rotation and

affect the computed flow field. It is therefore necessary to

consider a methodology shift that will bypass the high

intra- and inter-individual variability and enable us to

better resolve the effects of head rotation on the local

hemodynamics.

The significance of our findings lies on the fact that for

many individuals, there is a substantial time period with

prolonged head rotation which occurs during sleep in the

prone position. This may provide a long enough duration of

altered flow that may influence the process of atheroscle-

rotic development. The effect of head rotation may also be

important in the study of unstable plaque and the condi-

tions that may lead to the rupture of the fibrous cap.

Mitsumori et al. [19] showed that multisequence MRI can

accurately characterize the in vivo state of the carotid

bifurcation fibrous cap, supporting the use of this non-

invasive technique to prospectively identify vulnerable

plaques. The change of hemodynamic conditions and stress

distribution on the fibrous cap with head rotation may be

important in the study of unstable plaque and the condi-

tions under which the fibrous cap ruptures.

Another relevant question is how much the geometry of

the stenosis changes with posture, and if in some patients the

stenotic effects aggravate with head rotation. It is also

important to investigate whether healthy subjects and patients

with greater morphologic and hemodynamic changes

between neutral, RR and LR postures are at greater risk,

simply because of greater frequent changes in baseline con-

ditions during normal activities. Finally, the implantation of

stents or performance of endarterectomy in this region may

benefit from prior knowledge of the hemodynamics and stress

distributions for all possible postures, in order to optimize

device placement and minimize the possibility of restenosis.

Nitinol stent fractures at the carotid bifurcation have been

reported and the role of head motion posture changes in the

mechanics of fracture are unknown [32]. All these questions

could be answered by extended healthy subject and patient

studies at different head postures and under various physio-

logic and pathologic conditions.

Various simplifying modeling assumptions were intro-

duced in this study. We applied a fixed 65/35 ICA/ECA

flow split, we modeled blood as a Newtonian fluid and

applied a fully developed velocity profile at the inlet. The

impact of these assumptions on hemodynamics computa-

tions has been assessed in the works of: (1) Balossino et al.

[4] and Moriducci et al. [20], (2) Lee and Steinman [15]

and Morbiducci et al. [21], and (3) Moyle et al. [22],

respectively. Although these modeling assumptions will

impact the computed hemodynamics in absolute terms,

their effect may not be as important in our study where

results are reported in relative terms as we seek to compare

differences between head postures. We also applied the

same CCA flow waveform for all cases considered

assuming that, based on the results of Glor et al. [9], the

effect of change of head posture on mean CCA flow rate is

not significant.

In our recent work [3] we examined a group of ten

healthy subjects and established that there is a significant

effect of head posture change on CB geometric features. In

this study we selected two subjects from the same group,

for further scanning, to assess the effect of both rightwards

and leftwards rotation of the head on right and left CB

hemodynamics. Changes in bifurcation and ICA angles

with head rotation in subjects I and II were significantly

above and below average, respectively, of the ten subjects

included in the study. Thus, despite the small number of

cases considered here, our preliminary results provide a

good indication of the effects of head torsion on CB

hemodynamics.

The changes found in the geometry of the carotid

bifurcation due to torsion of the neck and their effect on

local hemodynamics may be associated with the genesis,

development and proliferation of atherosclerotic disease as

well as complications in cases of significantly stenotic or

stented vessels. Further research is warranted with more

systematic clinical studies.
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