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Abstract
Atherosclerosis is a complex disease whose spatial distribution is hypothesized to be influenced by
the local hemodynamic environment. The use of transgenic mice provides a mechanism to study
the relationship between hemodynamic forces, most notably wall shear stress (WSS), and the
molecular factors that influence the disease process. Phase contrast MRI using rectilinear
trajectories has been used to measure boundary conditions for use in computational fluid dynamic
models. However, the unique flow environment of the mouse precludes use of standard imaging
techniques in complex, curved flow regions such as the aortic arch. In this paper two-dimensional
and three-dimensional spiral cine phase contrast sequences are presented that enable measurement
of velocity profiles in curved regions of the mouse vasculature. WSS is calculated directly from
the spatial velocity gradient, enabling WSS calculation with a minimal set of assumptions. In
contrast to the outer radius of the aortic arch, the inner radius has a lower time-averaged
longitudinal WSS (7.06±0.76 dyne/cm2 v. 18.86±1.27 dyne/cm2; p<0.01) and higher oscillatory
shear index (0.14±0.01 v. 0.08±0.01; p<0.01). This finding is in agreement with humans, where
WSS is lower and more oscillatory along the inner radius, an atheroprone region, than the outer
radius, an atheroprotective region.
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Atherosclerosis is an inflammatory disease of the wall of large arteries resulting in the
development of lesions and the narrowing of blood vessels (1,2). The focal development of
atherosclerosis correlates to the complex hemodynamic environment at branch points and
regions of high curvature. Wall shear stress (WSS), the shear force experienced by the
vessel wall due to blood flow within the lumen, is believed to be a primary factor in the
development of atherosclerotic plaques. Atherosclerotic plaques predominantly occur in
regions with low, oscillatory WSS (3,4).

Manipulation of the mouse genome has enabled the detailed investigation of the role of
specific genes in complex disease processes. Transgenic mice, specifically apolipoprotein E
knockout (ApoE−/−) mice, have proven invaluable in the study of atherosclerosis (5–9).
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Using transgenic mice and imaging, the potential exists for probing the relationship between
WSS and the molecular factors involved in atherosclerosis in vivo.

Multiple imaging modalities have been proposed to measure WSS in small animals
including ultrasound (10) and magnetic resonance imaging (MRI) (11,12). Flow
measurements made with ultrasound and/or MRI can be used as boundary conditions for
computational fluid dynamic (CFD) models of blood flow in the mouse vasculature. CFD
approaches are advantageous due to their ability to estimate WSS at a high resolution with
only a few measurements. However, the models are limited by their assumptions and their
ability to model higher order effects such as vessel wall compliance. The use of direct
calculation of WSS in regions of curved vasculature has been reported in humans (13);
however it has yet to be reported in small animal studies.

In theory, phase contrast (PC) MRI can measure every vector component of velocity in any
oblique spatial orientation and at any depth in the mouse, potentially making it an ideal
method for measuring WSS. However, in practice, the specific flows encountered in the
mouse create severe artifacts when traditional rectilinear trajectories are used. Blood
velocities in the mouse aortic arch are comparable to blood velocities found in human aortic
arch (~100 cm/sec), yet the anatomy is an order of magnitude smaller. These fast flows
through small and complex anatomy result in displacement artifacts and signal loss
comparable to stenotic jets in humans (14). Movement of blood between excitation and data
acquisition causes displacement artifacts, and their severity is proportional to the echo time
(TE) and the amount of in-plane motion. Signal loss is a result of phase dispersion across a
voxel and its severity is proportional to the gradient moments, the velocity gradient, and
pixel size.

Spiral k-space trajectories have desirable properties with respect to signal-to-noise ratio
(SNR), efficiency, and flow properties (15,16). Since a readout prephaser is not needed,
spiral trajectories have a short TE and therefore have reduced displacement artifacts. Spiral
MRI has successfully been applied to humans (14,17,18); however special considerations
are necessary when applying spiral trajectories at high field strength. Off-resonance effects
increase with field strength and lead to increased blurring. Gradient fidelity errors, and
therefore k-space trajectory errors, occur when fast slew rates (>500 mT/m/ms) are used and
result in image artifacts. In this work, short duration spiral readouts along with k-space
trajectory measurements will be investigated to overcome blurring and gradient fidelity
errors, respectively.

A two-dimensional spiral cine PC sequence and a three-dimensional stack-of-spirals cine PC
sequence are presented for measuring the hemodynamic environment of the mouse aorta.
The dataset is then automatically segmented and WSS calculated via direct evaluation of the
velocity gradient near the vessel wall. The methods are then used to measure and describe
the hemodynamic environment in ApoE−/− mice.

Methods
Imaging was performed on a 7.0T MR system (Clinscan, Bruker Biospin, Ettlingen,
Germany) using a 30 mm diameter cylindrical birdcage radiofrequency coil and an MR-
compatible physiological monitoring and gating system for mice (SA Instruments, Inc.,
Stony Brook, NY). Maximum gradient strength of the system was 500 mT/m and the peak
slew rate achievable was 6667 mT/m/ms. Mice were anesthetized using 1.25% isoflurane in
oxygen and body temperature was maintained at 37° using thermostated circulating water.
All animals were used in accordance with a protocol approved by the animal care and use
committee at our institution.
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Comparison of rectilinear and spiral trajectories for PC MRA of the mouse aorta
To investigate the effects of k-space trajectory on flow artifacts in the mouse aorta, a two-
dimensional rectilinear and two-dimensional spiral trajectory were compared. Wild-type
mice (C57BL6, Jackson Laboratory) were imaged at two locations within the mouse; in a
straight region (thoracic aorta) and in a region with complex, curved flows (aortic root). The
sequences were designed to minimize TE subject to imaging constraints and hardware
limitations. The spiral sequence achieved a minimum TE of 0.86 ms. However, the need for
a readout prephaser gradient in the rectilinear scan increased the TE to 3.49 ms.

Imaging constraints were chosen by empirical experimentation based on image quality,
spatial resolution, temporal resolution, and total image acquisition time. Balanced velocity
encodings with positive velocity encoding and negative velocity encoding in the through-
plane direction were alternated between heart beats using a 120 cm/s velocity encoding
(VENC). The VENC was chosen above the maximum expected velocity to avoid phase
wrap. Images were acquired with 100 μm in-plane resolution to achieve sufficient resolution
across the lumen of the aorta. Twelve cardiac phases were acquired with an 8 ms TR.
Additional imaging parameters were a 25.6 × 25.6 mm2 FOV and 1 mm slice thickness.

Image blurring due to off-resonance effects increases linearly with field strength, so the use
of spirals at 7T requires a combination of short readouts and deblurring techniques.
Readouts were limited to 2 ms, requiring 100 imaging interleaves to Nyquist sample k-
space. An additional 28 interleaves were used to acquire a low-resolution field map for use
in linear field map off-resonance correction to further decrease blurring effects (19).

To keep the total scan time constant for the sequences, the spiral sequence used eight
averages and the rectilinear sequence used four averages. The spiral sequence used more
averages due to the increased scan efficiency of the spiral trajectories. To keep within duty
cycle limits, data was collected on alternating heartbeats to allow for gradient cooling. Total
scan time for both sequences was approximately 8 minutes, depending on heart rate.

3D Stack of Spirals Cine Phase Contrast
Two-dimensional acquisitions provide localized information regarding hemodynamic forces
and flow rates. Multiple 2D acquisitions to cover a 3D volume would be time prohibitive.
Additionally, the difficulty in localizing a slice perpendicular to the flow direction in curved
vessels such as the aortic arch can lead to experimental error. In order to characterize the
complete hemodynamic environment throughout the aortic arch a three-dimensional
acquisition is needed.

A stack-of-spirals trajectory was used to acquire a three-dimensional volume in five 24-
week old ApoE−/− mice (Jackson Laboratory). A schematic of the sequence is shown Figure
1. Velocity in the x, y, and z direction (vx, vy, and vz respectively) were measured with a
VENC of 120 cm/s using balanced four-point encoding. The four encoding sets used were
(−vx, −vy, −vz), (+vx,+vy, −vz), (+vx, −vy, +vz), and (−vx, +vy, +vz) where the sign indicates
whether the positive or negative velocity encoding was performed (20). A single encoding
set was acquired each heartbeat, thereby requiring four separate heartbeats to measure one
set of velocity encodings for each spiral interleaf. Isotropic 170 μm resolution was achieved
over a 32.64 × 32.64 × 5.44 mm3 FOV and 192 × 192 × 32 acquisition matrix. A slice
oversampling of 25% was empirically found to prevent wrap around artifacts in the second
phase-encoding direction. Fourteen frames were acquired across the cardiac cycle at a 6.5
ms TR and 850 μs TE. A 15° sinc excitation pulse was used to excite a volume superior to
the left ventricle. The close proximity of the venous and arterial systems can result in poor
vessel contrast and complicates the segmentation of the aortic arch. For this reason, a
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saturation band was placed above the excitation volume to saturate incoming venous blood
from the superior vena cava.

Although spiral trajectories have many desirable flow properties, when velocities are
sufficiently large and the total movement of a spin on the same axes as a spiral readout is on
the order of a pixel size a misregistration of the spatial encoding frequencies can occur (21).
This misregistration leads to an asymmetric point spread function that can create image
artifacts. In a three-dimensional acquisition of the aortic arch, the primary flow direction is
no longer necessarily orthogonal to the spiral readouts and this effect cannot be avoided. To
reduce the misregistration artifact, ultra-short 900 μs readouts were used. This had the added
benefit of eliminating the need for off-resonance correction but led to long scan times. To
reduce scan time, variable density sampling (22) was used to reduce the number of
necessary interleaves from 192 to 160 leading to a decrease in scan time of 20%. A linear
reduction in k-space sampling with radial k-space distance was used to fully sample the
center of k-space and undersample by 16% the edge of k-space. The total scan duration is
dependent on HR and ranges from 42 minutes for a HR of 600 bpm to 53 minutes for a HR
of 480 bpm.

Gradient duty cycle limitations placed constraints on the image orientation, partition
encoding order, and gradient spoiling. A true axial imaging orientation was used to
minimize the maximum gradients played on any axis. To limit time spent at the edges of k-
space, where the gradient demands are greatest, partition encoding was acquired using a low
duty cycle interleaved reordering. Finally, gradient spoilers were played on axes other than
the partition axis where the majority of large gradient events occur.

Gridding during spiral image reconstruction requires accurate knowledge of the k-space
trajectory. Errors in the true k-space trajectory versus the prescribed k-space trajectory can
be caused by gradient hardware imperfections, eddy currents, and gradient discretization. k-
space trajectory errors manifest themselves as signal inhomogeneities and streak artifacts in
the reconstructed image and are exacerbated by the increased spiral gradient slew rates
(>500 mT/m/ms) necessary for the three-dimensional sequence. To account for trajectory
errors, every spiral interleaf for every velocity encoding was first measured in a phantom
(23,24). The measured trajectories were then used in image reconstruction for all subsequent
acquisitions. Since all acquisitions were performed in the axial direction, it was not
necessary to measure different spatial orientations of the spiral trajectories.

If the blood velocity is greater than the VENC, phase wrap occurs in the measured phase
images. In the presence of noise, phase wrap can additionally occur in regions where blood
velocity is below but near the VENC. Therefore every PC dataset was phase unwrapped
using a path-following technique (25) prior to analysis. Following phase unwrapping, eddy
current correction was performed by subtracting a linear fit to the phase image at diastole
(26).

Calculation of WSS
WSS was directly calculated from the spatial velocity gradients at the vessel wall. Let vl, vr,
and vc be the local longitudinal, radial, and circumferential components of velocity relative
to the vessel wall. If blood is assumed to be a Newtonian fluid with viscosity μ, then
instantaneous longitudinal WSS, τl, and circumferential WSS, τc, can be calculated
according to
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[1]

and

[2]

respectively. Prior to calculation of WSS however, the vessel wall must be segmented and
the unit vectors in radial, r ̂, longitudinal, l̂, and circumferential, ĉ, direction at each surface
point must be defined.

The vessel wall was automatically segmented at each cardiac phase using an automatic
segmentation method that incorporated the velocity data into the segmentation problem (27).
To limit calculation of WSS to the aortic arch, branches were removed using a generalized
cylinder fit (28). The segmentation algorithm produced a triangular mesh with nodes defined
in the physical (x, y, z) coordinate system.

The local radial, longitudinal and circumferential directions were then calculated for each
surface patch defined by the triangular mesh. The radial direction was defined as the inward
normal to the surface patch. To calculate the circumferential direction, the aortic surface was
skeletonized to find the centerline of the vessel (29). The closest point on the centerline to
the midpoint of the surface patch was found and the cross product between the centerline
point’s tangential vector, t̂, with the radial unit normal provided the circumferential
direction, ĉ = t̂ × r ̂. This resulted in a circumferential unit vector pointing clockwise with
respect to the primary direction of flow as defined by the centerline. Finally, the longitudinal
direction was calculated according to l̂ = r ̂ × ĉ. A schematic of the described unit vectors is
shown in Figure 2.

Prior to calculation of the spatial velocity gradient, the velocity was zeroed outside the
vessel lumen and spatially median filtered inside the lumen within a six-connectivity
neighborhood. The spatial median filter acts to remove velocity outliers potentially created
by segmentation errors, but leaves the data unchanged if it lies in a locally monotonic
region. Similar to Stalder et al., PC data were fit with a cubic spline to allow direct
evaluation of the spatial velocity gradients (30). However, instead of a separate Gaussian
smoothing step, filtering was incorporated via a cubic smoothing spline. Using the cubic
spline, Eqs. [1] and [2] were directly evaluated to compute both components of WSS for
each surface point.

In addition to instantaneous WSS values, the time-averaged circumferential WSS,

; time-averaged longitudinal WSS; ; and time-averaged WSS

magnitude, , were also calculated where T is the time period of one cardiac
cycle.

The degree of variation in a WSS waveform is hypothesized to play a significant role in the
spatial distribution of atherosclerotic plaques. The oscillatory shear index, OSI, was used to
measure the degree of variability of the WSS waveform given in (31) as
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[3]

where . A higher OSI corresponds to a more oscillatory flow.

The aorta was subdivided into twelve sectors for regional analysis. Each surface patch was
defined according to longitudinal position (ascending aorta, top of the arch, descending
aorta) and circumferential position (inner radius, anterior, posterior, and outer radius). WSS
values and OSI values were averaged across each sector.

Statistical Analysis
Two-way ANOVA was used for determining statistical significance in instantaneous WSS
values between different regions during the cardiac cycle. A paired t-test was used for
comparison of time-averaged WSS values and the OSI. All values are reported as mean ±
standard error.

Results
2D Spiral Cine PC

Figure 3 shows example magnitude and phase images for the rectilinear and spiral sequence
in the thoracic aorta and aortic root. Both the rectilinear and spiral sequences succeed in
measuring the velocity data in the thoracic aorta where velocities are slower and the vessel
geometry is straight. However, at the aortic root, where velocities are higher and the vessel
geometry is curved, the rectilinear sequence suffers from signal loss within the vessel lumen
due to displacement artifacts and phase cancellation. In Figure 4 the measured flow rates are
shown from a representative wild-type mouse at the aortic root and thoracic aorta measured
with both pulse sequences. Similar flow waveforms are found using both techniques within
the thoracic aorta. However, at the aortic root the rectilinear sequence fails to measure the
flow during systole while the spiral sequence captures the entire waveform.

3D Spiral Cine PC
In Figure 5 the k-space trajectory errors are plotted as mean and standard deviation over all
spiral interleafs. Maximal trajectory error was approximately 1/FOV, or one bin during
gridding reconstruction. When reconstruction was performed ignoring trajectory errors and
using the prescribed trajectory, edge streaking artifacts and signal inhomogeneities are
visible (Figure 5b). When the measured trajectories are used during reconstruction, edge
contrast and signal homogeneity are improved (Figure 5c).

Figure 6 shows a representative phase contrast dataset from a 24-week old ApoE−/− mouse.
The aortic surface at systole is shown along with four reformats perpendicular to the aorta.
Velocities are color coded according to through-plane velocity. As expected by geometry,
higher velocities occur near the outer radius than the inner radius.

WSS Measurements
The asymmetrical distribution of velocities leads to significantly increased levels of WSS
along the outer radius than the inner radius as illustrated in Figure 7. The instantaneous
longitudinal and circumferential WSS waveforms are shown in Figure 8. During systole, the
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instantaneous longitudinal WSS is significantly larger along the outer radius than the inner
radius (p<0.05). In contrast, the instantaneous circumferential WSS is significantly smaller
along the outer radius than the inner radius (p<0.05). However, circumferential WSS was
significantly smaller than longitudinal WSS magnitudes, and therefore had a smaller
contribution to overall WSS magnitude. The inner radius had a higher OSI than the outer
radius (0.14±0.01 v. 0.08±0.01; p<0.01) indicating increased WSS variability along the
inner radius (Figure 8c).

In Figure 9 bulls eye plots are shown for the time averaged WSS and regional OSIs. Similar
to the instantaneous WSS, the time-averaged longitudinal WSS was higher along the outer
radius than the inner radius higher (18.86±1.27 dyne/cm2 v. 7.06±0.76 dyne/cm2; p<0.01)
and the time-averaged circumferential WSS was higher along the inner radius than the outer
radius (5.15±0.21 dyne/cm2 v. 2.04±0.68 dyne/cm2; p<0.01). Table 1 lists all the regional
longitudinal WSS, circumferential WSS, and OSI values.

Discussion
The accurate measurement of velocity profiles in the mouse aorta necessitates the use of
non-Cartesian trajectories to cope with the complex flow dynamics caused by fast moving
spins moving through regions of high curvature. The favorable flow properties of spiral
trajectories along with the short TE enabled velocity measurements throughout the mouse
aortic arch. Comparison of a two-dimensional rectilinear and spiral PC sequence showed
less flow artifact and higher signal intensity in regions of curved geometry and high flow for
the spiral method. The spiral sequence was extended to three-dimensions to increase spatial
coverage. As flow was no longer guaranteed to be orthogonal to the spiral trajectory axes,
the three-dimensional scan used short spiral readouts to minimize misregistration artifacts.
Even with the short spiral readouts, faster flows could cause misregistration artifacts.
However, the centric read-outs minimize these artifacts and prevent interference with the
velocity measurements near the vessel wall. This decrease in readout duration required the
use of variable density scanning to perform the measurements within reasonable scan times.

WSS was directly calculated from the measured velocity gradients to investigate the
relationship between hemodynamic forces and atheroprone regions. Longitudinal WSS was
significantly smaller along the inner radius than the outer radius. Additionally, the WSS
waveform was more oscillatory along the inner radius. This low, oscillatory WSS
corresponds with regions traditionally predisposed to the development of atherosclerosis.
Interestingly, the circumferential WSS was larger along the inner radius, likely due to the
increased contribution of non-longitudinal flows.

The finite resolution of MRI leads to underestimation of the velocity gradient, and therefore
leads to underestimation of WSS when direct measurement approaches are used (30).
Although CFD models allow for resolution only limited by computation time, confounding
factors such as compliance are difficult to measure and model within CFD leading to errors.
The WSS magnitudes reported in this paper are smaller than reported previously in the
aortic arch using CFD models, but are in agreement with published values using a direct
measurement technique in the mouse thoracic aorta (32). The fact that WSS levels in
atheroprone regions in the ApoE−/− mouse are above atheroprotective regions in humans
suggests that it is not the absolute magnitude but the distribution and temporal pattern that
are the determining factors in progression of atherosclerosis. Improving spatial resolution
could decrease the underestimation of WSS in direct measurement techniques, however
improvements in resolution would lead to increased scan times above the already hour long
scan time. Methods such as parallel imaging (33) and compressed sensing (34) could be
investigated to improve the spatial resolution without making scan times prohibitive. The
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low-pass nature of the median filter could also lead to a decrease in the calculated WSS
value. However, as the median filter leaves velocity values unaltered in spatially
monotonically increasing or decreasing regions the calculated WSS is expected to be
affected less by a median filter than with other smoothing filters such as a spatial Gaussian
filter.

The present study did not investigate the effect of the acceleration of the blood on the
velocity measurements. Future work is necessary to determine what effect acceleration has
on the velocity measurements and subsequent WSS calculations.

The echo times achieved with our spiral sequence led to large decreases in displacement
artifacts compared to conventional rectilinear sequences; however, small displacement
artifacts may remain using the present sequence and affect the WSS magnitude. As blood
travels around the arch, a displacement artifact may result in faster moving blood being
pulled towards the center of the arch. This displacement could lead to an underestimation of
WSS along the outer radius and an overestimation of WSS along the inner radius. A future
study using a pulse sequence with a further reduced echo time could be used to explore these
effects.

Although the WSS calculation was limited to direct evaluation of the velocity gradient,
future work should be aimed at incorporating the three-dimensional velocity measurements
within CFD modeling. By not limiting CFD to only using flows at the inlets and outlets and
instead extending the CFD models to include velocities throughout the modeled artery,
effects of compliance can be more readily modeled. The union of more extensive velocity
measurements along with CFD modeling may lead to improved estimates over either direct
measurement or CFD approaches alone.

The described technique enables a tool for directly probing the relationship between WSS
and atherosclerosis in mouse models. The direct measurement of WSS in combination with
the assessment of protein expression may lead to increased understanding of the molecular
factors involved in atherosclerosis and the effect WSS has on the disease process.
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Figure 1.
Timing diagram for the spiral 3D cine PC sequence. N images are acquired across the
cardiac cycle (indicated by Phs. 1 to Phs. N in the diagram) following detection of the QRS
complex in the EKG. Dotted lines indicate alternating velocity encodings and arrows are
used to indicate partition-encoding and rewinding gradients. Gradients are not drawn to
scale for ease of visualization. Spoiler gradients are played off-axis to the slab direction to
minimize the gradient duty cycle.
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Figure 2.
Schematic of the unit normal vectors in the radial, r ̂, longitudinal, l̂, and circumferential, ĉ,
direction at a representative surface point along with the tangential vector, t̂, at the vessel
centerline. The blood vessel is shown in red and the vessel centerline by a grey line. The
vessel is viewed looking upstream of the direction of blood flow.
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Figure 3.
Comparison of rectilinear (top row) and spiral (bottom row) 2D cine PC sequence. The
imaged portion of the aorta is indicated by a white arrow in all images. Systolic magnitude
(a) and phase (b) images are shown for the thoracic aorta. Both sequences successfully
capture flow within a straight region of the aorta. However, systolic magnitude (c) and phase
(d) images of the ascending aorta illustrate the improved SNR and reduction in flow artifacts
of the spiral sequence. When the rectilinear trajectory is used there is near complete signal
loss within the aortic lumen which leads to speckle noise in the phase. Only minor signal
loss occurs in the spiral image and a laminar velocity profile is seen within the lumen.
Positive velocity corresponds to bright intensities in the phase image and negative velocity
corresponds to dark intensities.
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Figure 4.
Flow rates measured with the two techniques from a representative mouse. Positive flow is
in the caudal direction. Comparable flow profiles are measured with the rectilinear and
spiral sequences within the thoracic aorta. However, peak flow is lost in the rectilinear
sequence at the aortic root.
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Figure 5.
Measured k-space trajectories and reconstruction results in a cylindrical phantom. k-space
trajectory errors as a function of time are shown for all spiral interleafs as mean ± standard
deviation (a). In the lower panels the spiral reconstruction results are shown using the
prescribed k-space trajectory (b) and measured k-space trajectory (c) (windowed identically).
Using the measured trajectory yields improved edge definition and signal homogeneity.
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Figure 6.
Reformats through the mouse aortic arch. Sample aorta surface (top) shown with maximum
intensity projections in the sagittal, axial, and coronal directions. Four slices are indicated by
the blue rectangles and through plane velocities are shown in the bottom panels. The outer
radius of the aorta is at the top of the lumen in all panels. An asymmetric distribution can be
seen with higher velocities tending towards the outer radius as expected by fluid dynamics.
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Figure 7.
Time-averaged WSS magnitude map of a representative mouse shown with maximum
intensity projections in the sagittal, axial, and coronal directions.
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Figure 8.
Analysis of WSS cardiac cycle waveforms. (a) Longitudinal WSS was significantly higher
along the outer radius of the aorta while (b) circumferential WSS was significantly higher
along the inner radius of the aorta. Statistical significance was determined using two-way
ANOVA (p<0.05) and is indicated by * at statistically significant cardiac phases. The
increased variability of the WSS waveform is shown by a higher OSI along the inner radius
than the outer radius (p<0.01).
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Figure 9.
Bulls eye plots showing time-averaged (a) longitudinal WSS, (b) circumferential WSS, and
(c) OSI in the 24-week old ApoE−/− mouse (n=5). The inner ring corresponds to the
ascending region of the aortic arch, the middle ring to the top of the aortic arch, and the
outer ring to the descending region of the aortic arch. The left and right quadrants
correspond to the posterior and anterior sides of the arch respectively.
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Table 1

Regional values of WSS in ApoE−/− mice measured in dyne/cm2.

Sector τ̄l τ̄c OSI

Ascending

Inner 3.45±1.13 6.57±0.25 0.16±0.01

Outer 21.11±1.37 4.15±0.85 0.06±0.01

Anterior 13.05±1.46 9.93±1.00 0.08±0.01

Posterior 8.65±1.07 5.15±0.46 0.14±0.01

Top

Inner 10.32±0.70 7.17±0.97 0.12±0.01

Outer 19.23±1.58 6.39±1.35 0.09±0.01

Anterior 8.19±0.90 8.92±0.50 0.13±0.00

Posterior 20.71±1.37 6.11±0.96 0.05±0.01

Descending

Inner 9.62±0.97 0.75±0.75 0.16±0.01

Outer 16.33±1.32 −2.90±0.69 0.10±0.01

Anterior 6.64±0.69 2.38±0.84 0.17±0.01

Posterior 16.02±1.28 −2.65±0.54 0.10±0.01
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