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Abstract—The objective of the study described here was to investigate the accuracy and precision of a plane wave
2-D vector flow imaging (VFI) method in laminar and complex blood flow conditions in the healthy carotid artery.
The approach was to study (i) the accuracy for complex flow by comparing the velocity field from a computa-
tional fluid dynamics (CFD) simulation to VFI estimates obtained from the scan of an anthropomorphic flow phantom
and from an in vivo scan; (ii) the accuracy for laminar unidirectional flow in vivo by comparing peak systolic ve-
locities from VFI with magnetic resonance angiography (MRA); (iii) the precision of VFI estimation in vivo at
several evaluation points in the vessels. The carotid artery at the bifurcation was scanned using both fast plane
wave ultrasound and MRA in 10 healthy volunteers. The MRA geometry acquired from one of the volunteers
was used to fabricate an anthropomorphic flow phantom, which was also scanned using the fast plane wave se-
quence. The same geometry was used in a CFD simulation to calculate the velocity field. Results indicated that
similar flow patterns and vortices were estimated with CFD and VFI in the phantom for the carotid bifurcation.
The root-mean-square difference between CFD and VFI was within 0.12 m/s for velocity estimates in the common
carotid artery and the internal branch. The root-mean-square difference was 0.17 m/s in the external branch. For
the 10 volunteers, the mean difference between VFI and MRA was −0.17 m/s for peak systolic velocities of laminar
flow in vivo. The precision in vivo was calculated as the mean standard deviation (SD) of estimates aligned to the
heart cycle and was highest in the center of the common carotid artery (SD = 3.6% for velocity magnitudes and
4.5° for angles) and lowest in the external branch and for vortices (SD = 10.2% for velocity magnitudes and 39°
for angles). The results indicate that plane wave VFI measures flow precisely and that estimates are in good agree-
ment with a CFD simulation and MRA. (E-mail: jaj@elektro.dtu.dk) © 2018 World Federation for Ultrasound
in Medicine & Biology. All rights reserved.
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INTRODUCTION

Atherosclerosis is a precursor to many cardiovascular
diseases and the leading cause of death worldwide (Naghavi
et al. 2003). Blood clots originating from the carotid
arteries are especially important, as they may be respon-
sible for stroke (Bamford et al. 1991). Assessment of the
carotid artery is therefore of particular interest. Magnet-
ic resonance angiography (MRA) and ultrasound (US)
are non-invasive techniques for imaging flow in blood

vessels. MRA is a time-consuming and expensive tech-
nique with a spatial resolution of, typically, 1 mm and a
frame rate of 50 Hz. Depending on the manufacturer of
the MRA scanner, the scan time can lapse from 5 to
15 min while it acquires a few hundred heart cycles,
which are then combined (Lotz et al. 2002). US imaging
is a relatively inexpensive technique, which is used in
daily clinical practice and provides blood flow velocities
in real time with sub-millimeter resolution. B-Mode and
color flow imaging are used for orientation and flow
visualization, and quantitative parameters are calculated
from the spectrogram.

Although peak systolic velocity (PSV), end-diastolic
velocity, resistive index and volume flow are typical and
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widely used quantitative measures for characterizing the
flow, there are several limitations. The velocity estimate
is only found along the US beam, that is, in the axial di-
rection, and has to be corrected for the beam-to-flow angle.
This is often performed manually by the examiner and is
largely inter-/intra-operator dependent, and the estimates
are prone to large errors (Corriveau and Johnston 2004;
Stewart 2001). The correction only works when laminar
and uni-directional flow is parallel to the vessel (Kruskal
et al. 2004). However, most vessels are curved and have
branches, creating complex blood flow patterns. For pul-
sating flow, the flow angle may also change during the
cardiac cycle. Complex flow is multi-directional and can
be characterized as a > 90° change in flow angles within
an area (Pedersen et al. 2014). As opposed to turbulent
flow, complex flow patterns are repeatable from heart cycle
to heart cycle, as for many vortices and recirculation zones.
The spatially and temporally varying flow angles for
complex flow limit the use of spectral Doppler, and the
placement of the range gate for velocity estimation at a
single location is operator dependent (Lui et al. 2005).

The development in 2-D vector flow imaging (VFI)
has provided velocity estimation methods without the need
for angle correction. Cross-beam methods (Dunmire et al.
2000; Fox 1978), speckle tracking (Trahey et al. 1987),
transverse oscillation (TO) (Anderson 1998; Jensen and
Munk 1998), directional beamforming (DB) (Jensen 2003)
and spectral-based methods (Newhouse et al. 1987; Tortoli
et al. 2006) have been suggested for finding the 2-D ve-
locity vector. The combination of VFI and high-frame-
rate techniques such as synthetic aperture (Nikolov and
Jensen 2003) and plane wave imaging (Bercoff et al. 2011;
Ekroll et al. 2013; Lenge et al. 2015; Udesen et al. 2008;
Yiu et al. 2014) has further improved performance of the
methods. The advantages are that quantitative velocity es-
timates can be obtained everywhere in the image at
hundreds to thousands of frames per second, and no angle
correction is needed. VFI provides a more complete picture
of flow patterns, which are often transient and complex
(Hansen et al. 2009a). Data are available continuously for
plane wave and synthetic aperture imaging, which improve
the precision of the estimates because averaging can be
performed over a number of emissions without sacrific-
ing frame rate (Nikolov and Jensen 2003).

Any VFI method must yield precise and accurate ve-
locity estimates for both laminar uni-directional flow and
complex flow when measured in vivo. This is especially
important for quantitative measurements derived from any
spatial estimation point in the image. The accuracy of VFI
methods has previously been investigated for uni-directional
flow in the common carotid artery by comparing PSV and
volume flow estimates with independent methods such as
spectral Doppler and MRA (Ekroll et al. 2014; Hansen et al.
2009b; Tortoli et al. 2015). However, two challenges arise

for further investigation of accuracy and precision: (i) Com-
pared with VFI methods, neither spectral Doppler nor MRA
has sufficiently high spatial and temporal resolution to ac-
curately capture complex flow patterns in vivo. (ii) To
evaluate the precision of a method in terms of repeatabil-
ity of estimates, acquisition of data on at least two to three
heartbeats is required, but this generates more transduc-
er element data than most scanners can store when using
high-frame-rate imaging.

In relation to (i), one approach to investigation of
complex flow is the use of computational fluid dynamics
(CFD) simulations of the velocity field within a vessel ge-
ometry. CFD simulations have been extensively used to
study the flow fields existing in the carotid arteries (Cebral
et al. 2002; Steinman et al. 2000) and can be employed as
an independent method for comparison with ultrasound.
Although an in vivo scan represents the most realistic data
acquisition for VFI, there is no ground truth, which makes
a comparison between a CFD velocity field and VFI chal-
lenging. A VFI phantom measurement may be employed
to establish a link between US simulations and in vivo mea-
surements, as several flow conditions can be mimicked in
the phantom and taken into account in the CFD model-
ing. This allows a more quantitative comparison between
CFD and VFI. Flow phantoms can be made from anthro-
pomorphic geometries using novel fabrication processes,
whereby complex flow patterns in a realistic vessel ge-
ometry and environment may be measured using VFI (Lai
et al. 2013).

In relation to (ii), all element data can be stored in
scans for up to 10 s using the experimental scanner SARUS,
which can store data up to 96 GB (Jensen et al. 2013).
Thereby, the precision of flow estimation methods can be
evaluated from several heartbeats.

The method for VFI used in the study described here
is based on plane wave imaging and a combination of TO
and DB (Jensen et al. 2017). It has previously been vali-
dated in simulations of straight vessels and a carotid
bifurcation model, and a single in vivo scan has also been
presented (Jensen et al. 2017).

The objective of our study was to investigate the ac-
curacy and precision of the method in vivo in the carotid
artery of 10 healthy volunteers. The approach used was
to:

• Perform a quantitative comparison of VFI estimates mea-
sured in an anthropomorphic phantom with a CFD
velocity field to study the accuracy under complex flow
conditions,

• Perform a qualitative comparison of the VFI velocity field
obtained from an in vivo scan with a CFD velocity field,

• Study the accuracy in vivo for laminar uni-directional
flow by comparing VFI estimates with spectral Doppler
and MRA, and
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• Evaluate the precision in vivo by calculating the repeat-
ability of the VFI estimates at several estimation points
in the vessels.

Flow measurements were performed in the carotid
artery encompassing the bifurcation in healthy volun-
teers. Flow in the common carotid artery (CCA) is expected
to be laminar uni-directional, whereas complex flow pat-
terns occur in the carotid bulb (Pedersen et al. 2014). These
parts of the carotid artery were used to study the VFI
method.

EXPERIMENTAL METHODS

Ten healthy volunteers with no history of cardiac, vas-
cular or neurologic disease were recruited (8 males and
2 females; mean body mass index: 24 kg/m2; median age:
31 y, range: 25–52 y). The volunteers participated after
submitting informed consent, and the study was ap-
proved by the National Committee on Biomedical Research
Ethics (Protocol No. H-1-2014-fsp-072). Data acquisi-
tion for each volunteer spanned 1 day. The in vivo VFI
scan was conducted during a session in the morning, and
the MRA scan was performed in the afternoon. One ra-
diologist, either C.E. or K.L.H., performed the US VFI
scan, and both performed the MRA scan. All measure-
ments were performed with the volunteer in a supine
position. Volunteers rested in this position for at least 10 min
before each scan.

In vivo VFI scans and processing
Prior to the plane wave VFI scans, a scan of the right

CCA in long-axis view was performed 2–3 cm before the
bifurcation using a linear array transducer (BK 8L2, BK
Ultrasound, Herlev, Denmark) and a commercial scanner
(BK3000, BK Ultrasound). A spectral Doppler measure-
ment was made, and a 15-s cine loop with the spectrogram
was recorded. The spectral Doppler beam was steered to
keep the beam-to-flow angle <60° (mean beam-to-flow
angle: 45.7°, range: 42°–56°). The plane wave VFI scans
were then performed using the same transducer type, which
was connected to the experimental US scanner SARUS
(Jensen et al. 2013). A duplex sequence consisting of both
flow and B-mode emissions was employed (Jensen et al.
2017). Transducer and processing parameters are listed in
Table 1. Each of the two scans was recorded separately:
(i) a longitudinal scan at the right CCA 2–3 cm before the
bifurcation, and (ii) a longitudinal scan at the carotid bulb
with the best possible view of the bifurcation. Transduc-
er element data were acquired for a total of 10 s for each
scan and were stored for further processing.

Beamforming was performed offline, and an energy-
based filter with manual threshold was used for echo
canceling of beamformed data (Villagomez-Hoyos et al.
2017). The energy-based cutoff filter was used instead of

a conventional frequency cutoff filter to separate better the
blood signal from the tissue signal of moving vessel walls.
The energy-based filter used the amplitude characteris-
tics of blood and tissue, and tissue components were
attenuated by limiting the amplitude of the tissue veloc-
ity spectrum to a cutoff threshold. The threshold was
determined by using data from one of the volunteers as a
training set, and the same threshold was then applied to
all scans of volunteers. For details on the filter and its
impact on the performance of the velocity estimates, the
reader is referred to Villagomez-Hoyos et al. (2017).

A two-step procedure was employed for vector ve-
locity estimation: First, the TO method was used to find
an initial flow angle θ calculated from the axial, vz, and
lateral, vx, velocity components. The transverse oscilla-
tion was created by applying a Gaussian filter on the
beamformed images in the Fourier domain (Salles et al.
2015). Second, three directional lines were beamformed
around the TO angle θ at each estimation point in the image
to find a refined angle estimate θ̂. The refined angle was
calculated from the angle yielding the largest normal-
ized cross-correlation estimate based on the three directional
lines. The velocity magnitude was estimated along the flow
direction θ̂ using a cross-correlation estimator. For further
details on the vector velocity method, the reader is re-
ferred to Jensen et al. (2017).

Intensities of the applied plane wave sequence were as
follows: mechanical index (MI) = 1.25, and derated spatial-

peak temporal average intensity Ispta mW cm.3
2267( ) = ,

which were within the U.S. Food and Drug Administra-
tion (FDA) limits (FDA 2008). Transducer surface
temperature rise was measured to 18.6 °C in still air and
6.3 °C when attached to a phantom. The values were below
the FDA limits of 27 °C and 10 °C, respectively.

MRA scans and processing
A 1.5-T whole-body scanner (Magnetom Avanto,

Siemens, Erlangen, Germany) was used in combination

Table 1. Transducer and acquisition parameters

Parameter Value

Number of elements 192
Transducer center frequency f0 4.1 MHz
Cycles in emitted pulse 1.5 (flow), 1 (B-mode)
Transmit apodization Tukey (weight 0.5)
Pulse repetition frequency fprf 10 kHz
Max steering angle 15° (flow), 20° (B-mode)
Number of plane waves 3 (flow), 21 (B-mode)
Receive apodization Tukey (weight 0.5)
Desired TO wavelength 2 mm
DB angle spacing 2°–10°
Number of HRI/estimate 32
Frame rate (velocity estimation) 300 Hz

DB = directional beamforming; HRI = high resolution image; TO = trans-
verse oscillation.
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with a head and a neck matrix coil. A time-of-flight
sequence was performed as a localizer for the carotid
artery. A cross-sectional plane of the CCA was selected
2–3 cm before the bifurcation by consulting the anatom-
ical image. Through-plane velocities were estimated within
the plane by using a retrospective electrocardiogram-
gated phase contrast sequence. The sequence had a
repetition time of 42 ms, echo time of 3 ms, flip angle of
20°, pixel resolution of 1.1 × 1.1 mm and slice thickness
of 5 mm. Estimates were retrieved from 210 heartbeats,
and the total number of phases per heartbeat was 50.
The phase contrast sequence was repeated three times to
obtain three independent estimates of velocities within
the same plane. Anatomical images were also acquired
for a volume covering the common carotid artery and
carotid bulb. The acquisition was made in parallel to the
applied flow sequence, and the resolution was the same
as for the flow data.

The stored MRA DICOM files contained anatomi-
cal and through-plane velocity estimates in 50 frames during
a cardiac cycle. Each velocity data set was processed offline
by adding the 50 frames to create a combined anatomi-
cal intensity map. Vessel regions were segmented by
creating a binary image based on the intensity map and
applying a manually selected threshold. The threshold was
adjusted for each data set and each volunteer. Potential
vessels were detected by applying morphological opera-
tions on the binary image (Holbek et al. 2017). A vessel
region containing the right CCA was selected manually,
and flow estimates within this region were detected and
stored for further analysis of MRA flow.

A 3-D geometry representing the carotid artery of one
of the volunteers was used to produce a CFD model and
a flow phantom with a geometry similar to that of the
scanned vessel. This was achieved by concatenating the
collected MRA images in ScanIP (Simpleware Ltd., Exeter,
UK) and marking the vessel region by creating a binary
mask by applying a threshold on the anatomical intensi-
ty images. The segmented flow volume was imported into
SolidWorks (Education edition, Dassault Systèmes
SolidWorks Corp., Vélizy, France), where smoothing of
the geometry was performed prior to flow phantom fab-
rication and CFD simulation.

Flow phantom fabrication and scan
An anthropomorphic flow phantom matching the flow

domain of the original scanned vessel was fabricated using
stereolithography, a technique described by Lai et al. (2013).
A Leapfrog Creatr HS XL printer (Leapfrog BV, Alphen
aan den Rijn, Netherlands) with a depth–width resolu-
tion of 17 µm and a resolution in height of 20 µm was used
to print the drafted vessel. The 3-D printed geometry con-
stituted a temporary core in the wall-less phantom. The

core was fixated in a container and cast in polyvinyl alcohol
(PVA) cryogel to obtain a surrounding medium, which
mimicked the properties of human tissue. The PVA cryogel
contained 10% PVA, 1% silicon dioxide, 0.3% potas-
sium sorbate and 83.7% distilled water. The elastic
properties of the cast material were controlled by varying
the number of freeze–thaw cycles. Three freeze–thaw cycles
were used, where each half-cycle lasted 24 h, the freeze
settings were −20 ± 0.5 °C and the thaw settings were
4 ± 0.5 °C. The core was removed manually after the com-
pletion of three cycles (total duration = 144 h). The resulting
phantom was core-less with a fluid domain identical to that
of the original scanned vessel.

The anthropomorphic phantom was connected to a
closed-loop flow system (CompuFlow 1000, Shelley
Medical Imaging Technologies, Toronto, ON, Canada)
that circulated a blood-mimicking fluid (BMF-US, Shelley
Medical Imaging Technologies, Toronto, ON, Canada)
with a viscosity of 4.1 × 10−3 Pa·s and a density of
1030 kg/m3. The CompuFlow system was set to generate
a standard carotid artery waveform to mimic the flow in
this artery. The peak volume flow was 15 mL/s, and the
cardiac period was 0.84 s, which were within represen-
tative physiological ranges. The transducer was placed
on the phantom and the scan plane was longitudinal to
the bifurcation. Data on 10-s recordings were acquired
with the SARUS scanner using the same sequence and
parameters used for the in vivo scans. The echo-cancel
filter and vector velocity estimation were also the same
as for the in vivo scans.

CFD model
Flow simulation in the CFD model was governed by

solving the Navier–Stokes equations. The properties of the
emulated fluid matched those of the blood-mimicking fluid
used for the phantom study and those of the blood in the
in vivo study, respectively. It was assumed that the fluid
was Newtonian, entrance effects were discarded, the vessel
was rigid and the flow had reached a steady state of pul-
sation. An outlet pressure of 0 Pa was set for the two exit
branches representing the internal carotid artery (ICA) and
external carotid artery (ECA), and a no-slip condition was
set at the walls of the flow domain.

The inlet condition was constructed using the
Womersley–Evans model (Evans 1982; Womersley 1955).
The individual components of a measured mean spatial
velocity curve were determined by Fourier decomposi-
tion. Thereafter, superposition of the first 10 harmonics
provided a smooth spatial velocity variation. It was used
to reconstruct the velocity profile in both time and space
using the Womersley–Evans model. Two mean spatial ve-
locity curves were used for the two CFD simulations: one
used the measured plane wave VFI data at a point in the
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CCA of the flow phantom, and the other used the through-
plane velocity information from the MRA scan to mimic
the in vivo flow conditions.

All CFD simulations were run six consecutive times
corresponding to six cardiac cycles. This was done to ensure
a stable solution. The simulations were carried out in
Comsol Multiphysics (Version 5.2a, Comsol AB, Stock-
holm, Sweden). On average, the computation time for
the six consecutive cycles was 3 h using a standard PC
(Dell Precision Tower 5810, Intel(R) Xeon(R), 20 cores).
The mesh consisted of 437,444 elements with an
average element quality of 0.621 (1 = high quality, 0 = poor
quality).

METHODS FOR EVALUATION

Comparison between phantom VFI and CFD
Comparison between the flow field of the CFD sim-

ulation and phantom VFI measurement required that the
geometries be aligned. The VFI measurement provided ve-
locities in a plane of the 3-D geometrical phantom, and
the CFD model provided velocities in the full 3-D volume
of the phantom. The vessel was manually segmented on
a B-mode image from the VFI to provide a geometry of
the vessel in the scanned plane. The CFD geometry was
then rotated and translated to the coordinate system of the
VFI plane to align the two geometries. This was per-
formed manually by visual inspection of the geometries.
The applied translation and rotation were also used to
convert the CFD velocities into velocity components in
the coordinate system corresponding to the VFI. CFD ve-
locities were interpolated to the same locations as in the
VFI, and an inter-frame linear interpolation was used to
process the same time instances.

Thereby, quantitative comparisons of velocities ac-
quired from CFD and VFI were made. This included the
vorticity
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where ∇ is the nabla operator. The total vorticity was cal-
culated for an area covering a part of a recirculation zone.
Vorticity has previously been used to characterize flow ro-
tations and vortices in the carotid bulb and the ascending
aorta (Hansen et al. 2017; Pedersen et al. 2011).

Comparison between VFI in vivo and CFD
The comparison between the flow field of the CFD

simulation and the VFI in vivo scan was also made after
manual alignment. Selected frames at peak systole and
within systolic deceleration were used in a qualitative
comparison.

Comparison between VFI, MRA and spectral Doppler
The PSV in scans of laminar flow in the CCA of each

volunteer was compared for plane wave VFI, spectral
Doppler and MRA. For the plane wave VFI of the CCA,
PSVs were estimated at every velocity estimation point
within the segmented vessel and for each cardiac cycle.
The estimation point with the maximum PSV was de-
tected, and the mean and standard deviation (SD) of the
PSVs during the 10-s scan sequence were calculated. For
the spectral Doppler scans, the PSV estimated by the
scanner was read from the 15-s cine loop for each vol-
unteer. For the MRA scans, mean velocities were provided
throughout one cardiac cycle because of the combina-
tion of several cardiac cycles with ECG gating. PSVs was
for each of the three MRA data sets were determined for
each volunteer and averaged. The PSV for plane wave VFI
was compared with those for MRA and spectral Doppler
using Bland–Altman plots and linear regression. A mul-
tiple comparison was performed using Tukey’s test and
a significance level of 0.05.

Precision of VFI in vivo
The VFI and B-mode data sets from the in vivo scans

were imported into an in-house developed MATLAB-
based visualization tool. Vector velocities were laid over
B-mode images, and a color wheel map represented the
velocity magnitude and direction of the blood flow. A video
of the full 10-s acquisition was played and could be stopped
at any frame.

A medical doctor (K.L.H.) with 10 years of experi-
ence in VFI evaluated each of the 2 × 10 scans by selecting
evaluation points according to a defined procedure for lon-
gitudinal scans of the CCA (one point in the center of the
vessel and one point near the upper vessel wall) and lon-
gitudinal scans at the carotid bulb (a point in the center
of a part of the CCA, near the upper vessel wall of the
CCA, in the ECA, and in the ICA).

A box encompassing a vortex in the carotid bulb was
also marked for each scan. It was tried to encompass as
much of the vortex without including additional flow
regions. If any of the vessels or a vortex were not visible
on the scans, an evaluation point/box was not selected.

For each evaluation point selected, the program au-
tomatically calculated the mean cardiac cycle based on the
velocity estimates by using the autocorrelation function.
A 10-s scan sequence typically consisted of 7–11 cardiac
cycles. The velocity magnitude and angle estimates at the
evaluation points and the vorticity calculated inside the box
using eqn (1) were coherently aligned according to the
cardiac period. Ninety percent of the mean cardiac period
was used for the alignment (15% before and 75% after
the peak systolic value), because small deviations in the
heart rate were found throughout the 10-s scan period. The
standard deviation σ(t) at time t in the cardiac cycle was
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calculated among the aligned estimates. The mean SD for
each point was then

SD
f

f

= ( )
=
∑1 2

1N
t

t

N

σ (2)

where Nf is the number of frames encompassing a cardiac
cycle. For the mean SD of the velocity magnitude and the
vorticity, eqn (2) was calculated relative to the peak value.
The median value of the mean SD among the 10 volun-
teers was also calculated.

RESULTS

Comparison of phantom VFI and CFD
The VFI scan plane aligned with the CFD geome-

try is illustrated in Figure 1. The width of the scan plane
in the elevation direction was set according to the
elevational width of the ultrasound beam at the elevation
focus of the probe. The segmented vessel from the VFI
fitted generally well within the 3-D mesh of the CFD sim-
ulation. There was, however, about 0.5 to 1 mm of
misalignment in the ECA and at the outlet of the ICA. A
qualitative comparison between velocity fields obtained
from plane wave VFI and the CFD simulation is pre-
sented below, and a quantitative comparison follows
hereafter.

Frames from two phases of the cardiac cycle are il-
lustrated in Figures 2 and 3: during peak systole (0.16 s)
and systolic deceleration (0.32 s). Estimates are shown for
the CFD simulation and for the first cardiac cycle in the
VFI scan. During peak systole, the VFI velocity fields in

the CCA and ECA had patterns similar to that of the CFD
simulation. The velocity magnitudes were at the same
levels, and the arrows pointed in the same direction. For
the ICA, the largest velocities were obtained close to the
inner vessel wall of the ICA, and a vortex appeared near
the upper wall. The vortex in the ICA was moved slightly
further up in the VFI measurement and was merely an area
of very low velocities rather than a well-defined vortex.
It also affected the blood flow pattern downstream. During
systolic deceleration (Fig. 3), both the CFD and VFI had
a large vortex or recirculation zone, which extended from
the CCA into the ICA. There were small differences in
the extent of the recirculation for CFD and VFI, but similar
flow patterns were provided. A jet of streamlined forward
flow was found close to the inner vessel wall of the ICA
in the CFD and VFI. A smaller vortex in the ECA was also
visible in the VFI; however, this vortex was not visible
in the CFD. Furthermore, the speed of flow in the ECA
and the CCA was lower in the VFI than in the CFD.

Quantitative comparison of CFD and VFI velocity es-
timates is illustrated in Figures 4 and 5. Velocity estimates
at all spatial positions for the frames at peak systole and
systolic deceleration were used. Colors encode estimates
from the CCA (blue), ICA (red) and ECA (yellow). The
root-mean-square (RMS) difference between the mea-
sured VFI estimates and CFD was calculated for the three
parts of the bulb and was in the range 0.023 to 0.047 m/s
for vz at peak systole and systolic deceleration. For vx at
peak systole (Fig. 4), the RMS difference was highest in
the ECA (0.16 m/s) as the estimates with VFI were mea-
sured higher than those with CFD. Velocity estimates in
the ICA covered a large range from 0.1 to 0.5 m/s as

Fig. 1. Alignment of the computational fluid dynamics vessel geometry (red) to the vector flow imaging scan plane (blue) in
the phantom scan. The elevation of the ultrasound beam is indicated by the width of the blue rectangle in the XY and YZ

planes. CCA = common carotid artery; ECA = external carotid artery; ICA = internal carotid artery.
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confirmed by the vortex and high-flow speeds in Figure 2.
The RMS difference was 0.11 m/s. For vx at systolic de-
celeration (Fig. 5), VFI yielded generally lower velocities
compared with CFD. The RMS difference was largest in
the CCA and ECA (0.17 m/s and 0.14 m/s, respectively),
whereas it was 0.09 m/s in the ICA.

The temporal evolution of the flow patterns is evident
in a video sequence from the full acquisition
(Supplementary Video S1, online only). It revealed that
a vortex quickly built up and disappeared in the ICA during
systole for the VFI scan, before a larger vortex appeared

at the same location and was fully developed during sys-
tolic deceleration. For the CFD simulation, a single vortex
in the ICA built up during late systole and was fully de-
veloped in systolic deceleration.

The temporal changes in the flow field can also be
observed in Figure 6. In Figure 6(a), the velocity magni-
tude is plotted as a function of time for an estimation point
in the CCA, which is also indicated by the white circle
in Figure 3. The shape of the velocity magnitude profile
for VFI in Figure 6(a) was similar to that for CFD.
However, velocities were estimated lower for VFI than for

Fig. 2. Velocity estimates from the CFD simulation (left) and VFI scan of phantom (right). The frame is from the peak sys-
tolic phase (t = 0.16 s). CFD = computational fluid dynamics; VFI = vector flow imaging.

Fig. 3. Velocity estimates from CFD simulation (left) and VFI scan of phantom (right). The frame is within the systolic de-
celeration (t = 0.32 s). The velocity magnitude sampled at the white circle is depicted in Figure 6(a), and the vorticity in the

white box, in Figure 6(b). CFD = computational fluid dynamics; VFI = vector flow imaging.
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CFD, especially during diastole, which resulted in a mean
difference between CFD and VFI of −12.7%. For the vor-
ticity calculated in the ICA, the evolution of vortices during
two points in Supplementary Video S1 was also con-
firmed: the vorticity had two maxima (at 0.14 and 0.3 s)
in the VFI measurements, whereas a single vortex built
up after 0.15 s in the CFD simulation. It was suspected
that vessel wall movement in the phantom might be a
reason for the difference in flow patterns between VFI and CFD simulation during systole. The vessel wall move-

ment was therefore quantified by estimating tissue velocities
from the flow data and disabling the echo-canceling filter.
The largest tissue velocities for a point on the proximal
vessel wall were ±2 mm/s and were attained at 0.1 and 0.2 s
during systole. A few milliseconds later, vortices ap-
peared in the ICA in the phantom measurement.

Comparison of VFI in vivo and CFD
The CFD model for comparison with the VFI in vivo

scan used an inlet condition constructed from a mean spatial
velocity profile provided by the through-plane velocities
from the MRA scan. Because of the different peak ve-
locities for the CFD data and VFI in vivo scan, the velocity
estimates in Figures 7 and 8 are normalized by the peak
velocities (0.9 m/s for CFD and 0.7 m/s for VFI in vivo).
A qualitative comparison of the flow fields is thereby pro-
vided. Figure 7 illustrates a frame from peak systole, where
similar flow patterns were obtained, including the forma-
tion of a small vortex near the upper wall of the ICA. The
location of the vortex was approximately the same as in
the phantom measurement (see Fig. 2). However, the vortex
was not as well defined in the CFD simulation as in the
in vivo scan. Figure 8 illustrates the systolic deceleration,
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where different flow patterns were attained: The large re-
circulation zone in the ICA as predicted by CFD was not
measured by VFI in vivo, whereas the opposite was ob-
tained in the ECA.

Comparison of VFI, MRA and spectral Doppler
The PSVs for plane wave VFI were compared with

MRA and spectral Doppler for the volunteers. Figure 9
is an example of through-plane velocities measured using
MRA, where a PSV of 0.75 m/s is detected in the two
CCAs (red areas) in one of the volunteers. A Bland–
Altman plot of the PSVs for plane wave VFI versus MRA

and plane wave VFI versus spectral Doppler is provided
in Figure 10. The mean difference between plane wave
VFI and MRA was −0.17 m/s, and the mean difference
between plane wave VFI and spectral Doppler was
0.07 m/s. The highest PSV was 1.2 m/s. The difference
between plane wave VFI and MRA was significant
(p = 0.002), whereas there was no significant difference
between plane wave VFI and spectral Doppler (p = 0.19).
Linear regression between plane wave VFI and MRA
yielded a correlation coefficient of 0.78, and that between
plane wave VFI and spectral Doppler yielded a correla-
tion coefficient of 0.70. MRA consistently estimated PSV

Fig. 7. Velocity estimates from CFD simulation (left) and VFI in vivo scan (right). The frame is from the peak systolic phase.
CFD = computational fluid dynamics; VFI = vector flow imaging.

Fig. 8. Velocity estimates from CFD simulation (left) and VFI in vivo scan (right). The frame is within the systolic deceler-
ation. CFD = computational fluid dynamics; VFI = vector flow imaging.
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lower compared with plane wave VFI, and spectral Doppler
estimated higher PSVs than plane wave VFI for all except
2 volunteers. It can also be noted that the differences
between the methods were more pronounced for high PSVs
than for low PSVs.

Precision of VFI in vivo
Figure 11 illustrates an example of velocity profiles

and angles aligned according to the cardiac cycle. The data
were from an evaluation point close to the vessel wall of

the CCA. Initially, the SD of angles and velocities were
calculated as a mean throughout the whole cardiac cycle
automatically by the visualization program using eqn (2).
However, the angle naturally fluctuated randomly when
very low velocities were present, as illustrated in Figure 11.
The angles were much more stable when higher-velocity
flow was present. Data for the angles were therefore also
analyzed for each volunteer by calculating the SD of the
angles, when the velocity magnitude was above 10% of
the temporal peak velocity at the evaluation point.
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Figure 12 illustrates the evaluation for one of the vol-
unteers. Evaluation points were selected in the ICA, close
to the vessel wall of the CCA and in the center of the CCA.
The velocity magnitude estimates at each point were aligned
to the heart cycle. The vorticity inside the blue box is also
shown, whereas the ECA was not visible on this scan.

The study provided results for the mean SD of
velocity magnitude estimates and angles for each volun-
teer for evaluation points in the CCA and bulb scans.
Table 2 summarizes the the median values and ranges of

the volunteers. The results for angles were calculated
throughout the whole cardiac cycle and for frames in
which low-velocity flow was excluded (right column).
High precision of the velocity magnitude was obtained
in the center of the CCA with a median SD among the
volunteers of 3.6%; a slightly lower precision was ob-
tained near the CCA wall (6.8%). The angle estimates in
the center of the CCA attained a precision of 4.8°. Near
the vessel wall, the median SD among the volunteers
increased to 31.7°, when using estimates throughout the

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0

0.2

0.4

0.6

V
el

oc
ity

 [m
/s

]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Time [s]

0

100

200

300

400

A
ng

le
 [d

eg
.]

Fig. 11. Velocities (top) and angles (bottom) for volunteer 6 with the evaluation point close to the vessel wall. Estimates are
aligned to the cardiac cycle, and each colored curve is for one cardiac cycle.

Fig. 12. Vector flow imaging of the carotid bulb for one of the volunteers. The frame is from the systole, where a large vortex
was created in the bulb. The total vorticity within the blue box is plotted as a function of time at the top left. Velocity magni-
tudes are also depicted for evaluation points in the ICA, close to the vessel wall of the CCA and the center of the CCA.

CCA = common carotid artery; ICA = internal carotid artery.
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cardiac cycle. The median SD decreased to 11.0° when
low-velocity flow was excluded.

For evaluation points in the CCA of the scans of the
carotid bulb, the median SD of the velocity magnitudes
was slightly higher than that for the CCA scans; for
example, the median SD in the CCA center was 8.1% for
the bulb scans. The SDs of the angle estimates were at about
the same levels as those for the CCA scans.

Results for evaluation points in the ICA and ECA for
the scans of the carotid bulb indicated a higher precision
of velocity magnitude and angles in the ICA than in the
ECA. The angles were estimated with a low precision in
the ECA, where the median SD was 54.1°, when using
estimates throughout the cardiac cycle. A small reduc-
tion in SD to 39.0° was obtained when excluding frames
with low-velocity flow.

Vortices were present in 8 of 10 volunteers—some
vortices were very small and rapidly formed and disap-
peared, whereas others filled most of the carotid sinus. Most
vortices were present during or immediately after peak
systole and developed in the low-velocity flow areas in the
bulb. For the eight vortices, vorticity was estimated with
a precision of 6.9% (range: 4.9%– 12.3%).

DISCUSSION

In this study, the accuracy and precision of a plane
wave VFI method were investigated in the carotid arter-
ies of healthy volunteers. CFD simulations of the velocity
field were used with boundary conditions corresponding
to the velocity variation in a flow phantom and in vivo to
perform a qualitative and quantitative comparison with
VFI measurements. Comparison between a CFD simula-
tion and a VFI phantom measurement revealed that similar
flow fields and velocity magnitudes were obtained through-
out the bifurcation at the two times (Figs. 2–5). The RMS
difference between CFD and VFI was lowest for vz and
in the range 0.023 m/s to 0.047 m/s. The RMS differ-
ence was larger for vx and reached 0.17 m/s during systolic
deceleration, when velocities were measured lower than
in the CFD simulation. A large recirculation zone ap-
peared in both the phantom measurement and simulation
at the same time during systolic deceleration or slightly

earlier in the measurement. This was also shown in
Figure 6(b), where the vorticity showed good agreement
between CFD simulation and VFI, except at the onset of
the rotation at 0.15 s.

The impact of the applied echo-canceling filter on VFI
estimates was investigated by Villagomez-Hoyos et al.
(2017) in simulations, which indicated that the TO–DB
method generally underestimated velocities, especially for
fully transverse flow. This was due partly to remaining
tissue signal after echo canceling and spectral leakage from
the tissue signal. These factors may also have had an impact
on the velocity estimates in the VFI scans in this study.

Previous studies have used simulated ultrasound
images obtained with Field II to compare derived flow es-
timates with CFD-simulated velocities in carotid bifurcation
geometries, in the forearm vasculature and in a neonatal
heart model (Canneyt et al. 2013; Cauwenberge et al. 2016;
Swillens et al. 2009). Simulations represent ideal situa-
tions, whereas measurements do not. Measurements are
affected by noise in the ultrasound system and by imper-
fections of the transducer, phantom and flow pump. The
phantom measurement resembled several conditions under
an in vivo scan, but provided better control over the scan
environment.

The alignment between transducer scan plane in the
measurement and CFD-simulated velocities was not perfect.
The ECA, in particular, appeared more narrow and/or
slightly translated vertically. Furthermore, the phantom ma-
terial had shrunk slightly during the time from initial
fabrication to measurement, which may have affected the
size of the vessels. A limitation of the CFD simulation was
that the vessel walls were assumed to be rigid. However,
the vessel walls of the fabricated phantom moved during
systole (axial velocities of ±2 mm/s), which changed the
flow pattern and may explain the differences in vortex de-
velopment between measurement and CFD simulation. If
vessel wall movement should be taken into account in the
CFD simulation, fluid–structure interaction simulation
models could be included (Swillens et al. 2010). This re-
quires a much more complicated CFD model, which has
yet to be developed. The CFD simulation should be con-
sidered an independent method against which to compare
VFI, and not the ground truth, because CFD is based on

Table 2. Precision in terms of median standard deviation for the 10 volunteers using estimates of the velocity magnitude, angle
and angle when excluding low flow*

Evaluation point Velocity magnitude Angle Angle (excluding low flow)

CCA, center 3.6% (2.7%– 6.8%) 4.8° (1.2°– 25.7°) 4.5° (1.2°–20.3°)
CCA, wall 6.8% (2.9%–9.2%) 31.7° (6.3°–83.0°) 11.0° (1.2°–19.1°)
ICA 7.5% (5.4%–18.7%) 6.8° (2.0°–32.2°) 6.8° (2.0°–32.2°)
ECA 10.2% (5.1%–30.8%) 54.1° (5.1°–30.8°) 39.0° (8.3°–100.3°)

CCA = common carotid artery; ECA = external carotid artery; ICA = internal carotid artery.
* The precision was evaluated in the center of the CCA, close to the vessel wall of the CCA, in the ICA, and the ECA.
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models and assumptions, which may not be entirely valid
for the specific measurement. These include assump-
tions of the inlet and outlet boundary conditions, where
the assumption of a pressure of 0 Pa at both outlets may
not be valid physically, as the pressure fields in the ECA
and ICA differ.

The comparison between a CFD simulation and a VFI
scan in vivo revealed similar flow patterns at peak systole;
however, different flow patterns and recirculation zones
were obtained during systolic deceleration. Future work
is anticipated to further develop CFD models for com-
paring CFD with VFI in vivo scans and to further investigate
the difference in PSV, which was obtained for CFD and
VFI in vivo.

Investigation of the accuracy of PSV for laminar flow
in the CCA (Fig. 10) revealed a mean difference of
−0.17 m/s between plane wave VFI and MRA. Previous
studies have reported a negative bias when comparing MRA
with spectral Doppler for flow in the carotid bifurcation
(Harloff et al. 2013) and across the mitral valve
(Karwatowski et al. 1995). The difference may be caused
by the lower spatial and temporal resolution in MRA than
in plane wave VFI. Data from VFI were averaged over
about 10 cardiac cycles during the 10-s scan sequence,
whereas MRA data were averaged over 210 cardiac cycles,
which was effectively a low-pass filtering of the data. The
mean difference between plane wave VFI and spectral
Doppler was 0.07 m/s. It is known that spectral Doppler
has a positive bias caused by spectral broadening, which
was also reported for plane wave vector Doppler (Tortoli
et al. 2015). In addition to spectral broadening, the per-
formance of spectral estimators is affected by the manual
determination of the beam-to-flow angle (Newhouse et al.
1980). Furthermore, the Bland–Altman plot in Figure 10
illustrated a larger difference in PSV for higher mean PSVs
than low mean PSVs. This may be caused by transit time
broadening of the Doppler spectrum, where blood moving
at high velocities is observed for a shorter period within
the US beam, which further broadens the spectrum (Jensen
1996). The plane wave VFI method was not affected by
the same factors as spectral estimators, because received
signals from emission to emission were directly corre-
lated to find the time or phase shift between pulses. Thus,
the angle independency and the use of a phase shift esti-
mator for the plane wave VFI method may be advantageous
compared with spectral Doppler, especially for the as-
sessment of a carotid stenosis, where the flow angle is close
to 90° and velocities reach ≥1 m/s.

Plane wave imaging can be combined with VFI
methods other than the TO–DB method used in this study.
It has been reported that TO–DB is superior to TO for low
beam-to-flow angles, whereas TO–DB slightly underes-
timates velocities for flow transverse to the ultrasound beam
(Jensen et al. 2017). Generally, the speckle tracking method

has reduced performance for the lateral velocity estimate
at low beam-to-flow angles (Udesen et al. 2008), and cross-
beam methods are susceptible to velocity errors at large
beam-to-flow angles (Fadnes et al. 2015).

The precision of the plane wave VFI method was in-
vestigated at several evaluation points in the vessels. The
highest precision was found in the center of the CCA with
laminar uni-directional flow (median SD = 3.6% for ve-
locities and 4.8° for angles for the 10 volunteers). The
precision was roughly a factor of 2 lower close to the vessel
wall of the CCA compared with the center. For 6 volun-
teers, blood flow signals close to the vessel wall were
dominated by tissue signal and/or noise remaining after
echo canceling, which worsened the precision of the ve-
locity estimates. The diameters of the ICA and ECA were
smaller than that of the CCA, and the flow was multi-
directional. This affected the precision of the velocities
(median SD = 7.5% in the ICA and 10.2% in the ECA).
The lowest precision for angles was found in the ECA with
a mean SD of 39°, where the flow patterns were not exactly
repeatable from one cardiac cycle to the next one. Vorti-
ces were characterized by calculating the vorticity, which
exhibited a repeatable pattern between cardiac cycles, as
the SD of the vorticity was 6.9%. Calculation of the total
vorticity within a box covering a vortex reduced the SD
of the estimates when compared with the single-point es-
timations listed in Table 2. The reliable estimation of
vortices may also be of clinical interest: It has been specu-
lated that the presence of a stable vortex in the carotid bulb
is essential for blood pressure regulation, as the carotid
bulb has a high concentration of baroreceptors (Hansen
2010). The complex flow patterns present in the carotid
bulb have also been studied using 2-D echo particle image
velocimetry by using the higher signal-to-noise ratio for
microbubbles than red blood cells. When compared with
optical particle image velocimetry in a flow phantom, good
agreement was obtained qualitatively (Zhang et al. 2011).
Velocities and wall shear stress were measured with high
repeatability and reproducibility in vivo and with a mean
difference of −10% when compared with MRA, which is
similar to the results obtained in this study (Gurung et al.
2017). Imaging of an intracardiac vortex is also of inter-
est for diagnosis of diastolic heart function, and the peak
vorticity estimated using VFI has shown good agree-
ment with MRA (Faurie et al. 2017).

The VFI phantom measurement of complex flow in-
dicated that similar flow patterns were predicted by CFD,
which strengthens the validity of using plane wave VFI
to measure complex flow patterns. Phantoms with differ-
ent degrees of stenosis could be considered in a future work,
as the presence of a significant stenosis may create flow
patterns, which affect the precision and accuracy of the
VFI method. It would provide further insight into the per-
formance of the method for complex flow quantification
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in both healthy and diseased vessels. Velocities may reach
2–3 m/s in stenotic vessels. Theoretically, the TO–DB
method should be able to detect these high velocities, if
the length of the directional lines is increased according-
ly and decorrelation effects are minimized using, for
example, high frame rates. However, these effects will be
present in vivo in addition to worse signal-to-noise ratio
(SNR) conditions for patients with stenotic and deep
vessels. The TO–DB method has been investigated under
different SNR conditions (Jensen et al. 2017), and it was
found that the transverse velocity estimates had the same
performance as the axial component when the SNR was
above 0 dB. Future phantom and in vivo studies in pa-
tients may reveal how the method performs under
conditions with higher velocities and poor SNRs. A recent
study found that a plane wave VFI method using track-
ing Doppler was feasible under such conditions (Avdal et al.
2017).

A validation of VFI methods in vivo is complicated,
because there is no ground truth. Although this work sug-
gested a validation setup consisting of a phantom
measurement, CFD simulation, MRA scan, and in vivo ul-
trasound scans, it should be noted that these techniques
have their own limitations and assumptions and are af-
fected by their configurations. A standard setup was used
for the techniques, but other configurations may have led
to other differences between the techniques. However, the
comparison of plane wave VFI with several state-of-the-
art methods indicated relatively low differences, which is
encouraging. This has to be confirmed in clinical studies
that include larger populations with both healthy volun-
teers and patients with cardiovascular diseases. Large
clinical studies may also reveal how vortices and other
complex flow patterns can provide new information to the
clinician. This has been indicated for patients with ste-
notic aortic valves (Hansen et al. 2017).

CONCLUSIONS

The study described here investigated the precision
and accuracy of plane wave VFI in the carotid artery in
10 volunteers. The comparison between flow measured in
a carotid bifurcation phantom using VFI and CFD veloci-
ties simulated in the same geometry revealed similar flow
patterns including recirculation zones. The RMS differ-
ence between CFD and VFI for velocities were within
0.12 m/s in the CCA and ICA, but an RMS difference of
0.17 m/s was obtained in the ECA. Among the 10 volun-
teers, the precision in vivo was highest in the center of the
CCA (SD = 3.6% for velocity magnitudes) and lowest in
the ECA (SD = 10.2% for velocity magnitudes). The plane
wave VFI method estimated the vorticity with a SD of
6.9%. The study indicated that plane wave VFI can yield
angle-independent and quantitative estimates of both

laminar and complex flow dynamics in the carotid artery,
which may give the clinician a new tool for assessing the
health of blood vessels.
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