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Abstract—Ultrasound (US) examination of the common carotid artery was compared with a through-plane mag-
netic resonance imaging (MRI) sequence to validate a recently proposed technique for 3-D US vector flow imaging.
Data from the first volunteer examined were used as the training set, before volume flow and peak velocities were
calculated for the remaining eight volunteers. Peak systolic velocities (PSVs) and volume flow obtainedwith 3-DUS
were, on average, 34% higher and 24% lower than those obtained with MRI, respectively. A high correlation was
observed for PSV (r5 0.79), whereas a lower correlation was observed for volume flow (r5 0.43). The overall stan-
dard deviations were ±5.7% and ±5.7% for volume flow and PSV with 3-D US, compared with ±2.7% and ±3.2%
forMRI. Finally, the data were re-processed with a change in the parameter settings for the echo-canceling filter to
investigate its influence on overall performance. PSV was less affected by the re-processing, whereas the difference
in volume flow between 3-D vector flow imaging andMRIwas reduced to29%, andwith an improved overall stan-
dard deviation of ±4.7%. The results illustrate the feasibility of using 3-D US for precise and angle-independent
volume flow and PSVestimation in vivo. (E-mail: sholbek@elektro.dtu.dk) � 2017 World Federation for Ultra-
sound in Medicine & Biology.

Key Words: Vector flow imaging, Transverse oscillation, 3-Dimensional, Blood flow quantification, Magnetic reso-
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INTRODUCTION

Pathology in the vessels is often reflected directly in the
related hemodynamics. For instance, increased blood ve-
locity is observed in stenotic vessels (Alexandrov et al.
1997; Phillips et al. 1980), and the change in volume
flow in patients with arteriovenous fistulas is used to
monitor the risk of developing a stenosis (Whittier
2009; Wiese and Nonnast-Daniel 2004). Ultrasound
(US) is an easily accessible imaging modality that can
provide the required information in real time. Currently,
1-D Doppler techniques and 2-D vector flow imaging
(VFI) techniques can be used to estimate both velocities
and volume flow, and have been applied clinically
(Brandt et al. 2016). In this article, D refers to the dimen-
sion of known velocity components mapped on a 2-D im-
age. The exception is 1-D spectral Doppler ultrasound
ddress correspondence to: Simon Holbek, Ørsteds Plads, Build-
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(SDUS), which provides 1-D velocity information in a
single point.

One-dimensional US methods, however, are subject
to errors in velocity estimation because of, for example,
geometric spectral broadening, which depends on the
transducer dimension and relative examination location
(Hoskins et al. 1999) and angle dependency (Picot and
Embree 1994). The angle dependency encountered in
1-D US requires an operator to manually compensate
for the flow direction and to assume that the out-of-
plane velocity component is insignificant. It also as-
sumes a fixed angle throughout the cardiac cycle, which
is generally incorrect (Udesen et al. 2008). For 2-D vec-
tor flow methods (Bohs and Trahey 1991; Fadnes et al.
2015; Jensen 2001; Lenge et al. 2015; Nikolov and
Jensen 2003; Udesen et al. 2008; Villagomez-Hoyos
et al. 2016b; Yiu et al. 2014), angle dependency has
been solved, but still relies on the assumption that the
out-of-plane velocity component does not contribute to
the flow.
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Volumetric flow rates can be estimated with either
1-DDoppler techniques (Struijk et al. 2005) or 2-D vector
flow techniques (Hansen et al. 2017). Both types of tech-
niques rely on several operator decisions and necessary
mathematical assumptions about flow and vessel geome-
try symmetry, which influence the accuracy of the esti-
mates (Jensen et al. 2016). These decisions and
assumptions are significantly reduced for 3-D US VFI
techniques, for which there are a variety of approaches
(Correia et al. 2016; Holbek et al. 2016, 2017; Pihl and
Jensen 2014; Pihl et al. 2014; Provost et al. 2014;
Villagomez-Hoyos et al. 2016a; Wigen and Løvstakken
2016).

The purpose of the work described here was to deter-
mine the accuracy of the angle-independent 3-D US
method proposed in previous work (Holbek et al. 2017)
for accurate flow quantification. The method is validated
in a clinical setup by scanning the common carotid artery
(CCA) in nine healthy volunteers and comparing the re-
sults with magnetic resonance imaging (MRI) results.
Several studies have compared MRI with US (Harloff
et al. 2009, 2013; Hansen et al. 2009); however, this
work presents the first comparison of 3-D VFI with MRI.
METHODS

Three measurements were performed in each volun-
teer: two US measurements (SDUS and 3-D US) and one
MRI measurement. The US and the MRI examinations
were conducted by two clinicians (K.L.H. and C.E),
each with more than 10 years of experience in radiology.
Volunteers
Nine healthy volunteers were included in this study.

The study was performed after approval by the Danish
National Committee on Biomedical Research Ethics
(H-1-2014-FSP-072), and written informed consent was
obtained from all volunteers.

Two women and 7 men ranging in age from 27 to
52 y (median 30) and ranging in body mass index from
20 to 27 kg/m2 (mean 24 6 2.7 kg/m2) were included
in the study.
Experimental procedure
All volunteers fasted for at least 2 h and rested in the

supine position for 15 min before all examinations. The
right CCA was examined in all volunteer using 1-D
SDUS, 3-D US and MRI. Data were acquired on 2
consecutive days for each volunteer. On day 1, the 3-D
US measurement was conducted, and on day 2, the
MRI examination was performed. The examinations
were carried out on two different days, as the experi-
mental scanner used for 3-D US and the MRI scanner
were permanently installed at different locations.
After each 3-D US acquisition, a maximum of 0.5 s
of data was processed and inspected to ensure that data
were not corrupted. The only exception to this were
data from volunteer 1, which were used as the training
sample to lock all the various parameters in the post-
processing stage. Data from the remaining eight volun-
teers were processed according to the training sample.
This was first done after the last volunteer had completed
both the MRI examination and the 3-D US measurement.

Spectral Doppler measurements
A reference measurement with SDUS was made

prior to both the 3-D USmeasurement andMRI examina-
tion. The reference measurement consisted of an approx-
imately 10-s cine loop with SDUS velocity information,
recorded 2–3 cm upstream of the bifurcation in the com-
mon carotid artery. A 5.2–MHz linear array transducer
(9032, BK Ultrasound, Herlev, Denmark) and a commer-
cial scanner (BK 5000, BK Ultrasound) were used for
these measurements.

The SDUS cine loop for each volunteer was stored
and processed offline. The entire cine loop was evaluated,
and the peak velocities displayed were manually noted
for each of the recorded heart cycles, from which the
mean values and standard deviations were calculated.

3-D US measurements
Three-dimensional US measurements were per-

formed in an experimental laboratory, where a 2-D
32 3 32-element phased array transducer with a center
frequency of 3.5 MHz was used (Vermon S.A., Tours,
France). The transducer was connected to the experi-
mental ultrasound scanner SARUS (Jensen et al. 2013),
which sampled from all 1024 channels at a sampling fre-
quency of 17.5 MHz.

An interleaved flow and B-mode emission sequence
described in previous work was used (Holbek et al. 2017).
The flow sequence contained focused steered emission
and had a field-of-view of 30�, whereas the B-mode emis-
sions consisted of diverging waves, which provided a
60� 3 60� field-of-view volume using synthetic aperture
imaging techniques. The transverse oscillation (TO)
method (Jensen 2001; Jensen and Munk 1998) was used
for velocity estimation. The pulse repetition frequency
(fprf) was 12.6 kHz. Intensities of the applied 3-D US
sequence were as follows: mechanical index
(MI)5 1.14, and Ispta.3 5 439 mW/cm2, which are below
U.S. Food and Drug Administration limits (FDA 2008). A
total of 7.5 s of data were recorded for each measurement
and stored offline for further processing.

3-D US data analysis
Processing of the 3-D US data was identical to the

procedure described in previous work (Holbek et al.
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2017). A manual segmentation of the individual vessel
lumen was performed by K.L.H. based on a B-mode im-
age. The segmentation task was performed using a graph-
ical user interface that allowed the clinician to draw a
mask as desired. The clinician was blinded to the perfor-
mance of the drawn mask. Only estimated 3-D velocities
within the drawnmasks were used in further analysis. The
final outcome of the processing was a scan converted and
interpolated 2-D velocity map for all three velocity com-
ponents (vx, vy, vz) at every sampled time. The applied 3-D
US sequence provided 1145 velocity estimates per sec-
ond. Temporal flow rates Q(t) were calculated for every
frame as the mean of the velocity component perpendic-
ular to the scan plane multiplied by the area of the drawn
mask. Peak velocities were similarly calculated for every
frame at every pixel location v(x, y) within the mask as

vðx; y; tÞ5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
vxðx; y; tÞ21vyðx; y; tÞ21vzðx; y; tÞ2

q
(1)

The maximum value of v(x, y, t) within a circular
range gate of 2 mm in the center of the vessel was used
as the peak velocity in future calculations and statistics.

MRI measurements
A 1.5-T whole-body scanner (Avanti, Siemens, Er-

langen, Germany) with a head and neck matrix coil was
used for the MRI examination. Initially, an anatomical
time-of-flight sequence was performed on the volunteer
to identify the location of the CCA. Based on the anatom-
ical image, a plane was selected perpendicular to the
CCA and located 2–3 cm before the bifurcation. The
MRI scan plane was selected by the clinician to yield a
distance approximately similar to that for the bifurcation,
as for the 3-D US scan plane. Within this plane, a retro-
spective electrocardiography-gated phase contrast
sequence was used to estimate through-plane velocities.
The sequence had a repetition time of 42 ms, echo time
of 3 ms, flip angle of 20�, pixel resolution of 1.1 mm 3
1.1 mm in an image of size 216 3 256 and a slice thick-
ness of 5 mm. The maximum velocity encoding was pa-
tient specific and adjusted manually by the operators to
avoid aliasing. The range of the velocity encoding
spanned from 6100 to 6130 cm/s. The total number of
phases per heartbeat was fixed at 50. MRI velocity mea-
surements were repeated three times in a row, and all
three data sets were stored and included in the analysis.
Each data set was acquired in the period of 210 heart
cycles.

MRI data analysis
The storedMRI DICOM data were processed offline

using MATLAB (The MathWorks, Natick, MA, USA) by
adding the 50 temporal frames to create an anatomical
grayscale intensity map with the purpose of suppressing
noise and enhancing vessel regions. The intensity map
was subsequently converted to a binary image by
applying a manually selected threshold of the maximum
intensity to segment out vessel regions. The threshold
was adjusted for every data set and for every volunteer.
Morphological operations as described in previous work
(Holbek et al. 2017) were applied to the binary image
to identify all potential vessels. Finally, the vessel region
encapsulating the right CCA was selected manually, and
only flow estimates within this mask and the area of the
mask were used in the analysis.

Comparison between MRI and 3-D US
Data from the MRI examination were electrocardi-

ography gated and provided the mean velocities
throughout the heart cycle, whereas 3-D US provided
continuous velocity estimates over several heart cycles
with a starting point anywhere in the cardiac cycle.
Furthermore, there were physiological variations in the
heart cycle duration between the MRI and the 3-D US ex-
aminations because data were not acquired simulta-
neously. For a comparison between MRI and 3-D US,
the two data sets had to be aligned to the same starting
point in the heart cycle; moreover, the evaluation period
had to be the same for MRI and 3-D US.

To comply withMRI data, an automatic autocorrela-
tion routine was applied to the temporal flow rate esti-
mates Q(t) obtained with 3-D US with the purpose of
dividing and aligning all captured heart cycles. The
aligned heart cycles all started during the end-diastolic
phase, similar to the MRI data. Because of physiological
variation in each heartbeat, only 90% of the mean cycle
length was kept, meaning that data from the late diastolic
phase were discarded in the 3-D US data set.

On the basis of data from the respective aligned
heart cycles, the mean cycle flow rate and mean cycle
peak velocity were calculated for all volunteers. More-
over, the standard deviation (SD) was calculated based
on the aligned cycles. Aligned volume flow with similar
truncated heart cycle lengths was chosen as the flow
rate comparison metric, as this ensured a similar observa-
tion time window with the same offset in the heart cycle
for both MRI and 3-D US. Moreover, calculating the vol-
ume flow as milliliters per stroke instead of milliliters per
second provides a metric that is less affected by the heart
cycle duration (Higginbotham et al. 1986). Mean volume
flow were averaged from t 5 0 in the aligned heart cycle
to t 5 tmin, where tmin was the shortest estimated stroke
time between MRI and 3-D US. The stroke time could
therefore vary between volunteers and could be dictated
by either MRI or 3-D US.

Bland–Altman plots along with confidence intervals
were computed using a Kolmogorov–Smirnov test to
illustrate differences between and similarities in MRI,
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3-D US and the reference spectral Doppler ultrasound
measurements (Bland and Altman 1986). The compari-
son between MRI and 3-D US was made for estimated
mean volume flow, peak systolic velocity (PSV) and
end-diastolic velocity (DV). Correlations of selected vari-
ables were estimated with Pearson’s correlation coeffi-
cient using MATLAB.
Fig. 1. Coherently aligned mean cycle quantities estimated
with 3-D ultrasound (US) (red curve)6 one standard deviation
(gray area) along with the similar quantity found with magnetic
resonance imaging (MRI) (purple curve). The data are (a) peak
velocities and (b) flow rates for the training set (volunteer 1).

SD 5 standard deviation.
Changing the echo-canceling filter
The applied echo-canceling was optimized for the

training set, where a fixed amplitude threshold value of
8000 was used as a parameter in the energy-based fre-
quency cutoff filter (Villagomez-Hoyos 2016). The filter
was therefore not designed to adapt to the initial clutter
level, which was expected to vary between volunteers
because of physiological variations. The purpose of
such a filter is to cancel out stationary echoes from vessel
surroundings (Friemel et al. 1993). It was anticipated that
in cases where the threshold was set too high relative to
the present circumstances, a large fraction of signal orig-
inating from clutter would pass the filter. On the other
hand, if the threshold was set too low compared with
the given environment, the echo-canceling filter would
remove energy both from the stationary tissue and from
the scattered blood cell signal. Neither case is optimal
and will lead either to an underestimation if the threshold
is too high because the velocity estimates would be highly
influenced by the surrounding tissue movement, or to
imprecise estimates if the selected threshold is too low,
as the signal would be dominated by noise.

To investigate if the echo-canceling filter was
selected properly, the data were subsequently re-
processed with a modified echo-canceling amplitude
threshold. The modified threshold level was selected
retrospectively. All remaining processing parameters
were kept fixed according to the training samples.
RESULTS

Performance of the training set
The performance of the training set (volunteer 1) be-

tween MRI- and 3-D US–derived flow rates and peak ve-
locities is illustrated in Figure 1. The mean PSVestimated
with 3-D US was 97.3 6 6.3 cm/s, compared with
77.36 1.2 cm/estimated with MRI, which is a 26% over-
estimation (Table 1). The mean flow rate across the cycle
was 6.6 6 0.6 mL/stroke for 3-D US, which was 20.0%
lower than the 8.3 6 0.1 mL/stroke estimated with
MRI. Overall, a close correspondence was observed be-
tween the waveforms throughout the cycle.
Correlation between MRI and US measurements
The mean reference PSV obtained with SDUS

techniques prior to the MRI and 3-D US measurements
were 99 6 28 and 100 6 23 cm/s, which indicated that
hemodynamic conditions in MRI and 3-D US are
similar. However, the statistical comparison between
mean peak velocities obtained with SDUS and 3-D
US or MRI reveals high agreement between SDUS
and 3-D US (p 5 0.49) (Table 1), but much lower
agreement between SDUS and MRI (p , 0.01)
(Fig. 2a). In general, MRI PSV was lower by 6%–
46% compared with SDUS PSV, whereas 3-D US
peak velocities were in the range 225% to 26%
compared with SDUS. A significant overestimation of
the PSV for 3-D US compared with MRI (p , 0.01)
was seen for all except one volunteer (Fig. 2b),
whereas there was closer agreement between the DV
values (p 5 0.022) (Fig. 2c).

Volume flow estimated with 3-D US was in all but
one case lower than the similar estimate obtained with
MRI (Fig. 2d and Table 1). On average, 3-D US estimated
24% lower mean volume flow compared with MRI, for a
poor correlation (r5 0.43). For PSV, 3-D US-derived es-
timates were 34% higher on average than MRI estimates,
and a high correlation was seen (r5 0.79). In both cases,
the overall SD for MRI were lower than those for 3-D US
(2.7% and 3.2% compared with 5.7% and 5.7% for
volume flow and PSV, respectively). DVs were on
average underestimated by 5.2% with 3-D US compared
with MRI, but were highly correlated (r 5 0.79), similar
to PSV.



Table 1. Estimated flow rates and peak systolic velocities for all nine volunteers*

No.

Stroke volume (mL/stroke) PSV (cm/s) DV (cm/s)

MRI 3-D US
3-D US
new filter MRI 3-D US

3-D US
new filter MRI 3-D US

3-D US
new filter

1 8.3 6 0.8% 6.6 6 9.1% 9.0 6 1.6% 77.3 6 1.5% 97.3 6 6.3% 113.3 6 5.2% 16.2 6 2.9% 18.0 6 9.4% 21.4 6 19.8%
2 5.8 6 1.4% 4.6 6 9.9% 5.7 6 7.8% 61.6 6 0.5% 69.5 6 5.1% 76.3 6 5.6% 21.0 6 1.7% 17.2 6 15.0% 19.1 6 12.2%
3 9.2 6 2.0% 5.0 6 5.7% 5.5 6 5.1% 83.5 6 2.3% 122.5 6 2.0% 128.4 6 3.0% 26.3 6 3.5% 26.3 6 8.7% 29.5 6 11.5%
4 6.8 6 2.4% 2.9 6 1.7% 5.8 6 9.1% 46.4 6 1.1% 44.0 6 8.0% 64.4 6 3.2% 15.4 6 2.0% 11.6 6 10.2% 19.1 6 13.1%
5 6.0 6 5.1% 6.2 6 3.9% 6.4 6 4.7% 65.0 6 1.0% 116.7 6 7.3% 91.2 6 5.5% 14.7 6 5.1% 14.9 6 23.9% 12.1 6 8.6%
6 7.3 6 4.4% 6.9 6 5.4% 7.7 6 5.5% 87.6 6 5.1% 101.9 6 7.5% 105.0 6 4.9% 18.0 6 4.8% 19.9 6 6.8% 19.1 6 8.7%
7 8.6 6 3.4% 7.1 6 2.1% 6.7 6 2.3% 73.5 6 3.7% 93.4 6 2.4% 90.3 6 3.3% 19.8 6 3.8% 19.7 6 6.2% 20.4 6 7.3%
8 9.2 6 1.4% 7.1 6 3.7% 7.6 6 2.8% 75.6 6 4.3% 114.9 6 5.7% 110.4 6 8.4% 19.1 6 2.5% 18.5 6 12.1% 15.2 6 15.2%
9 6.2 6 0.8% 5.3 6 3.4% 6.7 6 2.2% 51.9 6 1.5% 76.3 6 3.4% 88.2 6 5.3% 21.8 6 1.9% 16.9 6 19.4% 23.1 6 17.3%
Mean 7.5 6 2.7% 5.7 6 5.7% 6.8 6 4.7% 69.2 6 3.2% 92.9 6 5.7% 96.4 6 5.4% 19.1 6 3.3% 18.1 6 12.7% 19.9 6 13.9%

MRI 5 magnetic resonance imaging; US 5 3-D ultrasound; US new filter 5 3-D US with new echo-canceling filter.
* Values are means 6 standard deviations.
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Fig. 2. Bland–Altman plot with mean values6 2 standard deviations for (a) reference spectral Doppler peak systolic ve-
locities compared with MRI and 3-D US, (b) MRI systolic peak velocities compared with 3-D US, (c) MRI end-diastolic
peak velocities compared with 3-D US, and (d) MRI volume flow compared with 3-D US. All figures are displayed both
with the original choice of echo-canceling filter (blue) and with the new echo-canceling filter (red). Reference values are

also shown in Table 2. US 5 ultrasound; MRI 5 magnetic resonance imaging; SD 5 standard deviation.
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Influence of the echo-canceling filter
To test the influence of selecting the correct

echo-canceling filter, data for all volunteers were
re-processed with a modified threshold value. In a retro-
spective conclusion, the modified amplitude threshold
was halved from 8000 to 4000. The re-processed data ex-
hibited both a decrease in overall SD and an increase in
overall mean volume flow to 6.8 mL/stroke. This nar-
rowed the difference compared with MRI to an underes-
timation of 9%, although the correlation was poorer
(r 5 0.31) (Table 2). Furthermore, the overall mean
PSV were almost unchanged and rose by 3% with only
a minor change in the overall SD from 65.7% to
65.4%. DV rose from an overall value of 18.1 to
19.9 cm/s, with a small increase in SD (Table 2). The cor-
relation increased for PSV (r5 0.84), whereas for DV, the
correlation was reduced slightly (r 5 0.78.)

A 3-D vector representation of flow during the peak
systole and end-diastolic phases is provided for volunteer
1 for both the initial and modified echo-canceling filters
(Fig. 3). In this specific case, the PSV increased with
the modified threshold, and a higher mean velocity was
present without resulting in erroneous estimates.
DISCUSSION

The results described indicate that the proposed
method for 3-D VFI with the initial echo-canceling filter
provided a precision of less than610% (Table 1) for both
volume flow and PSV in all nine volunteers, with an over-
all mean SD of 5.7% and 5.7%, respectively. These find-
ings were similar for MRI, for which the overall mean SD
were 2.7% and 3.2% for volume flow and PSV, respec-
tively. The DV had higher overall SD of 12.7% for 3-D
US and 3.6% for MRI compared with PSV.

The overestimation of PSV for US compared with
MRI was in agreement with previous studies (Harloff
et al. 2009, 2013). For flow rates obtained with 3-D US,
a large underestimation by on average 224% compared
with MRI was found. This difference contrasts with the
overestimation in peak velocities throughout the majority
Table 2. Correlation statistics for MRI compared with 3-D US for
modified thresh

Variable

Stroke volume (mL/stroke)

MRI vs.
3-D US

MRI vs. 3-D
US new filter MRI vs. 3

R 0.43 0.31 0.
Mean difference 1.75 0.70 223.
Limits of agreement 2.89 2.90 33.
p ,0.01 0.19 ,0.

MRI5 magnetic resonance imaging; 3-D US 5 3-D ultrasound; 3-D US ne
velocity; DV 5 diastolic velocity.
of the heart cycle. Furthermore, it is contrary to previous
studies, in which similar flow rates were reported for MRI
compared with a 3-D Doppler techniques in the mitral
valve (Ge et al. 2005) and for various 2-D vector flow
techniques in the common carotid artery (Hansen et al.
2009).

One explanation for the large underestimation in
volume flow is that it was a consequence of the echo-
canceling filter used in the 3-D US setup. Consequently,
the threshold amplitude was reduced from 8000 to
4000, and data were re-processed. Lowering the threshold
influenced the estimates by increasing themeanvelocities
for 3-D US without increasing the overall SD. Further-
more, PSV increased only slightly with this maneuver.
When re-processing the data, the difference in overall
volume flow between 3-D US and MRI was reduced
from 224% to 29%. For accurate peak velocity estima-
tions, the effect is less prominent compared with a vol-
ume flow examinations, where a large bias occurs if the
areas close to the vessel wall are underestimating the ve-
locities. These results highlight the importance of making
the echo-canceling threshold adaptive and possibly also
varying within the heart cycle; this should be the focus
of future work.

Even though a large mean difference was found in
the estimation of PSV between 3-D US and MRI, it
came with a high correlation (r 5 0.79). The high corre-
lation indicates that a systematic bias was present in this
study, which improved even further after re-processing
the data with the new echo-canceling threshold ampli-
tude. Similarly, a high correlation was also seen for DV
estimates, which were less affected when re-processing
the data. However, there was a poor correlation
(r 5 0.43) for volume flow estimates, which was exacer-
bated with the new echo-canceling filter parameter
(r 5 0.31), even though the underestimation was only
29%. These findings indicate that velocity estimates at
the center of the vessel have a much higher accuracy
than velocity estimates closer to the vessel boundaries.
These results, moreover, address the necessity of
designing the echo-canceling filter properly, such that
both the original choice of echo-canceling filter and with the
old value

PSV (cm/s) DV (cm/s)

-D US
MRI vs. 3-D
US new filter MRI vs. 3-D US

MRI vs. 3-D
US new filter

79 0.84 0.79 0.78
76 227.22 1.03 20.75
30 21.60 4.94 6.00
01 ,0.01 0.26 0.49

w filter 5 3-D US with new echo-canceling filter; PSV5 peak systolic



Fig. 3. Three-dimensional vector flow from the common carotid artery of volunteer 1 during peak systole (a,b) and end
diastole (c,d). Left column: Values obtained with the original echo-canceling threshold. Right column: 3-D flow with the
modified threshold. The colored arrows depict the direction of the flow and its magnitude. The scan was not performed
exactly perpendicular to the vessel, which is revealed during peak systole, where a significant vy velocity component is

present. The graphs at the bottom left depict the flow rate at the time in the heart cycle indicated by the red dot.
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clutter signal can be removed satisfactorily within the
entire vessel so estimates close to the vessel boundary
can be determined correctly.

The results indicated that compared with MRI, both
SDUS and 3-DUSgenerally overestimated PSV. This is in
good agreement with the previously reported finding that
compared with MRI, 1-D Doppler techniques overesti-
mate peak velocities (Harloff et al. 2009; Karwatowski
et al. 1995; Wetzel et al. 2007). One possible
explanation for the overestimation found with SDUS
could be errors arising from geometric spectral
broadening (Hoskins et al. 1999). The difference in esti-
mated peak velocities is expected to be due to the lower
temporal and spatial resolution for MRI compared with
US (Wetzel et al. 2007). Furthermore, MRI data are aver-
aged from 210 heart cycles, which corresponds to low-
pass filtering of the data. Contrarily, the 3-D US estimates
were averaged from only 7.5 s of data, which translates to
less than 10 cycles. Although variations in hemodynamics
between the 3-D US and MRI examinations may partly
explain the difference in estimated peak velocities and
flow rates, it was not expected to be a major issue in this
study, as the SDUS reference measurements of mean
peak velocity were 100 6 23 cm/s for 3-D US and
99 6 28 cm/s for MRI.

In this study, a mask was drawn manually based on a
B-mode image for each of the volunteers to segment the
lumen. As the same mask was applied throughout the
entire acquisition, expansion or contraction of the vessel
during the cardiac cycle or displacement of the vessel
caused by movement was not tracked. The lack of
tracking of the vessel wall through time may cause an un-
derestimation of the flow rates. However, the effect of a
static mask was not expected to have a significant impact
on the peak velocities obtained with 3-D US, as this
would require a relatively large displacement.

One source of error is the location of the scan plane. It
could not be ensured that the velocity estimates were con-
ducted at the exact same location for MRI and 3-D US.
The scan plane for both imaging modalities was located
approximately 2–3 cm upstream of the bifurcation for
all volunteers, but their proximity to each other could
not be determined. This source of error would only have
a minor influence on the estimated peak velocities and
would overall cancel out, as either of the two methods’
scan planes could be located before or after the other.
CONCLUSIONS

This study indicates that compared with MRI, the
proposed method for 3-D VFI overestimates PSV on
average by 34%, but underestimates volume flow by
24%. However, the correlations were high for PSV
(r5 0.79) and DV (r5 0.79). The overestimation was ex-
pected to be due to the higher temporal and spatial reso-
lution. The study also indicated that the 3-D VFI method
had a precision better than 610% for both volume flow
and PSV in all nine volunteers, but had a poor correlation
of r5 0.43. In conclusion, the performance of the method
is highly influenced by how well the stationary echo-
canceling filter adapts to the present physiology. With a
modified echo-canceling filter, the underestimation in
volume flow was reduced to 9%with an overall improved
SD, but with an even poorer correlation of r 5 0.31.
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