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Evaluation of Performance Tradeoffs When
Using Mechanically Swept 1-D Linear

Arrays for 3-D DCE-US
Elahe Moghimirad , Zhiting Xu, Hong Ding, Jeffrey Bamber, and Emma Harris

Abstract—Dynamic contrast-enhanced ultrasound
imaging (DCE-US) may be used to characterize
tumor vascular perfusion using metrics derived from
time–amplitude curves (TACs). The 3-D DCE-US enables
generation of 3-D parametric maps of TAC metrics that
may inform on how perfusion varies across the entire
tumor. The aim of this work was to understand the effect of
low temporal sampling (i.e., <1 Hz) typical of 3-D imaging
using a swept 1-D array transducer on the evaluation
of TAC metrics and the effect of transducer motion in
combination with flow on 3-D parametric maps generated
using both plane wave imaging (PWI) (seven angles) and
focused imaging (FI). Correlation maps were introduced
to evaluate the spatial blurring of TAC metrics. A research
ultrasound scanner and a pulse-inversion algorithm were
used to obtain DCE-US. The 2-D (frame rate 10 Hz) and
3-D (volume rate 0.4 Hz) images were acquired of a simple
wall-less vessel phantom (flow phantom) and a cartridge
phantom. Volumetric imaging provided similar TACs to
that of the higher 2-D sampling rate. Varying sweep speed
and acceleration/deceleration had little influence on the
3-D TAC compared to 2-D for both FI and PWI. Sweeping
motion and limited temporal sampling (0.4 Hz) did not
change the spatial correlation of TAC metrics measured
using FI, whereas a small increase in correlation
across the cartridge phantom was observed for PWI.
This was attributed to grating lobe artifacts, broad
beam spatial blurring, and incoherent compounding
caused by motion. Increased correlation will reduce the
spatial resolution with which inhomogeneity of vascular
perfusion can be mapped supporting the choice of FI for
DCE-US.
Index Terms— 3-D dynamic contrast-enhanced ultrasound imaging (DCE-US), correlation map, parametric imaging,
time–amplitude curve (TAC).
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I. INTRODUCTION

CHANGES in tumor blood perfusion, which can be
detected as early as one or two weeks after the start

of therapy, have been shown to differentiate between tumors
that do or do not respond to chemoradiation [1], [2]. This
is a much shorter time in comparison to the time it takes
for reliable changes in tumor-size-based biomarkers to be
detected by conventional imaging methods, such as CT and
MRI. Studies have shown that assessing the tumor size by
morphological measurement could result in over- or underes-
timating the tumor response to chemotherapy [3], [4] and that
the early response of tumors to therapy is difficult to assess
using conventional radiographic modalities [5]. In a preclinical
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Highlights
• For low volume-rates (0.4 Hz), swept array acquisitions provided good estimates of (tumour-mimicking) contrast

flow dynamics within a volume of interest.

• Novel aspects of this work include the investigation of how probe motion, contrast signal scattering and grating
lobes influence volumetric parametric imaging (VPI).

• VPI using plane wave imaging is subject to small increases in signal coherence across the image due to grating
lobes and rescattering reducing ability to detect spatial heterogeneity in flow dynamics.

setting [6], it was shown that contrast ultrasound (CEUS)
demonstrated a reduction of tumor perfusion 2 days after
treatment which was 4 days before the difference of tumor
sizes became measurable by conventional imaging. Accurate
and reproducible techniques to assess changes in tumor vascu-
larity, and therefore tumor response, may be a potential way
to improve how we treat patients [7]. Longitudinal studies
of the tumor response could involve numerous measurements,
ideally before and after each treatment and during follow-up.
Ultrasound, which is a safe and low-cost imaging modality, can
be conveniently used at the patient bedside, or in the therapy
clinic, and therefore is a perfect tool for this purpose. Dynamic
contrast-enhanced ultrasound imaging (DCE-US) can be used
to interrogate tumor vasculature and metrics derived from the
time–amplitude curve (TAC), which may be useful prognostic
and predictive biomarkers of early tumor response to therapy
[8]. Such imaging biomarkers are attractive in that they can
provide spatial and temporal evaluations of response [9], [10].
Spatially, parametric maps of TAC metrics can be generated,
which map tumor vascular heterogeneity and heterogeneity of
response [11]. It can be valuable to assess the tumor response
for subregions based on the change in TAC characteristics
in longitudinal studies. This can be used to characterize
different parts of the tumor separately and to detect the well-
vascularized versus poor-vascularized areas and this provides
scope to spatially adjust targeted cancer therapies, such as
radiotherapy, based on the observed heterogeneity of response,
using, for example, intensity modulated radiotherapy [12].
Texture features of the parametric images can also be intro-
duced to characterize vascular heterogeneity as a biomarker in
its own right [13].

It is expected that a 3-D DCE-US imaging system will both
provide the opportunity to image the entire tumor, enabling
tumor heterogeneity of response to be explored, and offer
the greatest reproducibility by overcoming variations in plane
selection associated with 2-D imaging [14], [15], [16], [17].
Ideally, DCE-US requires high (>10 Hz) temporal resolution
to sample the TAC, i.e., at the volume rates typically afforded
by 2-D matrix arrays; however, these are not always available.
The alternative is a continuously swept linear array transducer,
which is used in most 3-D clinical probes and can be consid-
ered more practical to implement clinically. Therefore, this
was the setup considered in the current article. These probes,
however, operate at slower sweep speeds, from less than 1 Hz
to up to ∼10 Hz which may not be adequate to temporally
sample the dynamics of the contrast signal.

In terms of the volume rate achievable with swept array
transducers, plane wave imaging (PWI) may offer advantages
over focused imaging (FI). The requirement for adequate
temporal sampling of TAC may mean that high volume rates
are required, i.e., volume rates that approach the typical
imaging frame rates which are used in 2-D DCE-US imaging.
Swept array probes with a volume rate of 10 Hz may be
adequate; however, FI frame rates may limit the elevational
spatial sampling distance and/or the volume of interest (VOI)
that can be imaged. For example, for a 128-element transducer
(128 lines) with imaging depth of 10 cm, the maximum frame
rate is 60 frames/s. For non-linear contrast mode imaging,
where at least two pulses are required per line, the maxi-
mum frame rate reduces to 30 frames/s. For a volume rate
of 10 Hz (0.1 s per sweep), the elevational dimension of the
VOI would only be sampled with three frames. Even for a
modest sweep distance of 20 mm traversed by the probe in
0.1 s, the elevational spatial sampling would be poor with
∼7 mm between frames. To improve the elevational spatial
sampling, the VOI (imaging depth, sweep distance, and lateral
imaging width) or lateral spatial sampling would need to be
reduced.

In our previous work [10], we evaluated PWI and FI in 2-D
DCE-US using a flow phantom. The study showed that both
PWI and FI can suffer from motion artifacts where the pulse
inversion algorithm has a false increase of signal between
the positive and negative pulses due to target (microbub-
bles) motion. In addition, for PWI only, a motion artifact
can also be generated by incoherent summation between the
compounding angles which resulted in a reduction of contrast
signal. Considering this, it is possible that introducing a swept
array transducers for 3-D DCE-US can lead to more artifacts
due to the relative motion of the transducer between the
pulses and the compounding angles which is studied in this
article.

Another source of artifact for PWI was observed to be high-
frequency grating lobe artifacts [9] caused by harmonics of the
contrast signal. Mapping the spatial correlation between the
pixels within parametric maps revealed that grating lobes from
the contrast signals in one region of a phantom influence the
contrast signals (and therefore TAC parameters) in other parts
of the phantom [11]. Correlation between TAC in different pix-
els was greater for PWI, suggesting that the ability to discern
spatial heterogeneity of TAC (i.e., perfusion characteristics)
within tumors would be reduced for PWI compared to FI. It is
therefore instructive to evaluate and compare 3-D parametric
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Fig. 1. Phantom setup composed of a dialysis cartridge connected to a peristaltic pump and an injection pump to inject the contrast agent through
the system (the mixed fluid of water and contrast agent was removed from the system after passing through the cartridge).

maps generated using a swept array probe with both FI and
PWI to understand the advantages and disadvantages of both
methods.

The aim of this work was to understand the effect of lower
temporal sampling (i.e., <1 Hz) on the TAC curves and to
evaluate the effect of transducer motion on 3-D parametric
maps generated using PWI and FI by examining maps of the
spatial correlation across parametric maps. To achieve this,
a single vessel phantom (flow phantom) and a microvessel
phantom were imaged by sweeping a 1-D array transducer
back and forth in a configuration chosen so that appearance
of the phantoms was homogeneous in the elevational direc-
tion, i.e., there was minimal interplane TAC variation. This
approach enabled evaluation of the effect of probe motion
on the spatial distribution of TAC parameters, without the
potential to mix different flow patterns from multiple planes.

II. MATERIALS AND METHODS

A dialysis cartridge and a tissue-mimicking flow phantom
were used in this study to perform different experiments.
The dialysis cartridge was composed of ∼100 000 parallel
microtubes, each 200 µm diameter. The flow phantom was
model 524 (ATS Laboratories Inc., Norfolk, VA, USA) with
0.5 dB/cm/MHz attenuation coefficient and four different
vessel diameters. The 4-mm-diameter vessel located 15 mm
below the scan surface surrounded by tissue-mimicking media
(resulting in a homogenous speckle pattern) was used in this
study as a relatively easy-to-interpret arrangement to confirm
the presence of grating lobes and rescattering of ultrasound
signal and their influence on parametric maps. Both phantoms
were connected to an H.R. flow inducer MHRE 200–250 v
peristaltic pump (Watson Marlow Ltd., Falmouth, Cornwall,
U.K.) as shown in Fig. 1 (the cartridge phantom was replaced
by the flow phantom in the second setup). A constant flow
of 1 ml/s equilibrated gas saturated water [18] was main-
tained through the system while a 0.4 ml of contrast agent
(Sonazoid1; GE Healthcare, Oslo, Norway) was injected at

1Trademarked.

3.18 ml/min using NE-1010 injection pump (New Era Pump
Systems Inc., Farmingdale, NY, USA). Constant flow of 1 ml/s
was chosen to provide approximately 0.3 mm/s flow speed in
the microtubes similar to the flow speed in capillaries [19].

A Vantage1 system (Verasonics Inc., Kirkland, WA, USA)
connected to an ATL L7-4 linear transducer (Philips Health-
care, Cambridge, MA, USA) was used to obtain DCE-US
images reconstructed using a two-pulse pulse-inversion algo-
rithm to generate a microbubble-specific echo signal [20].
The pulse intervals were chosen to be 150 µs (based on the
previous study [10]) covering more than the intended imaging
depth to reduce the rescattering of sound from inside the
cartridge and the bottom of the phantom. In addition, using a
pulse interval of 150 µs provides a maximum imaging depth
of ∼11.5 cm, which more closely mimics the clinical sce-
nario where imaging depths will typically be greater than the
5 cm needed to image the phantoms in this study. Minimum
800 frames were acquired at 10 Hz, for both FI and PWI,
corresponding to 80 s of TAC starting from injection. This was
enough time to cover the full wash-in and a part of wash-out
period. FI was composed of 128 focused beamlines acquired
with 300 µs (=2 × pulse interval) line intervals and was
recorded at 10 Hz frame rate. Maintaining the 10 Hz frame rate
for PWI and compounding angle intervals of 300 µs, seven
angles tilted from −10◦ to +10◦ were compounded to generate
the PWI DCE-US images. FI and PWI parameters were chosen
based on the previous studies so that they have similar contrast
and microbubble disruption rate determined using a simple
single-vessel flow phantom [10]. The parameters were focal
depth (FD) = 20 mm (for FI), F-number = 4, mechanical
index (MI) = 0.15, transmit frequency = 4 MHz, and number
of angles (NA) = 7 (for PWI).

A. Effect of Low Temporal Sampling on TAC
The first experiment with the cartridge phantom was used

to determine if TAC from volumetric data acquired at a low
volume rate (0.4 Hz) provides similar TACs from a VOI
and regions of interest (ROI) within that volume. The 2-D
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Fig. 2. (a) Three positions marked at 0, 10, and 20 mm along
the phantom and the 3-D volumetric motion profile. (b) Schematic to
illustrate PI, MTT, and TIP parameters extracted from TACs.

DCE-US imaging of the cartridge phantom was acquired at
three positions along the length of the cartridge phantom with
the probe stationary. The 3-D DCE-US imaging was acquired
with the probe sweeping out a volume 20 mm in length
(volumetric imaging). The probe was moved back and forth
with the motion and speed profiles illustrated in Fig. 2. TACs
from volumetric imaging were generated in two ways to give
3-D TACs and volumetric TACs. Details of the different TACs
are as follows.

1) 2-D TAC: This is acquired with the probe stationary
and sampled at 10 Hz (the 2-D frame rate) [Fig. 3(a)].
The samples were simply connected, and the curve
was slightly smoothed without using any curve fitting
method to avoid introducing the fitting error. This TAC
represents the contrast dynamics in a 2-D ROI for a
single image plane. The 2-D TACs were generated for
three different planes p0, p10, and p20 corresponding to
the transducer located at 0, 10, and 20 mm, respectively.

2) 3-D TAC: This is acquired with the probe sweeping
between p0 and p20, and slices of the phantom were
sampled at 10 Hz shown as the dotted line sections in
Fig. 3(b) (left). It should be noted that this is the contrast
dynamics of multiple planes across the imaging volume.
The 3-D TAC was the curve fitted to these samples and
shown as the dotted line in Fig. 3(b) (right). Due to the
low sampling rate of 3-D TAC, a smoothing spline fitting
curve was used to smooth the curve with minimum
fitting error.

3) Volumetric TAC: All the image planes in one sweep were
averaged to form one single VOI. Each sweep between
p0 and p20 gives one volumetric image sampling the
whole VOI at 0.4 Hz. This represents the contrast
dynamics averaged across the whole VOI. The TAC
was calculated from this low temporally sampled volume
Fig. 3(c) (right).

4) p0 (3-D), p20 (3-D) plane, and central plane (3-D) TACs:
These are acquired with the probe sweeping between
p0 and p20 and represent the contrast dynamics of a
single ROI in the plane positioned at p0, p20, and p10,
respectively. TACs were a plot of the mean contrast
signal in the ROI sampled at 0.4 Hz, while the probe
was moving at 0 mm/s for p0 and p20 and 10 mm/s
for the central plane TAC. The data points were swept
to find the central planes, p0 and p20 with the same
resulting volume rate.

B. Effect of Varying Transducer Motion Parameters
on TAC

A second experiment compared the effect of varying accel-
eration/deceleration on 3-D TACs with constant sweep speed
for FI and PWI. Volumetric imaging of a volume 20 mm
in length was acquired using PWI and FI sweeping with
maximum speeds of 10 mm/s and acceleration/deceleration of
10, 20, and 50 mm/s2. Next, the acceleration was kept constant
at 20 mm/s2 and the sweep speed was changed to 10 and
20 mm/s, corresponding to volume rates of ∼0.4 and ∼0.5 Hz.
The experimental setup limited the maximum volume rate due
to the creation of surface waves in the tank. For these data,
3-D TACs were compared to TACs generated from single
planes acquired during volumetric imaging at the same three
positions along the phantom that were used for 2-D DCE-US
imaging.

C. Effect of Transducer Motion on Parametric Imaging
For the maximum sweep speed of 10 mm/s and acceler-

ation/deceleration of 20 mm/s2, a 3-D structure of data was
recorded consisting an 80 s TAC for each pixel [see Fig. 3(d)]
in the image plane corresponding to 800 frames with temporal
sampling of 10 Hz for FI and PWI. The TACs were then
averaged over 11 × 11 square pixels (∼1 × 1 mm) in the
image plane to reduce noise. Parametric maps were formed
for three metrics: peak intensity (PI), time from injection to
peak (TIP), and mean transit time (MTT). MTT was calculated
as the time between 65% of PI in the wash-in phase and the
65% of PI in the wash-out [see Fig. 2(b)]. Parametric maps
were then compared for 2-D TAC versus central plane (3-
D) TAC for FI and PWI. The 3-D center plane was referred
to the plane where the transducer speed was at a maximum
(10 mm/s) in both sweep directions. To find the position of the
center plane, first the times/planes were calculated for p0’s and
p20’s corresponding to zero sweep speed on the sweep speed
curve. Then, the mean of those was assigned to the 3-D center
plane.

Aiming to detect the effect of grating lobes on the spatial
distribution of the contrast signal in different parts of the
phantom in the scan plane, a TAC similarity measure was
defined for each pair of pixels [10]. Each pixel in the imaging
plane has an associated TAC, so the reference TAC was
defined as the TAC of a chosen reference pixel. The correlation
coefficient was then calculated between the reference TAC and
the TAC that corresponds to each of the pixels in the imaging
plane (Fig. 4) and assigned to that pixel in the correlation
map.

Three reference points were chosen to sample all the dom-
inant temporal patterns of TAC (i.e., TAC shape) observed
in the phantom at p:(row, column): p1:(50,150), p2:(200,230),
p3:(150,150). The corresponding correlation maps and a his-
togram of all the points in those maps were then used to com-
pare the imaging modes. TACs were also compared for these
points plus some extra points at p4:(310,230) and p5:(50,50)
to further study the signal in different parts of the phantom,
in particular to examine the rescattering of contrast signal,
which may occur in addition to grating lobe artifacts [10].
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Fig. 3. Schematic illustrating the formation of (a) 2-D TAC, (b) 3-D TAC, (c) volumetric TAC, and (d) central plane and pixel TACs, which are
described in the text. The elevational-axial plane of the phantom is shown on the left of each panel. The elevational dimensions of the different
analysis regions or volumes used to generate data points that form the TAC are shown in red. The term ROI is used to remind the reader that the
data are from one imaging plane only. In reality, due to the finite elevational beamwidth, 2-D TAC used data averaged over a volume of data with
elevational dimension equal to the elevational beamwidth. Similarly, plane TACs and pixels TACs used data from ROIs with elevational width due
to the elevational beamwidth plus additional width due to transducer motion; we refer to this as the slice width. Note that the transducer sweeps
from p0 to p20, then from p20 to p0, and so on; therefore, alternating data points in (c) and (d) are for sweeps in opposing directions. For (b), the
direction of the transducer changes every 25 data points in the 3-D TAC.

Fig. 4. Correlation maps of the TACs produced for three reference points and their overall (combined) histogram.

Rescattering of the contrast signal occurs when a strong signal
passing through the medium/phantom gets reflected one or
more times after the initial echo.

Similar evaluation was performed for the flow phantom with
two reference points at p:(row, column): p1:(110,135), and

p2:(100,230) one of which is in the water/background and one
in the vessel to evaluate the grating lobe effects and the vessel
pixels. The TACs for these points plus p3:(175,135) were
compared for more evaluation of the actual signals, grating
lobe artifacts, and the rescattering effect.
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Fig. 5. Cartridge phantom: representative 2-D TACs for positions 0, 10,
and 20 compared to the 3-D and volumetric TACs.

III. RESULTS

Fig. 5 shows example 2-D TACs acquired at positions 0,
10, and 20 mm, the 3-D TAC, and the volumetric TAC. The
peaks of the 2-D TACs are similar, with variation between peak
amplitude falling within the expected experimental uncertainty
∼+/−7% (standard deviation measured over three repeat
experiments). There was no observed trend in PI with posi-
tion along the phantom. The arrival times were different.
As expected, contrast agent arrived sooner at p20, which
was closer to the water inlet, then p10 and then p0. The
3-D TACs from all frames during volumetric imaging showed
amplitude variations (ripples) with the same frequency as the
volume rate. During the wash-in phase of the TACs, periodic
amplitude minimums are similar to the amplitude of the 2-D
TACs at p0 and the maximums are similar to the amplitude
of the 2-D TACs at p20. This then changes after the peak
where the minimums correspond to p20 and vice versa. From
Fig. 5, we also observe that the volumetric TAC provides
a good estimation of the TAC despite the lower sampling
rate; averaging over the whole VOI provides a smoother
TAC; however, all information on any spatial heterogeneity
of contrast dynamics is lost using this approach.

This is further studied in Fig. 6 for 10 mm/s sweep speed
and varying acceleration/deceleration. The results were similar
for acceleration/deceleration of 20 mm/s2 and 10 mm/s2.
When the acceleration/deceleration was increased to 50 mm/s2,
these extremums occurred at the p0/p20 plus acceleration
time which could be due to the artifacts from vibration of
the probe due to motion becoming less smooth. The ripples
were also seen to increase in amplitude when the accelera-
tion/deceleration was increased to 50 mm/s2.

Fig. 7 shows representative 3-D TACs for FI and PWI
for different sweep speeds (with constant acceleration/
deceleration = 20 mm/s2), and variation between them was
again within expected variation between repeat measurements.
There was little effect of sweep speed and variation between
the 3-D TAC. There was no apparent trend in TAC curves
with volume. The small shift in arrival time is due to the
fact that 3-D TAC is actually a spatial distribution of pixel
intensity along the phantom (back and forth) and so a certain
time from injection may correspond to different imaging plane
when using different sweep speeds. The shape of the 3-D TACs
varied between PWI and FI, with FI 3-D TAC appearing to
have a narrower peak than PWI 3-D TAC.

Fig. 6. Cartridge phantom: 3-D TACs compared to the p0 (3-D),
p20 (3-D), and central plane (3-D) TAC data extracted from 3-D DCE-
US data recorded while the transducer is moving and the correspond-
ing sweep speed curve for (a) 10 mm/s2 acceleration/deceleration,
(b) 20 mm/s2 acceleration/deceleration, and (c) 50 mm/s2 accelera-
tion/deceleration.

Parametric images of FI for 2-D and central plane (3-D)
TACs are compared in Fig. 8 to evaluate the effect of move-
ment and downsampling. The corresponding correlation maps
are also shown in Fig. 9. Figs. 10 and 11 also show parametric
images and coherence maps for PWI. The coherence maps
reveal inhomogeneity in the phantom which is consistent
with the design of the cartridge. Fluid flows through the
center of the phantom first and at a greater speed as the
inlet is centrally positioned. A video of the contrast
flowing into the phantom is included in the Supplementary
Material. Only 45 s of the TAC is shown in the video with
three times increased frame rate for illustration purpose. The
pattern of PI can be explained by the combination of a
greater concentration of microbubbles flowing through the
center due to the proximity of the inlet and attenuation
of contrast signal by shallower regions of the phantom.
The 2-D versus central plane (3-D) correlation maps for car-
tridge are similar showing that sweeping and under sampling
of the TAC do not increase correlation for FI. The TACs show
the rescattered signal at p:(310,230) being similar to that of
p:(200,230) in terms of arrival time but with much less PI as
expected. There is no signal in the background at p:(50,50)
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Fig. 7. Cartridge phantom: 3-D TAC curves for two different sweep
speeds: 10 and 20 mm/s with constant acceleration/deceleration of
20 mm/s2 for (a) FI and (b) PWI.

Fig. 8. Cartridge phantom: parametric maps for PI, TIP, and MTT (from
left to right) for (a) 2-D FI and (b) 3-D central plane FI.

for 2-D FI whereas there is a slight increase in the TAC for
central plane (3-D). Please note that this signal is not similar
to that of p:(50, 150) as is for PWI (Fig. 11) and so cannot
be due to grating lobes.

In Fig. 10, there is evidence of contrast signal external
to the phantom which was previously attributed to high-
frequency grating lobes [9].

For PWI, the 2-D and central plane (3-D) correlation
maps and their corresponding histograms are not similar,
suggesting that PWI is affected by sweeping motion. The
high-correlation areas are much more extended for central
plane (3-D) correlation map [Fig. 11(b)] in comparison to 2-D

TABLE I
CARTRIDGE PHANTOM: CONTRAST FOR 3-D CENTER PLANE FI AND

PWI FOR THREE MEASURES

central plane correlation map [Fig. 11(a)] for the reference
point at (150,150). For the PWI correlation map, when the
reference point is at the top of the phantom at (50,150),
some high-correlation pixels appear in the water surrounding
the phantom which is probably caused by high-frequency
grating lobes generated by harmonics of contrast signal. The
TACs shown for different points show the similarity of the
arrival time for p:(50,150) and p:(50,50) supporting the above-
mentioned hypothesis. However, a rise in the PWI central
plane (3-D) TAC for (50,50) at around 60 s as opposed to
the 2-D TAC may be due to bubble formation in the tank due
to the repetitive motion of the probe. Also, small amounts
of bubbles that have leaked from the phantom maybe set in
motion by the moving phantom and hence contribute to the
background contrast signal.

The contrast ratio of the whole cartridge region to the
background was also calculated using

contrastRatio = log
(

meanPI_cartridge
meanPI_background

)
where meanPI corresponds to the average PI. The ROI used
for calculation covered the whole area of the phantom for the
cartridge area and the rest of the pixels for background. The
corresponding contrast ratios are shown in Table I comparing
3-D center plane FI and PWI for three repeats.

To further investigate the effect of motion on the grat-
ings lobes, we employed a simple wall-less vessel phantom
(flow phantom). The parametric and correlation maps are
similarly evaluated for FI in Figs. 12 and 13 and PWI in
Figs. 14 and 15. The TAC is much sharper around the center
compared to periphery, as microbubbles are injected with a
syringe through a valve with a speed much higher than the
background flow speed (3.18 ml/min microbubble through a
very small cross section of a syringe compared to 1 ml/s
peristaltic flow through the vessel cross section). Hence, they
arrive at the center of the vessel first with a very high
concentration and then spread out. This results in a sharper
TAC around the center and consequently a smaller MTT.
In FI correlation maps, the background appeared noisier for
central plane (3-D) compared to 2-D DCE-US possibly due to
downsampling and thus a loss of high-frequency information
in the TAC. The grating lobes appear in the PWI parametric
images (Fig. 14) as two wings on the side of the vessel with a
high correlation to the vessel pixels as shown in the correlation
maps (Fig. 15). Looking at the TACs for p:(175,135), the
rescattered signal is of a very small PI compared to the actual
vessel signal at p:(110,135) and is negligible. There is no
signal at p:(100,250) for FI, whereas it is comparable to the
vessel signal for PWI.

IV. DISCUSSION

Here, we used a cartridge phantom which was homogeneous
in the sweep (elevational) direction to evaluate the 3-D TACs
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Fig. 9. Cartridge phantom: correlation maps for three reference points at (row, column) (from left to right): p1:(50,150), p2:(200,230), and
p3:(150,150) marked as black squares in each panel, and their combined histogram and the corresponding TACs plus two extra points at p4:(50,50)
and p5:(310,230) marked as black circles for (a) 2-D FI and (b) central plane (3-D) FI.

Fig. 10. Cartridge phantom: parametric maps for PI, TIP, and MTT (from
left to right) for (a) 2-D PWI and (b) 3-D central plane PWI.

for different sweep speeds for FI and PWI. Homogeneity was
confirmed by visual comparison of the 2-D parametric maps
(not shown) and the TACs acquired at three different positions
along the transducer moving axis using a big ROI covering the
whole phantom cross section (Fig. 5). The dialysis cartridge
and flow rate were chosen to mimic a TAC (averaged over an
ROI which encompasses the entire phantom in a 2-D plane)
typical of that would be expected for a tumor [21]. Fig. 5
shows that volumetric TACs sampled at 0.4 Hz which was
significantly lower than rates typically used for 2-D DCE-US
provide similar TAC information to that of the higher 2-D
sampling rate used in this work (10 Hz). There was a small
reduction in the PI of the volumetric TAC compared to 2-D
and 3-D TACs which can be expected, because the volumetric
TAC averages contrast signal over time and the PI occurs
at different times along the length of the phantom (in the
sweep direction). This approach may be suitable if information
on tumor heterogeneity is not required. It should be noted

TABLE II
PI, TIP, AND MTT FOR 2-D FI AND CENTRAL PLANE (3-D) FI FOR

THREE MEASURES

however that the volumetric TAC may not be suitable for flow
dynamics with higher frequency components, i.e., shorter time
to peaks or shorter wash-out times, where the greater temporal
averaging of the volumetric TAC may significantly reduce PI.

There were no notable differences between the 2-D TAC
acquired at p10 when the probe was stationary compared to
that of the estimated p10 frame in the 3-D TAC, an example
of which can be seen in Fig. 6 in dotted line. It should be
noted that the volume of the phantom represented by the p10
ROI for the sweeping probe will be slightly different to that
when the probe is stationary, i.e., during the time taken to
acquire one frame, the probe moves 1 mm. The effect of
this is minimized because of the homogenous nature of the
phantom in the sweep direction, allowing us to compare the
stationary and moving cases. From these data, it is shown that
TACs within individual slices of the volume are adequately
sampled at sampling rates as low as 0.4 Hz. This implies that
if we used the volumetric data to form 3-D parametric maps of
TAC metrics of individual voxels (with elevational dimension
equal to as a 2-D image slice width), the information would
be representative of the blood flow within that VOI. This is
shown in Fig. 8, in which mean PI, TIP, and MTT for the
central 3-D plane are within the measured variation between
repeat injections for 2-D (Table II).

For both FI and PWI, varying sweep speed and accelera-
tion/deceleration had little effect on the shape and parameters
of the 3-D TAC (Figs. 6 and 7). We primarily attribute the
ripples in the 3-D TAC due to the differences in microbubble
arrival time along the length of the phantom. For FI, as relative
motion between target and transducer increases, an increase
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Fig. 11. Cartridge phantom: correlation maps for three reference points at (row, column) (from left to right): p1:(50,150), p2:(200,230), and
p3:(150,150) marked as black squares in each panel, and their combined histogram and the corresponding TACs plus two extra points at p4:(50,50)
and p5:(310,230) marked as black circles for (a) 2-D PWI and (b) central plane (3-D) PWI.

Fig. 12. Flow phantom: parametric maps of the flow phantom for PI, TIP,
and MTT (from left to right) for (a) 2-D FI and (b) FI central plane (3-D).

in signal occurs due to target motion between positive and
negative pulses, a type of flash artifact [10]. A probe speed
of 20 mm/s retrograde to the flow (∼7 mm/s) gives a relative
speed of ∼27 mm/s, which would result in ∼1 dB increase
in contrast signal. Also, for PWI, at 27 mm/s, ∼1 dB loss
in signal could be expected due to loss of coherence between
compounding angles [10], [22], [23] which was not detectable
in the 3-D TAC due to the large variation signal due to the
variation in the arrival times along the phantom (∼10%–20%).
As a volume rate of 0.4 Hz provides adequate sampling of
TAC typical for tumor studies with DCE-US, it is unlikely
that much higher sweep speeds are required and therefore these
motion artifacts will be small. Furthermore, greater sampling
rates will require greater speeds; the size of an imaging voxel
will be increased at greater sweep speeds leading to degrada-
tion of the spatial resolution in the elevational direction.

The comparisons of 2-D and 3-D TACs presented here
have not been previously reported. Mahoney et al. [24] used
3-D DCE-US to image the flow of contrast through a flow
phantom using a swept array transducer with a volume rate
of 1.6 volumes per second; however, they did not study the
effect of using this low volume rate on their TAC nor did

they compare 3-D TAC to 2-D TAC. A recent study by
Ruan et al. [25] compared the variability of the average PI
measured in five flow phantoms using 2-D and 3-D CEUS
acquired at 10 and 1.5 Hz, respectively. The study found that
measurements of the average PI made with 3-D CEUS had
smaller coefficient of variation across repeat measurements.
TACs were not evaluated, and direct comparison of average
PI measured using 2-D and 3-D was not possible as the
most of the phantoms were not homogenous in the elevational
direction.

The differences in the TAC shape for FI and PWI were
observed previously for 2-D TAC [9], [10], [11] and were
attributed to: 1) the wider lateral beamwidth of PWI which
can result in spatial blurring of signal; 2) target (microbub-
bles) movement between the compounding angles resulting in
failure of synthetic focusing for PWI; and 3) high-frequency
grating lobe artifacts originating from high-frequency compo-
nent of the contrast signal (observed previously in [10]).

Parametric images were formed for three different metrics—
PI, TIP, and MTT—to evaluate the spatial heterogeneity of the
flow, specifically the spatial blurring of the contrast signal from
one area of the phantom to another for 3-D imaging using
FI and PWI. Here, we sample the central plane of voxels
within a 3-D volume [central plane (3-D)], with elevational
dimension of the voxels equal to the elevational beamwidth
and the distance the probe travels during the time it takes
to acquire one image frame. The comparison of parametric
images and their corresponding correlation maps for a central
plane in the 3-D volume obtained using 3-D DCE-US and
those obtained using 2-D DCE-US (Figs. 8–11) showed that
the sweeping motion of the transducer and limited temporal
sampling of the TAC (0.4 Hz) did not change the correlation
of FI TAC data across the phantom but a small increase
in correlation, i.e., signal blurring, was observed for PWI.
In general, PWI had increased correlation across the cartridge
phantom compared to FI (compare Figs. 9 and 11) which
was expected due to previously observed grating lobe artifacts
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Fig. 13. Flow phantom: correlation maps for two reference points at (row, column) (from left to right): p1:(110,135) and p2:(100,230) marked as
black squares in each panel and their corresponding TACs in addition to the TAC for p3:(175,135) (marked as black circle) for (a) 2-D FI and (b) 3-D
FI for center plane.

Fig. 14. Flow phantom: parametric maps for PI, TIP, and MTT (from left
to right) for (a) 2-D PWI and (b) PWI central plane (3-D).

that comprised of high-frequency contrast signal [11]. Further
evidence for the spread of signal due to these high-frequency
grating lobes was confirmed here with flow phantom data,
which demonstrated high levels of signal correlation between
signal in the vessel and the regions lateral to the vessel in the
background media. It should be noted that for PWI, in addition
to grating lobes artifacts, the broader beam can also lead to
higher correlation, because it averages signals from all points
in the field of view. Furthermore, the contrast ratio calculated
for 3-D center plane FI and PWI (Table I) showed a notable
decrease in the average PI of the cartridge to the background
for PWI compared to FI which is in agreement with the above-
mentioned hypothesis.

The 3-D DCE-US central plane (3-D) correlation map
showed increased correlation across the phantom for PWI
compared to 2-D DCE-US correlation plane, obtained at
the same position in the phantom. When acquiring the 3-D
DCE-US data, the transducer is sweeping and there was
also motion of the contrast agent; consequently, there was a
difference in the position of the transducer when the contrast
signal is collected from each of the seven angles. At 10 mm/s,
largest separation in positions is small, ∼0.02 mm; however,

this may reduce the coherence of the signal compounded
at different angles leading to a contrast loss of signal and
flattening of the TAC. This effect was previously observed [9]
when we examined the shape of the TAC as a function of the
number of compounding angles. A greater number of angles
(7 and 11 compared to 3) reduced the PI and smoothed the
TAC. In that case, only the motion of the contrast agent (with
the same flow speed) was present, whereas in this case, there is
the additional motion of the transducer. This smoothing of the
curve may explain the small increase in correlation when the
transducer is moving, as the TACs have fewer high temporal
frequency components making their shape less unique, i.e.,
more correlated.

In addition to grating lobe artifacts, rescattering of ultra-
sound signal was also observed. Rescattered contrast signal is
detected at a later time point and therefore appears at a greater
depth in the image compared to the region from which it was
scattered. The amplitude of the scattered signal is low, which
was evident in both FI and PWI correlation maps, below the
cartridge phantom and the vessel (Figs. 9, 11, 13, and 15).
The amplitude of the rescattered signal and its correlation
with signal from the cartridge phantom were greater than
that of the flow phantom (correlation of ∼0.8 compared to
∼0.5, correspondingly). This was expected due to the highly
scattering nature of the microvessels in the cartridge phantom.
This rescattered signal will have the same effect on the spatial
resolution with which spatial heterogeneity of perfusion can
be mapped; however, the amplitude of the rescattered signal
is very small compared to both the signal in the cartridge
phantom and the vessel (Figs. 9 and 11) and compared to the
signal from the grating lobes (Figs. 13 and 15). It can also be
observed that there is an increase in contrast signal in the water
surrounding the cartridge phantom during FI and PWI 3-D
DCE-US [see TAC for point (50,50) in Figs. 9(b) and 11(b)].
This is due to a leak from the cartridge (a hole was cut
in the top of the casing of the cartridge to enable acoustic
access) and subsequent mixing of microbubbles in the water
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Fig. 15. Flow phantom: correlation maps for two reference points at (row, column) (from left to right): p1:(110,135) and p2:(100,230) marked as
black squares in each panel and their corresponding TACs in addition to the TAC for p3:(175,135) (marked as black circle) for (a) 2-D PWI and
(b) PWI for central plane (3-D).

as the transducer moves back and forth and/or the generation
of bubbles from the transducer motion. This hypothesis is
supported by the observation that an increase in signal is not
observed in the flow phantom, for which the background is
tissue-equivalent medium.

Increased correlation across the phantom supports the use
of FI rather than PWI if we wish to perform 3-D parametric
imaging. This blurring of signal will reduce the ability to
map inhomogeneity of vascular perfusion [26]. This reduction
will depend on the relative strength of the grating lobe signal
or rescattered signal compared to actual contrast signal and
the spatial variation in signal. If, for example, there is a low
signal contrast region adjacent to a high signal region, contrast
signal from grating lobes from the high signal region may have
significant influence on the signal in the low contrast region.
It also has implications for techniques which rely on the
measurement of the spatiotemporal correlation of TACs within
adjacent pixels such contrast-ultrasound dispersion imaging
(CUDI). CUDI aims to map the spatial variation in vessel
density and tortuosity [27]. One limitation of this study was the
limited speed (up to 20 mm/s) and acceleration with which we
could move the transducer. This was limited due to creation of
waves within the water tank and the uneven (juddery motion)
of the transducer when the magnitude of the acceleration was
too great. However, we found that clinically realistic TACs
could be adequately sampled using a low volume rate (0.4 Hz),
and therefore if these volume rates can be used, it is expected
that motion artifacts will be minimal.

V. CONCLUSION

The 3-D DCE-US acquired using a swept 1-D array trans-
ducer can provide accurate measurement of TAC at low
volume rates (0.4 Hz). Sweep speeds of up to 20 mm/s were
not observed to affect the 3-D TACs. Compared to using FI,
both 2-D and 3-D DCE-USs acquired using PWI were found
to be more susceptible to spatial blurring of contrast signal
which was due to PWI grating lobe artifacts. There was a
small increase in the correlation of contrast signal across the

phantom for 3-D DCE-US acquired using PWI compared to
2-D DCE-US acquired using PWI. Spatial blurring of contrast
signal may adversely affect the spatial resolution with which
heterogeneity of TAC metrics of perfusion can be mapped.
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