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ARTICLE INFO ABSTRACT

Keywords: Background: Stroke is the second leading cause of death across the globe. Early screening and risk detection could

St_mke o provide early intervention and possibly prevent its incidence. Imaging modalities, including 1D-Transcranial

(;rc.le of Willis Doppler Ultrasound (1D-TCD) or Transcranial Color-code sonography (TCCS), could only provide low spatial
rain

resolution or 2D image information, respectively. Notably, 3D imaging modalities including CT have high ra-
diation exposure, whereas MRI is expensive and cannot be adopted in patients with implanted devices. This study
proposes an alternative imaging solution for reconstructing 3D Doppler ultrasound geared towards providing a
screening tool for the 3D vessel structure of the brain.

Methods: The system comprises an ultrasound phased array attached to a servo motor, which can rotate 180 at a
speed of 2/s. We extracted the color Doppler ROI from the image before reconstructing it into a 3D view using a
customized pixel-based algorithm. Different vascular diameters, flow velocity, and depth were tested using a
vascular phantom with a pumped flow to confirm the system for imaging blood flow. These variables were set to
mimic the vessel diameter, flow speed, and depth of the Circle of Willis (CoW) during a transcranial screening.
Results and conclusions: The lower values of absolute error and ratio were found in the larger vascular channels,
and vessel diameter overrepresentation was observed. Under different flow velocities, such diameter over-
representation in the reconstructed flow did not change much; however, it did change with different depths.
Meanwhile, the setting of the velocity scale and the color gain affected the dimension of reconstructed objectives.
Moreover, we presented a 3D image of CoW from a subject to demonstrate its potential. The findings of this work
can provide a good reference for further studies on the reconstruction of the Cow or other blood vessels using
Doppler imaging.

Ultrasound imaging
3D ultrasound
Doppler imaging

1. Introduction

Stroke is the second-leading cause of death, causing an annual esti-
mate of 12.2 million cases and 6.55 million mortalities globally [1]. In
China, stroke causes approximately 1.6 million deaths annually, causing
an enormous economic and social burden on society [2]. Stroke is a
result of blood supply interruption to the brain, followed by the death of
brain cells due to the lack of oxygen supply. The reasons for interruption
can be classified into blockage and rupture of blood vessels, including
ischemic and hemorrhagic stroke, respectively [3]. Early stroke pre-
diction is essential considering that an estimated 85 % of strokes cause
death and severe/moderate disability [4]. Although the cause of stroke
is multifactorial and could be related to age, gender, race, family,
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medication, high blood pressure, smoking, heart disease, and diabetes
[3], most symptoms of stroke are linked to the cerebral arteries [5].
Among the cerebral arteries, there is a key anatomical structure called
the Circle of Willis (CoW), which includes middle cerebral arteries
(MCAs), internal carotid arteries (ICAs), anterior cerebral arteries
(ACAs), posterior cerebral arteries (PCAs), posterior communicating
arteries (PCoAs), and anterior communicating artery (ACoA).

Thomas Wills first described the CoW in 1664 [6], and its role is to
maintain cerebral blood flow to the brain even if occlusion or stenosis
occurs in one of the cerebral arteries [7]. The pressure from blockage
may alter the direction of blood flow forward or backward; this enables
the flow to reach similar brain structures. However, variants/incom-
pleteness of the CoW are common and only 21 % of individuals had a
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complete CoW in 1998 [8]. Another study revealed that only 34.5 % of
cases were detected with classic anatomy of CoW in 1413 brains [9].
However, some studies reported a significant percentage of incomplete
CoW ranging from 50-80 % in different countries [10-16]. Meanwhile, a
few types of variants were associated with both hemorrhage and
ischemic stroke [17-21]. Detecting the structural and hemodynamic
changes in the CoW plays a significant role in stroke screening, hence
minimizing the risk of stroke events.

Due to its benefits of real-time captures of both structural and he-
modynamic information in the CoW, transcranial color-code sonography
(TCCS), also known as transcranial color-code Doppler (TCCD), is clin-
ically used for stroke screening. Also, the benefits of non-invasiveness,
free radiation, and low cost make TCCS indispensable compared to
other common imaging modalities, including computed tomography
angiography (CTA) and magnetic resonance angiography (MRA)
[22-24]. TCCS is performed using a phased array transducer to capture
the inside of the skull through acoustic bone windows, including the
orbital window, temporal window, and occipital window [25]. The color
mode for TCCS is color flow imaging (CFI), indicating a frequency
change of the Doppler signal. In contrast, color power imaging (CPI)
represents the amplitude change of the Doppler signal [26].

However, the TCCS is hindered by the lack of spatial information and
relatively low anatomical accuracy, unlike CTA and MRA. In the last
decades, a 1D phased array transducer with mechanical methods of
tilting scanning [27-31] or a 2D array transducer [32,33] has been
developed to make TCCS into a 3-D level. The color modes used in these
two techniques include CFI and CPI, respectively; this work called them
3D-CFI via 2D transducer and 3D-CPI for easy understanding. These 3D
techniques are directly applied to human subjects by measuring the
detection rate of cerebral vessels. Although 3D-CPI reported a good
outcome of average detection rate, improving from 60 % to 90 % by
injecting the contrast agent, hemodynamic information without flow
direction would limit its clinical application. Regarding 3D-CFI via the
2D transducer, the hemodynamic information can be successfully
captured but only approximately 60 % of the average enhanced detec-
tion rate can be found. Thus, the three-dimensional TCCS urgently needs
high Doppler sensitivity and good completeness of hemodynamic
information.

Additionally, the anatomical accuracy presented in TCCS is a huge
challenge due to color overrepresentation; this is possibly caused by the
complex transmission path of ultrasound inside of the skull and greater
Doppler signal from relatively high-speed blood flow in small cerebral
vessels. The interdependent or independent factors, including imaging
depth, transducer frequency, velocity scale, color gain, pulse repetition
frequency, frame rate, and depth of Doppler interrogation, among others
[34], can influence this overrepresentation; however, the use of these
controls and subsequent changes in the color maps vary from device to
device. Moreover, it is difficult to adjust all these factors in TCCS due to
non-visualized vessels in B-mode and one customized setting of pa-
rameters to simultaneously display multiple vessels. Therefore, the
setting of velocity scale and color gain are acceptable for adjustment to
ensure imaging adequacy of TCCS in commercial ultrasound imaging
equipment and easy operation. Meanwhile, a larger color over-
representation is delivered in CFI because of poor noise containment
unlike CPI [26]. An overrepresentation would also happen in the 3D
view; however, no quantitative analysis was conducted in these studies.

This work introduced a novel imaging system for transcranial 3D
color Doppler. A single-crystal phased array transducer was used to
improve the Doppler sensitivity. Further, an advanced mode of direc-
tional CPI (dCPI) was used to combine the enhanced sensitivity of CPI
with the directional information of CFI [35]. For a more complete im-
aging view, the mechanical method of rotating scanning was applied for
data acquisition rather than tilting scanning. Moreover, the system was
validated by investigating the extent to which the factors, including
Doppler interrogation depth, vascular diameter, flow velocity, and set-
tings of color gain and velocity scale, influenced color
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overrepresentation on 3D display. The quantitative analysis could be a
key reference for our further human research and provide future inspi-
ration on how to calibrate the overrepresenting factors.

2. Methods

The 3D ultrasound imaging system included the hardware and soft-
ware components. The hardware part was used to collect ultrasound
color images for further 3D reconstruction. On the other hand, the
software part was used to develop imaging processing methods and an
algorithm for 3D reconstruction.

2.1. Hardware design

Fig. 1 shows the diagram of the hardware part, which includes ul-
trasound imaging equipment and a rotating probe carrier as the primary
components. The ultrasound probe of the equipment was clamped on
top of the rotating probe carrier. Scanning was performed using ultra-
sound imaging equipment (Aixplorer model, SuperSonic Imagine,
France) with a single-crystal phased array ultrasound probe (XP5-1, 96
transducer elements and 1-5 MHz of bandwidth). The relatively low-
frequency range ensured ultrasound penetration through the skull.
The rotating probe carrier comprised a single-chip microcontroller
(Arduino Uno, Italy), a servo motor (LX-225 model, Hiwonder, China),
and a motor driver module. The motor carried the ultrasound probe,
rotating it clockwise for 180 degrees. The accuracy of the servo motor
was 0.24° as a default setting, and the frame rate of ultrasound imaging
equipment was 11 Hz. For adequate slices of 3D reconstruction, the
microcontroller was programmed to control the servo motor using a
rotating speed of 2 deg/sec. Thus, more than 900 slices were collected
for 3D reconstruction. The Arduino Uno communicated with the servo
motor through the motor driver, as all the complied commands of
control were integrated into the motor driver module. To access the
motor driver module, a program library called LobotServiController
(downloaded from GitHub) was added to the Arduino Integrated
Development Environment (IDE), as all Arduino codes were conducted
on the Arduino IDE. Arduino Uno controlled the motor driver module
via serial communication with a baud of 115,200 for motor rotation.
Meanwhile, the position information, including the rotated time and
angle of the servo motor was sent back to the microcontroller. Regarding
image data collection, a video capture card was used to collect ultra-
sound color Doppler images by recording the displayed ultrasound im-
ages. We used directional color power imaging (dCPI) color mode,
which is an advanced imaging mode integrating enhanced sensitivity of
CPI with the directional information of CFI [35]. A rechargeable lithium
battery was used to power the rotating probe carrier.

2.2. Software design

Two applications were developed for data collection and 3D recon-
struction, respectively. Both were constructed using an IDE of Microsoft
Visual Studio (VS) using C++ language. The application of data
collection was to record ultrasound Doppler images and trigger the
rotation of the probe carrier simultaneously. The COM port connecting
to Arduino Uno would be turned on and send the command of rotation
once the capture card started to capture the ultrasound image. All the
captured images were formed into a video file in AVI format, and the
position information was saved in a txt file.

Fig. 2 shows the set of image processing methods. In the 3D recon-
struction, the 2D image data within the Doppler ROI was converted into
a 3D space. ROI, the color area, was extracted using a set of image
processing methods. The raw image was converted from RGB level to
gray level first; the connected-component labeling was then used to
remove the labels, color bar, and machine logo from the image. The
remaining B-mode ultrasound grayscale had the same red, green, and
blue values in the decimal code of the RGB level. Thus, removing the
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Fig. 1. The diagram showing the hardware part, COM port refers to the communication port between computer and microcontroller. Tx/Rx represents the serial

communication between microcontroller and motor driver.

Fig. 2. An illustration of image processing methods. Step (1) involves the conversion of the raw image from RGB level to gray level; step (2) aims to retain useful
information in the image; step (3) involves the remove B-mode background and the fan-shaped outline.

background B-mode images (grays) was efficiently performed by sub-
tracting the minimum of the decimal coded values. However, it could
also remove the white color from a high-flow velocity region, since a
high-velocity region only exists at the center of the vessel, the white
color could be refilled into the center of the vessel by identifying the
vessel outline. Meanwhile, noises, including the fan-shaped outline, can
be eliminated by morphological opening.

After obtaining the ROI from each ultrasound Doppler image, the
pixels in a 2-dimensional image were mapped to voxels in a 3D view
using a customized pixel-based algorithm. The revolution axis of the
rotating probe carrier was designed to match the middle line of images.
The size of each image was 1535*1080 (%, y), equivalent to a resolution
of 1.80 mm per pixel. To make the coordinates of all points always
positive, the origin was located at the bottom left corner, and the axis of
rotation was the middle line of the images. Thus, the maximum
dimension of the voxels was 1535*1080*1535 (Nx*Ny*Nz). The
customized equations of transfer quoted the rotation matrix on the y-
axis as shown below (1)-(6), where 6 represents the rotated angle; X, Y,
and Z indicate the coordinate of the voxel; x and y indicate the coordi-
nate of the pixel; w is the width of the image. Y would be kept the same
as y since the rotating axis is parallel to the y-axis, and the Z would be
fixed at w/2 at the initial angle.

If 9 < 90°:
X = x*cos(8) +w*(1 — cos(6) )/2 o))
Y=y (2)
Z = x*sin(0) + w*(1 — sin(6) )/2 ®3)
If 0 > 90°:
X = w/2 — (x — w/2)*cos(x — 0) @

Y=y (5)
Z = (x —w/2)*sin(z — 0) +w/2 (6)

In these applications, an open-source computer vision library (OpenCV)
was used to process images. The Visualization Toolkit (VTK) was used to
construct and display the 3D view by creating a point cloud, comprising
more than 0.9 million points. The user interface (UI) was developed by
adding a widget toolkit (Qt). Fig. 3 shows the reconstructed objective
and the user interface.

2.3. Experimental setup

Considering that the system aimed to build a 3D view of blood flow,
we developed a setup for generating liquid flow to verify the system but
without pulsation, as shown in Fig. 4. In this test, a peristaltic pump
(Masterflex L/S, Germany) was utilized to pump fluid at a constant
volume speed, but it could be adjusted by increasing or decreasing the
value of revolutions per minute (rpm). Next, the flow passed a flowmeter
(Gilmont Accucal, Germany) before entering the vascular phantom
(ATS-524, CRIS, USA), and the flowmeter was used as a reference for
indicating the volumetric flow rate. The vascular phantom was placed
inside a water-filled tank because it could easily change the angle and
distance while maintaining consistent coupling. Subsequently, the flow
was redirected back to the peristaltic pump, completing a loop.
Throughout the data collection process, the top of the phased-array
probe was submerged in water, positioned at a 30° angle towards the
vascular phantom. Following this, the probe carrier rotated the phased
array probe clockwise by 180°, capturing ultrasound Doppler images
concurrently.
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Fig. 3. The user interface can display the constructed objective in different cross-sectional views; sectional planes are indicated by the black and red dash lines. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. The experimental setup for system verification.

2.4. Variables for verification and some measurements

In this study, three variables were investigated: vascular diameter,
flow velocity and depth between ultrasound probe and the vessel. The
vascular phantom contained four channels, with corresponding di-
ameters of 2, 4, 6 and 8 mm, respectively. Given that the diameter of the
terminal ICA can reach up to 4.6 mm [36], channels of 2, 4, and 6 mm in
diameter were employed to validate the system. The average of blood
flow velocity in CoW covered a wide range from 36 + 12 cm/s to 62 +
12 cm/s [37,38]. Hence, we postulated that the flow velocities of
approximately 20-50 cm/s in different diameter channels were aimed at
mimicking the blood velocity in cerebral arteries. The rpm setting of the
peristaltic pump showed the capacity to control flow velocity, and the

rpm values are shown in Table 1. Simultaneously, the flow velocity was
assessed using pulse-wave Doppler mode, with measurements taken at
the proximal, middle, and distal sections of the vascular channel, and a
mean value was calculated. It’s worth noting that, in addition to flow
velocity, the adjustment of the speed scale may impact the pulse repe-
tition frequency (PRF), consequently altering the range of velocities
represented in the image. Two groups were used to determine the effect
of the speed scale: the matching scale and the constant scale. The
matching scale indicated that the value of the speed scale was set close to
the pumped flow velocity, while the constant scale maintained a fixed
speed scale which was only set close to the minimal pumped flow
velocity.

Moreover, three depths of 30 mm, 60 mm, and 90 mm were estab-
lished to mimic the location of arteries in CoW because these arteries
were located at approximately a depth of 30 mm to 80 mm depth from
the temporal window [39].

2.5. Data analysis and statistics

All data were converted into a suitable format using a custom script
written in MATLAB (MathWorks Inc., Natick, MA, USA). All statistical
analyses were conducted using GraphPad Prism (GraphPad Software
Inc., LaJolla, CA, USA). To quantify the dimension of the reconstructed
objectives, at least 100 slices were employed to imitate circles (Fig. 5).
Next, the mean value of the diameter was calculated from all the
imitated circles, and the average value was defined as the reconstructed
diameter. To analyze the dimensional changes in the reconstructed

Table 1
The rpm setting for different vascular diameters.

Diameter (mm) Flow velocity (cm\s) rpm setting

6 21.42 57
31.29 103
42.18 132
50.26 188

4 20.33 28
29.67 52
38.91 61
50.24 84

2 52.78 27
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Imitated circle in each slice

100-150 slices (0.2 mm/slice)

Fig. 5. 100 to 150 slices shown in the middle part of the reconstructed
objective were used to calculate the average diameters of the imitated circles.

objects, we computed the absolute error and the ratio of the recon-
structed diameter to the actual diameter for comparison. The signifi-
cance of any differences was assessed using a t-test.

2.6. Demonstration of 3D CoW reconstruction

The imaging system was applied to a human subject by locating the
phased array transducer at one lateral side of the temporal window.
Here, it was the right side. The data collection initiated when ACAs,
PCAs, and MCAs could be seen on the interrogating window. Subse-
quently, processing and reconstruction were performed to demonstrate
a 3D view of the CoW.

3. Results
3.1. Reconstruction under different vascular diameters

A mean flow velocity of approximately 50 cm/s was pumped and
delivered separately to the three channels with diameters of 2 mm, 4
mm, and 6 mm. The sectional planes of reconstructed results are dis-
played in Fig. 6, and further details are shown in Table 2. Larger di-
ameters were recorded in the reconstructed liquid flows compared to the
real diameter values, in which 2 mm, 4 mm, and 6 mm enlarged to 4.43
mm, 5.64 mm, and 7.20 mm, respectively.

3.2. Reconstruction under different flow velocities

To simulate flow velocity of 21 cm/s, 31 cm/s, 41 cm/s and 51 cm/s
as closely as possible, we set four speeds of flow, 20.33 cm/s, 29.67 cm/
s, 38.91 cm/s, and 50.24 cm/s. The four velocities passed through the
vascular channel of 4 mm, and the reconstructed results were presented
in Fig. 7. The corresponding details are listed in Table 3. Notably, there
was no significant change in reconstructed diameters under different
flow velocities when comparing absolute error and ratio values.

In fact, two velocity scale settings (constant velocity scale and
matched velocity scale) were employed using this set of velocities. In
commercial ultrasound systems, alterations to the velocity scale setting
may introduce changes to the pulse repetition frequency, thereby
altering Doppler sensitivity. A constant velocity scale was set at the
minimum velocity scale of the ultrasound device of 21 cm/s (the
measuring scale in Table 3). In contrast, the matched velocity scale was
used to adjust the measuring scale at 21 cm/s, 31 cm/s, 41 cm/s, and 51
cm/s to match the flow velocities. Under the constant velocity scale, it
appeared that more bright areas could be identified, as depicted in the
sectional planes in Fig. 8 (a). The comparison was also conducted by
computing the ratios of the reconstructed diameter to the actual

2mm 4 mm
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Table 2
The phantom channels under the velocity of around 50 cm/s (under 51 cm/s
measuring scale).

Vascular Flow speed Reconstructed Absolute error  Ratio
channel (mm) (cm/s) diameter (mm) (mm)
2.00 52.78 4.43 2.43 2.21
4.00 50.24 5.64 1.64 1.41
6.00 50.26 7.20 1.20 1.20

diameter, illustrated in Fig. 8 (b). These results indicated that the
reconstructed diameter was larger under the constant velocity scale,
while the matched velocity scale minimized the overrepresentation of
diameter.

3.3. Reconstruction under different depths from the ultrasound probe

The distance range from the temporal window to CoW was covered
by setting up three depths of 3 cm, 6 cm, and 9 cm. The flow velocity was
maintained at approximately 50 cm/s. All the parameter settings were
kept constant with the gain adjusted for best displayed Doppler signal at
depth of 9 cm. While scanning, a more pronounced color representation
occurred when the vessel phantom was positioned closer to the ultra-
sound transducer. Additionally, a larger area of high flow velocity was
observed in the middle color region (Fig. 9 (a)). A similar phenomenon
was detected in the reconstructed objectives, as displayed in Fig. 9 (b).
The size of the reconstructed fluid increased, and the flow velocity inside
the fluid was elevated when the depth was closer to the probe. In this
experiment, the start frame was also referred to as the start location.
Fig. 9 (c) demonstrates the quantified diameter of the reconstructed
vessels, with a higher ratio value recorded when the depth was closer to
the probe.

The expansion of the reconstructed objectives might result from
enlarged color areas. Given that the velocity scale setting could influ-
ence the size of the color area, we also examined the impact of color gain
on this adjustment. The color gain was standardized for a depth of 9 cm,
and adjustments were specifically made for 3 cm and 6 cm. The com-
parison of the ratio change is presented in Fig. 10 (a) and (b). Notably, a
significant difference was consistently obtained between pre and post of
adjustment, which were referred to as the matched and unmatched
setting of color gain, respectively.

3.4. 3D CoW reconstructed from a human subject

The reconstructed CoW is presented in Fig. 11 (b). In contrast to the
general reference of magnetic resonance angiography (MRA) in Fig. 11
(a), the vessels in the CoW could be distinguished in the reconstructed
result, including ICAs, ACAs, partial MCA of the right side, and PCA
connected with part of the basilar artery.

4. Discussion and conclusion

The aim of this study was to develop a novel 3D ultrasound imaging
system and calculate its reconstructed accuracy when applied on brain
vessels. To mimic cerebrovascular conditions, three variables were
tested to validate the reconstructed resolution by calculating the abso-
lute error and ratio of the reconstructed diameter in relation to the ac-
curate diameter. The results showed that overrepresentation was

Normalized
6 mm power map
30 mm

Fig. 6. The sectional planes of the reconstructed vascular channels with different diameters.
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Fig. 7. The sectional planes of the reconstructed vascular channel (4 mm) with different flow velocities.

Table 3
The 4 mm channel under different flow velocities under 21 cm/s measuring
scale.

Flow speed (cm/ Reconstructed diameter Absolute error Ratio
s) (mm) (mm)
20.33 6.01 2.01 1.50
29.67 6.24 2.24 1.56
38.91 6.46 2.46 1.62
50.24 6.32 2.32 1.58
(a)
20.33 cm/s 29.67 cmis 38.91cmis 50.24 cmis Normalized
power map
Constant velocity scale f / y /
Matched velocity scale f , / 30 mm

(b) 1.6

1.4

1.2

Ratio to the real diameter

1.0-———
0@\0 00\@

&l &
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' <&

The velocity scale setting

Fig. 8. (a) illustrates the sectional planes of the reconstructed objectives (4 mm
channel). The planes were scanned under two velocity scale settings, constant
velocity scale (fixed at 21 cm/s) and matched velocity scale (21 cm/s, 31 cm/s,
41 cm/s, and 51 cm/s). The flow velocities for the scanning were 20.33 cm/s,
29.67 cm/s, 38.91 cm/s, and 50.24 cm/s, respectively. (b) comparison between
these two velocity scale settings in terms of the ratio of reconstructed diameter
to the real diameter.

(a) (b)

Start frame

6 cm 9cm

3cm

Start location

consistently detected in the reconstructed objectives. In contrast, higher
values of absolute error and ratio were recorded in a smaller diameter
channel, the 2 mm channel. This phenomenon may be caused by the
higher internal pressure in the smaller vascular channel which would
have pushed the channel walls of the elastic phantom outward. This
explanation finds support in Barlow’s formula (P = 2St/D). Since each
channel in the phantom shared the same material property (S) and wall
thickness (t), a smaller channel diameter (D) would result in higher in-
ternal pressure (P). Moreover, a relatively similar overrepresenting of
reconstructed objectives was observed in different flow velocities, which
did not exceed the Nyquist threshold because no aliasing or Nyquist
effect occurred during data collection. It is likely that the size of the
reconstructed flow may remain relatively constant if only the flow ve-
locity in the Nyquist threshold is modified. For the different depths, the
ratio values decreased as the depth increased. This may be caused by the
size adjustment of the color window and change of interrogated depth
because decreasing the size of the color window may enhance the
temporal resolution and Doppler sensitivity. A significantly high inter-
rogated depth decreases the amplitude of the Doppler signal [34]. As
depicted in Fig. 9 (a), the system automatically adjusted to a smaller
color window at a depth of 3 cm, enabling it to capture more Doppler
information. Consequently, there was a greater availability of amplitude
flow information detected at 3 cm in comparison to 6 cm and 9 cm
depths. Meanwhile, we found that the setting of velocity scale influ-
enced the size of the reconstructed flow because the values of ratio in
matched scale group were lower than that of the constant scale group.
Modifying the velocity scale can alter the PRF, with high velocity scale
indicating a higher PRF but a less Doppler sensitivity [34]. Hence, more
Doppler information was collected in the constant scale group, and this
may have led to a larger reconstructed size. Regarding the color gain, it
changed the size of the reconstructed flow by affecting the amplification
of the Doppler signal [34]. Therefore, higher ratio values were recorded
in the unmatched groups due to improper setting of color gain given that
more noise components of the Doppler signal were included.

In mimicking the complexity of the CoW, the curvature of the vessel
and realistically pulsated flow seem not to be considered in this study. In
fact, we do not expect the curvature of a vessel to affect the result of 3D
reconstruction, as flow in the curved vessel is still detectable in
commercialized clinical ultrasound systems [40]. Regarding the realis-
tically pulsated flow, the human volunteer will be in a comfortable

(c)
2
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Fig. 9. (a) displays the starting frames of scanning at different depths. (b) indicates the sectional views of the reconstructed objectives measured at different depths,
and here the start frame is referred to as the start location. (c) the comparison of the ratio values under different depths.
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Channel with diameter of 6 mm at different depths
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Fig. 10. The ratio values at different depths with the matched or unmatched setting of color gain. (a) the channel with a diameter of 4 mm. (b) the channel with a
diameter of 6 mm. The red color represents “unmatched” and blue color represents “matched”. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

Basilar
artery

Fig. 11. (a) a general MRA reference indicating the location of the vessels in the CoW. (b) 3D reconstruction of the CoW on a human subject by images from the right
side of the temporal window. ICA: internal carotid artery; MCA: middle cerebral artery; ACA: anterior cerebral artery; PCA: posterior cerebral artery.

resting state for data acquisition, so the peak systolic velocity will not
vary a lot. The flow can thus be mimicked by a vessel phantom with
constant flow velocity. Another important concept here is that ultra-
sound imaging is a linear system, in which output of a certain time point
depends on the input of that time point only, but not on the input/output
of a previous time point. This allows us to simplify the problem to
constant flow and expand the results to describe pulsated flow. Since
different cardiac phases would greatly affect the 3D image reconstruc-
tion, cardiac phase synchronization with the use of electrocardiology
(ECQG) signal will be used for future studies in human subjects.

In this investigation, it became evident that 3D ultrasound exhibits a
limitation in achieving enlarged reconstructions compared to alterna-
tive imaging techniques like MRI and CT. This resulted in a relatively
low accuracy in dimension measurements. However, it is possible that
this limitation can be addressed by fine-tuning interdependent or inde-
pendent factors, or by employing calibration techniques utilizing ratio
values. Although the ratio values vary from device to device, they can be
obtained through rigorous calculations. Hence, this study serves as a
good reference for further studies on reconstruction of CoW or other
related topics. In addition, no study has explored the effects of the
setting of the wall filter. Amplitude or intensity of the flow may be
affected by wall filter, also known as high-pass filter [34]. In this study,
the setting of wall filter was not considered because there was no
movement of vascular wall in the vessel phantom. Hence, the wall filter
was set to a middle level to ensure a relatively low-flow state throughout
all experiments. The present preliminary data has demonstrated the
feasibility of using the 3D ultrasound imaging system on humans to
reconstruct 3D CoW. The results are comparable to those of MRA

visually. We are currently in the process of gathering both MRA and 3D
ultrasound data from human subjects, and we plan to report the results
in our upcoming publications, which will include a quantitative evalu-
ation of vessel dimensions. The MRA will be used as a reference to guide
the calibration of reconstruction on 3D transcranial color Doppler.
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