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A B S T R A C T

Objective: The assessment of blood-flow volume (BFV) is clinically relevant for the diagnosis and monitoring of
cardiovascular dysfunctions and the prevention of subsequent secondary diseases. Non-invasive BFV measure-
ment based on ultrasound methods are appealing for lower cost, real-time operation, and equipment portability.
Recently, complex ultrasound research scanners with 1024 channels controlling the elements of a 2-D matrix
array probe, have been demonstrated suitable for off-line accurate BFV estimates. In this work, a streamlined
approach, using a 256-channel research scanner paired with a 256-element 2-D sparse spiral array, is proposed
and validated.
Methods: This setup allows for simultaneous scanning of the vessel’s longitudinal and transverse sections through
an interleaved transmission sequence. In real-time, the longitudinal scan is used to determine the flow direction,
while the transverse scan captures both the dynamic cross-sectional area and the local velocities by high frame
rate color flow mapping.
Results: Flow phantom experiments under steady and pulsatile flow conditions were conducted to assess the per-
formance by comparing the measurements with the outputs of a reference flow sensor. The proposed method pro-
vided accurate and precise BFV values for both flow conditions, with mean percentage error and standard
deviation always lower than 9.4% and 2.8%, respectively. Furthermore, preliminary in vivo experiments have pro-
duced results consistent with those reported in the literature.
Conclusion: The proposed method based on the use of a sparse array has permitted accurate and precise phantom
BFV measurements and has been shown suitable for real-time arterial BFV measurements.
Keywords:
Blood-flow volume
Bi-plane imaging
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High frame rate
Color flow mapping
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Spiral array
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Introduction

The assessment of arterial blood-flow volume (BFV) can reveal
potential flow alterations caused by conditions such as atherosclerosis
[1−6], vascular obstructions, neonatal aging, or fetal growth restriction
[7,8]. In elderly individuals, changes in BFV over time may predict sec-
ondary diseases, such as vascular dementia and ischemic stroke, which
impacts both quality and expectancy of life [1,9−11]. When measured
in the common carotid arteries, BFV can evaluate the hemodynamic
effects of stenosis and monitor cerebral blood-flow following carotid
endarterectomy or carotid stenting stenosis [12,13].

Although phase contrast magnetic resonance imaging (MRI) angiog-
raphy remains the gold standard for non-invasive BFV measurement [14
−17], ultrasound methods are increasingly attractive for their low-cost,
bedside feasibility, and real-time operation [18]. This has led many
researchers to explore BFV assessment using a combination of ultra-
sound B-Mode
images and pulsed Doppler techniques [19,20]. Typically, the vessel
was scanned longitudinally, with the cross-section assumed to be circu-
lar, and the diameter measured as the distance between the vessel walls.
The spatially averaged mean velocity was estimated either through uni-
form vessel sonication [21,22] or, assuming a fully developed velocity
profile, from the time-averaged peak velocity [23−26]. However, these
assumptions are not always valid, even in healthy common carotid arter-
ies [27,28], and deviations can produce significant measurement errors
[20]. Improved accuracy is achieved by extending the velocity estima-
tion to an entire line crossing the vessel axis in a longitudinal vessel
view, and using mean frequency [29−31] or multi-gate spectral Doppler
[32] methods. Nevertheless, the following assumptions remain: A#1:
the arterial lumen is cylindrical, that is, with a circular cross-section;
A#2: the flow is parallel to the vessel wall; A#3: the flow has an axisym-
metric profile.

An effective approach to eliminate any aprioristic assumption about
flow distribution in a vessel is represented by three-dimensional (3-D)
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vector flow imaging [33−35] techniques, which involve a significant
increase in the ultrasound system complexity, processing load and time.
In [36], Correia et al. estimated a volumetric blood-flow distribution
through 2-D tilted plane-wave sonication, 2-D multi-angle cross-beam
beamforming, and 3-D vector Doppler velocity components calculation
by least-squares fitting. However, high volume rates (>4000 volumes/s)
were achieved offline, with long computation times, using a 1024-chan-
nel scanner and a 1024-element matrix-array transducer. A possible way
to limit the impact of above assumptions (A#1-A#3) without needing
an extremely complex ultrasound system, is based on the investigation
of the vessel of interest over a cross-sectional area. Although, in this
case, the only assumption to be made would be A#3 (i.e., that flow is
parallel to the vessel wall) the cross-sectional view does not allow
directly determining the (Doppler) angle between the ultrasound propa-
gation direction and blood velocity. An example of method exploiting
the cross-section view was proposed in reference [37]. By adding the
assumption, A#1 (i.e., cylindrical lumen), the authors proposed to deter-
mine the Doppler angle based on the elliptical intersection between
the vessel and the ultrasound scan plane and demonstrated that, for
Doppler angles below 70°, imaging the vessel cross-sectionally is more
robust to motion and less operator-dependent than using longitudinal
measurements.

In this work, a streamlined approach, first proposed in [38], is
experimentally validated through flow phantom tests as well as in
vivo. The novel method is based on a 256-element 2-D sparse spiral
array [39] coupled to a 256-channel research scanner [40]. The 2-D
array was exploited to simultaneously scan two orthogonal planes
(bi-plane imaging): the longitudinal scan was used to estimate the
beam-to-vessel angle by identifying the vessel walls through an
accurate wall-tracking algorithm (WTA) [41,42]; the same algorithm
was used to identify the vessel walls in the cross-sectional B-Mode
image, thus allowing to set a contour for the detection of flow veloc-
ities through high frame rate (HFR) color flow mapping (CFM) [43].
The technique was validated by flow phantom tests under both
steady and pulsatile flow conditions, as well as in vivo on the com-
mon carotid arteries of two volunteers. This demonstrates the capa-
bility of measuring flow in real-time using hardware that is
significantly simpler than that employed in studies such as [36] and
highlights the potential of the method for clinical applications such
as non-invasive monitoring of blood flow in major arteries, early
detection of vascular abnormalities, and assessment of hemodynamic
responses in physiological studies.

The paper is organized as follows. The Methods section describes the
proposed ultrasound BFV assessment technique and the setup used for
phantom experimental tests. The outcomes for both steady and pulsatile
flow are reported in the Experimental results section and discussed in the
subsequent section. Finally, the Conclusion outlines key findings and
introduces possible perspectives.
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Methods

Bi-plane BFV measurement

BFV measurements quantify the blood volume flowing through a ves-
sel per unit of time. It can be calculated by the surface integration
of the blood velocity components perpendicular to the vessel cross-
section S. If the flow velocities are non-invasively assessed through
Doppler techniques, the BFV can be estimated by the following surface
integral:

BFV � ∫∫
S
v x; z� �·dS �1�

in which:

v x; z� � � fd x; z� �·c
2f0· cosϑ

�2�
with f0 the ultrasound frequency, fd�x; z� the 2-D map of the mean
Doppler shifts, ϑ the Doppler angle (assumed to be constant over S), and
c the ultrasound propagation speed. Accordingly, to achieve reliable
BFV estimates, fd�x; z�, S and ϑmust be accurately assessed.

The ultrasound system was programmed to scan two perpendicular
planes covering the longitudinal- and the cross-section of the vessel,
respectively. Both longitudinal and cross-sectional B-Mode images were
obtained through focused, line-by-line sequences. These focused beams
were interleaved with the transmission of diverging waves over the
vessel cross-section, which are exploited to produce color flow maps at
HFR.

The processing stages to extract the BFV are sketched in Figure 1.
The cross-sectional B-Mode and CFM frames were used to estimate S
and fd�x; z�, respectively (Fig. 1, blocks 1 and 2). In the B-Mode images,
the positions of the vessel walls were segmented, in real-time, through a
WTA [41,42] (Fig. 1, blocks 2 and 3). Specifically, for both B-mode
frames, the operator selects one initialization point inside the lumen.
Then, the software automatically generates:

- On the longitudinal section, two 8-mm-long, 16-point segments:
one shallower and one deeper than the initialization point. This
setup allows the WTA to effectively track both the proximal and
distal walls [41,42].

- On the cross section, to approximate an initial position of the vessel
wall position, a 90-point circumference is placed with an angular
step of 4°. Such a choice allowed balancing segmentation accuracy
with computational load.

For each point of the segments/circumference, the mass center of the
first-order absolute central moment of the grayscale image is computed
in a circular domain of about 1.2-mm radius [41,42,44]. The mass center
position is used in an iterative procedure that is concluded when the
Figure 1. Processing stages of the proposed BFV estima-
tion method. The realtime modules using wall tracking
(WTA) and color flow mapping algorithms are shown on
the left. The output data are either converted to files or
streamed to a shared memory on the PC for offline or real-
time MATLAB processing, respectively (right panel).



Table 1
scan sequences and imaging settings

Parameter Value

Probe type Sparse spiral array
Number of elements 256
TX Frequency 5 MHz
TX burst 4 sinusoidal cycles
PRF 3600 Hz

HFR CFM

TX beam Planar diverging Wave
Virtual source -8.66 mm
Imaging lines 72
Sector opening angle 22.5°
Doppler PRF 1800 Hz
Ensemble Length 32

B-Mode

TX beam Focused beam line-by-line
Imaging lines 96 × 2
Sector opening angle 45°
PRF 1800 Hz
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point converges to the wall of the vessel, that is, when, on two consecu-
tive iterations, its position changes by less than 30 μm (a threshold heu-
ristically set at a value much smaller than the wavelength).

The flow velocity maps, and the cross-sectional and longitudinal wall
coordinates are, then, either saved to a file or streamed to a shared mem-
ory on the host personal computer (PC) to be offline or real-time post-
processed, respectively, by a MATLAB (Version 2021b, The Math Works,
Natick, MA, USA) script. In both cases, the script removes possible con-
tributions from the region outside the vessel by masking the HFR color
flow maps according to the time-varying cross-section segmentation
(Fig. 1, block 4). The vessel orientation is calculated through a linear
regression of the far wall coordinates (segmented on the longitudinal
view). The latter option was preferred over other alternatives because,
in our experience, the in-vivo segmentation of the far wall is less affected
by artifacts due to multiple reflections on the intima, media, and adven-
titia, which may appear inside the vessel lumen close to the near wall.
Fig. 1 block 5). The flow angle, ϑ, was estimated by assuming the flow
parallel to the vessel walls. Finally, for each frame, the masked HFR
color flow maps and the flow angle are combined to calculate the
instantaneous BFV values according to eq. (1) (Fig. 1, block 6).
Experimental set-up

The ULA-OP 256 [40] is a programmable hardware-based research
scanner suitable for the implementation of custom processing methods.
The scanner, which has been shown capable of performing real-time 3-D
HFR imaging [45,46], was here coupled to a 5-MHz prototype probe
[47]. Specifically, 256 piezoelectric elements, sparsely distributed
according to a spiral geometry over a 16-mm-diameter circular area,
were wired to connectors through a printed circuit board. The number
of probe elements thus matches the number of scanner channels.

As shown in Figure 2, a calibrated peristaltic pump (Watson-Marlow,
Falmouth, UK) forced a blood-mimicking fluid to circulate, either in
steady laminar or in pulsatile flow conditions, through a wall-less phan-
tom. The phantom, manufactured by the University of Waterloo [48] on
our design, was used to investigate two 7-mm diameter vessels located
at depths of 20 and 40 mm, respectively. A thermal flow meter (TFM,
Sensirion AG, Switzerland) provided the reference dynamic BFV values.
For water flow, such values are guaranteed by the manufacturer with
accuracy ≤5% in the range of 0−600 mL/min. However, a preliminary
calibration using the blood-mimicking fluid allowed us to estimate accu-
racy better than ± 1% for average BFV measurements.

Scan sequences and imaging settings used in the experiments are
summarized in Table 1. In all tests, the ULA-OP 256 was set to transmit
Hamming-weighted 5-MHz 4-cycle sinusoidal bursts at PRF = 3.6 kHz.
The beams scanned two perpendicular planes through an interleaved
transmission sequence. B-Mode images were obtained by scanning 96
Figure 2. Experimental setup used in phantom tests. The peristaltic pump forces
the circulation of the blood mimicking fluid in the phantom.
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lines covering a 45° sector view, with beams focused on the vessel center
depth in the cross-sectional view. The CFM cross-sectional frames were
obtained by transmitting a beam diverging in the lateral direction but
focused at the depth of the investigated vessel in the orthogonal direc-
tion; that is, a so-called planar diverging wave. The divergence was cal-
culated by placing the virtual source at 8.66 mm behind the center of
the probe aperture [46,49]. In reception, 72 lines covering a 22.5° sector
were parallel beamformed by the ULA-OP 256 front-end circuits [50].
The wall filter was a continuous-time 4th order Chebyshev infinite
impulse response filter, with 170 Hz cutoff frequency, corresponding to
a velocity of 7 mm/s when the Doppler angle is 75°, as in most of our
experiments. While this filter does not completely eliminate tissue
motion, it significantly reduces its effects within the cross-section seg-
mentation region that contributes to BFV estimates. The CFM module
performed Doppler estimations through the algorithm described in
detail in [43]. The ensemble length (EL) was here set equal to 32, suit-
able to produce high-quality Doppler maps even though diverging waves
were transmitted. Since the Doppler sequence was interleaved with the
B-Mode sequence, the final CFM frame rate was (PRF/2)/32 = 56 Hz,
except when flows are characterized by extremely high pulsatility, such
a frame rate looks sufficiently high to permit BFV estimations in large
human arteries [51].

Data acquisition was guided by the ULA-OP 256 user interface
(Fig. 3), which showed in real time the longitudinal- and cross-sectional
B-Mode images (highlighting the calculated contours) of the vessel
under investigation, as well as the cross-sectional color flow maps. Fur-
thermore, the MATLAB live script allowed instantaneous feedback on
the BFV trend.
Performance assessment

Steady and pulsatile flow experiments were performed to quantita-
tively assess the performance of the proposed method. In steady flow
conditions, for each vessel depth (20 or 40 mm) and a 75° Doppler
angle, six flow volumes between 100 and 600 mL/min were sequentially
calibrated on the pump. In addition, the lower range flow values (100
−300 mL/min) were used for testing a 60° Doppler angle. In pulsatile
flow conditions, the peristaltic pump was electronically driven by trian-
gular waveforms having period and amplitude corresponding to 60 or
90 beats per minute (bpm) and flow volume peaks of 300, 400, or
500 mL/min, respectively. Due to limitations of the hydraulic system,
particularly for the pump/pulsation dampener combination, the flow
range (i.e., the difference between maximum and minimum instanta-
neous flow) was here limited to 250 mL/min.



Figure 3. User interface of the ULA-OP scanner during an in-vivo experiment. Different views of the same common carotid artery are shown: B-Mode longitudinal (top-
left) and cross- (top-center) section views, in which the tracked positions of the vessel walls are superimposed. The bottom panel shows the MATLAB real-time inter-
face, providing the instantaneous BFV values.

Figure 4. Top: Instantaneous trends of the BFV measured
by the sensor and the ultrasound-based method during a
steady flow experiment at 400 mL/min, 75° Doppler angle,
and 40 mm depth. Bottom: mean percentage error (MPE)
and standard deviation (SD) obtained for steady flow, dif-
ferent vessel depths and BFVs, at a 75° Doppler angle. The
last 3 columns on the right report the results obtained at a
60° Doppler angle and different BFVs.
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Figure 5. Top: Instantaneous trends of the BFV measured
by the sensor and the ultrasound-based method during a
pulsed flow experiment at 500 mL/min, 60 bpm and
20 mm vessel depth. The BFVref

n
‾ and BFVest

n
‾ values, esti-

mated per cycle, are shown in dotted lines. Bottom: mean
percentage error (MPE) and standard deviation (SD)
obtained for pulsatile flow, different vessel depths and
BFVs at a 75° Doppler angle.
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For each phantom setting, ten datasets, each 6-s long, were acquired.
Each dataset was processed as described above to produce the estimated
BFV values (BFVest) to be compared to the reference values obtained
through the sensor (BFVref ). Specifically, the instantaneous BFV values
were time-wise split into N blocks. For each (n-th) block, which was
one-pulse-cycle long for a pulsatile flow and 1-s long for a steady flow,
the reference �BFVref

n � and estimated �BFVest
n � average BFV values were

calculated. Finally, the mean percentage error (MPE) and standard devi-
ation (SD) were obtained by:

MPE � 1
N
∑
N

n�1
BFVref

n � BFVest
n

BFVref
n

�3�

SD �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N
∑
N

n�1

����
BFVref

n � BFVest
n

BFVref
n

�MPE

����
2

vuut �4�
Experimental results

Steady flow

Figure 4 (top) shows the results obtained for a sample dataset
acquired in steady flow conditions at 400 mL/min. It shows that,
although BFVest is instantaneously more variable than BFVref , the block
averaged values BFVref

n and BFVest
n are quite similar. The same behavior

was obtained for all datasets, depths of interest and volume flows. As
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summarized in Figure 4 (bottom), the MPE is in the range of (−6%;
+9.4%) with SD between 1.0% and 2.8%.

Pulsatile flow

Figure 5 (top) shows the results obtained for a sample dataset
acquired in pulsatile flow conditions for a peak of 500 mL/min at a pulse
rate of 60 bpm and 20 mm depth. Equivalent results were obtained for
the 40 mm investigation depth. Although BFVest does not exactly follow
the reference trend BFVref , the block averaged values BFVref

n and BFVest
n

are quite similar, as confirmed by the quantitative results summarized in
Figure 5 (bottom). The MPE is between −7.4% and 4.5%, while the SD is
between 1.2% and 2.6%.

In vivo

A preliminary in-vivo test was conducted to qualitatively evaluate the
effectiveness of the method for human scanning. The test was conducted
on the left common carotid artery of two healthy volunteers. The in vivo
protocol was approved by the institutional review board on ethics of the
University of Florence (approval number 309/2024) and informed con-
sent was obtained from each volunteer.

Real-time imaging facilitated a correct probe positioning over the
carotid. The real-time segmentation of the two vessel views, superim-
posed in yellow and blue dots to the two B-Mode views was manually
started by the operator by positioning the blue cross in the vessel lumen.
The real-time CFM display (right panel) supported the operator to detect
the blood-flow. Once the region of interest was identified and the probe



Figure 6. Instantaneous BFV values measured for two healthy volunteers.

Figure 7. Overall pictorial representation of the biplane modality.
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stably positioned (see Video 1, here attached as supplementary mate-
rial), the volunteer was asked to hold his breath, and the operator could
press a button to start the MATLAB live script for real-time assessment
of the instantaneous BFV values and simultaneously acquire a 6-s long
dataset. The acquired data could also be post-processed in MATLAB for
detailed estimations producing BFV trends like those shown in Fig. 6.
Both the BFV patterns follow a physiological trend, with clear dicrotic
notches that well-separate the systolic and diastolic phases. The younger
subject reported a pulsatile flow with 69 BPM and a mean BFV of 436
mL/min. For the older volunteer, 71 bpm and a mean BFV value of
350 mL/min were measured.

Discussion

A novel method for BFV measurements has been described and vali-
dated through accurate phantom and in vivo measurements. As pictori-
ally illustrated in Figure 7, the method exploits bi-plane ultrasound
scan performed with a 2-D sparse array probe. The longitudinal plane is
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used to determine the flow direction, while the transverse plane per-
mits an accurate assessment of the time-varying cross-sectional area
over which the velocity contributions are calculated. An important role
was played by the WTA, which, in previous studies [42,44,52], pro-
vided satisfactory performance and no reliability issues. To achieve
high temporal resolution, CFM was performed at a HFR. This was
accomplished, in real-time, by transmitting planar diverging waves and
exploiting the high-performance parallel beamformer onboard ULA-OP
256. This strategy allowed long ELs, so that good quality CFM images
were obtained. In B-mode imaging, high temporal resolution and con-
trast were achieved by interleaving the transmission of planar diverging
waves and focused waves. This has enabled the tracking algorithm to
precisely follow the vessel wall movements throughout the cardiac
cycle and accurately estimate the vessel area and flow angle. Compared
to the preliminary work [38], the transmission strategy was modified
to boost the BFV estimation rate and enhance the CFM spatial resolu-
tion by increasing the maps’ pixel density inside the vessel. A higher
frequency probe was also used to better resolve the vessel contour, and
the experimental results were compared with a reference sensor
recently included in the hydraulic circuit.

The measurements based on the proposed method are inevitably
influenced by multiple potential sources of error. Inaccuracies in the
WTA, caused by artifacts that might distort the 2-D flow masking, can
occur. Even with an orthogonal view, small misalignment errors can
lead to inaccuracies in the Doppler angle estimation. Also, the velocity
calculation by the CFM algorithm is sensitive to white noise and tissue
movements [51]. However, the use of a great EL (32), enabled by the
HFR approach, helps counteract such a sensitivity by providing a more
accurate estimation of the mean velocity and effective clutter attenua-
tion. Figure 3 and the accompanying movie show that the CFM bound-
aries spill outside the vessel wall due to the worse spatial resolution
achieved with planar diverging waves. Nevertheless, the good focusing
capability of the B-mode beam ensures quite a good segmentation of the
vessel boundaries, which is crucial to avoid considering flow contribu-
tion from outside of the vessel. Notwithstanding all such limitations, the
steady flow experiments have shown excellent accuracy and precision,
with MPE and SD always lower than 6% and 2.8%, respectively. The
measurements done for the deeper vessel show a higher average MPE,
which could be attributed to a lower signal-to-noise ratio and worse spa-
tial resolution. The data for ϑ = 75° in Figures 4 and 5 indicate that the
errors are negative at shallower depths and positive at greater depths.
However, it is worth noting that when the Doppler angle is relatively
high (75°), even a small estimation error (e.g., ±1°) can result in a signif-
icant BFV error (e.g., ±6% [37]). Since the probe was re-positioned
before investigating a different vessel, it is possible that the angle esti-
mation error was negative for one vessel and positive for the other.
These errors could have been sufficiently high in both cases to be domi-
nant and determine bias values with the same sign for all measurements
at each depth. Additional steady flow measurements (results are
reported in the three columns on the right) performed at 3 different
BFVs and 60° Doppler angle, which is expected to be much less sensitive



Table 2
Qualitative comparison of BFV estimators

Method Assumptions Probe misalignment sensitivity Hardware requirements / Real-time
capability

Longitudinal scan + velocity estimation in
a single sample volume [21−26]

A#1, A#2, A#3, and parabolic
flow profile

The sample volume must intercept the
peak flow velocity at the vessel’s center

Low (PoC and portable scanners) / Yes

Longitudinal scan + velocity estimation
along a line [29−32]

A#1, A#2, and A#3 The Doppler line must cross the vessel’s
axis

Low (PoC and portable scanners) / Yes

Longitudinal 2-D Vector Flow Imaging
[54−57]

A#1, A#3, and neglectable
out-of-plane velocity component

The scan plane must include the vessel’s
diameter

Moderate (mid-end scanners) / Yes

Cross-sectional scan + velocity estimation
based on CFM [37]

A#1 and A#2 Elliptical intersection between the vessel
and the ultrasound plane The Doppler
angle must be low (<70°)

Moderate (mid-end scanners) / Feasible

Bi-plane B-Mode and cross-sectional HFR
CFM [this work]

A#2 The longitudinal plane should align with
any longitudinal section of the vessel

Moderate (mid-end scanners) / Yes

3D Vector Doppler Imaging [34−36] None None High (high-end scanners) / No

A#1: the arterial lumen is cylindrical; A#2: the flow is parallel to the vessel wall; A#3: the flow has an axisymmetric profile.
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to this issue, confirmed this hypothesis, showing errors with the same
sign at both vessel depths (e.g., 2.6% ± 0.9% at 20 mm and 5.1% ± 1.7%
at 40 mm at 300 mL/min).

Highmeasurement accuracy and repeatability were confirmed by pulsa-
tile flow experiments. The MPE was lower than 7.4% and SD < 2.6% in all
cases, even though the instantaneous values did not always closely follow
the rapid flow variations highlighted by the sensor. The discrepancy
between the two curves can be attributed to the different BFVmeasurement
points. Specifically, ultrasound measurements were conducted at half
length of the vessel phantom, while the sensor was placed at the outlet. It is
worth noting that by comparing the BFV trends acquired with two sensors,
placed at the inlet and the outlet of the phantom, respectively, the trend
exhibited by the output sensor was found significantly more peaked. It is
therefore reasonable to assume that the output trend was also more peaked
than the trend within the vessel. This suggests that the curves detected by
the proposed method well match the flow present in that specific section of
the vessel. Finally, the peak and average BFV values measured during in
vivo experiments are in good agreement with those obtained using conven-
tional linear arrays [30,53] or dense 2-D probes [36]. However, in vivo, an
additional source of error could be the presence of velocity components not
parallel to the vessel wall, for example, due to the slight curvature of vessels
like the common carotid artery [27]. Overall, the results confirm that the
application of our method using sparse array technology for volumetric
blood-flowmeasurements is indeed feasible. Despite the well-known loss of
image contrast in morphological imaging, such technology allows using sig-
nificantly simplified hardware compared to that required to drive dense 2-
D probes. For example, in reference [36] a 1024-element matrix-array
probe was driven by four synchronized Aixplorer systems (Supersonic
Imagine, France). Furthermore, in [35,36] the flow velocities were esti-
mated, with long post-processing times, through 3-D vector Doppler meas-
urements.

For the readers’ convenience, Table 2 provides a list of representa-
tive ultrasound methods adopted for BFV estimation. The Table high-
lights that the methods’ evolution has yielded a reduction in the number
of assumptions with a corresponding increase in hardware complexity.
The possible use of two-dimensional (2-D) vector Doppler or speckle
tracking techniques [54−57] just mitigates the assumption A#2, main-
taining the hypothesis that the out-of-plane velocity component is
neglectable. When this condition is satisfied, a good agreement between
velocities detected by 2-D ultrasound vector Doppler methods and MRI-
based techniques can be achieved [58,59]. However, to eliminate the
assumption of axisymmetric flow profile, it is necessary to include a
cross-sectional vessel scan. Compared to the method illustrated in [37],
which reconstructs the cross-sectional image only, our approach does
not assume a cylindrical vessel geometry and obtains good accuracy
even for Doppler angles exceeding 70°. In both cases, the flow direction
is assumed to be parallel to the vessel wall. While this assumption holds
well for a straight-tube-phantom and the in vivomeasurements presented
here, it may not be valid in regions with disturbed or complex flow
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patterns, such as those found near vascular stenoses [60]. In such cases,
BFV measurements should be performed upstream or downstream of the
stenosis. For example, in the presence of stenosis at the carotid bifurca-
tion, BFV measurements should be taken in the common or internal
carotid artery [61,62]. Despite this limitation, the proposed framework
is well-suited for application in major vessels where flow remains rela-
tively uniform and aligned with the vessel axis. These include clinically
relevant sites such as the abdominal aorta, femoral arteries, and seg-
ments of the carotid artery away from bifurcations or plaques. In these
contexts, accurate and non-invasive BFV estimation can support the
monitoring of peripheral artery disease, assessment of hemodynamic
changes in response to interventions, or evaluation of cardiovascular
risk [63−66].

To extend the clinical applicability of our method to more complex
vascular regions, future work should incorporate advanced vector Dopp-
ler techniques, potentially in 3-D [34,67], to capture multi-directional
flow components.

Conclusion

A method for ultrasound BFV measurements and its experimental
validation for both steady and pulsatile flow have been presented. The
method is based on bi-plane (B-mode and HFR CFM) imaging to simulta-
neously scan the cross- and longitudinal-section of the vessel under
investigation. It is noteworthy that using the sparse array probe facili-
tates use and future exploitation. The proposed method is compatible
with scanners including a limited (256) number of channels, is suitable
for real-time implementation, can provide accurate and precise phantom
BFV measurements, and is feasible for in vivomeasurements.

The next activities will aim at a clinical validation of the proposed
method by an extensive study on the common carotid arteries of healthy
subjects and patients.

Conflict of interest

The authors declare no competing interests.

CRediT authorship contribution statement

Claudio Giangrossi: conceptualization, methodology, software, val-
idation, writing—original draft, writing—review and editing. Alessan-
dro Ramalli: Conceptualization, methodology, validation, writing—
original draft, supervision, writing—review and editing. Francesco
Guidi: methodology, software, writing—review and editing. Emile
Noothout: resources, writing—review and editing. Luxi Wei: resources,
writing—review and editing. Hendrik J. Vos: resources, writing—
review and editing. Piero Tortoli: conceptualization, methodology,
resources, writing—original draft, writing—review and editing,
supervision.



C. Giangrossi et al. Ultrasound in Medicine& Biology 51 (2025) 1580−1588
Acknowledgments

The Department of Information Engineering, University of Florence,
acknowledges the contribution of the PRIN 2020 project CONUS (CUP:
B13C21000190005) under Grant 20205HFXE7, funded by the Italian
Ministry of Education, University and Research. The work by HJV, LW
and EN was supported by the research programme “Vernieuwingsimpuls
− Vidi 2017” with project number QUANTO-16572, which is (partly)
financed by the Dutch Research Council (NWO).

Data availability statement

The datasets of the current study are not publicly available due to
volunteers’ privacy but are available from the corresponding author
upon reasonable request.

Supplementary materials

Supplementary material associated with this article can be found in
the online version at doi:10.1016/j.ultrasmedbio.2025.06.005.

References

[1] Ackroyd N, Gill R, Griffiths K, Kossoff G, Appleberg M. Quantitative common carotid
artery blood flow: prediction of internal carotid artery stenosis. J Vasc Surg
1986;3:846–53. doi: 10.1016/0741-5214(86)90148-5.

[2] Wada T, Kodaira K, Fujishiro K, Okamura T. Correlation of common carotid flow vol-
ume measured by ultrasonic quantitative flowmeter with pathological findings.
Stroke 1991;22:319–23. doi: 10.1161/01.STR.22.3.319.

[3] Scheel P, Puls I, Becker G, Sch€oning M. Volume reduction in cerebral blood flow in
patients with vascular dementia. Lancet 1999;354:2137. doi: 10.1016/S0140-6736
(99)04016-7.

[4] Acar M, Degirmenci B, Yucel A, Albayrak R, Haktanir A. An evaluation of internal
carotid artery and cerebral blood flow volume using color duplex sonography in
patients with vertebral artery hypoplasia. Eur J Radiol 2005;53:450–3. doi:
10.1016/j.ejrad.2004.05.010.

[5] Han H, Zhang R, Liu G, Qiao H, Chen Z, Liu Y, et al. Reduction of cerebral blood flow
in community-based adults with subclinical cerebrovascular atherosclerosis: a 3.0T
magnetic resonance imaging study. NeuroImage 2019;188:302–8. doi: 10.1016/j.
neuroimage.2018.12.021.

[6] Prussien KV, Compas BE, Siciliano R, Jones RS, Ciriegio AE, Lee CA, et al. Cerebral
blood flow, brain volume, and age predicts executive function in sickle cell anemia.
Blood 2021;138:976. doi: 10.1182/blood-2021-152504.

[7] Gardiner H, Brodszki J, Eriksson A, Marl K. Volume blood flow estimation in the nor-
mal and growth-restricted fetus. Ultrasound Med Biol 2002;28:1107–13. doi:
10.1016/S0301-5629(02)00565-3.

[8] Kehrer M, Kr€ageloh-Mann I, Goelz R, Sch€oning M. The development of cerebral per-
fusion in healthy preterm and term neonates. Neuropediatrics 2003;34:281–6. doi:
10.1055/s-2003-44663.

[9] Scheel P, Ruge C, Sch€oning M. Flow velocity and flow volume measurements in the
extracranial carotid and vertebral arteries in healthy adults: reference data and the
effects of age. Ultrasound Med Biol 2000;26:1261–6. doi: 10.1016/S0301-5629(00)
00293-3.

[10] Venkat P, Chopp M, Chen J. Models and mechanisms of vascular dementia. Exp Neu-
rol 2015;272:97–108. doi: 10.1016/j.expneurol.2015.05.006.

[11] Kaszczewski P, Elwertowski M, Leszczynski J, Ostrowski T, Galazka Z. Volumetric
carotid flow characteristics in Doppler ultrasonography in healthy population over
65 years old. J Clin Med 2020;9:1375. doi: 10.3390/jcm9051375.

[12] Ho SSY, Chan YL, Yeung DKW, Metreweli C. Blood flow volume quantification of
cerebral ischemia. Am J Roentgenol 2002;178:551–6. doi: 10.2214/ajr.178.3.
1780551.

[13] Mitrasinovic A, Radak S, Kolar J, Aleksic N, Otasevic P, Popovic M, et al. Color Dopp-
ler sonographic evaluation of flow volume of the internal carotid and vertebral arter-
ies after carotid endarterectomy. J Clin Ultrasound 2010;38:238–43. doi: 10.1002/
jcu.20670.

[14] van Zijl PCM, Eleff SM, Ulatowski JA, Oja JME, Ulu�g AM, Traystman RJ, et al. Quan-
titative assessment of blood flow, blood volume and blood oxygenation effects in
functional magnetic resonance imaging. Nat Med 1998;4:159–67. doi: 10.1038/
nm0298-159.

[15] Guo G, Yang Y, Yang W. Cerebral blood flow volume measurements of the carotid
artery and ipsilateral branches using two-dimensional phase-contrast magnetic reso-
nance angiography*I . Neural Regen Res 2011;6:2367. doi: 10.3969/j.issn.1673-
5374.2011.30.009.

[16] Markl M, Frydrychowicz A, Kozerke S, Hope M, Wieben O. 4D flow MRI. J Magn
Reson Imaging 2012;36:1015–36. doi: 10.1002/jmri.23632.

[17] Muir ER, Watts LT, Tiwari YV, Bresnen A, Shen Q, Duong TQ. Quantitative cerebral
blood flow measurements using MRI. In: Milner R, editor. Cerebral angiogenesis:
methods and protocols. New York: Springer; 2014. p. 205–11. doi: 10.1007/978-1-
4939-0320-7_17.
1587
[18] Golemati S, Cokkinos DD. Recent advances in vascular ultrasound imaging technol-
ogy and their clinical implications. Ultrasonics 2022;119:106599. doi: 10.1016/j.
ultras.2021.106599.

[19] Hoskins PR. Haemodynamics and blood flow measured using ultrasound imaging.
Proc Inst Mech Eng H 2010;224:255–71. doi: 10.1243/09544119JEIM572.

[20] Evans DH, McDicken WN. Doppler ultrasound: physics, instrumentation and signal
processing. 2nd ed Chichester; New York: Wiley; 1999.

[21] Gill RW. Pulsed Doppler with B-Mode imaging for quantitative blood flow measure-
ment. Ultrasound Med Biol 1979;5:223–35. doi: 10.1016/0301-5629(79)90014-0.

[22] Evans DH. Can ultrasonic duplex scanners really measure volumetric flow? In:
Evans JA, editor. Physics in Medical Ultrasound. York: IPEM; 1986. p. 145–54.

[23] Li S, Hoskins PR, Anderson T, McDicken WN. Measurement of mean velocity during
pulsatile flow using time-averaged maximum frequency of Doppler ultrasound wave-
forms. Ultrasound Med Biol 1993;19:105–13. doi: 10.1016/0301-5629(93)90002-6.

[24] Levine RL, Turski PA, Holmes KA, Grist TM. Comparison of magnetic resonance vol-
ume flow rates, angiography, and carotid Dopplers. Preliminary results. Stroke
1994;25:413–7. doi: 10.1161/01.STR.25.2.413.

[25] Holland CK, Clancy MJ, Taylor KJW, Alderman JL, Purushothaman K, McCauley TR.
Volumetric flow estimation in vivo and in vitro using pulsed-Doppler ultrasound.
Ultrasound Med Biol 1996;22:591–603. doi: 10.1016/0301-5629(96)00046-4.

[26] Ricci S, Matera R, Tortoli P. An improved Doppler model for obtaining accurate maximum
blood velocities. Ultrasonics 2014;54:2006–14. doi: 10.1016/j.ultras.2014.05.012.

[27] Tortoli P, Michelassi V, Bambi G, Guidi F, Righi D. Interaction between secondary
velocities, flow pulsation and vessel morphology in the common carotid artery.
Ultrasound Med Biol 2003;29:407–15. doi: 10.1016/S0301-5629(02)00705-6.

[28] Manbachi A, Hoi Y, Wasserman BA, Lakatta EG, Steinman DA. On the shape of the
common carotid artery with implications for blood velocity profiles. Physiol Meas
2011;32:1885–97. doi: 10.1088/0967-3334/32/12/001.

[29] Picot PA, Embree PM. Quantitative volume flow estimation using velocity profiles. IEEE
Trans Ultrason Ferroelectr Freq Control 1994;41:340–5. doi: 10.1109/58.285468.

[30] Likittanasombut P, Reynolds P, Meads D, Tegeler C. Volume flow rate of common
carotid artery measured by Doppler method and color velocity imaging quantifica-
tion (CVI-Q). J Neuroimaging 2006;16:34–8. doi: 10.1177/1051228405001523.

[31] Kaszczewski P, Elwertowski M, Leszczy�nski J, Ostrowski T, Ga»ązka Z. Volumetric
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