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Abstract— Wall shear rate (WSR), a key marker of vascular 

health, is useful for cardiovascular risk assessment. Traditionally, 

its non-invasive evaluation via ultrasound relies on longitudinal 

imaging of the artery, a method that can be restrictive for 

comprehensive hemodynamic monitoring. Here a bi-plane 

ultrasound method using a 2D sparse array for fast, cross-

sectional WSR estimation is presented. The technique provides 12 

simultaneous, angularly distributed WSR estimates per frame, 

overcoming limitations of conventional methods and avoiding the 

hardware complexity of full 3D imaging. Phantom experiments 

were conducted at different depths with good accuracy 

(bias < 16%) and repeatability (< 21%).  

Keywords—wall shear rate, bi-plane imaging, sparse arrays, 

high frame rate color flow mapping, ULA-OP 256. 

I. INTRODUCTION  

Wall shear rate (WSR) is a key hemodynamic parameter 

that describes the rate at which blood velocity changes near the 

arterial wall. It is closely related to wall shear stress, a critical 

factor in evaluating endothelial function. Low wall shear stress 

is associated with an increased risk of plaque formation, 

potentially leading to atherosclerosis, while abnormally high in 

the presence of stenosis may induce plaque rupture, increasing 

the likelihood of stroke or ischemic events [1], [2], [3], [4], [5], 

[6]. Hence, the non-invasive monitoring of WSR holds 

significant clinical value for predicting atherosclerotic risk, 

evaluating treatment efficacy, and tracking the progression of 

cardiovascular diseases. 

Traditionally, ultrasound-based WSR estimation is limited 

to longitudinal views of the artery, with velocity measures 

relying on single-gate [7], multi-gate [8], [9] or at best 2D 

vector Doppler [10], [11] techniques for velocity 

measurements. While useful, this approach offers only partial 

insight, and results can be compromised by probe 

misalignment. Although 3D methods have been proposed to 

overcome these limitations, they typically require complex 

hardware and involve high computational costs, hindering their 

real-time applicability and thus clinical adoption. 

This work presents a novel method that offers a 

computationally efficient compromise between full 3D imaging 

and conventional longitudinal views. By exploiting a bi-plane 

imaging approach with a 2D sparse array, the proposed method 

enables WSR estimation across the entire cross-section of the 

artery, offering a new view of hemodynamic forces without the 

complexity and cost of full 3D imaging.  

II. METHODS 

A. Velocity estimation with bi-plane imaging 

The Wall shear rate estimation heavily rely on accurate 

velocity estimation and precise wall detection. Velocity 

estimation is here achieved using high-frame-rate color flow 

mapping (HFR CFM) applied to the artery’s cross-sectional 

view (Fig. 2, panel C), combined with the beam-to-flow angle 

derived from a wall tracking algorithm (WTA) [12], [13] that 

identifies wall positions (Fig. 2, panel A). Based on these data, 

the velocity distribution is computed as  

 

𝑣(𝑥, 𝑧) =
𝑓𝑑(𝑥,𝑧)∙𝑐

2𝑓0 ∙cos 𝜗
          (1) 

 

where 𝑓0 is the transmission frequency, 𝑓𝑑(𝑥, 𝑧) is the 2D 

map of the mean Doppler shifts, 𝜗 the Doppler angle and 𝑐 the 

ultrasound propagation speed. 

 

B. Clutter rejection 

Since the velocity distribution near the arterial wall is 

typically affected by clutter, especially in the region where 

WSR is calculated, clutter filtering is essential prior to WSR 

estimation. 

The filtering approach used in this work was originally 

proposed by Ricci et al. [9] for single-line velocity estimation 

in longitudinal views, and it is based on reconstructing the 

velocity profile using a power-law fitting model. 

In this study, the method is extended to cross-sectional data 

and works as follows: 

The WTA identifies the coordinates of 90 points along the 

vessel walls in the cross-sectional view, as previously presented 

in [14]. These coordinates serve as spatial reference to mask the 

velocity profile within the flow region. To mitigate inaccuracies 

commonly observed near the vessel boundaries, the outermost 

15% of the flow area, delimited by the blue dotted line in Fig. 

1, is excluded for the estimation. Consequently, the region of 

interest is confined to the innermost 85%, where velocity 
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estimates are more reliable. This flow region is then used for 

fitting a power-law model, defined as follows: 

 

𝑣(𝑟, 𝛼) = 𝑎 ⋅ (1 − |
𝑟−𝑏

𝑅𝑤−𝑏
|

𝑛

)   (2) 

 

The velocity distribution, initially expressed in Cartesian 

coordinates (𝑥, 𝑧) in Eq. 1 is transformed into polar coordinates 

(𝑟, 𝛼) centered on the vessel central axis, where 𝑟 represents 

the radial distance from the center and 𝛼 the angular position 

around the perimetral wall, 𝑅𝑤 the distance of the wall detected 

by the WTA, 𝑎 is the peak velocity at the local maximum, 𝑏 is 

the abscissa of the symmetry axis, and 𝑛 is the exponent that 

best fits the velocity profile. For example, n = 2 corresponds to 

a parabolic profile.  

In detail, the algorithm searches for local maxima (Fig. 1, 

green dotted lines) in the velocity profile, allowing for the 

presence of physiological M-shaped profiles. Since the 

measured velocity often does not drop to zero (see Fig. 1, black 

dots) at the wall due to clutter noise and sample volume size, 

the model constrains the velocity to be zero at the vessel 

boundary. The optimal power-law exponent 𝑛 is then obtained 

by fitting the modeled profile to the measured data, subject to 

the boundary condition at the wall. After reconstructing the 

velocity profile along a single radial direction defined by an 

angle 𝛼  (see Fig. 1, red line), this procedure is iteratively 

repeated for all angular positions α covering the whole vessel 

 

C. Wall shear rate estimation  

To estimate the WSR along the entire arterial wall, the 

WTA is applied to the cross-sectional view to localize the 

vessel walls (Fig. 2, panel B). The shear rate is then computed 

slicing radially the velocity gradient at the wall detected by the 

WTA 𝑅𝑤 as follows: 

 

      𝑊𝑆𝑅(𝛼) =
𝑑𝑣(𝑟,𝛼)

𝑑𝑟
|

𝑟=𝑅𝑤

 𝛼 ∈ [0,2𝜋)  (3) 

 

The HFR and WTA are performed in real-time (Fig. 2, 

panels A, B and C), while the WSR computation is performed 

in post-processing through a MATLAB script. Finally, for each 

elaborated frame, calculated WSR are averaged and shown over 

12 evenly distributed, 30°-wide arcs across the vessel (Fig. 2, 

panel D) , as this segmentation offers a practical and 

sufficiently detailed representation of the WSR distribution 

while preserving clarity and interpretability. 

 

 

A B C D
WSR
[s-1]

 
Fig. 2 The ULA-OP 256 real-time interface for wall tracking algorithm in the longitudinal view (panel A) and cross-sectional view (panel B), the HFR CFM 

in the cross section (panel C), and the instantaneous WSR estimated in post-processing across the 12 sectors (panel D).  
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Fig. 1 The graph shows the original velocity profile in black and the 

reconstructed velocity profile in red. The dashed blue line shows the 
clutter region threshold and the green one the detected local 

maximum.  
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D. Experimental setup 

The probe used for bi-plane imaging was a 5 MHz, 256-

element 2D spiral array prototype [15], developed by TU Delft 

(the Netherlands). Each transducer element is independently 

connected to a channel of the ULA-OP 256 research scanner 

[16]. The scanner was programmed to interleave the 

transmissions of diverging waves, covering a 72-line sector, for 

HFR-CFM on the cross-sectional view, and focused 

transmissions for the two 96-line B-mode planes used for wall 

tracking. The PRF was set to 3.6 kHz, corresponding to 1800 

frames per second input to the HFR CFM processing module. 

Validation was conducted through acquisitions on a hydraulic 

circuit comprising a peristaltic pump that circulated a blood-

mimicking fluid through a 7 mm-diameter vessel phantom, and 

a flow sensor used as reference. 

 

E. Phantom tests 

The tests were conducted under steady flow conditions at 

three different flow rates (100, 200, 300 ml/min) and two 

different vessel depths (20, 40 mm). The probe was positioned 

over the phantom to maintain a 60° Doppler angle. For each 

setting, ten 6-second acquisitions were processed. The 12 

estimations from all frames were then used to calculate the 

mean bias and its standard deviation. An ideal parabolic steady 

flow WSR for a 7 mm vessel and the corresponding relative 

flow volume were used as the WSR ground truth. 

 

III. RESULTS AND DISCUSSION 

Fig. 3 illustrates the temporal trend of the WSR for one of 

the 12 evenly distributed segments during a sample test. Ideally, 

the WSR should be represented by a steady line without 

fluctuations. However, the observed oscillations in the 

estimated WSR could be due to measurement errors as well as 

potential flow disturbances introduced by the peristaltic pump 

used in the experimental setup. Despite these fluctuations, the 

estimated WSR remains closely centered around ground truth 

values. The quantitative results are shown in Table I. The 

method achieves higher accuracy at a depth of 20 mm, with a 

mean bias consistently below 11% across all tested flow rates. 

The best performance is observed at higher flow rates. 

Repeatability remains below 18%, a level comparable to that 

reported by other methods in the literature. At increased depths 

of measurement, such as 40 mm, the mean bias in WSR 

estimation shows a modest increase up to approximately 15.5%, 

while repeatability slightly declines but remains below 21%, 

confirming the method’s accuracy and stability over time. 

IV. CONCLUSIONS 

This work presented a novel method for estimating Wall 

Shear Rate directly from cross-sectional ultrasound images of 

the vessel. Using bi-plane imaging with a spiral probe, 12 

instantaneous radial measurements are obtained and evenly 

distributed along the arterial perimeter, providing valuable 

hemodynamic information. Although full 3D techniques offer 

detailed volumetric data, they often require complex hardware 

and extensive post-processing, which limits their applicability 

in real-time settings. Although not suitable for highly turbulent 

flow conditions, the method is appropriate for diagnostic 

assessment of large vessels and bridges the gap to real-time 

processing while facilitating integration with ultrasound 

systems for potential clinical applications. Future work will 

focus on validating the method under physiologically pulsatile 

flow conditions to capture dynamic WSR variations, as well as 

conducting in vivo tests to assess its clinical relevance and 

robustness. 
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