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 

Abstract— Plaque strain and blood vector velocity imaging of 

stenosed arteries are expected to aid in diagnosis and prevention 

of cerebrovascular disease. Ultrafast plane wave imaging enables 

simultaneous strain and velocity estimation. Multiple ultrasound 

vendors are introducing high frequency ultrasound probes and 

systems. This study investigates whether the use of high frequency 

ultrafast ultrasound is beneficial for assessing blood velocities and 

strain in arteries. The performance of strain and blood flow 

velocity estimation was compared between a high frequency 

transducer (MS250, fc = 21 MHz) and a clinically utilized 

transducer (L12-5, fc = 9 MHz). Quantitative analysis based on 

straight tube phantom experiments revealed that the MS250 

outperformed the L12-5 in the superficial region: low velocities 

near the wall were more accurately estimated and wall strains 

were better resolved. At greater than 2 cm echo depth, the L12-5 

performed better, due to the high attenuation of the MS250 probe. 

Qualitative comparison using a perfused patient-specific carotid 

bifurcation phantom confirmed these findings. Thus, in 

conclusion, for strain and blood velocity estimation for depths up 

to ~2 cm a high frequency probe is recommended. 

 
Index Terms— displacement estimation, flow estimation, high 

frequency ultrasound, PVA phantom, plane wave ultrasound, 

strain imaging 

I. INTRODUCTION 

EVELOPMENT of atherosclerosis in the carotid artery 

(CA) may lead to severe stenosis obstructing the main 

cerebral blood flow supply due to geometrical changes of the 

luminal area. It also initiates compositional changes due to the 

development of calcifications, lipid pools, fibrous tissue, and 

haemorrhages in the vessel wall, which could lead to the 

formation of rupture prone plaques. These pathological 

processes can be asymptomatic for a long time until the 

initiation of a fatal event such as a stroke or transient ischemic 

attack. This is why characterization of atherosclerosis is 
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important to guide pharmaceutical treatment or perform an 

invasive intervention removing suspected critical obstructions 

in the CA. 

In clinical practice, ultrasound imaging is mostly used for 

plaque stenosis grading. The stenosis is usually visualized using 

duplex ultrasound (B-mode and Colour Flow Imaging (CFI)), 

followed by Pulsed Wave (PW) Doppler acquisitions to 

measure the maximum systolic blood velocity in the area of the 

most severe vessel narrowing and in a post stenotic segment of 

the lumen. From this information, a coarse estimate of the 

degree of stenosis can be derived [1]. Although the potential of 

diagnostic ultrasound to classify and grade carotid disease is 

recognized, so far there is no universally accepted protocol to 

measure the degree of stenosis [2].  

A main reason for the lack of a universal guideline is the 

considerable variability in estimated velocities using Doppler 

techniques [3], which might result in errors of the estimated 

grade of stenosis. The large variability can be assigned to 

multiple limitations of conventional Doppler techniques, of 

which the angle dependency is a major contributor [2]. The 

angle between the insonifying beam and the (local) blood flow 

direction is required to convert the 1D velocity estimate, 

measured along the beam direction, into a velocity estimate in 

the true direction of the blood flow. This angle is difficult to 

estimate when looking at non-laminar flow patterns in the 

carotid artery that are known to be present in the bifurcation and 

in stenosed regions [4-8]. Another major limitation of 

conventional Doppler-based methods is the use of conventional 

line-by-line acquisition schemes, which limits the frame rate 

and/or imaging view substantially. Furthermore, the span of 

velocities that can be determined is limited by the pulse 

repetition frequency due to aliasing. 

Major effort has been put into the development of 2D and 3D 

blood vector velocity imaging techniques that circumvent the 
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angle dependency. Several methods have been suggested, 

amongst others, Vector Doppler [9], Transverse Oscillation 

[10], Speckle Tracking (ST) [11] and directional beamforming 

[12]. All proposed methods are capable of providing estimates 

of the 2D velocity vector in the scan plane, thereby providing a 

more reliable representation of the physical flow field. 

As explained, Duplex ultrasound is mainly used to derive 

parameters related to stenosis geometry. However, it does not 

provide information about the plaque composition. 

Characterization of the composition is of paramount 

importance, because pathology studies have shown that the 

presence of a large lipid core that is covered by a thin fibrous 

cap is associated with an increased risk for rupture which might 

subsequently lead to a cardiovascular event [13, 14]. 

Differentiation between stable and rupture-prone plaques is one 

of the major challenges in cardiovascular research [15]. 

Mechanical characterisation of the plaque, using ultrasound 

strain imaging or elastography [16, 17], can provide such 

information. By estimating strain in response to blood pressure 

pulsations, mechanical properties and plaque composition can 

be revealed indirectly [18-20]. Both intravascular [15, 21-26] 

and non-invasive [27-41] vascular strain imaging studies have 

been conducted and showed that regions with higher strain 

values correspond to plaques with a large lipid core.  

Recent development in ultrasound technology and 

computational power enable plane wave and diverging wave 

imaging. Unfocused ultrasound transmission followed by 

parallel receive beamforming allows imaging at acquisition 

rates up to 20 kHz, which facilitates imaging the dynamics of 

both tissue and blood. Ultrafast imaging has already been 

applied to image blood velocities in the carotid artery [7, 42-45] 

and to assess the arterial wall dynamics using both pulse wave 

velocity [46] and elastography [47-49].  

Plaque extent and vulnerability, derived from local strain 

estimates, together with accurate and reproducible 

measurements of the dynamically complex velocity blood flow 

patterns are expected to allow for a more complete 

characterisation of atherosclerosis, thereby aiding the clinician 

in establishing a fast and reliable judgement about the stage and 

progression of arterial disease. With ultrafast imaging strain and 

2D blood velocities can be obtained simultaneously from the 

same acquisition [50-52].  However, one drawback of the 

ultrafast techniques is that the images have a reduced contrast- 

and signal-to-noise ratio and lower lateral resolution [53], due 

to the lack of focusing in transmit. Displacement compounding 

is a technique that can be used to circumvent the use of this low 

resolution lateral information [54, 55]. Both tissue strain and 

blood velocities can be estimated accurately using this 

technique combined with plane wave acquisitions [48, 49, 56]. 

Another possible way to cope with the adverse resolution 

effects of ultrafast imaging, is by using high frequency 

ultrasound (>20 MHz). Since the carotid artery is located at 

shallow depths, it could be an excellent application for high 

frequency ultrasound imaging. The increased resolution and the 

elevated blood signal power, which are inherent to the use of 

high frequency ultrasound, could be beneficial for strain and 

blood flow imaging of the carotid artery. However, this is 

counter balanced by increased attenuation values. Another 

reason for exploring the potential of high frequency ultrafast 

ultrasound is the trend in the development of high frequency 

ultrasound probes. Several manufacturers, like Toshiba 

Medical (Aplio i-series), Philips, BK Ultrasound and 

Visualsonics are developing these probes and bringing them to 

the market for in vivo imaging of, mainly, musculoskeletal and 

superficial vascular structures in humans.  

Therefore, this study compares the performance of a high 

frequency transducer with a clinically utilized transducer for the 

assessment of tissue strain and blood flow using a sophisticated 

bifurcation phantom that is based on an in vivo geometry 

obtained in a patient. The accuracy and precision of the strain 

and velocity measurements is evaluated by experiments using 

straight cylindrical phantoms. To our knowledge, the 

combination of plane wave imaging and high frequency 

ultrasound has not yet been explored to visualize and quantify 

the dynamics of both the carotid vessel wall and blood 

velocities.  

II. METHODS 

For consistency, the imaging acquisition sequence, post-

processing of radio-frequency (RF) element data, and the 

displacement estimation, including clutter filtering, as 

described in this section are kept the same for all conducted 

experiments.  

A. Imaging setup 

An L12-5 ATL linear array and an MS250 Visualsonics linear 

array were used in all experiments. Both transducers were 

connected to a Verasonics Vantage ultrasound system 

(Verasonics, Kirkland, WA, USA). The Vantage system was 

equipped with a UTA 360 transducer adapter (Verasonics, 

Kirkland, WA, USA) to provide compatibility with the MS250 

transducer from Visualsonics. Ultrasound RF element data 

were acquired for both transducers by transmitting zero-degree 

plane waves at a pulse repetition frequency (PRF) of 4 kHz for 

1 second, i.e., one pressure cycle. The transducer properties and 

acquisition parameters are listed in Table I. 

B. Beamforming grid and RF data reconstruction 

Plane wave imaging permits data reconstruction, i.e., the 

conversion of unfocused RF element data into beamformed RF 

data, at any location within the insonified region. We recently 

showed that customization of the beamforming grid according 

to the system’s point-spread-function (PSF) facilitates 

improved subsample displacement estimation [57]. Since 

speckle size is proportional to the dimensions of the imaging 

system’s resolution cell [58], i.e., the PSF, a spatial auto 

covariance method [59] was used to determine the speckle size 

(full width half maximum) using B-mode images of the 

phantom. The resulting spacing for both grids is listed in Table 

II, together with other beamforming parameters. Delay-and-

sum beamforming was used to generate RF data for every plane 

wave emission.  
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C. Strain and velocity estimation 

Inter-frame 2D displacements were estimated using a 2-step, 

2D normalized cross-correlation (CC)-based method. In the 

first iteration, displacements on sample resolution were 

estimated using demodulated RF data. The second iteration, 

based on RF data, was initiated using the sample offset acquired 

in the first iteration, and resolved sub-sample resolution 

displacements. Subsample resolution was resolved by 2D 

interpolation of the CC function. The kernels sizes used for both 

transducers were kept similar in size with respect to the number 

of RF or envelope data points. The size of the search kernel in 

iteration 1 was tuned to the maximum displacement expected in 

each experimental situation. Spatial filtering of the 2D inter-

frame displacements was performed using a median filter with 

windows containing an equal number of displacement estimates 

for both transducers. An overview of the settings used for the 

displacement estimation can be found in Table III. 

Inter-frame axial and lateral displacements in the carotid wall 

and surrounding tissue were estimated at 100 Hz. Velocities in 

the lumen were estimated at 4000 Hz by multiplying the inter-

frame displacements with frame rate. Thereafter, velocities 

were averaged over a temporal ensemble of 40 frames, resulting 

in an effective velocity frame rate of 100 Hz. 

To generate a region of interest (ROI) for both the lumen and 

the surrounding tissue, manual segmentation was performed on 

a registered, combined overlay of B-mode images from the 

MS250 and the L12-5. One reference contour was manually 

marked in the frame corresponding to the ‘end-diastolic’ frame 

in the pressure cycle. Thereafter, the contour was tracked over 

the cardiac cycle using the estimated vessel wall displacements 

to generate a lumen and tissue ROI at 100 Hz. 

D. Clutter filtering (blood velocity estimation) 

Prior to inter-frame velocity estimation in the lumen, clutter 

filtering was performed to suppress the dominant signal of the 

surrounding tissue. Filtering was performed using finite 

impulse response (FIR) filters and a temporal sliding window, 

which enables longer ensemble sizes without sacrificing frames 

for filter initialization. Two filters were designed, one for the 

MS250 data and one for the L12-5. Filter orders were scaled 

according to the difference in center frequencies to obtain 

similar filter characteristics. Resulting filter orders (N) were 20 

and 46 for the MS250 and L12-5, respectively. Based on the 

spectral content of the RF data, frequency cut-off points were 

calculated for both transducers such that (axial) velocity cut-off 

characteristics were similar. The frequency response of the FIR 

filters and the corresponding cut-off points are summarized in 

Table IV. For a dynamic visualization of the clutter filter effect 

the reader is referred to the additional multimedia file: 

ClutterFiltering.mp4. 

E. Tracking and principal strain estimation (vessel wall) 

To accumulate the filtered, inter-frame displacements in the 

vessel wall over the complete pressure cycle, tracking was 

performed, with the end-diastolic frame as reference frame. 2D 

linear interpolation was performed to accumulate all inter-

frame displacements. Subsequently, strain was determined by 

taking the first order spatial derivative of the cumulated 

displacements by applying least-squares strain estimator in 

axial, lateral and shear directions [60]. Finally, the principal 

strains [61] were obtained by the eigenvalue decomposition of 

the symmetric Lagrangian finite strain tensor to exclude rigid 

body motions and only regard strains originating from pure 

finite deformations. 

III. EXPERIMENTS 

To compare the performance of both transducers in a realistic 

setting, a bifurcation phantom was created, based on an in vivo 

geometry obtained in a patient. Results obtained for this 

phantom will be studied qualitatively. Dedicated straight 

cylindrical vessel phantoms were used to study the precision 

and accuracy of strain and velocity estimation methods for both 

transducers. 

A. Bifurcation phantom 

A patient-specific vessel wall geometry of the carotid artery 

(CA) (Fig. 1 (a)) at the bifurcation was obtained by 

segmentation of a preoperatively acquired 3D CT angiography 

[62] containing an 82%-degree of stenosis. This geometry was 

then converted into a mold using CAD (Autodesk Inventor 

2015, Student version) (Fig. 1 (b), (c)). Next to the CA, a 

cylindrical, straight tube validation vessel (length = 100 mm, 

Øinner = 4.75 mm, Øouter = 7.75 mm) was designed. Both 

vessels were placed in a surrounding mold at a mean averaged 

depth of 20 mm from the imaging surfaces (Fig. 1 (d)). 

Subsequently, a synthetic polymer [63] PolyVinyl Alcohol 

(PVA) Cryogel (Mw 85.0 – 124.0 99+% hydrolyzed, Sigma-

Aldrich, Zwijndrecht, The Netherlands) was used to build the 

phantom. To create the solution, a mixture of 60% by weight 

(wt %) distilled water, 40 wt % anti-freezing agent (ethylene 

glycol, Sigma-Aldrich, Zwijndrecht, The Netherlands), 10 wt 

% PVA and 2.0 wt %  Silica gel particles (Merck Kieselgel 60, 

0.063 – 0.100 mm, Boom B.V., Meppel, The Netherlands) was 

heated to ~85° in a closed cylinder until a homogeneous liquid 

was formed.  After injection of the solution into the vessel 

molds (Fig. 1 (b), (c)) at 50°C, it was degassed for 1 hour before 

it was subjected to 3 cycles of freezing (-25°C) and thawing 

(21°C), for 16 and 8 hours, respectively. For the surrounding 

mold (Fig. 1 (d)), 700 ml PVA (10 wt %) was prepared with 0.5 

wt % scatterers to enhance contrast between the vessel walls 

and the surrounding tissue. After filling the surrounding mold 

containing the CA and validation vessel, the complete phantom 

was subjected to an additional last freeze-thaw cycle. Finally, 

for validation purposes, the Young’s modulus was determined 

(see the Appendix). 

B. Validation setup 

1) Strain 

For strain validation measurements, the validation vessel was 

pressurized using a pulsatile flow waveform, at 60 bpm, with a 

mean flow of 0.62 L min-1 and a peak flow of 1.39 L min-1 

[64]. A single adjustable flow resistor was set such that the 

dynamic pressure at systolic phase ranged from 109 mmHg to 

141 mmHg, which was sampled with 13 pressure steps 



0885-3010 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TUFFC.2018.2834724, IEEE
Transactions on Ultrasonics, Ferroelectrics, and Frequency Control

TUFFC-08797-2018 4 

(TruWave pressure transducer, Edwards Lifesciences Corp. 

Irvine, CA). Image acquisition, displacement and axial strain 

estimation were performed as described in the Methods section. 

For analysis, 100 image lines at the center of the probe were 

used, resulting in a field of view of 3.9 mm and 4.9 mm for the 

MS250 and the L12-5, respectively. The displacement data 

were first corrected for global motion of the vessel center. A 

single reference displacement definition was determined by 

fitting the displacement data of both probes and segments to a 

1/R relation (Fig. 3 red lines). Based on linear elastic behavior 

of the phantom, the displacement estimates were normalized 

using the pressure at the maximum pressure level. A least-

squares fit was performed to obtain the reference displacement 

at maximum pressure. This reference was de-normalized using 

the pressure to obtain a reference displacement belonging to 

each pressure state. Please note that this method enables a single 

reference fit based on multiple deformation states which result 

in a more robust and trustworthy reference displacement. The 

reference strain was calculated using the spatial derivative of 

the reference displacement. For performance evaluation, four 

spatial segments were defined which were: the superficial 

surrounding, superficial vessel wall, deeper vessel wall, and 

deeper surrounding. The performance was expressed by the 

mean relative bias and the mean relative standard deviation 

(SD) of the 100 lines for each spatial segment. Relative 

measures were obtained by dividing bias and SD by the 

reference strain. 

2) Flow 

For flow validation, measurements were conducted in a 

straight tube flow setup, with Blood Mimicking Fluid (BMF-

US, Shelley Medical Imaging Technologies, Canada) 

circulating through the system at a constant flow rate of 1.2 

L/min by a gear pump (volume flow accuracy of 0.6%, model 

H3F, Liquifl, Garwood, USA). A 1.5 m long glass entrance tube 

fixated at a rigid frame ensured fully developed laminar flow 

with circular symmetric parabolic velocity profiles. The glass 

tube was extended by a tube of heat-shrinking material inside a 

tank filled with water, where a perfectly matched glass to heat-

shrinking tube coupling was made for smooth fluid transition. 

The heat-shrinking material was tested to be sufficiently 

transparent to ultrasound. The bottom plate of the tank was 

placed at an angle to avoid reverberations. Via a settling 

reservoir, the BMF was returned to the pump. The vessel radius 

of both the glass and rubber tube was 5 mm and the wall 

thickness of the rubber tube was 300 µm. Both transducers were 

placed above the tank, fixated in a probe holder, at flow angles 

of 90° (pure lateral flow) and 75°. The tube was placed at a 

depth corresponding to the elevational focus of both 

transducers, see Table I. The theoretical velocity profile was 

calculated based on the applied flow rate and vessel geometry, 

resulting in an expected peak velocity of 0.51 m/s.  

To describe the performance of the velocity estimator, mean 

bias and SD were calculated for the velocity magnitude and 

angle, based on 100 estimated ensemble-averaged velocity 

fields. The magnitude measures were divided by the ground 

truth velocity magnitude to obtain a relative value. Velocity 

profiles were studied at the center of the transducer and at 5.5 

mm at either side of the center position, meaning statistics were 

calculated over 300 estimated profiles.  

3) Bifurcation phantom setup 

The bifurcation phantom was mounted in a bracket 

supporting the connections to the inlet flow tube at the common 

carotid artery side and two tubes at the outlet side at the internal 

and external carotid artery, see Fig. 2. BMF was circulated in a 

closed loop circuit by a gear pump driven by software written 

in LabView (National Instruments, Austin TX, USA). A 

pulsatile flow was applied, similar to the one described in the 

strain validation paragraph. At both outlet tubes, adjustable 

flow resistors were set such that the dynamic pressure, 

measured at the inlet of the CA was 150 over 95 mmHg, 

mimicking physiologically relevant behavior for a stenosed 

carotid artery. The flow through the internal carotid artery was 

measured by a flow meter (probe C-series, flowmeter T107 

Transonic Systems Inc, Ithaca NY, USA), which was 

positioned directly after the outlet side. Setting the flow 

resistors also allowed for equal division of flow over the 

internal and external carotid artery. Both transducers, fixated in 

the probe holder, were attached to a translation stage (see Fig. 

2 (b), (c)). This stage facilitated movement of the holder in the 

lateral direction while maintaining the in-plane orientation, 

which was used to center the transducers at the same lateral 

position with respect to the phantom (see Fig. 2 (b), (c)). The 

transducers were positioned in such a way that the bifurcation 

was imaged in the longitudinal plane, with the imaging plane 

orthogonal to the vessel. Subsequently, flow data measured by 

the flow meter were acquired simultaneously with the 

ultrasound data using a common trigger generated by the 

Labview program at the start of the flow waveform. The 

acquired ultrasound data were processed as described in the 

Methods section and estimated strain and velocities were 

evaluated and compared qualitatively for both transducers.  

IV. RESULTS 

A. Validation setups 

1) Strain 

The validation vessel was used to assess the performance of 

displacement and strain estimation in the vessel wall and 

surrounding tissue for both probes. Fig. 3 depicts the estimated 

and reference displacement for the MS250 and the L12-5 

divided into four segments. The reference fit normalized on the 

maximum pressure state showed a root mean squared error of 

11.8 µm and an r2 of 0.92. The B-mode representation and its 

overlay with the reference and estimated displacements 

indicates overall good agreement for all segments and for both 

probes except at depths greater than ~25 mm for the MS250. 

For visualization purposes only 5 out of 13 displacement curves 

(yellow) are shown within a black area indicating plus or minus 

1 SD. The red line represents the reference displacement. The 

calculated mean bias and mean SD for each spatial segment (A-

H) are listed in Table V.  

The displacement graphs in Fig. 3 indicate that the superficial 

surrounding (A, E) shows overall good agreement for both 

probes. Differences can be observed at the superficial vessel 

wall (B, F) where the L12-5 shows a bias of -9.6% versus a bias 
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of -3.5% for the MS250, indicating a stronger displacement 

underestimation for the L12-5. The same observation holds for 

the deep wall (C, G) where a mean bias of -11.3% was found 

for the L12-5 versus a mean bias of -7.5% for the MS250. 

Please note that both probes are underestimating the 

displacement near the vessel wall – blood transition likely due 

to the presence of clutter in combination with the window-based 

displacement estimation algorithm and filtering procedures. 

The B-mode images reveal that the ultrasound energy (as 

represented by the speckle brightness) was focused in the 

superficial segment (A, B) for the MS250 and in the deeper part 

(G, H) for the L12-5. As a result, the deep surrounding (D) of 

the MS250 shows an extraordinary large mean bias of 65%. The 

L12-5 clearly outperforms the MS250 in that region, with a 

mean bias of -5.8%. The preference for the L12-5 at the deeper 

segments (D, H) is also expressed by the difference in mean SD 

of the MS250 versus the L12-5 of -24.7% and -7.4%, 

respectively. 

Fig. 4 depicts the estimated and reference strain profiles for 

all segments derived from the estimated and reference 

displacements in Fig. 3. Due to the asymptotic nature of the 

strain reference, large deviations were observed at the vessel 

wall resulting in a large mean bias for the superficial and deeper 

vessel wall (B, C, F, G), as listed in Table V. The MS250 

outperforms the L12-5 regarding the maximum superficial and 

deep strain estimate of -5% and -4.4% versus the L12-5 

maximum strain estimate of -3.3% and 3.2%, respectively. 

Please note that for the deeper segments (C, H), the location of 

the maximum for the MS250 is closer to the lumen in 

comparison to the L12-5. 

 

2) Flow 

The straight tube flow setup is used to evaluate the 

performance of the velocity estimation method for both 

transducers. The mean and SD of the 300 estimated velocity 

profiles are shown in Fig. 5 for the velocity magnitude and 

angle separately. Dotted lines indicate the theoretical profiles, 

solid lines represent the mean of the estimated profiles and the 

gray area corresponds to plus or minus one SD. Panel A 

presents the results for a beam-to-flow angle of 90°, panel B for 

75°. The resulting statistics are summarized in Table VI. The 

estimated profiles closely follow the theoretical profiles, apart 

from the incorrect estimates close to the deep wall. The large 

deviations, most dominantly present at a 90° beam-to-flow 

angle, are due to a high impedance mismatch between the tube 

and the surrounding fluids (water and BMF), causing strong 

reflections and reverberations, as also described earlier by 

others [65, 66]. This, combined with the effects of the clutter 

filter, distorts the velocity estimates locally. Since this artifact 

originates from the design of the experimental setup and will 

not be present for the bifurcation phantom or in vivo 

measurements, statistics were calculated using only the central 

90% of the lumen area. Note that the theoretical beam-to-flow 

angles are not exactly located at 90 and 75 degrees. Because it 

is difficult to perfectly set the beam-to-flow angle in the 

measurement setup, the effective beam-to-flow angles were 

estimated based on the B-mode images obtained from the plane 

wave data.  

The velocities were estimated accurately with a bias of less 

than 5% for both transducers and flow angles. The positive bias 

indicates a small overestimation of velocity magnitude. The 

relative mean velocity bias as well as the SD for the MS250 

were slightly lower as compared to the L12-5.  The flow angles 

were also accurately found using both transducers with a mean 

bias of maximal -0.25°. There is a small reduction in angle SD 

when using the MS250 with respect to the L12-5 transducer. 

Differences in magnitude and angle bias between the 

transducers were mainly caused by the effects near the vessel 

walls. The high frequency transducer was able to estimate the 

velocities in those regions more accurately.  

B. Bifurcation setup 

In Fig. 6, panel (a) B-mode images are presented before and 

after clutter filtering, which allows for visual comparison 

between the data obtained using both transducers. The higher 

resolution for the MS250 probe, as represented by the finer 

speckle appearance, can be appreciated, as well as the sharper 

vessel wall to lumen boundary delineation. Furthermore, the 

increased attenuation for the high frequency probe is clearly 

visible. Especially in the clutter filtered data, almost no blood 

signal is visible for deeper parts of the lumen area. Next to that, 

a shadowing and mirroring artifact is visible underneath the 

flow divider for both transducers, caused by the refraction of 

ultrasound, which originates from the specular reflection at the 

smooth interface between lumen and vessel wall. A quantitative 

comparison between the signals at two position was performed, 

as indicated by lines a and b in the B-mode images. Mean signal 

intensities were calculated and visualized in panel (b). Blood 

signal intensities (IB) were calculated by taking the mean over 

the cardiac cycle of the envelope data after clutter filtering, 

while the clutter and blood intensities (ICB) were found by 

averaging before clutter filtering. Then, the clutter signal 

intensities (IC) were found by subtracting the blood signal 

intensities (IB) from the total clutter and blood signal intensity 

(ICB). The MS250 data provides the best clutter-to-blood 

intensity (IC-IB) in the lumen of the external carotid artery 

(position a, upper) of ~12 dB, whereas the L12-5 only has a ~21 

dB clutter-to-blood intensity. The average blood intensity in 

this region is larger for the MS250 data, -47 dB compared to -

52 dB for the L12-5, mainly caused by the fact that blood 

scattering is proportional to the center frequency of the 

transducer. At larger depths, in the internal carotid artery 

(position a, lower) and the common carotid (position b), the 

average blood intensities of the MS250 drop below the 

intensities for the L12-5, due to stronger attenuation. Since the 

clutter signals are also attenuated, the clutter-to-blood 

intensities remain high for the MS250. The larger amount of 

attenuation for the MS250 can also be appreciated from the 

average clutter intensities deeper into the phantom. Mean 

clutter intensities for the L12-5 are ~ -10 till -30 dB, while the 

mean clutter intensity for the MS250 is at least twice as low, ~ 

-25 till -55 dB. 

Fig. 7 depicts the B-mode image of the bifurcation. The B-

mode signal of the vessel wall and surrounding tissue are 

overlaid with a color-coded strain value and direction vectors. 
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The strain visualized is a combination of the eigen-

decomposition which results a minimal negative (compressive) 

and a maximum positive (tensile) strain component. The 

classification is made based on the maximum absolute 

eigenvalue, i.e. the direction in which the maximum 

deformation occurs.The maximum strain image was calculated 

at the peak pressure of the systolic phase. Since the resolution 

of the images is scaled with the center frequency while the filter 

and window settings are kept equal in sample points, 

differences in strain distribution smoothness (spatially) are 

observed and expected. It also accounts for the reduced 

maximum strain values observed in the L12-5 compared to the 

MS250. 

Strains are predominantly directed normal to the lumen- 

vessel wall boundary. Considering the upper vessel wall, the 

MS250 shows a spatial offset of the maximum strain region 

with respect to the lumen-vessel wall boundary. Maximum 

strain was expected exactly at the border, especially considering 

the higher spatial definition of this transducer, as described in 

the previous paragraph. Probable causes of this induced artifact 

are the combination of hard reflective acoustic behavior of the 

blood - PVA vessel wall transitions perpendicular to the 

ultrasound plane wave and the manual segmented blood-vessel 

wall inaccuracies. 

The flow divider shows a dominant lateral compressive strain 

component due to the reaction force delivered to separate the 

blood stream into the internal and external vessel. This lateral 

compressive strain develops towards an axial compressive 

strain pattern alongside the vessels. Both internal and external 

vessels dilate simultaneously pushing the middle part, which 

results in high centralized strains.  

Strain distribution values differ between both transducers, 

while the direction of deformation shows resemblance. The 

lower part exhibits the most artifact-like areas, where the 

MS250 does not seem to provide a reliable principal strain 

estimate throughout the full aperture width, mainly due to the 

higher amount of attenuation. The L12-5 however, does show 

feasible strain estimation except at the center of the aperture. 

The latter seems to be related to the shadowing artifact as 

described earlier (see also Fig. 6), since the vessel wall 

separation tissue is axially aligned with the region of strain 

irregularities. 

Fig. 8 shows the obtained blood vector velocity fields and 

vessel wall strain in the diseased carotid bifurcation model. 

Three key time points throughout the cardiac cycle are 

visualized, showing distinct flow patterns and strain features. In 

panel A, the peak systolic phase is visualized, where highest 

blood velocities of the cardiac cycle occur. Predominantly 

forward flow is observed, with peak velocities towards and near 

the flow divider and in the stenosed internal carotid artery. 

Furthermore, the onset of a vortex is visible close to the upper 

wall of the external carotid. The observed vortex flow pattern is 

smoother for the L12-5 than for the MS250. Distortions in the 

velocity field of the MS250 are visible at larger depth. For the 

L12-5, a smooth velocity field is observed, except for the non-

axis-symmetric flow pattern visible at the entrance of the 

internal carotid, which is shown as a local dip, or two distinct 

peaks, in the flow trajectory. This is probably due to the 

shadowing and mirroring artifacts as described earlier (see also 

Fig. 6). These artifacts are even more predominant for the 

MS250, which results in distorted velocity fields with incorrect 

velocity directions. Velocities estimated close to the upper wall 

of the external carotid differ for both transducers. The MS250 

shows low velocities close to the wall, whereas the estimated 

velocities by the L12-5 are (close to) zero. A frame in the 

systolic deceleration phase is shown in panel B. Full vortex 

formation is visible at the entrance of the external carotid, 

which will remain present also in diastolic phase. Both 

transducers are capable of capturing this complex low velocity, 

swirling flow pattern. Panel C shows a frame in late diastole, 

where low velocities dominate. All three panels show the 

presence of secondary flows in the external carotid artery. It 

looks like blood is coming from the vessel wall, however, it is 

actually coming from the surrounding planes and it is moving 

into the imaging plane, which is caused by the geometry of the 

lumen [67]. This effect is less visible in the L12-5 results as 

compared to the MS250 results. 

Regarding the principal strain distribution in panel A, at 

maximum blood velocity in the peak systolic phase, an overall 

strain gradient propagating into the surrounding tissue of both 

transducers can be appreciated. The strain starts to develop and 

exposes a vessel wall like delineation for the upper and middle 

part for the MS250. The MS250 lower region starts to show 

unrealistic strain estimations in contrast to the L12-5. Panel (b) 

and Fig. 7 show the maximum strain distribution at maximum 

distention with respect to the end diastolic frame. The location 

of the strain artifacts for both transducers, in the lower part of 

the phantom, coincides with the flow artifact below the flow 

divider, confirming the cause of these errors. At the end of the 

cardiac cycle, see panel C, a relatively low residual strain can 

be appreciated in spite of propagated artifacts throughout the 

cardiac cycle which resulted in erroneous, high negative strain 

values. 

V. DISCUSSION 

In this paper, the potential of ultrafast, high frequency 

ultrasound imaging for the assessment of vessel wall and blood 

flow dynamics in the carotid artery was investigated. The 

performance of a high frequency transducer was compared with 

a clinically utilized transducer in providing this information.  

Firstly, straight tube experiments were conducted to perform 

a quantitative comparison between both transducers by 

assessing accuracy and precision for both blood velocity and 

vessel wall strain estimation. These experiments revealed the 

ability for estimating the blood velocity magnitude and angle 

using data obtained by both transducers: low magnitude (< 5%) 

and angle (< -0.25°) bias and SD values were found for the 

MS250 and L12-5. The MS250 slightly outperformed the L12-

5 close to the vessel wall. Regarding the strain validation, the 

L12-5 shows an overall good performance which is less depth 

dependent than the MS250, while the MS250 was able to better 

resolve high displacements and strain in the vessel wall. The 

differences are predominantly expressed in a more overall 

smoothing of the L12-5 estimates instead of a difference in 
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spatial ability to resolve the underlying displacement and strain 

distributions. However, spatial smoothing will suppress local 

maxima and minima, explaining the differences in the 

maximum compressive strain peak near the lumen. 

Furthermore, the validation reference was based on a theoretical 

fit using experimental displacement data of both probes 

together. This might lead to a skewed reference compared to the 

true displacement field. In order to minimize this skewing and 

to resolve a reliable reference displacement, a single fit was 

performed incorporating multiple pressure steps assuming 

linear deformation of the validation vessel. 

Secondly, a sophisticated bifurcation phantom was 

constructed, based on a patient-specific geometry, to obtain 

realistic ultrasound data in an experimental setting. Material 

characteristics and geometry of the phantom were shown to be 

very similar to the finite element model (see Fig. 1 (a) and the 

appendix). Despite the lack of heterogeneous tissue 

composition, like calcifications and lipid-rich regions, realistic 

flow and pressure could be realized providing realistic strain 

and velocity fields closely resembling the in vivo situation. 

With respect to the attenuation, the phantom material has values 

which can be expected in patients and also the depth of the 

bifurcation corresponds to that in an average patient. However, 

when a thick subcutaneous fat layer is present, the part of the 

carotid artery for which strains and flow can be estimated using 

the high frequency probe might differ. We expect that for 

regular patients with superficially located arteries it will be 

possible to also obtain accurate strain and flow estimates in the 

bottom common carotid arterial wall region.  

Blood velocity and vessel wall principal strain results 

obtained in the bifurcation phantom were compared 

qualitatively, since no ground-truth values were available. 

Overall, similar events in the evolution of the principal strain 

and velocity patterns over the cardiac cycle were visible for 

both transducers. The most important observed differences 

between the performances of both transducers can be 

summarized as follows. First of all, the MS250 was able to 

provide more local velocity and strain information, caused by 

the higher axial and lateral resolution within the imaging plane, 

and by the smaller beamwidth in the elevational direction, 

causing less averaging within the beam. Similar effects were 

observed in the flow validation results, showing more accurate 

velocity estimates close to the vessel wall using the MS250 

transducer. At larger depths (> 2 cm), presumably incorrect 

principal strain and velocities were found by the MS250, due to 

the higher amount of attenuation, while the L12-5 transducer 

was still able to estimate credible strain and velocity estimates. 

Finally, the high frequency MS250 transducer showed the 

capability of estimating low velocity blood flow close to the 

vessel wall, at shallow depths. This is most likely caused by the 

relatively higher blood signal intensity, and thereby a higher 

clutter-to-blood intensity, which is a direct consequence of 

using high frequency ultrasound, since the power of blood 

signal scales with the center frequency to the power of four [68]. 

Estimating velocities close to the vessel wall is crucial for shear 

stress analysis, which is reported to be highly involved in the 

development and destabilization of atherosclerotic plaques [69-

72]. The angle dependent displacement estimation sensitivity is 

related to the spatial resolution defined by the point spread 

function which, amongst elevational beam width and SNR, is 

one of the reasons that the MS250 is capable of resolving low 

blood velocities closer to the vessel wall compared to the L12-

5 (see Fig. 8). However, the fact that the L12-5 shows a 

smoother representation of the vortices for all phases compared 

to the MS250 is due to a more pronounced spatial smoothing 

since the smoothing kernels were kept equal in sample points 

instead of metric units for comparison reasons described 

earlier.  Altogether, the results show the potential of using high 

frequency ultrasound for imaging vessels at shallow depths, up 

to 2 cm. This implies that the high frequency probe could be 

useful in clinic for strain and blood velocity imaging. The high 

frequency transducer might also be applied to smaller, more 

superficial arteries, such as the radial artery, although the 

clinical value of functional imaging of these arteries is yet to be 

determined. 

Due to patient and probe movement, misalignment of 

imaging planes, physiological variance in blood pressure and 

resulting blood flow, using in vivo data for both quantitative and 

qualitative performance comparison of two transducers is not 

feasible. In the presented experimental setting, these variables 

were well controlled which enabled a qualitative comparison. 

As described, physiological flow and strain values were 

obtained in the experimental setting, implying the in vivo 

situation was closely mimicked. However, translating this 

technique towards in vivo applications will come with some 

additional challenges. Tissue inhomogeneity’s, like 

calcifications, and larger imaging depths are common for 

diseased carotid artery scanning and will result in increased 

attenuation, thereby decreasing the imaging SNR. This will 

compromise the cross-correlation-based blood flow velocity 

and strain estimation techniques. The effect of these challenges 

will be more profound for high frequency imaging than for 

conventional frequency imaging. 

For the validation vessel, the maximum strain should always 

occur at the vessel wall-blood transition and cannot be 

dislocated into the tissue. This even holds for differences in 

Young’s moduli of the vessel wall and surrounding as long as 

circle symmetry applies. The strain distribution at the upper 

vessel wall-blood transition of the bifurcation phantom shows a 

dislocation of the highest strain region similar as observed for 

the straight tube validation. However, since the bifurcation 

phantom is a 3D complex geometry experiencing complex 3D 

deformation, one cannot assume circle symmetry and complex 

strain patterns could arise. As an example; the middle part of 

the bifurcation (Fig. 8 (b), flow divider), in between the internal 

and external carotid artery, is compressed from both sides 

resulting in a high strain region surrounded by lower strain 

regions. Consequently, strain estimation at vessel wall blood 

transitions should be considered with care.  

Clutter filtering remains one of the major challenges in blood 

velocity imaging [73-75]. However, the availability of 

continuous plane wave data allows for filtering using large 

ensemble sizes, where filter order is no longer limited. In 

present work, this new flexibility was used for scaling the FIR 
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filter order according to the center frequency difference of the 

transducers. The choice for similar filter characteristics, to 

ensure equal attenuating power, has a direct effect on the data 

quality after filtering, showing more remaining clutter after 

filtering for the L12-5 transducer (Fig. 6), due to frequency 

dependent attenuation and blood pool scattering. Filter 

characteristics can be further improved by using even higher 

filter orders, with narrower stopbands and shorter transition 

regions, making it possible to measure low blood velocities. 

Furthermore, the use of filters which adapt to surrounding tissue 

motion, i.e., time varying filters, have the potential to further 

improve the velocity estimation. 

Although speckle tracking can measure velocities beyond the 

Nyquist limit, velocities higher than the Nyquist velocity will 

wrap around the velocity scale during the clutter filtering 

process. This means that several velocities (frequencies) can be 

attenuated when falling into the stop band or transition region 

of the clutter filter. Although this effect can be present, 

especially for the high frequency transducer, the velocity 

estimation was not, or minimally affected by this. This could be 

assigned to the fact that speckle tracking is based on the spatial 

correlation of all available frequencies, i.e., it uses a broad band 

approach, and therefore, is not directly influenced by the 

attenuation of several frequencies [76]. This is in accordance 

with other studies that showed that speckle tracking is able to 

yield consistent velocity estimates within the filter transition 

region and below the velocity cut-off [73, 76].   

Speckle tracking overcomes one of the major limitations of 

conventional Doppler techniques, the angle dependency. Full 

2D velocity fields were visualized in this work, including the 

presence of short-lived, complex patterns, such as vortices. 

These patterns would have been impossible to capture by a user 

during a conventional examination using Doppler, since angle 

correction in those regions is impossible. Furthermore, due to 

the limited frame rate, these short-lived events would be easily 

missed.  

VI. CONCLUSION 

Overall, the straight tube validation measurements showed 

that both high frequency and conventional ultrasound ultrafast 

imaging were capable of providing reliable strain and flow 

information. The results obtained in the patient specific 

bifurcation phantom, - corroborated by the validation 

experiments - illustrated the ability to resolve complex strain 

and flow patterns throughout the cardiac cycle, without the 

prerequisite of contrast agents. Both strain and flow were 

derived from the same ultrasound acquisition allowing a 

seamless representation throughout the cardiac cycle. The use 

of high frequency as compared to conventional frequency 

ultrafast ultrasound is beneficial for accurately estimating high 

vessel wall strains and low velocity blood flow close to the 

vessel wall – lumen border. Due to the increased resolution, 

more local information can be obtained, however, the 

applicability is limited to 2 cm of depth. These above mentioned 

benefits might aid in establishing a more reliable 

characterization of atherosclerotic plaque geometry and 

progression. Finally, the choice of transducer center frequency 

should be based on the specific conditions concerning the vessel 

of interest, such as depth, anatomical features and the desired 

functional dynamics that need to be estimated. 

APPENDIX 

A. Phantom characterization  

The Young’s modulus estimation of both the validation 

vessel alone and within the surrounding was derived from the 

stress-strain relation (5) by measuring the strains induced in the 

phantom at various static pressure levels. Static pressure levels 

were obtained by connecting the vessel to a closed water circuit 

pressurized by a syringe and connected to a pressure sensor 

(TruWave pressure transducer, Edwards Lifesciences Corp. 

Irvine, CA). The applied pressures for the vessel alone ranged 

from 3.6 till 76.4 mmHg in 7 steps of ~ 10 mmHg. The pressure 

levels for the vessel within the surrounding ranged from 3.6 till 

160.1 mmHg with increments of ~ 5 mmHg.   

To measure strain, ultrasound plane wave acquisitions were 

performed for each intraluminal pressure level using the MS250 

high frequency transducer in longitudinal position. The 

acquired channel data were beamformed using the delay and 

sum algorithm as described in the Methods section and 

averaged along the vessel axis. For strain estimation, automatic 

vessel wall delineation and diameter estimation were performed 

based on the RF data averaged along the vessel axis (see Fig. 

9). Subsequently, the vessel wall edge crossings were found at 

predefined levels of the averaged RF signal. 

When assuming no external pressure and a homogenous 

isotropic material, the mean circumferential strain εθ_l [77] for a 

thick walled tube at the lumen for a certain luminal pressure 

level i is given by, 

 𝜀𝜃_𝑙(𝑖) =  
𝑑𝑙(𝑖) −  min 𝑑𝑙

min 𝑑𝑙
 (1) 

Where dl is the lumen diameter and mindl is the diameter at a 

lower reference pressure. The mean circumferential σθ_l and 

radial σr_l stress [77] at the lumen, for a thick walled tube are 

given by, 

 

𝜎𝜃_𝑙(𝑖) =
𝑃𝑙(𝑖) ∙ (𝑑𝑙(𝑖)/2)2

(𝑑𝑣(𝑖)/2)2 − (𝑑𝑙(𝑖)/2)2

∙ (
(𝑑𝑣(𝑖)/2)2

(𝑑𝑙(𝑖)/2)2
+ 1) 

(2) 

 

 

𝜎𝑟_𝑙(𝑖) =
𝑃𝑙(𝑖) ∙ (𝑑𝑙(𝑖)/2)2

(𝑑𝑣(𝑖)/2)2 − (𝑑𝑙(𝑖)/2)2

∙ (−
(𝑑𝑣(𝑖)/2)2

(𝑑𝑙(𝑖)/2)2
+ 1) 

(3) 

With Pl the intraluminal pressure and dv the vessel diameter. 

Combined radial and circumferential stress σl, when assuming 

near incompressibility with a Poisson’s ν ratio of 0.495 and zero 

longitudinal strain, is given by,  

 
𝜎𝑙(𝑖) = (1 + 𝜈) ∙ ((1 − 𝜈) ∙ 𝜎𝜃_𝑙(𝑖) − 𝜈

∙ 𝜎𝑟_𝑙(𝑖)) 
(4) 
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Assuming linear elastic material properties, the Young’s 

modulus (E) can be estimated by linear fitting of the stress strain 

relations of both conditions, as depicted in Fig. 10. In case of 

pre-strain or pre-stress the Young’s modulus is given by the 

first derivative of the stress strain relation, 

 𝐸 =
𝑑𝜎𝑙

𝑑𝜀𝜃_𝑙
 (5) 

The Young’s modulus of the validation vessel phantom was 

estimated by the stress strain relations depicted in Fig. 10. The 

lumen diameter range for the vessel was 4.82 mm to 6.54 mm 

and 4.80 mm to 5.81 mm with a wall thickness range of 1.43 

mm to 1.23 mm and 1.43 mm to 1.37 mm for the validation 

vessel and the validation vessel with surrounding, respectively. 

Fig. 10 shows the linear LSQ fit yielding an E = 85 ± 2 kPa for 

the single vessel and an effective E = 225 ± 3 kPa for the 

validation vessel embedded in the surrounding body.  
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TABLE I 
TRANSDUCER PROPERTIES AND ACQUISITION PARAMETERS 

Property MS250 L12-5 

Center frequency  21 MHz 8.9 MHz 
Sampling frequency 62.5 MHz 35.7 MHz 
Transducer element pitch 90 μm 195 μm 
Nr. of transducer elements 256 256 
Nr. of active transmit/receive 
elements 

256 128 

Transmit aperture size 23.04 mm 24.96 mm 
Elevational focus width 1.0 mm1 1.6 mm1 
Elevational focus depth 
Axial resolution2 

Lateral resolution2 

15 mm 
0.10 mm 
0.15 mm 

18 mm 
0.16 mm 
0.31 mm 

Excitation signal 3-cycle pulse at center frequency 
Pulse repetition frequency 4 kHz 
1based on -6dB normalized pressure values 
2based on simulated Verasonics acquisition of a point scatterer at 
elevational focus depth 

 

TABLE II 

BEAMFORMING PARAMETERS 

 MS250 L12-5 

Apodization window Hamming Hamming 
F-number 0.875 0.875 
Axial sampling beamforming grid 4.62 μm 10.8 μm 
Lateral sampling beamforming grid 38.8 μm 48.5 μm 

 

TABLE III 

SETTINGS USED IN THE 2-STEP CROSS-CORRELATION-BASED DISPLACEMENT ESTIMATION ALGORITHM 

   Vessel wall  dynamics Blood flow dynamics 

   L12-5 MS250 L12-5 MS250 

Window size ± single sided search 

area [samples] 

First iteration Axial 

Lateral 

33 ± 5 

5 ± 3 

33 ± 11 

5 ± 3 

129 ± 35 

31 ± 8 

129 ± 81 

31 ± 10 

Second iteration Axial 

Lateral 

33 ± 4 

3 ± 3 

33 ± 4 

3 ± 3 

65 ± 10 

25 ± 10 

65 ± 10 

25 ± 10 

2D Median filtering [samples] 

 

First iteration Axial 

Lateral 

- 

- 

- 

- 

7 x 13 

7 x 13 

7 x 13 

7 x 13 

Second iteration Axial 

lateral 

15 x 11a 

31 x 23a 

15 x 11a 

31 x 23a 

7 x 7 

7 x 7 

7 x 7 

7 x 7 

2D interpolation of CC function  spline cubic 

LSQSE window [samples] 

 

Axial and axial shear 

Lateral and lateral shear 

31 x 23 

63 x 47 

31 x 23 

63 x 47 

- 

- 

- 

- 
a Including edge detection 

 
TABLE IV 

CLUTTER FILTER CUT-OFF POINT FOR THE FIR FILTERS 

 -3 dB -10 dB -20 dB -40 dB -70 dB 

vcut-off,axial [cm/s] 1.18 0.7 0.39 0.16 0.025 
fcut-off  MS2501 0.159 0.096 0.053 0.021 0.003 
fcut-off  L12-51 0.068 0.041 0.023 0.009 0.0015 
1Normalized frequency, [*fNyquist]  
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TABLE V 
MEAN RELATIVE BIAS AND SD OF THE DISPLACEMENT AND STRAIN ESTIMATES OF THE MS250 AND L12-5 TRANSDUCERS 

  MS250  L12-5 

  Displacement Strain  Displacement Strain 

  Mean Bias Mean SD Mean Bias Mean SD  Mean Bias Mean SD Mean Bias Mean SD 

Superficial 
Surrounding 

A 4.5% 2.2% -20.5% 11.7 % E 5.7%  1.9% 2.8% 11.9% 

Superficial Wall B -3.5% -2.5% -61.8% 41.3 % F -9.6%  3.3% -56.0% 10.7% 

Deep Wall C -7.5%  -1.6% -45.0% 11.7% G -11.3% -2.5% -58.3% 11.9% 

Deep Surrounding D 65.4% -24.7% 27.9%  11.7 %  H -5.8%  -7.4% -5.5%  11.9% 

 

TABLE VI 

BIAS AND SD IN STRAIGHT VESSEL EXPERIMENTS 

Beam-to-flow angle 90° 75° 

  MS250 L12-5 MS250 L12-5 

|v|  Bias [%] 3.88 4.99 0.57 1.29 
SD [%] 1.20 3.41 1.69 4.05 

Angle Bias [°] -0.04 0.07 -0.25 -0.10 

SD [°] 0.05 0.08 0.28 0.58 
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Fig. 1.  (a) Longitudinal 3D view of the finite element model of an atherosclerotic carotid artery at the bifurcation based on a 75 year old male with an 
asymptomatic stenosis of 72% in the internal carotid artery. This figure shows only the intima (E = 250 kPa, ν = 0.4999) in which different tissue types are 
modeled such as fatty plaques and calcifications which are distributed along the vessel wall. (b) Negative 3D single-sided mold definition of the FEM model 
of the vessel wall. (c) The lumen shape definition is detachable at the bifurcation enabling extraction after the PVA pouring process. (d) After the creation of 
the validation and CA vessel phantoms, they are positioned in the mold defining the surrounding tissue shape. Please note that the CA vessel is visualized in 
black while the validation vessel is absent in this schematic overview.   

 

 
Fig. 2.  (a) The final PVA bifurcation phantom with the lumen mold in place prior to the lumen extraction procedure. (b) The fixation of both probes positioned 
above the phantom attached to the translation stage. (c) An overview of the complete experimental setup where the blood mimicking fluid (BMF) is pumped 
through the phantom. The fluid enters the common carotid and exits through the internal and external vessels where the flow resistors were set such that 
equal outflow was guaranteed for both exit vessels. A custom made program (LabVIEW) enables pump control according to a realistic in vivo flow curve. The 
probes were connected to a Verasonics Vantage system acquiring plane wave ultrasound data at a PRF of 4 kHz. 
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Fig. 3.  B-mode representation overlaid with the color coded estimate and reference displacement of the straight validation vessel embedded in surrounding 
for both probes (center panel). Comparison of the estimated displacement profiles (yellow) and the reference displacement (red) divided into 4 spatial 
segments for the MS250 (A-D) and the L12-5 (E-H) (left and right panels). The dashed vertical line indicates the vessel wall surrounding transition. 

 

 
Fig. 4.  Comparison between the estimates strain (yellow) and reference strain (red) profiles for both probes divided into 4 spatial segments for the MS250 
(A-D) and the L12-5 (E-H). The dashed vertical line indicates the vessel wall surrounding transition. 
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Fig. 5.  Comparison between measured and true velocity profiles for the 
straight tube experiments. Panel (a) presents the results for a beam-to-flow 
angle of 90°, panel (b) for a beam-to-flow angle of 75°. The mean (black line) 
and standard deviation (±1 SD) of the measured velocity magnitude (top 
row) and velocity angle (bottom row) are compared to the theoretical 
profile (red dotted line). 
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Fig. 6.  (a) B-mode images of the bifurcation phantom with the Internal Carotid Artery (ICA), the External Carotid Artery (ECA) and the Communis (CO) before 
(left) and after (right) clutter filtering. (b) Mean blood and clutter signal intensities, averaged over one pressure cycle, for both the MS250 and L12-5 
transducer, obtained at position a and b as indicated in the B-mode images. Gray panels correspond to the lumen areas. 
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Fig. 7.  B-mode representation overlaid with the principal strains for the high frequency probe MS250 versus the L12-5 probe at the minimum to maximum 
dilatation of the vessel present in the cardiac cycle. The principal strain overlay consist of a combination of strain components based on the maximum absolute 
value of eigenvalues and their corresponding eigenvector. This classification yields a strain map indicating the maximum deformation acting on the center of 
the specific eigenvector axis as depicted by the direction indicator. Please note that this could be either compressive or tensile deformations. 
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Fig. 8.  B-mode images of the carotid bifurcation phantom overlaid with both the 2D blood velocity fields and the 
principal strains in the vessel wall and its surrounding, for three key time points during the cardiac cycle: (a) the peak 
systolic phase, where the highest blood velocities occur, (b) a frame in systolic deceleration, where peak strain values 
are observed, (c) A frame in late diastole, where low blood velocities and strain values are present. In the right column 
of the figure a zoomed region around the vortices is visualized. Please note the use of a different colorwheel, to 
emphasize the lower blood velocities present in this region. At the bottom of the figure, the flow and pressure curves 
are visualized for one cardiac cycle, with the time point A, B and C indicated. For a full overview of the results throughout 
the entire cardiac cycle, the reader is referred to the additional multimedia file: StrainAndBloodFlowDynamics.mp4. The 
movie shows the temporal evolution of the flow and strain patterns in the bifurcation phantom. 
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Fig. 9.  A least squares linear fit of the stress strain 
relations in which the slope represents the Young 
modulus. Evessel indicates the Young’s modulus of 
the single validation vessel mounted at both ends 
and submerged in a water bad. E*vessel+surrounding 
indicates the effective Young’s modulus of the 
validation vessel embedded in the surrounding 
body. Please note the slight presence of pre-
stress. 

 

 
Fig. 10.  B-mode representation of the validation vessel within the 
surrounding body overlaid with the RF signal averaged along the 
vessel axis. The vessel wall thickness and diameters are determined 
using the RF signal peak position and the crossing of the indicated 
levels b, c and d at multiple static pressure levels. 

 


