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ABSTRACT
Percutaneous coronary intervention (PCI) is a common minimally-invasive 

procedure for treating coronary artery stenosis. However, 10% of patients with non-
complex lesions experience restenosis within five years of initial PCI. Wall shear stress 
(WSS) is a physiological marker that provides additional predictive value for 
restenosis. The ability to estimate WSS during PCI could identify patients at high risk 
for restenosis. In order to assess the accuracy of intravascular ultrasound WSS 
imaging in coronary geometries, a high-frequency linear array was used to image 
three unique coronary phantom geometries before stenting and with partially- and 
fully-expanded stents. Acquired 2D WSS images were registered and compared with 
3D in silico results. Finally, 3D images were acquired in a single geometry using a 
newly-developed intravascular ultrasound matrix array. Ultrasound-derived flow 
velocity maps demonstrated a mean absolute percentage error of 13.04 ± 4.82% 
relative to simulations, with a mean correlation of 81.91 ± 14.59%. Segments with 
partially-expanded stents exhibited decreased mean WSS (0.0800 ± 0.0233 Pa vs. 
0.1328 ± 0.0265 Pa, p=0.0479) and increased WSS spatial variance (0.0038 ± 0.0011 
Pa2 vs. 0.00069 ± 0.000090 Pa2, p=0.0546) compared to segments with fully 
expanded stents. Accurate WSS imaging during PCI could stratify restenosis risk and 
inform long-term coronary modeling (i.e. digital twin system).

KEYWORDS
Wall shear stress, intravascular ultrasound, stent malapposition, blood flow velocity, 
coronary artery, percutaneous coronary intervention optimization
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INTRODUCTION
In 2019, coronary artery disease (CAD) affected 124 million individuals, was 

responsible for 9 million deaths worldwide, and was the leading contributor to 
disability-adjusted life years (DALYs) with 164 million years [1, 2]. Atherosclerosis is 
the primary cause of CAD and is characterized by plaque accumulation within the 
coronary arteries. While atherosclerosis is highly multifactorial, it is generally 
understood to initiate with damage to the endothelium from oxidative stress, which 
leads to deposition of low-density lipoproteins and in turn promotes a positive 
feedback cycle of leukocyte recruitment, foam cell formation, necrosis and apoptosis, 
and smooth muscle proliferation [3, 4]. 

Symptomatic CAD-patients often experience chest pain due to ischemia. 
Percutaneous coronary intervention (PCI) is the preferred treatment for relieving 
symptoms of ischemia, with approximately 3 million procedures performed annually 
[5, 6]. PCI is preferred to coronary artery bypass graft (CABG) due to its minimally 
invasive nature, decreased recovery times and mortality rates, and reduced risk for 
post-procedural stroke [7, 8]. The introduction of drug-eluting stents (DES) further 
improved treatment of CAD, reducing restenosis rates to approximately 2-10% for 
non-complex lesions in the first year post-PCI [9]. While improvements from bare 
metal stents to DES have greatly improved patient outcomes, it remains that 
approximately 10% of patients with non-complex lesions still experience in-stent 
restenosis or stent thrombosis within 5 years of their initial PCI [10-14]. For complex 
lesions, the risk for restenosis increases to 13-20% over a 5-year period [15]. 
Additionally, 25%-33% of patients experience recurrent angina by the 1-year follow-
up and/or a major adverse cardiac event (MACE) such as death, nonfatal myocardial 
infarction (MI), or target lesion revascularization by the 2-year follow-up [16]. 

Current consensus guidelines recommend the use of intracoronary imaging—
optical coherence tomography (OCT) or intravascular ultrasound (IVUS)—in addition 
to angiography to improve patient outcomes and reduce in-stent restenosis rates [10, 
17-19]. Despite these recommendations, angiography alone is used in 83.8% of all 
PCI cases [20]. Furthermore, angiography forms 2D projection images of 3D anatomy 
which limits its ability to assess stent apposition, minimal luminal area (MLA), and 
plaque composition [21]. Evaluation of these criteria using angiography alone may 
result in stent failure due to underexpansion, edge dissection, or geographical miss, 
which are all associated with elevated risk for MACE and restenosis [12, 21]. 

Current intracoronary imaging techniques only provide geometric assessment in 
coronary arteries. Considering imaging modalities, IVUS can characterize the plaque 
and stent apposition with a spatial resolution of ~40 µm at 40 MHz and a penetration 
depth of ~6 mm [22]. When PCI is guided by IVUS, long-term cardiac death and 
revascularization rates are significantly reduced compared to angiography-guided PCI 
in complex lesions [12]. However, current IVUS devices lack the ability to image 
hemodynamics because they are side viewing, and thus the ultrasound beam is 
orthogonal to the primary direction of blood flow. 

OCT provides higher spatial resolution (~10 µm), thus OCT can assess the plaque 
and geometric apposition, however, it lacks the ability to image local hemodynamics 
[23, 24]. In addition to geometric apposition assessment, the ability to image 
hemodynamics could reveal underlying factors that may lead to restenosis in an 
individual patient to stratify risk of restenosis. For example, neoatherosclerosis or 
neointimal hyperplasia are hemodynamic-dependent causes of restenosis [25]. 
Hemodynamic characterization could influence lesion preparation, choice of stent 
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type and size, deployment strategy, and post-implantation assessment of stent 
expansion and apposition, and risk of restenosis after stent deployment [26].

Wall shear stress (WSS) is an established hemodynamic marker that refers to the 
tangential component of the normal stress acting along the boundary in an 
incompressible fluid [27, 28]. WSS is correlated also an indicator of likelihood of 
restenosis [29-32]. Elevated WSS is associated with expansive vascular remodeling 
and increased plaque vulnerability [33-37]. In the PROSPECT trial, locally decreased 
WSS was found to provide incremental risk stratification for non-stented lesions in 
high-risk patients compared to plaque burden, MLA, and morphology alone [31]. 
Therefore, understanding the impact of stents on WSS at the target lesion is 
important for characterizing risk of restenosis post-PCI.

Post-PCI, stents have been shown to cause a variety of changes to the local 
hemodynamics. The oscillatory pattern of the struts along the vessel wall generates 
regions of high WSS at the struts and low WSS in the regions between the struts, 
disrupting the local hemodynamics [38]. Furthermore, underexpansion of stents is 
associated with high WSS [39], while the stent footprint alone results in low local WSS 
[40]. Finally, malapposed struts induce significant changes such as transitions from 
laminar to disturbed flow and the generation of recirculation zones [41]. Thus, the 
ability to image these complex WSS interactions could allow interventionalists to 
further optimize stent placement during PCI and improve risk stratification for 
patients post-PCI. 

In order to estimate and spatially map WSS, both anatomical and physiological 
measurements are required. The current standard for local WSS estimation is to use 
anatomical imaging modalities including computed tomography angiography (CTA) 
and IVUS or OCT with wire-based measurements (e.g., FFR) as inputs to 
computational fluid dynamic (CFD) modeling [42-44]. CFD in patient-specific 
geometries can be highly accurate if patient-specific measurements are acquired to 
provide the required boundary conditions, however, it is computationally expensive 
[45, 46]. Several studies have utilized CFD to investigate the hemodynamic impact of 
stent footprints in idealized or animal artery models [47-50]. Recent investigations 
have embedded stents in patient-specific geometries and then simulated 
hemodynamics based on OCT  [51-54]. These studies have shown that the presence 
of the stent struts leads to lower WSS and disturbed flow patterns [40], [55]. For 
example, in a longitudinal study of 12 patients, a negative correlation was shown 
between WSS and plaque progression [55]. Related studies reported similar results 
in the absence of clear malapposition [56, 57]. Thus, although CFD lacks the ability 
to estimate WSS in real-time for PCI optimization, it is the best current method for 
hemodynamic assessment and may offer incremental information to inform long-term 
clinical decision-making, including as part of a digital-twin system post-PCI. 

As an alternative to CFD, imaging modalities could be augmented to map WSS 
and guide clinical decision-making. Currently, WSS in coronary arteries can be 
estimated with imaging using phase contrast MRI (PC-MRI) or ultrasound. PC-MRI is 
used to estimate WSS in vivo in larger vessels like carotid arteries and the aorta, 
however, it is challenging to accurately estimate WSS in small, mobile arteries like 
coronary arteries due to the spatial and temporal resolution requirements [58-61]. 
Alternatively, ultrasound (US) has been used to estimate WSS in vivo in larger arteries 
like the femoral, aorta, and carotid arteries [62, 63]. Furthermore, development of 
ultrasound techniques like multi-angle vector flow imaging and ultrafast plane-wave 
imaging has provided 2D and 3D blood flow velocity mapping at even higher frame 
rates in the carotid bifurcation, brachial, and femoral arteries [64-66] .
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These prior studies demonstrating US-based WSS estimation have utilized large, 
non-invasive arrays that lack the spatial resolution and penetration depth needed to 
accurately map WSS in coronary arteries. Given that intra-coronary imaging such as 
IVUS is recommended for PCI guidance, if forward-viewing IVUS (FV-IVUS) could 
simultaneously image anatomy and blood flow velocity, then WSS imaging—an 
additional marker with incremental value for risk stratification—could be provided to 
the interventional cardiologist during the PCI procedure. This would require a FV-IVUS 
matrix array, which we have been developing and evaluating in our lab [67, 68]. If 
WSS variation in stented arteries can be accurately estimated with FV-IVUS, it may 
be possible to optimize stenting and identify high-risk patients for early follow-up 
(e.g., stress testing or angiography in 3-6 months) or adjunct therapy like cilostazol, 
per prior guidelines [69, 70]. Finally, the anatomical and physiological data might also 
serve as inputs to a coronary health digital twin system to predict long-term patient 
outcomes [71, 72].

The goal of this work is to demonstrate that US imaging alone can accurately map 
WSS in coronary artery geometries pre- and post-stenting. We present the first study 
of US-based WSS imaging in stented coronary geometries. WSS maps were formed 
1) in physical tissue-mimicking phantoms with US and 2) in silico in the same 
geometries via CFD. In addition to these 2D US images acquired with a commercial 
high-frequency, we also present as an initial proof-of-concept the first real-time 3D 
US-derived images of WSS using our recently-developed FV-IVUS matrix array [68]. 

RESULTS
CFD and US imaging in phantom geometries before stenting

The geometries used in both physical and in silico phantoms can be seen in the B-
mode (grayscale) part of the US images prior to stenting (Fig. 1). While a uniformly 
low WSS is observed in the case of a straight geometry (Fig. 1a), a 55% stenosis (Fig. 
1b) and a patient-specific stenosis (Fig. 1c) result in increased velocity and WSS near 
the stenosis. The 55% stenosis (Fig. 1b), which is more severe than the patient-
specific stenosis in Fig. 1c, has the highest peak WSS (0.6423 Pa). 

Fig. 1. B-mode ultrasound images with vector Doppler and wall shear stress overlays of 
phantoms prior to stenting for a) straight vessel phantom, b) stenotic phantom with 55% 
stenosis, and c) patient specific LAD vessel phantom. The mean WSS values for the middle 
segment are: (A) 0.0943 ± 0.0042 Pa (no stenosis), (B) 0.2750 ± 0.1489 Pa (55% stenosis), 
and (C) 0.1536 ± 0.0304 Pa (patient-specific stenosis).
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CFD after stenting 
The in silico velocity magnitude maps for the stented vessels are shown in Fig. 2 

for a single cross-sectional plane located along the length of each vessel. For each 
case, the first image indicates the location of the cross-sectional plane in contact with 
the stent struts, and the second image shows a magnified version of the isolated 
velocity map. Maximum velocity values for Fig. 2 varied between 4.78 cm/s and 12.32 
cm/s and were generally located near the center lumen of each vessel. The maximum 
velocity values were: (A) 12.32 cm/s for a 55% stenosis with a partially-expanded 
stent, (B) 5.28 cm/s for a 55% stenosis with a fully-expanded stent, (C) 9.19 cm/s for 
a patient-specific vessel geometry with a partially expanded stent, and (D) 4.78 cm/s 
for a patient-specific vessel geometry with a fully-expanded stent. 

The in silico 3D WSS maps for the stented region of each vessel and a cross-
sectional view of the interior lumen and stent struts are shown in Fig. 3. Peak WSS 
values range from 1.849 to 5.338 Pa, where the maximum values for each case were: 
(A) 5.338 Pa for a 55% stenosis with a partially expanded stent, (B) 3.209 Pa for a 
55% stenosis with a fully-expanded stent, (C) 3.521 Pa for a patient-specific vessel 
geometry with a partially expanded stent, and (D) 1.849 Pa for a patient-specific 
vessel geometry with a fully-expanded stent. At locations of stent malapposition, the 
WSS on the inner surface was lower than in the surrounding lumen, often exhibiting 
a color pattern corresponding to the shape of the local partially expanded strut (Fig. 
3C, proximal end). However, when large portions of the stent are severely 
malapposed towards the center of the vessel, locations of high WSS are also seen, 
likely due to local flow acceleration induced by the intertwining free-hanging struts 
(Fig. 3A and D). 
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Fig. 2. Wall shear stress (WSS) surface streamlines with normalized WSS vector glyphs for 
four stent deployment scenarios. The color corresponds to the magnitude of the WSS, and 
sparse white arrows in the lower panels indicate the direction of the WSS vector at each 
point on the surface for: (A) 55% stenosis, partially expanded stent; (B) 55% stenosis, fully 
expanded stent; (C) patient-specific geometry, partially expanded stent; and (D) patient-
specific geometry, fully expanded stent. Multiple surface views and corresponding cross-
sectional views are shown to highlight regions of WSS disturbance, flow separation, and 
reattachment. 

Fig. 3. 3D WSS contours in the region of interest (left) and cross-sectional views of the interior 
lumen (right) for (A) 55% stenosis with a partially expanded stent, (B) 55% stenosis with a 
fully-expanded stent, (C) Patient-specific vessel geometry with a partially expanded stent, and 
(D) Patient-specific vessel geometry with a fully expanded stent. The direction of flow is from 
left to right.

US imaging after stenting
The velocity maps for all stented geometries are shown in Supplementary Fig. S2. 
The US-derived velocity maps are shown in the first column, followed by the 
corresponding 2D slice from the CFD-derived velocity maps in the second column for 
comparison. To the right of these two maps, the range of values is shown for both US 
and CFD for each segment (proximal, middle, and distal). Similarly, the WSS maps for 
all stented geometries are shown in Fig. 4.
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Fig. 4. CFD and ultrasound-derived WSS maps for (A) a partially expanded stent in a 55% 
stenosis over 4 mm, and (B) the same geometry after the stent is fully expanded. In the 
bottom row, the ultrasound and CFD derived WSS maps are shown for (C) a partially expanded 
stent in a patient-specific geometry, and (D) the same geometry after the stent is fully 
expanded. The mean and standard deviation of values for each segment are shown on the 
right side. While the comparison here shows the difference in the WSS magnitude, the 
direction of the WSS vectors (tangent to the surface) estimated from US imaging was 
always consistent with the WSS from the CFD computations.

Straight geometry
For a straight geometry with a fully expanded stent (not shown), the peak US and 

CFD velocities were 5.325 cm/s and 5.284 cm/s, respectively. Thus, US overestimated 
the peak velocity by 0.77% compared to CFD. When the velocity was analyzed by 
region, US underestimated the velocity compared to CFD by 11.83%, 0.25%, and 
13.78% in the proximal, middle, and distal regions, respectively. The MAPE between 
US and CFD for this straight geometry case was 9.36%. The Spearman correlation 
coefficient between US-derived and CFD-derived velocities was 93.97%. 

55% stenosis 
Considering velocity for a 55% stenosis with a partially expanded stent (see 

Supplementary Fig. S2 online), the peak US and CFD velocities were 10.119 cm/s and 
9.601 cm/s, respectively. Thus, US overestimated the peak velocity by 5.12% 
compared to CFD. US underestimated the velocity by 6.41% in the proximal region. 
For the middle and distal regions, US overestimated the velocity by 6.71% and 5.75%, 
respectively. The MAPE between US and CFD for this case was 6.29%. The Spearman 
correlation coefficient was 92.47%. 

Considering velocity for a 55% stenosis with a fully expanded stent, the peak US 
and CFD velocities were 6.787 cm/s and 7.207 cm/s, respectively (Supplementary Fig. 
S2). Thus, US underestimated the peak velocity by 5.83% compared to CFD. In the 
proximal and middle regions, US underestimated the velocity compared to CFD by 
37.06% and 11.77%, respectively. In the distal region, US overestimated the velocity 
by 4.49%.The MAPE between US and CFD for this case was 17.77%. The Spearman 
correlation coefficient for US and CFD-derived velocity estimations was 83.13%. 

Considering the WSS for a partially expanded stent (Fig. 4A), US underestimated 
WSS compared to CFD by 20.38% in the proximal region and overestimated WSS by 
41.30% and 129.32% in the middle and distal regions, respectively. The MAPE 
between US-derived and CFD-derived WSS for this case was 63.63%. The spatial 
variances for US-derived and CFD-derived WSS were 0.0030 Pa2 and 0.0029 Pa2, 
respectively.  

Considering the WSS for a fully expanded stent (Fig. 4B), US underestimated the 
WSS compared to CFD by 54.40% and 31.28% in the proximal and middle regions, 
respectively. For the distal region, US overestimated the mean WSS by 3.96%. The 
MAPE between US-derived and CFD-derived WSS for this case was 29.88%. The 
spatial variances for US-derived and CFD-derived WSS were 0.000764 Pa2 and 0.0020 
Pa2, respectively. 

Patient-specific geometry
Considering velocity for a patient-specific geometry with a partially-expanded 

stent (Supplementary Fig. S2), the peak US and CFD velocities were 7.749 cm/s and 
9.186 cm/s, respectively. Thus, US underestimated the peak velocity by 15.64% 
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compared to CFD. US overestimated the mean velocity compared to CFD by 18.13%, 
12.07%, and 17.30% in the proximal, middle, and distal regions, respectively. Thus, 
the MAPE between US and CFD estimations for this case was 15.83%. The Spearman 
correlation coefficient was 82.43%. 

Considering velocity for a patient-specific geometry with a fully expanded stent 
(Supplementary Fig. S2), the peak US and CFD velocities were 4.780 cm/s and 4.782 
cm/s, respectively. Thus, US underestimated the peak velocity by 0.04% compared 
to CFD. US overestimated the velocity compared to CFD in the proximal and middle 
regions by 24.44% and 2.39%, respectively. In the distal third, US underestimated 
the mean velocity by 20.30%. Thus, the MAPE between US and CFD velocity 
estimations is 15.60%. The Spearman correlation coefficient for this case was 
57.56%. 

Considering WSS for a patient-specific geometry with a partially-expanded stent 
(Fig. 4C), US underestimated the WSS compared to CFD by 43.10%, 30.33%, and 
57.80% in the proximal, middle, and distal regions, respectively. The MAPE between 
US-derived and CFD-derived WSS was 43.74%. The spatial variance for US-derived 
and CFD-derived WSS in this case were 0.0039 Pa2 and 0.0072 Pa2, respectively. 

Considering WSS for a patient-specific geometry with a fully expanded stent (Fig. 
4D), US overestimated the mean WSS compared to CFD by 34.8% in the proximal 
region and underestimated the mean WSS in both the middle and distal regions by 
44.43% and 52.97%, respectively. The MAPE between US-derived and CFD-derived 
WSS was 44.07%. The spatial variance for US-derived and CFD-derived WSS in this 
case were 0.00079 Pa2 and 0.0011 Pa2, respectively.  

Across all cases, the fully-expanded stent conditions show a consistent mean 
velocity through each region. Segments containing a partially expanded stent 
exhibited locally decreased mean WSS (0.0800 ± 0.0233 Pa vs. 0.1328 ± 0.0265 Pa, 
p=0.0479) and increased mean spatial variance (0.0038 ± 0.0011 Pa2 vs. 0.00069 ± 
0.000090 Pa2, p=0.0546) compared to the fully expanded segments in the same 
acquisitions. The proximal region for all partially expanded cases showed a decrease 
in WSS at the wall associated with the malapposition compared to its middle and 
distal thirds. The proximal region for all partially expanded cases showed an increase 
in WSS at the wall opposite the malapposition. The straight geometry with a fully 
expanded stent (not shown) had the highest Spearman correlation of 93.97% 
between US and CFD velocity maps. For all velocity maps, the MAPE was 13.04 ± 
4.82% with a mean Spearman correlation of 81.91 ± 14.59%.

3D ultrasound-derived velocity and WSS estimation
The flow velocity and WSS are shown for two phantom geometries (straight and 

simple 50% stenosis) in Fig. 5. For the straight geometry in Fig. 5A, the peak velocity 
remained relatively constant through the middle of the artery and decreased towards 
the wall. For the stenosis in Fig. 5B, the peak velocity was located at and immediately 
downstream from the stenosis. 
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Fig. 5. Real-time 3D ultrasound-derived velocity and WSS estimation in a (A) straight 
geometry and (B) a stenotic geometry. Peak velocity and WSS in (A) were 1.4 cm/s and 0.12 
Pa, respectively. Peak velocity and WSS in (B) were 3.5 cm/s and 0.22 Pa, respectively.

DISCUSSION
Accurate velocity profiles are important for estimating WSS; the US-derived 

velocity profiles and WSS estimates for the non-stented cases appear to be similar to 
WSS spatial distributions previously reported in literature [73, 74]. The US-derived 
velocity maps for partially-expanded stents exhibited a decrease in WSS at the site 
of the malapposition, which is consistent with clinical studies investigating increased 
rate of restenosis at those locations [75-77]. 

There are several potential sources of variation between US-derived and CFD-
derived velocity and WSS maps. First, the CFD inlet boundary conditions are 
calibrated only on the flow rate and not on any spatially-dependent data and have an 
impact on the CFD solution that is only partially mitigated by the flow extensions. 
Thus, this improper boundary condition at the inlet would negatively impact 
downstream results [78]. This error could have a significant contribution to the 
variation observed between the US and CFD-derived data, particularly for the patient-
specific case in which the inlet cross section is not circular. In addition, since imaging 
was only performed in a 2D plane, the US flow profile does not capture out-of-plane 
variation in flow velocities, which affects the comparison between CFD (based on 3D 
velocities) and 2D US reconstructions [78].

Another potential source of error is the error in locating the wall of the physical 
phantom in the 2D US imaging data and also in the 3D segmentation of the micro-CT 
data. This is a well-known challenge, as small discrepancies in wall segmentation can 
significantly affect measurements of lumen diameter, flow velocity gradients, and 
therefore WSS. Furthermore, the stent generates metal artifacts in both US-based 
and micro-CT-based segmentations, however, this artifact is more severe in the 
reconstructed micro-CT volume.

Another consideration is that the geometrical complexity of the scenarios 
investigated here proves challenging to the numerical solvers. In this case, a 
consolidated commercial package (Ansys Fluent) was utilized, however, the accuracy 
of the solution is not fully guaranteed for these complex, stented geometries. In the 
future, more sophisticated mathematical tools may be needed to handle this 
complexity, for example, the Virtual Element Method (VEM) [79, 80] or a mesh-free 
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approach such as physics-informed neural networks (PINNs) [81, 82]. The extension 
of these methodologies to problems of this complexity is not trivial and will be 
pursued in follow-up studies. 

In the present study, simulations are performed under the rigid-wall assumption 
and compared with phantoms having walls that are stiffer than in vivo arteries. In 
patient-specific computational hemodynamics, several factors—both physical and 
numerical—affect the overall accuracy of the results. On the physical side, geometric 
reconstruction and boundary conditions are considered more critical to the accuracy 
of results than fluid-structure interaction (FSI) [83, 84].  

While incorporating artery stiffness via FSI would improve physical fidelity, it 
significantly increases the complexity of the simulations, particularly in the presence 
of a stent, which locally alters the mechanical properties of the vessel wall [85]. 
Conversely, Chiastra et al. compared the WSS computed for a rigid vs. compliant 
model in a simplified setting, concluding that the rigid assumption is adequate [86]. 
Therefore, given the geometric complexity in the presented cases, discrepancies 
between simulations and measurements are more likely attributable to geometric 
and numerical factors rather than to the rigid-wall assumption alone.

Finally, registration of the 2D US plane to the 3D CFD domain may introduce 
variability if there is registration error. The magnitude of the geometric mismatch is 
approximately 0.25 to 0.5 mm. Given the magnitude of this error, it is estimated that 
the produced variation in the WSS is approximately 4.17 ± 3.66%. Specifically, slight 
angular rotations in the plane near the transducer during registration will produce 
increasingly larger errors moving towards the distal end of the plane. In the partially 
expanded cases, the struts provide anatomical landmarks that aid registration, while 
the fully expanded cases have greater radial symmetry and lack unique features, 
which increases the difficulty of accurate registration. 

In the future, this can be addressed by using a two-dimensional matrix array to 
acquire the flow map parallel to the array at the inlet, then applying this map to the 
inlet boundary conditions for the CFD simulation. For segmentation errors, methods 
for increasing contrast between the lumen and phantom to reduce metal artifacts are 
currently being explored to automate the 3D segmentation of the phantom and 
improve the accuracy of wall identification. Finally, additional fiducial markers placed 
in the phantom during phantom development could aid in registration.

The non-stented straight vessel had a nearly constant flow profile with respect to 
depth (Fig. 1A), as expected with steady flow. Thus, the WSS values were also 
approximately constant with respect to depth. The fully expanded straight case (not 
shown) had the highest correlation between velocity trends (93.97%). This was 
expected, as this was the simplest stented case tested. The discrepancies observed 
in the proximal and distal regions were most likely due to a combination of the 
sources of error previously discussed. The decrease in velocity near the distal end 
may be due to decreased SNR farther away from the transducer. The decrease in the 
US-derived velocity map at the proximal end for the fully expanded case may be due 
to the influence of the transducer restricting flow at the outlet. Despite these 
discrepancies, the velocity maps agree quantitatively, with both velocity and WSS 
map exhibiting similar trends. 

For the 55% stenosis with a fully expanded stent (Supplementary Fig. S2, Fig. 4B), 
trends between velocity and WSS values are quite similar, with the exception of the 
proximal region for the velocity map. Again, this may be caused by the proximity 
between the face of the transducer and the vessel outlet. The 55% stenosis with a 
partially expanded stent (Supplementary Fig. S2, Fig. 4A) also had strong agreement 
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in velocity (92.47%) and WSS trends. However, the CFD WSS contains locally-elevated 
WSS at certain locations. One possible reason is that the US WSS estimation 
technique lacked sufficient resolution or sensitivity to detect these elevated points 
around stent struts, leading to an underestimation of peak values. Alternatively, the 
peaks may have been smoothed during the US-based WSS estimation process, 
causing a reduction in the observed maximum WSS.

The patient-specific geometry exhibited similar trends prior to stenting (Fig. 1C) 
to that of the non-stented 55% stenosis geometry (Fig. 1B). For the partially expanded 
and fully expanded stent cases with the patient-specific geometry, the WSS trends 
agree between US and CFD (Fig. 4C-D). The velocity trends and values were also 
similar for the patient-specific partially expanded case (82.43%). The patient-specific 
geometry with a fully expanded stent had the lowest agreement, with a correlation 
coefficient of 57.56%. The spatial shift in the peak velocities in part D of 
Supplementary Fig. S2 could be the result of the limited field of view in micro-CT 
images. The 13 mm FOV may not have captured enough of the vessel tortuosity, since 
the patient-specific geometry contained over 20 mm of reconstructed CT-
angiography data.  

The trends in the 3D US-derived velocity map (Fig. 5) were as expected, with the 
highest velocities at the lowest MLA and immediately proximal to the MLA. 
Congruently, the peak WSS in Fig. 5 was located at the lowest MLA. 

There are a few limitations to this work. First, continuous (non-pulsatile) flow was 
used in the experiments, as locally low TA-WSS has been demonstrated as an 
indicator that is co-localized with plaque formation and rate of progression [75-77]. 
Regardless, coronary flow is physiologically pulsatile, and the steady-flow 
experimental configuration represents a simplification that does not capture transient 
WSS dynamics present in vivo. Similarly, the physiological motion of the heart was 
not modeled in the in vitro flow phantom platform. These displacements in the vessel 
from cardiac motion can contribute to erroneous WSS estimations [87]. Thus, future 
work will investigate WSS estimation in stented coronary geometries with pulsatile 
flow and cardiac motion, which we have previously investigated without stenting [88]. 
While we have previously demonstrated cardiac motion compensation in order to 
estimate WSS in 2D [88], motion compensation strategies for blood flow imaging [89-
91] have not been implemented in 3D. 

Another limitation was the use of degassed water with microbubbles instead of 
blood or a blood-mimicking solution, which does not fully replicate the non-Newtonian 
rheological behavior of blood or the interaction between red blood cells and the vessel 
wall. Finally, 2D US was used to estimate the WSS but fails to capture the entire 
coronary environment. Utilizing our forward-viewing matrix array allows for 3D WSS 
estimation (Fig. 5), which is preferable because all velocity components would be 
used to estimate WSS, yielding a more accurate estimation [27]. This would also allow 
3D volumetric flow measurements, which may represent an additional useful marker 
in this application [92-94]. Overall, these limitations are inherent to the in vitro flow 
phantom platform used in this study, which cannot fully replicate in vivo pulsatile 
flow, cardiac motion, or blood rheology.

To our knowledge, this is the first demonstration of using US to accurately map 
WSS in stented coronary artery geometries, with CFD providing validation of the 
accuracy of US-derived WSS. The agreement in trends between US-derived and CFD-
derived velocity and WSS maps further supports the feasibility of FV-IVUS to guide 
PCI with the appropriate FV-IVUS array. We also presented the first real-time 3D US-
derived WSS estimation in coronary geometries in phantoms by applying the 
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described methods to the acquired 2D slices of the 3D data set (Fig. 5). Accurately 
estimating WSS during PCI would allow for real-time stent optimization based on local 
hemodynamics. Stents are currently optimized with intracoronary anatomical 
imaging and wire-based physiological measurements to improve patient outcomes 
[10, 19]. However, FV-IVUS could provide real-time 3D imaging of anatomy and 
physiology to optimize stent placement, which could reduce rates of restenosis and 
MACE. Furthermore, FV-IVUS could improve risk stratification post-PCI to aid in 
refining treatment plans [31]. For example, patients with significantly lower WSS 
around the stent struts may be considered for earlier follow-up compared to standard 
practice. 

In addition, in the future, we plan to use data assimilation techniques [95, 96] to 
combine US data and CFD simulations. Such an approach would utilize 
mathematically sound techniques to rigorously convert the available (but potentially 
limited) US data in the imaging field of view to accurate boundary information to be 
used in the patient-specific model.
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METHODS 
Development of coronary artery phantoms

To evaluate the feasibility of US-based wall shear stress (WSS) estimation in 
stented vessels, four sets of experiments were conducted with vessel-mimicking 
phantoms having different geometries. A total of 11 physical phantoms were created 
across all 4 experiments. The first three experiments each included three phantoms 
of identical geometry but varying stent conditions: no stent, partially expanded stent, 
and fully expanded stent. US imaging-derived velocity and WSS estimates were then 
compared with CFD. The first phantom contained a straight 3.2 mm-diameter vessel 
geometry, simulating an adult proximal left anterior descending (LAD) coronary 
artery [97]. The second phantom geometry contained a stenotic vessel geometry with 
an eccentric stenosis of 55% in diameter over a distance of 4 mm. A reduction in 
diameter >50%  corresponds to a 75% reduction in the cross-sectional area, which is 
an established threshold for significant ischemia [98-100]. However, only ~30% of 
stenoses greater than 50% cause clinically significant ischemia, complicating 
treatment decisions [101, 102]. The third phantom geometry contained a de-
identified patient-specific geometry reconstructed from CT-angiography of the LAD 
coronary artery. This isolated stenotic segment from de-identified patient-specific 
CTA had a slight curvature. For these three geometries (straight, 55% stenosis, and 
patient-specific), physical phantoms were developed (described below), and then 2D 
ultrasound images were acquired for comparison with CFD in the same geometries.

Finally, the goal of the fourth experiment was to demonstrate initial proof-of-
concept with the newly-developed FV-IVUS array transducer for WSS imaging. This 
experimental setup was only used for 3D US imaging and utilized two physical 
phantoms: a straight 3 mm-diameter geometry and a 3 mm-diameter geometry with 
a 50% diameter concentric stenosis. Each phantom was imaged with the FV-IVUS 
matrix array, and 3D WSS maps were generated by estimating 2D WSS maps on a 
slice-by-slice basis.

All geometries were 3D printed with a resolution of 25 µm using a FormLabs Form 
3+ resin printer. Silicone rubber molds (Mold Star 15 Slow, Smooth-On, Inc., 
Macungie, PA) were cast around the prints, then filled with carnauba wax 
(PremiumCraft, Minneapolis, MN), a water-soluble wax. Once solidified, a gelatin-
based tissue-mimicking material was poured around the wax to form the phantom. 
The tissue-mimicking material consisted of 7.5% gelatin, 6% graphite for acoustic 
scattering (3-6 µm, Graphite Powder, Besucce, China), 5% n-propanol, and 81.5% 
water by volume [103]. An additional 3 ml of glutaraldehyde were added to 7 ml of 
water and then added to the phantom mixture to mimic vessel-wall acoustic 
properties [104]. After congelation, the wax was dissolved and the luminal geometry 
was confirmed by acquiring micro-computed tomography (micro-CT) scans (μ-CT 50, 
Scanco Medical AG., Zürich, Switzerland) for comparison with the original CT-
angiography data. 

For each geometry (straight, stenotic, and patient-specific) in the first three 
experiments, three phantoms were created: native, partially expanded stent, and 
fully expanded stent. In stented cases, a stent and balloon catheter (Medtronic 
Resolute Integrity RX Zotarolimus-Eluting Coronary Stent System, Medtronic, 
Minneapolis, MN) were positioned across the stenosis and deployed following 
standard techniques [18, 105]. For the partially expanded cases, US imaging was 
used to confirm a malapposition of approximately 25% (0.8 mm). This ensured a 
malapposition greater than the 0.4 mm threshold, which requires stent adjustment 
or repeat revascularization due to increased risk for MACE [106]. 
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Ultrasound measurements
All phantoms in the first three experiments were submerged in degassed water 

for imaging with a high frequency linear array (MS400, FUJIFILM VisualSonics, Inc. 
Toronto, Canada) positioned 1 mm in front of the vessel outlet and aligned coaxially 
with the lumen (Fig. 6). The transducer was connected to a research US system 
(Verasonics Vantage 256, Kirkland, Washington, USA). A microbubble solution (2.5 × 
106 microbubbles per ml) was continuously infused using a syringe pump (PHD 2000, 
Harvard Apparatus, Holliston, Massachusetts), approximating an in vivo bolus 
injection of Definity® microbubbles in a 75-kg person, assuming 3 L of plasma within 
5 L of whole blood [107]. A continuous flow rate of 20 mL/min was used, 
approximating average LAD flow [108, 109]. Continuous flow was utilized because 
time-averaged wall shear stress (TAWSS) has been shown to co-locate with locally 
low WSS, with both promoting plaque formation and rate of progression [75-77, 110-
112]. Computational studies confirm that TAWSS is consistent with WSS over one 
heartbeat [96].

US imaging was performed with three unfocused plane steered plane wave events 
(-8°, 0°, and +8°) transmitted at 23.44 MHz with 2-cycle pulses. The post-
compounding frame rate was 10000 fps. 1100 frames of in-phase and quadrature (IQ) 
data were recorded for each acquisition, and acquisitions were performed in 
duplicate. 

Fig. 6. Diagram of the experimental setup. Vessel-mimicking phantom with a stent 
submerged in degassed-water. Microbubble solution is infused at 20 ml/min with a syringe 
pump. A commercial high-frequency linear array (MS400, VisualSonics) is positioned 1 mm 
from the outlet. The yellow arrow indicates US beam direction, and the red arrows indicate 
the flow direction. Created with BioRender.com. 

The tissue signal was first removed by applying singular value decomposition (SVD) 
filtering to the beamformed RF data (Fig. 7) [113]. If we denote by M the matrix of 
the images, we apply SVD to decompose M as: 

M = U Σ VT (1)
where U and V are orthogonal and  Σ is diagonal. The entries of Σ are the singular 
values. The largest singular value was discarded to remove stationary echoes. 
Transverse oscillation was introduced in the beamformed RF data for lateral velocity 
estimation [114-116]. The filtered data was then IQ demodulated and used to 
estimate the flow velocity through the lumen in both axial and lateral directions. The 
lateral velocities were estimated with a fourth-order autocorrelation estimator, and 
the axial velocities were estimated with a first-order autocorrelation estimator [114-
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116]. An ensemble size of 1100 frames was used. Velocities were smoothed with 
MATLAB’s (MATLAB, Version 23.2, R2023b) “smooth” function using the loess method 
and 10% data span. Loess applies a weighted local regression with tri-cubic weights 
and minimizes weighted least squares error within the span, which aids in noise 
reduction and local adaptivity. 

Fig. 7. Post-processing workflow from US acquisition to velocity and wall shear stress 
estimation.

Wall shear stress estimation
Smoothed axial and lateral velocities were used to estimate the WSS with a 

pseudo-spectral approach previously developed by our group [27, 88]. The 
microbubble solution was assumed to be Newtonian and non-compressible, and thus 
constant in viscosity. The steady Navier-Stokes equations for an incompressible fluid 
arises from the principles of momentum and mass conservation (e.g., [84]):

{ρ(u ⋅ ∇)u + ∇ ⋅ σ + ∇p = 0
∇ ⋅  u = 0 (2)

where u is the velocity, p is the pressure, ρ is the density, ∇ ⋅  denotes the divergence 
operator, and the deviatoric stress tensor σ is: 

σ = -μ(∇u + ∇uT) (3)
where μ is the viscosity. The steady version of the Navier-Stokes equations was 
implemented since this is the case considered in the experiments. The tangential 
component of the deviatoric stress tensor is the WSS defined as:

WSS = σ ⋅ n - (n ⋅ σ ⋅ n)n (4)
where n is the normal unit vector outward to the boundary. The boundary was 
identified as the first zero-velocity value outside of the velocity data. A 2nd degree 
polynomial was fit locally to the edge pixels with weighted least squares regression. 
This is a more robust approach to minimize the effects of clutter and noise at the wall. 
A Fourier sine series interpolation was used at each depth for each lateral and axial 
velocity profiles. The lateral velocities were smoothed with a 3% moving average prior 
to differentiating the function due to higher sensitivity to noise. Lateral velocity 
components were included because this improves WSS estimation accuracy, and a 
Fourier approximation is used because it is more robust to noise than polynomial 
fitting [27].
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Segmentation, meshing, and CFD set-up
Each phantom from the first three experiments was scanned with a micro-CT scanner 
after staining for 24 hours with a 30% solution of Optiray 320 (Guerbet LLC, Princeton, 
NJ) to enhance lumen-phantom contrast and reduce strut artifacts. Acquisition 
parameters were 90 kVp, 145 µA, 750 µs integration, and 3 averaging events. Each 
scan yielded 271 slices at a voxel size of 49 µm. 

After reconstruction, phantoms were semi-automatically segmented with 
Dragonfly 3D World (Comet Technologies, Wünnewil-Flamatt, Switzerland). Multi-ROI 
labeling differentiated between the lumen, stent, and phantom wall. The stent struts 
were automatically segmented with intensity thresholding (lower bound: μ ≈ 12738 
cm⁻¹; upper: max intensity). The lumen-phantom interface was semi-automatically 
segmented with a local-Otsu filter and partial manual segmentation. The local-Otsu 
filter binarizes the pixels within the scope of the selection operator (0.200 mm Ø – 2 
mm Ø) to either foreground or background by dynamically thresholding the local 
intensity histogram. Manual segmentation was used where metal artifacts interfered 
with the local-Otsu filter. 

Finally, the stent was subtracted from the stented lumen using a Boolean 
operation in Meshlab [117], and resulting degenerate/self-intersecting triangles were 
repaired with MeshLab [117] and Autodesk NetFabb [118]. The result was re-meshed 
isotropically with MeshLab to obtain a surface reticulation amenable to volumetric 
meshing. Flow extensions, 3× the reference diameter, were added with VMTK 
(Vascular Modeling ToolKit) [119] to morph the inlet to a circular profile, due to the 
lack of precise inflow velocity data. This allowed application of a Poiseuille profile at 
the inlet, alleviating the impact of partially arbitrary boundary conditions while 
maintaining the  experimental flow rate of 20 ml/min. At the outflow, the traction-free 
condition was prescribed, i.e. pn + σ ⋅  n =  0, as this has minimal impact on the 
numerical solution [120]. A final repair and re-meshing were performed before 
volumetric meshing with first-order tetrahedra in ICEM CFD (ANSYS ICEM 21, Ansys 
Inc, Canonsburg, PA, USA), tuning element size to resolve stent struts, yielding 1.0-
1.4 million elements. CFD simulations were performed with a finite volume-based 
discretization implemented in the Ansys Fluent solver (ANSYS 21, Ansys Inc, 
Canonsburg, PA, USA), using a pressure-based coupled algorithm with a second-order 
upwind scheme for the spatial discretization, with residual criteria set to 10-5. Each 
simulation required approximately 10-20 minutes to complete on a high-end 
workstation (12 core, 24 processor Intel i9-9920X @ 3.50 GHz, 128 GB Total Memory). 
Visualization of all CFD results were done with ParaView (Kitware Inc., Clifton Park, 
NY, USA).

Registration and comparison between ultrasound and CFD maps
To register the 3D CFD data with the 2D ultrasound data, the coherent point drift 

(CPD) and iterative closest point (ICP) algorithms were used in succession in the open-
source software CloudCompare (Telecom ParisTech & Électricité de France, France). 
Point clouds were downsampled by 30% to improve computational efficiency. CFD 
data was considered the stationary source, and US data was considered the moving 
source. The US data was translated and rotated to minimize the distance between 
points within the point clouds until either 600 iterations were achieved or the 
convergence criteria of 10-5 was reached. Both CPD and ICP were chosen for 
registration because they are robust against noise [121, 122]. Post registration, the 
3D CFD-derived WSS and velocity fields were projected onto the aligned 2D plane 
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using nearest-neighbor interpolation in CloudCompare. The planes were then 
exported and compared in MATLAB 2024b (Natick, Massachusetts, United States). 

2D US-derived velocity and WSS maps were compared with CFD in all cases. The 
mean absolute percentage error (MAPE), and Spearman correlation were calculated 
for each region in each velocity map. 
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