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Abstract

Aneurysm rupture has been suggested to be related to aneurysm geometry, morphology, and 

complex flow activity, therefore understanding aneurysm-specific hemodynamics is crucial. 4D 

Flow MRI has shown to be a feasible tool for assessing hemodynamics in intracranial aneurysms 

with high spatial resolution. However, it requires averaging over multiple heartbeats and cannot 

account for cycle-to-cycle hemodynamics variations. This study aimed to assess cycle-to-cycle 

flow dynamics variations in a patient-specific intracranial aneurysm model using tomographic 

particle image velocimetry (tomo-PIV) at a high image rate under pulsatile flow conditions. 

Time-resolved and time-averaged velocity flow fields within the aneurysm sac and estimations 

of wall shear stress (WSS) were compared with those from 4D Flow MRI. A one-way ANOVA 

showed a significant difference between cardiac cycles (p-value < 0.0001); however, differences 

were not significant after PIV temporal and spatial resolution was matched to that of MRI (p-value 

0.9727). This comparison showed the spatial resolution to be the main contributor to assess 

cycle-to-cycle variability. Furthermore, the comparison with 4D Flow MRI between velocity 

components, streamlines, and estimated WSS showed good qualitative and quantitative agreement. 

This study showed the feasibility of patient-specific in-vitro experiments using tomo-PIV to assess 

4D Flow MRI with high repeatability in the measurements.
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3. INTRODUCTION

An intracranial aneurysm is a dilatation of the wall of an artery supplying blood to the 

brain.14 These are common, occurring in 3–6% of adults, and may also be lethal due to 

the potential to rupture.21 Since cases of aneurysm rupture are less than 2% per year and 

the mortality associated with rupture is 40–50%, there is often significant uncertainty when 

weighing the risks and benefits of treatment compared with observation and follow-up 

imaging.21 Reported studies over several decades have identified that both anatomical and 

hemodynamic features, such as high wall shear stress (WSS) and blood-flow patterns at 

arterial bifurcations and regions of high vessel curvature, correlate well with aneurysm 

rupture status.11,13,20 Therefore, reliable clinical imaging techniques capable of volumetric 

measurements are required to understand better the pathophysiology of aneurysms.

4D Flow MRI is a clinical imaging technique that uses time-resolved three-dimensional (3D) 

phase-contrast MRI with 3D velocity encoding to non-invasively visualize anatomy and 

quantify blood velocities.16,22,28 It has been applied to analyze multiple vascular territories 

and cardiovascular diseases. Previous cardiovascular disease applications, including 

intracranial aneurysm cases, have shown the potential of this technique to directly impact 

treatment planning.5,9,10,17 However, limitations in temporal and spatial resolution may limit 

the visualization of complex flow features required to calculate velocity parameters such 

as WSS.1,4,26 In addition, 4D Flow MRI needs to average multiple heartbeats to acquire 

time-resolved data, so it does not allow for a beat-to-beat analysis of blood flow.

4D Flow MRI has previously been validated in-vivo with 2D PC MRI17,31 and ultrasound 

flow measurements,9,17,29 which are known as well-established reference standards in the 

clinic. On the other hand, in-vitro experiments offer some advantages over in-vivo imaging 

methods, such as controlled flow conditions while removing patient and user-specific 

variations. Previous studies have used particle image velocimetry (PIV) as the in-vitro 

experimental technique to study flows in intracranial aneurysms due to its achievable high 

spatial and temporal resolution.7,19,30,33 More recently, volumetric PIV techniques, such as 

tomographic PIV (tomo-PIV), have been introduced to study aneurysm flows.2,23 Tomo-PIV 

can acquire instantaneous measurements of all three velocity components in an illuminated 

volume, which is ideal for the study of complex flows, as seen in aneurysm sacs. Although 

these studies included volumetric measurements in aneurysm flows, velocity fluctuations 

within cardiac cycles are still unstudied.

In this study, velocity measurements from 4D Flow MRI were qualitatively and 

quantitatively compared to those from tomo-PIV using a patient-specific intracranial 

aneurysm model. Velocity fluctuations were investigated by acquiring multiple cardiac 

cycles using tomo-PIV at a high image rate under pulsatile flow conditions. These cycles 

were later averaged to compare velocities and estimations of WSS to 4D Flow MRI 

measurements. The purpose of this study was to better understand aneurysm flow while 

taking into account cycle-to-cycle fluctuations and to analyze the ability of 4D Flow MRI to 

assess complex flows in anatomical geometries.
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4. MATERIALS AND METHODS

4.1 Aneurysm Model Fabrication

Patient-specific 3D images were obtained under an institutionally approved IRB protocol. A 

data set of anterior circulation internal carotid aneurysm was retrospectively selected from 

a database of clinical exams. A physical model of the aneurysm geometry was fabricated 

following the process previously published by our group.24 Projections from 3D computed 

tomography (CT) angiogram were segmented into a volume, as shown in Figure 1A, and 

exported in STL (Stereolithography) format. The geometry was scaled by a factor of 2, 

post-processed to smooth surface imperfections and to add tubing connectors to inlets and 

outlets using 3-matic (Materialise, Belgium), as shown in the virtual model (Figure 1B). 

The model was 3D printed, using a water-dissolvable material, and submerged in silicone 

(Sylgard 184, Dow Corning, MI). The aneurysm core was then dissolved after the silicone 

was cured, resulting in the final model (Figure 1C).

4.2 Flow Loop

A system containing a pulsatile pump (BDC PD-1100, BDC Laboratories, CO) with a 

compliance chamber and resistance valve, plastic tubing, and the patient-specific silicone 

model was connected in a closed-loop to mimic the systemic circulation (Figure 2B–C). A 

mixture of 58% glycerol and 42% deionized water was used to match the refractive index of 

the silicone model (n = 1.41), with a density of 1.14 g/cm3 and dynamic viscosity of 8.24 

cP at room temperature. Index matching is required for PIV to achieve optical transparency, 

minimizing errors due to the optical distortions of the model and the liquid interface. The 

fluid was seeded with PMMA fluorescent particles with Rhodamine-B dye, mean diameter 

and density of 10 μm and 1.19 g/cm3, respectively. These parameters result in a Stokes 

number lower than 10−6, which ensures that the particles do not interfere with the fluid flow 

streamlines.

The inlet flow was programmed with a cardiac waveform of 35% systole with 60 beats 

per minute, resulting in a Womersley number of 5.93. The cardiac waveform was measured 

during each experiment using a non-intrusive ultrasonic flow sensor (Transonic, NY) to 

ensure an average flow of 0.31 L/min and 1.1 L/min at peak-systole. These flow parameters 

resulted in Reynolds numbers (Re) of 144 and 486, respectively. Figure 2A shows the 

averaged cardiac waveform measured for each experiment with their standard deviation. The 

model was situated 8 meters downstream from the pump with an equal return length to 

be scanned in the MRI scanner. The same tube length, inlet flow, and liquid mixture with 

particles were used in both the MRI and PIV experiments.

4.3 4D Flow MRI

The in-vitro model was scanned in a clinical 3T MRI system (Discovery MR 750, GE 

Healthcare, WI) using an 8-channel high-resolution head coil (Figure 2B). 4D Flow MRI 

data were achieved using a cardiac-gated time-resolved 5-point radially undersampled phase 

contrast acquisition called PC-VIPR.12 Acquisition parameters included an imaging volume 

of 22 × 22 × 22 cm with spherical encoding, 0.5 mm isotropic spatial resolution, velocity 

encoding (Venc) of 100 cm/s, and a repetition time of 9.0 ms. Post-processing was done with 
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an un-wrapping technique to create time-resolved data. With a heart rate of 60 beats per 

minute and a scan time of 12 minutes, the post-processed data represented one cardiac cycle 

that was an average of over 720 cardiac cycles. After imaging, data were reconstructed to 20 

time-points per cardiac cycle.

4.4 PIV Measurement

Tomo-PIV experiments were performed using a Flowmaster PIV system (LaVision, 

Germany) with a dual-pulse 527 nm Nd:YLF laser (Photonics Industries International, Inc., 

NY). The laser illuminated a volume of 4 mm thick in the direction perpendicular to three 

high-speed cameras (two Phantom v341 and one Phantom v311, Vision Research, NJ), 

equipped with 60 mm f/2.8D lenses and long-pass filters (570nm cut-off). Figure 2C shows 

the experimental setup with cameras angled at −25, 0 and 25 degrees. Camera calibration 

was performed on a two-level calibration plate submerged on a custom-built silicone casing 

with the same refractive index as in the experiments, filled with the working fluid to better 

replicate the optical conditions. This tomo-PIV setup was validated in a previous work 

where velocity measurements on a straight tube were compared with stereo-PIV and 4D 

Flow MRI.18

A total of 4 cardiac cycles were acquired, and flow inlet conditions were replicated from 

those used for the MRI experiment. Data acquisition was synchronized with the pulsatile 

pump, and double-frame images were acquired at a frame rate of 400 Hz, with a time 

separation of 300 μs for a maximum particle displacement of 180 μm. For full aneurysm 

analysis, the in-vitro model was transversely moved in increments of 2 mm a total of three 

times to acquire data through the desired volume. After reconstruction, these volumes were 

registered and segmented using the STL geometry used to fabricate the silicone model.

Before volume reconstruction, the images were pre-processed for subtraction of the local 

minimum, Gaussian smoothing (3 × 3), and intensities were normalized with a local average 

to reduce errors caused by light scattering and improve particle images.6 Moreover, volume 

self-calibration was applied to correct errors of misalignment between the calibration 

plate and the laser sheet,32 reducing calibration error to less than 0.05 pixels. Volume 

reconstruction was achieved using the fast-MART algorithm (Elsinga et al.),6 with six 

iterations. Lastly, 3D cross-correlation was performed for velocity vector calculation using 

a multi-pass iteration process with window size 32 × 32 × 32 voxels and a 75% overlap 

for three passes. This allowed for an average of 15.4 particles per interrogation window, 

which is known to reduce noise.25 The resulting spatial resolution was 0.17 × 0.17 × 0.17 

mm. Currently, no methods to evaluate uncertainty for tomo-PIV is available, so uncertainty 

was calculated on the planes of interest using the standard deviation and mean vector field 

for each interrogation window.27 This resulted in an average uncertainty of 5.4%, with 95% 

confidence assuming a normal distribution.

4.5 Data Analysis

For the assessment of cycle-to-cycle variations, a one-way ANOVA for repeated measures 

was performed to determine the significant difference in volumetric velocities. In addition, 

the ANOVA comparison was extended to compare each cycle while undersampling the data 
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to match the temporal and spatial resolution obtained with 4D Flow MRI, as it is explained 

in Figure 3. This analysis results in a p-value for each comparison to identify the resolution 

that has the highest impact. To visualize regions with large variation, the angle between two 

velocity vectors of two cardiac cycles, corresponding to the same location, was calculated by 

their dot product, using the following equation:

a ∙ b = a b cosθ (1)

Where a and b are vectors at the same spatial location in different cycles, and θ is the angle 

between them. An angle of 0° would mean that both velocity vectors are aligned.

An averaged cardiac cycle was calculated, from the four independent PIV acquisitions, 

and reconstructed into 20 time-points matching the temporal distribution of 4D Flow MRI. 

Taking advantage of the ability of the pulsatile pump to generate a gating signal for data 

acquisition during PIV and 4D Flow MRI experiments, time-points were registered in 

both data sets to represent the same temporal phase within the cardiac cycle. Data were 

visualized and quantified in Ensight (ANSYS Inc., PA), by placing cut-planes in regions of 

interest within the aneurysm sac. A point-by-point comparison between tomo-PIV and 4D 

Flow MRI was made with grids created at each extracted plane. These grids were used to 

reduce the PIV spatial resolution to match that of 4D Flow MRI (0.5 × 0.5 mm) through 

linear interpolation. Relationships in velocity components and magnitudes were evaluated 

by calculating the root-mean-square error (RMSE) and by generating Bland-Altman plots. 

Normal distribution was assumed, and the bias was calculated with a 95% confidence 

interval.

WSS was estimated and analyzed with an in-house MATLAB script (MathWorks, MA) 

using the aneurysm surface points obtained from STL files and approximating their 

corresponding velocities with interpolation of the measured velocity components at full 

spatial resolution.1 The STL files were created by manually segmenting the velocity fields 

from 4D Flow MRI and tomo-PIV. These files were used to determine the unit inward 

normal vector for each surface point. The velocity components corresponding to each 

surface point were computed by applying the linear least squares method to velocities 

interpolated from the measured data. Finally, these were used to estimate the magnitude 

WSS based on the following equation:

W SS = μ∂v
∂n (2)

Where μ is the dynamic viscosity of the fluid, v is the three-dimensional velocity vector, and 

n is the normal vector at the wall. The derivative ∂v
∂n  was calculated with the cross product of 

each velocity vector and their surface inward unit normal vector.
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5. RESULTS

5.1 Cycle-to-Cycle Variation Assessment

The inlet flow at the aneurysm neck was calculated for each cardiac cycle and compared 

to the flow measured with 4D Flow MRI at the same location. Figure 4A shows the 

average flow and standard deviations obtained with PIV, including the comparison to 4D 

Flow MRI, which resulted in a mean difference of 15.8%. These were not significantly 

different according to a one-way t-test (p-value = 0.22). Furthermore, the difference in the 

time-averaged flow between techniques was 3.4%. Figure 4B shows the velocity magnitudes 

obtained in the mid-plane of the aneurysm sac with the averaged cycles. These show a jet 

entering from left to right and flow recirculating, resulting in two vortices and a region of 

low velocities at the center.

The one-way ANOVA analysis revealed a statistical difference among all cardiac cycles 

when comparing the full resolution PIV data (p-value < 0.0001). Figure 5 shows the 

averaged angle difference between cycles at the same location and the time-points shown in 

Figure 4B. Histograms (Figure 5B) represent angle differences of the entire volume at the 

corresponding times. These show that two variation trends are happening during the cardiac 

cycle. First, at peak-systole (T = 0.25 s), the angle difference between cycles is high in 

the center of the aneurysm, where a vortex is present and velocities are low. Second, the 

differences increase near the wall during diastole and the largest difference is observed at the 

beginning of systole (T = 0.1 s).

The one-way ANOVA analysis for the undersampled data when matching temporal and 

spatial resolutions resulted in p-values of 0.0241 and 0.0652, respectively. This analysis 

showed no significant difference when cardiac cycles were compared with the undersampled 

data with a spatial resolution of 0.5 × 0.5 × 0.5 mm while maintaining a high image rate. 

Furthermore, the ANOVA analysis for the data matching the temporal and spatial resolutions 

of 4D Flow MRI resulted in a p-value of 0.9727.

5.2 Tomo-PIV and 4D Flow MRI Comparison

Velocity results from 4D Flow MRI and the characteristic cycle from tomo-PIV were 

qualitatively analyzed using velocity streamlines, as shown in Figure 6. This visualization 

shows the complexity of the flow inside the aneurysm sac, where flow enters with high 

velocities through the aneurysm neck, recirculates clockwise, and leaves through the right 

corner of the neck. Although agreement can be observed between techniques, a slight 

overestimation of the velocities was seen at peak-systole with 4D Flow MRI. In addition, the 

recirculation on the right side of the aneurysm sac was not visible with 4D Flow MRI.

Figure 7A shows the time-averaged WSS on the aneurysm estimated using the velocities 

measured with 4D Flow MRI and the velocities from the characteristic cycle obtained with 

tomo-PIV. A small section of the aneurysm wall was not included in the field of view, so 

this area has zero velocity and hence shows zero WSS. Tomo-PIV identified a low WSS 

region not visible with 4D Flow MRI at the same location of flow recirculation seen by 

the velocity streamlines (Figure 6). Both techniques identified regions of high WSS where 

the flow jet enters the aneurysm. However, 4D Flow MRI shows a larger area of medium 
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WSS downstream from the inlet jet. This was also seen in the complete distribution shown in 

Figure 7B, where 4D Flow MRI shows a slight overestimation of the mean WSS.

A point-by-point comparison between PIV and 4D Flow MRI was made using extracted 

planes matching temporal and spatial resolutions at three locations of interest. Figure 8 

shows Bland-Altman plots representing the differences in velocity components and velocity 

magnitude between the time-averaged data. These show good agreement with the largest 

velocity bias in Vy (3.86 ± 4.78, 2.13 ± 4.09, and 3.20 ± 4.99 (cm/s) for locations 1, 2, and 

3, respectively). This difference in the y-component of the velocity is well represented in 

Figure 6 by the velocity streamlines. Each average velocity component, Vx, Vy, Vz, was also 

compared between techniques calculating RMSE of 1.78, 2.31, 1.98 (cm/s), and correlation 

coefficient (R) values of 0.89, 0.64, 0.90, respectively. Again, Vy showed to be the biggest 

contributor to error.

6. DISCUSSION

Controlled in vitro experiments with high spatial and temporal resolution are essential to 

evaluate and analyze flows in intracranial aneurysms in order to expand the clinical use 

of 4D Flow MRI and measure its reliability in disease assessment. This project builds 

upon a previous comparison of 4D Flow MRI and tomo-PIV18 in an idealized endovascular 

model. Here we provide not only a qualitative analysis but also a point-by-point comparison 

in a patient-specific intracranial aneurysm model. Specifically, this study was aimed at 

providing the next step to validate 4D Flow MRI as a clinical tool and to understand 

and assess disturbed flows under pulsatile conditions, as seen in intracranial aneurysms. 

The higher temporal and spatial resolution of tomo-PIV allows for the assessment of cycle-

to-cycle fluid dynamics variations caused by the pulsatile nature of cardiovascular flows. 

Additionally, it allows for the calculation of derived parameters, such as WSS.

Regions of high cycle-to-cycle variation in flow dynamics were found (Figure 5), with 

the largest differences occurring during end-diastole, as shown by the histograms. While 

high variability was seen at full spatial and temporal resolutions, the differences were 

not significant when the data were undersampled to match the resolution of 4D Flow 

MRI. However, the variability was still statistically significant when only the temporal 

resolution was undersampled, suggesting that spatial resolution was the main contributor to 

the assessment of cycle-to-cycle variability.

A qualitative agreement was found when comparing velocities obtained with 4D Flow MRI 

and tomo-PIV. Similar velocity magnitudes and flow fields were seen with both techniques. 

The high velocities caused by the inlet jet at peak-systole (T = 0.25 s) were captured well 

with MRI (Figure 6). Additionally, the velocity streamlines analysis (Figure 6) shows that 

volumetric flow fields from 4D Flow MRI and tomo-PIV are qualitatively similar in flow 

behavior, with some disparities in the vortex orientation. These are commonly found in MRI 

acquisitions with accelerating flows and complex patterns due to displacement artifacts;8,15 

however, these were minimal in this study. Furthermore, a slight overestimation of the 

velocities at peak-systole and a missing recirculation region in the MRI results, suggest 

that the velocity encoding (Venc) selected was suboptimal. This motivates the need for 
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development and implementation of dual-Venc protocols that allows for quantification of 

high and low velocities.

The quantitative results show good agreement between the velocity values measured with 

4D Flow MRI and those from the averaged data set from tomo-PIV, as denoted by 

the correlation coefficients of each velocity component. The greatest difference between 

velocities resulting from 4D Flow MRI and tomo-PIV was in Vy, which was consistent 

along the entire volume. The velocity bias for the velocity magnitude was also affected by 

Vy, as illustrated by the Bland-Altman plots in Figure 8. Although this analysis did not 

include the individual time-points of the cardiac cycle, the resulting correlation coefficient 

and velocity bias was representative of the individual calculations.

Statistically significant differences between cardiac cycles are likely due to the aneurysm 

flow characteristics and its pulsatile nature, not a repeatability error while acquiring tomo-

PIV. It is then possible that the acquisition and averaging of four cardiac cycles is not 

sufficient to create a comparable data set to the 720 cycles that are averaged in the 4D 

Flow MRI dataset. However, there remains a relationship between average velocity values 

within the aneurysm captured from 4D Flow MRI and those measured with tomo-PIV. 

Cycle-to-cycle differences in aneurysmal flow are important to acknowledge and make the 

time-resolved nature of 4D Flow MRI possibly more beneficial for analyzing intracranial 

aneurysms.

Limitations of the in vitro experiments with tomo-PIV in this study include the lack of 

plane registration for the spatial comparison, which may contribute to differences in the 

point-by-point velocity comparisons. However, special care was taken to maintain even 

plane spacing between techniques. Another limitation was the need to scale the aneurysm 

geometry by a factor of 2 due to the camera setup and lens restrictions. This has an effect 

on the WSS calculations of 4D Flow MRI since high noise near the wall is expected due to 

the spatial resolution, which can result in higher discrepancies than the ones obtained here. 

Another limitation was the need for a laser thickness of 4 mm to maintain accurate velocity 

measurements, which did not cover the entire aneurysm on a single acquisition. Increasing 

the laser thickness with the presented camera setup can cause a decrease in the signal to 

noise ratio and an increase in uncertainty.3

In conclusion, this study showed the feasibility of patient-specific in-vitro experiments 

of intracranial aneurysms to assess 4D Flow MRI, resulting in a good quantitative and 

qualitative agreement compared to velocity measurements obtained from tomo-PIV under 

pulsatile conditions. This work showed a significant difference in the direction and 

magnitude of PIV-derived velocities measured in different cardiac cycles at high image 

rates. However, this difference decreases when averaging in time and space to match the 

resolutions of 4D Flow MRI. The results showed strongly suggest that tomo-PIV can serve 

as a validation technique for 4D Flow MRI in patient-specific intracranial aneurysm models 

with high repeatability in the measurements. Thanks to the superior temporal and spatial 

resolution of PIV, tomo-PIV has the potential to study multiple clinical applications seeking 

to improve understanding of complex flow regimes such as turbulent flow and boundary 

layer effects. Furthermore, the use of 4D Flow MRI provides a helpful, non-invasive tool 
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to assess intracranial aneurysm flows. With future work, it may be a platform to study and 

understand how physiological parameters may induce aneurysm rupture.
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Figure 1: 
Patient-specific model fabrication process. The aneurysm geometry was taken from a 3D CT 

Angiogram (A), converted into a virtual model (B), 3D printed out of poly-vinyl alcohol, 

submerged in a silicone block, and finally dissolved to create a patient-specific intracranial 

aneurysm model (C). The area of interest where tomo-PIV was acquired is shown in the 

green circle.
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Figure 2: 
A) Cardiac waveform used for (B) 4D Flow MRI and (C) tomo-PIV experimental setups. 

An ultrasonic flow sensor was placed on the outlet of the pump to measure flow during each 

experiment.
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Figure 3: 
Schematic description of the undersampling of the PIV data for the cycle-to-cycle analysis.
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Figure 4: 
A) Inlet flow for tomo-PIV and 4D Flow MRI calculated at the aneurysm neck. The error 

bars represent the standard deviation from all the cardiac cycles acquired with tomo-PIV. B) 

Velocity magnitudes at the middle plane of the aneurysm (shown by the red plane on the 

volume) obtained with the averaged cardiac cycles at time-points 0.1, 0.2, 0.6 and 0.9 s.
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Figure 5: 
A) Averaged angle difference between two velocity vectors of two cardiac cycles, calculated 

by their dot product, at the location and the time-points shown in Figure 4B. B) Histograms 

showing the frequency of angle difference for the acquired volume at the corresponding 

times.
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Figure 6: 
Velocity streamlines for 4D Flow MRI and tomo-PIV at peak-systole (T = 0.25 s).
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Figure 7: 
A) Time-averaged WSS. B) Histograms representing the complete distribution of time-

averaged WSS. The region with no WSS was not considered for the tomo-PIV distribution.
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Figure 8: 
Bland-Altman plots showing the difference in time-averaged velocity components (Vx, Vy, 

Vz and Vmag) at three locations (A-C) in the volume. These locations are shown by the red 

planes on the right.
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