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A B S T R A C T

Objective: Intraoperative Doppler ultrasound imaging of human brain vasculature is an emerging neuro-imaging
modality that offers vascular brain mapping with unprecedented spatiotemporal resolution. At present, however,
access to the human brain using Doppler Ultrasound is only possible in this intraoperative context, posing a signif-
icant challenge for validation of imaging techniques. This challenge necessitates the development of realistic flow
phantoms outside of the neurosurgical operating room as external platforms for testing hardware and software. An
ideal ultrasound flow phantom should provide reference-like values in standardized topologies such as a slanted
pipe, and allow for measurements in structures closely resembling vascular morphology of actual patients. Addi-
tionally, the phantom should be compatible with other clinical cerebrovascular imaging modalities. To meet these
criteria, we developed and validated a versatile, multimodal MRI- and ultrasound Doppler phantom.
Methods: Our approach incorporates the latest advancements in phantom research using tissue-mimicking mate-
rial and 3D-printing with water-soluble resin to create wall-less patient-specific lumens, compatible for ultrasound
and MRI.
Results:We successfully produced three distinct phantoms: a slanted pipe, a y-shape phantom representing a bifur-
cating vessel and an arteriovenous malformation (AVM) derived from clinical Digital Subtraction Angiography
(DSA)-data of the brain. We present 3D ultrafast power Doppler imaging results from these phantoms, demon-
strating their ability to mimic complex flow patterns as observed in the human brain. Furthermore, we showcase
the compatibility of our phantom with Magnetic Resonance Imaging (MRI).
Conclusion: We developed an MRI- and Doppler Ultrasound-compatible flow-phantom using customizable, water-
soluble resin prints ranging from geometrical forms to patient-specific vasculature.
Keywords:
Flow phantom
Multimodal
MRI
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Water-soluble
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TA, computed tomography angiography; DSA, digital subtraction angiography; dOCT, doppler Optical Coherence
; MRI, magnetic resonance imaging; PDI, power doppler image; RPM, revolutions per minute; SEBS, styrene-ethyl-
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Introduction

Imaging phantoms are an essential tool in diagnostic imaging, facili-
tating the development and standardized testing of software and hard-
ware for clinical applications. Phantoms are used to study reliability and
efficacy of the imaging modality in question and can be specifically
designed to simulate in-vivo clinical observations. For the context of
Doppler ultrasound-imaging of human brain vasculature, ultrasound
phantoms that mimic cerebrovascular flow are especially essential. As
the human skull attenuates ultrasound signals, acoustic access to the
human brain is often only achievable in the limited intraoperative
context. Realistic flow phantoms allow for the development of cerebro-
vascular flow imaging techniques outside of the constraints of the neuro-
surgical operating room.

In addition to Doppler ultrasound imaging, other techniques such as
Digital Substraction Angiography (DSA) [1], Magnetic Resonance Angi-
ography (MRA) [2] or Computed Tomography Angiography (CTA) [3]
are also used to image human cerebrovascular flow. In the clinical
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treatment of cerebrovascular disease, these imaging modalities are often
combined. For example, in the neurosurgical treatment of arteriovenous
malformations (AVMs), preoperative MRA, CTA or DSA are often used
to plan the surgical procedure. Intraoperative DSA and Doppler ultra-
sound are available to monitor the surgical resection. Postoperative
MRA, CTA or DSA are used to follow-up treatment efficacy. To ideally
reflect the clinical context, a flow phantom should therefore be compati-
ble with multiple of these imaging modalities. In Figure 1 we summarize
a set of features of an ideal Doppler ultrasound flow phantom for cere-
brovascular imaging.

How do currently available imaging phantoms compare to this ideal
flow phantom?

Both experimental and commercial [4] imaging phantoms exist to
optimize imaging parameters or practice clinical procedures [5−8]. This
class of phantoms is often not patient-specific nor easily customizable.
Commercial [9] and experimental phantoms similarly exist for other
modalities such as MRI. However, only a subset of these phantoms
are compatible with multiple modalities including Doppler Ultrasound
[10−12].

More recently, patient-specific vascular phantoms, both with
and without vessel walls, have been described by a number of works
[13−21]. Wall-less phantoms are advantageous for Doppler Ultrasound
in many cases as they avoid unwanted acoustic interference from the
wall material. However, many of the wall-less vascular phantoms
encountered in literature were not demonstrated in the context of Dopp-
ler ultrasound imaging, nor was their compatibility with MRI evaluated.
Patient-specific structural phantoms based on MRI/CT have also been
described in literature as useful tools for surgical planning [18,22], with-
out incorporating blood flow imaging.

In this manuscript, we aim to develop a multimodal, MRI- and
Doppler Ultrasound-compatible flow phantom that realizes all the
features described in Figure 1. Specifically, we describe the produc-
tion of a wall-less, styrene-ethylene/butylene-styrene (SEBS)-based
[23], tissue-mimicking ultrasound flow phantom, generating the
wall-less vessels using 3D-printing with a water-soluble resin. We
showcase results from three specific phantoms fabricated in-house: a
slanted pipe, a y-shape phantom representing a simple bifurcating
vessel, and an arteriovenous malformation (AVM) segmented from a
clinical Digital Subtraction Angiography (DSA) image. Using differ-
ent flow and injection pumps connected to our custom-made imag-
ing set-up, we demonstrate the ability to image flow in our
phantoms using Doppler Ultrasound. We show both 2D-Power Dopp-
ler Images (PDIs) as well as 3D-reconstructions generated using a
motorized linear stage to stagger multiple stationary 2D-recordings
along the phantom volume (staged-3D). For this work we focus spe-
cifically on Power rather than Color Doppler imaging due to its
higher sensitivity to small vessels in the brain [24] and its capability
to reveal unique vascular details of human brain tissue [25]. Finally,
we demonstrate multimodal properties of the phantoms by imaging
them using structural and flow-based MRI.
Figure 1. The Ideal Doppler Flow Phantom. Figure representing the ideal set of
characteristics for a Doppler Flow phantom.
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Materials and methods

Phantom fabrication

Print design
We designed three different prints which we considered to be inter-

esting in the context of Doppler imaging (Fig. 2a):

� #1 - A slanted pipe (representing a simplified, straight single vessel)
� #2 - A y-shape (representing a simplified vascular bifurcation)
� #3 - A cerebrovascular structure derived from a real patient case of
an arteriovenous malformation (AVM) in the brain (previously pub-
lished by our group [26]).

Prints #1 and #2 were designed in Solidworks (Dassault Syst�emes
SolidWorks Corporation). Print #3 was extracted based on a clinical Dig-
ital Subtraction Angiography (DSA) using 3D Slicer [27]. Print #3 was
extracted from a clinical Digital Subtraction Angiography (DSA) image
using 3D Slicer [27] and subsequently smoothed using the autofiller
option within Meshmixer (Autodesk Inc.). Each print design was
extended with a fixed-diameter cylinder to allow each print to fit in a
custom-designed phantom mold (Fig. 2c).

Phantom mold
Molds were milled from aluminum to stabilize the resin prints during

the pouring process. The prints were suspended in the mold using either
two (Print #1) or three (Print #2 and #3) aluminum rods, correspond-
ing to in-and outlet tracts (Fig. 2c). The mold was designed to be robust,
heat-resistant and allow for consistency across different phantom itera-
tions.

Resin printing
All designs were printed using the Envisiontec Vida HD cDLM resin-

printer. The printing material consisted of a commercially available
cyan-blue water-soluble resin (3D resyn, IM HDT-WS) (Fig. 3a). Printer
settings are summarized Supplementary File 1. After printing, the print
was removed from the printing surface, and the support structures were
broken off using tweezers (Fig. 3b, c). Next the print was placed in an
ultrasonic bath filled with 2-propanolol for 2 rounds of 2-min washing,
carefully drying the design between rounds using pressurized air.
Finally, the print design was oven-dried at 37°C for 30−60 min, then
cured a in a light polymerization chamber (Envisiontec Otoflash)
(Fig. 3d).

Phantom pouring
The cured resin print was fixated inside the phantom mold (Fig. 4a).

For the tissue-mimicking material, we recreated ‘sample A5’ from Cab-
relli et al. [23]. The mixture consisted of styrene-ethylene/butylene-sty-
rene (SEBS) in mineral oil (Fig. 4a). Glycerol was added to improve the
acoustic impedance of the material, titanium dioxide (TiO2) was added
as a scattering medium. Exact details of the mixture-ratios are presented
in Table 1. The powdered TiO2 was first mixed with the glycerol and
subjected to sonification for 5 min, before being added to the mineral oil
in a large (1L) beaker. Next, the SEBS powder was mixed into the con-
tainer, after which it was placed on a heating plate. The mixture was
heated until it reached 130°C while stirring intermittently (Fig. 4b). Stir-
ring of the mixture was essential to avoid the TiO2 sinking to the bottom
However, we found that over stirring introduced air bubbles, which
made the material less homogeneous and increased its scattering. As
such stirring was performed manually and slowly, with a spoon continu-
ously submerged in the mixture to avoid introduction of air bubbles
from removing and reinserting the spoon.

Once the material reached the desired temperature of 130°C, the
beaker was removed from the hot plate, and slowly stirred until it
reached a temperature of 90°C. At this temperature, the mixture’s viscos-
ity still allowed for easy pouring while avoiding overheating of the resin



Figure 2. Resin print designs for three Doppler-phantoms. (a) Three print-designs were created for three types of Doppler-phantoms: 1) a horizontal y-shape, repre-
senting a simplified vascular bifurcation, 2) an cerebrovascular structure based on a real patient case of an AVM previously published by our group [26] and 3) a
slanted pipe representing a simplified, single vessel. Each design was extended with a fixed-diameter cylinder. (b) The fixed cylinders allowed each print to fit in our
custom-designed phantom mold depicted here. (c) For the AVM-phantom specifically, the print design was extracted based on a clinical DSA-scan. This relatively small
AVM was known to have two major feeding and one major draining vessel [26]. AVM, arteriovenous malformation; DSA, digital substraction angiography.

Figure 3. The resin-printing procedure. (a) The AVM-shape printing lay-out including support placement, prepared for printing. (b) All designs were printed using the
Envisiontec Vida HD cDLM resin-printer combined with commercially available cyan-blue water-soluble resin-material (3D-resin, IM-HDT-WS). (c) Zoom-in on the fin-
ished AVM-shape resin print, still connected to the printing base plate through the support material. (d) Photos of the cleaned and cured AVM-shape printing design.
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Figure 4. Phantom Pouring Procedure. (a) (1) Overview of necessary supplies and materials for the phantom pouring process, (2) the AVM print placed inside the
pouring mold, (3−4) the sonication process for the glycerol + TiO2 mixture. (b) Overview of the next steps in the pouring process. The mixture was first
heated up to 130°C, before being cooled down to 90°C and poured inside the mold. The phantom was then cooled >12 h, before dissolving the encapsulated
print in water in <24 h.

S. Soloukey et al. Ultrasound in Medicine& Biology 50 (2024) 860−868
print (Fig. 4b). The phantom was cooled for at least 12 h at room tem-
perature then removed from the mold.
Phantom dissolving
After cooling, the phantom was submersed in a water bath and a

small, submersible aquarium pump (ICQUANZX, no 01554) was placed
in one of the in/out-lets to allow for continuous flow of water inside the
phantom accelerating the dissolving process (Fig. 4b). The water inside
the bath was periodically refreshed to prevent saturation. Within a
period of 24 h, the resin inside the phantom was fully dissolved (see Sup-
plementary Video 1).
Phantom in- and outlets
To prepare the phantom for installation in the imaging unit, connect-

ing tubes (6−7 mm in diameter) were permanently glued to the inside
of the first 1 cm of the in- and outflow tracts using cyanoacrylate and sil-
icone glue.
Fabrication time
Overall, the full phantom fabrication process (from resin printing to

phantom pouring, cooling, and dissolving) took an average of 2 days.
Table 1
Details of SEBS-mixture

Material Quantity used per phantom

Mineral Oil 900 mL*
*600 mL was necessary to fill the phan
pouring the bottom of the container

Styrene-Ethylene/Butylene-Styrene (SEBS) 10%
90 g

Glycerol 15%
135 mL

TiO2 0.2%
1.8 g
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Phantom imaging
Ultrasound

Imaging setup. To allow for consistent Doppler measurements across dif-
ferent imaging sessions and different phantom iterations, we built a cus-
tom tank using PMMA. This featured in and outflow tracts for
interfacing with phantoms and an acoustic absorber at the bottom to
eliminate reflections (Fig. 5a). The tank could be connected to both
syringe (Harvard apparatus, PHD Ultra) and peristaltic (Masterflex L/S)
pumps for flow regulation. For each Doppler flow experiment the con-
necting tubes glued inside each phantom were connected to the tank’s
in- and outflow tracts (Fig. 5b) and the tubing was filled with Doppler
scattering fluid (CIRS, Model 769DF) to provide acoustic contrast.

Data acquisition. All measurements were performed using a 9L-D linear
array transducer (GE, 5.3 MHz) driven by an experimental research sys-
tem (Vantage-256, Verasonics). For each experiment the transducer
was mounted above the phantom and coupled to it using ultrasound gel.
The probe was driven continuously with a set of 10−12 angled plane
waves equally spaced between −12 and 12 degrees. Each set of angled
transmissions was coherently compounded to form beamformed frames
(BFs) with a PRF of 1 kHz. During most experiments ensembles of 200
Supplier and Catalogue Number

tom mold, but more would be made to avoid
where scatterers would pile up.

Sigma Aldrich
M3516

Kraton Polymers Research B.V
G1650E
Sigma Aldrich
G9012
Keramikos NL
CH131D



Figure 5. Imaging set-up for (f)US- and MRI-acquisitions. (a) For the ultrasound imaging experiments, as custom tank was designed to allow us to position all phan-
toms repeatably during imaging. (b) The imaging set-up during one of the Power Doppler measurements of the slanted pipe. In this case, the inflow tract was connected
to the syringe pump. In other experiments, the inflow tube was connected to a peristaltic pump. (c) The imaging set-up for the MRI-measurements, which required a
significant extension (>8 m) of the in- and outflow tubing.
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sequential BFs were filtered using a singular value decomposition (SVD)
and summed to form a PDI that was displayed live at a frame rate of
5 Hz. The PDIs as well as the raw data, and angle compounded beam-
formed frames (BFs) were all stored to a fast PCIe SSD for offline proc-
essing purposes.

Speed of sound measurements. First, we assessed the acoustic proper-
ties of the phantom tissue mimicking material through speed of sound
measurements. The GE9L-D ultrasound transducer was fixated over a
homogenous section of each ultrasound phantom, containing only tis-
sue-mimicking material, after which a series of short recordings were
performed.

Staged 3D power doppler measurements. Next, we acquired 3D-Dopp-
ler volumes of each phantom using a conventional staged acquisition
approach. The transducer was mounted to a motorized linear stage
motor (X-LDA025A, Zaber Technologies Inc., Vancouver, Canada)
(Fig. 4b). Short Doppler recordings of 5 sec each were obtained over the
full volume of interest at spatial intervals of 500 μm.

Doppler flow measurements. Finally, we assessed the slanted pipe
phantoms Doppler response to different flow rates. For these measure-
ments the probe was stabilized over a sagittal section of the slanted
pipe-phantom. The inflow tube was connected to the syringe pump,
which was set to a constant infusion rate of either 20, 30, or 40 mL/min.
For each flow rate, an ultrasound recording of 30 sec was acquired.

Data processing. Speed of sound measurements. For each speed of sound
recording the raw signals were reconstructed using a conventional
delay-and-sum approach varying the sound speed in the reconstruction
between 1300 and 1700 ms−1. The sharpness of the beamformed images
as a function of sound speed were then calculated with a Brenner gradi-
ent using the in-built k-Wave toolbox sharpness function [28]. The choice
864
of sound speed influences the image focus so quantifying the sharpness
in this way allowed for the phantom sound speed to be approximated.

Staged 3D power doppler measurements. For each spatial location, a
single PDI was constructed by averaging 150 Singular Value Decomposi-
tion (SVD)-filtered beamformed frames. The SVD-threshold to remove
the static tissue mimicking components was set heuristically at the first
30 singular components. These PDIs were then concatenated to form a
volume and converted to NIfTI format for viewing in 3D Slicer [27] and
Paraview (Kitware, Inc.).

Doppler flow measurements. For the different flow rate measurements,
the double-sided Doppler spectrum of 5 sec of 1000 Hz filtered beam-
formed data was reconstructed for each recording by averaging the spec-
trum over a 2D-ROI inside the phantom. For each spectrum, a moving
average filter with a window of 30 samples was passed over it to better
highlight the trend between flow rate and obtained Doppler shift.

MRI

Imaging setup. We also assessed the compatibility of our flow phantoms
with MRI. To facilitate measurements inside the MRI we were required
to significantly extend (>8m) the in- and outflow tubing to avoid placing
the peristaltic pump inside the shielded MRI-room. Additionally, for
these experiments the tubing was filled with water rather than Doppler
fluid.

Data acquisition. MRI was performed at 3T with the phantom placed in
either a transmit/receive knee coil (structural images) or a 16-channel
head coil (flow images) (Discovery MR750, GE Healthcare, Milwaukee,
WI, US). T1-weighted structural scans were acquired with an axial 2D
spin echo read-out (voxel size 0.4×0.4×1.2 mm3, matrix size
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256×256×51, repetition time 720 ms, echo time 11 ms, including fat
suppression). To quantify T1 and T2 relaxation times of the phantom, a
3D spoiled gradient-recalled echo with multiple flip angles (flip angle: 5,
8, 15 and 22 degrees, voxel size 0.5×0.5×2 mm3, matrix 256×256×88,
repetition time 4.4 ms, echo time 1.9 ms) and multi-echo spin-echo
(voxel size 0.6×0.6×3 mm3, matrix 256×256×32, repetition time
1000 ms, 8 echo times of 6:6:48 ms) were acquired respectively.

To measure flow velocities through the phantoms, phase contrast
scans were acquired with bipolar gradients along all three orthogonal
directions (velocity encoding of 70 cm/s, repetition time 18 ms, echo
time 5 ms, voxel size 0.3×0.3×2.5mm3, matrix 256×256×18), while the
flow was set to a constant 400 revolutions per minute using the previ-
ously mentioned peristaltic pump (RPM, equivalent in our set-up to
120 mL/min).

Data processing. T1 calculations were created by fitting the variable flip
angle data according to previously reported methods [29]. T2 calcula-
tions were done by mono-exponential fitting of the multiecho spin echo
data. Both structural T1- and T2-volumes were visualized in Paraview
(Kitware, Inc.). The phase contrast scans in three orthogonal directions
were reconstructed and used to calculate a weighted image of the flow
based on built-in algorithms provided by GE healthcare.
Challenges
Throughout the project, we learnt how to optimize each of the

above-mentioned fabrication and imaging steps through trial-and-error.
To also document what did not work, an overview of all the problems
Figure 6. Structural images: Speed of Sound and MR Relaxation Time. (a) Graph de
speeds of sound. The speed of sound that allowed for the most focused B-mode image
image reconstructed using the speed of sound corresponding to the highest sharpness.
tive purposes. (d, e) show the Y-shape phantom in two orientations for the quantified
the relaxation time of our tissue-mimicking material is calculated within the regions o
played relative to common MRI imaging medium reference values (taken from [31−33
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we encountered, including inhomogeneity of the tissue medium, incon-
sistency of the resin print quality and leakage around the phantom noz-
zles, are included in Supplementary File 2. Our solutions to each of
these problems are also discussed.
Results

Phantom material properties in ultrasound and MRI

Figure 6a shows the sharpness of the reconstructed B-mode image for
each phantom as a function of sound speed. The sound speed that gener-
ated the highest sharpness, and therefore the most focused B-mode
image, was found to be 1470 m/s. The B-mode image reconstructed
using the speed of sound corresponding to the highest sharpness is
shown in Figure 6b. Reference values for speeds of sound [30] for differ-
ent soft tissue types are shown in Figure 6c for comparative purposes.

Figure 6d, e show the Y-shape phantom in two orientations for a T1-
weighted and T2-weighted MRI scan. For each MRI-sequence, the
median value for the relaxation time of the tissue-mimicking material
was calculated within a region of interest (white rectangle) and dis-
played relative to common MRI imaging medium reference values
(taken from [31−33]) in Figure 6f.
Volumetric phantom reconstructions in ultrasound and MRI

Figure 7a shows thresholded T1-weighted MRI-reconstructions of
each of the three phantoms, with which we were able to visually confirm
picting the sharpness of each ultrasound B-mode image obtained for the tested
, and therefore the highest sharpness was found to be 1470 m/s. (b) The B-mode
(c) Reference values for speed of sound in soft tissues, found in [30] for compara-
T1 and T2 maps resulting from MRI scans. For each image, the median value for
f interest (white rectangle). F) T1- and T2-relaxation times for the phantom dis-
]).



Figure 7. Structural MRI and 3D-PDI reconstructions. (a) Thresholded T1-weighted MRI-reconstructions of our three phantoms, confirming the integrity of the resin-
printed cast. (b) 3D-PDI reconstructions of regions of interest for each of these phantoms.
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that the resin-print remained intact during the molding process. The
thresholded images also reveal small inhomogeneous areas of T1-hyper-
intensity inside of the tissue-mimicking material which are most likely
pockets of air captured during the phantom pouring process. In
Figure 7b we show the 3D-PDI are flow-based reconstructions. These
flow reconstructions can demonstrate both the phantom’s structural
details and that the vascular structure has been nearly fully perfused in
each case.

Flow measurements in ultrasound and MRI

Figure 8a shows a PDI obtained while the slanted pipe phantom was
connected to the syringe pump, at a constant flow rate of 30 mL/min.
Figure 8b shows the double-sided Doppler spectrum of the 1000 Hz fil-
tered beamformed data as reconstructed from the recordings for each
flow rate (20, 30, and 40 mL/min). The Doppler spectrum with increas-
ing flow rates shows an increased Doppler shift, as would be expected.

In Figure 9a we show three different axial cross-sections of the MR-
phase contrast - flow images of the y-shaped phantom, with Figure 9b
Figure 8. PDI Flow Experiment. (a) PDI obtained while the slanted pipe phantom
(b) Graph showing the double-sided Doppler spectrum of the 1000 Hz filtered bea
(20, 30, and 40 mL/min) by averaging the spectrum over the region of interest (red R
a relative Doppler shift, as is to be expected for these flow measurements. PDI, power d
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indicating from approximately where these cross-sections were evalu-
ated. In Figure 9c an out-of-plane reconstruction of the flow in the bot-
tom part of the y-shape bifurcation (#4).
Storage and durability

As reported by Cabrelli et al. [23], we were able to easily store the
phantoms at room temperature without cover. Some of our phantoms
were imaged >6 mo after production, without any apparent change in
imaging quality.
Discussion

This manuscript describes the manufacturing process of an MRI- and
Doppler Ultrasound-compatible flow-phantom using customizable,
water-soluble resin prints. As shown in this paper, these resin prints are
versatile, allowing for phantom designs ranging from geometrical forms
to patient-specific vasculature. We have demonstrated the phantom’s
was connected to the syringe pump, at a constant infusion rate of 30 mL/min.
mformed data as reconstructed for three recordings with increasing flow rates
OI in panel A). The Doppler spectrum for each of the increasing flow rates shows
oppler image, ROI, region of interest.



Figure 9. MRI Flow Measurements (Phase Contrast). (a) Flow velocity as calculated in three different axial sections of the y-shape phantom (#1−3) based on Phase
Contrast imaging. (b) an out-of-plane reconstruction of the flow velocity in the bottom part of the y-shape bifurcation (#4). In both panels, the maximum flow velocity
which was found was around 8 cm/s.
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compatibility with both Doppler ultrasound- and MR Phase Contrast-
imaging.

Although,

1) The tissue mimicking material used in our phantom has been
described before [8,23,34−36]

2) Our soluble resin-material is commercially available (3D-resyn, IM-
HDT-WS)

3) Other methods to create wall-less phantoms have been described
[37,38],

4) Patient-specific printing of vasculature has also been described
[13,17−19,22],

our phantom is unique in that it combines all these aspects to create
one single versatile, wall-less ultrasound- and MRI-compatible flow-
phantom.

The results in this paper describe the intrinsic acoustic and MRI-
properties of our phantom. The speed of sound of our phantom falls in
line with the expected speed of sound shown by Cabrelli et al. [23] who
measured the same mixture to have a sound speed of 1472 +− 0.6 m/s
after >1 y. Despite our streamlining of the phantom pouring pipeline,
both air pockets and clusters of TiO2 were still formed in the tissue mim-
icking material, as visible in the structural MRI images (Fig. 7a). How-
ever, given the relative sparsity of these inhomogeneities (Fig. 7a), they
did not noticeably impact the acoustic results.

The phantom design was otherwise favorable in terms of reproduc-
ibility and durability. The combination of our phantom mold and imag-
ing unit resulted in a modular set-up, in which different iterations of the
same phantom, as well as different phantom types, could be imaged in a
consistent, reproducible way. This modular nature, however, also posed
constraints. The mold and imaging unit only facilitated a limited number
of in- and outflow tracts (max 1−2 on each side). For geometrical
shapes, such as the y-shape and slanted pipe, this was not a problem.
However, for the patient-specific print, only a limited number of vascu-
lar networks would be well-suited for phantom production. Finely vascu-
larized tumor networks with multiple feeding and draining vessels, as
867
we have imaged in the clinic [25], will not fit the current phantom
design without simplification of the complex network to only one or two
feeding and draining vessels. Additionally, as with most other reported
phantoms, our design also does not facilitate any capillary outflow or
any type of tissue diffusion.

The resin-printer also constrains the phantom design. Although the
printer resolution is exceptionally high (50 µm, as reported by the manu-
facturer), the printing surface is limited to small shapes of max. 10 cm
(see Supplementary File 1). Additionally, despite the printer resolution
permitting the accurate realization of many fine vascular networks, we
avoided incorporating structures in our prints of <1 mm in diameter.
This was done for two reasons: (i) removing such fine resolution struc-
tures from the printing plate and preserving their integrity throughout
the cleaning and curing process, is challenging and (ii) despite cooling
the SEBS-mix prior to pouring, we still found that the heat from the mix-
ture would deform structures <1 mm.

The structural MRI-scans show that the lumen in all phantoms was
completely patent. However, the smaller vessels (e.g., in the Y-shape)
did not always seem to receive sufficient flow for Doppler imaging, as
was seen in Figure 7. This observation could be explained by a combina-
tion of the beam-to-flow angle and the lack of flow restriction to the
larger vessel. Figures 6, 7 and 9 show the MRI-compatibility of our phan-
tom for both structural and flow imaging. However, our current imaging
set-up is not ideal for flow imaging due to the need to extend the in- and
outflow tubing (>8 m) to avoid placement of the MRI-incompatible
pump in the vicinity of the MRI-scanner. Future effort should focus on
using MRI-compatible flow pumps to connect to the phantom. This will
also enable the possibility of performing one-to-one comparisons of flow
patterns as found in ultrasound versus MRI, which was not possible in
the current setting.

Conclusions

We developed a versatile, wall-less MRI-compatible Doppler Ultra-
sound flow-phantom using customizable, water-soluble resin prints.
This paper describes the phantom’s manufacturing process, as well as
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the phantom’s multimodal compatibility with ultrasound and MRI, both
structurally and in terms of flow.
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