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Abstract— Perfusion phantoms are increasingly used for
developing and validating perfusion imaging techniques across
modalities. However, the practical aspects of designing and
implementing these phantoms are often underreported, which
can lead to reproducibility challenges and hinder efficient
progress. Improved documentation of these aspects can
streamline future development and facilitate more rapid
research progress. This paper provides a practical overview of
perfusion phantom development particularly for X-ray imaging
and computed tomography, outlining a step-by-step workflow
and key technical and design considerations. These include
microcirculation simulation, 3D printing methods, flow circuit
configuration, and selection of working fluids and contrast
agents to accurately mimic in vivo conditions. Strategies for
mitigating air bubble formation are also discussed. This work
serves as a reference for researchers seeking to design,
construct, and validate reliable perfusion phantoms for
quantitative imaging.
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tomography

I. INTRODUCTION

Perfusion phantoms are essential tools for simulating
tissue perfusion processes and vascular pathologies,
providing a controlled and quantifiable ground truth for the
optimisation, validation, and evaluation of medical imaging
systems. Compared to in vivo studies, phantom-based studies
offer a known ground truth, improved controllability and
ethical feasibility [1,2].

In X-ray and computed tomography (CT) imaging,
perfusion phantoms have been used to investigate dynamic
contrast enhancement protocols and perfusion quantification
accuracy [3-7]. As perfusion imaging becomes increasingly
important for clinical diagnosis and treatment planning, with
applications in fields such as oncology, stroke, and
cardiovascular imaging, the need for standardised and
reproducible phantoms continues to grow.

In earlier work, we introduced a framework for phantom
development based on the design science research
methodology (DSRM), providing a structured approach to
the iterative design and evaluation of imaging phantoms [3].
Building upon that foundation, this paper focuses on
providing a guide on practical implementation aspects that
should be considered in perfusion phantom development.

When developing perfusion phantoms, several technical
considerations arise. These include selecting appropriate
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construction materials and choosing fabrication techniques
such as 3D printing or mould casting to accurately simulate
macro- and microcirculation. In addition, the flow circuit
must be designed to reproduce physiologically relevant flow
profiles. Furthermore, the working fluid and contrast agents
should be selected to ensure realistic fluid dynamics in
replicating in vivo conditions. Additional challenges, such as
preventing and removing air bubbles, require effective
mitigation strategies.

This paper presents a practical guide to perfusion phantom
development, revisiting the phantom development
framework and outlining key technical and design
considerations to support the development of reproducible,
physiologically relevant, and imaging-compatible perfusion
phantoms.

I1. PERFUSION IMAGING AND X-RAY
CONTRAST AGENTS

Perfusion imaging aims to quantify blood flow through the
microvasculature of tissues. The microcirculation represents
the terminal vascular network, comprising of arterioles,
capillaries, and venules, with vessel diameters below 20 um
[8]. It is responsible for delivering oxygen and nutrients to
parenchymal cells and maintaining tissue metabolism.[8]
Disturbances in microcirculatory flow are central to many
diseases: reduced cerebral perfusion is critical in stroke
assessment, [9] and increased perfusion and angiogenesis are
hallmarks of tumour growth and malignancy.[10]
Quantifying these microvascular changes through perfusion
imaging provides valuable biomarkers for diagnosis,
treatment monitoring and prognosis[10].

In CT perfusion (CTP) imaging, an iodinated contrast
agent is administered intravascularly and is monitored during
its initial circulation through the tissue capillary bed of the
organ of interest [ 11]. lodinated contrast agents cause greater
absorption of X-ray attenuation in a target organ or blood
plasma, resulting in increased enhancement on the CT image.
The extent of contrast enhancement in CT correlates directly
with the iodine concentration in the system and the X-ray
energy level. At a fixed tube voltage, contrast enhancement
rises proportionally with iodine concentration [12]. Lower
voltages result in greater contrast enhancement per iodine
concentration since the lower effective energy of the X-ray
beam is closer to the k-edge of iodine (33.2 keV) [13].
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Theoretically, a 1 mg I/mL increase in concentration yields a
contrast enhancement of41.12 HU at 80 kV, 31.74 HU at 100
kV, and 26.18 HU at 120 kV. Therefore, a lower voltage
produces greater contrast enhancement per iodine
concentration [12].

After peripheral intravenous injection, the contrast bolus
passes through the right atrium, pulmonary circulation, and
left atrium before entering the central arterial system. It
redistributes from the vascular to the interstitial space, with
transport governed mainly by blood flow rather than
diffusion. Consequently, highly perfused organs such as the
kidneys, spleen, and liver demonstrate strong first-pass
enhancement. As the bolus circulates, it becomes
progressively diluted and dispersed, particularly in organs
located further from the injection site [12]. Typically, the
contrast protocol for a brain perfusion CT uses 35-50 mL of
an iodinated contrast agent with a concentration of 300-350
mg I/mL (injected rapidly), and the derived iodine maps in
the brain report parenchymal iodine concentrations in the
order of 0.4-8.6 mg I/mL, depending on the timing and
pathology [14], [15]. Contrast-enhanced CT images of the
breast reveal maximum iodine concentrations up to 6 mg
I/mL in cancerous tissue [16].

The changes in tissue contrast per voxel over time can be
used to compute time-intensity curves. From these curves,
parameters such as time to peak (TTP), mean transit time
(MTT), maximum slope, time of arrival, area under the curve,
and peak intensity can be extracted. Colour-coded parametric
maps can also be generated to help visualise these tissue
characteristics [17]. Blood Volume (BV), which refers to the
amount of blood per mass of tissue, and Blood Flow (BF),
which is the amount of blood per mass of tissue per minute,
can be calculated using the contrast enhancement of the
arterial input, tissue, and venous outflow [11].
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11I. PHANTOM DEVELOPMENT WORKFLOW

To provide structure to perfusion phantom development,
we previously proposed a workflow consisting of six iterative
steps: (1) identifying the problem (2) defining objectives for
a solution; (3) designing and developing the phantom; (4)
demonstrating its functionality; (5) evaluating its
performance against the predefined objectives; and (6)
communicating the results. These steps are represented in a
V-shaped model (Figure 1), distinguishing a verification,
where user needs, functional requirements, and physical
design are defined and realised, from a validation phase,
where the phantom’s performance is tested against its
intended purpose [3].

IV. KEY TECHNICAL AND DESIGN
CONSIDERATIONS

Once the functional and design requirements are
established, the phantom can be designed. This section
covers the key design and technical considerations for X-
ray/CT perfusion phantoms, including possible materials for
simulating microcirculation, pump system design and flow
profiles, contrast agents and fluid properties, flow sensors,
and methods to eliminate air bubbles inside the setup.

Simulating Microvasculature

The material used to simulate microvasculature should
match the X-ray attenuation properties of the target tissue,
typically corresponding to a Hounsfield Unit (HU) range of
approximately 50 HU to 80 HU.[18] Flow dynamics within
the simulated microvasculature should reproduce the
enhancement patterns observed in vivo for the tissue of
interest, ensuring realistic time-intensity characteristics. The
material used to simulate the microcirculation should not

5.2
Evaluation

5.1
Validation

\

4. Demonstration
Test the phantom to solve
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Figure 1: Visual representation of the phantom development workflow. The workflow is shown as a V-shaped model that
separates a verification phase (where the requirements are established and the phantom is designed) from a validation
phase (where the phantom is tested against its requirements and its performance is tested).
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contain any air bubbles, as these can introduce imaging
artefacts and alter local X-ray attenuation measurements.

Kamphuis et al. conducted a systematic review
categorising perfusion phantom designs into three main
configurations: basic, aligned capillary, and tissue-filled [1].
Basic designs comprise a single chamber with inlet and outlet
tubing, without attempting to replicate the physiological or
morphological structure of the microcirculation or
surrounding tissue. In aligned capillary phantoms, the
microvascular network is modelled using a bundle of parallel
hollow fibres or tubes, such as those found in dialysis
cartridges, to represent capillary pathways [19]. Tissue-filled
phantoms incorporate tissue-mimicking materials within the
phantom volume to better approximate microcirculatory
architecture.

Table 1: Microcirculation simulation materials, example uses, and their
advantages and disadvantages

Material Exa.mp_l N Advantages Di;ady aqtages/
application limitations
Sponge-like MRI[20], [21], Inexpensive,  Limited
polymer [22], [23] high porosity, repeatability,
compressible ~ Variable pore
US[24] size
CTI6] Air entrapment
(micro) beads MRI: dextran gel Compressible Difficult
beads (gel beads) integration in
(porous)[25] complex
CT- Sodium Repeatable volumes
alginate beads Controlled

(non-porous)[3], pore geometry

POM beads[4],
Plastic beads[5]  Tissue-like
PET/SPECT: attenuation
plastic beads[26] coefficients Attenuation
Fluorescence coefficient too
angiography: high (glass
glass beads[27] beads)

Gel US: Agar Bacto  Inexpensive Limited
gel[28] customizable  mechanical
MRI: Sephadex ~ geometry durability
gel[29], 3D Challenging to
printing gel[30], simulate small
gelatin and channels
Joncryl[31]

3D-printed X-ray: gyroid High design Limited in the

microchannels structure[32] precision smallest
MRI: Rapid channel size
microchannels prototyping possible
[33]
CT: Hexagonal
channels[7],
gyroid structure
and small
channels[34]

Additionally, microvasculature simulation can be

achieved either as a single continuous volume or as two
distinct compartments separated by a porous membrane [1],
[35]. Examples of tissue-mimicking materials include
sponge-like materials [6], [20-24] (micro) beads [3-5],
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[25,26] gels [28-31] and 3D-printed microchannels [7], [32-
34], [36]. Table 1 lists a summary of the potential materials
along with their advantages and disadvantages for use in X-
ray/CT perfusion imaging.

3D printing for perfusion phantoms

3D printing is increasingly used in medical imaging. It
provides significant advantages such as customisation, rapid
prototyping, reproducibility, high precision, and relatively
low cost. For phantom development, 3D printing can
therefore be a viable option [18], [37]. The field of 3D
printing is advancing, allowing for printing with ever-higher
resolutions and smaller channel sizes. This is especially
relevant for perfusion phantoms, where small channels or
complex vascular structures resembling macro and
microvascular perfusion need to be simulated. Various
printing techniques exist, including fused deposit modelling
(FDM), vat photopolymerization (which includes
stereolithography (SLA)), binder jetting, material jetting,
powder bed fusion, directed energy deposition, and sheet
lamination [38]. The most widely used methods are FDM and
SLA printing. This section describes these two different
techniques, material options, and phantom assembly
strategies.

Fused Deposit Modelling

In FDM printing, a thermoplastic filament is fed into a
temperature-controlled head, where it melts and is precisely
extruded through a nozzle onto the print bed. As the material
cools, it solidifies. After each layer, the nozzle moves upward
to add the next layer. For overhanging structures, temporary
support structures are often printed from additional filament
that can be removed afterwards. The typical feature
resolution of FDM prints is 100-150 microns[39]. FDM
printing allows for inexpensive prints from materials with
varying mechanical properties. FDM printers are widely
accessible and used for prototyping, as well as for end-use
manufacturing. Typical materials used for the filaments
include: polylactic acid (PLA), acrylonitrile-butadiene-
styrene (ABS), polymethyl methacrylate (PMMA), nylon,
and polycarbonate (PC). These different materials have
different X-ray attenuation values [18]. Okkalidis et al.
(2024) and Ma et al. investigated the X-ray attenuation of
thermoplastic filaments for X-ray/CT phantoms and
identified proper filaments for simulating muscle, fat tissue,
and bone [18], [40].

Vat photopolymerization

Vat photopolymerization is an additive manufacturing
technique in which a photosensitive resin is selectively cured
layer by layer using a light source, typically a laser
(stereolithography, SLA) or a digital light projector (digital
light processing, DLP), or through continuous liquid
interface production (CLIP). After printing, the object
undergoes post-processing steps, including washing with
solvents to remove excess resin, removing possible
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supporting structures, and subsequent ultraviolet curing to
improve mechanical stability. A wide variety of materials can
be employed in this process, such as clear, tough, flexible, or
elastic resins, allowing fabrication to be tailored to specific
functional and mechanical requirements. Vat
photopolymerization allows for prints with excellent surface
quality and precision (typical feature resolution of 50-100
microns) [41].

Phantom Assembly Strategies

A crucial requirement for perfusion phantoms is that the
(assembled) print is watertight. The choice of printing
material can play a key role in this. Resins used in SLA
printing typically create water-tight parts, whereas for
plastics used in FDM printing, it depends on printing quality
and material properties. In the latter, epoxy resin, silicon or
acrylic coatings can be applied post-printing to seal any leaks
and guarantee water tightness [42,43].

When a phantom consists of multiple parts, thin silicon
packing can be used between the parts, and the phantom can
be tightened with nylon screws and bolts to create a seal [3].

Flow Set-ups

To create time-varying contrast profiles inside the
phantom, a pumping system is required. Blood flow can be
simulated using a continuous pump, while contrast agents
can be administered using (programmable) syringe pumps or
medical injectors. Care should be taken to prevent pressure
drops caused by the continuous pump during contrast
injection, as these can affect flow profiles. This can be
achieved in several different ways. First, the continuous
pump can be programmed to modify the speed during
injection. Another option is to use an additional injecting
pump that introduces water at the same rate as the contrast
injection when contrast is not being administered. Finally, the
contrast can be added to the input vessel from which the
continuous pump draws the fluid.

The flow setup of the phantom can be either an open, a
semi-closed or a closed system. Where an open system
typically consists of an input tank, pump, contrast injection
side, the phantom, and an output tank, a closed system
combines or redirects the output with the input, thereby
lowering the chances of introducing new air bubbles into the
system. In the study by Kamphuis et al. a closed system was
used with a custom-built filter to extract the radioactive
material before re-entering the input reservoir [26]. Boese et
al, created a semi-closed system by incorporating a tap for
contrast removal after circulation through their phantom [6].
Different configurations are shown in Figure 2.

. Open phantom system

E Contrast injector

Outputi reservoir

Input reservoir Pump Phantom
2. Closed phantom system
Contrast injector
Input reservoir Pump Phantom
AN Filter

w

Semi-closed system
Conlrast injector

@ D Switch

Input reservoir Pump

Phantom Outpul reservoir

Figure 2: Phantom set-up configurations. Distinguishing open, closed
and semi-closed phantom systems.

Contrast Agents and Fluid Properties

In perfusion phantoms, the distance from the injection site
to the tissue compartment is generally much smaller and
encompasses a smaller volume than its human equivalent.
Therefore, the initial input concentration should be decreased
to simulate the correct iodine concentrations expected to
arrive at the area of the body being imaged. The required
concentration can be estimated by taking the following steps
[44]:

1. Determining the desired peak CT number
HU,qrgec and the base intensity of the phantom
background HU, .

2. Measuring the scanner slope S (HU per mg I/mL)
at the desired scanner settings by measuring a
calibration series of known iodine concentrations
and fitting HU vs iodine concentration to obtain
S.

3. Determining the required iodine concentration in
the imaged volume (after dilution/mixing):

Uimagea(mg 1/ mL) = et bse g
4. Relating the injected contrast to the imaged
concentration, while accounting for dilution.

5. When the injected bolus V;,;(mL) and iodine
contrast agent with a certain concentration C, g,
(mg I/mL) mixes into an effective dispersion
volume Vy;,(mL) in the phantom or flow loop,
then:
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Vinj'Cugent (2)

I]; ~
[ ]Lmuged Vaisp

So:

[I]imaged : Vdisp
nj = T Coet 3)
6. When the phantom transit is nearly plug-flow
with little dilution, Vs, approximates V;,;. The
dispersion of the contrast agent inside the flow
loop and the phantom should be studied
beforehand.
7. Determining the iodine delivery rate (IDR), by

taking the injection flow rate (FR) into account:

IDR (mg 1/ 5) = Cogenc(mg 1/ mL) - FR (mL/s)  (4)

Studying Contrast Agent Behaviour

Viscous fluids generally have more resistance and flow
more slowly when combined with a less viscous counterpart
[45]. As a result, care must be taken when attempting to use
iodinated contrast agents mixed with water in a perfusion
phantom, since the former have a higher dynamic viscosity
than the latter. In addition, the higher the iodine
concentration, the higher the viscosity. For example, [omeron
400 has a dynamic viscosity of 12.6 cP at 37 degrees Celsius
[46], while blood has a viscosity of 3.5-5.5 cP at this
temperature. However, it should be noted that blood viscosity
changes depending on the hemodynamic conditions [47].
Mismatch in viscosity between the contrast agent and the
underlying base fluid, e.g., water, will result in poor contrast
integration and transport, failing to represent the clinical
conditions. To minimise this problem, matching the dynamic
properties, in terms of density and viscosity, between the
contrast and the base fluid is essential. This can be achieved
by, e.g., including glycerol together with water as the base
fluid [48] and by diluting the contrast agent to match the
properties of the analogue agent at the imaged site.

For example, in an early functional imaging study
performed to evaluate imaging of the lymphatic vessel, it was
determined that better contrast integration was observed
when the dynamic properties of the iodinated contrast agent
and the lymphatic fluid analogue matched [49] This was
achieved by diluting Iomeron 56 to match the analogue
blood-mimicking fluid (BMF), consisting of 45 wt% glycerol
and 55 wt% water [48]. In general, it is useful for studying
contrast agent behaviour in perfusion phantoms to add a few
drops of food colouring to the contrast agent.

A. Overcoming Air Bubbles

Air bubbles within a phantom setup represent a significant
source of error since the density difference between air
(approximately -1000 HU) and water- or tissue-equivalent
material (0-80 HU) creates discontinuities in X-ray
attenuation that do not reflect actual tissue structure [18]
compromising quantitative, and sometimes qualitative,
evaluations. To overcome air bubbles in the phantom setup,
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several strategies can be employed during phantom
preparation. Degassing the water or BMF before use reduces
the likelihood of trapped microbubbles. Flushing the
phantom repeatedly and filling it from bottom to top helps
displace residual air. Gently shaking or tilting the phantom
during filling can release trapped bubbles. Furthermore, it is
essential to ensure that the phantom is completely watertight
and does not allow air bubbles to enter through small gaps.

Flow Sensors and Ground Truth Values

Flow sensors can be used to provide real-time, quantitative
ground-truth flow values of the phantom. Various types of
sensors can be employed for this purpose, including Doppler-
based flow sensors, which measure velocity through
frequency shifts of reflected ultrasound or laser signals, and
turbine flow sensors, which determine flow rates from the
rotational speed of an internal rotor [26]. Flow regulation
typically depends on adjusting the pump speed and manually
tuning resistive elements, such as taps, to achieve the desired
flow conditions. While this approach enables control, it relies
on continuous monitoring and manual intervention. Once
flow conditions have been established, the flow sensor
readings often remain stable, reducing the necessity for
continuous monitoring. To further streamline the process, the
use of pre-calibrated flow resistors (apertures) within a
standardised configuration has been proposed. Such an
approach could simplify the setup and improve user
friendliness [50].

V. CONCLUSIONS

Developing a reliable perfusion phantom requires careful
consideration of both design principles and practical
implementation. We outlined a step-by-step approach from
the initial design workflow and microcirculation simulation
to fabrication using 3D printing methods. Attention to
watertight sealing, realistic flow generation, and
physiologically relevant fluid properties is essential to
achieve consistent and meaningful results. Addressing
common challenges, such as air bubble formation, further
ensures accurate flow quantification. By combining
accessible materials with reproducible fabrication and
structured validation, researchers can create perfusion
phantoms optimised for their specific imaging needs.
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