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Abstract

Tissue mimicking materials (TMMs), typically contained within phantoms, have been used for
many decades in both imaging and therapeutic applications. This review investigates the
specifications that are typically being used in development of the latest TMMs. The imaging
modalities that have been investigated focus around CT, mammography, SPECT, PET, MRI and
ultrasound. Therapeutic applications discussed within the review include radiotherapy, thermal
therapy and surgical applications. A number of modalities were not reviewed including optical
spectroscopy, optical imaging and planar x-rays. The emergence of image guided interventions and
multimodality imaging have placed an increasing demand on the number of specifications on the
latest TMMs. Material specification standards are available in some imaging areas such as
ultrasound. It is recommended that this should be replicated for other imaging and therapeutic
modalities. Materials used within phantoms have been reviewed for a series of imaging and
therapeutic applications with the potential to become a testbed for cross-fertilization of materials
across modalities. Deformation, texture, multimodality imaging and perfusion are common
themes that are currently under development.

1. Introduction

Tissue mimicking materials (TMMs) have been used in widespread applications in clinical simulations and
biomedical research. They are typically contained within a phantom which is defined as a model of the
human body or body part. Phantoms play an invaluable role in medical research, modelling idealized tissue
to evaluate clinical imaging, therapeutic device performance and medical procedures in a test environment
without risk to animal or human subjects.

Reviews have recently been carried out which comprehensively discuss the manufacturing of phantoms
using 3D printing with some discussion on the materials (Filippou and Tsoumpas 2018, Glick and Ikejimba
2018, Tino et al 2019b). One of the conclusions was that there are not enough materials to mimic all the
different tissue properties (Filippou and Tsoumpas 2018) although the increasing flexibility and availability

© 2020 Institute of Physics and Engineering in Medicine
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Figure 1. Research articles published per year between 1978 and 2019 in the Pubmed database with search terms (a) Tissue
Mimicking Phantom and (b) Anthropomorphic Phantom.

as well as the low cost of additive manufacturing, will result in its increased use within medicine

(Tino et al 2019b). Similarly, a surgical review has recently investigated the mechanical properties of tissue
(Li et al 2018). With so many TMMs presented across reviews and with increasing investigations there is an
urgent requirement to focus on properties of the materials used for phantoms across imaging and
therapeutic modalities.

Digital or ‘computational’ anthropomorphic phantoms can be developed without the cost of
manufacturing (Xu 2014). However, physical phantoms are more likely be used in institution-specific
acquisition and procedural protocols which can vary across different manufacturers, models of equipment
and applications. The material or TMMs used within physical phantoms is critical to the success of their
application. Development of physical phantoms is a flourishing area of research. In Pubmed, the search term
‘Tissue Mimicking Phantom’ is generally referred to in ultrasound and MRI phantom development as shown
in figure 1(a). With a history of more than 40 years, there is still a rise in the number of publications
investigating this area. Within the sphere of CT and radiotherapy, the term TMM is not typically used, but
TMMs are generally developed for ‘Anthropomorphic Phantoms’. Figure 1(b) shows that a significant
proportion of recent Anthropomorphic Phantoms articles are associated with ionizing imaging, such as CT,
and radiotherapy. Surgery and thermal therapies are typically guided by imaging therefore often overlap both
areas. With so many published and emerging articles, it is an ideal time for a review article to summarize this
literature to establish the current status of this thriving research area.

This review focuses on the properties of materials designed for a wide range of medical imaging and
image-guided therapeutic procedures. Results from investigations into the properties of materials, evaluated
against the reference specifications are documented. The scope of this review includes lung, soft tissue and
bone TMM:s developed within the last 5 years as well as well characterized ‘classic’ materials often referred to
in the literature.

2. Imaging with ionizing radiation

2.1. Specification of material

Figure 2 shows that the key parameters for material specification are the component energy dependent linear
attenuation coefficients (LACs) for photoelectric absorption, Compton scattering and Rayleigh scattering for
imaging and therapy with x-rays (White et al 1989). Physical properties may be required to mimic the
physical density and the effective atomic number (Z.); radiological properties to be taken into account
include the electron density and both the mass attenuation (p/p) and mass—energy-absorption ({len/p)
coefficients. It is not always necessary to match the atomic composition of the tissue(s) in question for all
applications (White et al 1989). Indeed, the accuracy to which TMMs need to match the absorption and
scattering properties of body tissue depends on the application (White et al 1989).

The relative difference of the LAC of tissue relative to that of water is referred to as the CT number
measured in Hounsfield Unit (HU). This is often presented at a given tube voltage to characterize the tissue.
The drawback to this method of defining the tissue properties is that it is only specific to a particular photon
energy (Taylor et al 2012) and also the effect of beam hardening due to a patient’s size on the HU values of
lung and bone tissues can be significant (Ai et al 2018). In addition, measured CT numbers are somewhat
dependent on scanner-related factors such as calibration and imaging protocol. A set of CT numbers,
acquired at 120 kVp which were either presented by, or referenced in articles investigating TMM:s over the
last 5 years are presented in table 1.
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Figure 2. Scattering and absorption LACs for photons in adipose tissue (left) and cortical bone (right). The corresponding energy
ranges of ionizing imaging modalities considered in this work are indicated by vertical regions . Cross section data taken from
Berger et al (2010) with tissues definitions from White et al (1989). MG—Mammography, LDR—Low Dose Rate Brachytherapy,
IORT—Intra-Operative Radiotherapy, CT—Computed Tomography, NM—Nuclear Medicine, HDR—High Dose Rate
Brachytherapy, EBRT—External Beam Radiotherapy.

Table 1. CT properties (HU) of several common types of human tissues from prior studies. Data from (a) Woodard and White (1986),
(b) Niebuhr et al (2016), (c) Craft and Howell (2017), (d) Konstas et al (2009), (e) Makris et al (2019), (f) Liao et al (2017), (g) Ehrbar
et al (2019), (h) Sirtoli et al (2017), (i) Abdullah et al (2018), (j) Thali et al (2009), (k) Hamedani et al (2018), (1) Mohammed Ali et al
(2018), (m) Ceh et al (2017), (n) Schreiber et al (2011), (o) Kobe et al (2019), (p) Bottomley et al (1984), (q) Hazelaar et al (2018), (r)
Kalender (1981), (s) Brown et al (2015). Generally presented are mean = standard deviation.

Human tissue CT number (HU)

Adipose —95 t0-55@, —95 + 10

Breast —61 4 479

Heart 25 + 25

Brain 20 to 409, 28 + 19

Spleen 540

Liver 58 4+ 9, 63

Prostate 34® 45 4 4®

Kidney 35 + 14®), 430

Muscle 40 to 449, 60 + 30™, 54 + 7™

Fat —80 & 20™, 90

Cortical bone 14549930 4+ 1560, 1200 (111 297)?, 1524@, 819 + 211®, 1042 to 1754™,
1000 to 3000™, 1115 =+ 80

Skull/Upper jaw 996 + 167", 934 4 228

Cancellous bone 2620, 265 4+ 135M™, 140 & 170®

Lung —378 (—605 to —97)?, —862 + 90, —950 to —550", -836 (m) and —811 (f)©

Other imaging modalities use much lower energies. Mammography is a low photon energy (<50 keV)
x-ray breast imaging modality. At these energies the adipose and glandular tissue components of the breast
need to be considered separately when developing suitable breast phantoms (White et al 1989). Dedicated
breast CT (bCT) typically use higher photon energies up to approx. 100 keV. According to ICRU 44, a single
material may be adequate to represent both tissue types above 50 keV (White et al 1989). For mammography
(and bCT) material characterization is normally specified using the LAC defined over the clinical energy
range. For experimental phase contrast mammography, the refractive index decrement (8) is used for
material specification (Esposito ef al 2019).

Phantoms for nuclear medicine imaging have historically focused on constraining radioactive material in
predefined geometries, with a focus on quality control and performance optimization of imaging systems.
The majority of these phantoms are designed to contain solutions of radionuclides used for single photon
emission computed tomography (SPECT) or positron emission tomography (PET). The relatively short
half-life of most isotopes used in nuclear medicine (typically < 1 week) adds an additional requirement that
phantoms easily allow regular safe addition and removal of radionuclide solution. Subsequent developments
have focused on anthropomorphic phantoms that provide more realistic geometries which better represent
clinically observed activity distributions.

These unique requirements of nuclear medicine phantoms, in comparison to other ionizing imaging
modalities, has led to a general focus on developing phantoms that can safely contain radionuclide solutions,
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Figure 3. Waterfall plot showing the CT numbers for a variety of materials including solids (3D printed, non-3D printed or
Polymers), liquids and air. Error bars represent the standard deviations. Reference lines are shown from typical values in .table 1.

with only secondary consideration of specific tissue equivalence. As with x-ray, CT and mammography
imaging the key parameter for tissue material specification is the LAC of the tissue of interest. This is now
increasingly important as SPECT and PET imaging is routinely performed with sequential CT imaging for
attenuation correction. The energy of photons detected in nuclear medicine imaging is isotope dependent
with a nominal range of ~80-511 keV (see figure 2), with 140 keV (**™Tc) being prevalent for clinical
SPECT imaging and 511 keV positron annihilation photons for PET.

2.2.CT

2.2.1. Review of materials

2.2.1.1. Commercial phantoms

TMMs used in CT imaging including resins, gels, plastics and a variety of 3D printing materials were
presented in (Bliznakova et al 2018) and in the recent AAPM Task Group Report 233 (Samei et al 2019) with
established whole body phantoms such as the resin-based Rando (The Phantom Laboratory), ATOM (CIRS,
US), Leeds (Leeds Test Objects, UK), KYOTO (KYOTO Kagaku Co, Japan) phantoms discussed. Although the
TMMs within commercial phantoms are typically proprietary, some do present the mass and electron density
as well as comparison with recalculated LACs (ATOM® Dosimetry Phantoms Models 701-706 White Paper,
https://www.cirsinc.com/products/all/33/atom-dosimetry-verification-phantoms/) at time of publication
compared against reference data (Snyder et al 1975, Hammerstein et al 1979, Woodard and White 1986).
Commercial calibration HU phantoms utilize solid resin or liquid TMM inserts (Dancewicz et al 2017).

2.2.1.2. In-house phantoms

Articles on in-house phantom materials were retrieved from Google Scholar and Pubmed searches of
‘Anthropomorphic Phantom Development CT” over the past 5 years. Articles were excluded if they were
investigating computational phantoms or referring only to optimization of imaging parameters, radiation
protection or radiotherapy. Other articles have also been sourced from recent reviews on 3D printing
(Filippou and Tsoumpas 2018, Tino et al 2019b) and also reviews including motion management phantoms
(Bertholet er al 2019). Figure 3 shows that at least 200 materials have been utilized to mimic tissue over the
past 5 years, reporting the HU, typically at 120 kVp. The source data is also presented in supplementary table
1 (available online at https://stacks.iop.org/PMB/65/23TR01/mmedia) with direct references to patient data,
supplementary table 2 with direct reference to phantom data and also in supplementary table 3 without
direct references.
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2.2.1.3. Soft tissue

Materials with particular soft tissue properties have been widely investigated for CT, motivated by the
increasing number of investigations into deformable and multi-modality phantoms. Solids such as
Polymethyl methacrylate (PMMA) and resins (Perrin et al 2017, Mohammed Ali et al 2018), and 3D printed
materials (Filippou and Tsoumpas 2018, Tino et al 2019b) can be used to mimic soft tissue although printed
shells filled with liquids or polymers, as shown in figure 3, have become more prevalent with the increasing
requirement for MR-CT visualization (section 5.1) and deformation. Liquids mixed with varying
concentrations of contrast agents have allowed the development of liquid phantoms with similar imaging
contrast properties to a variety of organs and tissues (Niebuhr e al 2016, 2019, Fitzgerald et al 2017,
Abdullah et al 2018). Liquids have the advantage that they can fill voids within manufactured phantoms
including deformable balloon-like materials (Niebuhr et al 2016, 2019, Abdullah et al 2018). Gelatin
materials have been shown to have similar properties to soft tissue (Gallas et al 2015, Steinmann et al 2018,
Abdullah et al 2018) albeit with radiological changes observed over time; although methods to preserve these
properties have been developed (Steinmann et al 2018, Niebuhr et al 2019). Synthetic polymers, such as
polyvinyl chloride (PVC) and silicone, do not have water within the structure and therefore generally have
more stable properties, as well as a longer shelf life (Li et al 2015b). PVC with different softener ratios can
result in different HU, allowing the creation of a calibration curve to replicate many organ densities (Liao
etal 2017, Steinmann et al 2018, He et al 2019b). Silicone and urethane materials have been used to
investigate soft tissue with different silicone types and mixes giving possibilities to tune the concentrations to
mimic the relevant HU (Kadoya et al 2017, Steinmann et al 2018, Hazelaar et al 2018, Ehrbar et al 2019).

2.2.1.4. Bone

A number of materials have simulated bone. Metal materials infused into 3D printing filament have led to
high density materials, although the HU have been much higher than typical cortical bone material, leading
to artefacts in some cases (Ceh et al 2017, Dancewicz et al 2017). However, acrylonitrile butadiene styrene
(ABS) pellets doped with barium sulphate are showing promise (Hamedani et al 2018) as are other materials
(Perrin et al 2017, Makris et al 2019) although their properties were not described. Gypsum is a dense
material that has been widely used for cortical bone (Niebuhr et al 2016, 2019, Hazelaar et al 2018,
Mohammed Ali et al 2018). Many other materials have been used for inner bone including Vaseline doped
with dipotassium hydrogen phosphate (Niebuhr ef al 2016, 2019), urethane based materials (Cunningham
et al 2019, Kobe et al 2019), modified resins (He et al 2019b) and Teflon® (Hernandez-Giron et al 2019).
Iodine has a high atomic number and can result in HU similar to cortical bone. This has been used as a
solution (Abdullah et al 2018) and also placed within ink to print with varying grey-levels onto paper to
create a phantom (Jahnke et al 2016).

2.2.1.5. Lung

Air has been used to simulate lungs (Craft and Howell 2017, Abdullah et al 2018, Hernandez-Giron et al
2019) although this is an underestimation of patient lung densities (Kalender 1981, Brown et al 2015).
Polyurethane (PU) foam has been used as a lung substitute (Perrin et al 2017) with (Shin et al 2020) adding
contrast agents to the foam to increase the density. This material has the advantage that the density varies
following compression, which is desirable for dynamic inhale/exhale investigations. The most investigated
method of lung mimicking has been through varying the 3D printed materials and infill patterns
(Madamesila et al 2016, Dancewicz et al 2017, Hazelaar et al 2018, Hong et al 2020). These have typically
used rectilinear patterns although other patterns have been investigated (Madamesila et al 2016, Dancewicz
et al 2017) with novel Gyroid structure providing improved isotropy at different scanning orientations (Tino
et al 2019a).

2.2.2. Limitations

The supplementary tables 1-3 show that density, effective atomic numbers (Zf), material composition
(w%) or LAC curves have also been presented. These are typically compared with values generated from
ICRU 44 (White et al 1989) or ICRU 46 (White et al 1992). Figure 4(a) shows how the linear attenuation
curve changes with energy, calculated using a simulation package can be plotted with the CT numbers at
different energies for liquid TMMs (Fitzgerald et al 2017). A limitation in some of the literature is that these
material properties are not always presented. These properties can be important for applications such as
radiotherapy where information such as composition can be important for validation of modelling the
treatment within planning systems as discussed in section 6.
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Figure 4. (a) Plot of calculated discrete-energy CT attenuation of selected ICRU tissues (lines) and the measured CT attenuation
of the physically produced liquid tissue substitute (LTS) materials (diamonds). Figure license: Fitzgerald et al (2017). John Wiley
& Sons. © 2017 American Association of Physicists in Medicine. (b) Linear attenuation coefficient of four gelatin-based phantom
materials mimicking x-ray attenuation properties of breast glandular and adipose tissues. Reference materials used are CIRS
phantoms. Figure license: Reproduced from Dahal et al (2018). Not subject to copyright in the USA. Contribution of US Food
and Drug Administration. All rights reserved.

2.2.3. Latest developments

2.2.3.1. Texture

In light of the availability and increasing clinical utilization of new CT technologies, it is particularly
important to assess image quality using task-specific metrics that are more relevant to predicting the
performance of a CT system for specific clinical imaging protocols (Samei et al 2019) . The nonlinear nature
of emerging reconstruction algorithms results in object-dependent resolution and noise performances. Thus,
traditional image quality metrics, such as contrast-to-noise ratio, are not always adequate indicators of
clinical imaging performance, instead a requirement for phantoms with ‘anatomical’ texture and structures
(i.e. heterogeneous background) has been suggested e.g. the Lungman phantom from Kyoto Kagaku (Jin et al
2019), with Mercury texture inserts (Samei et al 2019). With this recent suggestion from AAPM TG 233 that
texture phantoms are preferred (Samei et al 2019), it is certain that 3D printing will play an important role in
the development of heterogeneous phantoms.

With the evolution of advanced image analysis through radiomics, methodologies to ensure the best
possible repeatability and reproducibility of features will require more sophisticated phantoms with detailed
texture (Kalendralis et al 2019). This will place further emphasis on material development for TMMs (Plautz
et al 2019). A recent study showed that combinations of liquids, gels and solids are typically used for
heterogeneous phantoms and that these ‘standardization objects’ could be critical to ensuring stable
radiomics models across institutions (Valladares et al 2020).

2.2.3.2. Multi-energy CT

Multi-energy CT has several key applications including enhanced imaging using contrast media and
associated quantification of contrast, identification of materials via decomposition, and measurement of
electron density for radiotherapy planning applications. Inserts made of materials chosen to represent tissues
and contrast agents in either semi-anthropomorphic phantoms (Ehn et al 2018) or other geometric
phantoms (Ueguchi et al 2018) have been used. To determine the accuracy of identifying materials such as
calcium compounds and uric acid for diagnosis of renal stones for example, human tissue samples have been
utilized within phantoms (Grofe Hokamp et al 2019). Mileto et al (2016) produced a phantom containing
iodine to simulate an enhanced kidney for example, with solid enhancing lesions. Phantoms made from an
epoxy resin with material inserts designed to be spectrally equivalent across the range of virtual energies
simulated in dual energy CT have been developed by Nute et al (2019). The insert materials included iron
(IIT) oxide for blood, calcium carbonate for calcification and iodobenzene added to epoxy resin at various
concentrations for contrast agent.

2.2.3.3. Cardiac CT

Cardiac CT imaging phantoms are typically designed to replicate a selection of the possible features,
depending on the clinical question to be investigated. Features may include heart beat movement, perfusion,
x-ray attenuation, scatter, and features indicative of disease such as plaques or stenoses. It is not usually
possible, or indeed necessary, to combine all these features into a single anthropomorphic phantom.

6
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Boltz et al (2010) have developed a comprehensive beating cardiac phantom for an ECG system to
‘reasonably duplicate an average patient’s cardiac CT exam in terms of scatter, cardiac tissue densities,
coronary size, motion, heart rate and contrast material.” The cardiac phantom is designed to fit into a thorax
phantom containing TMMs. Attenuation of blood and tissues (soft tissue, bone, lung, myocardium, blood
and contrast enhanced blood) was measured and compared with the average from 200 coronary CT
angiography patients, providing a useful set of reference values for cardiac CT imaging.

A 3D printed cardiac insert phantom for use with an anthropomorphic thorax phantom was fabricated
from ABS by (Abdullah et al 2018), with designated spaces filled with tissue-like materials. Comparison of
CT numbers were made between patient images and the materials within the printed cardiac phantom when
inserted into the thorax phantom. Commercial cardiac phantoms (Cardio CT, Sim4Dcardio with coronary
artery phantom, QRM, Germany), have been designed to replicate thoracic tissues and to simulate motion of
the coronary arteries. These have recently been used to investigate the accuracy of measurements of coronary
stenosis (Papadakis et al 2020). Coronary artery stenosis have been mimicked using water-filled tubing of
various diameters within a flow phantom (Funama et al 2016).

2.2.3.4. 4D imaging and deformation

4D CT has increasingly been used to define tumour motion in radiotherapy and is utilized in diagnostic
radiology to investigate joint problems, the cardiac cycle and parathyroid washout of contrast. Increasingly,
there is a desire to capture motion and deformation within CT and CBCT, and therefore materials with
deformable properties are starting to be developed (Liao et al 2017, He et al 2019b). A description of
dynamic anthropomorphic phantoms has been recently presented in a review by Bertholet et al (2019).
Materials such as Silicone have been used for the abdomen, with HU values similar to those measured from a
patient (Ehrbar ef al 2019). The need for deformation places new requirements to present or test the
mechanical properties of TMM:s such as shore hardness (Gallas et al 2015, Kadoya et al 2017), Poison ratios
and elastic moduli (Liao et al 2017, He et al 2019b). Increasingly, these phantoms have a requirement to be
visible on other complementary imaging modalities such as ultrasound and MRI as discussed in

section 5.

2.3. Mammography and breast CT

2.3.1. Review of materials

In general, phantoms in diagnostic radiology modalities are developed for the purposes of assessing patient
absorbed dose and/or assessing imaging performance. However, recent developments in breast imaging have
tended to concentrate on the latter in light of new imaging developments such as digital breast tomosynthesis
(DBT), contrast-enhanced/dual energy mammography and breast CT. In particular, the emergence of DBT
has driven development away from homogeneous phantoms towards phantoms with textured
backgrounds—a feature that is necessary for assessing DBT. DBT is a pseudo-3D imaging technique
specifically designed to remove overlying anatomical structure from regions of interest and so, in addition,
many new phantoms are being designed with breast-like structure in three dimensions. These factors have in
turn driven the choice of phantom manufacturing method and materials.

Within breast phantom development, ICRU 44 (White et al 1989), Hammerstein et al (1979), and Johns
and Yaffe (1987) are typically utilized as standard references, providing elemental composition of breast
tissues from which the LACs are calculated. Another commonly used validation approach is to conduct a
side-by-side comparison with a material which has been established as a suitable tissue substitute. The
commercial CIRS adipose and glandular tissue equivalent resins (cirsinc.com) have often been used as a
ground truth for this purpose as shown in figure 4(b). Their accuracy as breast tissue equivalent materials
was demonstrated (Byng et al 1998) by comparison with published data (Hammerstein et al 1979).

2.3.1.1. Commercial phantoms

A range of solid commercial phantoms designed to replicate the attenuation of various glandularities of
breast tissue is available for optimization and quality assurance purposes. Whilst some of these phantoms
very accurately replicate the attenuation of breast tissues at mammographic energies, limitations centre on
the fact that most are either homogeneous or only provide a rough approximation of breast tissue structure.
The CIRS BR3D Model 020 phantom (cirsinc.com) uses two resin tissue-equivalent materials which mimic
100% glandular and adipose tissue swirled together in a set of slabs to provide a range of heterogeneous
backgrounds. Voxmam from Leeds Test Objects (leedstestobjects.com) has an unspecified textured
background which is claimed to simulate breast tissue. These heterogeneous phantoms represent a step
forward in breast phantom design, but work continues towards more anthropomorphic representation.
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2.3.1.2. In-house phantoms

Articles from PubMed from 2015 to mid-2020 with criteria of ‘mammography’ and ‘anthropomorphic’ or
‘dual-energy), plus earlier articles considered to provide key reference values, and articles cited in review
papers were referenced in this section. Only articles relating to physical phantoms were included. Almost all
of the recent physical phantoms aim to match the attenuation properties of the adipose and glandular breast
tissues and, in addition, to reproduce the heterogeneous tissue structure. With regard to this second
objective, the in-house phantoms fall into two categories: those with a non-anatomical representation of
breast texture, and those which are based on either computational breast models or x-ray images of real
breasts and aim to provide x-ray images of the phantom which are similar to those of a real breast. The
textured, but non-anatomical, representation of breast tissue is typically produced using a ‘spheres in water’
design. The texture of phantom images is quantified using the beta-index from Noise Power Spectrum
measurements and compared with that obtained from breast images (Cockmartin et al 2017). A recent
example of this type of phantom is given in section 1 of table 2. Phantoms which aim to replicate a real breast
are listed in section 2 of table 2. Where possible, the table indicates the percentage of adipose or glandular
breast tissue simulated by the material. Most are produced using 3D printing methods and can be compared
with their source file for accuracy. One phantom was produced by 2D printing using iodinated ink on
parchment paper (Ikejimba et al 2017). Several designs employ printing for one tissue type and infill the
resulting cavity with the other tissue substitute (Kiarashi et al 2015, Mainprize et al 2018). Variable height
phantoms (Badal ef al 2018, Schopphoven et al 2019) have been made for 2D mammography from clinical
images, where the thickness of printed material relates to the spatial attenuation of the breast tissue. Suitable
materials to produce low-cost homogeneous phantoms include 3D wood (Alssabbagh et al 2017) and a
paraffin and boric acid base mix (Cubukcu and Yiicel 2016).

Phantoms for use with dual energy mammography need to be sufficiently compositionally accurate to
calibrate a dual energy system such that it can decompose the breast into its constituent components, and so
quantify breast density. It was found that the commercial glandular and adipose resin phantoms were
inadequate for calibration purposes. Instead alternative liquid phantoms (Cho et al 2017) were used, which
more closely replicated the chemical composition of the breast tissues (section 3 of table 2). Liquid phantoms
can be difficult to handle, and so conversion coefficients intended for use with solid water and adipose
equivalent phantoms are provided (Cho et al 2017). Hwang et al 2018 have designed iodine in PMMA
phantoms which were used together with the CIRS ‘swirl’ heterogeneous phantom to demonstrate a
method of quantifying iodine concentration in clinical dual energy contrast-enhanced subtraction
images.

For higher x-ray photon energies used in breast CT and the experimental modality of phase contrast
imaging, both heterogeneous and homogeneous breast phantoms are being developed. A number of
materials, including ten polymer resins have been investigated by Ivanov et al (2018) for photon energies of
30 keV, 45 kev and 60 keV. These materials were also assessed for use in phase contrast imaging (Esposito et al
2019). Gel based breast phantoms have been designed for use across several imaging modalities including CT,
MRI and ultrasound (Ruschin et al 2016, Coulaud et al 2018). They have the advantage of being deformable
and have been employed in validating deformable image registration algorithms (Ruschin et al 2016).

2.3.2. Limitations

A number of limitations of in-house phantoms are highlighted both in the references in table 2 and in review
articles (Glick and Ikejimba 2018, Ivanov et al 2018, Bliznakova et al 2018). Whilst it has been reported that
3D printing will be able to mimic breast tissue composition and texture with suitable accuracy, challenges
still exist. Currently, two of the main challenges associated with this method are the difficulty in finding a
suitable adipose tissue equivalent material (Rossman et al 2019), and producing a printable structure design
with the required resolution. At present, structural compromises are necessary to facilitate the printing
process. (Badal et al 2018, Schopphoven et al 2019) Also, there are challenges associated with printing
multi-material phantoms (Esposito et al 2019) which is of particular relevance for breast phantoms.

2.3.3. Latest developments

2.3.3.1. Texture

There is an urgent need for phantoms which are suitable for use with DBT, both for a QA programme and
for optimization purposes. This is driving the development of textured phantoms discussed in the previous
section. 3D printing appears to be the most promising method for producing an accurate and reproducible
representation of breast texture and attenuation. Two of the most recent refinements to be employed are the
use of modified printers to improve resolution and the use of dithering to produce smooth transitions
between materials (Rossman et al 2019).
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2.3.3.2. Lesions

Much work has been done in developing mathematical models of clinical breast lesions, and a database
containing many examples has recently been established (Bliznakova et al 2019). However there has been less
success to date in realizing these in a physical form which can be inserted or included in a physical breast
phantom. Some examples of realistic lesions inserted into phantoms include microcalcifications made from
calcium hydroxyapatite, which is associated with malignant lesions found in clinical breast cancers (Ikejimba
et al 2019), and 3D printed spiculated and non-spiculated masses from a material closely matching the
attenuation of cancerous breast tissue at mammographic energies (Cockmartin et al 2017). Rossman et al
(2019) have recently introduced a new development by fabricating iodinated masses via 3D printing.

2.4. Nuclear medicine

2.4.1. Review of materials

Articles on nuclear medicine phantom materials were retrieved from a Pubmed search of
‘(Anthropomorphic Phantom) AND (SPECT OR PET OR MRT OR TRT OR radionuclide OR radioactive
OR radioactivity)” over the past 5 years. Other articles have also been sourced from recent reviews on 3D
printing (Filippou and Tsoumpas 2018, Tino et al 2019b).

2.4.1.1. Commercial phantom materials

When considering tissue mimicking properties commercial nuclear medicine phantoms have been divided
into four groups: general purpose liquid filled phantoms, often with simple geometrical inserts; specialized
phantom inserts and accessories, designed to adapt general purpose phantoms to be more clinically
representative; solid radioactive phantoms, primarily using longer lived surrogate radioactive sources for QC;
and specialized anthropomorphic and single purpose phantoms.

2.4.1.2. General purpose liquid filled phantoms

Since the design was first published in Jaszczak et al (1977) cylindrical and elliptical forms of the ‘Jaszczak’
phantom have become the standard nuclear medicine phantom. Multiple commercial versions of the
phantom (often with a range of fillable and solid inserts with basic geometries) are available, commonly
constructed from polymethlmethacrylate (PMMA) as a water equivalent material (Data Spectrum
Corporation, Biodex Medical Systems Products). The NEMA IEC PET body phantom (NEMA 2007) and other
common anthropomorphic phantoms (Hoffman et al 1991) also primarily use PMMA to reproduce a LAC
close to water rather than any tissue specific properties.

2.4.1.3. Specialized phantom inserts and accessories

The NEMA NU 2-2007 standard specifies the inclusion of an additional cylindrical insert filled with a low
atomic number material with an average density of 0.3 & 0.1 kg m > to simulate the attenuation of lung
(NEMA 2007). Additional inserts for elliptical Jaszczak and torso phantoms add lung chambers which are
filled with water containing solid Styrofoam” beads (Data Spectrum Corporation Products), simulating lung
tissue with density of ~0.3 kg m~ . In addition solid Teflon” rod inserts (Data Spectrum Corporation, Biodex
Medical Systems) are also available for these phantoms to simulate the spine. Uptake of radionuclide within
the spine column can be simulated with a bone equivalent liquid solution (Data Spectrum Corporation),
commonly based on a solution of K;HPOy, calibrated to give a LAC nearly equivalent to skeletal cranium
bone over a range of energies from 50 keV to 600 keV (de Dreuille et al 1997).

2.4.1.4. Solid radioactive phantoms

The use of solid sources made from encapsulated solutions of radionuclides and epoxy solution for PET-CT
QC is now commonplace, however the exact material composition of these sources is often proprietary.
Zimmerman and Cessna (2010) and Zimmerman et al (2014) have reported on the manufacture of traceable
solid ®®Ge sources for PET calibration from a solution of ®GeCl, combined with Stycast 1264A/B epoxy
(Emerson and Cuming, US) where they note that the magnitude of the corrections for differences in
attenuation between the epoxy filled phantom and its liquid filled counterpart could result in additional
uncertainties. Similar techniques were also applied in Zimmerman et al (2013) to the production of 1**Ba
sources as a surrogate for '°!'T imaging.

2.4.1.5. Anthropomorphic phantoms

A range of radiation equivalent and anatomically correct anthropomorphic phantoms for nuclear medicine
are available (Radiology Support Devices Inc). These phantoms are widely referenced however limited details
of the tissue equivalence of materials used in these phantoms is provided (Cheung and Sawant 2015). It is
noted that for the head phantom the nasal cavity and maxillary sinuses are filled with foam with a mass
density of 0.23 kg m™ (Radiology Support Devices Inc).
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Figure 5. Weighted average between LACs of the printed samples and soft tissues—sorted from the largest negative difference.
Material acronyms: ABS (Acrylonitrile butadiene styrene), ASA (Acrylonitrile styrene acrylate), CPE MM (Chlorinated
polyethylene, white), CPE HG (Chlorinated polyethylene, natural), FLEXFILL 98A (Thermoplastic polyurethane), HIPS (High
impact polystyrene), PC (Polycarbonate), PET (Polyethylene terephthalate), PLA (Polylactic acid), PMMA (Polymethyl
methacrylate), PVA (Polyvinyl alcohol), TIMBERFILL (Biodegradable material based on wood). Figure license: Reproduced from
Solc et al (2018). © 2018 The Author(s). Published by IOP Publishing Ltd on behalf of Sissa Medialab. CC BY 3.0.

2.4.1.6. In-house phantom materials

Widespread access to additive manufacturing techniques (3D printing) in academic and clinical departments
has led to a rapid increase in their use in nuclear medicine. This has corresponded to over 20 papers being
published in the last 5 years as reported on Pub Med when searching for ‘3D printing nuclear medicine’
However, many of the materials used have not been characterized and tested to the same extent as commercial
tissue equivalent materials and in fact half of the research articles reviewed in (Filippou and Tsoumpas 2018)
do not mention the properties of the materials. The predominant focus of these publications has instead
been accurate reproduction of 3D spatial distributions of radionuclide solution (Robinson et al 2016).

The specific tissue equivalence of 3D printed plastics for nuclear medicine imaging is considered in (Solc
et al 2018). Measurements were made of the LAC, and HU of 3D-printed test samples of plastic materials. A
comparison to values of skeletal muscle tissue and adipose tissue (White et al 1989) was made for 32 samples
of 12 different materials. The testing was conducted at three photon energies (60 keV, 112 keV, 344 keV)
appropriate for quantitative imaging in radionuclide therapy. The relative difference between p for the
samples and the given soft tissue, averaged over each of three photon energies are shown in figure 5.

Gear et al (2016) demonstrated the use of powder deposition printing to produce an anthropomorphic
torso phantom for quantitative imaging analysis of SIRT (selective internal radiation therapy). In contrast to
the majority of applications of 3D printing in nuclear medicine, the torso was constructed entirely from
VeroWhite Plus FullCure 835 (Stratasys Ltd., Eden Prairie, MN, USA) rather than being water filled. The HU
value of VeroClear was reported as 127 + 15 and LACs corresponding to the major emissions from *™Tc,
p, BT and 511 keV photons were also reported.

Subresolution sandwich phantoms for SPECT and PET combining multiple layers of 2D activity
distributions, produced with a conventional ink jet printer and radioactive ink solution, with layers of
attenuating material, such as PMMA have been developed (Berthon et al 2015). The majority of these
publications do not consider the tissue equivalence of the materials. Taylor et al (2018) report on the
development of a 3D printed subresolution sandwich phantom for validation of brain SPECT analysis
similar to that previously described (Negus et al 2016). The phantom incorporates thin slabs of attenuating
material generated through additive manufacturing, and paper sheets with radioactive ink patterns printed
on their surface. Soft tissue was manufactured from standard polylactic acid filament printed at 85% infill
density and the skull was created using polylactic acid doped with bronze (20% by weight). The printed soft
tissue and bone structures had a LAC of 0.168/cm and 0.225/cm respectively at 140 keV.

Realistic phantoms for thyroid imaging require a range of tissue equivalent materials to accurately model
the thyroid, trachea and neck. Beaumont et al (2017) produced a 3D printed set of age-specific thyroid
phantoms (5-, 10-, 15-year old and adult) by taking into account material properties to simulate the
attenuation of biological tissues. The phantoms were printed using Objet VeroClear and VeroWhite photo
resins with the physical thickness of the materials adjusted so that the attenuation equalled the value of a
given tissue of interest (adipose tissue, the spinal cord and the cervical spine). They report a 9% difference
between the measured LAC at 356 keV for VeroClear and adipose tissue; and a 18% difference between
VeroWhite and cervical spine. Amin et al (2020) report the fabrication of an anthropomorphic thyroid-neck
phantom made from paraffin wax and sodium chloride (NaCl) compounds. Soft tissue and bone equivalent
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materials were prepared using a combination of 75% paraffin wax, and 25% NaCl and 60% paraffin wax and
40% NaCl, respectively. The attenuation coefficients of the materials were evaluated for energies ranging
from 59.54 keV to 1330 keV. The relative percentage difference for bone tissue (between 662 keV and

1500 keV) was below 5% when compared to White et al (1989). The maximum relative percentage difference
reported for soft tissue equivalent material was 7.46%.

2.4.2. Limitations

Many of the historic limitations of TMMs discussed in the previous section can be addressed for a single
combination of radionuclide and tissue with custom materials. However, the wide range of emission energies
and particle types used in nuclear medicine makes the use of a single TMM for all nuclear medicine imaging
problamatic. Furthermore, depending on the adminstered radionuclide, SPECT and PET scanners may
detect secondary radiation emissions, produced from the interaction of primary decay radiation in the
surrounding tissue (for example bremsstrahlung production or positron annihilation). In the case of PET
imaging and SPECT bremsstrahlung imaging these secondary radiations are the principal emissions detected
for imaging. TMM:s for nuclear medicine imaging should therefore ideally reproduce the interaction cross
sections for the production of secondary radiations and not just the bulk attenuation and scattering
properties. Identification of suitable analog materials with physical properties that allow the production of
phantoms is a complex problem to solve and to date this approach has not been widely adopted in the field.

2.4.3. Latest developments

2.4.3.1. Texture

As with CT and mammography there is an increasing demand for phantoms which provide a benchmark for
quantification of tumour characteristics determined from nuclear medicine imaging, specifically texture and
heterogeneity. For nuclear medicine the focus has primarily been on producing phantoms with
heterogeneous radionuclide activity distributions. Although a range of approaches have been used,
water-filled phantoms with solid inserts to provide a heterogeneous activity distribution most commonly
used for PET imaging (Valladares ef al 2020).

2.4.3.2. Positron range

Positron range is generally a minor concern in '8F imaging with whole-body PET systems but for isotopes
with higher positron energies, the influence of positron range can result in spatially-variant, absorber
material dependent, resolution degradation. The majority of work studying this effect has focused on Monte
Carlo simulation studies to determine the positron range effects of different radionuclides in water and other
biological materials. These simulations, and subsequent phantom measurements, confirmed that positron
range depends on both electron and physical density of the surrounding material. There is a scarcity of
publications that have experimentally measured positron range in lung-equivalent materials for different
radionuclides. Kemerink et al 2011 investigated the effect of positron range on spatial resolution and activity
quantification of '®F, ®*Ga and ! in lung-like tissues. Measurements were performed in water, air and in
cellular polyethylene (PE foam) with densities between 0.037 g cm > and 0.164 g cm ™2, to simulate various
lung pathologies. Alva-Sanchez et al 2016 investigated spatial resolution degradation due to the positron
range of '®F, °N and *®*Ga in commercially available tissue-equivalent materials ranging in physical density
from 0.20 g cm ™, to simulate lung tissue at full inspiration, to 1.93 g cm ™2, cortical bone equivalent. With
the emergence of high-energy positron emitting radionuclides in PET imaging, the importance of
characterising the degradation in spatial resolution and activity quantification due to positron range
becomes paramount. Without this, PET images, traditionally considered to reflect activity concentration in
the body, may only depict positron annihilation in the different tissues (Alva-Sanchez et al 2016)

3. MRI

3.1. Specification of material

This section will focus on proton MRI, for which the predominant source of signal in human tissue is from
water and fat. MRI signal and contrast is determined by the magnetisation properties of longitudinal
relaxation time (7T), transverse relaxation time (T,) and spin density from these two components. For in
vivo tissue, T is always greater than T, and this requires careful consideration of the choice of materials used
in tissue mimicking phantoms.

Tissues being replicated are: free water at body temperature (e.g. cerebrospinal fluid (CSF), urine) with
long relaxation times, where T} > 4 s and T, > 2 s, and high (effectively 100%) proton density; bound water
in soft tissue with much shorter relaxation times (e.g. T; = 1100/560 ms and T, = 92/82 ms grey/white
matter) (Mcrobbie et al 2006) and proton densities between 70%—80%; hard tissue (almost exclusively bone)
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Table 3. MRI relaxation properties (arranged in approximate order of tissue T1 from highest to lowest). Data taken from (a) Yamashiro
et al (2019), (b) Niebuhr et al (2016), (c) Yuan et al (2012), (d) Surry et al (2004), (e) Macq et al (2017), (f) In et al (2017), (g) Liney et al
(1999), (h) Menikou et al (2015), (j) Hellerbach et al (2013), (k) Singhrao et al (2020a), (1) Mitsouras et al (2016), (m) Rai et al (2018).
For reference material: (i) Rooney et al (2007), (ii) De Bazelaire et al (2004), (iii) Bottomley et al (1984), (iv) Price et al (2008), (v)
Rakow-Penner et al (2006) (vi) Gold et al (2004)(vii) Reichert et al (2005). N/S—Not Stated.

Tissue T1 (ms) T2 (ms) Principle materials T1 (ms) T2 (ms) Field strength
CSF 4070 Water + acetone® 4350 — 1.5
Prostate 13171 881 Agarose 1% + 0.01% Gd 1338 82 1.5
Muscle 1206-797 3147 Gelatine + 10% oil 1084.9 64.9 1.5
Various 10% PVA Cryogel@ 1034-718 175-108 1.5
Muscle 85611 270 Agarose 3% + 0.02% Gd® 960 23 1.5
Liver 812 42 Carrageenan + agarose 4+ Gd‘© 1252 67 N/S
Liver 812 42 UV-cured silicon” 620-306  110-54 3.0
Breast 794 — Gelatine (50%)® 862 — 1.5
Brain Agar(h) 852 66 1.5
Various Carbomer-980 + Mn" 729.9 89.6 3.0
Pelvic bone 5861 49 Carrageenan, CaC03 + Gd 597 50 3.0
Pelvic bone 549 470 Carrageenan, CaC03 + Gd® 547 49 1.5
Bone Marrow 549 47 Vaseline + K2HPO4" 119 48 1.5
Adipose 367 681 Carrageenan, glass microspheres® 353 71.0 3.0
Adipose 310 47 gelatine + 85% oil © 198 37.3 1.5
Adipose 296" 15109 Carrageenan, glass microspheres™ 285 165 1.5
Adipose 2601 84(ii0) Olive oil® 214 122 1.5
Adipose 223 — Lard® 205 — 1.5
Vertebral body High temperature resin® 193 32 3.0
Cortical bone  140-260""  0.4-0.5""  Photopolymer resin™ 74 0.4 3.0

with ultrashort relaxation times (<0.1 ms) and lowest proton density of between 10%—40% (Rai et al 2018).
In the case of cortical bone the signal decay is too fast to capture, rendering this tissue hypointense on most
routine images. However, ultrashort echo time (UTE) sequences do produce signal in bone further
complicating the requirements of phantoms mimicking this behaviour.

The second principle signal component is fat with relaxation times for T of around 200 ms and
T, < 100 ms, and is found throughout the body as adipose tissue and in various fractions with water in bone
marrow. Depending on the imaging parameters used, the contrast between fat and water varies greatly. As
well as relaxation time differences there is a difference in resonant frequency of 3.5 ppm (or 148 Hz/Tesla)
between water and fat. Some sequences separate or remove water and fat signal so that any phantom
replicating this behaviour needs to contain chemically distinct materials.

3.2. Review of materials

The most basic quality assurance phantoms have utilized doped water. These tend to be for uniformity
testing and have only a gross approximation of anatomy size and shape. Sometimes they will incorporate
additional image quality features, e.g. breast QA phantom with two cavities in each breast well filled with
saline and mineral oil with spatial resolution plate (Tuong and Gardiner 2013). For the next level of
sophistication, hydrogels, i.e. water plus hydrophilic gelling agents (commonly gelatine, agar/agarose,
carrageenan, and synthetic polymers) are used to more closely mimic soft tissue composition and structure.

A systematic review was conducted in PubMed and Scopus of articles relating to MRI published after
2015 on anthropomorphic phantoms relating to MRI. The keywords: ‘Phantom), ‘Anthropomorphic’, ‘MRT,
‘Magnetic resonance imaging’, 3D printing, “Three-dimensional printing, ‘MR guided radiotherapy’,
‘diffusion weighted imaging), ‘MR Linac), ‘radiomics phantom’ and ‘radiotherapy’ were used in the search
fields of those databases.

Table 3 shows examples of the range of materials that have been investigated together with their
measured relaxation times. It is important to remember that T, increases with field strength while T,
remains roughly constant. Gels on their own have similar T, values to in vivo soft tissue but often quite
different T; values. Their relaxation properties are further modified by making changes in concentration or
doping with a paramagnetic agent or both. To simulate fat, various mineral and vegetable oils or even solid
animal fat have been used where the relaxation time and also the chemical shift is important to consider.
There has also been use of soya oil and carrageenan emulsions (Bernard et al 2008) in an attempt to
reproduce intravoxel signal contributions of fat-water, typically found in bone marrow. Another
consideration in phantom construction is magnetic susceptibility (Wapler et al 2014) of both the material
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and its container. Water and perspex are very similar (<0.004 ppm) but larger differences of 1.33 ppm exist
between water and air so this needs consideration in terms of composition and manufacture of materials.

3D printing is increasingly used (Filippou and Tsoumpas 2018) to produce complicated
anthropomorphic shapes, although this usually still requires the objects to be filled with signal positive
materials. Niebuhr et al (2016) designed a pelvic phantom with a 3D printed hollow skeleton filled with
dipotassium hydrogen phosphate and Vaseline for bone marrow, wrapped with gypsum bandages for harder
exterior bone. Soft tissue was agarose doped with gadolinium and vegetable oil for fat. Singhrao et al (2020a)
used much more simplified ingredients involving carrageenan with CaCO3; and glass microspheres to modify
the electron density for CT in a pelvic phantom.

There is an increasing demand for phantoms that simulate physiological motion due to advances such as
4D MRI and MR-guided radiotherapy. In the aforementioned pelvic phantom silicon spheres filled with air
and water represented rectum and bladder respectively and these could be filled from an external syringe. de
Merxem et al 2017 used carrageenan based organ shapes in a container attached to a membrane that was
driven pneumatically. Organs included liver, stomach, pancreas and liver tumour with Gadolinium used to
modify T and agarose to modify T. Other ingredients include NaCl and sodium azide for conductivity and
preservation respectively.

3.3. Limitations

One challenge with using water in realistic phantoms is that the T'1/T?2 ratio is unity even if doped with
paramagnetic agents. Most paramagnetic solutions exhibit changes with temperature (other than nickel) and
for temperatures significantly different to room temperature this needs to be considered. Interestingly,
Yamashiro et al (2019) used acetone diluted with water at room temperature to increase T to match CSF
that would otherwise be lower with pure water at room temperature. Long settling times and intrascan
vibrational issues are also another limitation when fluids are used.

Dielectric effects at higher fields (3 T and above), where the shorter wavelength leads to non-uniformities
in water and hydrogels, necessitate the use of oil filled phantoms or adjustment of conductivity. In one study
(Niebuhr et al 2016) the increased salt used in the gelatine, to more accurately match electron densities,
created problematic dielectric artefacts. Conversely (Wood et al 2017) used a 3D printed head and neck
phantom with various compartments filled with different solutions of NaCl (to change conductivity) and
ethanol (to change permittivity) to examine the electromagnetic properties at 7 T.

Limitations with gels are often associated with complicated manufacturing e.g. using high temperatures
or degassing required to prevent air bubbles. Shelf life is compromized without the use of toxic preservatives.
Furthermore, as these are in the main natural products these will be difficult to standardize. Synthetic
polymer gels based on polyacrylic acid (Hellerbach et al 2013) provide the advantage over more routinely
used agar and gelatine materials of significantly improved longevity without the need for toxic preservatives.
The gels can be left undoped (T, = 4's, T, = 2 s) or doped with manganese nitrate (e.g. 1000 ms <7 <
1800 ms & T, ~ 100 ms). The pH was modified to change viscosity as required for more complicated uses. In
et al (2017) further showed the potential use of samples of UV-cured hydrophilic silicone gels which would
reduce the high water content present with hydrogels and potentially improve shrinkage and long term
stability.

Although trabecular bone can be simulated very effectively, cortical bone is more challenging (Singhrao
et al 2020a). Increasingly multi-modality phantoms, particularly MR-CT and MR-PET as discussed in
section 5, are trying to combine electron dense materials that also have the required MRI signal properties.

3.4. Latest developments
The latest developments in MRI centre around pursuing new materials and/or more complicated phantoms
to simulate physiological behaviour in addition to anatomy. An example of this is Mikayama et al (2020) who
developed a novel diffusion weighted imaging (DWI) phantom using acrylic fine particles suspended in
detergents. The study found that the apparent diffusion coefficient, a measure of the magnitude of diffusion
(of water molecules) within tissue, decreases with an increase in particle volume ratio, thereby effectively
simulating the tumour extracellular space.

Demand for more complicated motion behaviour motivates the use of deformable materials. Tavakoli
et al (2012) exploited earlier work by using PVA solution in moulds with successive freeze-thaw (FT) cycles to
produce a so-called cryogel (PVA-C). This was used to create a two chamber cardiac phantom model that
could be dynamically operated by pressure driven balloons inside these chambers. Simutec (Ontario,
Canada) has developed motorized heart phantoms that are both CT and MRI compatible (Model:DHP-MRI,
Simutec 2018). The phantom features pneumatic control, a tissue equivalent heart and an acrylic tank that
can be filled with any liquid.
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Chakouch et al (2015) developed a phantom that mimics both the functional and structural properties of
the thigh muscle for assessment under magnetic resonance elastography (MRE) using a mixture of a softener
and a plastisol, which is a suspension of PVC. The phantom included two components with each side having
concentrations of plastisol ranging from 50% and 70% to mimic the relaxed and contracted thigh muscle
respectively. These two components were separated with a plastic sheet to mimic the aponeurosis membrane
separating the two parts of the muscle. The muscle fibres of the thigh was also subtly simulated by using a
Teflon pipe that was threaded through the plastisol suspensions creating a signal void within the muscle
tissue. Two pneumatic drivers were used to generate waves within each muscle component in the phantom
and successfully mimic the functional properties of the thigh muscle

In the last few years solid resins have been demonstrated that enable the direct 3D printing of objects
with MRI-visible signal. Mitsouras et al (2016) used these resins for surgical vertebral implant
testing/training. This material was further explored as the basis for a range of structured test objects and
anthropomorphic phantoms (Rai et al 2019). Rai et al (2018) used a photopolymer resin that mimics the
MRI relaxation properties of cortical bone although this material had a significantly lower electron density
making it unsuitable for CT. A novel phantom for radiomics in a multicentre setting has also been developed
through 3D printing techniques (Rai et al 2020). The phantom was constructed from a solid resin that
successfully mimicked various shapes and textures required for radiomics analysis. Two sets of the phantom
were 3D printed for the study in two countries, and were used for stability measurements across various MRI
systems. The advantage of this method of phantom production is that it will allow for better standardization
and quality control of MRI acquisition protocols in radiomics studies across multiple institutions. The
Filippou and Tsoumpas (2018) review previously discussed, concluded that as yet only a small number of
materials have been examined and this currently restricts these to single modality use. In et al (2017)
proposed the use of digital light processing (DLP) 3D printing as an alternative to more expensive photo
polymerized resins although curing time may set the limit to achievable relaxation times.

4, Ultrasound

4.1. Specification of material

4.1.1. General specifications

Due to the diverse applications of diagnostic ultrasound including, B-mode imaging, elastography, Doppler
imaging, contrast enhanced ultrasound (CEUS) and more recently photoacoustic imaging (PAI), many
candidate TMM materials are available to mimic relevant properties of biological tissue. The important
acoustic and mechanical characteristics of a number of different tissue types are summarized in table 4. It is
important to note that the tabulated ex-vivo properties should be regarded as typical values as they can
depend on several biological factors, including age, disease state and ethnicity, as well as the employed
measurement techniques.

Developing TMMs to specified approximately tissue-like values assists in system calibration and
performance management, clinician training and the development of robust techniques. Whilst the most
appropriate properties of tissue depend on the particular clinical application of ultrasound, the most
frequently reported parameters for tissues and TMMs include the speed of sound, attenuation coefficient,
acoustic impedance, density and Young’s modulus (where the TMM is to be used for elasticity imaging).
Other properties that are important for the TMM to truly represent biological tissue properties are
backscatter coefficient (BSC) and nonlinearity. However, the challenge in measuring these quantities
accurately means that they are less frequently reported in the literature (Culjat et al 2010), perhaps due to the
fact that BSC methods have increased variability, can require adjustments of characterisation set-up and
involve a higher level of computational complexity (Wear et al 2005).The use of BSC measurements has
gained increased attention in quantitative ultrasound (QUS), however further research into factors affecting
the variability of such measurements is still required (Han ef al 2018). A number of interlaboratory
comparisons of BSC measurements have been carried out with varying degrees of success (Madsen et al 1999,
Wear et al 2005, Anderson et al 2010). BSC measurement methods can be dependent on a number of factors
including, speed of sound and attenuation of the material, acoustic intensity at the point of interest (Zeqiri
et al 2010) and radius of curvature of the transducer (meaning often they are dependent on manufacturer
supplied details) (Wear et al 2005). Additionally a number of methods have been proposed, which can affect
the magnitude and frequency dependence of the estimated BSC, thus introducing significant variability in
QUS (Lavarello et al 2011). Further standardisation of BSC measurement methods is needed to achieve the
required up-take of such measurements in TMM characterisation. Materials added to TMM:s to produce
backscatter include, SiC, Al,Os, powdered graphite and glass beads (King et al 2011, Cannon et al 2011). A
review of measurement methods for the acoustic properties of tissue-like materials may be found in
Zeqiri et al (2010). Thermal properties are also important for some applications including specific heat
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Table 4. Acoustic and mechanical characteristics of tissues adapted from IEC 60 601-2-37 (IEC 2007), Culjat et al (2010) and Mast
(2000) and supplemented with ICRU Report 61 (1998). (a) IEC (2007), (b) ICRU Report 61 (1998), (c) Mast (2000), (d) Li et al (2016),
(e) Cao et al (2017) (f) Culjat et al (2010), (g) Cournane et al (2011), (h) Doyle et al (2017), (i) Taylor and Miller (2004), (j) Budday et al
(2017), (k) Yeh et al (2002), (1) Umale et al (2013), (m) Thomas et al (1998), (n) Parker et al (1993), (o) Kot et al (2012). * frequency
dependence 1> ** wide uncertainty has been reported for bone properties *** frequency dependence f.

Tissue type Speed of Attenuation  Nonlinearity Acoustic Elastic Density ~ Backscatter
sound coefficient (dB parameter impedance  modulus (kg m™>) coeffieient
(msil) cmflMHzfl) (B/A) (106 kgmf2 (kPa) 10° msr!
s7h
Soft tissue®® 1575 0.6-2.24* 7.0 1.66 — 1055 —
Soft tissue 1465 0.4 8.5 1.44 — 985 —
Fatty(a)’(b)
Cortical bone” 3635 14-22 — 6.98 — 1920 —
Muscle® D) 1547 1.09 — 1.62 13-32 1050 316 @
2-10 MHz
cardiac, 920
@ 4 MHz
skeletal;
Brain©® @:0) 1560 0.6 7.1 1.62 0.58,0.33—1.6 1040 —
Breast(<(-(® 1510 0.75 — 1.54 25 (healthy) 1020 —
30-200
(malignant)
Liver®» 0@ 1595 0.5 6.6 1.69 0.64-1.7 1060 10_- 150 @
4 MHz
Kidney©©® 1560 1.0 7.4 1.64 15 (kidney 1050 —
cortex)
Prostate?-™ 1614 1.86 — — 38-96, 14-40 — —
Blood®»® 1570 0.1%** 6.1 1.68 — 1050 3.4@4 MHz

capacity and thermal conductivity; however, they are not discussed here but rather in section 8, Thermal
therapies.

4.1.2. Standardization of TMMs for ultrasound applications

Through International Electrotechnical Commission (IEC) Technical Committee 87: Ultrasonics, various
specification standards have been published which refer to TMMs. One of these recommends that TMMs for
conventional B-mode imaging should mimic soft tissues and possess a speed of sound of 1540 ms~! and an
attenuation coefficient of 0.5-0.7 dB cm ™! MHz ! over the frequency range of 2-15 MHz (IEC 2007).
Doppler string and band test objects are recommended with an attenuation coefficient in the range 0.5-1 dB
cm~! MHz ™! in the technical standard for continuous wave Doppler systems (Technical Committee EPL/87
Ultrasonics 1995) and flow phantoms involving blood or blood mimicking fluids (BMFs) are recommended
to require a reflected signal level equal to that produced by a blood-vessel wall. IEC 61685:2001 is applicable
to continuous wave, pulsed and colour flow doppler systems and requires BMF properties to be similar to
those in vivo, with a speed of sound of 1570 4 30 ms~! (Technical Committee EPL/87 Ultrasonics 2001). As
yet there are no equivalent standards published for Elastography, CEUS or PAL In a review of elastography
phantoms, values for the mechanical properties for TMMs for background and diseased tissue have been
proposed (Cournane et al 2011). The IEC have also published a technical standard detailing guidance on
methods for characterisation of ultrasound materials (Technical Committee EPL/87 Ultrasonics 2019).

4.2. Review of materials

Commonly used commercial phantoms (manufactured for quality assurance testing and user training by e.g.
Gammex RMI Ltd—condensed milk based TMM, ATS Labs Inc—urethane rubber based TMM and CIRS
Inc- Zerdine™ TMM (Browne et al 2003), Blue phantoms—CAE healthcare, Kyoto Kagaku phantoms)
provide good test beds for quality assurance and performance testing, however the ability to tune acoustic
properties to mimic various tissue types and to build anthropomorphic phantom test devices is undergoing
continuous development in the research community. Additionally, due to the proprietary nature of these
commercial phantoms, a full database of constituent materials and their properties is not available. This
review generally addresses soft TMMs and focusses primarily on those developed for ultrasound techniques
already widely practiced in the clinic; traditional B-mode ultrasound, Doppler ultrasound (BMFs) and
Elastography, with some of the materials being applicable for other techniques. Search terms for this review
included: ‘Ultrasound phantom’, ‘Ultrasound TMM, ‘Ultrasound TMM, ‘Acoustic Characterisation of
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Table 5. Acoustic and mechanical properties of commonly used TMMs for various ultrasound applications where (a) Rajagopal et al
(2015), (b) IEC (2007), (c) Cannon et al (2011), (d) Browne et al (2003), (e) Oudry et al (2009), (f) Cabrelli et al (2017b), (g) Grillo et al
(2017), (h) Vieira et al (2013), (i) Maneas et al (2018a), (j) Cournane et al (2010), (k) Fromageau et al (2003), (1) Malone et al (2020),
(m) Vogt et al (2017), (n) Fonseca et al (2016), (o) Hungr et al (2012), (p) Bakaric et al (2020), (q) Cournane et al (2011) (r) Kagaku

Kyoto., (s) Madsen et al (2003), (t) Madsen et al (2006), (u) Culjat et al (2010).

T™MM Speed of sound Acoustic attenu- Acoustic Density Young’s
(ms™!) ation coefficient impedance (kg m™?) Modulus
(dB cm™! MHzfl) (106 kg m~?2 (kPa)
s7h
Agar based @ ® ©) 1544 £+ 3.1 (1- 0.5@3MHz 093 1.6 1050 —
60 MHz),1490— @ 60 MHz,0.1-0.9
1570 @7.5 MHZ
Agar & Gelatine? 1492-1575 0.1-0.52 — — 0.5-4.6
Gelatine™ 15201650 0.12-1.5 1.6-1.73 1050 —
Oil in Gelatine®® 14961538 0.1- 950-1010 20-70
0.89 dBcm ™ 'MHz ™!
@ 2.25 MHz
Condensed Milk 1540 0.5 — — —
based Gammex
RMI(d)
Copolymer in oil 1420-1502 0.1-1.2@3.5MHz — 760-930 2.2-150
based ©H:®
Gel wax based ™0 14251480 0.04-0.3 — — 14.7-34.9
@7.5 MHz, 0.2-1
@ 3 MHz, 0.7-2.7
@ 10 MHz
PVAc based (5-20%)  1540-1570 0.13-0.67 — — 1.6-320
(), (k),(1) @7.5 MHz
PVC based ™™©@® 1435 1520, 1360~  0.7-2.1 @ 7 MHz — 1008 3-200
1400
Silicone®™ 1201 1.8 @3 MHz 1.3 1243
Urethane Rubber ATS 1460 0.5-0.7 — 1310 —
Labs@
Zerdine™ CIRS Inc'¥ 1540 0.5-0.7 — — —
Kyoto Kagaku QA 1432 0.59 1.38 — —

phantom material™

‘TMM material”, ‘Commercial Ultrasound phantom), ‘Ultrasound BMF,, ‘3D printed Ultrasound phantom’.
The soft tissue materials reviewed in greater detail are limited to those that have been developed and
commonly used since 2015 along with the current standard material recommended by the International
Electrochemical Committee. The reader is directed to (Culjat et al 2010, Cournane et al 2011) for more

deatailed information about other possible materials, such as gelatin and agar-gelatin mixes.

The acoustic properties of commonly used TMMs for these various clinical ultrasound applications are
detailed in table 5 with a selection of these being subsequently discussed in greater detail. It should be noted
that the properties of attenuation coefficient and speed of sound vary with frequency and temperature.
Properties are often reported at room or ambient temperature, and this can vary, particularly when the
materials are used in non-temperature controlled environments, for example as would be the case during
routine equipment QA in a clinic. In a study of the influence of temperature on TMMs, Browne et al
(Browne et al 2003) noted that if the temperature of the commercial test objects varied between 15 °C and
25 °C the change in speed of sound would result in changes in lateral resolution and slice thickness results in
QC and performance tests, especially for phantoms which use distance corrected object placement to
compensate for acoustic speed of sound differences (Browne et al 2003).

4.2.1. Agar

Agar based TMMs are commonly used. An agar material developed through a European Commission funded
collaborative project combines agar with water, glycerol, benzalkonium chloride, SiC and Al203 to produce a
material with attenuation coefficient 0.5 dB cm~! MHz ™!, speed of sound of 1541 ms~! and density of 1054
kgm > (Teirlinck et al 1998, Ramnarine et al 2001). The recipe specified in Annex DD IEC 60601-2-37 (IEC
2007) has been reproduced in many studies and extensively characterized (Browne et al 2003, Inglis et al
2006, Brewin et al 2008, Sun et al 2012, Rajagopal et al 2015). The attenuation coefficient of the material has
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a non-linear frequency dependence particularly prevalent above 20 MHz. The speed of sound estimated with
an uncertainty of +-3.1 ms~! was found to vary from 1541 m~! to 1547 m™! in the range of 1-60 MHz

(Rajagopal er al 2015).The acoustic nonlinearity of IEC agar has been derived (Zeqiri et al 2015) using a finite
amplitude insertion technique to be 4.5 4 0.5, which is significantly lower than that reported for soft tissues.

4.2.2. PVAc

Polyvinyl alcohol cryogels (PVAc) have been suggested as potential elastography TMMs (Fromageau et al
2003, Cournane et al 2010). Through altering concentrations of PVA and varying the number of FT cycles it
is possible to achieve different acoustic and mechanical properties. This material has been used for vessel
mimicking materials (Malone et al 2020). Mix et al developed abdominal aorta phantoms using various
combinations of different percentage PVAc with calcium carbide for ultrasound elastography (Mix et al
2018). Weir et al added aluminium oxide to a 10% PVAc to achieve a speed of sound of 1524 ms™! for a
transcranial Doppler phantom (Weir et al 2015). Additionally, this TMM has been applied to photoacoustic
phantoms (Arabul ef al 2015), through optimizing FT cycles to increase turbidity and adding optical
scatterers to tune optical properties.

4.2.3. Gel wax

Gel wax has been used as a TMM with 3D printed moulds for anatomical phantoms for B-mode imaging
(Maneas et al 2018a) and for multispectral PAI (Maneas et al 2018b). Such materials have good longevity as
no dehydration occurs. They have been used to prepare a TMM for nerve and vessel phantoms, a heart atrium
phantom and a placenta phantom (Maneas et al 2018a). Using various concentrations of paraffin wax and
glass microspheres as additives to gel wax, attenuation coefficient values of 0.7-2.9 dB cm ™! at 3 MHz and
speeds of sound 1443-1449 ms™~! were achieved (Maneas et al 2018a). Gel wax was found to have a Young’s
modulus of 17.4 + 1.4 kPa (Maneas et al 2018a). The authors suggest that gel wax might be 3D printed for
ultrasound phantoms using a similar technique to Dong et al’s optical phantom study (Dong et al 2015).

4.2.4. Copolymer in oil

The exact compositions of the commercial ‘Gel Wax’ materials described above is proprietary information
(Maneas et al 2018b) and batch-to-batch variation is unknown. Similar phantoms have been made using the
co-polymer in oil process for both ultrasound (Cabrelli ef al 2017a) and Photoacoustic applications (Cabrelli
et al 2015, 2017b, Grillo et al 2017). The advantage of such phantoms lies in the ability to develop a
standardized recipe due to the non-proprietary nature of the components as well as the potential for better
control of the various acoustic parameters using standardized controlled components. Cabrelli et al (2017b)
have described various studies of co-polymer in oil phantoms using a styrene-ethylene/butylene-styrene and
low-density polyethylene in mineral oil combination, reporting control of attenuation coefficient values
(0.5-25 dB cm™!) through altering component ratios. Little variation in the speed of sound was noted

(~ 1450-1480 ms~!) (Cabrelli et al 2017b). Through the addition of glycerol to the manufacturing process it
was possible to alter the speed of sound also, achieving a range of 1423-1502 ms~! (Cabrelli et al 2017a).
However, such materials have also been noted to have a strong temperature dependence in acoustic speed of
sound (Ivory et al 2019).

4.2.5. PVCP

Polyvinyl chloride plastisol (PVCP) TMM has been used in ultrasound applications, for breast phantoms (De
Carvalho et al 2016, De Matheo et al 2018) and to mimic needle resistance (Pepley et al 2018), as well as in
photoacoustics (Fonseca et al 2015, Vogt et al 2016, Bakaric et al 2020). PVCP TMM, commonly referred to
in ultrasound and photoacoustics, has also been referred to as PVC TMM in some fields for example in
surgical phantoms for needle insertion training (Li et al 2015b). Using different quantities of softener, the
speed of sound and attenuation coefficient can be altered (Fonseca ef al 2015) and using various
combinations of PVC and binary plasticizer comprising benzyl butyl phthalate and di(2-ethylhexyl) adipate,
TMMs mimicking fatty, background, parenchyma/dense breast tissue have been proposed along with other
tissues (Vogt et al 2017). By adding graphite powder De Carvalho et al (2016) mimicked glandular tissue and
various lesions, altering the attenuation coefficient (0.29-0.94 dB cm~! MHz™!) and introducing a speckle
pattern in the images. The achieved speeds of sound were low (1379.3-1397.9 ms~!) (De Carvalho et al
2016). The same group used a dioctyl phthalate plasticizer, graphite and aluminium oxide to produce breast
TMMs for lactiferous duct, fat and glandular tissue, the material had a stable speed of sound over 1 year but
variations in attenuation coefficient were noted over this time period (De Matheo et al 2018). Pepley et al
(2018) found that PVC, diethyl hexyl adipate plasticizer softener, mineral oil, and chalk powder could be
used to provide needle resistance closely resembling cadaveric tissue at 16 mm depth, measuring the axial
needle insertion force to support training in ultrasound visualisation procedures (Pepley et al 2018).
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4.2.6. Blood mimicking fluids

BMFs have been primarily developed for Doppler ultrasound. Like other TMMs, BMFs need to possess
acoustic speed of sound, attenuation coefficient and BSC approximating blood, however density, viscosity
and particle size are also important factors (Samavat and Evans 2006). The target properties defined by the
IEC are viscosity 4.0 4= 0.4 Pa s, speed of sound 1570 & 30 m s}, attenuation < 0.1 x 107 x

fdB cm~! MHz ™! and density 1050 + 40 kg m > (Technical Committee EPL/87 Ultrasonics 2001). Many
BMFs are produced in a method similar to that reported by Ramnarine et al (1998) and are based on
mixtures of Orgasol® (Nylon) particles, water, glycerol, Dextran and Synperonic® N detergent surfactant.
This type of BMF is recommended by the IEC technical standards for flow Doppler test objects (Technical
Committee EPL/87 Ultrasonics 2001). However, such materials have been noted to aggregate in suspension
with scatterers settling out when not in use (Kenwright et al 2015). Studies have suggested the use of
materials based on combinations of water-soluble silicone oil and glycerine aqueous solution with
polystyrene particles as an alternative that avoids such settling (Tanaka et al 2012). Poly(4 methylstyrene)
particles have also been indicated as suitable scatterers combining distilled water, propylene glycol, and
polyethylene glycol in an easy to prepare and low-cost BMF (Oglat et al 2018).

4.2.7. 3D printed materials

3D-printing in the manufacture of ultrasound phantoms is predominately used either for printing
anthropomorphic casts from clinical datasets or to mimic bone. Maneas et al 3D printed moulds for
anatomically realistic phantoms, a heart atrium phantom developed from an MRI dataset and a placental
phantom was developed from a clinical sample with large vessels digitally traced in two dimensions from a
photograph using vector graphics software. This was extended to a 3D model using 3D drawing software and
then printed in two parts to prepare a gel-wax phantom (Maneas et al 2018a). The same department also
produced a 3D printed lung, liver and ribcage phantoms, adding chicken breast and mineral-oil based wax,
the ribcage phantom successfully demonstrated shadowing effects in a clinical training tool for ultrasound
guided kidney biopsy. Cloonan et al, however, 3D printed aortic models from flexible photopolymerizable
polymer materials producing phantoms of complex geometry and tortuosity to assess feasibility of 3D
printed flow phantoms. The 3D printed models were embedded in 6% gelatin and imaged using pulsed wave
imaging (Cloonan et al 2014). Vessel mimicking phantoms have also been constructed by 3D printing
water-soluble PVA filament vessel cores which were coated in paraffin wax before being encased in PVAc
(Dong et al 2020). The vessel core was then be dissolved after the PVAc had undergone the appropriate FT
cycles to create a walled vessel-mimicking phantom. B-mode and power Doppler imaging were used to
confirm the vessel core dissolution, while ultrafast Doppler imaging and shear wave imaging results were
verified with fluid-structure interaction simulation results to confirm the phantoms suitability for assessment
of blood vessel imaging techniques. Gatto et al developed a neonatal skull phantom and embedded fine-wire
thermocouples in the phantom to assess thermal rise in tissues during trans-cranial ultrasonic scanning of
pre-term neonates (Gatto et al 2012). They achieved acoustic properties mimicking neonatal skull by
manufacturing a ceramic infiltrated with epoxy resin (6.85 &= 0.7 dB cm™!). With increased use of
3D-printing techniques there is a growing need for acoustic characterisation of materials used. For a further
review of 3D printing phantoms for medical imaging the reader is directed to Filippou and Tsoumpas (2018).

4.3. Limitations

The ideal ultrasound TMM should have: independently tuneable acoustic properties, tuneable mechanical
properties, good longevity and structural integrity, the ability to hold inclusions/lesions, well characterized
temperature and frequency dependence and the ability to mimic different anthropometric structures. The
recipe for IEC agar (IEC 2007) is easy to fabricate, used extensively, well characterized in the literature and is
stable in terms of acoustic properties and mechanical stability over long time periods when stored correctly.
Additionally, the formulation may be tailored to produce various acoustic properties to mimic specific tissue
types. However, the longevity, in addition to potential dehydration and microbial invasion if not stored in the
correct preserving fluid, a water/glycerol mixture (IEC 2007), is dependent on handling and usage due to the
fragility of the TMM. PVAc materials involve a complex and lengthy fabrication process but the tunability of
the acoustic and mechanical properties, structural rigidity and longevity are extremely beneficial.
Commercial PVCP and Gel Wax formulations are proprietary information and the batch-to-batch variation
is unknown, which may result in variations of acoustic properties (Vogt et al 2016, Ivory et al 2019). In
general, the manufacture of PVCP is challenging as it requires high temperatures and the high attenuation
coefficient may limit use to lower frequencies. Speed of sound of Copolymer in oil, Gel Wax and many PVCP
formulations is low and may restrict their use to specific ultrasound applications for fatty tissue such as
breast. Further characterisation of many of the cited materials is necessary in order to derive the variation of
the key acoustic and mechanical properties with temperature.
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Figure 6. (a) The number of returned articles with search phrase ‘contrast enhanced ultrasound phantom’ on Pubmed by year,
(b) the number of returned articles with search phrase ‘Photoacoustic imaging’ and ‘photoacoustic phantom’” on Pubmed by year.

4.4. Latest developments
CEUS phantoms are primarily focused on flow and do not necessarily need to mimic the same acoustic
properties as other ultrasound phantoms. For example, phantoms for testing imaging techniques quantifying
blood perfusion must have a complex flow and perfusion system and should simulate spatially distributed
small vessels with various different flow directions (Eriksson et al 1995). Literature cited phantoms include
those using several tubes knotted together in a cluster (Eriksson et al 1995), dialysis cartridges (Veltmann
et al 2002) and reticulated foam phantoms (Ivory 2018). As the primary tissue mimicking characteristic of
such phantoms (i.e. perfusion) differs significantly from other ultrasound techniques, further discussion is
not included in this review, however as is apparent from the low count of papers when searching for CEUS
phantom (figure 6(a)), which shows an approximately exponential increase over time, there is certainly room
for growth in this area. An overview of perfusion phantoms including US, MRI, CT and PET applications has
recently been published (Kamphuis et al 2020). Due to the nature of the main targeted tissue mimicking
property, perfusion, in this case often different approaches are suitable for more than one imaging technique.
PAIL, which combines optical contrast with the good penetration depth of ultrasound by detecting
ultrasound signals generated in tissue illuminated by a short laser pulse, is a relatively new technique and, as
can be seen in figure 6(b), the number of citations on Pubmed for the search phrase ‘Photoacoustic Imaging’
has been steadily growing over the past 20 years. The number of papers found with search phrase
‘Photoacoustic phantom’ is comparably much lower, with only seven papers when searching ‘Photoacoustic
Tissue Mimicking Material’ This may be due to the challenge in developing appropriate materials because of
the number of characteristics which must be considered; not only the acoustic characteristics discussed
earlier but also optical characteristics such as absorption and scattering coefficients and the thermoelastic
efficiency, the Griineisen parameter. Clearly there is likely to be significant growth in this area in relation to
standardization and the development of materials for use as phantoms, as evidenced by efforts to develop a
standardized Photoacoustic TMM within the International Photoacoustic Standardization Consortium
(Bohndiek 2019).

5. Multi-modality imaging

5.1. MR-CT
The increasing use of MRI planned radiotherapy has led to the need for MR-CT modality phantoms.
Depending on their utilisation, these can range from simplistic end-to-end registration type test objects to
full imaging and dosimetry use on hybrid MR-Linear accelerators. Singhrao et al (2020a) extended their
pelvic phantom (Singhrao et al 2020b) with the addition of an opening for an ionisation chamber. This was
used to plan and simulate an IMRT treatment with images acquired on CT, MRI and a CBCT. Previously
discussed dynamic phantoms such as that by Perrin et al (2017) are starting to be modified to become MR
visible (Colvill et al 2020). Others are investigating flexible 3D printed materials, ideal for these type of
modifications (Neumann et al 2019). Pappas et al (2019) used a 3D printed skull that was CT equivalent and
filled with a radiosensitive gel dosimeter to successfully show radiation delivery on an MRI-Linac. This will
be discussed in further detail in section 6.

Figure 7 shows example images acquired for a prototype head and neck phantom that was specifically
commissioned for MR-CT planned radiotherapy (Purelmaging phantoms, UK). The phantom has realistic
anatomical details (brain with tumour, ventricles, skull, orbits, trachea and spinal cord) and is made from
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Figure 7. (top) CT and MRI (colour) overlay acquired in a prototype phantom made from solid materials. This version has
several anatomical features with equivalent bone electron density and realistic T2 values in grey and white matter. (bottom) Two
tumour targets were also included, the larger of which is the subject of this simulated radiotherapy plan (right).

entirely solid materials including PU resin (Yunker et al 2013) for soft tissues and ceramic-reinforced epoxy
for bones. This achieves CT equivalence with HU equal to 1500 (cortical bone) and —25 (soft tissue).
Measured T2 values of grey and white matter (80 ms and 90 ms) are also realistic although CSF was found to
be too low (100 ms). Images show fusion of CT and 3.0 Tesla T2-weighted datasets and a subsequent
treatment plan created for the large tumour (plan courtesy of Natalia Roberts, Ingham Institute).
Interestingly, there was some signal generated on UTE sequences in the cortical bone material (not shown).
This degree of realism in cortical bone is crucial for various MR-only (without CT) methods where a
synthetic CT (sCT) is generated from a single MRI scan. There are various methods to generate a sCT such as
atlas based electron density mapping (Dowling et al 2012), however this relies on image registration of the
MRI to an atlas of generic anatomical contours which can have a degree of uncertainty particularly for
atypical anatomy. Alternative methods utilize UTE imaging which facilitate voxel modelling (Johansson et al
2011) where all MRI voxel values are converted into HU. This removes the need for reliance on image
registration achieving more accurate representation of the unique density values of tissue as each individual
voxel is assigned a HU.

5.2. PET/MRI

As clinical PET/MRI systems become more widely available there is a need for hybrid phantoms which allow
assessment of system performance across multiple sites. Recent recommendations for a minimum set of QC
procedres have been developed to ensure the proper functioning of whole-body PET/MRI systems
(Valladares et al 2019) however these generally use separate phantoms for each modality and do not consider
tissue equivalence. Chandramohan et al (2020) report the development of bone material analogues based on
a gypsum plaster cement (CaSO, - 2H,0) that can be used in construction of phantoms for simultaneous
PET/MRI systems. The water used to form the plaster was doped with three materials, each targeting a
separate imaging parameter; an iodinated CT contrast, Iohexol (Omnipaque, GE), used to increase
attenuation; a gadolinium-based MR contrast agent, Gadodiamide (Omniscan, GE), used to shorten the MR
T1 and T2* relaxation times, along with copper sulfate (CuSO4 - nH,O). They report that the undoped
plaster has a 511 keV attenuation coefficient (0.14 cm ™) similar to cortical bone (0.10-0.15 cm™~!), but
slightly longer T'1 (~500 ms) and T2* (~1.2 ms) MR parameters compared to bone (71 ~300 ms, 72*
~0.4 ms). Doping with the iodinated agent resulted in increased attenuation with minimal perturbation to
the MR parameters, doping with a gadolinium chelate greatly reduced T1 and T2* while the attenuation
coefficient was unchanged. Doping with copper sulfate was more selective for T2* shortening and achieved
comparable T'1 and T2* values to bone (after 1 week of drying), while the attenuation coefficient was
unchanged. O’Doherty et al (2017) report the use of an in-house designed and built myocardial perfusion
phantom with simultaneous infection of ®F and gadolinium based contrast agent (GBCA) (Gadovist R,
Bayer HealthCare, Germany) to reproduce ground-truth myocardial perfusion rates measured with both
PET and MR imaging.

5.3. MRI-US

Due to the high content of water, hydrogels based TMM:s are suitable for both MRI and ultrasound. On the
other hand, for the opposite reason, 3D printed materials and plastics have been used to mimic bones in
multi-modality MRI/US phantoms. The use of PVC has been suggested for multimodality phantoms, by Li
et al (2016) where a regression model was developed to design soft PVC with targeted mechanical and
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medical imaging properties through variations in the mass ratio of softener to PVC polymer solution, the
mass fraction of the mineral oil and the mass fraction of glass bead additives (Li et al 2016). A multimodal
breast phantom was also developed using PVC including various targets mimicking tumours,
micocalcifications and fibrous lesions and tested with mammography, MR and US imaging techniques (He
et al 2019a). Caldwell et al (2019) developed a novel prostate phantom for MRI/US fusion biopsy. Similar to
Hungr et al (2012) (table 7) the phantom is constructed from a combination of materials including
polyvinylchloride-plastisol (PVCP) for the body of the prostate and plastina non-hardening clay for the
intraprostatic lesions. Non-hardening clay was favoured over the hardening type as it allows more realistic
retrieval of biopsy samples. PVA based phantoms (Vidal et al 2019) for mimicking ovarian endometriosis
and multi-purpose gelatine based phantoms (Walter et al 2018) have been recently suggested as a tool for
image fusion and needle biopsy training.

Menikou et al (2015) developed a MRI compatible head phantom from a 3D print of an adult brain CT
scan using agar-evaporated milk-silica gel to mimic cerebral tissue and ABS plastic to mimic the skull to
assess heating effects in MRI guided FUS for treating brain cancer (Menikou et al 2015). (Hofstetter et al
2020) also developed a tissue mimicking phantom for MRI guided High-intensity focused ultrasound
(HIFU) to assess temperature changes using shear-wave (SWE). SWE can be used to detect changes in the
mechanical properties of tissues following HIFU sonications (see section 8). Their phantom was constructed
from a mixture of 50% evaporated milk, 50% degassed deionized water, gelatin, preservatives and varying
concentration of psyllium husk (0.15-4.8 g). The addition of psyllium husk was to minimise MRI
susceptibility artefacts and to increase US scattering.

Finally, Eranki et al (2019) developed a phantom using an acrylamide-based TMM material (table 10)
with added silicon dioxide and bovine serum albumin (BSA) for MRI-guided HIFU. The added silicon
dioxide and BSA was included to impart ultrasound attenuation and MRI signal and thermochromic ink was
also included as it changes colour from white to magenta allowing for visualisation of temperature changes
following HIFU sonications. They reported the material to have T2 MRI properties similar to human tissue
before heating (225 + 14 ms at 1.5 T and 152 &+ 8 ms at 3.0 T) with a decrease in relaxation times (97 & 5 ms
at 1.5 T and 86 &= 5 ms at 3.0 T) post heating.

6. Radiotherapy

6.1. Specification of material

Radiotherapy is a highly effective treatment for many cancer types. It can be delivered with either external
beam radiotherapy using high energy photon, electron or hadron beams, or by placing radioactive sources
inside or beside the tumor. Calibrations are commonly performed in water or water equivalent phantoms
although correction factors may be required for the exact equivalency of these homogeneous water
equivalent phantoms (e.g. Seco and Evans 2006, Hill et al 2010, Lourengo et al 2016, 2017, Schoenfeld et al
2017). These homogeneous phantoms may be employed for verifying treatment delivery although materials
with electron densities and shapes that mimic patients are typically utilized for validation of techniques using
anthropomorphic phantoms. For characterizing TMMs, with respect to radiation interactions, the radiation
transport of both primary and secondary particles in the energy range of interest must be considered (White
et al 1989). Interaction coefficients such as attenuation coefficients, absorption coefficients and stopping
powers (SPs) have been published for body tissue and TMMs at the energies associated with radiotherapy
(Snyder et al 1975, White et al 1977, Hammerstein et al 1979, Woodard and White 1986). These coefficients
are highly dependent on material composition (Taylor et al 2012); ICRU 44 recommended that the chemical
composition should be presented in all dosimetry reports. Figure 2 shows scattering and absorption LACs for
adipose tissue and cortical bone at the energies relevant to external beam, brachytherapy and intraoperative
radiotherapy.

Radiotherapy treatments are typically designed with some form of image guidance and plans are typically
based on a CT image which uses a calibration curve to convert HU to relative electron density (RED) or SP.
These calibration curves are typically created using TMMs. The magnitude of difference in HU or calibration
curve can have a significant effect on the radiotherapy dose delivered to the patient (Thomas 1999, Seco and
Evans 2006, Yohannes et al 2012).

6.2. Review of materials

The most advanced commercial radiotherapy phantoms specify electron densities and differences from
reference attenuation coefficients across a range of materials and energies (White et al 1977, Snyder et al
1975, Hammerstein et al 1979, Woodard and White 1986). The limitations of these commercial phantoms
can be the cost and they typically require inserts for specific dosimeters, of which there are many different
types (Seco et al 2014, Kron et al 2016). Although there can be a range of phantom sizes, it is often the case
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Figure 8. Relative electron densities (RED) and Relative proton stopping power ratios to water plotted for a series of TMMs where
(a) Burleson et al (2015), (b) Gallas et al (2015), (c) Madamesila et al (2016), (d) Niebuhr et al (2016), (e) Dancewicz et al (2017),

(f) Kostiukhina et al (2017), (g) Du et al (2019), (h) Perrin et al (2017), (i) Taylor et al (2016). Raw data is available in
supplemetary table 4.

that the phantom will be an average human size to ensure that they are commercially viable, yet still
applicable to the task. Additive manufacturing provides researchers with the tools to create bespoke
radiotherapy phantoms and many of the processes in creating 3D printed radiotherapy phantoms were
recently described by Tino et al (2019b).

Articles on in-house phantom materials were retrieved from Google Scholar and Pubmed searches of
‘Anthropomorphic Phantom Development Radiotherapy’ over the past 5 years. Articles were excluded if they
were investigating computational phantoms or did not describe the material properties within the phantoms.
Other articles have also been sourced from recent reviews on 3D printing (Filippou and Tsoumpas 2018,
Tino et al 2019b). Figure 8 shows some materials which have been characterized in terms of RED (Burleson
et al 2015, Gallas et al 2015, Niebuhr et al 2016, Madamesila et al 2016, Kostiukhina et al 2017, Dancewicz
et al 2017) although in some cases Z.g and mass attenuation coefficients across energy ranges are also quoted
(Huamani et al 2019). For protons a series of relative linear stopping powers (RLSP) have been presented for
phantoms used by the imaging and radiation oncology Core Houston (Taylor et al 2016) for audit purposes
and for a motion phantom presented by Perrin et al (2017) (figure 8). Other methods of analysis have been
characterization of the differences in measured depth dose curves compared to calculations for photons,
electrons (Craft et al 2018, Steinmann et al 2018) and protons (Kim et al 2018a).

Radiotherapy end-to-end tests commonly use a phantom to go through the entire patient pathway from
radiation treatment simulation to planning and delivery (Lehmann et al 2018). End-to-end tests can give
confidence that the plan has been delivered to within a specified tolerance. As shown in table 5, the results
can be presented using a variety of metrics, depending on the dosimeter employed (Kamomae et al 2017, Yea
et al 2017, Perrin et al 2017, Kostiukhina et al 2017, Zhang et al 2019, Ehrbar et al 2019, Cunningham et al
2019). These metrics, include distance to agreement (DTA) between calculated and measured depth dose
curves (mm), dose difference (%) or gamma analysis (%/mm). Gamma analysis is a method of comparing
2D and 3D measured and calculated dose distributions, combining the dose and space domain
(Diamantopoulos et al 2019).

Comparison of doses recalculated on a manufactured patient specific anthropomorphic phantom with
doses calculated on the original patient has also been performed (Kim et al 2017, Hazelaar et al 2018)
although this does not place the same requirement on tissue characterization as when a measurement is
taken as part of the end-to-end testing. In both the phantom and patient calculation the same treatment
planning algorithm is used rather than performing an independent measurement. Makris et al 2019
performed this comparison and reported a Gamma pass rate of >97% for 1%/1 mm which was significantly
better than >90% for 3%/1 mm when compared again a film measurement.

End-to-end tests are particularly useful for multi-centre audits (Clark et al 2015, Lambrecht et al 2019,
Wesolowska et al 2019) and have shown that they are useful for comparing the magnitude of dose differences
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due to effects such as motion (de Jong et al 2017, Kostiukhina et al 2017, Perrin et al 2017, Pallotta et al 2018,
Ehrbar et al 2019) or magnetic fields (Steinmann et al 2019a, 2020), see table 6. Reported absolute differences
can be variable depending on the dosimeter employed (Kostiukhina et al 2017), although it may be
challenging to disassociate errors due the treatment planning system, treatment delivery, detector limitations
or the material characteristics. Careful characterization of the material properties can allow explanation of
the uncertainties associated with this component of any overall differences observed (Taylor et al 2016,
Steinmann et al 2018). It has been demonstrated that in fact the HU-to-density calibration curve for many
3D printed materials cannot be appropriately modelled without overriding the HU (Burleson et al 2015,
Craft et al 2018) and that the HU can also change over time (Craft et al 2018).

The radiation transport in tissue of low energy photons emitted from brachytherapy sources (e.g. '**Ir,
137Cs and %°Co, '°Yb, 1%6Pd, 1*1Cs and '*°I) and from kilovoltage x-ray generators typical in interoperative
radiotherapy (Hill et al 2010), is governed by a superposition of the photoelectric effect and Compton scatter
(Schoenfeld et al 2015, 2017). The different Z dependencies of LACs associated with the photoelectric effect
and Compton effect (figure 2) can result in challenges in finding appropriate tissue mimicking or even water
equivalent materials (Schoenfeld et al 2017). In brachytherapy, TG186 has placed an emphasis on the
inclusion of tissue heterogeneity within dose calculations (Beaulieu et al 2012) with commercial planning
systems starting to follow model based dose calculation algorithms. Validations have been carried out using
homogeneous phantoms (Diez et al 2017) although the development of phantoms mimicking clinical
scenarios was one of the recommendations from TG186 (Beaulieu et al 2012).

6.3. Limitations
Although there have been a number of authors who have investigated the chemical composition and material
properties of TMMs within the radiotherapy energy range, many publications fail to present detailed
material analysis before incorporating the material into end-to-end phantoms. This can leave these studies
vulnerable to uncertainties due to insufficient material characterization. Density overrides within the
treatment planning system can be a solution although this may not be viewed as faithfully testing the entire
treatment process. As many of the phantoms are being used for CT purposes also, the advancement of
heterogeneous phantoms will require better material characterization, as demostrated by Tino et al (2019a).
Table 6 shows a variety of reporting methods. Characterization in the form of RED for photons and RLSP
for protons appears to be a uniform way to compare materials. End-to-end testing and percentage depth dose
(PDD) comparison with treatment planning systems can depend on an accurately modelled dose calculation
algorithm. An emerging trend to publish, or at least refer to, the composition of the material retrieved
through Monte-Carlo databases or to attain the composition through scanning electron microscopes (SEM)
is a hugely positive development (Huamani et al 2019, Steinmann et al 2019b). This returns to the ICRU 44
recommendation that ‘the chemical composition should be included in all dosimetry and other measurement
reports’ for TMMs.

6.4. Latest developments

6.4.1. MR guided radiotherapy

As discussed in section 5.1, MR guided radiotherapy exploits the superior soft tissue contrast in MR
compared to current verification methods such as cone-beam CT. There has been an influx of phantoms that
are compatible with CT and MR with reported properties equivalent to tissue for measuring radiation dose
(Steinmann et al 2019b, 2019a, Gallas et al 2015, Ruschin et al 2016, Steinmann et al 2018, Cunningham et al
2019, Singhrao et al 2020a). Some of the materials discussed in the multi-modality section were MR and CT
visible and materials were characterized in terms of RED (Gallas et al 2015, Niebuhr et al 2016, 2019). Others
have carried out end-to-end testing of radiotherapy with (Cunningham et al 2019, Steinmann et al 2020) or
without (Singhrao et al 2020a) magnetic fields.

Steinmann et al (2018) carried out extensive CT (HU) and MR visibility testing on a large number of
materials. A number of these materials were used to test the dosimetric properties in the form of PDD film
measurement comparisons with a treatment planning systems. Table 6 shows that the average DTAs were
typically less than 2 mm for standard beams. Monte Carlo simulations were carried out with elemental
composition obtained from SEM or previous studies and compared to film and TLD measurements
(Steinmann et al 2019b). These TMM:s formed the basis of anthropomorphic phantoms for MR guided
Radiotherapy (MRgRT) dosimetry audits in the USA (Steinmann et al 2019a, 2020). This work was an
exemplar of detailed material characterization before development of anthropomorphic phantoms for
dosimetry purposes. MR only planning has the advantage of not requiring a CT scan and this places even
more emphasis on the requirement for TMMs that are visible on MRI (Owrangi et al 2018). This is further
described in section 5.1.
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6.4.2. Dynamic and deformable phantoms

Steidl et al 2012 developed a series of specifications for dynamic radiotherapy phantoms, one of which was to
include inhomogeneities such as rib structures. Many dynamic lung phantoms have been developed with
inhomogeneities (Mann et al 2017, Pallotta et al 2018, Kostiukhina et al 2017, Perrin et al 2017,
Gholampourkashi et al 2018, Bertholet et al 2019). The main method of investigations with these phantoms
was again end-to-end testing, although material density and relative proton SPs or relative water equivalent
density measured in proton beams was also characterized in a number of studies (Perrin et al 2017,
Kostiukhina et al 2017).

With abdominal dynamic or deformable phantoms, large inhomogeneities are less of an issue but soft
tissue contrast across different imaging modalities can become a factor. Deformable materials such as Silicon
(Ehrbar et al 2019) and PVC with softener (Liao ef al 2017) have been used as abdominal TMMs with HU
values similar to those measured from a reference patient. Liao et al (2017) investigated mechanical and HU
properties for multiple PVC-softener ratios. Real-time measurements were carried out within the
dynamically dEformable Liver PHAntom (ELPHA) phantom (Ehrbar et al 2019) where end-to-end testing
demonstrated clear improvements in dose delivery accuracy following motion mitigation techniques (Ehrbar
et al 2019). Adaptive radiotherapy is the adaption of treatment based on anatomical changes such as
deformation. Phantoms such as ELPHA and that presented by Cunningham et al (2019) show that this is a
flourishing area of phantom development, placing new requirements on TMM properties.

The results from a trial investigating Cardiac radioablation for ventricular tachycardia has shown
promising results (Robinson et al 2019). There is no doubt that this type of treatment will require phantoms
using similar materials to those described elsewhere for CT investigations (Abdullah et al 2018) with the
added challenge of trying to measure dose using appropriate dosimeters.

6.4.3. Detectors

As well as the challenge of creating voids within phantoms to place detectors, the detectors themselves also
need to be tissue equivalent or they will require correction factors (Kron et al 2016). Kron et al 2016
suggested that in terms of tissue equivalence scintillators, calorimeters and alanine are considered best with
ionization chambers and diamond also rating highly. Luminesce detectors were considered variable and
semi-conductor detectors were considered to have poor tissue equivalent properties. The properties
associated with gel dosimeters (Baldock et al 2010) lend themselves to measuring volumetric dose and
radiological properties demonstrated (Gorjiara et al 2010, Du et al 2019).

7. Therapeutic surgery

7.1. Specification of material

TMMs have been widely used to make surgical phantoms to facilitate clinical education, training, research,
and medical device development. To simulate surgical procedures, the phantoms need to have realistic
mechanical responses (force, deformation, fracture, etc) to the action of surgical tools. Such realistic
mechanical responses are essential to provide haptic feedback similar to real human tissues to train clinicians
and simulate the mechanical interaction between tissues and surgical tools for research. The mechanical
responses depend on the mechanical properties of human tissues. Table 7 summarizes the most-commonly
measured mechanical properties (Young’s modulus, strength, and friction) for soft (brain, liver, prostate,
kidney, muscle, and fat) and hard (cortical and cancellous bone, and calcified plaque) human tissues which
can be used to guide the selection and tuning of TMMs. However, mechanical properties of human tissue are
much more complex, such as hyperelasticity, viscoelasticity, and heterogeneity, and quantitative comparison
on the surgical performance of the TMMs to that of human tissue are required for validation.

7.2. Review of materials

Phantom materials for theraputic surgies were divided into two groups: soft TMMs and hard TMMs. A
literature search was performed in Google Scholar and Pubmed over the past 5 years although well
characterized ‘classic’ materials often referred to in the literature were also included. For the soft TMMs, the
search keywords were ‘tissue phantom), ‘tissue surrogate’ ‘tissue analogue’, ‘simulator’, and ‘needle insertion’.
For the hard TMM:s, the search keywords were ‘bone surrogate’, ‘bone analogue’, ‘bone simulator’, and
‘plaque analogue’. Articles were excluded if they only studied the surgical process without detailed

description of the phantom specifications.

7.2.1. TMM for soft tissue in surgical procedures
Both biopolymers and synthesized polymers are used to mimic soft tissue to make surgical phantoms. The
biopolymers, such as PVA, gellan gum, agar, and gelatin, have similar mechanical properties to the soft
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Table 7. Mechanical properties of seven common types of human tissues from prior studies. Data taken from (a) Taylor and Miller

(2004), (b) Zwirner et al (2019), (c) Yeh et al (2002), (d) Brunon et al (2010), (e) de Jong et al (2017), (f) Thomas et al (1998), (g) Parker
et al (1993), (h) Umale et al (2013), (i) Snedeker et al (2005), (j) Kot et al (2012), (k) Fukushima and Naemura (2014), (1) Iivarinen et al
(2014), (m) Chong et al (2007b), (n) Bayraktar et al (2004), (o) Giesen et al (2001), (p) Schoenfeld et al (1974) and (p) Riel et al (2014).

Human tissue Elastic modulus (kPa) Strength (MPa) Friction force in needle
insertion (N m™1)

Brain 0.58@ 7 (brain dura)® —
Liver 0.64-1.7 1.9 (liver capsule)(d) 0.011, 1.3 mm needle(®
Prostate 38-96'", 14-40® — —
Kidney 15 (kidney cortex)™ 9.0 (kidney capsule)<i> —
Muscle 13-320 — 0.15, 1.6 mm needle
(porcine)(j)
Fat 250 — —
Cortical bone 1.3 x 107-1.8 x 107 ™), 58-132(™ —
2.0 x 107 ™
Cancellous bone 1.3 x 10°-4.3 x 10°© 0.1-139, 1.6-4.5©
Calcified plaque — 62®

tissues as both have high water content (Chen and Shih 2013). However, such biopolymers may suffer from
degradation due to water evaporation. Mechanical properties of biopolymers may change over time and
changes with temperature. They also suffer from toxic additives, which are added in order to increase the
shelf life. On the contrary, synthetic polymers, such as PVC and silicone, do not have water within the
structure and therefore generally have more stable properties, as well as a longer shelf life. However, the lack
of water often resulted in a higher friction coefficient compared to that of soft tissues, requiring the addition
of lubricant, such as mineral oil as part of the composition (Li et al 2015b, 2016). For both biopolymers and
synthetic polymers, additives, such as glass beads, are usually added to TMMs to enhance the scattering effect
to better mimic the imaging apperance of biological tissues (Li et al 2015b, 2016). A summary of the soft
TMMs discussed is shown in table 8.

PVA is a biocompatible hydrogel that has been widely used in tissue engineering (Kumar and Han 2017).
PVA phantoms to simulate needle insertion on different organs (liver, kidney, and prostate) have been
developed at Tianjin University (Jiang et al 2011, 2013, Li et al 2015a, 2018). PVA polymer solution is made
by dissolving PVA powder in water and heating to about 90 °C (Forte et al 2016, Li et al 2018). The solution
is then cooled down, transferred to a mould, and applied with FT cycles, which change the hydrogel structure
and cure PVA (Vrana et al 2008). The Young’s modulus increases with PVA concentration and FT cycle
number (Melnyk et al 2019), making PVA capable to mimic a range of soft tissues by varying the
concentration and FT cycle numbers. PVA is also transparent and has been used to study the tissue
deformation in the needle insertion procedures (Jiang et al 2011). In the same study, PVA’s micro-structure,
tensile strength, and needle insertion were studied and showed a great similarity to those of porcine liver.

Recent studies have investigated composite hydrogel by mixing PVA with different ratios in order to
produce soft tissue phantoms with a large range of applications. A group in Imperial College London mixed
PVA with phytagel (PHY) to make brain phantoms to mimic the brain incision and the brain shift due to the
loss of cerebrospinal fluid during neurosurgical procedures for surgical trainings (Forte et al 2016, 2018). By
adjusting the ratios between PVA and PHY, they were able to manufacture TMMs to mimic brain, lung, and
liver (Tan et al 2018). Due to the low curing temperature of PVA and PHY, 3D cryogenic printing with such
mixture is also possible and the 3D printed parts demonstrated similar mechanical properties compared to
the casted ones (Tan et al 2017). Besides PHY, PVA can also be mixed with agar at different concentrations to
mimic cancerous, normal, and benign prostate hyperplasia for the transurethral resection of the prostate
(TURP) procedure (Choi et al 2020). Another two biopolymers for soft surgical phantoms are gellan gum
and gelatin. Gellan gum was mixed with propylene glycol and NaCl at different concentrations to match the
mechanical, thermal, and electrical properties of porcine spinal cord and liver (Chen and Shih 2013), making
gellan gum a good TMM for electrosurgery. Gelatin has shown to be a good TMM for needle insertion in
brain (Leibinger ef al 2016) and the Young’s modulus can be tuned from 3 kPa to 25 kPa by varying its
concentration (Forte et al 2015).

For synthetic polymers, PVC and silicone have been studied. PVC has high transparency, making it ideal
to observe the tissue interaction with surgical tools, such as the deformation of needle during biopsy
procedure (Li et al 2020). To prepare the PVC phantom, vinyl chloride solution is heated to 150 °C to
promote optimum polymerization (Li et al 2016). The solution is then poured to a mould to cool down and
cast the shape of a specific tissue. To fabricate phantoms with different elastic modulus, softener was added
and resulted in elastic modulus of 3-200 kPa (Hungr ef al 2012). The mechanical and imaging properties of
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Table 8. TMMs for soft tissue used to simulate surgical procedures where (a) Jiang et al (2011), (b) Jiang et al (2013), (c) Li et al (2015a),
(d) de Jong et al (2017), (e) Melnyk et al (2019), (f) Forte et al (2016), (g) Leibinger et al (2016), (h) Tan et al (2018), (i) Choi et al
(2020), (j) Chen and Shih (2013), (k) Leibinger et al (2016), (1) Hungr et al (2012), (m) Li et al (2015b, 2016), (n) silicone (Wang et al
2014), (o) Hollensteiner et al (2014). DMSO: dimethyl-sulfoxide, ECH: epichlorohydrin, TURP: transurethral resection of the prostate,
PPG: propylene glycol.

Tissue sample T™MM Surgical proced- Young’s modu-  Concentration/ Additives
ure lus (kPa) preparation
Porcine liver® PVA Needle insertion 3.6-11 3%, 1-5 FT cycles DMSO
Porcine kidney’®  PVA Needle insertion  30-116 8gdl™', 7 FT cycles DMSO and
NaCl
Human PVA Needle insertion — 3%, 7 FT cycles DMSO, NaCl,
prostate® NaOH, ECH
Human liver? PVA Needle insertion — 4%, 2 FT cycles —
Porcine kidney® PVA Nephrectomy 81-101 7-10%, 1-3 FT cycles —
Porcine brain Composite Cutting — 3% PVA + 0.4% PHY; —
hydrogel 1% + 0.4% PHY
Porcine brain® Composite Needle insertion 1.4 1.5% PVA + 0.4% PHY  Resin beads
hydrogel
Porcine brain, Composite Needle insertion  0.5-10 0-2.5% PVA + 1.3%- —
lung, and liver" hydrogel 7.5% PHY
Human prostate Composite TURP 35-155 0.8% PVA + 0.8%-1.8%  Glass beads
(no tests)! hydrogel agar
Porcine spinal Gellan gum Electrosurgery — 4.7-17 1%-4% gellan Sodium propi-
cord and liver gum + 0%—40% onate
PPG + 0.05%-0.2%
NaCl
Porcine brain®  Gelatin Needle insertion 1.4 3.4% gelatin powder —
Human PVC Needle insertion  3-200 PVC + 0%-90% —
prostate' softener
Human muscle  PVC Needle insertion  6-45 PVC + 0%-100% 1%—5% mineral
and prostate™ softener oil and 0%-1%
glass beads
Porcine fat, Silicone Needle insertion  10-21 — 0%—40% min-
liver, and eral oil
muscle”
Human muscle®  Silicone Needle insertion — — 40%-60% silic-

one oil

Table 9. TMMs for hard tissues used to simulate surgical procedures. Data taken from (a) O’Neill et al (2012), (b) Fuerst et al (2012), (c)
Hollensteiner et al (2015), (d) Acker et al (2016), (e) Macavelia et al (2012), (f) Hollensteiner et al (2017, 2018, 2019), (g) Tai et al (2015,

2016, 2018), (h) Riel et al (2014), Lyu et al (2019).

T™MM Surgical procedure Tissue sample TMM specification
Sawbones'® Bone screw implant Human femoral head 0.16 and 0.08 g cm™> PU
foam

Sawbones® Vertebroplasty and Human vertebrae 0.16-0.48 g cm > PU foam
kyphoplasty

Sawbones'® Kyphoplasty Human trabecular bone 0.08-0.24 g cm > PU foam

Sawbones'¥ Bone screw implant - 0.48 g cm ™ PU foam

Sawbones ©) Bone drilling Human femur 0.27 g cm > PU foam/epoxy

PU-based composite(f)

3D polymer-infiltrated

composite(®

Plaster™

Bone drilling, milling,
sawing, and screw
implant

Bone drilling and grind-
ing

Percutaneous interven-
tion

Human parietal bone

Human tibia bone,
bovine cortical bone

Human calcified plaque

coating
PU with 0%—50% calcium-
carbonate

VisiJet” PXL Core plaster
(calcium sulfate hemi-
hydrate) + RBC” 3200 epoxy
Ultracal” 30 plaster (calcium
sulfate hemihydrate)

PVC have been studied and showed a good potential as a multimodal (to mimic both imaging and
mechanical properties) TMM (Li et al 2016).
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Another type of synthetic polymers for soft tissue is silicone, which has the combined advantages for PVA
and PVC of being both biocompatible and stable. In addition, silicone is room-temperature vulcanizing and
therefore the preparation of silicone is much easier compared to PVA and PVC, without the need of freezing
or heating. However, the friction between surgical tools and silicone is very high. Therefore, mineral oil
(Wang et al 2014) or silicone oil (Hollensteiner et al 2014) was added to reduce the coefficient of friction for
TMM silicone. As much as 40 wt% of mineral oil was used in order to match the needle insertion forces and
tissue elastic modulus (Wang et al 2014). This high mineral oil concentration is close to the saturation point
and could add to the manufacturing difficulty.

7.2.2. TMM for hard tissue in surgical procedures

Table 9 summarizes the TMMs used for two types of hard tissue: bone and calcified plaque. One of the most
widely used TMMs for bone is the commercial product Sawbones” developed by Pacific Research Laboratory
(Vashon Island, Washington USA). The modulus, strength, and fatigue property of the commercial femur
and tibias bone analogs have shown to be similar to that of human bones (Chong et al 2007a, Heiner 2008).
The Sawbones” TMMs have a porous inner layer made of PU foam to mimic the cancellous bone and an
outer layer made of epoxy mixed with e-glass fibers to mimic the cortical bone. The outer layer has similar
elastic modulus (10-17 GPa) and strength (93—157 MPa) to those of human cortical bone (Sawbones 2016).
In Europe, the PU foam Synbone” TMM s are popular for surgical simulation. The density of the PU foam
can be adjusted to mimic normal and osteoporotic bones (O’Neill et al 2012, Fuerst et al 2012, Hollensteiner
et al 2015, Acker et al 2016) with Young’s modulus of 0.02-1.1 GPa and strength of 0.6—48 MPa (Sawbones
2016). However, the Sawbones"” is still weaker than human femur in the bone drilling process (Macavelia et al
2012). This discrepancy may be due to the inherent differences between epoxy and human cortical bone.
Hollensteiner et al (2017, 2018, 2019) proposed another PU foam-based bone analog with the inner
cancellous layer made from PU foam filled with water and the outer cortical layer made from PU foam with
mineral-based fillers. This bone analog demonstrated similar performance in drilling, milling, sawing, and
screw implant compared to the haptic responses of human parietal bone. For both of PU foam-based bone
analogs, the shape is either standard block or molded into pre-defined anatomical geometry, limiting the
flexibility of making patient-specific geometries.

To fill the gap, another bone analog was developed by a 3D printing process called binder jetting. In this
process, binder is deposited on a thin layer of plaster powder. Layer-by-layer, a porous structure is fabricated.
This porous structure was then strengthened by soaking in salt water, cyanoacrylate, or epoxy (Tai et al 2018).
The final product is a 3D polymer-infiltrated composite (3DPIC) and its Young’s modulus (2.5-6.2 GPa) and
strength (3.6—12 MPa) are within the range of human cortical and cancellous bone, and its similarity to
human tibia bone has been validated by drilling and grinding studies (Tai et al 2015, 2016, 2018).

Another TMM for hard tissue is the calcified plaque analog used for research in percutaneous
interventions to open narrowed blood vessels. Riel et al (2014) used plaster to mold an analog and it
demonstrated a similar Young’s modulus (15 GPa), compressive strength (36 MPa), and porosity to those of
human calcified plaque. Such calcified plaque analog has been used to study the plaque grinding in
atherectomy (Lyu et al 2019).

7.3. Limitations

Three limitations exist in TMM:s for surgical phantoms. First, the aforementioned TMMs, except the 3DPIC
TMMs for bone, all have isotropic structures while the human tissues are naturally anisotropic. Both soft
tissue (Holzapfel et al 2004) and bone (Giesen et al 2001) have demonstrated higher modulus and strength
along the fibre direction compared to that perpendicular to the fibre direction. Second, TMMs mostly are
homogenous while the human tissues are heterogenous, as indicated by the range of mechanical properties
shown in table 7. The mechanical properties of the same piece of tissue maybe different at different locations.
Finally, most of the TMMs are molded to a designed shape. It can be time-consuming and costly for
fabrication TMMs to patient-specific geometries. In addition, replicating geometric features of human
tissue, such as internal structures of an organ, is challenging using the molding technique.

7.4. Latest developments

Future work should be focussed in three directions. First, 3D printing is the emerging method to print
different printable TMMs to patient-specific geometries. Second, the heterogeneity of human tissues should
be quantified and replicated by 3D printing to fabricate surgical phantoms. Additives, such as glass beads,
used to enhance the imaging properties of TMMs may also be used to increase the heterogeneity of TMM but
the effect on mechanical properties and heterogeneity need to be quantified to match that of human tissue.
Finally, new 3D printable TMMs could be developed to print phantoms with anisotropic and heterogeneous
properties in patient-specific geometries for customized healthcare research and services.
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Table 10. Thermal properties at room temperature for soft tissues and bone. Values for thermal conductivity and specific heat capacity
have been taken from the IT’IS database and reported as mean values + standard deviation (Hasgall et al 2018). Data taken from (a)
Giering et al (1995), (b) El-Brawany et al (2009), (c) Rossmann and Haemmerich (2014), (d) Rodriguez et al (2002).

Tissue type Thermal conductivity (W m™' K™')  Specific heat capacity (J kg~' K™!) Thermal diffusivity (mm* s™")

Skin® 0.37 £ 0.06 3391 + 233 0.04-0.16
Muscle®  0.49 +0.04 3421 =+ 460 0.16
Brain® 0.51 + 0.02 3630 + 74 0.13-0.14
Breast'® 0.21 2348 + 372 0.14
Liver© 0.52 + 0.03 3540 + 119 0.14
Bone® 0.32 £ 0.03 1313 + 295 0.44-0.54
8. Thermal therapies

8.1. Specification of material

Thermal therapies are treatments which use heat to generate a therapeutic effect. Thermal therapies can be
divided in two main categories: hyperthermia and thermal ablation. In hyperthermia, the temperature is
increased up to levels of 43 °C—45 °C for a time generally in the order of minutes. Hyperthermia has been
shown to improve healing (Ibelli et al 2018) or increase sensitivity to radiotherapy and chemotherapy in
cancer treatment (Durando et al 2019).

In thermal ablation, the temperature of the target region is increased to higher levels (generally above
56 °C) for a short time, usually in the order of seconds, to cause cell death through mechanisms such as
autophagy, apoptosis and necroptosis (Mouratidis et al 2015). Ablation therapies have been used in different
clinical applications, including the treatment of atrial fibrillation (Marrouche et al 2018), treatment of
phantom limbs after amputation (Guo et al 2019), tumours (Rodrigues et al 2015) and uterine fibroids
(Napoli et al 2017), as well as neurosurgery (Quadri et al 2018) .

Thermal treatments can be applied with minimally invasive techniques though needles or catheters or
using externally applied generators. The most common sources of energy are ultrasound, a technique referred
to as high-intensity focused ultrasound (HIFU) or focused ultrasound surgery (FUS), or electromagnetic,
radiofrequency, microwave, or optical, through the employment of laser radiation (Dabbagh et al 2014b).

The recent growing interest in such strategies have spurred the development of different materials to test
and validate ablation therapies. Apart from the obvious capability of withstanding ablation temperatures, the
materials need to mimic all the properties required for the relevant application method and, at least, the
thermal properties to mimic the deposition of energy conduction and diffusion of heat. In addition to the
acoustic properties referred in section 4, ablation phantoms should mimic properties relevant for high
intensity exposures, such as the non-linearity parameter (Zeqiri et al 2015) and the cavitation threshold.

Electrical conductivity and permittivity, as well as electrical impedance and relaxation time may
influence the efficiency of electromagnetic therapies, while penetration depth and optical scattering are
relevant parameters for laser induced thermal treatments (Dabbagh et al 2014b). Reference values for
thermal conductivity, specific heat capacity and thermal diffusivity for five soft tissues and bone are
presented in table 10.

8.2. Review of materials

Articles were retrieved from Google Scholar and Pubmed searches of the words “Tissue Mimicking Materials’
and ‘Phantoms’ in combination with the words ‘Hyperthermia, ‘Thermal therapies’, ‘HIFU,
‘Thermochromic), ‘Ablation’. The focus was on articles published over the past 5 years. TMMs for thermal
therapies are used for quality assurance on equipment in clinical use, or to verify the deposition and
distribution of heat for new techniques or devices. Two main categories can be identified: the TMMs which
use external measurement techniques for real time monitoring of the temperature or those with embedded
thermocouples (King et al 2011) and thermochromic materials. TMMs are generally based on hydrogels,
such as agar or gellan gum (Chen and Shih 2013), Multimodality phantoms are also used to mimic both
acoustic and electromagnetic properties of tissues, sometimes with the addition of salt (Fiaschetti et al 2018).
In table 11, the values of thermal conductivity, specific heat capacity and thermal diffusivity for some soft
tissues TMM:s used for ablation therapies are reported.

8.2.1. TMMs for real time measurements

Real-time temperature measurement experiments play a significant role in the maintenance of equipment
and in the development and assessment of new ablation techniques. The current gold standard for real-time
monitoring is MR-thermometry (Rieke and Butts Pauly 2008) which uses temperature sensitive MR
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Table 11. Thermal properties at room temperature for soft tissues mimicking material. Data taken from (a) Hanks et al (2019), (b)
Ikejimba et al (2016), (c) Choi et al (2013), (d) Dunmire et al (2013) (e) Farrer et al (2015), (f) Tai et al (2018), (g), Menikou and
Damianou (2017), (h) Dabbagh et al (2014a), (i) un-house material. * Properties reported as function of temperature, ** MJ/mm*K.

Soft tissue mimicking Thermal conductivity Specific heat capacity (J kg ™" Thermal diffusivity
material (Wm™'K™h) K™ (mm?s™1)
Thermochromic ink 0.59 3939 0.143 £ 0.002
polyacrylamide®®

BSA polyacrylamide® 0.654 £ 0.033 3597 £ 540 0.182 £ 0.025
Agar/Gelatine? * 0.0025 T + 0.5484 —6e5T2 4 0.0115 T + 3.1867"*  0.0004 T + 0.1679
Gelatine® - 3635 £ 88 0.143 £ 0.003
Gellan Gum’ 0.483 £+ 0.012 3550 + 46 0.133 £ 0.003
Agar—evaporated milk® 0.57 +0.10 4090 0.13 +0.01
NIPAM" 0.60 £ 0.02 3680 & 220 —

IEC 60601-2-37 Agari 0.58 £+ 0.058 3770 £ 377 0.15 £ 0.015

parameters such as the proton resonance frequency, the diffusion coefficient, T1 and T2 relaxation times,
magnetization transfer and the proton density. Examples of TMMs for MR-thermometry are based on
evaporated milk and ballistic gel (Farrer et al 2015), agar-silica soft tissue mimic (Menikou et al 2016) and
PVA-based soft-tissue mimic (Cao et al 2019). These TMMs show similar acoustic properties, along with MR
(T1 and T2*), mechanical and thermal properties and are widely used for QA of MRgFUS (Menikou et al
2015) as discussed in section 5.3. They can be used to manufacture anthropomorphic phantoms which are
compatible with different imaging modalities, such as CT and diagnostic ultrasound (Lindner et al 2010).
3D-printed materials such as ABS have been used to mimic bone (Menikou et al 2015). TMMs are in use to
validate thermal therapies that use diagnostic ultrasound as monitoring techniques (Alvarenga et al 2017).
These techniques are based on the variation of speed of sound and BSC with temperature and are therefore
reliant on the presence of ultrasound scatterers which are mimicked by the inclusion of micro-nano particles
such as aluminium oxide and silicon carbide to hydrogels (IEC 2007). Finally, the IEC agar material has been
used to produce phantoms for visualization of the thermal field generated by ultrasound transducers using
infrared cameras (Miloro et al 2016), due to the similarity of infrared emissivity of the gel to soft tissues.

8.2.2. Thermochromic materials

Thermochromic materials change colour when they reach a specific temperature. The change can be either
reversible or permanent. Reversible changes must be recorded immediately after exposure, while irreversible
colour variations offer more time for analysis at the cost of single use of the gels. These materials have the
capability to provide 3D visualization of the heat deposition, even if only the maximum temperature reached
is visible and temporal information is lost.

Thermochromic TMMs with permanent change in temperature must be based on jellification processes
occurring at low temperatures, to avoid the activation of the thermochromic agent. Silicone-based materials
have been developed (Costa et al 2016). However, polyacrylamide-based gels, formed of acrylamide
monomer cross-linked using a polymerization agent are the most common base for thermochromic TMMs
(Choi et al 2013). The resulting gel shows similar thermal properties as soft tissues (thermal conductivity
0.65 W m~! K~1, specific heat capacity 3300 ] kg~! K~!, thermal diffusivity 0.18 mm? s~!) and is optically
transparent. However, while polyacrylamide is safe, its monomer is a neurotoxic substance, likely to be
carcinogenic (Besaratinia and Pfeifer 2007).

Thermochromic agents are added before jellification. Natural proteins such as BSA are commonly used.
When the denaturation temperature of the protein is reached, the gels turn opaque, allowing a 3D
visualization of the target region. The denaturation temperature can be adjusted by modifying the pH of the
gel (Brodin et al 2016). Eggs albumin is also used in the fabrication of TMMs, as it shows favourable
properties for testing laser ablation (Geoghegan et al 2019). In recent years, thermochromic inks such as MB
Magenta NH 60 °C concentrate (LCR Hallcrest, LLC, USA) have gained success for both electromagnetic
(Negussie et al 2016) and ultrasound thermal therapies (Eranki et al 2019), even with the use of endoscopes
(Hanks ef al 2019). The resulting phantoms lose their transparency, but the colour change is gradual over a
temperature range (usually around 10 °C-20 °C) and reaches saturation at temperatures between 50 °C and
90 °C, depending on the ink employed.

Reversible changes have been obtained using non-ionic surface-active agents such as
N-isopropylacrylamide (NIPAM) and PolyNIPAM (Dabbagh et al 2014a). These copolymers exhibit cloud
points near physiologically relevant temperatures. The resulting colour change is reversible but present a
large hysteresis allowing more time for the image analysis (Shieh et al 2014).
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8.3. Limitations

The main limitation of the existing experimental setups is the lack of perfusion. In fact, blood perfusion in
living organs plays a significant role in heat deposition and temperature distribution (Wang et al 2019).
Although efforts are going in this direction (Kamphuis et al 2020) the complexity of mimicking such a
condition is still a big challenge.The variation of all the material properties with temperature is extremely
important (Rossmann and Haemmerich 2014) due to the nature of the application. However, the availability
of these data on tissues is very limited due to challenges in performing the experiments (Guntur et al 2013).
This implies that the mimicking capabilities reduce as temperature changes and the differences can be
significant for large temperature variations or when denaturation occurs.

8.4. Latest devopments

TMM:s designed for HIFU exposure are commercially available (Onda Corporation, Sunnyvale, USA). This
material has acoustic (speed of sound 1600 m s~!, acoustic attenuation 0.6 dB cm~! MHz™!) and thermal
(thermal conductivity 0.55 W m~! K™!, specific heat capacity 3850 ] kg~ ! K~!) properties that mimic soft
tissue and changes colour when the temperature exceeds 70 °C. Thermosensitive nanomaterials present a
natural evolution and an interesting field of research for thermal therapy phantoms. Recently, liposomes
sensitive to temperature have been used in hydrogels (Kim et al 2018b). The change of colour is almost linear
between 40 °C and 70 °C. Contrast agents with signal enhancement proportional to the temperature have
been studied (Maruyama et al 2016), but their use in phantoms is still limited. Hydrogels in combination
with sheets of liquid crystal (Thipayawat et al 2019) have also been recently explored.

9. Conclusions and outlook

This review has summarized the recent TMMs that have been developed for phantoms involving a diverse
range of the latest imaging and therapeutic applications. Over 250 TMMs have been discussed in this review.
Common themes have emerged and it is clear that materials such as plastics, gels, silicones, PVC, resins and
liquids are typically employed to mimic soft tissue. Bone and lung have mostly been studied in surgery and
ionizing imaging applications although investigations are becoming more common in other areas. Each
imaging and therapeutic modality has specifications which are specific to not only the modality, but also the
application. Combining these specifications is being increasingly investigated with the upsurge of
multimodality imaging and image guidance in therapeutic procedures.

The emergence of 3D printing has resulted in materials which could be classed as TMMs (Filippou and
Tsoumpas 2018, Tino et al 2019b). However, many of the phantoms created using 3D printing technology
actually use voids to fill with TMM:s due to the time required to print large volumes and also the limtations
of material properties. Print times are now reducing and new materials being developed. However, as also
mentioned in previous reviews, the development of materials could be more focussed towards TMMs.

Commercial phantoms have the advantage of having reproducible stable material properties although
these should continue to be tested robustly across phantoms which are marketed to have the same material.
However, with increasing materials and manufacturing techniques, the potential to create in-house patient
specific phantoms has often been realised. It is important that the materials used within these phantoms are
investigated to an appropriate standard to allow future investigations and progress to be made in further
development of materials published. Validation across batches of materials and tests over time are just some
of the conditions that should be investigated although many tests are application dependent and have been
discussed in detail in each section of this review.

The development of materials with different concentrations is not a new concept. However, not all
researchers publish the development of the specific material investigated. With the emergence of more
materials, further ‘mixtures’ are being developed by varying concentrations of different materials. Many
examples are presented in the surgery section and a recent review (Li et al 2018) provides guidance on robust
development and testing of materials. The mechanical properties of many materials with incremental
additives have been investigated although the addition of futher materials to allow visibility in imaging also
requires validation. Ultrasound has shown that publishing detailed properties of materials and imaging
results can aide in the development TMMs. In ionizing imaging investigations have been carried out to vary
concentrations of softener within PVC (Liao et al 2017), and also iodine within ink (Jahnke et al 2016)
resulting in a variation in the material densities and therefore the CT numbers (HU). Within 3D printing,
infusing different materials (Filippou and Tsoumpas 2018, Tino et al 2019b) and investigating different infills
(Madamesila et al 2016, Dancewicz et al 2017, Tino et al 2019a) have been investigated. Within thermal
therapies, TMMs have been investigated with different contrast agent concentrations (Maruyama et al 2016)
and ultrasound scatterers reporting changes with temperature. It is important that these experiments are
carried out under the correct environmental conditions and over time. Factors such as temperature can
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significantly affect the experimental results as demonstrated in ultrasound. Publishing the concentrations,
calibration data and environmental conditions allows other researchers to reproduce the experiment to
validate the material under specified conditions.

There is no perfect material to simulate tissue. With the variation in tissue composition across different
humans, the aim to replicate tissue seems an impossible task. However, with each innovation in
manufacturing technology and material science, new possibilities are presented to develop materials that
may come closer to human tissue. Each TMM developed has properties which are highly dependent on the
application. Many TMMs aim to simulate tissue from an ‘average human’ although others have aimed to
replicate properties of a specific patient or cohort of patients, again depending on the application. Typical
values depend on biological factors, including age, disease state and ethnicity, as well as the measurement or
imaging techniques employed. Similarly, mechanical properties of human tissue are extremely complex with
a wide variation in hyperelasticity, viscoelasticity, and heterogeneity across patients, organs and even within
organs.

Multi-modality imaging is becoming routine in a number of disciplines and is emerging in others. This
has resulted in new requirements for the visibilty of materials across different imaging modalities. The
improved soft tissue definition in imaging, offered by MR and ultrasound, is being used during radiotherapy
treatments and many phantoms have been developed to ensure optimal visualization of tissue that was not
previously possible. Similarly, in surgery additives, such as glass beads, are usually added to TMM:s to
enhance the scattering effect to better mimic the imaging apperance of biological tissues (Li et al 2015b,
2016). As therapeutic applications rely even further on imaging, it is clear that more collaboration across
modalities is required.

As imaging moves towards the capture of function over time, including movement and deformation of
organs through 4D imaging, more effort is necessary to characterize the materials in many more ways than
previously required. Much can be learned from surgery where mechanical properties are part of the fabric of
testing TMMs. Other functional aspects such as perfusion are also presenting challenges in developing
TMMs in many disciplines (Kamphuis et al 2020). Phantoms for testing imaging techniques quantifying
blood perfusion must have a complex flow and perfusion system and should simulate spatially distributed
small vessels with various different flow directions (Eriksson et al 1995). An overview of perfusion
phantoms including ultrasound, MRI, CT and PET applications has recently been published (Kamphuis et al
2020).

In ionizing imaging and MR, there is now more of a requirement for phantoms with ‘anatomical’ texture
and structures. A recent study showed that combinations of liquids, gels and solids are typically used for
heterogeneous phantoms and that these ‘standardization objects’ could be critical to ensuring stable
radiomics models across institutions (Valladares et al 2020). Texture has been inherent within most
mammography and ultrasound TMMs and although this is being advanced with techniques such as DBT,
much can be learned from the experience of both developing and testing textured materials. The emergence
of radiomics (Kalendralis et al 2019) may be a way to match the heterogeneity of the investigated material
with tissue, although more traditional methods such as comparisons with the Noise Power Spectrum
(Cockmartin et al 2013) may be investigated in the first instance.

Although a wide range of imaging and therapeutic modalities have been discussed within this review, not
all modalities could be covered. Pogue and Patterson (2006) published TMMs for on optical spectroscopy,
imaging, and dosimetry and, although beyond the scope of this review, there is no doubt that an updated
review in this area would be welcome. The review that we have presented investigates CT although modalities
such as planar x-rays have not been investigated. Similarly, existing imaging and therapeutic modalities are
constantly evolving, with improving hardware and software. With this evolution it is important that the
TMM specifications that are developed in the future are appropriate for the application, with the ultimate
aim of improving patient care.

In many established and emerging imaging and therapeutic fields there is a lack of a ‘gold standard’ for
comparison. Indeed the need for standardization is a key conclusion that has come from this review. In
ultrasound a set of standards (IEC 2007) are typically referenced in the development of TMMs. However,
even within the ultrasound modality, the emergence of new modalities such as CEUS will require new
specifications. Imaging with ionising radiation and radiotherapy rely on key references such as NIST
databases, ICRU 44 and ICRU 46 for comparing attenuation coefficients of TMMs developed (White et al
1989, 1992, Berger et al 2010). Simulations of the effect of variable energies on the properties of reference or
investigated materials has been facilitated by software, although the material composition is also required
(Taylor et al 2012, Fitzgerald et al 2017). MRI, surgery or thermal therapies do not have offical standards
under which to create TMMs. Only surgery has published guidance on developing TMMs (Li et al 2018).
Within this review, we have presented a series of specifications that have been utilized by researchers in recent
years. These have been highly dependent on the application of the therapy or imaging involved. The
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specifications are by no means standards, but it is hoped that this review will facilitate the discussion on the
requirement standards for developing TMMs, such as those available for ultrasound.

Looking forward, it is hoped that this review will serve as a testbed for cross-fertilization of materials.
There is commonality in approaches in developing and testing materials. It is clear that repurposing of
materials across modalities is something that should not only be encouraged but will also become essential as
multimodality imaging and image guided therapeutic technologies continue to evolve. As discussed
throughout the review, new imaging and therapeutic modalities are emerging during this technological
revolution. The quest to develop the most realistic TMMs continues although this review has shown that
collaboration, setting standards and publishing the experiments rather than just the final TMM will advance
this fluorishing area of material development for tissue phantoms.
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