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Multimodal phantoms for clinical PET/MRI
Eve Lennie1* , Charalampos Tsoumpas2,3 and Steven Sourbron1 

Introduction
Positron emission tomography (PET) and magnetic resonance imaging (MRI) are 
both well-established clinical imaging modalities. PET images are formed by detecting 
the annihilation photons of positrons emitted by a radioactive tracer administered to 
patients [1]. These are considered functional images, as tracers are targeted to a particu-
lar physiological process, and the amount of radiation detected is proportional to the 
uptake of tracer in a region. Measures such as standardised uptake value (SUV) allow 
the radiotracer uptake of a region to be quantified. MRI detects a radiofrequency (RF) 

Abstract 

Phantoms are commonly used throughout medical imaging and medical physics for 
a multitude of applications, the designs of which vary between modalities and clinical 
or research requirements. Within positron emission tomography (PET) and nuclear 
medicine, phantoms have a well-established role in the validation of imaging protocols 
so as to reduce the administration of radioisotope to volunteers. Similarly, phantoms 
are used within magnetic resonance imaging (MRI) to perform quality assurance on 
clinical scanners, and gel-based phantoms have a longstanding use within the MRI 
research community as tissue equivalent phantoms. In recent years, combined PET/
MRI scanners for simultaneous acquisition have entered both research and clinical use. 
This review explores the designs and applications of phantom work within the field of 
simultaneous acquisition PET/MRI as published over the period of a decade. Common 
themes in the design, manufacture and materials used within phantoms are identi-
fied and the solutions they provided to research in PET/MRI are summarised. Finally, 
the challenges remaining in creating multimodal phantoms for use with simultaneous 
acquisition PET/MRI are discussed. No phantoms currently exist commercially that have 
been designed and optimised for simultaneous PET/MRI acquisition. Subsequently, 
commercially available PET and nuclear medicine phantoms are often utilised, with CT-
based attenuation maps substituted for MR-based attenuation maps due to the lack of 
MR visibility in phantom housing. Tissue equivalent and anthropomorphic phantoms 
are often developed by research groups in-house and provide customisable alterna-
tives to overcome barriers such as MR-based attenuation correction, or to address 
specific areas of study such as motion correction. Further work to characterise materi-
als and manufacture methods used in phantom design would facilitate the ability to 
reproduce phantoms across sites.
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signal emitted by protons excited by RF pulses in a strong external magnetic field [2]. 
This can produce high-resolution anatomical images with high contrast between dif-
ferent soft tissues. In recent years, combined PET/MRI scanners have been released by 
manufacturers and are entering clinical use. These scanners allow for the simultaneous 
acquisition of PET and MRI data resulting in combined images from both modalities, 
with proposed advantages in imaging for a range of clinical areas [3].

In both PET and MRI, test objects known as phantoms are used for scanner perfor-
mance testing and monitoring, verification of new image acquisition protocols and 
reconstruction methods, standardisation across equipment and other experimental 
work. PET phantoms are typically solid vessels of various sizes and geometry filled with 
different concentrations of radiotracer solution [4]. For quality assurance and perfor-
mance testing, these would typically be a single container filled with fluid to provide a 
uniform image, or larger acrylic containers with inserts of simple geometries such as 
cylinders or spheres. Anthropomorphic phantoms, with cavities which appear to match 
anatomical geometries in PET images, are used to simulate radiotracer uptake in a spe-
cific organ, often against a lower activity background.

MRI phantoms adhere to similar designs for performance testing and are often filled 
with a highly MRI-visible fluid such as nickel chloride or manganese chloride solution, 
as used in the phantom developed by the National Institute of Standards and Technology 
(NIST) and the International Society for Magnetic Resonance in Medicine (ISMRM), the 
NIST/ISMRM system phantom [5]. Anthropomorphic phantoms in MRI often use gels 
such as agar to achieve MRI relaxation properties close to human tissues [6]. In these 
existing forms, neither PET nor MRI phantoms are compatible for imaging with the 
other modality to take advantage of the simultaneous acquisition available with a com-
bined PET/MRI scanner, simply due to the difference in radiological properties required.

Valladares et al. [7] compared the quality assurance programs for PET/MRI scanners 
of 8 sites across Europe and found significant variation in approaches. The authors rec-
ommend a regime in line with available guidelines such as the National Electrical Man-
ufacturers Association’s (NEMA) report NEMA NU-2 [8] for PET and the American 
Association of Physicists in Medicine (AAPM) Report 028 for MRI [9]. This satisfacto-
rily covers performance monitoring of scanners, but still leaves both modalities tested 
individually. This doesn’t reflect clinical use of the scanners and in particular doesn’t 
allow for a complete assessment of the image reconstruction process when using MRI-
based attenuation maps with PET data. It also raises the question as to how phantoms 
have been used in the field of PET/MRI to date, and to what extent phantoms have been 
developed that are compatible for simultaneous PET/MRI.

This article examines publications between 2011 and 2021 to identify the phantoms 
used and developed by institutions working with clinical PET/MRI scanners. In order 
for a publication to be included in this review, the utility of both PET and MRI data sets 
must be demonstrated, thus indicating that the phantom chosen shows potential as a 
test object for simultaneous PET/MRI acquisitions. Mathematical and computational/
software phantoms are not considered in this review.

The main part of this review begins by summarising the materials used in phantom 
design and the challenges faced when choosing materials to create PET/MRI phantoms. 
We then categorise the phantoms identified from literature into two broad categories. 
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First, we cover geometric phantoms, those that feature simple geometries such as those 
designed for quality assurance programs, which may be commercially available or manu-
factured in-house. The second is anthropomorphic phantoms, designed to replicate spe-
cific human anatomy, physiology or tissue properties in PET/MRI for which there are 
commercially available and in-house manufactured solutions. For each category we pre-
sent phantom designs and the use cases demonstrated in recent publications, a summary 
of which can be seen in Fig. 1. We then discuss how the presented phantoms address 
key research areas posed in the field of PET/MRI, and the developments still needed 
to create widely available, reproducible phantoms suitable for simultaneous PET/MRI 
acquisitions.

Materials in phantom design
Ensuring the materials chosen for phantom development exhibit the properties required 
for both PET and MRI imaging simultaneously can be challenging as PET/CT phantoms 
focus on radiotracer distribution and electron density of materials, whilst MRI phantoms 
are optimised to the desired proton relaxation times. A list of the polymers mentioned 
in this review and their abbreviations are shown in Table  1. Polymethyl methacrylate 
(PMMA) is the preferred choice in commercially available phantoms as it is strong, 
transparent and offers a similar X-ray radiation attenuation to human tissue [1]. How-
ever, it is not MRI visible, so the attenuation properties of PMMA phantoms cannot 
be correctly derived in PET/MRI acquisitions and so alternative materials for phantom 
development have been explored.

Phantom development, including characterisation of the materials, is an active area 
of research among groups performing phantom studies in PET/MRI, with 12 phantoms 
featured in publications on phantom development between 2011 and 2021, as shown in 
Fig. 1. In-house manufactured anthropomorphic and tissue equivalent phantoms in par-
ticular are often featured in a dedicated publication to describe the phantom design and 
manufacture, or demonstrate its properties as a suitable PET/MRI phantom.

Tissue mimicking materials

A recent review on tissue mimicking materials has been published by McGarry et  al. 
[10] providing an overview of the material properties and manufacture methods across 
a range of imaging modalities. The authors outlined both the requirement for and chal-
lenges present in developing tissue mimicking material displaying the desired properties 
for multiple imaging modalities. Here, an in-depth focus on the materials used as tissue 
analogues in PET/MRI phantom development is presented, a summary of which is pro-
vided in Table 2.

Three phantoms were developed to include animal cadavers of porcine and bovine ori-
gin for bone and lung tissue. Animal cadavers can provide materials with similar struc-
ture and properties to the equivalent human tissues; however, these may be altered in 
ex vivo samples [11]. Two of these phantoms were used as part of the validation process 
for MRI-based attenuation correction [12, 13]. One study described a phantom built 
with animal femur bone and lung lobe as a feasible solution to create tissue equivalent 
phantoms for PET, CT and MRI [14]. However, consideration is required as to how com-
ponents will be cleaned between experiments, to ensure a like-for-like replacement for 
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cadavers at appropriate time intervals and to accommodate for the embalming process. 
Whilst there are benefits to utilising such phantoms in work around tissue classification 
in MRI-based attenuation techniques, particularly where a range of tissue types are rep-
resented [15], there are no known and verified relaxation properties or attenuation coef-
ficients to validate against. Applications are also limited by a lack of anthropomorphism 
and the limitation of introducing a meaningful and realistic radiotracer distribution to a 
cadaver.

Soft tissue

Three approaches to modelling brain tissue are encountered in this review. The Hoff-
man phantom [16] (Data Spectrum Inc.) and Iida phantom [17] both form models of 
the human head using polymers for white matter and an open compartment filled with 
radiotracer solution for grey matter. This provides an ideal radiotracer distribution, but 
the polymer structure is invisible to MRI. Saline soaked cotton as used by Okazawa et al. 
offers limited use as a brain tissue surrogate given that in the form presented no radi-
otracer is administered [18]. Agarose gel used by Harries et al. benefits from displaying 
closer MRI signal properties to soft tissue than water or saline [19]; however, establish-
ing a detailed grey and white matter structure could be challenging in terms of structural 

Table 1 Abbreviations and corresponding full names of polymers used in the manufacture of 
phantoms featured in this review

Abbreviation Polymer name

PA Polyamide

PE Polyethylene

PEEK Polyether ether ketone

PMMA Poly(methyl methacrylate)

PP Polypropylene

PTFE Polytetrafluoroethylene

PU Polyurethane

PVA Polyvinyl alcohol

PVC Polyvinyl chloride

Table 2 Materials used in anthropomorphic phantoms categorised by the tissues they have been 
used to represent

Tissue type Materials used

Brain Agarose gel, PE, saline soaked cotton, water

Bone Gypsum plaster, dipotassium phosphate, cadaver, petroleum jelly

Soft tissue Agarose gel, methyl-cellulose gel, gelatin, gel (unspecified), saline, water

Adipose Peanut oil, silicone

Tumour/lesion Wax, agarose gel, gel (unspecified), gelatin, plastic or glass spheres

Heart Silicone, gel (unspecified), water

Lung Rubber balloon, cadaver, silicone

Other tissue Rubber balloon, hosepipe, silicone, agarose gel

Other materials PMMA, VeroClear, Agilus 30 clear, PU, PU/PVA mix



Page 6 of 24Lennie et al. EJNMMI Phys            (2021) 8:62 

integrity, level of detail achievable and how a heterogeneous radiotracer distribution 
could be established or even reproduced.

Agarose, gelatin and methyl-cellulose gels are used more widely as soft tissue surro-
gates in several phantoms identified for this review [13, 14, 20–23]. The ability to cus-
tomise the MRI relaxation properties of gels with relative ease at manufacture by varying 
the concentration of gelling and contrast agents, demonstrated extensively by Gillmann 
et al. [21], allows for flexibility in the number of tissue types represented. Gels can be 
used to fill cavities or moulded to hold structure without a casing, both of which pro-
vided a reproducible geometry. Moulded structures such as tumours or lesions may then 
be placed inside a larger gel tissue surrogate [23]. In phantoms simulating cardiac and 
respiratory motion [20, 24–26], gels offer an alternative to water whilst maintaining the 
flexibility to allow movement to occur. Additionally, gels are easily manufactured in-
house without the need for specialist equipment.

However, if using short half-life radiotracers such as [ 18F]FDG, gel tissue surrogates 
must be remade each day they are required, so manufacture and setting time must be 
accounted for to ensure sufficient radiation is detectable at time of scanning. Alterna-
tively, a long half-life radionuclide could be suspended within the gel, but this would 
require careful consideration of the safe long-term storage and disposal of the radio-
active gel. Furthermore, each manufacture session is subject to a level uncertainty. 
McIlvain et  al. [27] have encouraged sites to understand the impact the variations in 
manufacture may have on the material properties. Using gels inside intricate casings 
may introduce air bubbles during manufacture, and be difficult to clean for reuse. Finally, 
all of the phantoms identified in this review use homogeneous radiotracer distribution 
throughout each gel tissue surrogate; however, this does not represent every clinical sce-
nario as highlighted by Valladares et al. [28], who presented proposed solutions for het-
erogeneous tissue equivalent materials for medical imaging phantoms.

Bone

Bone material analogues are challenging to create for PET/MRI applications as the cho-
sen material should exhibit a cortical bone, or average bone, electron density for realistic 
PET attenuation, whilst maintaining very short T1 and T2 relaxation times.

Phantoms with bone surrogates were most commonly created in house using gypsum 
plaster [19, 21, 29] doped with iodine CT contrast agents and either gadolinium MRI 
contrast agents or copper sulphate to modify the linear attenuation coefficient and relax-
ation times respectively. Chandramohan et al. [29] assessed the radiological properties 
of several samples of gypsum plaster mixed with varying concentrations of each dop-
ing agent for comparison with human bone. They found that plaster doped with cop-
per sulphate provided the combined radiological properties suitable to mimic cortical 
bone; however, the relaxation properties of the material were unstable over time and 
were affected by the introduction of microbubbles into the plaster during manufacture, 
warranting further investigation. Harries et  al. [19] casted a skull from iodine doped 
plaster, which is classified as bone in five out of six MRI-based attenuation maps, but 
results in an underestimation of PET activity within the phantom of on average 5%, to 
a maximum of 11%. Gillmann et al. [21] took additional steps to create bone structures 
that also include a bone marrow surrogate of petroleum jelly mixed with dipotassium 
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hydroxide, allowing for lesions to be place inside. As the use of PET/MRI in areas of 
the body with larger bone structures increases, the differentiation between cortical bone 
and other features such as bone marrow may become more relevant in phantom experi-
ments. Dipotassium phosphate was used as a bone equivalent material in the Iida phan-
tom [17]; however, as a liquid solution it is highly visible in MRI images and so is not 
classified as bone in MRI-based attenuation maps [30].

Overall, gypsum plaster has presented a promising solution to replicating the mate-
rial properties of cortical bone in PET/MRI phantoms and is a widely available crafting 
material. However, further work is required to assess the effects of different manufactur-
ing methods and the long term stability of the material properties of doped plaster, as 
has previously been performed for agarose gels in MRI phantom work [27].

Adipose tissue

Fats are largely ignored across the phantoms produced, with only individual use of sili-
cone [19] and peanut oil [21]. Of these materials, peanut oil provided MRI relaxation 
properties close to those of adipose tissue, whilst silicone exhibits a much shorter T2* 
[19]. Phantoms designed to represent anatomy such as the breast would benefit from 
further investigation into use of materials with radiological properties similar to adipose 
tissue.

Polymers and 3D printing

Casings for organs and the overall phantom were manufactured using a variety of poly-
mers. Most commonly, PMMA and PU were used, but 3D printable polymers were also 
used for individual organs. Of the phantoms featured in this review, the Iida phantom 
[17] provided attenuation properties for the 3D printed polymer and Talalwa et al. [31] 
demonstrated the dielectric properties of their proposed porous MRI-visible 3D printed 
polymer made of a PU/PVA mix. Gillman et al. [21] reported the CT Hounsfield units 
and MRI relaxation times for VeroClear (Stratasys) but this is not referenced to any tis-
sue value, suggesting it was not selected to exhibit tissue equivalent properties.

In their systematic review to identify trends in the use of 3D printing in the develop-
ment of medical imaging phantoms, Fillipou and Tsoumpas [32] found that radiological 
properties are not commonly tested by manufacturers for 3D printing. However, Rausch 
et al. [33] have recently created a phantom using 3D printed polymer RGD252 (Strata-
sys), previously demonstrated as MRI visible [34], that is visible in both modalities for 
simultaneous PET/MRI acquisitions.

NIST have released two publications [35, 36] demonstrating CT and MRI properties 
for a range of commercially available 3D printable polymers for comparison with human 
tissue. Although several challenges exist to utilising 3D printed phantoms in multimodal 
imaging [32], future work would benefit from further consideration of the MRI relaxa-
tion and PET attenuation properties when choosing polymers from which to 3D print 
PET/MRI phantoms. In particular, this would encourage the correct classification of 
structures for MRI-based attenuation correction. Silicone and rubber balloons used to 
represent the heart [20, 24], lung [25, 26] or bladder [21] also lack MRI visibility. Whilst 
this is less of an issue for lung tissue as this is typically classified as air, care must be 
taken to ensure this does not lead to an under estimation of PET activity.
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Summary of materials in PET/MRI phantom design

Gel-based phantoms with radiotracer introduced prior to setting provide the option of 
creating phantoms with soft tissue equivalent MRI relaxation times with a uniform radi-
otracer distribution; however, radiotracer solutions of water or saline are also commonly 
used and may be doped with gadolinum-based contrast agent. Gypsum plaster has been 
the most utilised option for bone analogue materials; however, further work is required 
to establish the stability of the phantoms produced and reproducibility of manufacture 
methods. Few options have been explored in mimicking adipose tissues. Advances in 3D 
printing and the range of polymers available may offer solutions in the future in creat-
ing phantoms for simultaneous PET/MRI, particularly in light of the work performed 
in assessing the radiological properties of materials available. However, these materials 
generally lack the large scale manufacture and shelf life capable of creating reproducible 
phantoms able to be distributed across multiple sites. Subsequently, established poly-
mers in phantom design such as PMMA continue to be used widely for building PET/
MRI phantoms despite their lack of signal in MRI.

Geometric and homogeneous phantoms
Geometric phantoms are those which feature simple geometric inserts and cannot be 
considered anthropomorphic. Homogeneous phantoms are phantoms for which there 
are no inserts, providing a uniform fluid distribution within the phantom body. Twenty-
five geometric or homogeneous phantoms were identified in this review, a breakdown of 
which is shown in Fig. 2. Although this is only slightly more than half of the phantoms 
encountered, they appear in 59 of the 92 publications reviewed. Thirteen of these take 
the form of geometric phantoms, often used in quality assurance measurements. The 9 
homogeneous phantoms take the form of a cylindrical container, bottle or canister filled 
with a single fluid, and are considered to be commercially available.

Of the geometric phantoms, 9 are custom designed and included in 14 publications. 31 
publications use 5 commercially available geometric phantoms, the most common being 
the International Electrotechnical Commission (IEC) NEMA Body Phantom featured in 

Fig. 2 Physical PET/MRI phantoms categorised by design features. Material samples consist of small amounts 
of material for characterisation. The fruit category refers to the use of modified fruits as PET/MRI test objects, 
although these are not discussed in detail
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19 publications. The predominant use cases for these phantoms within PET/MRI litera-
ture are measuring image quality and scanner performance, verifying MRI-based attenu-
ation correction and image reconstruction methods and generating attenuation maps for 
radio-frequency coils or other hardware.

Homogeneous phantoms

Homogeneous phantoms act as a test object filled with a single, homogeneous fluid, 
an example of an MRI acquisition for which is shown in Fig. 3. These are simple to use 
and give indication of performance through assessment of image uniformity and image 
noise. They are easily accessible, given that they can be fashioned from any water-tight, 
MRI safe container. The variety of containers available allows researchers to tailor the 
size of the phantom appropriately.

MRI signal properties can be improved by using nickel sulphate [37], sodium chloride 
[38] or introducing a gadolinium-based contrast agent [39] alongside the radioactive 
tracer to reduce artifact in large phantoms. This allows researchers to create solutions 
that can be imaged with both PET and MRI; however, containers are not MRI visible 
and so cannot be included in MRI-based attenuation maps. This can be mitigated by 
using containers with thin walls to minimise PET attenuation by the container and allow 
for attenuation maps to be approximated to the fluid volume. No two groups of authors 
used the same uniform phantom, and phantom volumes range from 160  mL to 29  L. 
This reflects the differences in studies presented, but also suggests a lack of a standard-
ised approach to assessing uniformity in PET/MRI.

Fig. 3 Cross section of a uniform phantom acquired in MRI (GE Signa PET/MRI scanner)
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Commercially available geometric phantoms

All commercially available geometric phantoms featured in this review are phantoms 
initially designed for PET or Nuclear Medicine use and licensed by Data Spectrum 
Corporation:

• IEC (NEMA) Body Phantom
• Esser (ACR) PET Phantom
• Jaszczak Phantom
• NEMA 94 PET Phantom
• Mini Deluxe Phantom

They are widely available and many sites with existing Nuclear Medicine and PET facili-
ties are likely to already possess a subset of these phantoms in order to adhere to qual-
ity assurance guidelines [8]. In particular, the IEC (NEMA) Body Phantom continues 
to be recommended for PET and PET/MRI acceptance testing and quality assurance 
under the NEMA NU-2 (2018) standard [7, 8]. It consists of a large, elliptical PMMA 
container with a central cylinder filled with polystyrene, around which hollow spheres 
are suspended from one end of the phantom. The standardised geometry, manufacture 
and protocols used ensure comparable measurements between sites and promote repro-
ducibility across different scanners. This is reflected in literature through publications 
where the IEC Body Phantom was used to evaluate PET/MRI scanner performance [40–
42] and compared performance and protocols to PET/CT [43–46] prior to introducing 
patients studies. Krokos et al. [41] illustrated the crucial example of ensuring standardi-
sation between several PET/MRI scanners for use in multicentre dementia trials.

A significant drawback of these phantoms is the inability to create accurate MRI-based 
attenuation maps due to the widespread use of PMMA for the phantom body and its 
lack of visibility in MRI. Ziegler et al. [47] compare results generated from the NEMA 
NU-2 Protocol for a Siemens Biograph mMR using images reconstructed with both an 
MRI-derived attenuation map and a CT-derived attenuation map. They found that using 
an MRI-derived attenuation map decreased contrast recovery in radioactive spheres, 
increased contrast recovery in non-radioactive spheres and increased background var-
iability, indicating a degradation in both image quality and PET quantification due to 
insufficient correction for attenuation. Their recommended solution was to acquire a CT 
scan of the phantom separately in order to generate a suitable attenuation map that can 
be registered to the MRI or PET images to perform image reconstruction of the phan-
tom offline. Further comparisons [48] extended this to include the MRI-based attenua-
tion correction methods employed in the Philips Ingenuity TOF and GE Signa PET/MRI 
scanners for phantoms, as well as assessment of clinical MRI-based attenuation correc-
tion in phantom studies. Replacement of the MRI-based attenuation map with a regis-
tered CT-based map appears to be the preferred solution in publications included in this 
review where geometric phantoms are used. As such, vendors provide a predefined PET 
attenuation map in the scanner reconstruction software for the IEC Body Phantom for 
PET performance testing under the NEMA protocol; however, this doesn’t extend to all 
commercially available phantoms.
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Addressing MRI visibility of commercially available phantoms

In an earlier publication, Ziegler et al. [49] assessed a variety of fluid fillings to improve 
MRI visibility and attenuation map generation for the IEC Body Phantom. By varying 
the fluid filling for the phantom, they were able to significantly improve homogeneity in 
the MRI images and reduce bias in PET data resulting from inconsistencies in the MRI-
based attenuation map. The key finding was that a pure water radiotracer solution as 
recommended in the NEMA NU-2 protocol was the least suitable of the fluids assessed, 
with triethylene glycol providing the greatest homogeneity. However, none of the flu-
ids presented appear to provide a robust solution for routine use due to risk of toxicity, 
additional cleaning requirements and costs. Use of any alternative fluids also does not 
address a lack of phantom housing visibility in MRI.

Currently, no geometric phantoms for the quality assurance of PET/MRI systems exist 
on the market that are both PET and MRI visible. Whilst many performance issues will 
be detected by separate testing of MRI and PET components of the scanner, enabling 
quality assurance phantoms to undergo simultaneous imaging and use the same attenu-
ation correction and image reconstruction methods as would be used clinically is highly 
desirable. This would act to both confirm the performance of these systems and to allow 
phantom testing to form part of wider imaging protocol validation projects. Addition-
ally, there is little standardisation in MRI quality assurance programs [7], increasing the 
likelihood of cross-site variation in PET quantification given clinical reliance on MRI-
based corrections. It is clear that more work is to be done in this area, either through 
alteration of MRI sequences used to generate phantom attenuation maps, or through the 
development of phantoms from materials exhibiting properties that allow for their visu-
alisation in MRI acquisitions.

Custom designed geometric phantoms

The custom designs of geometric phantoms featured in this review are all borne from 
a requirement to test features for which no commercial option existed, often extending 
beyond performance testing of clinical PET/MRI scanners.

Rectangular whole body phantom

Braun et  al. [50] assessed the feasibility and performance of continuous table motion 
acquisitions in PET/MRI by developing a large polypropylene (PP) rectangular phantom 
to approximate the dimensions of the human body, which was separated into cubic com-
partments. Each compartment had holes of varying size drilled into the sides to visu-
ally assess image quality and quantitatively assess resolution in both PET and MRI. The 
phantom was filled with a radiotracer solution. Whilst this phantom addressed the ques-
tion it was designed for and was able to assess both PET and MRI performance [50, 51], 
it still suffered the same set-backs as commercially available phantoms and requires an 
external CT-based attenuation map to be used during PET reconstruction.

Phantoms to study motion correction

In their assessment of motion correction methods, cylindrical acrylic phantoms filled 
with water and containing inserts featuring 22 Na point sources were used by two groups 
[52, 53]. Given that a CT-based attenuation map was required for the reconstruction of 
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PET data in order to account for the trolleys and bases used in these studies, the ability 
to generate an MRI-based attenuation map may have not been a design priority. How-
ever, in both cases motion correction was informed by MRI data and so MRI visibility of 
the phantom was crucial. Previously, a phantom made of PVA cryogel with radiotracer 
introduced during manufacture was demonstrated as a PET and MRI visible phantom 
able to undergo non-rigid movement [54].

MRI visible polymers in phantom design

Rausch et al. [33] demonstrated the first PET/MRI phantom in-house-made with MRI 
visible housing. The cylindrical phantom had rod features on the bottom lid, whilst keep-
ing the top section of the phantom homogenous. The phantom was filled with an aque-
ous solution of [ 18F]FDG, sodium chloride and a gadolinium-based MRI contrast agent. 
They compared PET reconstructions of the phantom performed using no attenuation 
map, attenuation maps generated from the Siemens Biograph mMR DIXON sequences, 
an optimised phantom-specific MRI-based attenuation map and PET/CT images. Their 
work demonstrated that polymers are available for phantom construction that can be 
imaged by simultaneous PET/MRI, although the MRI-based attenuation map overesti-
mated the phantom extent. Further work should be done to verify approaches for opti-
mising MRI-based attenuation maps for phantoms using MRI visible polymers across 
different scanner models.

Geometric phantoms for brain PET/MRI

Grant et al. [55] first demonstrated a 3D printed geometric image quality phantom for 
performance testing the BrainPET (Siemens Healthcare) [56] MRI insert, for which the 
full characterisation is presented by Bieniosek et al. [57]. It was a cylindrical phantom 
with one empty quadrant containing plastic rods and three quadrants of solid polymer 
with cylindrical holes in a range of diameters. The empty spaces were then filled with a 
radiotracer solution. The group used the phantom for two further publications [58, 59]. 
The use of 3D printing in phantom development is increasing due to the widespread 
availability of 3D printers and low manufacturing costs [32], but the field lacks consist-
ent assessment of the reproducibility in 3D printed phantoms. The publication of the 
phantoms design, manufacture and characteristics [57] facilitates the ability for other 
groups with 3D printing capabilities to produce and use this phantom in further work. 
Additionally, they validated the manufacture method through replication of a commer-
cially available phantom and compared PET/CT acquisitions of the commercial and 
in-house printed phantoms [57], confirming its suitability for phantom manufacture. 
However, the phantom design does not address MRI visibility of the phantom housing 
and attenuation correction adequately.

Size appears to have been the driving factor for custom phantoms in brain PET. A 
cylindrical PMMA phantom with hollow rods and a polytetrafluoroethylene (PTFE) 
insert was utilised to validate the use of an orbiting transmission point source for 
attenuation correction of PET data compared to that of an MRI-based attenuation map 
[60]. The authors addressed the challenges in generating accurate MRI-based attenua-
tion maps through implementation of a transmission source mechanism in generating 
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attenuation maps for brain PET/MRI [60]. However, this was then used to replace the 
MRI-based attenuation map entirely with one derived from the transmission source 
measurements, requiring the use of a specialised MRI coil that is applicable to head 
imaging only.

Geometric phantoms in radiosurgery planning

Lim et  al. [61] used two acrylic phantom designs in their study on the feasibility of 
using [ 11C]methionine PET in Gamma-Knife radiosurgery planning. This required 
phantoms that are suitable in validating multiple imaging modalities as they are intro-
duced into the radiotherapy planning framework. These phantoms were imaged with 
CT, MRI and PET to assess geometric accuracy, image registration and quantitative 
PET within the Gamma-Knife radiosurgery planning system.

Summary of geometric phantom designs

Each of these phantoms is used at one site and designed to address specific research 
questions, with only one fully presented and characterised to promote its use by 
other institutions. Characterisation of materials and methods presents a barrier to 
widespread adoption of in-house manufacture methods such as 3D printing [32], as 
each group must then perform these measurements. The design and verification of a 
phantom require a significant time commitment, and so distribution of this informa-
tion is valuable to the imaging community to accelerate phantom development. Most 
recently, an MRI visible polymer has been demonstrated as suitable for PET/MRI use 
[33], providing a potential solution to MRI-based attenuation correction issues in 
phantom studies.

Fig. 4 Anthropomorphic PET/MRI phantoms categorised by the area of human anatomy they represent
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Anthropomorphic phantoms
A total of 20 anthropomorphic and tissue equivalent phantoms were identified in this 
review, of which 16 are custom-designed or in-house-manufactured. These phantoms 
cover 5 areas of human anatomy, as displayed in Fig. 4, with a final category describing 
phantoms that contain materials equivalent to specific human tissues but do not repre-
sent any specific anatomy.

Head and brain phantoms are the most published category of anatomical phantoms 
at 16 publications. This reflects the commonly desired clinical PET/MRI application of 
neurology and the subsequent areas of research addressing attenuation correction in 
brain imaging [62]. Correcting for bulk and physiological motion are also an important 
area of interest, the mechanisms of which are beyond the scope of this review, but are 
presented by Polycarpou et al. in their recent review [63]. Physiological motion in par-
ticular requires the use of phantoms able to replicate the anatomical geometries and 
motion required. Again, this is reflected in the phantoms designed and their publica-
tions with 7 torso and cardiac phantoms used across 14 publications.

Commercially available anthropomorphic phantoms

As with geometric phantoms, the commercially available options utilised for PET/MRI 
are phantoms originally designed for Nuclear Medicine and PET. These phantoms are 
well established within the field due to the necessity of administering a radioactive tracer 
for PET and γ-camera imaging limiting the recruitment of volunteers for investigative 
work. By comparison, MRI phantoms often focus on quantitative performance through 
simple geometries [64], although some anthropomorphic MRI phantoms are commer-
cially available and tissue equivalent materials are in use throughout the MRI commu-
nity [6].

Hoffman phantom

The Hoffman brain phantom [16] (Data Spectrum Corporation) is one of the most pop-
ular anthropomorphic phantom featured in 7 publications identified by this review. It 
is a PMMA cylinder containing 19 composite polycarbonate plate inserts which, when 
filled with fluid, simulate normal [ 18F]FDG radiotracer distribution in the brain and a 
realistic MRI proton density distribution. Optional inserts are also available to simulate 
defects. The Hoffman phantom has been used to assess the performance of PET inserts 
in clinical MRI scanners [65–67], evaluate motion correction methods [68, 69], the dem-
onstrate of PET image reconstruction methods [70] and MRI-based attenuation correc-
tion [71] methods. This is the only commercially available phantom identified within this 
review that is also advertised for MRI use, although the polycarbonate plates are not 
visible in MRI. The design lacks a skull component for a realistic attenuation profile, it 
does not replicate brain tissue relaxation properties in MRI, and the cylindrical design 
does not conform to human head geometry, which are major limitations for its use as a 
human head surrogate in PET/MRI.
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Torso phantoms

Two commercially available phantoms of the Thorax were used: the elliptical Lung-Spine 
[72] and Anthropomorphic Torso Phantom [73]. Both phantoms are licensed by Data 
Spectrum Corporation and are constructed from PMMA with polystyrene-filled lung 
inserts, solid PTFE spine insert and an optional PMMA cardiac insert modelled on the 
left ventricle and myocardium. The Anthropomorphic Torso phantom also features a 
liver insert. The phantom body, cardiac and liver inserts are then filled with radiotracer 
solution. A PU cardiac insert (Radiology Support Services) representing two cardiac 
chambers and the myocardium was used independently in one study [74].

Commercially available anthropomorphic phantom summary

All of the commercially available anthropomorphic phantoms are constructed from 
PMMA or PU, and so any solid material is not MRI visible. Despite the concerns raised 
around MRI-based attenuation correction in geometric phantoms, many studies use 
MRI-based attenuation maps to reconstruct PET data for these anthropomorphic phan-
toms, including two studies actively using these phantoms to assess the impact of using 
MRI-based attenuation correction [71, 73]. This may be because the differences between 
MRI-based and CT-based attenuation correction in PET quantification still need to be 
quantified prior to clinical use, or because MRI-based attenuation methods based on tis-
sue segmentation from anatomical maps [75] are more easily applied to anthropomor-
phic phantoms than non-anatomical shapes.

The current commercially available phantoms are only able to assess brain and cardiac 
protocols. This excludes some key applications of interest in clinical PET/MRI, such as 
[ 68Ga]-PSMA imaging in prostate cancer patients [76]. Crucially, no commercially avail-
able anthropomorphic phantoms are able to accurately represent human tissue in both 
PET and MRI.

Custom anthropomorphic phantoms

Whilst an accurate representation of anatomical geometry is a key aspect of design 
across all anthropomorphic phantoms, many in-house manufactured phantoms identi-
fied in this review take additional steps to achieve both PET and MRI tissue equivalence, 
or mimic additional physiological properties.

Head and brain phantoms

Three human head phantoms were developed between 2011 and 2021. The first of these 
was the Iida Brain phantom [17], initially developed for use in PET and single-photon 
emission computed tomography (SPECT) imaging, it is designed to represent a realistic 
human head contour and include a cavity around the brain material filled with dipo-
tassium phosphate to simulate the skull. Both of these features address some of the 
limitations presented by the Hoffman phantom in brain imaging. The phantom was 
manufactured through 3D printing, for which Iida et al. [17] demonstrated a high degree 
of reproducibility. The Iida phantom has been assessed for PET/MRI use, with Johans-
son et al. [77] providing a description of potential applications, highlighting the issues 
around a lack of white matter radiotracer distribution and difficulties with MRI-based 
attenuation correction when scanned with the Phillips Ingenuity PET/MRI scanner, but 
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ultimately concluding it to be a useful test object. The Turku PET Centre group later 
used the phantom in three additional PET/MRI publications [30, 71, 78] including an 
international multi-centre study.

Harries et al. [19] presented their solution for a human head phantom with a focus on 
mimicking both MRI and PET tissue properties. The authors detailed the relevant prop-
erties of their chosen materials as well as the limitations in the design and manufacture 
of this phantom. In particular, the design did not mimic the structures of grey and white 
matter in the brain, so whilst the feasibility of manufacturing such a phantom and its 
compatibility with MRI-based attenuation methods was demonstrated, applications may 
be limited due to the reduced detail in brain structure compared to the Iida and Hoff-
man brain phantoms. Additionally, this phantom necessitates in-house manufacture due 
to the use of short shelf-life materials such as agar. As a result, a centre reproducing this 
phantom should still perform validation measurements to ensure the desired material 
properties and geometries have been achieved. Finally, Okazawa et al. [18] used a human 
skull filled with saline-soaked cotton and radiotracer filled rubber tubes to represent 
arteries. This phantom was specifically designed to address the authors research ques-
tion regarding the reliability of quantitative [ 15 O] imaging in the carotid arteries using 
PET/MRI.

Torso phantoms

Larger phantoms representing the pelvis [21] [38] and torso [22] have also been designed 
and used within PET/MRI. These phantoms feature multiple organs with differing tissue 
properties and radiotracer uptake, and so 3D printing was utilised to enable the indi-
vidual design of each component. Currently, the printable materials commonly available 
to sites without an extensive manufacturing department are limited in the tissue-equiv-
alent properties they can display [10, 32]. As a result, groups developing these phan-
toms often opted to either 3D print an outer shell of the organ of interest which may be 
filled with an appropriate tissue-equivalent material, or use a 3D printed mould to cast a 
model using a gel or wax.

The ADAM PETer pelvis phantom [21] was designed for applications regarding the 
use of multimodal imaging in radiotherapy. It was based on the ADAM-pelvis phantom 
[79], by further developing the model to be compatible with PET imaging in addition 
to CT and MRI with the aim to utilise the phantom in the optimisation of PET/MRI 
guided radiotherapy for prostate cancer patients [21]. The ADAM PETer also intro-
duced 3D printing into the phantoms manufacture to improve the modular design. The 
phantom featured a large number of materials to simulate various tissues, which were 
extensively described along with the phantoms lengthy assembly process. However, the 
authors reported that due to a modular design, switching out of organs of interest was 
less laborious once the phantom was constructed and so allowed customisation of the 
phantom for several clinical scenarios [21]. Further work validating the reproducibility 
of 3D printing organ modules for this phantom would facilitate its use external to the 
home institution.

Another pelvis phantom [38] consisting of a PMMA container filled with a radiotracer 
solution has also been tested. It was noted that the phantom is described in other works 
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excluded by the review criteria [80, 81] as featuring multiple organ inserts; however, 
these features were not highlighted in any of the PET/MRI work.

The Wilhelm Anthropomorphic Torso Phantom [22] has been developed by the Euro-
pean Institute of Molecular Imaging as a phantom for PET, CT and MRI capable of rep-
licating cardiac and lung motion. Bolwin et al. [22] described the design, manufacture 
and characterisation extensively; however, this phantom has been used by the institute 
in several works addressing motion correction in PET/MRI since 2011 [82–85]. Wilhelm 
features inflatable silicone lung inserts and a silicone cardiac insert. Both sets of inserts 
are piston driven to induce motion. A double silicone membrane is used for the cardiac 
insert to create an outer layer that can be filled to represent the myocardium, a sche-
matic for which is shown in Fig. 5. Lung inflation is controlled from the base of the lungs 
by a rubber membrane to simulate the diaphragm. A liver compartment is also included. 
The phantom could be customised by the choice of fluid filling for each compartment 
and additional wax spheres mounted within the phantom as lesions. Models of the heart 
and lungs were 3D printed to create moulds on which to shape the silicone. No skeletal 
structure was featured in the phantoms’ design which may limit its application in other 
areas of interest such as MRI-based attenuation correction.

Motion correction is an on-going area of research with different methods appropriate 
to assess different types of motion [63]. As such, the Wilhelm phantom occupies a niche 
the needs of which have not been met by commercial vendors. However, this phantom is 
highly complex, having been developed over many years [22], with a multitude of mate-
rials and manufacture methods required for its construction.

Cardiac and lung phantoms

Inflatable double-membrane cardiac phantoms of a reduced complexity have also been 
demonstrated as suitable for motion correction applications in PET/MRI [20, 24]. These 
phantoms focussed exclusively on cardiac motion, placing one balloon inside another, 
filling the interspace with a mix of radiotracer, gadolinium-based contrast agents and 
gelling agent to represent the myocardium. This was then suspended within a second 
radiotracer gel mix to simulate a soft tissue background. Similarly, a single membrane 

Fig. 5 A schematic demonstrating the general design concepts of phantoms to simulate cardiac motion, as 
used by [20, 22, 24]
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balloon has been used to simulate respiratory motion [25, 26]. The materials in these 
phantoms are more widely accessible to sites without the large time, cost and facilities to 
create a phantom as complex as the Wilhelm phantom. However, these phantoms were 
not described as extensively and are less representative of the clinical scenario both ana-
tomically and in terms of physiological motion.

In myocardial perfusion, O’Doherty et  al. [86] used a different phantom, initially 
designed and described as an MRI phantom [87], to demonstrate the feasibility of first 
pass myocardial perfusion imaging in PET/MRI. The phantom featured four chambers 
simulating the atria and ventricles of the heart, with two cylindrical compartments each 
side representing the myocardium. Tubes representing veins and arteries have been 
arranged such that the flow of fluid through the phantom simulates entry to the heart 
from the vena cava. Water is delivered to the phantom from an external pump and con-
trol unit. The phantom was demonstrated as suitable for PET/MRI; however, the lack 
of tissue equivalent materials and true anthropomorphism may impact how applicable 
any results are to clinical imaging. Matusiak [88] presented a multimodal heart phantom 
(MHP) constructed of PMMA featuring two chambers to simulate left and right ventri-
cles and a surrounding space to simulate the myocardium. The imaging compatibility of 
the phantom across SPECT, PET, CT and MRI was demonstrated through visual assess-
ment and image registration between the imaging modalities [88], but no quantitative 
data were presented.

Breast phantom

A modular breast phantom was presented by Aklan et al. [89]. Breast imaging in MRI 
uses specialised RF coils for which anthropomorphic phantoms are not typically avail-
able. The modular breast phantom consisted of two PMMA domes with optional MRI 
and PET/MRI inserts. The PET/MRI insert features four sizes of glass sphere to be filled 
with radiotracer solution assembled onto a cross structure that is MRI visible [89]. This 
phantom was more of a hybrid between the anthropomorphic and geometric phantoms, 
as the insert features are more representative of those expected in a quality assurance 
phantom and when filled with water does not replicate the tissue composition of the 
breast. However, the design has been well described and offers a solution to performance 
testing and validation of equipment and protocols for breast imaging in PET/MRI, for 
which the only alternative demonstrated has been uniform bottle phantoms [39].

Summary of anthropomorphic phantom designs

The in-house manufacture of anthropomorphic phantom featured in this review have 
demonstrated numerous benefits. One is the relatively low cost of producing phantoms 
where manufacturing techniques such as 3D printing [32] and casting from moulds are 
used. The other is that increasingly complex phantoms can be developed to address spe-
cific needs within the field of medical imaging, as with the Wilhelm phantom [22] and 
ADAM PETer [21]. The ability to customise these phantoms to simulate multiple clini-
cal scenarios also makes the designs appealing, and may lead to validation for patient 
specific anatomy as seen developing in other modalities [90]. Use of materials able to 
display similar PET and MRI properties to human tissues promotes the testing of clinical 
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protocols as would be applied to patients, and by extension greater compatibility with 
systems such as radiotherapy treatment planning or dosimetry software.

Conversely, the development, manufacture and characterisation of such phantoms can 
present a significant time commitment and an initial investment cost for sites without 
existing manufacture facilities. Even well-characterised materials such as agar introduce 
additional uncertainties to the phantoms properties as they have to be remade for each 
experiment. Across the literature in this review, description of phantom designs, the 
material properties assessed, and detail of results presented varies.

Further work is required in this area to increase the utilisation of anthropomorphic 
phantoms in PET/MRI. The Iida phantom is the only design that appears to have been 
utilised by multiple institutions [30], but have not demonstrated an adequate level of 
reproducibility. Significant investment is made into developing and characterising tis-
sue equivalent materials, yet the majority of these designs are housed in a PMMA or PU 
casing, both of which are not visible in MRI and could affect quantitative PET data when 
MRI-based attenuation correction is used.

Discussion
This review has presented an overview of the phantoms used and developed by institu-
tions for PET/MRI during the period 2011–2021. These range from simple containers 
filled with a uniform fluid to large anthropomorphic phantoms simulating human anat-
omy and physiology. Commercially available phantoms remain the dominant test objects 
in performance evaluation of PET/MRI systems, and solutions have been proposed to 
facilitate their continued use by improving MRI visibility [47, 49].

In-house design and manufacture is a more popular choice for producing anthropo-
morphic phantoms, as they are often designed with specific clinical scenarios or research 
questions in mind. Consequently, a wide range of materials, designs and manufacture 
methods are presented. The characterisation and publication of radiological materials 
for phantom construction and their comparison to human tissue properties is increasing 
which, alongside the rise in adoption of 3D printing, facilitates the more widespread use 
of tissue equivalent materials [32]. Through continued assessment of these properties 
and the uncertainties in manufacture methods, PET/MRI phantoms can move towards 
adopting standardised approaches suitable for quantitative imaging assessment and 
cross-site comparisons.

PET/MRI phantom development would benefit from an increase in options available 
from the commercial sector and professional bodies pushing for improved solutions 
for multimodal imaging systems. Of the designs presented in this review, only custom-
designed phantoms begin to address the question of creating phantoms exhibiting suit-
able radiological properties for acquiring quantitative data in both PET and MRI. This 
restricts not only the dissemination of available phantoms, but also the standardisation 
of clinical procedures and validation-related software where these phantoms have been 
used. The impact of this is that patient imaging is then not necessarily comparable across 
institutions, with particular concern if patients move across different sites during peri-
ods of monitoring reliant on quantitative PET/MRI to inform their clinical pathway.

Applying MRI-based attenuation and scatter correction to phantoms remains chal-
lenging. No commercially available phantoms exist that exhibit radiological properties 
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suitable for both PET and MRI, either as quality assurance test objects or anthropomor-
phic phantoms. PMMA remains the preferred choice for constructing phantoms, but is 
not MRI visible and is often either omitted from or incorrectly classified in MRI-derived 
attenuation maps. Polymers available for 3D printing may offer some solution to this, 
with MRI visible options available. Commercial vendors are key stakeholders in PET/
MRI phantom development, offering standardised manufacture, material properties and 
rigorous quality control to their products. As PET/MRI enters routine clinical use, cov-
ering a wider variety of applications, it can only be expected that the necessity for studies 
performed using widely available, reproducible phantoms increases.

Conclusion
Several commercially available phantoms have been demonstrated as appropriate for 
limited use in PET/MRI studies, although no vendor has yet released a phantom spe-
cifically designed and optimised for both, let alone simultaneous, PET and MRI acquisi-
tions. The development of anthropomorphic phantoms and tissue equivalent materials 
for PET/MRI has been an active field over the past decade, with an increasing focus 
toward material characterisation and reproducible manufacture. Further work is 
required to develop phantoms suitable for holistic performance evaluation of PET/MRI 
scanners and in establishing robust manufacture techniques accounting for variation in 
tissue equivalent materials for improved anthropomorphic phantoms.
Acknowledgements
Not applicable.

Authors’ contributions
EL performed the investigation and composed the review article. SS and CT advised the study and commented and 
edited the article. All authors read and approved the final manuscript.

Funding
EL is supported by a studentship from the Medical Research Council Discovery Medicine North (DiMeN) Doctoral Train-
ing Partnership (MR/R015902/1). CT is sponsored by a Royal Society Industry Fellowship (IF170011). CT is also supported 
by the UK EPSRC grants “Computational Collaborative Project in Synergistic Reconstruction for Biomedical Imaging” (CCP 
SyneRBI) EP/T026693/1; and the associated Software Flagship Project EP/P022200/1.

Availability of data and materials
Not Applicable

Declarations

Ethics approval and consent to participate
Not Applicable

Consent for publication
All authors read and approved the final version of the article.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Infection, Immunity and Cardiovascular Disease, University of Sheffield, Sheffield, UK. 2 Biomedical 
Imaging Science Department, University of Leeds, Leeds, UK. 3 Department of Nuclear Medicine and Molecular Imaging, 
University Medical Center Groningen, University of Groningen, Groningen, The Netherlands. 

Received: 9 June 2021   Accepted: 10 August 2021



Page 21 of 24Lennie et al. EJNMMI Phys            (2021) 8:62  

References
 1. Dendy P, Heaton B. Physics of diagnostic radiology. 3rd ed. Bristol: IOP Publishing; 2012.
 2. McRobbie DW, Moore EA, Graves MJ, Prince MR. MRI from picture to proton. 2nd ed. Cambridge: Cambridge Univer-

sity Press; 2007.
 3. Jadvar H, Colletti PM. Competitive advantage of PET/MRI. Eur J Radiol. 2014;83(1):84–94. https:// doi. org/ 10. 1016/j. 

ejrad. 2013. 05. 028.
 4. Madsen MT, Sunderland JJ. Nuclear medicine and PET phantoms. In: DeWerd LA, Kissick M, editors. The phantoms of 

medical and health physics, Chap. 11. 1st ed. New York: Springer; 2014. p. 201–22.
 5. Jiang Y, Ma D, Keenan KE, Stupic KF, Gulani V, Griswold MA. Repeatability of magnetic resonance fingerprinting 

T1 and T2 estimates assessed using the ISMRM/NIST MRI system phantom. Magn Reson Med. 2017;78(4):1452–7. 
https:// doi. org/ 10. 1002/ mrm. 26509.

 6. Hattori K, Ikemoto Y, Takao W, Ohno S, Harimoto T, Kanazawa S, Oita M, Shibuya K, Kuroda M, Kato H. Development 
of MRI phantom equivalent to human tissues for 3.0-T MRI. Med Phys. 2013;40(3):032303. https:// doi. org/ 10. 1118/1. 
47900 23.

 7. Valladares A, Ahangari S, Beyer T, Boellaard R, Chalampalakis Z, Comtat C, DalToso L, Hansen AE, Koole M, Mackewn 
J, Marsden P, Nuyts J, Padormo F, Peeters R, Poth S, Solari E, Rausch I. Clinically valuable quality control for PET/MRI 
systems: consensus recommendation from the HYBRID consortium. Front Phys. 2019;7(SEP):136. https:// doi. org/ 10. 
3389/ fphy. 2019. 00136.

 8. Daube-Witherspoon ME, Karp JS, Casey ME, DiFilippo FP, Hines H, Muehllehner G, Simcic V, Stearns CW, Adam 
L-E, Kohlmyer S, Sossi V. PET performance measurements using the NEMA NU 2–2001 standard. J Nucl Med. 
2002;43(10):1398–409.

 9. Price RR, Axel L, Morgan T, Newman R, Perman W, Schneiders N, Selikson M, Wood M, Thomas SR. Quality assurance 
methods and phantoms for magnetic resonance imaging: report of AAPM nuclear magnetic resonance Task Group 
No. 1a. Med Phys. 1990;17(2):287–95. https:// doi. org/ 10. 1118/1. 596566.

 10. McGarry CK, Grattan LJ, Ivory AM, Leek F, Liney GP, Liu Y, Miloro P, Rai R, Robinson AP, Shih AJ, Zeqiri B, Clark CH. Tis-
sue mimicking materials for imaging and therapy phantoms: a review. Phys Med Biol. 2020;65(23):23–4. https:// doi. 
org/ 10. 1088/ 1361- 6560/ abbd17.

 11. Baba Y, Lerch MM, Stark DD, Tanimoto A, Kreft BP, Zhao L, Saluja AK, Takahashi M. Time after excision and tempera-
ture alter ex vivo tissue relaxation time measurements. J Magn Reson Imaging. 1994;4(5):647–51. https:// doi. org/ 10. 
1002/ jmri. 18800 40504.

 12. Huang C, Ouyang J, Reese TG, Wu Y, El Fakhri G, Ackerman JL. Continuous MR bone density measurement using 
water- and fat-suppressed projection imaging (WASPI) for PET attenuation correction in PET-MR. Phys Med Biol. 
2015;60(20):369–81. https:// doi. org/ 10. 1088/ 0031- 9155/ 60/ 20/ N369.

 13. Han PK, Horng DE, Gong K, Petibon Y, Kim K, Li Q, Johnson KA, El Fakhri G, Ouyang J, Ma C. MRbased PET attenua-
tion correction using a combined ultrashort echo time/multiecho Dixon acquisition. Med Phys. 2020;47(7):3064–77. 
https:// doi. org/ 10. 1002/ mp. 14180.

 14. Keereman V, Mollet P, Fierens Y, Espana S, Vandenberghe S. Design of a realistic PET-CT-MRI phantom. 2011 IEEE 
Nuclear Science Symposium Conference Record. 2011, pp. 3173–7. https:// doi. org/ 10. 1109/ NSSMIC. 2011. 61536 51.

 15. Lillington J, Brusaferri L, Kläser K, Shmueli K, Neji R, Hutton BF, Fraioli F, Arridge S, Cardoso MJ, Ourselin S, Thielemans 
K, Atkinson D. PET/MRI attenuation estimation in the lung: a review of past, present, and potential techniques. Med 
Phys. 2020;47(2):790–811. https:// doi. org/ 10. 1002/ mp. 13943.

 16. Hoffman EJ, Cutler PD, Digby WM, Mazziotta JC. 3-D phantom to simulate cerebral blood flow and metabolic 
images for PET. IEEE Trans Nucl Sci. 1990;37(2):616–20. https:// doi. org/ 10. 1109/ 23. 106686.

 17. Iida H, Hori Y, Ishida K, Imabayashi E, Matsuda H, Takahashi M, Maruno H, Yamamoto A, Koshino K, Enmi J, Iguchi S, 
Moriguchi T, Kawashima H, Zeniya T. Three-dimensional brain phantom containing bone and grey matter structures 
with a realistic head contour. Ann Nucl Med. 2013;27(1):25–36. https:// doi. org/ 10. 1007/ s12149- 012- 0655-7.

 18. Okazawa H, Higashino Y, Tsujikawa T, Arishima H, Mori T, Kiyono Y, Kimura H, Kikuta K. Noninvasive method for 
measurement of cerebral blood flow using O-15 water PET/MRI with ASL correlation. Eur J Radiol. 2018;105:102–9. 
https:// doi. org/ 10. 1016/j. ejrad. 2018. 05. 033.

 19. Harries J, Jochimsen TH, Scholz T, Schlender T, Barthel H, Sabri O, Sattler B. A realistic phantom of the human head 
for PET-MRI. EJNMMI Phys. 2020;7(1):52. https:// doi. org/ 10. 1186/ s40658- 020- 00320-z.

 20. Huang C, Petibon Y, Ouyang J, Reese TG, Ahlman MA, Bluemke DA, El Fakhri G. Accelerated acquisition of 
tagged MRI for cardiac motion correction in simultaneous PET-MR: phantom and patient studies. Med Phys. 
2015;42(2):1087–97. https:// doi. org/ 10. 1118/1. 49062 47.

 21. Gillmann C, Homolka N, Johnen W, Runz A, Echner G, Pfaffenberger A, Mann P, Schneider V, Hoffmann AL, Troost 
EGC, Koerber SA, Kotzerke J, BeuthienBaumann B. Technical Note: ADAM PETer—an anthropomorphic, deformable 
and multimodality pelvis phantom with positron emission tomography extension for radiotherapy. Med Phys. 2020. 
https:// doi. org/ 10. 1002/ mp. 14597.

 22. Bolwin K, Czekalla B, Frohwein LJ, Büther F, Schafers KP. Anthropomorphic thorax phantom for cardio-respiratory 
motion simulation in tomographic imaging. Phys Med Biol. 2018;63(3):035009. https:// doi. org/ 10. 1088/ 1361- 6560/ 
aaa201.

 23. Gallivanone F, Carne I, Interlenghi M, Ambrosio D, Baldi M, Fantinato D, Castiglioni I. A method for manufacturing 
oncological phantoms for the quantification of 18F-FDG PET and DW-MRI studies. Contrast Media Mol Imaging. 
2017. https:// doi. org/ 10. 1155/ 2017/ 34616 84.

 24. Petibon Y, Ouyang J, Zhu X, Huang C, Reese TG, Chun SY, Li Q, Fakhri GE. Cardiac motion compensation and resolu-
tion modeling in simultaneous PET-MR: a cardiac lesion detection study. Phys Med Biol. 2013;58(7):2085–102. 
https:// doi. org/ 10. 1088/ 0031- 9155/ 58/7/ 2085.

 25. Chun SY, Reese TG, Ouyang J, Guerin B, Catana C, Zhu X, Alpert NM, El Fakhri G. MRI-based nonrigid motion correc-
tion in simultaneous PET/MRI. J Nucl Med. 2012;53(8):1284–91. https:// doi. org/ 10. 2967/ jnumed. 111. 092353.

https://doi.org/10.1016/j.ejrad.2013.05.028
https://doi.org/10.1016/j.ejrad.2013.05.028
https://doi.org/10.1002/mrm.26509
https://doi.org/10.1118/1.4790023
https://doi.org/10.1118/1.4790023
https://doi.org/10.3389/fphy.2019.00136
https://doi.org/10.3389/fphy.2019.00136
https://doi.org/10.1118/1.596566
https://doi.org/10.1088/1361-6560/abbd17
https://doi.org/10.1088/1361-6560/abbd17
https://doi.org/10.1002/jmri.1880040504
https://doi.org/10.1002/jmri.1880040504
https://doi.org/10.1088/0031-9155/60/20/N369
https://doi.org/10.1002/mp.14180
https://doi.org/10.1109/NSSMIC.2011.6153651
https://doi.org/10.1002/mp.13943
https://doi.org/10.1109/23.106686
https://doi.org/10.1007/s12149-012-0655-7
https://doi.org/10.1016/j.ejrad.2018.05.033
https://doi.org/10.1186/s40658-020-00320-z
https://doi.org/10.1118/1.4906247
https://doi.org/10.1002/mp.14597
https://doi.org/10.1088/1361-6560/aaa201
https://doi.org/10.1088/1361-6560/aaa201
https://doi.org/10.1155/2017/3461684
https://doi.org/10.1088/0031-9155/58/7/2085
https://doi.org/10.2967/jnumed.111.092353


Page 22 of 24Lennie et al. EJNMMI Phys            (2021) 8:62 

 26. Guérin B, Cho S, Chun SY, Zhu X, Alpert NM, El Fakhri G, Reese T, Catana C. Nonrigid PET motion compensation in 
the lower abdomen using simultaneous tagged-MRI and PET imaging. Med Phys. 2011;38(6Part1):3025–38. https:// 
doi. org/ 10. 1118/1. 35891 36.

 27. McIlvain G, Ganji E, Cooper C, Killian ML, Ogunnaike BA, Johnson CL. Reliable preparation of agarose phantoms for 
use in quantitative magnetic resonance elastography. J Mech Behav Biomed Mater. 2019;97:65–73. https:// doi. org/ 
10. 1016/j. jmbbm. 2019. 05. 001.

 28. Valladares A, Beyer T, Rausch I. Physical imaging phantoms for simulation of tumor heterogeneity in PET, CT, and 
MRI: an overview of existing designs. Hoboken: Wiley; 2020. https:// doi. org/ 10. 1002/ mp. 14045.

 29. Chandramohan D, Cao P, Han M, An H, Sunderland JJ, Kinahan PE, Laforest R, Hope TA, Larson PEZ. Bone material 
analogues for PET/MRI phantoms. Med Phys. 2020;47(5):2161–70. https:// doi. org/ 10. 1002/ mp. 14079.

 30. Teuho J, Johansson J, Linden J, Hansen AE, Holm S, Keller SH, Delso G, Veit-Haibach P, Magota K, Saunavaara V, 
Tolvanen T, Ters M, Iida H. Effect of attenuation correction on regional quantification between PET/MR and PET/CT: 
a multicenter study using a 3-dimensional brain phantom. J Nucl Med. 2016;57(5):818–24. https:// doi. org/ 10. 2967/ 
jnumed. 115. 166165.

 31. Talalwa L, Gordji-Nejad A, Natour G, Drzezga A, Bauer A, Beer S. Evaluation of 3D printable rubber-elastomeric 
polymer as phantom material for Hybrid PET/MRI. In: 2019 IEEE Nuclear Science Symposium and Medical Imaging 
Conference (NSS/MIC).  2019, pp. 1–3. https:// doi. org/ 10. 1109/ NSS/ MIC42 101. 2019. 90599 49.

 32. Filippou V, Tsoumpas C. Recent advances on the development of phantoms using 3D printing for imaging with CT, 
MRI, PET, SPECT, and ultrasound. Med Phys. 2018;45(9):740–60. https:// doi. org/ 10. 1002/ mp. 13058.

 33. Rausch I, Valladares A, Sundar LKS, Beyer T, Hacker M, Meyerspeer M, Unger E. Standard MRI-based attenuation cor-
rection for PET/MRI phantoms: a novel concept using MRI-visible polymer. EJNMMI Phys. 2021;8(1):18. https:// doi. 
org/ 10. 1186/ s40658- 021- 00364-9.

 34. Mitsouras D, Lee TC, Liacouras P, Ionita CN, Pietilla T, Maier SE, Mulkern RV. Three-dimensional printing of MRI-visible 
phantoms and MR image-guided therapy simulation. Magn Reson Med. 2017;77(2):613–22. https:// doi. org/ 10. 1002/ 
mrm. 26136.

 35. Yunker BE, Holmgren A, Stupic KF, Wagner JL, Huddle S, Shandas R, Weir RF, Keenan KE, Garboczi E, Russek SE. Char-
acterization of 3-dimensional printing and casting materials for use in computed tomography and X-ray imaging 
phantoms. J Res Natl Inst Std Technol. 2020. https:// doi. org/ 10. 6028/ jres. 125. 029.

 36. Yunker BE, Stupic KF, Wagner JL, Huddle S, Shandas R, Weir RF, Russek SE, Keenan KE. Characterization of 3-dimen-
sional printing and casting materials for use in magnetic resonance imaging phantoms at 3T. J Res Natl Inst Std 
Technol. 2020. https:// doi. org/ 10. 6028/ JRES. 125. 028.

 37. Paulus DH, Braun H, Aklan B, Quick HH. Simultaneous PET/MR imaging: MR-based attenuation correction of local 
radiofrequency surface coils. Med Phys. 2012;39(7):4306–15. https:// doi. org/ 10. 1118/1. 47297 16.

 38. Heußer T, Rank CM, Berker Y, Freitag MT, Kachelrieß M. MLAA-based attenuation correction of flexible hardware 
components in hybrid PET/MR imaging. EJNMMI Phys. 2017;4(1):1–23. https:// doi. org/ 10. 1186/ s40658- 017- 0177-4.

 39. Dregely I, Lanz T, Metz S, Mueller MF, Kuschan M, Nimbalkar M, Bundschuh RA, Ziegler SI, Haase A, Nekolla SG, 
Schwaiger M. A 16-channel MR coil for simultaneous PET/MR imaging in breast cancer. Eur Radiol. 2015;25(4):1154–
61. https:// doi. org/ 10. 1007/ s00330- 014- 3445-x.

 40. Zaidi H, Ojha N, Morich M, Griesmer J, Hu Z, Maniawski P, Ratib O, Izquierdo-Garcia D, Fayad ZA, Shao L. Design 
and performance evaluation of a whole-body Ingenuity TF PET-MRI system. Phys Med Biol. 2011;56(10):3091–106. 
https:// doi. org/ 10. 1088/ 0031- 9155/ 56/ 10/ 013.

 41. Krokos G, MacKewn J, Pike L, Hallett W, Markiewicz P, Barnes A, Rega M, Fryer TD, Manavaki R, Anton-Rodriguez 
JM, Howell E, Wimberley C, Clark T, MacNaught G, Marsden P, Matthews JC. Qualification of the seven dementias 
platform UK PET-MR scanners for multicentre trials. 2019 IEEE Nuclear Science Symposium and Medical Imaging 
Conference (NSS/MIC). 2019, pp. 1–3. https:// doi. org/ 10. 1109/ NSS/ MIC42 101. 2019. 90598 02.

 42. Caribé PRRV, Koole M, D’Asseler Y, Deller TW, Van Laere K, Vandenberghe S. NEMA NU 2–2007 performance charac-
teristics of GE Signa integrated PET/MR for different PET isotopes. EJNMMI Phys. 2019;6(1):1–13. https:// doi. org/ 10. 
1186/ s40658- 019- 0247-x.

 43. Oprea-Lager DE, Yaqub M, Pieters IC, Reinhard R, van Moorselaar RJA, van den Eertwegh AJM, Hoekstra OS, Lam-
mertsma AA, Boellaard R. A clinical and experimental comparison of time of flight PET/MRI and PET/CT systems. Mol 
Imag Biol. 2015;17(5):714–25. https:// doi. org/ 10. 1007/ s11307- 015- 0826-8.

 44. Demr M, Abuqbetah M, Yeyn N, Sonmezoglu K. Comparison between PET/MR and PET/CT: NEMA tests and image 
quality. Turk Onkoloji Dergisi. 2017;32(3):95–9. https:// doi. org/ 10. 5505/ tjo. 2017. 1599.

 45. Wampl S, Rausch I, Traub-Weidinger T, Beyer T, Gröschl M, Cal-González J. Quantification accuracy of neuro-oncol-
ogy PET data as a function of emission scan duration in PET/MR compared to PET/CT. Eur J Radiol. 2017;95:257–64. 
https:// doi. org/ 10. 1016/j. ejrad. 2017. 08. 024.

 46. Oh G, O’Mahoney E, Jeavons S, Law P, Ngai S, McGill G, Yu C, Miles KA. Discrepancies between positron emission 
tomography/magnetic resonance imaging and positron emission tomography/computed tomography in a cohort 
of oncological patients. J Med Imaging Radiat Oncol. 2020;64(2):204–10. https:// doi. org/ 10. 1111/ 1754- 9485. 13000.

 47. Ziegler S, Jakoby BW, Braun H, Paulus DH, Quick HH. NEMA image quality phantom measurements and attenu-
ation correction in integrated PET/MR hybrid imaging. EJNMMI Phys. 2015;2(1):1–14. https:// doi. org/ 10. 1186/ 
s40658- 015- 0122-3.

 48. Boellaard R, Rausch I, Beyer T, Delso G, Yaqub M, Quick HH, Sattler B. Quality control for quantitative multicenter 
whole-body PET/MR studies: a NEMA image quality phantom study with three current PET/MR systems. Med Phys. 
2015;42(10):5961–9. https:// doi. org/ 10. 1118/1. 49309 62.

 49. Ziegler S, Braun H, Ritt P, Hocke C, Kuwert T, Quick HH. Systematic evaluation of phantom fluids for simultaneous 
PET/MR hybrid imaging. J Nucl Med. 2013;54(8):1464–71. https:// doi. org/ 10. 2967/ jnumed. 112. 116376.

 50. Braun H, Ziegler S, Paulus DH, Quick HH. Hybrid PET/MRI imaging with continuous table motion. Med Phys. 
2012;39(5):2735–45. https:// doi. org/ 10. 1118/1. 47047 26.

https://doi.org/10.1118/1.3589136
https://doi.org/10.1118/1.3589136
https://doi.org/10.1016/j.jmbbm.2019.05.001
https://doi.org/10.1016/j.jmbbm.2019.05.001
https://doi.org/10.1002/mp.14045
https://doi.org/10.1002/mp.14079
https://doi.org/10.2967/jnumed.115.166165
https://doi.org/10.2967/jnumed.115.166165
https://doi.org/10.1109/NSS/MIC42101.2019.9059949
https://doi.org/10.1002/mp.13058
https://doi.org/10.1186/s40658-021-00364-9
https://doi.org/10.1186/s40658-021-00364-9
https://doi.org/10.1002/mrm.26136
https://doi.org/10.1002/mrm.26136
https://doi.org/10.6028/jres.125.029
https://doi.org/10.6028/JRES.125.028
https://doi.org/10.1118/1.4729716
https://doi.org/10.1186/s40658-017-0177-4
https://doi.org/10.1007/s00330-014-3445-x
https://doi.org/10.1088/0031-9155/56/10/013
https://doi.org/10.1109/NSS/MIC42101.2019.9059802
https://doi.org/10.1186/s40658-019-0247-x
https://doi.org/10.1186/s40658-019-0247-x
https://doi.org/10.1007/s11307-015-0826-8
https://doi.org/10.5505/tjo.2017.1599
https://doi.org/10.1016/j.ejrad.2017.08.024
https://doi.org/10.1111/1754-9485.13000
https://doi.org/10.1186/s40658-015-0122-3
https://doi.org/10.1186/s40658-015-0122-3
https://doi.org/10.1118/1.4930962
https://doi.org/10.2967/jnumed.112.116376
https://doi.org/10.1118/1.4704726


Page 23 of 24Lennie et al. EJNMMI Phys            (2021) 8:62  

 51. Braun H, Ziegler S, Lentschig MG, Quick HH. Implementation and performance evaluation of simultaneous PET/MR 
whole-body imaging with continuous table motion. J Nucl Med. 2014;55(1):161–8. https:// doi. org/ 10. 2967/ jnumed. 
113. 123372.

 52. Würslin C, Schmidt H, Martirosian P, Brendle C, Boss A, Schwenzer NF, Stegger L. Respiratory motion correction 
in oncologic PET using T1-weighted MR imaging on a simultaneous whole-body PET/MR system. J Nucl Med. 
2013;54(3):464–71. https:// doi. org/ 10. 2967/ jnumed. 112. 105296.

 53. Inomata T, Watanuki S, Odagiri H, Nambu T, Karakatsanis NA, Ito H, Watabe H, Tashiro M, Shidahara M. A systematic 
performance evaluation of head motion correction techniques for 3 commercial PET scanners using a reproducible 
experimental acquisition protocol. Ann Nucl Med. 2019;33(7):459–70. https:// doi. org/ 10. 1007/ s12149- 019- 01353-w.

 54. Soultanidis GM, MacKewn JE, Tsoumpas C, Marsden PK. PVA cryogel for construction of deformable PET-MR visible 
phantoms. IEEE Trans Nucl Sci. 2013;60(1):95–102. https:// doi. org/ 10. 1109/ TNS. 2013. 22389 52.

 55. Grant AM, Lee BJ, Chang CM, Levin CS. Simultaneous PET/MRI images acquired with an RF-transmissive PET insert. 
In: IEEE Nuclear Science Symposium and Medical Imaging Conference (NSS/MIC). 2014, pp. 1–2. https:// doi. org/ 10. 
1109/ NSSMIC. 2014. 74310 07.

 56. Kolb A, Wehrl HF, Hofmann M, Judenhofer MS, Eriksson L, Ladebeck R, Lichy MP, Byars L, Michel C, Schlemmer HP, 
Schmand M, Claussen CD, Sossi V, Pichler BJ. Technical performance evaluation of a human brain PET/MRI system. 
Eur Radiol. 2012;22(8):1776–88. https:// doi. org/ 10. 1007/ s00330- 012- 2415-4.

 57. Bieniosek MF, Lee BJ, Levin CS. Technical Note: Characterization of custom 3D printed multimodality imaging phan-
toms. Med Phys. 2015;42(10):5913–8. https:// doi. org/ 10. 1118/1. 49308 03.

 58. Grant AM, Lee BJ, Chang CM, Levin CS. Simultaneous PET/MR images acquired with an RF-penetrable PET insert. 
In: IEEE Nuclear Science Symposium and Medical Imaging Conference (NSS/MIC). 2015, pp. 1–3. https:// doi. org/ 10. 
1109/ NSSMIC. 2015. 75820 26.

 59. Grant AM, Lee BJ, Chang CM, Levin CS. Simultaneous PET/MR imaging with a radio frequency-penetrable PET insert. 
Med Phys. 2017;44(1):112–20. https:// doi. org/ 10. 1002/ mp. 12031.

 60. Renner A, Rausch I, Cal Gonzalez J, Frass-Kriegl R, De Lara LN, Sieg J, Laistler E, Glanzer M, Dungl D, Moser E, Beyer 
T, Figl M, Birkfellner W. A head coil system with an integrated orbiting transmission point source mechanism for 
attenuation correction in PET/MRI. Phys Med Biol. 2018;63(22):225014. https:// doi. org/ 10. 1088/ 1361- 6560/ aae9a9.

 61. Lim S-H, Jung T-Y, Jung S, Kim I-Y, Moon K-S, Kwon S-Y, Jang W-Y. Quantitative feasibility evaluation of 11C-methio-
nine positron emission tomography images in gamma knife radiosurgery : phantom-based study and clinical 
application. J Korean Neurosurg Soc. 2019;62(4):476–86. https:// doi. org/ 10. 3340/ jkns. 2019. 0104.

 62. Teuho J, Torrado-Carvajal A, Herzog H, Anazodo U, Klén R, Iida H, Teräs M. Magnetic resonance-based attenuation 
correction and scatter correction in neurological positron emission tomography/magnetic resonance imaging—
current status with emerging applications. Front Phys. 2020. https:// doi. org/ 10. 3389/ fphy. 2019. 00243.

 63. Polycarpou I, Soultanidis G, Tsoumpas C. Synergistic motion compensation strategies for positron emission tomog-
raphy when acquired simultaneously with magnetic resonance imaging. Phil Trans R Soc A. 2021;379:20200207. 
https:// doi. org/ 10. 1098/ rsta. 2020. 0207.

 64. ...Keenan KE, Ainslie M, Barker AJ, Boss MA, Cecil KM, Charles C, Chenevert TL, Clarke L, Evelhoch JL, Finn P, Gembris 
D, Gunter JL, Hill DLG, Jack CR, Jackson EF, Liu G, Russek SE, Sharma SD, Steckner M, Stupic KF, Trzasko JD, Yuan C, 
Zheng J. Quantitative magnetic resonance imaging phantoms: a review and the need for a system phantom. Magn 
Reson Med. 2018;79(1):48–61. https:// doi. org/ 10. 1002/ mrm. 26982.

 65. Jung JH, Choi Y, Jung J, Kim S, Lim HK, Im KC, Oh CH, Kim KM, Kim JG, Park HW. Development of PET/MRI with insert-
able PET for simultaneous imaging of human brain. In: 2013 IEEE Nuclear Science Symposium and Medical Imaging 
Conference (2013 NSS/MIC). 2013, pp. 1–4. https:// doi. org/ 10. 1109/ NSSMIC. 2013. 68291 33.

 66. Jung JH, Choi Y, Jung J, Kim S, Lim HK, Im KC, Oh CH, Park H-W, Kim KM, Kim JG. Development of PET/MRI with 
insertable PET for simultaneous PET and MR imaging of human brain. Med Phys. 2015;42(5):2354–63. https:// doi. 
org/ 10. 1118/1. 49183 21.

 67. Bauer C, Stolin A, Proffitt J, Martone P, Brefczynski-Lewis J, Lewis J, Hankiewicz J, Raylman R, Majewski S. Develop-
ment of a ring PET insert for MRI. In: 2013 IEEE Nuclear Science Symposium and Medical Imaging Conference (2013 
NSS/MIC). 2013, pp. 1–9. https:// doi. org/ 10. 1109/ NSSMIC. 2013. 68291 35.

 68. Catana C, Benner T, Van Der Kouwe A, Byars L, Hamm M, Chonde DB, Michel CJ, El Fakhri G, Schmand M, Sorensen 
AG. MRI-assisted PET motion correction for neurologic studies in an integrated MR-PET scanner. J Nucl Med. 
2011;52(1):154–61. https:// doi. org/ 10. 2967/ jnumed. 110. 079343.

 69. Huang C, Ackerman JL, Petibon Y, Brady TJ, El Fakhri G, Ouyang J. MR-based motion correction for PET imaging using 
wired active MR microcoils in simultaneous PET-MR: phantom study. Med Phys. 2014;41(4):041910. https:// doi. org/ 
10. 1118/1. 48684 57.

 70. Leemans EL, Kotasidis F, Wissmeyer M, Garibotto V, Zaidi H. Qualitative and quantitative evaluation of blob-based 
time-of-flight PET image reconstruction in hybrid brain PET/MR imaging. Mol Imag Biol. 2015;17(5):704–13. https:// 
doi. org/ 10. 1007/ s11307- 015- 0824-x.

 71. Teuho J, Johansson J, Linden J, Saunavaara V, Tolvanen T, Teräs M. Quantitative bias in PET/MR from attenuation 
correction and reconstruction: a comparison with PET and PET/CT with an anatomical brain phantom and Hoff-
man brain phantom. In: 2013 IEEE Nuclear Science Symposium and Medical Imaging Conference (2013 NSS/MIC). 
2013;1–8. https:// doi. org/ 10. 1109/ NSSMIC. 2013. 68292 60.

 72. Lau JMC, Laforest R, Sotoudeh H, Nie X, Sharma S, McConathy J, Novak E, Priatna A, Gropler RJ, Woodard PK. Evalu-
ation of attenuation correction in cardiac PET using PET/MR. J Nucl Cardiol. 2017;24(3):839–46. https:// doi. org/ 10. 
1007/ s12350- 015- 0197-1.

 73. Marshall HR, Stodilka RZ, Theberge J, Sabondjian E, Legros A, Deans L, Sykes JM, Thompson RT, Prato FS. A compari-
son of MR-based attenuation correction in PET versus SPECT. Phys Med Biol. 2011;56(14):4613–29. https:// doi. org/ 
10. 1088/ 0031- 9155/ 56/ 14/ 024.

 74. Marchesseau S, Totman JJ, Fadil H, Leek FAA, Chaal J, Richards M, Chan M, Reilhac A. Cardiac motion and spillover 
correction for quantitative PET imaging using dynamic MRI. Med Phys. 2019;46(2):726–37. https:// doi. org/ 10. 1002/ 
mp. 13345.

https://doi.org/10.2967/jnumed.113.123372
https://doi.org/10.2967/jnumed.113.123372
https://doi.org/10.2967/jnumed.112.105296
https://doi.org/10.1007/s12149-019-01353-w
https://doi.org/10.1109/TNS.2013.2238952
https://doi.org/10.1109/NSSMIC.2014.7431007
https://doi.org/10.1109/NSSMIC.2014.7431007
https://doi.org/10.1007/s00330-012-2415-4
https://doi.org/10.1118/1.4930803
https://doi.org/10.1109/NSSMIC.2015.7582026
https://doi.org/10.1109/NSSMIC.2015.7582026
https://doi.org/10.1002/mp.12031
https://doi.org/10.1088/1361-6560/aae9a9
https://doi.org/10.3340/jkns.2019.0104
https://doi.org/10.3389/fphy.2019.00243
https://doi.org/10.1098/rsta.2020.0207
https://doi.org/10.1002/mrm.26982
https://doi.org/10.1109/NSSMIC.2013.6829133
https://doi.org/10.1118/1.4918321
https://doi.org/10.1118/1.4918321
https://doi.org/10.1109/NSSMIC.2013.6829135
https://doi.org/10.2967/jnumed.110.079343
https://doi.org/10.1118/1.4868457
https://doi.org/10.1118/1.4868457
https://doi.org/10.1007/s11307-015-0824-x
https://doi.org/10.1007/s11307-015-0824-x
https://doi.org/10.1109/NSSMIC.2013.6829260
https://doi.org/10.1007/s12350-015-0197-1
https://doi.org/10.1007/s12350-015-0197-1
https://doi.org/10.1088/0031-9155/56/14/024
https://doi.org/10.1088/0031-9155/56/14/024
https://doi.org/10.1002/mp.13345
https://doi.org/10.1002/mp.13345


Page 24 of 24Lennie et al. EJNMMI Phys            (2021) 8:62 

 75. Bezrukov I, Mantlik F, Schmidt H, Schölkopf B, Pichler BJ. MR-based PET attenuation correction for PET/MR imaging. 
Semin Nucl Med. 2013;43(1):45–59. https:// doi. org/ 10. 1053/j. semnu clmed. 2012. 08. 002.

 76. Wang R, Shen G, Pan L, Tian R. 68Ga-PSMA PET/MRI for the diagnoses of primary and biochemical recurrent prostate 
cancer: a system review and meta-analysis. J Nucl Med. 2020;61(supplement 1):475.

 77. Johansson J, Teuho J, Lindén J, Tuna U, Tolvanen T, Saunavaara V, Teräs M. Image quantification in high-resolution 
PET assessed with a new anthropomorphic brain phantom. In: 2013 IEEE Nuclear Science Symposium and Medical 
Imaging Conference (2013 NSS/MIC). 2013;1–7. https:// doi. org/ 10. 1109/ NSSMIC. 2013. 68293 76.

 78. Teuho J, Johansson J, Linden J, Saunavaara V, Tolvanen T, Teräs M. Specification and estimation of sources of bias 
affecting neurological studies in PET/MR with an anatomical brain phantom. Nucl Instrum Methods Phys Res Sect A 
Accel Spectrom Detect Assoc Equip. 2014;734(PART B):179–84. https:// doi. org/ 10. 1016/j. nima. 2013. 09. 002.

 79. Niebuhr NI, Johnen W, Echner G, Runz A, Bach M, Stoll M, Giske K, Greilich S, Pfaffenberger A. The ADAM-pelvis 
phantom—an anthropomorphic, deformable and multimodal phantom for MRgRT. Phys Med Biol. 2019. https:// doi. 
org/ 10. 1088/ 1361- 6560/ aafd5f.

 80. Heußer T, Mann P, Rank CM, Schä Fer M, Dimitrakopoulou-Strauss A, Schlemmer H-P, Hadaschik BA, Kopka K, Bachert 
P, Kachelrieß M, Freitag MT. Investigation of the halo-artifact in 68 Ga-PSMA-11-PET/MRI. PLoS ONE. 2017. https:// doi. 
org/ 10. 1371/ journ al. pone. 01833 29.

 81. Mann P. A hybrid imaging phantom for research applications and quality control for PET/MR and PET/CT systems. 
Vienna: Springer; 2015. https:// doi. org/ 10. 1007/ s10334- 015- 0488-1.

 82. Fieseler M, Kösters T, Gigengack F, Braun H, Quick HH, Schäfers KP, Jiang X. Motion correction in PET-MRI: A human 
torso phantom study. In: 2011 IEEE Nuclear Science Symposium Conference Record. 2011. pp. 3586–8. https:// doi. 
org/ 10. 1109/ NSSMIC. 2011. 61536 73.

 83. Fieseler M, Gigengack F, Jiang X, Schäfers KP. Motion correction of whole-body PET data with a joint PET-MRI regis-
tration functional. Biomed Eng Online. 2014;13(1):1–9. https:// doi. org/ 10. 1186/ 1475- 925X- 13- S1- S2.

 84. Büther F, Ernst I, Frohwein LJ, Pouw J, Schäfers KP, Stegger L. Datadriven gating in PET: influence of respiratory signal 
noise on motion resolution. Med Phys. 2018;45(7):3205–13. https:// doi. org/ 10. 1002/ mp. 12987.

 85. Vahle T, Bacher M, Rigie D, Fenchel M, Speier P, Bollenbeck J, Schäfers KP, Kiefer B, Boada FE. Respiratory motion 
detection and correction for MR using the pilot tone: applications for MR and simultaneous PET/MR examinations. 
Invest Radiol. 2020;55(3):153–9. https:// doi. org/ 10. 1097/ RLI. 00000 00000 000619.

 86. O’Doherty J, Sammut E, Schleyer P, Stirling J, Nazir MS, Marsden PK, Chiribiri A. Feasibility of simultaneous PET-MR 
perfusion using a novel cardiac perfusion phantom. Eur J Hybrid Imaging. 2017;1(1):4. https:// doi. org/ 10. 1186/ 
s41824- 017- 0008-9.

 87. Chiribiri A, Schuster A, Ishida M, Hautvast G, Zarinabad N, Morton G, Otton J, Plein S, Breeuwer M, Batchelor P, 
Schaeffter T, Nagel E. Perfusion phantom: an efficient and reproducible method to simulate myocardial firstpass 
perfusion measurements with cardiovascular magnetic resonance. Magn Reson Med. 2013;69(3):698–707. https:// 
doi. org/ 10. 1002/ mrm. 24299.

 88. Matusiak K. Precise image fusion standardization for separated modalities using dedicated multimodal heart phan-
tom. Imaging Sci J. 2019;67(1):8–14. https:// doi. org/ 10. 1080/ 13682 199. 2018. 15418 47.

 89. Aklan B, Paulus DH, Wenkel E, Braun H, Navalpakkam BK, Ziegler S, Geppert C, Sigmund EE, Melsaether A, Quick HH. 
Toward simultaneous PET/MR breast imaging: systematic evaluation and integration of a radiofrequency breast coil. 
Med Phys. 2013;40(2):024301. https:// doi. org/ 10. 1118/1. 47886 42.

 90. Gear JI, Long C, Rushforth D, Chittenden SJ, Cummings C, Flux GD. Development of patient-specific molecular imag-
ing phantoms using a 3D printer. Med Phys. 2014;41(8Part1):082502. https:// doi. org/ 10. 1118/1. 48878 54.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations

https://doi.org/10.1053/j.semnuclmed.2012.08.002
https://doi.org/10.1109/NSSMIC.2013.6829376
https://doi.org/10.1016/j.nima.2013.09.002
https://doi.org/10.1088/1361-6560/aafd5f
https://doi.org/10.1088/1361-6560/aafd5f
https://doi.org/10.1371/journal.pone.0183329
https://doi.org/10.1371/journal.pone.0183329
https://doi.org/10.1007/s10334-015-0488-1
https://doi.org/10.1109/NSSMIC.2011.6153673
https://doi.org/10.1109/NSSMIC.2011.6153673
https://doi.org/10.1186/1475-925X-13-S1-S2
https://doi.org/10.1002/mp.12987
https://doi.org/10.1097/RLI.0000000000000619
https://doi.org/10.1186/s41824-017-0008-9
https://doi.org/10.1186/s41824-017-0008-9
https://doi.org/10.1002/mrm.24299
https://doi.org/10.1002/mrm.24299
https://doi.org/10.1080/13682199.2018.1541847
https://doi.org/10.1118/1.4788642
https://doi.org/10.1118/1.4887854

	Multimodal phantoms for clinical PETMRI
	Abstract 
	Introduction
	Materials in phantom design
	Tissue mimicking materials
	Soft tissue
	Bone
	Adipose tissue

	Polymers and 3D printing
	Summary of materials in PETMRI phantom design

	Geometric and homogeneous phantoms
	Homogeneous phantoms
	Commercially available geometric phantoms
	Addressing MRI visibility of commercially available phantoms

	Custom designed geometric phantoms
	Rectangular whole body phantom
	Phantoms to study motion correction
	MRI visible polymers in phantom design
	Geometric phantoms for brain PETMRI
	Geometric phantoms in radiosurgery planning
	Summary of geometric phantom designs


	Anthropomorphic phantoms
	Commercially available anthropomorphic phantoms
	Hoffman phantom
	Torso phantoms
	Commercially available anthropomorphic phantom summary

	Custom anthropomorphic phantoms
	Head and brain phantoms
	Torso phantoms
	Cardiac and lung phantoms
	Breast phantom
	Summary of anthropomorphic phantom designs


	Discussion
	Conclusion
	Acknowledgements
	References


