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Abstract
Objective To provide a systematic review of available brain MRI phantoms for comparison of structural and functional 
characteristics.
Materials and methods Phantoms were identified from a literature search using two databases including Google Scholar 
and PubMed. Narrow inclusion criteria were followed for identification of only tissue-mimicking MRI phantoms excluding 
digital, computational, or numerical phantoms. Assessment criteria for the identified phantoms was based on three categories 
being anatomical accuracy, tissue-mimicking materials, and exhibiting relaxation times approximating in-vivo tissues. The 
available features and uses of each phantom were reported and discussed using the assessment criteria.
Results Ten phantoms were identified after screening; each proposed phantom was then summarized in a table (Table 2). 
Significant features and characteristics were shown in the comparisons of phantom type in each category, being anthropo-
morphic vs. traditional phantoms. Anthropomorphic phantoms had more anatomically accurate features than traditional 
phantoms. On the other hand, traditional phantoms commonly used effective tissue-mimicking materials and accurate 
electromagnetic properties.
Discussion The findings provide an overview of the different proposed tissue-mimicking MRI brain phantoms available. 
Various uses and features are highlighted by comparing criteria such as anatomical accuracy, tissue-mimicking material, and 
electromagnetic properties. Tissue-mimicking MRI phantoms are an extremely useful tool for researchers and clinicians. 
Future applications include personalized phantom technology and validation of MR imaging and segmentation methods.
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Introduction

Background

Clinical magnetic resonance imaging (MRI) is used for non-
invasive imaging of the body in three-dimensional detailed 
anatomical images. MRI has been adapted to optimize visu-
alization of diverse components in the human body and is 
successfully used in the detection and monitoring of disease. 
MRI has excellent soft tissue contrast due to the difference 
in relaxation times in different tissue types [1]. Therefore, 
to match in-vivo results, it is usually desired that phantom 
materials have similar MR properties [1]. MR sequences 
are able to map quantitative and qualitative biomarkers; 
however, they require careful standardization of protocols 
and development of phantoms to validate in-vivo measure-
ment, as well as to assess reliability of measurements [2, 
3]. Validation and quantification of brain MRI segmentation 

 * Dafna Sussman 
 dafna.sussman@ryerson.ca

1 Department of Electrical, Computer, and Biomedical 
Engineering, Ryerson University, Toronto, ON M5B 2K3, 
Canada

2 Institute for Biomedical Engineering, Science 
and Technology (iBEST) at Ryerson University 
and St. Michael’s Hospital, Toronto, ON M5B 1T8, Canada

3 The Keenan Research Centre for Biomedical Science, 
St. Michael’s Hospital, Toronto, ON M5B 1T8, Canada

4 Department of Biomedical Physics, Ryerson University, 
Toronto, ON M5B 2K3, Canada

5 Department of Obstetrics and Gynecology, McMaster 
University, Hamilton, ON L8S 4L8, Canada

6 Department of Obstetrics and Gynaecology, Faculty 
of Medicine, University of Toronto, Toronto M5S 1A8, 
Canada

http://orcid.org/0000-0001-9977-3131
http://crossmark.crossref.org/dialog/?doi=10.1007/s10334-021-00953-w&domain=pdf


278 Magnetic Resonance Materials in Physics, Biology and Medicine (2022) 35:277–289

1 3

methods are challenging in medical image analysis, as man-
ual validation is prone to error and is difficult to reproduce 
[4]. Therefore, validation of segmentation methods often 
requires a human-like (anthropomorphic) phantom that has 
electromagnetic and chemical properties that mimic in-vivo 
properties [4]. While homogeneous commercial phantoms 
are able to offer acceptable quality assurance (QA) to test 
MRI systems, anthropomorphic shaped phantoms go further 
by providing the ability to mimic a human experiment [5]. 
However, designing phantoms with advanced bioengineered 
materials to mimic the chemical and electromagnetic proper-
ties of native tissue is not straightforward. Many researchers 
have had little success in reproduction of the organs' inherent 
nature, as the goal is to reproduce the specific behaviour of 
the organ [4, 6].

Anthropomorphic phantoms are manufactured using 
materials that are equivalent to human tissues in size, shape, 
positioning, density, and radiofrequency interaction [5]. Tis-
sue-mimicking MRI phantoms must have human-like quali-
ties, and therefore, can mimic various types of biometric and 
physiological conditions [7]. These phantoms are also com-
monly fabricated in the shape of the targeted human organ, 
and exhibit chemical and physical stability over extended 
periods of time [8, 9]. Many available phantoms, however, 
lack realism; they poorly reflecting the shape, size, or tissue 
and contrast characteristics of the human brain [9]. There-
fore, consistent MRI interpretation requires phantoms which 
allow system comparison that goes beyond basic imaging 
parameters, in order to provide QA as well as to test MRI 
performance and evaluation of new sequences and tech-
niques [10].

Phantoms come in varying forms including physical 
(hardware) and numerical (software) [3]. Numerical phan-
toms are useful for validating and optimizing sequence 
parameters, but they do not mimic biophysical properties of 
the organ other than the specific tissue that is being simu-
lated [3]. In this review, we will focus on hardware phantoms 
by identifying them as either traditional or anthropomorphic. 
Traditional phantoms are characterized as physical models 
that are traditionally manufactured, such as ones that require 
manual assembly or are made using household materials 
[11]. Traditional phantoms are frequently made using a 
cylindrical base and filled using tissue-mimicking (TM) liq-
uids or gels. In this review, we characterize anthropomorphic 
phantoms as 3D models with a more accurate approach to 
an anatomically correct phantom. These models are either 
3D printed or use a mold to cast a homogenous structure.

The purpose of this comprehensive review was to iden-
tify and compare available tissue-mimicking MRI phantoms, 
excluding digital, numerical, and computational phantoms. 
Simulated brain structures and tissues, simulated functions, 
contrast agents, and electromagnetic TM materials of each 
phantom were quantified. The phantoms were compared 

categorically as anthropomorphic or traditional phantoms. 
This enabled to identify the differences between these two 
fabrication techniques, including anatomical features, TM 
materials, and relaxation times. A comprehensive review of 
available phantoms was performed and is presented herein.

Methods

Information sources and search strategy

The literature search included the use of two databases and 
two alternative search methods. PubMed and Google Scholar 
were used as primary databases. PubMed was selected due 
to its advanced search feature, which can narrow search 
results. Google Scholar’s advanced search only allows 
explicit terms; however, it has a broad scope of results to 
analyze. Alternative information sources included suggested 
articles in database search for appropriate literature, as well 
as citations within the recommended articles. All searches 
were conducted on Thursday, October 15th, 2020.

Three different Google Scholar searches were used as 
the platform only allows the user to filter words that are 
either explicitly included or excluded from the article or 
its title. This limited filtering of the literature. As a result, 
the search displayed articles in order of “best match” and 
the first 50–100 articles were screened in each search. The 
first search was “anthropomorphic MRI brain phantom—
animal—digital” and the first 100 articles were screened. 
The second search was “biomimetic brain phantom (MRI 
OR Magnetic Resonance Imaging -digital)” and the first 50 
articles were screened. The third search was “allintitle: brain 
imaging phantoms MRI OR MRS OR imaging—digital or—
voxel or—’numerical model’”.

One search was performed in PubMed; all search terms 
were included using the advanced search tool. Preliminary 
search included ‘anthropomorphic brain phantoms for MRI’ 
and then the advanced search builder was used to include the 
following: (‘brain’ or ‘cerebral’) AND (‘MRI’ or ‘Magnetic 
Resonance Imaging’ or ‘MRS’ or ‘Magnetic Resonance 
Spectroscopy’) AND (‘phantom’ or ‘anthropomorphic phan-
tom’ or ‘model’ or ‘in vitro model’ or ‘physical model’) 
NOT (‘mouse’ or ‘sheep’ or ‘rat’ or ‘rabbit’ or ‘primate’ 
or ‘porcine’ or ‘limb’) NOT (‘numerical model’ or ‘digital 
phantom’ or ‘voxel’) AND (Brain imaging phantom).

The inclusion and exclusion criteria were created based 
on the available literature presented. Articles were not 
included if they were non-English articles, non-human 
phantoms, animal studies, not pertaining to the human brain, 
computational/numerical/digital phantoms, or involved non-
MRI/MRS testing. Articles that were included were pertain-
ing to MRI/MRS testing modalities, physical brain phan-
toms, materials mimicking average properties of the human 
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brain, and anthropomorphic phantom studies. Results of all 
search methodology and screening are illustrated in Fig. 1.

Analysis

For this review, phantoms were summarized descriptively 
on the basis of three key outcomes: human anatomy, TM 
materials, and relaxation times. These outcomes were 
determined a priori as the most relevant for researchers’ 

decision-making on which phantom model to use, as based 
on previous literature [11].

Results

Overview of phantom models

We included ten phantom models in our review (details on 
individual studies are available in Table 1, study summaries 

Fig. 1  Methodology of search results flowchart
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available in Table 2). All ten studies examined the MR imag-
ing modality, with three studies also studying computed 
tomography and one study examining ultrasound. Seven 
studies manufactured anthropomorphic phantoms, while 
three manufactured traditional phantoms. 

Purposes of phantom models

There were a range of target uses for anthropomorphic brain 
phantoms; the majority of the identified phantoms were able 
to mimic T1 and T2 relaxation times of the human tissue 

Table 1  Characteristics of the identified MRI brain phantoms

Author(s) Simulated function Simulated struc-
tures/tissues

Contrast agents Phantom materials 
used

Imaging modality Phantom type

Rice et al. [12] Relaxation time T1 
and T2

Head phantom
Brain tissues
CSF
Tumor tissue
Ventricles

CuCl2 Glass spheres and 
NMR tubes

Gelatin/agar, 1H 
brain metabolites 
(choline, cre-
atine, N-acetyl-
aspartate, and 
lactate), NaCl, 
EDTA-tetra

1H MRS Traditional phantom

Surry et al. [13] Relaxation time T1 Brain tissues None Plastic mould 
using SLA

PVA-C

MR Anthropomorphic 
phantom

Shmueli et al. [14] Relaxation time T1 
and T2

B1 correction

Soft brain tissues MnCl2 Life-size anatomi-
cal plastic skull 
model

Molten paraffin 
wax

NaCl

MR
CT

Anthropomorphic 
phantom

Chen et al. [15] Relaxation time T1 
and T2

Cerebral hemi-
sphere

Soft tissues
Ventricles

BaSo4
CuSo4

Tangoplus Polyjet 
Resin mould 
using SLA

PVA-C
Talcum- solution

MR
CT
US

Anthropomorphic 
phantom

Khan et al. [16] Relaxation time T1
B1 correction
Volumetry-meas-

urements

Brain ventricles 
surrounding- 
brain tissue

NaCl
gadopentetate 

dimeglumine

Ventricle: poly-
carbonate using 
SLA

Brain: TM agar

MR Anthropomorphic 
phantom

Gallas et al. [17] Relaxation time T1 
and T2

Head phantom
Cerebral brain- tis-

sues
Brain ventricles
Tumor tissue
CSF

None Epoxy, resin for 
3D printing

polymerization 
gel- dosimeter

distilled water
Agarose
brain metabolites

MR
CT

Traditional phantom

Wood et al. [18] Electromagnetic 
applications

B1 mapping 
dielectric- meas-
urements

Head-compart-
ments

Brain: WM, GM, 
external CSF, 
dura, brainstem 
tissues

None Spherical eight 
compartment

Cured resin mate-
rial using SLA

MR Anthropomorphic 
phantom

Kozana et al. [19] Relaxation time T1 
and T2

Neonatal GM and 
WM

Gd-DTPA Glass vials
TM agarose

MR Traditional phantom

Altermatt et al. 
[20]

Relaxation time T1 GM and WM MnCl2 Silicone molds 
using SLA

Agar

MR Anthropomorphic 
phantom

Amiri et al. [21] Relaxation time T1
Volumetry meas-

urements

Cerebral hemi-
sphere putamen 
caudate nucleus

None Plexiglass cylinder
ZP151 powder for 

3D printing
Water

MR Anthropomorphic 
phantom
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with the exception of Wood et al. [18] that is optimized 
for the mimicking of electromagnetic properties. All these 
phantoms are able to accurately validate image processing 
techniques in MRI and four of the phantoms were manufac-
tured for use in multiple modalities including CT as well as 
ultrasound.

Though the majority of studies (n = 6) created phantoms 
for general brain imaging, the included studies often had 
specific purposes for their phantom. For example, Kozana 
et al. [19] noted that their phantom was specific to the neo-
natal brain for both grey and white matter, and provided pre-
cise results for 1.5 T MR imaging in the neonate. In contrast, 
Khan et al. [16] and Amiri et al. [21] created their phantoms 
for the purposes of assessing dementia and Alzheimer’s dis-
ease, through characterization of brain atrophy as well as 
ventricle volumetry. Another study [17] created their phan-
tom specifically for the purposes of ion radiotherapy and 
tumor mimicry.

Characteristics of phantom models

Category I: anatomical correctness

The included studies had diverse designs regarding the 
human anatomy of phantom models. Three of the ten studies 
contained both white and grey matter. Eight studies included 
both cerebral hemispheres, while two studies only included 
one hemisphere. Five studies included sulci/gyri in the 
model. The majority of studies included internal structures 
such as ventricles (n = 4), caudate nuclei (n = 1), or the puta-
men (n = 1), while four studies omitted these anatomic land-
marks. Notably, Amiri et.al. [21] provided the most complete 
human anatomy in their phantom model, which contained 
three separate inflatable models of brain structures for the 
cerebral hemisphere, putamen, and caudate nucleus based on 
both post-mortem brains as well as MR images from healthy 
control subjects.

The seven anthropomorphic phantoms included in this 
review all mimicked the anatomical structure of a brain. 
Accuracy was obtained using 3D molds created using patient 
meshes with a stereolithography apparatus (SLA) allowing 
precise shape and size of phantom. This technology allows 

Table 2  Summary of identified brain phantom studies

Year Author(s) Brief description of study

1998 Rice et al. An anthropomorphic 1H MRS head phantom created using glass spheres and NMR tubes. Five different brain TM mate-
rials synthesized, including gelatin/agar mixtures with metabolites. Materials mimicked T1 and T2 of normal brain 
tissue (Fig. 2)

2004 Surry et al. A PVA-C TM material for use in multiple physical phantoms including an anthropomorphic brain phantom model for 
use in MRI. Phantom formed using SLA and filled homogeneously. T1 relaxation in GM, WM, and muscle were found 
to be similar to in-vivo values. This phantom material may be appropriate for T1-weighted imaging (Fig. 3)

2007 Shmueli et al. An anthropomorphic head phantom created using an anatomically correct plastic skull. Brain cavity was filled with 
MnCl solution to mimic GM and WM tissues. Paraffin wax was used to mimic soft tissues outside the brain. Tissue 
materials were T1 and T2 weighted similar to the human brain values (Fig. 4)

2012 Chen et al. A realistic brain phantom created using the Colin27 dataset to accurately model sulci and insular regions of the cerebral 
hemisphere. PVA-C used to fill resin mold. Phantom imaged using MR T1 and T2 (Fig. 5)

2012 Khan et al. A brain ventricle phantom created using polycarbonate digital mesh created from MR images of a subject with Alzhei-
mer’s. Ventricle was suspended in a brain mold composed of a homogeneous TM agar solution. Phantom can be used 
in measuring ventricle volume of Alzheimer’s patients using T1 MRI modality (Fig. 6)

2015 Gallas et al. Head phantom created using 3D printing of a head CT dataset. Phantom filled using agarose to mimic brain tissues, 
distilled water as CSF, and polymerization gel dosimeter for tumor surrogate. MR acquisitions of phantom included T1 
and T2 (Fig. 7)

2017 Wood et al. An anthropomorphic heterogeneous head phantom created using 3D printing. Eight compartments for phantom modeled 
off a male subject and segmented as tissue mesh to classify WM, GM, CSF and dura, along with other head compart-
ments. Phantom filled with cured SLA resin material. This phantom has applications in MRI modalities (Fig. 8)

2018 Kozana et al. Neonatal brain TM phantom simulating the MR relaxation times of neonatal GM and WM. constructed using agarose 
gel solutions for the optimization of T1- and T2-weighted sequences (Fig. 9)

2018 Altermatt et al. A physical brain phantom mimicking structure and T1 relaxation properties of WM and GM using agar gel solution. 
Phantom shapes created using segmentation and meshes were synthesized for WM, GM and skull. Model based on the 
left cerebral hemisphere of a volunteer. The phantom can be used for T1-weighted MR sequence optimization (Fig. 10)

2019 Amiri et al. Brain phantom containing three inflatable models of brain structures including cerebral hemisphere, putamen, and cau-
date nucleus. Models were created using 3D printing based on a post-mortem healthy brain. Phantom was filled using 
ZP151 powder and placed in a volume change system. Phantom analysis software can be used to induce and measure 
volume change of models of brain structures (Fig. 11)
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the production of shapes that resemble brain structures, such 
as gyri and sulci, with excellent anatomical accuracy. These 
complex geometries can be useful to evaluate accuracy of 
brain segmentation, as reported in Altermatt et al. [20]. 
This method was used for all anthropomorphic phantoms, 
with the exception of two studies. Shmueli et al. [14] used 
a life-sized plastic skull filled with a solution and paraffin 
wax as the structure instead of SLA. The B0 field maps of 
this phantom were very similar to the brains of the volun-
teers, However, the authors proposed filling the skull with 
gel instead so that the phantom would have a fixed position 
independent of the phantom’s orientation. Amiri et al. [21] 
phantom was 3D printed using ZP151 powder, dipped in 
latex rubber, and then dissolved in water. The phantom struc-
ture provided accurate volume change measurements within 
MR scanners. In contrast, the studies employing traditional 
phantoms reported that more realistic anatomies would be 
beneficial. For example, Gallas et al. [17] concluded that 
future developments should include more realistic matrices 
and differentiated materials, which will enable optimization 
of MRI soft tissue contrast.

Category II: TM materials

Common materials for phantom construction included 
PVA-C [13, 15], agar/agarose [12, 16, 17, 20, Konzana 
et al.] and resin material [15, 18, Galls et al.], with glass or 
plexiglass also used for tubes or spheres [12, 19, 21]. Other 
materials included molten paraffin wax [14] and ZP1D1 
powder for 3D printing [21] (Table 1).

The studies had varying definitions regarding TM proper-
ties, as only seven studies explicitly described their meth-
odology for mimicking human tissue, three studies did not 
include this [14, 18, 21]. Many of the available anthropo-
morphic phantom models were constructed using homog-
enous materials such as PVA-C, paraffin wax, latex rubber, 
or homogeneous solutions, which could not represent both 
white and grey matter [13, 15, 16, 21] (Table 1). For exam-
ple, one study [15] noted that their phantom only allowed 
for homogeneously simulated tissue with discrete punctuate 
insertions, and that their model could be improved by simu-
lating different tissues such as cortical matter or blood ves-
sels. As such, three traditional phantoms [12, 17, 19] and two 
anthropomorphic phantoms [18, 20] included different TM 
material mimicking white and grey brain matter, including 
external CSF, dura, cerebellum, and brainstem tissues. The 
traditional phantoms mentioned above, exhibited segmented 
brain compartments consisting of appropriate TM materials 
including white matter, grey matter, as well as metabolites 
of interest. Rice et al. used segmented chambers to represent 
different brain regions, CSF, as well as simulated tumours. 
This is similar to Gallas et al. that used chambers to rep-
resent the brain tissue surrogate, cerebrospinal fluid, and 

polymerization gel dosimeter. Kozana et al. used organized 
glass vials to mimic specific TM material concentrations 
found in the neonatal brain.

Stability of TM materials was reported in four of the 
included studies [12, 13, 19, 20], with the exception of 
creatine, which was susceptible to rapid degradation. In 
Rice et al., there was no change in the NMR spectra of the 
relaxation properties of the traditional phantom over 2 years. 
Similarly, Kozana et al. reported long-term stability of the 
traditional phantom over a 12-month period with less than 
5% coefficient variation for T1 and T2 relaxation. Short-
term stability was featured in the anthropomorphic phantom 
constructed by Altermatt et al. with tests of structural stabil-
ity and relaxation properties over a 28-day period. In other 
anthropomorphic phantoms that did not explicitly include 
statements on longevity, such as Khan et al., studies reported 
that it is possible to easily use refrigeration and add preserv-
ing agents to agar solutions to prolong shelf life.

Category III: relaxation times

Relaxation times were noted as an outcome in nine studies, 
except by Wood et al. [18], who did not measure T1 or T2. 
All studies that did measure relaxation were successfully 
validated as similar to real tissues. Six studies mimicked 
the relaxation time of all individual tissues being simulated. 
Three studies mimicked relaxation time through theoretical 
calculations. Five studies measured T1 and T2, while the 
four remaining studies only included applications that used 
T1 measurements (Table 1). Most reported relaxation times 
were able to mimic that of native tissue for both traditional 
[Kozana et al., 19] and anthropomorphic [14, 16, 20] mod-
els. For example, Rice et al. [12] noted that their traditional 
phantom's relaxation time compared well with a pig brain. 
However, Chen et al. [15] anthropomorphic phantom did not 
match the T1 relaxation time for their brain tissue, which 
Khan et al. [16] noted may be due to the limited anatomy 
(e.g., single hemisphere, half of the left ventricle) modelled. 
Of note, Gallas et al. [17] noted that T2 and, to a smaller 
degree, T1 MR relaxation times can be altered through mod-
ifying the agarose composition of the gel material.

Many of the following studies also used contrast agents 
in their phantoms to modify the relaxation time of TM mate-
rial (specific contrast agents available in Table 1). The most 
common contrast agents included  MnCl2 (N = 2) and gado-
linium (N = 2), while four studies did not report use of a 
contrast agent [13, 17, 18, 21]. There were noted challenges 
of contrast agents for phantom models. For example, Alter-
matt et al. [20] noted that the diffusion of a contrast agent 
reduced the longevity of a phantom, and that caution was 
required. Similarly, Chen et al. [15] noted that the copper 
sulfate agents often leaked from the landmark structures 
into the surrounding tissue. Chen et al. [15] proposed that 
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this challenge could be circumvented by sealing landmark 
structures, though this was not formally tested. Another 
study also noted potential constraints of rapid freeze–thaw 
cycles as artefacts can be created through local thawing [13], 
yet, other studies with freeze–thaw cycles did not note this 
concern.

Discussion

In this review, ten brain MRI phantoms were identified and 
summarized descriptively on the basis of three key char-
acteristics: human anatomy, TM materials, and relaxation 
times.

Category I: anatomical correctness

The shape of anthropomorphic phantoms allows more accu-
rate structural models of the human brain in comparison to 
traditional phantoms with generalized shapes. This structural 
progression over the traditional brain phantom is largely 
attributed to the use of 3D printing molds. Stereolithography 
(SLA) was the most common printing technique for creation 
of 3D brain molds among the anthropomorphic phantoms 
reviewed. Patient MRI scans are segmented and printed as 
brain molds to obtain complex anatomical features, such as 
the accurate shape and size of the brain, the complex struc-
ture of the sulci and gyri. This approach is cost and time-
effective and allows creation of more complex and detailed 
phantoms [22]. Some phantoms using this method were 
only created for one cerebral hemisphere. These often do 
not accurately mimic a human brain nor result in an accurate 
image due to phantom positioning within the RF coil, which 
is different from a human brain [20]. However, the field is 
rapidly evolving. Advances in complexity of brain phantoms 
make them optimal for imaging or dosimetry measurements 
[22]. Anthropomorphic head phantoms, however, are often 
simple in shape and only offer an acceptable quality assur-
ance to test signal-to-noise-ratio of the MRI system. In our 
review, this was also true for the brain component of head 
phantoms. However, one of the phantoms created by Wood 
et al. had a simplified anatomical structure which mimicked 
multiple anatomical brain features using 3D-printed molds 
from patient MRI scans. This demonstrates that anthropo-
morphic brain models could be made using patient MRI 
scans to mimic anatomical brain structures using. On the 
other hand, traditional phantoms are often restricted to 
simple geometries, such as spheres filled with a solution 
containing metabolites. These models have limited capacity 
for assessing spatial characteristics [23]. An anatomically 
accurate brain must include external and internal structures 
including deep cortical structures and ventricles.

Category II: TM materials

Many of the available anthropomorphic phantom models 
were constructed using homogenous materials such as PVA-
C, paraffin wax, latex rubber, or homogeneous solutions, 
which could not represent both white and grey matter [13, 
15, 16, 21]. A heterogeneous phantom is needed to accu-
rately represent all soft tissue in the brain, including the 
surrounding CSF. Traditional phantoms exhibited segmented 
brain compartments consisting of appropriate TM materi-
als which included the metabolites of interest. However, 
such metabolites were not included in all phantoms, as this 
feature is mostly useful for MRS purposes. In brain MRI, 
there have not been a large number of anthropomorphic 
phantoms developed that exhibit increased similarity of the 
human patient in both tissue properties as well as anatomical 
shape. One exception is phantoms such as the one by Alter-
matt et al., which exhibited both features [20]. Therefore, a 
greater emphasis on incorporating TM materials in anthro-
pomorphic MRI brain phantoms is needed to improve their 
accuracy and utility.

Category III: relaxation times

Many anthropomorphic phantoms only mimicked either 
T1 or T2 relaxation times of the simulated tissues. Yet, it 
is important that both relaxation times are mimicked to be 
able to test quantitative MR sequences [24]. This may be 
attributed to the acquisition of reference MRI patient scans, 
and unique purposes of the phantom study. Phantoms that 
are purposed for identification or quantification of disease 
and disease progression are optimized for the pulse sequence 
that best captures the targeted condition. However, a phan-
tom that has both features can be used to test sequences for 
a more versatile range of conditions. T1-weighted MRI is 
used to capture high signal frequency of inflammatory tis-
sues or malignancies. On the other hand, T2-weighted MRI 
is used in pathology to detect edemas or irregular tissue 
growth [25, 26]. The most versatile phantoms were found to 
be those using paramagnetically doped agar or agarose gels, 
which mimicked both T1 and T2 values [27]. T1 relaxa-
tion times could be modulated by adding paramagnetic ions, 
while T2 could be modulatedby changing the concentrations 
of the gelling agent [10, 27, 28]. Nonetheless, many anthro-
pomorphic phantoms were found to not mimic tissue T2 
values due to the risk of compromising the physical strength 
of the phantom [28]. As an alternative solution, materials 
such as carrageenan have been found to provide the phantom 
with sufficient structural strength without greatly affecting 
relaxation times [28]. To increase the accuracy of MRI brain 
phantoms there should be greater emphasis on development 
of TM materials that mimic both T1 and T2 tissue relaxation 
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times. This will ensure appropriate and benefit the develop-
ment of versatile use in MR phantoms.

Recommendations

Ultimately, it is important for each phantom to be designed 
with a specific goal and context in mind. Currently, avail-
able phantoms succeed in their purported goals, but there 
have been a number of goals from which appropriate phan-
toms have not yet been constructed due to technical limita-
tions. Specifically, the identified phantoms in this review 
offer strengths in different areas; traditional phantoms offer 
the highest accuracy for TM materials and relaxation time 
but lack anatomical accuracy. Future phantoms should look 
in the direction of physical models with better TM mate-
rial that simulate T1 as well as T2 properties. In addition, 
an important property that was not featured in these mod-
els is appropriate conductivity of the phantom materials. 
Dielectric properties and conductivity measurements were 
only found in one phantom [19]. This feature is important 
for the phantom to accurately mimic the electromagnetic 
properties of biological tissue in a real patient MR environ-
ment [8]. Testing of chemical and physical stability over 
time was not discussed in many of the reviewed phantoms 
and is a required feature to authenticate the precision and 
reproducibility of the measured parameters [3, 8, 9]. As this 
field moves towards customized phantoms for versatile MR 
sequencing, the time required for prototyping and fabrication 
of phantoms, as well as the associated costs, remain limit-
ing factors [23]. Future research in brain phantom imaging 
should investigate phantom customization and reproduction 
of a variety of conditions and procedures using quantitative 
MRI, as was featured in the Khan et al. [16] and Amiri et al. 
[21] phantoms. These phantoms were optimized for use in 
volumetry studies for patients with neurodegenerative disor-
ders [29]. An example of personalized phantom technology 
can include tailored procedures such as MR thermometry 
in ischemic stroke patients. TM materials could also mimic 
specific heat capacity, density, and relative dielectric permit-
tivity of in-vivo brain tissues [30]. MR thermometry is a pro-
cedure that can be applied through anthropomorphic brain 
and head phantoms in the future [18]. Minimally invasive 
thermal therapy of benign and malignant diseases is able to 
benefit from near real-time MR image guidance [31]. Devel-
oping phantom technology that accurately mimics malignant 
diseases with tissue contrast for temperature mapping would 
enable quality assurance for these therapies [19].

Review limitations

Our review only identified anatomical phantoms and did 
not include digital, computational, or numerical phantoms. 
Future reviews may wish to broaden the scope of the inclu-
sion criteria to include these phantoms and evaluate the dif-
ferences between the development of the technologies. This 
will better support clinicians in choosing the appropriate 
technologies for target uses, and aid developers in identi-
fying strengths and challenges to improve upon in current 
technologies.

Conclusion

Tissue-mimicking MRI phantom models exhibited differ-
ences in characteristics when compared by synthesis type 
being traditional or anthropomorphic. Anthropomorphic 
phantoms are able to mimic the anatomical shape and size 
of an MR patient scan more effectively than traditional 
phantoms with the development of 3D printing technology 
for phantom moldings and artifacts. Traditional phantoms 
exhibit more accurate TM material for all brain tissues 
including grey matter, white matter, and CSF. Moreover, 
traditional phantoms are increasingly accurate in exhibiting 
appropriate T1 and T2 relaxation times for the simulated 
brain tissues than anthropomorphic phantoms. To further 
facilitate personalized phantom technology and validation of 
brain image segmentation algorithms, future developments 
should be aimed at producing phantoms having the anatomi-
cal accuracy of current anthropomorphic phantoms, while 
employing and optimizing materials that mimic tissues and 
relaxation times like current traditional phantoms.

Appendix

See Figs. 2, 3, 4, 5, 6, 7, 8, 9, 10 and 11.
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Fig. 2  Diagrams of sagittal (top) and axial (bottom) views of head 
phantom developed by Rice et  al. [12]. Reprinted with permission 
from John Wiley and Sons: Rice et al. [12]

Fig. 3  Brain phantom SLA 
mould top (a) and side view (b) 
developed by Surry et al. [13]. 
© Institute of Physics and Engi-
neering in Medicine. Repro-
duced by permission of IOP 
Publishing. All rights reserved. 
Surry et al. [13]

Fig. 4  GE-EPI MRI images of transverse slices from anthropomor-
phic brain phantom. Slices from an SE image of the phantom (a), 
GE-EPI scans of phantom (b), GE-EPI volunteer scans (c), and 3D 
structural scan of volunteer (d). Developed by Shmueli et  al. [14]. 
Reprinted with permission from John Wiley and Sons: Shmueli et al. 
[14]
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Fig. 5  PVA-C brain phantom casted from Colin27-based phantom 
mold developed by Chen et al. [15]. Permission to reprint granted by 
John Wiley and Sons: Chen et al. [15]

Fig. 6  Brain phantom with 
fabricated ventricle (a–c). 
Ventricle demonstrating proper 
base for mid-brain positioning 
(d). Developed by Khan et al. 
[16]. Reprinted with permission 
by John Wiley and Sons: Khan 
et al. [16]
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Fig. 7  Head phantom prototype 
(left). CT image (right) with 
cranial bone surrogate (a), 
brain tissue surrogate (b), CSF 
surrogate (c), and polymeriza-
tion gel dosimeter (d) developed 
by Gallas et al. [17]. Reprinted 
with permission of Elsevier: an 
anthropomorphic multimodal-
ity (CT/MRI) head phantom 
prototype for end-to-end tests in 
ion radiotherapy, 2015

Fig. 8  Heterogeneous anthropomorphic head phantom model with fill 
ports for tissue-mimicking materials developed by Wood et al. [18]

Fig. 9  Neonatal brain tissue-mimicking phantom positioned inside 
the adult head coil developed by Kozana et  al. [19]. Reprinted with 
permission from Elsevier: Kozana et al. [19]
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