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3-D Rat Brain Phantom
for High-Resolution
Molecular Imaging
Experimental studies aimed at advancing understanding of human brain disease and

malfunction, and of behavior problems, may be aided by computer models of

small laboratory animals.

By Frederik Johannes Beekman, Senior Member IEEE, Brendan Vastenhouw,

Gijs van der Wilt, Marcia Vervloet, Renée Visscher, Jan Booij, Mirjam Gerrits,

Changguo Ji, Ruud Ramakers, and Frans van der Have

ABSTRACT | With the steadily improving resolution of novel

small-animal single photon emission computed tomography

(SPECT) and positron emission tomography devices, highly

detailed phantoms are required for testing and optimizing these

systems. We present a three-dimensional (3-D) digital and

physical phantom pair to represent, e.g., cerebral blood flow,

glucosemetabolism, or neuroreceptor binding in small regions of

the rat brain. The anatomical structures are based on digital

photographs of the uncut part of a rat brain cryosection block.

The photographs have been segmented into ventricles and gray

and white matter and have been stacked afterwards. In the

resulting voxelized digital phantom, tracer concentration in gray

and white matter can be scaled independently. This is of

relevance since, e.g., cerebral blood flow or metabolism are

much higher in gray than in white matter. The physical phantom

is based on the digital phantom and has been manufactured out

of hardened polymer using rapid prototyping, a process in which

complicated 3-D objects can be built up layer by layer. X-ray

computed tomography and high-resolution SPECT images of the

physical phantom are compared with the digital phantom. The

detailed physical phantom can be filled bubble-free. Excellent

correspondence is shown between details in the digital and

physical phantom. Therefore, this newly developed brain

phantom will enable the optimization of high-resolution imaging

for recovery of complex shaped molecular distributions.

KEYWORDS | Mouse; phantom; positron emission tomography

(PET); rapid prototyping; rat; single photon emission computed

tomography (SPECT); small-animal imaging; X-ray computed

tomography (CT)

I . INTRODUCTION

Small laboratory animals such as rats and mice are the

most widely used animals for experimental studies in

neuroscience. In these animals, regional molecular aspects
of behavior or disease can be studied with the aid of a wide

range of in-vitro methods, including autoradiography and

immunohistochemistry. These procedures require sacri-

ficing the animal after which tissue is sliced, which can be

very labor intensive. Another drawback of these in-vitro

studies is that repeated studies within the same groups of

animals cannot be performed, which often results in the

requirement to sacrifice relatively large numbers of
animals to reliably quantify dynamic processes. Further-

more, obtaining three-dimensional (3-D) digital images

from two-dimensional (2-D) images of tissue slices is
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extremely tedious work. Stacking of slice-images requires
advanced image processing to deal with tissue cracks and

other tissue deformations that often result from cryosec-

tioning. Despite progress made in image processing for

combining histological or immunohistochemical slices

[1]–[3], recovering 3-D digital images from slice images

cannot be performed automatically and remains extremely

labor intensive.

Knowledge of the 3-D distribution of marker molecules
offers the possibility to quantify processes in 3-D struc-

tures of the brain like, e.g., BHow much perfusion is there

in gray matter in the left medial temporal lobe?[ or BHow

many molecules and associated receptors are present in

the right and left olfactory tubercle?[ Over the last decade,

many groups have started to study the brain in small

laboratory animals using molecular imaging methods such

as high-resolution small-animal single photon emission
computed tomography (SPECT) and positron emission

tomography (PET). These techniques enable one to obtain

the 3-D distribution of radiolabeled molecules (radiotra-

cers or radiopharmaceuticals) in vivo [4]–[18]. This offers

the unique possibility to perform repeated studies within

the same groups of animals, which is not possible with

immunohistochemistry.

New scanners and systems under development can be
tested using simulated scans and digital brain phantoms

(e.g., [19]–[21]). This is extremely valuable. However,

simulations are limited in their accuracy, in particular to

model differences between individual scanners. For many

years, physical phantoms representing human brain struc-

tures that can be filled with contrast agents or radiotracers

have played an important role in experimentally validating

clinical imaging systems such as SPECT, PET, X-ray
computed tomography (CT), and magnetic resonance

imaging [22].1 For example, brain areas that express

specific receptors (e.g., the striatum with high concentra-

tions of dopamine D2 receptors or dopamine transporters)

can be evaluated [23], [24]. Several miniature phantoms

with mathematical shapes, e.g., tiny resolution phantoms

[25]–[27] and Defrise phantoms for testing sampling

capabilities (e.g., [21], [25], [28]), are available for high-
resolution imaging in small laboratory animal modalities.

Phantoms with much more complex anatomical shapes can

be useful to estimate how much detail can be visualized in

specific types of small-animal studies, to compare and

improve imaging systems for specific imaging tasks, and to

improve acquisition and reconstruction parameters or to

test image registration algorithms. Moreover, it may be of

value to evaluate different concentrations of contrast
agents or radioactivity.

Digital and physical phantoms can also be used to esti-

mate the performance of small-animal imaging systems for

a variety of imaging tasks. Simulations with digital

phantoms permit controlled evaluation over a wide range

of conditions (e.g., different tracer concentration, isotopes
emitting different energy photons, different acquisition

times, artifacts, different lesion sizes, lesion position, or

geometric distortions). Such simulations have become

increasingly important with the rapid growth of the

number of small-animal SPECT and PET imaging systems,

i.e., for analysis of brain cell metabolism and regional brain

perfusion. Next to digital phantoms, physical phantoms are

important since i) not all aspects of imaging systems are
covered by a simulation model and ii) simulation cannot

replace an experimental test of a specific system. With

physical phantoms, in contrast to imaging living animals,

stable and perfectly reproducible known tracer distribu-

tions can be created. Since the spatial resolution of small-

animal SPECT and PET devices is rapidly improving,

phantoms with increasing levels of detail are required,

including phantoms containing small anatomical details.
Although digital rat 3-D brain atlases have been produced

[29]–[31], to our knowledge no detailed 3-D physical rat

brain phantom has been manufactured so far. The availability

of such a phantom is important since the rat may often be the

animal of choice in experimental neuroscience since a huge

body of molecular, anatomical, behavioral, and electrophys-

iological data from rats already exists.

Recently, we developed SPECT imaging devices with
sub-half-millimeter resolution (U-SPECT [26], [27],

[32]–[34]). In addition, PET devices are being developed

that can obtain resolutions below 1 mm [35]–[37]. The

goal of this paper is to present a physical rat brain phantom

and its finely voxelized digital version that facilitate testing

and optimizing of these high-resolution devices developed

for imaging small laboratory animals. We briefly explain

how the anatomical shape of the digital phantom has been
obtained, how the physical phantom has been manufac-

tured, and how it can be filled with tracers and contrast

agents. Lastly, ultra-high-resolution SPECT images will be

presented together with X-ray CT images as an initial

validation of this prototype phantom.

II . METHODS

A. Obtaining Brain Shape and Gray/White
Matter Structure

The following procedure was performed to obtain

anatomical structures of gray and white matter: an adult,

male Wistar rat weighing 275 g was decapitated under

anesthesia. The brain was removed and frozen quickly.

Subsequently, 20-�m-thick coronal slices of the brain
were removed using a cryostat. Each time after removing

100 �m of tissue, photographs (with a resolution of 2000�
1312 pixels) of the uncut block face were acquired with a

Nikon D1x digital camera. The camera was mounted onto a

heavy tripod standing on the floor close to the cryostat.

The photographs were segmented into gray matter,

white matter, and ventricles. Furthermore, the outline of1http://www.rsdphantoms.com/.
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the brain was segmented. The segmentation (see Fig. 1)
was performed semiautomatically using the graphical

software package Gimp (GNU Image Manipulation Pro-

gram, www.gimp.org). The Bmagic wand[ tool was used to

select a contiguous region with a fixed threshold starting

from the pixels with a specified color. The edges of the

selection are then refined by a small adjustment to the

radius of the boundaries such that the edges are smooth

and show no discontinuities. Afterwards, the white matter
structures segmented from the photos were verified using

the rat brain atlas from Paxinos and Watson [29]. The

number of segmented structures as well as their shape was

compared with those present in the atlas. In this way, no

structures were omitted from the segmentation. The

structures in a specific slice were also compared to the

adjacent slices to make sure no large discontinuities are

introduced. Lastly, the slices were stacked and a median
filter was used to remove ripples in the axial direction.

B. Manufacturing of the Physical Phantom
A cylinder with a diameter of 23 mm is used to represent

the rat head in which a cavity representing the gray matter is

created that can be filled with a tracer or contrast agent. The

gray matter shape was obtained from the voxelized digital

brain phantom by isosurface generation. This phantom is

converted to STL file format, which approximates the shape

of the phantom by a large number of small triangular facets.
The size of the each facet depends on the local curvature of

the contour, since strong curvature can only be modeled by a

higher number of smaller facets. The STL file was then used

by the rapid prototyping machine.

The 3-D model was then Bcut[ into thin horizontal

slices of 0.036 mm and transferred to a stereolithography

machine that uses a computer-controlled laser to draw the

bottom cross-section onto the surface of the liquid polymer
(Fullcure 720, density 1.092 g/ml). The polymer hardens,

where it is irradiated by the laser beam. Then the phantom

is lowered by 0.036 mm and subsequently the next cross-

section is drawn directly on top of the previous layer. This

is repeated until the entire volume is finished. In the

bottom and top layers, holes are incorporated for the

mounting of tubes with luer lock connectors, which are

used for mounting of three-way valves and syringes for
filling the phantom. After removing the phantom from the

liquid polymer, the compartment is flushed and cured with

ultraviolet. The outside was polished to monitor fluid level

when filling the phantom. The physical phantom is shown

in Fig. 2.

C. Filling the Phantom
99 mTc-tetrofosmin and X-ray CT contrast agent were

mixed to obtain a final concentration of 37 MBq/ml and

10% (dilution by volume) Iopromide (Ultravist 150). The

total volume of the mixture was 4 ml. On the cerebellum

side of the phantom, a three-way valve (Bvalve A[) was

connected to a luer lock adapter with a septum. On the

Fig. 1. (a) Selection of photographs taken from the uncut block of rat

brain with fixed camera, with the outline already segmented.

(b) Corresponding slices of segmented rat brain.

Fig. 2. (a) 3-D representation of the phantom. (b) Cross-section

of the phantom. (c) Polished phantom with tubes and connectors

for luer lock valves.
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cerebrum side, another three-way valve (Bvalve B[) was
connected to an empty syringe. The phantom was placed in

a lab stand with the cerebellum side pointing downwards.

The phantom was evacuated using a vacuum pump. After

30 min of evacuation, valve A was turned and the vacuum

pump disconnected.

In order to preserve the vacuum, the phantom was

filled through the septum connected to valve A via a needle

attached to a syringe with the radioactive mixture. This
way, 1.5 ml of the liquid was transferred into the phantom.

Then the phantom was closed off on this side and the

septum was removed. The syringe with the mixture was

directly connected to valve A and the mixture was gently

flushed through the phantom several times to ensure a

complete filling and remove remaining air bubbles from

the phantom. The bubbles were removed from the system

through valve B. Lastly, the valves were replaced by stops
before the phantom was scanned.

D. Imaging of the Physical Phantom
Images of the phantom were acquired with dedicated

small-animal CT and SPECT. The microSPECT device used

here (U-SPECT-II, Milabs BV, The Netherlands [27]) can be

equipped with differently sized cylindrical multipinhole col-

limators. Several easily exchangeable collimators are avail-
able, i.e., for i) whole-body and focused mouse imaging,

ii) whole body and focused rat imaging, and iii) dedicated

rat brain imaging. Using this prototype, a rat brain collimator

with 49 0.35-mm gold pinholes, a reconstructed resolution

of 0.35 mm can be obtained. The estimated sensitivity of this

prototype collimator was 0.05% (390 cps/MBq) for Tc-99 m.

Further details about system performance are described in

[27]. A graphical user interface incorporating preselection of
the field-of-view with the aid of optical images of the animal

enables focusing of the pinholes to the volume of interest,

thereby minimizing the scanning time and maximizing the

sensitivity. The field of view was made as large as the entire

head phantom by scanning the phantom through the pinhole

focus area [33]. SPECT images were iteratively recon-

structed using a multithreaded programmed ordered subset

expectation maximization algorithm modeling the distance
dependent camera and pinhole collimator response [38]. No

correction for attenuation or scatter was applied for this

case. In order to avoid problems with decay, dynamic scan-

ning was applied, and reconstructions of different time

frames were added to a single 3-D image. The long SPECT

acquisition (10 h) was chosen here to get as much detail of

the phantom content as possible, e.g., to know if the tracer

gets into tiny structures or if air bubbles were removed.
The microCT used in this study (U-CT, Milabs BV,

The Netherlands) is a fast cone beam CT system dedicated

for high-throughput in-vivo scanning of small animals. The

X-ray source is an air-cooled metalloceramic tube with a

voltage range of 20–65 kV. The X-ray detector is a 1280 �
1024 pixel, 12-bit semiconductor digital camera. The scan-

ning volume has a diameter of 82 mm and a length of

82 mm for a single circular orbit. During scanning, the

source-detector assembly turns around the animal, which

remains stationary in the transferable bed. The recon-
structed voxel size used was 83 �m (isotropic), which is

close to the resolution that can be obtained.

1) Image Registration: Since the digital phantom, the

X-ray CT scan and SPECT images of the phantom have

sufficient mutual information to be matched to each other,

and the resolution of the digital phantom and CT scan is

much higher than that of the SPECT images, we used a
fusion tool (PMOD Technologies, Switzerland) to find the

initial transformation from SPECT images to corresponding

CT images. With this initial input of transformation, we

registered the SPECT image to the CT image using the

normalized mutual information algorithm [39].

III . RESULTS

A. Digital Phantom
Fig. 3 shows a selection of coronal, horizontal, and

sagittal slices of the phantom at a linear gray scale, assuming

a white matter (WM) to gray matter (GM) concentration

ratio of 1 : 5. The figures clearly show that the alignment of
the individually segmented photographs is sufficiently accu-

rate due to the stable position of the camera, application of

image filtering, and corrections of possible misalignments

during acquisition of the photographs.

The images show that a truly 3-D phantom was obtained.

The digital version of the rat brain phantom, including a

down-scaled version to mimic a mouse brain, is publicly

available.2

Fig. 3. Selection of slices through digital rat brain phantom.

WM : GM equals 1 : 5.

2www.rrr.tudelft.nl/rdm! People! Freek J. Beekman! Rat &
Mouse Brain Phantom.

Beekman et al. : 3-D Rat Brain Phantom for High-Resolution Molecular Imaging

2000 Proceedings of the IEEE | Vol. 97, No. 12, December 2009



B. Physical Phantom
Fig. 4 shows images taken from the (a) X-ray CT and

(b) SPECT, which are compared with the digital phantom

(c) with white matter intensity put to zero. The corre-

spondence between the digital phantom and the X-ray CT

and SPECT images of the physical phantom is excellent. For

example, in coronal slices, the corpus callosum, striatum,

septum, anterior commissure, and medial lemniscus are

visible in CT and in SPECT. In the sagittal slices, the same
can be said about the corpus callosum, lateral ventricle, and

tiny parts of the cerebellum and striatum. The horizontal

slices of SPECT and CT images clearly show the cerebellar

cortex, lateral ventricles, hippocampus, striatum, and lat-

eral ventricles. In this realization, structures that support

the details of the brain anatomy are also visible, in both the

CT scan and the SPECT images. These Bþ[-shaped struc-

tures were generated automatically by the rapid prototyp-
ing machine in the manufacturing process.

Newer physical phantoms are being developed using

the latest generation rapid prototyping machines that do

not require such structures (Fig. 5) but they deviate slightly

from the digital phantom. In order to estimate the ground

truth underlying such a phantom, one could segment the

CT scan (in this case by simple 3� 3� 3 median filtering

followed by applying a threshold). Again, a long SPECT
scan was acquired, i.e., (16.5) hours, in order to see as

much detail as possible for validation of the phantom. The

initial activity concentration was 50 MBq/ml.

IV. DISCUSSION AND CONCLUSION

We have developed methods to create highly detailed
digital and physical 3-D rat brain phantoms that can be

used to optimize imaging studies in rat brains. The phan-

tom accuracy has been validated by acquisition of X-ray CT

and SPECT images of the brain phantom that showed

excellent correspondence with the digital phantom, which

indicates that rapid prototyping may be a method that is

well suited to produce such complex phantoms.

Fig. 5. Phantom without supporting structures, where the digital

phantom is extracted from a segmented CT scan.

Fig. 4. Images of the X-ray CT scan, the SPECT scan, and the digital

phantom with white matter intensity put to zero under three

orthogonal directions.
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The methods to segment WM and GM from cryosec-
tions were only partly automated, and parameters needed

to be adjusted slice by slice guided by for example an

anatomical rat brain atlas. More advanced and automatic

segmentation is possible, but this will require more reg-

ulated conditions for taking the photos. For example, i) the

light conditions need to be fixed, ii) the focus plane of the

lens needs to stay constant, iii) a dedicated macro lens with

minimal distortion is required, and iv) the camera needs to
move exactly in line with the slicing.

For emulating different tracer concentrations within

patients, 3-D physical phantoms have been produced with

inkjet printers [40], [41]. By stacking the 2-D radioactive

prints made out of paper with layers of different materials in

between, effects of attenuation and scatter can be switched

on and off. A denser material, such as is used in the phantom

presented here, is definitely required for PET phantom
experiments in order to limit the positron range [42]. In

practice, filling a phantom may be easier than printing a

phantom and stacking prints and positron capturing mate-

rial. Since inkjet printing of a phantom can be done in any

variety of tracer concentration, both methods will have both

unique and overlapping applications.

In reality, the ratio between cerebral blood flow in WM

and GM is often assumed to be 1 : 5 [22]. Different WM : GM
ratios can also be emulated in our digital phantom. In the

present manufacturing process of the physical phantom with

rapid prototyping, we did not yet mimic adjacent areas with

different concentrations since walls between WM and GM

would become either extremely fragile or too thick to meet

our goals. As a result, we choose to only model the largest

structure (GM) with the highest tracer concentration as a

compartment that can be filled with a tracer. In future ver-
sions, we will try to create separate reservoirs, but the wall

thickness that is required to produce these walls will result

in i) removal of thin structures and ii) phantoms that are

very fragile and complex. It may be of value to evaluate

different concentrations of contrast agents or radioactivity

for the white matter (WM) and gray matter (GM) separately.

This is of relevance since not only the cerebral blood flow is

much higher in GM than WM in healthy brains [43], but also
glucose metabolic rates and the expression of most receptors

in the brain [44], [45]. For example, the expression of

serotonin-1A receptors is higher in cerebellar GM than in

cerebellar WM in healthy controls [46]. On the other hand,

microglia cells (the brain’s intrinsic macrophages) play a

major role in inflammatory processes in the brain and are

much more common in WM than GM. Activated microglia

cells express peripheral benzodiazepine receptors, which
can be visualized with ½11C�PK11195 PET and ½123I�PK11195

SPECT [47], [48]. Activated microglia are involved in the
immune response of multiple sclerosis. Indeed, in multiple

sclerosis, an increase of ½11C�PK11195 binding in WM has

been shown [48]. In other pathological conditions, it may

also be of relevance to discriminate WM from GM activity.

For example, as compared to controls, in schizophrenia ele-

vated glucose activity in WM matter was most pronounced

in the center of large white matter tracts, especially the

frontal parts of the brain [49]. Alzheimer’s disease is char-
acterized neuropathologically by deposition of so-called

amyloid plaques. Interestingly, in Alzheimer’s disease the

WM is relatively unaffected by amyloid deposition [50]. For

that case, our phantom technology may offer the unique

possibility to mimic these pathological conditions in animal

models of these diseases.

For emulating phantoms that, for example, represent the

dopaminergic system, division in different parts could be
realized already with the technology that is presented in this

paper (e.g., left and right striatum and parts of the striatum

such as putamen and caudate nucleus [23]). One then needs

to make separate filling channels to cavities that need to be

filled with different tracer concentrations. Phantoms of dif-

ferent neural systems can also be derived from autoradio-

graphs, but this is an extremely time- and labor-consuming

task because of the aforementioned problem of stacking
pictures of deformed tissue slices to obtain an artifact-free

3-D tracer distribution image [51], [52].

Small regions within the brain have become focal points

of interest among behavioral scientists. For example, dopa-

minergic activity in the nucleus accumbens (ventral part of

the striatum) is involved in processes related to reward,

including the reinforcing effects of drugs of abuse (for a

review see Berridge [53]), while the expression of several
peptides in the rat paraventricular nucleus of the hypothal-

amus is associated with food intake, and consequently with

the risk for overeating and obesity [54]. In this regard, our

presently developed ultra-high-resolution phantom platform

technology, which will also be used to produce next phan-

tom versions that represent other neural structures, could be

made useful for a broader range of tasks, e.g., to evaluate the

accuracy to measure activity within the nucleus accumbens
or in subdivisions of the hypothalamus.

The general introduction of this realistic prototype

phantom as to the sizes and structures of the rat brain may

finally put researchers into the position to develop a

standardized procedure for the determination of scanner

characteristics in specific imaging tasks, which then would

be comparable at last. It would not require the use of

animals, with the additional advantage that a system can be
optimized outside the animal lab. h
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