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Purpose: To create a standardized, MRI-compatible, life-
sized phantom of the brain ventricles to evaluate ventricle
segmentation methods using T;-weighted MRI. An objec-
tive phantom is needed to test the many different segmen-
tation programs currently used to measure ventricle vol-
umes in patients with Alzheimer’s disease.

Materials and Methods: A ventricle model was con-
structed from polycarbonate using a digital mesh of the
ventricles created from the 3 Tesla (T) MRI of a subject
with Alzheimer’s disease. The ventricle was placed in a
brain mold and surrounded with material composed of
2% agar in water, 0.01% NaCl and 0.0375 mM gadopente-
tate dimeglumine to match the signal intensity properties
of brain tissue in 3T T;-weighted MRI. The 3T T,-weighted
images of the phantom were acquired and ventricle seg-
mentation software was wused to measure ventricle
volume.

Results: The images acquired of the phantom successfully
replicated in vivo signal intensity differences between the
ventricle and surrounding tissue in T;-weighted images
and were robust to segmentation. The ventricle volume was
quantified to 99% accuracy at 1-mm voxel size.
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Conclusion: The phantom represents a simple, realistic
and objective method to test the accuracy of lateral ventri-
cle segmentation methods and we project it can be
extended to other anatomical structures.
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VOLUMETRY HAS DEMONSTRATED that large mor-
phological changes occur in the brain during the
course of Alzheimer’s disease (AD) (1). In particular,
enlargement of the lateral ventricles (cerebrospinal
fluid-filled cavities in the interior of the cerebral hemi-
spheres) has been consistently demonstrated and
may be among the most sensitive of imaging bio-
markers of AD progression (2). This enlargement is a
consequence of the disease process; as surrounding
healthy brain tissues atrophy, there is a correspond-
ing increase in cerebrospinal fluid (CSF) within the
ventricles. Currently, major efforts are under way to
develop disease altering treatments for AD. The next
generation of clinical trials for such compounds will
benefit from objective methods, such as ventricle volu-
metry, to evaluate their effect on ventricular volume
and potential disease modification. Volumetry may
provide an outcome measure that could reliably dis-
tinguish between disease-modifying effects and purely
symptomatic relief. Enlargement of the ventricles is
also characteristic of other medical conditions such
as schizophrenia, Parkinson’s disease, hydrocepha-
lus, and trauma to the brain (3-6). Ventricular mea-
surement many be relevant to these conditions and
related new treatment approaches as well.
Semiautomatic and fully automatic software has
been developed to quantify ventricular volume, (along
with other brain structures) using MRI scans acquired
from patients with AD. Such programs include Free-
surfer, Amira (Visage Imaging, Inc., San Diego, CA)
and 3D Slicer (7,8). Measurement of ventricular vol-
ume is particularly amenable to segmentation due to
the high signal intensity contrast between CSF and
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surrounding brain tissue in T;-weighted MRI. When
segmentation is performed in serial MRI scans of a
patient, such quantification methods must be sensi-
tive to very small volumetric changes in a complex 3D
structure. However, absolute quantitative validation of
image segmentation using in vivo data from patient
scans is impossible because the exact volume of the
lateral ventricles is unknown. To remedy this situa-
tion, a phantom can be used.

Physical phantoms are real models that can be
imaged or simulated to test the performance of a seg-
mentation method. One example of a physical ventri-
cle phantom, by Chen et al (9), only modeled a single
hemisphere of the brain and only half of the lateral
ventricles (left ventricle). As well, their tissue mimick-
ing solution did not match the T, relaxation time con-
stants of brain tissue. In another example, Turkington
et al (10) designed a 19-layer water-fillable cylinder
phantom to mimic white matter, gray matter and ven-
tricle perfusion rates, called the Hoffman phantom.
However, because layers of their phantom were large
(6.4-mm thick) compared with voxel resolution, their
phantom had to be positioned so that layers of the
phantom were parallel to transaxial slices to avoid
discontinuities in edges. The Hoffman phantom also
has not been used for ventricle segmentation and
instead has been designed to test the registration of
positron emission tomography (PET), single photon
emission computed tomography (SPECT), and MRI
images and activity distributions in PET (11). Digital
phantoms are similar, except that a digital phantom
is an image representation of a phantom that does
not physically exist. Such phantoms are simulated
MR images of the brain based on a series of registered
MRI scans. Digital phantoms with simulated data,
however, can suffer from an oversimplicity of phantom
geometry, improper treatment of edge effects leading
to tissue mixing in voxels and the improper modeling
of the data acquisition method (12,13). Physical phan-
toms, on the other hand, are superior as they allow
the fabrication of a controlled shape with known vol-
ume, from materials with predictable MRI properties.
Physical phantoms are composed of synthetic materi-
als that have a magnetic resonance signal that mimics
that of human tissue and represent a completely
objective measure to assess algorithm performance. It
is important then, to validate the accuracy and preci-
sion of segmentation methods using a physical brain
ventricle phantom of known volume that produces
similar contrast to that observed in vivo.

A phantom to evaluate segmentation methods must:
produce image signal intensities consistent with those
observed in vivo, have homogenous relaxation times
throughout, be life-size in scale and anatomically
accurate in shape and proportions, and be straight-
forward and relatively inexpensive to fabricate. The
phantom developed in the current study meets these
criteria. It consists of a polycarbonate ventricle em-
bedded in an agar mixture containing the paramag-
netic compound, gadopentetate dimeglumine (Gd-
DTPA), to modulate T; relaxation times to accurately
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simulate brain tissue, and sodium chloride (NaCl) to
modulate conductivity.

The purpose of the current study was to construct
a physical phantom that could be used as a gold
standard to validate and compare different ventricle
segmentation algorithms. Our phantom is the first
physical phantom of the entire lateral ventricles for
this purpose, known to the authors. The methodology
described can also be extended to produce new physi-
cal phantoms that model other disease pathologies
that present signal voids in MRI images.

MATERIALS AND METHODS

The phantom was constructed in two stages and con-
sisted of a ventricle component and tissue model. The
phantom was designed to accurately mimic the in vivo
signal intensity difference between that of the ventri-
cle and surrounding brain tissue. The signal intensity
difference was chosen to be replicated because often
it is this difference that segmentation algorithms rely
on to identify ventricular voxels.

Ventricle Construction

Data used in the preparation of this article were
obtained from the Alzheimer’s Disease Neuroimaging
Initiative (ADNI) database (adni.loni.ucla.edu). The
ADNI was launched in 2003 by the National Institute
on Aging (NIA), the National Institute of Biomedical
Imaging and Bioengineering (NIBIB), the Food and
Drug Administration (FDA), private pharmaceutical
companies and nonprofit organizations, as a $60 mil-
lion, 5-year public-private partnership. The primary
goal of ADNI has been to test whether serial MRI,
positron emission tomography (PET), other biological
markers, and clinical and neuropsychological assess-
ment can be combined to measure the progression of
mild cognitive impairment (MCI) and early Alzheimer’s
disease.

A ventricle representing a typical subject with Alz-
heimer’s disease was modeled by identifying an 80-
year-old female representative subject (007_S_1339)
from the ADNI database. This patient had a lateral
ventricle volume of 48.8 cm® which was measured
from their 1.5 Tesla (T) T;-weighted MRI (processed
with the ADNI GradWarp, B1 Correction, N3 Correc-
tion and scaling factor) using a previously reported
ventricle volume measurement technique (2). This vol-
ume was chosen to be consistent with the average
ventricle volume established for subjects with AD
(49.9 + 25.5 cm®) (2). The subject’s ADNI NIfTI image
file was imported into ITK-SNAP (14), which is a free
software application that can be used to segment ana-
tomical structures in medical images. Using this pro-
gram’s semiautomatic level set segmentation algo-
rithm, a rough digital wireframe mesh of the lateral
ventricles was created. This was achieved by prepro-
cessing the MRI scan with the image edges selection
function and setting the scale of Gaussian blurring to
0.6 and the edge contrast value to 0.03 while keeping
the standard edge mapping exponent at 2.0.
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Preprocessing the image determines how intensity
edges are utilized (i.e., by affecting the speed of snake
propagation) when using the segmentation snake evo-
lution algorithm that creates the mesh. Snake evolu-
tion is a method used by ITK-SNAP for segmentation
of structures. “Snake” is used to refer to a closed
curve that represents a segmented area. In snake evo-
lution segmentation of the ventricle, the snake starts
out as a “bubble point” (small circle segmentation)
inside the ventricle structure and over time, it grows
to fill the shape of the ventricle (15). To this end, bub-
ble points were placed in the axial view, within the
ventricle with varying radii under 2.0 mm to drive
snake evolution. Many bubble points were placed to
maximize regional growth while minimizing boundary
leaking. The evolution of the snake (“snake evolution”)
is governed by a mathematical equation that
describes the velocity of every point on the snake at
any particular time. Snake evolution parameters such
as balloon force and curvature force can be adjusted
to limit voxel overgrowth. A manual hand contouring
of the mesh using the deletion option of the paint-
brush tool was then necessary to eliminate regions
that had overgrown the anatomical boundaries of the
ventricle by leaking to the surrounding white matter
tracts or into the third ventricle. The refined mesh
was then exported as a 3D STL file (a stereolithogra-
phy CAD software format) and used to rapid prototype
the ventricle from polycarbonate, using Fused Deposi-
tion Modelling by a Stratasys Vantage SE rapid proto-
typing machine (Stratasys Inc., 7665 Commerce Way,
Eden Prairie, MN). The completed fabricated ventricle
is shown in Figure la,b. The choice to fabricate the
ventricle out of polycarbonate was made for two rea-
sons: first, polycarbonate is a commonly used rapid
prototyping material and second, this solid material
has a very rapid T, relaxation rate, resulting in very
little signal when scanned using typical echo-times (of
greater than 3 ms), which is similar to the dark (low
signal intensity) pixels produced by cerebrospinal
fluid in T,-weighted MRI scans.

Using the specific gravity of polycarbonate (1.2) and
the weight of the fabricated ventricle, the final volume
was determined to be 47.67 cm® = 0.005 cm®. The
scale used to measure the fabricated ventricle was a
Denver Instruments P-214 Precision Analytical Bal-
ance, which was internally calibrated using the
DenverCal® precision internal weights. The specific
gravity for the polycarbonate used is listed on the
FORTUS 3D Production Systems Specification Sheet
for Polycarbonate (www.stratasys.fr/download/MS-
PC-FORTUS-0209.pdf). The volume of the ventricle
was also determined a second way, using Archimedes’
principle. An overflow can made of stainless steel was
designed and the volume of the ventricle was equal to
the volume of water displaced from the can into a
beaker. With this measurement tool, the volume of the
ventricle was determined to be 47.16 cm® + 0.45 cm®.
It is important to note that the basic shape of the ven-
tricle was defined using the original wire mesh model
produced by ITK-SNAP. However, the production of
the actual ventricle model involved several steps that
may have resulted in slight alterations to the ventricle
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shape, including fused deposition modeling (with a
machine accuracy of = 0.127 mm or * 0.0015 mm
per mm, whichever is greater), sanding, and solvent
sealing. For this reason, the final volume of the ventri-
cle model was determined empirically, and was not
estimated from the wire mesh model. Regarding ana-
tomical boundaries of the ventricular system, the
main body of the lateral ventricles are bordered by the
corpus callosum, caudate nucleus, and thalamus.
The left and right lateral ventricles are separated by
the septum pellucidum and the fornix. The posterior
portion of the lateral ventricle curves inferiorly into
the occipital horn and the temporal horn. The tempo-
ral horn projects into the temporal lobe and is
bounded by the hippocampus. The two lateral ven-
tricles feed into the third ventricle through the inter-
ventricular foramen (16). In the current work, the
third ventricle was not included in the model nor was
the interventricular foramen. It should also be noted
that the choroid plexus of each lateral ventricle, which
is normally found in the central portion of the ventri-
cle, with its intermediate intensity between CSF and
white matter, may be a source of discrepancy between
segmentation algorithms and was also not modeled.

Tissue Model

The second component of the phantom was the tis-
sue-mimicking brain solution. To create this solution,
the signal intensity of in vivo brain tissue needed to
be accurately mimicked by the tissue model. The dif-
ference in signal intensity between the brain tissue
and ventricle also needed to match in vivo results. To
accomplish this goal, the signal intensity within tissue
surrounding the lateral ventricles was measured in 3T
T;-weighted brain MRI images from 10 subjects with
AD chosen at random from the ADNI database (17).
Four regions of interest (ROI) were defined using
ImagedJ (18) in each dataset; two within the ventricle
and the other two within the tissue surrounding the
ventricle. From these four ROI locations, an average
signal intensity (SI) difference of 261.5 = 54.5 arbi-
trary units was calculated according to Eq. [1]:

SI — SIROIlBrainTissue + SIROIgBrainTissue

2
~ Slrox, ventricle + SIRoI, Ventricle 0
2

The mixture surrounding the ventricles in the phan-
tom was designed to replicate this signal intensity dif-
ference. Phantoms of 2% (w/v) agar dissolved in nano-
pure (distilled and deionized) water, 0.01% (w/v) NaCl
and various molar concentrations of gadopentetate
dimeglumine (Gd-DTPA) were created in 50-mL centri-
fuge tubes. First, the agar powder was dissolved in 50
mL of nanopure water at 55-60°C and heated until
85°C for 5 min on a combined hotplate/magnetic stirrer
until the solution became clear (19-21). Following the
addition of NaCl, Gd-DTPA (Magnevist®) was then
added at concentrations ranging from O to 2.0 mM (v/v)
per tube to alter T, relaxivity and stirred for one mi-
nute. The magnetic stir bar’s usage was suspended
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Figure 1. The construction of the brain ventricle phantom. a,b: The fabricated ventricle. ¢: Demonstrates the creation of a
base for proper mid-brain positioning of the ventricle and Panel d is a close-up showing surface features.

for a period of 2 min to allow bubbles to rise to the
surface and the solution was decanted into the centri-
fuge tube and allowed to cool to room temperature.
Images of the tubes were acquired at 3T in a single
session using the ADNI-specific 3D magnetization pre-
pared rapid gradient-echo (MP-RAGE) sequence
(2300/2.98 [TR/TE]; matrix, 256 x 240; flip angle, 9;
field of view, 256 mm; slice thickness, 1.20 mm) on a
Siemens Magnetom Tim Trio whole-body 3T MRI
scanner with a 32 channel radiofrequency head coil
(Siemens Healthcare, Erlangen, Germany). Signal
intensities from each tube were measured and plotted
against Gd-DTPA concentration.

Brain Ventricle Phantom

A life-size brain-shaped plastic mold (22,23) (SKS Sib-
ley Co., El Segundo, CA) with the dimensions of 19 x
16 x 10 cm was used to contain the components of
the brain phantom. The mold was first filled with 300
mL of tissue mimicking solution and allowed to cool
to room temperature, to create a solid “base” for the
fabricated ventricle to rest on so that the ventricle
would be positioned within the brain mold at the
proper mid-brain height (Fig. 1c). After, the ventricle
was arranged in the middle of the brain on the base,
1400 mL of agar solution was poured in to fill the
mold to the top. The completed brain ventricle phan-
tom was allowed to rest undisturbed as it cooled so
that all bubbles within the agar rose to the surface
where they were skimmed off. The phantom was
allowed to cool to room temperature overnight and

then stored in a 4°C refrigerator. The phantom was
then taken out of the refrigerator and allowed to
warm to room temperature before imaging.

Validation of Ventricle Segmentation Software

The completed brain ventricle phantom was scanned
on the same MRI scanner described above using the
same ADNI-specific 3D MP-RAGE sequence used to
scan the centrifuge phantom tubes. Images were
acquired with an in-plane resolution of 1.0 mm?, with
slice thicknesses of 1.0, 1.5, 2.0, 3.0, 4.0, and 5.0
mm to determine the effect of slice thickness on quan-
tification accuracy and precision. Images were ana-
lyzed using a fully automated segmentation tool in 3D
Slicer developed in-house specifically for volumetric
assessment of the lateral ventricles (8). The tool was
developed using the Insight Segmentation and Regis-
tration Toolkit and the results were visualized in 3D
Slicer. The program used selected seed points to initi-
alize a confidence connected segmentation to generate
a rough segmentation. A confidence connected seg-
mentation chooses pixels whose intensities are within
a multiple of standard deviations around a mean pixel
intensity determined from seeds. The rough segmen-
tation was enclosed in a bounding box and a fuzzy
connectedness algorithm (24) was used to more accu-
rately segment the ventricles within the bounding
box. Fuzzy connectedness connects pixels based on
an affinity function which incorporates intensities,
gradients and distances between pixels. Affinities
range between O and 1 and pixels are chosen based
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Figure 2. Gd-DTPA concentration plotted against signal in-
tensity. The square point indicates the optimal concentration
of Gd-DTPA, which was calculated to be 0.0375 mM.

on a threshold affinity. A second segmentation tool,
using 3D Slicer’s Editor Module, was also used to
quantify the images (25). Grow Cut Segmentation was
used to generate the initial label map. Then minimum
and maximum pixel intensities were selected to per-
form Threshold Segmentation. 3D Slicer's “Save
Island” feature was used to isolate the ventricle label
map from the rest of the image and then the Label
Statistics Module was used to count the number of
pixels and calculate the volume of the ventricle label
map.

RESULTS

The optimal concentration of Gd-DTPA to replicate the
in vivo signal intensity difference between the lateral
ventricles and surrounding tissue was determined to
be 37.5 pM from the 50-mL centrifuge phantoms (Fig.
2). Representative T,;-weighted images of the com-
pleted brain ventricle phantom are shown in Figure
3a,b. The signal intensity difference between the ven-
tricle and surrounding agar solution successfully
matched in vivo signal intensity differences between
the ventricle and surrounding brain tissue in 3T
images from the ADNI database. The in vivo signal in-
tensity difference was 261.5 *= 54.5 arbitrary units,
whereas the signal intensity difference of the com-

Coronal View

Axial View
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pleted brain ventricle phantom was 262.9 * 11.2 ar-
bitrary units, which is a divergence of only 1.4 arbi-
trary units or 1%.

Figure 4 shows the quantified ventricle volume as a
function of slice thickness using both our in-house
segmentation program and 3D Slicer’s Grow Cut algo-
rithm. There was an overall trend that as voxel size
increased, the accuracy of the ventricular volume cal-
culation decreased. As well, as expected, due to par-
tial volume effects, larger slice thicknesses resulted in
an overestimation of the ventricle volume. At a resolu-
tion of 1.0 mm?® isotropic, our in-house segmentation
program reported a volume of 47.2 cm®, whereas 3D
Slicer's Grow Cut segmentation produced a volume of
47.13 cm®, which is less than 1% smaller than the
specific gravity derived volume of 47.67 cm® and less
than 0.5% smaller than the volume derived with the
overflow can measurements which was 47.16 cm®.
This result illustrates that our in-house software does
a reasonable job of estimating ventricle volume under
the conditions studied but further refinement may
help improve the accuracy. For example, the use of
the ventricle phantom allowed us to identify specific
ventricular sub-regions where the volumetry algo-
rithm initially failed. In particular, it has always been
a challenge to delineate the temporal horn region. The
phantom provided an opportunity to test and modify
our fuzzy connectedness algorithm to optimize voxel
classification in this area. This valuable information
could not be reliably obtained by any other means.
Figure 3c.d shows a 3D reconstruction of the ventricle
segmentation performed at a slice thickness of 1.0
and 1.5 mm, respectively. From these images, specific
points can be identified where the segmentation
method failed, such as the thin connecting arms of
the temporal horn.

DISCUSSION

A life-sized physical MRI-compatible brain ventricle
phantom was successfully created using polycarbon-
ate embedded in a tissue mimicking agar solution.
This novel phantom was designed to emulate the
appearance of the lateral brain ventricles in T;-
weighted MRI scans acquired at 3T using the ADNI
MP-RAGE protocol. The cost of materials to fabricate
the phantom was relatively inexpensive at approxi-
mately $400 CAD and in addition to refrigeration,

1.0 mm Thickness 1.5 mm Thickness

Figure 3. a,b: Axial and coronal slices, respectively of the MRI scan of the phantom at 3T. ¢,d: 3D reconstructions of the
segmentation of the brain ventricle phantom at 1.0- and 1.5-mm slice thickness, respectively. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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Figure 4. Segmented volumes plotted as a function of slice
thickness. The circle data points were obtained using in-
house segmentation software, while the upside down trian-
gles were obtained with 3D Slicer's Grow Cut algorithm. The
long dashed line represents the ventricle volume calculated
using specific gravity and the short dashed line represents
the volume calculated using Archimedes’ principle.

preserving agents could be added to the agar solution
to prolong the shelf life of the phantom. The overall
creation was a simple process, and can be easily repli-
cated by other groups to validate volumetry results
using their segmentation methods. Images acquired
for this study are freely available online, at http://
www.robarts.ca/robert-bartha to any research groups
wishing to use this data for software validation. Such
images could provide a common, well-defined mecha-
nism to compare the accuracy of different segmenta-
tion algorithms (26,27). As imaging markers such as
ventricle expansion become established as indicators
of disease progression and incorporated into clinical
trials as surrogate endpoints, careful validation of
segmentation methods must be performed to ensure
the integrity of the study.

The methodology used to produce this phantom can
also be applied to the simulation of any body tissue or
structure that would appear dark in a T;-weighted or
Ty-weighted MRI scan. However, there are limitations
to the use and generalizability of the current phan-
tom. The ventricle model created in the current study
represents an idealized ventricle shape. In vivo images
of the ventricles may be complicated by additional fac-
tors not considered in the current work that could
lead to additional sources of variability when making
measurements of ventricle volume including the pres-
ence of blood vessels within the ventricle, the choroid
plexus, intraventricular cysts, CSF flow artifacts, peri-
ventricular signal variation bordering the ventricles,
and the presence of the interventricular foramen and
the third ventricle. It is also not possible to segment
the phantom with some segmentation software tools
such as Freesurfer because the Freesurfer pipeline
uses a large amount of neuroanatomical information
and our phantom does not include all parts of the
brain. These limitations of the phantom’s design could
be remedied in future incarnations. Subsequent
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phantoms will be more complex and will include addi-
tional modeling of the anterior and posterior commis-
sure white matter tracts, the corpus callosum and the
third and fourth ventricles.

In conclusion, the phantom produced in the current
study effectively simulated the appearance and shape
of the lateral ventricles of the brain and successfully
mimicked the signal intensity properties of both ven-
tricle and surrounding tissue in T;-weighted MRI
scans. Such phantoms should be used as gold stand-
ards in the validation of ventricle segmentation soft-
ware algorithms.
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