Online database of clinical MR and ultrasound images of brain tumors
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Purpose: One of the important challenges in the field of medical imaging is finding real clinical
images with which to validate new image processing algorithms. This is particularly true for
tracked 3D ultrasound images of the brain.

Methods: In 2010, pre- and postoperative magnetic resonance and intraoperative ultrasound images
were acquired from brain tumor patients involved in the authors’ imaging study at the Montreal
Neurological Institute.

Results: These data are available online at the Montreal Neurological Institute’s Brain Images of
Tumors for Evaluation database, termed here the MNI BITE database. It contains ultrasound and
magnetic resonance images from 14 patients. Each patient underwent a preoperative and a postop-
erative T1-weighted magnetic resonance scan with gadolinium enhancement, and multiple intrao-
perative B-mode images were acquired before and after resection. Corresponding features were
manually selected in some image pairs for validation. All images are in MINC format, the file for-
mat used at the authors’ institute for image processing. The MINC tools are available for free
download at packages.bic.mni.mcgill.ca.

Conclusions: This is the first online database of its kind. These images can be used by image proc-
essing scientists as well as clinicians wishing to compare findings from magnetic resonance and

ultrasound imaging. © 2012 American Association of Physicists in Medicine.

[http://dx.doi.org/10.1118/1.4709600]
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I. INTRODUCTION

One of the biggest challenges faced by computer scientists
and engineers in the field of medical imaging is finding real
clinical images with which to validate new image processing
algorithms. For example, technical laboratories are rarely
located within hospitals, which can make it difficult to obtain
access to clinical data. Moreover, it is often impossible to
find neurosurgeons and/or neuroradiologists who are willing
to take the time to provide their expertise in terms of gold
standard data for the validation of technical algorithms.

In 2010, patients undergoing brain tumor surgery with two
neurosurgeons (R.D.M. and K.P.) at the Montreal Neurologi-
cal Institute (MNI) and Hospital consented to the online
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publication of their anonymized MR and ultrasound images
for the benefit of the scientific community (MNI’s ethics ap-
proval: NEU-09-010). Each of the 14 patients enrolled in our
study underwent pre- and postoperative T1-weighted (T1w)
magnetic resonance (MR) scans with gadolinium enhance-
ment. Each patient also had multiple intraoperative B-mode
ultrasound images acquired pre- and postresection. The intra-
operative ultrasound images were tracked, which facilitates
the comparison of various brain structures and lesion(s) with
the MR images. Homologous landmarks were manually
selected in some image pairs for validation. These data are
available online at the Montreal Neurological Institute’s
Brain Images of Tumors for Evaluation database, termed here
the MNI BITE database.*’

© 2012 Am. Assoc. Phys. Med. 3253
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Our database was inspired by other online databases for
medical imaging studies, some of which focus on simulated
or phantom images. Two examples of numerically simulated
databases include TumorSim, which provides simulated MR
images of brain tumors' for the validation of segmentation
methods, and BrainWeb, which contains simulated MR
images of the brain for both normal anatomy and data from
patients with multiple sclerosis (MS).>* Chen ef al.* created
a database of computed tomography, MR, and ultrasound
images of a physically realistic tissue mimicking brain phan-
tom, designed for the validation of new image processing
methods such as segmentation, reconstruction, registration,
and denoising.

Other available databases provide real in vivo images of
normal controls or patients with certain pathologies, and
some of these databases include manual segmentation of cer-
tain neuroanatomical structures. Examples include the Inter-
net Brain Segmentation Repository (IBSR),” which contains
manually segmented MR images of the brain for the valida-
tion of new segmentation methods, and the LONI Probabilis-
tic Brain Atlas (LPBA40), created from 40 MR images of
normal brains on which 56 structures were manually identi-
fied.® The BrainMap database’ contains published functional
neuroimaging [functional MR imaging and positron emis-
sion tomography (PET)] experiments in Talairach space.
The National Institutes of Health-funded study of normal
brain development (NIHPD) provides over 500 MR images
of normal children for the study of normal brain develop-
ment.® The whole brain atlas’ features images of normal
brains and those with various pathologies as an introduction
to neuroanatomy. The Alzheimer’s Disease Neuroimaging
Initiative (ADNI) database'® provides MR and PET images
of the brain with the goal of promoting a better understand-
ing of the progression of Alzheimer’s disease. The Open
Access Series of Imaging Studies (OASIS) contains a large
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number of MR images of the brains of normal and demented
adults.' "'

The availability of medical image databases online enables
the development, evaluation, and comparison of different
algorithms. Because they provide a common set of data, online
databases also allow direct comparison of different image
processing methods. The value of these databases cannot be
underestimated: Without common data, direct comparison of
image processing methods is impossible. For example, the
BrainWeb database has been cited over 600 times and has
been used to validate tissue classification algorithms, cortical
surface extraction, deep brain structure segmentation, and MS
lesion algorithms. The BrainMap database now counts over
2100 associated publications.

The online database presented here is the first of its kind:
the first to include intraoperative ultrasound of the brain and
the first to include pre- and postresection MR images of neu-
rosurgical patients. These images can be used by both image
processing scientists and clinicians wishing to compare MR
and ultrasound findings. Our goal is that our database will
trigger multiple studies, which we hope will eventually lead
to more complete brain tumor resections to, ultimately, pro-
long patient survival.

II. MATERIALS AND METHODS
IlLA. Clinical data

Table I summarizes the brain tumor cases included in this
project. Five women and nine men consented to participate,
with a mean age of 52 years. As the most common type of
primary brain tumor, gliomas were the only type of tumor
included in our study. For nonclinical readers, the malig-
nancy of a glioma is expressed using a grading system from
Ito IV. A grade I glioma is a benign tumor, more common
in children than adults (none included here). Low-grade

TasLE I. Overview of brain tumor cases included in this study. From left to right, columns indicate: patient number, sex and age of each patient, hemisphere
and lobe in which the tumor was located, general tumor type: either low-grade glioma (LGG) or high-grade glioma (HGG), specific tumor type: astrocytoma
(astro), oligodendroglioma (oligo), or glioblastoma (GBM) and grade (gr), estimated tumor volume, patient’s first, or reoperation (redo).

Patient No. Sex Age Tumor location Tumor type Grade Tumor vol (cm®) First or redo
1 F 42 Right frontal HGG GBM 2.3 First
2 M 31 Right frontal LGG Astro gr. IT* 79.2 First
3 M 70 Left parietotemporal HGG GBM 53.7 First
4 M 72 Right parietal HGG GBM 31.6 First
5 M 39 Left frontal HGG Oligo gr. III + cyst 0.2° Redo
[§ M 40 Left frontal HGG GBM 323 Redo
7 M 62 Left temporal HGG GBM 13.9 Redo
8 M 23 Left frontal LGG Oligo gr. I 66.0 Redo
9 F 42 Left frontal HGG GBM 4.8 First
10 F 49 Left frontal HGG Oligo gr. I1I 10.4 Redo
11 F 40 Right frontal LGG Astro gr. 11 39.7 First
12 F 72 Left frontal HGG GBM® 49.1 First
13 M 76 Right parietal HGG GBM 319 Redo
14 M 70 Right temporal LGG Astro gr. II 37.7 First
Mean 52 30

“This patient had a second tumor in the other hemisphere. The right frontal tumor was the goal of the surgery.
"The tumor volume for this case did not include the cyst.
“Multifocal GBM. The left frontal part was the goal of the surgery.
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gliomas are malignant tumors of grade II; high-grade glio-
mas are ranked grade III or IV. Our study included four low-
grade and ten high-grade gliomas. Table I further divides
gliomas into subtypes: astrocytomas (astro), oligodendro-
gliomas (oligo), and glioblastomas (GBM). Glioblastomas
are the most common and aggressive type of gliomas (grade
IV). The tumors included in this study were all supratento-
rial, with the majority in the frontal lobe (9/14). The mean
tumor volume computed from a manual slice-by-slice seg-
mentation on the preoperative MR images was 30 cm®. Eight
patients were undergoing their first operation, and six, a
reoperation, which means that some had resection corridors
and/or resection cavities from previous surgeries.

I.B. MR images

The preoperative MR images were global T1w gadolinium-
enhanced MR images. Except for that of patient #8, all preop-
erative images were acquired on a 1.5 T GE Signa EXCITE
(General Electric, Milwaukee, WI) with 1 mm slice thickness
and 0.5 x 0.5 mm? in-plane pixel size [three-dimensional (3D)
axial SPGR sequence, TE=8 ms, TR =23 ms, flip angle
=20°]. Patient #8 had his preoperative MR scan on a 3 T Tim-
Trio (Siemens Medical Solutions, Erlangen, Germany) with 1
mm slice thickness and 1 x 1 mm? in-plane pixel size (sagittal
3D MPRAGE acquisition, TE=3.43 ms, TR=2.3 s, flip
angle =9°). The preoperative MR images were acquired on
average 17 days before surgery (range = 1-72 days). Table II
gives some information about the MR images available for
each case. The postoperative MR images were also Tlw
gadolinium-enhanced MR images with 0.5 x 0.5 mm? in-plane
pixel size (3D axial SE sequence, TE =8 ms, TR =23 ms, flip
angle = 20°), but varying slice thicknesses (see last column of
Table II). The images were acquired less than 48 h after sur-
gery (mean = 1.3 days). Patient #13 underwent a postoperative
computed tomography scan and no postoperative MR scan.

TaBLE II. Information about the MR images included in this study. First col-
umn is the patient number. Second column is the number of days between
the preoperative MR scan (MRI) and the surgery. Third column is the num-
ber of days between the surgery and the postoperative MR scan. Fourth col-
umn is the slice thickness of the postoperative MR image.

Days, Days, Slice thickness
Patient No. MRI-OR OR-MRI postoperative MRI (mm)
1 6 1 2.0
2 1 2 2.0
3 18 2 2.0
4 10 1 2.0
5 72 1 5.5
6 9 2 2.0
7 1 1 2.0
8 36 1 2.0
9 17 1 5.5
10 5 2 2.0
11 5 2 1.0
12 6 0 1.0
13 3 - -
14 47 1.0
Mean 17 1.3
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All MR images were converted to the MINC format,"
the format used at our institute for image processing. MINC
tools can be found at packages.bic.mni.mcgill.ca. The only
preprocessing applied to the MR images was anonymization
of their headers. The images were not corrected for intensity
nonuniformities nor normalized in any way. Many prepro-
cessing methods exist, and we did not want to assume what
would be best for all users.

II.C. Ultrasound image acquisition and processing

We used our prototype neuronavigation system, IBIS
NeuroNav, to acquire the intraoperative ultrasound images.
The precision and accuracy of many of IBIS’s components
were estimated in Mercier e al.'"* The IBIS NeuroNav sys-
tem consists of a computer connected to an ultrasound
machine and a tracking device. The computer used to ac-
quire the ultrasound images was a dual-core Intel Xeon 3
GHz processor running Debian GNU-Linux 3.1. The ultra-
sound machine was an HDI 5000 (ATL/Philips, Bothell,
WA), and the ultrasound probe was a P7-4 MHz phased
array transducer. The ultrasound probe was tracked with re-
flective spheres rigidly fixed to a TAOO3 tracker (Traxtal
Technologies Inc., Toronto, Ontario, Canada) by a Polaris
infrared optical system (Northern Digital, Waterloo, Ontario,
Canada) (see Fig. 1). To calibrate the ultrasound probe, a
calibration phantom with four Z-fiducials was used,'® ena-
bling the accurate estimation of the x,y,z location in the cam-
era space of each i,j pixel in the ultrasound images. As the
probe cannot be sterilized, it was draped in a plastic sleeve,
and the sterile spheres were clipped over the sleeve (see Fig.
1). Sterile gel was applied inside the sleeve at the end of the
probe to facilitate acoustic coupling.

Ultrasound depth settings were 6.5 or 8 cm. The gain was
adjusted independently for each case in order to obtain the
best tumor contrast, which was generally achieved by raising
the gain until the surrounding brain appeared in gray tones
instead of blackish.

FiG. 1. Left: ultrasound probe with tracker. Right: probe draped for surgery
and image acquisition on the dura.
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The surgeon acquired the freehand ultrasound images in
sweeps of typically 200 to 600 two-dimensional (2D)
images, where a sweep is a series of 2D images acquired by
slowly (rate of ~2-3 mm/s) moving the probe along one
plane (i.e., no zigzag) with a continuous forward motion.
This technique was used to minimize artifacts due to calibra-
tion errors. When a sweep was acquired too quickly, it con-
tained bands of missing data. The surgeons (R.D.M. and
K.P.) were trained by the engineer (L.M.) to achieve the
optimal probe velocity and trajectory for 3D reconstruction.
Whenever possible, for example, if the opening was large
enough, the surgeon acquired additional sweeps using a
slightly different path or angle, with the goal of covering as
much anatomy as possible. In the database, the sweeps were
not combined; each sweep was stored in a separate volume.
The ultrasound images were transferred to the computer
through a Pinnacle PCTV frame-grabbing card (Pinnacle
Systems, Inc., Mountain View, CA). The sweeps of 2D
images were then reconstructed in a 3D volume using a
pixel-based method'® that maps each pixel from each 2D
image onto a regular 3D grid using trilinear interpolation. If
no pixel covers a given voxel, it is set to zero. The resulting
gaps must be masked out during the registration process.

Ultrasound images were acquired at two different time
points, before and after the surgical resection of the tumor,
with at least two sweeps at each time point. Ideally, prere-
section ultrasound images were acquired on the dura in a
mostly translational motion, with a slight rotation at each ex-
tremity if the tumor was not entirely covered by the strict
translational motion. Again, the translational motion of the
probe minimizes probe calibration error. Imaging on the
dura was possible when the patient was being operated on
for the first time or the dura was used to close the cavity
from a previous surgery. Otherwise, the surgeon imaged ei-
ther directly on the cortex (or tumor) or on a dural repair
patch (Dura-Guard, Synovis Surgical Innovations, MN)
applied on the cortex. The surgeon irrigated the surface with
saline to maintain acoustic coupling. For the postresection
images, the cavity was filled with saline for coupling after
first being rinsed to remove as much blood as possible.
Images were acquired directly inside the resection cavity
whenever possible. However, in some cases, the surgical
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cavity was in the shape of a “C” rather than a “U,” making it
impossible to fill with saline. The other option was to close
the cavity with Dura-Guard, which then retained the saline
inside the cavity for imaging. As a result, some patients have
images acquired inside the cavity only; other patients have
images acquired on the dura only, and some have images
acquired in both locations.

For each ultrasound sweep, the database includes both the
original tracked 2D ultrasound images and the reconstructed
3D ultrasound volume. This gives the possibility to reconstruct
new 3D volumes using different parameters. The pixel size of
the 2D ultrasound is 0.2 x 0.2 mm?, and the voxel size in the
3D reconstructed ultrasound is 0.3 x 0.3 x 0.3 mm®. The ultra-
sound images are in MINC format. The MINC format contains
the tracking information in its header.

I1.D. Brain tumor characteristics on MR and
ultrasound images

Technical medical imaging scientists might not be famil-
iar with the appearance of brain tumors on MR and ultra-
sound images. We believe that a basic understanding of
tumor imaging characteristics may help in the development
of image processing algorithms, and we aim to provide that
here.

Figure 2 shows examples of MR images of different gli-
oma types. Grade II gliomas (Fig. 2, left) do not usually
show any gadolinium enhancement. Their intensity often
resembles that of gray matter, which is darker than the sur-
rounding white matter. Their contour cannot always be
clearly delimited.'” The grade III glioma (Fig. 2, center) has
a large resection cavity from a previous operation. Grade III
gliomas can be fully enhancing (i.e., bright due to gadolin-
ium enhancement) or show only some areas of enhancement.
Grade IV gliomas (Fig. 2, right) commonly have both areas
of enhancement and areas of necrosis (dead cells). Necrosis
indicates fast growing tumors. The grade IV tumor shown in
the rightmost panel of Fig. 2 also has surrounding edema.

Figure 3 shows examples of ultrasound images of different
glioma types. In ultrasound images, tumors generally appear
hyperechoic (brighter than the surrounding brain)."”~"* How-
ever, the intensity of the signal does not appear to be

Fic. 2. Tlw MR images of gliomas. Left: grade II glioma (patient #2). Center: grade III glioma with cyst (patient #5). Right: grade IV glioma (patient #3).
The colored numbers correspond to the following: (1) tumor, (2) resection cavity from previous operation, (3) necrosis, and (4) edema.
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FiG. 3. Ultrasound images of gliomas. Left: grade II glioma (patient #11). Right: grade IV glioma (patient #4). The colored numbers correspond to the follow-

ing: (1) tumor, (2) cystic component, (3) bone, and (4) choroid plexus.

correlated with tumor malignancy,?® which is what we found
in our study: the high- and low-grade tumors could not be dif-
ferentiated based on their echogenicity. In ultrasound images,
cerebrospinal fluid, cysts, and the liquid components of ne-
crosis appear hypoechoic (darker than the surrounding brain).
Blood appears more hyperechoic than other liquids because
of the presence of ultrasound scatterers. In the literature,
edema is described as either having an intensity in between
that of the tumor and normal brain or not discernible from
normal brain."”

Registration experts might benefit from the knowledge
that the tumor characteristics in ultrasound and MR images
are not always an exact match. For example, necrosis always
has a dark signal intensity on T1-weighted MR images. On
ultrasound, it will depend on whether the necrosis is more
liquid (hypoechoic) or solid (hyperechoic). Similarly, tumor
volumes/contours do not always match perfectly,'® possibly
because MR and ultrasound images are based on different
physical properties, and, consequently, the borders of edema
and infiltrative tumors like gliomas could be slightly differ-
ent in the two modalities. In addition, as seen in Table II,
MR and ultrasound images were acquired on average 17
days apart, which may be a large enough time gap for tumor
progression or the resolution of inflammation (from steroid
therapy).

Il.E. Tags for validation

For certain pairs of images, homologous landmark points
were chosen using the MINC tool register by one or multiple

experts. The mean Euclidean distance between the corre-
sponding points enables a quantitative estimation of the mis-
alignment between the two images and can be used to
validate registration techniques.

lll. RESULTS

The MNI BITE database can be found in Ref. 40. The
data are free and not password protected. The website also
includes a few examples of how to view and manipulate the
data with the MINC tools. Some of the images provided
have already been used for earlier publications (see Sec. IV).
For that reason, the data are divided into the following
groups, each with its own characteristics and features.

lllLA. Group 1: pre- and postresection ultrasound
images

This group contains 2D and 3D ultrasound images
acquired before and after tumor resection. Table III summa-
rizes the ultrasound data. For each patient, more than one
sweep was acquired pre- and postresection, and these sweeps
are represented with lowercase letters in the second and third
rows of Table III. For example, patient #7 had five preresec-
tion sweeps represented by the letters a—e and six postresec-
tion sweeps represented by the letters u—z. During the first
patient’s surgery, the reference was accidentally moved, and
the postresection ultrasound images were not accurately
tracked and thus not included here. For each patient, one of
the pre- and one of the postresection sweeps are underlined,
representing those for which we have ten homologous

TaBLE III. Summary of ultrasound data. First row is the patient number. Second row is the preresection ultrasound sweeps (lowercase letters starting with a).
Third row is the postresection ultrasound sweeps (lowercase letters starting with u). For each patient, the underlined letters form a pair for which validation
points were chosen. Fourth row is the mean distance between the pair (mm). Fifth row indicates whether the surgical cavity had Surgicel and/or Tisseel when

imaging.

Patient No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Preresection sweeps abcd abec abe abc abc abecd abcde abc abc abc abcd abcd ab ab
Postresection sweeps — uv  uUVWXy uUVW UV UVWX UVWXYZ UVW u uvw' uUvywWX uvw uvw v
Pre-post initial distance — 2.3 34 4.6 4.1 2.3 34 2.5 22 39 2.7 10.5 1.6 22
Surgicel and/or Tisseel Yes Yes Yes Yes No No No No Yes No Yes No Yes

“Note that, for patient #10, two sweeps were done after the resection (u,v), and then the surgeon continued the resection and acquired one last sweep (w).
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FiG. 4. Ultrasound image showing artifact caused by the presence of Surgi-
cel in the resection cavity in patient #12. The hypoechoic region in the upper
part of the image is the resection cavity and the hyperechoic artifact in the
bottom of the cavity is Surgicel (red arrow).

landmarks chosen by a neuroradiologist (D.A.). The fourth
row of Table III shows the mean distance between the ho-
mologous points of the underlined sweeps located in the
same column.

In addition, to evaluate the reproducibility of the point
picking procedure, we kept the same points on the preresec-
tion ultrasound but chose again the corresponding points on
the same postresection ultrasound sweep for patients #7 and
#10. Therefore, two set of tags are found in the database for
these two patients. Note that, for patient #10, two sweeps
were done after the resection (u,v), and then the surgeon con-
tinued the resection and acquired one last sweep (w).

The last row of Table III indicates the presence of Surgi-
cel (Ethicon, Inc., a Johnson & Johnson company; Somer-
ville, NJ) or Tisseel (Baxter, Deerfield, IL). Surgicel is a
surgical hemostat composed of oxidized cellulose and Tis-
seel is a fibrin adhesive. Both can be used in the surgical cav-
ity and often create major artifacts in the postresection
ultrasound (see Fig. 4). In our study, for 7 out of 13 patients
(#2, #3, #4, #5, #10, #12, and #14), the postresection
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ultrasounds were done with one or the other in the resection
cavity, creating a hyperechoic artifact.

Figure 5 shows two sweeps acquired before the resection
for patient #6, as they were initially positioned by the track-
ing device. As the figure illustrates, the two sweeps do not
cover exactly the same anatomy and, therefore, overlap at
different degrees.

Figure 6 shows pre- and postresection ultrasound images
for patient #6, as they were initially positioned by the tracking
device. In the combined image (right), a slight misalignment
can be seen around the falx/septum/lateral ventricle area
(green arrow). This misalignment is in part due to calibration
errors but mostly because the brain shifts after a large tumor
resection.

lll.B. Group 2: preoperative MR and preresection
ultrasound images

This group contains 14 pairs of preoperative MR and pre-
resection ultrasound images (2D and 3D). For each pair, ho-
mologous landmarks were chosen by two experts (D.L.C.
and L.M.). In the context of a previous paper,”' data for
patients up to #6 were tagged by a third expert (C.H.). In this
group, both the MR and ultrasound images were transformed
into the MNI Talairach-like brain-based coordinate space
(orientation and position only, no scaling),”” as the manual
taggers found it easier to visualize the MR image in that
frame of reference. The database contains the necessary
transformations to map: (1) the MR images back into the
native scanner space as in group 3 and (2) the ultrasound
images back into native space as in group 1. Table IV shows
the number of tags chosen for each case and the initial dis-
tance between the MR and ultrasound images according to
these tags. The initial distance was computed by taking into
account all available tags (see second column) for each case.

For each preoperative MR image in this category, a manual
segmentation of the tumors is also provided in the database.
We thought it would be useful to visually locate the tumor for
nonexperts as well as for some registration algorithms.

Figure 7 shows two pairs of MR and ultrasound images.
Note how similar the tumor features and components look in
the two modalities for patient #4, but how different the tu-
mor looks in patient #3.

FiG. 5. Reslices of two preresection ultrasounds sweeps for patient #6. Left: sweep #6a. Center: sweep #6b. Right: sweep #6a overlaid on sweep #6b.
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Preresection ultrasound
sweep #6a

Postresection ultrasound
sweep #6u
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Superimposed pre- and
postresection ultrasound

FiG. 6. Reslices of two ultrasound volumes acquired for patient #6. Left: preresection ultrasound of a tumor with a large cyst (yellow star). Center: postresec-
tion ultrasound. The resection cavity (blue star) is very large and includes the lateral ventricle. Right: superimposed pre- and postresection ultrasound. A small

visible shift can be seen between the two (green arrow).

lll.C. Group 3: pre- and postresection MR images

This group includes MR images taken at two different time
points: before and after surgery. The MR images are provided
in their original scanner frame of reference. Except for ano-
nymization, these images were not subject to any other prepro-
cessing. The database provides patient—-MR image registration
for each preoperative MR image to allow the reader to trans-
form the preoperative MR image into the same frame of refer-
ence as the ultrasound data used in group 1. The data for this
group were described in Table II. Figure 8 shows example
images for patient #11. In the figure, both MR images are T1w
gadolinium-enhanced images. However, as shown in Table II,
the preoperative and postoperative data often have different
resolutions. The images in this group have not been previously
used in a publication and, therefore, do not have any tags
available for registration validation. Selecting homologous
landmarks on MR images with different slice thicknesses can
be difficult. We suggest using visual ratings for the validation
of registration methods using the images in this group.

TaBLE IV. Summary of validation tags for the data in group 2. First column
is the patient number. Second column is the number of tags available for
each case. Third column is the mean distance (mm) between the MR and
ultrasound images and range computed from these tags.

Patient No. No. of tags Mean initial distance (range)
1 37 4.9 (1.0-9.1)
2 35 6.5 (1.9-9.0)
3 40 9.4 (6.3-12.8)
4 32 3.9 (1.0-6.1)
5 31 2.6 (0.5-6.9)
6 37 2.3(0.24.4)
7 19 3.0 (0.3-6.3)
8 23 3.6 (0.03-8.4)
9 21 5.1 (2.5-7.6)
10 25 3.0 (5.3-0.8)
11 25 1.5 (0.6-3.5)
12 21 3.7 (0.9-7.0)
13 23 5.1(1.5-10.4)
14 23 3.8 (1.2-5.7)
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IV. DISCUSSION

This database, containing both MR and ultrasound images
of patients with brain tumors, is unique, and we believe it
can become the basis of a large quantity of research. Here
are a few ideas of potential research uses for the data.

IV.A. Group 1: pre- and postresection ultrasound
images

The 3D ultrasound images in this group have previously
been used for nonlinear registration of pre- and postresection
ultrasound images in Mercier er al.>> The images and tags
can be reused for other registration approaches. For example,
our previous procedure'® could be extended further by first
combining all sweeps at each time point before registration.
Another possibility would be to combine all sweeps acquired
at the same time point by spatial compounding to provide
ultrasound images with a larger field of view.**° These
larger-field-of-view ultrasounds could also be used for regis-
tration, although the tags might not be valid in this case and
might need to be redone.

IV.B. Group 2: preoperative MR and preresection
ultrasound images

We have already published a paper on linear registration
of MR and 3D ultrasound images using the data in this group
and earlier cases for which we do not have patient consent
for online distribution.”’>* With the validation points pro-
vided, the images in this group can be reused in other papers
on MR-ultrasound image registration,>**! such as nonlinear
approaches. Another possibility would be to register MR
images with the 2D ultrasound slices instead of the 3D
reconstructed ultrasound volumes. However, the tags pro-
vided (in 3D) could not be used to validate such an
approach.

IV.C. Group 3: pre- and postresection MR images

The images in this group have never been used for publi-
cation but would be suitable for papers focusing on MR—MR
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Patient #3

Patient #4

3260

Preoperative MRI

Preresection ultrasound

FiG. 7. Left: reslice of preoperative MR images. Right: corresponding reslice of the preresection ultrasounds for patient #3 (upper row) and patient #4 (lower

TOW).

registration of images taken at different time points, similar
to work previously published.**” This topic has gained
popularity since the advent of commercial intraoperative
MR imaging systems, and brain tumor resection is a particu-
larly challenging problem, as it involves tissue resection and
nonlinear brain shift.

IV.D. Other possibilities

Other possible studies include 3D ultrasound reconstruc-
tion from 2D images'®***° or registration of postresection
ultrasound images with postoperative MR images, which, to
our knowledge, has never been done.

Fic. 8. MR images for patient #1 1. Left: preoperative MRI. Right: postoperative MRI.

Medical Physics, Vol. 39, No. 6, June 2012
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V. CONCLUSIONS

We present a unique database containing pre- and postop-
erative MR images as well as intraoperative ultrasound
images of 14 brain tumor patients. This free database will pro-
vide technical scientists with easily accessible clinical images
and validation points. Such a common set of data can be used
to evaluate different methods and, as such, enables direct
comparison of different image processing algorithms. This
database will, we hope, trigger multiple studies that will even-
tually benefit brain tumor patients by allowing their surgeons
to better visualize the brain before, during, and after surgery.
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