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Background. MRI group analysis is a powerful tool for elucidating pathological conditions in the brain that are challenging to reveal
from single subject analysis. This research aimed to elucidate special distribution characteristics of primary central nervous system
lymphoma (PCNSL) within the brain with respect to molecular marker expression patterns.

Methods. MR images from 100 treatment-naive PCNSL patients were collected and registered onto averaged standard anatomical MRI
(MNI152). Gadolinium-enhanced lesions were extracted, and a lesion frequency map was created. Lymphoma subtypes were classi-
fled as germinal center B (GCB) or non-GCB by immunohistochemistry in 90 patients.

Results. A PCNSL frequency map showed that these tumors tended to occur around the lateral, third and fourth ventricles. Moreover,
GCB (27 cases) and non-GCB (63 cases) PCNSL frequency maps showed GCB lymphomas located at the upper tegmentum and cere-
bellum around the fourth ventricle, while non-GCB lymphomas tended to occupy the anterior fornix. These differences were significant
and confirmed by the existence of voxels with P values <.05 (random permutation analysis with voxel-wise Fisher’ exact test). This is
the very first report to address phenotypical and spatial distributional differences between GCB and non-GCB PCNSL using an MR group
analytical method.
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Primary central nervous system lymphoma (PCNSL) is confined
within the brain, with occasional involvement of the ocular struc-
tures.’? Previous reports have suggested that this neoplasm
tends to arise in deep-seated locations such as the basal ganglia
and white matter surrounding the ventricles.! These investiga-
tions, however, have mainly been performed using individual ana-
tomical identification of the lesions. Individual differences in size
and shape of the brain hamper cross-patient analysis of lesion lo-
cation. With the advent of image registration and 3-dimensional
structural deformation algorithms, it is now possible to manipu-
late and register individual brain images onto an averaged stand-
ard brain image,* allowing objective and statistically verifiable
cross-patient analyses of lesion location. This technique has the

potential to elucidate regions within the brain that are likely to
be affected by a disease. Moreover, by incorporating biological in-
formation such as gene expression patterns, group analyses of
diseases will become possible, thus revealing differences in loca-
tions prone to be affected by different subtypes of the disease.*>
Although PCNSL is reported to arise in specific locations within the
brain, as mentioned above,’ no previous studies have attempted
such cross-patient analysis of lesion location.

In this study, MR images from 100 consecutive treatment-
naive PCNSL patients were retrospectively collected and analyzed.
In addition, 90 cases were classified as either germinal center
B-cell (GCB) or non-GCB lymphoma according to molecular
expression patterns based on immunohistochemistry. Lesion
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locations were then compared between these 2 groups, and stat-
istical analyses were applied to clarify lymphoma subtype-
specific patterns of lesion occurrence.

Materials and Methods

Patients and Data Collection

MR images from 100 consecutive treatment-naive PCNSL patients treated
between 2000 and 2013 at 3 institutions were retrospectively collected
for analysis. MR imaging was performed using either 1.5- or 3.0-T scan-
ners, and axial gadolinium-enhanced T1-weighted images were used
for all analyses. As gadolinium-enhanced lesions could indicate both
pre- and present-existing PCNSL lesions, treatment-naive PCNSL patients
were chosen for analysis to exclude lesions where the blood-brain barrier
would be impaired with no evident tumor cell infiltration. Slice thickness
ranged from 0.8 to 5 mm. In all 100 patients, diffuse large B-cell lymph-
oma (DLBCL) was confirmed by board-certified pathologists using
hematoxylin-eosin staining along with immunohistochemistry. In 90
patients, lymphoma subtype was determined and classified as either
GCB or non-GCB lymphoma according to CD10, BCL-6, and MUM-1 expres-
sions based on the algorithm proposed by Hans et al.®” The internal re-
view board of each institution approved the clinical data to be used for
this research.

Immunohistochemistry

In all cases, standard hematoxylin-eosin staining and immunohistochem-
ical studies of CD-79a (Dako), CD-20 (L26; Dako), and CD-45RO (Nichirei)
were performed. CD-79a and CD-20 were used as B-cell markers,® while
CD-45R0 was used as a T-cell marker.® All staining was performed on
formalin-fixed paraffin-embedded tissue (FFPET). In addition, immunos-
taining for CD10 (clone 56C6; Abcam), BCL-6 (clone PG-B6P; Abcam or
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polyclonal; Dako), and MUM-1 (clone MUM1p; Abcam) was also per-
formed. For all antigens, a cutoff of 30% was set as positive.®” CD10,
BCL-6, and MUM-1 were used for classifying DLBCL into either GCB or
non-GCB lymphoma, as previously described by Hans et al.®’

Image Registration, Lesion Extraction, and Frequency
Map Reconstruction

All Digital Imaging and Communications in Medicine (DICOM) format
images were first converted to Neuroimaging Informatics Technology Ini-
tiative (NIfTI) format using MRIconvert (University of Oregon Lewis Center
for Neuroimaging: http:/lcni.uoregon.edu/~jolinda/MRIConvert/). NIfTI
data were registered to a 1.0 mm isotropic, high-resolution T1-weighted
brain atlas provided by the Montreal Neurological Institute (MNI152)
using a mutual information algorithm with a 12-degree of freedom trans-
formation with FSL-FLIRT (FMRIB: http:/fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSL).
Image registrations were visually confirmed in all cases, with the manual
adjustment required in one case performed using Multi-image Analysis
GUI (Mango: University of Texas Health Science Center: http:/ric.uthscsa.
edu/mango/index.html) (Fig. 1A).

After the above-mentioned image registrations were completed,
gadolinium-enhancing lesions were semi-automatically segmented
using software developed in-house on Matlab (MathWorks). The
gadolinium-enhancing lesion was first roughly segmented by manual seg-
mentation performed in 3 different orientations (axial, coronal, and sagit-
tal), followed by threshold-based segmentation of the lesion. The
segmented lesion was assigned a value of 1, the nonsegmented lesion
a value of 0, and saved as 3-dimensional voxels-of-interest (VOIs).
When multiple lesions were present, as is often the case with PCNSL,
those lesions were combined and considered as one VOI per patient.

For frequency map reconstruction, all VOIs among the group of inter-
est were summed and averaged by the number of patients. A heat-map
for the frequency of lesion occurrence was reconstructed and superim-
posed on the reference MNI152 (Figs. 1B and 2).

Frequency map
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Fig. 1. Image registration, lesion extraction, and frequency map reconstruction. (A) Gadolinium-enhanced T1-weighted images are registered onto a
standard averaged MRI (MNI152) using a normalized mutual information algorithm. Gd-enhanced lesions are extracted and assigned a value of “1” to
voxels within the lesion and “0” to voxels not within the lesion. (B) Binary data containing the locations of Gd-enhanced lesions are summed, and a

lesion frequency map is reconstructed.
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Fig. 2. Analysis of differential involvement (ADIFFI) analysis. The frequency map is divided into 2 groups, for GCB and for non-GCB PCNSL. In the final
step, an ADIFFI map is created to identify locations that show significant extreme patterns of GCB or non-GCB PCNSL occurrence.

Analysis of Differential Involvement with Random
Permutation Analysis

Analysis of differential involvement (ADIFFI) with random permutation
analysis was performed to test the statistical significance of differences
in lesion occurrence between GCB and non-GCB, according to the method
described by Ellingson et al. In short, voxel-wise 2-tailed Fisher’ exact
test for a 2 by 2 contingency table, which compared GCB with non-GCB
and lesion-positive with lesion-negative, was conducted within all voxels
containing at least one lesion occurrence; the P value threshold was set
at.05. A cluster-based permutation correction was performed for multiple
comparison correction, where the statistical testing was repeated 500
times with PCNSL lesions randomly reassigned to GCB or non-GCB for
each iteration. More specifically, all lesions were uncategorized and reas-
signed randomly to either “GCB” or “non-GCB” groups according to the
same proportions (ie, 27 GCB, 63 non-GCB), Fisher’ exact test was per-
formed, and all contiguous clusters >2 voxels surviving at P <.05 were
stored. This cluster-size information was pooled across all 500 permuta-
tions similar to previous methods.® Results from random permutation
analysis performed 500 times suggested that the chance of obtaining
clusters larger than 48 voxels was <5%. A cluster size of more than 48
voxels (or 48 mL) was considered statistically significant (Fig. 2). This tech-
nique was reported to be useful in studying the localization of IDH1
mutation-positive or MGMT promoter methylated gliomas.*>

Results

PCNSL Frequency Map Construction

One hundred MR images were successfully transformed and
registered onto MNI152, a standard averaged brain MR image
set developed at the Montreal Neurological Institute. All
gadolinium-enhanced lesions were successfully extracted in 3
dimensions, and a lesion occurrence frequency map was created
using this data set (Fig. 3). The resulting frequency map

confirmed that DLBCL-PCNSL typically arises at the basal ganglia
and white matter surrounding the ventricles. In addition to those
locations, the frequency map also showed the corpus callosum
and splenium as being frequently affected by PCNSL.

GCB Versus non-GCB Frequency Map

Next, immunohistochemistry profiles of the tumors were avail-
able for 90 patients, and those patients were divided into either
GCB (n=27) or non-GCB (n = 63) lymphomas according to the
lymphoma classification system proposed by Hans et al.*’ This
classification system has been reported to correspond well with
lymphoma profiles classified by genomic microarrays. The occur-
rence frequency map for each group of PCNSL is presented in
Fig. 4 (non-GCB) and Fig. 5 (GCB). A distinct difference in spatial
distribution was seen between the 2 groups of PCNSL. While
non-GCB tends to occupy the outer segment of the supratentorial
white matter of the brain, GCB tends to occupy the midline pos-
terior portion of the supratentorial white matter along with the
white matter around the fourth ventricle. A subtraction image
of the lesion occurrence frequency map of these 2 groups was
created to visualize the difference in spatial distribution between
these 2 groups (Fig. 6). GCB tended to occupy the midline and
central portion, including the posterior fossa, while non-GCB
showed a different spatial distribution occupying the outer
white matter of the lateral ventricles.

ADIFFI Map for PCNSL

Finally, these differences were statistically challenged. As each
voxel had a 2 by 2 contingency table comprising tumor versus
nontumor and GCB versus non-GCB subtype, the Fisher exact
test was applied voxel-wise, and any voxel that showed a
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Fig. 4. Frequency map of 63 non-GCB PCNSLs. The present image shows the frequency map of lesion occurrence for all 63 non-GCB PCNSLs. Non-GCB
tends to occupy the outer segment of the supratentorial white matter of the brain.
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Fig. 5. Frequency map of 27 GCB PCNSLs. The present image shows the frequency map of lesion occurrence for all 27 GCB PCNSLs. GCB tends to occupy
the midline posterior portion of the supratentorial white matter along with the white matter around the fourth ventricle.
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Fig. 6. Different spatial distributions of GCB and non-GCB PCNSL. Frequency of GCB and non-GCB occurrence is calculated in a voxel-wise manner. A
positive value (red voxel) suggests a location more likely to be affected by GCB PCNSL, while a negative value (blue voxel) suggests a location more likely

to be affected by non-GCB PCNSL.

significant difference was identified by setting a P value <.05. In
addition, correction for cluster size was performed using random
permutation analysis to obtain an ADIFFI map. This technique
has already been demonstrated for elucidating spatial

distribution differences of glioblastoma according to its MGMT
promoter methylation or IDH1 mutation status.*> The ADIFFI
map of PCNSL showed hotspots that exhibited significant differ-
ences in spatial distribution of the lesion between GCB and
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Fig. 7. Analysis of differential involvement (ADIFFI) analysis. The ADIFFI map for PCNSL shows hotspots that exhibit statistically significant differences in
spatial distribution of the lesion between GCB and non-GCB PCNSL. Those hotspots cluster at specific locations, such as the anterior portion of the fornix,

upper tegmentum, and superior medullary velum.

non-GCB PCNSL. Those hotspots clustered at specific locations
such as the anterior portion of the fornix, upper tegmentum,
and superior medullary velum (Fig. 7). Incorporating the informa-
tion on GCB and non-GCB PCNSL spatial distribution patterns, the
anterior portion of the fornix is the location most typical for
non-GCB PCNSL, while the upper tegmentum and superior medul-
lary velum are the locations most typical for GCB PCNSL.

Discussion

Group analysis of disease subtype is useful for elucidating and
uncovering slight biological differences between disease sub-
types. This type of approach is often used for analyzing biological
characteristics of surgically obtained tissues such as gene expres-
sion profiles. Although radiological images, such as MR images of
each patient, provide characteristic features of the disease, group
analysis has not been widely used for analyzing neoplastic lesions
within the brain. Before performing any analysis, different sizes
and shapes of individual brains must be reconciled so that cross-
patient comparison can be possible. In this research, standardiza-
tion of individual MR brain images was performed, followed by
statistical spatial distribution analysis (the ADIFFI analysis) of
PCNSL subtypes.

In the case of extracranial diffuse large B-cell lymphoma,
these 2 groups are considered to entail different biological prop-
erties of the tumor. For example, GCB and non-GCB lymphomas
have been demonstrated to behave differently, and patient prog-
noses differ when treated by cyclophosphamide, doxorubicin,

vincristine, prednisone (CHOP)-based chemotherapy with or with-
out rituximab."™'? Whether this classification system works for
differentiating treatment outcomes in cases of PCNSL remains
controversial, and quite a few conflicting results have been
reported.’® !> However, conventional analysis may have been
overlooking differences in biological properties between these 2
groups of PCNSL.

The main goal of this study was to test the hypothesis that
GCB and non-GCB PCNSL exhibit different biological properties in
terms of the locations of tumor occurrence within the brain. As
clearly shown in Figs 6 and 7, these 2 groups showed distinct dif-
ferences in the spatial distribution of locations frequently affected
by tumor. GCB PCNSL showed an extremely high frequency of aris-
ing at posterior midline regions of the brain, including the upper
tegmentum and superior medullary velum. These locations were
proven to be statistically significant locations at which GCB PCNSL
tended to occur. Non-GCB PCNSL, on the other hand, tended to
occur at the anterior portion of the fornix, the center of which
was shown to be a statistically significant location for non-GCB
PCNSL occurrence.

Two significant observations that have been elucidated by this
study need to be addressed. First, this is the very first study to un-
cover location tendencies for PCNSL within the brain. Previous
studies have analyzed and documented anatomical locations
within the brain at which PCNSL tends to arise, while the current
study showed a more robust and objective spatial distribution, as
can be appreciated by the frequency map for PCNSL (Fig. 3). The
obtained results are in line with previous findings addressing the
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tendency of PCNSL to occur around the ventricles and basal gan-
glia but offer more certainty and objectivity.

Second, this is the very first report to reveal different spatial
distributions of PCNSL between GCB and non-GCB subtypes. The
biological mechanisms involved in this difference remain com-
pletely unknown. However, different subtypes of glioma have
been reported to arise at different locations within the brain.
More specifically, glioblastoma occurs at different locations
according to the specific MGMT promoter methylation or IDH1
mutation status.*> Although the main source of lymphoma
cells for PCNSL remains contentious, it seems fair to hypothesize
that different locations of white matter provide different back-
ground properties for tumor cells to engraft into, propagate,
and develop into space-occupying lesions such as gliomas. As
PCNSL usually involves microvessels in the form of perivascular
cuffing, the microvessel architecture or adhesion molecule ex-
pression may differ depending on the location within the brain.

From a critical point of view, there are several points that should
be addressed as limitations of this study. First, the prognostic im-
pact of the observed location distribution difference between GCB
and non-GCB PCNSL was not assessed in the current study. Be-
cause of the retrospective nature of the study, treatment protocol
was not uniform between each institution, making it difficult to
cross-correlate treatment outcomes and location distribution dif-
ference or GCB versus non-GCB status. The impact of location dis-
tribution of PCNSL on treatment outcome of the disease should be
evaluated in future studies in a more prospective setting. The
second point is the interpretation of gadolinium-enhancement in
PCNSL. Contrast or gadolinium enhancements in neuroradiological
examinations merely indicate blood-brain barrier disruption and
are not identical to tumor cell existence. The correlation of neuror-
adiological images and histopathology of PCNSL is not well studied
compared with gliomas and requires a more careful interpretation
of the data presented in this study compared with previous ADIFFI
studies performed on gliomas.*?

In conclusion, however, the current study clearly showed that
GCB and non-GCB PCNSL entail different biological properties in
terms of the locations at which they arise. Further investigation
that links molecular biological and spatial distribution properties
of this tumor is warranted to further elucidate the biology of this
tumor.
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