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Brain metastases (BMs) are the most common intracranial malignancy and afflict ~10%-20% of patients
with cancer. BMs tend to present at the boundaries of gray and white matter because of the distribution of small
vessels. In addition, metastases may not be randomly distributed across gross anatomical regions of the brain, but
this has not previously been quantified. We retfrospectively analyzed a series of 28 patients with recurrent BMs
with a total of 150 lesions. Each lesion was manually defined based on T1 gadolinium-enhanced imaging. Stan-

dard brain atlases were used to identify the anatomical brain region affected by each BM and the frequency of
metastases in each region was compared with the expected probability, which was assumed to be a random
distribution based on the brain volume. After correction for multiple comparisons, the paracingulate gyrus was
found to have a statistically significant increase (P = 4.731 X 1077) in the rate of BMs relative to the random
spatial distribution. A nonstochastic spatial distribution of metastases may be used to guide partial brain radiother-
apy with risk-adapted dose delivery and reduce the risk of neurotoxicity due to overtreatment.

INTRODUCTION
Whole-brain radiotherapy (WBRT) for patients with brain metas-
tases (BMs) is a commonly used technique to treat both visible and
subclinical disease. Neurotoxicity is a major concern and protocols
to reduce the volume of brain receiving a full dose are currently
being tested in clinical trials. However, there are currently no
available methods to risk-stratify regions of the brain on the basis
of the probability of developing a BM. Accurate segmentation of
the brain based on BM risk would permit the radiation dose to be
spatially tailored to improve disease control in high-risk regions
and spare neurotoxicity by reducing dose to low-risk regions.
More accurate radiation delivery has the potential of affect-
ing numerous patients because BMs are the most common in-
tracranial malignancy, with an annual incidence of >150 000 in
the USA (1), and are diagnosed in ~10%-20% of patients with
cancer (2, 3). Patients who have previously been treated for BMs
or who are at an increased risk for developing BMs often un-
dergo surveillance imaging with serial magnetic resonance im-
aging (MRI) scans, and treatment may involve focal radiother-
apy, such as with stereotactic radiosurgery, or WBRT. Although
WBRT remains the standard of care for many patients with BMs,
improvements in systemic therapy have led to gains in survival
for patients with metastatic disease, and the long-term neuro-
cognitive toxicities associated with WBRT must now be weighed
against the benefits of treatment. Therefore, several lines of inves-
tigation are now directed toward mitigating long-term toxicities
associated with full-dose irradiation to the entire brain.

Partial brain techniques have recently been tested in an
effort to reduce late neurocognitive decline that is associated
with WBRT. RTOG 09-33 was a phase I study using intensity-
modulated radiation therapy (IMRT) to selectively spare the
hippocampi bilaterally while delivering a full dose to the re-
mainder of the brain (4). Results showed that neurocognitive
toxicities improved with IMRT relative to standard WBRT. In
sparing the hippocampi from radiation toxicity, one would as-
sume that patients would then be at an increased risk of devel-
oping metastatic foci in regions receiving a low radiation dose.
On the contrary, local control appears to be maintained with
IMRT, and extensive interrogation of the hippocampi revealed
that it is at a very low risk for developing BMs (5). The finding that
a critical brain structure can be safely spared the damaging effects
of high-dose irradiation without compromising efficacy is intrigu-
ing and motivates investigation into other areas that might be at a
low risk of developing BMs. Some studies have reported that the
distribution of BMs may be based on the vasculature (6-8), but
others have found that the pattern of spread is influenced by other
factors, such as disease histology (9). The majority of the published
work has relied on broad classifications of the brain, and there are
currently no accepted atlases that segregate brain regions based on
the risk of developing BMs.

Here, we hypothesized that discrete brain regions are in-
volved with metastatic lesions beyond that which would be
expected by chance. To test this, we identified 150 BMs in 28
patients treated at a single institution and compared the BMs’
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spatial distribution with a computer model of randomly distrib-
uted BMs. All BMs were coded by their voxel coordinates, and
these were mapped onto 52 anatomical locations based on a
common brain atlas to determine if particular regions were at
increased risk of harboring metastatic disease.

METHODOLOGY
All procedures described in this study were approved by the
institutional review board of Columbia University. We searched
a database of patients with BMs from a primary diagnosis of
either lung or breast cancer treated at our institution between
December 2008 and January 2016 and selected those who met
the following criteria: (1) were treated for at least 1 recurrent
BM, (2) review of radiology reports determined that the BM
recurrence was not definitively seen on a prior scan, and (3) all
MRI data were available for analysis. Imaging data were ob-
tained on either a 1.5 T or 3 T magnetic resonance scanner (GE
Medical Systems Waukesha, Wisconsin) or a 1.5 T or 3 T mag-
netic resonance scanner (Philips Healthcare, Best, The Nether-
lands). Image processing was performed with the Functional
MRI of the Brain Software Library (10) (FSL; Oxford, UK) and
Matlab (MathWorks, Natick, Massachusetts). Brain extraction
was performed for each imaging sequence. All brain lesions
were manually contoured based on T1 contrast-enhanced scans.

T1 contrast-enhanced scans were coregistered using an affine
registration (12 degrees of freedom) to the Montreal Neurological
Institute (MNI) standard brain. Registration matrices were then
applied to each manually contoured BM, and the center of gravity
was computed to identify the centroid voxel, which was used as the
“origin” of the BM. All voxel coordinates were maintained in
MNI-space. The Harvard-Oxford cortical and subcortical (http://
www.cma.mgh.harvard.edu/) atlases were used to determine the
anatomical structures corresponding to each metastatic centroid.
After removing ventricular spaces, broad anatomic boundaries that
overlapped with other areas (eg, “cerebral cortex”), and combining
subdivisions of particular regions (eg, “anterior” and “posterior”
divisions), 52 anatomically defined regions of interest (ROIs) were
included in our analyses (Figure 1).

Coordinates for each of the 150 observed BM centroids were
mapped onto the atlas, and the frequency of involvement for all
52 ROIs was computed. This observed value was compared with

Figure 1. The Harvard-Oxford cortical brain
atlas overlying the subcortical atlas and standard
Montreal Neurological Institute (MNI) brain. In
total, 52 distinct brain regions from the atlas were
included in the analysis.
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the expected value, which assumed that each voxel within the
brain was at an equal risk of being involved with a BM. There-
fore, the probability of 1 of the 52 ROI harboring a BM was a
function of that region’s volume relative to the total volume of
all 52 regions. The observed and expected rates of BMs for each
ROI were compared with proportional 2-tailed hypothesis test-
ing, which is presented as follows:

R p: proportion of observed BMs
P 7Do Po: proportion of expected BMs
Z= n: number of observed BMs
pol1 = po) Z: 1z — score
n

Raw z-scores and P-values are reported, but we subjected the
interpretation of all results to a Bonferroni correction to adjust
for multiple comparisons across the 52 anatomic ROIs. There-

Table 1. Patient Characteristics and
Additional Information for the 150 BMs

Detected in this Cohort

Characteristic No. of Patients (%)
Age (years)
Mean 59.5
Range 38-89
Gender
Male 11 (39)
Female 17 (61)
Histology
Lung 19 (67.9)
EGFR+ 5 (26.3)
KRAS+ 2 (10.5)
ALK+ 1(5.3)
Breast 9 (32.1)
ER+, PR+, Her2— 2 (22.2)
ER+, PR+, Her2+ 2 (22.2)
ER+, PR—, Her2+ 1(11.1)
ER—, PR+, Her2— 1(11.1)
ER—, PR—, Her2+ 2(22.2)
ER—, PR—, Her2— 1(11.1)
Lesions per patient
Median 3
Range 1-19
Lesion volume (cc)
Mean 1.196
Range 0.128-18.368
Initial treatment
Resection and adjuvant SRS 14 (50)
SRS alone 11 (39.3)
WBRT 3(10.7)

Abbreviations: eGFR, estimated glomerular filtration rate; SRS, stereotactic
surgery; WBRT, whole-body radiation therapy; No., number.

17



Spatial Frequency of Brain Metastases

Figure 3. Classification of all 52 regions of inter-
est (ROIs) included in the analysis by their propor-

tional volume relative fo the entire area at risk for
developing a BM. Each region’s color corresponds
to the percent of the total volume as labeled by the
colorbar (bottom right). For example, the fontal pole
(*, bright yellow) contained the largest number of
voxels, making up 11% of the total volume for all
52 ROIs. The paracingulate cortex (x, light blue)
consists of a relatively small proportional volume at
1.7% of the total volume analyzed.

Figure 2. Representative axial T1 contrasten-
hanced images from 4 patients were included in
the analysis. A large ring-enhancing lesion in the
right middle temporal lobe in the posterior insular
cortex represents metastatic breast cancer (A). In
another patient, a small enhancing metastatic fo-

chastic spatial distribution, we compared the observed with
the expected rate of BMs for each ROI. In this approach, the
null hypothesis is that the spatial distribution of BMs is
stochastic and the probability of detecting a BM within a
brain region is a function of that region’s volume.

For each of the 52 brain regions, 2 parcellations were per-
formed. First, each atlas-based region was coded by its proportional
volume relative to all 52 ROIs (Figure 3). Second, within each
region, voxels were coded by the number of BMs observed in the

cus from non-small cell lung cancer (NSCLC) can
be appreciated in the medial left cerebellum (B).
A patient with multifocal recurrent BMs from a
primary NSCLC is also shown where 2 large ring-
enhancing lesions are seen on the same axial sec-
tion (C). Finally, a small enhancing nodule from a
metastatic breast cancer is visualized in the left
frontal lobe (D).

fore, the P-value needed to reach statistical significance was P <
9.804 X 10~

RESULTS

There were 11 (39%) male and 17 (61%) female patients identi-
fied with a primary cancer diagnosis of non-small cell lung
cancer in 19 (68%) and breast cancer in 9 (32%) patients
(Table 1). The mean age of all patients was 59.5 years (range,
38 -89 years). The mean volume of all BMs was 1.196 cc (range,
0.128-18.368 cc). Several representative BMs are depicted in
Figure 2 from 4 patients included in the analysis.

To visually inspect all BMs, a 3-dimentional rendering was cre-
ated with all 150 lesions projected onto the MNI brain and dilated to
the median BM diameter (see Supplemental Video@)i50). The
3-dimensional rendering provides a qualitative evaluation of
spatial variations in BM distribution. To test for a nonsto-
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Figure 4. Cortical and subcortical anatomic
brain regions as defined by the Harvard-Oxford
atlas are color coded by the number of brain me-
tastases detected within the anatomic boundaries
from the 150 lesions analyzed. In fotal, 20 lesions
fell outside the bounds of any of the 52 ROls, leav-
ing 130 BMs to be analyzed. The area with the
highest frequency of involvement was the precentral
gyrus (*, bright yellow), which was affected by 15
metastases, which was not significantly increased
above the predicted value after correction for multi-
ple comparisons. The paracingulate gyrus (x, red)
contained 11 lesions, which was the only ROI that
was significantly increased above the expected rate
after Bonferroni correction.
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Table 2. Results from the Analysis for all 52 ROIs

% Volume No. Observed
Atlas Region Volume (cc) at Risk Observed Rate z-Score P-Value
Angular gyrus 20.624 0.016 8 0.023 0.671 .502
Brain stem 72.376 0.039 5 0.039 —-0.001 .999
Central opercular cortex 20.624 0.011 1 0.008 -0.358 720
Cingulate gyrus 70.496 0.038 6 0.046 0.521 .603
Cuneal cortex 13.944 0.007 0 0 -0.985 324
Frontal medial cortex 12.312 0.007 0 0 -0.926 353
Frontal operculum cortex 8.496 0.005 0 0 -0.768 442
Frontal orbital cortex 41.504 0.022 6 0.046 1.869 .062
Frontal pole 207.200 0.110 5 0.039 -2.611 .009
Heschl's gyrus 6.288 0.003 0 0 —-0.660 .509
Inferior frontal gyrus 37.216 0.020 8 0.023 0.269 .788
Inferior femporal gyrus 64.240 0.034 3 0.023 —0.696 487
Insular corfex 28.904 0.015 8 0.023 0.715 A75
Intracalcarine cortex 17.688 0.009 0 0 =1.111 267
Lateral occipital cortex 175.792 0.094 5 0.039 —2.155 .031
Left accumbens 0.712 0.000 0 0 -0.222 .824
Left amygdala 2.656 0.001 0 0 —0.429 .668
Left caudate 3.896 0.002 1 0.008 1.410 159
Left hippocampus 6.120 0.003 0 0 —0.652 S8
Left pallidum 2.136 0.001 0 0 —-0.385 701
Left putamen 6.392 0.003 1 0.008 0.841 .400
Left thalamus 11.760 0.006 2 0.015 1.321 .187
Lingual gyrus 43.104 0.023 2 0.015 —-0.574 566
Middle frontal gyrus 67.368 0.036 9 0.069 2.050 .040
Middle temporal gyrus 70.664 0.038 2 0.015 —-1.330 .183
Occipital fusiform gyrus 28.696 0.015 6 0.046 2.874 .004
Occipital pole 77.264 0.041 8 0.062 1.175 .240
Paracingulate gyrus 32.760 0.017 11 0.085 5856  4.731 x 10°°
Parahippocampal gyrus 42.616 0.023 1 0.008 —1.147 .252
Parietal operculum cortex 13.472 0.007 2 0.015 1.112 266
Planum polare 9.680 0.005 0 0 —-0.820 412
Planum temporale 11.536 0.006 0 0 —-0.896 .370
Postcentral gyrus 85.104 0.045 6 0.046 0.050 .960
Precentral gyrus 111.736 0.059 15 0.115 2.700 .007
Precuneous cortex 62.752 0.033 & 0.023 —0.653 514
Right accumbens 0.672 0.000 0 0 -0.216 .829
Right amygdala 3.304 0.002 0 0 —-0.478 .632
Right caudate 4.088 0.002 1 0.008 1.351 177
Right hippocampus 6.120 0.003 0 0 —0.652 515
Right pallidum 2.080 0.001 0 0 -0.379 .704
Right putamen 6.368 0.003 0 0 —0.665 .506
Right thalamus 11.208 0.006 8 0.023 2.536 011
Subcallosal cortex 17.408 0.009 0 0 -1.102 .270
Superior frontal gyrus 70.888 0.038 3 0.023 -0.875 .382
(Continued)
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Table 2. Continued

% Volume

Atlas Region Volume (cc) at Risk
Superior parietal lobule 35.912 0.019
Superior temporal gyrus 30.504 0.016
Supplementary motor cortex 18.256 0.010
Supracalcarine cortex 3.392 0.002
Supramarginal gyrus 55.848 0.030
Temporal fusiform cortex 33.552 0.018
Temporal occipital Fusiform cortex 19.664 0.011
Temporal pole 64.352 0.034
Total 1880.744 1

No. Observed
Observed Rate z-Score P-Value

& 0.023 0.332 .740
2 0.015 -0.075 .940
2 0.015 0.660 .509
0 0 —0.485 .628
0 0 —1.995 .046
3 0.023 0.451 .652
4 0.031 2.277 .023
0 0 —2.146 .032

130 1 - -

The percent volume at risk (column three) is the volume of the individual brain region divided by the volume of all 52 analyzed ROIs. This was used to
determine the expected number of BMs assuming a stochastic distribution. The number of BMs observed in the cohort of patients within each ROI and the
fraction of the total analyzed are also reported (columns 4 and 5, respectively). Proportional hypothesis testing was used to compute a z-score and 2-tailed
P-value. The reported P-values were not corrected for multiple comparisons, and a Bonferroni correction yielded an a =< 9.804 X 10~ *. Highlighted rows

indicate ROIs with a P-value of =.05. No., number.

cohort of 150 lesions that fell within that ROI (Figure 4). We noted
that 21 lesions fell outside the bounds of any ROI identified in
the atlas. Therefore, the final analysis consisted of 130 observed
BMs. An increased frequency of BMs can be appreciated along the
major branches of the anterior cerebral artery in the region of the
paracingulate (ie, precingulate) gyrus. There also appears to be a
general increase in the frequency of BMs in superficial rather than
deep brain structures.

The frequency of BMs observed was significantly different
from the expected value in 10 ROIs at P = .05 and 4 ROIs at P = .01
(Table 2). Only the paracingulate gyrus reached significance after a
Bonferroni correction for multiple comparisons (Figure 5). Four
regions: frontal pole, lateral occipital cortex, supramarginal gyrus,
and temporal pole, had fewer observed BMs that were predicted by
the simulation, with P-values of .009, .031, .046, and .032, respec-
tively. The possibility that this is an artifact of having a relatively
small sample size of observed lesions cannot be ruled out from

Figure 5. Three-dimensional visualization of the
paracingulate cortex (red). The region makes up a
relatively small fraction of the total volume of

brain tissue analyzed (1.7%), and it is notable for
its close proximity fo major vessels of the anterior
cerebral circulation.
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these data. Similarly, of the 52 anatomically defined brain regions
in the atlas, 20 were not observed to have a BM, and this was likely
influenced by the small sample size. We note that, consistent with
the low rate of observed metastases in these ROIs, these 20 regions
made up a small fraction of the total volume at risk (13.35%) with
an average proportional volume of 0.67% (range, 0.04%-3.42%).

Finally, because the hippocampus has been the subject of prior
investigations quantifying the frequency of BM involvement, we
specifically reviewed results for this ROI. A review of the bilateral
hippocampi and parahippocampal gyrus revealed that only 1 of the
150 total BMs in the cohort could be identified in the area. This is
consistent with the literature, which has shown a near-zero rate of
BM involvement with this structure (5, 6, 11).

DISCUSSION

Metastatic disease may develop anywhere within brain, but it
may have a nonrandom distribution that has not previously
been quantified. Here, we hypothesized that the spatial fre-
quency of BMs follows a nonstochastic distribution. To test this,
we identified 150 BMs in 28 patients treated at a single institu-
tion and used the major divisions of the Harvard-Oxford cortical
and subcortical atlases to identify anatomic regions that were
involved. We then compared these values with the expected rates
under the assumption that all voxels were at equal risk and that the
probability of a brain region being affected by a metastatic focus
was a function of the region’s volume. Ten regions within the atlas
showed a significantly different number of BMs that would be
expected by chance, and the paracingulate cortex maintained sig-
nificance after correction for multiple comparisons.

These results may be used to develop automated techniques
to identify BMs where the nonuniform spatial distribution of
these lesions could be used as a priori information to improve
search algorithms. Of more immediate clinical relevance is the
influence of our results on partial brain radiotherapy.

Prior investigations have showed a tendency for metastases to
develop at terminal branches of arteries at gray—white boundaries

VOLUME 3 NUMBER1 | MARCH 2017
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and possibly at watershed areas (11, 12). Additional work has
revealed variations in BM distribution across the supra- and in-
fratentorial brain. In 1 study, ~70%- 80% of lesions were identified
in the cerebral hemispheres, 15%-20% in the cerebellum, and =3%
in the brainstem, which are thought to roughly follow patterns of
blood flow (6-8). Contrary to these results, a detailed autopsy
analysis identified nearly equivalent rates of BM involvement in
the cerebellum as compared with the cerebrum (9). One ex-
planation for the varying results may be differential patterns
of BM distribution based on the primary histology or may be
an artifact of how finely the cerebrum is segmented.

Bender and Tome provided the first analysis to help inform
this debate by using atlas-based brain segmentation and strat-
ifying BMs by the histology of the primary cancer (13). This
revealed that lung and breast cancer might have a predilection
for the cerebellum, which aligns with prior autopsy results (9).
The authors further show the potential for these data to influ-
ence BM treatment, where a nonuniform dose distribution may
improve tumor control probability. These studies have provided
insight into the pathophysiology of BMs, but have provided a
broad description of BM distribution without an analysis of
individual cortical and subcortical regions. A more granular
understanding of BM distribution may permit sparing of addi-
tional brain regions with partial brain radiotherapy to further
improve the therapeutic window.

A recently completed national clinical trial, RTOG 09-33
(NCT01227954), showed a reduction in neurocognitive toxicities
associated with whole-brain irradiation for BM when the hip-
pocampi were avoided (4). The rationale for sparing the hip-
pocampus to spare side effects is bolstered by the finding that
the area is at relatively low risk for developing BMs. Detailed
analyses have been performed to assess the risk for failure
within the hippocampi plus a margin. These studies have esti-
mated that between 0% and 0.4% of BMs are located within the
hippocampus and ~39% are within 5 mm of the hippocampus
(5, 6, 14). This is considered an acceptably low risk and has
allowed for IMRT to be used. In contrast to traditional whole-
brain irradiation, IMRT allows for variable dose prescriptions to
be delivered across the brain.

The success of RTOG 0933 has motivated additional studies,
and partial brain techniques to spare the hippocampi are now being
tested in numerous clinical trials. These include NRG-CCO001, a
phase III trial evaluating the role of memantine and brain irradi-
ation with or without hippocampal avoidance (NCT02360215),
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