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Summary

Neurologic deficits after
brain radiation therapy typi-
cally involve decline in
higher-order cognitive func-
tions such as attention and
memory rather than sensory
defects or paralysis. We used
quantitative magnetic reso-
nance imaging to see
whether areas of cerebral
cortex involved in higher-
order cognition are more
vulnerable to radiation dose-
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Purpose and Objectives: Neurologic deficits after brain radiation therapy (RT) typically
involve decline in higher-order cognitive functions such as attention and memory rather
than sensory defects or paralysis. We sought to determine whether areas of the cortex crit-
ical to cognition are selectively vulnerable to radiation dose-dependent atrophy.
Methods and Materials: We measured change in cortical thickness in 54 primary
brain tumor patients who underwent fractionated, partial brain RT. The study patients un-
derwent high-resolution, volumetric magnetic resonance imaging (T1-weighted; T2 fluid-
attenuated inversion recovery, FLAIR) before RT and 1 year afterward. Semiautomated
software was used to segment anatomic regions of the cerebral cortex for each patient.
Cortical thickness was measured for each region before RT and 1 year afterward. Two
higher-order cortical regions of interest (ROIs) were tested for association between radi-
ation dose and cortical thinning: entorhinal (memory) and inferior parietal (attention/mem-
ory). For comparison, 2 primary cortex ROIs were also tested: pericalcarine (vision) and
paracentral lobule (somatosensory/motor). Linear mixed-effects analyses were used to test
th, MD, 3960 Health Sci-

(858) 822-6040; E-mail:

ults in abstract form at the

diation Oncology, Boston,

ological Society of North

ndation #RR1554 (TMS),

L2TR001444 (JAH-G),

), RC2 DA29475 (AMD),

ncer Society Pilot Award

ACS-IRG 70-002 (JAH-G) and American Cancer Society Research

Scholar Grant RSG-15-229-01-CCE (CRM); and National Science Foun-

dation (NSF) grant 1430082 (NSW). The content is solely the re-

sponsibility of the authors and does not necessarily represent the official

views of the funding agencies.

Conflict of interest: none.

Supplementary material for this article can be found at

www.redjournal.org.

AcknowledgmentdThe authors thank Kelly Leyden for assistance in

organizing and maintaining the imaging database.

, pp. 910e918, 2017
r Inc. All rights reserved.

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:jhattangadi@ucsd.edu
http://www.redjournal.org
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijrobp.2017.01.005&domain=pdf
http://dx.doi.org/10.1016/j.ijrobp.2017.01.005
http://www.redjournal.org


Volume 97 � Number 5 � 2017 Regional post-RT cortical atrophy 911
dependent atrophy. At 1 year

after radiation therapy,
higher-order association cor-
tex regions demonstrated
dose-dependent atrophy,
whereas primary cortex re-
gions did not.
all other cortical regions for significant radiation dose-dependent thickness change. Statis-
tical significance was set at a Z 0.05 using 2-tailed tests.
Results: Cortical atrophy was significantly associated with radiation dose in the entorhinal
(PZ.01) and inferior parietal ROIs (PZ.02). By contrast, no significant radiation dose-
dependent effect was found in the primary cortex ROIs (pericalcarine and paracentral
lobule). In the whole-cortex analysis, 9 regions showed significant radiation dose-
dependent atrophy, including areas responsible for memory, attention, and executive func-
tion (P�.002).
Conclusions: Areas of cerebral cortex important for higher-order cognition may be most
vulnerable to radiation-related atrophy. This is consistent with clinical observations that
brain radiation patients experience deficits in domains of memory, executive function,
and attention. Correlations of regional cortical atrophy with domain-specific cognitive
functioning in prospective trials are warranted. � 2017 Elsevier Inc. All rights reserved.
Introduction

Brain radiation therapy (RT) is often associated with
cognitive impairment, likely mediated in part by incidental
irradiation of normal brain tissue (1-3). Recent decades have
seen advances in RT that provide unprecedented control and
accuracy in dose delivery to therapeutic targets while mini-
mizing exposure to normal tissues. However, although
neurosurgical experience describes regions of eloquent brain
to be carefully avoided (4), little is known about the regional
vulnerability of the brain when it comes to RT. Current and
long-standing clinical practice for fractionated RT is to
consider the optic pathway, brainstem, and cranial nerves as
organs at risk, whereas the brain parenchyma is treated as
essentially homogeneous in terms of RT exposure risk, with
only broad dose constraints to avoid overt radiation necrosis
(5). There is current interest in identifying brain subregions
with particular vulnerability to radiation damage as candi-
dates for avoidance in RT planning (6, 7).

Although historically radiation damage has been thought
to affect the brain’s white matter rather than the cortex it-
self (1, 8), a recent study used quantitative magnetic reso-
nance imaging (MRI) of glioma patients to demonstrate
radiation dose-dependent cortical atrophy (9). Quantitative
MRI is a well-validated technique that makes it possible to
noninvasively measure the thickness of human cerebral
cortex with accuracy comparable to that of postmortem
histologic analysis (10-12). This technique has been suc-
cessfully implemented to study the effects of age and
degenerative disease, where cortical thickness has been
shown to correlate with disease progression, cause, and
cognitive dysfunction (13-17). There are presently no
published data on variable response in humans of sublobar
cortical regions to radiation dose.

Neurologic deficits observed after brain RT typically
involve decline in higher cognitive functions such as attention
and memory rather than more basic somatosensory defects,
cortical blindness, or paralysis (1-3). This clinical observation
may provide a clue to underlying radiation biology. Whereas
the more basic functions are performed by the primary cortex
(eg, primary visual cortex, primary motor, and primary
somatosensory), it is the higher-order association cortex that
is most critical for the functions of human cognition most
frequently affected after RT (18). Inferior lateral parietal
cortex is an area involved in a range of cognitive tasks
including spatial attention andmemory retrieval (19-22). The
entorhinal cortex, which is the primary input source for the
hippocampal formation, in turn integrates input from nearly
all association cortices for its pivotal role in memory and can
be considered a special case of limbic association cortex
(23-25). In the present quantitative MRI study, we sought to
find out whether these cortical areas subserving higher-order
functions (inferior parietal and entorhinal) are selectively
vulnerable to radiation-induced atrophy.
Methods and Materials

Patient cohort

This retrospective study was approved by the institutional
review board. Study patients underwent fractionated (1.8-
2.0 Gy per fraction) partial brain irradiation at our institution
between 2010 and 2014. To be included, the patients also
had to have undergone a standardized MRI protocol before
receiving RT (or within the first week of RT start) and
approximately 1 year after RT start (9-15 months). A cohort
of 58 primary brain tumor patients was identified who met
these criteria. Three of them were excluded because of poor
image quality, and 1 was excluded because of large surgical
resection, leaving a final cohort of 54 patients for analysis.

Forty-four of the 54 patients were treated with a total of
30 fractions. Radiation dose for the other 10 patients was
converted at each location in the volume to a 30-fraction
equivalent for direct comparison. Dose conversion was
achieved using principles of biologically equivalent dose
and an a/b ratio of 2 Gy (26, 27).

Image acquisition and preprocessing

All images were acquired using a 3T Signa Excite HDx
system (GE Healthcare, Milwaukee, WI) with 8-channel
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dedicated head coil. Images were acquired before start of
RT (within 1 week of RT start allowed) and approximately
1 year (9-15 months) after start of RT. The standardized
protocol included a 3-dimensional volumetric T1-weighted
inversion recovery spoiled gradient-echo sequence (TE,
2.8 ms; TR, 6.5 ms; TI, 450 ms; voxel size
0.94 � 0.94 � 1.2 mm) obtained both before and after the
infusion of intravenous gadolinium contrast medium, and a
3-dimensional T2-weighted Fluid-attenuated inversion re-
covery (FLAIR) sequence (TE, 126 ms; TR, 6000 ms; TI,
1863 ms). All MR images were corrected for geometric
distortions (28) before coregistration of the pre-RT MRI to
the CT simulation images used in radiation treatment
planning using custom software (9). The quality of this
registration was confirmed visually slice by slice, and the
resulting transformation matrix was used to resample the
delivered radiation dose distribution from the treatment
plan to the MRI volume space (9, 29).
Cortical thickness

Steps for cortical thickness measurement have been
described previously (9, 10, 16, 30). Briefly, FreeSurfer
software (http://surfer.nmr.harvard.edu; version 5.3) was
used to reconstruct the cortical surface from each
T1-weighted MRI volume, weighted by T2-weighted
FLAIR to correct for edema or hypointensity.

The gray matterdwhite matter junction and the gray
matterdcerebrospinal fluid (CSF) junction on MRI were
each reviewed visually in a meticulous, slice-by-slice basis
to identify errors in the automated estimates. This quality
assurance was performed independently by 2 physicians
blinded to dose distribution and was done slice by slice for
the entire brain of each patient. After independent review, the
2 evaluators reached a consensus for each MRI study. Any
cortical areas for a given patient where image quality or
surgical changes led to segmentation error (eg, line for gray
mattereCSF junction jutting out into CSF) were manually
censored. Additionally, all MRI voxels falling within 5 mm
of the gross tumor volume contoured by the respective
treating physician at time of treatment planning were auto-
matically excluded. The 5-mm margin accounts for uncer-
tainty in contouring (31). The process of meticulously
excluding the resection cavity and any imaging abnormality
was performed independently for each time point so that any
gross changes in the local anatomy were accounted for
(Fig. E1; available online at www.redjournal.org).

Cortical surfaces were anatomically parcellated using
FreeSurfer software and the Desikan-Killiany atlas (32) in
such a manner that each patient’s surface was labeled bilat-
erally in native space with 34 cortical regions (Fig. 1) (Fig. E2;
available online at www.redjournal.org). Two of these
anatomic regions (bilaterally) were selected a priori to repre-
sent higher-order association cortex: the entorhinal cortex and
an area of the lateral parietal lobe designated “inferior parie-
tal.” Two additional regions were selected to represent primary
cortex: pericalcarine (for primary visual) and paracentral
lobule (for primary sensory/motor for the lower extremities).
These 4 regions were chosen because of their described
functional roles and their relatively compact geometry (to
avoid large radiation dose variability across the region).

Statistical analysis

Regions of interest
Mean cortical thickness was calculated at each time point
for each cortical region. Cortical thickness change over
time was calculated by subtracting the mean thickness
approximately 1 year after RT from the pre-RT baseline.
Radiation dose data were projected onto the pre-RT cortical
surface using FreeSurfer, and mean radiation dose was also
calculated for each cortical region.

The relationship of mean radiation dose and mean
cortical thickness change was assessed by univariate linear
regression for all instances of right or left entorhinal cortex
in the patient cohort (except where censored). This analysis
was repeated for the other regions of interest (ROIs):
inferior parietal, pericalcarine, and paracentral.

As a secondary illustration of the effect of RT dose on
association cortex versus primary cortex, we also compared
high-dose and low-dose exposure. All association cortex
ROIs (entorhinal or inferior parietal) that received greater
than 40 Gy mean dose were tested for significant cortical
thickness change by the Student t test. This procedure was
repeated for instances of association cortex ROIs that
received less than 20 Gy, and then an unpaired t test
compared the cortical thickness change in the high-dose
versus the low-dose observations. A previous study had
shown RT dose effects on cortex occurring above 30 Gy with
standard fractionation (9), so thresholds of 40 Gy and 20 Gy
were chosen a priori to ensure reasonable separation between
what was categorized as high dose and low dose. The same
calculations were then performed for primary cortex ROIs
(pericalcarine or paracentral). Statistical significance for all
tests was set at a Z 0.05 using 2-tailed tests.

Although mean radiation dose to a structure is more
common in clinical practice than median dose, both dose
and cortical thickness changes may be asymmetric within
an ROI. Thus, we repeated the entire analysis above using
median dose and median cortical thickness change.

Whole brain
After the hypothesis-driven ROI analysis described above, a
secondary analysis was conducted using all 34 anatomic
cortical regions in the Desikan-Killiany atlas (Fig. 1A).
Consistent with the ROI analysis, the hypothesis here was
that there would be a general pattern of more prominent
radiation dose-dependent atrophy in anatomic regions
associated with higher-order cognitive functions affected
most commonly by radiation therapy.

Linear mixed-effects (LME) model analysis was per-
formed using the R environment for statistical computing
(lme4 version 1.1-7) (33). Data from the left and right

http://surfer.nmr.harvard.edu
http://www.redjournal.org
http://www.redjournal.org


Fig. 1. (A) Cortical regions from the Desikan-Killiany atlas available in the FreeSurfer neuroimaging software suite.
Regions are displayed on the FreeSurfer average brain for illustration, but statistical analyses were carried out using the
corresponding regions delineated in the native magnetic resonance imaging space of each patient. Average radiation dose and
average cortical thickness change were calculated for each region. (B) Cortical regions with significant radiation dose-
dependent cortical atrophy in linear mixed-effects model. FreeSurfer average brain surface shown in gray (light gray for
gyrus, dark gray for sulcus). Regions statistically significant after correction for multiple comparisons are colored. Only the
left hemisphere is shown for convenience, but statistical tests included bilateral observations.
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analogues of each cortical region were included (eg, left
and right postcentral gyrus), but data from each patient
were censored for tumor and surgical effects as above.
Change in mean cortical thickness was chosen as the
dependent variable. Inasmuch as the primary question and
hypothesis related to regional variation in radiation dose
response, dose (continuous variable) by region (categoric
variable) interaction was included as a fixed interaction
effect. Age and hemisphere (right or left) were tested as
potential fixed covariates, and patient was tested as a
random covariate (ie, patient-specific intercept); the addi-
tion of each of these to the model was evaluated using a
likelihood ratio test, and they were included in the final
LME model if P<.05. An estimate was calculated for the
region-specific slope describing the relationship of radia-
tion dose and cortical thickness change. To correct for
multiple comparisons, the P values for these region-specific
slopes (obtained based on restricted maximum likelihood)
were subjected to a false discovery rate (FDR) of 0.01 (34).
Regions with significant radiation dose-dependent cortical
atrophy after FDR adjustment were identified. All P values
were for 2-sided statistical tests.

Results

Cohort characteristics

Characteristics of the included cohort are reported in
Table 1, including histologic features, sex, age, tumor
location, and radiation fractionation schemes.

ROI analysis

Cortical thinning was significantly associated with mean
radiation dose for the entorhinal cortex (PZ.01) and infe-
rior parietal cortex (PZ.02), both association cortex ROIs.
No significant association was found between radiation dose



Table 1 Patient and tumor characteristics

Characteristic
No. of patients
(total Z 54) %

Sex
Male 37 69
Female 17 31

Median age, years (range) 54 (19-77)
Tumor histology*

Glioblastoma, IDH wild-
type

30 56

Glioblastoma, IDH mutant 2 4
Anaplastic astrocytoma,
IDH wild-type

8 15

Anaplastic
oligodendroglioma, IDH
mutant, 1p/19q
codeletedy

3 6

Anaplastic ganglioglioma 1 2
Diffuse astrocytoma, IDH
wild-type

3 6

Oligodendroglioma, IDH
mutant, 1p/19q
codeletedy

4 7

Ganglioglioma 1 2
Pilocytic astrocytoma 1 2
Meningioma 1 2

Tumor location
Frontal 19 35
Temporal 16 29
Parietal 2 4
Occipital 3 6
Temporoparietal 4 7
Frontoparietal 2 4
Temporoccipital 1 2
Frontotemporal 1 2
Parietooccipital 1 2
Thalamus 2 4
Cavernous sinus 1 2
Cerebellum 1 2

Surgery
Gross total resection 23 43
Subtotal resection 25 46
Biopsy 5 9
Nonez 1 2

Median time from resection
to pre-RT MRI, weeks
(range)

3.9 (2-20)

Radiation therapy dose, Gy
(fraction size)

60 (2) 41 76
59.4 (1.8) 6 11
55.8 (1.8) 1 2
54 (1.8) 3 6
50.4 (1.8) 3 6

Systemic therapy
Temozolomidex alone 19 35
Temozolomidex þ
bevacizumab

4 7

(continued)

Table 1 (continued )

Characteristic
No. of patients
(total Z 54) %

Temozolomidex þ
bevacizumab þ other
chemotherapyk

7 13

Temozolomidex þ other
clinical trial{

9 17

Temozolomide# þ other
chemotherapy**

14 26

None 1 2
Additional local therapy
Tumor treating fields 2 4

Abbreviations: IDH Z isocitrate dehydrogenase; MRI Z magnetic

resonance imaging; RT Z radiation therapy.

* Per 2016 World Health Organization Classification of Tumors of

the Central Nervous System (35).
y Combined loss of the short arm of chromosome 1 (1p) and the

long arm of chromosome 19 (19q).
z Tumor was diagnosed as meningioma without histopathologic

analysis.
x Temozolomide given concurrently with radiation therapy for all of

these patients.
k Carboplatin (nZ5), CCNU (nZ2), irinotecan (nZ1), erlotinib

(nZ1), veliparib (nZ1), buparsilib (nZ1), ipilimumab (nZ1), ever-

olimus (nZ1), cilengitide (given concurrently with radiation therapy)

(nZ1), dasatinib (nZ1).
{ Oncolytic retrovirus clinical trial (nZ5), tumor antigen vaccine

clinical trial (nZ2), dendritic cell vaccine (nZ2). Patients in this cate-

gory also received CCNU (nZ4), carboplatin (nZ3), nilotinib (nZ2),

capecitabine (nZ1), everolimus (nZ1), palbociclib (nZ1), galunisertib

(nZ1), irinotecan (nZ1).
# Temozolomide given concurrently with radiation therapy in 13 of

these 14 patients.

** Lomustine (CCNU, nZ9), carboplatin (nZ9), irinotecan (nZ4),

galunisertib (nZ2), nilotinib (nZ2), erlotinib (nZ1), palbociclib

(nZ1), mipsargargin (nZ1), thalidomide (nZ1), etoposide (nZ1),

trametinib (nZ1), debrafinib (nZ1), rapamycin (nZ1), lapatinib

(nZ1), vemurafenib (nZ1), pemetrexed (nZ1).
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and cortical thinning for primary visual cortex (pericalcarine;
PZ.81) or primary somatosensory/motor cortex (paracentral
lobule; PZ.73). Scatter plots are shown in Figure 2.

The Student t test results for high-dose and low-dose
instances of association or primary cortex ROIs are re-
ported in Table 2 (combining all ROIs for each category).
Primary cortex ROIs showed no significant cortical thin-
ning regardless of whether they received a high (>40 Gy)
or low (<20 Gy) radiation dose. Similarly, association
cortex ROIs that received a low radiation dose were not
significantly atrophied compared with pre-RT baseline.
However, association cortex ROIs that received >40 Gy
were significantly atrophied 1 year after RT. Additionally,
thickness change in high-dose association cortex was
significantly greater than in low-dose association cortex.

This ROI analysis was performed again using the me-
dian for RT dose and cortical thickness changes within each
region instead of mean. The results were highly similar
in all respects to those described above, including all
statistical tests.
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Fig. 2. Cortical thickness change versus radiation dose for 4 regions of interest. Thickness change is the mean change from
preradiation baseline to approximately 1 year after start of radiation therapy. Radiation dose is the mean dose to that region of
cortex. Stated (2-sided) P values are for the hypothesis that thickness decreases with increasing radiation dose. Regression
slopes (�standard error): entorhinal �7.1 � 2.7 mm/Gy; inferior parietal �2.0 � 0.8 mm/Gy; pericalcarine �0.2 � 0.9 mm/
Gy; paracentral 0.3 � 0.8 mm/Gy.
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Whole-cortex analysis

All 34 cortical regions in the Desikan-Killiany atlas
(Fig. 1A) were included in a linear mixed-effects model
evaluating region-specific radiation dose effects on cortical
thickness change. Patient age and cerebral hemisphere did
not significantly contribute to prediction of cortical thin-
ning (PZ.32 and 0.49, respectively) and were excluded
from the final model. Regions with significant radiation
dose-dependent change after multiple comparisons correc-
tion (FDR<0.01) are displayed in Figure 1B. The estimated
linear effect of radiation dose on cortical thickness is re-
ported for each of these regions in Table 3. Regions failing
to reach statistical significance after multiple comparison
correction (gray in Fig. 1B) are reported in detail in Table
E1 (available online at www.redjournal.org). Distribution
of dose and thickness change for each region are reported in
Table E2 (available online at www.redjournal.org).
Discussion

To our knowledge, this is the first study in humans to show
selective vulnerability of specific cortical subregions to
radiation dose-dependent atrophy. We found that some
cortical areas involved in higher-order cognition may be
more sensitive to radiation damage than areas of primary
cortex.

After RT, patients are at risk for experiencing a pattern
of cognitive impairment with deficits in memory, executive
function, processing speed, and attention (1-3). Neuro-
behavioral changes are also reported (36). Given this
pattern, the present study sought to determine whether re-
gions of association cortex critical for these cognitive
functions are particularly vulnerable to RT effects. To test
the primary hypothesis, 2 association cortex ROIs with
well-established roles in memory, attention, or both were
selected to test this hypothesis: the entorhinal cortex

http://www.redjournal.org
http://www.redjournal.org


Table 2 Radiation dose effect on cerebral cortex regions of
interest by type

Region
of interest n*

Change in cortical thickness at 1 yeary

(mm) (%) P valuez

Association
cortexx

High dose
(>40 Gy)

20 �0.19 �6 .02k

Low dose
(<20 Gy)

142 �0.01 0 .67

Primary cortex{

High dose
(>40 Gy)

33 �0.01 0 .80

Low dose
(<20 Gy)

124 0.00 0 .87

Regions of interest were chosen a priori for hypothesis-based

analysis.

* Number of observations for this category.
y Change from preradiation baseline to 1 year after start of radiation

therapy.
z Student t test (2-sided) for significant cortical atrophy compared

with null hypothesiss of no change.
x Entorhinal and (lateral) inferior parietal regions (bilaterally) were

selected to represent association cortex and are involved in attention

and memory, cognitive functions commonly affected after brain

irradiation.
k Also significantly greater cortical atrophy than in low-dose asso-

ciation cortex (P<.01).
{ Primary cortex regions of interest include pericalcarine (primary

visual) and paracentral (primary (somatosensory/motor for lower

extremities).
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(memory [23-25]) and the lateral inferior parietal cortex
(attention and memory [19-22]). As hypothesized, both of
these regions showed radiation dose-dependent decreases in
cortical thickness approximately 1 year after RT. Associa-
tion cortex ROIs whose mean dose was >40 Gy had a mean
decrease in cortical thickness of 0.2 mm (P<.01). For
Table 3 Cortical thickness change per Gy (whole-cortex
linear mixed-effects model)

Region
Thickness

change (mm/Gy)
Standard
error P value*

Entorhinal �4.8 1.1 <.0001
Inferior parietal �2.3 0.7 .0020
Inferior temporal �3.9 1.0 .0001
Isthmus cingulate �1.8 0.5 .0009
Middle temporal �3.0 0.9 .0007
Parahippocampal �3.4 0.9 .0002
Superior frontal �2.5 0.7 .0004
Superior temporal �4.4 0.7 <.0001
Temporal pole �6.5 1.0 <.0001

Regions reported here had region-specific slopes (thickness change

per Gy) that were statistically significant after correction for multiple

comparisons (34 regions) with a false discovery rate <0.01. All regions

are reported in Table E1 (available online at www.redjournal.org).

* 2-sided P value from linear mixed-effects model without correc-

tion for multiple comparisons.
context, this is more than double the rate of annual cortical
atrophy in patients with Alzheimer disease (13, 37) and 10
times the rate in normal aging (38).

The radiation dose-dependent thinning measured in the
association cortex ROIs can be compared with the results
from the same analysis using primary cortex ROIs. Primary
visual and primary somatosensory/motor regions were
tested, but neither showed cortical atrophy associated with
radiation dose. Even at relatively high mean dose
(>40 Gy), there was no significant change in mean cortical
thickness in the primary cortex ROIs. The distinction be-
tween association and primary cortex ROIs lends weight to
the hypothesis that some regions of higher-order cortex are
more susceptible to radiation effect, which may explain the
clinical observations of functional decline in many higher
cognitive processes among brain RT patients.

The whole-cortex (LME) analysis used all 34 atlas
regions (Fig. 1A) and confirmed that the a priori ROIs
chosen for attention and memory were among those with
the strongest dose-dependent atrophy. The LME analysis
also revealed additional regions that exhibited a strong
association between radiation dose and cortical thinning
(Fig. 1B, Table 3), all of which lie within areas of asso-
ciation cortex (18). The superior frontal gyrus, for
example, is involved in aspects of working memory and
executive functioning; both of these domains are often
affected after brain RT (1-3). Although the underlying
pathologic change is very likely distinct, it is also inter-
esting that the pattern in Figure 1B is similar to that of
areas most affected by Alzheimer disease, another condi-
tion leading to deficits of memory, attention, and executive
function (37).

Other imaging studies provide background supporting
the idea of treatment-related change in the brains of cancer
patients. One recent study showed cortical thinning in 15
patients but did not address regional heterogeneity beyond
lobes (9). A study of 6 brain RT patients showed lower
FDG uptake 6 months after treatment in areas of brain that
received higher dose (39), again without addressing
regional vulnerability. Another study measured cortical
thickness in 9 children with medulloblastoma who received
chemotherapy and RT and found differences from their age-
matched healthy peers. This cross-sectional study found
differences in comparison with normal individuals, which
were attributed to differential brain development, but was
not designed to study RT dose dependence (40).

Previous work has suggested numerous mechanisms that
might underlie radiation-induced damage to the brain and
subsequent cognitive impairment, including vascular injury,
decreased hippocampal neurogenesis, altered neuronal
function, and neuroinflammation (41, 42). The precise
details of these mechanisms, and the relative contribution
each might have in cortical thickness loss after RT, are not
yet fully clear (42). Nevertheless, the groundwork is laid for
future studies that can comprehensively describe the
connection between molecular RT changes and the
macroscopic atrophy reported here.

http://www.redjournal.org
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There are several limitations to this study, including
those inherent to a retrospective study of a relatively small
cohort. The methods presented here are also unable to
disentangle nonradiation and RT contributions to observed
thickness changes. These brain tumor patients are subject to
systemic therapy, tumor effects, surgical sequelae, and an
unknown range of other environmental and genetic factors
that may influence cortical thinning to an unknown degree.
However, the analyses here specifically targeted radiation
dose-dependent cortical atrophy, so even if systemic con-
ditions or therapies played a role, it would most likely be
only in potentiating the demonstrated radiation dose effect.
Another limitation is the characteristics of the cohort,
composed of 81% high-grade glioma patients; histologic
features with more favorable prognosis could benefit the
most from potential cognitive sparing RT and should be
specifically included in future work. Finally, the imaging
findings described here still need to be validated as a
biomarker of cognitive decline through correlation with
neurocognitive outcomes, as has been done with other
diseases (13-17). Prospective investigation along these lines
is currently under way at our institution.

After validation of cortical atrophy as a biomarker of
cognitive decline, next steps in this area of research include
comprehensive characterization of contributing factors
beyond RT (eg, chemotherapy, surgery) and how these
factors may interact with RT dose effect. We can then
optimize RT plans to reduce dose to the most sensitive
cortical regions and evaluate the impact of avoidance on
cortical atrophy and on cognitive function. Neuroprotective
agents can also be assessed for mitigation of RT effect (42).

We also intend to study the time course of cortical at-
rophy after RT and its relationship with the timing of
neurocognitive changes.

It is concluded that areas of cerebral cortex most
vulnerable to radiation-related atrophy included several
regions important for higher-order cognition. This is
consistent with clinical observations that brain radiation
patients can experience deficits in domains of memory,
executive function, and attention.
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