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Cognitive decline has a clear impact on quality of life in patients who have received cranial radiation
treatment. The pathophysiological process is most likely multifactorial, with a possible role for decreased
cortical thickness and volume. As radiotherapy treatment systems are becoming more sophisticated, pre-
cise sparing of vulnerable regions and tissue is possible. This allows radiation oncologists to make treat-
ment more patient-tailored. A systematic search was performed to collect and review all available
evidence regarding the effect of cranial radiation treatment on cortical thickness and volume. We
searched the Pubmed, Embase and Cochrane databases, with an additional reference check in the
Scopus database. Studies that examined cortical changes on MRI within patients as well as between trea-
ted and non-treated patients were included. The quality of the studies was assessed with a checklist spe-
cially designed for this review. No meta-analysis was performed due to the lack of randomised trials. Out
of 1915 publications twenty-one papers were selected, of which fifteen observed cortical changes after
radiation therapy. Two papers reported radiation-dependent decrease in cortical thickness within
patients one year after radiation treatment, suggesting a clear relation between the two. However, study
quality was considered mostly suboptimal, and there was great inhomogeneity between the included
studies. This means that, although there has been increasing interest in the effects of radiation treatment
on cortex morphology, no reliable conclusion can be drawn based on the currently available evidence.
This calls for more research, preferably with a sufficiently large patient population, and adequate
methodology.

© 2019 Elsevier B.V. All rights reserved. Radiotherapy and Oncology 135 (2019) 33-42

Keywords:

Cranial irradiation
Brain neoplasms
Cerebral cortex

It is estimated that 50-90% of patients receiving radiotherapy
(RT) to the brain experience progressive cognitive disability [1,2].
The severity varies from mild impairment to symptoms similar
to progressive dementia. The exact aetiology of this disabling con-
sequence of tumour treatment remains unknown, but there are
multiple hypotheses, including neuronal dysfunction, vascular
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damage and disturbed neurogenesis. The true cause is most likely
multifactorial [1-3].

Recent advances in imaging modalities and analyses have made
testing of some of these hypotheses possible [4]. Although most
imaging studies focus on the relationship between radiation-
induced cognitive defects and white matter (WM) [5,6] or the hip-
pocampus [7,8], increasing attention has been given to changes in
the cerebral (neo)cortex. The cerebral cortex contains a vast num-
ber of neurons, and has a thickness between 1 and 4.5 mm in vivo,
depending on location [9]. The neurons are interconnected in an
immensely complex network, and form the tissue which is essen-
tial for the execution of all cognitive processes [10]. It is comprised
of both neuronal cell bodies and fibres, together with glial cells and
blood vessels [11]. Both damage to neurons and vasculature can
lead to disruption in the cortical network, and have been linked
to changes in cognitive abilities [2,12].

Before the era of digital image analysis, macroscopic cortical
atrophy as seen on routine CT or MRI had already been associated
with RT and cognitive function [13-16]. But now, the exact
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thickness of the cerebral cortex throughout the brain can be accu-
rately computed from MR-images using specific software [9,17-
23]. There are several ways to perform the morphological measure-
ments, including deformation-based, voxel-based and surface-
based morphometry (DBM, VBM and SBM), with the latter allowing
for measurement of the cortical thickness [24]. In this technique,
the surface of the brain is recreated as a fine mesh, and the distance
between the surface and the border between the cortex and the
underlying WM is calculated for each point in this mesh. The thick-
ness is measured on a sub-millimetre level, which allows research-
ers to detect even microscopic changes between multiple scans.
Although decrease in cortical thickness is part of the normal ageing
process [25], it has also been linked with several diseases, includ-
ing Alzheimer’s disease [4,26], Parkinson’s disease [27] and depres-
sion [28,29]. Furthermore, it has also been associated with
cognitive impairments [30,31], which leads to the hypothesis that
cortical thinning is a contributing factor to the impairments seen
after radiation therapy. This is further supported by the fact that
animal models have shown that irradiation during the pre-natal
developmental period can also contribute to cortical abnormalities,
including the thickness and volume of the cortex [32-34].

Aside from cortical thickness, cortical volume can also be
derived from MR-images using the VBM method mentioned above.
This is a more straightforward technique than the more complex
SBM, which allows for quicker analysis. It classifies the voxels of
an MRI-scan according to tissue types (grey matter, white matter
or cerebrospinal fluid), quantifying the amount of each tissue type
in each voxel. These values are added up to get the volume of each
tissue. While the two measures are related, as the volume of the
cortex changes along with its thickness, it is still recommended
that both metrics should be interpreted separately due to their dif-
ferent genetic origins [35].

To gather all available current evidence regarding the effect of
cranial RT on the cerebral cortex, we have conducted a systematic
review of the literature. In this review we attempt to answer the

following question: what evidence exists that changes in cortical
thickness and volume occur in patients who have received cranial
irradiation?

Methods

Search strategy

The systematic review was conducted according to the PRISMA
(Preferred Reporting Items for Systematic Reviews and Meta-
Analyses) Statement [36]. A search was performed in the Pubmed,
Embase and Cochrane databases on the 21st of March 2018, and
was constructed with help of a research librarian at Utrecht
University, specialised in medical systematic reviews. The full
search strings for each database are found in Appendix A. In short,
we searched with terms relating to radiation therapy and cortical
thickness or volume. The references of the ultimately selected
studies were checked for additional studies in the Scopus database.

Study selection

After duplicate removal, all titles and abstracts of the search
results were independently screened by 2 reviewers (SN and
AvdB), and selected based on the inclusion criteria presented in
Fig. 1. We were primarily interested in studies comparing cortical
changes after RT within the same patients. However, in order to get
a complete overview of the effect of RT, we also selected studies
that performed a cross-sectional comparison between patients
who received RT and non-RT controls. Therefore, both study
designs were part of the inclusion criteria. The screening of the
studies was facilitated by Covidence systematic review software
(Veritas Health Innovation, Melbourne, Australia). Conflicts in
screening were resolved during a consensus meeting. After screen-
ing, the full texts of the remaining manuscripts were read and the
final selection of studies was made, again independently by the
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Fig. 1. Flow-chart of article selection, and overview of inclusion and exclusion criteria.
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two screening authors, followed by another consensus meeting to
resolve conflicts.

Data extraction

Data were extracted by the first author using a standard data
collection form. We collected any analyses of changes or differ-
ences in either cortical thickness or volume after RT. If present,
the relation between RT dose and cortical changes was also col-
lected. Additionally, data on population, sample size, type of RT
and length of follow-up were collected. When only part of the pop-
ulation of a study received RT, and no RT-subgroup analysis was
reported, data from the entire population were extracted. Finally,
if a study analysed the volume of the entire grey matter instead
of the cerebral cortex, this difference in grey matter volume was
extracted.

Data quality and relevancy

A checklist was constructed to assess data quality and relevancy
of the papers. The domains of this checklist included case selection,
study design and analysis quality. A complete overview of the
assessment checklist, and the criteria that needed to be met for a
positive score, are shown in Table 1.

The criteria in the domain “case selection” were mainly chosen
to reflect on the risk of selection bias in the studies. The description
of the way cases are selected, whether a random or consecutive
sample was used, and a description of excluded and non-
participating subjects allow us to verify that all eligible patients
were included in the study. A comprehensive case description
allows readers to see how the patients and controls relate to each
other, and whether or not other treatments have been given to one
or all groups.

The study design was evaluated by determining whether a pri-
ori brain regions were analysed. The use of these regions of interest
(ROIs) means that the researchers identified brain regions where
cortical changes are expected to occur. They were selected because
these areas are related to certain cognitive functions or these areas

Table 1
Criteria for assessing risk of bias and study relevancy.

have been shown to be vulnerable in earlier research. Using a lim-
ited number of a priori brain regions also negates the problem of
multiple comparisons, whereby a significant result is more easily
obtained when analysing many different brain regions simultane-
ously. Dividing the cortex into regions for analysis, as opposed to
complete brain or lobes, means smaller areas of cortical thickness
and volume change can be found. Similarly, only an analysis of the
complete brain results in finding all possible regions of cortical
change. Studying the relation between cortical change and dose
shows that the observed changes are more likely to be related to
radiation therapy, and are less likely to be caused by other factors,
like ageing, which is well described [25].

Finally, the quality of the imaging and processing procedures
and the quality of analysis and its description gives an indication
of the methodological and statistical validity, and thereby the risk
of bias by confounding or multiple comparisons.

Results

After duplicate removal, the search yielded a total of 1915
unique studies. After screening of title and abstract, 63 studies
were selected for full text evaluation. After reading the full text,
21 studies were included for this review. A reference check in Sco-
pus revealed no additional studies. The flow-chart of study selec-
tion is shown in Fig. 1.

Of the selected studies, 7 reported on cortical thickness after
radiation therapy. Thirteen measured either cortical or grey matter
volume after RT, and one studied both thickness and volume. An
overview of the studies is found in Tables 2 and 3, and the assess-
ment of bias and relevancy are found in Table 4. As none of the
found studies are randomized controlled trials, meta-analysis of
the study results is not advised [37]. Therefore, the findings of
the found references will be presented in a narrative manner.

Cortical thickness

Eight studies presented data on the effect of radiation therapy
on cortical thickness. Of those, three studies registered longitudi-

Yes

No

Case and control selection

Random or consecutive sample
Non-participants
Case description
received treatments)
A priori brain regions
Discrete RT patient group
Changes in cortex regions
Relation to dose
Complete brain analysed
regions censored

Imaging and processing

documented use of appropriate software
Analysis described

Setting, time frame and eligibility criteria for recruitment provided, and
adequate matching in cross-sectional studies

Consecutive or random participant sampling

Data on non-participating (excluded patients in case of retrospective
study, eligible but non-participating in case of prospective study) subjects
given, including reason for non-participating

Information on participants complete (demographics, primary disease,
Pre-defined brain regions of interest studied

Results are available of a group of patients that all received RT

Changes in cerebral cortical regions measured and reported

Changes in cortex are relation to RT dose and location

Cortical changes measured in entire brain, or entire brain with tumour

Measurements performed on MR-images of sufficient quality and
resolution, with adequate tumour area censoring (if necessary) and

Methods of image analysis and computation adequately described,

Data on setting, method of selection and
eligibility criteria for recruitment incomplete,
and insufficient matching

No consecutive or random participant
sampling or unclearly described

Data on non-participating subjects not
reported or incomplete

Data on participants incomplete

No pre-defined brain regions of interest
studied

Data available only of combined treatment
group

Changes in total cerebral lobes, total cortex or
total grey matter measured

Dose and location of RT is not related to
cortical changes

Cortical changes not measured in entire brain,
e.g. in one cerebral lobe

Poor image quality, insufficient tumour area
censoring and/or incomplete information on
software used

Methods unclearly or incompletely described

including imaging parameters and software used

Analysis quality

Use of correction for multiple comparisons, nonparametric statistical
inference and controlling for possible confounding factors

One or more items missing; or the description
is unclear
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Table 2

Study characteristics of papers on cortical thickness.

Changes in the cortex after irradiation

Paper Adults  Study Patient diagnosis  Total Patients Chemotherapy  Controls (n) RT type (total dose  Mean time after
design patients  treated in RT group in Gy) RT
with RT
Correa Yes Both Hematopoietic 28 9 9 Healthy controls Full-dose total 1 year
(2013) stem cell (10) body irradiation
recipients (12.0-13.75)
Karunamuni  Yes Longitudinal ~High-grade 15 15 15 - Fractionated partial 1 year
(2016) glioma brain irradiation
(60)
Kundu No Longitudinal Medulloblastoma 14 14 14 Juvenile pilocytic Craniospinal 376 days
(2017) astrocytoma (36) irradiation (mean
total 24.6 Gy)
Lin (2017) Yes Cross- Nasopharyngeal 42 42 40 Pre-RT NPC 2D-CRT (66-76), 3.32 months (ED)
sectional carcinoma patients (22) IMRT (58-70) and 10.90 months
(LD)
Liu (2007) No Cross- Medulloblastoma 9 9 9 Healthy controls Craniospinal 2.8 years
sectional 9) irradiation (25.7)
Nieman No Cross- Various tumours 19 19 17 Healthy controls Cranial-spinal 1.51 and
(2015)° sectional (32), surgical radiation 1.70 years
controls (9) (23.40-36.00)
Seibert Yes Longitudinal ~ Primary brain 54 54 53 - Fractionated partial 1 year
(2017) tumour brain irradiation
(57.9)
Tamnes No Cross- All 130 18 18 Healthy controls Cranial irradiation 23 years
(2015) sectional (130) (20.0)

ALL = acute lymphocytic leukaemia, CRT =conventional radiation therapy, ED =early delayed, IMRT =intensity-modulated radiation therapy, LD =Late delayed,

NPC = nasopharyngeal carcinoma, RT = radiation therapy.
" Same study as Nieman (2015) in Table 3.
™ Same study population as Zeller (2013) in Table 3.

Table 3
Study characteristics of papers on cortical volume.
Author Adults  Study Patient diagnosis  Total Patients Chemotherapy  Controls (1) RT type (total dose in Mean time
design patients treated in RT group Gy) after RT
with RT
Edelmann  No Cross- All 79 39 39 Healthy controls Cranial radiation (20) 23.9 years
(2014) sectional (23)
Follin No Cross- All 33 33 33 Healthy controls Cranial radiation 34 years
(2016) sectional (29) (18-25)
Gommlich  Yes Longitudinal Glioma (grade II 26 26 NR - Partial brain irradiation 12 months
(2018) and I11) (54)
Hu (2014)  Yes Cross- Nasopharyngeal 30 30 NR Pre-RT NPC NR NR
sectional carcinoma patients (20)
Leng Yes Cross- Nasopharyngeal 46 46 NR Pre-RT NPC IMRT (66-74) NR (range from
(2017) sectional carcinoma patients (24) 1 week to
4 years)
Lv (2014) Yes Cross- Nasopharyngeal 30 30 27 Pre-RT NPC 2D-CRT or IMRT 7.6 months
sectional carcinoma patients (15) (58-76)
Nieman No Cross- Various tumours 28 19 17 Healthy controls Cranial-spinal radiation  1.51 and
(2015) sectional (32), surgical (total 23.40-36.00) 1.70 years
controls (9)
Petr Yes Longitudinal  Glioblastoma 41 11 11 Proton-RT treated ~ 3DCRT or IMRT (50-60) 6 months
(2018) (16)
Porto No Cross- All 20 10 10 Healthy controls Preventative cranial 14.5 years
(2008) sectional (21) irradiation (12-24)
Prust Yes Longitudinal  Glioblastoma 14 14 14 - Partial brain irradiation 6 months
(2015) (60)
Reddick No Cross- Medulloblastoma 15 15 NR™ LGG treated with Whole brain and focal 5.1 years
(1998) sectional surgery only (15) irradiation (55-65)
Riggs No Cross- Medulloblastoma 20 20 20 Healthy controls Cranial-spinal 5.1 years
(2014) sectional (19), astrocytoma (13) irradiation (23.4-41.4,
(1) boost 54.0-59.4)
Simé Yes Both SCLC 22 22 22 Healthy controls Prophylactic cranial 3 months
(2016) (21), Non-SCLC irradiation (25)
(13)
Zeller No Cross- All 130" 18 18 Healthy controls Prophylactic cranial 22.5 years
(2013) sectional (130) irradiation (20)

ALL = acute lymphocytic leukaemia, CRT = conventional radiation therapy, IMRT = intensity-modulated radiation therapy, LGG = low grade glioma, NPC = nasopharyngeal

carcinoma, NR = not reported, RT = radiation therapy, SCLC = small cell lung cancer.
" Same study as Nieman (2015) in Table 2.
" Same study population as Tamnes (2013) in Table 2.
™" Group composed of both surgery + RT and surgery + RT + chemo group, ratio not specified.
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Table 4
Assessment of bias and relevancy.
Paper Case selection Study design Analysis
Case and Random or Non- Case A priori Discrete  Changes Relation Complete Imaging Analysis  Analysis
control consecutive  participants description brain RT in cortex to dose brain and described quality
selection  sample regions  patient regions analysed processing
group
Correa = - - I - = P - o . ,, _
(2013)
Edelmann - 7 7 v - - = = P - v _
(2014)
Follin (2016) »~ I I I - I - - P P v -
Gommlich 17 - 7 - = 7 = - P — o _
(2018)
Hu (2014) = - - - - v v = ,/ v ,; -
Karunamuni  »~ I I I - I - » P P P .
(2016)
Kundu 7 17 17 7 = 7 P - - _ v _
(2017)
Leng (2017) - = = = = v - - v o o _
Lin (2017) = - - v v - v - v v v =
Liu (2007) %4 - - %4 - %4 I - 174 e e -
Lv (2014) = - - - - e » - v v v -
Nieman = = = v = - = = v v v =
(2015)
Petr (2018) I - I I - I - 4 I » P -
Porto (2008) - - - e = P - v o ,, _
Prust (2015) - - - v - v - - v P e =
Reddick - - - - = P = - - v -
(1998)
Riggs (2014) - - - %4 - %4 - - 1% e I =
Seibert I I I I v I » I -
(2017)
Simé (2016) v - v - I - v P P -
Tamnes I 4 I I = - I - I v v =
(2015)
Zeller (2013) »~ I v v = = = = I v I =

nal changes within patients, four cross-sectional studies compared
RT patients with non-RT controls (either matched healthy controls
or patients who received other cancer treatments), and one study
combined a longitudinal and a cross-sectional design.

Longitudinal studies

Two studies scored highest in our assessment tool and both
investigated dose-dependent cortical thinning in a longitudinal
design by comparing pre-RT MR images with those made one year
after treatment.

Karunamuni et al. retrospectively studied 15 high grade glioma
patients who underwent fractionated partial brain RT and
chemotherapy [38]. They concluded that total cortical thickness
decreased more with increasing doses of administered RT. With
every additional Gy the cortex showed thinning of 1.3 um, up to
a total dose of 34.6 Gy. Above this dose, thinning increased to
7.2 um/Gy. They further analysed the cortical thickness per lobe,
and found that the parietal, limbic and temporal lobes were most
susceptible to cortical thinning after RT, the latter being the most
vulnerable.

Seibert et al. conducted a similar study, but used a pre-specified
ROI analysis [39]. They selected 54 patients treated with RT for pri-
mary brain tumours, and looked at the effect of regional dose on
cortical thickness. They focussed their attention on cortical regions
associated with higher cognitive functions: the inferior parietal
cortex and the entorhinal cortex (see Fig. 2). These two ROIs were
compared with two regions representing the primary cortex: the
pericalcarine cortex and the paracentral lobule. They found a sig-
nificant correlation between radiation dose and the amount of
thinning in their two regions of interest, whereas no such correla-
tion was found in the two reference regions. When assessing

whether cortical reduction appears in areas receiving either low
(<20 Gy) or high (>40 Gy) mean dose, they found that the two ROIs
combined showed significant loss of thickness of 0.19 mm (6%)
after receiving the high dose. Again, this was not found in the pri-
mary cortex. Additionally, they used a linear mixed-effects model
to test the effect of regional radiation dose to cortical thinning
for each of the 34 cortical regions of the Desikan-Killiany brain
atlas. This showed radiation vulnerability in 9 brain regions, with
cortical thinning ranging from 1.8 pm to 6.5 pm per Gy.

Two other studies exploring longitudinal change in cortical
thickness were performed by Correa et al. and Kundu et al.
[40,41]. They both had a paediatric study population, with
hematopoietic stem cell transplantation recipients and medul-
loblastoma patients respectively. Kundu et al. found an increase
in temporal cortical thickness 1 year after RT. They compared this
to juvenile pilocytic astrocytoma patients who received only surgi-
cal treatment, who showed cortical thinning normal for their age.
Correa et al. saw a significant cortical thinning in the left and right
middle frontal gyrus in their subjects. However, they used a study
population that was largely comprised of patients who received
only chemotherapy, with only some receiving chemoradiation.
There was not enough statistical power to analyse the effect of
RT alone. Analysing the chemotherapy group revealed decrease
in the left middle frontal gyrus, but no significant changes in the
right middle frontal gyrus.

Cross-sectional studies

Of the cross-sectional studies, the one by Lin et al. measured
post-RT cortical thickness in adult patients [42]. They divided a
cohort of nasopharyngeal carcinoma patients into three: pre-RT,
1-6 months post-RT (named ED: early delayed) and 7-18 months
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post-RT (LD: late delayed). They compared cortical thickness
between these groups in both vertex-wise and ROI-wise analyses.
The latter was done by dividing the brain into 148 ROIs according
to the Destrieux brain atlas. Comparing the pre-RT group to the
post-RT-ED groups revealed one vertex cluster of thinner cortex
located in the left precentral gyrus of the treated patients. How-
ever, when comparing the cortical thickness of the pre-RT to the
post-RT-LD, they found a thicker cortex in the latter group in 5 ver-
tex clusters and 22 ROIs, spread across all cerebral lobes and both
hemispheres. The cortex in these ROIs showed a relative thickness
difference between 4.4% and 12.8%. The dose and location of radi-
ation were not taken into account in these analyses, so it is not cer-
tain whether or not the areas showing cortical differences were
subjected to irradiation. Although age and gender were included
as covariates in the ROI-wise analysis, pre-existing cortical differ-
ences between the two patient groups can be the explanation for
some or all found differences. Additionally, patients were treated
with different radiation techniques (2D-CRT or IMRT), adding to
the inhomogeneity of the study population.

The three remaining cross-sectional studies all described a pae-
diatric population who received both RT and chemotherapy. Two
studies by Tamnes et al. and Liu et al. compared survivors of child-
hood malignancies to healthy controls, and found 1 and 5 brain
regions with a significantly thinner cortex, respectively [43,44].
However, the former study only had 18 patients treated with RT
in their 130-patient study population, and the latter included 9
patients only, all treated with both RT and chemotherapy. Nieman

et al. found a thicker cortex in the frontal, occipital and temporal
lobes in their >7 year-old group [45]. Finally, Correa et al. per-
formed cross-sectional analysis in addition to their longitudinal
one, but found no significant differences [40].

Cortical volume

Of the papers on cortical volume changes after radiotherapy,
three had a longitudinal design, ten were cross-sectional, and
one did both.

Longitudinal studies

The best level of evidence, according to our assessment tool,
was found in the paper by Sim6 et al. They studied the changes
in grey matter volume in 22 small cell lung cancer (SCLC) patients
receiving prophylactic cranial irradiation [46]. They found a signif-
icant volume reduction in the bilateral insular cortex, right
parahippocampal gyrus and superior and temporal middle gyrus
three months post-radiation. These longitudinal changes were
not found in either healthy controls or non-small cell lung cancer
(NSCLC) patients who did not undergo radiation therapy. This dif-
ference is unlikely to be caused by systemic therapy, as both SCLC
and NSCLC groups received comparable chemotherapy regimens.
Additionally, they performed neuropsychological tests on these
three groups, and found that the SCLC patients performed worse
in several domains, including verbal fluency and processing speed.
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No attempts were made to correlate these cognitive deficits to
radiation dose or cortical volume reduction. In a previous study
by the same research group, similar grey matter (GM) changes
were observed 1 month after starting platinum-based chemother-
apy, before cranial irradiation was started [47]. As the SCLC
patients who received cranial irradiation also underwent this
chemotherapy regimen, the authors suggest the GM change is
most likely the result of chemotherapy. However, as stated above,
no longitudinal changes were observed in the NSCLC patients, who
underwent chemotherapy only. Furthermore, group by time analy-
sis of cortical volumes between the two groups found significant
differences in GM volume change in several brain areas.

In a study by Petr et al., the effects of radiotherapy on brain
matter volumes of the healthy hemisphere were compared
between patients receiving photon and proton therapy for glioblas-
toma [48]. In the photon group, which included 41 patients, a loss
of total GM volume was seen after 3 and 6 months. Furthermore,
they found that GM volume loss increased with mean radiation
dose, with areas receiving >10 Gy showing more volume loss when
compared to those receiving <10 Gy (—2.4% and —1.6%, respec-
tively). Further stratification of dose revealed highest volume loss
in the regions that received 30-60 Gy, namely —3.1%. In multivari-
ate linear regression mean received dose had a significant effect on
GM volume of 0.9%/10 Gy. Prust et al. also found a loss of GM vol-
ume after chemoradiation for glioblastoma [49]. This study only
included 8 patients who were eligible for image analysis, and data
at last follow-up (35 weeks) was available for only 3 participants.
Also note that these last two studies measured GM volume as a
whole, which not only includes cerebral cortex, but also the thala-
mus and basal ganglia.

The final longitudinal study, by Gommlich et al., found no sig-
nificant change in 14 glioblastoma patients who received radiation
therapy [50].

Cross-sectional studies

Of the cross-sectional studies, three had an adult study popula-
tion, all treated with radiation therapy for nasopharyngeal carci-
noma (NPC). Lv et al. found a smaller cortical volume in several
areas in the temporal and frontal lobes in treated NPC patients
compared to pre-treatment patients [51]. They also found a nega-
tive correlation between the mean dose to the temporal lobes and
cortical volume of select areas therein. Similarly, Leng et al. found
numerous areas of smaller volume in all follow-up groups (<6
months, 6-12 months and >12 months after RT) [52]. Hu et al.
found a smaller volume of the right paracentral lobule in patients
treated in the last 6 months compared to pre-treatment controls
[53]. However, in their delayed reaction group (7-24 months) they
observed a bigger volume of this area compared to the early treat-
ment group.

Edelmann et al. found a smaller GM volume of the parietal and
temporal lobes in acute lymphoblastic leukaemia (ALL) survivors
who received cranial RT in childhood compared to those who
underwent chemotherapy only [54]. Follin et al. and Zeller et al.
both found smaller total GM volume and total cortical volume,
respectively, in ALL patients compared to healthy controls.
[55,56] However, when correcting for total intracranial volume,
Follin et al.’s result lost significance. Zeller et al. used the same
study population as Tamnes et al. which, as mentioned above, only
had a small fraction of RT patients in their patient group. When
analysing the effect of treatment variables on GM volume, they
found no significant correlation. They also subjected the partici-
pants to neuropsychological testing, and found a correlation
between cortical GM volume and processing speed as well as exec-
utive function. This correlation lost its significance when corrected
for multiple comparisons.

Finally, Nieman et al., Porto et al., Reddick et al. and Riggs et al.
found no significant differences in their RT population compared to
controls [45,57-59].

Discussion

In this systematic review we set out to find all available evi-
dence regarding the effects of radiation therapy on cortical thick-
ness and volume. From 1915 manuscripts we included 21
studies, of which 7 studied cortical thickness, 13 studied cortical
or grey matter volume after RT, and 1 studied both.

Fifteen papers seemed to show at least some degree of cortical
change, with Karunamuni et al. and Seibert et al. providing the
most reliable evidence as scored by our checklist (Tables 1 and
4). They correlated longitudinal cortical change to radiation dose,
and found that cortical thickness decreases with every additional
Gy delivered to healthy brain tissue in select brain regions. Fur-
thermore, Karunamuni et al. found a threshold of 34.6 Gy above
which cortical thinning increases. Similarly, Petr et al. found an
increase in GM volume loss with higher total doses of RT. These
findings are in line with cortical atrophy and other gross mor-
phological changes seen in the cortex in older imaging studies
[13-16] and studies of pre-natal radiation exposure in animals
[32-34].

The exact biological process that leads to this visible loss of cor-
tical thickness and volume remains unknown. There is evidence
that, as part of a complex inflammatory reaction, phagocytosis of
healthy and damaged neurons occurs after radiation through acti-
vated microglia [60]. This atrophy of neural cells is likely to be a
contributor to the diminished cortex, along with the loss of glial
cells [61]. Another histopathological change often seen in the cor-
tex after radiation therapy is vascular damage [1,62], a potential
consequence of which is demyelination of the cortex. Demyelina-
tion is a known effect of vascular damage in WM [1,2], and
although myelin is most abundant in WM, the cortex also contains
myelinated axons [11]. Loss of myelination in the cortex could lead
to a decrease in cortical volume, and thereby also affect thickness.
Demyelination, as well as glial atrophy, has already been observed
in radiation damage in mice and rats [63]. Several of our selected
papers examined additional outcomes that reflect these structural
changes, like those by Petr et al., who looked at grey matter perfu-
sion and Edelman et al., who performed diffusion tensor imaging
(DTI).

In contrast, Lin et al. found select regions of a thicker cortex in
their late delayed (7-18 months post-RT) patient group compared
to the pre-RT group. This difference could simply be explained due
to pre-existent differences between the two patient groups, but an
effect of RT is also possible. The authors suggest that the thicker
cortex post-RT could be caused by astrogliosis, which is a known
long-term effect of brain irradiation [60].

Another hypothesis for changes in cortical morphology we
would like to pose, and which we have not seen discussed before,
has to do with the border between GM and WM. As radiation leads
to demyelination and myelin is the main component of WM, we
hypothesise that the boundary between white and grey matter
could become less defined. As the WM contains more myelin than
GM, loss of demyelination could affect the WM more than the cor-
tex, which might cause the perceived GM/WM border to shift
towards the white matter. The method of cortical thickness esti-
mation starts with segmentation into WM and GM, so when the
border shifts, results of cortical measurement change accordingly.
As the changes are mostly measured on sub-millimetre level, even
the smallest shifts in the GM/WM border can lead to significant
changes in perceived morphology. Supportive of this hypothesis
is the fact that demyelinated WM appears hypointense on T1
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weighted MRI [64], which is the same imaging sequence that is
used for cortical morphology measurements.

Even the papers that scored highest in our assessment tool did
not meet all our criteria for a methodologically sound paper. In
fact, none of the found papers used the statistical methods which
would meet the requirements of modern neuroimaging standards:
multiple comparison correction, nonparametric statistical infer-
ence and controlling for possible confounding factors. For instance,
analysing the change in cortical thickness on a voxel-wise or
vertex-wise basis means that for each patient more than 100,000
data points are used for analysis. For each of these data points a
statistical test is performed, and using the usual 0.05 threshold
for p-values results in 5% of the 100,000 tests giving a false positive
result, even if the null hypothesis is really true. The resulting 5000
false positive voxels are large enough to interpret as a meaningful
finding, while they are actually a mere consequence of the testing
setup. In other words, when not correcting for these multiple com-
parisons, this may lead to a false significance of the observed effect
of radiation on the cerebral cortex. Examples of multiple compar-
ison corrections are the false discovery rate (FDR) [65] or the con-
trol of the voxel-level family-wise error rate (FWE) [66]. Other
studies used the Desikan-Killiany or Destrieux brain atlases, which
are comprised of 34 and 74 brain areas respectively. This vast dif-
ference in data quantity means the power of the study can increase
based on the method used, while keeping the same number of
patients. This problem can be overcome with adequate statistical
methods, but these have been largely unused in the studies we
found. And even when the significance of an observed change is
legitimate, it remains unclear which effect size has any meaningful
consequences. A change of several micrometres may be significant,
but its effect on cognitive symptoms may be negligible. So the
question remains how clinically relevant these results are.

Aside from these statistical objections, the way cases were
selected and reported was also found lacking in fifteen papers
according to our assessment tool. Using a non-consecutive or
non-random patient sample is accompanied by the risk of selection
bias. This might be a particularly important factor in papers that
use a retrospective cohort and are unclear in their method of
patient selection.

The biggest limitation to this systematic review is the great
inhomogeneity between the selected papers, in both study design
and quality. No two papers had similar study designs, patient pop-
ulation and follow-up time. Other major differences are sample
size (ranging from 9 to 130), RT type and dose, and type of controls
in the cross-sectional studies. These differences make comparing
papers difficult, and an attempt at meta-analysis unjustifiable.

There are several additional methodological issues with the
selected studies. Eight papers discussed cortical changes after
treatment during childhood, with follow-up times varying
between 3 months and 34 years. During normal brain maturation
and development, changes are seen in the thickness of the cerebral
cortex. Whether the cortex decreases from birth or undergoes a
period of thickening before it reduces is still an on-going debate,
in which no consensus had been reached [67]. Either way, the
effect of this normal biological process cannot be easily separated
from the effect of radiation therapy, which also means the results
of these studies cannot be reliably interpreted, and certainly can-
not be extrapolated to an adult population.

More than half of the included studies did not measure differ-
ences in cerebral cortex between pre- and post-RT scans of the
same patients, but instead applied a cross-sectional design. They
compared the cortical thickness or volume of RT patients with
either healthy controls or non-RT patients. Most of these controls
were age- and gender matched, eliminating the influence these
two factors have on the cerebral cortex [25,68]. However, other
factors such as handedness, genetics, pregnancy and even socio-

economic status have also been related to differences in the cere-
bral cortex [69-72]. The precise biological processes underlying
these differences are not known, but the effect of sex and preg-
nancy suggests a hormonal component [72]. As these factors
are usually not taken into account when using matched controls,
pre-existent differences between patients may explain some or
all of the results found in the cross-sectional papers. In a study
measuring the cortical thickness in 30 healthy patients, a mean
standard deviation of 0.54 mm was found [9]. This means that,
with an average thickness of 2.7 mm, the cortex can be expected
to differ by more than 20% in around one third of cases. The
interpersonal difference in cortical thickness is even greater in
the association areas, namely the prefrontal and temporal cor-
tices [9].

Another important factor in these studies is the administration
of chemotherapy. This treatment has also been linked to changes in
the cerebral cortex [73,74]. As mentioned before, not all papers
incorporated this confounding factor in their analyses, which
may influence the reliability of their results. Furthermore, some
studies had a “treated” and an “untreated” group, whereby only
a fraction of patients in the treated group received RT, and most
received only chemotherapy. This means that no conclusion about
the effect of radiation therapy can be drawn.

Finally, also publication bias by ‘file drawer effect’ might play a
role in studies on the effect of RT [75]. As it is not customary to
publish a research protocol, or to otherwise make it known this
effect is being studied, we do not know how many studies have
not been reported due to inconclusive or negative results. It is pos-
sible more research groups did similar tests, but found no differ-
ence before and after RT, and therefore did not publish their
findings. We urge future researchers performing a high-quality
study and finding a negative result to still publish their findings,
because absence of a relation between RT and cortical damage is
also valuable knowledge to have. We are unable to create a funnel
plot to test for publication bias, for the same reasons a meta-
analysis could not be performed.

All these limitations, especially the great inhomogeneity and
consequential unjustifiability of meta-analysis, mean that we can-
not reliably claim that RT does indeed affect the thickness or vol-
ume of the cerebral cortex based on evidence that is currently
available. Similarly, we are unable to point to cortical regions that
are especially susceptible to radiation damage.

Suggestions for future research are clear: there is a need for lar-
ger studies, with sound methodology. Ideally, studies should also
try to correlate radiation dose, longitudinal cortical change and
cognitive deficits within the same patient group. The recommen-
dation of this review is to test this association, which may lead
to the identification of cortical areas especially vulnerable to
radiation-induced cognitive decline. If such areas do indeed exist,
we may avoid them during radiation therapy, the same way we
now are able to do for the hippocampus [76]. Identification of these
areas at risk is especially useful for newer, more precise radiation
therapy techniques like the MR-Linac, which combines a 1.5T
MRI scanner with a linear accelerator [77]. With this combination,
it becomes possible to correct for patient movements, and to adapt
treatment planning to morphological changes in the patient’s
brain. There are already several studies that have evaluated the
techniques and feasibility of cortical sparing, which show a signif-
icant dose reduction in the cortex, while maintaining adequate tar-
get coverage [78-80]. Should a clear indication arise that
radiotherapy delivered to certain cortical regions causes cognitive
decline, a decision needs to be made whether to favour sparing of
the hippocampus, or sparing of the cerebral cortex. A controlled
trial comparing the effect of cortical sparing versus hippocampal
sparing on cognitive outcome may provide an answer to this
question.
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Conclusion

Thinning of the cerebral cortex is associated with cognitive
decline. Thickness and volume of the cerebral cortex can be easily
measured from T1 MRIs that are acquired as part of the normal
clinical routine. There seems to be a relation between radiation
therapy and changes in cortical thickness and volume. Further-
more, higher doses may lead to more thinning and sharper cogni-
tive decline. However, despite the amount of studies found, the
present studies are too inhomogeneous and lacking in quality to
safely make this conclusion or make suggestions for changes in
clinical practice. Therefore, we recommend that multiple larger,
longitudinal studies need to be performed that address the
methodological problems stated in this review, in order to identify
vulnerable cortical areas. If such areas do indeed exist, we may
avoid them during radiation therapy, the same way we now are
able to do for the hippocampus. Newest radiotherapy planning
software and linear accelerator hardware would enable precise
sparing of these cortical structures. With this, we can treat brain
tumours optimally while preserving quality of life of our patients
after radiotherapy.
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