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Purpose: The aim of the study was to evaluate neurocognitive late effects, structural alterations and asso-
ciations between cognitive impairment and radiation doses as well as cerebral tissue damage after radio-
therapy for sinonasal cancer. Furthermore, the aim was to report quality of life (QoL) and self-reported
cognitive capacity.
Materials and methods: Recurrence-free patients previously treated with intensity-modulated radiother-
apy with a curative intent were eligible for the study. Study examinations comprised comprehensive neu-
rocognitive testing, MRI of the brain, and self-reported outcomes.
Results: A total of 27 patients were included. Median age was 67 years (range 47–83). The majority of test
outcomes were below normative values in any degree, and 37% of the participants had clinically signif-
icant neurocognitive impairment when compared with normative data. Correlations between absorbed
doses to specific substructures of the brain and neurocognitive outcomes were present for Wechsler’s
Adult Intelligence Scale-digit span and Controlled Oral Word Association Test-S. Structural MRI revealed
macroscopic abnormalities in three patients; infarction (n = 1), diffuse white matter intensities (n = 2)
and necrosis (n = 1). In the analysis of atrophy of cerebral tissue, no correlations were present with nei-
ther radiation dose to cerebral substructures nor neurocognitive impairment. The global QoL of the
cohort was 75. The most affected outcomes were ‘fatigue’, ‘insomnia’, and ‘drowsiness’. A total of 59%
of participants reported significantly impaired quality of sleep. Self-reported cognitive function revealed
that ‘memory’ was the most affected cognitive domain. For the domains of ‘memory’ and ‘language’, self-
reported functioning was associated with objectively measured neurocognitive outcomes.
Conclusion: Cerebral toxicity after radiotherapy for sinonasal cancer was substantial. Clinically significant
cognitive impairment was present in more than one third of the participants, and several dose–response
associations were present. Furthermore, the presence of macroscopic radiation sequelae indicated con-
siderable impact of radiotherapy on brain tissue.

� 2020 The Author(s). Published by Elsevier B.V. on behalf of European Society for Radiotherapy and
Oncology. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Sinonasal tumours are rare entities derived from the epithelium
of the nasal cavity and paranasal sinuses. Most often, the curatively
intended treatment of sinonasal cancer (SNC) comprises a combi-
nation of radiation and surgery [1–5]. The location of the tumours
poses a challenge in radiotherapy, as the delivery of sufficient radi-
ation dose to the target is difficult while sparing healthy organs
adjacent to the tumours. The focus of treatment optimisation has
traditionally been sparing the optic pathways and the pituitary
gland, as radiation dose to these structures carries a risk of severe
and permanent late toxicity with subsequent great impact on the
patients’ quality of life (QoL) [6–9]. The urge to reduce dose to ocu-
lar structures and the pituitary gland may have resulted in
increased volumes of irradiated brain tissue.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ctro.2020.09.003&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.ctro.2020.09.003
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:majasharma@oncology.au.dk
https://doi.org/10.1016/j.ctro.2020.09.003
http://www.sciencedirect.com/science/journal/24056308
http://www.elsevier.com/locate/ctro


M.B. Sharma et al. Clinical and Translational Radiation Oncology 25 (2020) 52–60
Cerebral irradiation may cause decline in cognitive function, as
described in cohorts of patients receiving radiotherapy for
intracranial tumours [10–18] and whole brain irradiation
[19–21]. Different domains of cognitive functions are potentially
affected, namely processing speed, attention, working memory,
learning and memory, verbal fluency and executive function. As
for radiation-induced cerebral tissue damage, both diffuse white
matter hyperintesities, radiation necrosis, atrophy, vascular dam-
age, and microscopic tissue damage might appear. Functional and
structural radiation-related changes after treatment of SNC are
sparsely described in the literature, and to the best of our knowl-
edge, no dose–response analyses have been published.

Patients with SNC are relevant for studies of functional and
structural changes induced by irradiation, as the cerebral tissue
is not directly affected by tumour growth or intracranial surgery.
Evidence of dose–response correlations have been published for
patients with primary brain tumours by Gondi et al. [22], present-
ing a Normal Tissue Complication Probability (NTCP) model for the
prediction of cognitive decline. In order to prioritise the dose distri-
bution to organs at risk, including the brain, NTCP models for SNC
and data concerning radiation-induced effects on the brain are
needed, but not yet available. Studies focusing on cerebral late tox-
icity after radiothereapy for SNC are sparse, despite their impor-
tance of future patient selection of different treatment modalities
for SNC (primarily proton vs. photon therapy) and the dosimetric
priorities of the brain for intensity-modulated radiotherapy.

The aim of the present study was to investigate neurocognitive
toxicity and MRI changes of the brain after radiotherapy for SNC
and QoL. The study includes an evaluation of associations between
radiation doses, neurocognitive functioning and cerebral tissue
damage.
2. Materials and methods

2.1. Participants

A cross-sectional designwas applied and carried out in two Dan-
ish oncology centres. Eligible patients were diagnosed with cancer
of the nasal cavity or maxillary, sphenoid, ethmoid, or frontal sinus
in January 2008 through December 2016. Participants underwent
curatively intended primary or postoperative radiotherapy. Exclu-
sion criteria were age below 18, histology showing malignant mel-
anoma, sarcoma or lymphoma, tumour location in the nasal
vestibule, treatment with a palliative intent, recurrent disease,
mental illness, or lacking ability to speak or understand Danish.

2.2. Examinations

Study examinations comprised neurocognitive testing, mag-
netic resonance imaging (MRI), and QoL questionnaires. The exam-
inations were performed at the local oncology centre during one or
two visits within one month. Patient visits occurred during May-
August 2018 in centre 1 and during August-September 2019 in
centre 2.

2.2.1. Neurocognitive testing
All participants underwent testing with a battery of ten stan-

dardised neurocognitive tests covering different domains of cogni-
tive function. The battery included:

- Trail Making Test (TMT) Part A and B [23]: Part A was used to
assess processing speed, while part B assessed executive
functioning.

- Paced Auditory Serial Addition Test (PASAT) [24] was used to
assess participants’ sustained attention.
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- Wechsler’s Adult Intelligence Scale IV (WAIS-IV) [25]. The sub-
test Coding was used to assess processing speed and the sub-
test Digit Span assessed working memory. WAIS-Information is
a standardised test of common knowledge providing a good
estimate of participants’ premorbid cognitive capacity.

- Hopkins Verbal Learning Test – Revised (HVLT-R) [26] The total
scorewas used to assess participants’ verbal learning ability and
the delayed score assessed verbal recall.

- Controlled Oral Word Association Test (COWAT) (Animal and S)
[27] was used to assess phonetic and semantic word fluency.

- Stroop Color Word Test [28] was used to assess participants’
executive functioning.

When different tests measured the function of one domain (e.g.
TMT-B and Stroop Color Word assessing executive function), they
adressed specific aspects of that domain, and they were weighted
equally in the analysis. For each test outcome, Z-scores were calcu-
lated using normative data adjusted for age and, when available,
education level, reflecting deviations from the expected normative
values. A global score was calculated, defined as the mean of Z-
scores from all tests, except WAIS information, which was included
as a measure of premorbid cognitive capacity. A Z-score < �1.5 in
any test outcome was defined as a significantly impaired score in
that outcome [29], and participants with Z-scores < �1.5 in two
different outcomes were considered as having clinically significant
cognitive impairment [29]. Neurocognitive tests were adminis-
tered by the primary investigator, who previously to testing under-
went thorough education, and initially performed the tests under
the guidance and supervision of an experienced neuropsychologist
in the field. Continous supervision was available at all times. Each
test sessions lasted approximately 50 min.

2.2.2. Cerebral MRI
All MRIs were included in the imaging analysis, except for anal-

yses of atrophy, where only MRIs from centre 1 were included, due
to hardware differences. All MRIs were performed by experienced
radiographers. The scanners used in the study were Siemens Mag-
netom Prisma 3 T (centre 1) and Phillips Ingenia 1.5 T (centre 2).
T2-weighted fluid attenuated inversion recovery (T2FLAIR), and
T1-weighted (T1w) MRI sequences were acquired, no contrast
enhancement was used. Macroscopic structural damage to cerebral
tissue was assessed by an experienced neuro-radiologist using
T2FLAIR. The areas were subsequently delineated. Volumetry of
substructures was automatically calculated using T1w images
and the framework described in Aubert-Broche et al. [30]. In this
framework, images are normalized and registered to Montreal
Neurological Institute (MNI) space, a coordinate system used to
describe cerebral locations. Subsequently, brain tissue is seg-
mented into white matter, gray matter and cerebrospinal fluid
and merged with an atlas [31] in MNI space to obtain delineations
of cortical and subcortical regions. Hippocampus, thalamus were
separately delineated using patch-based label fusion [32]. Follow-
ing delineation, T1w images were co-registered by rigid registra-
tion [33] to the planning computed tomography image and
corresponding radiation treatment plan, and radiation doses to
cerebral substructures were subsequently read in the dose volume
histograms.

2.2.3. QoL
All participants were asked to complete questionnaires con-

cerning their QoL in general, symptoms of anxiety and depression,
sleep quality, and self-perceived cognitive functioning. In addition,
demographic data, covering marital status, income, education and
use of drugs was included. EORTC-QLQ-C30 (C30) [34] covers speci-
fic functional domains as well as various symptoms in scores con-
verted to scale scores of 0–100. For functional domains, a higher
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score indicates a better function, whereas the symptom scores
increase with severity of symptoms. The brain module EORTC-
QLQ-BN20 (BN20) was added to evaluate functionality and symp-
toms originated in the central nervous system. Scale scores of 0–
100 were calculated, 100 being the best function in functional
scales and 100 being the worst symptom in symptom scales. The
Pittsburg Sleep Quality Index (PSQI) [35] covered sleep quality. Seven
sub-component scores were calculated and cumulated into a glo-
bal sleep quality score. A global score of five or higher indicated
clinically significant deteriorated sleep quality. The Hospital Anxiety
and Depression Scale (HADS) [36] comprised seven items related to
anxiety and seven items related to depression. Each question was
awarded 0–3 points, and cumulated scores of eight or more in
either anxiety or depression scales were considered clinically sig-
nificant. Patient’s Assessment of Own Functional Inventory (PAOFI)
assessed participants’ own perception of higher cerebral functions
divided into four different domains; ‘memory’, ‘language’, ‘motor-
perceptual functions’, and ‘higher cognitive functions’. Each ques-
tion was scored on a Likert scale from 1 to 6, and cumulated scores
for items with reference to each domain were calculated in accor-
dance with Van Dyk et al. [37]. For the correlation analysis of self-
reported cognitive capacity and objectively measured cognitive
functioning, the domain ‘Memory’ was tested against the outcomes
‘HVLT-delayed’, ‘HVLT-total’, and ‘WAIS-Digit span’. The domain
‘Language’ was tested against ‘COWAT-S’ and ‘COWAT-animal’.
The domain ‘Higher Cognitive Functions’ was tested against
‘TMT-B’, ‘Stroop Color Word’, and ‘PASAT’. The domain ‘Motor Per-
ceptual Function’ was tested against ‘TMT-A’ and ‘WAIS Coding’.
Table 1
Demographic details of study participants and eligible patients, not included in the
study.

Patient characteristic Included;
n (%)

Eligible, not
included; n (%)

p-value (chi-
squared)

27 (100%) 15 (100%) –
Gender 0.25
Male 17 (63) 12 (80)
Female 10 (37) 3 (20)
Age
�65 11 (41) ()
2.3. Radiation therapy

All participants were treated with image-guided intensity-
modulated radiotherapy. The prescribed radiation dose to the tar-
get volume for patients receiving primary radiotherapy was 66–
68 Gy in 33–34 fractions, 5–6 weekly fractions, and for postopera-
tive radiotherapy 60–66 Gy in 30–33 fractions, 5 weekly fractions.
One patient had subsequent prophylactic whole brain irradiation
with 25 Gy in 10 fractions. Doses to substructures of the brain were
obtained from dose-volume histograms rigidly registered to the
study MRI. Maximum dose was defined as dose to 0.027 cm3. Dose
constraints for the brain was maximum 60 Gy according to the
2013th edition of DAHANCA guidelines [38].
>65 16 (59) ()
Tumor site 0.63
Nasal cavity 19 (70) 11 (73)
Maxillary sinus 8 (30) 3 (7)
Sphenoid sinus 0 1 (20)
T-stage 0.69
1 5 (18.5) 4 (26.5)
2 8 (29.5) 6 (40)
3 3 (11) 1 (7)
4 11 (41) 4 (26.5)
Treatment 0.39
Combination of surgery

and IMRT
20 (74) 9 (60)

IMRT alone 7 (26) 6 (40)
Histology 0.53
Squamous Cell

Carcinoma
16 (59) 11 (73)

Adenocarcinoma 5 (19) 1 (7)
Other 6 (22) 3 (20)
Prescribed radiation dose 0.33
60 Gy 10 (37) 3 (20)
66 Gy 12 (44) 11 (73)
�68 Gy 5 (19) 1 (7)
Chemotherapy 0.75
No chemotherapy 21 (78) 11 (73)
Concomitant cisplatin 6 (22) 2 (13.5)
Other concomitant

regimes
0 2 (13.5)
2.4. Statistical considerations

Demographic data was analyzed using descriptive statistics. For
each neurocognitive outcome and substructure volume, a Z-score
was calculated based on available age- and, when available,
education-adjusted normative data. A Z-score of zero represented
cognitive outcomes equal to normative data, and a bootstrapped
one-sided T-test was used to evaluate the probability of the Z-
score being different than zero. Spearman’s Rank Correlation test
was used to analyse correlations between Z-scores from the cogni-
tive tests and radiation dose to different cerebral substructures as
well as correlations between PAOFI outcomes and outcomes of
objective cognitive testing. Z-scores expressing the degree of atro-
phy based on age-adjusted normative data were calculated, and
Spearman’s Rank Correlation tests were performed for the analysis
of correlation between radiation dose and atrophy. Logistic regres-
sion were used to test associations between radiation dose to dif-
ferent substructures and macroscopic changes visible in MRI. Due
to the exploratory nature of the study, no correction for multiple
testing was performed. P-values less than 0.05 were considered
statistically significant. All statistical analyses were performed in
STATA v 15.0.
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3. Results

Of 42 eligible patients, 27 consented and were included in the
study. Median age was 67 (range 47–83), and median time from
the first fraction of radiotherapy to examination was 6.4 years
(range 1.6–11.1). Demographic details are presented in Table 1.
There were no significant differences between the key demograph-
ics of participants and non-participants. All participants under-
went neurocognitive testing, 20 participants had cerebral MRI, all
but one participant completed the questionnaires. Seven patients
were included in the study without MRI due to logistic difficulties
(n = 4), implanted medical devices (n = 2) and participant request
(n = 1).
3.1. Cognitive function:

Cognitive function is evaluated with Z-scores, a negative Z-
score indicating a result less than the normative value. Fig. 1 illus-
trates the distribution of number of impaired cognitive outcomes
among the participants. Seventeen participants (63%) had impaired
function in at least one cognitive outcome, and 10 participants
(37%) had clinically significant cognitive impairment with a Z-
score in two or more outcomes < �1.5. Mean Z-scores are shown
in Table 2. Statistical significant deviations from normative data
were observed in HVLT total, HVLT delayed, PASAT, coding, COWAT
S, and WAIS digit span. Generally, the majority of mean scores
were negative, as displayed in Fig. 2. From Table 2, it is evident,
that the premorbid function assessed with WAIS Information were
significantly lower than expected, indicating a cohort of generally
impaired cognitive capacity prior to the cancer diagnosis. Across



Fig. 1. Number of impaired cognitive outcomes per patient among study partic-
ipant and the distribution of number of outcomes in the study population. An
impaired outcome is defined by a Z-score � 1.5 in any cognitive test explained in
detail in Methods.

Table 2
Mean Z-scores of the cohort of 27 participants in each cognitive outcome, and the
corresponding p-value assessing the deviation from normative data. * Actual mean
test score. For WAIS information, a Z-score has not been calculated.

Cognitive domain Mean Z-score (SD) p-value (bootstrapped
one-sided T-test)

Processing speed
- TMT-A
- Coding

0.09 (1.04)
�0.45 (1.00)

0.51
0.04

Executive function
- TMT-B
- Stroop color word

�0.18 (1.28)
0.05 (1.06)

0.48
0.82

Learning and memory
- HVLT total �0.80 (1.27) <0.01

Memory
- HVLT-delayed �1.29 (1.52) <0.01

Working memory
- WAIS Digit span �0.33 (0.75) 0.02

Sustained attention
- PASAT �1.26 (1.65) <0.01

Word fluency
- COWAT animal
- COWAT S

0.06 (1.69)
�0.65 (1.00)

0.87
<0.01

Global composite score �0.29 (0.84) 0.13
Premorbid cognitive capacity

WAIS Information
8.6* (2.9) 0.03
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the cohort, the most affected outcomes were the sustained atten-
tion test PASAT (mean Z = �1.26, SD = 1.5, and four participants
who did not complete the test), and the delayed verbal recall test
HVLT-delayed (mean Z =�1.29, SD = 1.65). In addition, participants
obtained inferior mean scores compared to normative data on tests
of processing speed (WAIS coding, mean Z = �0.45, SD = 1.00),
working memory (WAIS digit span, mean Z = �0.33, SD = 0.75),
learning and memory (HVLT-total mean Z = �0.80, SD 1.27), and
word fluency (COWAT-S mean Z �0.65, SD 1.00).

Numerous outcomes were associated with radiation dose to
specific substructures (Table 3). Poorer working memory (WAIS
digit span) was significantly associated with higher mean doses
to the right hippocampus (p < 0.01), right temporal lobe
(p = 0.01), left (p = 0.04) and right (p < 0.01) frontal lobes as well
as max dose to the whole brain (p = 0.04). Poorer performance
on verbal fluency (COWAT-S) was significantly associated with
higher mean doses to left and right frontal lobes
(p-values = 0.04). Poorer performance in sustained attention
(PASAT) was associated with higher maximum dose to the whole
brain (p < 0.01). A positive correlation between executive function
(Stroop Color Word) and higher doses to the left hippocampus and
the left temporal lobe were present (p-values < 0.01). As illustrated
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in Fig. 3 Radiation dose had a negative impact on most cognitive
outcomes, and for several tests, a negative coefficient was present
for all substructures. No associations could be detected between
cognitive function and atrophy of the delineated cerebral substruc-
tures. The patient who received additional prophylactic whole
brain irradiation had the lowest global composite score (�1.9),
and Z-score < 1.5 in 6/10 cognitive outcomes. The analyses of cog-
nitive outcomes across the cohort did not changes with exclusion
of this patient.
3.2. MRI

Three participants displayed macroscopic structural changes
(Table 4). One participant had infarction in the posterior watershed
zone. Three participants displayed voluminous, diffuse, radiation-
induced white matter hyperintensities, one of which contained a
radiation-induced necrosis (Fig. 4). The necrotic area had received
a maximum radiation dose of of 68 Gy. The neurocognitive test of
this participant revealed a severe decline in memory (HVLT-
delayed Z�2.3 and HVLT-total Z�2.2), but no considerable general
cognitive decline with a global cognitive Z-score of �0.6. All
patients with structural alteration of brain tissue had maximum
radiation doses to the brain exceeding 60 Gy. When analysing vol-
ume alterations across the cohort, no significant associations with
doses to substructures were present. One patient who received a
maximum dose of 69 Gy to the brain displayed negative Z-scores
in all volume parameters, and a mean Z-score of �2.2 across all
substructures, indicating general atrophy. The cognitive examina-
tion of this participant revealed substantial cognitive decline in
the domains of processing speed, executive function, memory,
attention, and word fluency.
3.3. Quality of life

Table 5 presents an overview of patient reported outcomes.
Both C30 and BN20 questionnaires indicated sleep deprivation/fa-
tigue as the dominant factor for deterioration of the general QoL.
This is supported by PSQI, as 16 participants (59%) reported clini-
cally significant decreased quality of sleep. Symptoms of depres-
sion and anxiety were evaluated with HADS; no participants
showed symptoms of both anxiety and depression, one participant
displayed symptoms of anxiety, and one displayed symptoms of
depression. In the PAOFI questionnaire, displaying self-reported
cognitive functioning, the domain ‘memory’ was affected the most
with a mean score of 21.40 (SD 6.88). The least effect on self-
reported function was in the domain ‘motor-perceptual function’,
with a mean of 9.04 (SD 4.14). The correlation between self-
reported cognitive capacity and objectively measured cognitive
function showed significant correlations for the PAOFI domain
‘Memory’ and the outcomes ‘HVLT-delayed’ (p < 0.01) and ‘HVLT-
total’ (p = 0.02), as well as the PAOFI domain ‘Language’ and the
outcome ‘COWAT-S’ (p = 0.02). No normative data of PAOFI is avail-
able for comparison with this scoring system.
4. Discussion

The results of our study indicate substantial impact on neu-
rocognitive functions after radiotherapy for SNC. PASAT and
HVLT-delayed were the most affected neurocognitive outcomes,
displaying impairment in the cognitive domains of attention and
memory. Furthermore, dose–response correlations were found
across several substructures of the brain, including dose to the
whole brain, right temporal lobe, both frontal lobes and hip-
pocampi and outcomes of WAIS-digit span, both frontal lobes



Fig. 2. Neurocognitive function. Each spike represents a test result for the given outcome for a given participant (n = 27). Z-scores of 0 represent no change relative to the
expected value, negative Z-scores indicate deterioration relative to the expected value, and positive Z-scores indicate a better outcome than expected. The majority of
negative Z-scores in the population of the current study indicate a tendency of cognitive impairment among the study participants. Clinical significant Z-scores (<�1.5)
visulaised in black. WAIS = Wechsler’s Adult Intelligence Scale, HVLT = Hopkins Verbal Learning Test, COWAT = Controlled Oral Word Association Test, PASAT = Paced
Auditory Serial Addition Test, Stroop CW = Stroop Color Word Test.

Table 3
Influence of radiation dose. The table shows mean and max doses to relevant substructures of the brain as well as Spearman correlation coefficients describing correlations
between mean radiation doses to substructures and Z-scores of specific cognitive. For the whole brain, analyses have been performed using maximum doses. Spearman
correlation coefficients are values between �1 and 1, the further from 0 the stronger the correlation. Statistical significant correlations are marked with bold, italic letters.
TMT = Trail Making Test, WAIS = Wechsler’s Adult Intelligence Scale, PASAT = Paced Auditory Serial Addition Test, HVLT = Hopkins Verbal Learning Test, COWAT = Controlled Oral
Word Association Test, CW = colour word, L = left, R = right.

Substructure Domain

Mean
dose

Max
dose

Processing speed Sustained
attention

Working
memory

Verbal learning &
Delayed recall

Verbal fluency Executive
function

Test TMT A WAIS
Coding

PASAT Digit
Span

HVLT
Total

HVLT
delayed

COWAT
Animal

COWAT S Stroop CW TMT B

Frontal lobe L 6.6 52.7 �0.15 �0.19 �0.51 �0.54 �0.17 0.00 �0.08 �0.59 0.31 �0.29
Frontal lobe R 6.6 51.2 �0.33 �0.21 �0.49 �0.78 �0.44 �0.02 �0.03 �0.53 0.03 �0.21
Temporal lobe L 12.0 43.4 0.13 �0.08 0.02 �0.09 0.09 �0.03 0.19 �0.17 0.69 �0.09
Temporal lobe R 12.5 42.6 �0.33 �0.21 �0.31 �0.56 �0.21 0.13 0.13 �0.14 0.18 �0.37
Hippocampus L 14.1 22.2 0.11 �0.01 �0.18 �0.12 0.12 0.00 0.20 �0.14 0.76 �0.28
Hippocampus R 12.9 22.5 �0.25 �0.18 �0.25 �0.52 �0.20 �0.07 0.04 �0.38 �0.10 �0.21
Brain 8.5 53.7 �0.23 �0.22 �0.59 �0.41 �0.26 �0.14 �0.04 �0.35 0.22 �0.36
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and COWAT-S as well as maximum dose to the whole brain and
PASAT.

Neurocognitive impairment after SNC treatment has only been
evaluated in one previous study (Meyer et al, 2000) [39], that
investigated long-term impairment in 19 patients treated for SNC
between 1971 and 1994. They found radiation dose to be signifi-
cantly associated with impaired HVLT-delayed recall, and a pre-
scribed mean dose of 60 Gy associated with impaired memory
56
recall. Cognitive decline following radiotherapy is widely investi-
gated in nasopharyngeal tumours [40–44], all studies concluding
that radiotherapy caused various degrees of neurocognitive
impairment. Nasopharyngeal tumours are most often located more
posteriorly than sinonasal tumours, and therefore larger radiation
doses are usually delivered to the frontal and the temporal lobe
of the brain. The results are thus indicative of a dose-related func-
tional impairment of relevance also to SNC radiotherapy. In addi-



Fig 3. Correlation between cognitive outcomes and doses to the substructure of the brain. Each spike represents a single cognitive outcome’s correlation with the dose
received by that given structure. Negative coefficients indicate a negative correlation, and a positive coefficient indicates a positive correlation. Statistical significant results
are visualised in black. TMT = Trail Making Test, WAIS = Wechsler’s Adult Intelligence Scale, PASAT = Paced Auditory Serial Addition Test, HVLT = Hopkins Verbal Learning
Test, COWAT = Controlled Oral Word Association Test, Stroop CW = Stroop Color Word Test, R = right, L = left.
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tion, a number of studies have investigated cognitive function in
patients treated for head and neck cancer in general, the majority
of which did not include SNC. Williams et al. (2017) [45] showed
57
mild cognitive decline in the majority of patients with head and
neck cancer, however not related to the radiation dose, but to
various demographic factors. These results indicate that multiple



Table 4
Function and QoL of patients of the four participants showing macroscopic radiation induced radiation sequelae of the brain. L = left, R = right, Gy = gray, QoL = quality of life.

PT ID MRI finding Anatomic location Maximum dose to anatomic location Global composite cognitive score Global QoL

3 Diffuse White matter lesion Bilateral frontal lobes L: 63.2 Gy
R: 62.9 Gy

Z = -0.36 75.00

7 Infarction Posterior water shed Z = -0.03 83.33
8 - Temporal lobe necrosis

- diffuse white matter lesion
Right temporal lobe 69.7 Gy Z = -0.6 66.67

9 Diffuse white matter lesion Bilateral Frontal lobes L: 61.2
R: 62.5

Z = -0.93 58.33

Fig 4. MRI of participant 8, showing diffuse white matter lesion in the right temporal lobe, and a necrotic area in the temporal pole, affecting both white and gray matter
(study MRI, right). A substantial radiation dose has been delivered to the area (original treatment plan, left). The dose is shown in Gray, the red being areas with higher dose.
The patient was enucleated following radiotherapy. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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etiologic factors are at play in the development of cognitive impair-
ment in head and neck cancer patients. Apart from wide etiology,
the evaluation of the literature is further challenged by a wide vari-
ety of instruments used for assessment of neurocognitive function,
regardless of initiatives to unify the methods [29]. In spite of the
complex endpoints and varying methods for evaluation, much
focus of the literature is directed towards radiation of hippocam-
pus as the main driver for cognitive decline following radiotherapy.
Thus, much effort has been put into sparing hippocampus with the
aim of decreasing the degree of subsequent cognitive impairment.
Gondi et al. [22] proposed a threshold dose of 7.3 Gy given to 40%
of bilateral hippocampi in order to reduce the risk of cognitive
decline. The model of Gondi did not have any predictive value in
our dataset (data not shown), similar to the validation of Jaspers
et al. [46] (2019) in a cohort of patients with low-grade gliomas.
However, a large prospective study published in 2020 by Brown
et al. [47] evaluated cognitive failure and the model proposed by
Gondi et al. in patients with brain metastases receiving whole
brain irradiation of 30 Gy in 10 fractions. They concluded that
the cognitive failure rate was significantly reduced in patients
receiving hippocampal sparing radiotherapy compared to conven-
tional whole brian irradiation. The laterality of hippocampal irradi-
ation is continously under investigation. The current study found
correlations between impaired working memory and radiation
doses to the right hippocampus and between executive function
and doses to the left hippocampus. The sample size in the current
study is too narrow to suggest threshold doses or changes in treat-
ment practice; for this purpose, a larger, prospective study would
be required. To conclude, endpoints are complex, and the results
from studies with intra- and extracranial tumours differ, possibly
as direct effects of the tumour as well as other intracranial treat-
ments will have additional impact on the function of the brain.
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In the evaluation of late radiation sequelae, the aspect of QoL is
central. Analyses from the current study did not reveal any corre-
lation between cognitive decline and global QoL. It is however
important to take into account that a mild cognitive decline might
not be reflected in deteoriation of the general QoL. Multiple factors
affect the QoL, challenging the assessment of cognitive decline
itself. In the current analysis, ‘fatigue’, ‘insomnia’, and ‘drowsiness’
were the most severe self-reported symptoms and 59% had poor
quality of sleep. Studies have concluded that poor quality of sleep
has a negative impact on the cognitive function. Thus, both deteo-
riated sleep and radiotherapy may lead to cognitive decline, and
radiotherapy may lead to poor quality of sleep. The relative weight
of these factors in the development of cognitive decline and global
QoL continues to be subject for investigation. Prospective studies
focusing on these correlations are pertinent.

One participant had asymptomatic temporal lobe necrosis fol-
lowing radiotherapy. The only reports on temporal lobe necrosis
in SNC patients are descriptive studies and case reports by Ahmad
et al. [48] and Madhava et al. [49]. The correlation between macro-
scopic cerebral changes such as temporal lobe injury and cognitive
decline has been investigated in a study by Lam et al. [42], who
concluded that temporal lobe injury in patients treated for
nasopharyngeal cancer was associated with cognitive decline. Sim-
ilarly, Cheung et al. [50] concluded that radiation necrosis was
associated with impaired cognitive function in patients treated
for nasopharyngeal cancer, particularly in the domains of verbal
memory and language. The participant in our study with temporal
lobe necrosis also had severe impairment of memory functions.
Guo et al. [51] and Lv et al. [52] investigated volume changes in
a prospective setting in patients who received radiotherapy for
nasopharyngeal cancer. They found volumes of the ventricles and
hippocampus substantially changed following radiotherapy. In



Table 5
Patient reported outcome measures and estimated premorbid functioning. All
repsonses are calculated to scale scores, reflecting the participants function or degree
of symptoms in a given area. A total of 26 participants completed the questionnaires.
For EORTC-QLQ-C30 and EORTC-QLQ-BN20 function scales (*), higher scores indicate
better function and for symptom scales (**), higher scores indicate more severe
symptoms.

Patient reported outcome Mean score (SD) Normative value

EORTC-QLQ-C30
- global QoL

Functions*
- role functioning
- physical functioning
- cognitive function
- emotional function
- social function

Symptoms**
- Fatigue
- Nausea and vomiting
- Pain
- Dyspnoea
- Insomnia
- Appetite loss
- Constipation
- Diarrhoea
- Financial difficulties

70.8 (18.8)
80.7 (27.9)
80.5 (16.7)
75.6 (23.2)
84.3 (18.2)
85.3 (25.1)
25.2 (23.4)
3.2 (8.2)
13.5 (17.7)
11.5 (21.0)
23.1 (27.9)
6.4 (13.4)
3.9 (10.9)
5.1 (12.3)
9.0 (20.1)

Hjermstadt et al. [53]
75.3
83.3
89.9
86.5
82.8
85.5
28.8
4.0
20.5
14.3
20.4
7.5
10.7
9.4
9.0

EORTC-QLQ-BN20
Functions*
- Visual disorder
- Motor dysfunction
- Communication deficit
- Future uncertainty

Symptoms**
- Headache
- Seizures
- Drowziness
- Hairloss
- Ichy skin
- Weakness of legs
- Bladder control

91.1 (10.1)
88.0 (14.7)
90.2 (18.1)
78.8 (27.6)10.3 (22.7)
5.1 (15.5)
28.0 (28.4)
2.7 (9.2)
6.4 (13.4)
10.3 (18.3)
12.8 (26.8)

HADS
- Depression
- Anxiety

2.7 (2.8)
3.1 (3.1)

PSQI
- Global score

5.6 (2.7) Hinz et al. [54].
5.0 (3.37)

PAOFI scale scores
- Higher cognitive function
- Motor-perceptual function
- Memory
- Language

15.7 (6.1)
9.04 (4.2)
21.5 (6.8)
17.3 (5.7)
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our study, no significant correlations between dose to substruc-
tures and Z-scores describing volume changes could be detected,
and cognitive decline could likewise not be associated with cere-
bral atrophy. The assessment of atrophy on a substructure-level
based on normative data will easily miss detailed coherences. An
important aspect of assessing functionality of the brain is micro-
scopic tissue damage, as it might impact the function of the brain.
Microscopic alteration can be visualised on diffusional MRI imag-
ing, which would be relevant to incorporate in the development
of dose–response models for brain tissue.

The strength of the current study lies in its comprehensive
nature investigating both neurocognitive functioning, objective
evaluation of macroscopic tissue alterations, and the impact on
the QoL. Furthermore, patients with SNC are appropriate for the
investigation of radiation-induced cerebral toxicity, as intracranial
spread and intracranial surgery is rare, thus evading two major
confounders.

The current study carries some limitations; first, the study
cohort is relatively small. With SNC, it is, however, difficult to col-
lect large cohorts due to the rarity of the disease as well as the poor
prognosis. In our study, 64% of eligible patients accepted inclusion.
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Second, the cross-sectional nature of the study with no available
baseline data does not allow for the detection of actual changes
in neurocognitive functioning or cerebral morphology. In order to
minimise the uncertainty and effect of confounders in the current
study, we used age-adjusted normative data based on large mate-
rials, and for PASAT, the normative data were adjusted to education
levels as well. With a lack of control group, the normative data
offers an opportunity for interpreting the results, which is a stan-
dard approach within the field of neuropsychology. Cognitive func-
tion might be affected by other confounding factors; even though
the brain is rarely affected by intracranial tumour growth or
intracranial surgery, the large fraction of patients who underwent
surgery has been through a more extensive course of treatment
and stay in intensive care units, potentially affecting cognitive
capacity. Regarding the entire cohort, cognitive function might
too be affected by the cancer diagnosis itself, other medication,
or subclinical recurrence. Only one patient were diagnosed with
recurrent disease following participation in the study, 16 months
after study examinations.

As cognitive function and the cerebral tissue itself may be
affected by several other factors, as well as the development of
cognitive impairement over time, the results of the current study
call for larger prospective data collections with baseline assess-
ments and timed follow up examinations. The Danish Head and
Neck Cancer Group (DAHANCA) has launched such a prospective
study (DAHANCA 36).

In conclusion, we found substantial late toxicity in the brain,
both macroscopic changes and functional impairment. More than
one third of the patients displayed clinically significant cognitive
impairment, and dose response correlations were present for dose
to both frontal lobes, both hippocampi and the right temporal lobe.
Macroscopic radiation sequeleae were present as well, indicating
considerable impact of radiotherapy in brain tissue. Based on the
results from the current study, a prospective national study has
been initiated, and a study investigating proton and photon ther-
apy is planned, including the generation of a NTCP model for cere-
bral toxicity after radiotherapy for SNC.
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