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Aim: This study aimed to explore associations between radiation dose and patient-reported outcomes in patients
with a primary non-glioblastoma brain tumour treated with radiation therapy (RT), with a focus on health-
related quality-of-life (HRQoL) and self-reported cognitive function.

Methods: In this cross-sectional study, 78 patients who had received RT for a non-glioblastoma primary brain
tumour, underwent neuropsychological testing and completed questionnaires on HRQoL, cognitive function,
fatigue, depression, anxiety and perceived stress. The study explores the association between HRQoL scores, self-
reported cognitive function and radiation doses to total brain, brainstem, hippocampus, thalamus, temporal lobes
and frontal lobes. In addition, we examined correlations between neuropsychological test scores and self-
reported cognitive function.

Results: The median time between RT and testing was 4.6 years (range 1-9 years). Patients who had received high
mean radiation doses to the total brain had low HRQoL scores (Cohen’s d = 0.50, p = 0.04), brainstem (d = 0.65,
p = 0.01) and hippocampus (d = 0.66, p = 0.01). High mean doses to the total brain were also associated with
low scores on self-reported cognitive functioning (Cohen’s d = 0.64, p = 0.02), brainstem (d = 0.55, p = 0.03),
hippocampus (d = 0.76, p < 0.01), temporal lobes (d = 0.70, p < 0.01) and thalamus (d = 0.64, p = 0.01). Self-
reported cognitive function correlated well with neuropsychological test scores (correlation range 0.27-0.54.)
Conclusions: High radiation doses to specific brain structures may be associated with impaired HRQoL and self-
reported cognitive function with potentially negative implications to patients’ daily lives. Patient-reported
outcomes of treatment-related side-effects and their associations with radiation doses to the brain and its sub-
structures may provide important information on radiation tolerance to the brain and sub-structures.

Introduction crucial in follow-up after RT for a brain tumour [9-12]. In a previous

publication we found that high radiation dose to the brain and its sub-

Radiation therapy (RT) is an important treatment of primary brain
tumours as it improves local control and survival in a broad range of
tumour types [1,2,3]. Unfortunately, RT is associated with risk of long-
term impairment of cognitive function and quality of life [4,5]. Non-
glioblastoma brain tumour patients are often young and have a rela-
tively long expected survival [6-8]. Assessment of health-related quality
of life (HRQoL) and patient-reported outcomes (PRO) are therefore
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structures was associated with poor scores on neuropsychological
testing [13]. However results from neuropsychological testing may not
correspond fully to the patients’ perception of their own functions, and
self-reported cognition can provide important complementary infor-
mation about patients’ overall functioning [14,15]. Self-reported
cognitive impairments are often associated with poor overall HRQoL
[15-18] and may further be associated with fatigue, depression, anxiety,
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and stress [9,19-21]. Data on patients’ perception of commonly occur-
ring treatment related side-effects and their associations with radiation
doses to the brain and its sub-volumes may provide important infor-
mation about the radiation tolerance of the brain and its sub-volumes.
Such information could be translated into dose-volume constraints
used in radiation therapy planning. However, so far, clinical evidence on
dose-volume constraints to the brain is limited or inconsistent and often
based on expert consensus rather than evidence [4,17,18,22,23].

This cross-sectional study is a precursor for a national longitudinal
study initiated by the Danish Neuro-Oncology Group with the aim of
exploring radiation doses to various brain structures in patients with a
primary non-glioblastoma brain tumour previously treated with RT and
their associations with PROs; self-reported cognitive function, fatigue,
depression, anxiety, stress, and overall HRQoL. The main focus is on
associations between radiation dose and health related quality of life
(HRQoL) and self-reported cognitive function. Some studies have found
that that the use of antiepileptic drugs to be associated with reduced self-
reported cognitive function and HRQoL [20,24]. Thus, we also explored
differences in PROs between patients with or without epilepsy and for
patients who were still working versus patients who did not work due to
their illness.

Material and methods
2.1. Study design and patients

The present paper is part of a larger study focusing on the relation-
ships between radiation doses to the brain and its substructures and
specific cognitive functions. The primary endpoint of the larger study
was the association between outcomes on Hopkins Verbal Learning Test
revised (HVLT-r) and radiation dose to the hippocampus. Previously, we
reported data from the cognitive assessment and associations to radia-
tion dose in this cross-sectional study [13]. In the present paper, we
report the results for the PROs and associations with radiation dose.

The inclusion criteria were: primary non-glioblastoma brain tumour
according to WHO 2016 guidelines [6]; RT between 2006 and 2016 at
Aarhus University Hospital (AUH) or proton therapy abroad as part of a
Danish referral program; progression-free since RT; age 18 years or older
at time of diagnosis; Karnofsky performance status of 60-100; and
capable of undergoing neuropsychological testing. Exclusion criteria
were glioblastoma and inadequate Danish language proficiency. Pa-
tients completed questionnaires assessing PROs and a battery of stan-
dardized neuropsychological tests [13]. The neuropsychological tests
were conducted by the same trained physician supervised by a senior
researcher with expertise in neuropsychology in the period February
2017 to March 2018.

2.2. Radiation therapy

Details about RT have previously been reported [13]. In brief, par-
ticipants received three-dimensional conformal RT (2006-2008; n = 5),
or intensity-modulated RT (IMRT) and daily cone-beam computed to-
mography (after 2008; n = 64). RT was given with 1.8-2.0 Gy fractions
to total doses of 45-60 Gy. Nine patients were referred to proton therapy
at the Skandion Clinic, Uppsala, Sweden, Heidelberg Ion Beam Therapy
Center, Germany or the MD Anderson Cancer Center, Houston, USA.

2.3. Radiation dose to brain structures

The following structures: brain (without brainstem and clinical
target volume), brainstem, hippocampus, temporal lobe, frontal lobe
and thalamus, were delineated on the computer tomography (CT) scan
co-registered with a contrast enhanced 3D T1-weighted magnetic reso-
nance imaging (MRI) scan [25,26]. All contouring was performed by one
oncologist and reviewed by a neurosurgeon and a neuro-oncologist.
Mean doses from these contours were converted to biologically
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equivalent doses in 2 Gy fractions (EQD3) assuming an o/p ratio of 3 Gy
[27].

2.4. Patient-reported outcomes (PROs)

HRQoL was assessed with the European Organization for Research
and Treatment of Cancer Quality-of-Life Instrument (EORTC QLQ-C30)
[28]. The EORTC QLQ-C30 includes six functional scales, three symp-
tom scales, and additional single-item scales, resulting in a total of 15
outcomes [28]. In the present study, we used the HRQoL summary score
calculated as the mean of the combined 13 QLQ-C30 scale and item
scores (excluding global quality of life and financial impact) [29,30].
When scoring the QLQ-C30, symptom scale scores are reversed so that
all outcomes are in the same direction and raw scores are transformed to
linear scales ranging from O to 100 with higher scores representing
better HRQoL [28,29,30].

Self-reported cognitive functioning was measured with The Patient’s
Assessment of Own Functioning Inventory (PAOFI) [14], designed to
evaluate patients’ experiences of their functional capacity in everyday
activities [31]. The PAOFI consists of four subscales that directly address
cognitive functions: a Memory subscale, a Language and Communica-
tion subscale, a Motor/Sensory-Perceptual subscale and a Higher Level
Cognitive and Intellectual Function (HLCF) subscale. A higher rating on
any item indicated a lesser degree of impairment [32].

Fatigue was measured with The Functional Assessment of Chronic
Illness Therapy — Fatigue (FACIT-Fatigue) scale, version 4 [33]. Higher
scores represent better functioning or less fatigue [33]. A FACIT-Fatigue
score < 30 indicates severe fatigue [34]. Symptoms of anxiety and
depression were measured with The Hospital Anxiety and Depression
Scale (HADS) [35]. The total scores of HADS was interpreted as follows:
Score 0-7 = normal; score 8-10 = mild symptoms; score 11-14 mod-
erate symptoms; and score > 15 = severe symptoms [36]. Perceived
Stress was measured with The Perceived Stress Scale (PSS), a stress
assessment instrument containing about feelings and thoughts during
the last month [37,38]. A total score 0-13 indicates low stress, 14-26
indicates moderate stress, and 27-40 indicates high stress [39].

2.5. Cognitive assessment

The patients underwent cognitive assessment with a battery of
standardized neuropsychological tests covering the following domains:
processing speed; attention and working memory; verbal learning and
memory; verbal fluency; and executive functions [13]. Tests included
the Trail Making Test - Parts A and B (TMT A & B) [40]; Hopkins Verbal
Learning Test - Revised (HVLT-R) [41]; Controlled Oral Word Associa-
tion Test (COWAT) — Animals and letter S [42]; Coding and Digit Span
subtests from the Wechsler Adult Intelligence Scale - Version IV (WAIS-
IV) [43]; Paced Auditory Serial Addition Test (PASAT) — 3-second trial
only [44]; and the Stroop Colour and Word Test [45].

2.6. Statistical analyses

Sample size was originally estimated based on a study comparing
cognitive function in irradiated and non-irradiated brain tumour pa-
tients and described in an earlier publication [21]. Statistical power
analysis was based on total recall of the HVLT-R [21]. The present
analysis include only the irradiated group. It was predefined which as-
sociations between PROs and brain structures should be examined.
ClinicalTrials.gov number: ID NCT04118426

To identify patients who are particularly at risk for impaired HRQoL,
we dichotomized outcomes on PRO. There are no standardised clinical
cut-off scores for the EORTC QLQ-C30 or the PAOFI in brain tumour
patients. We chose to dichotomize EORTC QLQ-C30 and the PAOFI
scores as the 25% of patients with the poorest scores represented the
“impaired group” and the remaining 75% with better scores represented
the “unimpaired group”. For the FACIT-Fatigue, patients were
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dichotomized into fatigue (i.e., FACIT-Fatigue scores < 30) (n = 14) and
non-fatigue patients (n = 64) [34]. For the HADS Depression subscale,
patients were dichotomized into patients with mild-severe symptoms (i.
e., HADS Depression scores > 8) (n = 7) and patients with no symptoms
(n = 69) [36]. For the HADS Anxiety subscale, patients were dichoto-
mized into patients with mild-severe symptoms (i.e., HADS Anxiety
scores > 8) (n = 14) and patients with no symptoms (n = 64) [36]. For
the PSS, patients were dichotomized into patients with moderate stress
(i.e., PSS scores > 14) (n = 27) and patients with no stress (n = 49) [39].
To determine whether there were differences between the mean EQD; of
delineated structures in the two dichotomized groups for each PRO,
independent sample t-tests were conducted, and effect sizes were
calculated (Cohen’s d). Independent sample t-tests were conducted to
determine possible differences in PROs between patients with and
without epilepsy and between patients who were still working versus
patients who did not work due to their illness.

Pearson correlations were used to explore correlations between:
EORTC QLQ-C30 and PAOFI scores, with HADS Depression, HADS
Anxiety, PSS and FACIT-Fatigue; and to examine whether tumour size,
age, tumour grade, gender or time since RT correlated with scores on the
EORTC QLQ-C30 and the PAOFI; and to examine correlations between
cognitive test scores and PAOFI scores. Chi-square tests was use to
explore potential differences between the two groups (impaired vs un-
impaired) across tumour type and location.

Results
3.1. Sociodemographic and clinical characteristics

Eighty-one out of 121 eligible patients consented to participate. The
40 patients who declined did not differ from consenting patients with
respect to age (p < 0.01), gender (p = 0.05) or tumour type (p = 0.04).
Three patients were excluded from the current analysis, as two patients’
treatment plans could not be obtained, and one patient had only
received one fraction of RT. The median time since RT was 4.6 years and
median age of patients at time of assessment was 53.5 years. Participant
demographic and clinical characteristics are shown in Table 1.

3.2. Pros and radiation dose

For the EORTC QLQ-C30 and PAOFI, cut-off scores were 79 for
EORTC QLQ-C30; 41.5 for PAOFI Memory; 40.5 for PAOFI Language;
and 39.5 for PAOFI HLCF. Chi-square tests revealed no significant dif-
ferences between the two groups (impaired vs unimpaired) across
tumour type and location (Supplementary Table 1).

Patients with poor scores on the EORTC QLQ-C30 had received
significantly higher mean EQD3 to the total brain (p = 0.04), brainstem
(p = 0.01) and hippocampus (p = 0.01), compared to the remaining
patients. Similar differences in radiation dose could not be found for the
thalamus, the temporal or frontal lobes. Poor scores on the PAOFI
Memory subscale were associated with higher EQD, doses to the total
brain (p < 0.01), hippocampus (p = 0.01), temporal lobes (p = 0.02),
frontal lobes (p = 0.03) and thalamus (p = 0.01); poor scores on the
PAOFI HLCF subscale were associated with higher EQD; doses to the
total brain (p = 0.02), brainstem (p = 0.03), hippocampus (p < 0.01),
temporal lobes (p < 0.01), and thalamus (p = 0.01); whereas no asso-
ciation with dose was found for PAOFI Language scores (Fig. 1 and
Supplementary Table 2). Patients in the high fatigue group had received
higher doses to the brainstem (p = 0.02), hippocampus (p = 0.02),
temporal lobes (p = 0.02) and thalamus (p = 0.01).

3.3. Pros and associated parameters
Statistically significant correlations were found between HADS

Depression (p < 0.01), HADS Anxiety (p < 0.01), PSS (p < 0.01), FACIT-
Fatigue (p < 0.01), and scores of the EORTC QLQ-C30, PAOFI Memory,
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Table 1
Sociodemographic and clinical characteristics of participants.

Number of participants 78 (100%)

Age, median (range) in years 53.5 (20-79)
Gender, N (%)
Male 47 (60%)
Female 31 (40%)
Education in years, median (range) 14 (7-20)
Employment, N (%)
Working 36 (46%)
Not working due to their illness 22 (28%)
Retired 20 (26%)
Karnofsky Performance Score mean (range) 90 (70-100)
Tumour type, N (%)
Meningioma 21 (27%)
Pituitary adenoma 17 (22%)
Glioma grade II 18 (23 %)
Glioma grade 111 12 (15%)
Medulloblastoma, NOS 7 (9%)
Other rare brain tumours 3 (4%)
Surgery, N (%)
None 3 (4%)
Biopsy 11 (14%)
Partial tumour resection 30 (39%)
Gross tumour resection 34 (43%)
Radiation
60.0 Gy/30 20 (26%)
56.0 Gy/28 1 (1%)
54.0 Gy/30 28 (36%)
50.4 Gy/28 4 (5%)
50.0 Gy/25 1 (1%)
45.0 Gy/25 22 (28%)
44.0 Gy/24 2 (3%)
Number of surgeries N (%)
None 3 (4%)
1 45 (58%)
1+ 30 (38%)
Location, N (%)
Frontal lobe left 9 (12%)
Frontal lobe right 8 (10%)
Temporal lobe left 6 (8%)
Temporal lobe right 2 (2%)
Parietal lobe left 4 (5%)
Parietal lobe right 2 (3%)
Fossa posteria 7 (9%)
Thalamus 2 (2%)
Midline 4 (5%)
Base of skull 34 (44%)
Antiepileptic drug, N (%)
Yes 21 (27%)
No 57 (73%)
Antidepressants, N (%)
Yes 9 (12%)
No 69 (88%)
Chemotherapy, N (%)
None 59 (76%)
Procarbazine, Lomustine and Vincristine 7 (9%)
Temozolomide 2 (2%)
Other 10 (13%)
Years since diagnosis, median (range) 6.6 (1-27)
Years since radiation therapy, median (range) 4.6 (1-9)

EORTC QLQ-C30, mean (SD)
PAOFI, mean (SD)

85.49 (13.22)

Memory 46.17 (8.87)

Language and communication 44.18 (6.82)

Motor and sensory 27.11 (3.35)

Higher Level of Cognitive Function 44.54 (8.79)
HADS, mean (SD)

Depression 2.86 (3.41)
Anxiety 4.21 (3.65)
PSS, mean (SD) 11.47 (7.19)
FACIT-Fatigue, mean (SD) 40.55 (9.48)

N: number of patients. NOS: not otherwise specified. SD; standard deviation.
EORTC QLQ-C30: Health Related Quality of life. PAOFI: Patient’s Assessment of
Own Functioning Inventory, with the Memory, Language and Higher Level of
Cognitive Function (HLCF) subscales. HADS: The Hospital Anxiety and
Depression Scale. PSS: The Perceived Stress Scale. FACIT-Fatigue: with Func-
tional Assessment of Chronic Illness Therapy.
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Fig. 1. EQD, of brain structures and outcomes on EORTC QLQ-C30, PAOFI Memory and PAOFI HLCF in impaired and unimpaired patients. EQD,; biological
equivalent doses in 2 Gy fractions. EORTC QLQ-C30: Health Related Quality of life. PAOFI: Patient’s Assessment of Own Functioning Inventory with the Memory and
Higher Level of Cognitive Function (HLCF) subscales. * T-test, two-tailed p value < 0.05. Note: For the EORTC QLQ-C30 and the PAOFI, scores were dichotomized
into “impaired group” (the 25% of patients with the poorest scores) and the “unimpaired group” (the remaining 75% with better scores). For complete dataset, see

Supplementary Table 2.

PAOFI Language and PAOFI HLCF subscales (Table 2). Epilepsy was not
associated with differential outcomes on the EORTC QLQ-C30 and the
PAOFI subscales. Patients who did not work due to their brain tumour
scored significantly lower on the EORTC QLQ-C30 (p < 0.01) and on the
PAOFI Memory (p < 0.01), Language (p < 0.01) and HLCF subscales (p
< 0.01) compared with patients who continued to work at some level
(Table 3). Tumour size was correlated with scores from the PAOFI

Table 2
Correlation between EORTC QLQ-C30 and PAOFI subscales, and HADS
Depression, HADS Anxiety, PSS and FACIT Fatigue.

PROs EORTC PAOFI PAOFI PAOFI PAOFI
Pearsons QLQ-C30 Memory Language Motor HLCF
correlation
HADS —0.51* —0.54* —0.54* —0.20 —0.56*
depression
p value (p <0.01) (p<0.01) (p<0.01) = <
0.09) 0.01)
HADS —0.49* —0.39* —0.38* -0.16 —0.47*
anxiety
p value (p < 0.01) (p<0.01) (p<0.01) = @<
0.16) 0.01)
PSS —0.56* —0.55* —0.60* -0.18 —0.63*
p value (p < 0.01) (p<001) (p<0.01) = <
0.12) 0.01)
FACIT- 0.80* 0.55* 0.58* 0.37* 0.66*
Fatigue
p value (p < 0.01) (p < 0.01) (p < 0.01) @< <
0.01) 0.01)

PROs: Patient-reported outcomes. EORTC QLQ-C30: EORTC Health Related
Quality of life questionnaire. PAOFI: Patient’s Assessment of Own Functioning
Inventory, with the Memory, Language and Higher Level of Cognitive Function
(HLCF) subscales. HADS depression and anxiety. The Hospital Anxiety and
Depression Scale. PSS; The Perceived Stress Scale, FACIT-Fatigue, with Func-
tional Assessment of Chronic Illness Therapy. *Pearson test, two-tailed p value
< 0.05.
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Table 3
PRO score between patients with or without epilepsy and with and without work
(independent sample t-test).

PROs N N Mean Mean pvalue  Effect
= = score score size
yes no (SD) (SD)

Yes No
Epilepsy EORTC 21 57 85 86 0.86 0.07

QLQ-C30 (15.53) (12.42)

PAOFI 21 55 44 47 0.18 0.34

Memory (8.79) (8.83)

PAOFI 21 55 44 44 0.67 0.00

Language (7.34) (6.67)

PAOFI 21 55 44 45 0.95 0.12

HLCF (6.99) (9.44)

Working EORTC 36 22 89 75 <0.01* 1.12
status QLQ-C30 (10.21) (14.43)

PAOFI 35 21 50 40 <0.01*  1.22

Memory (5.99) (9.88)

PAOFI 35 21 46 40 <0.01* 1.00

Language (5.47) (6.48)

PAOFI 35 21 47 40 <0.01*  0.86

HLCF (6.40) (9.57)

Working status means working (full or part time) or not working due to their
illness. EORTC QLQ-C30: Health Related Quality of life. PAOFI: Patient’s
Assessment of Own Functioning Inventory, with the Memory, Language and
Higher Level of Cognitive Function (HLCF) subscales. Effect size of 0.2 is
considered “small” effect size, of 0.5 represent a “medium” effect size and 0.8 a
“large” effect size. * T-test, two-tailed p value < 0.05.

Memory (p = 0.02) and PAOFI Language (p = 0.01) subscales, but no
other correlations with PROs were found for tumour size, age, tumour
grade, gender and time since diagnosis (Supplementary Table 3).
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3.4. Pros and cognitive test results

We previously found a correlation between self-reported cognitive
function and neuropsychological tests results in a group of irradiated
and non-irradiated brain tumour patients [21]. In this analysis we report
these finding only for the irradiated patients included in this study.
Statistically significant correlations (r = 0.27-0.54, p = 0.02 to < 0.01)
were found between the PAOFI Memory, PAOFI Language and PAOFI
HLCF subscales and the following neuropsychological tests: TMT A
(processing speed), TMT B (executive function), HVLT-R total (verbal
learning and memory), HVLT-R delayed (delayed recall), COWAT ani-
mal (word fluency), COWAT letter S (word fluency) and WAIS coding
(processing speed) with higher levels of self-reported cognitive impair-
ment being associated with lower performance on the neuropsycho-
logical tests. STROOP interference (executive function) was correlated
with the PAOFI Language subscale (r = 0.29p = 0.01), but not with
PAOFI Memory or PAOFI HLCF subscales. For the PAOFI Motor subscale
there was a correlation to TMT A (r = 0.49, p = 0.02), but no other tests
(Supplementary Table 4).

Discussion

This cross-sectional study aimed to explore associations between RT
dose and various PROs, with a primary focus on HRQoL and self-
reported cognitive function. Our study demonstrated several associa-
tions between RT doses to the brain and HRQoL, fatigue, and self-
reported cognition suggesting that RT dose may have negative and
noticeable effects on a patient’s daily life. Patients in the present study
who had received a higher radiation dose to the total brain, brainstem
and hippocampus, temporal lobes and thalamus scored poorer on
HRQoL and more problems in the areas of cognition involving memory
and higher level cognitive functioning. Furthermore, patients who had
received higher RT doses to the brainstem, hippocampus, temporal lobes
and thalamus experienced severe fatigue.

Studies examining the association between RT dose and PROs are in
general inconsistent. In one study where prescription total dose was high
(59.4 Gy), there was a correlation [18] whilst another with lower dose
(<50.4 Gy) did not find associations between RT and HRQoL [17]. Klein
et al. found that RT was not associated with lower levels of self-reported
cognitive function [20]. Tabrizi et al. found that dose to hippocampus
did not differ in patients with or without reported toxicity in low grade
glioma treated with proton therapy receiving 54 Gy [22]. Compared
with the present study, these differences could be explained by the in-
clusion of various PROs measures, tumour types, differences in RT
regimens and follow-up. In these studies, only one [17] used the EORTC
QLQ-C30 to examine HRQoL. The other PRO measures used also differed
from to the present study. The differences in the instruments used could
be one explanation for the between-study differences in associations
generally found in the literature between RT dose and PROs.

In the present study, higher levels of depression, anxiety, stress and
fatigue were associated with impaired HRQoL and self-reported cogni-
tive functioning. Given the correlational nature of our analyses, it is
difficult to distinguish the effects of RT from those of stress and fatigue
symptoms. However, the findings are suggestive of the importance of
considering the potential impact of RT dose on HRQoL and self-reported
cognition when determining treatment regimens. In addition, they also
highlight the importance of screening for depression, anxiety, stress and
fatigue when assessing HRQoL and self-reported cognitive functions in
brain tumour patients, since they are associated with these functions.

Our results show that patients who maintained employment scored
better on HRQoL and reported better cognitive functioning than patients
who had given up work due to their brain tumour. Again, due to the
nature of the study, we are unable to determine what caused the reduced
HRQoL - the experience of cognitive decline or the loss of work. Epilepsy
status, on the other hand, was not associated with HRQoL or self-
reported cognition which is in contrast to previous studies showing an
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association between epilepsy (or being on antiepileptic drugs) and
reduced self-reported cognition and HRQoL [20,24].

In comparison to a reference cohort of a healthy Danish population,
and brain tumour patients in other studies, the patients in our study
reported fairly high HRQoL [4,24,46,47]. These relatively high HRQoL
scores may be explained by a so-called “response shift” — a situation in
which patients who experience a change in health over time become
more ready to accept their situation, potentially influencing their
appraisal of HRQoL in a favourable way [4]. Taphoorn et al. reported
improvement in HRQoL over time after RT in glioma patients supporting
such a response shift [10].

We assessed associations between self-reported cognition and
objectively assessed functions as measured by neuropsychological as-
sessments. In a previous publication we found statistically significant
associations between self-reported cognition as assessed by the PAOFI
and objectively-assessed cognitive functions in the domains of verbal
learning and memory, processing speed, verbal fluency and executive
function in a group of radiated and non-irradiated brain tumour patients
[21]. In the present study focusing on the irradiated group only, we
found that these associations are maintained. The agreement between
the patients’ perceptions of their cognitive functions and cognitive test
scores supports the use of PAOFI as an important tool in follow-up after
RT for brain tumours. Nonetheless, we do consider PAOFI and testing to
be complementary. Measures of perceived cognitive problems can pro-
vide important data that supports and adds to objective neuropsycho-
logical testing by increasing our understanding of the life activities that
may be disrupted by cognitive deficits after RT [15].

The high participation rate and sample size are strengths of the
present study. We used validated PRO questionnaires regarding a broad
spectrum of issues known to impact brain tumour patients [9,19,20,21].
There are, however, some limitations. The lack of pre-treatment status
due to the cross-sectional study design and the heterogeneous patient
cohort limit the interpretability of the findings. Moreover, there are no
recommended standardised cut-off scores for the quality of life and self-
reported cognition measures used for patients treated for a brain
tumour. Given the exploratory and hypothesis-generating nature of the
study, we undertook broad testing of associations between PROs and RT
doses to different brain structures, but did not adjust for multiple com-
parisons, due to the limited sample size and the fact that the specific
PROs may not be independent of each other. This carries a risk of type 1
errors.

Furthermore, in recent years, a connectionist view, i.e., one where
functionally linked and topographically distributed large scale networks
underlie cognition [48], has challenged the localizationist perspective
taken in this study. Cognitive deficits in glioma patients have been found
associated with altered brain functional connectivity [49,50]. Global
functional connectivity is lower in patients with IDH wild-type
compared to diffuse glioma with IDH mutation, leading to poorer
cognitive function [49]. While the localizationist perspective has been
used to define organs at risk, brain connectomics have matured into a
well-established tool for investigating the cerebral networks underlying
cognition [50]. Herbert and Duffau propose an alternative meta-
networking theory, which holds that complex cognitions and behav-
iour arise from the spatiotemporal integration of distributed specialized
networks underlying cognition [48]. From a connectionist perspective,
analyzing association between PROs and radiation dose in the brain and
its substructures such as hippocampi, frontal lobes, temporal lobes etc.
may be inadequate and too simplistic [48]. In the future, a redefinition
of organs at risk may be needed.

Nevertheless, there is little established knowledge on PRO dose-
—effect relationships in the brain in general. The results of this study may
still provide important information that can guide future studies in this
field. PROs of treatment related side-effects and their associations with
radiation doses to the brain and its sub-structures can provide important
information on radiation tolerance to the brain and sub-structures. Such
information provides evidence regarding which brain sub-structures are
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likely to be associated with specific side-effects and it can then be
translated into dose-volume constraints used in RT planning. Further-
more, when assessing brain tumour patients’ cognitive function, the
assessment of patient reports of cognitive problems gives health care
providers important complementary information to standard neuro-
psychological testing by increasing our understanding of the life activ-
ities that may be disrupted by cognitive deficits after RT.

5. Conclusion

High radiation doses to specific brain structures may be associated
with impaired HRQoL and self-reported cognitive function with poten-
tially negative implications to patients’ daily lives. Patient-reported
outcomes of treatment-related side-effects and their associations with
radiation doses to the brain and its sub-structures may provide impor-
tant information on radiation tolerance to the brain and sub-structures.
These findings require further validation in prospective trials with pre-
treatment assessment.
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