
Radiotherapy and Oncology 148 (2020) 1–7
Contents lists available at ScienceDirect

Radiotherapy and Oncology

journal homepage: www.thegreenjournal .com
Original Article
Cognitive impairment following radiation to hippocampus and other
brain structures in adults with primary brain tumours
https://doi.org/10.1016/j.radonc.2020.03.023
0167-8140/� 2020 Elsevier B.V. All rights reserved.

⇑ Corresponding author at: Department of Oncology, Aarhus University Hospital,
Aarhus, Denmark.
Lene Haldbo-Classen a,⇑, Ali Amidi a,b, Slavka Lukacova a, Lisa Maria Wu b,c, Gorm von Oettingen d,
Yasmin Lassen-Ramshad e, Robert Zachariae a,b, Jesper Folsted Kallehauge e, Morten Høyer e

aDepartment of Oncology, Aarhus University Hospital, Denmark; bUnit for Psychooncology and Health Psychology, Department of Psychology and Behavioral Sciences, Aarhus
University; cAarhus Institute of Advanced Studies; dDepartment of Neurosurgery, Aarhus University Hospital, Denmark; eDanish Center for Particle Therapy, Aarhus University
Hospital, Denmark
a r t i c l e i n f o

Article history:
Received 13 February 2020
Received in revised form 15 March 2020
Accepted 22 March 2020
Available online 28 March 2020

Keywords:
Radiation therapy
Cognitive function
Brain tumour
Hippocampus
a b s t r a c t

Background: Radiation therapy (RT) to the brain may result in cognitive impairment. The primary objec-
tive of the present study was to examine the relationship between RT dose to the hippocampus and learn-
ing and memory functions. Secondary objective was to examine relationships between doses to other
brain structures and specific cognitive functions.
Methods: A cross-sectional analysis was undertaken in 78 primary brain tumour patients after RT.
Cognitive function was assessed by neuropsychological tests. Test scores were standardized using norma-
tive data adjusted for age and level of education. Test-specific cognitive impairment was determined as a
z-score ��1.5. Radiation dose to brain structures and test-specific cognitive impairment outcomes were
fitted to a logistic regression model.
Results: High RT dose to the left hippocampus was associated with impaired verbal learning and memory
(p = 0.04). RT dose to the left hippocampus, left temporal lobe, left frontal lobe and total frontal lobe were
associated with verbal fluency impairment (p < 0.05) and doses to the thalamus and the left frontal lobe
with impaired executive functioning (p � 0.03). Finally, RT dose to the brain and thalamus were associ-
ated with impaired processing speed (p � 0.05).
Conclusion: The present study indicates that the hippocampus may be vulnerable to radiation and that
high radiation doses to the left hippocampus may lead to significant verbal learning and memory impair-
ment. High RT doses to the left hippocampus and other left side structures may result in impairments in
verbal fluency, executive function, and processing speed. Validation of these findings are being under-
taken in a prospective study.

� 2020 Elsevier B.V. All rights reserved. Radiotherapy and Oncology 148 (2020) 1–7
Radiation therapy (RT) is fundamental in the treatment of pri-
mary brain tumours. RT contributes to improved local control
and prolonged progression-free survival in patients with a broad
range of tumour types [1–3]. Irradiation to the normal brain,
including temporal and frontal regions may lead to cognitive
impairments such as impaired attention, memory, language, and
executive functioning [4]. Studies that have examined cognitive
impairment in adult patients treated for brain tumours with RT
have reported prevalence rates from 19% to 83% [5,36]. RT to the
hippocampus, in particular, has been implicated in learning and
memory impairments observed in brain tumour patients [6,7]. It
has been suggested that equivalent doses of 2 Gy fractions
(EQD2) to 40% of the hippocampus greater than 7.3 Gy results in
increased risk of cognitive impairment [8]. However, findings in
this area are inconsistent [1,9,10]. Clarifying the nature and sever-
ity of impairment in adult RT-treated brain tumour patients,
including region-specific effects, are important for optimal utiliza-
tion of novel conformal RT technologies such as proton therapy
[7,11]. The present study aimed to investigate dose–response rela-
tionships between RT to specific brain regions and cognitive per-
formance in corresponding domains. Our primary hypothesis was
that patients who had received high RT doses to the hippocampus
would evidence poorer verbal learning and memory [12]. Further-
more, we wished to elucidate relationships between RT dose to
other brain regions (the whole brain, thalamus, temporal and fron-
tal lobes) and cognitive performance. The examined associations
between specific brain structures and cognitive tests were all
pre-defined.
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2 Cognitive impairment after radiation for a primary brain tumour
Methods

Study design and patients

In the present cross-sectional study, patients alive in January
2016 who had received RT for primary brain tumour grade I–III
or medulloblastoma between 2006 and 2016 at Aarhus University
Hospital (AUH), Denmark, were assessed with a comprehensive
battery of standardized cognitive tests. The inclusion criteria were:
a diagnosis of primary brain tumour grade I–III or medulloblas-
toma according to WHO 2016 guidelines [13]; age 18 years or
older at the time of diagnosis; a Karnofsky performance status
of 60–100; capable of undergoing cognitive testing; and
progression-free survival after RT. Exclusion criteria were: diagno-
sis of glioblastoma and insufficient Danish language proficiency to
complete cognitive tests (Table 1).
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 (%)
Full time (37 h) 22 (28%)
Part time (less than 37 h) 19 (24%)
Retired 20 (26%)
Not employed 17 (22%)

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 III 12 (15%)
Medulloblastoma 7 (9%)
Other rare brain tumors 3 (4%)

CTV, Median (range) in cm3 46 (2–390)

Type of surgery, N (%)
o None 3 (4%)
o Biopsy 11 (14%)
o Partial tumor resection 30 (39%)
o Gross tumor resection 34 (43%)

Number of surgery, N (%)
o None 3 (4%)
o 1 45 (58%)
o 1+ 30 (38%)

Location, N (%)
o Left hemisphere 20 (26%)
o Right hemisphere 13(15%)
o Midline 12 (15%)
o Skull base (meningioma and pituitary tumors) 34 (44%)

Handedness
o Right handed 4 (5%)
o Left handed 74 (95%)

Antiepileptic drug, N (%)
o Yes 20 (26%)
o No 58 (74%)

Antidepressants, N (%)
o Yes 9 (12%)
o No 69 (88%)

Chemotherapy, N (%)
o None 59 (76%)
o Procarbazine, Lomustine and Vincristine 7 (9%)
o Temozolomide 2 (2%)
o Other 10 (13%)

Years since radiation therapy median (range) 4.6 (1–9)
Eligible participants were identified through the electronic
medical record system and invited by letter to participate in the
study.
Radiation therapy

RT consisted of 1.8–2.0 Gy per fraction with total doses ranging
from 45 to 60 Gy. From 2006 to 2008, five patients were treated
with three dimensional conformal RT (3D-CRT) and were set up
by laser systems and skin marks supplied by portal imaging. After
2008, 64 patients received intensity-modulated radiation therapy
(IMRT) and were set up with daily cone beam computed tomogra-
phy. In most cases, static field IMRT technique was used. Nine
patients received proton therapy at MD Anderson Cancer Center,
Houston, Texas, Heidelberg Ion Beam Therapy Center, Germany
or the Skandion Clinic, Uppsala, Sweden.
Radiation dose to brain structures

The following structures were delineated based on the treat-
ment planning computerized tomography (CT) co-registered with
contrast-enhanced 3D T1-weighted magnetic resonance imaging
(MRI): whole brain (excluding clinical target volume [CTV] and
brainstem), brainstem, hippocampus (left, right and total), tempo-
ral lobe (left, right and total), frontal lobe (left, right and total), tha-
lamus, and CTV. The structures were contoured according to the
European Particle Therapy Network (EPTN) International Neuro-
logical Contouring Atlas [14]; however, the hippocampus contours
were based on the electronically available Radiation Therapy
Oncology Group (RTOG) atlas [15], temporal and frontal lobes
according to Sun et al. [16] and the thalamus according to the
Sobotta atlas [17]. CTV included the resection cavity, the
contrast-enhanced tumour on T1-weighted MRI, and the hyper
intensive volume on T2/FLAIR MRI with 5–10 mm margin accord-
ing to tumour grade [18]. All patients had been immobilized during
the treatment plan scanning in supine position with a thermoplas-
tic mask. All contouring was performed by one oncologist and
reviewed by a neurosurgeon and a neuro-oncologist. Dose Volume
Histograms (DVHs) were generated for the delineated structures.
Doses were converted to biologically equivalent doses in 2 Gy frac-
tions (EQD2) assuming an a/b ratio of 3 Gy [19].
Cognitive testing

All participants underwent cognitive assessment with a battery
of validated standardized cognitive tests covering the following
cognitive domains: processing speed; attention and working mem-
ory; verbal learning and memory; verbal fluency; and executive
functions. Standardized tests included the Trail Making Test – Parts
A and B (TMT A & B) [20]; Hopkins Verbal Learning Test – Revised
(HVLT-R) [12]; Controlled Oral Word Association Test (COWAT) –
Animals and letter S [21]; Coding and Digit Span subtests from
the Wechsler Adult Intelligence Scale – Version IV (WAIS-IV)
[22]; Paced Auditory Serial Addition Test (PASAT) – the 3 s trial
only [23]; and the Stroop Colour andWord Test [24]. Table 2 shows
which domains the tests are designed to investigate. Cognitive
assessments were all conducted by the same trained physician
supervised by an expert neuropsychologist. Testing took approxi-
mately 60 min per participant and was undertaken at least one
year after the completion of RT. Additionally, patients completed
a questionnaire which took approximately 30 min [25]. The ques-
tionnaire included questions pertaining to their sociodemographic
background, quality of life, self-reported cognition, fatigue, sleep
quality, anxiety, depression and stress [25] (Tables 1 and 2).



Table 2
Mean z-score for each test compared to normative data.

Cognitive domain Cognitive test Mean (SD) p value

Processing Speed TMT-A �0.20 (1.39) 0.22
WAIS-IV Coding �0.35 (1.00) <0.01*

Attention and working
memory

PASAT �0.80 (1.12) <0.01*

WAIS-IV Digit Span �0.03 (0.83) 0.72

Verbal learning and
memory

HVLT-R Total
HVLT-R Delayed

�0.64 (1.20)
�0.97 (1.39)

<0.01*
<0.01*

Verbal fluency COWAT (Animals) �0.25 (1.31) 0.10
COWAT (Letter S) �0.06 (1.17) 0.66

Executive function TMT-B �0.33 (1.48) 0.05
Stroop Interference
test

�0.58 (0.97) <0.01*

TMT-A; Trail-Making Test Part A. WAIS-IV Coding. PASAT; Paced Auditory Serial
Addition Test, 3 s only. WAIS-IV Digit Span. HVLT-R; Hopkins Verbal Learning Test –
revised total and delayed. COWAT; Controlled Oral Word Association, animals and
letter S. TMT-B; Trail-Making Test Part B. Stroop inference test. Negative scores
indicate poorer test performance. *Indicate significant findings by a 2-tailed p value
< 0.05.
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Statistics

Sample size was estimated based on findings from a previous
publication that examined cognitive function in irradiated and
non-irradiated brain tumour patients [25]. Power analysis was
based on total recall of the HVLT-R [12]. With a 3:1 ratio between
groups, a power of 80% and a two-sided p of 0.05, the study
required 78 and 26 patients in the two groups respectively. The
present analysis includes only the irradiated group.

All cognitive test outcomes were converted to z-scores using
published normative data adjusted for age, and when available,
education level. Descriptive statistics were generated for sociode-
mographic and clinical characteristics, as well as cognitive test
scores. The presence of cognitive impairment was determined
using cut-off criteria published by the International Cancer and
Cognition Task Force (ICCTF) [26]. For each cognitive test, cognitive
impairment was defined as a z-score ��1.5, and patients were
dichotomized according to their impairment status (impaired ver-
sus unimpaired). To determine statistically significant differences
between the mean EDQ2 of delineated structures in the two
groups, independent samples t-tests were conducted.

In order to examine the effect of mean EDQ2 to various brain
structures and associations with impairment status, univariate
logistic regression analyses were undertaken. Wald tests were
used to test the statistical significance of each model, using two-
tailed tests. P-values <0.05 were considered significant for all sta-
tistical tests. Only pre-determined associations between cognitive
tests and specific brain structures were examined (Table 3 and
Suppl. Table 1).
Results

Of the 121 patients who met the inclusion criteria, 81 (67%)
consented to participate. Forty patients declined to participate;
10 due to insufficient resources or lack of time, and 30 gave no rea-
son. Patients who declined did not differ from those agreeing to
participate with respect to age, gender, and tumour type. Three
patients were excluded from the current analysis; in 2 patients, a
planning CT could not be obtained and 1 patient had only received
one fraction of RT. Included participants were, on average, 54 years
of age. Gliomas were the most common tumour type (45%), fol-
lowed by meningioma (22.5%) and pituitary adenomas (22.5%).
Overall, the median time since diagnosis was 6.6 years, while the
median time since RT was 4.6 years. Table 1 shows detailed
sociodemographic and clinical characteristics of the participants.

Patients had lower scores in the domains of processing speed,
attention and working memory, verbal learning and memory and
executive function compared with normative data (Table 2).
Patients with skull base tumours (meningioma and pituitary ade-
nomas) had marginally significant better cognitive scores com-
pared to patients with parenchymal tumours (gliomas,
medulloblastoma and other more rare tumours) (p = 0.05) and
there was a non-statistical tendency of better scores with small
CTV. There were no differences in HVLT-R scores on the following
dichotomized parameters: median age, time since RT, or gender
(Supplementary Table 1).

Two sample t-tests indicated that patients characterized as
impaired on the HVLT-R (verbal learning and memory) had
received significantly higher mean EDQ2 to the left hippocampus
compared to those characterized as unimpaired (p = 0.03). Similar
differences in mean EDQ2 could not be found for the right and the
total hippocampus structures. Patients with impaired scores on the
COWAT had received higher mean EDQ2 to the left hippocampus
(p � 0.03) and left frontal lobe (p � 0.01) compared to patients
unimpaired on that task. For the total frontal lobe this was only
the case for the COWAT animal subtest (p = 0.01). Patients with
impaired TMT-B scores (executive function) had received higher
mean EDQ2 doses to the left frontal lobe (p = 0.01) and thalamus
(p = 0.02) compared with unimpaired patients. There were no dif-
ferences in mean EDQ2 to temporal lobes between those impaired
and those unimpaired on the cognitive tests assessing temporal
lobe functions, nor to mean EDQ2 to the right frontal lobe on tests
assessing that region. Patients with impaired scores on the TMT-A,
and Coding (processing speed), had received higher EDQ2 to the
brain (p � 0.04) and thalamus (plural p = 0.01) than those with
unimpaired scores. Only two patients scored 1.5 SD below the nor-
mative mean on Digit Span, leading to exclusion of this test and
10% of the patients were too impaired to complete PASAT weaken-
ing the results from PASAT (Fig. 1 and Suppl. Table 2).

Binary logistic regression analyses revealed statistically signifi-
cant associations between mean EDQ2 to the left hippocampus,
and performance on the HVLT-R (p = 0.04), COWAT animals
(p = 0.03), and COWAT letter S subtests (p = 0.01), indicating that
a higher EDQ2 to the left hippocampus was associated with a greater
likelihood of impaired verbal learning and memory and word flu-
ency (Fig. 2). No associations between cognition and doses to the
right and total hippocampus were found. High mean EDQ2 to the
temporal lobe was associated with a greater likelihood of impaired
scores on COWAT animal (p = 0.04) and COWAT letter S (p = 0.01)
(verbal fluency). No significant associations were found for right-
and total temporal lobes. For the left frontal lobe, a higher mean
EDQ2 was associated with a greater likelihood of impaired scores
on TMT-B (p = 0.01), COWAT animal (p < 0.01) and COWAT letter
S (p = 0.01) (executive function and verbal fluency). Similarly, a
higher mean EQD2 to the total frontal lobe was associated with a
greater likelihood of impaired scores on the COWAT animal
(p = 0.02) (verbal fluency). No associations were found for the right
frontal lobe. Higher EQD2 to the whole brain and the thalamus were
associated with a greater likelihood of impaired scores on the TMT-A
(p � 0.04) and Coding (p � 0.05) (processing speed), as well as
between doses to the thalamus and likelihood of impaired scores
on the TMT-B (executive function) (p = 0.03). No dose-volume asso-
ciations were found for delayed memory or attention and working
memory (Fig. 2, Table 3, and Suppl. Table 3). Binary logistic regres-
sion analyses revealed no statistically significant associations
between tumour size, type (skull base tumours verses parenchymal
tumours), location (left, right, midline or skull base), handedness and
any of the cognitive test scores (data not shown).



Table 3
Logistic regression, mean EQD2 as a predictor of cognitive impairments versus unimpaired. Full table in Supplementary Table 3.

Structure Test R square Slope (Standard error) P-value Odds ratio Confidence interval: 95%

Hippocampus (left) HVLT-R Total
COWAT (Animals)
COWAT (Letter S)

0.083
0.109
0.218

�0.031 (0.015)
�0.039 (0.018)
�0.065 (0.027)

0.04*
0.03*
0.01*

0.97
0.96
0.94

0.94–1.00
0.93–1.00
0.89–0.99

Temporal lobe (left) HVLT-R Total
COWAT (Animals)
COWAT (Letter S)

0.059
0.090
0.174

�0.030 (0.017)
�0.041 (0.020)
�0.062 (0.025)

0.07
0.04*
0.01*

0.97
0.96
0.94

0.94–1.00
0.92–1.00
0.90–0.99

Frontal lobe (total) COWAT (Animals)
COWAT (Letter S)

0.137
0.021

�0.057 (0.023)
�0.023 (0.026)

0.02*
0.37

0.95
0.98

0.90–0.99
0.93–1.03

Frontal lobe (left) STROOP_interference
TMT-B
COWAT (Animals)
COWAT (Letter S)

0.066
0.156
0.221
0.113

�0.032 (0.018)
�0.054 (0.022)
�0.064 (0.021)
�0.047 (0.022)

0.08
0.01*
0.002*
0.04*

0.97
0.95
0.94
0.96

0.94–1.00
0.91–0.99
0.90–0.98
0.91–1.00

Brain TMT-A
WAIS-IV Coding

0.119
0.110

�0.077 (0.037)
�0.075 (0.038)

0.04*
0.05*

0.93
0.93

0.86–1.00
0.86–1.00

Thalamus TMT-A
TMT-B
WAIS-IV Coding

0.150
0.130
0.174

�0.050 (0.022)
�0.045 (0.020)
�0.056 (0.025)

0.03*
0.03*
0.02*

0.95
0.96
0.95

0.91–0.99
0.92–1.00
0.90–0.99

HVLT-R; Hopkins Verbal Learning Test – revised. COWAT; Controlled Oral Word Association, animals and letter S. Stroop inference test. TMT-B; Trail-Making Test Part B. TMT-
A; Trail-Making Test Part A. WAIS-IV Coding. Impaired is defined by a z-score < 1.5 standard deviation below the normative mean on a given test. *Indicate significant findings
by a 2-tailed p value < 0.05.

Fig. 1. Box plot for mean EQD2 (biological equivalent doses in 2 Gy fractions) to hippocampus left and right, frontal lobe left and right, brain and thalamus and corresponding
test dichotomized into impaired versus unimpaired. The horizontal line show the mean EQD2 in each group. Impaired is defined by a z-score ��1.5. For complete dataset see
Supplementary Table 2.

4 Cognitive impairment after radiation for a primary brain tumour
Testing the receiver operating characteristics (ROC), it was
not possible to verify the sensitivity to low radiation dose that
was found by Gondi et al. [8] Assuming an a/b ratio of 2 and
3 Gy, the area under the curve (AUC) was 0.49 in both cases
(Fig. 3).
Discussion

Overall, patients who had received RT for a brain tumour per-
formed poorly on several cognitive tests when compared with nor-
mative data on the domains of processing speed, attention and



Fig. 2. Logistic regression analysis mean EQD2 (biological equivalent doses in 2 Gy fractions) to hippocampus left (L) and right (R), frontal lobe left and right, brain and
thalamus and corresponding test dichotomized into impaired versus unimpaired. The blue shade represent Confidence Interval of 95%. HVLT-R; Hopkins Verbal Learning Test
– revised. COWAT; Controlled Oral Word Association, animals and letter S. TMT-B; Trail-Making Test Part B. WAIS-IV Coding. *Indicate significant findings by a 2-tailed p
value. For complete data see Supplementary Table 3.
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working memory, verbal learning and memory and executive
function. High doses to the left hippocampus were associated
with poorer performance on verbal learning and memory, and ver-
bal fluency. This effect seemed to occur at any dose level and
without a threshold. No associations between doses to the right
hippocampus or total hippocampus and impairments to verbal
learning and memory or verbal fluency were observed. Consistent
with our primary hypothesis, the results point to the left
hippocampus as an important risk structure following RT to the
brain.
High RT doses to other left hemisphere regions of the brain and
the thalamuswere also found to be associatedwith poorer cognitive
performance in related domains. Specifically, patients who had
received higher RT doses to the left temporal lobe, left frontal lobe,
thalamus and total brain were impaired on tests of verbal learning
and memory, verbal fluency, executive function and processing
speed. With respect to verbal fluency, a dose response relationship
was observed for the left temporal lobe, left frontal lobe and total
frontal lobe; for executive function, a dose response relationship
was observed for the left frontal lobe and thalamus; and for process-



Fig. 3. ROC curve (receiver operating characteristic curve) based on Gondi’s [8]
results compared to ours, with the true positive (sensitivity) plotted in function of
false positive (specificity) for different cut-off points. Each point represent a
sensitivity/specificity pair corresponding to a particular threshold. AUC (area under
the curve) = 0.49.

6 Cognitive impairment after radiation for a primary brain tumour
ing speed, a dose response relationship was observed for the brain
and thalamus.

Studies on paediatric brain tumour patients are relatively clear
in their conclusion on the detrimental effects of RT to hippocampus
[27,28], whereas reports are inconsistent for adult patients [11,29–
31]. Gondi found that in patients treated for benign or low-grade
tumours, the hippocampus was sensitive to radiation even at very
low EQD2 doses; EQD2 greater than 7.3 Gy to 40% of the total hip-
pocampal volume increased the risk of impaired delayed memory
recall [8]. However, the EORTC-22033 Low-Grade Glioma Trial
could not replicate these findings [32]. Likewise we were unable
to verify the dosimetric relation between total hippocampus and
delayed recall. In contrast to the EORTC study that had only one
patient below the 7.3 Gy threshold we had 30 out of 74 patients
below this threshold making our study more balanced to validate
a response in this low dose range. However, our results indicate
that the dose–response relationship applies only for higher radia-
tion doses. Okoukoni found a dose response relationship between
the total hippocampus in the high dose range (53.4–60.9 Gy) and
HVLT-R [33]. Peiffer found that greater doses to the total hip-
pocampus and the right temporal lobe were predictors of poorer
global cognitive outcomes [29]. Tabrizi and Brummelman could
not establish a dose–response relationship for the hippocampus
and cognitive function in patients treated with RT for benign brain
tumours or pituitary adenoma [11,30]. Findings on cognitive
effects related to other brain structures are heterogeneous with
no established dose-volume relationships for frontal- or temporal
lobes, thalamus or total brain in adult brain tumour patients
[11,29–31]. These divergent findings may be related to differences
in study design, patient characteristics, tumour type, included neu-
ropsychological tests, and follow up time points. Equally impor-
tant, the sample sizes in the majority of these studies were small.

Our finding that the thalamus was also susceptible to high
doses of RT, with particular impacts on processing speed and exec-
utive functions, is not surprising. The thalamus plays an important
role in the transmission of neural signals to the cerebral cortex
from a number of brain areas and contributes to a broad range of
basic cognitive functions including learning and memory and exec-
utive functions [34].

Habets et al. examined cognitive function prior to treatment in
patients with diffuse glioma and found that tumour location in the
left hemisphere was related to the highest risk of impaired cogni-
tive function, and only tumour localization in the left hemisphere
was associated with language functioning [35]. Furthermore, they
observed the left frontal cortex to be related to performance on
tests of verbal fluency and executive function [35]. They did not
find any regions related to working memory capacity [35] which
is similar to our findings. This underlines the importance of the
left-hemispheric brain structures. It also emphasizes that the pre-
sent study harbours a risk of overestimating the RT-induced effects
on neurocognitive function since the tumour itself together with
neurosurgical procedures may cause neurocognitive decline. In
our study, we found that radiation dose was statistically signifi-
cantly related to neurocognitive decline, and that there were mar-
ginally significant associations with tumour type and CTV. Tumour
histology, localization, radiation volumes and doses are to some
extend inter-related and these factors contribution to the decline
in cognitive function following treatment for a brain tumour are
not fully understood.

Our study has important strengths. A relatively high percentage
of patients agreed to participate (67%), leading to a reasonably high
sample size of 78 patients representing one of the largest studies in
this area thus far. We used a recommended battery of cognitive
tests that assess a broad spectrum of established cognitive
domains [26], and testing was performed under standardized con-
ditions with only one examiner. Some limitations should also be
acknowledged. First, we do not have pre-treatment cognitive func-
tion of our patients which limits the conclusions of the study. Sec-
ond, we aimed at a broad neurocognitive testing that included
seven tests. Multiple testing carries a risk of Type 1 errors. To
reduce this, we predefined our primary endpoint (HVLT-R) and
made a strategy for data analysis that coupled specific neurocogni-
tive tests to doses of respective related structures (Table 2). Finally,
the heterogeneity of the study population could be a limitation. We
aimed to include a cohort of patients that received radiation at var-
ious doses to critical brain structures to ensure that we had suffi-
cient variability to capture important statistical associations and
we excluded glioblastoma patients with expectancy of rapid pro-
gression and poor survival.
Conclusion

The present study suggests that the hippocampus is vulnerable
to radiation and that high radiation doses to the left hippocampus
may lead to significant verbal learning and memory impairment.
High RT doses to the left hippocampus and other left side struc-
tures may result in impairments in verbal fluency, executive func-
tion, and processing speed; and radiation to the thalamus may lead
to impairments in processing speed and executive function. These
findings need further validation in larger-scale prospective studies
with pre-treatment cognitive assessments. The Danish Neuro-
Oncology Group is currently running two nation-wide prospective
studies investigating cognitive function in brain tumour patients
up to 10 years after photon and proton RT.
Conflict of interest

None.



L. Haldbo-Classen et al. / Radiotherapy and Oncology 148 (2020) 1–7 7
Ethical statement

The Research Ethics Committee of Central Denmark Region
approved this study (no. 1-10-72-367-15). The study has been con-
ducted according to the Helsinki declarations.

ClinicalTrial.gov number: ID NCT04118426.

Acknowledgements

Thanks to C. R. Hansen from Odense University Hospital, Den-
mark for valuable input and verifying calculations.

Dr. Amidi’s effort was supported by the Danish Cancer Society
under Grant R174-A11447-17-S52. Dr. Wu’s effort was supported
by the European Union’s Horizon 2020 Research and Innovation
Programme under the Marie Sklodowska-Curie grant agreement
no 754513 and the Aarhus University Research Foundation. The
present study is supported by a grant from the Danish Cancer Soci-
ety (R124-Rp15398).

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.radonc.2020.03.023.

References

[1] Saad S, Wang TJC. Neurocognitive deficits after radiation therapy for brain
malignancies. Am J Clin Oncol 2015;38:634–40. https://doi.org/10.1097/
COC.0000000000000158.

[2] Redmond KJ, Mahone EM, Terezakis S, et al. Association between radiation
dose to neuronal progenitor cell niches and temporal lobes and performance
on neuropsychological testing in children: a prospective study. doi:10.1093/
neuonc/nos303.

[3] Hahn CA, Zhou SM, Raynor R, et al. Dose-dependent effects of radiation therapy
on cerebral blood flow, metabolism, and neurocognitive dysfunction. Int J
Radiat Oncol Biol Phys 2009;73:1082–7. https://doi.org/10.1016/j.
ijrobp.2008.05.061.

[4] Ali FS, Hussain MR, Gutiérrez C, et al. Cognitive disability in adult patients with
brain tumors. Cancer Treat Rev 2018;65:33–40. https://doi.org/10.1016/j.
ctrv.2018.02.007.

[5] van Kessel E, Baumfalk AE, van Zandvoort MJE, Robe PA, Snijders TJ. Tumor-
related neurocognitive dysfunction in patients with diffuse glioma: a
systematic review of neurocognitive functioning prior to anti-tumor
treatment. J Neurooncol 2017;134:9–18. https://doi.org/10.1007/s11060-
017-2503-z.

[6] Tsai PF, Yang CC, Chuang CC, et al. Hippocampal dosimetry correlates with the
change in neurocognitive function after hippocampal sparing during whole
brain radiotherapy: a prospective study. Radiat Oncol 2015. https://doi.org/
10.1186/s13014-015-0562-x.

[7] Gondi V, ToméWA, Mehta MP. Why avoid the hippocampus? A comprehensive
review. Radiother Oncol 2010;97:370–6. https://doi.org/10.1016/j.
radonc.2010.09.013.

[8] Gondi V, Hermann BP, Mehta MP, Tomé WA. Hippocampal dosimetry predicts
neurocognitive function impairment after fractionated stereotactic
radiotherapy for benign or low-grade adult brain tumors. Int J Radiat Oncol
2013;85:348–54. https://doi.org/10.1016/J.IJROBP.2012.11.031.

[9] Gondi V, Pugh SL, Tome WA, et al. Preservation of memory with conformal
avoidance of the hippocampal neural stem-cell compartment during whole-
brain radiotherapy for brain metastases (RTOG 0933): a phase II multi-
institutional trial. J Clin Oncol 2014;32:3810–6. https://doi.org/10.1200/
JCO.2014.57.2909.

[10] Jaspers J, Mèndez Romero A, Hoogeman MS, et al. Evaluation of the
hippocampal normal tissue complication model in a prospective cohort of
low grade glioma patients—an analysis within the EORTC 22033 clinical trial.
Front Oncol 2019;9:1–9. https://doi.org/10.3389/fonc.2019.00991.

[11] Tabrizi S, Yeap BY, Sherman JC, et al. Long-term outcomes and late adverse
effects of a prospective study on proton radiotherapy for patients with low-
grade glioma. Radiother Oncol 2019;137:95–101. https://doi.org/10.1016/j.
radonc.2019.04.027.
[12] Benedict RHB, Schretlen D, Groninger L, Brandt J. Hopkins verbal learning test
? Revised: normative data and analysis of inter-form and test-retest reliability.
Clin Neuropsychol (Neuropsychology, Dev Cogn Sect D) 1998;12:43–55.
https://doi.org/10.1076/clin.12.1.43.1726.

[13] Toro-Moreno AC, Serna-Velez L, Gallego-González D, Jaramillo-Jaramillo LI,
Martínez-Sánchez LM, Álvarez-Hernández LF. Tumores de sistema nervioso
central en pediatría: Presente y futuro del abordaje diagnóstico. Rev
Ecuatoriana Neurol 2017;26:283–8. https://doi.org/10.1007/s00401-016-
1545-1.

[14] Daniëlle Eekers, Lieke In T Ven, Erik Roelofs, Alida Postma EGT. EPTN
International Neurological Contouring Atlas. doi:10.17195/candat.2017.08.1

[15] Vinai Gondi, Wolfgang A. Tome, Howard A. Rowley MPM. RTOG – hippocampal
delineation. https://www.rtog.org/SearchResults.aspx?Search=atlas+0933.

[16] Sun Y, Yu X-L, Luo W, et al. Recommendation for a contouring method and
atlas of organs at risk in nasopharyngeal carcinoma patients receiving
intensity-modulated radiotherapy. Radiother Oncol 2014;110:390–7. https://
doi.org/10.1016/j.radonc.2013.10.035.

[17] Putz R. Pabst R. Atlas of human anatomy sobotta. 13th ed. (R. PRP, ed.).
Munich: Urban and Fisher 2001; 2001.

[18] Danish Neuro Oncology Group. DNOG – conturing guidelines. www.dnog.dk.
[19] Baumann M, Begg AC BS et al. Basic Clinical Radiobiology. Vol 86. 4. ed. (Albert

JM and van der K, ed.). Boca Raton, FL 33487-2742: CRC Press. Taylor and
Francis Group; 2010. doi:10.3109/09553002.2010.496030

[20] Reitan RM. Validity of the trail making test as an indicator of organic brain
damage. Percept Mot Skills 1958;8:271. https://doi.org/10.2466/
pms.1958.8.3.271.

[21] THURSTONE LL. Primary mental abilities. Science. 1948;108:585. http://www.
ncbi.nlm.nih.gov/pubmed/18933605. Accessed August 22, 2018.

[22] Solutions S. Wechsler adult intelligence scale—Fourth Edition (WAIS – IV). San
Antonio. 2014;91:1–3. doi:10.1016/j.ejcb.2011.01.011

[23] Wiens AN, Fuller KH, Crossen JR. Paced auditory serial addition test: Adult
norms and moderator variables. J Clin Exp Neuropsychol 1997;19:473–83.
https://doi.org/10.1080/01688639708403737.

[24] Stroop Ridley. Studies of interference in serial verbal reactions. 1935.
[25] Haldbo-Classen L, Amidi A, Wu LM, et al. Long-term cognitive dysfunction

after radiation therapy for primary brain tumors. Acta Oncol (Madr) 2019;58.
https://doi.org/10.1080/0284186X.2018.1557786.

[26] Wefel JS, Vardy J, Ahles T, Schagen SB. International Cognition and Cancer Task
Force recommendations to harmonise studies of cognitive function in patients
with cancer. Lancet Oncol 2011;12:703–8. https://doi.org/10.1016/S1470-
2045(10)70294-1.

[27] Zureick AH, Evans CL, Niemierko A, et al. Left hippocampal dosimetry
correlates with visual and verbal memory outcomes in survivors of pediatric
brain tumors. Cancer 2018;124:2238–45. https://doi.org/10.1002/cncr.31143.

[28] Acharya S, Wu S, Ashford JM, et al. Association between hippocampal dose and
memory in survivors of childhood or adolescent low-grade glioma: a 10-year
neurocognitive longitudinal study. Neuro Oncol 2019. https://doi.org/10.1093/
neuonc/noz068.

[29] Peiffer AM, Leyrer CM, Greene-Schloesser DM, et al. Neuroanatomical target
theory as a predictive model for radiation-induced cognitive decline.
Neurology 2013. https://doi.org/10.1212/WNL.0b013e318283bb0a.

[30] Brummelman P, Sattler MGA, Meiners LC, et al. Cognitive performance after
postoperative pituitary radiotherapy: a dosimetric study of the hippocampus
and the prefrontal cortex. Eur J Endocrinol 2012;166:171–9. https://doi.org/
10.1530/EJE-11-0749.

[31] Lawrie TA, Gillespie D, Dowswell T, et al. Long-term neurocognitive and other
side effects of radiotherapy, with or without chemotherapy, for glioma.
Cochrane Database Syst Rev 2019. https://doi.org/10.1002/14651858.
cd013047.pub2.

[32] Jaspers J. 14 – The hippocampal NTCP model could not be validated within the
EORTC- 22033 low-grade glioma trial. 2018:20-21.

[33] Okoukoni C, McTyre ER, Ayala Peacock DN, et al. Hippocampal dose volume
histogram predicts Hopkins Verbal Learning Test scores after brain irradiation.
Adv Radiat Oncol 2017;2. https://doi.org/10.1016/j.adro.2017.08.013.

[34] Mitchell AS, Murray Sherman S, Sommer MA, Mair RG, Vertes RP, Chudasama
Y. Advances in understanding mechanisms of thalamic relays in cognition and
behavior. J Neurosci 2014;34:15340–6. https://doi.org/10.1523/
JNEUROSCI.3289-14.2014.

[35] Habets EJJ, Hendriks EJ, Taphoorn MJB, et al. Association between tumor
location and neurocognitive functioning using tumor localization maps. J
Neurooncol 2019;144:573–82. https://doi.org/10.1007/s11060-019-03259-z.

[36] Van Loon EMP, Heijenbrok-Kal MH, Van Loon WS, Van den Bent MJ, Vincent
AJPE, De Koning I et al (2015) Assessment J Neurooncol methods and
prevalence of cognitive dysfunction in patients with low-grade glioma: a
systematic review. J Rehabil Med 47:481–488.

https://doi.org/10.1016/j.radonc.2020.03.023
https://doi.org/10.1097/COC.0000000000000158
https://doi.org/10.1097/COC.0000000000000158
https://doi.org/10.1016/j.ijrobp.2008.05.061
https://doi.org/10.1016/j.ijrobp.2008.05.061
https://doi.org/10.1016/j.ctrv.2018.02.007
https://doi.org/10.1016/j.ctrv.2018.02.007
https://doi.org/10.1007/s11060-017-2503-z
https://doi.org/10.1007/s11060-017-2503-z
https://doi.org/10.1186/s13014-015-0562-x
https://doi.org/10.1186/s13014-015-0562-x
https://doi.org/10.1016/j.radonc.2010.09.013
https://doi.org/10.1016/j.radonc.2010.09.013
https://doi.org/10.1016/J.IJROBP.2012.11.031
https://doi.org/10.1200/JCO.2014.57.2909
https://doi.org/10.1200/JCO.2014.57.2909
https://doi.org/10.3389/fonc.2019.00991
https://doi.org/10.1016/j.radonc.2019.04.027
https://doi.org/10.1016/j.radonc.2019.04.027
https://doi.org/10.1076/clin.12.1.43.1726
https://doi.org/10.1007/s00401-016-1545-1
https://doi.org/10.1007/s00401-016-1545-1
https://www.rtog.org/SearchResults.aspx%3fSearch%3datlas%2b0933
https://doi.org/10.1016/j.radonc.2013.10.035
https://doi.org/10.1016/j.radonc.2013.10.035
http://www.dnog.dk
https://doi.org/10.2466/pms.1958.8.3.271
https://doi.org/10.2466/pms.1958.8.3.271
http://www.ncbi.nlm.nih.gov/pubmed/18933605
http://www.ncbi.nlm.nih.gov/pubmed/18933605
https://doi.org/10.1080/01688639708403737
https://doi.org/10.1080/0284186X.2018.1557786
https://doi.org/10.1016/S1470-2045(10)70294-1
https://doi.org/10.1016/S1470-2045(10)70294-1
https://doi.org/10.1002/cncr.31143
https://doi.org/10.1093/neuonc/noz068
https://doi.org/10.1093/neuonc/noz068
https://doi.org/10.1212/WNL.0b013e318283bb0a
https://doi.org/10.1530/EJE-11-0749
https://doi.org/10.1530/EJE-11-0749
https://doi.org/10.1002/14651858.cd013047.pub2
https://doi.org/10.1002/14651858.cd013047.pub2
https://doi.org/10.1016/j.adro.2017.08.013
https://doi.org/10.1523/JNEUROSCI.3289-14.2014
https://doi.org/10.1523/JNEUROSCI.3289-14.2014
https://doi.org/10.1007/s11060-019-03259-z

	Cognitive impairment following radiation to hippocampus and other brain structures in adults with primary brain tumours
	Methods
	Study design and patients
	Radiation therapy
	Radiation dose to brain structures
	Cognitive testing
	Statistics

	Results
	Discussion
	Conclusion
	Conflict of interest
	Ethical statement
	ack13
	Acknowledgements
	Appendix A Supplementary data
	References


