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A B S T R A C T

Background: Fatigue may significantly effect everyday- and working life for radiotherapy patients. Some studies
indicate a correlation between radiation dose and irradiated volume of the brain and the presence of fatigue. Our
hypothesis was that patient reported outcome measures (PROMs) can improve our understanding of the patients’
symptoms following proton beam therapy (PBT) and optimize PBT for future patients.
Methods: This study included 167 adult patients (>18 years) who received PBT for malignant brain tumours. Data
on dose metrics to intra-cranial structures was obtained from PBT treatment plans. To explore fatigue and health
related quality of life (HRQoL); Multidimensional Fatigue Inventory (MFI-20) and EORTC QLQ-C30 was used at
6-, 12-, 24- and 36 months post PBT. The correlation between fatigue and dosimetry was explored using
Spearman’s signed rank test.
Results: No severe fatigue was recorded during the 36 months follow-up. Correlations between higher radiation
dose and worsened fatigue scores were generally weak (rho < 0.3). At 12 months post PBT, higher mean dose to
the brain, brainstem, hippocampi and pituitary was correlated to worsened MFI Physical Fatigue. Further,
Reduced Motivation according to MFI was correlated to higher radiation dose to the brainstem and the pituitary
gland. At 36 months follow-up post-PBT, both Reduced Activity and Reduced motivation according to MFI were
correlated to higher radiation dose to the brain, brainstem and hippocampi.
Conclusion: Proton beam therapy are well tolerated, with similar degree of fatigue pre- and post PBT. Achieving
further reduction in mean brain dose appears beneficial.

Surviving malignant brain tumour treatment should imply an occa-
sion for the patient to return to a life as normal as ever possible. The
most prevalent factor affecting survivors is the experience of debilitating
symptoms, especially fatigue. Fatigue may have a significant effect on
everyday- and working life [1–3]. Therefore, health-related quality of

life (HRQoL) of cancer survivors is often poor. Cancer related fatigue
(CRF) is common after radiation therapy of tumours in the central
nervous system (CNS) [4–7]. The present study’s questions are innova-
tive, clinically very important and, to our knowledge, have never been
studied before in this clinical setting.
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CRF has been identified as one of the most debilitating symptoms in
relation to cancer disease and its treatment [8]. It commonly occurs
during radiotherapy and may persist up to several months or even years
after treatment [9]. Preliminary studies indicate a correlation between
radiation dose, irradiated volume of the brain and the presence of fa-
tigue [6–8]. Most studies indicate that causes are multifactorial and
related to the cancer disease itself, the cancer treatment, as well as
possible comorbidity and other patient-related factors. Higher radiation
dose to the brain stem correlates with an increased risk of fatigue in
conventional radiotherapy of brain tumours [4–6]. However, how this
relationship is associated with PBT is less explored. Several studies are
based solely on treatment planning data [10,11].

Patient reported outcome measures (PROMs) are used to assess a
patient’s health status directly from the patient, without interpretation

by others. Self-reported measurement is necessary for understanding the
patients’ symptoms both in research and clinical situations. There is
good evidence that many symptoms remain undetected (and hence
untreated) if the assessment of toxicity solely relies on clinician-reported
outcomes [12].

The main advantage of PBT is the finite range and sharp distal dose
fall off in depth. This often allows for the treatment of a target volume
with a reduced dose in the normal tissue. Several studies have evaluated
side effects in patients receiving PBT, however, they usually include a
small number of patients. Studies comparing conventional radiotherapy
with PBT, often show that PBT is more advantageous in terms of radi-
ation doses to healthy tissue [13,14]. It has been shown that PBT pro-
vides a lower mean dose to the brain and to specific structures or organs
at risk compared with conventional radiation therapy [10,11,13,14].

Fig. 1. One of the patients in our cohort. A patient treated for astrocytoma to a dose of 54 Gy(RBE) to the smaller CTV (pink) and 51 Gy(RBE) to the larger CTV
volume (pink). Given as a simultaneously integrated boost over 30 fractions. A and B shows the target volume on MR (T2 flair). C displays the proton treatment, two
coplanar beams and one non-coplanar beam, D is the comparative photon plan, in this case a helical tomotherapy plan. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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The overall aim of this study is to determine the relationship between
CRF and radiation dose to the central nervous system in patients with
malignant brain tumours who underwent proton beam radiation. We
hypothesize that the intensity, dimension, and duration of fatigue will be
affected by mean dose to the brain as well as dose to intra-cranial
structures such as the pituitary, the brainstem and the hippocampi,
illustrated in Fig. 1. If different structures of the brain are differently
sensitive to irradiation in this aspect, then we may be able to avoid these
areas during radiotherapy and reduce the symptom burden as well as
lower psychological distress and ultimately improve the patients
HRQoL.

Method and materials

Study design

This is a retrospective analysis based on patient data prospectively
collected by the ProtonCare Study Group. A descriptive approach will be
used to investigate the correlation between different dimensions of CRF
over time and the dose to the brain and specific intra-cranial structures.
The current study was approved by the Research Ethics Committee in
Gothenburg, Sweden, on July 22, 2015 (Dnr:433-15).

Setting
A total of 167 adult patients who received PBT at the Skandion Clinic

from 2015 to 2019 were included in this study. 164 of the patients had
malignant brain tumours, and three had other malignant tumours were
brain and brain structures received radiation doses. In this context, the
term malignant brain tumors include all primary cancerous growth in
the brain. This vague definition stands in stark contrast to the much
more specific definition of malignant brain tumors in the 2021 WHO
CNS5 classification which includes molecular data, new and revised
tumor categories, families, types, and subtypes [15].

Participant’s characteristics are presented in Table 1.
The Skandion Clinic is a scanned proton beam facility based on

shared governance and distributed competence. The facility is located in
Uppsala, Sweden [16]. Patients were prepared at their nearest Univer-
sity Hospital where immobilization devices were constructed and CT/
MR images for treatment planning were acquired. Target delineation

and comparative treatment planning (photons vs. protons), see Fig. 1,
were performed at the University Hospital, and the most beneficial
treatment were selected in collaboration with the Skandion Clinic. GTV
(gross tumour volume) was delineated with the aid of co-registered
magnetic resonance imaging (MR). A margin of approximately 2–20
mm to the CTV (clinical target volume), depending on tumour type,
were applied. For our group of 167 patients PBT were selected. The
Skandion Clinic utilizes two gantries that delivers energies ranging from
60 to 226 MeV with pencil beam scanning (Ion Beam Applications,
Belgium). Proton plans consisted of two to three beams coplanar/non-
coplanar or a combination depending on the location of the target vol-
ume. Beams were directed to avoid or lower doses to critical organs at
risk (OAR). Robust optimisations were used, with a set-up uncertainty of
3 mm and a range uncertainty of 3.5 %. An overall constant RBE
assumption of 1.1 were applied. Dose specifications includes that 98 %
of the CTV must be covered by at least 95 % of the prescribed dose.
Constraints and objectives used for treatment planning are specified in
the PRO-CNS protocol [17]. Nomenclature for delineated target volumes
is in accordance with on ICRU report 78 [18]. The order of priority was
as follows; chiasm/optic nerve, brainstem, spinal cord, GTV, CTV, eyes/
retina, cochlea, other OARs (e.g. pituitary gland, lenses, parotid glands,
lacrimal glands, hippocampi and temporal lobes).

Data collection

Radiation therapy data
Data on radiation doses and dose distributions were obtained from

patient specific proton treatment plans. The mean absorbed dose to the
whole brain was calculated. In addition, dose metrics of these specific
intra-cranial structures; brainstem, hippocampi and the pituitary gland
were obtained. The data extraction was facilitated by the advanced
application programming interface (API) of the treatment planning
system used for all proton treatments at the Skandion Clinic. Before
extraction of dose metrices, absorbed doses were converted to equiva-
lent dose at 2 Gy(RBE) per fraction using the Linear quadratic model
with an α/β = 3 Gy(RBE).

Patient reported data
The patient reported data has been collected during the treatment

Table 1
Patient characteristics.

Patient characteristics

Parameter Number
(median)

Range
(min–max)

Delineated in # of patients

Age (y) ​ (43) (20–74) ​
Sex Female 73 ​ ​
​ Male 94 ​ ​
ICD10 codes Specified locations 76 ​ ​
​ Unspecified locations 91 ​ ​
Prescription dose Gy(RBE) ​ (54) (34–73.8) ​
Fractionation ​ 1.8 GyRBE

3.4 GyRBE
(50.4–73.8) ​

Margins (GTV to CTV) ​ ​ 2-20 mm ​
Volumes Brain [cm3] (1443) (1045–1983) 167
​ Brainstem [cm3] (27.4) (7.7–61) 165
​ Hippocampus_L [cm3] (2.28) (0.4–8.73) 160
​ Hippocampus_R [cm3] (2.47) (0.26–10.05) 160
​ Pituitary [cm3] (0.3) (0.06–0.8) 93
Brain median dose Gy(RBE) ​ (9.2) (0.6–56.3) ​
D2% Brain dose Gy(RBE) ​ (52.6) (19.2–61.6) ​
Brainstem median dose Gy(RBE) ​ (1.05) (0–53.11) ​
D2% Brainstem dose Gy(RBE) ​ (37.9) (0–58.8) ​
Hippocampus_L median dose Gy(RBE) ​ (0.4) (0–60.3) ​
D2% Hippocampus_L dose Gy(RBE) ​ (5.8) (0–61.6) ​
Hippocampus_R median dose Gy(RBE) ​ (0.4) (0–58.5) ​
D2% Hippocampus_R dose Gy(RBE) ​ (6.7) (0–61.8) ​
Pituitary median dose Gy(RBE) ​ (9) (0–51.2) ​
D2% Pituitary dose Gy(RBE) ​ (18.9) (0–52.9) ​
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period at the Skandion Clinic, as well as 3-, 6-, 9-, 12-, 24- and 36-
months post-radiation treatment.

Multidimensional fatigue inventory
To explore fatigue, the Multidimensional Fatigue Inventory (MFI-20)

[19] has been used.
This questionnaire consists of 20 items that assesses five dimensions

of fatigue based on different modes of expression: general fatigue;
physical fatigue; reduced activities; lack of motivation; and mental fa-
tigue. Each dimension contains four items, two indicating and two
contraindicating fatigue. The response ranges from agreement with the
accompanying statement (‘‘Yes, that is true”) to disagreement (‘‘No, that
is not true”). A total score is calculated for each scale by summation of
the individual item scores, that range from 4 to 20. A higher number
indicates a higher degree of fatigue.

EORTC QLQ-C30
HRQoL was measured with the European Organization for Research

and Treatment of Cancer (EORTC) QLQ-C30 [20]. The QLQ-C30 con-
tains five functioning scales, three symptom scales, six single items and
global health status/quality of life (QOL) scale. All scales and single
items are transformed into scores ranging from 0 to 100. For functional
scales, global QOL and summary score, a higher score suggests a better
level of functioning. For the symptom scale a higher score suggests more
severe problems. Data were processed according to the EORTC manual.
For the analysis of fatigue, questions 10, 12 and 18 of QLQ-C30 has been
used.

Statistical analysis
Correlations between doses, volumes and PROMs were performed

using the Spearman Signed Rank Test. The correlations were considered
weak if below (Spearman’s rho) 0.30, moderate–high between 0.30 and
0.60, or substantial over 0.6. A higher Spearman’s rho means a higher
dose and an increased grade of fatigue. In this hypothesis-generating
study p-values of 0.05 or less were considered statistically significant.

Results

Patient characteristics are shown in Table 1. Prescribed doses for the
radiotherapy varied between 34 Gy(RBE) to 73.8 Gy(RBE). The median
dose was 54 Gy(RBE) (n= 83); however 50.4 (n= 45), 59.4/60 (n= 28)
Gy(RBE) were frequent. For a majority (83 %) of the patients, the brain
received a mean dose below 20 GyRBE with a near maximum dose close

to or just over the prescribed dose. For the brainstem, the mean dose was
10.3 Gy(RBE) and 45 % of the patients received a D2% of 44–59 Gy
(RBE).The mean dose to the hippocampi was 12 Gy(RBE). The pituitary
gland was delineated for just over half of the patients (56 %). The mean
dose was 18.2 Gy(RBE) and a D2% of 23 Gy(RBE), for 43 % of the pa-
tients the mean dose was >20 Gy(RBE).

The patients have been followed with questionnaires for up to 36
months after PBT.

In Table 2 an overview of used questionaries and the corresponding
result for each time period can be explored.

To correlate mean dose to OAR and to a specific fatigue dimension
and the time for the assessment, as change from baseline (before PBT) a
matrix was compiled, see Table 3. Correlations were in general weak,
below 0.2. According to the questions about fatigue of the QLQ-C30 (q:
10,12,18), there was a correlation between mean dose to the brain
which appeared to be persistent (p < 0.05) and not fading until the
assessment point at 36 months. As for the dimension physical fatigue
(MFI) and mean dose to the brain there was a significant correlation for
12 and 24 months (p < 0.01) as well as for 36 months (p < 0.05). At 12
months there were significant correlations for mean dose to the brain-
stem, the hippocampi and the pituitary gland as well (p < 0.05). At end
of treatment there was a significant correlation with mean dose to the
right hippocampus (p < 0.05). The fatigue dimension reduced activity
(MFI) correlated to mean dose to the brain at 6 months (p< 0.05) and to
mean dose to the brainstem at 36 months (p < 0.05), and the fatigue
dimension reduced motivation (MFI) correlated to mean dose to the
brain at 24 months (p < 0.05), to mean dose to the brainstem at 6, 12
and 36months (p< 0.05), to right hippocampus at 36 months (p< 0.05)
and to the pituitary gland at 6 and 24 months (p < 0.05).

Mean dose to the brain seems to be the strongest reason for fatigue in
our material, however, the correlation was weak to moderate. The mean
dose to the pituitary gland as well as the brainstem was correlated to
different fatigue dimensions, though the correlation was weak with low
Spearman’s rho values.

Discussion

We hypothesized that radiation dose to certain brain structures like
whole-brain, brainstem, hippocampi and pituitary gland were associ-
ated with different dimensions of fatigue. Here we present data for 167
patients receiving PBT for primary brain malignancies. Patient-reported
data have been collected during the treatment period at the Skandion
Clinic as well as post-treatment. We have collected data to 36 months

Table 2
Number of questionnaires answered for each time period. MFI = Multidimensional Fatigue Inventory, Fatigue represents the questions 10, 12 and 18 about fatigue
from the EORTC QLQ-C30.

Variable Baseline MID
treatment

END
treatment

3 months 6 months 9 months 12 months 24 months 36 months

MFI General Fatigue 11.9 (4.5)
12 (4; 20)
n = 167

12.5 (4.6)
13 (4; 20)
n = 163

13.1 (4.6)
14 (4; 20)
n = 157

13.1 (4.3)
13 (4; 20)
n = 151

13.3 (4.3)
14 (4; 20)
n = 143

12.6 (4.5)
13 (4; 21)
n = 139

12.0 (4.4)
12 (4; 20)
n = 132

12.3 (4.6)
12 (4; 20)
n = 112

12.3 (4.9)
13 (4; 20)
n = 77

MFI Physical Fatigue 10.8 (4.7)
10 (4; 20)
n = 167

11.3 (5.0)
11 (4; 20)
n = 163

11.8 (5.1)
12 (4; 20)
n = 157

11.9 (5.0)
12 (4; 20)
n = 151

11.8 (5.0)
12 (4; 20)
n = 143

11.3 (5.2)
11 (4; 20)
n = 139

10.8 (4.8)
11 (4; 20)
n = 132

10.9 (5.2)
11 (4; 20)
n = 112

10.7 (5.4)
11 (4; 20)
n = 77

MFI Reduced Activity 11.2 (4.4)
11 (4; 20)
n = 167

12.0 (4.6)
12 (4; 20)
n = 163

12.3 (4.7)
13 (4; 20)
n = 157

12.1 (4.8)
12 (4; 20)
n = 151

12.0 (4.6)
12 (4; 20)
n = 143

11.5 (4.9)
11 (4; 20)
n = 139

10.6 (4.8)
10 (4; 20)
n = 132

11.1 (4.9)
11 (4; 20)
n = 112

10.6 (5.1)
10 (4; 20)
n = 77

MFI Reduced
Motivation

9.01 (3.99)
8 (4; 20)
n = 167

9.40 (4.00)
9 (4; 20)
n = 163

9.70 (4.05)
9 (4; 20)
n = 157

9.46 (4.21)
9 (4; 20)
n = 151

9.45 (4.27)
9 (4; 20)
n = 143

9.27 (4.30)
8 (4; 20)
n = 139

8.95 (4.18)
8 (4; 20)
n = 132

8.96 (3.89)
9 (4; 20)
n = 112

8.94 (4.50)
8 (4; 20)
n = 77

MFI Mental Fatigue 10.4 (4.4)
10 (4; 20)
n = 167

10.4 (4.3)
11 (4; 20)
n = 163

11.0 (4.4)
11 (4; 20)
n = 157

11.1 (4.4)
11 (4; 20)
n = 151

11.3 (4.5)
11 (4; 20)
n = 143

10.9 (4.5)
11 (4; 20)
n = 139

10.6 (4.5)
11 (4; 20)
n = 131

11.0 (4.5)
11 (4; 20)
n = 112

11.0 (5.0)
12 (4; 20)
n = 77

Fatigue (from QLQ-C30) 31.9 (23.5)
33.3 (0; 100)
n = 167

34.6 (24.7)
33.3 (0; 100)
n = 163

39.9 (26.0)
33.3 (0; 100)
n = 157

40.1 (28.1)
33.3 (0; 100)
n = 153

39.5 (26.2)
33.3 (0; 100)
n = 143

35.3 (26.5)
33.3 (0; 100)
n = 139

32.9 (24.9)
33.3 (0; 100)
n = 132

37.1 (27.7)
33.3 (0; 100)
n = 112

34.2 (26.5)
33.3 (0; 100)
n = 77

For continuous variables Mean (SD)/Median (Min; Max)/n = is presented.
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Table 3
Correlations between the questions about fatigue from the EORTC QLQ-C30 and the different fatigue dimensions in MFI, mean dose to structures, and time points showing the change from baseline. Significant values are
highlighted. A higher value indicates higher dose and an increased degree of fatigue.

Fatigue QLQ C30 MFI – General Fatigue MFI – Physical Fatigue

Brain Brainstem Hippocampus_R Hippocampus_L Pituitary Brain Brainstem Hippocampus_R Hippocampus_L Pituitary Brain Brainstem Hippocampus_R Hippocampus_L Pituitary

End of RT 0.06
n= 157

0.10
n = 155

0.12
n = 150

0.01
n = 151

0.02
n = 89

− 0.00
n = 157

0.02
n = 155

0.09
n = 150

− 0.00
n = 151

− 0.09
n = 89

0.07
n = 157

0.04
n = 155

0.19*
n = 150

− 0.00
n = 151

− 0.07
n = 89

6 M 0.17*
n = 143

− 0.00
n = 141

0.06
n = 138

− 0.02
n = 137

0.18
n = 82

0.08
n = 143

− 0.04
n = 141

− 0.04
n = 138

0.00
n = 137

0.11
n = 82

0.15
n = 143

0.12
n = 141

0.10
n = 138

0.13
n = 137

0.18
n = 82

12 M 0.22*
n = 132

0.02
n = 131

0.15
n = 127

0.01
n = 127

0.14
n = 81

0.14
n = 132

0.08
n = 131

0.11
n = 127

0.04
n = 127

0.22
n = 81

0.24**
n = 132

0.18*
n = 131

0.20*
n = 127

0.18*
n = 127

0.26*
n = 81

24 M 0.19*
n = 112

− 0.06
n = 111

0.04
n = 108

− 0.11
n = 108

− 0.07
n = 67

0.12
n = 112

0.03
n = 111

0.08
n = 108

0.03
n = 108

0.02
n = 67

0.24**
n = 112

0.06
n = 111

0.08
n = 108

0.08
n = 108

0.08
n = 67

36 M 0.11
n = 77

0.01
n = 77

0.11
n = 75

− 0.08
n = 73

0.02
n = 48

0.09
n = 77

− 0.01
n = 77

0.13
n = 75

− 0.02
n = 73

0.02
n = 48

0.24*
n = 77

0.18
n = 77

0.21
n = 75

0.15
n = 73

0.23
n = 48

MFI – Reduced Activity MFI – Reduced Motivation MFI – Mental Fatigue

Brain Brainstem Hippocampus_R Hippocampus_L Pituitary Brain Brainstem Hippocampus_R Hippocampus_L Pituitary Brain Brainstem Hippocampus_R Hippocampus_L Pituitary

End of RT − 0.03
n = 157

0.03
n = 155

0.12
n = 150

− 0.01
n = 151

− 0.14
n = 89

0.04
n = 157

0.00
n = 155

0.09
n = 150

− 0.10
n = 151

0.12
n = 89

0.04
n = 157

0.02
n = 155

0.04
n = 150

0.02
n = 151

− 0.10
n = 89

6 M 0.18*
n = 143

0.05
n = 141

0.01
n = 138

0.11
n = 137

0.13
n = 82

0.15
n = 143

0.21*
n = 141

0.14
n = 138

0.10
n = 137

0.27*
n = 82

− 0.02
n = 143

− 0.10
n = 141

− 0.02
n = 138

− 0.11
n = 137

− 0.11
n = 82

12 M 0.14
n = 132

0.10
n = 131

0.09
n = 127

0.06
n = 127

0.02
n = 81

0.15
n = 132

0.19*
n = 131

0.16
n = 127

0.05
n = 127

0.26*
n = 81

0.09
n = 131

− 0.04
n = 130

− 0.01
n = 126

0.01
n = 126

0.07
n = 80

24 M 0.13
n = 112

0.06
n = 111

0.05
n = 108

0.10
n = 108

0.06
n = 67

0.21*
n = 112

0.09
n = 111

0.12
n = 108

0.09
n = 108

0.19
n = 67

0.09
n = 112

− 0.04
n = 111

0.09
n = 108

− 0.07
n = 108

0.06
n = 67

36 M 0.17
n = 77

0.23*
n = 77

0.22
n = 75

0.16
n = 73

0.16
n = 48

0.15
n = 77

0.23*
n = 77

0.32**
n = 75

0.05
n = 73

0.23
n = 48

0.12
n = 77

0.06
n = 77

0.20
n = 75

0.02
n = 73

0.00
n = 48

* p < 0.05, ** p < 0.01, *** p < 0.001.
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post-treatment, which was presented in this work. In terms of CRF PBT
seems to be a treatment that is well tolerated by the patients and asso-
ciated with acceptable CRF. We consider this work an important
contribution, given that most previous studies are based on retrospective
analysis of dosimetric data from treatment planning studies, medical
records or symptoms assessments by physicians or nurses and do not
include prospectively collected PROMs.

The patients in our cohort received a mean dose to the brain of 13.8
Gy(RBE) (82 %). Dirven et al. [4], could show that the brain volume that
were treated to 50.4 Gy(RBE) did not appear to be independently
associated with HRQoL in the short term (follow-up of 24 months).
Haldbo-Classen et al. [5] found that patients who received higher doses
to the brain, brainstem, hippocampus, temporal lobes and thalamus
experienced severe fatigue. Their patients received a target dose of
45–60 Gy, were 9 of 78 were treated with protons. They also found that
patients with poor scores on EORTC QLQ-C30 received a higher mean
dose, ~18 Gy (75 % of patients between 6 and 26 Gy) (p = 0.04) to the
brain compared to those who scored well. Kiebert et al. [7] found that
fatigue was more pronounced in the first 7–15 months after RT in the
group of patients that received a target dose of 59.4 Gy compared to the
group that received 45 Gy. Both groups received conventional photon
treatment. Acute fatigue could also be a result of cerebellar damage. This
has been described by Abel et al. [21]. Unfortunately, we have not
analysed doses to the cerebellum, as it was not routinely delineated. We
will take this into consideration in a later update. A subset of the patients
was recently reported on by Ek et al. [14], where a strong correlation of
higher mean dose to the brain and inferior progression-free survival and
overall survival was observed.

We found weak correlations between higher mean dose to the
brainstem for the dimension Reduced Motivation at 6, 12 and 36
months. The mean dose was 10.3 Gy(RBE). However, we see no signif-
icant correlation values for D2%. Abel et al. [22] could not find any
statistical significance between mean dose to the brainstem and fatigue
in their material of H&N cancer patients. Haldbo-Classen et al. [5] found
that patients who received higher dose to the brainstem, experienced
more fatigue. The mean dose to brainstem was ~24 Gy, and 75 % of the
patients received between 15 and 40 Gy to the brainstem, compared to
our cohort were the mean dose was 10.3 Gy(RBE) and D2% 29.7 Gy
(RBE). Ferris et al. [23], found a significant correlation between D2%
dose to the brainstem and fatigue, also in a material of H&N cancer
patients and states that if target is not compromised, dose to the
brainstem should be kept below 54 Gy. Dutz et al. [24] found in their
model that mild fatigue was correlated to a higher D2% brainstem
(20–60 Gy(RBE)) after 24 months. It was, however, investigated using
CTCAE v.4. Since the CTCAE is a toxicity scale used by physicians it may
be difficult to compare with the patient reported measures of QLQ-C30
and MFI.

For the hippocampi we found weak correlations for the dimensions
Physical Fatigue at end of PBT and after 12 months, and for Reduced
Motivation after 36 months. In our cohort the mean dose to the hippo-
campi was 12 Gy(RBE). In the high fatigue group, Haldbo-Classen et al.
[5] noted higher doses to hippocampus (p = 0.02), with mean doses of
approximately 24 Gy. A total of 75 % of their patients received between
10 and 40 Gy, with a maximum of ~50 Gy.

We also see a weak correlation between dose to the pituitary gland
and physical fatigue as well as reduced motivation. In some cases, the
high dose cannot be avoided due to the target localisation. The pituitary
gland was delineated for 56 % of the patients. We have used a constraint
of Dmean < 50 Gy(RBE). According to Vakilian et al. [25] there is a
threshold at a mean dose of 30 Gy(RBE). Above that dose the patient
should be followed with respect to hormonal status. Potentially, the
hormonal status could be the reason for the fatigue experienced by some
patients. The European Particle Therapy Nework (EPTN) [26] suggests a
threshold of Dmean < 45 Gy(RBE) and suggests that patients receiving a
dose above Dmean20Gy(RBE) should be screened for endocrinopathies,
while patients receiving a dose below Dmean20Gy(RBE) the screening is

optional. In a newly started study [27] the suggestions from the EPTN
group were adapted.

Brown et al. [28] presented a randomized trial comparing PBT and
IMRT (intensity modulated radiation therapy with photons). They
intended to assess the potential benefit of protons to decrease cognitive
toxicity. Patients in both arms received a simultaneous integrated boost
50 Gy and 60 Gy respectively in 30 fractions. They found that PBT was
associated with less fatigue (24 % vs 58 %, P = 0.05) at 6 months,
however, they did not find any difference in cognitive functions at 6
months after treatment. They also stated that one reason for seeing no
difference in cognitive function, could be due to the tumour type
investigated (glioblastoma), since other studies for low-grade gliomas
have shown the opposite [29].

A potential weakness of this study is that almost 55 % of the ma-
lignant brain tumors have an unspecified location, Table 1. The margins
were however, adapted to the specific brain tumour types.

The QLQ-C30 questionnaire has been used to collect normative data
for a large general population [30] in Europe. When comparing our
cancer-patient cohort with the European symptom score for fatigue, our
cohort scores higher (approx. 10 points higher), as well as when
comparing to the Swedish cohort from the same study. Smets [19]
compares healthy groups to radiotherapy patients when creating the
MFI. There the radiotherapy patients scored lower than the other
groups, this could however, be age dependent as the other groups were
younger than the radiotherapy group in their study.

Post-treatment fatigue may be due to several other causes, and the
radiation dosimetry is one of the explanatory variables. For instance,
sequele after surgery, concomitant or just finished chemotherapy,
circulating inflammatory markers or previous mental illness and other
types of comorbidities are also factors to consider.

Conclusion

In this study, proton beam therapy seemed to be well tolerated in
general, and only a small onset of fatigue was experienced post PBT for
our patients. Weak correlations were found with elevated fatigue and
higher mean dose to OARs. The strongest correlation was found with
higher mean brain dose and worsenedmental fatigue 12–24months post
PBT. Achieving further reduction in brain dose appears beneficial for
PBT.
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