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ABSTRACT
Purpose: Radio(chemo)therapy is used as a standard treatment for glioma patients. The surrounding
normal tissue is inevitably affected by the irradiation. The aim of this longitudinal study was to investi-
gate perfusion alterations in the normal-appearing tissue after proton irradiation and assess the dose
sensitivity of the normal tissue perfusion.
Methods: In 14 glioma patients, a sub-cohort of a prospective clinical trial (NCT02824731), perfusion
changes in normal-appearing white matter (WM), grey matter (GM) and subcortical GM structures, i.e.
caudate nucleus, hippocampus, amygdala, putamen, pallidum and thalamus, were evaluated before
treatment and at three-monthly intervals after proton beam irradiation. The relative cerebral blood vol-
ume (rCBV) was assessed with dynamic susceptibility contrast MRI and analysed as the percentage
ratio between follow-up and baseline image (DrCBV). Radiation-induced alterations were evaluated
using Wilcoxon signed rank test. Dose and time correlations were investigated with univariate and
multivariate linear regression models.
Results: No significant DrCBV changes were found in any normal-appearing WM and GM region after
proton beam irradiation. A positive correlation with radiation dose was observed in the multivariate
regression model applied to the combined DrCBV values of low (1–20Gy), intermediate (21–40Gy)
and high (41–60Gy) dose regions of GM (p< 0.001), while no time dependency was detected in any
normal-appearing area.
Conclusion: The perfusion in normal-appearing brain tissue remained unaltered after proton beam
therapy. In further studies, a direct comparison with changes after photon therapy is recommended to
confirm the different effect of proton therapy on the normal-appearing tissue.

Abbreviations: AIF: arterial input function; ANTs: Advanced Normalisation Tools; ASL: arterial spin
labeling; AUC: area under curve; CBF: cerebral blood flow; CBV: cerebral blood volume; CET1w: contrast
enhanced T1w; CT: computed tomography; CTV: clinical target volume; DCE: dynamic contrast
enhanced; DSC: dynamic susceptibility contrast; FLAIR: fluid attenuated inversion recovery; FSL: FMRIB
Software Library; GM: grey matter; GTV: gross tumour volume; MRI: magnetic resonance imaging; NA:
normal-appearing; PRESTO: Principles of Echo-Shifting with a Train of Observation; RBE: relative bio-
logical effectiveness; RD: radiation dose; ROI: region of interest; RT: radiotherapy; T1w: T1-weighted;
T2w: T2-weighted; TBV: tumour bed volume; WM: white matter
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Introduction

Radiotherapy is an essential component of the standard treat-
ment of grade 2-4 gliomas, along with surgery and chemother-
apy [1–4]. In radiotherapy of gliomas, the clinical target
volume (CTV) is defined to ensure complete coverage of micro-
scopic tumour extension. The CTV typically includes the resec-
tion cavity, areas of suspected proliferating tumour cells using
a 1-2cm margin around contrast enhancements of T1-weighted

(T1w) magnetic resonance imaging (MRI), acquired with a con-

trast agent, and areas of T2-weighted (T2w) hyperintensities to

ensure the irradiation of potential tumour infiltration [5,6]. The

enlargement of the irradiated region, positioning inaccuracies
during treatment and the characteristics of different irradiation

methods inevitably result in a certain radiation dose affecting

the surrounding normal-appearing (NA) tissue. This can cause
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anatomical changes such as demyelination and oedema in the
NA tissue and may lead to functional damage to cognition or
memory loss [7,8]. Noteworthy, a direct correlation between
MR imaging changes in the NA tissue and cognitive impair-
ment has not yet been demonstrated. The severity of the dam-
age is categorised as acute, early delayed and late delayed,
where acute and early delayed injuries are usually temporary
and reversible, while late delayed effects are mostly irreversible
and progressive [9]. The radiation exposure to the normal tis-
sue can be significantly reduced with proton compared to
photon irradiation, as protons deliver the dose mainly to the
tumour and a close proximity [10]. Investigating whether the
reduction of radiation exposure to NA tissue leads to a
decrease in MR imaging changes and possibly fewer side-
effects may impact on the decision regarding the radiation
modality. Furthermore, since severe radiation-induced damage
may occur with a time delay, the search for early biomarkers
of late dysfunction is highly for patient selection. Previously,
advanced MRI methods, e.g. diffusion imaging, perfusion imag-
ing and MR spectroscopy, were used to specify the radiation-
induced changes in the NA brain tissue [11–14] resulting in
diffusion changes indicating demyelination and axonal loss
[13] metabolic alterations suggesting changes on neuronal
health [15], and reduced perfusion [16–18].

The perfusion alterations were mainly studied using
dynamic susceptibility contrast (DSC) [16,17,19–21], but also
with dynamical contrast enhancement (DCE) [22] and arterial
spin labeling (ASL) [18,23]. Decreasing cerebral blood volume
(CBV) and cerebral blood flow (CBF) in the NA white matter
(WM) [16,17,19] and grey matter (GM) [16,18,23] appeared to
be a common observation, although contradictory findings
were detected [20]. Furthermore, dose-dependency of the per-
fusion changes was observed [16–18]. While in most of the
previous studies the cohort consisted of photon-irradiated
patients, the study of Petr et al. [23] evaluated perfusion and
atrophy alterations in glioblastoma patients 3–6months after
treatment both after proton and photon therapy. Perfusion
reduction in the whole GM appeared after photon irradiation,
whereas no significant reduction in perfusion was observed in
proton-irradiated patients.

The previous results indicate the relevance of investigat-
ing the radiation-induced behaviour of perfusion after pro-
ton therapy. Thus, the aim of this study was to analyse the
effect of proton beam irradiation on the perfusion in NA
brain tissue and to evaluate time- or dose-dependent varia-
tions. For this purpose, we determined the relative CBV
using DSC-MRI in the normal-appearing WM, GM and sub-
cortical GM structures of the entire brain and dose-bins.
Since the effect of proton irradiation has been studied only
to a limited extent, this work is believed to represent an
important contribution to the understanding of the effect
of proton therapy.

Material and methods

Patient cohort

MRI data from grade 2–4 glioma patients treated with adju-
vant proton beam irradiation and chemotherapy following

MRI-confirmed gross tumour resection were collected in a lon-
gitudinal study to monitor possible tissue changes indicative
of radiation-induced alterations or tumour progression. The
patient cohort represents a subgroup of a prospective clinical
trial (NCT02824731) and was approved by the local Ethics
Committee of the Technische Universit€at Dresden, Germany
(EK22012016). Between 2016 and 2021, patients were included
in this longitudinal study and received MR scans containing a
baseline MRI measured approximately two weeks before radio-
therapy (RT) and three-monthly MRI follow-up scans after RT.
Each patient received at least one follow-up MRI. MRI scans
with clear tumour progression were excluded from the ana-
lysis as were patients with a deteriorating performance status
hampering MR acquisition to avoid a coincidence of these
effects with the radiation-induced injury.

Data acquisition

The MR measurements were performed on a 3 T Philips
Ingenuity PET/MR scanner (Philips, Eindhoven, The
Netherlands) using an eight-channel head coil. T1w images
were measured with a 3D gradient echo sequence with TR ¼
10 ms, TE ¼ 3.7ms, flip angle FA ¼ 20� and voxel size
1� 1� 1 mm3 in sagittal orientation. 3D FLAIR images were
acquired with TR ¼ 4800 ms, TE ¼ 293 ms, TI ¼ 1650 ms,
FOV ¼ 250� 250 mm, acquisition matrix 252� 249, recon-
struction matrix 512� 512 and a reconstructed slice thick-
ness of 0.5 mm in sagittal orientation. Perfusion was
accessed via DSC imaging using a PRESTO sequence with TR
¼ 15 ms, TE ¼ 21 ms, voxel size 1.8� 1.8� 3.5 mm3 and 60
dynamics with a dynamic scan time of 1.7 s. Prior to DSC
imaging, the intravenous contrast agent gadolinium
(0.1mol/kg, 4ml/s, 7 s delay) was injected followed by a
saline flush (20ml, 4ml/s) using an injector pump (MEDRAD
Spectris Solaris EP). A pre-bolus gadolinium injection
(0.1mol/kg, 4ml/s) was given in advance to avoid T1-leakage
effects.

Radiation treatment planning

For radiation treatment planning, computed tomography
(CT) scans were obtained in a supine patient position using
an individual head support and a custom-made head mask.
The CTs were registered to the post-surgery T1w, T2w and
CET1w images to define the tumour bed volume (TBV) and
possibly the gross tumour volume (GTV). The CTV was speci-
fied by expanding the TBV (and possibly the GTV) using a
1–2 cm isotropic margin and including the T2w image
changes, taking into account the anatomical boundaries. The
proton dose was prescribed to the CTV allowing for inherent
uncertainties of the proton range. Either the pencil-beam
scanning approach with uniform single-field dose optimisa-
tion or the double-scattering method with field shaping
using lateral apertures and range compensators were used
to deliver protons with a maximum beam energy of
230MeV. The radiation dose was delivered in two to three
radiation fields choosing a beam direction avoiding areas of
high LET. A total dose of 54–60 Gy(RBE) in 27–30 fractions
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was prescribed, taking into account a constant relative bio-
logical effectiveness (RBE) of 1.1.

Data processing

The CTV, planning CT, and radiation dose (RD) map was
reconstructed from the planning workstation and rigidly
registered to the baseline T1w scan using Advanced
Normalisation Tools (ANTs) [24]. Baseline and follow-up
images were aligned by a non-linear registration of the
T1w maps being applied to the planning CT and RD map
(for a detailed description of image registration, see the
Supplementary Material of Raschke et al. [13]). The NA tis-
sue was defined by excluding the CTV and abnormal areas
indicative of tumour progression, identified as T2w hyper-
intensities on FLAIR (Figure 1(A)). The definition of normal
tissue ensures that the changes are exclusively caused by
the irradiation and not by tumour progression, such that

non-visible radiation damages in advanced MRI can be
detected. To exclude the same abnormal area in all follow-
up scans, the abnormal areas of all time points were com-
bined in every patient, and this individual abnormality
mask was registered to each T1w scan. Areas showing
strong B0-inhomogeneities were identified on a displace-
ment map generated from opposite phase encoded diffu-
sion-tensor imaging measurements and excluded from the
analysis. The cerebellum and brainstem, defined by a cere-
bellar mask on the Montreal Neurological Institute (MNI)
152 6th generation atlas [25] from the FMRIB Software
Library (FSL) [26], were excluded to avoid a difference in
brain coverage due to varying spatial coverage of the MRI
sequences. WM and GM tissue were segmented on the
T1w images using SPM12 [27] and transformed to binary
tissue masks using a 95%-probability threshold (Figure
1(B)). Subcortical GM structures were localised on the
Harvard-Oxford subcortical structural atlas from FSL and

Figure 1. (A) Normal tissue definition by the exclusion of the clinical target volume (CTV) and the areas appearing abnormal on FLAIR imaging. (B) White and grey
matter segmentation, defined on T1-weighted (T1w) magnetic resonance imaging (MRI) and registered to relative cerebral blood volume (rCBV) with Advanced
Normalisation Tools (ANTs) [24]. (C) Dose distribution of proton irradiation – left: continuous radiation dose distribution, right: dose distribution divided into high
dose [41–60 Gy(RBE), pink], intermediate dose [21–40 Gy(RBE), green], low dose [1–20 Gy(RBE), blue] and areas with negligible low radiation dose named “w/o-radi-
ation” – area [<1 Gy(RBE), purple].
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registered to the T1w image with ANTs [24–26]. Finally, the
T1w image and the corresponding masks were rigidly regis-
tered to the calculated perfusion parameter map (CBV)
using ANTs [24].

Data analysis

The signal information of the dynamic PRESTO measure-
ments was converted to concentration-time curves on a
voxel-wise basis [28,29]. The area under the curve (AUC)
was determined by fitting a gamma variate function to the
smoothed concentration-time curves [30]. The CBV was
determined as the ratio of the AUC to the arterial input
function (AIF) obtained with an in-house algorithm written
in MATLAB based on the criteria of Mouridsen et al. and
Yin et al. [31–33]. The relative (r)CBV was achieved by nor-
malisation to a WM region of interest (ROI) receiving less
than 1 Gy(RBE) [34]. The median rCBV values were eval-
uated in the entire NA tissue (0–60 Gy(RBE)), in areas
receiving a negligible radiation dose (“w/o-radiation”, 0–
1 Gy(RBE)) and in areas exposed to radiation (“w/-radi-
ation”, 1–60 Gy(RBE)). The tissue exposed to radiation was
further subdivided into three dose regions of low (1–
20 Gy(RBE)), intermediate (21–40 Gy(RBE)) and high dose
(41–60 Gy(RBE)) tissue of WM and GM (compare Figure
1(C)) to estimate the dose-dependency of radiation
response, similar to previous studies [13,18,23]. Wider dose
bins were chosen as the regions would otherwise contain
relatively few voxels due to the steep dose gradient of pro-
ton irradiation and the low spatial resolution of DSC.
Additionally, median rCBV was analysed in the subcortical
GM structures caudate nucleus, hippocampus, amygdala,
putamen, pallidum and thalamus, since different radiation-
sensitivity of these structures has already been observed
[35,36]. Subcortical GM structures containing voxels of
abnormal tissue or overlapping with the CTV were
excluded from the analysis. Moreover, this analysis was not
performed in case data of less than two patients contrib-
uted to the cohort at the respective follow-up measure-
ment. The percentage change (DrCBV) was calculated as
the difference between follow-up and baseline rCBV nor-
malised to the baseline perfusion:

DrCBV ¼ rCBV follow�up � rCBVbaseline

rCBVbaseline
� 100

Statistical analyses

The first analysis focussed on the perfusion changes in sev-
eral dose regions of the normal-appearing WM and GM. To
identify patient-wise changes after RT, DrCBV was analysed
with the one-sample Wilcoxon signed rank test in the entire
region, “w/o-radiation”-area, “w/-radiation”-area and low,
intermediate and high dose region of normal-appearing WM
and GM. A p-value � 0.05 was considered statistically signifi-
cant. The paired Wilcoxon signed rank test was used to ana-
lyse DrCBV differences in between the low, intermediate and
high dose perfusion. To counteract multiple comparison

problems a Bonferroni correction factor of 3 was required,
resulting in a corrected p-value � 0.017 indicative of statis-
tical significance. Univariate and multivariate linear regression
models analysing the correlation of DrCBV with time since
RT and mean dose per region, as well as the patient age,
tumour grade, gender and treatment with chemotherapy
were performed with the Statistical Package for Social
Science (IBM SPSS Statistics) [37]. The linear regression was
performed using generalised estimation equations account-
ing for the within-subject effects of multiple MRI follow-up
measurements and different dose regions. The consideration
of the dose areas as within-subject variables was only
required when analysing the data set combining the results
of low, intermediate and high dose regions. The work correl-
ation matrix “autoregressive relationship AR(1)” was chosen
in case of one factor acting as within-subject in the analysis,
while “exchangeable” was selected in the case of two factors
as within-subjects [37]. Univariate models analysed the cor-
relation with the factors time, patient age, tumour grade,
gender and treatment with chemotherapy in the WM and
GM regions. The dose-correlation was not evaluated in
regions subdivided according to the radiation dose.
Multivariate linear mixed model was analysed on the com-
bined low, intermediate and high dose dataset and consid-
ered the simultaneous effects of time, dose and additional
parameters correlating significantly with DrCBV in the uni-
variate model.

In a second analysis, the DrCBV changes in the subcortical
GM structures were evaluated separately for the ipsi- and
contralateral hemisphere relative to the primary tumour loca-
tion. Time-dependent alterations on the ipsi- and contralat-
eral side were determined using the one-sample Wilcoxon
signed rank test. The paired Wilcoxon signed rank test was
taken to compare the changes between the ipsi- and contra-
lateral hemisphere. Univariate and multivariate linear regres-
sion models were applied to the dataset combining the
information of the ipsi- and contralateral side of each subcor-
tical GM structure.

Results

In total, 42 MRI scans of 14 patients with grade 2–4 primary
brain tumours were available for the evaluation of perfusion
changes, including the baseline MRI before RT as well as fol-
low-up MRIs at three, six and nine months after RT (Table 1).
The one-sided Wilcoxon signed rank test did not reveal signifi-
cant DrCBV alterations between baseline and any follow-up
measurement, neither in the entire normal-appearing WM/GM
tissue nor in the dose-separated WM/GM areas (Figure 2).
Analysing the time-dependency of DrCBV with the univariate
linear regression model did not show significant correlations
in any WM and GM region receiving a non-negligible radiation
dose. Contrarily, in the region “w/o-irradiation” of WM, i.e. 0–
1Gy(RBE), perfusion correlated negatively with time (Suppl.
Table S1). Comparing the perfusion of low, intermediate and
high dose regions to one another revealed higher DrCBV val-
ues in the high compared to the intermediate dose GM region
three months after RT (p¼ 0.05; Suppl. Table S2), considering
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the uncorrected p-value. The univariate dose analysis of the
combined dataset of low, intermediate and high dose DrCBV
at each follow-up time-point showed a dose-correlation of
0.08%/Gy(RBE) three months after RT in GM (p¼ 0.006) but no
correlation in WM (Suppl. Table S3). Since we found a signifi-
cant dependency of DrCBV with the patients’ gender in the
univariate model of almost all regions (Suppl. Table S1), multi-
variate analysis was chosen to consider the correlated

influence of time, radiation dose and gender and applied to
the dataset combining low, intermediate and high dose
region:

DrCBV ¼ aþ b� timeþ c� doseþ d � gender þ e� time

� dose� gender 0f 0 þ f � time� dose� gender 0m0

This analysis demonstrated that the dose-correlation in GM
was significant (p¼ 0.001), indicating an increase in perfusion
with radiation dose of 0.027%/Gy(RBE), whereas no significant
findings were observed for WM (Table 2). A correlation with
gender was seen in GM (p¼ 0.02) and WM (p¼ 0.04) as well
as a significant but very small influence of time�dose�gen-
der to DrCBV in GM (0.0004%/days�Gy(RBE); p¼ 0.008) and
WM (-0.0004%/days�Gy(RBE); p¼ 0.03).

For the assessment of subcortical GM structures, the num-
ber of patients available was substantially decreased due to
the complete exclusion of regions overlapping with abnor-
mal tissue and the limited number of datasets at a given
time point. The statistical analyses of the subcortical GM
structures, apart from the excluded caudate nucleus, showed
no significant changes, neither in ipsi- or contralateral DrCBV
(Suppl. Table S4), nor for the comparison of ipsi- and contra-
lateral perfusion (data not shown). No time-correlation was
observed in the univariate regression model, whereas some
structures showed significant correlations with age, gender
and tumour grade (Table 3). Due to the small patient num-
bers, the multivariate linear regression model focussed only
on the combined effects of time and radiation dose.

DrCBV ¼ aþ b� timeþ c� doseþ d � time� dose

A dose-correlated DrCBV decrease of �0.069%/Gy(RBE) was
observed in the hippocampus in the multivariate analysis. In

Table 1. Patient, tumour and treatment characteristics.

Patient number [N]
Total/male/female 14/6/8

Age at baseline [years]
Mean ± std. 48.1 ± 13.5
Range [min – max] [29 – 72]

Tumour characteristics [N]
Grade: 2/3/4 3/8/3
Histology: A/AA/O/AO/GBM 1/6/2/3/3
IDH status: mutated/unmutated/unknown 7/5/2
Location: frontal/temporal/occipital 9/4/1
Hemisphere: right/left/bilateral 9/4/1

Chemotherapy [N]
PCV/TMZ/none 6/3/5

MRI follow-up measurements
Patients received 1/2/3 follow-ups [N] 4/6/4
Mean follow-up period [days] 221.7 ± 61.8
Range follow-up period [days] [89 – 285]
Structures analysed at follow-up after 3/6/9mo [N]
Entire WM/GM 9/10/9
Amygdala 3/4/4
Caudate nucleus 1/2/2
Hippocampus 6/5/5
Pallidum 5/5/4
Putamen 1/3/4
Thalamus 3/5/4

N: number; A: astrocytoma; AA: anaplastic astrocytoma; O: oligodendroglioma;
AO: anaplastic oligodendroglioma; GBM: glioblastoma; IDH: Isocitrate dehydro-
genase; TMZ: temozolomid; PCV: procarbazine, lomustine and vincristine; mo:
months; GM: grey matter; WM: white matter.

Figure 2. The percentage difference of relative cerebral blood volume (DrCBV) for different regions of normal-appearing white matter (WM) and grey matter (GM)
is shown as boxplots for the follow-up measurement three, six and nine months after radiotherapy. The regions are divided into their prescribed dose [entire ROI:
0–60 Gy(RBE), w/o-radiation: 0–1 Gy(RBE), w/-radiation: 1–60 Gy(RBE), low dose: 1–20 Gy(RBE), intermediate dose: 21–40 Gy(RBE), high dose: 41–60 Gy(RBE)]. The
boxplots show the median, lower and upper quartile, minimum, maximum and outliers. No significant alterations of the follow-up measurements with p� 0.05
were observed in any region according to the one-sided Wilcoxon signed rank test.
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the thalamus, DrCBV correlated significantly with dose by
�0.057%/Gy(RBE) and time�dose by �0.001%/days�Gy(RBE)
(Table 3).

Discussion

The analyses of our data showed stable perfusion values in
each GM and WM region of the NA tissue of grade 2–4 gli-
oma patients in the follow-up period of up to nine months
after proton beam irradiation. In contrast to our findings,
several previous studies revealed a significant and mostly
dose-dependent perfusion decrease after photon beam
irradiation [16–18]. Fuss et al. [16] reported on reduced CBV
in the 40–100% isodose volume of WM and GM after photon
irradiation in a cohort of 25 brain tumour patients. Petr et al.
[18] observed a significant CBF decrease of �16.8% in high
dose (>50 Gy) and of �2.3% in low dose (<10 Gy) regions
of GM in 24 glioblastoma patients three months after photon
irradiation. The evaluation of absolute rather than relative
parameters in both studies may explain the different out-
comes compared to our study [16,18]. Fahlstr€om et al. [17]
reported significant rCBV and rCBF decreases in global GM
up to three months after photon irradiation, whereas perfu-
sion decrease in WM was significant only up to the first
month after RT. Concordant with our results, no significant
changes were measured in dose-separated regions. Nilsen
et al. [38] assessed perfusion changes in the combined nor-
mal white and grey matter during a long observational
period of up to 18months after stereotactic radiosurgery
(SRS) using gradient and spin echo to distinguish between
the total vasculature and the micro-vasculature. Interestingly,
significant rCBV and rCBF changes were only observed using
a spin echo and not a gradient echo sequence, which corre-
sponds to our results. However, the evaluation of the com-
bined WM and GM area reduces the comparability of our
study. By now the only study examining perfusion alterations
in NA tissue after proton beam irradiation was published by
Petr et al. [23] comparing the effect of proton and photon
irradiation on perfusion of the NA brain tissue. While they
observed a significant GM rCBF decrease in 44 patients irradi-
ated with photons, the rCBF decrease measured in 16 proton
therapy patients did not reach statistical significance. This is
in accordance with our results, even if the extent of perfu-
sion decrease measured by Petr et al. [23] was greater (–8.8
� –9.1%) than in our study. Since the rCBF decrease was
independent of the radiation modality, they attributed the
lack of significance after proton beam irradiation to the small

number of patients, which was comparable to our cohort
size. The perfusion in dose-separated regions was not eval-
uated for the proton patient cohort due to the small number
of voxels contributing to those regions [23]. Conversely, in
our analysis, we increased the number of contributing voxels
by choosing broader dose steps.

The substantial difference between our and most of the
above-mentioned studies is the exclusive evaluation of tissue
changes after proton beam irradiation. Due to the com-
pressed dose distribution, the normal tissue is less affected
by radiation when treated with protons, which explains the
stable perfusion values in the entire WM and GM dominated
by the “w/o-radiation” region. The absence of perfusion alter-
ations in the areas irradiated by a non-negligible proton
dose (low, intermediate, high and “w/-radiation” area) con-
trasts the previous findings of dose-dependent perfusion
alterations after photon irradiation. This finding leads to the
conclusion that the volume of the normal-appearing brain
affected by radiation dose during proton therapy may be
small enough not to cause any vascular damage. The brain
being a serial organ requires a certain volume to be affected
by a certain radiation dose in order to cause impairment
[39,40]. The time correlation in the “w/o-radiation”-region
does not correspond to our expectations. However, since all
measurements were performed on the same MR scanner
using the identical protocol, inter-patient variability can be
discarded for an explanation. The individual ageing process
of each patient during the follow-up period may be a contri-
buting factor. Unfortunately, we did not acquire perfusion
scans in a cohort of healthy volunteers in order to clarify this
finding.

The multivariate regression of the combined dataset of
low, intermediate and high dose GM regions showed a posi-
tive correlation of DrCBV with dose, which is in contrast to
previous publications reporting on a pronounced perfusion
decrease in areas of higher radiation dose [16,18]. From the
relative DrCBV in Figure 2 and the dose correlation shown in
Suppl. Table S3 it can be concluded that the positive dose
correlation was mainly due to the median DrCBV being lower
in the low dose region than in the intermediate and high
dose regions three months after RT. The occurrence of the
dose-dependent correlation solely in the GM may be attrib-
uted to the different radiosensitivity of the blood vessels.
The WM contains fewer larger blood vessels, whereas the
GM consists of a large number of branched small capillaries,
which are more radiosensitive [38,41].

Table 2. Multivariate linear regression of combined data from dose-separated regions of normal-appearing white matter (WM) and grey matter (GM).

WM GM

Parameter Coefficient Std.-error p-Value Coefficient Std.-error p-Value

Intercept [%] a¼ 1.93 1.05 0.07 a¼ 0.5 0.8 0.51
Time [%/days] b¼�0.006 0.005 0.14 b¼�0.005 0.009 0.53
Dose [%/Gy(RBE)] c¼ 0.014 0.012 0.23 c¼ 0.027 0.009 0.001�
Gender ‘f’ [%] d¼�2.66 1.26 0.04� d¼�2.82 1.18 0.02�
Time� dose� gender ’f’ [%/days�Gy(RBE)] e¼�0.0001 0.0002 0.68 e¼�0.0004 0.0002 0.03�
Time� dose� gender ’m’ [%/days�Gy(RBE)] f¼ 0.0004 0.0002 0.008� f¼ 0.0004 0.0003 0.27

Results from the multivariate linear regression model DrCBV ¼ aþ b� timeþ c � doseþ d � gender þ e� time� dose� gender 0f 0 þ f � time� dose�
gender 0m0 fitted to the combined DrCBV values of the low, intermediate and high dose area of normal-appearing white matter (WM) and grey matter (GM).
Significant findings with a p-value of 0.05 are marked by �.
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An additional factor to be considered when comparing
our results to previous studies is the potential impact of atro-
phy. Several studies confirmed the appearance of brain atro-
phy in WM, GM and specific subcortical GM structures after
radiotherapy [23,36,42–44]. Petr et al. [23] reported signifi-
cant WM and GM atrophy only after photon, but not proton
therapy. Radiation-induced atrophy may have influenced
findings in previous studies and thus could explain the differ-
ent results. Noteworthy, we applied a 95% probability thresh-
old for the WM and GM masks to reduce the possible impact
of atrophy on our results.

The limitations of our study include the small number of
patients, especially when evaluating the perfusion changes
in the subcortical GM structures. Due to the limited patient
number and the sensitivity to outliers in the relatively small
subcortical GM regions, the results indicating no radiation-
induced damage in these regions should be considered with
caution. Another limitation may be the multimodal trans-
formation between CT and MRI and the registration of MRI
contrasts, leading to the misidentification of tissue structures.
To prevent registration uncertainties, we considered several
registration options and found the transformation from T1w
map to the rCBV map to be the most suitable. The impact of
outliers could further be reduced by improving the registra-
tion with the help of a B0- and susceptibility correction in
future studies. Moreover, the impact of LET on the evaluation
of radiation-induced changes is of interest to our group
[45,46] but was not conducted due to the small cohort size
and the scope of this manuscript. Finally, the heterogeneity
of tumour characteristics, i.e. grade and mutation, may cause
a different response on MR imaging. Due to the small cohort
size, a detailed analysis of the individual characteristics was
not possible.

In summary, our data showed no significant perfusion
changes in the observational period up to nine months after
proton beam irradiation. To study the different radiosensitiv-
ity of normal tissue changes after proton and photon beam
irradiation and its effect on neuro-cognition, a larger patient
cohort treated with any of the two radiation modalities and
evaluated with a cognitive function test is warranted.
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