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Abstract

Background and purpose:

Standard treatment of high grade gliomas includes gross tumour resection followed by
radio(chemo)therapy. Radiotherapy inevitably leads to irradiation of normal brain tissue. The goal of
this prospective, longitudinal study was to use MRI to quantify normal appearing white and grey

matter changes following radiation treatment as a function of dose and time after radiotherapy.
Materials and methods:

Pre-radiotherapy MRI (proton or photon therapy) and follow-up MRIs collected in 3 monthly intervals
thereafter were analysed for 22 glioma patients and included diffusion tensor imaging, quantitative
T1, T2* and proton density mapping. Abnormal tissue was excluded from analysis. MR signal changes
were quantified within different dose bin regions for grey and white matter and subsequently for

whole brain white matter.
Results:

We found significant reductions of mean diffusivity, radial diffusivity, axial diffusivity and T2* in
normal appearing white matter regions receiving a radiation dose as low as 10-20 Gy within the
observational period of up to 18 months. The magnitude of these changes increased with the
received radiation dose and progressed with time after radiotherapy. Whole brain white matter also
showed a significant reduction in radial diffusivity as a function of radiation dose and time after

radiotherapy. No significant changes were observed in grey matter.
Conclusion:

Diffusion tensor imaging and T2* imaging revealed normal appearing white matter changes following
radiation treatment. The changes were dose dependant and progressed over time. Further work is
needed to understand the underlying tissue changes and to correlate the observed diffusion changes

with late brain malfunctions.



Abbreviations

Tiw - T1-weighted

w - T2-weighted

AD - axial diffusivity

CcT - computed tomography

CSF - cerebrospinal fluid

cTtv - - clinical target volume

DTI - diffusion tensor imaging

FA3 - 3D gradient echo image with flip angle 3°
FA20 - 3D gradient echo image with flip angle 20°
FA - fractional anisotropy

GM - grey matter

GTV - gross tumour volume

HC - healthy control

MD - mean diffusivity

PD - proton density

PTV - planning target volume

RD - radial diffusivity

RTx - radiotherapy

SDAM - saturated double angle method
TBV - termed tumour bed volume
WM - white matter



1. Introduction

Gliomas are the most common primary brain tumour in adults. Standard treatment of high grade
gliomas includes gross tumour resection followed by radiotherapy with simultaneous or subsequent
chemotherapy. The clinical target volume used for radiotherapy typically includes the resection
cavity, the area of contrast enhancement seen on T1-weighted (T1w) MRI with an additional margin
of 1 - 3 cm and T2-weighted (T2w) hyperintense areas to irradiate potential tumour infiltration [1, 2].
Consequently, this leads to large irradiated volumes which inevitable include normal brain tissue.
This can induce radiation related brain injuries which comprise anatomical changes, such as oedema,
demyelination, gliosis and vascular abnormalities, as well as functional deficits, including short-term

memory loss and cognitive impairment [3].

Irradiation with protons instead of photons reduces the radiation dose to surrounding brain in glioma
patients [4]. To investigate if this reduction in radiation dose to normal appearing brain translates to
measurable benefits for the patients, prospective clinical trials are ongoing, assessing the quality of
life, neurocognitive functioning and MR image changes. In previous studies, radiation-induced
normal tissue damage was assessed using oedema, haemorrhage or necrosis scored as binary events
on T2w and contrast enhanced T1w MRI [5-7]. Drawbacks of these approaches are the loss of spatial
information and low incidence rates [5, 8], resulting in low predictive values. Additionally, there is a
variable latency between irradiation and the occurrence of such severe side-effects. An early
biomarker of late brain malfunctions or neurocognitive impairments would largely improve clinical
trials and would enhance their capability to assess normal tissue complication rates in brain tumour

radiotherapy.

Diffusion tensor imaging (DTI) allows probing of the tissue microstructure and therefore holds
potential to detect earlier and less severe tissue changes not visible on conventional anatomical MRI.
DTI has also proven to be a robust technique with low variability in a multicentre setting [9]. The
most commonly used DTI parameters are fractional anisotropy (FA), mean diffusivity (MD), radial
diffusivity (RD) and axial diffusivity (AD). Previous studies investigated primarily white matter (WM)
diffusion changes following radiotherapy either within the whole brain [10, 11] or focused on specific
regions or tracts [12-19]. The most common diffusion results were a decrease in FA [10, 12, 14, 15,
19] and increased RD [10-12, 14-16, 19] consistent with demyelination [20, 21], although deviations

from this pattern were also reported [17, 18].

Other relevant quantitative MR measures include T1, proton density (PD) and T2*. T1 has shown to

be a sensitive marker for myelin [22] and thus has the potential to support diffusion results related to



demyelination or axonal loss. Similarly, quantitative PD mapping can be used to control for build-up

or resolving of oedema, whereas T2* is used to assess tissue heterogeneity.

The aim of this longitudinal, prospective study was to quantify radiation-induced normal appearing
brain changes as function of radiation dose and time after radio(chemo)therapy. For this, we
measured DTl as well as quantitative T1, PD and T2* changes within the normal appearing brain in a
cohort of glioma patients. To minimize the impact of potential tumour progress on our analysis, we
exclude all abnormal tissue across all time points from the analysis to solely focus on normal
appearing white matter and grey matter (GM). Given the previously reported results, we
hypothesized that FA and T1 decrease and RD increases in white matter, consistent with
demyelination. We expected these changes to progress over time and to increase in magnitude with

the received radiation dose.



2. Methods

Subjects

Data from glioma patients was taken from an ongoing, longitudinal study, which was approved by
the local ethics committee [NCT02824731, EK22012016]. All patients underwent primary gross
tumour resection followed by radio(chemo)therapy. Of 40 recruited patients, 27 patients had a pre-
radiotherapy multimodal MRI and at least one identical follow-up MRI available. Follow-up scans
were performed approximately 3 months after the end of radiotherapy and in 3-monthly intervals
thereafter. Time points corresponding to histologically confirmed tumour progression were excluded,
leaving data from 22 patients (age 47.8y + 13.9y, range [28.9y — 76.7y], 9 male) available for analysis.
Clinical details and individual exclusion criteria for individual time points are listed in supplementary

Table 1.

Additionally, six healthy controls (HCs) (age 39.4y + 8.7y, range [30.6y — 54.2y], 4 male) underwent
two multimodal MRI scans with an interval of 3.6+0.5 months. This study was approved by the local
ethics committee, and the participants gave written informed consent [DRKS-ID: DRKS00012600,
EK267072017]. The healthy control MR data was collected in parallel to the patient data using the

identical set-up described in the following section.
Data acquisition

All MRI data were acquired on a 3T Philips Ingenuity PET/MR scanner (Philips, Eindhoven, The

Netherlands) using an 8 channel head coil.

DTI data was acquired with TR=6500 ms, TE=66 ms, FOV 224x224 mm?, matrix size 112x112, slice
thickness 2 mm, 60 slices, SENSE(AP)=2, 32 diffusion directions at b=1000 s/mm? and two b=0 s/mm?
volumes without diffusion gradients. Two additional b=0 s/mm? volumes were acquired at identical

parameters with opposite phase encoding direction.

3D FLAIR images were acquired in sagittal orientation with FOV 250x250 mm?, acquisition matrix
252x249, reconstruction matrix 512x512, reconstructed slice thickness of 0.5 mm using

overcontiguous slices, 360 slices, TR=4800 ms, TE=293 ms, TI=1650 ms, 2 averages.

For T1 and PD mapping, two 3D gradient spoiled echo volumes were acquired in sagittal orientation
with flip angles 3° (FA3) and 20° (FA20), TR=10 ms, TE=3.7 ms, FOV 224x224, matrix size 224x224, 1
mm slice thickness, 160 slices and Philips default RF-phase increment of 150°. For T2* mapping, axial

2D FFE images were acquired with TR=1355 ms, TEs=5.8/9.1/12.4/15.8/19.1 ms, FOV 256x256 mm?,



acquisition matrix 128x128, 47 slices with 2 mm thickness and 1 mm gap. A B1 map was acquired
using the saturated double angle method (SDAM) [23] with flip angles 60° & 120°, TR=734 ms,
TE=113 ms, FOV 224x224, matrix size 64x64, 4 mm slice thickness and 35 axial slices.

Radiation treatment planning

Computed tomography (CT) scans for radiation treatment planning were performed prior to
radio(chemo)therapy with the patient positioned supine with an individual head support and mask.
For radiation treatment planning, the CTs were co-registered with the pre- and post-surgery MRI
scans (Tlw, T2w, Tlw with intravenous contrast agent) to define the tumour bed and potential
residual tumour (termed tumour bed volume; TBV, or gross tumour volume; GTV, respectively).
Depending on the tumour histology, the GTV/TBV was expanded by a 1-2 cm isotropic margin,
corrected for anatomical boundaries, to derive the clinical target volume (CTV). For proton therapy,
dose was prescribed to the CTV taking into account inherent proton range uncertainties, whereas for
photon beam irradiation, a planning target volume (PTV) was computed expanding the CTV by an
isotropic margin of 0.5 cm. For this analysis, the planning CTs, corresponding dose maps and CTV
contours were retrieved from the planning workstation. CTV contours were converted to binary

masks.

Data processing

In this study we focus on the analysis of normal appearing grey and white matter. Consequently,
abnormality ROIs covering resection cavities and surrounding abnormal tissue were manually
contoured on reconstructed axial FLAIR images with 4 mm slice thickness for each patient and each

visit to exclude these areas from further analysis.

DTI data was processed with topup [24] implemented in FSL [25] to correct for geometric distortions
caused by BO inhomogeneities and FSL dtifit to estimate the diffusion tensor for each voxel.
Subsequently, maps for FA, MD, AD, RD and g maps were calculated. The anisotropy measure g was

previously proposed and unlike FA is not normalised by the root mean square diffusion [26].

T2* maps were calculated from the 2D FFE images on the scanner console, assuming a mono-
exponential decay. Quantitative T1 and PD maps were calculated from the FA3 and FA20 images and
using the B1 and T2* maps. The resulting T1 maps were segmented into GM, WM and CSF using

SPM12 (Statistical Parametric Mapping: https://www.fil.ion.ucl.ac.uk/spm/) after manually excluding

all abnormal tissue using the previously created abnormality ROls. These GM and WM masks were

transferred to DTl and T2* space via a rigid body registration using ANTs [27, 28].

Detailed data processing steps are described in the supplementary materials.


https://www.fil.ion.ucl.ac.uk/spm/

Data analysis

All analyses focused on whole brain normal appearing white matter and grey matter. Normal
appearing brain was defined as being outside the CTV and the previously drawn abnormality ROI. To
ensure exclusion of the same tissue areas across all relevant time points, a combined abnormality
mask across all visits was created for each patient. This was done by warping each abnormality mask
to MNI space via the T1lw images and warping the combined masks back to the original T1w images
using ANTs [27, 28](see supplementary Figure 1). The cerebellum and brain stem were excluded from
all analyses due to varying spatial coverage by the MRI sequences. This was done by warping the MNI
standard brain and a corresponding cerebrum mask to each T1w image of each patient and each visit

(see supplementary Figure 4).

In the first analysis, whole brain MR signal changes were calculated within different dose regions
across all time points. For this, dose maps were divided into seven dose bins: 0-3 Gy, 3-10 Gy, 10-20
Gy, 20-30 Gy, 30-40 Gy, 40-50 Gy, >50Gy. Mean signal intensities were extracted from whole brain
GM (T2*, MD, T1, PD) and whole brain WM (T2*, T1, PD, MD, FA, q, AD, RD) for each dose bin using a
tissue probability threshold of 0.95. Only voxels outside the CTV and combined abnormality ROl were
considered. Dose bin regions containing less than 100 voxels were excluded from the analysis. A
relative signal change between follow-up and baseline values was calculated as AS[%]=100x(S-
Spase)/Spase- The mean relative signal change was calculated across all patients and for each dose bin
region, and reported in the results section. The HC data set served as a control cohort to reveal
potential systematic errors. We therefore warped the dose maps, CTV masks and combined
abnormality masks from 22 patients to each of the six HC data sets via MNI space using ANTs (see
supplementary Figure 5A & 5B), resulting in a total of 6x22=132 permutations. Similar to the patient
data, the mean relative signal change across all 132 permutations was calculated for all dose bin
regions. Relative signal changes in both the patient data and HC control data were evaluated using
paired t-tests. A Bonferroni correction factor for multiple comparisons of 12 (4 comparisons in GM

and 8 comparisons in WM) was used, resulting in a significance threshold of 0.0042.

In a second analysis, we investigated the impact of both time after radiotherapy and mean dose on
whole brain white matter T2* and RD changes. For this, the mean MR signal and mean radiation dose
were determined across all normal appearing WM voxels. The relative signal change AS was
calculated for T2* and RD and across all available time points. A mixed linear model with repeated
measurements AS[%]=by+b;xDose[Gy]+b,xTime[months] was used to assess the influence of both
time and mean dose on whole white matter T2* and RD changes, respectively (SPSS, IBM Corp.

Released 2017. IBM SPSS Statistics for Windows, Version 25.0. Armonk, NY: IBM Corp.).






3. Results

Imaging data at 3, 6,9, 12, 15 and 18 months after radio(chemo)therapy was available for N = 19, 15,
12, 11, 6 and 5 patients, respectively. Figure 1 shows a complete set of quantitative axial images and

corresponding grey matter and white matter masks for one patient.

Figure 2 shows the mean relative MD, AD, RD, FA and T2* changes within the different dose bins in
white matter. MD, AD, RD and T2* were significantly reduced both over time and dose, whereas the
diffusion changes preceded T2* changes. FA showed a significant increase at high doses, whereas the
anisotropy measure g showed no dose dependent changes (supplementary Figure 7). Albeit there
was a small, but significant reduction in g three months after radio(chemo)therapy, which
normalised in the later time points. Neither T1 nor PD showed any significant changes
(supplementary Figure 7). No significant changes were observed in grey matter (supplementary
Figure 8). In the untreated control cohort, there were some systematic offsets smaller than 2% (see
Figure 2, supplementary Figure 7 and supplementary Figure 8), however, no dose dependent changes

were observed in either grey or white matter.

Following these results, we used a mixed linear model to investigate the influence of both time after
radiotherapy and mean dose on whole brain white matter T2* and RD changes, respectively. We
chose these two parameters, since they showed the largest magnitude of relative signal changes in
the dose bin analysis. Mean dose in normal appearing white matter was 13.6 + 9.7 Gy (protons: 9.6 +
4.6 Gy, N=17; photons 29.9 + 10.2 Gy, N=4; one patient with mixed treatment). The results of the
linear mixed models for RD and T2* are shown in Table 1. RD significantly reduced with both mean
dose and time at rates of -0.15 % per Gy (p=0.003) and -0.18 % per month (p<0.001), respectively.
T2* changes were only significantly associated with time at -0.13% per month (p=0.002), but not with
the mean dose (p=0.177). An animation of the mixed linear model fitted to the RD changes observed

in white matter can be found in the supplementary material.
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4. Discussion

We hypothesised that, following radiation, FA would decrease and RD would increase with time and
dose in normal appearing white matter thus mimicking typical diffusion observations associated with
demyelination and axonal loss. Instead, we observed dose dependent and time progressive
reductions of RD, MD, AD and T2*. Additionally we have seen a trend of increasing FA, which is likely
driven by the reduction of MD rather than a real anisotropy increase in the white matter. This is
supported by the fact that the anisotropy measure g did not increase [26]. We therefore do not
observe expected signs of axonal demyelination within our data, which is supported by stable T1
values, a sensitive marker for myelin [22]. Additionally, it has been shown that demyelinated white
matter in mice shows significantly increased T2* [29], whereas we observe a significant T2*

decrease.

The MD reduction in white matter following radiotherapy is mainly driven by a reduction in RD. A
decrease of RD in white matter is usually associated with axonal swelling, as observed in acute and
early phases of stroke [30]. Although in our study the RD decrease was in the order of 10%,

compared to well over 50% in stroke and therefore not easily assessed visually.

Most previous studies investigating diffusion changes in white matter following radiotherapy found a
decrease in FA and increase in MD and RD ranging from 2%-50%, which is commonly interpreted as
demyelination or axonal damage [10, 12, 14, 16]. For AD, both increase [10-12] and decrease was
previously reported [14, 16, 18]. Using tract-based spatial statistics (TBSS), Connor et al. [17] found
patterns of FA decrease and RD and AD increase. However, they equally found white matter bundles
with opposite behaviour, showing a significant AD and RD decrease. In a separate study, Zhu et al.
[18] measured a significant decrease of AD and RD in white matter fibres after radiotherapy. Reactive
astrogliosis, axonal degradation, axonal swelling and resolving oedema were previously suggested as
possible explanations for decreasing RD and AD. Resolving oedema can be ruled out as a cause for
reduced diffusivity observed in our study, as PD values show no significant changes. Astrogliosis is
thought to be a response to cerebral injury but has shown to increase RD and reduce FA in white
matter in mice, whereas an FA increase due to astrogliosis was only observed in grey matter [31].
Axonal degradation is a complex process, which includes axonal swelling, glial activation and axonal
fragmentation [32]. Observing this process at different stages could explain the diverse diffusion
results seen in different studies. Early stages with axonal swelling would cause a diffusion decrease
as seen in our results whereas further progression including axonal demyelination is more likely to

cause a diffusion increase, similar to the time course seen in stroke [30].
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We also observed a significant decrease in T2*, which could be caused by increased tissue
heterogeneity. This can be an indicator for microglial activation caused by radiation [20, 33] and
could therefore also explain the reduction in overall diffusivity due to higher number of cell bodies in
the white matter. However, we would then expect to see a simultaneous drop in anisotropy
measures, which we did not observe. Additionally, the diffusion changes precede the T2* decrease,
which might suggest a less direct relationship. The T2* reduction could also point towards changes in
tissue oxygenation [34] and thus vascular alterations. This is supported by previously reported
perfusion reductions observed in grey matter following radiotherapy [35] and would support the

ischemia like behaviour of the diffusion metrics, albeit at a much smaller scale.

Future work is needed to connect the observations of this study to the underlying tissue changes.
Specifically, we will analyse perfusion changes in white matter following radiotherapy to investigate
vascular alterations. Similarly, glial cell density, neuronal health and neuro inflammation will be
studied using MR spectroscopy [36]. Additionally, the observation period of the patients needs to be
extended to investigate potential recovery of signal intensities and correlate the observed diffusion
changes with late brain malfunctions. In a next step, we will investigate if occurrence of FLAIR

hyperintensities can be predicted by diffusion reductions from previous time points.

For a more in-depth comparison of proton vs. photon based radiotherapy, a larger data set is
needed. This includes investigating the effect of an equivalent proton and photon radiation dose on
tissue. Nonetheless, we have shown that mean RD reduces significantly as a function of radiation
dose across whole brain white matter. Consequently, these mean white matter changes are smaller
in patients treated with protons compared to photons, since these patients typically receive a lower

dose to the normal appearing brain.

Conclusion

We measured significant reductions of MD, AD, RD and T2* in white matter of glioma patients
following radiotherapy. The magnitude of these changes progressed over time after radiotherapy
and was greater in areas that received a higher radiation dose. The largest magnitude in change was
observed for RD which also translated to significant time and dose dependant mean RD reductions
across whole brain white matter. Further work is needed to understand the underlying tissue

changes.
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Figures

Figure 1: Overview of the multiparametic MR images of a patient (#9) with a resected grade Il anaplastic astrocytoma

before the start of radiotherapy and adjuvant chemotherapy [PCV: consisting of procarbazine, lomustine (CCNU) and
vincristine]. GM and WM masks were obtained by SPM12 segmentation of the T1 map. The GM (red) and WM masks
(blue) were coregistered to the DTl b0 image and T2* map using a rigid body transformation and nearest neighbour
interpolation. A subsequent probability threshold of 0.95 was chosen to binarize the GM and WM maps. Abnormal tissue

was masked out prior to segmentation.
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Figure 2: Mean relative signal changes were calculated across all patients and all normal appearing cerebral white matter
inside the seven dose bins. Whole brain corresponds to all of the normal appearing cerebral white matter from all dose
regions. Mean relative signal changes are plotted for different time points after radio(chemo)therapy (see labels in the
MD plot). Mean relative signal changes in the healthy controls (HC) are shown by wider bars. Grey bars indicate no
significant signal change, orange bars correspond to p<0.05 and red bars correspond to a Bonferroni corrected p-value of

p<0.0042. A version of this figure with error bars can be found in the supplementary material (supplementary Figure 6).
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Tables

parameter estimate std.-error T-stats significance
by (constant) 1.75 0.73 2.40 0.026
RD b, (dose) -0.15 0.04 -3.41 0.003
b, (time) -0.18 0.03 -7.09 <0.001
by, (constant) 1.15 0.97 1.19 0.250
T2* b, (dose) -0.13 0.06 -1.41 0.177
b, (time) -0.08 0.04 -3.26 0.002

Table 1: Mixed linear models with repeated measurements were used to evaluate the relationship of both radiation dose
and time after radiotherapy with the mean relative signal changes of radial diffusivity (RD) and T2* across whole brain
white matter. Estimated parameters for the two mixed linear models AS[%]=b,+b;xDose[Gy]+b,xTime[months] for both
RD and T2* are shown. An animation of the fitted RD model is provided as supplementary material.
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