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Abstract

Purpose

To investigate MRI myelin water imaging (MWI) by multicomponent T, relaxometry

as a quantitative imaging biomarker for brain radiation-induced changes and to
compare it with DTI.

Methods

Sixteen patients underwent fractionated proton therapy (PT) and received dose to
the healthy tissue because of direct or indirect (base skull tumors) irradiation. MWI
was performed by a multi-echo sequence with 32 equally spaced echoes (10-320

ms). Decay data were processed to identify 3 T, compartments: myelin water (Mw)

below 40 ms, intra-extracellular water (IEw) between 40 and 250 ms, and free
water (CSFw) above 250 ms. Both MWI and DTl scans were acquired pre (pre)-
treatment and immediately at the end (end) of PT. After image registration, voxel-
wise difference maps, obtained by subtracting MWI and DTI pre from those
acquired at the end of PT, were compared with the corresponding biological
equivalent dose (BED).

Results
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Mw difference showed a positive correlation and IEw difference showed a negative
correlation with BED considering end-pre changes (P <.01). The changes in CSFw
were not significantly correlated with the delivered BED. The changes in DTl data,
considering end-pre acquisitions, showed a positive correlation between fractional
anisotropy and the delivered BED.

Conclusion

MWI might detect early white matter radiation-induced alterations, providing
additional information to DTI, which might improve the understanding of the
pathogenesis of the radiation damage.

Keywords
diffusion tensor imaging | DTl | multicomponent | MWI | myelin water imaging |

proton therapy | radiotherapy | relaxation | T2

1 | INTRODUCTION

Radiation injury and complications of radiotherapy and chemotherapy on the central
nervous system (CNS) have been investigated for many years,1_4 but the large-scale
neuro-mechanism and the post-radiation sequelae have not yet fully understood. It is
realistic to assume that multiple cell targets (glial, neuronal, and endothelial blood
vessel cells) are involved in radiation response.5 Because radiation-induced white
matter injury is associated with damage to oligodendrocytes,5 myelin integrity can be
compromised by the radiation insult. Transient demyelination is believed to be the
underlying mechanism of early delayed reactions and the corresponding syndrome
characterized by somnolence, which typically lasts for a few months after irradiation,
followed by complete clinical recovery.6 Demyelination and axonal degeneration/gliosis
can be associated with late radiation-induced cognitive decline.” Demyelination was
also described in the patients with the most severe late radiation-induced injury.8

Nowadays, several MRl methods are available for the quantification of myelin
compor1ent,9'12 by myelin water imaging (MWI). One method relies on the analysis of
transversal relaxation times (T,), because of its multi-component nature. Indeed, the T,

of white matter has been established by several studies most of which agree on the
decomposition of the decay signal into 3 main components, attributing to each
component a different T,: water trapped in the lipid bilayer membrane of myelin (T,

around 10-20 ms), intra/extracellular water of the axonal cell (T, around 60-100 ms),

and cerebrospinal fluid.™

It has been previously demonstrated that MRI by DTl and its related metrics provide an
insight in the alterations induced by radiotherapy. Radial diffusivity (RD), axial diffusivity
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(AD), and fractional anisotropy (FA) were previously investigated to detect radiation-
associated changes in the axonal tissue.”'4%% In general, FA has been regarded as an
indirect measure of myelination, even though the contribution of myelin to FA was
shown to be limited.” Increased RD and decreased AD are expected to correspond to
demyelination and axonal degeneration/gliosis, respectively.7

However, interpreting DTl as a sole myelin biomarker may lead to an incorrect
interpretation of the result and MWI might provide additional information with respect
to DTI.

In a prospective observational study that enrolled patients who received proton
irradiation to the CNS, we investigated for the first time the potential of MWI by multi-
component T, relaxometry as a quantitative imaging biomarker for radiation-induced

image changes on CNS tissue, comparing them with those detected by a DTI technique.

2 | METHODS

2.1 | MR acquisitions

Patients were enrolled in a prospective, observational, institutional review board-
approved study. Written informed consent was obtained for all participants. Images
were acquired with a 1.5T MR scanner (Philips Ingenia system, Philips Medical Systems,
Best, The Netherlands). The imaging protocol included an MWI and a DTl sequence.
MWI was obtained using a multi-component T relaxation technique by a 3D gradient

and spin echo (GraSE) multi-echo sequence with the following parameters: TR = 1000
ms, 32 equally spaced echoes ranging from 10 to 320 ms, EPI factor =5, FOV = 210 x

184 mm?, acquisition matrix = 128 x 126 reconstructed to 256 x 256, 18 slices 5 mm
thickness reconstructed to 36 slices 2.5 mm thickness. DTl was acquired by a multi-slice
and multi-shot sequence (2 segments) with the following parameters TR = 2246 ms, TE

= 85.5 ms, FOV = 256 x 256 mm?, acquisition matrix = 128 x 102 reconstructed to 256 x

256, 18 slices 5 mm thickness, 15 directions with b = 1000 s/mm? and 1 b0 image. A
second DTI sequence was acquired, equal to the previous one except for the phase
encoding direction, which was reverted, to correct susceptibility distortions.?” The total
imaging time was ~9 min for MWI plus ~3 min for DTI. Both MWI and DTl scans were
acquired before (pre) and immediately at the end (end) of the proton treatment.

Finally, a standard 3D T4-weighted sequence was acquired before the radiation

treatment, and standard 3D FLAIR images were acquired at pre and end PT for each
patient.

2.2 | MR image processing
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Multi-echo images were processed on a dedicated workstation by FSL, created by the
Analysis Group (FMRIB, Oxford, UK),26 MATLAB (The MathWorks, Natick, MA), and
MERA.?” The last is a free tool for multi-exponential relaxation analysis, which fits data
with a distribution of decaying exponential functions. The analysis included fitting the
refocusing flip angle28 as implemented in MERA. Each volume of the multi-echo MWI
data was smoothed by a 3D Gaussian kernel (SD = 1.5). Multi-echo data were then
processed by MERA to identify in each voxel*® 3 T, compartments from the obtained T,

spectrum. The T, component below 40 ms was labeled as myelin water (Mw)"? and

indicated by Mw in the following, between 40 and 250 ms was labeled as intra-
extracellular water (IEw in the following) and above 250 ms was considered as
cerebrospinal fluid / free water (CSFw). The 40-250 ms range of the second component
has been chosen to exclude the Mw component, but possibly to include tissue
alterations,*® hence, avoiding the exclusion of potentially informative regions.
According to this labeling, three 3D maps were extracted describing the relative
amplitude of the signal intensity in each compartment, that is, Mw is the area under
the curve of the normalized T, spectrum ranging between 0 and 40 ms, IEw is the area

between 40 and 250 ms, and CSFw is the area above 250 ms. The mean T, values of

Mw and IEw components were also evaluated and 2 additional 3D maps were
extracted. The mean T, time for the free water/CSF compartment is not reported, given

that the longest measured echo time is only 320 ms and the estimate would not be
accurate. A pictorial representation of the MWI image processing pipeline is shown in
Figure 1.
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FIGURE 1. Myelin water imaging (MWI) image processing pipeline. Images acquired at
5 of the 32 echoes with the multi-echo gradient and spin echo (GraSE) sequence (A)
and their corresponding Gaussian smoothed images (B). In each voxel, the decay
signal (C) is fitted with a distribution of decaying exponential functions to extract the
corresponding To-spectrum (D). In each voxel, the T, components below 40 ms are

labeled as myelin water (Mw), between 40 and 250 ms as intra-extracellular water
(IEw) and above 250 ms as cerebrospinal fluid/free water (CSFw) to obtain the
corresponding Mw (E), IEw (F), and CSFw (G) maps

Diffusion images were corrected by FSL tools for BO inhomogeneity25 and for eddy
currents distortion and patient movements.®' Corrected images were then fitted by FSL
with a diffusion tensor model?® and the FA, AD, and RD maps were calculated.

2.3 | Data analysis

For each patient, the dose distribution was computed by the treatment planning
system (RayStation, RaySearch Laboratories, Stockholm, Sweden). The gross target
volume (GTV) and surgical cavity were manually contoured by expert radiation
oncologists. A T1-weighted sequence, acquired before the radiation treatment, was

used as the reference for linear registration of all the generated MWI and DTl maps.
Linear registration was performed by means of FSL tools.*? In the same Tq-weighted
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images, white matter, gray matter, and CSF were automatically segmented by FSL tools.
26

In each patient, the dose distribution was corrected to account for the different
fractionation. A biological equivalent dose (BED) was calculated in each voxel according
to the following formula:

----------------------------------------------------------------

(1)

________________________________________________________________

where H is the number of fractions, H is the voxel dose per fraction, and a/f is an
empirical parameter set equal to 2, in agreement with commonly accepted value for
the central nervous system.

The registered BED, MWI, and DTI maps were analyzed in MATLAB. Voxel-wise
difference maps were obtained by subtracting MWI and DTI pre maps from those
acquired at end PT. An example of T4, FA, AD, RD, and BED maps is shown in

Supporting Information Figure S1.

For the analysis, to avoid inclusion of spurious/undesired data, only the voxels selected
according to the following criteria were considered:

¢ Inclusion criteria:
> Belonging to white-matter regions (based on T4 segmentation)

> BED > 0.01 Gy

o Mw > 0 (for MWI data only)

> FA> 0.3 (for DTI data only)

e Exclusion criteria:

o GTV

o Surgical cavity

o Edema (based on the eventual signal hyper-intensity, which was manually
outlined on FLAIR images acquired before or at the end of the proton
treatment)

All the computed difference values of the voxels selected with the above criteria in all
patients were then collected together in a unique difference data set. That data set was
then sorted according to increasing voxel BED and grouped in 20 bins, both equally
spaced and equally sized. For each bin, the mean percentage difference with respect to
the baseline value, that is, equal to 100*(end-pre)/ pre, was calculated and plotted
against the corresponding mean BED value. The resulting data were finally fitted by a
linear model with a weighted least square method. The weight of each bin was chosen
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proportionally to the SEM of the same bin. A P-value lower than 0.05 was considered
significant.

To evaluate the reproducibility of MWI measurements, a healthy volunteer was
scanned twice in a week. The selection criteria included voxels belonging to white
matter and Mw > 0.

3 | RESULTS

A total of 16 patients were enrolled in the study. All the patients underwent
fractionated proton therapy (PT) antrecetvedreceiving dose to the healthy CNS due to
direct (brain tumors) or indirect (base skull tumors) irradiation. Patients’ characteristics
are listed in Table 1.

TABLE 1. Patient characteristics

Patient No. | Age (y)/gender | Diagnosis Location Prescribe

1 34/M Grade IV diffuse glioma Brainstem 54/30
P Cem |chordoma CSkbase a7
s em |chordoma Cswibese 76
PR er |chordoma Cswibese o
s sm |Gradevgioma | Right temporoparietal | 3618
6 em | Gradelgioma Rgntronal o
o e |chordoma Cswibase 7
s s | Gradellastrogytoma | Leftfrontal s
e ok | Gradelastrocytoma | Cerebellum s
o | High grade Pineoblastoma | Pinealregion s
o em |Germinoma | Cerebellumnentrices | 4025
o swm | DifuseGioma Brainstem Csam0
s s | Gradelliastrogtoma | Righttemporal | 6030
e am | Grade llolgodendrogloma | Rightfrontal o3
s aom |Germinoma ventrices saana
6 eor | Meduloblestoma CCercbelum a0
>
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Abbreviations: RBE, relative biological effectiveness. € ctinieattargetvolume, 6T, grosstumor-votume:
k£ H -“+6-pattents, MWandDFwereacquired-bothat pre-and-ernd P+

A depiction of the voxel selection procedure for MWI data is exemplarily shown in
Figure 2, on a slice of patient 6. Only white matter voxels were selected, excluding
edema. Besides that, only the voxels where Mw > 0 at both time points were selected.
This last restriction avoids including in the difference analysis voxels that were wrongly
assigned with Mw = 0 because of noise in the MWI processing. The DTI threshold for
voxel selection (FA > 0.3, not shown in Figure 2) was chosen because it is a typical value
to discriminate between grey and white-matter.

(A) (B) _ EXCLUSION CRITERIA

INCLUSION CRITERIA

FIGURE 2. Myelin water imaging (MWI) voxel selection procedure. (A) T image. (B)

Exclusion areas: gross tumor volume (GTV) and surgical cavity (blue and green,
respectively), were identified on the T, image (left), edema was identified on fluid-

attenuated inversion recovery (FLAIR) image (middle) and then, the contoured region
was copied on the co-registered T, image (right). (C) Inclusion areas: dose map was

co-registered on the T image (left), White matter was segmented on the T, image
(middle) and myelin water (Mw) map was co-registered on the T4 image (right). (D)

Final voxel selection (red pixels) is shown on the T, image

A correlation analysis was performed between the delivered dose and the multi-echo
derived maps differences, as reported in Figure 3, where Mw, IEw, and CSFw changes
were correlated with the BED. All the voxels, selected with the above criteria, in all the
patients, were collected together in a unique difference-data set. The analysis was
performed both by equally sized bins (Figure 3 left), where the same number of voxels
are considered in each bin, and by equally spaced bins (Figure 3 right), where, instead,
the interval among bins was kept constant. In both analysis, the Mw percentage
difference showed a positive correlation with BED (P <.01) and the IEw percentage
difference showed a negative correlation with BED (P <.01). In contrast, the changes in
the third component, identified as CSFw, did not reveal any significant correlation with
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the delivered BED, as shown in Figure 3. The data of the healthy volunteer are reported
in the plots as a red marker.
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FIGURE 3. Myelin water imaging (MWI) versus biological equivalent dose (BED).
Correlation analysis between the delivered dose and the difference maps obtained
by equally sized bins (left) and equally spaced bins (right) analysis. Myelin water (Mw),
intra-extracellular water (IEw), and cerebrospinal fluid/free water (CSFw) are shown
from top to bottom. Data are reported as percentage variation with respect to

baseline values. Error bars represent the SEM. The R? values and the corresponding
P-values are reported on each panel. A P-value < .01 was considered significant. The
dashed lines represent the 95% confidence interval of the linear fit (solid line). The

data corresponding to the healthy volunteer are reported in the plots as a red
marker
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The analysis of mean T, values for both Mw and IEw components is reported in

Supporting Information Figure S2, where no statistically significant correlation with BED
was found.

The analysis of DTl maps, reported in Figure 4, revealed a significant (at a 0.01 level)
positive correlation between FA changes and the delivered BED. The negative
correlation between RD changes and the delivered BED was significant (P < .05) in the
analysis by equally sized bins, but not significant (P =.09) in the analysis by equally
spaced bins. The analysis of AD changes did not show a significant correlation with
BED.
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FIGURE 4. DTI versus biological equivalent dose (BED). Correlation analysis between
the delivered dose and the difference maps obtained by equally sized bins (left) and
equally spaced bins (right) analysis. Fractional anisotropy (FA), axial diffusivity (AD),
and radial diffusivity (RD) are shown from top to bottom. Data are reported as
percentage variation with respect to baseline values. Error bars represent the SEM.

The R? values and the corresponding P-values are reported on each panel. A P-value
<.01 was considered significant. The dashed lines represent the 95% confidence
interval of the linear fit (solid line)

4 | DISCUSSION

Early pre-symptomatic detection of the post-radiation brain injury at the time when no
conventional-MRI visible lesions have developed, besides increasing the knowledge on
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the pathogenesis of the radiation damage, might be of great importance to identify
radiosensitive tissue region and/or patients for early prevention and mitigation of
complications.

Few studies investigated advanced MRI techniques to detect early white matter
changes during or at the end of the radiation treatment, most of them by DTl as a
biomarker. A decrease in AD and an increase in RD in specific brain structure during
and after irradiation were observed.' When neurocognitive scores were investigated,
DTI changes were predictive of neurocognitive decline.”"® In another study, the
different white matter structures varied greatly in their response at the end of
radiotherapy.15 In all these structures, a significant increase of RD and a decrease of FA
were observed both at the end and 1-month post radiotherapy, whereas AD reduction
was significant only in fewer structures."” It was reported that DTl was not sensitive to
acute global normal appearing white matter changes during the radiation treatment,
but sensitive to early posttreatment changes, because the detected changes were
significant at week 6 of the treatment, or immediately after radiotherapy.33 These last
data were somehow in agreement with our findings, as discussed below.

Early irradiation changes, in their pre-symptomatic phase, were also investigated by
resting-state functional MRI measuring the BOLD signal,34 showing an acute increase in
local brain activity that was followed by extensive reductions in such activity and
significant loss of functional connectivity. The vascular alteration was also investigated
as a surrogate biomarker of radiation-induced injury by DCE MRI. Early assessment,
from pre-irradiation to 1 month post-irradiation, of cerebral microvessel injury was
detected by DCE-MRI parameters and was predictive of late neurocognitive
dysfunction.35'36 Finally, early assessment of perfusion by MRI arterial spin labeling
during the course of radio-chemotherapy showed significant changes, which were
higher in regions receiving a higher dose of radiation.>’

Our study aims to investigate an MWI technique based on multicomponent T,

relaxation, capable of characterizing water trapped in between lipid bilayer membrane
of myelin and intra/extracellular water of the axonal cell, to detect early radiation-
induced changes. Both the acquisition sequence and the data processing applied in this
study were previously investigated by our group.38 Our results suggest that MWI might
be capable of detecting white matter alteration very early. In fact, both Mw and IEw
showed clear significant changes comparing end treatment acquisition with respect to
pre-treatment data. On the DTl data acquired at end treatment, only FA showed fully
significant changes and the weaker significance of RD changes with respect to pre-
treatment also depended on the chosen bin intervals. However, the quality of DTI
images could have been improved using longer sequences. We preferred to rely on
faster DTl sequences, limiting the total acquisition time for better compliance of the
patient. At the same time, MWI is not a widely used method, and, differently from DT],
it cannot be considered a fully mature technique. There is room for improving the

https://wiley.eproofing.in/Proof.aspx?token=36b35bcceaab4594afef22835d3d032a081609611 12/19
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sequence and method we applied, both in the acquisition phase and in the post-
processing, to eventually improve image quality.

Our findings need to be confirmed on a larger cohort of patients and need a deeper
investigation, including pre-clinical studies on experimental models, to be properly
understood. The observed increase, proportionally to the dose, of Mw is suggestive of
swelling of the myelin sheath. Cell swelling is known to be an early change that occurs
in most types of acute cell injury, preluding to more drastic changes or simply
disappearing as the cell adapts and repairs damage. The increase of Mw corresponded
to an equal decrease, proportionally to the dose, of IEw, which might be because of
intracellular shrinkage and/or reduction of the extracellular space. Despite the absolute
changes in the Mw component were almost exactly compensated by the corresponding
absolute changes in IEw, as an effect of the normalization applied to the T, spectrum,

the relative percentage of variation of Mw was much greater than the percentage of
variation of IEw, because Mw is much smaller than IEw. These changes might be
compatible with the trends we observed on the corresponding DTI data, despite that
the last were not fully significant. In fact, a decrease of RD might be suggestive of slight
axonal shrinkage, with water translocation from the axial cylinder to the Schwann cell,
where it does not contribute to the DTI signal because of short T, relaxation. An RD

decrease might also produce a corresponding increase in FA. These results were
unexpected, because the changes typically observed by DTI at follow-up after radiation
therapy were, conversely, a decrease of FA and an increase of RD. However, as
reported above, DTl early changes induced by the radiation insult are less certain and
still poorly investigated and some transitory effects cannot be excluded a priori.

Our study had a limited scope, and therefore, it was affected by some limitations. In
particular, we did not perform any analysis to take into account the different responses
of white matter structures, which was evidenced by previous DTI studies.'??% All the
selected voxels in all the patients were collected together in a unique difference-data
set. In a future study on a larger cohort of patients, the different structure radio-
sensitivity might be taken into account. Besides that, the subject population was very
heterogeneous, including a mixture of different lesions, which behavior and response
to radiotherapy are diverse. Nevertheless, our focus was exclusively on healthy brain
tissue, being the lesions excluded from the analysis, so that the impact of different
patient gretpslesions has been minimized.

Another limitation was the potential variable radiobiological effect of proton
irradiation. PT is a radiation treatment alternative to conventional photon therapy,
which is increasingly popular because of its physical characteristics allowing a lower
entry/exit dose compared to photon irradiation. Because of the decrease in the dose to
normal tissues it is expected to decrease treatment-related side effects and, compared
to modern photon-based therapies, to reduce the risk of secondary neoplasms. The
effectiveness of proton particles versus photons, regarding their potential to induce
biological effects in the cells, is weighted with the relative biological effectiveness,
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which is typically assumed to be 1.1. However, the actual relative biological
effectiveness may be higher and it may vary depending on the position along the
proton depth dose curve. In our study, a variable relative biological effectiveness was
not taken into account because it was not expected to affect the comparison between
MWI and DTl and it was presumably too small to be easily detectable on the limited
number of patients we investigated. At the same time, the sensitivity observed between
MWI and DTI changes and BED promotes their application on a larger cohort of
patients to also investigate variable relative biological effectiveness.

In conclusion, in our study MWI by T, relaxometry detected early white matter

radiation-induced alterations, which might provide additional information with respect
to those detected by DTI, that could improve the understanding of the pathogenesis of
the radiation damage and deserves to be further investigated in the future in clinical
studies on patients and in pre-clinical studies on experimental models.
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FIGURE S1 Representative T4, FA, AD, RD, and BED maps of a study subject. Top: from

left to right, T1, FA, AD, and RD images are shown with BED map as semi-transparent
overlay. Bottom: same as top row without the overlay of BED map

FIGURE S2 Correlation analysis between the delivered dose and the difference maps
obtained by equally sized bins (top) and equally spaced bins (bottom) analysis. Mean T,

of Mw and IEw are shown from left to right. Data are reported as percentage variation

with respect to baseline values. Error bars represent the SEM. The R? values and the
corresponding P-values are reported on each panel. A P-value <.01 was considered
significant. The dashed lines represent the 95% confidence interval of the linear fit
(solid line)
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