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Abstract

Purpose Brainstem radionecrosis is an important issue during the irradiation of tumors of the posterior fossa. The aim of
the present study is to analyze postsurgical geometrical variations of tumor bed (TB) and brainstem (BS) and their impact
on dosimetry.

Methods Retrospective collection of data from pediatric patients treated at a single institution. Availability of presurgical
magnetic resonance imaging (MRI) was verified; availability of at least two postsurgical MRIs was considered a further
inclusion criterion. The following metrics were analyzed: total volume, Dice similarity coefficient (DSC), and Haudsdorff
distances (HD).

Results Fourteen patients were available for the quantification of major postsurgical geometrical variations of TB. DSC,
HD max, and HD average values were 0.47 (range: 0.08;0.76), 11.3 mm (7.7;24.5), and 2.6 mm (0.7;6.7) between the first
and the second postoperative MRI, respectively. Postsurgical geometrical variations of the BS were also observed. Coverage
to the TB was reduced in one patient (D95: —2.9 Gy), while D2 to the BS was increased for the majority of patients. Overall,
predictive factors for significant geometrical changes were presurgical gross tumor volume (GTV)> 33 mL, hydrocephaly
at diagnosis, Luschka foramen involvement, and younger age (< 8 years).

Conclusion Major volume changes were observed in this cohort, with some dosimetric impact. The use of a recent co-reg-
istration MRI is advised. The 2-3 mm HD average observed should be considered in the planning target volume/planning
organ at risk volume (PTV/PRV) margin and/or robust optimization planning. Results from wider efforts are needed to
verify our findings.
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planning optimization
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Abbreviations

BS Brainstem

CNS  Central nervous system

CT Computed tomography

CTV  Clinical target volume

DICOM Digital Imaging and Communication in Medicine

DSC Dice similarity coefficient
EPTN European Particle Therapy Network
GTV  Gross tumor volume

HD Hausdorff distance

IQR Interquartile range

LET Linear energy transfer

MRI  Magnetic resonance imaging

NTCP Normal tissue complication probability
OAR  Organ at risk

PF Posterior fossa

PRV Planning organ at risk volume
PT Proton therapy

PTV Planning target volume

ROI Region of interest

RT Radiotherapy

RBE  Relative biological effectiveness
SOBP  Spread-out Bragg peak

TB Tumor bed

TPS Treatment planning system

Introduction

Central nervous system (CNS) cancers are the most com-
mon solid tumors in children, accounting for up to 25% of
childhood malignancies [1-3]. Of those, approximatively
two thirds originate in the posterior fossa (PF), which is the
most involved intracranial compartment in the 0-4 years
age group [3, 4]. While photon-based radiotherapy (RT)
has a well-established role in the treatment of these pa-
tients, the more recent advent of proton therapy (PT) holds
the promise to further improve the therapeutic ratio in chil-
dren diagnosed with CNS cancers. Consistently, a growing
body of evidence has suggested a decrease in treatment-re-
lated morbidities, including lower rates of secondary malig-
nancies [5, 6] and less severe impairments in the cognitive
and psychosocial domains [7-10]. The rationale for PT use
in pediatric neuro-oncology lies in the physical properties
of particles (namely lower entrance path dose and absence
of exit dose), which translates into a significantly reduced
integral dose.

Nevertheless, the higher relative biological effectiveness
(RBE) of protons as compared to photons has been asso-
ciated with a potentially higher risk of severe treatment-re-
lated morbidities [11]. Specifically, the progressive increase
in linear energy transfer (LET) throughout the spread-out
Bragg peak (SOBP) may account for the so-called end-
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of-beam-path toxicity, which is believed to be critical for
serial structures such as those belonging to the CNS [12,
13]. Available evidence suggests that endothelial cells at the
edge of the SOPBP could experience an enhanced rate of
apoptotic phenomena, leading to demyelination and injury
to the brainstem (BS), with the pons being the most sus-
ceptible area, especially in younger children [14, 15]. While
some series have reported a higher prevalence of BS injury
following PT as compared to photons [16-20], it is unclear
whether this difference can be explained—either partially
or completely—by variations in the RBE/LET ratio. In par-
ticular, two recent modeling studies have underlined that
the location of the primary tumor within the brain and in-
terpatient variability in radiosensitivity may play a relevant
role in determining the onset of treatment-related toxicity
[21, 22]. In order to refine the therapeutic index of PT [23],
conclusions from a recent expert workshop convened by
the National Cancer Institute have underlined the need to
reconsider the currently accepted dose/volume constraints,
to optimize treatment planning around LET (or, ideally,
around RBE), and to refine radiobiological knowledge on
patient-specific biomarkers of radiation injury susceptibil-
ity [21, 24]. Arguably, a comprehensive understanding of
these clinical and dosimetric variables would result in the
development of dedicated normal tissue complication prob-
ability (NTCP) models for BS injury risk stratification in
children with tumors of the PF.

Further complexity may be introduced by possible intra-
patient variability over time. A preliminary body of ev-
idence from retrospective series on adult patients treated
with RT for resected brain metastases has suggested that the
modification of surgical cavities may be more relevant than
previously expected on the sole basis of qualitative every-
day clinical experience [25-27]. Specifically, surgical cavity
dynamics may lead to substantial volumetric and positional
modifications even prior to the beginning of RT, with a po-
tentially significant effect on CTV delineation and subse-
quent dose distribution. Moreover, it is sufficiently straight-
forward to hypothesize that nearby organs at risk (OARs)
may undergo modifications as well, especially when lo-
cated in close proximity to the surgical cavity. Changes in
TB and OAR geometries are even more critical during PT
[28, 29], due to the sensitivity of proton dose distribution
to geometrical changes [30, 31], and could have a clinically
meaningful role in the occurrence of BS radionecrosis.

To address these open questions, we performed a retro-
spective analysis of pediatric patients treated at the Centre
Antoine Lacassagne (Nice, France) for tumors of the PF
(medulloblastoma and ependymoma), aiming to:

e quantify TB and BS modifications, if any, across a longi-
tudinal series of postsurgical/pre-RT MRIs;
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e verify whether geometrical changes for the TB and the
BS are associated with any modifications in TB coverage
and dose to the BS;

e to identify clinical predictive factors for anatomical
changes.

Patients and methods
Patient selection

Pediatric patients treated with adjuvant RT for tumors of
the PF at the Centre Antoine Lacassagne (Nice, France)
between 2000 and 2019 were eligible for the analysis. In-
clusion criteria were: 1) patients aged less than or equal to
18 years old at the time of diagnosis; 2) histologically con-
firmed diagnosis of malignant tumors of the PF; 3) accessi-
bility to digitalized medical records for the retrieval of clini-
cal information including, but not limited to, patient demo-
graphics, tumor characteristics, and treatment-related fea-
tures; 4) availability of DICOM (Digital Imaging and Com-
munication in Medicine) files from at least two postsurgical,
pre-RT gadolinium-enhanced MRIs per child; 5) availabil-
ity of treatment planning data (i.e., RT.struct and RT.dose
files); 6) availability of written parental consent to RT treat-
ment delivery and to the anonymized use of clinical meta-
data for clinical research purposes.

Both proton-based and composite proton/photon RT
treatments were accepted. The following clinical data were
retrieved: patients’ baseline characteristics (gender, age at
diagnosis, symptomatic onset of disease, surgical compli-
cations) and treatment features (type of RT, fractionation,
total dose, CSI administration, chemotherapy administra-
tion and timing), together with tumor-related parameters
(i.e., histology).

In compliance with the European General Data Protec-
tion Regulation, the present study was approved by the
French National Health Authorities (registration number:
1809080120). All families received written information on
the study and gave their explicit consent to the anonymous
use of patient data for research purposes.

CT simulation protocol

All patients underwent CT simulation at the Centre An-
toine Lacassagne (Nice, France); a DISCOVERY scanner
(General Electric Healthcare, Chicago, IL, USA) was used
in all cases. Internal protocols with predefined parameters
were adopted for image acquisition; overall, median slice
thickness was 1.25 mm (interquartile range, IQR: 0.31 mm).
Median reconstruction diameter (namely the diameter in
mm of the region from which data were used for image
reconstruction) was 480 mm (IQR: 442.5-500). None of

the patients were injected with iodinated contrast agent.
Other than a thermoplastic mask, simulation set-up included
a BlueBAG™ Vacuum cushion (Elekta Atlanta, GA, USA)
to facilitate reproducible positioning for all patients.

Image registration and ROl contouring

Patients’ MRIs were retrieved from electronic archives
and imported into the RayStation (RaySearch Laboratories,
Stockholm, Sweden) treatment planning system (TPS),
version 6.1.1.2 for semi-automated rigid image registration
[32]. The CT simulation scan was set as the primary im-
age; accuracy of the registration was verified by systematic
pointwise comparison to bony anatomy in the axial, sagit-
tal, and coronal planes. Revision by an expert dedicated
radiologist (GB) was required as needed. Subsequently,
a manual MRI-based segmentation was performed for the
TB and the BS at all the available timepoints. Delineation
of the presurgical gross tumor volume (GTV), resection
cavity with residual tumor (if any), and BS was carried out
on contrast-enhanced T1-weighted MRI sequences; sur-
rounding edema was identified as hyperintensity in FLAIR
and T2-weighted sequences.

For the analysis, both TBs and BSs were contoured at
all available timepoints.

Histologically negative tissue defects from surgical pro-
cedure(s) were not included in the GTV. The anatomical
borders of the BS were defined according to the European
Particle Therapy Network (EPTN) guidelines [33].

Statistical analysis and image metrics

Categorical data were presented as percentage and fre-
quency; the interquartile range (IQR) was calculated for
continuous variables. The Mann—Whitney U test was used
to compare continuous variables and the chi-square test
for qualitative variables. The following factors were tested
as potential predictive factors for TB or BS changes: age
(>8 years vs. <8 years), GTV (>33 mL vs. £33mL), hy-
drocephaly at diagnosis, surgical complications, Luschka
foramen involvement, Magendie foramen involvement, pre-
pontic cistern involvement, pons infiltration, medulla ob-
longata infiltration, degree of tumoral adherence to the
BS (>90° vs. £90°). The cut-off values for patients’ age
and tumor volume were chosen based on the median of
variables. Due to the small sample size, p-values in this
study only reflect the individual comparisons and have not
been adjusted for the total number of tests.

To provide a comprehensive quantitative assessment of
the ROI modifications over time, the following metrics were
selected:
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1. Total ROI volume: volumetric evaluation of GTV, TB,
and BS was performed in each patient at all the avail-
able timepoints using the RayStation (RaySearch Labo-
ratories, Stockholm, Sweden) TPS [34].

2. Dice similarity coefficient (DSC): also known as the
Sgrensen—Dice index, it is a statistic used to gauge the
similarity between two samples (A and B), defined as:

204N B|
DSC = 14573

As a measure of spatial overlap, DSC values may range
from O (absence of spatial overlap) to 1 (complete over-
lap) [35].

3. Hausdorff distances (HDs): these assesses the distance
in pixels between two non-empty regions. Specifically,
the maximum and average HDs can be defined to char-
acterize the maximum and mean distances between two
regions (two ROIs in our specific case): the smaller the
distances, the higher the overlap between the considered
contours [35, 36].

A visual representation of the above-described metrics
is provided in Fig. 1.

Both the DSCs and the HDs were computed using 3D
Slicer version 4.10.2, an open-source software platform for
medical imaging informatics, processing, three-dimensional
visualization, and quantitative analysis [37].

For each patient, DICOM files from the CT scan and
associated RT.struct files for ROIs were exported from
RayStation TPS to 3D Slicer. Subsequently, metrics were
extracted by the 3D Slicer Segment Comparison tool
(SlicerRT extension Revision bb256¢2).

Dosimetric parameters

The following dosimetric parameters were retrieved for
both the TB and the BS at each time point using the orig-
inal treatment plan: D99, D98, D95, Average Dose, D50,
D2 and D1 (with D99, D98, D95, D50, D2 and D1 indi-
cating the dose to the 99%, 98%, 95%, 50%, 2% and 1%
of the volumes of interest, respectively). All calculations
were performed using RayStation (RaySearch Laboratories,
Stockholm, Sweden).

Results

Overall, 14 patients were considered eligible for the anal-
ysis; prior to surgery, all of them had undergone a cere-
brospinal fluid analysis and a MRI of the spine and brain.
Patients were equally distributed per gender; median age at
the time of diagnosis was 8.2 years (range: 1.2;18.3), with
the youngest and the oldest patients being 1.2 and 18.1 years
old, respectively. All but two patients had received radical
surgery, postoperative residual volume was < 1.5 cm? in both
cases. Relevant clinical information is summarized in Ta-
ble 1. Data on anatomical involvement of PF sub-structures
before neurosurgery are provided in Supplementary Mate-
rial 1.

Overall, 12 preoperative and 39 postoperative MRIs
were available for the analysis. The median delay be-
tween surgery and postoperative MRI was 46 days (range:
2-154 days). Specifically, 11 MRIs were performed be-
tween postoperative days 1 and 7 (first postoperative MRIs),
16 between days 8 and 90 (second postoperative MRIs),

Fig. 1 Graphical representa-
tion of the Dice coefficient (a),
Hausdorff distance (b) and vol-
ume (c) metrics. The violet and
pink lines indicate the BS. In a,
the light blue region show the
overlap between the BS at two
different time points, as mea-
sured by the Dice coefficient;
the arrows in b indicate the max-
imum and minimum Hausdorff
distances between the contours
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Table 1 Patient- and treatment-related characteristics

n (%)

Age at the time of diagnosis: median (range),
years

Gender

Male

Female

Primary tumor
Medulloblastoma
Ependymoma

Neurological presentation symptoms
Yes

No

Neurological presentation symptoms, detail
Headache

Nausea

Ataxia

Apraxia

Visual impairment

Neglect

Hemi-syndrome

Night terrors

Hydrocephaly at diagnosis
Yes

No

Surgical complications

Yes

No

Presence of residual disease after surgery
Yes

No

Chemotherapy administration
Yes

Adjuvant only

Adjuvant + concomitant

No

CS1

Yes

No

CSI dose: mean (SD), Gy
Type of RT

Exclusive proton RT
Exclusive photon RT

Photon and proton boost

Proton radiotherapy dose: median (IQR), Gy

8.17 (1.23-18.32)

7(50)
7 (50)

12 (86)
2(14)

14 (100)
0 (0)

10 (71)
10 (71)
8 (57)
2(14)
2(14)
1(7)
1(7)
1(7)

7 (50)
7(50)

5@95)
9 (65)

2(14)
12 (86)

11 (79)
9

2
320

12 (86)
2(14)
32.4 (5.4)

2
3
9
18 (12-30)

CSI craniospinal irradiation, /QR interquartile range, RT radiotherapy,

SD standard deviation

Table2 Dice coefficient (DSC) and Hausdorff distance (HD)
variations for the tumor bed and brainstem

1st versus 2nd MRI

1st versus 3rd MRI

Tumor bed

Median DSC 0.47 (0.08;0.76) 0.42 (0.04;0.69)
Median HD aver- 2.6mm (0.7;6.7) 2.6mm (0.5;11)
age

Median HD max 11.3mm (7.7;24.5) 12.1mm (8.1;40.2)
Brainstem

Median DSC 0.64 (0.2;0.82) 0.58 (0.16;0.77)
Median HD aver- 2mm (0.4;3.3) 2.2mm (0.5;9.3)
age

Median HD max 8.5mm (4.5;14) 10.6 mm (7.9;27.1)

DSC Dice coefficient, HD Hausdorff distance, MRI magnetic
resonance imaging

and 12 between 91 and 188 days after surgery (third post-
operative MRIs). Median delays between imaging and the
start of RT were as following: 111 days (range: 28—159) for
the first postoperative MRI, 22 days (140 before to 85 days
after the start of RT) for the second, and 21 days (91 before
to 23 days after the start of RT) for the third MRI. For
ependymoma, prescription doses were 54Gy to the TB
plus a 5-mm margin; the treatment was continued with
a sequential boost up to 59.4Gy only if the patient had
a good neurological performance after surgery. Patients
diagnosed with intermediate- or high-risk medulloblas-
toma were treated to the craniospinal axis until 23.4 Gy
or 36.0Gy, respectively, and then boosted up to 54 Gy to
either the tumor bed (intermediate-risk; 7 patients) or the
whole PF (high-risk; three patients). Only one patient was
treated with a bifractionated regimen until 68 Gy. Due to
logistic constraints, CSI was realized with photons in all
cases.

Tumor bed modifications

No further relevant absolute volume modifications were
found at the second and third imaging re-evaluations.

The quantification of DSC between the TB contours
indicated that surgical cavity geometry underwent signif-
icant modifications across all the considered timepoints,
with a median overlap of 0.47 (range: 0.08;0.76) between
the first and the second postoperative MRIs, and of 0.42
(range: 0.04;0.69) between the first and the third postoper-
ative MRIs.

The HD max underwent longitudinal modifications, with
a median value of 11.3 mm (range: 7.7-24.5) when com-
paring TBs at the first and second timepoints, and 12.1 mm
(range: 8.1-40.2) when the calculation was performed be-
tween the first and third MRIs.

The HD average varied as well, both when compar-
ing the first and the second MRIs (median of 2.6mm,
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Fig.2 Patient 1: Treatment plan
of a patient with medulloblas-
toma, boosted up to 54 Gy on the
posterior fossa (photon + proton
irradiation); the 51.3 Gy iso-
dose (red) is depicted in a, the
tumor bed (TB) 41 days after
surgery in b, and the TB 98 days
after surgery in c. Patient 2:
Treatment plan of a patient with
medulloblastoma, boosted up to
54 Gy in the TB (with proton
irradiation); the planning CT

is depicted in d, the brainstem
at day 2 after surgery in e, and
the brainstem on day 51 after
surgery in f. All patients: me-
dian D95 absolute variations of
the TB (Gy; g) and median D2
absolute variation of brainstem
(Gy; h)

Patient 1

Planning-CT

51.3 Gy isodose

Patient 2

9

Number of patients
w
7

Planning-CT

All Patients

61 ~E—

5

o
1

e

1]

Day 41 post surgery

Brainstem Day 2

h

Number of patients

e

14

1

Day 98 post surgery

cGy (RBE)

Brainstem Day 51

o7 T
3 2 a4 0 1 2

Median D95 tumor bed absolute
variation (Gy)

range: 0.7-6.7mm), and the first and third MRIs (median

of 2.6 mm, range: 0.5;11 mm).

A summary of geometric changes is provided in Table 2,
while Fig. 2 gives a graphical representation of TB modifi-
cations for one patient (Patient 1).
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Median D2 brain stem absolute
variation (Gy)

Brainstem modifications

T
8

We did not observe any significant postoperative modifica-
tions in the BS volume, with its median value remaining
constant over time across all the considered MRIs. Only
a minor reduction was noted at the third postoperative MRI
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Fig.3 Swimmers plots for the variations of Dice coefficient and maximum and average Hausdorff distances over time. X axis: metric of interest;

y axis: delay between first postoperative MRI and subsequent MRI

assessment (median volume=15.7ml vs. 16.6 ml at the sec-
ond postoperative MRI, p=0.9).

However, relevant changes were noted between the
first and second postoperative MRIs (median DSC=0.64,
0.2;0.82). An even more significant reduction in the DSC
was recorded when the second and the third postoperative
MRIs were compared (DSC=0.58, 0.16;0.77).

The HD max showed also major modifications, with
a median value of 8.5mm (4.5;14) between the first and
second postoperative MRIs, and of 10.6 mm (7.9;27.1) be-
tween the first and third imaging evaluations. The median
HD average was 2 mm (0.4;3.3) and 2.2 mm (0.5;9.3) be-
tween the first and second, and between the first and third
postoperative MRI, respectively.

A summary of geometric changes is given described in
Table 2. Fig. 2 provides an example of BS modifications
for one of the patients included in the analysis (Patient 2).

A comprehensive overview of geometrical modifications
for both the TB and the BS is provided in Fig. 3. Globally,
our findings confirm a tendency towards a decrease in the

DSC, and a consensual increase in the Hausdorff metrics
over time.

Dosimetric impact of anatomical modifications

The dosimetric impact of the anatomical changes for clin-
ically relevant treatment plan parameters is reported in Ta-
ble 3 and Fig. 2.

In this cohort the geometric changes did not affect TB
coverage, except for in one patient diagnosed with high-risk
medulloblastoma who received irradiation to the whole PE.
Specifically, anatomical changes determined a reduction of
2.9Gy of the D95% (Fig. 2, Patient 1). Conversely, all other
patients included in the analysis underwent an increase in
TB coverage (Fig. 2, All patients).

The impact of geometric modification on dosimetry was
more significant for the BS (Fig. 2, All patients) Three
patients presented a 1-2 Gy increase of D2, 1 patient a 2Gy
increase, and 1 patient a 6 Gy increase (Fig. 2, Patient 2).
Of these, four patients received a proton boost to the TB,

Table 3 Variations in dose distribution for tumor bed and brainstem coverages (absolute and relative)

Tumor bed coverage

Absolute variation (Gy)

Relative variation (%)

Median D99% variation
Median D98% variation
Median D95% variation
Median average dose variation
Brainstem

Median D50% variation
Median D2% variation

Median D1% variation

+1.4 (-1.3; +7)
+1.1 (1.7, +7.7)
+0.3 (-2.9; +3.9)
+0.09 (-0.5; +0.7)

+1.3 (-0.9; +3.8)
+0.6 (-0.5; +6.1)
+0.5 (-0.4; +6.3)

+6.7 (=2.7; +36.1)
+5.6 (=3.3; +33.8)
+1.7 (=5.6; +16.1)
+0.5 (=0.9; +2.9)

+11.7 (-1.8; +228.9)
+0.9 (-0.9; +147.1)
+0.7 (-1.1; +126.5)
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Table 4 Predictive factors for anatomical variations, univariate analyses

DSC first HD max first HD average first DSC first HD max first HD average first
MRI vs. sec- MRI vs. second MRI vs. second MRI vs. third MRI vs. third MRI vs. third MRI
ond MRI MRI (mm) MRI (mm) MRI MRI (mm) (mm)
Tumor bed
Age p=0.07 p=0.07 p=0.1 p=0.6 p=04 p=0.1
>8 years
<8 years
GTV p=03 p=04 p=0.02 p=09 p=02 p=0.01
33mL 2.6 [1.8;4.4] 3.2[2.4;10.9]
<33mL 2.5[0.7;6.7] 1.8 [0.5;2.6]
Hydrocephaly at p=0.1 p=0.01 p=0.001 p=0.6 p=0.09 p=0.01
diagnosis
Yes 15 [7.7;24.5] 4.2 [0.7:6.7] 3.1[2.4;10.9]
No 10 [7.9;12] 2.1[0.8;2.8] 1.8 [0.5;2.8]
Luschka involve- p=0.04 p=0.6 p=0.8 p=02 p=0.6 p=0.7
ment
Yes 0.47
[0.08;0.6]
No 0.63
[0.4;0.76]
Magendie involve- ~ p=0.2 p=09 p=0.2 p=0.3 p=0.8 p=0.5
ment
Yes
No
Time between p=0.6 p=0.2 p=04 p=1.0 p=1.0 p=0.9
surgery and the
RT (start)
Brainstem
Age p=0.9 p=0.02 p=04 p=0.6 p=0.02 p=02
>8 years 7.1[4.5;9.7] 9.3[7.9;10.7]
<8 years 9.6 [7.9;13.9] 11.5[9.7;27.1]
GTV p=0.8 p=04 p=0.7 p=04 p=03 p=0.01
33mL 2.5[1.5;9.3]
<33mL 0.6 [0.5;2]
Hydrocephaly at p=0.1 p=0.8 p=1 p=038 p=0.09 p=0.01
diagnosis
Yes 2.5[1.5;9.3]
No 0.6 [0.5;2.2]
Luschka foramen p=10 p=03 p=1.0 p=0.9 p=0.9 p=1.0
involvement
Yes
No
Magendief()ramgn p= 0.3 p= 0.7 p= 0.4 p:0.2 pZO.l pZO.S
involvement
Yes
No
Time between p=04 p=0.6 p=0.3 p=0.6 p=0.9 p=0.9
surgery and the
RT (start)

DSC Dice coefficient, GTV gross tumor volume, HD Hausdorff distance, MRI magnetic resonance imaging
The indicated p-values reflect individual comparisons and have not been adjusted for the total number of tests
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while the fifth underwent a photon-based treatment. The
increase in D2 exceeded 54 Gy in two cases.

Clinical factors associated with anatomical
modifications

Several factors correlated with greater anatomical mod-
ifications: GTV>33mL, hydrocephaly at diagnosis, and
Luschka foramen involvement (Table 4). Pre-pontic cistern
involvement, pons and medulla oblongata infiltration, and
the degree of tumoral adherence to the BS (>90° vs. <90°
around BS) did not show any correlation with geometrical
modification assessed per the DSC, HD max, HD average,
and volume metrics in our series.

Discussion

The current work investigates the value of four metrics,
namely the volume, the DSC, the maximum, and the aver-
age HDs in quantifying postsurgical, pre-RT modifications
of the CTV and the BS as compared to presurgical volumes.
To the best of our knowledge, this is the first study in pedi-
atric neuro-oncology to implement the use of novel descrip-
tors to investigate the still unanswered questions regarding
structural modifications in response to neurosurgery, and
their relative impact on dosimetry. Overall, we observed
a trend towards a decrease of the TB volume over time;
these modifications were consistent with a reduction in the
DSC, as well as an increase in the median HD max value,
showing the existence of geometrical changes. Median HD
average for TB was 2.6 mm. Notably, maximum overlaps
were 0.76 and 0.69 between the first and the second, and
the first and the third MRI as measured per the DSC, which
suggests that relevant modifications in the DSC values oc-
curred in all patients included in our cohort.

Modifications were also observed for the BS, whose vol-
ume showed a statistically significant decrease in the post-
surgical MRIs; the DSC, HD max, and HD average had
a similar evolution profile to the TB, with relevant anatom-
ical modifications.

The dosimetric analysis showed that anatomical changes
translate into a relevant effect on dose distribution: dosimet-
ric changes regarding TB coverage show increased values,
except for in one patient for whom the coverage decreased.
When considering the dose to the BS, we noted more im-
pact on D2 max values, meaning that the timing of MRI is
of importance to have the greatest dosimetric accuracy.

Despite the small sample size, variations of TB and BS
were frequent, and our results strongly suggest to include
a recent MRI at the time of RT planning. Of note, signifi-
cant modification of both the TB and the BS were observed
in one case (Patient 1) between the postoperative days 41

and 98 after surgery. As most patients are generally receiv-
ing PF irradiation at postsurgical day 98, this may suggest
that volumetric modifications can still be present during
treatment. Consequently, in-treatment MRIs may be use-
ful to operate adaptive-planning strategies in these patients.
According to the results of our work, patients with larger
tumors (>33 ml), hydrocephaly at diagnosis, Luschka fora-
men involvement, and younger age (<8 years) have the
highest probability of undergoing significant geometrical
changes.

This issue is specifically relevant for PT, as described in
a recent work by Fjera et al. exploring the impact of tumor
location on LET and biological dose to the BS during inten-
sity-modulated PT [38]. The authors could demonstrate that
distant tumor volumes correlated with high dose-averaged
LET values to the BS, despite the impact of dose-averaged
LET values being more relevant in case of close proximity
between the BS and the GTV.

A recently published work by Acharya et al. [39] on
73 pediatric tumors of both brain and non-brain origin
treated with PT has underlined the importance of in-treat-
ment MRI to allow adaptive re-planning according to CTV
modifications. Specifically, 11/73 patients (15%) showed
significant anatomical changes, leading to potential tar-
get undercoverage (7 patients) or unjustified excess in the
delivered dose to the OARs (4 patients). Despite several
differences existing between our series and the one by
Acharya et al. (i.e., extracranial cancers included), the
two works highlight the role of MRI in assessing pre-
and in-treatment modifications to optimize the therapeutic
ratio of PT in pediatric cancers. Interestingly, a consis-
tent association between clinically meaningful anatomical
changes and younger age was demonstrated in both series,
which calls for further investigation to identify patient-
related characteristics at the time of treatment planning and
delivery.

We acknowledge that results of our work are limited by
its retrospective nature and small sample size. Admittedly,
it was not possible to retrieve all MRIs, and prescription
doses were not homogenous across the considered cohort.
Also, we recognize varying time intervals between MRIs,
which could at least partially impair the generalizability
of our findings. Another potentially relevant factor is that
most of the patients diagnosed with medulloblastoma were
treated according to the schedule of the PNET-HR+5 phase
II trial (NCT00936156), which accounts for the relatively
long interval between surgery and the start of RT, while
the current approach prioritizes the start of adjuvant RT
in this clinical setting. Despite these limitations advocat-
ing for a cautious interpretation, our results are the first to
prompt a comprehensive investigation on the dosimetric im-
pact of anatomical variations of the TB and closely located
organs at risk.
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Although the metrics used in the present work are not
widely known among clinicians, we support their diffu-
sion at least in the setting of clinical research. Moreover,
both the DSC and the HDs can easily be calculated by free
user-friendly tools which do not require dedicated compu-
tational resources or informatics knowledge of any kind. If
the above-mentioned metrics were applied to future efforts,
a more complete body of knowledge would be available to
build multi-dimensional models of surgical cavity kinetics,
including clinical, imaging, dosimetric, and quantitative pa-
rameters for target coverage optimization. In our opinion,
data on BS kinetics could be of use for the development of
dedicated NTCP models for children diagnosed with tumors
of the PF treated with PT.

To provide more accurate effect estimates and predic-
tive factors for anatomical changes, further retrospective
research on other cohorts is warranted, and should be envi-
sioned as a more solid benchmark for prospective efforts.
In this regard, the setting of a systematically structured plan
for postoperative MRI would allow for more consistent lon-
gitudinal comparisons of imaging data. Moreover, investi-
gations on other brain structures (i.e., the cerebellum, BS
substructures) could be informative, as well as the testing of
additional patient- and tumor-related parameters (i.e., age,
clinical presentation at diagnosis, response to chemother-
apy, histology). Additionally, other studies should be per-
formed to assess the effect of RT on anatomical variations
of the TB, which we could not perform due to the unavail-
ability of in-treatment MRIs.

In conclusion, our work could demonstrate the existence
of relevant geometric variations of TB and BS. This rep-
resents a concrete step towards the prediction of TB and
BS modifications in response to neurosurgery in children
treated for tumors of the PF. If confirmed by a more robust
body of knowledge, this information should be considered
and become part of routine PT planning. The 2-3 mm mod-
ification in HD average should be considered when giving
PTV/PRV margins and/or performing treatment planning
with robust optimization procedures. This is specifically
true when MRI imaging is not available and/or when rea-
sons to expect significant volumetric modifications in the
TB are present; however, these evaluations require caution,
and should be performed on an individual patient basis. Our
recommendation is to perform the co-registration MRI as
close as possible to the CT simulation scan for treatment
planning purposes (i.e., 10-14 days), and to repeat MRI
2 weeks after the start of RT, which confirms the indica-
tion by Acharaya et al. [39]. Also, we suggest adopting
all available measurements to minimize geometrical uncer-
tainty (i.e., correct patient positioning) in addition to robust
plan optimization and margining. Re-scanning and iterative
adaptive planning may be considered as well, especially
in case of large GTVs>33mL, hydrocephaly at diagnosis,

@ Springer

Luschka foramen involvement, and in patients of younger
age (<8 years).
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