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Abstract

Purpose This study aimed to analyze treatment-related risk factors for sensorineural hearing loss (SNHL) and an indication
for hearing aids (IHA) in medulloblastoma patients after craniospinal radiotherapy (CSRT) and platin-based chemotherapy
(PCth).

Methods A total of 58 patients (116 ears) with medulloblastoma and clinically non-relevant pre-treatment hearing thresh-
olds were included. Cranial radiotherapy and PCth were applied sequentially according to the HIT 2000 study protocol
or post-study recommendations, the NOA-07 protocol, or the PNET (primitive neuroectodermal tumor) 5 MB therapy
protocol. Audiological outcomes up to a maximum post-therapeutic follow-up of 4 years were assessed. The incidence,
post-treatment progression, and time-to-onset of SNHL, defined as Muenster classification grade =MS2b, were evaluated.
Risk factors for IHA were analyzed separately.

Results While 39 patients received conventionally fractionated RT (CFRT; group 1), 19 patients received hyperfractionated
RT (HFRT; group 2). Over a median follow-up of 40 months, 69.2% of ears in group 1 experienced SNHL =MS2b
compared to 89.5% in group 2 (p=0.017). In multivariable Cox regressions analysis, younger age and increased mean
cochlear radiation dose calculated as the equivalent dose in 2-Gy fractions (EQD2) were associated with time-to-onset
of SNHL =MS2b (p=0.019 and p=0.023, respectively) and IHA (p<0.001 and p=0.016, respectively). Tomotherapy
and supine positioning were associated with a lower risk for IHA in univariable modelling only (p=0.048 and p=0.027,
respectively).

Conclusion Young age and cochlear EQD2 Dy.n 240Gy are significant risk factors for the incidence, degree, and
time-to-event of SNHL as well as for IHA in medulloblastoma patients.

Keywords Craniospinal irradiation - Radiotherapy - Cochlea - Chemotherapy - Pediatric cancer

Introduction by craniospinal radiotherapy (CSRT) and platin-based
chemotherapy (PCth) [1-5]. One possible side effect of
Current multimodal treatment methods for medulloblas- this treatment is sensorineural hearing loss (SNHL) result-

toma include resection of the primary tumor followed  ing from the synergistic ototoxic effect of RT and cisplatin
[3, 6-9]. In fact, cranial RT alone may induce hearing
loss in many malignancies [10-12]. Here, RT-associated
4 Sergiu Scobioala parameters such as radiation technique and cochlear radi-

Sergiu.Scobioala@ukmuenster.de ation dose (Dmean and Dima) were found to be independent
risk factors [4, 13—16]. The application of cisplatin alone
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irradiation and Cth doses [2, 6, 9, 14, 20]. Conversely, our
previous exploratory study in 29 medulloblastoma patients
was limited by low patient numbers and short follow-up
(less than 2 years) [4].

Herein, we analyze the audiological outcome in an ex-
panded cohort of 58 medulloblastoma patients homoge-
neously treated according to the HIT 2000 study protocol
or the subsequent post-study treatment recommendations
(details available online from the German Society for Pae-
diatric Oncology and Haematology (GPOH) website [21]),
according to the NOA-07 protocol as available in [22], or
according to the PNET (primitive neuroectodermal tumor)
5 MB protocol (details available online from the GPOH
website [23] and subsequent publications [24]; all treat-
ment paradigms are summarized in Fig. 1 Supplementary
Data). We aimed for a detailed analysis of the impact of
radiotherapy parameters including fraction dose, radiation
technique, cochlear radiation dose (Dmean and Diax), and ra-
diation position as well as the total cisplatin dose on the
incidence, degree, and time-to-onset of hearing impairment
as well as on the hearing aid indication (IHA).

Methods
Patients

A total of 77 patients with medulloblastoma undergoing
treatment between 2000 and 2019 were screened. These
patients had diagnosed primary, localized (standard-risk),
or metastatic (high-risk) medulloblastoma. Of them, 58 pa-
tients with no evidence of hearing loss (HL) prior to the
start of their treatment and follow-up audiograms for at least
12 months post-radiation were included in the final cohort
(Fig. 1). Key exclusion criteria were no post-treatment au-
diogram, HL. pre-treatment as evidenced by pre-treatment
audiograms, and treatment with otoprotective drugs. Full
exclusion criteria are described in detail in the Supplemen-
tary Data. Patient demographics, treatment variables, and
the highest degree of hearing loss during follow-up are pre-
sented in Table 1. Patients were mostly treated according
to the HIT 2000 study protocol or treatment recommen-
dations, with a minority of patients (some adult patients)
treated according to NOA-07 or PNET 5 MB.

Each ear of the 58 patients was treated individually, so
audiological data of 116 ears were analyzed. The effect of
fraction dose, radiation technique, cochlear radiation dose
(Dmean/Dmay), and radiation position as well as total cisplatin
dose on development of SNHL and IHA was evaluated (see
detailed description in the Supplementary Data). Notably,
we collected factually applied chemotherapy doses individ-
ually for each patient and did not rely on protocol require-
ments.

Screening Cohort
Patients treated for medulloblastoma between 2000 and 2019

N=77

Exclusion 1

+ Age > 50 years old at diagnosis

* Abnormal pre-treatment hearing
N=5

Exclusion 2
* No classifiable audiological data at any point
N=10

Exclusion 3
* Insufficient chemoradiotherapy data
N=4

N=58
Analysis

Fig. 1 Inclusion and exclusion criteria for the cohort

Audiological methodology

All patients underwent baseline audiometry before RT
and post-radiation audiometry usually took place every
3—4 months for the first year, every 5—-6 months for the sec-
ond year, and every 12 months thereafter up to 48 months.
Time-to-onset analyses were calculated from the comple-
tion of radiotherapy.

Audiological results were grouped as clinically relevant
HL (=2b Muenster classification or >40dB HL at 4kHz or
above) or clinically non-relevant/normal hearing (Muenster
<2b) [25]. A hearing loss of this degree may be roughly
equivalent to difficulty in understanding conversational
speech in a quiet environment [26] (although real-world
hearing ability also depends on cognitive, intellectual, and
language skills; arousal levels; hearing environment; extent
(duration and quality) of experience with hearing loss; and
social support besides hearing thresholds). This threshold
(=2b Muenster classification) was chosen as an increas-
ing body of evidence suggests that the >3kHz frequency
range plays an important role in speech perception [27,
28] and that treatment with hearing aids above 4kHz is
beneficial for many [29, 30]. Thresholds for right and left
ears were examined separately for each patient. A detailed
description of the audiological methodology is given in the
Supplementary Data.
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Radiotherapy

Postoperative RT was applied using either conventional
fractionation (CFRT) with five daily fractions per week or
hyperfractionated treatment (HFRT) with two daily frac-
tions and ten fractions per week. Treatment techniques
included intensity-modulated radiotherapy (IMRT) via to-
motherapy or three-dimensional conformal radiotherapy
(3D CRT) with dorsoventral static fields for craniospinal
axis irradiation (CSI) and an IMRT boost using a sliding-
window technique on the posterior cranial fossa and the
residual tumor (where required). Cochlear volumes were
contoured by resident radiation oncologists and modified
by a board-certified radiation oncologist with extensive
experience in pediatric radiation oncology. Contouring
adhered to European Organisation for Research and Treat-
ment of Cancer (EORTC) guidelines [31]. A visualization
of contouring is shown in Supplementary Fig. 2.

Doses were calculated as nominally applied doses and
then balanced to reflect biologic equivalency using the
equivalent dose in 2-Gy fractions (EQD?2) calculation with
an alpha/beta value of 2, similar to previous studies in the
field [32-34].

A detailed description of the radiotherapy regimes and
techniques is presented in the Supplementary Data.

Chemotherapy

Chemotherapy recommendations are described in detail in
the relevant treatment schemes, i.e., HIT 2000 (updated
2008) and SIOP PNET 5 MB (Supplementary Data, Figures
la, b, ¢). According to the HIT treatment recommendations,
patients with standard-risk disease receive a total cisplatin
dose of 560mg/m? after CFRT. A total cisplatin dose of
280mg/m? was administered after HFRT in patients with
high-risk disease. PNET 5 MB and NOA-07 treatment pro-
tocols were defined for patients with low- or standard-risk
disease and a cumulative cisplatin dose of up to 280 mg/m?
(PNET 5 MB) or 560 mg/m? (NOA-07) was administered.

Statistical analyses

Patient and treatment characteristics were assessed using
descriptive statistics. Group-based comparisons between
characteristics were performed using Mann—Whitney U
tests for continuous non-normally distributed parameters
and chi? tests were employed to evaluate categorical vari-
ables.

Two outcomes were assessed:

o Time-to-onset analyses for HL classified as =2b ac-
cording to the Muenster classification. Analyses were
performed independently for each ear, as both treat-

@ Springer

ment characteristics (e.g., dose distribution) and out-
come measurements (e.g., HL) may reveal side-differ-
ing results. Time-to-onset analyses were performed as
Kaplan—Meier plots and log-rank tests for bivariate out-
comes. Continuous and some bivariate outcomes were
also characterized using univariable Cox proportional
hazard testing. Statistically significant parameters were
then included in a multivariable Cox proportional hazard
model, except for those showing strong associations with
other covariables.

e Occurrence of a post-therapeutic indication for hearing
aid(s). Here, univariable logistic regressions were per-
formed to assess the relationship between individual pa-
rameters and a hearing aid indication. Again, statistically
significant parameters were then included in a multivari-
able logistic regression model.

The threshold for statistical significance was defined at
p<0.05. Statistical analyses were performed using STATA
software version 13.0 (StataCorp LLC, College Station, TX,
USA).

Retrospective anonymized single-center data collection
of clinical standard-of-care was performed in accordance
with the ethical standards of the institutional committee
of the University Hospital of Miinster (ref. 2014-619). No
funding was received for this study.

Results
Patient and treatment characteristics

We included 58 patients (34 female and 24 male), most of
whom were younger than 10 years old at the time of ra-
diation treatment (median age 9 years, range 2-36 years;
Table 1). All patients were treated between 2000 and 2019
and underwent resection and chemoradiotherapy for their
disease. In 33 cases (56.9%), the tumor was fully resected
while the remainder underwent a partial resection. All pa-
tients received subsequent chemotherapy with cisplatin, and
some patients were additionally treated with carboplatin.
56/58 patients (96.6%) were treated with CSRT. A total of
8 patients within the cohort were younger than 4 years old
when undergoing radiotherapy. Both patients not undergo-
ing CSRT but rather local radiotherapy were part of this
group. While CSRT is not recommended for all patients
in this subgroup (Supplementary Fig. 1c), all radiotherapy-
treated patients in this age group within our cohort showed
signs of residual disease after resection or were found to
have metastases on imaging or in the cerebrospinal fluid.
As is typically recommended in these cases, these patients
first underwent systemic therapy after surgery and none
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of these patients began radiotherapy within 90 days after
surgery, while a majority of the remaining patients did.

All patients underwent CFRT (n=39) or HFRT (n=19).
26 patients (44.8%) were treated solely with IMRT via to-
motherapy, while the remainder were treated with 3D CRT.
Treatment with IMRT showed a high overlap with supine
positioning (25/30 cases of supine positioning were IMRT
plans, 83.3%), while 3D CRT showed similar associations
with prone positioning (27/28 cases of prone positioning
were 3D CRT plans, 96.4%; p<0.001).

Median nominal right and left mean cochlear doses were
45.2 and 44.8 Gy, respectively, or 37.7 and 38.0 Gy in EQD2
calculations. In total, 57 ears (50%) received a median dose
higher than 45 Gy. 43 ears (37.1%) received an EQD2 dose
higher than 40Gy. Maximal right and left cochlear doses
were 55.2 and 55.4 Gy, respectively, or 47.8 and 46.5 Gy in
EQD2 calculations. 92 ears (80.7%) received a maximum
radiation dose higher than 50 Gy. However, only 34 ears
(29.3%) received a maximal EQD2 dose higher than 50 Gy.
There was no difference in EQD2 dose to the cochlea in
M+ medulloblastoma patients and MO medulloblastoma pa-

2 100+
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G 8
] “5 D_ . .
< g 5 Partial resection
c n
§ g —— Complete resection
1]
o p=0.55
c L L L L]
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0= T T T T
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Supine 60 30 15 12 1"

tients (median 38.5 vs. 37.7Gy; p=0.23). Additionally,
there was only a very weak correlation between EQD2
mean cochlear dose and patient age, which did not reach
the level of significance (Spearman’s rho —0.166; p=0.08).

Overall, 88 ears (75.9%) showed a post-treatment HL of
=2b according to the Muenster classification during follow-
up. HL occurred more often in ears from patients treated
with HFRT compared to ears from patients treated with
CFRT (69.2% vs. 89.5%; p=0.017). After treatment, 19 pa-
tients (32.8%) were supplied with hearing devices. Con-
ventional hearing devices were able to fully compensate
for post-therapeutic hearing losses. The patients reported
did not develop hearing losses of sufficient severity to re-
quire cochlear implants (indication for a cochlear implant
begins when monaural monosyllabic word comprehension
in the free sound field is <60% at a speech level of 65dB
SPL [35-37] or, correspondingly, if the hearing threshold
is above 70dB HL (over 2—4 frequencies between 0.5 and
4kHz) [38]).

Patients undergoing HFRT received higher nominal
mean and maximal radiation doses to the cochleae (p<

b

» 1004
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£ | —
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CFRT 78 38 17 15 14

Fig.2 Time-to-onset analysis showing the cumulative percentage of patients with hearing loss =2b (Muenster classification) over time follow-
ing the completion of radiation treatment in relation to the extent of tumor resection (a), radiation technique (b), radiation positioning (c), and
fraction dose (d). Calculations were performed individually for each ear, and “numbers at risk” are given below the graphs. 2D/3D CRT 2-di-
mensional/3-dimensional conventional radiotherapy, IMRT intensity-modulated radiation therapy, CFRT conventionally fractionated radiotherapy,

HFRT hyperfractionated radiotherapy
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Fig.3 Time-to-onset analysis showing the cumulative percentage of patients with hearing loss =2b (Muenster classification) over time following
the completion of radiation treatment in relation to cochlear mean radiation dose (Dmean) according to equivalent dose in 2-Gy fraction (EQD2)
calculations (a), cochlear maximal radiation dose (Dmax) according to EQD2 calculations (b), and age (c). Calculations were performed individually

for each ear, and “numbers at risk” are given below the graphs

0.001), but there was no difference between mean cochlear
doses after the EQD2 calculations (p=0.36 and p=0.37).
Conversely, the maximum EQD2 dose was slightly higher
in conventionally fractionated radiation courses compared
to HFRT (48.9Gy vs. 449Gy, p=0.005 for right and
49.3 Gy vs. 43.7Gy, p=0.004 for left ears). HFRT-treated
patients received lower cisplatin doses (p<0.001) but re-
ceived more carboplatin treatment (p<0.001). Patients
undergoing partial resection were more likely to be treated
with HFRT compared to patients with complete resec-
tions (p=0.031), as were patients with metastatic disease
compared to those without (p<0.001).

Associations between treatment characteristics and
post-treatment hearing loss

In Kaplan—Meier analyses for the onset of HL. >2b accord-
ing to the Muenster classification, the extent of resection
(complete vs. incomplete) and radiation treatment technique
(3D CRT vs. IMRT) did not show associations with HL.
However, ears in patients treated with HFRT were more
likely to develop ototoxicity compared to those in patients

@ Springer

treated with CFRT (p=0.009 in log-rank testing). Similarly,
radiation treatment in supine positioning resulted in im-
proved hearing outcomes (p=0.028; Fig. 2). Additionally,
an EQD2 Dyean higher than 40Gy (p=0.009) or an EQD2
Dmax 250Gy (p=0.19) to the cochlea resulted in higher and
accelerated HL (Fig. 3a, b). Finally, young age <9 years was
also a risk factor for accelerated HL (p=0.046; Fig. 3c).
Median post-therapeutic audiological follow-up time
was 40 months. In those diagnosed with HL Muenster
>2b, time-to-onset was 6 months (range 3-15 months).
Median time-to-onset was not different between patients
treated with HFRT and CFRT (6 months for both groups).
In time-to-onset cox hazard regressions, we similarly found
that age at the time of radiotherapy (hazard ratio [HR] 0.96;
p=0.003), hyperfractionation vs. conventional fractiona-
tion (HR 1.57; p=0.041), and the mean EQD2 dose to the
cochlea (HR 1.05; p=0.013) were significantly associated
with HL. We then performed multivariable modelling of
these parameters. The signal for hyperfractionation was
lost in multivariable modeling (HR 1.51; p=0.074), but
mean EQD2 cochlear dose (HR 1.05; p=0.019) and age
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at radiotherapy (HR 0.97; p=0.023) remained significantly
associated with audiologic outcome (Table 2).

Association between treatment characteristics and
post-treatment hearing aid use

We also assessed the association between a hearing aid rec-
ommendation and patient and treatment characteristics. We
found that younger age at the time of radiotherapy (odds
ratio [OR] 0.81; p<0.001), higher cochlear EQD2 Dean
(OR 1.11; p=0.005), and higher cochlear EQD2 Dy« (OR
1.10; p=0.052) were associated with IHA. Conversely, pa-
tients treated with IMRT as opposed to 3D CRT (OR 0.44;
p=0.048) and those undergoing radiotherapy in supine as
opposed to prone positioning (OR 0.41; p=0.027) were less
likely to require hearing aids. Notably, the cisplatin dose
did not show associations with hearing aid use (p=0.81).
In a multivariable model including significant parameters
(omitting IMRT for collinearity with patient position [p<
0.001 in chi? testing]), age (p<0.001) and EQD2 Diean
(p=0.016) remained significantly associated with IHA
(Table 2).

Discussion

Herein, we analyzed the post-therapeutic hearing impair-
ment in 58 medulloblastoma patients treated with RT and
platin-based Cth. The following treatment-related parame-
ters were assessed:

Mean radiation dose to the cochlea (cochlear D.c.n)

Cochlear Dy is @ known predictive factor for ototoxicity,
demonstrating a linear correlation with the incidence and
severity of hearing impairment [3, 8, 14, 39]. Our findings
support these results, as the cochlear Dpean (calculated as
equivalent dose using the EQD?2 approach considering dif-
ferent fractionation regimens) was the decisive factor for
HL and IHA in univariable and multivariable analyses. Our
study profits from the availability of IMRT plans (45%),
thus allowing for more precise dose calculations. Our data
support an EQD2 Dpean <40 Gy for the cochlea as a thresh-
old, similar to studies in other entities [40, 41], but radia-
tion may need to be lower still to further improve hearing
outcomes. The fact that some mean cochlear EQD2 doses
exceeded 50 Gy in our study underscores this challenge.
While our Dy values were relatively high, they were well
in line with other investigations covering a similar study
period [5, 42]. Notably, our study does not contradict sug-
gestions to aim for doses of less than 32 or 35 Gy [43,
44] or, more generally, to reduce the radiation dose to the
cochlea as much as possible [44], as has also been sug-

@ Springer

gested for other tumors [45]. Here, modern IMRT tech-
niques and removal of flattening filters may allow for more
substantial dose reductions [46]. Proton therapy may also
reduce the dose to the cochlea, with some [47, 48] but not
all [49] studies finding favorable results for proton therapy.
However, even in a comparatively large study describing
a dosimetric advantage for proton therapy, no differences
were seen for severe clinical ototoxicity, leading to overall
conflicting results [48].

Radiotherapy fractionation

Bhandare et al. reported that the fraction dose had no ef-
fect on the incidence of SNHL in patients with head and
neck tumors, although the median time until persistent hear-
ing alterations was found to be longer for CFRT than for
HFRT [13]. Lannering et al. found no significant difference
in post-treatment HL between CFRT- and HFRT-treated pa-
tients despite higher doses to the cochlea after HFRT com-
pared to CFRT [5]. The authors hypothesized that HFRT
treatment induces a radiosensitizing redistribution of pro-
liferating tumor cells while not similarly affecting normal
tissue.

In contrast to these results from Lannering’s trial, our
analysis showed that HFRT was associated with inferior
hearing outcomes compared to CFRT in univariable analy-
ses, both in terms of incidence and in terms of time-to-event
analyses. Notably, the radiation dose to the cochlea was
also significantly higher in our study for HFRT vs. CFRT,
similar to Lannering’s study [5]. Importantly, once EQD2
standardization was used in our study, no difference was
seen in mean doses, indicating no biological difference in
treatment intensity (no EQD2 calculations were performed
for cochlear doses in [5]). The difference in hearing out-
comes between the two studies may have resulted from
differences in radiation technique (in our study, more pa-
tients were treated with IMRT) and ototoxicity scores (HIT
and Brock scores were used by Lammering et al., while we
used the Muenster score) [50, 51]. Nonetheless, our study
found that hyperfractionation does not shield patients from
the ototoxicity associated with higher radiation doses to
the cochlea. However, at the same time, hyperfractionation
was also not an independent risk factor for higher ototoxi-
city, as the statistical difference between HFRT and CFRT
was lost in multivariable modelling once the mean EQD2
cochlear radiation dose was introduced to the model as a co-
variable. In summary, HFRT neither protected nor substan-
tially compromised hearing in our study (if anything, it was
a marginally negative factor); mean EQD2 cochlear radia-
tion dose—independent of fractionation—seemed to be the
main determinant of hearing outcomes in the cohort.
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Radiation technique, treatment year, and radiation
positioning

We found a tendency towards a lower risk of SNHL and
a significantly lower risk of IHA for tomotherapy com-
pared to 3D CRT. As suggested by Huang et al., IMRT
delivers a lower dose per fraction to the cochlea compared
to CNRT, with a probable decrease in biologic effect to the
organ [16]. Further aspects such as steeper dose gradients
from the tumor region to the cochlea and a smaller cochlear
volume in IMRT plans, as well as better imaging modalities
using the IMRT/IGRT technique, may also improve post-
therapeutic hearing outcomes [3, 13, 16, 52-55].

This likely also corresponds with our finding that treat-
ment after 2010 seemed to result in lower treatment-related
ototoxicity, as IMRT techniques have only been fully im-
plemented in the past decade.

Unsurprisingly, we found a significant overlap between
patients treated with IMRT plans and treatment administra-
tion in a supine position. We believe that the advantages
of supine treatment for hearing outcomes may be primarily
explained via the increased use of modern IMRT techniques
in this subgroup.

Cisplatin

Cisplatin is known to be a key factor for bilateral, irre-
versible, progressive, high-frequency SNHL [17-19]. Sev-
eral studies showed an enhanced hearing injury from the
synergistic ototoxic effects of cranial RT and cisplatin as
well as a direct correlation between HL and the cumulative
cisplatin dose [3, 4, 6-8, 56, 57]. Conversely, Lannering
et al. found no relation between the incidence and severity
of HL and the number of cisplatin courses received in more
than 300 patients [5].

In our study, we found no correlation between the total
cisplatin dose and audiological outcome. This likely indi-
cates that Dpean 1 the more immediately relevant risk factor
for ototoxicity, in line with other studies [13, 15, 18, 43, 58].
Histopathological inner ear findings may explain this hy-
pothesis (see Supplementary Data). However, our study was
not powered to fully assess the effects of chemotherapy on
hearing outcomes, as the multitude of treatment regimens
(cisplatin+ carboplatin, with both applied at individualized
doses) would have necessitated subgroup analyses that we
were unable to perform considering the limited patient num-
ber of the overall cohort. Hence, we cannot make definitive
statements regarding the interplay between chemotherapy
and audiological outcomes based on our data.

Age, sex, and resection of primary tumor

The literature regarding the role of age in terms of the post-
treatment hearing threshold is inconclusive, as both older
[13, 34, 59, 60] and younger age [6, 20, 58] have been
associated with ototoxicity. Similarly, sex had no effect in
some [4, 13, 18] but a direct relationship with post-treat-
ment SNHL in other studies [59, 61] in pediatric patients.
Our findings indicate that young age is a risk factor for
SNHL as well as for IHA, in line with a very recent study in
a large cohort of childhood cancer survivors [62]. One pos-
sible mechanism by which to explain this is the higher risk
of developing post-irradiation hyperemia in younger chil-
dren, which could cause increased vulnerability to cisplatin
damage within the cochlea [63]. Cochlear/cranial irradia-
tion, especially in children under 5 years, may damage the
integrity of membranous inner ear barriers or central ner-
vous system barriers, thereby reducing the normal inner ear
tissue tolerance to cisplatin [64]. Notably, there was no sig-
nificant correlation between age and dose to the cochlea in
our cohort, and age-related effects were independent of the
EQD2 Dpean values in multivariable modelling.

No systematic effect of sex on audiological outcome was
found in our study.

We found no association between the extent of resection
of the primary tumor and HL. This is unexpected consider-
ing that all patients with residual tumor were treated with
HFRT and, consequently, with higher nominal cochlear ra-
diation doses compared to patients with complete resection,
who received CFRT. Currently, there are no data in the lit-
erature demonstrating a correlation between the extent of
medulloblastoma resection and ototoxicity.

Strengths and limitations

First, medulloblastoma remains a rare disease. While our
study was able to draw on a comparatively large sample
relative to the rarity of the disease, the cohort was nonethe-
less too small for extensive multivariable modeling and had
to leave some questions unanswered. However, audiological
follow-up was relatively common and allowed for stringent
analyses. Second, this study may have suffered from se-
lection bias due to its observational nature and follow-up
was not universally available. One key advantage was the
strict exclusion of patients with pre-existing audiological
deficiencies, so that any follow-up hearing loss was reason-
ably attributable to treatment side effects. Consequently, the
chemotherapy dose was not pre-emptively reduced from the
start due to any prior hearing loss, making the application
and comparability of chemotherapy effects more consistent.
However, dose reductions towards the end of chemotherapy
cycles in the case of an early onset of hearing loss cannot
be discounted. Third, cutoffs for age-based risk assessment
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are inconsistent in the literature. To circumvent this issue,
we consistently performed calculations using age as a con-
tinuous variable and simply used the median of our cohort
(9 years) for exploratory cutoff analyses. Finally, owing
to the long period of patient inclusion, cochlear volume
contouring guidelines evolved and, more importantly, CT
resolution increased. However, we previously demonstrated
that the subsequent decrease in cochlear contouring volume
over the study period was non-significant [4] and, hence,
no major effects on Dpean calculations are likely. Modern
recommendations such as those from the hearing loss task
force from the Pediatric Normal Tissue Effects in the Clinic
(PENTEC) group [62] were not available during our study
but may help to reduce ototoxicity in pediatric radiation
oncology in the future.

Conclusion

Treatment-related ototoxicity and hearing aid use is com-
mon in medulloblastoma patients after multimodal ther-
apy. Young age and a higher mean cochlear radiation dose
were unfavorable for audiological outcomes in our cohort.
Independent of the cochlear dose, hyperfractionation did
not protect hearing. The IMRT radiation technique showed
trends towards improved outcomes. Modern techniques and
careful consideration of cochlear radiation dose may reduce
long-term ototoxicity in medulloblastoma patients.
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