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Abstract

Aims We search the literature on data regarding the role of whole-brain radiation therapy on neurocognitive functions, hear-
ing, and alopecia, through the use of hippocampal-, scalp-, and cochlea-sparing radiotherapy (RT).

Methods Prospective and retrospective studies with at least five patients were included in this analysis, following PRISMA
recommendations.

Results Eighteen works were selected for hippocampal sparing, published between 2015 and 2025 with 1736 patients.
Neurocognitive functions were evaluated with a heterogeneous range of tests (mainly HVLT-R, TMT-A and TMT-B, Cowa
test, and MME). For scalp-sparing RT, only three papers were selected, published between 2014 and 2015, for a total of 65
patients. There was an important heterogeneity in terms of scalp definitions, CTV prescriptions, used techniques and doses,
and methods and scales adopted to evaluate the clinical efficacy of scalp-sparing RT. Regarding cochlea-sparing RT, no
citation was selected. A meta-analysis could only be performed for the papers focusing on hippocampal-sparing procedures.
Only nine papers meet the criteria, showing a high heterogeneity (chi-square =229.96, df 8, p <0.001, with the 12 index
(96.52%) and the H2M index (27.75)). For this reason, we opted for random effect models DerSimonian Laird, maximum
likelihood, and profile likelihood, which provided widely overlapping results. Although the data show an average protective
effect of hippocampal avoidance on cognitive performance, the meta-analysis, based on the available studies, is unable to
demonstrate its significance.

Conclusions A high heterogeneity in terms of hippocampal-, cochlear-, and scalp-sparing RT was registered as well as dif-
ferent and difficult to compare data. Our findings indicate the need for further studies to explore this issue.
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Introduction

Whole-brain radiation therapy (WBRT) is one of the main
treatment modalities in the management of brain metastases
(BM), including surgery, stereotactic radiosurgery (SRS),
chemotherapy, and targeted therapy [1].

Whole-brain radiotherapy (WBRT) has historically
played a crucial role in the management of patients with
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control, and reduces the risk of death from neurological
causes [2—-4]. It has also been employed prophylactically
in patients with small cell lung cancer (SCLC) who have
controlled primary disease and no evidence of encephalic
lesions. More recently, WBRT has been increasingly uti-
lized as a palliative treatment, particularly in cases with poor
prognosis despite targeted therapies or immunotherapy, or
when the total volume of intracranial disease—regardless of
lesion count—exceeds 15 cc.

In fact, in the presence of a limited number of BM, SRS is
generally the preferred approach, while surgery is reserved
for larger lesions or when the histology is not known [5].

In recent years, advancements in technology and systemic
therapies have contributed to improved survival outcomes
for patients with brain metastases (BM) [6]. As a result,
increasing attention has been directed toward quality of life
in this clinical context, particularly regarding the poten-
tial long-term adverse effects associated with whole-brain
radiotherapy (WBRT). For instance, several clinical trials
have demonstrated a dose-dependent risk of neurocogni-
tive function (NCF) decline, particularly in relation to the
radiation dose delivered to the hippocampus [7]. In addition,
radiation-induced alopecia—another frequent side effect
of WBRT—has been shown to negatively affect patients’
quality of life. Comparative studies between conventional
and scalp-sparing WBRT suggest that this adverse effect
may correlate with the radiation dose received by the scalp
[8-10].

Consequently, various strategies have been developed
to mitigate the impact of these significant adverse effects,
including the implementation of organ-at-risk (OAR) spar-
ing techniques. Modern intensity-modulated radiation ther-
apy (IMRT) techniques can reduce the dose to hippocampal
neural stem cells during WBRT to prevent iatrogenic cogni-
tive side effects. This particular technique, called hippocam-
pal-sparing WBRT, has the potential of reducing the mean
dose to the neural stem-cell compartment by at least 80%,
while providing acceptable coverage and dose homogeneity
to the remaining whole-brain parenchyma [11-14].

For RT-induced alopecia, the recent technological
improvements in patient positioning and radiation treatment
planning allow RT to be performed with reduced margins
and scalp-sparing [15]. Additionally, the use of arc tech-
niques may minimize the follicle dose, as the reduction of
surface dose is then distributed over the length of the arc
[10].

The implementation of these techniques also allowed the
irradiation of brain and head and neck tumors, limiting the
cochlear dose with the intent to prevent persistent hearing
loss [16—19].

Therefore, in light of these new strategies, the Pallia-
tive Care and Neuro-oncology Study Groups of the Italian
Association of Radiotherapy and Clinical Oncology (AIRO)
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proposed to review the current literature on data regard-
ing the role of sparing organs at risk in WBRT in order to
improve neurocognitive functions and to limit alopecia and
hearing loss through the use of hippocampal-, scalp-, and
cochlear-sparing RT, respectively.

Materials and methods

This systematic review was performed following recommen-
dations from the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) [20]. To avoid the
bias induced by post hoc decisions, the eligibility crite-
ria and methods of analysis were specified in advance as
described below.

Study selections

The search on MEDLINE and EMBASE published from
January 2000 to April 2025 was performed. Keywords used
were inner-ear OR cochlea AND sparing AND whole brain
AND radiotherapy; hippocampal avoidance OR hippocam-
pus avoidance OR hippocampal sparing OR hippocampus
sparing AND radiotherapy; scalp OR hair AND sparing
AND radiotherapy.

The computer search was enhanced manually by consult-
ing reference lists from all accessible review articles, pri-
mary studies, meeting abstracts, and book bibliographies to
find studies that were not identified in the computer search.

Retrieved records underwent title-and-abstract review
and then full-text review. Independent reviewers screened
the studies in duplicate using the eligibility criteria reported
above. Seven independent reviewers (RDF, VB, ES, DP, AC,
EB, SC, AC, GCM, LB, SL, and AA) performed data extrac-
tion: in particular, DP and SL for the cochlea; ES, GCM,
and LB for the scalp; EB, SC, and AC for the hippocam-
pal sparing. The reasons for exclusion during the full-text
review were documented. Disagreements among reviewers
were infrequent (< 20%) and were resolved by discussion.

Inclusion and exclusion criteria

English language full-text articles were selected. Experi-
mental and observational studies, such as case series and
prospective and retrospective analyses, focused on at least
five patients treated by means of WBRT were included.

The analyzed treatment was WBRT delivered for either
prophylaxis or diagnosis of brain metastases with any pos-
sible fractionation or techniques, presence of detailed data
regarding cochlea-, scalp-, and hippocampal-sparing and
available data on alopecia, hearing loss, and neurological
functions.
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Exclusion criteria were only abstracts, letters, proceed-
ings from scientific meetings, editorials, expert opinions,
reviews without original data, meta-analyses, case reports,
studies in pediatric patients, studies on proton therapy,
studies on stereotactic body radiotherapy and SRS, studies
lacking data on the sparing procedures, repetitive data, and
animal studies.

Data extraction

Data were extracted from four authors, VB, DP, LDC, and
FM, and then independently verified by three additional
authors, RDF, VP, and SC.

Data included were author, year, study design, primary
tumor, radiation treatment information (techniques, dose,
fractionation), scalp-, hippocampal-, and cochlea sparing
data (definition, constraints, procedures), neurological evalu-
ations data, alopecia evaluations data, and hearing evalua-
tions data.

Quality assessment

Each selected study was evaluated through a quality assess-
ment score according to the checklist for quality appraisal
of case series studies produced by the Institute of Health
Economics (IHE) [21].

Statistical analysis

The aforementioned information was gathered and analyzed
through descriptive analysis methods.

The papers that performed a cognitive or a scalp evalua-
tion in patients treated with WBRT and Hippocampal Spar-
ing using a control group were included in the meta-analysis.

The analysis was carried out using the MetaEasy soft-
ware, allowing the estimation of the mean effects, each com-
puted along with the relative confidence interval, to be then
placed in a forest plot [22].

The methods, used by MetaEasy, chosen from the lit-
erature are the following: fixed-effects model (FE), DerSi-
monian and Laird random-effects model (DL), maximum
likelihood random-effects model (ML), profile likelihood
random-effects model (PL), and 7 test (T).

Since some of these methods are based on fixed-effects
models and others on variable effects models, a preliminary
heterogeneity analysis of the cases reported in the papers
was necessary. This analysis was carried out according to
different approaches, listed below:

1. Cochran’s Q approach that provides a p value for the test
of homogeneity [23, 24];

2. 12 coefficient, able to assess inconsistency between stud-
ies; it can assume values corresponding to low, moder-

ate, and high heterogeneity (25%, 50% and 75% respec-
tively) [25];

3. H2M coefficient that is independent of the number of
studies k; it can assume values in the [0, + co0) range with
0 indicating a perfect homogeneity [26].

Results
Hippocampal-sparing RT

A total of 1,091 citations were found; among the excluded
works, 337 were duplications, 395 were excluded because of
abstracts, reviews, surveys, or case reports, and 341 did not
respect the inclusion criteria. Eighteen papers were finally
selected. (More details are described in Fig. 1.)

Among the selected works for hippocampal sparing RT,
published between 2015 and 2025, 4 were phase 3 prospec-
tive studies [27-30], 2 prospective cohort studies [31, 32],
1 prospective observational study [33], 2 retrospective stud-
ies[1, 34], and 9 phase II studies [35-43].

A total of 1736 patients were treated with WBRT or for
BM; 1251 underwent the sparing procedures. Prophylac-
tic HA-WBRT for SCLC patients was performed for 569
patients. Data related to previous systemic therapies were
available only in 3 studies [27, 34, 35] and in one study, the
use of memantine was implemented [28]. Median follow-up
data, available in all the experiences except one [33], ranged
from 0.03 to 56.7 months.

Only in 13 studies did the authors specify contouring
guidelines used for the hippocampal sparing technique [1,
27-29, 32, 34-36, 38, 39, 41-43].

In all cases, the authors referred to the Radiation Therapy
Oncology Group (RTOG) suggestions based on the RTOG
093321 atlas. In all the experience, a hippocampal avoidance
area was generated, giving a 5 mm expansion to the hip-
pocampi. Regarding the used constraints, the mean dose or
a punctual maximal dose to the structure was the most used
one; more information on the used constraints is detailed
in Table 1.

The treatment was delivered through the use of volu-
metric modulated arc therapy (VMAT), IMRT [1, 28-31,
33, 35-41] or not better specified image-guided RT (IGRT)
techniques [27, 30, 32, 34, 42, 43], with doses ranging from
25 to 30 Gy in 10-12 fractions.

Neurocognitive functions (NCFs) were evaluated with a
heterogeneous range of tests, and each experience used dif-
ferent combinations, for a total of 27 typologies. The most
used tests were the HVLT-R, TMT-A and TMT-B, Cowa
test, and MME. Likewise, the timing of test administration
was not homogeneous: the applied schedules varied from
monthly to biannually (Table 1).
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Records removed before screening:
Duplicate records removed (n = 337)

Abstract, review, letter, survey, case report
removed (n = 395)

Dosimetry, anatomy, children, primary
tumor, animals, no English language

removed (n = 263)

Reports excluded:
No cognitive outcome (n=75)
Secondary analysis (n=2)
Including primary tumors (n=1)

Fig.1 PRISMA on PubMed )
Literature Search on hippocam-
pal-sparing RT 5
= Records identified from*:
b MEDLINE (n = 356)
t EMBASE (n = 735)
-
—
Records after duplicates removed
(n =754)
Reports after abstract, review,
= letter, survey, case report
£ removed
o (n = 359)
e
(Y]
(7}
Reports assessed for eligibility
(n=96)
—
)
3
3 Studies included in review
= (n=18)
i=
—

Regarding the quality of the considered studies, the score
ranged between 11 and 18; more detailed data are reported
in Supplementary Table 1.

Scalp-sparing RT

A total of 165 citations were found; among the excluded
works, 44 were duplications, 31 were excluded because
of abstracts, reviews, surveys, or case reports, and 87 did
not respect the inclusion criteria. Three papers were finally
selected; more details are described in Fig. 2.

The publication dates of the selected studies spanned
from 2014 to 2015. All studies were observational in nature,
with two employing a prospective design [11, 12] and one
utilizing a retrospective design [44]. The total sample size
across these studies was 65 patients.

A wide heterogeneity in terms of scalp and CTV contour-
ing definitions was found, as well as differences in CTVs
dose CTV prescriptions, and applied techniques and doses
were used. (Table 2 summarizes all characteristics of the
selected studies.)

@ Springer

In terms of scalp definition, each experience described
it differently: Kao et al. described a volume defined as the
skin 3 mm depth from the level of the canthi to the vertex.
Puysselyr defined a “hair follicle volume” corresponding
to the tissue underlying the skin up to the outer table of the
skull, while Mehadevan delimited the volume as a 5 mm
hair follicle-bearing scalp. In each study, IMRT [11, 44] or
VMAT [12] was used for the sparing procedure.

In terms of RT treatments, 30 Gy/10fx was delivered in
the Mahadevan [11] study, 20 Gy/5fx in the De Puysseleyr’s
experience [12] and 30 Gy/15fx with simultaneous boost up
to a total dose of 37.5 Gy in the Kao’s paper [44].

Moreover, the methods and scales used to evaluate the
clinical efficacy of scalp-sparing RT differ in each experi-
ence: the Duke University Severity in Alopecia Tool (SALT)
[45] score was used to objectively quantify hair loss from
photographs of the scalp taken before and after treatment in
the work of Kao; the European Organization for Research
and Treatment of Cancer (EORTC) Quality of Life Ques-
tionnaire Brain Cancer Module (EORTC-QLQ-BN20)
was used by De Puysseleyr et al. [12]. On the other hand,
Mahadevan et al. choose another strategy [11]: the authors
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Records removed before screening:
Duplicate records removed (n=44)

Fig.2 PRISMA on PubMed )
Literature Search on scalp-
sparing RT = R — .
S ecords identified from:
MEDLINE (n=52)
- EMEASE (n=113)
=
@
=

e |

remaoved
n=121)

Records after duplicates

Abstract, review, letter, survey, case
report removed (n=31)

Y

l

removed
(n=90)

Reports after abstract, review,
letter, survey, case report

Dosimetry, anatomy, children, primary
| | tumor, animals, no English language
removed (n=23)

)

(=67}

Reports Dosimetry, anatomy,
children, primary tumor, animals,
no English language removed

Mo outcome removed (n=64)

_

(n=3)

Included

Studies included in review

observed that six patients who underwent hippocampal-
sparing WBRT at 1-month follow-up had a full scalp hair
preservation. So, a 5 mm thickness of follicle-bearing scalp
in the radiation field was outlined in the planning CT scans,
and then conventional opposed lateral WBRT radiation
fields were used on these patient-specific image sets, with
the treatment planned to deliver the same nominal dose of
30 Gy in 10 fractions. Then mean and maximum doses to
follicle-bearing skin and dose volume histogram (DVH) data
were confronted between plans.

The rates of hair preservation reported are also differ-
ent. Mahadevan et al. analyzed the treatments of the first
six consecutive patients who received hippocampal-sparing
WBRT and were noted to have full preservation of scalp
hair on follow-up, but did not specify how many patients
were treated overall in the same way in the same period,
and the percentage of this group [11]. In the phase II trial of
De Puysseleyr et al., VMAT-WBRT substantially reduced
hair follicle dose, especially on the frontal-vertex-occipital
medial axis, but these dose reductions were not related to an
improved quality of life (QoL) or SALT score, so the study
was halted due to futility after interim analysis on the first
10 patients included [12]. In the report of Kao et al., all the

15 assessable patients had complete hair loss. In the subse-
quent evaluation, at one month to three months following
intensity-modulated WBRT, 4 patients (27%) had < 50% hair
loss, 6 (40%) had 50 to 74% hair loss, and 5 (33%) had 75
to 99% hair loss; among the 5 patients with 75 to 99% hair
loss, 2 had 75 to 99% hair loss prior to WBRT and 1 was
receiving chemotherapy at the time of re-evaluation. Five
patients surviving more than 6 months had no alopecia at
last follow-up. Unfortunately, a clinical comparison of the
incidence of alopecia in patients treated without scalp spar-
ing was not done [44].

The quality score ranged between 13 and 15; further
details are reported in Supplementary Table 2.

Cochlear-sparing RT
A total of 120 citations were found; among the excluded
works, 7 were duplications and the remaining 113 did not

respect the inclusion criteria. In conclusion, no citations
were selected; more details are described in Fig. 3.

@ Springer
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Fig.3 PRISMA on PubMed
Literature Search on cochlea-
sparing RT = . . .
paring s Records 'de“_“ﬁ""d from: Records removed before screening:
é Eﬁgkgf(%ﬂ_—;f)) ——*| Duplicate records removed (n=7)
=
)
=
Yy l
Records after duplicates Abstract, review, letter, survey, case
{em&v;)d ™ report removed (n=3)
n:
=
£
g !
b IRﬁpO“S after abstract, r?Tview, Dosimetry, anatomy, children, primary
Celer, szwey, Case repo — 3| tumor, animals, no English language
:ﬁf‘ﬂ"g) removed (n=110)
_—

|

(n=0)

Included

Studies included in review

Meta-analysis

Meta-analysis could only be performed for the papers focus-
ing on the hippocampal-sparing procedures; in fact, from the
initial 21 selected papers, only 9 met the inclusion criteria
[1,27-31,40,41, 43].

The analysis of the heterogeneity of the studies (carried
out for the purpose of choosing the model to apply, fixed
effects or random effects) showed a high heterogeneity,
both with the Cochran Q test (chi-square =229.96, df = 8,
p <0.001), with the I? index (96.52%) and the H2M index
(27.75).

For this reason, we opted for random effect models:
DerSimonian Laird (DL), maximum likelihood (ML), and
profile likelihood (PL) which provided widely overlapping
results, as can be seen from the forest plot.

It follows that, although the data show an average protec-
tive effect of hippocampal avoidance on cognitive perfor-
mance, the meta-analysis, based on the available studies,
is unable to demonstrate its significance (Fig. 4). However,
the findings indicate the need for further studies to explore
this issue. The complete forest plot, with all the outcomes
considered for each of the seven studies, is described in Sup-
plementary Fig. 1.

Discussion

In contrast to previous practice, the role of WB has become
increasingly palliative, reserved for cases where the prognosis
is severe despite target therapies or immunotherapy, or when
the total treatment volume (regardless of number) exceeds
15 cc. Indeed, thanks to the great advances in cancer treatment
with new targeted anticancer drugs, the prognosis of patients
with BM has greatly improved, thus leading to a preference
for SRS treatment wherever possible. Consequently, there has
been a notable shift in emphasis toward the quality of life of
patients, with a particular focus on the long-term safeguarding
of cognitive, hair, and hearing functions [6].

On the other hand, patients with numerous intraparenchy-
mal BM or leptomeningeal disease are excluded from SRS
due to increased risk of intracranial recurrence compared
to WBRT [46-51]. Moreover, WBRT remains a possible
therapeutic option for prophylactic cranial irradiation (PCI)
following thoracic chemo-radiation therapy in patients with
limited-stage small cell lung cancer (SCLC) [52].

Unfortunately, WBRT can be associated with a significant
decline in NCF linked to radiation exposure of neural stem
cells within the hippocampal dentate gyrus [35, 53-58].

Recently, more attention has been paid to symptom-
related outcomes of care, especially to NCF and QoL [35,
57-60].

With improvements in RT systems technology, it is now
possible to modify treatment plans to selectively spare
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Fig.4 Forest plot of 7 studies on hippocampal-sparing RT

structures that may contribute to an improvement in patient
QoL and NCF.

Neurocognitive functions and hippocampal-sparing
RT

The hippocampus and its associated limbic structures have
long been recognized as essential for memory formation.
Preclinical studies have demonstrated that radiation expo-
sure leads to the depletion of hippocampal stem cells, as well
as structural and functional alterations in mature neurons.
Numerous feasibility and planning studies have confirmed
the potential of modern radiotherapy (RT) technologies to
spare the hippocampus during whole-brain irradiation. It is
now both technically and dosimetrically feasible to design
treatment plans that preserve hippocampal integrity while
maintaining adequate coverage of target volumes. Recent
advancements have further enabled the delivery of hip-
pocampal-sparing whole-brain radiotherapy (HS-WBRT)
in conjunction with a simultaneous integrated boost (SIB)
to metastatic brain lesions [14, 61].

@ Springer
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In this review, a total of 18 studies have been analyzed
for this setting, both prospective and retrospective in
nature, describing promising results through the use of
the sparing strategy. However, while we observed a certain
homogeneity regarding the definition of the hippocampal-
sparing WBRT and the used dose constraints, the stud-
ies showed a high heterogeneity in terms of sample size
and neurocognitive function evaluation. Each experience
used different sets of tests for the evaluation, administered
to the patients at different time points (sometimes more
lax and sometimes more steer), with a follow-up period
stated only in ten experiences and ranging from 0.03 to
56 months. Moreover, in one study, memantine was added
to the hippocampal-sparing WBRT, probably having
a synergic effect [28]. Another possible bias is that we
also considered studies in which WBRT was used with a
prophylactic intent in SCLC patients among the inclusion
criteria for this review, with four studies among the nine
considered in the meta-analysis focusing on this setting.

Regarding the meta-analysis, only nine studies could be
evaluated [1, 27-31, 41, 43], showing a tendency toward
a protective effect of hippocampal-sparing WBRT for the
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neurocognitive functions, but not reaching statistical signifi-
cance. The heterogeneity level described above could also
probably explain the meta-analysis results. For the sake of
clarity, one of the selected studies [1] showed some incon-
sistencies regarding the neurocognitive data test, and we
tried to reach the authors to have some answers [63], but
we did not receive answers. We proceeded with the analy-
sis considering these inconsistencies only an article editing
problem.

However, even though of the high heterogeneity among
these studies, the tendency to a protection effect in addition
to the low rate of hippocampal relapses with this technique,
highlighted by the recent systematic review conducted by
Leskinen et al. [64], makes the hippocampal-sparing WBRT
a very promising therapeutic strategy.

Radiation-induced alopecia and scalp-sparing RT

Hair loss is one of the most frequent side effects in patients
receiving WBRT with conventional fractionation [12] with
an important impact on patients’ quality of life [65, 66].

Different strategies, generally topical ones, have been
used to decrease the incidence and severity of alopecia after
RT; however, no clinical benefit was found [10, 14, 56-72].

Different papers described a tolerance dose to the scalp
for permanent alopecia after definitive RT for brain tumors,
and the new technologies, such as IMRT or VMAT, made
scalp-sparing WBRT an interesting, useful strategy [10, 65,
66].

In this review, only three studies have been selected for
this topic [11, 12, 44], one prospective and two retrospective
ones. These three studies, other than a different sample size,
show two important differences; the first one is a difference
in the definition of the scalp structure (Table 2), while the
second one is the use of different scales for the alopecia
evaluation. Moreover, in the paper by Mahadevan et al. [11]
the alopecia preservation effect was obtained through hip-
pocampal sparing procedures and not a scalp-sparing one.
Even though all of them describe positive results with the
use of scalp-sparing WBRT, a possible comparison of these
results is quite difficult.

Hearing loss and cochlear-sparing RT

This systematic review was not able to find any paper that
could fulfill the selection criteria.

Several studies have attempted to relate mean or median
cochlear dose to persistent hearing loss in different settings,
generally head and neck cancers, without clear results. This
could be probably explained by the fact that generally, a
dose—volume analysis is impractical for the cochlea due

to its small volume and the limitations associated with its
delineation. Despite extensive research, no conclusive evi-
dence has been found regarding cochlear toxicity, even in
studies focusing on patients diagnosed with cerebral lym-
phoma, long-term survivors, and the elderly. Moreover, a
possible evaluation of the hearing loss could be biased in
these patients by other factors, like the type of prescription
dose, the platinum-based chemotherapy administered before
and/or after cochlear-sparing RT [16-19].

Conclusions

From the data of this review, we observed how the strat-
egy of sparing organs at risk during RT, in particular the
hippocampus and scalp during whole-brain irradiation, is
still a fascinating issue that still has a certain appeal in the
radiation oncology community, but robust data that can
verify its actual effectiveness are not yet available. This
absence of evidence could be due to the high level of het-
erogeneity among published studies, especially regarding
the modalities of the organs sparing procedures and the
lack of adequate tests to evaluate the effectiveness of this
approach. Our findings indicate the need for further studies
to explore this interesting issue.
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