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Abstract

Background and aim Stereotactic radiotherapy (SRT) is an established treatment for melanoma brain metastases (MBM).
Recent evidence suggests that perilesional edema volume (PEV) might compromise the delivery and efficacy of radiotherapy
to treat BM. This study investigated the association between SRT efficacy and PEV extent in MBM.

Materials and methods This retrospective study reviewed medical records from January 2020 to September 2023. Patients
with up to 5 measurable MBMs, intracranial disease per RANO/iRANO criteria, and on low-dose corticosteroids were
included. MRI scans assessed baseline neuroimaging, with PEV analyzed using 3D Slicer. SRT plans were based on MRI-CT
fusion, delivering 18-32.5 Gy in 1-5 fractions. Outcomes included intracranial objective response rate (iORR) and survival
measures (L-iPFS and OS). Statistical analysis involved decision tree analysis and multivariable logistic regression, adjust-
ing for clinical and treatment variables.

Results Seventy-two patients with 101 MBM were analyzed, with a mean age of 68.83 years. The iORR was 61.4%, with
Complete Response (CR) in 21.8% and Partial Response (PR) in 39.6% of the treated lesions. PEV correlated with KPS,
BRAF status, and treatment response. Decision tree analysis identified a PEV cutoff at 0.5 cc, with lower PEVs predicting
better responses (AUC =0.82 sensitivity: 86.7%, specificity:74.4%,). Patients with PEV>0.5 cc had lower response rates
(iORR 44.7% vs. 63.8%, p<0.001). Median OS was 9.4 months, with L-iPFS of 27 months. PEV significantly impacted
survival outcomes.

Conclusions A more extensive PEV was associated with a less favorable outcome to SRT in MBM.
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Introduction Methods
Brain metastases from melanoma represent a significant ~ Patients selection

clinical challenge due to their poor prognosis and the com-
plexities of treatment. Melanoma, known for its aggressive
nature, frequently metastasizes to the brain, complicating
management and impacting survival outcomes [1]. The
incidence of brain metastases in melanoma patients has
increased with advances in systemic therapies, highlighting
the need for effective local treatment strategies [2]. Despite
improvements in targeted therapies and immunotherapies,
patients with melanoma brain metastases often face lim-
ited treatment options and a diminished quality of life [3].
Radiotherapy (RT), whether used alone or in conjunction
with surgery and/or systemic therapy, remains a key treat-
ment strategy for managing BMs [4]. Specifically, stereo-
tactic radiotherapy (SRT) is employed to treat patients with
up to four unresected BMs, each with a diameter of 30 mm
or less, as well as the surgical cavities of patients who have
had one or two BMs removed [4—7]. SRT achieves local
control rates ranging from 75 to 95% [8—10], leads to a bet-
ter quality of life (QoL) compared to whole brain radiation
therapy (WBRT) alone [3—4], and can work in synergy with
systemic therapies, including immune checkpoint inhibi-
tors (ICIs) [11-15]. Despite these benefits, the prognosis for
BMs treated with SRT remains poor, with median overall
survival (OS) being less than one year [16, 17]. To date,
only a few predictive factors for response have been identi-
fied, such as the Karnofsky performance score (KPS), the
number of BMs, presence of extracranial metastases, certain
molecular and radiomic characteristics, the dose/volume
ratio, and the concurrent use of systemic therapies, among
others [18-21].

Perilesional edema volume (PEV) is a significant cause of
morbidity in patients with both primary and metastatic brain
tumors [22]. It has been associated with cancer cell infiltra-
tion [23, 24], hypoxia, and neovascularization [25], all of
which are known to hinder the effectiveness of radiation and
systemic therapies. Larger PE diameters have been linked to
a higher risk of intracranial progression and a reduced likeli-
hood of responding to SRT [26-28] or systemic treatments
[29] for BMs originating from NSCLC. However, the role
of PEV as a predictive factor for response to SRT in brain
metastases from melanoma (MBM) remains unclear.

This study seeks to assess the impact of PEV on intra-
cranial response and its association with survival in patients
with MBM treated with SRT in combination with systemic
therapy.
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This retrospective study was performed at the Radiation
Oncology Unit of Azienda Ospedaliera Universitaria Sen-
ese in Siena, Italy, covering the period from January 2020 to
September 2023. Clinical characteristics, histopathological
findings, molecular profiles, and details of systemic treat-
ments were gathered from patient medical records. The
inclusion criteria for this study included: (i) patients with up
to 5 melanoma brain metastases (MBMs); (ii) measurable
intracranial disease according to RANO [30] and iRANO
[31] guidelines; (iii) treatment involving stereotactic radio-
therapy (SRT); and (iv) administration of a low dose of
corticosteroids (less than 2 mg/day of dexamethasone) at
the time of the brain MRI prior to SRT. Exclusion criteria
involved: (i) any prior treatment for MBMs; (ii) prior surgi-
cal removal or whole-brain radiation therapy (WBRT); (iii)
diagnosis of meningeal carcinomatosis; and (iv) absence of
a baseline brain MRI. The study was conducted following
the principles of the Declaration of Helsinki and received
ethical approval from the institutional review board of “Le
Scotte” Hospital of Siena. Written informed consent was
obtained from each participant, and patient confidentiality
was maintained by anonymizing all data prior to analysis.

Imaging and measurements

This study exclusively utilized MRI scans for imaging
assessments. Standard MRI sequences included axial T1,
T2-weighted, and FLAIR images. Baseline neuroimaging
features were independently evaluated by two radiation
oncologists and a neuroradiologist before the initiation of
local therapy. The MRIs obtained at enrollment were ana-
lyzed using 3D Slicer software (https://www.slicer.org).
For each MBM, segmentation was performed on contrast-
enhanced 3D T1-weighted images to determine the gross
tumor (GT) volume (Fig. 1a). The volume of perilesional
edema (PEV) was quantified by segmenting FLAIR/
T2-weighted images (Fig. 1b). The Fast GrowCut Extension
with Laplacian O settings was used to create 3D models.
Both PE and GT volumes were measured in cubic centi-
meters (cc). Tumors that exhibited overlapping edema due
to proximity to other lesions or were incompatible with 3D
Slicer’s processing were excluded from the analysis (See
Fig. 2).

SRT and systemic treatments

Treatment plans were developed by integrating thin-slice
MRI with stereotactic CT scans. The gross tumor volume
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Fig. 1 Segmentation of Gross
Tumor Volume (GT) on contrast-
enhanced T1-weighted images (a)
and Perilesional Edema Volume
(PEV) on FLAIR-weighted
images
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(GTV) was delineated as the entire visible lesion on the
CT/MRI fusion. To account for potential errors in imaging
fusion, contouring, setup variations, and patient movement
during treatment, a 3 mm isotropic margin was added to the
GTV to form the planning target volume (PTV). SRT was
administered with a total dose of 18-32.5 Gy delivered over
1 to 5 fractions. The total dose, fractionation schedule, and
concomitant systemic therapies were individualized based
on discussions in a multidisciplinary tumor board.

Outcome measures

The primary outcome of interest was the intracranial
objective response rate (iI0RR), defined as the percent-
age of patients achieving either a complete response (CR)
or partial response (PR) according RANO criteria. Brain

contrast-enhanced MRI was conducted at baseline, 8 to 10
weeks post-SRT, and subsequently every 4 to 6 months or
as clinically indicated. The duration of intracranial response
(L-iPFS) was measured from the time of SRT to the occur-
rence of local intracranial progression. Overall survival
(OS) was defined as the period from RT to death from any
cause. To ensure the accuracy of response evaluations, they
were independently reassessed by both a radiation oncolo-
gist and a neuroradiologist.

Statistical analysis
Continuous variables were summarized using medians and
interquartile ranges, while categorical variables were pre-

sented as frequencies and percentages. A decision tree anal-
ysis was performed to determine the cut-off point for PEV

@ Springer



614

Journal of Neuro-Oncology (2024) 170:611-618

that predicted treatment response. The analysis included:
Selection of ‘Response’ as the dependent variable and
‘Edema Volume’ as the independent variable; application
of the Classification and Regression Trees (C&RT) method
for its interpretability and ability to manage non-linear rela-
tionships; setting the maximum tree depth to 1 to establish
a single cut-off point, and using the Gini impurity measure
for splitting; validation through a 10-fold cross-validation
approach; and examination of the resulting decision tree
structure and classification rules. Comparisons between
patient groups classified by PEV cut-off points were con-
ducted using the Mann-Whitney U-test for continuous vari-
ables and the x2 test for categorical variables. Based on
expert input [31], a multivariable logistic regression model
was created to evaluate the impact of PEV on treatment
response, adjusting for gender, age, gross tumor volume,
SRT dose (Gy) per fraction, and type of systemic therapy
(none, immune checkpoint inhibitors (ICI), targeted ther-
apy (TT), or a combination of ICI and TT). Adjusted Odds
Ratios (aORs) for PR or CR and their 95% confidence inter-
vals were calculated. All statistical analyses were performed
using IBM SPSS Statistics (version 20.0), with significance
defined as a two-sided p-value < 0.05.

Results
Patients’ characteristics

Seventy-two patients with confirmed diagnoses of MBM
met the inclusion criteria and were eligible for analysis. The
mean age was 68.83 years (IQR: 61.0-77.0), with 59.3%
being male. At diagnosis, 20 patients had a Karnofsky Per-
formance Status (KPS)< 80, and 72.8% (n=52) had mul-
tiple MBM. A total of 101 MBMs were treated with SRT
(Table 1). The mean total prescription dose was 24.57 Gy
(range: 14-32.5 Gy), with a median of 27 Gy; 9 Gy per
fraction was the most common dose. Seventy-three MBMs
(72.3%) received the total dose in 3 fractions, 10 (9.9%) in
a single fraction, and 18 (17.8%) in 5 fractions. SRT was
performed concurrently with immune checkpoint inhibi-
tors (ICI) in 56.4% (n=>56) of treated MBM, with targeted
therapy (TT) in 11.9% (n=12), and without concurrent sys-
temic treatment in 31.7% (n=32).

Treatment outcomes

Post-SRT, complete response (CR) was observed in 21.8%
(n=22) of treated MBMs, partial response (PR) in 39.6%
(n=40), yielding an intracranial objective response rate
(1IORR) of 61.4%. Treated lesions had a mean gross tumor

Table 1 Characteristics of Melanoma Brain Metastasis (N=101) by Perilesional Edema volume (cm3)

Total Perilesion Edema < 0,5 cm > Perilesion Edema > 0,5 cm * p-value
Patients, N 72
MBM, N 101 45 56
Age, Median (IQR) 69,0 (61,0-77,0) 69,0 (63,0-78,0) 69,5 (60,0-76,0) 0,914
Gender, N(%) 41 (40,6) 26 (58,1) 15 (26,3) 0,008
Female 60 (59,4) 19 (41,9) 41 (73,7)
Male
BRAF mutational status, N (%) 46 (45,5) 17 (16,8) 29 (28,7) 0,086
Wild-type 51 (50,5) 25 (24,8) 26 (25,7)
Mutated 4(4) 1(1) 303)
Unknown
Total RT dose (Gy), Median (IQR) 27,0 (24,0-27,0) 27,0 (24,0-30,0) 27,0 (21,0-30,0) 0,965
N° of RT fractions, N (%) 10 (9,9) 4(3,9) 6(5,9) 0,250
1 73 (72,3) 32 (31,7) 41 (40,6)
3 18 (17,8) 2(1,9) 16 (15,9)
5
Systemic therapy, N (%) 32 (31,7) 20 (19,8) 12 (11,9) 0,067
None 57 (56,4) 19 (18,8) 38 (37,6)
Immunotherapy (IT) 12 (11,9) 5(5) 7(6,9)
Target therapy + 1T
Gross tumor volume (cm ), Median (IQR) 0,7 (0,2-2,3) 0,3 (0,1-0,4) 2,0 (0,9-3,5) <0,001
Treatment Response, N (%) 22 (21,8) 20 (19,8) 2(2) <0,001
CR 40 (39,6) 23 (22,8) 17 (16,8)
PR 21(20,8) 1(1) 20 (19,8)
SD 18 (17,8) 1(1) 17 (16,8)
PD

MBM: Melanoma Brain Metastasis; RT: Radiotherapy; CR: Complete Response; PR: Partial Response; SD: Stable Disease; PD: Progression

Disease
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Table 2 Logistic regression model for Objective Response (PR or CR)

Table 3 Results of Cox Regression Analysis for Long-Term Intracra-

(N=101) nial progression-free survival (L-iPFS) in Melanoma Brain metastases
Odds Ratio 95% CI p-value Variable Hazard Ratio 95% CI for HR p-value
Perilesional Edema Volume (cm3) (HR)

<0.5 cm3 Ref. PEV (Perilesional Edema 1.85 1.2-22 0.005
>0.5 cm3 0.06 0.01-0.51 0.010 Volume)

Gender Dose 1.13 0.82-1.53 0.440
Female Ref. GT Volume 1.06 0.5-2.4 0.620
Male 274 0.62-12.03  0.182 KPS 1.04 0.93-2.19 0.710
Age 099 095 1.04 0.756 Age 1.0 0.9-1.1 0.390
Gross Tumour Volume (cm3) Systemic Therapy 0.9 0.6-1.2 0.470
<0.7 cm3 Ref.

>0.7 cm3 085  0.04-0.86  0.032 (76.3% vs. 48.4%, p=0.016). Patients with PEV <0.5 cc had
RT dose (Gy) per fraction 140 1.04-188  0.026 90% disease control at 6 months and a median L-iPFS not
Systemic therapy reached, compared to those with PEV>0.5 cc (p=0.031).
None Ref. Multivariable analysis (Cox regression) showed that L-iPFS
Immunotherapy only 1.020.21-4.89 0976 was related to PEV (HR: 1.8, 95% CI: 1.2-2.2, p=0.001)
e ey andler 193 016723250605yt not GT volume (HR: 1.06, 95% CI: 0.5-2.4 p>0.05)

PR: Partial Response; CR: Complete Response; RT: Radiotherapy

(GT) volume of 1.41 cc (median: 0.7 cc) and a mean perile-
sional edema (PEV) volume of 3.6 cc (median: 1.9 cc). PEV
correlated significantly with KPS (p <0.001), BRAF muta-
tion status (p=0.022), GT volume (p <0.001), and iORR
(CR+PR) (p<0.001).

Decision Tree Analysis

A decision tree analysis identified a PEV cutoff of 0.5 cc
related to iORR. Patients with PEV<0.5 cc were more
likely to respond to treatment compared to those with
volumes> 0.5 cc (sensitivity: 86.7%, specificity: 74.4%,
AUC=0.82 [0.67-0.95]). iORR (CR+PR) was achieved
in 95.5% of patients with PE volume <0.5 cc, compared to
33.9% with PEV>0.5 cc (p<0.001) (Table 1).

Multivariable analysis

Multivariable analysis (Table 2) showed that a PEV>0.5 cc
was independently associated with a reduced probability of
achieving PR or CR (aOR: 0.06, 95% CI: 0.01-0.51), along
with higher RT doses (aOR: 1.40, 95% CI: 1.04-1.88) and
GT volume (aOR: 0.85, 95% CI: 0.04—0.86). Gender, age,
and systemic therapy were not significantly associated with
outcomes.

Survival outcomes

The median overall survival (OS) for the entire cohort was
9.4 months. The median local intracranial progression-free
survival (L-iPFS) was 24.7 months, with a 6-month local
control rate of 81.0%. Patients with PEV>0.5 cc had a
higher mortality rate compared to those with PEV <0.5 cc

(Table 3).

We conducted a subgroup analysis based on the GT vol-
ume to further evaluate the prognostic significance of the
perilesional edema volume (PEV). The analysis was strati-
fied into two groups: lesions with a volume<0.7 cc and
those> 0.7 cc. The PEV threshold of 0.5 cc was found to be
statistically significant in both subgroups. In patients with
lesions < 0.7 cc, those with a PEV < 0.5 cc did not reach the
median L-iPFS, whereas patients with a PEV >0.5 cc had a
median L-iPFS of 3 months (p=0.01). Similarly, in patients
with lesions > 0.7 cc, those with a PEV < 0.5 cc did not reach
the median L-iPFS, while patients with a PEV>0.5 cc had a
median L-iPFS of 4 months (p =0.032) (Fig. 3).

OS was associated with PEV (p=0.042, HR: 1.4, 95%
CI: 1.01-1.82) and the presence of extracranial disease
(»p=0.005, HR: 4.3, 95% CI: 2.2-5.2).

Discussion

This study highlights the relevance of perilesional edema
(PE) as a potential biomarker of intracranial response to
stereotactic radiotherapy (SRT) in patients with melanoma
brain metastases (MBM). PE is a significant cause of mor-
bidity and mortality in patients with central nervous system
(CNS) malignancies, including metastases [32]. It is asso-
ciated with blood-brain barrier disruption, plasma leakage,
and impaired oxygen delivery, contributing to a hypoxic
tumor microenvironment—a key factor in hypoxia-medi-
ated radioresistance [28]. Hypoxia-inducible factors (HIFs)
regulate genes involved in cell survival, glycolysis, angio-
genesis, and growth factor expression, all of which pro-
mote tumor growth and resistance to radiation therapy (RT)
[33]. Additionally, the hypoxic microenvironment leads
to genomic instability, reduced DNA repair, and increased
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cancer stem cell (CSC) activity, further contributing to
radioresistance [34, 35].

Our results demonstrate that MBM lesions with lower
PE volumes have better complete and partial response
(1IORR) rates to SRT compared to those with stable or pro-
gressive disease, underscoring the negative predictive role
of PE. Notably, lesions with minimal or no PEV (< 0.5 cc)
exhibit improved local intracranial progression-free sur-
vival (L-iPFS) and sustained responses. Multivariate logis-
tic regression analysis, adjusting for potential confounders
such as tumor volume and clinical variables, confirmed
that PEV is an independent predictor of poor radiological
response to SRT (p <0.05). This suggests that the impact
of PEV on treatment outcomes is not merely a reflection
of tumor size but represents an independent effect likely
related to hypoxia, tumor microenvironment changes, and
radioresistance associated with extensive PEV.

PEV also emerged as the sole independent predictor of
L-iPFS (p<0.01), with minimal or no PEV significantly
associated with prolonged L-iPFS. Subgroup analysis based
on lesion size (volume < 0.7 cc and > 0.7 cc) reinforced the
robustness of these findings across different tumor volumes.
These results suggest that PEV could serve as a simple yet
robust biomarker for predicting radiosensitivity and guiding
personalized treatment strategies.

Moreover, integrating PEV into prognostic models could
enhance the accuracy of response predictions and help iden-
tify high-risk patients who may benefit from intensified or
combination treatments. The significant association between
PE volume and overall survival (OS) further underscores
the importance of intracranial tumor control for survival,
although OS remains heavily influenced by the presence of
extracranial disease (HR 4.3). Measuring PE is a simple and
accessible method to predict intracranial response following
RT and could be integrated into clinical practice for iden-
tifying high-risk patients and supporting the rationale for
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combining anti-angiogenic agents with RT to reduce peritu-
moral vasogenic edema and improve outcomes.

Agents targeting the VEGF pathway have shown poten-
tial in preclinical and clinical models to normalize tumor
vasculature, reduce edema, enhance tissue oxygenation,
and improve the efficacy of RT, chemotherapy, or immu-
notherapy [37, 38]. Vascular normalization facilitates the
transport of therapeutic agents, enhances radiation-induced
DNA damage, activates immune responses, and reduces ste-
roid use, making it easier to implement immune checkpoint
inhibitors [39]. Our survival analysis further confirms the
prognostic significance of PE, suggesting that incorporat-
ing PE into prognostic models could improve accuracy for
patients with melanoma-related brain metastases.

The limitations of this study include its retrospective
design, small sample size, and the heterogeneity of the
patient population, which included various oncogene-driven
therapies, limiting the generalizability of the findings.

Conclusions

Although limited by the small number of patients and the
retrospective nature, our study seems to be the first to sys-
tematically evaluate the role of PE in response to SRT in
melanoma brain metastases, suggesting that PE is a strong
predictor of response to RT treatment in melanoma ME.
The identification of PE can help to better tailor therapeutic
strategies in this context and to identify candidates for treat-
ment intensification strategies, to increase the intracranial
response. PE could be a good tool to predict patient sur-
vival. It would be useful to investigate the addition of PE to
establish prognostic assessment models, further studies are
needed to validate these findings. The potential efficacy of
anti-angiogenic factors in high-risk patients needs further
investigation through phase III controlled trials.
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