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Immune checkpoint inhibitor therapy may increase the incidence
of treatment-related necrosis after stereotactic radiosurgery for brain
metastases: a systematic review and meta-analysis
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Abstract
Objectives To compare the incidence of treatment-related necrosis between combination SRS+ICI therapy and SRS therapy
alone in patients with brain metastases from melanoma and non-small cell lung cancer (NSCLC).
Methods A systematic literature search of Ovid-MEDLINE and EMBASEwas performed up to August 10, 2020. The difference
in the pooled incidence of treatment-related necrosis after SRS+ICI or SRS alone was evaluated. The cumulative incidence of
treatment-related necrosis at the specific time point after the treatment was calculated and plotted. Subgroup and meta-regression
analyses were additionally performed.
Results Sixteen studies (14 on melanoma, 2 on NSCLC) were included. In NSCLC brain metastasis, the reported incidences of
treatment-related necrosis in SRS+ICI and SRS alone ranged 2.9–3.4% and 0–2.9%, respectively. Meta-analysis was conducted
including 14 studies onmelanoma brain metastasis. The incidence of treatment-related necrosis was higher in SRS+ICI than SRS
alone (16.0% vs. 6.5%; p = 0.065; OR, 2.35). The incidence showed rapid increase until 12 months after the SRSwhen combined
with ICI therapy (14%; 95% CI, 8–22%) and its pace of increase slowed thereafter. Histopathologic diagnosis as the reference
standard for treatment-related necrosis and inclusion of only symptomatic cases were the source of heterogeneity in SRS+ICI.
Conclusions Treatment-related necrosis tended to occur 2.4 times more frequently in the setting of combination SRS+ICI therapy
compared with SRS alone in melanoma brain metastasis showing high cumulative incidence within the first year. Treatment-
related necrosis should be considered when SRS+ICI combination therapy is used for melanoma brain metastasis, especially in
the first year.
Key Points
• Treatment-related necrosis occurred 2.4 times more frequently in the setting of combination SRS+ICI therapy compared with
SRS alone in melanoma brain metastasis.

• Treatment-related necrosis more frequently occurred in brain metastases from melanoma than NSCLC.
• Reference standard for treatment-related necrosis and inclusion of only symptomatic treatment-related necrosis were a
significant source of heterogeneity, indicating varying definitions of treatment-related necrosis in the literature need to be
unified.
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Abbreviations and acronyms
CI Confidence interval
ICI Immune checkpoint inhibitor
KM curve Kaplan-Meier curve
NSCLC Non-small cell lung cancer
SRS Stereotactic radiosurgery

Introduction

Brain metastases develop in approximately 40% of adult can-
cer patients [1, 2]. The most common primary malignancies
that result in brain metastases are lung cancer and melanoma
[3]. Non-small cell lung cancer (NSCLC) has the higher prev-
alence of the two malignancies. At diagnosis, 16–27% of pa-
tients with NSCLC have brain metastases while the 5-year
cumulative incidence of brain metastasis in patients with
NSCLC has been reported at 20–25% [4, 5]. Melanoma has
a high tendency to metastasize to the brain: 28% of patients
with metastatic melanoma have brain metastases at the time of
diagnosis [5] while the reported incidence in autopsy cases has
been up to 75% [6–8]. In the USA, approximately 50,000
patients with NSCLC or melanoma develop brain metastases
every year [9].

Radiation therapy is one of the most commonly used ther-
apies for brain metastases, as recommended in National
Comprehensive Cancer Network (NCCN) guidelines, in part
because few systemic agents penetrate the blood-brain barrier
[10]. The most significant toxicity of brain-directed stereotac-
tic radiosurgery (SRS) is treatment-related necrosis.
Approximately 30% of treated lesions increase in size and
change their pattern of contrast enhancement as a response
to SRS, with a peak at 12–18 months after radiation therapy
[11]. Recently, several studies demonstrated the synergistic
effect of systemic immune check point inhibitor (ICI) thera-
peutics in patients treated with SRS [12–14]. However, pub-
lished literature have also suggested an association between
the use of ICI and development of treatment-related necrosis
[15, 16].

We performed a systematic review and meta-analysis to
evaluate and compare the incidence of treatment-related ne-
crosis between combination SRS+ICI therapy and SRS ther-
apy alone in patients with brain metastases from NSCLC and
melanoma.

Materials and methods

This study was conducted according to the guidelines of the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) [17].

Search strategy and eligibility criteria

A literature search of the MEDLINE/PubMed and EMBASE
databases was conducted using pertinent MeSH or EMTREE
terms with common keywords for relevant articles until
August 10, 2020. The search terms were as follows: ((brain
metasta*) AND ((treatment-related necrosis) OR
(radionecrosis)) AND ((immunotherapy) OR (immune check-
point inhibitor) OR (immune checkpoint blockade) OR
(CTLA4) OR (CTLA-4) OR (PD1) OR (PD-1) OR (PD-L1)
OR (ipilimumab) OR (nivolumab) OR (pembrolizumab))).
The search was not limited by language, human, animal study,
or publication date.

After eliminating duplicates, articles were screened on the
basis of the title and abstract. Full-text articles were assessed
according to the following eligibility criteria: (a) population:
patients with brain metastasis from melanoma or NSCLC; (b)
intervention: SRS with ICI; (c) comparator(s)/control: SRS
alone; (d) outcomes: incidence of treatment-related necrosis;
(e) study design: not limited. We excluded studies that met
any of the following criteria: (a) review; (b) case reports or
case series including fewer than 10 patients; (c) conference
abstracts; (d) letters, editorials, reply, and comments; (e) ani-
mal studies; (f) studies on pediatric patients; (g) studies with a
partially overlapping patient cohort (for studies with an over-
lapping study population, the study with the largest population
was selected). The literature search and criteria application
were conducted independently by two authors (P.H.K. and
C.H.S., with 3 and 7 years of experience in performing sys-
tematic reviews and meta-analyses, respectively). Any dis-
crepancies were resolved via consensus meeting.

Data extraction and quality assessment

A standardized extraction form was used to obtain the follow-
ing information from the selected studies: (a) study character-
istics: institution and nation, recruitment period, study design
(retrospective vs. prospective); (b) demographic and clinical
characteristics: primary malignancy (melanoma vs. NSCLC),
number of treated patients/lesions, age and sex distribution of
the study population, follow-up period; (c) characteristics as-
sociated with the diagnosis of treatment-related necrosis: ref-
erence standard (clinical and radiologic diagnosis vs. histo-
pathologic diagnosis), clinicoradiologic definition of
treatment-related necrosis, presence vs. absence of associated
symptoms; (d) characteristics associated with treatment: treat-
ment used (SRS+ICI vs. SRS), ICI used (e.g., ipilimumab,
pembrolizumab, and nivolumab), dose of ICI, timing of ICI
(e.g., before SRS, after SRS, or concurrent use), mode of RT,
dose, fraction, and gross target volume; (e) characteristics as-
sociated with outcome: incidence of treatment-related necro-
sis, interval from the treatment to the diagnosis of treatment-
related necrosis if available. The quality of evidence in the
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included studies was evaluated using the Grading of
Recommendations Assessment, Development, and
Evaluation (GRADE) system [18, 19]. The GRADE system
rates the quality of evidence from very low to high based on
study design, risk of bias, imprecision, inconsistency, indirect-
ness, magnitude of effect, dose-response relationship, and
consideration of all plausible residual confounders. The data
extraction and quality assessment were conducted indepen-
dently by two authors (P.H.K. and C.H.S., with 3 and 7 years
of experience in performing systematic reviews and meta-
analyses, respectively). Any discrepancies were resolved via
consensus meeting.

Data synthesis and analysis

The primary study outcome of this meta-analysis was the dif-
ference in the incidence of treatment-related necrosis after the
use of combination SRS+ICI therapy vs. SRS therapy alone.
The incidences of treatment-related necrosis reported in each
included study were pooled separately based upon the treat-
ment groups. Meta-analytic pooling was based on the inverse
variance method for calculating weights so as to give more
importance to larger studies, and the pooled estimates with
their 95% confidence intervals (CI) were determined using
DerSimonian–Laird random-effects modeling. In addition,
between-study heterogeneity was assessed using the Q test
and I2 statistic, with I2 > 50%, indicating the presence of
heterogeneity [20–22]. Publication bias was evaluated using
the funnel plot and Egger’s test [23, 24]. Publication bias-
adjusted estimates were also obtained using the trim and fill
method if significant publication bias was noted. Indirect
comparisons were then made between the treatment groups,
and odds ratio (OR) with 95% CI was additionally calculated.
Direct comparison, which only included studies providing di-
rection comparison between SRS+ICI and SRS groups, was
also performed, also expressed as ORs with 95% CI.

In addition, the cumulative incidence of treatment-related
necrosis at the specific time point after the treatment (includ-
ing 95% CIs) was calculated and plotted. For this, Engauge
Digitizer (Version 10.7; http://markummitchell.github.io/
engauge-digitizer) was used to extract cumulative incidence
of treatment-related necrosis at the specific time point based
on the Kaplan-Meier (KM) curves provided in the study if
available. Then, the cumulative incidence at each specific time
point was meta-analytically pooled using the restricted
maximum-likelihood estimation of random-effects model.

Subgroup and meta-regression analyses were additionally
performed to identify the source of heterogeneity and to dem-
onstrate the incidence of treatment-related necrosis in each
subgroup. In the analysis, the study in which both clinical
and radiologic and histopathologic diagnoses were used as
the reference standard was categorized into clinical and radio-
logic diagnosis subgroups.

Statistical analyses were performed using R software (ver-
sion 3.1.2; R Foundation for Statistical Computing) with the
“meta” and the “metafor” packages, and line graphs were
drawn with the “ggplot2” package. In the indirect comparison
and meta-regression analysis, p < 0.05 was considered statis-
tically significant.

Results

Literature search

A flowchart of the publication selection process is summa-
rized in Fig. 1. A total of 159 non-duplicated studies were
identified. Of these, 124 articles were excluded on the basis
of their titles and abstract because of the following reasons: (a)
conference abstract (n = 83); (b) not in the field of interest (n =
67); (c) reviews (n = 41); (d) case reports (n = 5); (e) editorials
(n = 5); (f) animal studies (n = 3); (g) reply (n = 2); and (h)
studies on pediatric population (n = 1). Subsequently, 35 po-
tentially eligible articles were assessed according to the eligi-
bility criteria, and 19 additional studies were excluded because
of the following reasons: (a) articles reporting incidence of
treatment-related necrosis but including target primary tumor
(i.e., melanoma and NSCLC) and non-target tumor in an in-
separable way (n = 8); (b) articles not reporting the incidence
of treatment-related necrosis (n = 6); (c) studies with a partial-
ly overlapping patient cohort (n = 4); and (d) articles reporting
the incidence of treatment-related necrosis but including
SRS+ICI and SRS-alone groups in an inseparable way (n =
1). Consequently, a total of 16 studies including 16 cohorts
using SRS+ICI [12–14, 16, 25–36] and 8 cohorts using SRS
[12, 14, 16, 25, 26, 29, 31, 35] met the eligibility criteria and
were included in the analysis.

Characteristics of the included studies

The detailed study and patient characteristics are summarized
in Table 1. All included studies were conducted as a retrospec-
tive design, and two studies were conducted as multicenter
studies [13, 28]. All but three studies were conducted in the
USA [12–14, 16, 25–27, 29, 31, 33–36]. Primary tumors of
the brain metastases were melanoma in 14 studies [13, 14, 16,
25–34, 36], and NSCLC in the other two studies [12, 35].
Fourteen of 16 studies conducted the per-patient analysis
[12, 13, 16, 25–30, 32–36], and the other two studies conduct-
ed the per-lesion analysis [14, 31].

The detailed characteristics associated with the diagno-
sis of treatment-related necrosis are summarized in
Table 2. Reference standards for the diagnosis of
treatment-related necrosis were variable and variably re-
ported. The histopathologic diagnosis was used as the
reference standard in four studies [14, 33–35], and the
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clinical and radiologic diagnosis was used as the reference
standard in seven studies [12, 13, 16, 27, 29, 30, 32]. In
four studies, both histopathologic diagnosis and the clin-
ical and radiologic diagnosis was used as the reference
standard [16, 28, 31, 36]. The clinical and radiologic def-
inition of treatment-related necrosis is highly variable
across the studies. Ten studies defined clinicoradiologic
treatment-related necrosis [12, 13, 16, 27–32, 36], and
the most common element for the diagnosis of
treatment-related necrosis was stable or improved radio-
graphic findings during the follow-up, which was used in
seven studies [13, 16, 27, 28, 30, 31, 36] (Table 2).
However, only two studies elucidated the exact follow-
up period for the diagnosis (“6 months” in Minniti et al
[13] and “two consecutive scans” in Pires da Silva I et al
[28]). Furthermore, only two studies specified in the def-
inition that the location of the treatment-related necrosis
was the same location previously irradiated [13, 29]. No
studies specified the minimum interval between the radi-
ation and necrosis for the diagnosis. Two studies men-
tioned conventional MR features indicating necrosis in
their definitions (e.g., enhancing lesion with a central area
of necrosis, peripheral enhancement, and central
hypointensity) [28, 30]. Six studies [27–32] used

advanced MRI techniques for the diagnosis, including
perfusion imaging [27, 29–32] and MR spectroscopy
[29, 32]. Two studies used FDG-PET for the diagnosis
of the treatment-related necrosis [28, 31]. The information
regarding symptomatic vs. asymptomatic treatment-
related necrosis were available in 13 studies [12–14, 16,
25, 27–30, 32, 33, 35, 36] and the proportion of symp-
tomatic treatment-related necrosis ranged 25–100%, and
seven studies only included symptomatic treatment-
related necrosis [12–14, 25, 32, 33, 35]. The median
follow-up period ranged 5–31.6 months.

The treatment characteristics are summarized in Table 3.
Maximum interval between SRS and ICI to define SRS+ICI
combination therapy was described in seven studies, ranging
from 2 to 3 days to 1 year [12, 13, 28–30, 33, 36]. Among the
included studies, eight studies used only SRS [12–14, 26, 29,
30, 33, 35], and the other eight studies used also whole-brain
radiation therapy or fractionated stereotactic radiotherapy for
their study population [16, 25, 27, 28, 31, 32, 34, 36]. The
types of ICI used were available in all except one study.
Ipilimumab was only used in six studies [14, 25–27, 29, 34],
and pembrolizumab was only used in two studies [30, 32].
The other six studies used two or more ICIs for their study
population [12, 13, 16, 28, 35, 36].

Fig. 1 Flowchart of the study selection process
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Quality assessment

Since all studies were conducted as a retrospective fashion, all
were initially rated with a low certainty rate. In the risk of bias
domain, two studies were downrated as they performed per-
lesion analysis [14, 31]. In the inconsistency domain, one
study was downrated because of a large difference of reported
incidence compared to other studies [29]. Consequently, the
quality of evidence was low in 13 [12, 13, 16, 25–28, 30,
32–36], and very low in three studies [14, 29, 31].

Incidence of treatment-related necrosis

In melanoma brain metastasis including 14 studies [13, 14, 16,
25–34, 36], the incidences of treatment-related necrosis in
SRS and SRS+ICI group were 6.5% (95% CI, 2.4–16.1%)
and 16.0% (95% CI, 11.2–22.4%), respectively. In NSCLC
brain metastasis including two studies [12, 35], the incidences
of treatment-related necrosis in SRS and SRS+ICI group
ranged 2.9–3.4% and 0–2.9%, respectively. Meta-analytic
pooling was not conducted because of the small number of
included studies.

Considering the difference of incidence of treatment-
related necrosis and only two studies available on NSCLC
brain metastasis, further analyses were performed only for
14 studies on melanoma brain metastasis. In melanoma brain
metastasis, the incidence of treatment-related necrosis based
on random-effects modeling was higher in the SRS+ICI group
compared to SRS, with borderline significance (16.0% vs.
6.5%; p = 0.065; OR, 2.35 [95% CI, 0.948–5.818]; Fig. 2).
There was no significant publication bias noted in the SRS
group (p = 0.918), but significant publication bias was noted
in the SRS+ICI group (p = 0.010). After adjusting for publi-
cation bias using the trim and fill method, the pooled inci-
dence of treatment-related necrosis in the SRS+ICI group in-
creased moderately to 21.3% (95% CI, 14.8–29.6%). There
was substantial heterogeneity (I2 > 50%) observed in both
treatment groups. The difference was not demonstrated in
the direct comparison (OR, 0.84; 95% CI, 0.20–3.58; p =
0.816; Fig. 3).

In addition, the incidences of treatment-related necrosis at
the specific time points were pooled including the four studies
which provided the KM curves demonstrating the cumulative
incidence of treatment-related necrosis across the follow-up
[16, 28, 29, 36]. All four studies assessed the incidence of
treatment-related necrosis in patients with melanoma brain
metastasis with the clinical and radiologic diagnosis as the
reference standard. The proportion of symptomatic
treatment-related necrosis ranged from 54 to 75%. The medi-
an follow-up period of four studies ranged 7.3 to 26.3 months.
Consequently, cumulative incidences of treatment-related ne-
crosis 3 and 6 months and 1, 2, and 3 years after the use of
SRS+ICI in patients with melanoma brain metastasis were 3%

(95% CI, 1–6%), 6% (95% CI, 2–12%), 14% (95% CI, 8–
22%), 19% (95% CI, 15–24%), and 22% (95% CI, 17–26%)
(Fig. 4). The pooled incidence was slightly higher at the first
year, but did not reach statistical significance compared to that
at the second (p = 0.268) or third year (p = 0.137). One study
provided the KM curves demonstrating cumulative incidence
of treatment-related necrosis after SRS [29]; the 6-month cu-
mulative incidence was not statistically different between the
SRS+ICI and SRS groups (6% [95% CI, 2–12%] vs. 5.9%
[95% CI, 2–21%]; p = 0.888).

Subgroup and meta-regression analysis

The results of the subgroup and meta-regression analyses are
summarized in Table 4. Of note, reference standard for
treatment-related necrosis was identified as the source of het-
erogeneity in the SRS+ICI group. The incidence of treatment-
related necrosis was significantly higher when clinical and
radiologic diagnosis was used as the reference standard com-
pared to histopathologic diagnosis as the reference standard
(19.3% vs. 5.2%; p = 0.014). When histopathologic diagnosis
was used as the reference standard, the incidence of treatment-
related necrosis was not statistically different between the
SRS+ICI and SRS groups (5.2% vs. 2.3%; p = 0.408). The
incidence of treatment-related necrosis was higher in the
SRS+ICI group when the clinical and radiologic diagnosis
was used as the reference standard, but did not reach statistical
significance (19.3% vs. 8.3%; p = 0.115).

Symptomatic vs. asymptomatic treatment-related necrosis
was also identified as the source of heterogeneity in the SRS+
ICI group. The incidence of treatment-related necrosis was
significantly lower when analysis was restricted to the studies
only including symptomatic treatment-related necrosis com-
pared to that restricted to the studies including both symptom-
atic and asymptomatic (8.9% vs. 27.9%; p < 0.001). The trend
was also observed in the SRS group, but did not reach statis-
tical significance (5.5% vs. 10.1%; p = 0.603). Publication
year and method of analysis were also identified as the source
of heterogeneity in the SRS+ICI group, but the higher inci-
dence of treatment-related necrosis in the SRS+ICI group
remained in each subgroup except in the subgroup using
per-lesion analysis. Other covariates, including mode (SRS
alone vs. SRS combined with whole brain or fractionated
stereotactic radiotherapy) of SRS, were not identified as a
significant source of heterogeneity.

Discussion

This meta-analysis demonstrated that the incidence of
treatment-related necrosis was higher with the borderline sig-
nificance when using SRS plus ICI combination therapy than
SRS therapy alone for the treatment of melanoma brain
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metastases (16.0% vs. 6.5%; p = 0.065; OR, 2.35). Treatment-
related necrosis more frequently occurred with melanoma
than NSCLC.

The incidence of treatment-related necrosis showed rapid
increase until 12 months after the SRS treatment when com-
bined with ICI therapy (14%; 95% CI, 8–22%) and its pace of
increase slowed thereafter. In the subgroup and meta-
regression analysis, the reported incidence of treatment-
related necrosis was lower when histologic diagnosis was
used as the reference standard compared to clinical and radio-
logic diagnosis and when only symptomatic treatment-related
necrosis was included in the SRS+ICI group. The incidence of
treatment-related necrosis in the SRS+ICI group remained
higher when stratified by publication year and method of anal-
ysis, except in the subgroup using per-lesion analysis, which
were identified as sources of data heterogeneity.

SRS+ICI combination therapy has been increasingly
adopted since several studies demonstrated a high local

efficacy for the treatment of brain metastasis [12, 25, 30, 35,
37–39]. However, it has remained controversial whether
treatment-related necrosis, one of the most important toxicities
of SRS, occurs more frequently when combined with ICI
therapy [40]. Our study showed that treatment-related necrosis
more frequently developed in patients who received SRS+ICI
therapy than in those treated with SRS alone. The higher in-
cidence of treatment-related necrosis in the SRS+ICI group
was observed in all subgroup analyses, indicating that these
results are robust. This higher incidence could be explained by
the hypothesis that radiation induces immune activation
targeting not only tumor but also peritumoral brain tissue
[41–43]. In particular, for melanoma brain metastases,
treatment-related necrosis based on clinical and radiologic di-
agnosis developed in a considerable portion of patients, ap-
proximately 20% at the first year after the treatment.

However, it should be emphasized that diagnostic criteria
of and reference standard for treatment-related necrosis varied

Fig. 2 Forest plot for the incidence of the treatment-related necrosis after the use of stereotactic radiosurgery (SRS) with or without immune checkpoint
inhibitor (ICI) in melanoma brain metastasis

Fig. 3 Forest plot for the odds
ratio for the development of
treatment-related necrosis after
the use of stereotactic radiosur-
gery (SRS) with immune check-
point inhibitor (ICI) compared to
SRS in melanoma brain
metastasis

4125Eur Radiol  (2021) 31:4114–4129



across the studies. Moreover, the studies varied on whether
asymptomatic necrosis was included. These two factors may
be correlated because symptomatic treatment-related necrosis
requires further treatment such as surgery; thus, there may be a
bias toward having histopathological confirmation in patients
with symptomatic treatment-related necrosis.While histopath-
ologic diagnosis is the gold standard for the diagnosis of
treatment-related necrosis, brain biopsy and surgery are non-
trivial, and it is thus somewhat inevitable and clinically nec-
essary to define treatment-related necrosis with clinical and
radiologic information. However, in that setting, it is difficult
to differentiate treatment-related necrosis from true tumor pro-
gression [44]. The RANO brain metastasis working group
recommends follow-up imaging 4 to 6 weeks after assessment
in equivocal cases following SRS [45] and follow-up imaging
at 3-month intervals during immunotherapy [46, 47]. The ma-
jority of the included studies utilized this follow-up strategy,
but the exact follow-up period was often unreported.
Furthermore, some studies used advanced imaging and/or
FDG-PET for the diagnosis, but some studies did not. There
is currently no specific clinicoradiologic criteria for the diag-
nosis of treatment-related necrosis in the setting of SRS+ICI
combination therapy. Standards should be developed to im-
prove clinical practice and focus future research.

In this context, issues regarding pseudoprogression
should be further discussed. Treatment-related necrosis

refers to a late-delayed necrosis as a consequence of radi-
ation with or without chemotherapy, characterized by ir-
reversible damage to blood vessels leading to ischemic
necrosis, demyelination, and hemorrhage [44, 48]. In con-
trast, pseudoprogression refers to a unique, transient, pre-
dominantly radiologic phenomenon after the treatment,
usually used in patients with gliomas especially within 3
months after the treatment [44]. Advanced MR techniques
such as spectroscopy, perfusion imaging, and amino acid
PET have been reported to be helpful for discriminating
pseudoprogression and true progression [49, 50].
Recently, pseudoprogression is also used to indicate the
radiologic change of other cancers after immunotherapy
[51]. The pooled incidence of pseudoprogression seems to
be much higher in patients with glioblastoma (36%; 95%
CI, 33–40%) [52] than in patients with metastasis from
other solid tumors (6%; 95% CI, 5–7%) [53]. Indeed,
pseudoprogression as a consequence of ICI therapy in
the early time frame of treatment might be misinterpreted
to be treatment-related necrosis leading to a bias, but dis-
crimination between pseudoprogression and treatment-
related necrosis was not clear in the included studies,
which remains to be a diagnostic challenge.

In this meta-analysis, the incidence of treatment-related
necrosis was much higher in melanoma than NSCLC. This
finding might be due to the small number of NSCLC studies

Fig. 4 The pooled cumulative
incidence and incidence per 3
months of treatment-related ne-
crosis after the stereotactic radio-
surgery with immune checkpoint
inhibitor for the treatment of mel-
anoma brain metastasis across the
follow-up period. Error bars rep-
resent 95% confidence interval
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included, which may have led to inaccuracy of the pooled
estimate. However, the possibility of an intrinsic difference
in the sensitivity to radiation and/or ICI therapy between mel-
anoma and NSCLC cannot be excluded and has been previ-
ously reported with a treatment-related necrosis hazard ratio in
melanoma of 4.02 and in NSCLC of 2.56 compared also with
renal cell carcinoma [15]. Indeed, melanoma has been known
to be radioresistant thereby requiring a higher radiation dose to
control [54]. Although it was not possible to compare radia-
tion dose between NSCLC and melanoma brain metastasis in
our study because information regarding radiation dose was
not reported in two studies on NSCLC, it might be assumed
that a higher radiation dose might be prescribed during SRS
for treating melanoma brain metastasis, and this also could be
a reason to explain the difference of the incidence between
melanoma and NSCLC.

There are several notable limitations to this study. First, all
included studies were retrospective and assessment time for
the diagnosis of treatment-related necrosis was not clear in
most of the studies. Second, definitions of treatment-related
necrosis and follow-up time were inconsistent across the in-
cluded studies. Furthermore, only two studies specified in the
definition that the location of the treatment-related necrosis

was the same location previously irradiated. These would im-
pose the risk of inaccuracy of the pooled estimates. Third, the
number of included studies is modest, and in particular, there
were only eight studies providing information for the direct
comparison. Fourth, multicollinearity between the identified
sources of heterogeneity could not be assessed based on the
study-level data. Fifth, it was not possible to evaluate the
association between the development of treatment-related ne-
crosis and what and how ICI was used (e.g., monotherapy vs.
combination therapy, ipilimumab vs. nivolumab vs.
pembrolizumab). Finally, we could not perform meta-
regression analysis to evaluate whether the timing in regard
to ICI (before SRS vs. after SRS vs. concurrent use), mode,
and radiation fractions of SRS would be the source of hetero-
geneity. Further studies are required to clarify this issue.

In conclusion, treatment-related necrosis tended to oc-
cur 2.4 times more frequently in the setting of SRS+ICI
combination therapy compared with SRS alone in mela-
noma brain metastasis showing high cumulative inci-
dence within the first year. Treatment-related necrosis
should be considered when SRS+ICI therapy combina-
tion is used for melanoma brain metastasis, especially in
the first year.

Table 4. Summary of subgroup and meta-regression analysis

Covariate Stereotactic radiosurgery Stereotactic radiosurgery + immune
checkpoint inhibitor

p valueb

No. of studies % (95% CI) p valuea No. of studies % (95% CI) p valuea

Publication year

< 2018 4 8.8 (2.1–30.5) 0.247 7 23.1 (15.2–33.3) 0.026 0.278

≥ 2018 2 4.0 (1.6–10.0) 7 11.7 (7.4–18.1) 0.028

Analysis

Per-patient 4 8.8 (2.1–30.5) 0.247 12 18.6 (13.8–24.7) 0.002 0.528

Per-lesion 2 4.0 (1.6–10.0) 2 1.4 (0.3–6.7) 0.271

Reference standard for treatment-related necrosis

Histopathologic diagnosis 1 2.3 (1.0–5.4) 0.311 3 5.2 (1.6–15.5) 0.014 0.408

Clinical and radiologic diagnosis 5 8.3 (2.7–22.6) 11 19.3 (14.0–26.0) 0.115

Symptomatic treatment-related necrosis only included

Yes 2 5.5 (0.9–27.3) 0.603 5 8.9 (4.2–17.7) < 0.001 0.586

No 2 10.1 (0.5–71.2) 5 27.9 (22.5–34.0) 0.615

Immune checkpoint inhibitor used

Ipilimumab only 0 - - 6 12.7 (2.9–41.2) 0.752 -

Others 6 6.5 (2.4–16.1) 8 18.3 (12.4–26.0) 0.066

Mode of SRS

SRS alone 4 6.1 (1.8–19.1) 0.921 6 13.4 (6.9–24.2) 0.507 0.320

SRS combined with WBRT/FSRT 2 7.0 (0.9–37.1) 8 17.9 (11.5–26.8) 0.291

CI, confidence interval; WBRT, whole-brain radiation therapy; FSRT, fractionated stereotactic radiotherapy
a p value indicates the statistical difference between the two categories within each treatment group
b p value indicates the statistical difference between the two treatment groups within the same categories
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