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cancer: a systematic review and meta-analysis
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Summary

Background Patients with small cell lung cancer (SCLC) are at high risk for brain metastases. Prophylactic cranial
irradiation (PCI) is recommended in this population to reduce the incidence of brain metastases and prolong survival.
We aimed to assesses the efficacy of PCI in this population in the era of routine brain imaging. To our knowledge,
this is the first systematic review and meta-analysis to examine the use among patients who were radiographically
confirmed not to have brain metastases after completion of first-line therapy.

Methods In this systematic review and meta-analysis, cohort studies and controlled trials reporting on the use of PCI
for patients SCLC were identified in EMBASE, MEDLINE, CENTRAL, and grey literature sources. The literature
search was conducted on November 12, 2023. Summary data were extracted. Random-effects meta-analyses pooled
hazard ratios (HR) for the primary outcome of overall survival between PCI and no intervention groups. This
study is registered with the Open Science Framework, DOI:10.17605/OSF.I0O/BC359, and PROSPERO,
CRD42021249466.

Findings Of 4318 identified records, 223 were eligible for inclusion. 109 reported on overall survival in formats
amenable to meta-analysis; PCI was associated with longer survival in all patients with SCLC (HR 0.59; 95% CI,
0.55-0.63; p < 0.001; n = 56,770 patients), patients with limited stage disease (HR 0.60; 95% CI, 0.55-0.65;
p < 0.001; n = 78 studies; n = 27,137 patients), and patients with extensive stage disease (HR 0.59; 95% CI,
0.51-0.70; p < 0.001; n = 28 studies; n = 26,467 patients). Between-study heterogeneity was significant when
pooled amongst all studies (12 = 73.6%; 95% CI 68.4%-77.9%). Subgroup analysis did not reveal sources of
heterogeneity. In a subgroup analysis on studies that used magnetic resonance imaging to exclude presence of
brain metastases at restaging among all patients, overall survival did not differ significantly between patients who
did or did not receive PCI (HR 0.74; 95% CI, 0.52-1.05; p = 0.08; n = 9 studies; n = 1384 patients).

Interpretation Our findings suggested that administration of PCI is associated with a survival benefit, but not when
considering studies that radiographically confirmed absence of brain metastases, suggesting that the survival benefit
conferred by PCI might be therapeutic rather than prophylactic.
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Introduction diagnosis and over half will develop brain metastases

Nearly 15% of patients with small cell lung cancer within two years."? Despite advances in treatment, sur-
(SCLC) present with brain metastases at the time of  vival following development of brain metastases
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Research in context

Evidence before this study

Patients with small cell lung cancer (SCLC) are at an increased
risk for the development of brain metastases. To prevent
brain metastases and prolong survival, administration of
prophylactic cranial irradiation (PCl) following first-line
therapy is recommended, a practice that has been called into
question in the current era of improved systemic treatment
and imaging. We searched PubMed for systematic reviews
published from database inception until November 12, 2023,
using search terms related to “small cell lung cancer”, “brain
metastases”, and “prophylactic cranial irradiation”, but did not
retrieve any meta-analyses that comprehensively assessed
survival and incidence of brain metastases with routine
screening in relation to PCl in patients with SCLC.

Added value of this study

To our knowledge, this is the first systematic review and
meta-analysis to survey the literature on PCl and examine
survival outcomes in consideration of routine cranial imaging.
This study found that PCl was associated with longer survival
in patients with SCLC (HR 0.59; 95% Cl, 0.55-0.63; p < 0.001;

remains guarded, with a median survival estimated to
be 3—-6 months.**

Many guidelines recommend prophylactic cranial
irradiation (PCI) after completion of first-line therapy in
all patients with SCLC and good treatment response, as
data from randomised controlled trials and meta-
analyses have demonstrated prolonged survival and
reduced incidence of brain metastases in patients who
received prophylactic radiation.'® However, these
favourable outcomes are counterposed by neurotoxicity
associated with PCL'""* Furthermore, more recent
studies incorporating improved systemic disease staging
and surveillance brain imaging have failed to replicate
the survival benefits seen in patients with SCLC who
received PCI in the initial studies.””® There is an
impetus to re-examine the indications for and the role of
PCI in patients with SCLC.

To assess the efficacy and safety of PCI in patients
with limited or extensive stage SCLC, we performed this
systematic review and meta-analysis to examine survival,
disease control, and safety reported in controlled trials
and cohort studies.

Methods

Search strategy and selection criteria

This systematic review and meta-analysis was conducted
in accordance with the PRISMA guidelines and regis-
tered in PROSPERO (CRD42021249466).”7 The com-
plete study protocol is available on Open Science
Framework (DOI: 10.17605/OSF.IO/BC359). No indi-
vidual patient-level data was used.

n = 109 studies; n = 56,770 patients), but not in a subgroup
analysis of studies that used magnetic resonance imaging to
exclude presence of brain metastases following completion of
first-line therapy (HR 0.74; 95% Cl, 0.52-1.05; p = 0.08; n = 9
studies; n = 1384 patients).

Implications of all the available evidence

Our findings suggest that administration of PCl is associated
with a survival benefit, but not when limited to studies which
radiographically confirmed the absence of brain metastases in
all patients regardless of whether they received PCl. This
suggests that the survival benefit previously reported in
studies may be due to the therapeutic rather than
prophylactic effect of cranial irradiation in patients with
subclinical brain metastases. Given the concerns regarding
neurocognitive effects of PCl and dearth of studies
implementing radiographic screening for brain metastases,
prospective trials are needed that examine the effect of PCl on
survival and intracranial disease outcomes in patients with
SCLC.

The literature search was conducted on November
12, 2023, in MEDLINE, EMBASE, the Cochrane Central
Register of Controlled Trials (CENTRAL) and grey
literature sources using a combination of keywords and
MeSH terms related to the terms “small cell lung can-
cer”, “brain metastases”, and “prophylactic cranial irra-
diation”. A representative search strategy is available in
Supplementary Table S1.

Conference abstracts were eligible. The following
grey literature sources were searched: ClinicalTrials.gov,
Google Scholar (first 150 results), PROSPERO, and
the International Clinical Trials Registry Platform of the
World Health Organisation. The home pages of the
following societies were searched for relevant confer-
ence abstracts: Society for Neuro-oncology (SNO),
American Lung Association, American Society of Clin-
ical Oncology (ASCO), and European Society of Medical
Oncology (ESMO).

Only articles and abstracts in English were consid-
ered due to resource constraints. Case reports, case se-
ries, commentaries, and review articles were excluded.
Reference lists of identified review articles were scanned
to ensure saturation and inclusion of key studies.

Eligible studies included adult patients (age > 18
years) with SCLC in any treatment response and any
disease stage who received PCI and reported on com-
parison with no PCI. Post-hoc, studies that reported on
prophylactic cranial irradiation regardless of whether
they verified that patients had no evidence of brain
metastases in the two comparison cohorts were
included to investigate the impact of this covariate
on primary and secondary outcomes. No further
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restrictions were made on patient characteristics, and no
limitations were imposed on publication year.

Four reviewers (KG, AL, AY, BS) independently
evaluated studies in duplicate by screening abstracts and
full texts. Conflicts were resolved through discussion.
Cohen’s « statistic was calculated to assess inter-rater
reliability at both stages. Reasons for exclusion of full
texts are shown in Fig. 1.

Study outcomes

As in previous meta-analyses, the primary outcome was
overall survival. Secondary outcomes were: incidence of
intracranial metastatic disease, brain metastasis-free
survival, time to brain metastases, progression-free
survival, disease-free survival, incidence of brain me-
tastases as first site of recurrence, neurocognitive
decline, and adverse events.”"*** No restrictions were
made based on endpoint reporting format, and studies
were eligible regardless of whether PCI was the primary
intervention under investigation or examined in sec-
ondary analyses. All outcomes were prespecified,
collected, and reported; outcomes not shown in the
manuscript were not reported by included studies.

Statistical analysis

Four reviewers (KG, AL, AY, BS) extracted study-level
data in duplicate using predetermined extraction
forms, including study characteristics (author, country,
design), patient characteristics (age, sex, smoking status,

4318 studies retrieved
2775 Embase

performance status), treatment characteristics (regimen,
response, imaging, treatment following brain metastasis
diagnosis), and primary and secondary outcomes. Dis-
agreements were resolved through discussion. Only
variables specific to management of brain metastases in
patients with SCLC were extracted. Investigators were
not contacted due to resource constraints. Quality
assessment of observational studies and RCTs was
performed using the Newcastle-Ottawa Scale and
Cochrane Risk of Bias 2 (RoB 2), respectively.”***

Where summary survival estimates were not re-
ported, Kaplan—-Meier curves were digitised and sum-
mary estimates were calculated using the method by
Guyot et al.”>*° The extracted pseudo-individual patient
data was used to generate HRs for PCI versus no
intervention. For any given analysis, all patients were
included if their corresponding outcome was reported
in a format amenable to pooling.

Meta-analyses using random-effects models were
performed to pool hazard ratio (HR) estimates and risk
ratio (RR) estimates for time-to-event analyses and
incidence rates, respectively. The heterogeneity vari-
ance, 7%, was calculated using the restricted maximum
likelihood estimator, and Knapp-Hartung adjustments
were used to calculate the confidence interval (CI)
around the pooled effect.”** Analyses were performed
for the overall patient population and stratified accord-
ing to disease stage whenever outcomes were reported
on by more than three studies.

1209 MEDLINE
216 CENTRAL

576 duplicates removed ‘

118 grey literature

A 4

3742 abstracts screened H

3344 studies ineligible ‘

398 full-texts assessed ‘4>

223 studies included in systematic
review

A4

175 studies excluded
46 review/correspondences
23 no results
23 wrong outcomes
19 language
16 wrong comparator
11 wrong study design
11 paper inaccessible

109 studies included in meta-analysis
for overall survival

63 studies included in the meta-
analysis for incidence of brain
metastases

Fig. 1: Study selection.
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No. patients No. patients.
(no PCI)

Author Study design  (PCI)
Longo etal, 2022 RCS 12
Matutino et al, 2017 RCS 16
Soon et ., 2018 RCS 16
Dawe et al,, 2023 RCS 64
Naidoo et al., 2018 RCS 68
Bang etal. , 2018 RCS 68
Rule etal, 2014 PCS 27
Suzukietal., 2018 RCS 49
Elegbede et al,, 2020 RCS a7
Stanic et al,, 2020 RCS 41
Zhou etal., 2017 RCS 33
JYuetal., 2020 RCS 21
Hett et al., 2014 RCS 41
Chung etal, 2020 RCS 53
Yavas et al., 2022 RCS 102
Sheikh et al., 2021 RCS 2217
Chen etal, 2016 RCS 45
Yao etal., 2023 RCS 17
Sharma et al., 2018 RCS 472
Slotman et al., 2009 RCT 143
Alexopoulos et al., 1997 RCS 27
Lim et al., 2022 RCS 17
Held et al., 2021 RCS 11
Keller et al., 2021 RCS 119
Salama et al., 2016 RCS a1
Anetal, 2017 RCS 43
Takahashi et al., 2017 RCT 113
Shaw etal., 1994 nRCT 149
Alexopoulos et al., 1997 RCS 24
van der Pol et al., 1997 PCS 18
Ma et al., 2020 RCS 188
Kasmann etal. 2017 RCS 6
Goetal, 2014 RCS 139
Rosenstein et al., 1992 RCS 16
Wolfson et al., 2001 PCS 15
Sakin etal., 2019 RCS 50
Park etal., 2022 PCS 22
Liengswangwong etal, 1995 RCS 24
Schnoller et al., 2021 RCS 24
JLietal, 2021 RCS 77
Caietal, 2014 RCS 46
Chen etal, 2016 RCS 109
Ka?smann et al., 2017 RCS 47
Held et al., 2021 RCS 28
Bettington et al., 2013 RCS 47
Hu etal., 2020 PCS 115
Ng etal., 2007 RCS 46
Sas-Korczyn?ska etal, 2018 RCS 167
Atci et al., 2021 RCS 45
Kim et al. 2019 RCS 139
Wu etal, 2023 RCS 64
Guiliani et al,, 2010 RCS 127
Elegbede etal, 2020 RCS 60
Koh etal, 2019 RCS 160
N Zhou et al,, 2021 RCS 43
Chen etal, 2018 RCS 19
Nakamura etal., 2018 RCS 93
Giaccone etal, 2005 RCS 319
Zhang et al., 2017 RCS 94
Jeong etal., 2018 RCS 56
Ezeetal., 2016 RCS 71
Lim etal., 2022 RCS 2
Hu etal., 2022 RCS 88
Van der Linden et al,, 2001 RCS 6
Kim etal. 2016 RCS 77
Akyurek et al., 2006 RCS 30
Yan etal., 2021 RCS 196
Bernhardt et al., 2018 RCS 209
Winther-Larsen et al, 2015 RCS 122
Qiuetal., 2016 RCS 185
Yuetal, 2022 RCS 108
Videtic et al., 2003 RCS 48
Patel et al., 2009 RCS 670
Yin etal., 2018 RCS 160
Zhu etal., 2014 RCS 67
Wu etal., 2017 RCS 116
JXuetal, 2016 RCS 115
Resio etal., 2019 RCS 202
Ghanta et al., 2021 RCS 243
Zahra etal., 2016 RCS 16
Inoue etal. , 2021 RCS 32
Kou etal., 2018 RCS 304
Waietek et al., 2014 RCS 163
Faroogi etal, 2017 RCS 364
Zhou etal. , 2017 RCS 33
Lee etal, 2023 RCS 211
Qietal, 2022 RCS 75
Park etal., 2023 RCS 23
Eaton etal, 2013 RCS 138
Pezzi etal., 2020 RCS 84
Uekietal., 2022 RCS 38
Chen etal, 2021 RCS 75
Gregor etal., 1997 RCT 194
Han etal., 2018 RCS 44
Taietal, 2013 RCS 132
Choi etal, 2017 RCS 38
Chen etal., 2022 RCS 440
Niiranen et al., 1989 RCT 25
Rule etal, 2014 PCS 64
Lok etal., 2017 RCS 115
Aynaci et al., 2016 RCS a1
Fleck etal., 1990 RCS 38
Shaw etal., 1994 nRCT 422
Choi etal, 2017 RCS 52
Ozawa etal., 2015 RCS 29
Mamesaya et al., 2018 RCS 60
Ayala de Miguel et al,, 2020 PCS 54
Tendler etal., 2019 RCS 52
Yokouchi et al., 2015 RCS 13
Lin etal, 2020 RCS 38
Kang et al., 2022 RCS 70
Drpa etal, 2020 RCS 12
X Liu etal., 2018 RCS 15
Guo etal, 2020 RCS 59
Yimaz et al., 2020 RCS 32
Ohonoshi et al., 1993 RCT 23
Faramand et al., 2019 RCS 31
Uprety etal., 2019 RCS 180
Joetal., 2011 RCS 50
Joetal, 2012 RCS 50

Random effects model
Heterogeneity: /= 74%, © = 0,309, 5,y = 449.91 (p < 0.001)
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Fig. 2: Random-effects meta-analysis of PCl versus no PCl for primary outcome of overall
survival. Studies are stratified by disease stage. Boxes represent individual study effect sizes.
The vertical solid line represents the point of equivalence between PCl and no PCl. The vertical
dotted line represents the points of summary for the random effects model. The diamonds
represent 95% Cl for the summary hazard ratios. The red box represents the summary

Subgroup analyses and meta-regression were pet-
formed according to pre-specified covariates. Due to
underreporting and inconsistent reporting, pre-specified
subgroup analysis by type of systemic therapy regimen,
SCLC disease subtypes, treatment after prophylactic
cranial irradiation and/or development of brain metas-
tases, and observation frequency were not performed.
The protocol also pre-specified analysis of studies
comparing prophylactic cranial irradiation with or
without hippocampal avoidance. However, only three
studies were identified that compared these two in-
terventions and were not meta-analysed due to limited
sample size and heterogeneity of study design.***

Statistical heterogeneity was assessed using I* and Q
statistics, with I values above and below 50% signifying
high and low between-study heterogeneity, respec-
tively.” Influence analysis to identify potential sources
of heterogeneity was performed based on outlier iden-
tification and leave-one-out analysis.* Egger’s test and
funnel plot inspection were performed to assess for
publication bias.”

All statistical analyses were performed using the R
programming language (version 4.0.3) using the pack-
age {meta}.”*”” An a of 0.05 was considered statistically
significant. All tests were two-sided.

Ethics

As this article is a systematic review, it was exempt from
ethical approval and need for participant informed
consent.

Role of the funding source

There was no funding for this study. All authors had full
access to all data, critically revised the report for
important intellectual content, gave final approval of the
version to be published, and agree to be accountable for
all aspects of the work.

Results

Study population

A total of 223 studies reporting on 73,777 patients with
SCLC were identified that compared outcomes between
patients who did and did not receive PCI (Fig. 1). The
majority were retrospective cohort studies (n = 199);
other study designs included randomised controlled
trials (n = 13), prospective cohort studies (n = 10), and
non-randomised controlled trials (n = 1); 163 were
published as full-text manuscripts, and 60studies were

prediction interval. 95% Cl = 95% confidence interval;
AHRQ = Agency for Health Research and Quality; ED = extensive
stage disease; HR = hazard ratio; LD = limited stage disease; NR = not
reported; nRCT = non-randomised controlled trial; OS = overall sur-
vival; PCl = prophylactic cranial irradiation; RCS = retrospective
cohort study; RCT = randomised controlled trial; RoB = risk of bias.
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reported as abstracts. Median follow-up duration ranged
from 5.6-165 months.

Overall survival

Out of 201 studies that reported overall survival, more
than half (n = 109 studies, n = 56,770 patients) reported
adjusted or unadjusted hazard ratios and were eligible
for meta-analysis (Fig. 2). PCI was associated with
longer survival in all patients with SCLC (HR 0.59; 95%
CI, 0.55-0.63; p < 0.001), patients with limited stage
disease (HR 0.60; 95% CI, 0.55-0.65; p < 0.001; n = 78
studies; n = 27,137 patients), and patients with extensive
stage disease (HR 0.59; 95% CI, 0.51-0.70; p < 0.001;
n = 28 studies; n = 26,467 patients). On post-hoc
sensitivity analyses of unadjusted and adjusted hazard
ratios, PCI was associated with longer survival (unad-
justed HR 0.60; 95% CI, 0.55-0.65; p < 0.001; n = 91
studies; n = 52,928 patients; adjusted HR 0.59; 95% CI,
0.55-0.64; p < 0.001; n = 72 studies; n = 32,879 patients;
Supplementary Figs. S1 and S2).

Post-hoc subgroup analysis was performed on
studies that used brain magnetic resonance imaging to
exclude patients with radiographic evidence of brain
metastases at restaging. One of these studies was a
randomised controlled trial; the remaining studies were
cohort studies reporting unadjusted hazard ratios. In
this analysis, overall survival did not differ significantly
between patients who did or did not receive PCI (HR
0.74; 95% CI, 0.52-1.05; p=0.08; n = 9 studies; n = 1384
patients; Fig. 3).

Pre-specified subgroup analyses were performed on
all included studies, as well as separated by studies
consisting exclusively of patients with limited and
extensive stage SCLC, evaluating study design, cohort
treatment response to first-line therapy, use of baseline
and restaging imaging, use of platinum-based chemo-
therapy, and risk of bias assessments (Table 1). Sub-
group analysis did not reveal any sources of
heterogeneity. Meta-regression was performed on pub-
lication year, total study sample size, and median age of
participants (Appendix 1, p. 10). Neither predictor led to
a significant reduction in study heterogeneity when
considering all included studies (p = 0.09, p = 0.80, and
p = 0.16, respectively), or when investigated separately
for limited (p = 0.55, p = 0.14, and p = 0.08, respectively)
or extensive stage patients (p = 0.06, p = 0.86, and
p = 0.51, respectively). Further results for sensitivity and
subgroup analysis, and narrative synthesis of studies not
amenable to meta-analysis can be found in the appendix
(Appendix 1, pp. 13-23).

Study quality assessment of randomised controlled
trials found two studies each at low risk of bias or with
some concerns, and one study at high risk of bias. Study
quality based on the Agency of Health Research and
Quality rating among retrospective cohort studies was
good, fair, and poor in eight, nine, and 98 studies
respectively (Supplementary Figs. S6 and S7).
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Incidence of brain metastases

The incidence of brain metastases was lower in all pa-
tients with SCLC who received PCI (RR 0.45; 95% CI,
0.39-0.52; p < 0.001; n = 63 studies; n = 8906 patients),
and in patients with limited stage (RR 0.45; 95% CI,
0.37-0.54; p < 0.0001; n = 41 studies; n = 5470 patients)
or extensive stage disease (RR 0.51; 95% CI, 0.32-0.82;
p =0.01; n = 11 studies; n = 1763 patients; Fig. 4). Four
studies used magnetic resonance imaging to confirm
absence of brain metastases at restaging and found a
lower incidence of brain metastases in patients who
received PCI (RR 0.51; 95% CI, 0.28-0.99; p = 0.047;
n = 912 patients; p = 0.047). Further analysis results can
be found in the appendix (Appendix 1, pp. 24-39).

Other secondary outcomes

Results from the analyses of other secondary out-
comes: brain metastasis-free survival, progression-free
survival, disease-free survival, and incidence of brain
metastases as first site of recurrence are described in
the appendix (Appendix 1, pp. 30-54). Adverse event
outcomes were reported in various formats, which
precluded meta-analysis, and are listed in the appendix
(Appendix 1, p. 55).

Discussion

In this meta-analysis, PCI was associated with improved
overall survival and reduced cumulative incidence of
brain metastases in patients with SCLC, irrespective of
disease stage. However, in a subgroup analysis limited
to studies in which all patients underwent magnetic
resonance imaging after completion of initial chemo-
therapy or chemoradiotherapy and excluded patients
found to have brain metastases, PCI was associated with
decreased incidence of brain metastases but had no ef-
fect on survival. This systematic review and meta-
analysis captures the entire literature on PCI, making
it feasible for the first time to address concerns around
the efficacy of routine brain imaging as part of restaging
investigations.

Our findings are discordant with those of prior meta-
analyses that have found a protective effect of the use of
PCI on survival.”'#2°?> Several meta-analyses have also
been published in an attempt to assess the results by
Takahashi et al., however these only examined the
impact of restaging modality* or did not control for
absence of brain metastases among patients who did not
receive PCIL.***** None of these studies, therefore,
excluded the presence of brain metastases among the
control cohort of patients who did not receive PCI. In a
previous study, 13% of patients presented with asymp-
tomatic brain metastases at the time of diagnosis, which
remained asymptomatic in a substantial portion of pa-
tients after completion of chemotherapy.” In another
report, asymptomatic brain metastases were identified in
33% of patients with limited stage SCLC initially thought
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No. patients No. patients

Author Study design (PCI) (no PCI)
Yao et al., 2023 RCS 17 49
Takahashi et al., 2017 RCT 113 111
Park et al., 2022 PCS 22 21

J Lietal., 2021 RCS 77 113
Qiu etal. , 2016 RCS 185 214
Inoue et al. , 2021 RCS 32 32

Qi et al., 2022 RCS 75 75
Pezzi et al., 2020 RCS 84 84
Mamesaya et al., 2018 RCS 60 20

Random effects model
Heterogeneity: I? =74%, © = 0.363, X§ =30.50 (p < 0.001)

AHRQ/RoB HR 95% CI OS hazard ratio Weight
Good  0.66 [0.31; 1.41] 8.0%
Low 1.27 [0.96; 1.68] 14.8%
Good  0.33 [0.09; 1.25] ——r 3.8%
Good  0.36 [0.22; 0.58] = 5 11.8%
Poor 0.60 [0.45; 0.79] ] 14.8%
Good  0.71 [0.39; 1.29] — 10.1%
Good  0.76 [0.54; 1.08] = 13.8%
Good  0.84 [0.60; 1.18] 14.0%
Good  1.48 [0.74; 2.96] i 8.8%

<
0.74 [0.52; 1.05] <3 100.0%
| I N N B |
0.1 051 2 10

Improved with PCI  Improved with no PCI

Fig. 3: Random-effects meta-analysis of PCl versus no PCl for primary outcome of overall survival among patients confirmed not to have brain
metastases via MRI after completion of first-line therapy. Studies are stratified by disease stage. Boxes represent individual study effect sizes. The
vertical solid line represents the point of equivalence between PCl and no PCl. The vertical dotted line represents the points of summary for the
random effects model. The diamonds represent 95% Cl for the summary hazard ratios. The red box represents the summary prediction interval.
95% Cl = 95% confidence interval; AHRQ = Agency for Health Research and Quality; ED = extensive stage disease; HR = hazard ratio; LD = limited

stage disease; MRI =

magnetic resonance imaging; NR = not reported; OS = overall survival; PCl = prophylactic cranial irradiation;

RCS = retrospective cohort study; RCT = randomised controlled trial; RoB = risk of bias.

to have good response to chemoradiotherapy.” Conse-
quently, previous evidence likely included patients in the
treatment or control groups who harboured asymptom-
atic brain metastases and received a therapeutic benefit
from PCI in the treatment groups or showed shortened
survival confounded by the presence of brain metastases
in the control groups. The current study is the first to
control for the absence of brain metastases among all
patients irrespective of PCI receipt—a pivotal differen-
tiating feature between study by Takahashi et al. and
previous trials—and suggest a need to re-examine the
conclusions derived from remote studies while we await
results from prospective trials.

Nearly 25% of patients with SCLC present with
synchronous brain metastases and a large proportion of
patients may further develop brain metastases between
diagnosis and completion of first-line therapy with the
majority of patients remaining asymptomatic from their
intracranial progression.”** Conversely, more than half
of patients with SCLC will not have intracranial disease
following completion of first-line therapy. In this
context, one reasonable alternative to treatment with
PCI is active surveillance imaging to limit unnecessary
exposure to cranial radiation and the attendant risk of
neurotoxicity. Previous cost-benefit analyses have
demonstrated no cost benefit to the use of PCI
compared with magnetic resonance imaging surveil-
lance in extensive disease SCLC.* To this effect, the
American Society for Radiation Oncology (ASTRO)

guidelines and the Canadian Consensus recommenda-
tions suggest magnetic resonance surveillance as an
alternative in patients with extensive disease SCLC.**
Although prospective data in limited disease SCLC are
inconclusive, the benefit of this approach could be
longstanding, as patients with SCLC found to have brain
metastases on surveillance imaging may be treated with
stereotactic radiosurgery instead of whole brain irradi-
ation, thus further improving quality of life in these
patients without compromising survival outcomes.”

At the same time, access to magnetic resonance
imaging technology is not uniformly available across the
world.” In clinical contexts where consistent follow-up
with brain imaging is not a viable option, the decision
to omit PCI needs to be approached with caution. This
is particularly important given the potential risk of
developing functionally impairing brain metastases,
regardless of whether the primary benefit of PCI is
prophylactic or therapeutic in nature. To our knowledge,
there is no real-world data on the implementation on
surveillance guideline recommendations for brain im-
aging. This lack of data limits our analysis of the feasi-
bility of offering routine brain imaging as an alternative
to PCI outside the context of clinical trials. Based on
current treatment guidelines, the omission of PCI
should be contemplated only in scenarios where regular,
systematic brain imaging follow-up can be reliably
implemented. This approach is crucial to ensure
optimal patient outcomes and to minimise the risk of
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Study characteristic

All included studies

Limited stage disease patients only

Extensive stage disease patients only

Study design

No, NR, only in a subset of patients

Use of platinum-based therapy
Yes
No

Not administered to all patients

Some concerns
High

n = 12 studies

RCT 0.88 (95% Cl 0.65-1.18), n = 5 studies

RCS 0.58 (95% Cl 0.54-0.62), n = 106 studies

PCS 0.39 (95% Cl 0.28-0.54), n = 7 studies

nRCT 1.25 (95% Cl 0.75-2.09), n = 2 studies
Treatment response to first-line therapy

CR 0.70 (95% Cl 0.48-0.98), n = 13 studies

CR/PR 0.65 (95% Cl 0.56-0.75), n = 26 studies

CR/PR/SD 0.55 (95% Cl 0.42-0.72),

CR/PR/SD/PD 0.51 (95% Cl 0.34-0.78), n = 7 studies

NR 0.57 (95% Cl 0.52-0.62), n = 62 studies
Use of brain baseline brain CT/MRI

Yes 0.60 (95% CI 0.53-0.68), n = 49 studies

0.58 (95% Cl 0.51-0.64), n = 171 studies

MRI confirmation of no brain metastases at restaging

Yes 0.75 (95% Cl, 0.50-1.12), n = 9 studies
No 0.62 (95% Cl 0.54-0.71), n = 19 studies
NR 0.57 (95% Cl 0.52-0.62), n = 84 studies

0.56 (95% Cl 0.51-0.62); n = 74

0.59 (95% Cl 0.27-1.30); n = 4 studies
0.58 (95% Cl 0.45-0.74); n = 15 studies
(

NR 0.65 (95% Cl 0.56-0.75); n = 27 studies
AHRQ"

Good 0.67 (95% Cl 0.47-0.96), n = 7 studies

Fair 0.55 (95% Cl 0.38-0.78), n = 9 studies

Poor 0.57 (95% CI 0.53-0.62), n = 99 studies
RoB”

Low 0.93 (95% Cl 0.02-49.90), n = 2 studies

0.82 (95% Cl 0.31-2.13), n = 2 studies
0.90 (95% Cl 0.40-2.05), n = 1 study

0.87 (95% Cl 0.65-1.12), n = 2 studies
0.56 (95% Cl 0.5-0.64), n = 70 studies
0.44 (95% Cl 0.24-0.81), n = 5 studies
1.03 (95% Cl 0.54-1.96), n = 2 studies

0.57 (95% Cl 0.45-0.71), n = 10 studies
0.55 (95% Cl 0.48-0.61), n = 19 studies
0.59 (95% Cl 0.42-0.82), n = 7 studies
0.50 (95% Cl 0.29-0.87), n = 5 studies
0.56 (95% Cl 0.53-0.60), n = 37 studies

0.56 (95% Cl 0.52-0.60), n = 34 studies
0.59 (95% Cl 0.52-0.66), n = 44 studies

0.68 (95% Cl 0.45-1.02), n = 7 studies
0.59 (95% Cl 0.50-0.71), n = 14 studies
0.58 (95% Cl 0.52-0.65), n = 51 studies

0.58 (95% Cl 0.50-0.63), n = 51 studies
0.55 (95% Cl 0.13-2.32), n = 3 studies
0.57 (95% Cl 0.43-0.76), n = 10 studies
0.72 (95% Cl 0.64-0.85), n = 14 studies
0.68 (95% Cl 0.45-1.02), n = 7 studies
0.62 (95% Cl 0.49-0.78), n = 6 studies

0.56 (95% Cl 0.54-0.59), n = 63 studies

NA
0.86 (95% Cl 0.57-1.58), n = 1 study
0.90 (95% Cl 0.41-1.98), n = 1 study

0.93 (95% Cl 0.02-48.93), n = 2 studies
0.55 (95% Cl 0.48-0.64), n = 24 studies
0.46 (95% Cl 0.22-0.94), n = 1 study
1.71 (95% CI 0.79-3.72), n = 1 study

1.14 (95% Cl 0.00-263.19), n = 2 studies
0.71 (95% Cl 0.47-1.08), n = 6 studies
0.49 (95% Cl 0.25-0.97), n = 5 studies
0.48 (95% Cl 0.46-4.172), n = 2 study
0.56 (95% Cl 0.46-0.68), n = 13 studies

0.60 (95% CI 0.42-0.86), n = 13 studies
0.61 (95% Cl 0.50-0.73), n = 14 studies

1.27 (95%Cl 0.70-2.29), n = 1 study
0.69 (95% Cl 0.52-0.91), n = 4 studies
0.57 (95% Cl 0.48-0.69), n = 20 studies

0.65 (95% Cl 0.51-0.83), n = 14 studies
NA

0.61 (95% Cl 0.29-1.29), n = 5 studies

0.56 (95% Cl 0.45-0.69), n = 6 studies

0.66 (95% Cl 0.24-1.75), n = 3 studies
0.67 (95% Cl 0.20-2.24), n = 3 studies
0.55 (95% Cl 0.47-0.66), n = 22 studies

0.93 (95% Cl 0.02-48.99), n = 2 studies
NA
NA

AHRQ = Agency for Health Research and Quality; CR = complete response; CT = computed tomography; MRI = magnetic resonance imaging; NA = not applicable; NR = not reported; nRCT = non-
randomised controlled trial; PCS = prospective cohort study; PR = partial response; SD = stable disease; RCS = retrospective cohort study; RCT = randomised controlled trial; RoB = risk of bias. *AHRQ only
reported for non-randomised trials. "RoB only reported for randomised controlled trials.

Table 1: Pooled hazard ratios for subgroup analysis of overall survival.

late-stage diagnosis of brain metastases, which can
significantly impair patient quality of life and limit
treatment options.

A major shortcoming of most prior studies on PCI in
patients with SCLC has been the dearth of radiographic
screening for brain metastases after completion of
chemotherapy, without which it is impossible to discern
if radiation is therapeutic or preventive’*: of 109 reports
that investigated associations between PCI and overall
survival, as reflected in our subgroup analysis only nine
ensured that all patients had no brain metastases after
initial therapy, which is historically when PCI is deliv-
ered. Additionally, of 95 studies that reported survival
outcomes and were not amenable to meta-analysis, only
five excluded patients with radiographic evidence for
brain metastases. The present analysis is the first to
include all available published evidence on the use of
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PCI in SCLC, raising the concern that survival estimates
following PCI in patients with SCLC might be inflated
by inclusion of patients with asymptomatic intracranial
disease.

In the present study, the incidence of brain metas-
tases was lower in patients who received prophylactic
cranial radiation irrespective of subgroup analysis. The
reduction in brain metastases in the light of non-
equivocal survival is not surprising, given similar out-
comes following PCI in patients with non-small cell
lung cancer.” A possible explanation is that intracranial
progression may not be a primary driver of mortality. In
a recent meta-analysis, our group has shown that pa-
tients with stable extracranial disease have superior
survival outcomes compared with those who have pro-
gressive extracranial disease.’’ This suggests that the
reduced overall survival in patients with brain
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IMD inci 0. i IMD i No. i

Author Study design (PCI) (PCI) (no PCI) (no PCI) AHRQ/RoB RR 95% CI IMD incidence risk ratio Weight
Slotman et al. , 1993 RCS 1 54 10 21 Poor 0.04 [0.01; 0.29] 0.4%
Niiranen et al., 1989 RCT 0 25 7 26 High 0.07 [0.00; 1.15] 0.2%
Bischof et al. , 2007 RCS 0 21 4 18 Poor 0.10 [0.01; 1.66] 0.2%
Cao et al., 2005 RCT 1 26 8 25 High 0.12 [0.02;  0.89] 0.4%
Hwang et al. , 2017 RCS 0 10 8 22 Poor 0.13 [0.01; 1.98] 0.2%
Fleck et al., 1990 RCS 1 38 4 20 Poor 0.13 [0.02; 1.10] 0.4%
Liengswangwong et al., 1995 RCS 2 24 9 19 Fair 0.18 [0.04; 0.72] & 0.8%
Caietal., 2014 RCS 3 46 15 43 Poor 0.19 [0.06; 0.60] = 1.0%
Sas-Korczyn..ska et al., 2018 RCS 19 167 42 104 Poor 0.28 [0.17;  0.46] 2.4%
Seydel et al. , 1985 RCT 6 106 22 111 Some concerns 0.29 [0.12; 0.68] #H 1.5%
Van der Linden et al., 2001 RCS 1 65 21 37 Good 0.30 [0.16;  0.55] 21%
Zhang et al., 2017 RCS 10 94 27 76 Poor 0.30 [0.15;  0.58] 2.0%
Sas-Korczynska et al., 2010 RCS 12 86 20 43 Poor 0.30 [0.16;  0.55] 2.1%
Jacobs et al., 1986 RCS 6 45 10 23 Poor 0.31 [0.13; 0.74] L ] 1.5%
Work et al., 1996 PCS 15 157 13 42 Poor 0.31 [0.16;  0.60] = 2.0%
Wolfson et al., 2001 PCS 2 15 5 12 Poor 0.32 [0.07; 1.37] 0.8%
Qiuetal., 2016 RCS 21 185 75 215 Poor 0.33 [0.21; 0.51] 2.6%
Rosenstein et al., 1992 RCS 7 36 15 26 Poor 0.34 [0.16; 0.71] L | 1.8%
Igbal et al., 2020 RCS 4 46 3 13 Poor 0.38 [0.10; 1.47] 0.8%
Wheless et al., 2019 RCS 5 39 19 57 Poor 0.38 [0.16;  0.94] 1.5%
JLietal., 2021* RCS 14 69 36 69 Good 0.39 [0.23;  0.65] 2.3%
Akyurek et al., 2006 RCS 5 30 17 40 Poor 0.39 [0.16;  0.94] 1.5%
Ghanta et al., 2021* RCS 1 83 28 83 Poor 0.39 [0.21; 0.74] 21%
Rubenstein et al., 1995 RCS 13 85 43 112 Poor 0.40 [0.23; 0.69] 2.3%
Zhu et al., 2014 RCS 6 67 28 126 Fair 0.40 [0.18;  0.92] 1.6%
Liuetal., 1993 RCS 5 44 12 50 Poor 0.47 [0.18; 1.24] 1.3%
Chen et al., 2018 RCS 3 19 1 33 Poor 0.47 [0.15;  1.49] 1.1%
Cetingoz et al., 2006 RCS 3 13 24 50 Poor 0.48 [0.17; 1.35] 1.2%
Nicholls et al., 2016 RCS 3 32 8 42 Poor 0.49 [0.14; 1.71] 0.9%
van der Pol et al., 1997 PCS 3 18 7 21 Poor 0.50 [0.15;  1.66] 1.0%
JXuetal., 2016 RCS 15 115 53 234 Poor 0.58 [0.34; 0.98] 2.3%
Tai et al. , 2002 RCS 18 66 15 32 Poor 0.58 [0.34; 1.00] 2.3%
Scotti et al., 2014 RCS 8 38 19 54 Poor 0.60 [0.29; 1.22] 1.8%
Nakahara et al. , 2015 RCS 6 18 1 22 Poor 0.67 [0.31; 1.45] 1.7%
Joetal, 2017 RCS 19 79 1" 31 Poor 0.68 [0.37; 1.25] 21%
Farooqi et al., 2017 RCS 66 364 73 294 Poor 0.73 [0.54; 0.98] 3.0%
Qi et al., 2022* RCS 13 75 17 75 Good 0.76 [0.40; 1.46] 2.0%
N Zhou et al., 2021 RCS 3 43 8 121 Poor 1.06 [0.29; 3.80] 0.9%
Turaka et al., 2013 RCS 37 95 38 120 Poor 1.23 [0.85; 1.77] 2.8%
Han et al., 2018 RCS 5 44 9 102 Poor 1.29 [0.46; 3.62] 1.2%
Ozawa et al., 2015 RCS 11 29 25 95 Poor 1.44 [0.81; 2.56] 2.2%
Hett et al., 2014 RCS 1 41 6 19 Poor 0.08 [0.01; 0.60] 0.4%
J Yuetal., 2020 RCS 2 21 46 97 Fair 0.20 [0.05; 0.76] 0.9%
Keller et al., 2021 RCS 17 119 30 68 Poor 0.32 [0.19; 0.54] 2.4%
Matutino et al., 2017 RCS 3 16 16 30 Poor 0.35 [0.12;  1.03] 1.2%
Slotman et al., 2009 RCT 24 143 59 143 Low 0.41 [0.27; 0.62] 2.6%
Chenetal., 2016 RCS 11 45 91 159 Poor 0.43 [0.25; 0.73] 2.3%
Salama et al., 2016 RCS 5 41 12 44 Poor 0.45 [0.17;  1.16] 1.4%
Takahashi et al., 2017 RCT 54 113 77 11 Low 0.69 [0.55; 0.87] 3.1%
Bangetal., 2018 RCS 26 68 38 87 Poor 0.88 [0.60; 1.29] 2.7%
Y Chen et al., 2022 RCS 2 22 20 247 Poor 1.12 [0.28;  4.49] 0.8%
Nicholls et al., 2016 RCS 4 17 13 112 Poor 2.03 [0.75;  5.50] 1.3%
Joseph Aisner, 1982 RCT 0 15 5 14 Some concerns 0.09 [0.01; 1.41] 0.2%
Komaki et al., 1983 RCS 4 123 21 82 Poor 0.13 [0.05; 0.36] 1.2%
Al Farsi et al., 2017 RCS 16 80 34 41 Poor 0.24 [0.15;  0.38] 2.5%
Herrmann et al., 2011 RCS 1 15 22 81 Poor 0.25 [0.04; 1.69] 0.5%
Rosen et al., 1983 RCS 13 76 74 176 Poor 0.41 [0.24; 0.69] 2.3%
Harden et al., 2011 RCS 7 57 21 70 Poor 0.41 [0.19; 0.89] 1.7%
Ohonoshi et al., 1993 RCT 5 23 12 23 Some concerns 0.42 [0.17;  0.99] 1.5%
Aroney et al., 1983 RCS 6 30 25 60 Good 0.48 [0.22; 1.04] 1.7%
Khaira et al., 2010 RCS 23 166 29 125 Poor 0.60 [0.36; 0.98] 2.4%
Niki Ainsworth, 2011 RCS 13 115 28 153 Poor 0.62 [0.34; 1.14] 21%
Lewin..ski et al., 1990 RCS 0 17 13 29 Poor 0.06 [0.00; 0.99] 0.2%
Cox etal., 1978 RCT 4 24 5 21 Poor 0.70 [0.22; 2.27] 1.0%
Ulsperger et al., 1991 RCS 8 62 4 24 Poor 0.77 [0.26; 2.33] 1.1%
Random effects model 0.45 [0.39; 0.52] [] 100.0%
Heterogeneity: % =58%, t=0.394, ng =153.74 (p < 0.001)

0.001 0.11 10 1000
Improved with PCI  Improved with no PCI

Fig. 4: Random-effects meta-analysis of PCl versus no PCl for secondary outcome of brain metastases incidence. Studies are stratified by disease
stage. Boxes represent individual study effect sizes. The vertical solid line represents the point of equivalence between PCl and no PCl. The vertical
dotted line represents the points of summary for the random effects model. The diamonds represent 95% Cl for the summary hazard ratios. The
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metastases may be a consequence of extracranial rather
than intracranial disease progression and would there-
fore be independent of administration of PCI. Assessing
the relationship between overall survival and develop-
ment of intracranial disease is further confounded by
the fact that PCI is preferentially administered to pa-
tients with response to first-line treatment and better
performance status.”'*

This systematic review and meta-analysis has
several limitations. First, the majority of studies
included were retrospective observational studies with
poor study quality and limited reporting on patient
eligibility for PCI, leading to confounding and selec-
tion bias. However, sensitive search criteria including
retrospective studies allowed for description and anal-
ysis of real-world practices and comprehensive sub-
group analysis. Second, only one randomised
controlled trial was available reporting on outcomes on
patients who were restaged using magnetic resonance
imaging, limiting our ability to rely on this highest
level of evidence. The remaining studies included in
this subgroup analysis were retrospective cohort
studies with an overall “good” Newcastle Ottawa Score,
the highest one possible. We eagerly await the results
of ongoing trials that investigate the use of PCI versus
routine surveillance in patients who were confirmed to
have no brain metastases using magnetic resonance
imaging (MAVERICK, NCT04155034; PRIMALung,
NCT04790253). Third, there was significant in-
between study heterogeneity in terms of study
design, inclusion criteria, follow-up, and treatment
schedules. Despite extensive subgroup analysis, we
were unable to identify a statistical source for this
heterogeneity, an expected finding given the large
number of included studies, which makes it unlikely to
identify a single causal variable. Fourth, neurotoxicity
and quality of life, key outcomes that inform patient-
physician discussion of administration of PCI, were
underreported. Given that PCI in patients with SCLC
with imaging evidence confirming absence of brain
metastases following first-line therapy was associated
with a reduction in brain metastases but no survival
advantage, the issue of neurotoxic sequelae, which has
prompted the field otherwise toward stereotactic radi-
osurgery rather than whole brain radiation therapy, is
in critical need of reassessment in prospective studies.
Last, PCI was assessed only in subgroup or multivari-
able analysis in many studies, leading to disparate
confounders included in multivariable models. In
consideration of this concern, we performed a sensi-
tivity analysis of only adjusted and unadjusted hazard
ratios and found no change in overall hazard ratio.

In summary, in patients with SCLC, PCI was
associated with improved overall survival and reduced
cumulative incidence of brain metastases in patients
with SCLC, irrespective of disease stage. However,
following exclusion of patients with radiographic evi-
dence of intracranial disease on imaging performed at
the completion of first-line therapy, PCI was associ-
ated with decreased incidence of brain metastases but
had no effect on survival. Our findings suggest that
the survival benefit conferred by PCI might be ther-
apeutic rather than prophylactic in nature and should
prompt reconsideration in its default role in clinical
care in the modern context of magnetic resonance
imaging.
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