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Thoracic radiation therapy (RT) for non-small cell lung cancers may overcome resistance to tyrosine kinase inhibitors
(TKIs). However, the risk of severe treatment-related pneumonitis (TRP) is a major concern, and the results of the com-
bined treatment remain controversial. Therefore, we aimed to systematically review existing publications and provide a
meta-analysis of TRP from a combined therapy of thoracic RT and TKIs. A systematic literature review was performed
using the PubMed-MEDLINE and Embase databases to identify eligible publications. The number of severe TRP cases of
grade 3 or higher was extracted and then analyzed by fixed or randomized model meta-analysis. Heterogeneity tests were
performed using the I* and 7> statistics. Subgroup analyses were conducted on the types of RT and the sequence of the
combined treatment. Our literature search identified 37 eligible studies with 1143 patients. Severe TRP occurred in 3.8%
(95% CI, 1.8%-6.5%) of patients overall, and fatal pneumonitis occurred rarely in 0.1% (95% CI, 0.0%-0.3%). In the sub-
group analysis, the severe TRP proportion was 2.3% (95% CI, 1.0%-4.1%) for patients under definitive (chemo)RT (19
studies, n = 702) versus 2.9% (95% CI, 1.3%-5.1%) for patients who received local stereotactic body RT or palliative RT
(15 studies, n = 361). The severe TRP rate was 4.9% (95% CI, 2.4%-8.1%) for concurrent TKI and RT (26 studies,
n = 765), which was significantly higher than TRP of 0.4% (95% CI, 0.0%-3.1%) for sequential therapy (6 studies, n = 200).
Our meta-analysis showed that combined thoracic RT and epidermal growth factor receptor—TKI therapy has an accept-
able risk of severe TRP and rare mortality in patients with non-small cell lung cancers. Concurrent treatment is less toler-
able and should be administered with caution. Further investigations using osimertinib are required as the data on its
effects are limited. © 2023 Published by Elsevier Inc.
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Introduction

Lung cancer is the leading cause of cancer death worldwide."
Non-small cell lung cancer (NSCLC) is estimated to account
for approximately 85% of all lung cancer cases, mostly ini-
tially diagnosed at advanced stages during the patient’s first
clinical visit, with poor prognosis.” Epidermal growth factor
receptor (EGFR) gene mutations and anaplastic lymphoma
kinase (ALK) rearrangements are the most common driver
alterations in NSCLC. Phase 3 clinical trials have demon-
strated higher efficacy, lower toxicities, and prolonged sur-
vival benefits from EGFR or ALK tyrosine kinase inhibitors
(TKIs) compared with traditional chemotherapy.™ How-
ever, most patients will inevitably develop acquired resis-
tance to TKIs and experience disease progression after a
year of target therapy.”’

Upfront or salvage thoracic radiation therapy (TRT) to
either primary tumors or oligometastatic sites may poten-
tially overcome TKI resistance, and a synergistic effect has
been demonstrated in the phase III SINDAS trial with an
extended time of tumor control, improved survival, and tol-
erable adverse events.® The National Comprehensive Cancer
Network guidelines for NSCLC recommend definitive ther-
apy along with systematic therapy for selected patients with
advanced NSCLC when aggressive thoracic treatment is fea-
sible. In addition, local therapy can be considered to treat
limited metastases and continue with the current TKI ther-
apy after the progression of advanced NSCLC with driver
mutations.” However, in the real world, physicians do not
commonly use TRT) as recommended, and available data
from combined treatment are also much less than data from
TKI therapy alone. The potentially increased risk of treat-
ment-related pneumonitis (TRP) could be the top concern
when adding upfront and salvage thoracic RT to first-line
TKI treatment.™’

Radiation pneumonitis (RP) is a common and critical
dose-limiting toxicity that occurs after RT to the lungs.'’
Drug-induced interstitial lung disease (ILD) is also a typ-
ical adverse event in patients with NSCLC treated with
various types of TKL'' The combination of RT and
TKIs is suspected to cause overlapping lung toxicities.
However, current publications are controversial regard-
ing the safety of TRP. Our previous study found higher
lung computed tomography intensity in patients treated
with EGFR-TKIs followed by stereotactic body RT
(SBRT) than in those treated with SBRT alone.'” A few
studies have reported that adding thoracic RT to TKI
therapy can lead to a high incidence of severe or fatal
TRP, even when the RT doses to the lungs are within
acceptable limits.>”'” However, several prospective trials
did not observe any severe pneumonitis when combining
RT with TKIs.'"*"” In this study, we aimed to systemati-
cally review existing publications and conduct a meta-
analysis assessing the risk of severe TRP in patients with
NSCLC who underwent combined thoracic RT and TKI
therapy.

Methods and Materials

Systematic review

This study was registered in the International Prospective Reg-
ister of Systematic Reviews (PROSPERO, CRD42023417191).
The Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines18 were followed as shown
in Appendix E1. A systematic literature review was performed
using the PubMed-MEDLINE and Embase databases from the
first record available since their inception to March 31, 2023.
We also manually reviewed relevant references from the search
results and other sources to identify potentially missed studies.
The full search terms for each database are provided in Appen-
dix E2. Articles retrieved from the search strategy and manual
sources were imported into citation manager software to
remove duplicates, and the retrieved studies were screened by
assessing titles and abstracts based on eligibility criteria. Poten-
tial articles were further assessed by analyzing the full text.

Study population

The eligibility criteria included the studies with (1) con-
firmed NSCLC, (2) patients who received thoracic RT and
TKIs, and (3) patients with pneumonitis reported. Studies
were excluded if (1) there was no description of the number
of patients who received thoracic RT and TKIs; (2) there
was an uncertain number or grade for the target patients
who developed pneumonitis; (3) the study was unfinished
or unpublished; (4) there were driver alterations other than
EFGR or ALK mutations; (5) the study was a case report;
(6) the record had an abstract only with no full-text publica-
tion; or (7) the publication was not in English.

Thoracic RT was defined as the use of high-energy pho-
ton beams to treat lung tumors or mediastinal lymph nodes.
The EGFR- or ALK-TKIs used in the studies included gefiti-
nib, erlotinib, icotinib, afatinib, osimertinib, dacomitinib,
crizotinib, alectinib, brigatinib, lorlatinib, and ceritinib. The
concurrent use of TKIs and RT was defined as the 2 types of
treatment administered on the same day. The sequential
treatment was defined as TKIs given to patients before or
after RT with various time intervals. For some studies that
did not report the exact time between the 2 types of treat-
ment, we identified the treatment sequence based on the
definitions in their paper, such as the descriptions of con-
current or sequential treatment or 1 treatment followed by
another. The endpoint of this review was grade 3 or higher
TRP. Although TRP refers to inflammation of the lung tis-
sue caused by any kind of treatment after excluding cancer
progression and infectious causes, here we only focused on
RP and TKI-induced ILD. The term “ILD” is often used
interchangeably with the term “pneumonitis” in patients
with cancer who develop drug-related lung toxicity. We did
not distinguish RT- or TKI-induced pneumonitis because it
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can be challenging to identify specific causation in patients
who received combined thoracic RT and TKIs.

Data extraction

The data extracted from the selected publications included
the first author’s name, study year, journal, study design,
tumor type, number of total patients, number of eligible
patients, stage, driver mutation percentages, treatment regi-
mens, sequence of treatment, TKI type and dose, dose frac-
tionation of RT, time interval between TKI and RT, median
follow-up time, toxicity grading criteria, and the number
and grade of severe pneumonitis cases. Eligible studies with
missing data were recorded as having no record in the
spreadsheet. Only the pneumonitis data were pooled and
analyzed using a randomized or fixed model meta-analysis.

The search for publications and data extraction were
independently conducted and reviewed by 2 coauthors (Y.
M., H.S.) using Microsoft Excel spreadsheets. Disagreements
between individuals were further discussed with another
coauthor (S.W.) until a consensus was reached.

Quality control and risk of bias assessment

The quality of the included studies was assessed using the mod-
ified Newcastle-Ottawa scale’’ for noncomparative studies,
which contains 8 questions in 3 scale sections, including the
selection of 4 stars, comparability of 2 stars, and exposure of 3
stars. However, there was no comparison group in this review,
and the 2 questions regarding the comparison and controls
were removed. The modified Newcastle-Ottawa scale included
2 sections with 6 questions. The modified scale was set to 2
stars for each question. According to a total score of 12 stars, 9
to 12, 6 to 8, and less than 6 stars were considered high,
medium, and low quality, respectively (Appendix E3). Discrep-
ancies were resolved by consensus among all the coauthors.

Subgroup analysis

RT involves various doses and fractions, which can lead to
different risks of RP. The concurrent use of TKIs and RT
may also increase the risk of TRP compared with sequential
therapy with a time interval. Subgroup analyses were per-
formed for different types of RT and the time intervals of
combined treatment. Subgroup analysis stratified study
designs were conducted because retrospective studies may
inherently consist of unknown selection biases affecting the
overall pooled risk of TRP.

Statistical considerations

Statistical heterogeneity among the included studies was
analyzed using I” and 7 statistics.”” The potential heteroge-
neity was defined as an I” larger than 50% or 7° test P value
less than .1. TRP event rates and their corresponding 95%
CIs were estimated using fixed effects or random effects

model meta-analysis according to heterogeneity test. Forest
plots were constructed to visualize the data for each study.
Sensitivity analysis was used to estimate the TRP proportion
and I* values were compared by iteratively omitting each
study from the total count. A funnel plot was constructed to
provide a visual aid for identifying outliers and publication
bias. Statistical analyses were performed using the statistical
software R version 4.2.3 (R Foundation for Statistical Com-
puting) with the packages meta and metafor.”'

Results

Study selection and characteristics

The literature search yielded 5159 relevant studies. After mul-
tilayered screening, this systematic review and meta-analysis
included 37 eligible studies published from March 2008 to
January 2023, comprising 1143 patients with NSCLC
(Fig. 1).5%717172250° A typical reason for excluding studies
involving patients undergoing RT and TKI treatment was the
lack of reporting or uncertain numbers of severe TRP in these
patients.”’ >* Two studies involving patients with ALK-
mutated NSCLC treated with crizotinib were excluded in fur-
ther analysis because of the limited sample size and uncertain
numbers of TRP in patients treated with EGFR-TKIs.”>™ All
selected patients had NSCLC and underwent combined tho-
racic RT and EGFR-TKI treatment. Table 1 summarizes the

5159 records identified through
databases search

2959 Pubmed

2192 EMBASE

8 other sources

4>| 456 Duplicates removed

y 4619 Records excluded
67 Abstract or no full-text
281 Case report
12 Consensus or recommendation
1217 Irrelevance
724 No TKI
378 No human
712 No NSCLC
> 936 No thoracic RT
56 No pneumonitis reported
8 Protocol or ongoing trial
228 Review

4703 Records screened

A 4

84 Full-text articles

assessed for eligibility

47 Records excluded
4 No combination of TKI and TRT
3 Ongoing trial or protocol
18 Uncertain number of TRP
7 No detail of EGFR TKI
12 No thoracic RT
v 3 Duplicated studies

A4

37 studies identified
20 clinical trials
17 retrospective studies

Fig. 1.  Study selection flow diagram.



Table 1 Characteristics of involved studies
Sequence and time
Year  First author Study design Total pts Eligible pts Stage = Driver mutation TKI RT interval
2008 Stinchcombe®® Phase 1 23 23 111 NR Gefitinib 250 mg, QD 60-74 Gy/30-37 fx Concurrent, 0
2008 Choong™ Phase 1 34 34 III NR Erlotinib 50-150 mg, QD 66 Gy/33 fx Concurrent, 0
2008 Kelly* Phase 3, randomized =~ 543 107 III NR Gefitinib 250 mg, QD 61 Gy/33 fx Sequential, NR
2010 Ready™ Phase 2 60 60 111 EGFR: 28.9% (13/45)  Gefitinib 250 mg, QD 66 Gy/33 fx Concurrent, 0
KRAS: 15.6% (7/45)
2010 Center” Phase 1 16 12 111 NR Gefitinib 250 mg, QD 70 Gy/35 fx Concurrent, 0
2011 Okamoto”’ Retrospective 9 7 111 EGFR: 16.7% (1/6) Gefitinib, 250 mg, QD 60 Gy/30 fx Concurrent, 0
2011 Rothschild®®  Phase 1 14 14 I  NR Gefitinib, 250 mg, QD 63 Gy/34 fx Concurrent, 0
2011 Wang™ Prospective 26 26 III/IV. NR Gefitinib 250 mg, QD; 70 Gy/30 fx; 56-72.8 Gy/ ~ Concurrent, 0
erlotinib 150 mg, QD 10-13 fx; 30-51 Gy/10-
17 fx
2012 De Ruysscher”® Phase 2 39 1 IV NR Erlotinib (unknown dose) Unknown dose Sequential, NR
2013 Yu*? Retrospective 18 2 v EGFR: 100% Erlotinib (unknown dose)  SBRT; conventional RT Sequential,
(unknown dose) <1 month
2013 Conforti’! Retrospective 15 5 III/IV  EGFR: 75% (9/12) Erlotinib 150 mg, QD; SBRT (unknown dose) Concurrent, 0
gefitinib 250 mg, QD
2014 Casal Rubio'®  Phase 1 66 66 1II NR Erlotinib 150 mg, QD Conventional RT (median Sequential,
61.2 Gy) 4-6 weeks
2014 Wang™* Retrospective 14 14 III/IV. NR Gefitinib 250 mg, QD SBRT: 45-60 Gy/3 fx Concurrent, 0
2014 Iyengar™ Phase 2 24 14 IV 0% (0/13) Erlotinib 150 mg, QD 19 Gy/1 fx; 27-33 Gy/3 fx;  Concurrent, 0
40 Gy/5 fx
2014 Zhuang® Retrospective 24 24 III/IV. NR Erlotinib 150 mg, QD 46-66 Gy; 1.8-2.1 Gy/fx Concurrent, 0
2015 Lilenbaum™® Phase 2 78 75 111 NR Erlotinib 150 mg, QD 66 Gy/ 33 fx Concurrent, 0
2015 Komaki® Phase 2 48 46 111 EGFR: 10.8% (4/37)  Erlotinib 150 mg, QD 63 Gy/35 fx Concurrent, 0
2016 Gomez’’ Phase 2, randomized 74 2 IV EGFR(n=2) Erlotinib 100 mg, QD 60-70 Gy/30 fx Concurrent, 0
2016 Martinez™® Retrospective 90 60 111 NR Erlotinib 150 mg, QD 66 Gy/30 fx Concurrent, 0
2017 Chan Retrospective 50 18 IV EGFR: 100% Osimertinib 80 mg, QD;  50-60 Gy/3-5 fx Sequential,
first gen TKIs 1 day

(Continued)
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Table 1 (Continued)

Sequence and time

Year First author Study design Total pts Eligible pts Stage = Driver mutation TKI RT interval
2018 Xu* Retrospective 145 59 v EGEFR: 100% Gefitinib 250 mg, QD;e 60 Gy/30 fx; 45 Gy/15 fx; NR
rlotinib 150 mg, QD; 30-37.5 Gy/5 fx; 26-
icotinib 125 mg, TID; 33 Gy/3 fx; 21-27 Gy/1
osimertinib (unknown fx
dose)
2019 Weiss" Phase 2 25 15 v EGFR: 100% Erlotinib 150 mg, QD 21 Gy/5 fx Concurrent or sequential,
0-3 day
2019 Zheng*! Phase 2 10 10 IV EGFR: 100% Erlotinib 150 mg, QD; 54-60 Gy/27-30 fx Concurrent, 0
gefitinib 250 mg, QD
2020 Santarpia®’ Retrospective 36 10 III/IV. EGFR: 100% Gefitinib 250 mg, QD SBRT or hypo- Concurrent, 0
fractionated RT
(unknown dose)
2020 Fu'® Phase 2 29 28 111 EGFR: 46.2% (6/13)  Gefitinib 250 mg, QD 54-60 Gy/27-30 fx Concurrent, 0
2021 Xing45 Phase 2, randomized 40 18 111 EGFR: 100% Erlotinib 150 mg, QD 60 Gy/30 fx Concurrent, 0
2020 Jia’ Retrospective 11 11 III/TV EGEFR: 100% Osimertinib 80 mg, QD 64-60 Gy/32-30 fx; Concurrent, 0
50 Gy/25 fx; 60 Gy/12-
15 fx; 50 Gy/10 fx;
30 Gy/15 fx
2021 Akamatsu® Phase 2 28 27 I  EGFR: 100% Gefitinib 250 mg, QD 64 Gy/32 fx Concurrent, 0
2021 Xu*® Retrospective 45 45 111 EGFR: 44% (20/45) Gefitinib, icotinib, 34-66 Gy (conventional Concurrent, 0
erlotinib (unknown fx)
dose)
2021 Wang** Retrospective 46 45 II/IV EGFR: 100% Gefitinib, erlotinib, 70 Gy/10 fx; 60 Gy/8 fx; Concurrent, 0
osimertinib, icotinib, 50 Gy/5 fx
afatinib (unknown dose)
2023 Wang6 Phase 3, randomized 133 68 I\% EFGR 100% Gefitinib 250 mg, QD;e 25-40 Gy/5 fx Concurrent, 0
rlotinib 150 mg, QD;
icotinib 125 mg, TID
2022 Wei Retrospective 79 79 v EGFR: 100% Gefitinib, icotinib, SBRT (unknown dose) NR
erlotinib, osimertinib
(unknown dose)
2022 Shi'” Phase 2 41 41 v EGFR: 100% Icotinib 125 mg, TID; 40-60 Gy/5-8 fx Concurrent, 0

gefitinib 250 mg, QD

(Continued)
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Table 1 (Continued)

Sequence and time

interval

RT
Median BED10 67.5 Gy

TKI
Gefitinib 250 mg, QD;e

Driver mutation

EGFR: 100%

Total pts Eligible pts Stage

Study design

First author

Year
2022 Lu®

v

45

Retrospective

rlotinib 150 mg, QD;
icotinib 125 mg, TID

CRT (unknown dose) Sequential, NR

Erlotinib; osimertinib

EGFR 100%

I

Retrospective

7

2022 Aredo*

(unknown dose)
Icotinib, 125 mg, TID

8); Concurrent, 0

60-66 Gy/30-33 fx (n

v EGFR: 100%

46

113

Retrospective

2022 Deng*®

60-66 Gy in 3-4 Gy/fx

(n

38)
11 Gy/1 fx; 18 Gy/3 fx;

Concurrent,

Osimertinib 80 mg, QD

16 v EGFR: 100%

16

Retrospective

2023 Smith"®

0 (n = 14); sequential,

1 day (n=1),

12.5 Gy/4 fx; 8-10 Gy/5
fx; 3-6.5 Gy/10 fx;

2.5 Gy/11 fx

2days(n=1)

once a

no record; QD

fraction; KRAS; Kirsten rat sarcoma virus; NR

biologically equivalent dose; CRT = conformal radiation therapy; EGFR = epidermal growth factor receptor; fx

day; RT = radiation therapy; SBRT = stereotactic body RT; TID = three times a day; TKI = tyrosine kinase inhibitor.

Abbreviations: BED

basic characteristics of the included studies. Twenty publica-
tions were prospective clinical trials®'* 72> 2028503555
LSS and 17 were retrospective studies. >4
4042444650 Only 2 out of 37 studies did not include patients
treated with first generation EGFR-TKIs,”"” and 7 papers
comprised patients under osimertinib.>'>***>***>%0 The
patients with stage III NSCLC were generally prescribed 60
Gy or higher definitive (chemo)RT, whereas the metastatic
NSCLC mostly received first-line TKIs combined with
upfront or salvage local RT to tumor sites. Twenty-six studies
delivered TKI and TRT concurrently with no time
interval,>®>!1®!734 38414648 anq 6 studies had patients under
sequential treatment at various timespans.'>*>****>*>*" Two
studies had mixed timing of 2 types of treatment,™'” and 3
studies did not report their treatment sequence.’”**” The
Common Terminology Criteria for Adverse Events was used
to grade the severity of TRP in 28 studies,>*"'?!72* 26283022
IATIRALAAAE Byt 9 studies did not report their grading
system about toxicities,””*"»**0-4> 444520

Overall incidence of TRP

All 37 eligible studies reported grade 3 to 5 severe pneumo-
nitis in 58 (5.1%) out of 1143 patients, of which grade 5 fatal
TRP occurred in 7 patients (0.6%). The incidence of severe
pneumonitis ranged from 0% to 45.5% among studies.
Based on a random effects meta-analysis, the overall propor-
tion of severe TRP was 3.8% (95% CI, 1.8%-6.5%) (Fig. 2).
The incidence of grade 5 pneumonitis had an overall pro-
portion of 0.1% (95% CI, 0.0%-0.3%) (Fig. 3). Between-
study heterogeneity of severe TRP was considerable when
pooled among 37 studies (I? = 68%), but there was no het-
erogeneity found with the specific endpoint of grade 5 TRP
(I = 0%).

Subgroup analysis

When separating patients by different RT types and dose
fractionations, 19 studies included 702 patients who
received definitive (chemo)RT,"»!6-2229-35-38:434548 4nd 15
studies contained 361 patients who received other RT
including local SBRT and palliative RT.>'™'>!703%3
424950 The rate of severe TRP in the curative (chemo)RT
population ranged from 0% to 16.7%, with proportion of
2.3% (95% CI, 1.0%-4.1%). In the local radical or palliative
RT population, the proportion of patients with severe TRP
was 3.6% (95% CI, 0.5%-9.6%) (Fig. 4A). There was no sig-
nificant difference in the risk of TRP between the 2 types of
thoracic RT. To investigate the time interval between TKI
and RT, we found a severe TRP proportion of 4.9% (95%
CI, 2.4%-8.1%) in the subgroup of 26 studies involving
patients (n = 765) under concurrent treatment, which is sig-
nificantly higher than the corresponding severe TRP pro-
portion of 0.4% (95% CI, 0.0%-3.1%) in the 6 studies with
patients (n = 200) under sequential treatment at various
time intervals (Fig. 4B). The severe TRP proportions were
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Events Total Proportion Weight Weight
Study (n) (N) (1.0 =100%) 95%-Cl (fixed) (random)
Stinchcombe-2008 1 23 I 0.043 [0.001; 0.219] 2.0% 2.9%
Choong-2008 1 34 #*— 0.029 [0.001; 0.153] 3.0% 3.3%
Kelly-2008 3 107 . 0.028 [0.006; 0.080] 9.4% 3.9%
Ready-2010 0 60 ~:r- 0.000 [0.000; 0.060] 5.2% 3.6%
Center-2010 1 12 B 0.083 [0.002; 0.385] 1.0% 2.3%
Okamoto-2011 1 7 : 0.143 [0.004; 0.579] 0.6% 1.7%
Rothschild-2011 0 14 - 0.000 [0.000; 0.232] 1.2% 2.4%
Wang-2011 1 26 —:*— 0.038 [0.001; 0.196] 2.3% 3.0%
De Ruysscher-2012 0 1 i 0.000 [0.000; 0.975] 0.1% 0.4%
Yu-2013 0 2 : 0.000 [0.000; 0.842] 0.2% 0.7%
Conforti-2013 0 5 i 0.000 [0.000; 0.522] 0.4% 1.4%
Casal Rubio-2014 0 66 '—f— 0.000 [0.000; 0.054] 5.8% 3.7%
Wang-2014 2 14 N E— 0.143 [0.018; 0.428] 1.2% 2.4%
lyengar-2014 3 14 i 0.214 [0.047; 0.508] 1.2% 2.4%
Zhuang-2014 5 24 —a— 0.208 [0.071; 0.422] 2.1% 3.0%
Lilenbaum-2015 1 75 *'T 0.013  [0.000; 0.072] 6.6% 3.8%
Komaki-2015 3 46 T 0.065 [0.014;0.179] 4.0% 3.5%
Gomez-2016 0 2 : 0.000 [0.000; 0.842] 0.2% 0.7%
Martinez-2016 2 60 - 0.033 [0.004; 0.115] 5.2% 3.6%
Chan-2017 0 18 '—:r— 0.000 [0.000; 0.185] 1.6% 2.7%
Xu-2018 5 59 . 0.085 [0.028; 0.187] 5.2% 3.6%
Weiss-2019 0 15 e 0.000 [0.000; 0.218] 1.3% 2.5%
Zheng-2019 2 10 [ 0.200 [0.025; 0.556] 0.9% 2.1%
Santarpia-2020 0 10 r—f— 0.000 [0.000; 0.308] 0.9% 21%
Fu-2020 0 28 B 0.000 [0.000; 0.123] 2.4% 3.1%
Jia-2020 6 11 E E— 0.545 [0.234; 0.833] 1.0% 2.2%
Akamatsu-2021 1 27 -+ 0.037 [0.001; 0.190] 2.4% 3.1%
Xing-2020 3 18 E—'— 0.167 [0.036; 0.414] 1.6% 2.7%
Xu-2021 3 45 HE— 0.067 [0.014; 0.183] 3.9% 3.5%
Wang-2021 2 45 —f— 0.044 [0.005; 0.151] 3.9% 3.5%
Wang-2022 5 68 i 0.074 [0.024; 0.163] 5.9% 3.7%
Wei-2022 0 79 ~f~ 0.000 [0.000; 0.046] 6.9% 3.8%
Shi-2022 0 41 B— 0.000 [0.000; 0.086] 3.6% 3.4%
Lu-2022 0 9 ﬁr— 0.000 [0.000; 0.336] 0.8% 2.0%
Aredo-2022 0 6 - 0.000 [0.000; 0.459] 0.5% 1.5%
Deng-2022 1 46 "._ 0.022 [0.001; 0.115] 4.0% 3.5%
Smith-2023 6 16 i _— 0.375 [0.152; 0.646] 1.4% 2.6%
Fixed effect model 1143 ' 0.029 [0.020; 0.040] 100.0% -
Random effects model <> 0.038 [0.018; 0.065] - 100.0%

Heterogeneity: /2 = 68%, 12 = 0.0230, p <0.01 ' T T

I

0 010203040506

Fig. 2.

2.5% (95% CI, 0.9%-4.9%) and 5.6% (95% CI, 1.5%-11.9%)
in the 20 prospective trials (n = 687) and 17 retrospective
studies (n = 456), respectively (Appendix E4, Fig. E1). We
were unable to stratify the chemotherapy and osimertinib to
evaluate the effect on the risk of TRP because of a lack of
individual patient data. A summary of patient population
and TRP results in each subgroup is provided in Appendix
E4, Table E1.

Heterogeneity and inconsistency assessment

Nineteen studies involved unselected patients with NSCLC
with unknown or negative EGFR mutations, which is not
typical of patients currently undergoing TKI
therapy.>' 22173303840 Therefore, we assessed a median
or low quality in the selection score of these studies, because
they may not accurately represent average real-world
patients. Details of the quality assessment of each study

Forest plot of the meta-analysis for grade 3 or higher treatment-related pneumonitis from all included studies.

were provided in Appendix E4, Figure E2. Funnel plots
showed visual asymmetry of grade 3 or higher TRP in 2
studies (Fig. 5A),”"" and asymmetry of grade 5 TRP in 1
study, which was distinct from the other studies (Fig. 5B).°
Interestingly, only these 3 retrospective studies in our review
had a primary endpoint of pneumonitis, whereas the
remaining 34 papers had other objectives. The results from
these 3 outlier studies suggested a publication bias toward a
higher reported risk of pneumonitis. A sensitivity analysis
that iteratively omitted 1 study at a time demonstrated that
no specific study disproportionately affected the results of
the meta-analysis (Appendix E4, Fig. E3). However, the esti-
mated heterogeneity could be reduced after excluding 3 out-
lier studies (I*> from 68%-52%). The overall severe TRP
results from a subgroup of 34 studies without outliers had a
TRP proportion of 2.5% (95% CI, 1.2%-4.2%) (Appendix
E4, Fig. E4). The subgroup of concurrent TKI and TRT
studies without outliers had a severe TRP rate of 3.5% (95%
CI, 1.8%-5.7%), as shown in Appendix E4, Figure E5.
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Events Total

Proportion Weight Weight

Study (n) (N) (1.0 = 100%) 95%-Cl  (fixed) (random)
Stinchcombe-2008 0 23 0.000 [0.000; 0.148] 2.0% 2.0%
Choong-2008 0 34 ':7 0.000 [0.000; 0.103] 3.0% 3.0%
Kelly-2008 0 107 E— 0.000 [0.000; 0.034] 9.4% 9.4%
Ready-2010 0 60 — 0.000 [0.000; 0.060] 52% 5.2%
Center-2010 0 12 0.000 [0.000; 0.265] 1.0% 1.0%
Okamoto-2011 0 7 0.000 [0.000; 0.410] 0.6% 0.6%
Rothschild-2011 0 14 i 0.000 [0.000; 0.232] 1.2% 1.2%
Wang-2011 0 26 L—— 0.000 [0.000; 0.132] 2.3% 2.3%
De Ruysscher-2012 0 1 0.000 [0.000; 0.975] 0.1% 0.1%
Yu-2013 0 2 0.000 [0.000; 0.842] 0.2% 0.2%
Conforti-2013 0 5 0.000 [0.000; 0.522] 0.4% 0.4%
Casal Rubio-2014 0 66 — 0.000 [0.000; 0.054] 5.8% 5.8%
Wang-2014 0 14 i 0.000 [0.000; 0.232] 1.2% 1.2%
lyengar-2014 1 14 : 0.071 [0.002; 0.339] 1.2% 1.2%
Zhuang-2014 3 24 j = 0.125 [0.027; 0.324] 2.1% 2.1%
Lilenbaum-2015 0 75 '.— 0.000 [0.000; 0.048] 6.6% 6.6%
Komaki-2015 0 46 ———— 0.000 [0.000; 0.077] 4.0% 4.0%
Gomez-2016 0 2 : 0.000 [0.000; 0.842] 0.2% 0.2%
Martinez-2016 1 60 L — 0.017 [0.000; 0.089] 5.2% 5.2%
Chan-2017 0 18 : 0.000 [0.000; 0.185] 1.6% 1.6%
Xu-2018 0 59 — 0.000 [0.000; 0.061] 5.2% 5.2%
Weiss-2019 0 15 : 0.000 [0.000; 0.218] 1.3% 1.3%
Zheng-2019 1 10 i 0.100 [0.003; 0.445] 0.9% 0.9%
Santarpia-2020 0 10 : 0.000 [0.000; 0.308] 0.9% 0.9%
Fu-2020 0 28 — 0.000 [0.000; 0.123] 2.4% 2.4%
Jia-2020 1 11 : 0.091 [0.002; 0.413] 1.0% 1.0%
Akamatsu-2021 0 27 ——— 0.000 [0.000; 0.128] 2.4% 2.4%
Xing-2020 0 18 : 0.000 [0.000; 0.185] 1.6% 1.6%
Xu-2021 0 45 — 0.000 [0.000; 0.079] 3.9% 3.9%
Wang-2021 0 45 ;7 0.000 [0.000; 0.079] 3.9% 3.9%
Wang-2022 0 68 — 0.000 [0.000; 0.053] 5.9% 5.9%
Wei-2022 0 79 ;—— 0.000 [0.000; 0.046] 6.9% 6.9%
Shi-2022 0 41 R 0.000 [0.000; 0.086] 3.6% 3.6%
Lu-2022 0 9 : 0.000 [0.000; 0.336] 0.8% 0.8%
Aredo-2022 0 6 { 0.000 [0.000; 0.459] 0.5% 0.5%
Deng-2022 0 46 % 0.000 [0.000; 0.077] 4.0% 4.0%
Smith-2023 0 16 . 0.000 [0.000; 0.206] 1.4% 1.4%
|
Fixed effect model 1143 I 0.001 [0.000; 0.003] 100.0% --
Random effects model b 0.001 [0.000; 0.003] -- 100.0%
T T 17 T 17 7171

Heterogeneity: 12 = 0%, 1 = 0, p = 0.88

0 0.04 0.08 0.12

Fig. 3.

Discussion

We systematically reviewed existing publications on NSCLC
treated with thoracic RT and TKIs. The meta-analysis
results suggested a generally acceptable 3.8% rate of severe
TRP and a rare fatal TRP event with this combined treat-
ment. To the best of our knowledge, this is the first system-
atic review focusing on severe TRP treated with a
combination of thoracic RT and TKIs. Clinicians may be
less concerned about severe pneumonitis when implement-
ing upfront or salvage thoracic RT with TKIs in patients
with NSCLC.

ILD has a low incidence but occasionally causes fatal
TKI-induced pneumonitis. In some large-scale reports, the
incidence of ILD induced by gefitinib was up to 5.7%, with a
high mortality rate in Asian patients.””>”® Based on a recent

Forest plot of the meta-analysis for grade 5 fatal treatment-related pneumonitis from all included studies.

network meta-analysis, osimertinib-induced ILD was found
to be associated with a higher risk than other EGFR-TKIs.""
The FLAURA trial found ILD in 4% of patients treated with
osimertinib.” A recent real-world multicenter cohort study
in Japan reported a grade 3 or higher pneumonitis induced
by first-line osimertinib in 21 (4.6%) out of 452 patients.®’
Our meta-analysis showed a severe TRP rate of 3.6% (95%
CI, 0.5%-9.6%) in a subgroup of 361 patients treated with
palliative or salvage thoracic RT, which suggested a compa-
rable pneumonitis rate compared with historical ILD results
of first-generation TKIs or osimertinib alone.

Clinically significant symptomatic RP occurs in approxi-
mately 5% to 50% of patients with lung cancer.”' The phase
3 trial Radiation Therapy Oncology Group (RTOG) 0617
reported grade 3 or higher RP in 8 out of 285 patients
(2.8%) treated with concurrent chemoRT with doses of 60
and 74 Gy.°” In another phase 3 PROCLAIM trial, severe
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A. Subgroup analyses by RT type: Curative (chemo)RT versus local RT

Events Total Proportion
Study m (N (1.0 = 100%) 95%-Cl

RT_type = Curative (chemo)RT

Stinchcombe-2008 1 23 “;—'—> 0.043 [0.001;0.219]
Choong-2008 1 ¥ 0.029 [0.001;0.153]
Kelly-2008 3 107 - 0.028 [0.006; 0.080]
Ready-2010 0 60 E—— 0.000  [0.000; 0.060]
Center-2010 1 12 e —— 0.083 [0.002; 0.385]
Okamoto-2011 1 T ——— 0.143  [0.004; 0.579]
Rothschild-2011 0 14 e 0.000 [0.000; 0.232]
Wang-2011 1 26 ——— 0.038 [0.001; 0.196]
Casal Rubio-2014 0 66 E—~— 0.000 [0.000; 0.054]
Lilenbaum-2015 1 75 b 0.013  [0.000; 0.072]
Komaki-2015 3 46 0.065 [0.014;0.179]
Gomez-2016 0 2 0.000 [0.000; 0.842]
Martinez-2016 2 60 —a 0.033 [0.004;0.115]
Fu-2020 0 28 E————— 0.000 [0.000; 0.123]
Akamatsu-2021 1 27 —_——— 0.037  [0.001; 0.190]
Xing-2020 3 18 —_— 0.167  [0.036; 0.414]
Xu-2021 3 45 -— 0.067 [0.014;0.183]
Aredo-2022 0 6 — 0.000 [0.000; 0.459]
Deng-2022 1 46 B 0.022  [0.001; 0.115]
Fixed effect model 702 W 0.021 [0.012; 0.033]
Random effects model < 0.023 [0.010; 0.041]

Heterogeneity: 12 = 39%, ©° = 0.0048, p = 0.04

RT_type = Local RT

De Ruysscher-2012 0 1 —_— 0.000 [0.000; 0.975]
Yu-2013 0 2 —_ 0.000 [0.000; 0.842]
Conforti-2013 0 5 —_ 0.000 [0.000; 0.522]
Wang-2014 2 14 T 0.143 [0.018; 0.428]
lyengar-2014 3 14 _ 0.214  [0.047; 0.508]
Chan-2017 0 18 ———— 0.000 [0.000; 0.185]
Xu-2018 5 59 0.085 [0.028;0.187]
Weiss-2019 0 15 0.000 [0.000; 0.218]
Zheng-2019 2 10 0.200 [0.025; 0.556]
Santarpia-2020 0 10 0.000 [0.000; 0.308]
Wang-2022 5 68 0.074  [0.024; 0.163]
Wei-2022 0 79 0.000 [0.000; 0.046]
Shi-2022 0 41 0.000 [0.000; 0.086]
Lu-2022 0 9 0.000 [0.000; 0.336]
Smith-2023 6 16 0.375 [0.152; 0.646]
Fixed effect model 361 0.031 [0.015; 0.051]

Random effects model
Heterogeneity: /* = 74%, 1* = 0.0378, p < 0.01

0.036 [0.005; 0.096]

Fixed effect model 1063
Random effects model

0.024 [0.016; 0.034]
0.029 [0.013; 0.051]

Heterogeneity: 12 = 61%, ©° = 0.0149, p < 0.01 0 0.05 0.1 0.15 0.2
Test for subgroup differences (common effect): %2 = 0.80, df = 1 (p = 0.37)
Test for subgroup differences (random effects): y 0.32,df =1 (p = 0.57)

B. Subgroup analyses by treatment timing: Concurrent versus sequential

Events Total Proportion
Study m (N (1.0 = 100%) 95%-Cl
Timing = Concurrent i
Stinchcombe-2008 1 23 ———> 0.043 [0.001;0.219]
Choong-2008 1 34 —F 0.029 [0.001;0.153]
Ready-2010 0 60 E—— 0.000 [0.000; 0.060]
Center-2010 1 12 0.083 [0.002; 0.385]
Okamoto-2011 1 7 0.143  [0.004; 0.579]
Rothschild-2011 0 14 0.000 [0.000; 0.232]
Wang-2011 1 26 0.038 [0.001;0.196]
Conforti-2013 0 5 0.000 [0.000; 0.522]
Wang-2014 2 14 0.143 [0.018; 0.428]
lyengar-2014 3 14 _— 0.214  [0.047; 0.508]
Zhuang-2014 5 24 _— 0.208 [0.071;0.422]
Lilenbaum-2015 1 75 == 0.013  [0.000; 0.072]
Komaki-2015 3 46 0.065 [0.014;0.179]
Gomez-2016 0 2 0.000 [0.000; 0.842]
Martinez-2016 2 60 — 0.033 [0.004;0.115]
Zheng-2019 2 10 0.200 [0.025; 0.556]
Santarpia-2020 0 10 0.000 [0.000; 0.308]
Fu-2020 0 28 0.000 [0.000; 0.123]
Jia-2020 6 " > 0.545 [0.234; 0.833]
Akamatsu-2021 1 27 = 0.037 [0.001; 0.190]
Xing-2020 3 18 ——— 0.167  [0.036; 0.414]
Xu-2021 3 45 e — 0.067 [0.014;0.183]
Wang-2021 2 45 —E— 0.044  [0.005; 0.151]
Wang-2022 5 68 0.074 [0.024; 0.163]
Shi-2022 0 41 0.000 [0.000; 0.086]
Deng-2022 1 46 0.022 [0.001;0.115]
Fixed effect model 765 0.038 [0.026; 0.053]
Random effects model = 0.049 [0.024; 0.081]
Heterogeneity: 12 = 64%, t* = 0.0186, p < 0.01
Timing = Sequential
Kelly-2008 3 107 - 0.028 [0.006; 0.080]
De Ruysscher-2012 0 1 0.000
Yu-2013 0 2 0.000 [0.000; 0.842]
Casal Rubio-2014 0 66 B 0.000 [0.000; 0.054]
Chan-2017 0 18 0.000 [0.000; 0.185]
Aredo-2022 0 6 0.000 [0.000; 0.459]
Fixed effect model 200 0.008 [0.000; 0.025]
Random effects model [ 0.004 [0.000; 0.031]
Heterogeneity: /2 = 11%, <> = 0.0058, p = 0.34
Fixed effect model 965 H 0.030 [0.020; 0.042]
Random effects model et 0.038 [0.018; 0.065]

11 1 1

Heterogeneity: /> = 63%, 1> =0.0178,p<0.01 0 0.05 0.1 0.15 0.2
Test for subgroup differences (common effect): f =7.23,df=1(p <0.01)
Test for subgroup differences (random effects): 1 = 5.49, df = 1 (p = 0.02)

Fig. 4. TForest plot of the meta-analysis for grade 3 or higher
treatment-related pneumonitis in patients by (A) RT type
including curative (chemo)RT versus other RT (including ste-
reotactic body RT and palliative RT), and (B) treatment timing
of concurrent therapy versus sequential combination of tyrosine
kinase inhibitor and RT. Abbreviations: RT = radiation therapy.
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Fig. 5. Funnel plots of (A) grade 3 and 4 severe treat-
ment-related pneumonitis and (B) grade 5 fatal pneumonitis
in all included studies.

RP events were observed in 1.8% and 2.6% out of a total of
555 patients in 2 treatment arms with RT doses from 60 to
66 Gy.”” Our meta-analysis found that a subgroup of studies
employing definitive (chemo)RT combined with TKI treat-
ment had an overall proportion of grade 3 or higher pneu-
monitis of 2.3% (95% CI, 1.0%-4.1%), which was similar to
the RP results of the RTOG 0617 and the PROCLAIM trial.
Furthermore, in terms of local RT-induced pneumonitis,
our prior pooled analysis of 88 studies found an incidence
of 2.2% severe RP in patients with NSCLC treated with
SBRT.”* In another retrospective study, we analyzed 339
patients with early-stage and locally recurrent NSCLC who
received lung SBRT. Severe RP was found in 5.3% of
patients.”” These results were comparable with the severe
pneumonitis rate of 3.6% (95% CI, 0.5%-9.6%) in the cur-
rent meta-analysis in the similar RT subgroup under local
radical or palliative RT. Based on our meta-analysis, the
addition of TKI treatment may not substantially increase
severe TRP toxicity associated with either definitive
(chemo)RT or local thoracic RT.

The optimal timing for adding thoracic RT to TKI ther-
apy remains unknown. Our review included 26 studies with
patients (n = 765) treated with concurrent TKI and RT and
6 studies conducting sequential treatment (n = 200). The
subgroup meta-analysis on treatment sequence revealed a
higher rate of severe TRP with concurrent delivery than
with sequential therapy (4.9% vs 0.4%). Unfortunately, indi-
vidual clinical characteristics and toxicities were not
reported in each study, preventing us from conducting a
multivariate analysis to determine whether concurrent
delivery was an independent hypersensitive factor.
Despite this, most studies reported a relatively low or
no incidence of pneumonitis after concomitant
therapy.®'®!7:2220:2821,36.38.42.43.48 The proportion of severe
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pneumonitis was acceptable at 3.5% (95% CI, 1.8%-5.7%) in
the concurrent delivery subgroup after excluding 2 outlier
studies detected in the funnel plots. These data suggested that
clinicians may not need to be overconcerned about overlap-
ping lung toxicities. But still, considering the significantly
higher rate of severe TRP found in concurrent treatment and
that the average half-life of most TKI elimination is estimated
at around 48 hours,”® withholding TKI treatment for 2 to
4 days before initiation of RT may be a reasonably cautious
strategy for patients potentially at high risk of TRP.

We recognize that this meta-analysis has several limita-
tions. First, this review included retrospective studies, and
they may be susceptible to selection bias, especially regard-
ing the 3 outlier studies identified by the funnel plots. These
3 studies were conducted at a single institution with a small
sample size, had a primary endpoint of pneumonitis, and
reported an exceptionally high incidence of severe pneumo-
nitis. We suspected that the investigators might have
observed some cases of severe pneumonitis first and then
generated the hypothesis of an increased risk from com-
bined treatment. Thus, our meta-analysis may have overesti-
mated the risk of TRP because of a potential reporting bias.
Second, we did not have access to the data of individual
patients, including the characteristics and details of the
treatment. Association analysis of potential risk factors and
assessment of confounding variables were not feasible in the
current meta-analysis. Third, osimertinib is currently the
standard of care of first-line treatment for patients with
advanced NSCLC harboring common EGFR mutations, but
the majority of the data in our review were from first-gener-
ation TKIs. The risk of TRP in patients treated with a com-
bination of TRT and simultaneous osimertinib treatment
requires further investigation. We are awaiting results from
the ongoing trial NORTHSTAR (NCT03410043) assessing
RT combined with osimertinib in advanced EGFR-mutated
NSCLC and the LAURA trial (NCT03521154) investigating
osimertinib after chemoradiation in patients with unresect-
able stage III EGFR-mutated NSCLC.

Conclusion

Our meta-analysis indicated that the combination of TKI
with thoracic RT has an overall acceptable risk of severe
TRP and rare mortality in patients with NSCLC. Concurrent
treatment has a higher TRP toxicity rate than sequential
therapy and should be used with caution. Data on osimerti-
nib are lacking and require further investigation.
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