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Abstract

Background: We hypothesized that the addition of receptor tyrosine kinase inhibitors (RTKis, e.g., lapatinib, erlotinib,
cetuximab, bevacizumab, panitumumab) to radiotherapy-based treatment for solid tumors does not increase overall survival
but may increase toxicity. Methods: Population, Intervention, Control, Outcome, Study Design; Preferred Reporting Items for
Systematic Reviews and Meta-Analyses; and Meta-analysis of Observational Studies in Epidemiology methods were used to
identify prospective randomized studies including patients with solid tumor cancers treated with radiotherapy with or with-
out RTKis. Extracted variables included use of radiotherapy vs chemoradiotherapy, RTKi type (antibody vs small molecule),
outcomes, and toxicities. The primary endpoint was overall survival; the secondary endpoint was grade 3+ toxicity. Random-
effects meta-analyses were performed for each outcome measure. All statistical tests were 2-sided. Results: A total of 405
studies met the initial search criteria, of which 13 prospective randomized trials of radiotherapy with or without RTKi met
the inclusion criteria, encompassing 5678 patients. The trials included cancers of the head and neck (6 trials, 3295 patients),
esophagus (3 trials, 762 patients), lung (2 trials, 550 patients), and brain (2 trials, 1542 patients). Three studies evaluated a
small molecule and radiotherapy in 949 patients, and 10 studies evaluated antibodies and radiotherapy in 4729 patients. The
addition of RTKis to radiotherapy-based treatment did not improve overall survival (hazard ratio = 1.02, 95% confidence inter-
val = 0.90 to 1.15, P=.76) but increased grade 3+ toxicity (relative risk = 1.18, 95% confidence interval = 1.06 to 1.33, P =.009).
Conclusions: The addition of RTKis to radiotherapy does not improve survival and worsens toxicity.

Chemoradiotherapy has long been a cornerstone of cancer
treatment because the combination of chemotherapy and exter-
nal beam radiotherapy enhances cellular and tissue response
to treatment (1). However, the survival benefit of chemoradio-
therapy is often counterbalanced by increased toxicity because
it is not selective for tumor cells (2-5). Thus, the combination
of radiotherapy with tumor-specific receptor tyrosine kinase
inhibitors (RTKis, e.g., lapatinib, erlotinib, cetuximab, bevacizu-
mab, panitumumab) has emerged as a promising alternative to
chemoradiotherapy, with the promise of a more “focused” anti-
tumor effect and thus less toxicity (6,7).
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The antitumor response may be enhanced from the combi-
nation of ionizing radiation with RTKis for a number of reasons
(8). First, because ionizing radiation promotes RTK activity,
RTKis can magnify radiation-induced antitumor effects when
used in combination with radiation. Second, the DNA repair fa-
cilitated by RTKs would be inhibited by RTKis, thus inhibiting re-
pair of damage caused by ionizing radiation. Finally, RTKs are
involved in various steps of tumorigenesis such as increased cell
proliferation, tumor progression, tumor angiogenesis, and in-
creased cancer cell survival (1,9-11). Thus, the combination of
RTK inhibitors with radiotherapy may serve to enhance the
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radiosensitivity of tumor cells. For the purposes of this work, we
define RTKis as antibodies (eg, cetuximab, bevacizumab, panitu-
mumab) or small molecules (eg, gefitinib, erlotinib, lapatinib), as
illustrated in Supplementary Figure 1 (available online).

The purpose of this analysis is to evaluate the overall sur-
vival and toxicity of the addition of RTKis to standard-of-care
radiotherapy-based treatment for solid tumors. We hypothe-
sized that addition of RTKis to radiotherapy or chemoradiother-
apy does not improve survival and worsens toxicity. The results
of this work are applicable to patients receiving radiotherapy
who may also be eligible for systemic therapy with RTKis. These
results may also serve to affect the design of future studies ex-
ploring combination therapy.

Methods

Evidence Acquisition

The inclusion criteria for the literature search were defined us-
ing the Population, Intervention, Control, Outcome, Study
Design (see Table 1) approach. The Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (see Figure 1) literature
selection protocol was used for article selection, and the Meta-
analysis of Observational Studies in Epidemiology reporting
guidelines were followed (Supplementary Table 1, available on-
line). The medical literature including clinical trials published
in English from 2000 to 2018 was searched in PubMed,
Ovid Medline, Cochrane, and CINAHL (search strategy; see
Figure 1). The following terms were used in the search strategy:
(“radiation”) AND (“bevacizumab” OR “cetuximab” OR
“panitumumab” OR “trastuzumab” OR “pertuzumab” OR *mab
OR “erlotinib” OR “gefitinib” OR “lapatanib” OR “imatinib” OR
“nilotinib” OR “sorafenib” OR “sunitinib” OR “dasatinib” OR *nib)
AND (“randomized”) AND (“survival”).

Inclusion criteria were: 1) patients with solid cancer of any
primary site receiving definitive therapy, 2) intervention arm in-
cluded RTKi (either small molecule or antibody), 3) control arm
included either radiotherapy or chemoradiotherapy, 4) the pri-
mary outcome measure (hazard ratio for overall survival) was
reported, and 5) multi-arm randomized controlled trial. Both su-
periority and noninferiority trials were included in this analysis.
Exclusion criteria included 1) retrospective or single-arm stud-
ies, 2) manuscripts involving nonhuman subjects, 3) works not
published in English, 4) unfinished manuscripts, and 5) patients
receiving palliative radiotherapy.

Twenty-three studies were found that met inclusion criteria.
These were individually screened (N.Z., EM,, L.T.), and 10 trials
were further excluded (Supplementary Table 2, available on-
line), resulting in 13 trials eligible for further analysis (10,12-23)
(Supplementary Figure 2, available online). With the exception
of the trials by Bonner and Giralt (18,23), both the study and the

Table 1. PICOS inclusion criteria®

experimental arms contained the same treatment regimen with
or without the addition of RTKi. In these 2 trials, the experimen-
tal arms contained RTKi plus radiotherapy alone. However,
these studies were included in our analysis because they met
inclusion criteria requiring radiotherapy to be in both study
arms. A sensitivity analysis was later performed excluding the
trials.

Data Extraction

Extracted data include population size, cancer type, treatment
type, overall survival, and Common Terminology Criteria for
Adverse Events grade 3 or higher toxicity occurrence. For sur-
vival, hazard ratios and 95% confidence intervals (CI) were col-
lected. Four authors contributed to data collection (N.Z., E.B.,
L.T., M.M.), and then data were reviewed among all authors. For
toxicity, absolute numbers of grade 3+ toxicities were collected
from the arms of the included studies, and relative risks (RRs)
were calculated. All data from studies and discrepancies were
reviewed and discussed by multiple authors to ensure reporting
accuracy.

Intervention and Endpoints

The intervention was definitive conventionally fractionated ra-
diotherapy, chemoradiotherapy, or the same treatment plus RTKi
(either as an antibody or small molecule). The primary endpoint
was overall survival, defined by the hazard ratio reported in each
trial. The secondary endpoint was Common Terminology Criteria
for Adverse Events grade 3+ toxicity. Four studies did not provide
overall toxicity data (10,16,19). The corresponding author of 1
study was contacted to obtain the toxicity data (12).

Statistical Analysis

Stata (Stata Corp LLC; College Station, TX, USA) was used to con-
duct the meta-analyses and heterogeneity tests. Random effects
meta-analyses were used to determine an overall summary es-
timate for each of the outcome measures. A random effects
model was chosen over a fixed effects model because the stud-
ies included were performed over several years; among differ-
ent populations; in a variety of countries; and using different
systemic therapies, RTKis, and radiotherapy modalities and
doses. Further, a random effects model is often preferred over
fixed models when performing a meta-analysis to guide patient
treatment decisions (24,25). Overall summary estimates for
overall survival and toxicity were depicted on forest diagrams
with their associated 95% confidence interval. We also per-
formed subgroup analyses stratified by treatment type (chemo-
radiotherapy or radiotherapy) or RTKi type (small molecule or
antibody). Heterogeneity was assessed using both the I? statistic

Term Definition
Population Patients with a solid cancer of any disease site receiving definitive therapy
Intervention Definitive radiotherapy or chemoradiotherapy plus receptor tyrosine kinase inhibitor (small molecule or antibody)
Control Definitive radiotherapy or chemoradiotherapy
Outcome Overall survival, assessed using a hazard ratio
Incidence of CTCAE acute and late grade 3, 4, and 5 toxicities, assessed based on crude counts, and relative risks calculated
Study design Multi-arm prospective randomized controlled trial, with at least 10 individual patients

#CTCAE = Common Terminology Criteria for Adverse Events; PICOS = Population, Intervention, Control, Outcome, Study Design.
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Figure 1. Flow diagram describing the data collection process following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses convention.
2Excluded studies included those that did not analyze mutually exclusive groups, did not provide survival data, were not in English, were not multi-arm randomized
control trials, did not contain at least 10 individual patients, and evaluated combinations of drugs. °Following our initial screening process, studies were further ex-
cluded if the receptor tyrosine kinase inhibitor (RTKi) was not given concurrently with radiotherapy (n=2), both arms of the study contained RTKi and radiotherapy
(n=13), survival data were not reported as a hazard ratio (n =4), radiation was delivered using nonconventional dose or fractionation schema (n=1).

(26) and Cochran Q-Test (27). Statistically significant heteroge-
neity was considered to be present if I was greater than 50%
and the P value of the Q-Test was less than .10. Funnel plots
were generated to assess the potential publication bias. P values
were calculated using t tests when indicated. The null hypothesis
was rejected if the P value was less than .05. All tests were 2-sided.

Results

Study Characteristics

A total of 405 studies met our initial search criteria. Of these, 13
prospective randomized trials with a total of 5678 patients, pub-
lished from 2006 to 2018, met our final inclusion criteria (Table
2). The trials included cancers of the head and neck (6 trials,
3295 patients), esophagus (3 trials, 762 patients), lung (2 trials,
550 patients), and brain (2 trials, 1542 patients). No study

focused on very old (>80years), very young (<18years), or
immunosuppressed patients.

Three studies examined small-molecule RTKi and radiother-
apy or chemoradiotherapy with 949 total patients (Table 3)
(10,12,13). Ten studies examined RTKi antibodies and chemora-
diotherapy or radiotherapy vs chemoradiotherapy or radiother-
apy with 4729 patients total (Table 3) (14-23). Studies using
small-molecule RTKis included 1 using lapatinib for head and
neck cancers (12), 1 using erlotinib for esophageal cancer (10),
and 1 using erlotinib for definitive treatment of 1-3 brain metas-
tases from non-small cell lung cancer (13). Among the trials us-
ing antibody RTKis, 7 used cetuximab for cancers of the head
and neck, lung, and esophagus (14-18,21,22). The authors of 2 of
the antibody RTKi studies looked at bevacizumab for glioblas-
toma multiforme (19,20). Researchers of antibody RTKi trial
looked at panitumumab for head and neck cancer (23). These
results are shown in Table 2.
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Table 3. Outcomes and toxicities of RTKis added to RT-based therapy for the treatment of solid cancers?®
Overall survival Toxicity

Subgroup stratification Studies, Patients, Studies, Patients,
and randomization No. No. HR (95% CI) %% P No. No. RR (95% CI) %% P
RT or CRT

CRT + any type of RTKi 10 4835 1.00 (0.91t01.12) 410 .95 6 2970 1.18(1.09t01.28) 27.0 .003

RT + any type of RTKi 3 843 1.51(0.66 to3.45) 87.0 .33 1 NA NA NA NA
Drug type

RT or CRT * small 3 949 0.97 (0.71 to 1.33) 64 .87 2 NA NA NA NA

molecule RTKi

RT or CRT =+ antibody RTKi 10 4729 1.04 (0.90t0 1.19) 64.0 .62 5 1942 1.18 (1.06 to 1.32)  39.0 .01

Overall 13 5678 1.02(0.90t0o 1.15) 610 .76 7 2715 1.18(1.06 to 1.33)  60.0 .009

2CI = confidence interval; CRT = chemoradiotherapy; HR = hazard ratio; NA = not applicable because too few studies; RR = relative risk; RT = radiation therapy;

RTKi = receptor tyrosine kinase inhibitor.

Primary Endpoint: Overall Survival

Figure 2 depicts the forest plots for hazard ratios for overall sur-
vival. On analysis of any RTKi plus chemoradiotherapy or radio-
therapy, the overall hazard ratio was 1.02 (95% CI = 0.90 to 1.15,
P=.76) (Figure 2, A). On subgroup analysis of patients receiving
antibody RTKi, the hazard ratio for chemoradiotherapy or radio-
therapy plus RTKi vs chemoradiotherapy or radiotherapy alone
was 1.04 (95% CI = 0.90 to 1.19, P=.62) (Figure 2, B). On subgroup
analysis of patients receiving a small-molecule RTKi, the hazard
ratio for chemoradiotherapy or radiotherapy plus RTKis vs che-
moradiotherapy or radiotherapy alone was 0.97 (95% CI = 0.71
to 1.33, P=.87) (Figure 2, C). Among patients receiving RTKi
plus chemoradiotherapy vs chemoradiotherapy alone, the haz-
ard ratio was 1.00 (95% CI = 0.91 to 1.12, P=.95) (Figure 2, D).
Finally, among patients receiving RTKi plus radiotherapy vs
radiotherapy alone, the hazard ratio was 1.51 (95% CI = 0.66 to
3.45, P=.33) (Figure 2, E). The overall I* was 61.0% and Q-test
P value was less than .01, indicating statistically significant
heterogeneity between the studies in overall survival.

Secondary Endpoint: Toxicity

Rates of grade 3+ toxicity were reported in 7 of the studies (12-
17,19). The RR of grade 3+ toxicities are shown in forest plots in
Figure 3. Overall, among patients receiving any RTKi with che-
moradiotherapy or radiotherapy, the relative rate was 1.18 (95%
CI = 1.06 to 1.33, P=.009) (Figure 3, A). Among studies using an-
tibody RTKi plus chemoradiotherapy or radiotherapy vs chemo-
radiotherapy or radiotherapy alone, the relative rate was 1.18
(95% CI = 1.06 to 1.32, P=.01) (Figure 3, B). On subgroup analysis
of patients receiving any RTKi plus chemoradiotherapy vs che-
moradiotherapy alone, the relative rate was 1.18 (95% CI = 1.09
to 1.28, P=.003) (Figure 3, C). We were unable to conduct sub-
group analysis looking at the relative rate of grade 3+ toxicities
in studies using a small-molecule RTKi plus chemoradiotherapy
or radiotherapy vs chemoradiotherapy or radiotherapy alone or
looking at any RTKi plus radiotherapy vs radiotherapy alone be-
cause there were too few studies with statistically significant
heterogeneity. The overall I was 60.0% and Q-test P value was
less than .01, indicating statistically significant heterogeneity
between the studies in toxicity.

Discussion

Radiotherapy, with or without concurrent chemotherapy, is
used in the definitive treatment of many solid-tumor cancers.

The addition of systemic therapy to radiotherapy can enhance
the efficacy of treatment, but at the expense of increased toxic-
ity (3-5). It has been postulated that targeted agents, such as
RTKis, can be used in addition to, or in place of, cytotoxic che-
motherapy to provide a more targeted treatment approach, im-
proving survival without a concomitant increase in toxicity (28).
The results of this meta-analysis suggest that adding RTKis to
radiotherapy-based treatment does not improve overall survival
(hazard ratio = 1.02, 95% CI = 0.90 to 1.15, P =.76), and their addi-
tion increases toxicity (RR = 1.18, 95% CI = 1.06 to 1.33, P=.009).

Radiotherapy is the primary treatment modality in the man-
agement of a number of solid malignancies, including cancers
of the lung and head and neck (29,30). Numerous randomized
controlled clinical trials have demonstrated a survival benefit
when chemotherapy is added to radiotherapy in the manage-
ment of these cancers (31,32). The benefits of combining chemo-
therapy with radiotherapy, however, are limited by the toxicity
associated with treatment. Limitations in the further advance-
ment of chemoradiotherapy have resulted in widespread en-
thusiasm for the use of molecularly targeted agents in
combination with either radiotherapy alone or chemoradiother-
apy. RTKis play an important role in cell growth, differentiation,
and survival, making them an attractive target for antitumor
therapy. Thus, developing targeted agents to inhibit RTKis, in
particular those targeting growth factor receptors, has been an
active area of research over the last 2 decades (Supplementary
Figure 1, available online) (33-35).

The combination of RTKis with radiotherapy has also been
an active area of research because in theory their combination
should improve tumor kill through a number of mechanisms.
First, increased expression of EGFR has been correlated with
radioresistance; thus, inhibition of EGFR would be expected to
increase susceptibility of cancer cells to the damaging effects of
radiation (36,37). Second, EGFR inhibition commonly produces
cytostatic effects, which could potentiate the efficacy of frac-
tionated radiotherapy by preventing tumor repopulation (38,39).
Third, ionizing radiation has been shown to increase EGFR ex-
pression, thus promoting cancer cell growth and proliferation
(40). Thus, inhibition of EGFR during radiotherapy could prevent
EGFR activation and therefore enhance the efficacy of cancer
treatment (38). Finally, growth factors play a role in DNA dam-
age repair. Therefore, combining growth factor receptor inhibi-
tion with radiotherapy could further potentiate the effects of
treatment by preventing the repair of DNA damage induced by
radiation (38).

This study shows that the combination of RTKis and radio-
therapy, with or without chemotherapy, does not improve
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Figure 2. Forest plot of overall survival in patients treated with chemoradiotherapy or radiotherapy with or without receptor tyrosine kinase inhibitor (RTKi). Forest dia-
grams are shown for patients overall (A) and organized by type of RTKi (small molecule vs antibody) (B-C), and by treatment type (chemoradiotherapy vs radiotherapy)
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95% confidence intervals (Cls), and weight, as related to survival, are shown. A) On analysis of any RTKi plus chemoradiotherapy or radio-
0.90 to 1.15, P = .76). On analysis stratified by type of RTKi: (B) for studies using antibody RTKi, the hazard ratio was
0.90 to 1.19, P = .62); (C) for studies using small molecules, the hazard ratio was 0.97 (95% CI =
type: (D) for studies using chemoradiotherapy, the hazard ratio was 1.00 (95% CI =

0.71 to 1.33, P = .87). On analysis stratified by treatment

0.91 to 1.12, P = .95); (E) for studies using radiotherapy, the hazard ratio was 1.51 (95%

CI = 0.66 to 3.45, P = .33). These data indicate that the addition of an RTKi (either small molecule or antibody) to standard treatment with either chemoradiotherapy or
radiotherapy does not improve survival for cancer patients. All statistical tests were 2-sided. Squares represent individual studies with confidence intervals depicted
as horizontal lines through each square. The lines are depicted as white if the confidence interval falls within the area of the square. The area of each square is propor-
tional to the study’s weight in the meta-analysis. Diamonds represent the weighted random effects estimate for the combined studies in the meta-analysis. Vertical

lines representing no effect are also depicted.

survival of cancer patients undergoing definitive treatment for
their disease. Further, we show that when RTKis are combined
with chemoradiotherapy or radiotherapy, toxicity is increased.
The rate of grade 3+ toxicity expected from treatment with
RTKi alone is approximately 10%-40% (41-44); thus, it is not sur-
prising that toxicity is increased when these drugs are added to
standard chemoradiotherapy or radiotherapy treatment. The
added toxicity might be warranted if survival outcomes are im-
proved, but our study shows that they are not. Of the 13 studies
we examined, 11 did not show improvement in survival when
RTKi was added to chemoradiotherapy or radiotherapy for mul-
tiple disease sites. One of the 2 studies to show a survival bene-
fit, the Bonner study for head and neck cancers, compared RTKi
plus radiotherapy with radiotherapy alone, which is no longer a
standard treatment for head and neck cancers where concur-
rent chemotherapy is now known to play an important role (18).
This trial was included in the present analysis because it was an
accepted treatment at the time the study was being conducted.
A number of ongoing trials investigating the combination of
RTKis with chemoradiotherapy or radiotherapy are actively
recruiting patients (eg, NCT 02738983, NCT 00973310). We cau-
tion against further investigations into this combined modality
therapy because of concerns over increased toxicity without
concomitant improvements in survival outcomes for patients.
Not only is the combination of RTKis plus radiotherapy more
toxic than radiotherapy alone, it is also more expensive.
Treatment with RTKis increases the cost to the health-care sys-
tem as well as out-of-pocket cost to the patient. A drug that
exceeds a designated amount (45), approximately $600, can be
placed in a “specialty tier” by Medicare Part D plans, which dic-
tates how much patients pay per month to obtain the drug.

RTKis fall within the “specialty tier” as designated by Medicare
Part because of their increased cost of administration. Patients
are required to pay a 25% to 33% copay during each year’s initial
coverage phase to obtain these specialty drugs. Thus, the addi-
tion of RTKis to radiotherapy may cause undue financial burden
on patients receiving care without concomitantly resulting in
improved patient outcomes. High out-of-pocket costs are espe-
cially concerning for patients with multiple chronic health con-
ditions needing several specialty tier prescriptions or
prescriptions required for long periods of time.

Although this analysis failed to show a benefit to RTKi ther-
apy concurrent with radiotherapy, there may still be a role for
this combination of therapies that has not yet been elucidated.
To benefit from the synergistic effects of radiotherapy in combi-
nation with RTKis, the sequencing of treatments may be rele-
vant (38). Our study excluded trials that did not give RTKi
concurrently with radiotherapy. It is possible that a benefit to
RTKi plus radiotherapy exists if the therapies, including chemo-
therapy, are delivered in a particular sequence. Indeed, there
are ongoing trials assessing the role of sequential without con-
current therapy (NCT 04111913, NCT 1553942), which may yield
more promising results. The mode of delivery of radiotherapy
may also affect the effect of combined therapy. Our analysis in-
cluded only trials using conventionally fractionated radiother-
apy; however, efforts are ongoing to evaluate the combination
of stereotactic body radiotherapy and RTKi therapy (NCT
03727867, NCT 02314364, NCT 02599779). It should also be noted
that our trial only investigated patients being treated with de-
finitive intent. There may be a role for RTKi in combination with
palliative radiotherapy for patients with metastatic disease.
Further, it should be noted that the studies in this meta-
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A study Drug  Event_TKI N_TKI Event_Control N_Control Risk Ratio RR 95%-Cl  Weight
Harrington 2015 lapatinib 263 346 224 342 B 1161 [1.053; 1.279] 23.1%
Sperduto 2013 erlotinib 20 41 5 44 4.293 [1.776;10.378] 0.5%
Ang 2014 cetuximab 99 444 90 447 ; 1.107 [0.859; 1.427] 5.3%
Bradley 2015 cetuximab 205 237 160 228 . 1.233 [1.117; 1.360] 22.7%
Crosby 2017 cetuximab 106 129 94 129 = 1.128 [0.988; 1.287] 15.4%
Suntharalingam 2017 cetuximab 112 159 113 169 = 1.053 [0.910; 1.219] 13.3%
Chinot 2014 bevacizumab 306 458 238 463 : 1.300 [1.165; 1.450] 19.9%
Random effects model é 1.187 [1.062; 1.327] 100.0%
Heterogeneity: /2 = 60% [8%; 83%], =2 < 0.01 [0.00; 1.04], p = 0.02 f L 1
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B Study Drug Event_TKI N_TKI Event_Control N_Control Risk Ratio RR 95%-Cl Weight
Ang 2014 cetuximab 99 444 90 447 1.107 [0.859; 1.427] 82%
Bradley 2015 cetuximab 205 237 160 228 —m— 1.233 [1.117;1.360] 27.7%
Crosby 2017 cetuximab 106 129 94 129 1.128 [0.988;1.287] 20.6%
Suntharalingam 2017 cetuximab 112 159 113 169 1.053 [0.910; 1.219] 18.3%
Chinot 2014 bevacizumab 306 458 238 463 +—==—— 1.300 [1.165; 1.450] 25.2%
Random effects model —~—— 1.181 [1.061; 1.315] 100.0%
Heterogeneity: 12 = 39% [0%; 77%], ©* < 0.01 [0.00; 0.05], p = 0.16
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C Study Drug Event_TKI N_TKI Event_Control N_Control Risk Ratio RR 95%-Cl  Weight
Harrington 2015 lapatinib 263 346 224 342 — 1.161 [1.053;1.279] 23.3%
Ang 2014 cetuximab 99 444 90 447 1.107 [0.859; 1.427] 52%
Bradley 2015 cetuximab 205 237 160 228 —== 1233 [1.117;1.360] 22.9%
Crosby 2017 cetuximab 106 129 94 129 1.128 [0.988; 1.287] 15.4%
Suntharalingam 2017 cetuximab 112 159 113 169 1.053 [0.910;1.219] 13.2%
Chinot 2014 bevaciuzmab 306 458 238 463 +—— 1.300 [1.165; 1.450] 20.0%
Random effects model - 1.180 [1.092; 1.276] 100.0%
Heterogeneity: I° = 27% [0%; 70%), ©° < 0.01 [0.00; 0.03], p = 0.23
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Figure 3. Forest plot of grade 3+ toxicity in patients treated with chemoradiotherapy or radiotherapy with or without receptor tyrosine kinase inhibitor (RTKi). Forest
diagrams shown for patients overall grade 3+ toxicity (A) and are organized by type of RTKi (small molecule or antibody) (B) and by treatment type (chemoradiotherapy
vs radiotherapy) (C). The relative risk (RR), 95% confidence interval (CI), and weight as related to grade 3+ toxicity are provided. A) For patients overall, the RR of combi-
nation therapy vs chemoradiotherapy or radiotherapy alone was 1.18 (95% CI = 1.06 to 1.33, P =.009). B) On analysis stratified by type of RTKi (antibody or small mole-
cule), studies using antibody RTKi had a relative risk of 1.18 (95% CI = 1.06 to 1.32, P = .01). Only 2 studies using small-molecule RTKi reported relative risk for toxicity,
so a subgroup analysis could not be performed. C) On analysis of treatment type (chemoradiotherapy or radiotherapy), studies using chemoradiotherapy had a relative
risk of 1.18 (95% CI = 1.09 to 1.28, P = .003). Only 1 study using radiotherapy reported relative risk for toxicity, so a subgroup analysis could not be performed. These
data indicate that treatment with chemoradiotherapy or radiotherapy combined with an RTKi leads to increased risk of grade 3+ toxicity. Squares represent individual
studies with confidence intervals depicted as horizontal lines through each square. The lines are depicted as white if the confidence interval falls within the area of
the square. The area of each square is proportional to the study’s weight in the meta-analysis. Diamonds represent the weighted random effects estimate for the com-

bined studies in the meta-analysis. Vertical lines representing no effect are also depicted. All statistical tests were 2-sided.

analysis investigated only first-generation RTKis. Subsequent
generations of drugs may improve outcomes relative to their
first-generation counterparts. Finally, the trials we included did
not perform biomarker analyses. Using biomarker analysis to
select patients who are most likely to benefit from RTKis may
enhance their effectiveness.

Bias is present in the studies evaluated in this meta-analysis
(Supplementary Figures 2 and 3, available online). The Wu et al.
(10) study, which analyzed the addition of erlotinib to chemora-
diotherapy in the treatment of esophageal cancer, had a wide
range of tumor stages and node positivity in each treatment
group. Additionally, differences were present in treatment de-
livery for patients in each group, including the presence of
interruptions of radiotherapy, varying doses of radiotherapy,
and differences in receipt of chemotherapy. Wu et al. (10)
showed a statistically significant improvement in overall sur-
vival with the addition of an RTKi to radiotherapy. Notably, the
authors used a 2 x 2 factorial design in their study, and there
may be interaction between the 2 randomization groups, con-
ventional field irradiation, and elective nodal irradiation. The
authors did not provide organized data regarding toxicities ex-
perienced by patients in either the treatment or control groups.
The bias present in the studies analyzed contributes to the limi-
tations of our study.

There are limitations to our study. First, we do not have ac-
cess to individual patient-level data, and unmeasured factors
could confound these results. Because individual patient-level
data were not available, and tumor sites vary, a subgroup analy-
sis among stage, histology, drug, and radiotherapy dose could
not be performed. Second, not all studies evaluated provided
complete information regarding individual toxicities, and some
authors could not be reached for clarification. Studies reported
overall survival and toxicity data at differing time points in
treatment course. Additionally, the evaluated studies consid-
ered cancers only at particular sites with particular RTKi targets
(head and neck, primary lung, esophageal, and primary brain).
In addition, the type and dose of chemotherapy and the dose
and fractionation of radiotherapy varied between the studies
used in this meta-analysis. Finally, some cancer sites may be
more or less responsive to RTKis, other chemotherapy drugs,
and radiation, therefore skewing results; we did not perform an
analysis by disease subsite.

Furthermore, the studies provided did not consider the mo-
lecular characteristics present (eg, presence of KRAS mutations
when using cetuximab), making it difficult to understand how
an imbalance in tumor molecular characteristics might affect
survival and response to targeted therapies (46). RTKis may
have different molecular targets, and therefore some tumors
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may respond differently than others. Additionally, some mole-
cules inhibit multiple tyrosine kinase targets, and signaling out-
put may vary; therefore, our analysis demonstrates a simplified
classification of drugs. Statistically significant heterogeneity is
in the data presented across the included studies. This hetero-
geneity calls to question the validity of extrapolating data from
each study to a general population of cancer patients.
Nonetheless, unlike the data for use of radiotherapy plus immu-
necheckpoint inhibitors, which show survival improvement
and little toxicity with combination therapy (47-49), this study
adds to the growing body of evidence of clinical harm for
patients receving RT and RTKis (50,51).

The results of this study show that the addition of RTKis to
conventionally fractionated radiotherapy, with or without che-
motherapy, does not improve patient survival and worsens tox-
icity. The findings of this meta-analysis provide caution against
initiation of further large-scale trials evaluating the safety and
efficacy of RTKi-targeted therapies in combination with conven-
tionally fractionated radiotherapy. Further study into the appro-
priate sequencing of these treatments and the optimal
radiotherapy technique is needed.
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