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Topic: To compare bevacizumab, ranibizumab, aflibercept, and laser treatment as primary therapies for
retinopathy of prematurity (ROP) in terms of retreatment rate.

Clinical relevance: Anti-VEGF agents are increasingly used as primary treatment for ROP and may provide
superior outcomes compared with laser in posterior disease. Head-to-head comparisons between different anti-
VEGFs are lacking.

Methods: We searched CENTRAL, Embase, MEDLINE, and CINAHL databases for randomized
controlled trials and nonrandomized comparative studies that had been reported as of March 2022. We
included studies that used bevacizumab, ranibizumab, aflibercept or laser for ROP with comparable cohorts
and treatment criteria. Studies were evaluated by the Grading of Recommendations, Assessment, Devel-
opment and Evaluation framework, and those with biased case selection, nonrandomized case-control, or
lack of control group were excluded. Frequentist meta-analyses of proportions determined the absolute
primary retreatment rate of each modality and Bayesian network meta-analyses compared pairs of treat-
ments in type 1 and Zone I ROP.

Results: In all, 30 studies (4686 eyes) were included in the network meta-analyses. For type 1 ROP, single-
treatment success rates (i.e., likelihood of needing no further treatment) were 89.3% (95% confidence interval
[CI]: 83.8%e93.8%; n ¼ 1552) for laser, 87.0% (95% CI: 78.6%e93.8%; n ¼ 2081) for bevacizumab, 80.7% (95%
CI: 62.0%e94.4%; n ¼ 326) for aflibercept, and 74.0% (95% CI: 62.7%e84.1%; n ¼ 727) for ranibizumab.
Bayesian network meta-analysis indicates that laser treatment is associated with a significant 62% (95% credible
interval [CrI]: 16%e83%) reduction in retreatment risk compared with ranibizumab, while no significant difference
was found among other pairwise comparisons. The mean � standard error of the mean times to secondary
treatment following primary aflibercept (12.96 � 0.47 weeks) and bevacizumab (11.36 � 0.54 weeks) therapy were
significantly longer than that for primary ranibizumab (9.29 � 0.43weeks) therapy (P ¼ 7 � 10�7 and P ¼ 9 � 10�3,
respectively). For Zone I ROP, single-treatment success rates were 91.2% (95% CI: 83.6e96.9; n ¼ 231) for
bevacizumab, 78.3% (95% CI: 61.4e91.9; n ¼ 100) for ranibizumab, and 65.9% (95% CI: 41.4e87.2; n ¼ 158) for
laser treatment. In this case, Bayesian network meta-analysis suggests that primary bevacizumab is associated
with a significant 67% (95% CrI:10%e90%) reduction in retreatment risk compared with laser treatment.

Conclusions: Laser was associated with a lower rate of retreatment than ranibizumab in type 1 ROP (Zones I
and II combined), while bevacizumab was associated with a lower rate of retreatment than laser in Zone I ROP.
Aflibercept and bevacizumab demonstrate longer duration of action than ranibizumab for
ROP. Ophthalmology 2022;-:1e13 ª 2022 by the American Academy of Ophthalmology. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Supplemental material is available at www.aaojournal.org.
Retinopathy of prematurity (ROP) is a retinal vascular dis-
order affecting preterm infants. Globally, it is a leading
cause of potentially preventable blindness in children due to
aberrant neovascularization in areas of avascular retina
leading to retinal detachment.1 In developed countries, ROP
now occurs mostly in infants with extremely low birth
weight (BW) and low gestational age (GA).2
ª 2022 by the American Academy of Ophthalmology
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The decision to treat ROP is based on the clinical
appearance of retinal vasculature, defined by location
(zone), severity (stage), and the presence of plus disease
indicative of venous dilation and arterial tortuosity.3 Over
the past decades, treatment methods for ROP have
evolved from cryotherapy through to ablative laser therapy
targeting the peripheral avascular retina. However, ROP
1https://doi.org/10.1016/j.ophtha.2022.06.042
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could sometimes progress despite treatment, and side effects
of ablative therapy include reduced field of vision3 and
myopia,4 although there is debate as to how much of the
latter may be related to severity of disease itself.
Furthermore, practical limitations of laser therapy include
the requirement for general anesthesia or sedation, which
can be associated with significant morbidity in this
vulnerable group of infants, as well as its operator-
dependence such that retreatment is sometimes needed for
laser-skipped areas.5

More recently, the roles of vascular endothelial growth
factor (VEGF) and hypoxia inducible factor 1-alpha
(HIF1a) have been established in the pathogenesis of
ROP.4 This, combined with results of the BEAT-ROP trial6

in 2011 supporting the use of 0.625 mg of intravitreal
bevacizumab (Avastin) for posterior ROP (aggressive
posterior ROP and Zone I disease), has led to increased
utilization of anti-VEGF agents as a primary treatment for
ROP. Furthermore, anti-VEGF treatment is associated with
lower likelihood of visual field defects and high myopia
compared with laser treatment.7

Bevacizumab is an antiangiogenic humanized mono-
clonal antibody (149 kDa) that blocks VEGF-A. Ranibizu-
mab (Lucentis) is a monoclonal antibody fragment (Fab; 48
kDa) derived from the same parent antibody as bev-
acizumab. The intraocular half-life of bevacizumab in
nonvitrectomized human eyes has been estimated at 9.8
days, compared with 7.2 days for ranibizumab.8 The
RAINBOW trial showed that 0.2 mg of intravitreal
ranibizumab was as effective as, and possibly superior to,
laser treatment for type 1 ROP.9,10 Aflibercept (Eylea) is a
115-kDa fusion protein combining binding domains from
human VEGF receptor 1, human VEGF receptor 2, and the
Fc region of a human immunoglobulin G1. Aflibercept
binds to multiple isoforms of VEGF-A, VEGF-B, and
placental growth factor, thus “trapping” these circulating
VEGFs for degradation. It is under investigation as mono-
therapy for ROP against laser in several randomized
controlled trials (RCTs).11,12

While anti-VEGFs have less effect on eye growth
compared with laser treatment, they can be associated with
late ROP reactivation, which requires retreatment (often
with laser photocoagulation under general anesthesia).13

Hence, frequent and long-term monitoring of anti-
VEGFetreated eyes is required. Systemic dissemination of
anti-VEGF drugs after intraocular administration has been
shown,14e17 but there is no definitive evidence of devel-
opmental adverse effects.18,19

To date, most studies and systematic reviews have
focused on comparing intravitreal anti-VEGF against laser
treatment while head-to-head comparisons between different
anti-VEGF agents are lacking, particularly in terms of high-
quality RCTs. Moreover, many existing studies investigate
efficacy (in terms of anatomical and visual outcomes) as the
primary outcome. While efficacy is of prime importance,
when multiple therapeutic modalities are available that offer
similar high efficacies, the treatment choice may be deter-
mined by differences in retreatment rates. This factor has
very significant clinical implications on the long-term
monitoring regime and potential requirement for general
2

anesthesia (e.g., for secondary laser treatment) in neonates
with complex comorbidities. Herein, we performed a
network meta-analysis (NMA) to fully utilize the available
clinical data to explore relative differences in retreatment
rates following primary ROP therapy with bevacizumab,
ranibizumab, aflibercept, or laser. Objective retreatment
criteria were used, including retreatment for ROP reac-
tivation, persistence, or progression.

An NMA is a statistical technique that can directly and
indirectly compare treatments, even when pairs of treat-
ments have not been compared head-to-head in the same
study.20 This uses a network of intervention arms
constructed from direct comparisons between different
treatment modalities to estimate indirect comparisons.21

The NMA summarizes RCTs and nonrandomized
comparative studies of several different treatments by
providing point estimates for their association with a
given end point and estimating how well the entire
network of intervetions fits together (consistency).20

NMAs have been used successfully in other fields of
medicine to overcome the challenges of complex multiarm
RCTs and the impractically large sample sizes required for
comparing multiple alternative treatments for the same
condition.22 This NMA compares the effectiveness of the
3 main anti-VEGF agents currently available alongside
laser for ROP as measured by the risk of disease reactivation
needing retreatment. The results are expected to inform
clinical decision making and guideline development.
Methods

Literature Search and Inclusion Criteria

We performed a systematic review of publications on the use of
anti-VEGF drugs for the treatment of ROP. A synthesis of data
inclusion was created in accordance with the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses guidelines. We
searched with the terms “ROP” OR “retinopathy” AND the anti-
VEGF agents (bevacizumab, ranibizumab, aflibercept) in the
Cochrane Central Register of Controlled Trials (CENTRAL),
CINAHL, Embase, and MEDLINE via PubMed from the date of
database inception to 18 March 2022, with no language re-
strictions. The electronic database searches were supplemented
with manual searches for published and ongoing RCTs in inter-
national trial registers. For example, we searched Clinical-
Trials.gov using the term “retinopathy of prematurity” and the
names of the 3 anti-VEGF agents.

Predefined eligibility criteria for evidence inclusion were as
follows: (i) RCTs or nonrandomized studies; (ii) studies of pre-
mature infants with type 1 ROP as defined by the Early Treatment
of ROP (ETROP) study23; and (iii) studies comparing the anti-
VEGF agents with laser or another anti-VEGF agent as mono-
therapy for type 1 ROP. We defined retreatment as any eye that
received secondary treatment due to (i) reactivation of ROP in
keeping with criteria presented in the International Classification of
Retinopathy of Prematurity, third edition,24 (i.e., disease regression
followed by reappearance of pre-plus or plus disease, extraretinal
new vessels, or fibrovascular ridge); (ii) persistent ROP (any stage)
or failure to regress; or (iii) progression of ROP severity despite
treatment. We included 2 eyes (of 1 infant) for laser retreatment of
abnormal vascular hyperpermeability following bevacizumab
monotherapy, which we interpreted as a case of ROP

http://ClinicalTrials.gov
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Figure 1. Flowchart of database search and study selection.
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reactivation.25 We did not include eyes retreated solely for laser-
skipped areas or persistent avascular retina, as these represent
subjective treatment choices that remain controversial and do not
fulfill criteria for ROP reactivation presented in the International
Classification of Retinopathy of Prematurity, third edition. Other
reasons for exclusion were (i) studies with unreported outcomes,
(ii) studies that did not report ROP retreatment rates, and (iii)
subgroups of patients who received planned combined treatment
with anti-VEGF and laser. As only a small number of RCTs of
anti-VEGF therapy for ROP were available, likely because of the
complexity and ethical challenges surrounding the implementation
of interventional RCTs in premature infants, we also included
nonrandomized retrospective cohort studies in our meta-analyses.
To ensure transitivity, all studies were assessed to ensure the
study populations were similar in terms of mean GA, BW, and
length of follow-up (minimum 6 months) for capturing any ROP
retreatment. For anti-VEGF treatment studies, we pooled data from
cohorts treated with each drug (i.e., 0.625 mg in 0.025 ml of
bevacizumab, 0.20e0.30 mg in 0.02e0.03 ml of ranibizumab,
0.4e1.0 mg in 0.01e0.025 ml of aflibercept), and we made the
assumption that the small dose variations for ranibizumab and
aflibercept do not have significant impact on reactivation rates. We
included results from the FIREFLEYE RCT (aflibercept vs. laser)
by extracting data reported on ClinicalTrials.gov that have not been
formally published via peer review. The data reported results as
number of infants rather than eyes; thus, we assumed that infants
were treated bilaterally. The fact that the proportions do not give
exact patient numbers may suggest that some eyes or patients were
excluded from the analysis. These factors may have some effect on
the accuracy of the results but are unlikely to affect the overall
conclusions.
Data Extraction

For each included study, we extracted the population characteristics
(GA, BW, and postmenstrual age [PMA] at treatment); treatment
modalities; primary outcome (number of eyes requiring retreatment
for ROP within 6 months of primary therapy); and time (number of
weeks) between initial and secondary treatment. In studies con-
taining planned combination-treatment groups (e.g., a study
comparing bevacizumab monotherapy, laser monotherapy, and
combined bevacizumabþlaser therapy), we extracted the outcome
data for the bevacizumab and laser monotherapy arms only. For
studies involving the same patient populations, duplication of data
was avoided by including only the most complete data set.

We first compared retreatment rates of intravitreal anti-VEGFs
and laser treatment for all ROP that reached the treatment threshold
(i.e., type 1 ROP). Given the current pattern of clinical practice,
there is a likelihood of bias toward selecting anti-VEGF over laser
for posterior ROP (e.g., Zone I or posterior Zone II disease) in
nonrandomized studies. In addition, given that Zone I ROP disease
typically has worse outcomes, we separately compared the
retreatment rates following primary treatment of Zone I ROP with
anti-VEGFs or laser. Since the study aim was focused on ROP
retreatment rates, comparisons of other adverse outcomes such as
reduced visual acuity and myopia are beyond the scope of this
systematic review and NMA.
3
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Table 1. Characteristics of All Studies Included in the Type 1 ROP Analysis

Study

Treatment Type Study
Design

No. of
Patients

Total No.
of Eyes

No. of Eyes
Receiving Initial

Treatment

No. of Eyes
Requiring

Retreatment

Mean Time between Initial and
2nd Treatment, Weeks (unless

otherwise stated)

Reason for
Retreatment
(Number of

Eyes)Bevacizumab Ranibizumab Aflibercept Laser IVB IVR IVA Laser IVB IVR IVA Laser IVB IVR IVA

Murakami et al. 202136 IVB (0.625 mg/
0.025 ml)

n/a n/a Laser r 26 52 24 0 0 28 4 n/a n/a 0 9 n/a n/a þ (4)

Zayek et al. 202137 IVB (0.625 mg/
0.025 ml)

n/a n/a Laser r 146 292 122 0 0 170 20 n/a n/a 4 median:8 n/a n/a þ (12)

Mori et al. 202025 IVB (0.625 mg/
0.025 ml)

n/a n/a Laser r 66 132 26 0 0 106 12 n/a n/a 8 n/a n/a n/a NV (2), þ (18)

Demir et al. 201938 IVB (0.625 mg/
0.025 ml)

n/a n/a Laser r 65 121 57 0 0 64 9 n/a n/a 17 n/a n/a n/a NV (26)

Chen et al. 2018a39 IVB (0.625 mg/
0.025 ml)

n/a n/a Laser r 25 49 29 0 0 20 28 n/a n/a 2 19 n/a n/a Per (30)

Mueller et al. 201740 IVB (0.625 mg/
0.025 ml)

n/a n/a Laser r 54 108 74 0 0 34 10 n/a n/a 0 median:12.7 n/a n/a Per (10)

Nicoar�a et al. 201641 IVB (0.625 mg/
0.025 ml)

n/a n/a Laser r 23 46 34 0 0 12 3 n/a n/a 2 n/a n/a n/a Per (5)

Hwang et al. 201542 IVB (0.625 mg/
0.025 ml)

n/a n/a Laser r 28 54 22 0 0 32 3 n/a n/a 1 9 n/a n/a NV (1), þ (2),
Pro (1)

Kong et al. 201543 IVB (0.625 mg/
0.025 ml)

n/a n/a Laser r 42 80 43 0 0 37 3 n/a n/a 4 8.86 n/a n/a þ (3), Pro (4)

Isaac et al. 201544 IVB (0.625 mg/
0.025 ml)

n/a n/a Laser r 25 45 23 0 0 22 0 n/a n/a 1 n/a n/a n/a Per (1)

Mintz-Hittner 20116 IVB (0.625 mg/
0.025 ml)

n/a n/a Laser RCT 143 286 140 0 0 146 6 n/a n/a 32 16 n/a n/a NV (38)

Fleck et al. 202210 n/a IVR (0.2 mg) n/a Laser 142 284 0 146 0 138 n/a 40 n/a 34 n/a median:7.64 n/a þ (25), Per
(48)

Chmielarz-
Czarnoci�nska et al.
202145

n/a IVR (0.25 mg/
0.025 ml)

n/a Laser r 176 346 0 120 0 226 n/a 80 n/a 46 n/a n/a n/a þ or Per (126)

Lyu et al. 201946 n/a IVR (0.25 mg/
0.025 ml)

n/a Laser r 14 27 0 17 0 10 n/a 2 n/a 3 n/a n/a n/a Per (3), Pro (2)

Leng et al. 201847 n/a IVR (0.25 mg) n/a Laser r 61 122 0 24 0 98 n/a 10 n/a 42 n/a n/a n/a U (52)
Zhang et al. 201748 n/a IVR (0.3 mg/

0.03 ml)
n/a Laser RCT 50 100 0 50 0 50 n/a 26 n/a 2 n/a 12.62 n/a þ (28)

Chan et al. 201649 n/a IVR (0.25 mg/
0.025 ml)

n/a Laser r 9 18 0 8 0 10 n/a 6 n/a 2 n/a 7.43 n/a Per (5), U (3)

FIREFLEYE 202212 n/a n/a IVA 0.4 mg
(0.01 ml)

Laser RCT 113 226 0 0 150 76 n/a n/a 11 7 n/a n/a n/a U (18)

Ekinci et al. 202050 n/a n/a IVA 1 mg/
0.025 ml

Laser r 27 51 0 0 24 27 n/a n/a 6 2 n/a n/a 18.2 þ (6), Per (2)

Ling et al. 202051 IVB (0.625 mg/
0.025 ml)

IVR (0.25 mg/
0.025 ml)

n/a Laser r 176 340 231 48 0 61 23 10 n/a 11 8.8 8.3 n/a þ (44)

Kabataş et al. 201752 IVB (0.625 mg/
0.025 ml)

IVR (0.25 mg/
0.025 ml)

n/a Laser r 54 108 24 12 0 72 2 2 n/a 10 17 13.7 n/a þ (4), Per (10)

Gunay et al. 201653 IVB (0.625 mg/
0.025 ml)

IVR (0.25 mg/
0.025 ml)

n/a Laser r 134 264 107 44 0 113 6 6 n/a 0 14 8.75 n/a Both Pro and þ
(12)

Chen et al. 2018b54 IVB (0.625 mg/
0.025 ml)

IVR (0.25 mg/
0.025 ml)

n/a n/a r 36 66 40 26 0 0 4 0 n/a n/a n/a n/a n/a Per (4)

Kang et al. 201855 IVB (0.625 mg/
0.025 ml)

IVR (0.2 mg/
0.02 ml)

n/a n/a r 83 153 101 52 0 0 8 7 n/a n/a n/a n/a n/a U (15)
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Data Analysis

Frequentist Meta-Analyses of Proportions. All statistical analysis
was performed in R (version 4.0.5).26 We used a conventional
frequentist meta-analysis of proportions (R-package: metafor,
version 3.0.227) to calculate dichotomous outcome measures
(number of eyes requiring retreatment). A FreemaneTukey dou-
ble arcsine transformed proportion was used to calculate effect
sizes and associated sampling variances to generate a summary
proportional effect size with 95% confidence intervals (CIs) and I2

statistic to assess heterogeneity. The choice of transformation is
dependent of the type of data. In cases such as that encountered in
this data set, a FreemaneTukey double arcsine transformation is
effective at normalizing for situations where extreme values for
incidence rates exist, and it is also effective at stabilizing the
variances.28 Questions do emerge on the method of back-
transformation, with potentially misleading results arising from
choosing a harmonic mean in cases where the sample size is very
large. We note that for our data set, sample sizes are well within the
upper limits where issues of back-transformational errors are likely
to occur.29 A random-effects model was used for these meta-
analyses. To visualize the statistical power of each study con-
tained in the analysis, we created a sunset power-enhanced funnel
plot with metaviz,30 using the lower bound of the overall summary
effect size derived from the frequentist analysis.

Bayesian NMAs. Transitivity is a key underlying assumption
of NMAdthe model assumes that retrospective studies are of high
quality (i.e., they do not compare 2 treatments with unequal
methodology or significant biases) such that comparisons between
studies can be made. We assessed the clinical variables that may
act as effect modifiers across treatment comparisons, including GA
at birth, BW, and PMA at treatment. These patient characteristics
were found to be comparable across all treatment groups.

We performed a Bayesian NMA and meta-regression using the
R-package gemtc (version 1.0.1)31,32 to compare relative effect
sizes of bevacizumab, ranibizumab, aflibercept, and laser
treatment in terms of retreatment risk and estimated summary
risk ratios. A network within a Bayesian hierarchical model was
constructed to directly and indirectly compare the various
treatment modalities and ensure the most comprehensive
comparisons of relative effects for any given pairwise
comparison of anti-VEGF or laser treatment. This model simu-
lates, using the Markov chain Monte Carlo method, distributions of
treatment comparisons and then infers, by indirect means via a
network, any missing treatment arms. For the Bayesian imple-
mentation, we used a binomial likelihood for dichotomous out-
comes and vague priors, and we ended the simulation only once we
ensured model convergence after running 4 chains. We used 200
000 iterations were used in total, discarding all but every 10th
iteration, as is commonly performed for thinning purposes. The
first 8000 iterations were disregarded, and the remaining 192 000
iterations were used to estimate the parameters.

Convergence of models was ensured by visual inspection of the
4 Markov chains and after considering the Gel-
maneRubineBrooks plots. Statistical evaluation of the inconsis-
tency of the network was assessed using the node split method. P
values (P > 0.05) showed no inconsistencies between direct, in-
direct, and network analysis results, thus supporting the consis-
tency of the NMA. The full R code details of the conventional
frequentist meta-analysis of proportions and Bayesian NMA along
with meta-regression models are provided as R markdown files on
GitHub: https://github.com/amanasj/ROP-meta-analysis.

Quality Assessment. For RCTs, we used the Cochrane Risk of
Bias 2 tool33 to assess risk of bias based on the following domains:
randomization, masking of participants and assessors, management
of missing outcome, attrition, and reporting bias. Studies were
5
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graded as “low risk,” “some concerns,” or “high-risk.” Conflicts of
interest and industry sponsorship were also considered. For
nonrandomized comparative studies, we used the
NewcastleeOttawa scale.34 The quality of these studies was
assessed based on (i) how the participants represented the patient
population of interest, (ii) selection of comparative group
participants, (iii) outcome assessment, and (iv) the length and
adequacy of follow-up when applicable. For both RCTs and non-
randomized comparative studies, acceptable follow-up was set to at
least 6 months after initial treatment and a loss to follow-up of less
than 10% was deemed acceptable.

The Grading of Recommendations, Assessment, Development
and Evaluation framework was used to assess the quality and
certainty of evidence for the primary outcome.35 This incorporated
the risk of bias assessments with evaluation of the following
domains: directness of evidence, consistency, precision of results,
publication bias risk, and magnitude of effect. The data accuracy
was validated by 2 independent investigators (E.C. and R.P.).

Comparison of Time to Retreatment following Primary Anti-
VEGF Therapy. We collected the mean � standard deviation
(SD) time to secondary treatment following primary anti-VEGF
therapy from the included studies where data are available. If a
study stated only time to reactivation, we assumed this to be an
approximation of the time to retreatment. We excluded studies with
no reported SDs or those that reported medians. For each anti-
VEGF agent, we calculated the summary mean by combining
each reported study mean with weighting for the study sample size.
SDs were also combined using sample size weightings. We then
performed a Welch analysis of variance test on these combined
summary means and a GameseHowell post hoc test to find which
treatment pairs were statistically different. Normality using a
ShapiroeWilk test on residuals and homogeneity of variances
using a Levene test were employed to validate our choice of sta-
tistical tests.
Results

Literature Search

During the initial electronic database search, 800 records were
retrieved, of which 30 studies were included in the meta-analysis
(Fig 1).6,10,12,25,36e61 The reasons for exclusion of studies were
duplicated studies (261), outcome measures not relevant to this
study (444), intervention or outcome not of interest (38), non-
comparative studies (8), repeated cohort in follow-up studies (17),
nonepeer reviewed conference abstracts (1), and nonconventional
follow-up (1). The 30 included studies consisted of 4 RCTs and 26
retrospective consecutive cohorts (Table 1). Of these, 11 studies
compared bevacizumab and laser therapy6,25,36e44; 6 studies
compared ranibizumab and laser10,45e49; 5 studies compared bev-
acizumab and ranibizumab54e58; 3 studies compared bevacizumab,
ranibizumab, and laser51e53; 2 studies compared aflibercept and
laser12,50; 1 study compared ranibizumab and aflibercept59; 1 study
compared bevacizumab and aflibercept60; and 1 study compared
bevacizumab, ranibizumab, and aflibercept.61 In total, these
comprise 4686 eyes of 2408 infants that received primary
treatment for ROP with bevacizumab (2081 eyes), ranibizumab
(727 eyes), aflibercept (326 eyes), or laser (1552 eyes).

Assessment of Bias

The majority of included RCTs had a low risk of bias (Table S1,
available at www.aaojournal.org). There were some concerns of
bias for RCTs due to lack of reporting in the following
categories: (i) allocation sequence concealment until participants
6

were assigned to interventions; (ii) intention-to-treat analysis; or
(iii) prespecified analysis plan finalized before outcome data were
collected. Most nonrandomized studies had a low risk of bias
(Table S2, available at www.aaojournal.org). Moderate risk of bias
in some nonrandomized studies were due to (i) lack of
demonstration that patients who had received any previous
treatments before intravitreal injections were excluded; and (ii)
no adjusting relative risk for confounders (e.g., age). Hence, the
overall quality of evidence for retreatment rate due to ROP
reactivation, persistence, or progression is moderate.

Heterogeneity

There was significant (P < 0.05) heterogeneity in the studies
reporting on bevacizumab, ranibizumab, and laser. This implies
that there is no common single true effect size for each treatment
modality across different studies and that the differences found
between studies are beyond those attributable to chance or random
sampling. Hence, we assume that there is a distribution of true
effect sizes for each treatment. This distribution is simulated in the
Bayesian NMA.

Small-Study Publication Bias

For type 1 ROP data, visual inspection of funnel plots showed no
obvious asymmetry, and Egger regression confirmed no significant
asymmetry (P > 0.05), so there is no evidence of small-study bias.

It has been noted that measures of heterogeneity and publication
bias may not be entirely relevant for meta-analysis of proportions
where incidence rates rather than pairwise comparisons are re-
ported. It is likely that these measures play a more significant role
in pairwise analysis where heterogeneity can be reliably assessed
and where publication bias is a quantifiable metric. However, we
report these measures for completeness until a more rigorous
analysis of their benefits is provided in the literature.28 The sunset
power-enhanced funnel plots show that the power of each study
contained in type 1 ROP analysis and Zone I ROP analysis was
high (> 92% and > 83%, respectively) (Fig S1A, B, available at
www.aaojournal.org).

Efficacies of Anti-VEGF Agents and Laser
Treatment for Type 1 ROP

Frequentist Meta-Analysis of Proportions. For type 1 ROP,
based on a minimum follow-up period of 24 weeks (mean 83.1
weeks, SD 53.3 weeks), all treatment modalities demonstrate high
efficacy with a predicted 87.0% (95% CI: 78.6%e93.8%) of eyes
requiring no retreatment following primary bevacizumab injection.
The predicted single-treatment success rates (i.e. likelihood of
requiring no retreatment) for ranibizumab, aflibercept, and laser
were 74.0% (95% CI: 62.7%e84.1%), 80.7% (95% CI: 62.0%e
94.4%), and 89.3% (95% CI: 83.8%e93.8%), respectively. These
effect sizes were all significant (P < 0.05), despite the aflibercept
treatment group having a relatively small sample size (n ¼ 326).

Bayesian NMA of Anti-VEGF and Laser
Treatment for Type 1 ROP

Figure 2A, B illustrates the network of eligible comparisons for
type 1 ROP and Zone I ROP, respectively. Most of the data
available enable comparisons between laser, bevacizumab, and
ranibizumab as primary monotherapies for ROP. However, there
is a relative paucity of data available for aflibercept therapy in
Zone I ROP to date. These networks were verified by Markov
chain Monte Carlo validation plots and inconsistency analysis,
which showed no evidence of inconsistency. Further validation
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Figure 2. Network meta-analysis of eligible comparisons for single-treatment success rates following anti-vascular endothelial growth factor (VEGF)
(bevacizumab, ranibizumab, aflibercept) or laser therapy for A, type 1 retinopathy of prematurity and B, Zone I retinopathy of prematurity. Widths of lines
are proportional to the number of studies comparing pairs of treatment modalities.

Chang et al � Network Meta-Analysis of anti-VEGF therapies for ROP
with GelmaneRubineBrooks plots showed that the potential scale
reduction factor is within acceptable limits (< 1.05).

A Bayesian NMA was performed to compare the risks of
requiring retreatment following primary bevacizumab, aflibercept,
ranibizumab or laser for type 1 ROP (Figure 3). This showed that
laser treatment is associated with a significant 62% (95% credible
interval [CrI]:16%e83%) reduction in risk of needing retreatment
compared with ranibizumab in type 1 ROP (Figure 3D). In
contrast, the 95% CrI of all other pairwise comparisons crossed
Figure 3. Forest plots of network meta-analysis of risk of retreatment following p
or laser in type 1 retinopathy of prematurity. In each panel, 3 treatment modali
treatment modality (treatment 2, shown in bold) which may be A, bevacizumab
risk of requiring retreatment is lower with treatment 1 than with treatment 2.
Risk Ratio (RR) ¼ 1, indicating there were no significant
differences between them.

Time to Retreatment following Primary Anti-
VEGF Therapy

Of 30 included studies, 20 reported time to retreatment data (Table
S3, available at www.aaojournal.org). The combined weighted
mean time to retreatment for bevacizumab, ranibizumab and
rimary therapy with anti-vascular endothelial growth factor (VEGF) agents
ties (treatment 1, shown in regular font) were compared against a reference
; B, aflibercept; C, laser; or D, ranibizumab. Risk ratio < 1 means that the
95% CrI ¼ 95% credible interval.
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aflibercept are plotted in Fig S2 (available at www.aaojournal.org).
Combined mean times to secondary treatment following primary
anti-VEGF injections were 9.29 weeks (standard error of the
mean [SEM] ¼ 0.43 weeks, SD ¼ 4.47 weeks) for ranibizumab,
11.36 weeks (SEM ¼ 0.55 weeks, SD ¼ 4.31 weeks) for bev-
acizumab, 12.96 weeks (SEM ¼ 0.47 weeks, SD ¼ 2.24 weeks) for
aflibercept. Because of unequal variances, we performed a Welch
analysis of variance test on these combined summary means and
found a P value < 0.0001. A GameseHowell post hoc test
demonstrated 2 statistically significant differences: both aflibercept
and bevacizumab were associated with longer time to retreatment
than ranibizumab (P ¼ 7 � 10�7 and P ¼ 9 � 10�3, respectively)
(Fig S2, available at www.aaojournal.org).

Assessment of GA, BW, and PMA at Treatment
as Potential Moderators for Treatment Outcome
in Type 1 ROP

Frequentist Meta-Regression of Proportions. A meta-regression
was performed on each individual treatment modality to assess
whether the ROP retreatment rates were moderated or varied
consistently across the range of GAs, BWs, and PMAs at primary
treatment within the studies. No association was found between
retreatment rates and GA, BW, or PMA at treatment when
considering individual treatments within a frequentist framework.

Bayesian Meta-Regression. The only treatment pair compari-
son to demonstrate a statistically significant moderating effect was
between laser and ranibizumab treatments. At low PMA (� 35.6
weeks), treatment with laser is associated with a statistically sig-
nificant reduction in risk of requiring retreatment compared with
ranibizumab (Fig S3, available at www.aaojournal.org). Between
25.8 and 26.7 weeks GA, laser treatment is associated with a
statistically significant reduction in risk of requiring retreatment
when compared with ranibizumab treatment (Fig S4, available at
www.aaojournal.org). Between BWs of 846 and 932 g, laser
treatment is associated with significant reduction in risk of
requiring retreatment compared with ranibizumab treatment (Fig
S5, available at www.aaojournal.org). All other treatment
comparisons yielded no statistically significant difference across
the range of GAs, BWs, or PMA at time of treatment.

Efficacies of Anti-VEGF Agents and Laser
Treatment for Zone I ROP

To avoid potential treatment-selection bias in posterior disease,
whereby anti-VEGF therapy might be preferred to laser for pos-
terior disease, we conducted a separate analysis on eyes with Zone
I ROP treated with anti-VEGF agents or laser. Out of the 30
studies, only 10 studies included data on eyes with Zone I ROP,
consisting of 2 RCTs and 8 retrospective nonrandomized studies
(Table S4, available at www.aaojournal.org).

Frequentist Meta-Analysis of Proportions. Based on the
included studies, all treatment modalities demonstrated high pre-
dicted single-treatment success rates: 91.2% (95% CI: 83.6%e
96.9%) for bevacizumab, 78.3% (95% CI: 61.4%e91.9%) for
ranibizumab, and 65.9% (95% CI: 41.4%e87.2%) for laser treat-
ment. There were no data available for aflibercept.

Bayesian NMA of Anti-VEGF and Laser Treatment for Zone
I ROP. The only treatment comparison that reached statistical
significance was that for bevacizumab versus laser, where bev-
acizumab was associated with a 67% (95% CrI: 10%e90%)
reduction in risk of retreatment compared with laser (Fig 4). The
large credible intervals associated with all other pairwise
comparisons suggest that retreatment rates of other combinations
8

are not significantly different, i.e., effectiveness of other
treatment pairs cannot be dissociated to statistical significance.

Discussion

Treatment-requiring (type 1) ROP affects only a small
proportion (around 4%) of premature infants who undergo
ROP screening.62 Significant variations exist between
infants with ROP in terms of comorbidities and risk
factors for disease progression. These factors make large-
scale comparative studies of multiple ROP treatment mo-
dalities very challenging, as evidenced by the paucity of
high-quality RCTs to date. In this study, we demonstrate
the power of NMA to help overcome these practical
challenges by combining the clinical data from 30 studies
involving a total of 4686 eyes. This study focused on the
rate of retreatment for ROP reactivation, persistence, or
progression as the outcome measure, since this rate is
clinically highly relevant and it is possible to apply
objective inclusion criteria across all studies. Our criteria
for retreatment excluded eyes that received secondary
treatment solely for laser-skipped area or persistent avas-
cular retina in the absence of ROP reactivation. Given the
current pattern of clinical practice where anti-VEGF in-
jection may be preferred to laser for posterior (Zone I or
posterior Zone II) ROP, we first compared the retreatment
rates of the 3 common anti-VEGF agents and laser treat-
ment for all type 1 ROP, and then we separately performed
a similar analysis for Zone I ROP only. Moreover, we
performed the traditional frequentist meta-analysis of pro-
portions to explore retreatment rates for each treatment
modality individually before proceeding to a Bayesian
NMA approach to investigate relative risks of one treat-
ment against another.

Our results suggest that laser treatment of type 1 ROP is
associated with a lower risk of retreatment than ranibizu-
mab (62% reduction in risk of retreatment) (Grading of
Recommendations, Assessment, Development and Evalu-
ation assessment: low to medium certainty of evidence).
This finding is consistent with recent systematic reviews
showing that laser treatment is associated with a lower
likelihood of ROP reactivation and additional treatment but
may be confounded by treatment-selection bias for poste-
rior disease.13,63 In addition, it should be noted that the
treatment burden on the infant undergoing repeat
intravitreal injections of ranibizumab under local
anesthesia (e.g., for disease reactivation) is not clinically
equivalent to retreatment with laser under sedation or
general anesthesia (e.g., for failure to regress because of
skipped areas), but these important qualitative differences
are not easily borne out through meta-analyses. While
there was no statistically significant difference among the 3
anti-VEGF agents themselves, a cursory view of rankings
(which do not consider CrIs) revealed bevacizumab ranked
first, followed by aflibercept second and ranibizumab last,
in terms of retreatment rates. To some extent, this ranking
may reflect differences in the intraocular half-lives of the
drugs.8 Previous studies have hypothesized that
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Figure 4. Forest plots of network meta-analysis of risk of retreatment following primary therapy with anti-vascular endothelial growth factor (VEGF) agents
or laser in Zone I retinopathy of prematurity. In each panel, 2 treatment modalities (treatment 1, shown in regular font) were compared against a reference
treatment modality (treatment 2, shown in bold type) which may be A, bevacizumab; B, laser; or C, ranibizumab. Risk ratio < 1 means that the risk of
requiring retreatment is lower with treatment 1 than with treatment 2. 95% CrI ¼ 95% credible interval.
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ranibizumab may be associated with a higher reactivation
rate than bevacizumab because of its shorter half-
life.48,57,64,65 By the same logic, aflibercept might be
expected to provide a lower risk of reactivation because
of its longer intraocular half-life than the other 2
anti-VEGF agents and ability to bind both VEGF-A
and -B.66,67 However, our results did not demonstrate
this to be the case, despite adequate power as judged by
sunset power-enhanced funnel plots (Fig S1A, available
at www.aaojournal.org).

It should also be noted that while a ranking of anti-VEGF
agents by retreatment rates may be appealing in order to
minimize the probability of needing a secondary laser pro-
cedure under general anesthesia in vulnerable infants, it
needs to be balanced against differences in systemic half-
lives among the drugs. The mean � SD serum half-lives
after intravitreal administration of aflibercept, bev-
acizumab, and ranibizumab are 11.4 � 4.8 days, 18.7 � 5.8
days, and 5.8 � 1.8 days, respectively.8

In terms of timing of any ROP retreatment, retreatments
generally occurred earlier following intravitreal ranibizumab
(mean � SD: 9.29 � 4.47 weeks) than after bevacizumab
(11.36 � 4.31weeks) or aflibercept (12.96 � 2.24weeks).
The smaller SD for aflibercept may indicate that the timing
of any ROP reactivation is more “predictable” than those
associated with ranibizumab or bevacizumab, but further
validation is required. These findings could help to optimize
clinical monitoring intervals for each treatment modality and
to plan secondary procedures such as examination under
anesthesia and secondary laser treatment.

In contrast to type 1 ROP, we found that primary bev-
acizumab was associated with a 67% reduction in rate of
retreatment than laser in Zone I ROP. Comparison of
ranibizumab against laser treatment tentatively suggests
that ranibizumab may also be associated with a lower
retreatment rate, but the results did not reach statistical
significance (with credible interval crossing the relative
risk ¼ 1 equivalence value). The sunset power-enhanced
plot (Fig S1B, available at www.aaojournal.org) showed
there was very high power across all studies reflecting a
very high summary effect size for all treatment options,
which minimizes the possibility of type 2 errors.
Therefore, results that show no statistical differences are
likely due to no differences rather than insufficient data.
Among the 2 anti-VEGF agents, bevacizumab may be
associated with a marginally lower retreatment rate than
ranibizumab for Zone I ROP, although the threshold for
statistical significance for this pairwise comparison was not
reached (Fig 4A). Consistent with our findings, the BEAT-
ROP trial was the first major RCT to establish bev-
acizumab as superior to laser for the treatment of ROP in
Zone I or posterior Zone II in terms of lower rate of
reactivation requiring retreatment.6 The proposed
mechanistic rationale is that intravitreal anti-VEGF pro-
vides a more rapid reduction in VEGF drive than laser
treatment in aggressive or rapidly progressing posterior
ROP.68 While bevacizumab is still widely used around the
world as off-label treatment for ROP, ranibizumab is
currently the only approved pharmacological therapy for
ROP based on the RAINBOW study.8

While potential systemic developmental side effects of
intraocular anti-VEGF therapies are beyond the scope of this
analysis, they may be a relevant consideration that in-
fluences treatment choice. It may be speculated that rani-
bizumab, with a shorter half-life of 7.19 days in
nonvitrectomized human eye in comparison with 9.82 days
9
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for bevacizumab, could have fewer side effects.9,69e72

Therefore, the greater retreatment rate found in
ranibizumab-treated eyes may be offset by the possibility of
fewer systemic effects. Whether intravitreal anti-VEGFs can
cause significant developmental impact is disputed. A recent
study demonstrated no significant difference in develop-
mental delay between 5-year-olds who had been treated with
laser and those who received bevacizumab.36 Further studies
comparing the long-term developmental outcomes
following different anti-VEGF treatments for ROP are
needed.

This NMA has a number of limitations. There was high
heterogeneity among studies. This is an expected feature
when incorporating nonrandomized studies into a meta-
analysis of proportions. We sought to minimize this by
using a random-effects model for the meta-analysis, and we
explored the effects of GA, BW, and PMA at treatment as
potential moderators. A thorough search for potential
sources of heterogeneity was also conducted. Overall, we
believe, based on the criteria outlined in “Methods,” tran-
sitivity was preserved among the included studies, despite
high statistical heterogeneity. A high level of heterogeneity
may also impact the summary effect size used in the
calculation of the power of individual studies. We ensured
that the doses of anti-VEGF drugs were similar for the
purpose of fair comparisons. However, there has been a
recent shift toward using smaller doses than those
commonly cited in the literature, with the rationale to
minimize systemic side effects.73 Data from
nonrandomized cohort studies were combined with RCTs
for the purpose of the NMA. While this approach could
introduce bias, several recent studies have found it
acceptable on the basis of thoughtful inclusion and open
assessment of bias, as we made sure to carry out in this
study.74 Only higher quality, consecutive, nonrandomized
data with comparable methods and treatment criteria
were included. A further limitation of this study arose
because of the paucity of data on aflibercept for ROP.
We extracted recently released data from the
10
FIREFLEYE RCT (aflibercept vs. laser) from
ClinicalTrials.gov on the assumption that infants were
treated bilaterally; therefore, the results should be taken
with caution. While this is a limitation, small
inaccuracies within this data set are unlikely to
significantly impact the overall conclusions of the meta-
analyses. Any discussion of the ranking of different anti-
VEGF agents should be viewed with caution, as there
were considerable overlaps between the credible intervals
for primary success rates of the 3 anti-VEGF agents.
Therefore, we primarily presented the data in informative
comparative forest plots and relative-effect tables rather
than rank-probability plots.75
Conclusions

We present a network meta-analysis comparing primary
bevacizumab, ranibizumab, aflibercept, and laser treatment
for type 1 and Zone I ROP. The results indicate that laser is
associated with significantly reduced risk of requiring
retreatment in type 1 ROP compared with ranibizumab
(62% reduced risk). Pairwise comparisons between other
anti-VEGF agents did not yield statistically significant
differences in terms of mean retreatment rate, but afli-
bercept (12.96 weeks) and bevacizumab (11.36 weeks)
were associated with significantly longer time to secondary
treatment than ranibizumab (9.29 weeks). For Zone I ROP,
bevacizumab is associated with significantly reduced risk
of requiring retreatment compared with laser treatment
(67% reduced risk). We note that another RCT, BUT-
TERFLEYE,11 comparing aflibercept versus laser
treatment is yet to submit results, which would further
expand the data set. Comparison of outcomes with
different doses of each anti-VEGF agent could further
refine clinical management. Other emerging anti-VEGF
agents, such as brolucizumab and conbercept,76 may also
contribute to the diversity of therapeutic options available
for treating ROP in the future.
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