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Background: Retinopathy of prematurity (ROP) is a major cause of childhood blindness.
Antenatal corticosteroids (ACS) exposure is known to ameliorate the risk of and mortality of
neonatal morbidities. However, the effect of ACS on ROP development is currently
unknown. We conducted a meta-analysis with up-to-date evidence to assess the
association between ACS exposure and the development of ROP in at-risk preterm
infants.

Methods: PubMed, EMBASE, Scopus, Web of Science, and the Cochrane Library were
systematically searched from inception to May 2021, supplemented with manual search
from reference lists. Studies with a control group reporting ROP rate in ACS-exposed
infants were included. Pooled odds ratios (ORs) and 95% confidence intervals (Cls) were
calculated utilizing a random-effects model. The Newcastle-Ottawa Scale was used for
assessment of risk of bias in the included studies. Meta-regressions were performed to
explore the predictive role of confounders for between-study variance.

Results: A total of 63 studies, involving 196,264 infants, were included. Meta-analysis
showed ACS exposure was not associated with ROP occurrence (UOR 0.92, 95% CI
0.80-1.07; aOR 0.87, 95% CI 0.7-1.08). Results from extremely immature subgroups
revealed significant reduced risks of ROP occurrence in ACS-exposed infants. ACS
exposure was associated with significantly lower odds of ROP progression in adjusted
analysis (aOR 0.48, 95% CI 0.26-0.89) instead of unadjusted analysis (UOR 0.86, 95% ClI
0.68-1.08). Meta-regression showed birth weight and patent ductus arteriosus of the
cohort were associated with ROP occurrence, sample size and study design strongly
associated with ROP progression in ACS-exposed infants.

Conclusion: ACS treatment may decrease, but not prevent, the severity of ROP. Findings
from severe ROP should be interpreted with caution owing to limited studies and the
possibility of false-positive results. Considering the particular benefits in extremely
immature infants, we recommend routine usage of ACS in mothers with threatened
delivery to this particular birth cohort to prevent ROP occurrence. Future studies

Frontiers in Pharmacology | www.frontiersin.org 1

January 2022 | Volume 13 | Article 759742


http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2022.759742&domain=pdf&date_stamp=2022-01-28
https://www.frontiersin.org/articles/10.3389/fphar.2022.759742/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.759742/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.759742/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.759742/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.759742/full
http://creativecommons.org/licenses/by/4.0/
mailto:zhangmeixia@scu.edu.cn
https://doi.org/10.3389/fphar.2022.759742
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2022.759742

Zeng et al.

Antenatal Corticosteroids and ROP

adjusting for major confounders are warranted to mitigate risk of bias in such observational

evidence.

Keywords: antenatal corticosteroids, retinopathy of prematurity, fetal immunity, preterm birth, meta-analysis,

systematic review

Systematic Review Registration: (https://www.crd.york.ac.uk/
prospero/display_record.php?RecordID=270250), identifier
(CRD42021270250)

INTRODUCTION

Retinopathy of prematurity (ROP) is a major cause of
childhood blindness associated with aberrant development
of retinal vasculature in preterm infants (Hartnett, 2017).
An estimation of 20,000 preterm babies is blinded from
ROP annually, more than half of whom were born in
middle-income regions (Blencowe et al., 2013). ROP, a
biphasic disease, is initiated with blunted retinal vascular
growth in the setting of hyperoxia (phase I), followed by
abnormal retinal neovascularization in response to hypoxia-
induced intraocular growth factors such as vascular
endothelial growth factor (VEGF) (phase II) (Smith et al,
2013). Currently, postnatal factors interrupting normal retinal
angiogenesis, such as supplemental oxygen therapy, have been
well-recognized to be associated with ROP (Kim et al., 2018).
However, little is known concerning prenatal factors related to
ROP. A systemic review has suggested a prenatal “pre-phase”
of ROP sensitizes the retina to in-utero inflammatory factors
and subsequently triggers dysregulated angiogenesis (Lee and
Dammann, 2012). Recently growing evidence shows antenatal
exposure of inflammation increase the risk of ROP, which
points to the possible involvement of immune pathway in ROP
etiology (Dammann et al., 2009; Deliyanti et al, 2017;
Villamor-Martinez et al, 2018). In this respect, prenatal
factors interfering with fetal immune system might be a
novel line for the pathology and prevention of ROP.
Antenatal corticosteroids (ACS), first introduced in 1972
(Liggins and Howie, 1972), are now recommended for mothers
in anticipation of preterm delivery between 24-34 weeks’
gestation (Committee on Obstetric Practice, 2017). Those
steroids easily reach the fetus and target the ubiquitously-
expressed glucocorticoid receptors (GR), which may therefore
affect the fetal immune system (Kemp et al.,, 2016). A single
course of ACS reduces the rates of neonatal death, respiratory
distress syndrome (RDS), necrotizing enterocolitis (NEC),
intraventricular hemorrhage (IVH), and sepsis in preterm
infants (Chawla et al., 2016; Roberts et al., 2017). Despite
that, their effect on ROP has been debated for decades. In 1997,
Console and others first directly address the association
between ACS and ROP (Console et al., 1997). Since then,
emerging evidence have demonstrated either decreased (van
Sorge et al., 2014; Ying et al., 2019) or unaltered (Dammann
et al., 2009; Eriksson et al., 2009) risk of ROP in ACS-exposed
infants. Some studies also noted ACS-exposed babies may less

likely to fall into severe ROP category (Maini et al., 2014).
Recent meta-analysis by Yim et al. included 28 studies and
concluded ACS was significantly associated with lower odds of
both ROP occurrence and progression (Yim et al, 2018).
However, those results are unstable according to the
sensitivity analysis, partly due to the presence of important
confounders.

After meta-analysis by Yim et al. have been published, a
substantial number of relevant studies have been published.
Some of them are large-scale cohort studies of high
methodological quality. We therefore conducted an updated
meta-analysis to examine the association between ACS
exposure and ROP development, as well as the role of
potential confounders.

MATERIALS AND METHODS

This meta-analysis was performed according to Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines (Moher et al, 2009). A PRISMA
Checklist was presented in Supplementary Table S5. The
protocol for this systematic review was previously registered
on PROSPERO and can be accessed at http://www.crd.york.ac.
uk/PROSPEROQ/, ID = CRD42021270250).

Search Strategy

A comprehensive search of related studies was conducted in
PubMed, EMBASE, Scopus, Web of Science, and the Cochrane
Library from inception to May 2021. The following keywords
were used as search terms: (“Retinopathy of Prematurity” OR
“ROP” OR “Prematurity Retinopathy” OR “Retrolental
Fibroplasia*” OR  “Prematurity = Retinopathies”) ~AND
(“Steroid*™” OR  “Cortico*” OR  “Betamethasone” OR
“Dexamethasone”). Search strategy for other databases was
adapted from the initial PubMed strategy. The detailed search
strategies were listed in Supplementary Table S1. Additional
strategy included a manual search from reference lists of all
retrieved review papers and key articles.

Eligibility Criteria

Studies were included if they met all of the following criteria: 1)
original observational studies (cohort or case-control studies) or
randomized controlled trials (RCTs). 2) reported ROP outcome
of children whose mothers were administrated any type of ACS
treatment  regimen, including  betamethasone, and
dexamethasone, complete, and partial courses. 3) evaluated the
outcome with odds ratios (ORs) and their confidence intervals
(CIs), or with raw data provided for calculation. 4) studies
reported in English or Chinese. The exclusion criteria were: 1)
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animal studies, reviews, comments, case reports, and conference
abstracts. 2) Studies with no control arm or insufficient data. 3)
overlapping cohorts from the same database or reporting
repeated outcomes (study with more comprehensive data was
included).

Study Selection and Data Extraction

The author (YZ) searched the aforementioned database and
assimilated an original list of literature. Two reviewers (YZ
and GG) screened all retrieved records and subsequently
extracted data using a standardized form independently.
Discrepancies were resolved by checking the primary article
and consulting a third reviewer (CL). Data were collected as
follows: First author, year of publication, country of study, study
design, inclusion criteria, type and course of steroid
administration, sample size, association results (calculated
odds ratio and 95% confidential interval), adjusted factors.
Data based on different doses (complete or partial) and types
of steroids (betamethasone or dexamethasone) was extracted
separately for subgroup analysis. A complete or optimal course
of antenatal steroid use was defined if 24 mg betamethasone
(12 mg, two doses at 24-h intervals) or dexamethasone (6 mg,
four doses at 12-h intervals) were prenatally administrated to
mothers with threatened preterm labor. Severe ROP was variably
defined as stage 3 and above, threshold ROP, type 1 ROP, or ROP
requiring treatment (Early Treatment For Retinopathy Of
Prematurity Cooperative Group, 2003; Chiang et al., 2021).

Quality Assessment

Two reviewers (YZ and GG) independently evaluated the
methodological quality of each study using the Newcastle-
Ottawa Scale (Wells et al., 2011). This scale consists of 3
aspects: selection (0-4 points), comparability (0-2 points), and
ascertainment of outcome (0-3 points). Studies were considered
as satisfactory quality if they scored 5 and above out of 9. Any
discrepancies were resolved through discussion or referred to a
third reviewer (CL).

Statistical Analysis
Stata 16.0 software (StataCorp LP, College Station, TX, United
States) was used to combine and analyze the outcomes. To
correspond to the majority of studies, individual studies with
multiple adjusted ORs stratified by different types of steroids or
number of embryos were pooled using the method by Hamling
et al. to obtain combined risk for the whole population (Hamling
et al., 2008). For subgroups receiving single and multiple courses
of ACS, we only selected data for one course of steroid. When the
data of GA and BW were given as the median (range or
interquartile space), they were converted to the mean and SD
using the statistical methods provided by Luo et al. (2018).
Due to the anticipated inter-study heterogeneity, a random-
effects model was utilized to yield the summary statistics.
Statistical heterogeneity was calculated using Cochran’s Q test
and quantified by I* statistic, with 25, 50, and 75% defining
threshold for low, moderate and high heterogeneity, respectively.
To explore the sources of heterogeneity and the potentially
significant associations, subgroup analyses stratified by mean
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GA and BW, sample size, study design, administration
regiment, country economic levels, and adjusted factors were
conducted. Further, we performed a random-effects meta-
regression in which the predefined covariates were available in
more than 10 studies, including sample size, study design, sex,
multiple pregnancy, need for mechanical ventilation, and
surfactant, RDS, bronchopulmonary dysplasia (BPD), NEC,
patent ductus arteriosus (PDA), IVH III/IV, sepsis, and
mortality. A p value of < 0.05 (0.10 for Q test) was considered
statistically significant.

To test the robustness of the results, we used sensitivity analysis
by sequentially omitting one study at a time and combining the
pooled ORs of the remainders. Publication bias was assessed through
visual funnel plot inspection and quantified by Egger’s test, where a p
value of < 0.05 indicated significant publication bias (Egger et al,
1997). If publication bias was observed, the “trim and fill” analysis
would be performed to adjust the funnel plot asymmetry and
recalculate the filled estimates.

RESULTS

Search Results and Description of Studies
Of 1,347 potentially relevant studies identified from the initial
search after removing duplicates, 1,123 records were excluded
after title and abstract screening. 222 full-text records were
examined for eligibility and additional 5 records
identified from other sources (Dammann et al, 2009; Liu
et al, 2012; Giiran et al., 2013; Bas et al.,, 2018; Dani et al.,
2021). Following detailed evaluation, 63 records were included for
meta-analysis. The PRISMA flowchart of the database search was
depicted in Figure 1 (Page et al., 2021).

The 63 included studies yielded 196,264 infants, with 18,260 cases
of any ROP and 5,484 cases of severe ROP. The details of all included
studies were summarized in Supplementary Table S2. No RCTs
comparing ACS-treated with untreated neonates were identified
from the search process. 40 studies were designed from the
perspective of ROP, where ACS was one of the predetermined
factors of ROP. 23 studies were designed from the perspective of
ACS, where neonates with and without ACS were examined for
neonatal morbidities including ROP. Of the 23 cohorts, 3 cohorts
primarily reported the association between ACS and ROP (Console
et al,, 1997; Higgins et al., 1998; Maini et al., 2014). Mean GA and
BW of all eligible studies ranged from 25 to 32.7 weeks and
696.7-1837.3 g, respectively. 24 studies reported effect sizes or
numerical data based on the type of ACS (betamethasone or
dexamethasone). Administration regiment of either complete or
partial course was available in 25 studies. 38 studies looked at the
severity of ROP. The classification and severity of ROP were mostly
based on the International Classification for Retinopathy of
Prematurity (ICROP) (Chiang et al., 2021).

were

Risk of Bias Assessment

Since only observational studies were identified, we used
Newcastle—Ottawa Scale (NOS) to assess the risk of bias. The
analysis indicated that all included 63 studies attained a total NOS
score of 5-9 (median = 7) (Supplementary Table S3).
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FIGURE 1 | PRISMA flow diagram of the systematic search process.

Antenatal Steroid Exposure and Any
Stage ROP

40 studies provided numerical counts on ACS exposure between
any stage of ROP and non-ROP groups. For the study by Chang
(2019), only unadjusted OR based on univariate analysis was
reported. The unadjusted ORs from the above 41 studies with a
total of 34,302 infants were pooled. We found no significant
association between ACS exposure and the any stage ROP
development (unadjusted uOR 0.92, 95% CI 0.80-1.07, I* =
71.4%, p = 0.29; Figure 2). Sensitivity analyses revealed no
obvious changes of unadjusted odds after sequentially
removing each study (I’ ranging from 66% to 72%, p value
ranging from 0.11 to 0.57).

By pooling adjusted data from 16 studies, the result also
yielded no significant difference between ACS exposure and
non-ACS infants (adjusted aOR 0.87, 95% CI 0.7-1.08, I* =
70.1%, p = 0.22; Figure 3). Sensitivity analyses revealed no
obvious changes of adjusted odds after sequentially removing
each study (I’ ranging from 52% to 72%, p value ranging from
0.12 to 0.49).

Antenatal Steroid Exposure and
Severe ROP

33 studies reported numerical counts on the comparison between
ACS exposure and severe ROP. Studies by Chang (2019) and

Serenius et al. (2004) provided unadjusted ORs and their 95% CI
instead. Of the above 35 studies with a total of 157,064 infants, 15
studies looked at infants who developed ROP requiring treatment
(Wells et al., 1999; Shah et al., 2005; Lee et al., 2006; Fortes Filho
et al,, 2011; Kumar et al., 2011; Yang et al., 2011; Melamed et al,,
2016; Ogata et al.,, 2016; Ali et al., 2017; Travers et al., 2017; Bas
etal, 2018; Lust et al., 2019; Ryu et al., 2019; Ying et al., 2019; Kim
etal,, 2020). All the unadjusted data was pooled and the result also
revealed no significant association between the two variables
(uOR 0.86, 95% CI 0.68-1.08, I* = 80.3%, p = 0.19; Figure 4).
Sensitivity analysis was conducted and no obvious changes of
pooled odds were observed (I” ranging from 51 to 81%, p value
ranging from 0.10 to 0.32).

Adjusted data provided from 7 studies was subsequently
pooled. Interestingly, we found the adjusted odds of severe
ROP (aOR 0.48, 95% CI 0.26-0.89, I* = 81.9%, p = 0.02;
Figure 5) were significantly lower in ACS infants compared
with non-ACS infants. Sensitivity analysis revealed the
association became marginally insignificant after excluding
Opara et al. (aOR 0.46, 95% CI 0.21-1.01, I* = 84.3%, p =
0.05) and Console et al. (aOR 0.69, 95% CI 0.46-1.05, I* =
56.9%, p = 0.08) individually.

Subgroup Analyses

Subgroup analysis based on unadjusted data was conducted to
unveil the potential influence of other study characteristics.
Results from prespecified subgroups were shown in Table 1.
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Odds Ratio %
study (95% CI) Weight
Dani 2021 —— : 0.21(0.11,043) 234
Cui 2020 0.77 (0.63, 0.95) 436
Kong 2020 1.47 (0.74,2.93) 235
Ying 2019 0.87(0.78,0.97) 4.64
Wu 2018 | 1.16 (0.78,1.73) 3.53
Lynch 2018 1 1.73(0.93,3.22) 2.58
Kim 2018 -4 y 0.16 (0.01, 3.35) 0.22
Gul 2018 | —— 3.09(1.94,4.92) 3.24
Ogata 2016 —‘—I 0.50(0.22,1.10) 2.00
Maini 2014 —t 0.61(0.31,1.22) 236
Goncalves 2014 -—— 1.84 (0.73, 4.66) 1.66
Dani 2014 —— | 0.34(0.17,0.71) 225
Ahmadpour—Kacho 2014 —OJ'— 0.72(0.35, 1.45) 2.29
Woo 2013 b —— 1.00 (0.34, 2.94) 135
Rao 2013 - 1.46 (0.81, 2.64) 271
Guiran 2013 [ 1.97 (1.04,3.73) 253
Mohamed 2013 —OJI- 0.68 (0.39, 1.19) 2.84
Wang 2012 —— 1.08 (0.58, 2.02) 2.57
Liu 2012 —_—— 0.08 (0.01,0.70) 0.43
Yang 2011 —— 0.88(0.51, 1.53) 2.89
Giapros 2011 —ID— 1.08 (0.44, 2.61) 1.76
Fortes Filho 2011 —0-| 0.57 (0.35, 0.94) 3.10
Chen 2011 T 1.38(0.82,2.33) 299
Vento 2010 —_— 0.23(0.06, 0.90) 0.92
Eriksson 2009 :+ 1.57(1.03,2.37) 3.46
Dammann 2009 —a 0.54(0.15,1.94) 1.06
Lee 2006 » 1.11(0.93,1.32) 4.46
Song 2005 — 0.56 (0.15, 2.09) 1.01
Shah 2005 -»- 1.08(0.75,1.55)  3.70
Lubetzky 2005 = 1.00 (0.31,3.21) 1.21
Karna 2005 0.83(0.57,1.21) 3.62
O’Connor 2003 -E_ 1.16 (0.82, 1.63) 3.80
Elimian 2003 b 1.67 (0.92,3.01) 271
Smith 2000 —0—" 0.43(0.17,1.12) 1.61
Seiberth 2000 - 0.53(0.35,0.81) 344
Higgins 1998 —_—— 1.10(0.36, 3.33) 1.30
Console 1997 —0—" 0.49 (0.27,0.89) 2.70
Magann 1993 + T 0.32(0.01, 8.24) 0.20
Torres 1994 ——— 0.27 (0.06, 1.12) 0.87
Purohit 1985 0.85(0.63,1.14) 3.98
Chang 2019 | —e— 2.32(1.37,3.93) 297
Overall, DL (I = 71.4%, p = 0.000) 0.92(0.80,1.07) 100.00

| | |
.0078125 1 128
FIGURE 2 | Meta-analysis of unadjusted ORs and 95% Cls for the association between antenatal corticosteroids exposure and any stage of retinopathy of
prematurity.

Significantly lower risks of any stage ROP were found in
extremely preterm infants (EPI, GA < 28 weeks) (uOR 0.65,
95% CI 0.44-0.95, I = 74.7%, p = 0.03) and extremely low
birth weight infants (ELBW, BW < 1,000 g) (uOR 0.60, 95% CI
0.38-0.93, I* = 77.8%, p = 0.02). Moreover, a significant
association between the two variables was observed in studies
with sample sizes less than 500 (uOR 0.73, 95% CI 0.56-0.96, I> =
67.9%, p = 0.02). No statistical difference was detected when
stratified by other factors. Subgroup analysis for studies adjusted
for RDS or oxygen therapy was also performed for any stage ROP.
Pooled results of eight included studies remained insignificant
(aOR 0.97, 95% CI 0.55-1.72, I* = 76.9%, p = 0.93).

As for the association between ACS and severe ROP,
significantly lower risks were found in studies with sample
sizes smaller than 500 (uOR 0.63, 95% CI 0.50-0.80, p <
0.0001), and the heterogeneity reduced to 0%. We also noted a

significant association in case-control studies (uOR 0.79, 95% CI
0.66-0.94, p = 0.01) with reduced heterogeneity to 26.9%.
However, no significant between-subgroup deference was
detected (p = 0.06). There were no special positive findings of
other aforementioned factors (Table 2). Three studies were
included for subgroup analysis adjusted for RDS or oxygen
therapy, and the pooled adjusted results remained significant
(aOR 0.18, 95% CI 0.04-0.82, I* = 86%, p = 0.03).

Meta-Regression Analyses

To address the potential sources of heterogeneity, random-effects
meta-regression was conducted for analyses involving more than 10
studies. Results of all univariate analysis are shown in Supplementary
Table S4. For any stage ROP, we found that mean BW of the cohort
significantly explained 20% of variance across studies (p = 0.02). Each
increment of 100 g in the BW of the cohort resulted in an increase in
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Odds Ratio %
study (95% ClI) Weight
Taner 2020 L— 1.40 (0.24, 8.01) 137
Kong 2020 ‘:——0— 1.75(0.82, 3.70) 5.06
Chang 2019 E —_— 5.00(2.24,11.16) 4.65
van Sorge 2014 —O—E 0.60 (0.42, 0.85) 9.77
Goncalves 2014 —_— 1.61(0.45,5.78) 2.35
Giapros 2011 E 1.80(0.41,7.90) 1.84
Fortes Filho 2011 —O—E- 0.56 (0.32,0.98) 6.97
Chen 2011 —%——0— 1.30(0.73, 2.30) 6.81
Eriksson 2009 —br— 0.80(0.48, 1.33) 7.61
Dammann 2009 * E 0.30(0.09, 1.04) 2.46
Lee 2006 Ji--o— 1.13(0.83, 1.55) 10.29
Karna 2005 —4—{—— 0.50(0.18, 1.36) 343
0'Connor 2003 —oi—— 0.80(0.51,1.27) 8.22
Seiberth 2000 — 0.83(0.63, 1.09) 10.80
Console 1997 —_— E 0.35(0.17,0.71) 5.49
Sasaki 2014 . 074(0.69,079) 1288
Overall, DL (I = 70.1%, p = 0.000) 1 p 0.87(0.70, 1.08) 100.00

T T
0625 1 16
FIGURE 3 | Meta-analysis of adjusted ORs and 95% Cls for the association between antenatal corticosteroids exposure and any stage of retinopathy of
prematurity.

any stage ROP log OR of 0.11 (Figure 6A). Similarly, the rate of PDA
of the cohort significantly explained 31% of the heterogeneity (p =
0.02), indicating each 10% decrease in PDA rate across studies
associated with an increase in any stage ROP log OR of 0.2
(Figure 6B). However, multivariate meta-regression analysis based
on data from all studies evaluating those two covariates (k = 25)
revealed non-significant result (p = 0.08 for mean BW, p = 0.18 for
PDA rate).

For severe ROP, sample size of the cohort significantly
explained 58% (p = 0.003) of variance. One study, with a
relatively large sample size (n = 117,941), played a dominate
role in this effect (Travers et al., 2017). Thus, additional analysis
without the study was conducted and the result remained
significant (R> = 46%, p = 0.02). Study design of the cohort
also explained a significant proportion of variance (R* = 49%, p =
0.03). Multivariate meta-regression including those two
covariates (k = 35) failed, probably due to the same large
study as an outlier. Additional multivariate analysis without
this study showed non-significant result (k = 34, p = 0.12 for
sample size, p = 0.30 for study design), indicating their
associations with the effect size were interdependent.

Publication Bias

Neither visual inspection of funnel plots nor Egger’s test
suggested publication bias (p > 0.05) except for pooled
unadjusted data for severe ROP (Egger’s test, p = 0.01)

(Supplementary Figure S1). Therefore, we performed “trim
and fill” analysis to estimate the missing studies. 11 potential
missing studies were identified by adjusting funnel plot
asymmetry (Figure 7). Filled estimates remained insignificant
as well (filled uOR 1.06, 95% CI 0.85-1.34, p = 0.57).

DISCUSSION

Our present study is a substantial update of the previous meta-
analysis by Yim et al. (2018), with a greater pool of studies (63 vs.
28), a much larger number of infants (196,264 vs. 20,731), and a
more comprehensive analysis of covariates. For the current meta-
analysis, the substantial increase in the number of included
studies largely stems from its up-to-date nature, along with a
wider range of databases and a modified search strategy. Five
large-scale studies (n > 5,000) were also identified since 2014.
Owing to the lack of available RCTs, our meta-analysis of
observational studies provides the current best evidence on the
association of ACS exposure and ROP. After integrating all
available studies, we demonstrated no significant association
between ACS exposure and any stage ROP. Results were more
variable concerning severe ROP. Unadjusted analysis showed
similar nonsignificant effects, while adjusted data revealed that
ACS-exposure infants were at significantly reduced risks of severe
ROP development.
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Hand 2019 —4!-— 0.76 (0.24, 2.40) 2.36
Lynch 2018 —_— 0.97 (0.34, 2.78) 2.63
Bas 2018 -"' 0.77 (0.61, 0.96) 5.48
Ali 2017 + T 0.26 (0.01, 4.82) 0.57
Ogata 2016 — e 0.77 (0.08,7.17) 0.90
Melamed 2016 : == 1.73(1.24,2.41) 5.15
Maini 2014 —_— 0.18(0.02, 1.48) 0.98
Giran 2013 —+—:—— 0.49 (0.10, 2.36) 1.57
Wang 2012 —_— 0.38(0.11,1.35) 212
Liu 2012 —_— : 0.07 (0.01, 0.62) 0.94
Yang 2011 ——r 0.54(0.26,1.11) 3.71
Wikstrand 2011 + : 0.30(0.03, 3.15) 0.83
Kumar 2011 | ——— 3.56 (1.44, 8.81) 3.06
Fortes Filho 2011 0.98 (0.42, 2.29) 3.26
Dammann 2009 —+— 0.88(0.14, 5.54) 1.24
Lee 2006 - 1.19(0.88, 1.62) 525
Shah 2005 —-‘I-— 0.78(0.36, 1.71) 3.47
Karna 2005 —— 0.83 (0.42, 1.65) 3.82
Serenius 2004 —k—:- 0.30(0.08, 1.13) 2.00
Ng 2004 —_— 0.48(0.16, 1.42) 2.54
O’Connor 2003 —.L 0.91 (0.50, 1.65) 4.15
Garg 2003 —0—:—— 0.64 (0.19, 2.20) 218
Haroon Parupia 2001 —_— 0.75(0.37,1.52) 3.78
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FIGURE 4 | Meta-analysis of unadjusted ORs and 95% Cls for the association between antenatal corticosteroids exposure and severe retinopathy of prematurity.
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FIGURE 5 | Meta-analysis of adjusted ORs and 95% Cls for the association between antenatal corticosteroids exposure and severe retinopathy of prematurity.

One important finding in our subgroup analysis was that ACS ~ made to prevent ROP in this particularly high-risk birth cohort
at extreme preterm gestations could prevent the occurrence of  (Bulka et al., 2019; Mayock et al., 2020). Unlike other morbidities
ROP, rather than ROP progression. Various efforts have been  of prematurity, the magnitude of benefits of ACS on ROP for
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TABLE 1 | Subgroup analysis of any stage ROP risk in the ACS-exposed group.

ROP type

Any ROP

Subgroup

Mean GA

<28 weeks

>28 weeks
Mean BW
<1,000 g
>1,000 g

Study design
Case-control
Cohort

Drug type
Dexamethasone
Betamethasone
ACS course
Complete
Partial

Sample size
<500

>500
Economic Level
Developing
Developed

Adjusted for RDS/oxygen

YES
NO

Number of
studies

12

26

28

27
14

27
14

20
21

8
7

OR
(95%Cl)

0.65 [0.44, 0.95]
1.04 [0.87, 1.24]

0.60 [0.38, 0.93]
1.01 [0.85, 1.21]

0.91 [0.75, 1.10]
0.96 [0.73, 1.25]

0.90 [0.78, 1.11]
0.84 [0.65, 1.07]

0.85 [0.71, 1.02]
0.99 [0.85, 1.14]

0.73 [0.56, 0.96]
1.11 [0.94, 1.31]

1.04 [0.83, 1.30]
0.82 [0.66, 1.01]

0.97 [0.55, 1.72]
0.87 [0.67, 1.12]

p value

0.03
0.70

0.02
0.88

0.31
0.75

0.31
0.16

0.08
0.85

0.02
0.21

0.73
0.07

0.93
0.27

Antenatal Corticosteroids and ROP

|2

74.7
70.5

77.8
70

74.3
64.7

25.3
57.4

58.9
12.6

67.9
74.8

69.8
71.6

76.9
68.6

P for
subgroup difference

0.03

0.03

0.74

0.67

0.21

0.01

0.13

0.71

OR, odds ratio; Cl, confidence interval; ROP, retinopathy of prematurity; ACS, antenatal corticosteroids; GA, gestational age; BW, birth weight;, RDS, respiratory distress syndrome.

The bold values indicate statistically significant results.

TABLE 2 | Subgroup analysis of severe ROP risk in the ACS-exposed group.

ROP type

Severe ROP

Subgroup

Mean GA

<28 weeks

>28 weeks
Mean BW
<1,000 g
>1,000 g

Study design
Case-control
Cohort

Drug type
Dexamethasone
Betamethasone
ACS course
Complete
Partial

Sample size
<500

>500
Economic Level
Developing
Developed

Adjusted for RDS/oxygen

YES
NO

Number of
studies

23
12

22
12

18
18

3
4

OR
(95%Cl)

0.67 [0.40, 1.10]
0.97 [0.70, 1.34]

0.82 [0.55, 1.22]
0.92 [0.69, 1.22]

0.79 [0.66, 0.94]
1.14 [0.81, 1.62]

0.81 [0.46, 1.41]
0.94 [0.66, 1.32]

0.93 [0.66, 1.32]
1.15 [0.67, 2.00]

0.63 [0.50, 0.80]
1.28 [0.93, 1.78]

0.89 [0.62, 1.28]
0.87 [0.72, 1.05]

0.18 [0.04, 0.82]
0.86 [0.58, 1.27]

p value

0.11
0.86

0.32
0.56

0.01
0.44

0.45
0.70

0.70
0.61

<0.0001
0.14

0.54
0.16

0.03
0.44

|2

30

62.1

69.8

26.9
79.5

26.5
26.2

70.1
44.5

0
91

86
22

86
35

P for
subgroup difference

0.22

0.65

0.06

0.66

0.52

0.00

0.91

0.05

OR, odds ratio; Cl, confidence interval; ROP, retinopathy of prematurity; ACS, antenatal corticosteroids; GA, gestational age; BW, birth weight; RDS, respiratory distress syndrome.

The bold values indicate statistically significant results.
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FIGURE 7 | Filled funnel plot of unadjusted data for severe ROP showing number of potential missing studies.

immature infants is confusing, in part due to limited number of
eligible infants and variable confounders (Melamed et al., 2015;
Chawla et al., 2016). A large Chinese cohort reported that ACS
treatment significantly decreased ROP risks for 1,544 immature
infants. However, the association was no longer significant when
EPI and ELBW infants were separately analyzed (Cui, 2020).
O’Connor et al. reported ACS as a risk factor of ROP in
unadjusted data for infants <1,250 g weight (uOR 1.38), which
switched to a protective factor in adjusted analysis (aOR 0.81)
(O’Connor et al,, 2003). Our subgroup analyses integrating ORs
from studies with a total of 4,326 EPI and 3,547 ELBW infants
provided much stronger evidence. As stressed in a systemic
review, we suggest routine usage of ACS in pregnancies at
extremely preterm gestations to prevent neonatal morbidities
of prematurity, including ROP (Jobe and Goldenberg, 2018).

A caution is that the baseline ROP risk for infants at higher
gestations is already minimized, thus, the statistical power of the
present study might fail to detect the subtle difference.

Unlike mild ROP, infants with severe ROP are prone to
develop irreversible vision loss (Cayabyab and Ramanathan,
2016). Growing evidence has suggested ACS may decrease, but
not prevent, the severity of ROP (Console et al., 1997; Bas et al.,
2018; Chang, 2019). In our unadjusted analysis, we observed no
protective effect of ACS on ROP progression. Although the
association becomes significant in case-control studies, no
between-subgroup difference was detected. Hence, one can
speculate that the higher weight of case-control studies in the
meta-analysis may lead to a false-positive conclusion. It is
generally believed that case-control studies have higher risk of
bias, for the inability to control for important confounding factors
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(i.e., prematurity) (Omair, 2016). Furthermore, the population of
case-control studies is much smaller than that of cohort studies
(15,064 vs. 142,048), thereby evidence simply from case-control
studies may be less convincing. Contrary to unadjusted data,
significant association was identified in the adjusted analysis. The
result should be interpreted with caution in consideration of
limited studies with substantial heterogeneity. Taken together,
although there seems to be an association between ACS and the
severity of ROP based on our adjusted analysis, more evidence
adjusted for common confounders are required to draw a definite
conclusion.

We performed further hypothesis-generating analyses
considering possible benefits from varying exposure of ACS
regimens. Although the therapy is extremely variable in low-
income countries, no significant differences in ROP outcomes
were detected based on economic levels (Vogel et al., 2014). We
focused further on the differences between studies in drug doses
and types. As preterm labor may occur prior to completing a
course, partial dosing of ACS is expected especially in studies with
no details of regimens (Chawla et al., 2010). Chances are studies
administrating partial courses are associated with no or less
improvement in ROP, masking the potential benefits of
complete courses in meta-analysis (Salhab et al., 2003; Ying
et al, 2019). Although subgroup analysis failed to reveal a
significant association in complete and partial groups, the
effect sizes exhibited a dose-dependent manner for ROP
development as in other morbidities (Chawla et al, 2016).
Similar insignificant results also existed in both betamethasone
and dexamethasone groups, which to some extent, due to the fact
that they are epimers thus function equally for women at risk of
preterm labor (American College of Obstetricians and
Gynecologists’ Committee on Practice Bulletins—Obstetrics,
2016; Booker and Gyamfi-Bannerman, 2018). We did not look
at repeated courses of ACS as they were only evaluated in 2
studies, showing no significant protective effects on ROP (Smith
et al., 2000; Karna et al., 2005).

Considerable differences in ACS effect on ROP incidence were
present across studies. Thus, meta-regression analyses were
performed to evaluate how these confounders, such as
prematurity, contributed to the overall heterogeneity.
Univariate meta-regression showed mean BW and PDA rate
of the cohort significantly modified the effect of ACS on any
ROP development. That is, those studies including infants with
lower BW and higher PDA rates might result in a stronger
protective effect of ACS on the occurrence of ROP. Although
the two covariates changed to nonsignificant in multivariate
meta-regression, the results are less reliable with only 25
studies available. We can speculate, at least in part, that the
potential protective effect of ACS on ROP can be masked by the
diverse subject characteristics. Proper control of these two
covariates is thereby essential for the future studies. Besides,
the association between ACS and severe ROP was stronger in
case-control studies with smaller sample size, corresponding to
the subgroup analysis. In that case, the overweight of those study
designs in the meta-analysis may produce false-positive results
(Hackshaw, 2008). Those confounders may partly explain the
significant positive results derived from Yim et al. (2018). As early

Antenatal Corticosteroids and ROP

RCTs have demonstrated significant improvements of neonatal
outcomes for impending premature labor, performing RCTs on
this subject would therefore be unethical (Roberts et al., 2017).
Large-scale cohort studies are thereby needed to establish
credibility of future analysis.

The protective effect of ACS on ROP is controversial yet
biologically plausible. ACS have long been suggested to
modulate fetal maturity, thus may accelerate maturation of
retinal vasculature as well (Higgins et al.,, 1998; Al-Amro et al,
2007). However, such mechanism fails to explain their null effects
on ROP occurrence observed in the present study. In literature,
whether ACS acts directly on the risk of ROP remains controversial
(Console et al., 1997; Chang, 2019). A plausible explanation could
be the fact that ACS reduces the risk of RDS and thus the demand
for supplemental oxygen. It appears to be convincing because RDS
and oxygen therapy have long been recognized as risk factors for
any and severe ROP (Chen et al,, 2010; Alajbegovic-Halimic et al.,
2015; Kim et al,, 2018). Nevertheless, our subgroup analysis for
three studies adjusted for RDS and/or oxygen therapy also revealed
a significant protective role of ACS on severe ROP. By conducting
similar analysis, Yim et al. likewise suggested their positive results
of ACS on any ROP might be independent of RDS/oxygen status
(Yim et al,, 2018). In that case, the role of RDS and oxygen therapy
in the association between ACS and ROP might not be as
important as they seem. However, the limited data on this issue
requires more comparative studies adjusted for these confounders
to reach a more reliable conclusion. We postulate another possible
mechanism for the protective effect of ACS on severe ROP. ACS
are also potent suppressors of inflammatory responses in the
newborn during the first days after birth (Kemp et al, 2016).
Following ACS treatment, immune cells in babies, especially
neutrophils and macrophages, tend to demarginate from
vascular wall and transiently reduce the production of cytokines
(i.e., interlutin-6 (IL-6), IL-10 and tumor necrosis factor alpha
(TNF-a)), chemokines and reactive oxygen species (ROS) (Fay
et al., 2016; Holm et al., 2017; Perna-Barrull et al., 2020). Animal
studies have demonstrated those molecules, especially IL-6 and
TNEF-q, are involved in sensitizing the developing retinal blood
vessels to injuries such as oxygen changes, and cause subsequent
neovascularization (Tremblay et al, 2013; Hong et al, 2014).
Clinical evidence from protein profiling in the eye and cord
blood serum also identified them as potential biomarkers for
ROP progression, as they are reversely associated with IGF-1
levels (Hellgren et al., 2018; Lyu et al, 2018; Park et al., 2019).
Rathi et al. further detected complement activation in the vitreous
of proliferative ROP patients (Rathi et al., 2017). Of note, whether
ACS bind to GR in circulating immune cells and cross the
destructed blood-retinal barrier, or directly bind to retinal
immune cells (i.e., microglia) and reduce cytokines secretion
requires further investigations. Moreover, studies also attest to
the capacity of ACS to reduce T cell proliferation in the newborn,
thereby may ameliorate the aberrant increase of T lymphocytes
during the neovascularization stage of ROP (Kavelaars et al., 1999;
Talia et al., 2013; Deliyanti et al., 2017). Taken together, one can
speculate an immune-vascular interaction is predominantly
present in the pathway from ACS to more advanced stage of
ROP. That is, ACS may directly impact the inflammation pathway,
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and subsequently modify the vasculature profile in newborns at
risk of severe ROP.

The present meta-analysis has several strengths. First, this is
the largest meta-analysis to date examining the risk of ROP in
ACS-exposed infants. We include 63 cohort studies involving
infants at gestational week from 25 to 32.7 weeks. Results are
therefore applicable to the general populations of preterm infants
born to mothers with standard care of ACS (Committee on
Obstetric Practice, 2017). Second, we well-integrate data from
the subgroup of extremely immature infants and provide stronger
evidence on this particular high-risk population. Lastly, extensive
confounding factors, especially varying exposure of ACS
regimens, are taken into consideration so as to better explain
the heterogeneity and interpret our findings.

Certain limitations of the present study should be
considered. First, the results are based on observational
studies because RCTs are not available on this issue. One
should be notified the results from such study design do not
provide true assessment of causality between the two variables,
as it is subjected to potential bias and confounding. For
example, we acknowledge that there might be risk of
selection bias if mothers who are potential candidates for
ACS are not treated with steroids, because of maternal or
fetal emergencies. Those non-treated infants might suffer
circulatory or/and respiratory instability, thereby at greater
risk of developing ROP (Lee and Dammann, 2012). However,
it is impossible to identify those bias as relevant data reporting
emergency delivery is only available in one study (Wang et al,,
2012). To mitigate the inherent handicap of such design in
terms of risk of bias, more studies adjusting for major
confounders are thus warranted. Second, missing data for
covariates leading to a source of bias is another issue of
concern, especially for ACS regimens and certain
morbidities. Although meta-regression results are only
applicable for a specific subsample, the number of available
studies for most covariates is yet large enough to detect the
between-study heterogeneity. Third, publication bias is
expected for unadjusted data of severe ROP. Of note, 5
relevant studies were retrieved by hand search, which
implies additional studies might be missed by our search
strategy possibly because severe ROP is always a secondary
outcome in most studies. Nevertheless, the “trim and fill”
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