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ABSTRACT

Retinopathy of prematurity (ROP) is a leading, largely preventable cause of childhood blindness in preterm

infants, arising from disturbed retinal vascular development and multiple perinatal risk factors. The pur-

pose of this narrative review is to synthesize current evidence on ROP epidemiology, pathophysiology, and

modifiable risks, and to outline recent advances in diagnosis and management. We summarize the evolution

from laser photocoagulation to intravitreal anti-vascular endothelial growth factor (VEGF) therapy, discussing

benefits, limitations, and safety concerns, including persistent avascular retina and late reactivation. Emerging

strategies such as dual VEGF/angiopoietin-2 blockade, insulin-like growth factor-1-targeted interventions and

ultra-low-dose anti-VEGF regimens are briefly reviewed. We also highlight evolving screening paradigms —

including wide-field imaging, optical coherence tomography, optical coherence tomography angiography, flu-

orescein angiography, teleophthalmology, and artificial-intelligence-supported tools — that may enable more

individualized, risk-adapted ROP care and help reduce avoidable blindness worldwide.
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INTRODUCTION

Retinopathy of prematurity (ROP) is a serious neo-
natal retinal disorder that can cause vision loss, char-
acterized by an initial halt in vessel growth followed by
abnormal neovascularization, driven by developmental
immaturity and factors like oxygen exposure [1].

PHASE | - SUPPRESSION OR REGRESSION
OF PHYSIOLOGICAL VASCULARIZATION

Retinal vascular development normally progresses
from the optic disc to the periphery, but in preterm infants,

ADDRESS FOR CORRESPONDENCE:

this process is interrupted at birth [1]. Postnatal hyperoxia
suppresses HIF-1a and key angiogenic factors such as vas-
cular endothelial growth factor (VEGF) and IGF-1, halting
vessel growth and sometimes causing regression [1, 2].
Additional oxygen-related stresses, including fluctuating
saturations and developmental immaturity, further impair
angiogenesis and leave large avascular retinal areas that
predispose to the second phase of the disease [1].

PHASE Il - PATHOLOGICAL NEOVASCULARIZATION

As the avascular retina’s metabolic demand rises, hy-
poxia triggers excess VEGF and other proangiogenic fac-
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Optic Disc

FIGURE 1. Zone borders in the right eye and left eye used to describe
the localization of retinopathy of prematurity

LE - left eye, RE — right eye

tors. This reactivates vessel growth, but in a disorganized
way: endothelial cells proliferate irregularly, forming ab-
normal neovascular tufts extending into the vitreous [2].

ZONES AND STAGES OF RETINOPATHY
OF PREMATURITY

The International Classification of Retinopathy of Pre-
maturity, Revisited (ICROP) should be used to classify
and describe retinal changes [3]. Lesions are categorized
into three zones: Zone I — the smallest and most posterior;
Zone II - encircling zone I and Zone III - crescent-shaped,
encompassing the most temporal peripheral retina. Figure 1
presents zone borders in ROP. Retinopathy of prematurity
is staged according to lesion characteristics:

Stage 1 presents as a faint demarcation line separat-
ing vascularized from avascular retina, sometimes with
abnormal posterior vessel branching, though peripheral
vessel dilation or tortuosity alone does not confirm the
diagnosis [3].

Stage 2 is characterized by an elevation of the demar-
cation line, with variable height and width, and coloration
ranging from white to pink. Small, isolated neovascular
tufts — often called “popcorn” — may appear posterior to
the ridge but do not constitute Stage 3 [3].

Stage 3 is defined by extraretinal neovascularization
growing from the ridge into the vitreous, sometimes ap-
pearing flat in Zone I or posterior Zone II, even without
a clear ridge, with variable degrees of proliferative tissue [3].

Stage 4 ROP is a partial retinal detachment - either
sparing the fovea (4A) or involving it (4B) - characterized
by peripheral traction, loss of choroidal detail, and pos-
sible exudative or tractional components; optical coher-
ence tomography (OCT) aids in detecting subtle foveal
involvement [3].

Stage 5 represents total retinal detachment, classi-
fied as open-funnel (5A), closed-funnel (5B), or closed-
funnel with anterior segment abnormalities such as lens
displacement or corneal opacification (5C) [3].

In addition to staging and zonal classification, ICROP
also recognizes the presence of plus disease. In the most
recent revision, plus disease was defined as a spectrum
of vascular abnormalities determined by the appearance
of vessels within Zone I. Alongside these definitional re-

finements, representative reference images of plus disease
have been published with each ICROP edition to support
standardized clinical assessment [4].

RISK FACTORS

Low birth weight and gestational age (GA): these are key
determinants of ROP severity. A lower birth weight and ear-
lier GA increase the risk, as they are associated with greater
retinal immaturity [2]. Oxygen exposure: excessive oxygen,
insufficient oxygen, and fluctuations between them drive
ROP by suppressing and then overstimulating VEGE, caus-
ing vessel regression followed by abnormal neovasculariza-
tion. These shifts increase oxidative stress in preterm infants
with limited antioxidant capacity. Lower oxygen saturation
targets reduce severe ROP but raise mortality, highlighting
the need for careful oxygen management [5]. Maternal fac-
tors: maternal contributors to ROP include chorioamnion-
itis [5], hypertensive disorders of pregnancy, and diabetes
[6]. Chorioamnionitis may increase ROP risk through an-
tenatal inflammation, yet findings vary, with some studies
showing no association or even potential protective effects
[5]. Hypertensive disorders show similarly conflicting re-
sults, ranging from increased risk to no effect or possible
protection [6], and no clear consensus has been reached
regarding the association between hypertensive disorders
of pregnancy and ROP in preterm infants [7]. Maternal
diabetes is more consistently linked to severe ROP, likely
through fetal hyperglycemia, with gestational diabetes car-
rying a higher risk than hypertensive disorders of pregnan-
cy [6].

Additionally, fetal hemoglobin (HbF) may serve as
a potential biomarker for ROP because its proportion in
early postnatal life influences oxygen delivery to the de-
veloping retina. Higher HbF levels, due to their greater
oxygen affinity compared with adult hemoglobin, may lim-
it excessive oxygen release and thereby reduce hyperoxia-
related retinal injury. Conversely, reductions in HbF -
particularly following adult red blood cell transfusions —
may increase retinal oxygen exposure and contribute
to ROP development. Therefore, monitoring HbF per-
centages during the first weeks of life could help identify
preterm infants at higher risk of ROP and support strate-
gies aimed at preserving HbF levels [8].

EPIDEMIOLOGY

Retinopathy of prematurity shows wide global variation
in incidence and severity due to differences in neonatal care,
screening, and survival of premature infants [9]. Between
1990 and 2021, an estimated 8.79 million cases of ROP-
related visual loss were recorded globally (4.57 million
males and 4.22 million females), with overall case numbers
remaining relatively stable. Higher prevalence of visual loss
was significantly associated with lower primary education
completion, limited prenatal screening coverage, lower so-
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cial insurance coverage, reduced nursing staft density, and
higher out-of-pocket health expenditure. In 2021, the bur-
den was concentrated in countries with a low and low-
middle sociodemographic index, accounting for the ma-
jority of cases [10]. In the United States, around 14,000
infants are diagnosed annually. Across Europe, prevalence
varies, with Sweden reporting ROP in 73% of infants born
before 27 weeks (35% severe), compared with 26% of se-
vere ROP in Belgium and 16% in Austria [9]. African
countries show similarly broad variability: Egypt reports
19.2-69.4% incidence, Kenya 16.7%, and Nigeria 15-47.2%
[11]. Asia accounts for about half of global preterm births
and ROP-related blindness. Major contributors include In-
dia, China, Bangladesh, Pakistan, and Indonesia. Reported
ROP incidence range is 20-51.9% in India (4.7-13.2%
severe), 14-33% in the Philippines, 11.9-30.5% in Indone-
sia, and about 40.7% in Thailand [12].

In Poland, ROP screening covers infants < 33 weeks
or < 1800 g, and those with complications suggesting
elevated risk. Between 2012 and 2021, ROP incidence
showed an overall rise, with diagnosis rates averaging
15.6% (2012-2019) and 18.3% (2016-2021). Screening
reached about one-third of preterm infants, and diagnosis
of ROP increased from 4.99% in 2016 to 9.34% in 2020,
then fell to 6.12% in 2021. Overall, Poland’s ROP prev-
alence and treatment rates remain lower than in many
other European countries [13].

IMPORTANCE OF EARLY DIAGNOSIS
AND TREATMENT

SIGNIFICANCE OF SCREENING

Early detection of ROP allows for close monitoring
and timely intervention if the disease advances to a stage
requiring treatment [14]. Stages 1, 2, or 3 ROP may re-
gress spontaneously as the retinal vessels continue to
develop naturally in some infants. However, when ROP
progresses to Stage 3 accompanied by plus disease, treat-
ment is essential to preserve vision. Without intervention,
the condition may advance to Stages 4 and 5, characterized
by retinal detachment and a high risk of blindness [15].
Additionally, children born prematurely may also devel-
op chronic eye conditions such as strabismus, refractive
errors, amblyopia and glaucoma due to impaired further
development of vision and ROP-related retinal changes
[16, 17]. Therefore, it is crucial to conduct timely oph-
thalmologic examinations for all at-risk preterm infants,
even though not every child will require treatment [12].

SCREENING CRITERIA

Table 1 presents the recommended timing for the first
ROP screening based on the infant’s GA at birth [14].
The earliest cases of ROP occur within the current recom-
mended screening windows [18]. Additionally, it should be

TABLE 1. Timing of the first screening based on gestational age
atbirth

Gestational age Age at first examination (weeks)

Postmenstrual age Postnatal age

22 31 9
23 31 8
24 31 7
25 31 6
26 31 5
27 31 4
28 32 4
29 33 4
30 34 4
31 35 4
32(BW < 1501q) 36 4
33 (BW < 1501¢q) 36 3
34 (BW < 1501 q) 36 2
35 (BW < 1501 g) 36 1

BW — birth weight

emphasized that all infants who undergo ROP screening,
regardless of whether treatment was required, should be
evaluated by a pediatric ophthalmologist within 4-6 months
after completion of ROP-related care. These visits focus not
on monitoring retinal vascularization but on identifying
ocular conditions that may affect visual development [17].

CAUSES OF DELAYED DIAGNOSIS

Retinopathy of prematurity diagnosis requires multi-
ple follow-ups; missing these visits can result in delayed
detection [19]. In a 2016 study by Azad et al. [19], among
115 infants diagnosed with Stage 5 ROP, 109 had never
undergone prior screening. Due to the limited efficacy
of surgical intervention at this stage, most patients suf-
fered complete, irreversible vision loss [20]. Proper diag-
nosis is equally critical. Some clinicians face challenges
in correctly identifying ROP [21]. Moreover, indirect
ophthalmoscopy relies on subjective assessment, which
can be influenced by previous observations, increasing
diagnostic variability. In a 12-year longitudinal study by
Zhao et al. [22] including 1860 preterm infants, weekly
examinations conducted by the same ophthalmologist
prevented retinal detachment and vision loss, highlight-
ing the importance of consistent, regular follow-ups.
Standardizing screening protocols may improve diagnos-
tic consistency and ensure timely intervention.

IMPACT OF TIMING ON TREATMENT EFFICACY
AND COMPLICATIONS

In a 2025 study by Yuan et al. [23], extreme micro-
and nano-preterm infants were analyzed. Retinopathy
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of prematurity was diagnosed in 524 infants (80.6%),
with 180 (34.4%) detected at the first examination. Stage
3 ROP was present in 142 infants (22%), and type 1 treat-
ment-requiring ROP (TR-ROP) was identified in 9 infants
(1.4%) at the first or second neonatal unit examination.
Timely screening allowed effective treatment, with only
one infant progressing to bilateral Stage 4 ROP. These
findings underscore the clinical significance of early,
regular screening in high-risk populations. Stages 4 and
5 ROP require surgical intervention. Retinal reattach-
ment is challenging, and functional recovery is restricted;
even with successful reattachment (achieved in ~20-50%
of patients), only ~20% achieve meaningful visual func-
tion, such as shape recognition or light perception. How-
ever, reattachment improves visual prognosis compared
with the natural course of advanced ROP, and slight visual
improvement may occur over time. Recurrence of detach-
ment is observed in ~22% of Stage 5 cases vs. 5% in Stage 4,
highlighting the need for long-term follow-up [24].

In a 2022 study by Moin et al. [20], infants who had
not undergone prior ROP screening or treatment de-
veloped Stage 4 or 5 ROP. None retained normal visual
function, and over 75% were bilaterally blind. These find-
ings confirm the critical importance of screening at-risk
preterm infants and preventing progression to Stage 5,
as changes at this stage are largely irreversible.

EMERGING THERAPIES

TREATMENT MODALITIES BASED
ON RETINOPATHY OF PREMATURITY TYPE
AND STAGE

The retinopathy of prematurity is determined by the
anatomical zone involved, the presence of active neovas-
cular disease, and the overall clinical status of the infant.
Type 1 ROP in Zone I generally requires prompt interven-
tion with intravitreal anti-VEGF agents, either as mono-
therapy or in combination with adjunctive laser photo-
coagulation [25]. Type 1 ROP in Zone II is classified
into two subtypes. In anterior Zone II disease, laser photo-
coagulation alone is considered effective due to the periph-
eral location of neovascularization relative to the fovea [3].
In posterior Zone II, intravitreal anti-VEGF monotherapy
is preferred, as the disease occurs in close proximity to the
macula and optic nerve head, where the retina is highly
immature, exhibits increased angiogenic activity, and is
more susceptible to laser-induced damage [3]. In Zone III,
laser photocoagulation remains the treatment of choice
for Type 1 ROP [26]. Type 2 ROP is typically managed
with close observation every 1-3 days due to the high
likelihood of spontaneous regression [3]. The stage
of diseasealso plays a critical role in guiding treatment
decisions. In conjunction with disease location
(zone) and the presence or absence of plus disease,
it determines whether ROP is classified as Type 1

or Type 2, and thus the recommended intervention [3].
Stages 1 and 2 without plus disease are managed with ob-
servation due to the mild or moderate degree of retinal
neovascularization and high probability of spontaneous
regression [27]. In contrast, Stages 2 and 3 with plus dis-
ease are classified as Type 1 ROP and require anti-VEGF
therapy, particularly in Zone I and posterior Zone II,
where neovascular proliferation forms tissue mass in
close proximity to the fovea [27]. Advanced stages (Stage
4 and Stage 5) pose significant surgical challenges and re-
quire invasive intervention [28].

In a study by Bahrani et al. [29], 31 eyes of 19 infants
underwent surgical intervention. All eyes received pre-
operative anti-VEGF therapy to facilitate retinal reat-
tachment. Lens-sparing vitrectomy (LSV) was performed
in 28 eyes, lens removal with vitrectomy in 3 eyes, and
a scleral buckle was applied in one case. According to
ICROP classification, 35.5% of eyes were Stage 4A, 45.2%
were Stage 4B, and 19.4% were Stage 5A. The highest an-
atomical success rate was observed in Stage 4A (90.9%),
reflecting partial retinal detachment, whereas lower suc-
cess rates in Stage 4B and Stage 5 (57.1% and 33.3%, re-
spectively) were attributed to foveal involvement or total
retinal detachment. Lens vitrectomy was associated with
a 100% recurrence or redetachment rate, emphasizing
that advanced stages of ROP require aggressive interven-
tions with a higher risk of complications.

Moreover, a systematic review and meta-analysis
including 12 randomized controlled trials (RCTs) and
58 observational studies (10,516 infants) compared anti-
VEGEF therapy with laser photocoagulation. Anti-VEGF
therapy was associated with lower risks of retinal detach-
ment (RR 0.36), need for surgical intervention (RR 0.38),
and myopia (RR 0.67). However, the pooled analysis sug-
gested higher mortality mainly in observational studies,
while RCTs showed no significant difference, highlight-
ing the need for well-powered trials and long-term safety
monitoring [30].

ANTI-VEGF THERAPY

Currently used anti-VEGF agents include bevacizumab
(IVB), a full-length recombinant humanized monoclonal
antibody targeting VEGF-A [31]; ranibizumab (IVR),
arecombinant humanized monoclonal antibody fragment
selectively binding VEGF-A [31]; and aflibercept (IVA),
a recombinant fusion protein composed of extracellular
domains from human VEGF receptors 1 and 2 fused to
the Fc region of human IgG1, capable of binding VEGEF-A,
VEGF-B and placental growth factor (PIGF) [32]. Novel
agents include conbercept (IVC), another recombinant
fusion protein targeting VEGF-A, VEGF-B, and PIGF
with broader anti-angiogenic activity [33], and faricimab
(IVFE), a bispecific antibody designed to inhibit both
VEGF-A and angiopoietin-2 (Ang-2) [34]. These agents
are administered intravitreally in low doses to achieve lo-
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TABLE 2. Comparative overview of established and investigational therapies for retinopathy of prematurity, focusing on mechanisms, clinical
development stage, and therapeutic potential

Category Therapy Mechanism/target Stage Advantages Limitation
of development
First generation IVB VEGF-A (linical Strong efficacy Systemic
anti-VEGF (bevacizumab) inhibition [24] practice [20] in Zone | [19] suppression [28]
Next generation IVC (conbercept) VEGF-A/B + PIGF [26] Phase II/111 [26] Broader target Limited pediatric
anti-VEGF profile [26] data
IVF (faricimab) VEGF-A + Ang-2 [27] Phase 11 [27] Dual pathway No completed
modulation [27] | clinical trials in ROP
Future dosing Ultra-low-dose Reduced VEGF Clinical Minimizes systemic | Optimal dose not
strategy anti-VEGF blockade [28] investigation [30] exposure [28] established [30]
Molecular/ IGF-1/IGFBP-3 Physiological vascular Phase I [32] Mechanistic No significant
gene pathway supplementation maturation [32] relevance [32] | clinical outcomes yet
therapies Scutellarin Ang-1T/Ang-24/ Preclinical (in vitro/ | Dual angiogenic | Noinvivo or human
Tie2T [33] in silico) [32] modulation [32] data [32]
Ang — angiopoietin, ROP — retinopathy of prematurity, VEGF — vascular endothelial growth factor

calized ocular effects with minimal systemic VEGF sup-
pression [35]. IVB is commonly administered at a dose of
0.625 mg [20], whereas in the RAINBOW RCTs, IVR at
a dose of 0.2 mg demonstrated superior efficacy com-
pared with 0.1 mg [26]. In the FIREFLEYE trial, IVA at
a dose of 0.4 mg resulted in clinically meaningful regres-
sion of active ROP [32]. Pharmacokinetic analysis from
the RAINBOW study showed that IVR has minimal
systemic exposure (plasma elimination half-life of ap-
proximately 0.3 days) and does not significantly reduce
circulating VEGF levels, which are essential for neurode-
velopment and pulmonary maturation [35]. In contrast,
IVB exhibits prolonged systemic persistence (plasma
elimination half-life of approximately 21 days), associat-
ed with sustained systemic VEGF suppression lasting up
to eight weeks [31]. IVA demonstrates an intermediate
plasma half-life of approximately 5-6 days [31]. Clinical
data further support the efficacy of anti-VEGF therapy.
In a retrospective cohort study by Siiren et al. [36]
involving 2018 premature infants, 111 were diagnosed
with ROP and treated with intravitreal anti-VEGF agents.
Although regression was achieved across all treatment
groups, IVB and IVA demonstrated lower retreatment
rates (14.2% and 14.8%, respectively) compared with
IVR (24.6%; p < 0.05), and time to recurrence was sig-
nificantly longer in the IVB (12 £2.47 weeks) and IVA
(13 £2.37 weeks) groups vs. the IVR group (8 +1.72 weeks;
p <0.01). Although anti-VEGF therapy has demonstrated
superior efficacy in Zone I and posterior Zone II ROP,
concerns remain regarding systemic VEGF suppression
and potential long-term neurodevelopmental effects
[35]. Additionally, anti-VEGF therapy provides tempo-
rary VEGF suppression; therefore, ROP may recur or
reactivate after an initial period of quiescence, particu-
larly when peripheral retinal vascularization remains in-
complete (persistent avascular retina). This necessitates
prolonged follow-up after anti-VEGF monotherapy until

vascularization is complete or laser has been applied to
the persistent peripheral avascular retina [37].

EMERGING THERAPEUTIC STRATEGIES

Given the limitations of anti-VEGF monotherapy in
fully promoting physiological retinal vascularization and
preventing late reactivation, several novel therapeutic
strategies are under investigation. Table 2 provides an
overview of current and investigational therapies for ROP.
Current research in the management of ROP focuses on
multi-receptor agents such as faricimab and conbercept,
modulation of non-VEGF angiogenic pathways, gene and
cell-based therapies, and the use of ultra-low-dose anti-
VEGEF regimens [33, 34, 38, 39]. Gene therapy and cell-
based approaches have gained considerable interest due
to their potential to promote vascular maturation rather
than solely inhibit pathological angiogenesis [39]. Cur-
rent studies are evaluating microRNA inhibitors that bind
target mRNA transcripts and prevent their degradation;
however, this approach requires further assessment to de-
termine the optimal gene delivery vector.

In recent years, there has also been a growing in-
terest in targeting non-VEGF angiogenic pathways.
According to a meta-analysis conducted by Almutairi
et al. [40], IGF-1/IGF binding protein-3 axis demon-
strates the strongest and most consistent correlation with
severe ROP development, as premature birth abruptly
disrupts placental IGF-1 transfer, resulting in postnatal
IGF-1 deficiency [40]. These data support the mechanistic
relevance of IGF-1, suggesting that restoration of physi-
ological IGF-1 levels may hold therapeutic potential and
warrants continued investigation.

Another promising area of investigation lies in therapies
targeting the Ang-2/Tie2 signaling pathway. In a preclinical
in vitro study by Ding et al. [41], scutellarin — a compound
that restores the balance between Ang-1 and Ang-2 and

Pediatria Polska — Polish Journal of Paediatrics 2026; 101

217



Mitosz Badach, Barttomiej Bak, Dawid Bak, Kinga Barariska, Jakub Banaszek, Alicja Forma, Joanna Dolar-Szczasny, Robert Rejdak, Jacek Baj

enhances Tie2 activation — was shown to significantly in-
hibit retinal neovascularization at concentrations of 5 uM
and 50 pM under hypoxic conditions. Furthermore, in silico
molecular docking analysis demonstrated a favorable the-
oretical binding affinity of scutellarin to angiogenic targets
(p <0.01); however, these findings are limited to in vitro and
in silico models, and no in vivo or clinical efficacy has yet
been established [41]. Dual inhibition of VEGF and Ang-2
has been shown to be more effective than VEGF inhibition
alone, due to the complementary regulation of angiogenic
pathways that influence both vascular permeability and
pathological neovascularization [42].

SHIFTS IN MONITORING PROTOCOLS
AND DIAGNOSTIC APPROACHES

TRADITIONAL AND MODERN DIAGNOSTIC
METHODS IN THE ASSESSMENT OF RETINOPATHY
OF PREMATURITY

Binocular indirect ophthalmoscopy (BIO) remains
the clinical gold standard for the diagnosis and moni-
toring of ROP, enabling high-resolution, dynamic assess-
ment of vascularization, disease zone, and stage
after pharmacologic pupil dilation [43, 44]. Although BIO
allows real-time evaluation of the retina, its applicability
is limited by physiological and organizational constraints.
The examination is associated with stress and cardiovas-
cular and respiratory burden, often necessitating pain
mitigation (e.g., sucrose solution) [43, 45]. Moreover, it is
time-consuming, requires the ophthalmologist’s physical
presence at the incubator, and is difficult to scale for large
patient volumes [44]. Substantial inter-observer variabil-
ity, especially in the assessment of plus disease, reflects
the intrinsic subjectivity of the method [46]. Despite these
limitations, BIO remains the reference standard in clinical
practice and is essential in cases of incomplete or subop-
timal digital imaging [46].

Recent efforts to reduce subjectivity in the assessment
of disease plus have focused on quantitative analysis of ret-
inal vessels. In the third edition of the ICROP3, indices
of tortuosity (TI) of major vessels in the temporal quad-
rant demonstrated a gradual increase from Stages 1-6 for
both arteries and veins, as well as for the combined TI
values. Arterial tortuosity increased more prominently
than venous tortuosity in the early stages, whereas Stage
6 showed a marked increase in venous tortuosity. The ar-
terial-to-venous TI ratio (A/V) rose from Stages 1-3,
remained stable at Stages 3-5, and reached its highest
value at Stage 6. Analysis of data from real-world clinical
cases confirmed increases in both arterial and venous TI
in eyes without plus disease, with pre-plus, and with plus
disease, although without a consistent rise in the A/V ra-
tio. These findings support the concept that plus disease
represents a continuum rather than a discrete, separate
category, and demonstrate that quantitative vascular met-

rics may reduce interobserver variability and improve
diagnostic objectivity [47]. Digital wide-field retinal
documentation, such as the RetCam system, enables ac-
quisition and archiving of high-quality fundus images and
their remote evaluation within tele-screening programs
for ROP [48]. This technology allows partial standardi-
zation of image acquisition, although significant inter-
center variability persists due to differences in protocols
and operator experience. The field of view may be insuffi-
cient for peripheral pathology, often necessitating comple-
mentary BIO evaluation [48, 49]. Image quality depends
on patient stability and operator skill, and motion artifacts
can limit the evaluation of vascular abnormalities such as
plus disease [48, 49]. Emerging technologies, including
artificial intelligence (AI) algorithms and ultrawide-field
OCT, show promise in improving diagnostic consistency
but still require rigorous clinical validation [48].

Optical coherence tomography and OCT angiog-
raphy (OCTA) provide non-invasive, high-resolution
assessment of retinal morphology and microcirculation
[50, 51]. Portable systems allow imaging in unsedated
preterm infants, though limitations include a relative-
ly small field of view, motion artifacts, and the absence
of unified interpretation norms [51, 52]. High costs and
the need for trained personnel restrict their widespread
adoption, although advances in automated analysis in-
crease their future potential [52, 53]. Fluorescein angiog-
raphy (FA) enables precise visualization of the vascular-
ization boundary and retinal perfusion, supporting early
detection of abnormalities and potentially informing
decisions regarding laser or anti-VEGF therapy, though
it is not routinely required for treatment qualification
[54]. Fluorescein angiography is time-consuming, re-
quires specialized expertise, and carries risks such as tran-
sient bradycardia or oxygen desaturation [54, 55]. B-scan
ultrasonography remains useful when optical media
are opaque, allowing assessment of complications such
as tractional membranes or retinal detachment, though
its low resolution and inability to visualize vascular flow
limit its role to an adjunctive modality [55]. Overall, BIO
remains the foundational diagnostic tool and reference
point for newer imaging technologies, while digital imag-
ing, OCT/OCTA, and FA enhance the analytical capabil-
ities of ROP assessment but require further standardiza-
tion and cost reduction [48, 50, 56]. The main limitations
of these imaging modalities are summarized in Table 3.

TELEMEDICINE AND ARTIFICIAL INTELLIGENCE
IN RETINOPATHY OF PREMATURITY DIAGNOSTICS

Telemedicine in ROP screening is built on four pillars:
standardized image acquisition, the use of trained tech-
nicians, secure data transmission, and clearly defined re-
ferral and triage criteria [56]. Wide-field digital fundus
imaging serves as the reference standard for image acqui-
sition in tele-ROP (tROP) programs and as the benchmark
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TABLE 3. Key limitations of imaging modalities used in screening and management of retinopathy of prematurity

Limitation BIO

OCT/0CTA

Wide-field digital imaging

Subjective, dependent on the examiner experience + + + + +
Physiological stress/discomfort for the infant + - +/- + -
Time-consuming/difficult to scale + + + + -
Limited peripheral field of view - + + +/- -
Motion artifacts - + + + +
Operator-dependent acquisition/interpretation + + + + +
High equipment/infrastructure cost - + + + +
Lack of standardization/normative datasets - +/- + + +
Low resolution of fine anatomical structures - + - - +

BIO — binocular indirect ophthalmoscopy, FA — fluorescein angiography, OCT — optical coherence tomography, OCTA — optical coherence tomography angiography

for validating new imaging technologies, though not as
the clinical gold standard of diagnosis, which remains
BIO [57]. Due to the global shortage of pediatric oph-
thalmologists, image acquisition is increasingly delegated
to trained technicians and nurse imagers. Programs such
as Vision on Wheels, Karnataka Internet-Assisted Diag-
nosis of Retinopathy of Prematurity (KIDROP), Stanford
University Network for Diagnosis of Retinopathy of Pre-
maturity (SUNDROP), and the Danish tROP have demon-
strated high agreement between local personnel and remote
experts (k = 0.82) [58, 59]. Teleophthalmology systems
must comply with strict data-security regulations (e.g.,
GDPR - General Data Protection Regulation, HIPAA -
Health Insurance Portability and Accountability Act),
while privacy-preserving approaches such as federated
learning mitigate data-exposure risks [57]. Lower-cost
smartphone-based fundus imaging (SBFI) systems show
high sensitivity for TR-ROP (as defined by early treatment
for retinopathy of prematurity criteria) and referral-war-
ranted ROP (a telemedicine classification indicating
disease that requires ophthalmic evaluation), with some
studies reporting sensitivity approaching 100% for both
expert graders and Al algorithms in selected protocols
[60]. Hybrid models, technician acquisition, Al-based
preliminary analysis, and expert verification represent
the most scalable and equitable implementation path-
way, provided that acquisition standards and operator
training are maintained [56, 57]. Substantial clinical evi-
dence supports the effectiveness of telemedicine in ROP
screening. In the SUNDROP cohort, sensitivity reached
100%, specificity 99.8%, positive predictive value 95.5%,
and negative predictive value 100% [56]. In a study of
267 infants (median GA 32 weeks, birth weight 1,780 g),
telemedicine identified an identical incidence of ROP
(6.7%) compared with bedside BIO [60]. Other analyses
(156 infants, 312 eyes) demonstrated 100% sensitivity
and 83.5% specificity for human graders, and AUROC
values of 0.95-0.96 for Al systems [57]. The Danish tROP
program reported interobserver agreement of k = 0.82 [59].
Collectively, these findings indicate that telemedicine
maintains diagnostic performance comparable to indirect

ophthalmoscopy while improving screening access and
equity [56, 57, 59].

Artificial intelligence plays a central role in tROP
workflows through automated image analysis and stan-
dardized evaluation of retinal findings [61]. Multicenter
validations show high performance of deep-learning
models and improved reproducibility in plus disease as-
sessment using quantitative metrics such as the vascular
severity score (VSS) [48, 49]. Algorithm performance de-
pends strongly on training data quality (e.g., SUNDROP,
KIDROP, AECS - Aravind Eye Care System) and image
preprocessing (illumination normalization, color harmo-
nization) [62, 63].

Recent studies emphasize that the development of re-
liable AI-based ROP systems requires access to well-
annotated, publicly available datasets, as many earlier
models were trained on single-center data with limited
generalizability. The recently introduced Macretina data-
set, comprising 1,432 wide-field retinal images of 112 pre-
mature infants, addresses several limitations of prior pub-
lic resources by providing expert-verified, multi-task an-
notations for ridge detection, optic disc localization, and
retinal vessel segmentation within a single framework. Im-
portantly, the dataset includes severe aggressive ROP cases
and reflects real-world neonatal screening conditions in
low- and middle-income settings. Experimental validation
using deep convolutional neural networks demonstrated
consistent performance across classification, detection, and
segmentation tasks, supporting its suitability for clinically
relevant and generalizable Al model development [64].

Artificial intelligence facilitates prioritization of high-
risk cases, reduces clinician workload, and can be de-
ployed even on low-cost SBFI systems [61-63]. Studies
have further advanced automated ROP classification
through hybrid deep learning architectures that combine
convolutional feature extraction with sequential model-
ing. A decision-explainable screening system, developed
using the HVDROPDB-STAGE and HVDROPDB-PLUS
datasets, employs a MultiCNN_LSTM framework, inte-
grating features extracted from pretrained networks. This
approach enables Stages 1-3 classification based on ridge
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segmentation, as well as detection of pre-plus/plus disease
on RetCam and Neo images [65].

The MultiCNN_LSTM and MultiCNN_DNN mod-
els achieved state-of-the-art performance, with accuracy,
F1-score, and receiver operating characteristic (ROC)
values reaching up to 93% for stage classification, and
the highest metrics reported for pre-plus/plus/normal
classification. Although the datasets are derived from
a single regional population and require further expan-
sion for broader generalization, the findings demonstrate
that multi-feature fusion strategies substantially improve
stage and plus disease detection, while potentially reduc-
ing interobserver variability and screening workload [65].

From a health-economic perspective, simulation
models suggest potential improvements in cost-efficiency,
particularly in resource-limited settings, although uni-
fied imaging standards and regulatory validation remain
essential [59, 63]. Predictive models (WINROP-like sys-
tems, VSS-based thresholds, telemedicine retinopathy of
prematurity severity score [tROP-SS]) and retrospective
analyses indicate that integrating clinical and imaging
data can safely extend follow-up intervals for low-risk
infants, reducing visit numbers by 25-75% while main-
taining high sensitivity for detecting TR-ROP [58, 63].

Recently, tROP-SS underwent extensive multicenter
validation within the tROP network, encompassing
14 neonatal intensive care units and 2,037 infants over
a seven-year period. Across 11,368 ROP examinations
(192,704 images), tROP-SS generated severity assess-
ments in all cases (100%), significantly outperforming
the modified ROP activity score (mROP-ActS), which
provided valid results in 92.3% of examinations and only
40.0% of treated cases [66].

Among high-risk and treatment-eligible infants,
tROP-SS maintained full assessment availability, whereas
mROP-ActS showed substantial rates of invalid results. In-
crements in tROP-SS were more strongly associated with
disease progression (OR 3.37 vs. 1.57, p < 0.0001), and
ROC curve analysis demonstrated superior discrimina-
tive ability (AUC 0.991 vs. 0.825). These findings confirm
the robustness, granularity, and multicenter generalizabil-
ity of tROP-SS as a telemedicine-based severity metric,
enabling accurate monitoring of disease progression and
treatment risk across diverse clinical settings [66].

Continuous quality assurance, periodic revalidation,
and close integration with local care pathways are crucial
for timely referral of high-risk cases and seamless docu-
mentation in electronic medical records [61, 63].

The future of ROP diagnostics lies in deeper integration
of Al with telemedical platforms, real-time image analy-
sis, and automated data synchronization. The human-in-
the-loop model, combining algorithmic automation with
expert oversight, increases safety and transparency in
clinical decision-making [60, 62]. Key development pri-
orities include standardization of acquisition protocols,
interoperable data formats, multicenter validation, and

robust methods for automated image-quality assessment
and color harmonization, elements crucial for Al stability
[54]. As miniaturized and mobile imaging systems expand
access, responsible implementation requires addressing
ethical and regulatory concerns to ensure that Al aug-
ments, rather than replaces, clinical judgment. Equally
important is the need for interpretable outputs and con-
tinuous validation across diverse populations [62, 63].

CONCLUSIONS

Retinopathy of prematurity remains a preventable cause
of childhood blindness. Its biphasic pathophysiology, driv-
en by retinal immaturity, oxygen dysregulation, and angio-
genic and inflammatory pathways, interacts with maternal,
perinatal, and neonatal risk factors. Geographic variation in
incidence, screening access, and treatment availability shows
that ROP is also a health-system challenge. Management
has evolved from cryotherapy through laser photocoagula-
tion to intravitreal anti-VEGF therapy, with zone-adapted
algorithms balancing rapid disease regression and preser-
vation of peripheral retina against the risks of persistent
avascular retina, late reactivation, and possible systemic
VEGEF suppression. Surgery for advanced stages remains
technically demanding with guarded visual outcomes.
Emerging approaches, including dual-pathway angio-
genic modulation, ultra-low-dose anti-VEGF regimens,
and early gene- or cell-based strategies, together with bio-
markers of vascular activity, may support more individu-
alized, mechanism-based treatment. In parallel, advances
in wide-field imaging, optical coherence tomography;,
teleophthalmology, digital surveillance, and Al-assisted
grading enable more objective, risk-adapted screening and
may extend access in under-resourced settings, provided
that image quality, validation, and data security are assured.
Future priorities include long-term safety studies of novel
therapies, multicenter evaluation of digital tools, and close
collaboration between neonatology, ophthalmology, and
health-system stakeholders to implement equitable, evi-
dence-based ROP care and prevent avoidable blindness in
preterm infants.
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