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Purpose: To characterize cone photoreceptor alterations using adaptive optics scanning laser ophthalmoscopy 
(AO-SLO) and explore their relationships with retinal structure, visual function, and ocular biometry in children with 
retinopathy of prematurity (ROP).

Design: Prospective observational case series.
Participants: A total of 313 eyes from 162 children were included, comprising full-term controls, preterm children 

without ROP, children with regressed ROP, and children with ROP treated with laser photocoagulation (LP), intravitreal 
anti-VEGF therapy, or combined therapy.

Methods: Participants underwent AO-SLO, swept-source OCT, best-corrected visual acuity testing, and ocular 
biometry. Cone density, dispersion, and regularity were evaluated across retinal regions. Between-group interpretation 
emphasized temporal cone metrics, and secondary exploratory analyses evaluated associations with retinal structural, 
visual, and biometric parameters.

Main Outcome Measures: Adaptive optics SLO—derived cone density, cone dispersion, and cone regularity 
across retinal regions, with temporal cone metrics considered the main region of interest.

Results: Among the clinically defined ROP subgroups, overall group differences in cone metrics were identified 
predominantly in the temporal region after multivariable adjustment (P < 0.05). In Bonferroni-adjusted pairwise 
comparisons, the LP + intravitreal injection clinical-background group showed lower temporal cone regularity than 
preterm children without ROP (94.5% vs. 96.4%; adjusted mean difference, —1.92%; Bonferroni-adjusted P=0.001), 
whereas temporal cone density and dispersion showed similar directional but nonsignificant pairwise differences. 
Laser-treated eyes showed greater inner retinal thickness (IRT) in selected regions (P ≤ 0.006). Temporal cone reg
ularity showed a weak positive association with temporal IRT (r = 0.10, generalized estimating equation—derived 
P=0.046; Table S6), whereas broader correlations between AO-SLO parameters and OCT measurements were 
generally limited.

Conclusions: Adaptive optics SLO identified selective temporal cone photoreceptor mosaic alterations in chil
dren with ROP, most consistently reflected by reduced temporal cone regularity, with directional differences in cone 
density and dispersion. These findings extend prior AO observations in ROP to a larger pediatric cohort and support 
AO-SLO as a complementary modality for evaluating cone spatial organization in ROP survivors.
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Retinopathy of prematurity (ROP), a disorder of abnormal 
retinal vascular development in preterm infants, remains an 
important cause of potentially avoidable childhood visual 
impairment worldwide.1,2 Retinopathy of prematurity 
affects approximately 30%—50% of very low birth weight 
infants globally, and timely management is critical to 
prevent severe visual impairment.1 Beyond vascular 
abnormalities, increasing evidence suggests that ROP is 

also associated with disrupted retinal neurodevelopment, 
which may contribute to long-term alterations in photore
ceptor organization and visual function.3 Current treatment 
options for ROP include laser photocoagulation (LP) to 
ablate the peripheral avascular retina to prevent 
neovascularization and intravitreal anti-VEGF injections 
(intravitreal injection [IVI]) to suppress neovascular activ
ity.4 Although these interventions are effective in 
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controlling disease progression, the long-term effects of 
ROP and its associated retinal developmental alterations on 
photoreceptor microstructure remain incompletely 
understood.

Previous imaging studies in ROP have largely relied on 
OCT to assess retinal abnormalities, including alterations in 
inner and outer retinal thickness (ORT).5—7 Although OCT 
provides valuable tissue-level structural information, it does 
not directly resolve the cone mosaic or quantify cone spatial 
organization, including density, dispersion, and regularity.8

Adaptive optics (AO) imaging technology, capable of 
compensating for ocular aberrations, has emerged as a 
noninvasive tool for high-resolution retinal imaging.9

Adaptive optics scanning laser ophthalmoscopy (AO- 
SLO), a specific application of AO imaging, has been 
used to visualize and quantify cone photoreceptor 
abnormalities in retinal diseases, including retinitis 
pigmentosa,10 central serous chorioretinopathy,11 laser- 
induced retinopathy,12 and age-related macular degenera
tion.13 Previous AO studies in eyes with a history of ROP 
have demonstrated extrafoveal cone density and packing 
geometry alterations, including the study by 
Ramamirtham et al14 using AO-SLO and OCT.3

However, these studies were limited by relatively small 
sample sizes and primarily focused on cone density or 
packing geometry at selected retinal eccentricities. A 
broader characterization of cone spatial organization, 
incorporating cone density, dispersion, and regularity 
across different ROP clinical backgrounds, remains 
insufficiently defined. In addition, most OCT-based 
studies in ROP survivors have focused on retinal thick
ness and general anatomical features, whereas the re
lationships between AO-SLO—derived cone mosaic 
alterations and broader ocular structural, functional, and 
biometric parameters remain incompletely characterized.

A comprehensive evaluation of cone photoreceptor mosaic 
alterations across a broad spectrum of ROP severity and 
clinical treatment backgrounds may provide important in
sights into long-term macular and photoreceptor phenotypes 
in ROP survivors.15 This study aimed to use high-resolution 
AO-SLO imaging to characterize cone photoreceptor den
sity, dispersion, and regularity in children across a broad 
spectrum of ROP conditions, including preterm children 
without ROP, regressed ROP (R-ROP), and ROP treated with 
LP and/or anti-VEGF therapy. We further explored the re
lationships between cone metrics and retinal structural, visual, 
and biometric parameters obtained from swept-source OCT 
(SS-OCT), best-corrected visual acuity (BCVA), and ocular 
biometry. By integrating AO-SLO with multimodal retinal 
assessment in a large pediatric cohort, this study sought to 
define AO-SLO—based cone mosaic alterations in ROP sur
vivors and provide a foundation for future longitudinal im
aging studies.

Methods

This cohort study conducted at Shenzhen Eye Hospital was 
approved by the Institutional Review Board of Shenzhen Eye 
Hospital (Shenzhen, China; approval number: 20191206-01) and 
was conducted in accordance with the tenets of the Declaration of 

Helsinki. Written informed consent was obtained from the legal 
guardians of each participating child.

Participants

The study enrolled a total of 162 participants (313 eyes) from June 
2024 to April 2026. All participants underwent multimodal 
ophthalmic examinations, including BCVA testing, ocular biom
etry, SS-OCT, and AO-SLO imaging. Because quantitative ana
lyses depended on cooperation, fixation stability, image quality, 
and modality-specific acquisition quality, the number of eyes 
included in each analysis varied slightly and is reported in the 
corresponding tables.

Participants were grouped into 6 groups based on their ROP 
status and treatment modality: normal full-term control (normal 
control group, n = 31), preterm without ROP (P-noROP group, 
n = 25), R-ROP (R-ROP group, n = 18), ROP treated with LP (LP 
group, n = 52), ROP treated with IVI (IVI group, n = 20), and 
ROP treated with a combination of LP and IVI (LP + IVI group, 
n = 16). For the LP + IVI group, most infants were treated with 
IVI first, followed by LP if the initial treatment was ineffective; in 
other cases, LP was performed first, followed by IVI when needed. 
The inclusion criteria were based on clinical history and fundus 
findings. The R-ROP group included preterm children with a 
history of ROP that regressed without treatment. Because ROP 
zone and stage describe active disease severity and may change 
during the disease course, a single zone or stage was not assigned 
to spontaneously R-ROP eyes after stabilization. For treated ROP 
eyes, zone and stage were recorded according to the clinical 
findings at the time treatment was indicated. To maintain the 
integrity of image quality and ensure accurate interpretation of 
results, individuals were considered ineligible for the study if their 
affected eyes had any of the following: 1) history of prior eye 
surgery or ocular injuries: for ROP groups, any prior vitrectomy or 
retinal surgery (except LP or IVI), while for the normal control 
and P-noROP groups, any history of eye surgery or ocular injury; 
2) presence of other ocular conditions, including cataract, retinal 
tears, inherited retinal disorders, or retinal detachment; 3) age 
outside the range of 6-16 years; 4) inability to cooperate with 
imaging or maintain fixation sufficiently for reliable image 
acquisition; and 5) myopia greater than —6.00 diopters (D). 
Reduced BCVA in an individual eye was not used as an absolute 
eye-level exclusion criterion if the participant was able to follow 
the internal fixation target and analyzable images could be 
obtained.

All participants underwent comprehensive ophthalmologic as
sessments for the retinal structure and function. Best-corrected 
visual acuity was measured monocularly in children using a 
standard 5-m decimal acuity chart (1.0 at 5 m); all tests were 
performed by the same experienced optometrist with the child’s 
best refractive correction in place, and BCVA values were con
verted to logarithm of the minimum angle of resolution for anal
ysis. Refractometry was performed using an autorefractor 
(KR-8800, Topcon) under cycloplegia with 0.5% compound tro
picamide eyedrops; biometric measures were obtained with the 
IOLMaster (Carl Zeiss Meditec) for axial length (AL), anterior 
chamber depth, central corneal thickness, and lens thickness 
measurement; SS-OCT (TowardPi Medical Technology) for 
retinal thickness, and AO-SLO (Mona II, Robotrak Technologies) 
for cone photoreceptors.

AO-SLO System: Cone Photoreceptor Analysis

Adaptive optics images were acquired using a commercially 
available AO-SLO system (Mona II, Robotrak Technologies). The 
system offers 3 imaging modes, providing different fields of view 
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of 5 × 5◦ (approximately 1500 × 1500 μm), 2.4 × 2.4◦

(approximately 700 × 700 μm), and 1.2 × 1.2◦ (approximately 
350 × 350 μm). After dilation of the pupil with tropicamide, 
participants were instructed to fixate on a green target controlled 
by the operator to facilitate image capture at 3◦ retinal eccentricity 
using the 2.4 × 2.4◦ mode. Adaptive optics SLO image scaling 
and cone-density outputs were based on the device software’s 
nominal conversion of the angular field of view to retinal di
mensions, rather than individualized AL-based ocular magnifica
tion correction. A schematic illustration of the AO-SLO regional 
layout is provided in Figure S1.

For each eye, AO-SLO imaging was attempted at the pre
defined retinal locations, and 2 to 5 image acquisitions were ob
tained at each location when possible, depending on fixation 
stability and participant cooperation. For quantitative analysis, the 
best-quality image from each predefined retinal location was 
selected before cone segmentation and metric export. Image se
lection was based on image focus, signal strength, motion artifact, 
fixation stability, completeness of cone mosaic visualization 
within the region of interest, and reliability of automated cone 
segmentation. Images were excluded from quantitative cone 
mosaic analysis if they showed poor focus or low signal, sub
stantial motion artifact, unstable fixation, incomplete visualization 
of the cone mosaic within the region of interest, or unreliable 
automated cone segmentation. Cone metrics were generated using 
the Mona II software after automated cone segmentation, and 
segmentation outputs were reviewed for reliability before inclu
sion in the final analysis. Because the system did not provide a 
single validated numeric image-quality score for exclusion, final 
image inclusion was based on these predefined image-quality and 
segmentation-reliability criteria. The system is equipped with an 
artificial intelligence—based algorithm that facilitates automatic 
segmentation of cone photoreceptors and provides quantitative 
measures of cone morphology, including density, dispersion, and 
regularity.16 Cone density was defined as the number of cones per 
square millimeter. Cone dispersion was exported by the Mona II 
software as a percentage-based metric reflecting the spatial 
dispersion of the cone mosaic, with higher values indicating 
greater variability in local cone spacing. Cone regularity was 
exported as a percentage-based metric reflecting the uniformity of 
cone arrangement, with values closer to 100% indicating a more 
regular mosaic.17,18

For a more comprehensive analysis of cone morphology, the 
2.4 × 2.4◦ AO-SLO frame centered at the intended 3◦ retinal 
eccentricity was divided into 5 predefined regions of interest: 
central, nasal, temporal, superior, and inferior. In this context, the 
central region referred to the center of the AO-SLO analytical 
frame rather than the foveal center. The nasal, temporal, superior, 
and inferior regions were defined according to their relative 
location within the AO-SLO frame.

Swept-Source OCT: Retinal Thickness 
Measurements

OCT images were captured using SS-OCT (TowardPi Medical 
Technology) by an experienced examiner for quantitative analysis 
of retinal thickness. Retinal thickness measurements included the 
foveal region and the parafoveal ring surrounding the fovea with 
an inner diameter of 1 mm and an outer diameter of 3 mm. For 
AO-SLO—OCT correlation analyses, OCT measurements were 
paired with AO-SLO metrics according to the corresponding 
regional orientation, including nasal, temporal, superior, inferior, 
and central regions. This approach provided regional topographic 
correspondence rather than direct image-to-image registration 
between AO-SLO and OCT images, as illustrated in Figure S1. 
Measurements were conducted for multiple retinal layers, 

including inner retinal thickness (IRT), defined as the distance 
from the inner limiting membrane to the inner plexiform layer; 
ORT, defined as the distance from the inner plexiform layer to 
Bruch’s membrane; and total retinal thickness, defined as the 
distance from the inner limiting membrane to Bruch’s membrane.

Statistical Analyses

Continuous data were summarized using mean ± standard devi
ation, and categorical variables as counts and percentages. Group 
comparisons were performed using 1-way analysis of variance, 
chi-square tests, or generalized linear models with generalized 
estimating equations (GEEs), as appropriate, to account for 
intereye correlation. For model-based group comparisons, values 
are presented as estimated marginal means with standard errors of 
the mean, unless otherwise specified. For post hoc pairwise 
comparisons, Bonferroni correction was applied to adjust for 
multiple comparisons, and a corrected P value < 0.05 was 
considered statistically significant.

Adaptive optics SLO analyses included cone density, disper
sion, and regularity measured across the retinal regions. For 
interpretation of between-group AO-SLO differences, the tempo
ral region was treated as the main region of interest, whereas 
findings from the superior, inferior, nasal, and central regions were 
reported as supportive regional analyses. Multivariable models 
were adjusted for gestational age (GA), age at examination, sex, 
and AL, which were selected as clinically relevant covariates 
related to prematurity, ocular development, retinal image magni
fication, and AO-SLO measurement. Retinopathy of prematurity 
zone and stage were summarized descriptively but were not 
included in the primary 6-group models because these variables 
were not applicable to full-term controls or preterm children 
without ROP and were closely related to the clinical-background/ 
treatment group definitions. Secondary exploratory analyses 
evaluated associations between AO-SLO metrics and retinal 
structural, visual, and ocular biometric parameters. Pearson cor
relation coefficients were calculated directly from paired eye-level 
data to describe the strength and direction of linear associations. 
Corresponding P values were obtained from GEE models to ac
count for intereye correlation within participants. The reported 
correlation coefficients therefore represent Pearson r values rather 
than standardized regression coefficients from the GEE models. 
For AO-SLO—OCT correlation analyses, only eyes with paired 
analyzable AO-SLO and SS-OCT measurements from the same 
eye were included. Given the exploratory nature of these analyses 
and multiple comparisons, correlation findings were interpreted 
cautiously. All statistical analyses were conducted using SPSS 
software (version 23.0). All tests were 2-sided, and P < 0.05 was 
considered statistically significant unless otherwise specified.

Results

Participants’ Demographics and Clinical 
Characteristics

The study included 162 participants (313 eyes) in 6 groups: 
normal full-term control (31 participants, 57 eyes), P- 
noROP (25 participants, 50 eyes), R-ROP (18 participants, 
34 eyes), LP (52 participants, 101 eyes), IVI (20 partici
pants, 40 eyes), and LP + IVI (16 participants, 31 eyes). 
The detailed patient recruitment flowchart is presented in 
Figure 1. Baseline demographic information, including 
ROP zone, ROP stage, GA, birth weight, age at 
examination, and sex, is provided in Table 1.
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Significant differences in GA and birth weight were 
observed among the 6 groups (both P < 0.001), primarily 
driven by comparisons between full-term controls and preterm 
participants (Fig S2). Among the treated ROP groups, the 
recorded ROP zone and stage did not differ significantly 
across the LP, IVI, and LP + IVI groups (Table 1).

AO-SLO Characterization of Cone 
Photoreceptor Mosaic Alterations

All 162 participants underwent attempted AO-SLO imag
ing. Among the 313 examined eyes, 284 eyes met the 
image-quality criteria and were included in the final 

Figure 1. Participant enrollment and modality-specific analyzable data sets. A total of 162 participants contributed 313 eyes after application of eye-level 
eligibility criteria. Because analyzable data depended on participant cooperation, fixation stability, image quality, and modality-specific acquisition quality, 
the number of eyes included in each analysis varied slightly. The final analyzable data sets included 284 eyes for AO-SLO, 280 eyes for SS-OCT, and 300 
eyes for BCVA, SE, and IOL Master measurements. Eyes not included in a modality-specific data set had insufficient image quality or inadequate 
cooperation for reliable quantitative analysis. AO-SLO = adaptive optics scanning laser ophthalmoscopy; SS-OCT = swept-source OCT; NC = normal 
full-term control; P-noROP = preterm without ROP; R-ROP = regressed ROP; LP = laser photocoagulation; IVI = intravitreal injection; LP + IVI =
ROP treated with a combination of LP and IVI (LP + IVI); BCVA = best-corrected visual acuity; SE = spherical equivalent.

Table 1. Demographics Parameters in Normal Full-Term Control, Premature without ROP, Regressive ROP, and Treatment Groups 
(LP, IVI, and LP + IVI)

Normal Control Premature without ROP Regressive ROP LP IVI LP + IVI P Value

No. of patients 31 25 18 52 20 16
No. of eyes 57 50 34 101 40 31
Sex (M/F) 15/16 10/15 10/8 24/28 10/10 11/5 0.58
ROP zone, eyes (%) 0.18

II NA NA NA 86 (85.1%) 36 (90%) 23 (74.2%)
III NA NA NA 15 (14.9%) 4 (10%) 8 (25.8%)

ROP stage, eyes (%) 0.99
2 NA NA NA 19 (18.8%) 8 (20%) 6 (19.4%)
3 NA NA NA 82 (81.2%) 32 (80%) 25 (80.6%)

GA (w), mean ± SD 38.87 ± 2.21 30.57 ± 3.01 28.12 ± 2.55 29.35 ± 3.03 28.3 ± 3.30 27.91 ± 2.57 <0.001
BW (kg), mean ± SD 3.28 ± 0.99 1.45 ± 0.44 1.14 ± 0.48 1.28 ± 0.53 1.18 ± 0.41 1.07 ± 0.39 <0.001
Age (y), mean ± SD 10.51 ± 2.83 9.70 ± 3.85 8.07 ± 2.06 8.84 ± 2.26 9.31 ± 2.13 8.54 ± 2.01 0.025

Using chi-square test for comparison of proportions and 1-way analysis of variance for comparison of means. Retinopathy of prematurity zone and stage 
were reported for treated eyes according to the treatment records at the time treatment was indicated. For the regressed ROP group, eyes had a history of 
ROP that regressed without treatment; because ROP zone and stage may change during the active disease course and were not assigned after spontaneous 
regression, a single final zone or stage was not reported for this group. Plus disease status was not consistently available in the historical records and 
therefore was not reported as a separate variable. Bold values indicate statistical significance (P < 0.05). 
LP = laser photocoagulation; IVI = intravitreal injection; LP + IVI = ROP treated with a combination of LP and IVI (LP + IVI); NA = not applicable; 
ROP = retinopathy of prematurity; BW = birth weight; SD = standard deviation; GA = gestational age.
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Table 2. Temporal AO-SLO Parameters in Normal Full-Term Control, Premature without ROP, Regressive ROP, and Treatment Groups (LP, IVI, and LP + IVI)

Normal Control

Estimated Marginal Mean ± SEM

IVI LP + IVI P ValuePremature without ROP Regressive ROP LP

Temporal cone 
density (cones/mm2)
Unadjusted 24 161.99 ± 1090.71 23 145.87 ± 629.38 26 563.51 ± 995.10 24 528.96 ± 812.74 24 871.83 ± 1401.90 28 093.54 ± 1697.14 0.019
Adjusted 1 24 299.49 ± 1119.8 23 181.09 ± 663.24 26 540.72 ± 987.83 24 409.94 ± 812.16 24 964.63 ± 1399.74 28 101.60 ± 1709.14 0.02
Adjusted 2 24 508.78 ± 1402.67 23 117.98 ± 657.97 26 447.79 ± 1029.12 24 411.71 ± 873.53 24 919.63 ± 1452.74 28 011.57 ± 1730.86 0.026
Adjusted 3 23 616.98 ± 1099.63 23 135.49 ± 705.04 26 514.17 ± 1006.89 23 738.48 ± 774.77 24 633.06 ± 1276.57 26 303.36 ± 1084.44 0.035

Temporal cone 
dispersion (%)
Unadjusted 19.63 ± 0.53 18.04 ± 0.56 19.69 ± 0.62 19.90 ± 0.49 19.81 ± 0.67 20.92 ± 0.82 0.054
Adjusted 1 19.58 ± 0.55 18.02 ± 0.58 19.61 ± 0.62 19.94 ± 0.40 19.78 ± 0.66 20.92 ± 0.83 0.059
Adjusted 2 19.26 ± 0.77 17.94 ± 0.60 19.56 ± 0.61 20.11 ± 0.40 19.89 ± 0.68 20.94 ± 0.82 0.036
Adjusted 3 19.25 ± 0.79 18.08 ± 0.61 19.75 ± 0.63 20.03 ± 0.38 20.03 ± 0.66 21.01 ± 0.80 0.047

Temporal cone 
regularity (%)
Unadjusted 95.22 ± 0.31 96.34 ± 0.25 95.39 ± 0.35 95.09 ± 0.23 95.06 ± 0.30 94.56 ± 0.39 <0.001
Adjusted 1 95.29 ± 0.31 96.39 ± 0.26 95.35 ± 0.34 95.04 ± 0.22 95.09 ± 0.30 94.54 ± 0.40 <0.001
Adjusted 2 95.26 ± 0.46 96.45 ± 0.27 95.42 ± 0.35 94.98 ± 0.25 95.09 ± 0.31 94.59 ± 0.39 <0.001
Adjusted 3 95.61 ± 0.48 96.39 ± 0.28 95.34 ± 0.35 94.91 ± 0.24 95.01 ± 0.31 94.47 ± 0.39 <0.001

Generalized estimating equations were used for both unadjusted and adjusted analyses to account for intereye correlation. Post hoc pairwise comparisons were adjusted using the Bonferroni correction. 
Bonferroni-adjusted post hoc pairwise comparisons from the fully adjusted model are shown in Table S1. Bold values indicate statistical significance (P < 0.05). 
AO-SLO = adaptive optics scanning laser ophthalmoscopy; SEM = standard error of the mean; LP = laser photocoagulation; IVI = intravitreal injection; LP + IVI = ROP treated with a combination of 
LP and IVI (LP + IVI); ROP = retinopathy of prematurity; Adjusted 1 = adjusted for age and sex; Adjusted 2 = adjusted for age, sex, and gestational age; Adjusted 3 = adjusted for age, sex, gestational age, 
and axial length.
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Figure 2. The temporal AO-SLO images across 6 groups. A-F, AO-SLO cone photoreceptor images, corresponding heatmaps, and magnified views of the 
temporal local region. Specifically: A. NC group (A1: AO-SLO images, A2: heatmap, and A3: magnified view of A1); B. P-noROP group; C. R-ROP 
group; D. LP group; E. IVI group; and F. LP + IVI group. AO-SLO = adaptive optics scanning laser ophthalmoscopy; NC = normal full-term control; P- 
noROP = preterm without ROP; R-ROP = regressed ROP; LP = laser photocoagulation; IVI = intravitreal injection; LP + IVI = ROP treated with a 
combination of LP and IVI (LP + IVI).

Table 3. Inner Ring of IRT Parameters from OCT in Normal Control, Premature without ROP, Regressive ROP, and Treatment Groups 
(LP, IVI, and LP + IVI)

IRT Parameters (μm)

Estimated Marginal Mean ± SEM

P ValueNormal Control Premature without ROP Regressive ROP LP IVI LP + IVI

Macular fovea
Unadjusted 78.04 ± 6.74 75.85 ± 1.87 90.03 ± 8.96 94.03 ± 4.78 85.47 ± 4.17 90.84 ± 5.85 0.001
Adjusted 1 71.96 ± 6.49 73.23 ± 3.37 94.18 ± 9.06 94.16 ± 4.32 85.19 ± 4.66 93.13 ± 5.98 0.002
Adjusted 2 77.85 ± 7.96 73.07 ± 3.31 93.22 ± 9.00 93.79 ± 4.30 83.92 ± 4.58 91.84 ± 6.03 0.006

Temporal region
Unadjusted 113.48 ± 4.90 120.30 ± 2.24 126.67 ± 6.97 126.73 ± 1.82 111.25 ± 2.90 123.00 ± 3.98 <0.001
Adjusted 1 111.35 ± 5.09 120.86 ± 2.14 128.17 ± 7.18 126.76 ± 1.62 111.14 ± 3.09 123.84 ± 4.09 <0.001
Adjusted 2 109.93 ± 6.17 120.85 ± 2.11 128.44 ± 7.04 126.78 ± 1.66 111.60 ± 3.06 124.20 ± 4.06 <0.001

Superior region
Unadjusted 123.22 ± 4.80 129.50 ± 1.79 135.64 ± 8.93 140.07 ± 3.43 123.47 ± 3.40 134.53 ± 5.35 0.008
Adjusted 1 118.51 ± 4.73 128.38 ± 3.24 138.65 ± 8.99 140.25 ± 3.05 123.31 ± 3.57 136.14 ± 5.68 <0.001
Adjusted 2 114.91 ± 7.59 128.57 ± 3.28 139.18 ± 9.00 140.60 ± 3.12 123.81 ± 3.53 136.85 ± 5.47 0.002

Nasal region
Unadjusted 122.07 ± 6.23 130.20 ± 1.16 139.97 ± 9.54 147.30 ± 7.94 122.22 ± 3.56 130.84 ± 5.05 0.03
Adjusted 1 112.67 ± 7.60 127.92 ± 4.27 146.22 ± 9.43 147.56 ± 7.21 121.83 ± 4.52 134.24 ± 5.40 0.03
Adjusted 2 103.58 ± 10.78 127.85 ± 4.72 147.92 ± 9.60 147.71 ± 6.93 124.77 ± 5.17 136.49 ± 5.67 0.02

Inferior region
Unadjusted 122.67 ± 6.56 128.28 ± 2.29 137.79 ± 8.58 141.83 ± 4.03 118.92 ± 4.22 138.28 ± 7.65 0.002
Adjusted 1 117.58 ± 7.11 127.19 ± 3.11 140.97 ± 8.77 142.04 ± 3.61 118.76 ± 4.40 139.96 ± 7.86 <0.001
Adjusted 2 109.26 ± 8.15 127.35 ± 3.16 142.37 ± 8.68 142.48 ± 3.63 120.76 ± 4.44 141.83 ± 7.91 <0.001

Generalized estimating equations were used for both unadjusted and adjusted analyses to account for intereye correlation. Post hoc pairwise comparisons 
were adjusted using the Bonferroni correction. Bold values indicate statistical significance (P < 0.05). 
IRT = inner retinal thickness; SEM = standard error of the mean; LP = laser photocoagulation; IVI = intravitreal injection; LP + IVI = ROP treated 
with a combination of LP and IVI (LP + IVI); ROP = retinopathy of prematurity; Adjusted 1 = adjusted for age and sex; Adjusted 2 = adjusted for age, 
sex, gestational age.
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quantitative AO-SLO analysis. The remaining 29 eyes were 
not included in AO-SLO quantitative analysis because of 
insufficient image quality, unstable fixation or motion ar
tifacts, incomplete cone mosaic visualization, or unreliable 
automated segmentation (Figure 1). Adaptive optics SLO 
measures were compared among the 6 groups using 
unadjusted and multivariable-adjusted models. Overall 
group differences in temporal cone density, dispersion, and 
regularity were observed in the fully adjusted models 
(P < 0.05, Table 2). Bonferroni-adjusted post hoc pairwise 
comparisons from the fully adjusted model are shown in 
Table S1. Compared with the P-noROP group, the 
LP + IVI group had significantly lower temporal cone 
regularity (94.47% vs. 96.39%; adjusted mean difference, 
—1.92%; 95% confidence interval, —3.34 to —0.50; 
Bonferroni-adjusted P=0.001). Temporal cone density 
(26 303 vs. 23 135 cones/mm2; Bonferroni-adjusted 
P=0.23) and dispersion (21.01% vs. 18.08%; Bonferroni- 
adjusted P=0.06) showed the same directional pattern but 
did not remain statistically significant after Bonferroni 
adjustment. In contrast, no consistent between-group dif
ferences were identified in most nontemporal retinal regions 
(Table S2).

Representative AO-SLO images demonstrated alter
ations in cone spatial organization across ROP groups, 
particularly in eyes in the LP + IVI clinical-background 
group, characterized by increased cone dispersion and 
reduced regularity (Fig 2).

Secondary Structural and Functional Ocular 
Findings

For SS-OCT measurements, no significant differences in 
ORT were identified among the 6 groups across retinal 
regions (Table S3). In contrast, significant differences in 
IRT were observed in multiple retinal regions after 
multivariable adjustment (P ≤ 0.03, Table 3). After 
multivariable adjustment, the LP group generally 
demonstrated greater IRT measurements across multiple 
retinal regions, whereas thinner IRT values were observed 
in full-term controls or preterm children without ROP, 
depending on retinal location.

Total retinal thickness differed significantly only in the 
central macular region after multivariable adjustment (P =
0.02, Table S4). No statistically significant differences in 
spherical equivalent were identified among the 6 groups 
(Table S5). Significant differences were also observed for 
BCVA and several ocular biometric parameters, including 
AL, anterior chamber depth, central corneal thickness, and 
lens thickness (all P ≤ 0.002, Table S5).

Exploratory Associations between AO-SLO 
Metrics and Ocular Parameters

Exploratory correlation analyses were performed to eval
uate associations between AO-SLO cone metrics and 
structural, functional, and biometric parameters. Adaptive 

Figure 3. Correlations between AO-SLO cone morphology parameters and visual function or refractive measurements. A. Correlation between nasal 
cone densities and SE. B. Correlation between central cone dispersion and SE. C. Correlation between superior cone dispersion and SE. D. Correlation 
between temporal cone regularity and SE. E. Correlation between nasal cone dispersion and BCVA. Pearson correlation analysis was performed, and 
generalized estimating equations were used to account for intereye correlation. Correlation findings were interpreted cautiously in the context of multiple 
comparisons. Associations with BCVA were exploratory and limited. BCVA = best-corrected visual acuity; AO-SLO = adaptive optics scanning laser 
ophthalmoscopy; LogMAR = logarithm of the minimum angle of resolution; SE = spherical equivalent.
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optics SLO—OCT correlations were based only on eyes 
with paired analyzable AO-SLO and SS-OCT measure
ments from the same eye; the corresponding paired-eye 
counts are shown in Table S6. Temporal cone regularity 
showed a weak positive association with temporal IRT 
(r = 0.10, P = 0.046; Table S6), but it was not 
significantly associated with BCVA (r = —0.05, P =
0.40; Table S7). Overall, associations between AO-SLO 
metrics and BCVA were limited and exploratory 
(Table S7, Fig 3), and broader correlations between AO- 
SLO parameters and OCT measurements were generally 
limited.

Among ocular biometric parameters, AL demonstrated 
modest associations with several cone morphology metrics 
(Table S8, Fig 4). Other biometric parameters, including 
anterior chamber depth and lens thickness, demonstrated 
only weak or inconsistent relationships with cone 
morphology measurements.

Discussion

Retinopathy of prematurity is increasingly recognized not 
only as a disorder of abnormal retinal vascularization, but 

also as a condition associated with altered retinal neuro
development and long-term changes in visual system 
maturation.19,20 In this study, we used high-resolution AO- 
SLO to characterize cone photoreceptor morphology across 
a broad spectrum of ROP conditions and treatment back
grounds in a large pediatric cohort. The principal finding 
was the presence of selective temporal cone photoreceptor 
mosaic alterations in children with ROP. In the temporal 
retina, the most robust Bonferroni-adjusted pairwise finding 
was lower cone regularity in the LP + IVI clinical- 
background group compared with preterm children 
without ROP. Temporal cone density and dispersion 
showed similar directional differences in the fully adjusted 
model, but these pairwise comparisons did not remain 
statistically significant after Bonferroni adjustment. In 
contrast, most nontemporal retinal regions showed no 
consistent between-group differences. Together, these 
findings define a regionally selective cone spatial organi
zation phenotype in ROP survivors rather than a diffuse 
photoreceptor abnormality.

These findings highlight the importance of evaluating 
cone spatial organization beyond density alone. Although 
eyes in the LP + IVI clinical-background group showed 

Figure 4. Correlations between cone morphology parameters from AO-SLO and biometric measurements (AL and ACD) from IOL Master. A. Cor
relation between superior cone densities and AL. B. Correlation between inferior cone densities and AL. C. Correlation between nasal cone densities and 
AL. D. Correlation between central cone densities and AL. E. Correlation between superior cone dispersion and AL. F. Correlation between inferior cone 
dispersion and AL. G. Correlation between nasal cone dispersion and AL. H. Correlation between superior cone regularity and AL. I. Correlation 
between superior cone densities and ACD. J. Correlation between nasal cone dispersion and ACD. K. Correlation between superior cone regularity and 
LT. L. Correlation between inferior cone regularity and LT. Pearson correlation analysis was performed, and generalized estimating equations were used to 
account for intereye correlation. Correlation findings were interpreted cautiously in the context of multiple comparisons. AO-SLO = adaptive optics 
scanning laser ophthalmoscopy; AL = axial length; ACD = anterior chamber depth; LT = lens thickness.
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numerically higher temporal cone density and dispersion, 
the most robust Bonferroni-adjusted pairwise finding was 
reduced temporal cone regularity. This pattern supports 
altered cone spatial organization rather than uniformly 
preserved photoreceptor architecture. The cone mosaic is 
defined not only by the number of cones in a given area, but 
also by the spatial relationship among neighboring cones, 
the uniformity of cone packing, and the regularity of the 
cellular arrangement.3,15 This interpretation is consistent 
with the developmental biology of the human fovea, in 
which postnatal maturation involves coordinated 
redistribution of inner retinal elements, cone migration, 
progressive cone packing, and changes in cone spacing.21

Therefore, a localized increase in cone density may reflect 
altered developmental packing or regional differences in 
retinal expansion, rather than a straightforward marker of 
normal photoreceptor organization.

The broader AO-SLO literature also supports this 
interpretation. In healthy eyes, cone density and spacing 
vary substantially by retinal eccentricity and region, 
emphasizing the need to interpret cone density in the 
context of retinal location and mosaic geometry rather than 
as an isolated metric.15 In resolved central serous 
chorioretinopathy, AO-SLO identified abnormal cone 
mosaic patterns and patchy dark regions, and these micro
structural changes were related to visual and OCT findings, 
but the relationship between cone density and conventional 
imaging was not always linear.11 Similarly, in epiretinal 
membrane, AO-SLO revealed microfold-like abnormal
ities and disrupted cone arrangement, showing that photo
receptor mosaic organization may be abnormal even when 
conventional OCT or visual acuity does not fully explain 
the phenotype.8 These studies are relevant to the present 
work because they demonstrate that cone spatial 
organization can provide information beyond cone counts 
alone. Thus, the temporal phenotype observed in our ROP 
cohort is best understood as cone mosaic alterations, 
characterized by altered spatial organization, rather than 
simple cone loss or preservation.

The temporal localization of cone mosaic alterations 
may have developmental relevance. Human foveal and 
parafoveal maturation continues beyond birth, and pre
mature birth may interrupt this highly coordinated pro
cess.21 Previous OCT studies in children with ROP have 
demonstrated persistent differences in foveal 
architecture, retinal layer thickness, and inner retinal 
configuration, supporting the concept that ROP affects 
retinal development beyond the vascular 
compartment.6,8,22,23 In our cohort, AO-SLO abnormal
ities were concentrated in the temporal retina, whereas 
most other regions showed no consistent between-group 
differences. This regional pattern suggests that temporal 
cone mosaic alterations may represent a localized devel
opmental vulnerability in ROP survivors. It also provides 
a plausible explanation for why AO-SLO detected 
microstructural abnormalities that were not uniformly re
flected by global OCT thickness or BCVA.

The distinct temporal cone mosaic phenotype observed 
in LP + IVI clinical-background group should be inter
preted within the broader clinical context of ROP disease 

activity, recurrence, and cumulative treatment exposure. 
Eyes requiring both LP and intravitreal anti-VEGF therapy 
often represent more complex clinical courses, including 
persistent disease activity, recurrence, greater ischemic 
burden, or cumulative treatment exposure. Because ROP 
zone and stage were not applicable to all comparison 
groups and were closely linked to treatment-background 
classification, they were not included in the primary 6- 
group multivariable models. Among treated ROP groups, 
recorded ROP stage and zone did not differ significantly, 
which partially reduces concern regarding baseline 
severity differences. Nevertheless, stage and zone alone do 
not fully capture disease activity, posterior vascular 
behavior, timing of treatment, recurrence pattern, number 
of injections, or cumulative ischemic exposure. Therefore, 
residual confounding by ROP severity cannot be fully 
excluded.

Experimental evidence that VEGF signaling contributes 
to retinal neuronal maintenance and cone photoreceptor 
function provides a useful biological context for these 
findings.24—26 However, these data are derived mainly from 
preclinical models and cannot be directly extrapolated to 
long-term clinical outcomes in children treated with intra
vitreal anti-VEGF therapy for ROP. In the present study, 
the IVI-only group did not demonstrate the same temporal 
cone phenotype as the LP + IVI group. This observation 
argues against a simple explanation that anti-VEGF expo
sure alone accounts for the observed cone mosaic alter
ations. A more biologically plausible interpretation is that 
the observed phenotype reflects the combined influence of 
prematurity, altered retinal development, disease activity, 
ischemic burden, and cumulative treatment exposure. 
Accordingly, our findings are best viewed as characteriza
tion of cone mosaic alterations across clinically defined 
ROP backgrounds rather than as a comparison of causal 
treatment effects.

The SS-OCT findings provide complementary structural 
context. We observed significant differences in IRT, 
whereas ORT did not differ significantly among groups. 
The LP group generally demonstrated greater IRT across 
multiple regions, which may reflect persistent inner retinal 
developmental alteration or incomplete inner retinal 
displacement associated with ROP history and treatment 
background.6—8,27—31 However, the weak positive associa
tion between temporal IRT and temporal cone regularity 
should not be interpreted as evidence that greater IRT is 
associated with reduced cone regularity. Rather, the limited 
and directionally modest AO-SLO—OCT correlations sug
gest that cone mosaic organization and retinal layer thick
ness capture related but distinct aspects of retinal 
development. The absence of consistent ORT differences is 
also informative. It suggests that AO-SLO may reveal cone 
mosaic alterations that are not fully captured by retinal layer 
thickness measurements. OCT provides tissue-level cross- 
sectional information, whereas AO-SLO enables high- 
resolution visualization of the cone mosaic. Therefore, 
AO-SLO and OCT should be considered complementary 
modalities for assessing retinal developmental alterations in 
ROP, rather than redundant measurements of the same 
structural feature.

Liu et al • Cone Mosaic Alterations in ROP 

9



Associations between AO-SLO metrics and BCVA were 
limited in the present study. Although temporal cone reg
ularity showed a weak association with temporal IRT, it 
was not significantly associated with BCVA. This finding 
should therefore be interpreted as a localized 
structure—structure association rather than evidence of a 
direct structure—function relationship. The limited BCVA 
association does not necessarily reduce the biological 
relevance of AO-SLO findings. Best-corrected visual acuity 
is a relatively global measure of central visual performance 
and may remain preserved despite localized photoreceptor 
mosaic abnormalities. Similarly, OCT thickness measure
ments may remain relatively stable even when cellular-level 
cone packing geometry is altered. Previous AO-SLO 
studies in central serous chorioretinopathy, epiretinal 
membrane, and laser-induced retinopathy have shown that 
photoreceptor mosaic changes may not always parallel 
conventional functional measures, including visual acuity 
or retinal sensitivity.8,11,12 In this sense, the limited 
correlations in the present study may reflect the 
subclinical nature of cone mosaic alterations in older, 
cooperative children with treated or R-ROP, rather than a 
lack of biological significance.

Ocular biometry may further influence the interpretation 
of AO-SLO metrics. In exploratory analyses, AL demon
strated modest associations with several cone morphology 
parameters. Prior AO imaging studies have shown that cone 
topography and apparent cone density are influenced by eye 
length, retinal magnification, and retinal stretching.32

Children with ROP may also show distinctive refractive 
and biometric development after premature birth and 
treatment.28,32—35 Therefore, AL is an important covariate 
when interpreting cone density and spatial metrics in pe
diatric ROP cohorts. However, because the correlations 
observed in this study were modest and exploratory, AL 
should be considered a potential modifier of AO-SLO 
measurements rather than a definitive explanation for the 
observed temporal cone phenotype.

This study has several strengths. First, to our knowledge, 
it represents one of the largest pediatric AO-SLO cohorts in 
ROP reported to date. Previous AO-SLO studies in ROP 
have generally included smaller samples and focused 
mainly on cone density or packing geometry at selected 
retinal eccentricities.3,14 In contrast, the present study 
included 313 eyes from 162 children, with AO-SLO cone 
morphology successfully analyzed in 284 eyes, enabling 
evaluation of cone density, dispersion, and regularity across 
multiple retinal regions. Second, the integration of AO-SLO 
with SS-OCT, BCVA, and ocular biometric measurements 
enabled a multimodal assessment of retinal developmental 

alterations. Third, the use of multivariable-adjusted models 
and GEE allowed partial control for demographic, perinatal, 
biometric, and intereye correlation factors. These features 
support the robustness of the observed temporal cone 
mosaic alterations phenotype.

Several limitations should be acknowledged. First, the 
cross-sectional design precludes conclusions regarding the 
longitudinal trajectory of cone development. Second, 
although recorded ROP stage and zone were comparable 
among treatment groups and the models adjusted for GA, 
age at examination, sex, and AL, residual clinical hetero
geneity related to disease activity, recurrence pattern, 
treatment timing, and cumulative treatment exposure could 
not be fully excluded. In addition, ROP zone and stage were 
not assigned to the spontaneously R-ROP group after sta
bilization because these classifications describe active dis
ease severity and may vary during the disease course. This 
limited direct comparison of active-phase disease severity 
between spontaneously regressed and treated ROP eyes. 
Third, the treatment groups were imbalanced, and LP + IVI 
clinical-background group remained relatively small 
compared with the LP group. Fourth, functional assessment 
was limited primarily to BCVA; more sensitive measures 
such as microperimetry, contrast sensitivity, electroreti
nography, or fixation stability were not available. Fifth, 
AO-SLO imaging in children requires adequate fixation and 
image quality, which may introduce selection bias toward 
more cooperative children or less severe phenotypes.36—39

In addition, AO-SLO image scaling was not corrected using 
individualized AL-based ocular magnification correction, 
although AL was included as a covariate in the multivari
able models. Finally, several secondary and correlation 
analyses were exploratory and should be interpreted in the 
context of multiple comparisons.

In conclusion, AO-SLO identified selective temporal 
cone photoreceptor mosaic alterations in children with 
ROP, characterized by altered cone spatial organization 
rather than uniform photoreceptor loss. These cross- 
sectional findings extend prior AO observations to a 
larger pediatric cohort and support AO-SLO as a comple
mentary imaging modality for evaluating photoreceptor 
mosaic organization in ROP survivors. Future longitudinal 
studies incorporating broader functional assessments are 
needed to clarify the clinical significance of these findings.
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