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Abstract

PURPOSE—Bedside examination of premature infants at risk for retinopathy of prematurity 

(ROP) is predominantly performed with ophthalmoscopic en face viewing of the retina. While 

postmortem retinal microstructures have been studied at the vascular-avascular junction, a critical 

location for pathogenesis of ROP, to date this has not been possible in vivo. Here we present 

bedside, non-sedated in vivo cross-sectional imaging and analysis of retinal microstructures at the 

vascular-avascular junction in infants with ROP using handheld spectral-domain optical coherence 

tomography (SDOCT).

DESIGN—Prospective observational study.

PARTICIPANTS—Eleven preterm infants consented for research imaging during ROP screening 

examinations.

METHODS—We imaged the vascular-avascular junction in the temporal retina using a SDOCT 

system (Envisu, Bioptigen Inc., NC) in 18 eyes from 11 preterm infants with zone I or II, stage 0 

through 4 ROP. B-scan and en face images were analyzed and compared to historical light 

micrographs.

MAIN OUTCOME MEASURES—SDOCT morphology at the vascular-avascular junction.

RESULTS—Multiple bedside SDOCT findings at the vascular-avascular junction were 

comparable to historic light micrographs: thickened inner retinal ridge structure in stage 2 ROP 

was comparable to thickened vanguard and rear guard cells in micrographs; vascular tufts on the 

posterior retinal surface in stage 2 ROP, broad arcs of neovascularization above the retina in stage 

3 ROP, and splitting of inner retinal layers into clefts on either side of neovascularization 
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mimicked findings of historic light micrographs. A unique findings was thickening of the 

avascular inner retinal band adjacent to neovascularization. On SDOCT imaging over several 

weeks, neovascularization and retinal clefts diminished after intravitreal bevacizumab therapy.

CONCLUSIONS—Retinal morphology at the vascular-avascular junction imaged with handheld 

SDOCT is consistent with known histopathology, and provide the advantage of monitoring change 

in vivo over time. These unique findings provide new insights into preterm retinal neurovascular 

development in ROP.

Introduction

With development of early perinatal care and increased survival of extremely preterm 

infants, retinopathy of prematurity (ROP) has become a leading cause of childhood 

blindness and subnormal vision in the United States.1–3 ROP is characterized by delayed and 

abnormal retinal vascular growth. Current standard of care for severe ROP (type 1 ROP) is 

laser treatment of the avascular retina, while intravitreal anti-VEGF therapy is rapidly 

gaining traction as an effective alternative treatment, especially in cases of aggressive 

posterior disease.4, 5

Imaging in the pediatric population has historically been challenging due to limited access to 

examine the eyes of a supine infant in an intensive care nursery. The mainstay of widefield 

retinal imaging in the nursery has been Retcam fundus photography (Clarity Medical 

Systems, Inc., Pleasanton, CA, USA). Intravenous fluorescein angiography has been very 

useful to examine the vasculature and determine foveal center and staging in infants with 

ROP, but it is an invasive procedure for very preterm infants and does not elucidate non-

vascular neural tissue layers.6–9 Ultra-widefield imaging with a tabletop system (Optos PLC, 

Dunfermline, UK) has been shown to be very informative in documentation of the fundus 

exam, however, it is difficult to achieve the “flying baby” position in a physically unstable 

preterm infant.10 The development of handheld spectral-domain optical coherence 

tomography (SDOCT) for pediatric use has provided significant insights into human retinal 

development.11–14 Implementation of this method overcame a major hurdle in neonatal 

retinal imaging, allowing visualization of cross-sectional neurovascular structures at the 

cellular level in infants who are unable to cooperate for traditional tabletop SDOCT 

imaging.11, 13, 15 Through bedside nursery imaging, researchers have identified atypical 

morphology, such as cystoid macular edema in preterm infants and subfoveal fluid in term 

infants, both of which were rarely noted by conventional indirect ophthalmoscopy.16, 17 

However, bedside OCT imaging of the peripheral retina, where most pathology associated 

with ROP occurs, has been scarce. To date, retinoschisis-like changes in areas of attached 

retina have been reported on OCT imaging during examination under anesthesia of eyes of 

infants with severe ROP.18–20 In a more recent report, preretinal tissue was visualized on 

widefield handheld OCT in an infant after laser treatment for Type 1 ROP.21

Prior histopathological studies of ROP have been limited. ROP, initially known as 

“retrolental fibroplasia”, was first described by Terry in 1942.22, 23 Initial pathology studies 

focused on late changes of the disease, characterized by funnel retinal detachment and 

massive retrolental fibrosis. It was not until the 1950s that changes in histopathology during 
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earlier stages of the disease were described in detail.24–30 These findings formed the basis of 

what we now understand as an entity of abnormal vascular proliferation, which were further 

characterized and organized into various stages by Foos in 1978.31 The retinal 

microstructure at the location of the vascular-avascular junction, however, has been poorly 

defined in the literature, largely due to the inability to capture a simultaneous cross-section 

and en face image during eye examination or in histopathology studies. Thus, localization of 

a particular pathology section was difficult and could not be correlated with direct clinical 

observation.

Here we reported bedside, non-sedated, noncontact, in vivo imaging of the development of 

peripheral retinal layers, vessels and neovascularization across the vascular-avascular 

junction in infants with ROP using a handheld SDOCT imaging system, with correlation of 

the OCT findings with conventional clinical examination. We also correlated the stages of 

development at the vascular-avascular junction on SDOCT with data from previously 

published histopathology studies.24–28, 30–33 Many of these retinal changes were not evident 

on indirect ophthalmoscopy exams. We further identified response of neovascularization at 

the vascular-avascular junction after intravitreal bevacizumab therapy for clinically-

diagnosed type 1 ROP.

Methods

The current descriptive pilot study was part of a larger, prospective study of retinal 

development that was approved by the Duke University Health System institutional review 

board and adheres to the Health Insurance Portability and Accountability Act and all tenets 

of the Declaration of Helsinki. All preterm infants were enrolled from January 2014 through 

May 2017 with parent or legal guardian written informed consent to participate in this 

research study. For the current study, we included a subset of 18 eyes from 11 preterm 

infants imaged over 30 sessions (out of a group of 55 infants with zone I or II, stage 0 

through 4 ROP), in whom we pursued peripheral imaging of the vascular-avascular junction. 

Some of these infants had received prior laser or anti-VEGF treatments as clinically 

indicated. Poor quality scans, due to poor signal quality or inability to view the vascular-

avascular junction, were excluded. The participants’ medical records were reviewed for 

gestational age and general health information. All infants were imaged following the 

standard clinical examination and screening for ROP, which included dilated fundus 

examination using indirect ophthalmoscopy. The staging of ROP was based on standard 

bedside indirect ophthalmoscopy examination and annotation on a standard International 

Classification of Retinopathy of Prematurity (ICROP) diagram34 by experienced pediatric 

ophthalmologists at Duke University Hospital (SFF or DKW).

The SDOCT images were captured at the time of ROP examination using a handheld device 

on neonates in a supine position in the isolette. The average pupil size was 6 mm and infants 

did not fixate on a target. SDOCT imaging was performed according to an age-specific 

protocol described by Maldonado et al using the portable handheld SDOCT system 

(Bioptigen, Inc, Research Triangle Park, North Carolina, USA).35 Capture time for each 

volume was about 1.2 seconds. Approximately 10–25 volumes were obtained per imaging 

session within the allowed time for research imaging (15 minutes), with the goal of 
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capturing perpendicular scans through the vascular-avascular junction in the temporal retina 

after completing standard scans of the macula and optic nerve head. In general, eyes with 

zone I and posterior zone II diseases were imaged and included for analysis. The vascular-

avascular junction was defined by tracing the end of peripheral vasculature on the en face 
retinal images (summed-voxel projection (SVP) images), and the corresponding location 

was marked on the correlated B-scans. Some of the borders of vascular-avascular junction 

was difficult to determine, especially in areas of detached retina. This was done in 

comparison of other imaging modalities (such as Retcam images) near the time of bedside 

imaging. The inner and outer retinal microstructural changes were examined during different 

stages of ROP. Retinal and choroidal thickness of the vascular-avascular junction was 

measured on the OCT B-scan images. Retinal thickness at 1000 µm anterior or posterior to 

the vascular-avascular junction was also measured using calipers on the Bioptigen Envisu 

viewing software. The OCT B-scan images were denoised using custom Matlab scripts 

and/or enhanced by averaging three adjacent consecutive scans.

SDOCT images at the vascular-avascular junction from this study were compared to light 

micrographs from prior publications that addressed the vascular-avascular junction in ROP 

(included in Figure 3, right panels).28, 31, 33 We searched for relevant publications of 

retrolental fibroplasia or retinopathy of prematurity with light micrographs that might 

include the vascular-avascular junction. SDOCT images were compared to the published 

light micrographs at corresponding stages of ROP and of vascular development with 

reproduced and adapted images from Reese et al 1952, Kushner et al 1977 and Foos 1987.

A literature search of the PubMed database on July 14th, 2017 for “retinopathy of 

prematurity” and “OCT” did not identify publications that addressed the vascular-avascular 

junction in infants.

Results

We captured good quality peripheral OCT imaging of the vascular-avascular junction in the 

temporal retina in 18 eyes from 11 preterm infants with zone I or II, stage 0 through 4 ROP 

using the handheld SDOCT system in non-sedated infants in the neonatal intensive care unit 

(NICU) or transitional care nursery (TCN). Of the 18 eyes, 11 had good quality scans from 

one visit and 7 had good quality scans from 2 or more visits. The demographics, stages of 

ROP, gestational age at birth and postmenstrual age (PMA) at exam, and prior treatments of 

these infants are summarized in Table 1.

A montage of the retinal projections from numerous SDOCT volumes covering the posterior 

pole and temporal peripheral retina including the vascular-avascular junction in a 35-week 

(PMA) infant born at 24 weeks with zone II stage 3 ROP is shown in Figure 1 for 

orientation. From these volumes, OCT B-scans could be extracted for examination while 

maintaining en face localization and orientation as shown in the two examples. First, in a B-

scan of the macula, we found absence of subfoveal photoreceptor ellipsoid zone, typical of a 

preterm infant fovea at this age11, 13 (Figure 1, star). Second, in a B-scan of the temporal 

peripheral retina, we found preretinal neovascular elevations (Figure 1, arrowhead) at the 

vascular-avascular junction and inner retinal thickening of the anterior avascular retina 
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(Figure 1, arrow). Imaging at both the macula and the temporal peripheral retina was 

reviewed. Macular imaging showed cystoid macular edema in 9/18 eyes and preretinal 

neovascular tissue in 7/18 eyes. The sample size is too small to correlate the OCT findings at 

the macula and the retinal periphery.

Retinal microstructural changes at the vascular-avascular junction on OCT and 
histopathology

Inner retinal structures changed notably in transition from vascularized retina to avascular 

retina on B-scan images, while outer retinal structures remained similar across the vascular-

avascular junction (Figure 2). The inner retinal structures differed corresponding to the 

stages of ROP, with unique appearances of neural and vascular tissue at the vascular-

avascular junction with each stage of ROP greater than stage 1. These findings paralleled the 

previously published light micrographs from rare postmortem tissue.28, 31, 33 Findings at the 

vascular-avascular junction on OCT by ROP stage were as follows.

Stage 0–1—In two eyes with stage 0 and one eye with stage 1 ROP, the vascularized retina 

posterior to the vascular-avascular junction was composed of a three-layered inner retina 

with hyperreflective bands on either side of a hyporeflective layer (Figure 2A). The 

avascular retina anterior to the vascular-avascular junction, in contrast, exhibited a single 

hyperreflective band in the inner retina (Figure 2A). The outer retinal layer appeared as a 

broad hyporeflective band in both vascularized and avascular peripheral retina. Within the 

broader hyporeflective band, a thin, hyperreflective band was sometimes visible (Figure 2A). 

There was no significant difference in the outer retinal structures and the retinal pigment 

epithelium across the vascular-avascular junction. The choroidal was readily visible on most 

scans, but no consistent change in thickness was observed across the junction (Figure 2A, 

Supplementary Table 1). The retinal microstructure were relatively indistinguishable 

between the eyes with stage 0 and stage 1 ROP, except that the total retinal thickness of the 

vascularized retina (measured from the retinal surface to the RPE band 1000 µm posterior to 

the vascular-avascular junction) appeared to be greater in the stage 1 eye compared to the 

stage 0 eye (Supplementary Table 1). However, this observation was speculative and 

remained to be demonstrated in a larger study.

Previously published histopathology studies of the peripheral retina in stage 0 ROP were 

extremely limited. Foos described normal retinal angiogenesis as two active zones by 

microscopy, an anterior vanguard containing spindle-shaped cells, and a posterior rear guard 

containing primitive endothelial cells (Figure 3A).31 These microstructural changes were not 

evident on OCT B-scans. In contrast, OCT identified a three-layered inner retina, which may 

reflect the horizontally-oriented cells in the ganglion cell layer as shown on histopathology 

sections (Figure 3A). In prior histopathology studies of infants with stage 1 ROP, a thicker 

inner retinal layer has been reported with hyperplasia of the primitive spindle-shaped cells at 

the demarcation line (Figure 3B). The OCT finding paralleled these findings, but the 

hyperplastic change in the inner retina was not as obvious.

Stage 2—In one eye with stage 2 ROP (two separate imaging sessions one week apart), 

although the posterior vascularized retina was composed of a similar three-layered structure 
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on OCT, as we followed it anteriorly toward the vascular-avascular junction, the inner 

hyperreflective band became more thickened and homogenous, forming an elevated “ridge” 

at the temporal periphery (Figure 2C). This ridge was prominent throughout all OCT B-

scans in the captured volume (unenhanced original B-scans, supplementary video 1). The 

edge of the elevated ridge ended slightly anterior to the vascular-avascular junction. The 

anterior avascular retina remained a thin hyperreflective band. The outer retinal layers, RPE 

and choroid, again, remained unchanged across the junction (Figure 2C). Prior 

histopathological findings of the ridge structure was closely imitated by the OCT B-scan 

findings (Figure 3C), as evident by a pronouncedly thickened epiretinal ridge consisting of 

hypertrophied vanguard and rear guard tissue with endothelial cell proliferation.31

Interestingly, in some stage 2 ROP scans, small tufts of elevated preretinal tissue were 

observed on OCT, which were not recognized by indirect ophthalmoscopy (Figure 3D). This 

also paralleled prior histopathology findings, which were described as small preretinal nests 

of endothelial cells.28 This finding may be the earliest extraretinal pathological endothelial 

proliferative activity in an infant with clinical stage 2 ROP. When visible by indirect 

ophthalmoscopy, these extraretinal tissue tufts are often called “popcorn”.34, 36

Stage 3—In six eyes/imaging sessions with stage 3 ROP and eight eyes/sessions with 

regressed ROP, OCT imaging revealed frequent neovascular tufts, buds and bands extending 

from the inner retinal surface posterior to the vascular-avascular junction. These preretinal 

structures appeared to coalesce and terminate around the location of the vascular-avascular 

junction (Figure 2D). The inner retinal layer in the anterior avascular region had developed 

into a significantly thickened hyperreflective band, in contrast to the now thinner inner layer 

of the posterior vascularized retina. The outer retinal layers, RPE and choroid still appeared 

unchanged across the junction (Figure 2D). The preretinal neovascular elevations observed 

on OCT imaging were consistent with what was observed in prior histopathology studies, in 

which neovascular tissue, observed in a budding form (Figure 3E) or in meshwork form 

(Figure 3F), was hypothesized to be retina vessels breaking through the internal limiting 

membrane and sprouting from the retinal surface.28 An inner retinal split, a lucent space 

within the inner retinal hyperreflective band, was sometimes visualized anterior to (Figure 

4A), at (Figure 4B), or posterior to (Figure 4C) the vascular-avascular junction in stage 3 

ROP. Focal vitreous traction leading to a larger area of retinoschisis, with separation of the 

inner retinal layer, was also observed in selected sections (Figure 4D).

Stage 4—In three eyes with stage 4 ROP, the vascular-avascular junction was difficult to 

distinguish due to presence of retinal detachment, retinoschisis and overlying preretinal 

tissue. Detached retina was captured with apparent vitreous traction near the vascular-

avascular junction (Figure 2E). There were some laser scars and outer retinal atrophy that 

extended beyond the vascular-avascular junction (data not shown). In attached retina in the 

posterior pole, retinoschisis-like changes are frequently observed (Figure 3G). Historical 

histopathology sections of such retinal detachment and schisis-like changes were seldom 

reported. There was only one morphologically similar light micrograph identified in our 

literature search (Figure 3G).33
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Longitudinal response to anti-VEGF treatment

Preterm infants with stage 3 ROP in our study frequently exhibited preretinal neovascular 

elevations on OCT imaging that regressed after laser treatment or intravitreal bevacizumab 

injection for type 1 ROP. We imaged the same location at the vascular-avascular junction in 

the temporal peripheral retina prior to and three weeks after intravitreal bevacizumab 

injection in an infant with zone I, stage 3 ROP with plus disease. The matchup of these 

locations was confirmed by vascular patterning (Supplementary Figure 1). Prior to 

bevacizumab injection, the inner retinal layer was thickened and elevated with neovascular 

buds and bands at the vascular-avascular junction. A focal inner retinal lucency posterior to 

and at the vascular-avascular junction, as well as a thickened anterior inner retinal layer were 

observed (Figure 5A). Three weeks after a single dose of intravitreal bevacizumab injection, 

OCT imaging of the same location of the temporal peripheral retina showed significant 

reduction of inner retinal thickness. The previously observed robust preretinal neovascular 

elevations reduced to smaller foci of wispy preretinal tissue immediately above the inner 

retinal surface. A three-layered inner retina, with hyperreflective bands on either side of a 

hyporeflective band, was now observed, and extended beyond the prior location of the 

vascular-avascular junction (Figure 5B). These observations were consistent with clinical 

regression of the neovascular tissue, as well as further vascularization of the peripheral 

retina.

Discussion

We visualized in vivo in cross-section retinal neurovascular microstructures at the vascular-

avascular junction during different stages of ROP with less than 6 µm axial resolution on 

SDOCT imaging. Figure 6 represents schematically the stages of ROP as visualized by 

SDOCT. In early stages of ROP, the vascularized retina appeared to become slightly more 

thickened from stage 0 to stage 2 and taper to a peripheral thinner avascular inner retina, 

while a prominent inner retinal ridge became evident in stage 2 ROP. The avascular retina, 

while thin in stage 0 through 2 ROP, was significantly thickened in stage 3 ROP. Preretinal 

neovascular tissue was visible as buds and bands in later stages. Outer retinal structures, 

RPE and choroid remained unchanged across the vascular-avascular junction. After 

bevacizumab treatment, the preretinal neovascular tissue regressed, along with progression 

of intraretinal vascularization into previously avascular retina. Figure 6, as with all clinical 

staging of ROP, takes a continuous process and assigns it to clinically-relevant stages. It is 

important to recognize the range of neurovascular development within each stage. With the 

precision of OCT cross-sectional imaging, we may find it possible to further subcategorize 

the developing retina in preterm infants, such as a late stage 2 with small posterior vascular 

elevations, and an early stage 3 with thickening of the avascular inner retina.

This report represents visualization and morphology-to-histopathology correlation of the 

retinal neurovascular microstructures at the vascular-avascular junction in eyes of premature 

infants with various stages and severity of ROP. In histopathology studies, retinal structures 

were often challenging to orient relative to the vascular-avascular junction, largely due to the 

difficulty in identification of the junction based on a cross-sectional view. Our use of 

SDOCT volumes and the retinal projection view provided an opportunity to visualize 
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peripheral retina both en face and in cross-section, enabling the comparison of the 

microstructural changes in vascularized and avascular retina during different stages of ROP. 

We identified parallel OCT findings for most previously published light micrographs, some 

of which were shown in Figure 3. Notably, prior histopathology studies identified the 

“ridge” as a critical structure in distinguishing pathological from normal retinal 

vascularization, and delineated the vascular-avascular junction.24, 31, 37 In our study, the 

ridge structure in cross-section was quite prominent in stage 2 ROP, while it was not readily 

identifiable without an en face view in stage 0 or 1 ROP. This dramatic change in vascular-

avascular junction to an elevated ridge seemed to be associated with an acceleration of 

pathological activity, possibly responding to a significant increase in the drive for abnormal 

neovascularization and increased level of VEGF.

Retinal microstructures readily visible on OCT imaging but not consistently seen on clinical 

indirect ophthalmoscopy during ROP screening included small neovascular budding 

posterior to the vascular-avascular junction in stage 2 ROP, and inner retinal lucency that 

frequently appeared around the locations of the vascular-avascular junction in stage 3 ROP. 

The small neovascular buds on the inner retinal surface in stage 2 ROP were similar to, but 

smaller than those observed during stage 3 ROP, and may represent a form fruste of what the 

clinician would term “popcorn” once visible on ophthalmoscopy.36 These, in fact, may be 

the earliest pathological changes indicating possible progression to more advanced diseases. 

Inner retinal layer split, morphologically distinct from the hyporeflective band dividing the 

hypereflective inner retina, was often observed anterior to, at, or posterior to the vascular-

avascular junction in eyes with stage 3 ROP. The only relevant previously published 

histopathology study was the intercommunicating cystic spaces found in the avascular retina 

bordered by Mueller cells, which may or may not be its corresponding histopathology 

finding.33 The clinical significance of this inner retinal split is unknown, but could be 

speculated to represent early stages of retinoschisis from focal vitreoretinal traction or from 

fluid exudation associated with pathological neovascularization. Only two previously 

published reports, conducted in the operating room prior to pars plana vitrectomy, attempted 

in vivo imaging of the retinal periphery and found retinoschisis-like changes extending into 

the macula in infants with advanced ROP.20 We observed similar schisis-like changes in the 

setting of clinically-determined stage 4 ROP, extending from avascular retina into areas 

posterior to vascular-avascular junction and posterior to the area of retinal detachment. 

Future studies with focus on the vitreoretinal interface will yield insights into the timing and 

etiology of these observed changes in the retinal microstructures.

Dramatic differences in the thickness of avascular retina were noted in eyes with stage 3 

ROP, compared to stage 0 through 2 ROP, and was another feature not obvious on clinical 

examination. This finding was accompanied by prominent neovascular elevations, either in 

singular budding form or coalesced meshwork form. The etiology underlying such 

thickening of the inner retinal layer of the avascular retina in more advanced ROP remains 

unclear; however, given the observed homogeneity of the inner retinal band, it could 

represent nerve fiber layer edema. This thickening of avascular retina could also be a sign of 

ischemia or uniform traction from the vitreous body, and may predict impending worsening 

of ROP.
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OCT imaging now gives us the ability to follow temporal changes in retinal structures in 
vivo. Notably, we observed regression of epiretinal neovascular tissue and further 

vascularization of the previous avascular retina over a three-week period in an infant with 

zone I stage 3 ROP after treatment with intravitreal bevacizumab. Indeed, we visualized the 

continued development of a three-layered inner retina, and significant decrease in the 

dramatic extraretinal neovascular elevations to remnant preretinal tissue after bevacizumab 

treatment and a concurrent resolution of the inner retinal split. A benefit of non-invasive, 

bedside imaging, this ability to follow temporal changes in the retina is likely to yield new 

insights into retinal neural and vascular development in the future.

Our study is a pilot study in a small group of infants to demonstrate feasibility and 

limitations of bedside, non-sedated, in vivo SDOCT imaging of the vascular-avascular 

junction during ROP. Obtaining peripheral imaging using the current SDOCT system is 

achievable but difficult even in the most technically-experienced hands (acquisition of 

peripheral OCT images in zone 1 was easier than zone 2, yet image quality, when obtained, 

was comparable in both zones). Localization of a particular peripheral scan to a specific 

location of the retina is also challenging. A wider-field lens and a higher-speed swept-source 

OCT system are currently under development to improve the feasibility and accessibility of 

imaging the peripheral retina in an infant. Some of these infants with advanced ROP had 

prior treatments with bevacizumab and/or peripheral laser retinopexy, as noted in Table 1, 

which may affect our ability to compare what we observed with spontaneous regression of 

ROP in cases not severe enough to require treatment. Our study is limited by the small 

sample size, treatment heterogeneity, and ROP grading by a single examiner, albeit a senior 

expert. Future technical advancements, such as higher speed and wide-angle OCT scanning, 

and possible combination with OCT angiography will further characterize how the vascular-

avascular junction develops normally and progresses through different stages of ROP, as 

well as its response to medical and surgical interventions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
En face view and representative OCT B-scan of posterior pole and temporal retina in a 

preterm infant with zone II stage 3 ROP at the time of ROP screening examination. B-scan at 

the macular area (green line, left) showed absence of subfoveal photoreceptor ellipsoid zone 

(left panel, star). B-scan at the temporal retinal periphery (green line, right) showed 

preretinal neovascular tissue (right panel, arrowhead), inner retinal split, and inner retinal 

thickening (right panel, arrow).

Chen et al. Page 12

Ophthalmol Retina. Author manuscript; available in PMC 2019 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Representative OCT B-scan and en face images across the vascular-avascular junction in the 

temporal peripheral retina in preterm infants with zone I stage 0 (A), zone II stage 1 (B), 

zone I stage 2 (C), zone I stage 3 (D), and zone I stage 4B (E) ROP. The vascular-avascular 

junction was delineated on the en face retina view (bottom panel, dotted line) and its 

respective position marked on the B-scan image (top panel, arrow). The retinal and choroidal 

thickness at the vascular-avascular junction on these B-scans, as well as retinal thickness 

1000 µm anterior or posterior to the vascular-avascular junction are shown in Supplementary 

Table 1.
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Figure 3. 
SDOCT images (left) are correlated with historic representative light micrographs (right) at 

the vascular-avascular junction (A–D, white arrowhead with vascularized retina on the left 

side of the images) or adjacent to the vascular-avascular junction (E–G, posterior, and H, 

anterior) in eyes with ROP. A: Stage 0 ROP: in vascularized retina a faint hyporeflective 

band divided the inner retinal hyperreflective layer which gradually tapered to a single 

hyperreflective band in avascular retina. This was comparable to the normal angiogenesis 

pattern reported by Foos31 (adapted image), although the retinal layers were not as evident 

on OCT imaging compared to histopathology studies. B: Stage 1 ROP: a similar three-

layered inner retina on the left gradually tapered to a one-layered structure in avascular 

retina. Similar to Foos31, the total thickness of the vascularized retina appeared to be greater 

than in stage 0 ROP.31 (also see Supplementary Table 1 thicknesses) C: Stage 2 ROP: 

pronounced thickening at the vascular-avascular junction was consistent with the ridge 

structure with hypertrophied anterior vanguard and posterior rear guard cells reported by 

Foos31. As with all OCT imaging, specific cellular elements could not be distinguished. D: 
Small neovascular buds, not noticed on clinical examination, could be seen on OCT in stage 

2 ROP (asterisk). This was similar to the small elevations on the retinal surface observed by 

Reese,28 which were presumed to be early endothelial proliferation. E, F: Stage 3 ROP: 

neovascular buds (E) and bands (F) frequented the preretinal surface. Their configurations 

were also consistent with neovascular findings reported by Reese.28 G: Stage 4A ROP: there 

were schisis-like changes in the inner retinal layers posterior to the presumed area of retinal 

detachment. These schisis-like changes were often cavitary, and appeared similar to the large 

cystic spaces in the nerve fiber layer in later stages of proliferative disease reported by 

Kushner.33 H: In stage 3 or 4 ROP, there was often diffuse thickening of the inner retinal 

layer of avascular retina. No correlating histopathology light micrograph was identified in 

our literature search.
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Figure 4. 
Representative OCT B-scan and en face images of the temporal retina in preterm infants 

with stage 3 ROP, with an inner retinal split, a hyporeflective lucency within the inner 

hyperreflective band, anterior to (A), at (B), and posterior to (C) the vascular-avascular 

junction. Focal vitreoretinal traction was also observed in some eyes with stage 3 ROP (D).
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Figure 5. 
Representative OCT B-scan and en face images of the temporal retina in a preterm infant 

with zone I stage 3 ROP, prior to (A) and three weeks after (B) intravitreal bevacizumab 

injection, showing regression of preretinal neovascular elevations and further vascularization 

of the previously avascular retina compared to images in (A).
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Figure 6. 
Schematic model of retinal development at the vascular-avascular junction on OCT imaging 

during different stages of ROP. The dash lines represent retinal layers observed on OCT: 

white dash line corresponds to outer plexiform layer and grey dash line represents the inner 

retinal hyperreflective band.
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