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Editorial: Ocular imaging
technology and application
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Editorial on the Research Topic
Ocular imaging technology and application

Ocular imaging plays an essential role in contemporary clinical diagnosis and
vision care. Advancements in technology have enabled more clinical studies to
investigate detailed structural and functional changes in the eye. The widespread
clinical adoption of these imaging techniques not only accelerates the discovery of
relevant biomarkers but also reciprocally drives further improvements in imaging
instrumentation. This positive feedback loop, which is precisely what this Research
Topic aims to promote, will ultimately lead to enhanced vision healthcare and tangible
benefits for patients.

This Research Topic on “Ocular Imaging Technology and Application,”
comprising submissions from Frontiers in Photonics and Frontiers in Medicine,
was expertly organized by Associate Editors Dr. Xinyu Liu (Peking University,
China), Dr. Binyao Tan (Singapore Eye Research Institute, Singapore), and Dr.
Xiaojun Yu (Northwestern Polytechnical University, China), under the
supervision of Dr. Leopold Schmetterer (Medical University of Vienna, Austria).
This Research Topic has been highly successful, publishing 14 articles—including
original research (10), mini-reviews (2), and case reports (2)—selected from a total of
31 submissions.

Key highlights include studies by Wang et al., who utilized non-invasive imaging
technologies for faster and less invasive diagnosis of polypoidal choroidal vasculopathy.
Yang et al. observed subclinical retinal perfusion loss and choroidal thickening in acute
myeloid leukemia, which partially resolved upon remission. Pieklarz et al. reported that
reduced peripapillary choroidal vascularity may increase the risk of glaucomatous optic
neuropathy. Cai et al. demonstrated the effectiveness of in vivo confocal microscopy in
characterizing conjunctival nevi. Farias et al. evaluated machine learning algorithms for
sex classification from retinal thickness data, highlighting total retinal thickness and
RNFL as significant markers. Yao et al. found that uncomplicated phacoemulsification
increased retinal and choroidal thickness in early diabetic retinopathy patients. Kaushik
et al. reviewed advances in two-photon excitation fluorescence imaging, emphasizing
adaptive optics and laser safety improvements. Liao et al. showed partial recovery of
retinal vein diameter post-ranibizumab injections in retinal vein occlusion patients.
Zhang et al. described recovery in peripapillary RNFL thickness following scleral
buckling in rhegmatogenous retinal detachment. Liu et al. associated optic disc
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swelling in Vogt–Koyanagi–Harada disease with delayed
treatment but fewer retinal exudations. Shi et al. highlighted
the superiority of ultra-widefield SS-OCT in imaging vitreous
cysts. Finally, Recchioni et al. confirmed SS-OCT’s reliability in
anterior segment measurements across diverse ocular
surface disorders.

Overall, this Research Topic featured the application of novel
ocular imaging technologies, including OCT, OCTA, confocal
microscopy, and two-photon imaging across various eye
conditions. The emerging applications of artificial intelligence
(AI) in ocular imaging analysis are particularly noteworthy,
highlighting the field’s progression toward more precise, efficient,
and personalized vision care.
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Changes in retinal circulation and 
choroidal thickness in patients 
with acute myeloid leukemia 
detected by optical coherence 
tomography angiography
Ling Yang 1†, Yanwei Chen 2†, Yunxiang Zhang 3, Ting Shen 2* and 
Xi Shen 1  ,2*
1 Department of Ophthalmology, RuiJin Hospital Lu Wan Branch, Shanghai Jiaotong University School 
of Medicine, Shanghai, China, 2 Department of Ophthalmology, RuiJin Hospital, Shanghai Jiaotong 
University School of Medicine, Shanghai, China, 3 Department of Hematology, RuiJin Hospital, Shanghai 
Jiaotong University School of Medicine, Shanghai, China

Purpose: To investigate changes in retinal circulation and the choroid in patients 
with acute myeloid leukemia (AML) in the acute and remission stages, to analyze 
the correlation between retinal circulation and laboratory parameters, and to 
assess risk factors associated with leukemic retinopathy.

Methods: Forty-eight patients (93 eyes) with AML were enrolled and divided into 
two groups according to fundus examination findings: the retinopathy and no 
retinopathy groups. Patients underwent eye measurements before treatment 
and after remission. Macular vessel density (VD), perfusion density (PD), foveal 
avascular zone (FAZ), and choroidal thickness (ChT) were measured using optical 
coherence tomography angiography. Patients with healthy eyes were recruited 
as control participants.

Results: Patients with leukemic retinopathy had higher measurements of white 
blood cells (WBCs), circulating blasts, fibrin degradation products, and cross-
linked fibrin degradation products (D-dimer) and a lower hemoglobin (HB) count 
(p < 0.05). In the acute phase of the disease, the VD and PD were lower and the 
ChT was thicker in patients with AML than in controls (p < 0.05), irrespective of 
the presence of leukemic retinopathy; however, the patients were partially 
recovered in the remission stage. The VD was lower in patients with higher WBC 
(r = −0.217, p = 0.036), D-dimer (r = −0.279, p = 0.001), fasting blood glucose (FBG) 
(r = −0.298, p = 0.004) and triglyceride (r = −0.336, p = 0.001) levels. The FAZ area 
was negatively correlated with HB (r = −0.258, p = 0.012).

Conclusion: Patients with AML appear to have subclinical retinal perfusion loss 
and choroidal thickening in the acute phase of the disease, but this is reversible. 
Injury to bone marrow function may cause a decrease in retinal perfusion. 
Leukemic retinopathy is associated with abnormal hematologic parameters and 
coagulopathy.

KEYWORDS

acute myeloid leukemia, leukemic retinopathy, retinal circulation, choroidal thickness, 
optical coherence tomography angiography
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Introduction

Leukemia is a malignant tumor of the bone marrow that causes an 
abnormal production of white blood cells (WBCs), affecting multiple 
organs (1). Ocular complications are common in patients with 
leukemia, especially acute myeloid leukemia (AML) (2). The retina is 
the most frequently affected site. Direct infiltration of tumor cells or 
hematologic abnormalities (thrombocytopaenia, anemia, and high 
viscosity) can lead to leukemic retinopathy (3–5). Retinal hemorrhage 
is the most common sign (2, 6, 7), and retinal vein dilation, cotton lint 
spots, vitreous hemorrhage, and papilledema can also manifest. 
Previous ex vivo studies have demonstrated retinal microvascular 
involvement (8). The choroid is also constantly affected by leukemic 
cell infiltration and can present as a serous retinal detachment (9). 
Ocular involvement may be the initial manifestation or first sign of 
systemic disease recurrence (10). To obtain more subclinical evidence 
of ocular involvement and early detection of disease progression, 
we  used the quantitative analysis function of optical coherence 
tomography (OCTA) to investigate the changes in retinal circulation 
and the choroid in patients with AML in the acute and remission 
stages, correlated retinal circulation with laboratory parameters, and 
assessed some risk factors associated with leukemic retinopathy.

Method

Study design and participants

This was a prospective study. All patients with AML were recruited 
from the Department of Hematology at Ruijin Hospital, Shanghai Jiao 
Tong University School of Medicine from January 2021 to October 
2021. Written informed consent was obtained from each participant. 
The design and procedure of this research adhered to the principles of 
the Declaration of Helsinki. The Institutional Review Board of Ruijin 
Hospital Luwan Branch authorized this study.

All patients with AML were aged >18 years, newly diagnosed, and 
to undergo systemic chemotherapy with idarubicin combined with 
cytarabine (IA regimen). The exclusion criteria were as follows: (1) 
opacity of the refractive stroma or macular lesions affecting fundus 
imaging; (2) fundus vascular diseases such as glaucoma, uveitis, high 
myopia, diabetic retinopathy, and age-related macular degeneration; 
(3) history of ocular surgical procedures; and (4) other severe systemic 
diseases. Age-matched healthy volunteers seeking physical 
examinations were enrolled as the control group during the same time 
period. According to fundus examination findings, patients with AML 
were divided into two groups: the retinopathy and no retinopathy 
groups. All patients were followed up until they completed 
chemotherapy. After hematologists’ evaluation, patients who achieved 
complete remission (CR) were selected for further research.

Measurement of clinical examination

All participants underwent a complete ophthalmic examination, 
including best-corrected visual acuity, computer optometry, 
intraocular pressure (IOP) measurement with Goldmann applanation 
tonometry, axial length (AL), slit lamp examination, fundus 
examination in artificial mydriasis, fundus photography, and OCTA 

scans of the macular area. Fundus photography and OCTA scans were 
repeated after CR.

Age, sex, and medical and ocular history were recorded. Laboratory 
parameters from peripheral blood samples, including WBCs (×109/L), 
circulating blasts (blast) (%), hemoglobin (HB) (g/dL), platelets (PLTs) 
(g/L), fibrinogen (Fg) (g/L), fibrin degradation products (FDP) (mg/L), 
cross-linked fibrin degradation products (D-dimer) (mg/L), fasting 
plasma glucose (FPG) (mmol/L), triglyceride (TG) (mmol/L), and total 
cholesterol (TC) (mmol/L) levels were recorded.

Macular OCTA scans were captured using Cirrus HD Oct 5,000 
software version 9.5.2. (Carl Zeiss Meditec) and analyzed using software 
version 10.0. The superficial macular vessel density (VD) was obtained 
by angiography (6 × 6 mm), and choroidal thickness (ChT) was obtained 
using the HD Cross mode. To reduce the influence of motion artifacts, 
a tracking technique was used. Parameters, including the foveal avascular 
zone (FAZ), VD, and perfusion density (PD), were calculated to assess 
the superficial retinal vessels (from the inner limiting membrane layer 
to the inner plexiform layer) using the manufacturer’s vascular 
measurement software. VD is the linear length of the vessel divided by 
the selected area, and PD is the area of vessel distribution divided by the 
selected area. ChT is the distance from the high reflection line of the 
Bruch membrane to the line of the inner surface of the sclera. ChT was 
measured manually in both the horizontal and vertical directions 
including points of the fovea, 1.0 mm from the fovea in the superior, 

inferior, nasal, and temporal directions. Each point was measured three 
times and averaged. One skilled doctor who was masked to the patient’s 
systemic and ocular data performed the measurements.

The VD map of the macula was a 6-mm-diameter circular area 
divided into nine sections with three concentric rings according to the 
Early Treatment Diabetic Retinopathy Study map. The inner ring was 
1.0 mm in diameter, middle ring was 3 mm, and outer ring was 6 mm. 
VD and PD were automatically calculated. The central subfield was 
defined as a disk-shaped region of 1-mm diameter centered on the 
fovea (region 1). The value of the inner subfield was the average of 
each inner quadrant of an annulus centered on the fovea with an inner 
diameter of 1 mm and an outer diameter of 3 mm (regions 2, 3, 4, and 
5). The value of the outer subfield was the average of each outer 
quadrant of an annulus centered on the fovea with an inner diameter 
of 3 mm and an outer diameter of 6 mm diameter (regions 6, 7, 8, and 
9; Figure 1). One skilled doctor obtained all OCT scans. Images with 
signal intensities higher than six were selected for the analysis.

FIGURE 1

(A) A demonstration diagram of the partition in macular area. 
(B) Example images of macular vessel density measurement based 
on optical coherence tomography angiography (OCTA).
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Statistical analysis

Statistical analysis was performed using SPSS 20.0 (IBM 
Corporation, Chicago, IL, USA). All data were tested for normality 
using the Kolmogorov–Smirnov test. Normally distributed data are 
presented as means ± standard deviations (SD), and partial 
non-normally distributed data are presented as medians with 
interquartile ranges. One-way analysis of variance was used to 
compare data with a normal distribution and equal variance among 
the three groups. The least SD test was subsequently performed for 
group comparisons. Otherwise, a Kruskal–Wallis test was adopted, 
and a Mann–Whitney U test was used for group comparisons. The 
paired t-test or Wilcoxon signed-rank test was used to assess the 
differences in data before and after chemotherapy. Spearman’s 
correlation coefficients were calculated to evaluate the relationships 
between different clinical parameters. A chi-square test was used to 
assess the female to male ratio differences among the three groups. 
Results were considered statistically significant at p < 0.05.

Result

A total of 71 participants were enrolled, including 23 healthy 
individuals (46 eyes) and 48 patients with AML (93 eyes). Forty eyes 
belonging to 21 patients with AML were diagnosed with leukemic 
retinopathy. Fundus examination showed varying degrees of fundus 
bleeding and tortuous venous dilatation in all these eyes, some 
accompanied by cotton wool spots, hard exudation, and optic disc 
edema. None of the macular regions were involved. Only one patient 
complained of vision loss, and only six had symptoms of shadows or 

flying mosquitoes. The other 27 patients (53 eyes) had no leukemic 
retinopathy. The best-corrected visual acuity was 1.0  in 86 eyes 
(92.5%), 0.9 in two eyes (0.02%), and 0.8 in five eyes (0.05%).

The basic characteristics of all participants are shown in Table 1. 
There were no statistically significant differences in age, sex 
distribution, IOP, and AL among the three groups (p = 0.714, p = 0.994, 
p = 0.306, and p = 0.155, respectively).

Compared with patients without leukemic retinopathy, patients 
with leukemic retinopathy had a higher count of WBCs (p = 0.03) and 
circulating blasts (p = 0.023), and a lower count of HB (p < 0.001). 
Moreover, the FDP and D-dimer levels in the retinopathy group were 
also higher (p  = 0.038 and p  = 0.046, respectively). No significant 
differences were observed in bleeding symptoms, and PLT, FPG, TG 
and TC levels (Table 2).

The assessment of superficial retinal vessels measured using 
OCTA is summarized in Table 3. Patients with AML had lower VD 
and PD measurements than did healthy individuals (all p < 0.05), 
irrespective of the presence of leukemic retinopathy, but no significant 
difference in the central subfield was observed. ChT was thicker in 
patients with AML (p < 0.05), regardless of the presence or absence of 
leukemic retinopathy, except in the superior. The FAZ areas among 
the three groups were not significantly different.

After chemotherapy, the patients underwent OCTA and fundus 
photography again before discharge. The mean follow-up period 
was 46 days. Two patients died, and 15 were lost to follow-up during 
this period. Eight patients did not achieve CR before being 
discharged according to the hematologists’ assessment. Finally, 23 
patients (44 eyes) were enrolled for longitudinal comparison. 
Among them, 18 eyes were from the retinopathy group, and the rest 
were from the no retinopathy group. After remission, fundus 

TABLE 1 Characteristics of the study population.

Retinopathy No retinopathy Normal P-value

Age (years) 43.2 ± 13.6 45.0 ± 13.2 46.2 ± 10.0 0.714

Sex (F/M) 9/12 12/15 10/13 0.994

IOP (mmHg) 16.2 ± 2.2 16.6 ± 2.0 16.7 ± 1.9 0.306

AL (mm) 23.50 ± 1.22 23.72 ± 0.94 23.19 ± 1.02 0.155

TABLE 2 Comparison of basic information and hematologic parameters between the retinopathy and no retinopathy group.

Retinopathy No retinopathy P-value

Other bleeding Symptoms(with/without) 10/11 8/19 0.164

WBC 13.67(4.3,24.8) 3.9(2,10.5) 0.03*

HB 74 ± 23 100 ± 23 <0.001*

PLT 48(23,80) 75(27,147) 0.122

Blast(%) 46 ± 27 29 ± 23 0.023*

Fg 3.1 ± 0.9 3.2 ± 1.0 0.895

FDP 6.1(2.8,10.1) 3.0(2.5,5.9) 0.038*

D-dimer 1.7(0.51,3.13) 0.6(0.36,1.53) 0.046*

FBG 5.19 ± 0.62 5.38 ± 1.34 0.567

TG 1.45 ± 0.62 1.46 ± 0.66 0.951

TC 3.51 ± 0.90 3.86 ± 1.13 0.255
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hemorrhage decreased in two eyes, increased in one eye, and 
showed no significant change in 41 eyes. VD in the inner and outer 
subfields increased (p = 0.043 and p = 0.036, respectively), but no 
substantial change in the central subfield was observed. PD 
increased only in the outer subfield (p  = 0.04), and the ChT 
decreased at most of the measurement points, except for the nasal 
and inferior subfields (p = 0.001, p = 0.016, p = 0.023; Figure 2). 
Figure 3 shows a clinical example of the macular perfusion and 
choroid changes in a patient imaged with OCTA in the active phase 
of AML and after remission. This patient was a 20-year-old boy. The 
first inspection time was July 21 and the review time was August 19. 
The visual acuity of his left eye was 1.2 in both exams. No leukemic 
retinopathy was observed before and after treatment. A1, A2, B1 
and B2 show that macular perfusion normalized with remission of 
AML. C1 and C2 show that the thickening of choroid was reversed 
after remission of AML.

To determine the potential influencing factors associated with the 
above parameters, Spearman’s correlation coefficient was calculated 
using the clinical variables from all 93 eyes. VD in the macular region 
was lower in patients with higher WBC (r = −0.217, p  = 0.036), 
D-dimer (r = −0.279, p = 0.001), FBG (r = −0.298, p = 0.004), and TG 
(r = −0.336, p = 0.001) levels. FAZ area was negatively correlated with 
HB (r = −0.258, p = 0.012; Figure 4).

Discussion

Most ocular manifestations in patients with leukemia are not 
due to direct infiltration of the disease but rather changes in 
hematologic parameters that may lead to hemorrhage (11). Our 
study showed that among patients with AML, those who developed 

leukemic retinopathy had lower HB counts, higher WBC counts, 
and higher percentages of circulating blasts. Nevertheless, PLT 
counts did not appear to be related. In previous research, some 
results were consistent with ours, but some differed (12). El-asrar 
et  al. found that patients with AML with Roth plaques had 
significantly higher WBC counts than did those without 
hemorrhage and that thrombocytopaenia was not associated with 
retinal hemorrhage (13). Some researchers have suggested that low 
HB in patients with AML is associated with intraretinal hemorrhage 
(3, 14). According to Guyer et al. patients with acute leukemia and 
retinopathy have higher levels of anemia and percentages of 
circulating blasts and lower PLT counts than do those without 
retinopathy (15). Contrary to our findings, Wechsler et  al. and 
Zhuang et al. found a statistically significant association between 
retinal hemorrhage and thrombocytopaenia (16, 17). A recent study 
of acute leukemia showed that patients with clinically visible 
leukemic retinopathy had higher WBC counts and fewer PLTs than 
did those without retinal signs (18). The sample size and 
classification of leukemia may be a result of differences in findings. 
A high proportion of patients in our study had abnormally high 
FDP and D-dimer levels. The onset of leukemia was associated with 
hemostatic derangement, favoring hypercoagulability. 
Coagulopathy was due to thrombin activation. This is evidenced by 
the increased D-dimer level (19). A higher D-dimer level may be a 
risk factor for leukemic retinopathy. Further research is required to 
obtain more conclusive data.

Optical coherence tomography can identify the blood flow 
information of the retina and choroid with high resolution, image 
retinal and choroidal microvascular circulation in living tissue (20, 
21), require no contrast agent, and avoid allergies and various 
contraindications. OCTA may have unique advantages in the 

TABLE 3 Optical coherence tomography angiography (OCTA) analysis results in different study groups.

Retinopathy No retinopathy Normal P-value P1 P2 P3

Vascular density (mm−1)

  Central 6.5 ± 2.9 5.6 ± 2.5 6.9 ± 4.6 0.425

  Inner 14.8 ± 2.5 15.3 ± 2.9 16.9 ± 1.9 <0.001* 0.173 <0.001* 0.003*

  Outer 16 ± 2.1 16.4 ± 2.1 17.6 ± 1.6 <0.001* 0.159 <0.001* 0.001*

Perfusion density

  Central 0.160 ± 0.101 0.144 ± 0.087 0.166 ± 0.107 0.575

  Inner 0.340 ± 0.071 0.362 ± 0.077 0.390 ± 0.068 0.001* 0.073 <0.001* 0.034*

  Outer 0.396 ± 0.062 0.399 ± 0.055 0.441 ± 0.039 <0.001* 0.759 <0.001* <0.001*

FAZ area (mm2) 0.24 ± 0.11 0.25 ± 0.13 0.26 ± 0.13 0.687

Choroidal thickness (um)

  Subfoveal 266 ± 49 257 ± 45 238 ± 36 0.012* 0.341 0.004* 0.038*

  Superior 249 ± 48 240 ± 48 224 ± 26 <0.024* 0.330 0.008* 0.066

  Temporal 250 ± 45 242 ± 42 223 ± 27 <0.005* 0.369 0.002* 0.016*

  Inferior 245 ± 49 244 ± 46 226 ± 26 <0.062 0.914 0.042* 0.041*

  Nasal 237 ± 47 232 ± 43 212 ± 23 <0.01* 0.592 0.016* 0.02*

P1: P-value for the comparison group between retinopathy group and no retinopathy group.
P2: P-value for the comparison group between retinopathy group and normal controls.
P3: P-value for the comparison group between no retinopathy group and normal controls.
*Statistically meaningful.
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management and follow-up of patients with leukemia with its 
non-invasive and quantitative analysis function.

This study evaluated changes in superficial retinal perfusion in 
patients with AML. We found that retinal perfusion in the macular 
region was significantly reduced in the acute phase of the disease, 
except for the central subfield, in patients with AML than in individuals 
with healthy eyes, which is consistent with the findings of Cicinelli et al. 
(18); they also found lower VD in the SCP adjacent to the fovea in 
patients with acute leukemia, with no significant change in the fovea. 
This change was less pronounced in the central subfield, possibly 
because there are fewer vessels. Acute leukemic anemia, 
thrombocytopaenia, and a high-viscosity state due to an increased 
WBC count result in an abnormal expansion of retinal capillaries and 
loss of physiological branching patterns. The velocity of blood in the 
vasculature has an inverse relationship with the vessel cross-sectional 
area (volumetric flow rate = flow velocity × cross-sectional area). 
We  hypothesized that a decrease in blood flow velocity below the 

minimum OCTA detection threshold might cause loss of blood flow 
signals (22).

Comparing fundus photographs before and after treatment, 
we  found that most patients had no significant changes, but their 
retinal perfusion had begun to improve. Previous studies have also 
suggested that retinal changes secondary to leukemic retinopathy are 
mostly transient and will subside without permanent damage. 
Abnormal retinal venous blood flow velocity was observed in patients 
with chronic myeloproliferative neoplasms which returned to normal 
levels after cytoreductive therapy (23). After leukemia remission, the 
perfusion of the capillaries in the macula and peripapillary areas 
improved (18), suggesting that the damage might be reversible. These 
studies revealed subclinical changes in the eyes of patients with acute 
leukemia, which can reflect the progression of systemic disease and 
may be helpful for the evaluation of patient efficacy and follow-up.

In addition, VD decreased significantly in patients with higher 
WBC counts, and the FAZ area was larger in patients with lower 
HB. This indicates that patients with more severe bone marrow 
damage have a greater reduction in retinal perfusion. VD decreased 
as D-dimer levels increased. Elevated D-dimer levels are common in 
acute leukemia, and their relationship with retinal circulation requires 
further clarification (24, 25). Elevated blood glucose and TG levels can 
also lead to a decrease in VD. VD is known to decrease in patients 
with diabetes (26). A drop in blood flow caused by hyperlipidemia has 
also been confirmed. This suggests that maintaining normal blood 
glucose and lipid levels also benefits patients with AML.

Histologic examination revealed choroidal leukemic infiltrates in 
the eyes of up to 65% of patients with leukemia and 31% of patients 
with fatal leukemia (27). This makes it the most common site of ocular 
involvement in leukemia (28). Previous studies have shown that the 
choroid in patients with acute leukemia thickened owing to leukocyte 
infiltration and became thinner after chemotherapy (29, 30). None of 
the patients with AML in our study had significant clinical signs in the 
macular region, but an increase in ChT was observed. In the acute 
phase of leukemia, choroidal invasion results in reduced capillary 
blood flow and increased ChT (31, 32). The causes of choroidal 
thickening can be explained as follows: leukemic cells adhere to the 
inner wall of choroidal vessels; extravasated leukemic cells compress 
the vessels, resulting in a reduction in choroidal blood flow velocity; 
and an increased inflow of fluids into the choroidal interstitial tissue 
due to blood flow congestion and choroidal infiltration of leukemia 
cells occurs, causing choroidal thickening. During the active phase of 
the disease, leukemic cells may lie dormant in the choroid and then 
subside as the treatment progresses. In patients with Vogt-Koyanagi-
Harada syndrome, the choroid thickens almost a month before an 
anterior uveal recurrence in the context of recurrence, even before the 
appearance of any fundus signs of posterior involvement (33). A longer 
follow-up is needed to determine whether choroidal changes in 
patients with acute leukemia have similar clinical values.

In conclusion, patients with AML appeared to have subclinical 
retinal perfusion loss and choroidal thickening in the acute phase of 
the disease, and they partially recovered with remission. Injury to the 
bone marrow function may cause a decrease in retinal perfusion. 
Leukemic retinopathy is associated with abnormal hematologic 
parameters and coagulopathy. Because of the short follow-up period 
in this study, these changes could not be traced when the patients 
relapsed. The utility of OCTA in revealing subclinical ocular 
involvement and monitoring treatment response and the risk of 

A

B

C

FIGURE 2

Comparison of acute myeloid leukemia (AML) patients before and 
after treatment. (A) Three zones of macular vessel density before and 
after treatment. (B) Three zones of macular perfusion density before 
and after treatment. (C) Choroidal thickness at five measurement 
points before and after treatment.
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FIGURE 4

(A) Correlation of vessel density with white blood cells (WBC). (B) Correlation of vessel density with D-dimmer. (C) Correlation of vessel density with 
fasting plasma glucose (FBG). (D) Correlation of vessel density with triglyceride (TG). (E) Correlation of foveal avascular zone (FAZ) area with HB.

FIGURE 3

The changes in a patient imaged with optical coherence tomography angiography (OCTA) in the active phase of acute myeloid leukemia (AML) and 
after remission. (A1) Macular vessel density before treatment. (A2) Macular vessel density after treatment. (B1) Macular perfusion density before 
treatment. (B2) Macular perfusion density after treatment. (C1) Choroidal thickness before treatment. (C2) Choroidal thickness after treatment.
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relapse in patients with acute leukemia requires further evidence. 
Owing to the limitations of the OCTA software version, only 
superficial VD was analyzed, which was a disadvantage of this study.
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Morphological characterization of
nevi on the caruncle conjunctiva
under in vivo confocal
microscopy

Jianhao Cai1*, Cangeng Xu1, Tsz Kin Ng1,2,3 and Zeyi Li1

1Joint Shantou International Eye Centre of Shantou University and The Chinese University of
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Objective: This study aimed to investigate the microscopic structure and

characteristics of nevi on the conjunctiva of the lacrimal caruncle by in vivo

confocal microscopy.

Methods: In total, four patients with nevi growing on the lacrimal caruncle

conjunctiva were recruited. The morphological characteristics of the nevi were

evaluated by in vivo confocal microscopy before excision surgery; the results were

compared with histopathological analyses of the surgical specimens.

Results: The nevi of the four patients were all located at the conjunctiva of the

lacrimal caruncle, with a slightly nodular surface, mixed black and brown color,

and clear boundary. The nevi were round and highly protruded on the surface of

the lacrimal caruncle, with an average diameter of 4.5 ± 1.29mm. Under in vivo

confocalmicroscopy, the pigmented nevus cells on the conjunctiva of the lacrimal

caruncle were observed to be clustered in nests with irregular boundaries. The

cells were round or irregular, with clear cell boundaries, hyper-reflective at the

periphery, with low reflectivity in the center. Vascular crawling was observed in

some regions. Histopathological analysis showed that nevus cells were roughly

equal in size and distributed in a nodular pattern. Melanin granules were observed

in the cytoplasm. No atypia or mitotic figures of the cells were found.

Conclusion: This study revealed that the microstructure of nevi growing

on the conjunctiva of the lacrimal caruncle can be identified by in vivo

confocal microscopy.

KEYWORDS

pigmented nevus, lacrimal caruncle, conjunctiva, in vivo confocal microscopy,

histopathology

1. Introduction

Conjunctival melanocytic lesions are the most common tumors of the conjunctiva,

accounting for 52% of all conjunctival tumors. Among all conjunctival melanocytic lesions,

conjunctival nevi are the most common, accounting for 45% (1). A conjunctival nevus is

a freckle or mole-like spot on the conjunctiva. Clinical diagnosis of conjunctival nevus

can be challenging under some conditions. Histopathological examination is still the gold

standard for diagnosis of melanocytic lesions, but this requires surgical excision. A potential

diagnostic tool to allow for earlier diagnosis, before surgical operation, could be in vivo

confocal microscopy (IVCM), which is a real-time, non-invasive form of high-resolution
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microscopy. At present, IVCM imaging is mainly used for corneal

diseases, and it has also been applied in the study of neoplasms of

the ocular surface (2, 3). Morphological changes in lesions at the

cellular level can be observed via IVCM, but only a small number

of studies have presented IVCM images of nevi in the caruncle

conjunctiva (4, 5). Here, we present a series of lacrimal caruncle

conjunctival nevi investigated via IVCM before surgery, with these

investigations compared with the histopathology analysis.

2. Methods

2.1. Study subjects

This study was approved by the Human Medical Ethics

Committee of the Joint Shantou International Eye Center

of Shantou University and the Chinese University of Hong

Kong (approval number: EC20171103(6)-P01). Written informed

consent was obtained from all study subjects after explanation of

the nature and possible consequences of the study. In total, four

patients (onemale subject and three female subjects) were recruited

between August 2018 and November 2021; all were undergoing

surgical removal of a lacrimal caruncle conjunctival pigmented

nevus. The exclusion criteria were: (1) the patient did not agree

to undergo Heidelberg Retinal Tomography (HRT3) examination;

and (2) acute inflammation on the ocular surface.

2.2. In vivo confocal microscopy
examination

IVCM examination was carried out using a HRT3/Rostock

Cornea Module (RCM; Heidelberg Engineering, Germany)

equipped with a 670-nm laser (Supplementary Figure 1). The

resolution of the IVCM output image was 384 pixels × 384 pixels,

with 800×magnification. Each image corresponded to a horizontal

section of 400µm× 400µm, with a high resolution of up to 1 µm.

Before IVCMexamination, topical anesthesia was applied to the

inferior conjunctival fornix of the eye with 0.5% proparacaine eye

drops, administered three times at 5-min intervals. Carbomer eye

gel was applied to the tip of the IVCM, which was then covered

with a disposable sterile transparent shade. In order to display

the detected image more clearly, the outer layer of the contact

sleeve was evenly coated with carbomer eye gel. After sufficient

ocular surface anesthesia, the chin and forehead of the subject were

fixed in the corresponding positions of the IVCM machine. The

ophthalmologist (C.X.) extended the upper and lower eyelids of

the examined eye with the middle finger and thumb, respectively.

The IVCM lens was then advanced by the other hand of the

ophthalmologist so that it touched the edge of the pigmented nevus

under examination. The scanning depth was adjusted, and the scan

was performed gradually, moving from shallow to deep. Horizontal

scanning was performed from the temporal side of lesion to the

nasal side, and IVCM images were captured at any time during the

Abbreviations: IVCM, in vivo confocal microscopy; HRT3, Heidelberg Retinal

Tomography 3; RCM, Rostock Cornea Module; HE, Hematoxylin and eosin;

CT: computed tomography.

scanning process. The five clearest images from each patient were

selected for analysis.

2.3. Excision surgery

All operations were carried out by a single surgeon (J.C.).

Before surgery, topical anesthesia was applied to the inferior

conjunctival fornix of the eye with 0.5% proparacaine eye drops,

administered three times at 5-min intervals. Local anesthetic

was administered to the caruncle subconjunctival tissue by

injection with 0.5ml of 2% lidocaine. The conjunctival tissue

was incised by 1mm beyond the edge of the nevus. The

nevus and a small amount of subconjunctival tissue were

completely removed and sent for histopathological examination.

The conjunctival incision of the lacrimal caruncle was released

and closed intermittently with 10-0 nylon suture. Attention

was paid to avoid injury of the lacrimal canaliculus during

the operation.

2.4. Histopathological examination

Histopathological examination was performed for all four

specimens. The tissues of the caruncle conjunctival nevus were

fixed in 10% paraformaldehyde, dehydrated, and embedded

in paraffin according to the conventional procedure. The

tissue sections (5µm) were sliced, spread, baked, and stained

with hematoxylin and eosin. Briefly, after deparaffinization at

60◦C, the sections were incubated twice in xylene, then re-

hydrated by passing them through decreasing concentrations

of alcohol baths and water. The sections were stained for

8min with Harris hematoxylin staining solution, followed by

incubation with 1% hydrochloric acid in ethanol for 10 s.

After washing, the blue-promoting solution appeared blue after

10 s. The sections were then washed with tap water, stained

with 1% eosin iron-red, dehydrated in graded alcohol solutions

increasing in concentration, and cleared in xylene. The HE-stained

sections were imaged and analyzed via light microscopy by a

pathologist to determine themorphological changes in the caruncle

conjunctival nevus.

3. Results

3.1. Clinical diagnosis

Four patients, one male subject and three female subjects,

were recruited. The ages of the four enrolled patients ranged

from 14 to 24 years (mean: 17.75 ± 2.08). All lesions occurred

only in one eye, with two occurring in the right eye and two

in the left. The nevi of the four patients were all located at the

conjunctiva of the lacrimal caruncle, with a slightly nodular surface,

mixed black and brown color, and clear boundary (Figure 1). The

nevi were round and highly protruded on the surface of the

lacrimal caruncle, with an average diameter of 4.5 ± 1.29mm

(range: 3–6 mm).
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FIGURE 1

Characterization of nevus on the caruncle conjunctiva by histopathological and in vivo confocal microscopy analyses. Clinical (left),

histopathological (center), and in vivo confocal microscopy (right) analyses of nevi at the caruncle conjunctiva in the four study subjects. Confocal

microscopy showed that nevus cells (yellow arrow) in the conjunctiva of the lacrimal mound were clustered in nests with clear boundaries. The

reflectivity of the nest was significantly increased compared with normal lacrimal mound tissue. Each single nevus cell was round or irregular, with

clear cell boundaries. The periphery of the cell was hyper-reflective, and the center was hypo-reflective. Blood vessels (white arrow) were seen

around the nevus cell nest in some areas. Scale bar for histopathological analysis: 100µm. Depths of the in vivo confocal microscopy images

captured: row 1, 14µm; row 2, 50µm; row 3, 23µm; row 4, 25µm.

3.2. Histopathological examination

The four surgical specimens from the patients were all

diagnosed as pigmented nevus in the histopathology analysis.

Microscopically, the pigmented nevi were completely removed,

and no nevus cells were seen at the edges of the specimens.

Hematoxylin and eosin staining showed that nevus cells were

located within the epidermis and dermis (Figure 1). The nevus

cells were roughly equal in size and distributed in a nodular

pattern. Melanin granules were observed in the cytoplasm. No

atypia or mitotic figures of the cells were found in any of the

four samples.
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FIGURE 2

Langerhans cells around the lesions. Thick Langerhans cells (orange

arrow) with irregular morphology were observed around the lesions

in one of the four cases.

3.3. In vivo confocal microscopy
examination

Under IVCM, nevus cells on the conjunctiva of the lacrimal

caruncle were observed to be clustered in nests with clear and

irregular boundaries, and reflectivity was significantly increased as

compared to that of normal lacrimal caruncle tissue (Figure 1).

Each single nevus cell was round or irregular, with clear cell

boundaries, hyper-reflective at the periphery, with low reflectivity

in the center. Blood capillaries were observed around the nevus

cell nest in some areas. Thick Langerhans cells with irregular

morphology were observed around the lesions in one of the four

cases (Figure 2). The structure of the lacrimal caruncle conjunctival

nevus observed under IVCM was similar in appearance to that of

the histopathological section.

4. Discussion

A pigmented nevus, also known as a melanocyte nevus,

is a benign hyperplastic growth composed of nevus cells. Its

distribution covers the skin of the entire body, including the

face and eyelid skin, as well as the conjunctiva. A Korean study

has reported that 76.5% of conjunctival pigmented lesions are

located on the bulbar conjunctiva, 8.2% on the caruncle, and

1.2% on the fornix. Compound nevus is the most common type

(67.1%) of conjunctival melanocytic tumor and has a benign course.

In contrast, conjunctival malignant melanoma is rare (7.1%)

and carries serious consequences (6). Clinical diagnosis mainly

depends on the history of the morphological evolution of the skin

lesion, and suspicious cases require histopathological examination.

Histopathological examination is still the gold standard for

melanocytic lesions; however, it is invasive and cannot produce

results in real time. New imaging techniques are of strong interest

in the diagnosis of conjunctival pigmented neoplasms. IVCM is

a non-invasive high-resolution imaging technique that has been

demonstrated to be useful for the diagnosis of skin and ocular

surface diseases (7).

There are two main kinds of IVCM device used in clinical

settings. One is dedicated to the skin, with a handheld probe, and

the other is applied to the ocular surface using the Rostock Cornea

Module. Under IVCM, cells or tissues can have a similar appearance

to the non-invasive optical slices visualized under CT scan. CT has

been applied in dermatology for a significant period of time, and

it can effectively identify the properties of lesions (8). However,

the type of confocal microscope used for the skin cannot be used

for the conjunctiva, especially the lacrimal caruncle, as there is

a physiological depression in the lacrimal caruncle. It is difficult

to achieve sufficient proximity to the larger probe, and lacrimal

caruncle lesions cannot be detected (9).

The form of IVCM used in this study is a real-time,

non-invasive, and high-resolution imaging method, providing

magnification by up to 800 times, which can detect fine structures at

the cellular level. In 1990, Cavanagh et al. reported the application

of IVCM to observe and record human corneal stratification in vivo

for the first time (10). Since then, with the continuous progress of

science and technology, the research scope of IVCM has gradually

expanded from initial application in the diagnosis of and research

on corneal diseases to applications in other ocular surface diseases

(11). At present, IVCM is mainly used in the examination and

diagnosis of corneal diseases, meibomian gland dysfunction, and

other related issues. Compared to skin CT, the IVCM probe used

for ocular surface analysis is smaller, which makes it more suitable

for examination of ocular surface diseases.

In this study, we found that IVCM images of lacrimal

caruncle conjunctival pigmented nevi were highly similar to

images of histopathological sections, demonstrating that IVCM

can accurately visualize the microstructure of a lacrimal caruncle

conjunctival pigmented nevus. We summarize the features of the

IVCM images from the four patients as follows: (1) the boundaries

of the lesions were clear, showing a nest distribution; and (2) dense,

large, bright cells arranged in a honeycomb-like pattern with clear

cell boundaries were observed within the lesions. The cell sizes were

roughly uniform. Our findings were consistent with previously

reported IVCM images of dermal melanocytic nevi (12). However,

they differed from IVCM images of conjunctival nevi, which have

been found to exhibit lower reflectivity than the surrounding tissue

(9). This might be due to the fact that the tissue at the lacrimal

caruncle is closer to the skin tissue. Pigmented nevi at this site are

also relativelymore protruded andmore similar to intradermal nevi

of the skin. Not only does IVCM display the structure of the lesion

at the cellular level, but it also produces these images in real time.

During the examination, the probe angle and scanning depth can be

adjusted at any time to evaluate the lesion in different dimensions

in order to obtain more information.

There were several limitations to this study. First, a limited

number of study subjects were included. Second, IVCM has limited

penetration and is easily affected by the light transmittance of the
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tissue. For superficial and transparent tissues, the imaging is clear,

but for deep tissues or tissues with poor light transmittance, the

imaging is fuzzy. Third, the resolution of IVCM is not comparable

to that of conventional histopathological sections, although IVCM

is non-invasive, real-time, and dynamic as compared to traditional

histopathology, which is time-consuming and invasive. In addition,

the examination process for IVCM requires the cooperation of

the patient (12). Finally, IVCM is not able to distinguish activated

Langerhans cells from dendritic melanocytes, since both are

cells with prominent dendritic processes and they share similar

refractive indices and morphological features. However, their

distributions differ, in that Langerhans cells are more superficial

and more common in the conjunctival tissue. The processes of

Langerhans cells are also stouter than those of melanocytes.

5. Conclusion

This study revealed the ability of IVCM to display the

microscopic structure of nevi of the lacrimal caruncle conjunctiva

with a certain degree of recognition. Although the resolution of

IVCM is not comparable to that of conventional histopathological

sections, the non-invasive, in situ, real-time, and dynamic

characteristics of IVCM enable it to overcome the disadvantages of

traditional histopathological examination.
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Polypoidal choroidal vasculopathy (PCV) is a disease characterized by subretinal

pigment epithelium (RPE) orange-red polypoidal lesions and abnormal branching

neovascular networks (BNNs). In recent years, various non-invasive imaging

technologies have rapidly developed, especially the emergence of optical

coherence tomography angiography (OCTA), multi-spectral imaging, and other

technologies, which enable the observation of more features of PCV. In addition,

these technologies are faster and less invasive compared to indocyanine green

angiography (ICGA). Multi-modal imaging, which combined multiple imaging

techniques, provides important references for the diagnosis and treatment of PCV

with the assistance of regression models, deep learning, and other algorithms.

In this study, we reviewed the non-invasive imaging techniques, multi-modal

imaging diagnosis, and multi-scene therapeutic applications of PCV, with the aim

of providing a reference for non-invasive multi-modal diagnosis and treatment

of PCV.

KEYWORDS

polypoidal choroidal vasculopathy (PCV), multimodal, non-invasive imaging technology,

diagnosis, treatment

1. Introduction

Polypoidal choroidal vasculopathy (PCV) is a disease characterized by orange-red

polypoidal lesions (PLs) and abnormal branching neovascular networks (BNNs) (1–3). It

was first described by Yannuzzi in 1982 and was officially published in 1990 (4). Compared

to wet age-related macular degeneration (wAMD), PCV has the characteristics of recurrent

hemorrhage, subretinal hemorrhage, lower age of onset, and poor response to anti-VEGF

therapies. The mechanism of PCV is still unclear, and it is a difficult and hot topic in the field

of retinal research due to its serious harm (5, 6).

The gold standard for the diagnosis of PCV in the past was indocyanine green

angiography (ICGA) (7). This involves observing focal hyperfluorescent lesions within 6min

on ICGA, as well as at least one of the following: observation of BNN on ICGA, visible

pulsation on dynamic ICGA, nodular appearance when ICGA viewed stereoscopically,

hypofluorescent halo on ICGA, orange subretinal nodule on a color photograph, andmassive

subretinal hemorrhage. This examination requires venipuncture and the injection of contrast

agents into the body, which carry risks such as systemic allergies and local infections.

Therefore, it is a contradiction for some patients. In remote areas, many PCV patients have

not been correctly diagnosed due to the lack of ICGA examination equipment.
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In recent years, non-invasive imaging techniques have been

rapidly developed. Some non-invasive imaging techniques, such

as optical coherence tomography (OCT), optical coherence

tomography angiography (OCTA), and multi-spectral imaging,

have emerged through the limitations of traditional non-invasive

imaging techniques (fundus photography, autofluorescence, etc.)

and provided more observational dimensions for the diagnosis

of PCV. In addition, with the advent of multi-modal imaging

technology and the emergence of artificial intelligence algorithms,

the diagnosis and treatment of PCV have gradually become less

dependent on invasive ICGA examinations.

Therefore, we review recent literature and summarize the

latest advances in imaging features, multi-modal diagnosis, and

multi-scenario treatment applications of PCV under non-invasive

imaging techniques.

2. Non-invasive imaging PCV
techniques

2.1. Fundus photography

Fundus photography can be taken using a traditional camera to

capture the patient’s dilated fundus or using a non-dilated camera

to record the characteristics of PCV in the fundus posterior pole

(8). The polypoidal lesion of PCV (formerly known as a polyp) can

appear as one or more orange-red nodules under the retina, which

can occur in the locations of the macular area, near the optic disk,

near the vascular arcade, and even in the mid-periphery, but most

of the polypoidal lesions appear in the posterior pole. In addition to

the polypoidal lesions, extensive subretinal hemorrhage is also an

important feature of some PCV cases, with a range often >4 disk

diameters (DDs), located under the retina or RPE, and sometimes

combined with vitreous hemorrhage (9).

2.2. Autofluorescence

Fundus autofluorescence (FAF) is a non-invasive diagnostic

technique based on the theory that pigments and molecules can

emit autofluorescence when excited by light. FAF can provide

information about RPE and photoreceptor cell metabolism and

activity. Oztas et al. (10) found that PLs may appear as granular

low autofluorescence. Zhao et al. (11) found that FAF features

of PLs include 49.8% high fluorescence rings, 22.6% mixed

fluorescence with low fluorescence, and 3.7% mixed fluorescence

with polyps, but there are still some (8.2%) PCV polyps with

no obvious FAF changes. Some studies have also reported that

autofluorescence can observe more pachydrusen, accounting for

61.8% of PCV (12). Overall, FAF has lower diagnostic efficacy

for PCV.

2.3. OCT

Optical coherence tomography (OCT) is a non-invasive

imaging technique that uses light waves to capture detailed images

of the retina and other structures in the eye (13). Initially, the

scanning rate of OCT was only a few hundred times per second,

and the imaging quality was low. However, recent OCT technology

can achieve scanning speeds of up to 400,000 times per second, a

scanning width of 24mm, and a scanning depth of 6mm, bringing

new momentum to clinical research (14, 15).

In earlier years, time-domain OCT technology was able

to roughly display the inverted V-shaped pigment epithelium

detachment (PED) of PCV, but the detailed features of the polyps

could not be shown (16). Swept-source OCT (SS-OCT) was

introduced in 2012, which used a longer wavelength light source

and a tunable laser to sweep through a range of frequencies,

producing a high-resolution image of the eye.

Some retinal and choroidal measurements obtained from SS-

OCT are important parameters for quantifying the anatomical

structure of the PCV. The central macular thickness (CMT) refers

to the distance between the inner limitingmembrane (ILM) and the

inner boundary of the RPE (17). Generally, active polyps may cause

retinal edema and hemorrhage, leading to an increase in CMT

values and affecting the patient’s vision. After anti-VEGF treatment,

the CMT of some patients may decrease, and thus monitoring

the CMT can be used to evaluate treatment efficacy (18). The

subfoveal choroidal thickness (SFCT) refers to the distance between

the Bruch’s membrane and the choroid–scleral interface of the

central fovea of the macula. Currently, PCV can be classified into

type 1 and type 2 based on SFCT and other parameters, and there

are reports suggesting that type 2 PCV have a different genotype,

thicker SFCT, and poor responsiveness to anti-VEGF therapy as

compared with type 1 PCV (19, 20).

In 2022, the PCV working group of the Asia-Pacific Academy

of Ophthalmology published the main OCT features of PCV in the

journal Ophthalmology (21), which include the following: (1) Sub-

RPE ring-like lesion, also known as bubble sign, refers to a round

structure observed under PED and characterized by hyporeflective

center and a hyperreflective outline; (2) Complex or multi-lobular

PED, which is characterized by notches on the PED, resembling an

“M” shape with visible multi-lobular PED; (3) Sharp peak PED, also

known as a thumb-like protrusion, presents as a narrow-peaked

PED with an inverted “V” configuration, with a peak angle of

>70 degrees on at least one side and a base-to-width ratio of >1;

(4) A double-layer sign refers to the separation of the undulating

RPE line and the underlying Bruch’s membrane, forming a double

layer; (5) Thick choroid with dilated Haller’s layer vessels, which

are characterized by a choroidal thickness of≥300µm at the foveal

center, Haller’s layer vessel dilation occupyingmost of the choroidal

thickness, and thinning of the choroidal capillaries above it; (6)

Complex or multi-lobular PED is visible as multiple high-reflective

branching vascular networks of PED on en face OCT; (7) Fluid

compartment is characterized by obvious subretinal fluid, which

may be accompanied by intraretinal fluid.

2.4. OCTA

The OCTA technology obtains three-dimensional data images

by establishing an en face mode based on the traditional cross-

sectional scan (B-scan) combined with a coronal scan (C-scan). By

identifying the displacement changes in blood flow signals, it can
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construct themorphology and structure of retinal vessels, choroidal

blood flow, and neovascularization (22, 23).

In the past few years, SD-OCTA has provided important

information on PLs and BNNs in PCV. For PLs, SD-OCTA

showed that these lesions are often located between Bruch’s

membrane and the RPE layer. The lesion morphology is often

“ring-shaped”, but it can also be seen as “cluster-like”, “dot-

like”, “ring-like”, or “nodular”. However, due to the variability

of blood flow signals and the limitations of SD-OCTA scanning

speed, the detection rate of PLs by SD-OCTA is approximately

17.0 to 92.3% (24). For BNNs, Huang et al. (25) proposed three

types of BNN morphology, namely, “Trunk” pattern, “Glomeruli”

pattern, and “Stick” pattern, with detection rates of approximately

70.0 to 100.0% and sensitivities of 0.67 and 0.86. Wang et al.

(26) conducted a meta-analysis and discovered that the average

detection rate of BNN (0.86) in PCV was higher compared to

the detection rate of PLs (0.67) in studies primarily utilizing SD-

OCTA as the detection tool. This difference in detection rates may

be attributed to the faster blood flow velocity observed in BNN

compared to that of the polypoidal lesions in PCV. Meanwhile,

OCTA combined with enhanced depth imaging (EDI) technology

can provide more information on PCV. The choroidal vascularity

index (CVI) is defined as the ratio between vascular luminal area

(LA) and total choroidal area (TCA), which is the sum of LA and

choroidal stromal area (SA) on EDI-OCT. Batioglu et al. observed

that typical PCV (a subtype of PCV) has a higher choroidal blood

flow and CVI compared to polypoidal CNV (17). In addition,

intervortex venous anastomoses were observed in PCV, and more

dilated anastomotic vessels were observed in the typical PCV (17).

In recent years, SS-OCTA has been developed with advantages

such as faster scanning speed and deeper scanning depth, providing

new insights into the understanding of PCV. Bo et al. (27) analyzed

23 eyes diagnosed with PCV by ICGA and found that SS-OCTA

was able to detect all 43 polypoidal lesions identified by ICGA,

displaying them as tangled vessels. In addition, SS-OCTA detected

16 tangled vascular structures that were not observed on ICGA.

Similarly, BNNs were detected in all eyes on SS-OCTA, while

ICGA only identified BNNs in 17 eyes (74%). Kim et al. (28)

also conducted a comparative study of ICGA and SS-OCTA in

the diagnosis of PCV. They found that SS-OCTA could identify

a larger number of polypoidal lesions than ICGA in 12 eyes and

detect BNNs in all cases. There was no significant difference in the

measurement of the PCV lesion area between ICGA and SS-OCTA

images. These results suggest that SS-OCTA imaging is comparable

to, and may even be superior to, ICGA for the detection of PLs

and BNNs.

2.5. Multi-spectral imaging

Multi-spectrum imaging (MSI) is an imaging method that

records images in spectral form and has been attempted for the

diagnosis of PCV. Ma et al. (29) found that PLs can be observed

at wavelengths of 680 nm and above as lobes of “hyperborder,

hypocenter” pattern lesions, and BNN can be vaguely observed as

an area of interlacing hyper-reflectance with linear or dot of signals.

Subretinal fluid appears as local blurred hyperreflective areas under

short wavelengths, and PED can appear as a slightly high-reflective

border. The sensitivity and specificity of MSI for diagnosing PCV

are 0.84 and 0.93, respectively, with positive and negative predictive

values of 0.94 and 0.81, respectively. Therefore, multi-spectrum

imaging has a certain diagnostic value for PCV.

3. Multi-modal non-invasive imaging
diagnosis

3.1. Theoretical basis

Multi-modal imaging is a joint imaging diagnostic technique. It

combinesmultiple imagingmodalities, complementing each other’s

strengths, and achieves rapid and accurate diagnosis of complex

and difficult fundus diseases through mutual “verification”. For

example, in the field of tumor radiology, integrating multiple

modal magnetic resonance sequences can improve diagnostic

efficiency. On the one hand, the data from multiple modalities

come from different imaging devices, with large amounts of

data and more comprehensive descriptions of diseases. On the

other hand, in regression analysis, or even deep-learning analysis,

the “interaction” between modalities can increase the amount

of diagnostic information, especially in deep learning, where the

connection layer between each vector connects the information,

making the diagnostic ability more advantageous than single-

modal imaging.

3.2. Combined diagnosis of PCV

Multi-modal diagnosis of PCV has various combinations,

mainly including OCT combined with fundus photography and

OCT combined with OCTA (8, 21, 30–36) (Table 1).

In a joint multi-modal study of fundus photography and OCT,

Yang et al. (31) found that by incorporating features such as

subretinal orange-red nodules on fundus photography, thumb-

like PED, notched PED, bubble sign, and Bruch’s membrane

depression under serosanguinous PED on OCT, the diagnostic

strategy using at least two of the five features had a sensitivity of

0.88 and specificity of 0.92 for diagnosing PCV. Chaikitmongkol

et al. (30) observed that the presence of at least two of the four

features (notched or hemorrhagic PED detected using color fundus

photography, sharply peaked PED detected using OCT, notched or

multi-lobulated PED detected using OCT, and hyperreflective ring

underneath PED detected using OCT) could diagnose PCV with a

sensitivity and specificity of over 90%. Using fundus photography

and OCT manifestations, the Asia-Pacific Ocular Imaging Society

PCV Workgroup found, through regression analysis, that the

positive predictive value for diagnosing PCV reached 0.93 when

sharp PED peak, sub-RPE ring-like lesion, and En face OCT

complex RPE elevation were observed simultaneously. Adding one

of the criteria of observation of an orange nodule on fundus

photography, complex or multi-lobular PED, thick choroid with

dilated Haller’s layer vessels, and double-layer sign could increase

the positive predictive value to 0.94.

In a multi-modal study combining OCT and OCTA, de Carlo

et al. (34) found that the sensitivity and specificity of OCT for

diagnosing PCV were 0.30 and 0.86, respectively, while the multi-

modal combination of OCT and OCTA improved the sensitivity
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TABLE 1 Diagnostic accuracy of multi-modal non-invasive imaging techniques for the diagnosis of PCV.

References Non-invasive
diagnostic
combination

Diagnostic criteria Meeting
criteria

Sensitivity Specificity PPV NPV AUC

Chaikitmongkol

et al. (30)

FP+OCT Four diagnostic criteria: (1) notched or

hemorrhagic PED on fundus photography; (2)

sharply peaked PED detected on OCT; (3) notched

or multi-lobulated PED on OCT; and (4)

hyperreflective ring underneath PED detected on

OCT.

≥1 criterion 0.98 0.67 0.76 0.98 0.83

≥2 criteria 0.95 0.95 0.92 0.95 0.93

≥3 criteria 0.84 0.95 0.95 0.85 0.90

4 criteria 0.53 0.97 0.94 0.66 0.75

Yang et al. (31) FP+OCT Five diagnostic criteria: (1) subretinal orange

nodule on FP; (2) thumb-like PED on OCT; (3)

notched PED on OCT; (4) bubble sign on OCT;

and (5) Bruch’s membrane depression under

serosanguinous PED on OCT.

≥1 criterion 0.92 0.75 0.79 0.90 0.83

≥2 criteria 0.88 0.92 0.92 0.89 0.90

≥3 criteria 0.81 0.96 0.95 0.83 0.88

≥4 criteria 0.69 0.98 0.97 0.76 0.84

5 criteria 0.46 1.00 1.00 0.65 0.73

Chaikitmongkol

et al. (8)

FP+OCT (1) Fundus photograph indications: orange-red

nodules, or hemorrhagic or fibrovascular PED, or

extensive subretinal hemorrhage, and other

characteristics; (2) OCT indications: sharp PED

peak, or PED notch, or circular lesion below RPE,

or double-layer sign, and other features.

Meet both

indications

0.83 0.83 0.77 0.88 0.83

Chong Teo et al.

(32)

FP+OCT Three diagnostic criteria: (1) sharp-peaked PED on

OCT, (2) sub-RPE ring-like lesion on OCT, and (3)

orange nodule on FP.

Meeting all criteria 0.65 0.82 0.68 0.88 0.85

Cheung et al. (21) FP+OCT Three major criteria: (1) sub-RPE ring-like lesion

on OCT; (2) sharp-peaked PED on OCT; and (3) en

face OCT complex RPE elevation.

Four minor criteria: (1) orange nodule on FP; (2)

complex or multi-lobular PED on OCT; (3) thick

choroid with dilated Haller’s layer on OCT; and (4)

double-layer sign on OCT.

Meet three major

criteria and one

minor criterion

0.78 0.91 0.94 0.68 0.91

(Continued)
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to 0.44 with a specificity of 0.87. Similarly, Cheung et al. (33)

found that the sensitivity for the combined diagnosis of PCV and

CNV/AMD using a two-step diagnostic algorithm with OCT and

OCTA was still 0.82 when adding OCTA information to the OCT

diagnosis, but the specificity increased from 0.52 to 1.00. This

suggests that the diagnostic efficiency of multi-modal non-invasive

diagnosis of PCV improved compared to single-modality diagnosis.

3.3. Artificial intelligence assistant diagnosis

In the field of artificial intelligence, multi-modal machine

learning combines the advantages of each modality through

algorithms and other techniques. Single modality refers to the use

of a single type of data or input modality to train a machine

learning model. Multi-modal learning refers to the use of the

complementarity between multiple modalities and the interaction

between each fully connected layer to learn better features.

In some studies, artificial intelligence has been used in the non-

invasive diagnosis of PCV. Wongchaisuwat et al. (37) developed a

model that trained on 2,334 OCT images of PCV using ResNet. On

the internal dataset, the model achieved a diagnostic sensitivity and

specificity of 1.00 and 0.60, respectively, whereas, on the external

dataset, the model achieved a sensitivity and specificity of 0.85

and 0.71, respectively. Chou et al. (35) trained a deep-learning

model based on color fundus photography and OCT biomarkers.

They introduced a multiple correspondence analysis algorithm

to train the PCV diagnostic model with a transfer learning

architecture on approximately 700 cases, achieving a sensitivity and

specificity of 0.81 and 0.85, respectively. Xu et al. (36) developed

a bimodal deep-learning convolutional neural network model

(DCNN-Combo) based on color fundus photography and OCT

that achieved a PCV diagnosis with an accuracy of 87.4%, which

was even more consistent with the diagnostic gold standard than

that of ophthalmologists.

4. Application of multi-modal
non-invasive imaging in PCV
treatment

4.1. Monitoring the treatment response of
PCV

Multiple studies have reported the use of non-invasive

methods, such as fundus photography, OCT, and OCTA, to

evaluate the response to PCV treatment. Cho et al. (38) reported

that based on the manifestation of fundus photography, 10% of

eyes in PCV patients at 5 years and 30% of eyes at 10 years

could observe subretinal hemorrhage in fundus photography,

which is significantly higher than typical nAMD, indicating

disease progression.

Using SS-OCT/SS-OCTA gives us the ability to measure the

choroid in PCV before and after treatment. Tan et al. (39) reported

the use of OCT to evaluate the treatment response of PCV patients

and assessed whether the polyp was closed by monitoring the

changes such as (1) the disappearance of subretinal fluid, (2) a
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significant reduction of PED height, (3) an increased reflection

within PED, (4) the disappearance of low-reflection ring, and (5) a

reduction of thickened RPE structure. The diagnosis AUC reached

0.90 when the criteria of (1), (3), and (4) were met. Montorio

et al. (40) used OCTA to evaluate changes in choroidal capillary

flow density and SFCT and found that the choroidal capillary flow

density in PCV treated with anti-VEGF drugs was significantly

reduced, and the CMT and SFCT were also significantly decreased.

Fukuyama et al. (41) found that the blood flow signal within the

polyp on OCTA was related to the response of PCV to anti-VEGF

drug treatment during a follow-up of more than 6 months, and a

low blood flow signal within the polyp lasting formore than 2 weeks

may indicate poor initial treatment response of PCV.

4.2. Monitoring of PCV recurrence

Some studies use OCT and fundus photography to monitor

PCV recurrence. Bo et al. (42) defined exudative recurrence as the

reappearance of IRF, SRF, or serous PED onOCT, or the appearance

of new subretinal or RPE hemorrhage on fundus photography.

Ma et al. (43) described the impact of different BNN patterns

observed on OCTA on the treatment response and outcomes of

PCV and found that type 2 (“Glomeruli” pattern) and type 3

(“Stick” pattern) were associated with thicker choroid and increased

recurrence of PCV, while type 1 (“Trunk” pattern) was associated

with thin choroid, vitelliform lesions, and AMD-like features.

However, because OCTA cannot display vascular leakage, it is

currently primarily used in combination with structural OCT for

treatment monitoring and as a reference for recurrence treatment

decisions.

4.3. Timing of rescue PDT

The APOIS PCV working group also reported the criteria for

identifying PCV in eyes previously diagnosed with wAMD and

with poor response to three injections of anti-VEGF treatment (32).

When one of the following three criteria is met, supplementary

PDT treatment may be considered: orange-red nodules observed

on fundus photography, peaked PED observed on OCT, and low-

reflectance ring structure observed on OCT. The combination of

these three criteria has a specificity of 0.82 and a sensitivity of 0.65

(AUC of 0.85) for detecting PCV.

5. Limitations in non-invasive
multi-modal imaging diagnosis of PCV

Although non-invasive multi-modal imaging has a certain

value in the diagnosis and treatment of PCV, there are still several

problems. First, the pathogenesis of PCV is not yet clear, and

the disease classification is complex (44). Some scholars believe

that the high fluorescence signal observed on ICGA may be a

common manifestation of many diseases, so the use of other non-

invasive imaging for the identification and diagnosis of PCV may

lead to misdiagnosis (45). Second, the current diagnostic criteria

for a combined diagnosis are mostly for newly diagnosed PCV.

However, many patients are misdiagnosed with other diseases, and

the possibility of PCV is only considered after various treatments

have been proven ineffective, which may affect the diagnosis of

PCV by non-invasive multi-modal imaging due to changes in

some PED and intraretinal fluid (46). Third, different non-invasive

multi-modal detection instruments may have different parameters

and may affect the accuracy of diagnosis, such as image quality

rating, degree of ocular refractive media opacity, and instrument

resolution (47).

6. Conclusion

In summary, non-invasive imaging diagnostic technologies

provide fast and safe diagnostic methods with high accuracy and

are comparable to or might be better than ICGA in some aspects.

The superiority of multi-modal non-invasive imaging diagnostic

technology, combinedwithmultiple devices and special algorithms,

fully leverages their interactive effects and has played an important

role in the diagnosis and treatment of PCV.
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Peripapillary choroidal vascularity 
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Introduction: Patients with systemic sclerosis (SSc) present an increased risk of 
developing glaucomatous optic neuropathy (GON). We investigated peripapillary 
choroidal parameters and peripapillary retinal nerve fiber layer (RNFL) thickness 
using spectral domain optical coherence tomography (SD-OCT) to determine the 
relationships of these factors with clinical variables.

Methods: A total of 33 patients with SSc were enrolled and compared to 40 
controls. After obtaining circular scans around the optic disc, the global and 
quadrant peripapillary choroidal thickness (pCT) and RNFL thickness were 
measured. Additionally, the peripapillary choroidal vascularity index (pCVI), which 
allows for a quantitative analysis of the choroidal vasculature, was determined.

Results: No significant differences were found in pCT and RNFL thickness 
between patients with SSc and controls, or within SSc subtypes (diffuse cutaneous 
systemic sclerosis (dcSSc) compared to limited cutaneous systemic sclerosis 
(lcSSc)) (p  >  0.05). The pCVI was significantly lower in patients with SSc than in 
control subjects (64.25  ±  1.94 vs.65.73  ±  2.12, p  <  0.001).

Conclusion: Our results suggest that the statistically significant decrease in pCVI 
in patients with SSc compared to the control group is probably due to a decrease 
in the vascular layer, which would partially explain an increased risk of GON in 
patients with SSc.

KEYWORDS

systemic sclerosis, peripapillary choroidal thickness, glaucomatous optic neuropathy, 
choroidal vascularity index, retinal nerve fiber layer

1. Introduction

Systemic sclerosis (SSc) is an autoimmune connective tissue disease characterized by 
chronic progressive tissue and organ fibrosis. Its pathophysiology is complex; however, the 
process initially involves microvascular damage, followed by an autoimmune response, 
inflammation, and diffuse fibrosis (1). SSc remains a major medical challenge. Multiple organ-
based manifestations are important for its diagnosis and classification. The most common 
consequences of SSc are digital vasculopathy, gastrointestinal complications, lung fibrosis, 
pulmonary hypertension, cardiac fibrosis, and renal scleroderma crisis (2).
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SSc can be classified into two major disease subsets based on the 
extent of skin involvement. Cases with proximal skin involvement are 
classified as diffuse cutaneous systemic sclerosis SSc (dcSSc), whereas 
cases with skin involvement affecting the limbs distal to the elbows 
and knees, with or without neck and face involvement, are classified 
as limited cutaneous systemic sclerosis SSc (lcSSc) (1). Both dcSSc and 
lcSSc may be associated with internal organ involvement (3).

Many ocular manifestations involving the anterior and posterior 
segments have also been reported in SSc patients (4–6), and some 
reports suggest that SSc is a high-risk factor for the development of 
glaucomatous optic neuropathy (GON), especially normal-tension 
glaucoma (NTG) (7–11).

The choroid has the highest blood flow in the human body and a 
high vascular content. The end-arterial nature of the choroidal 
vasculature and the existence of watershed zones render this layer 
susceptible to inflammation and ischemia in multisystemic diseases 
(12). Endothelial cell injury, basement membrane thickening, and 
pericyte loss in choroidal vessels have been reported in histological 
studies of SSc patients (13). Macular choroidal thickness has been 
discussed as a promising inflammatory biomarker in systemic 
autoimmune diseases, especially those with vascular components (14).

Retinal and choroidal microvascular impairments in SSc patients 
have been confirmed using fluorescence angiography (FA) (15), 
optical coherence tomography (OCT) (16–20), and OCT-angiography 
(OCT-A) (21–25). Most studies on choroidal macular thickness have 
found that patients with SSc have a significantly thinner macular 
choroid than healthy subjects, probably due to chronic vascular 
damage (16–18, 20, 24–26). There are two studies in the literature 
evaluating CVI in SSc; however, they refer to the macular area and, 
the results are inconsistent (21, 27). In the peripapillary region, only 
the vascular density parameters and optic nerve head (ONH) 
parameters obtained using OCT-A were examined in patients with 
SSc (17, 19, 23), which is associated mostly with retinal and not 
choroidal circulation due to the functional and structural 
heterogeneity of these circulatory systems (24). In recent years, 
interest in peripapillary choroid thickness has increased. However, the 
characteristics of the choroid in this area are much poorer than those 
of the macular area. Studies have revealed thinner peripapillary 
choroidal thickness not only among patients with NTG and primary 
open-angle glaucoma (POAG), (23–26), but also in other diseases, 
such as multiple sclerosis (27), chronic obstructive pulmonary disease 
(28), high myopia (29), or in patients with vitamin D deficiency (30). 
In contrary, other studies have shown a thicker peripapillary choroid 
in some diseases, such as nonarteritic anterior ischemic optic 
neuropathy (31), Parkinson’s disease (32) and retinal vein occlusions 
at diagnosis, followed by a decrease at an early follow-up stage (33).

The aim of this study was to investigate peripapillary choroidal 
parameters and peripapillary retinal nerve fiber layer (RNFL) 
thickness, and to determine their relationships with clinical variables 
to gain insight into one of the pathophysiological aspects of SSc. To 
the best of our knowledge, the present study is the first to analyze 
peripapillary choroidal thickness together with the peripapillary 
choroidal vascularity index in patients with SSc, and there are no 
previous reports on peripapillary choroidal characteristics. With our 
study we aimed at filling this gap. It is worth noting that choroidal 
thickness is a rough estimate rather than an accurate marker of 
choroidal status; hence, we not only determined choroidal thickness, 
but also calculated the peripapillary choroidal vascularity index 

(pCVI), a novel OCT-based choroidal quantitative parameter that 
provides more detailed information about the vascular component of 
the choroid. We  hypothesized that patients with SSc would 
demonstrate alterations in peripapillary choroidal parameters, which 
would explain their increased risk of GON.

2. Materials and methods

This was a prospective single-center, cross-sectional study 
conducted between March 2021 and March 2022 at the 
Ophthalmology Department, Medical University of Bialystok. The 
protocol of the study was approved by the local Bioethics Committee 
at the Medical University of Bialystok (decision no APK.002.109.2021) 
and the study was conducted in accordance with the Declaration of 
Helsinki. Written informed consent was obtained from each subject 
before enrolment in the study.

A total of 66 eyes from 33 patients with SSc, diagnosed according 
to the 2013 ACR/EULAR SSc criteria (28), were enrolled in the study, 
and the patients were followed up by the Department of Rheumatology 
and Internal Diseases, Medical University of Bialystok. The control 
group comprised 80 eyes from 40 ophthalmologically and systemically 
healthy (self-reported) subjects undergoing routine ophthalmological 
assessments. The groups did not differ with regard to age, sex, or axial 
length (AL). All participants underwent ophthalmological examination, 
including refraction, best corrected visual acuity (BCVA) in Snellen 
converted into log MAR, slit lamp biomicroscopy, AL measurement 
(Tomey OA-2000 biometer, Nagoya, Japan), fundus examination, and 
peripapillary structural spectral domain OCT (SD-OCT, Heidelberg 
Engineering, Heidelberg, Germany). IOP was measured using a Pascal 
dynamic contour tonometer (DCT, Zeimer Ophthalmic Systems AG, 
Port, Switzerland). Blood pressure was measured immediately prior to 
obtaining the OCT images, after 5 min of rest in a sitting position.

In three eyes, RNFL thinning in the superior, inferior, and 
inferotemporal quadrants was found with no corresponding scotoma 
in visual field examination and was associated with a glaucomatous 
disc appearance (preperimetric glaucoma) (29). The exclusion criteria 
included: ametropia ≥3 diopters, the presence of fundus pathology, 
phacoemulsification less than 12 months prior to the examination, 
history of posterior segment surgery, diabetes, and insufficient quality 
of OCT images.

Data regarding age, sex, SSc subtype (diffuse and limited), disease 
duration, autoantibody profile, current smoking status, and systemic 
treatment were recorded. A history of digital ulcers (present or past), the 
presence of interstitial lung disease (ILD) confirmed via high-resolution 
computed tomography (HRCT) of the lungs, and cardiac [elevated 
N-terminal pro b-type natriuretic peptide (NT-proBNP) or heart fibrosis 
upon magnetic resonance imaging (MRI)] and joint involvement 
(arthralgia or joint swelling) were also included in the analysis.

Structural microvascular abnormalities related to the 
pathophysiological process of SSc were visualized noninvasively using 
nailfold capillaroscopy (NFC). This safe method is relevant for 
predicting disease progression and monitoring the effects of treatment 
(30). NFC was performed using a CapillaryScope 200 Dino-Lite 
Digital microscope (MEDL4N Pro) and stratified based on the 
characteristic SSc pattern (capillary density, capillary dimension, 
abnormal capillary morphology, and presence or absence of 
hemorrhages), categorized by Cutolo et al. as “early,” “active” and “late” 
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scleroderma patterns (30). Blood parameters including CRP, ESR 
(after 2 h), and NT-proBNP were measured.

2.1. OCT image acquisition and analysis

OCT images were taken in mydriasis within the same time interval 
(12 p.m.–3 p.m.) to avoid diurnal variation in choroidal thickness. 
Peripapillary OCT images were obtained using a 3.5 mm diameter, 360 
degree circle scan centered on the optic nerve head carried out with 
glaucoma software SD-OCT (Heidelberg Engineering, Heidelberg, 
Germany). This scan pattern was used to determine the choroidal 
parameters: peripapillary choroidal thickness (pCT), peripapillary total 
choroidal area (pTCA), peripapillary luminal area (pLA), peripapillary 
stromal area (pSA), and retinal nerve fiber layer (RNFL) thickness. 
RNFL thickness was automatically measured by software and the 
distribution of the RNFL was displayed as an RNFL thickness map 
(superior, inferior, nasal, temporal quadrants, and global value). As 
there is no automatic tool for pCT measurement, pCT was obtained by 
manually shifting the internal limiting membrane (ILM) to Bruch’s 
membrane (BM) and the RNFL border to the choroidal–scleral junction 
(CSJ) (Figure 1). The results were presented as global and quadrant 
values (superior, inferior, nasal, and temporal) in a thickness map.

Binarization of the peripapillary choroidal area (Figure 2) was 
performed by two authors (BP and PS). Images were analyzed using 
the public domain software ImageJ,1 using the protocol previously 
described by Sonoda and Agrawal (31, 33) with a few modifications. 
The most important modification concerns the setting of the scale, 
which considered the stretching of the image (OCT sampling density 
is higher in the axial direction versus the transverse), to avoid 
erroneous quantification of the measured area (32). An image 
presented with a 1:1 pixel aspect ratio is stretched axially, but the 
detailed visualization of the structure is improved compared to a 
1 × 1 μm image. Therefore, the scale was set considering the horizontal 
and vertical scale relationships between the distance and pitch of 
pixels (μm/pixel) to reflect the actual size of the measured area. A 

1 https://imagej.nih.gov/ij/

detailed step-by-step image analysis algorithm is provided in the 
Supplementary material. In the next step, using the Polygon Selection 
tool, the pTCA was selected from the outer boundary of the RPE–
Bruch’s membrane layer to the choroidal–scleral border. The image 
was converted to an 8-bit image to allow the application of the Niblack 
Auto Local Threshold tool. The binarized image was reconverted to an 
RGB image. The vascularized area was highlighted using the Color 
Threshold tool and pLA and pTCA were measured. pSA was 
calculated by subtracting pLA from pTCA. The peripapillary choroidal 
vascularity index (pCVI) was determined as the pLA to pTCA ratio 
(%).The interobserver reproducibility of the measurements was 
assessed by measuring the intraclass correlation coefficient (ICC) and 
absolute agreement. The ICC values for the pCVI, pTCA, and pLA 
measurements were > 0.85 (95% CI, 0.723–0.986).

2.2. Statistical analysis

Analyses were performed using R 4.0.5. statistical software [R Core 
Team (2021). R: Language and environment for statistical computing by 
R Foundation for Statistical Computing, Vienna, Austria]. Data are 
presented as n (%) for nominal variables and as mean ± SD or median 
(Q1; Q3) for continuous variables, depending on the normality of 
distribution (validated with the Shapiro–Wilk test and based on 
skewness and kurtosis values). Comparison of groups was made using 
the chi-square test or the Fisher exact test for nominal data and with the 
t test, Mann–Whitney U test, ANOVA, or Kruskal–Wallis test for 
continuous variables, as appropriate. Post hoc comparisons were based 
on the Tukey or Dunn test with Bonferroni correction for multiple 
comparisons. The relationships between continuous variables were 
assessed using Pearson’s or Spearman’s correlation coefficients, as 
appropriate. Additionally, linear regression analysis was performed to 
verify the association between pCVI and demographic, clinical, and 
ocular features. All calculations were based on α = 0.05.

3. Results

Sixty-six eyes of 33 SSc patients and 80 eyes of 40 healthy control 
subjects were enrolled in this study. The groups did not differ with 

FIGURE 1

The peripapillary choroidal thickness. The internal limiting membrane (ILM) was manually shifted to Bruch’s membrane (BM) (horizontal arrow) and the 
RNFL border to the choroidal–scleral junction (CSJ) (vertical arrow). The offset was performed on each scan by the same grader (PS). Peripapillary 
choroidal thickness was defined as the distance between the BM and the CSJ.
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regard to age, sex, axial length, smoking status, or BCVA; however, 
differences in mean arterial pressure (MAP) and IOP were found. A 
total of 22 (66.67%) patients presented with dcSSc and 11 (33.33%) 
had lcSSc. Similarly, there were no significant differences between the 
two subtypes in terms of age, sex, AL, smoking status, or BCVA, but 
significant differences existed in MAP and IOP. Detailed demographic 
and clinical data are reported in Table 1 (SSc group vs. control group) 
and Table 2 (control group vs. dcSSc vs. lcSSc).

Table 3 shows the choroidal parameters in detail for the SSc 
and control eyes. No significant differences were found in the 
peripapillary choroidal thickness (pCT), RNFL thickness (global 
and quadrants), peripapillary total choroidal area (pTCA), 
peripapillary luminal area (pLA), or peripapillary stromal area 
(pSA) parameters, nor were significant differences found in the 
aforementioned parameters within the SSc subtype groups (p > 0.05 
for all). The pCVI was significantly lower in patients with SSc than 
in healthy control subjects (64.25 ± 1.94 vs. 65.73 ± 2.12, p < 0.001), 
while no significant difference in the pCVI was found between the 
SSc subgroups, as shown in Table 4.

No correlation between pRNFL G and pCVI or pRNFL G and 
pCT G was found between the SSc, dcSSc, or lcSSc groups and the 
controls, as shown in Supplementary Table S1. The univariate 
regression analyses of the association between pCVI and demographic, 
clinical, and ocular features are presented in Table 5 (control group) 
and Table 6 (SSc group). The univariate regression analysis revealed 
that in patients with SSc, pCVI was significantly associated with age, 
pTCA, pLA, global pCT, cardiac involvement, and diuretic use 
(p < 0.05 for all), which was not the case in the control group, for 
whom only pLA was significantly related to pCVI (p = 0.035).

Additional analysis of choroidal parameters was performed in SSc 
patients stratified according to SSc pattern using nailfold 
capillaroscopy. The pTCA, pLA, and pSA values were significantly 
higher in patients with “late” SSc patterns than those with “active” SSc 
patterns upon NFC (p < 0.05 for all), and the pCT was significantly 
thicker (Table 7). The temporal quadrant of pRNFL was significantly 
thicker in patients with “early” SSc patterns than those with “active” 
SSc patterns (p = 0.009). The groups (“early,” “active,” and “late” SSc 
patterns on NFC) did not differ with regard to age, sex, AL, MAP, IOP 

FIGURE 2

Image binarization of the peripapillary choroid. (A) Peripapillary total choroidal area marked on the original OCT circular scan. (B) Highlighted luminal 
area (vertical arrow) using the Color Threshold tool. (C). Overlaying the luminal area on the original OCT scan; luminal area (vertical arrow) and stromal 
area (horizontal arrow).
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(p = 0.589, p = 0.484, p = 0.509, p = 0.07, p = 0.648, respectively), or 
organ involvement (joint, pulmonary, and cardiac involvement; 
p = 0.895, p = 0.669, p = 0.585, respectively); however, a difference in 
the presence of digital ulcers (history or present) was found between 
the “active” SSc pattern group and the “late” SSc pattern group 
(p = 0.003).

4. Discussion

With mounting clinical evidence indicating the involvement of 
the peripapillary choroid in glaucoma (34–38), it has become 
increasingly important to detect changes in the choroid in patients 
with a high risk of developing of glaucomatous changes. As 
we mentioned above, there are no previous reports on peripapillary 
choroidal thickness in patients with SSc. Several pathophysiological 
pathways that might be involved in normal-tension GON have been 
discussed (39). As the blood supply of the prelaminar region partly 
derives from branches within the peripapillary choroid, the choroid 
has been implicated in the pathogenesis of GON and many studies 
have investigated this relationship (40–43). We not only investigated 
peripapillary choroidal thickness, but also determined the 
peripapillary choroidal vascularity index (pCVI) to characterize the 
choroid in detail in SSc patients. This index reflects the vascular 
content of the choroid. The CVI provides more detailed information 
about the vascular component of the choroid across all layers, 

including the choriocapillaris, Sattler’s layer, and Haller’s layer. The 
current literature suggests that the CVI has less variability and is 
influenced by fewer physiological factors than choroidal thickness; 
therefore, it can be  considered a relatively stable parameter for 
evaluating changes in choroidal vasculature in several chorioretinal 
and optic disc diseases, including glaucoma (44). The CVI has been 
proposed as a potential biomarker for establishing early diagnosis, 
monitoring disease progression, and prognosticating for these patients 
(45–47). As other authors have emphasized, CVI should be viewed not 
as an isolated marker, but as an addition to existing parameters such 
as CT. Specific data on the choroidal stromal and vascular area should 
also be analyzed (44). In our study, the pCVI was significantly lower 
in patients with SSc than in healthy control subjects, and no significant 
difference in pCVI was found between the SSc subtypes. Interestingly, 
no significant difference was found in pTCA, pLA, and pSA 
parameters between the SSc and control groups, nor between the SSc 
subtypes. However, the mean pTCA and pLA values were lower in the 
SSc group than in the control group, as were the global and quadrant 
pCT, but the differences were not statistically significant. No 
correlations were found between pCT, pCVI, and pRNFL within the 
two groups. The pSA values were comparable between the SSc and 
control groups. These differences were less pronounced in the SSc 
subtype groups. Increases or decreases in CVI may be due to various 
mechanisms; for example, an increase in CVI could be caused by an 
increase in the number or diameter of the vascular channels in the 
choroid. In turn, a decrease in CVI could be the result of attenuation 

TABLE 1 Demographic and clinical characteristics of SSc patients and control group.

Variable Control group SSc group p

Number of patients 40 33

Number of eyes 80 66

Age, years, mean ± SD 50.43 ± 10.52 50.97 ± 12.27 0.8412

Sex, F, n (%) 22 (55.0) 24 (72.7) 0.188

Sex, M, n (%) 18 (45.0) 9 (27.3)

MAP, mean ± SD 97.21 ± 12.43 86.47 ± 9.24 <0.0012

Nicotine, n (%) 6 (15.0) 3 (9.1) 0.4841

logMAR, median (Q1;Q3) 0.00 (0.00;0.00) 0.00 (0.00;0.00) 0.6863

IOP [mmHg], mean ± SD 15.37 ± 2.13 13.94 ± 3.22 0.0072

AL, [mm], mean ± SD 23.39 ± 0.97 23.15 ± 0.82 0.1042

Duration of the disease [years], median (Q1;Q3) 4.00 (2.00;10.00)

Pulmonary Involvement, n (%) 22 (66.7)

Cardiac involvement, n (%) 11 (33.3)

Joint involvement, n (%) 16 (48.5)

Digital ulcers (present/history), n% 11 (33.3)

CRP [mg/L], median 1.45 (1.00;3.43)

ESR [mm/2 h], median 27.00 (18.00;39.00)

Anti-Scl70 positive, n (%) 16 (53.3)

Anti-centromere positive, n (%) 7 (23.3)

Other Abs positive, n (%) 13 (43.3)

NFC (active/early/late; number of eyes) 30/18/18

SSc, systemic sclerosis; F, female; M, male; MAP, mean arterial pressure; IOP, intraocular pressure; AL, axial length; CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; h, hours; Abs, 
antibodies; NFC, nailfold capillaroscopy. Significant differences were tested using chi-square test or Fisher exact test1 for nominal variables and with t-test2 or Mann–Whitney U test3 for 
continuous variables, p < 0.05 was considered statistically significant (highlighted with bold).
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of the choriocapillaris, reduction in choroidal vessel size, or loss of 
large choroidal vessels (45). Our results suggest that the statistically 
significant decrease in pCVI in patients with SSc compared to the 
control group is probably due to a decrease in the vascular layer within 
the peripapillary area. A thinner choroid (global and quadrant) may 
support this hypothesis, although the differences were not statistically 
significant. Choroidal thickness is mainly determined by the thickness 
of Sattler’s and Haller’s layers (25). However, it is possible that changes 
in the vascular components of the peripapillary choroid in SSc patients 
may mainly result from damage to the choriocapillary layer, where the 
vessel lumen is smallest. There are two studies evaluating CVI in SSc, 
and the results are inconsistent; some authors found no significant 
differences (21), while others showed reduced CVI values, especially 
in the dSSc group, compared to the control group (27). However, they 
refer to the macular area. These results should not be  directly 
compared with ours because they analysed a different area. The 
anatomy (the end-arterial nature of the choroidal vasculature with 
strictly segmental blood flow and the existence of watershed zones) 
and function of the choroid are very complex (12).

There is a discrepancy in the literature regarding the association 
between age and CVI. Agrawal et al. compared the factors affecting 
SFCT and CVI in healthy subjects and concluded that only SFCT was 
affected by age (48). In contrast, Kocak et al. demonstrated decreased 
LA, TCA, and CVI in healthy eyes with increasing age, with no 
significant differences in SA. The differences were more significant in 
the group 0–10 years old (49). The above studies refer to the different 

studied widths of the choroid in the macula. Guduru et al. stated that 
in healthy subjects, peripapillary CVI significantly increases after the 
age of 45 years, which introduces even greater ambiguities in the 
assessment and interpretation of the relationship between CVI and 
age, especially in the peripapillary area (50). In our study, the 
regression analysis revealed that in patients with SSc, pCVI was 
significantly associated with age, but this was not the case in the 
controls. Through regression analyses of the control group, we were 
able to identify pLA as a factor related to pCVI. Interestingly, in the 
SSc group, some variables, such as age, MAP, cardiac involvement, and 
diuretic use, were related to pCVI values. Consequently, CVI seemed 
to be more dependent on various factors in patients with SSc than in 
the controls.

No significant difference was found in pCT (global and quadrants) 
between the SSc and control groups, nor within the SSc subtypes. This 
is in contrast to previous reports that found thinner macular choroids 
in patients with SSc (16–18, 20, 24–26).

Significant differences were found between controls and patients 
with SSc in terms of MAP and IOP; however, the choroid shows some 
autoregulatory capacity during changes in ocular perfusion pressure, 
which depends on diastolic and systolic blood pressure and IOP (51). 
In another study, no associations were found between pCT and either 
MAP or IOP in healthy subjects (52) which is consistent with our 
analysis (Supplementary Table S2). The control group was comprised 
of ophthalmologically and systemically healthy patients; therefore, 
these factors seemed to have no impact on the final results.

TABLE 2 Demographic and clinical characteristics of control group and SSc subtypes.

Variable Control 
group

dcSSc lcSSc p Post-hoc

Control 
group vs. 

dcSSc

Control 
group vs. 

IcSSc

dcSSc vs. 
IcSSc

Number of patients 40 22 11

Number of eyes 80 44 22

Age, years, mean ± SD 50.43 ± 10.52 51.41 ± 13.92 50.09 ± 8.55 0.9332

Sex, F, n (%) 22 (55.0) 14 (63.6) 10 (90.9) 0.0911

Sex, M, n (%) 18 (45.0) 8 (36.4) 1 (9.1)

MAP, mean ± SD 97.21 ± 12.43 87.63 ± 10.44 84.13 ± 6.01 0.0012 0.009 0.005 0.694

Nicotine, n (%) 6 (15.0) 2 (9,1) 1 (9,1) 0.8851

logMAR, median 0.00 0.00 0.00 0.9193

IOP [mmHg], mean ± SD 15.37 ± 2.13 13.58 ± 3.38 14.76 ± 2.75 0.0052 0.003 0.682 0.294

AL [mm], mean ± SD 23.39 ± 0.97 23.23 ± 0.76 23.00 ± 0.94 0.1792

Duration of the disease [years], 

median (Q1;Q3)
– 4.00 (2.00;10.00) 5.00 (2.00;10.00) 0.8173

Pulmonary involvement, n (%) – 18 (81.8) 4 (36.4) 0.0181

Cardiac involvement, n (%) – 8 (36.4) 3 (27.3) 0.7091

Joint involvement, n (%) – 8 (36.4) 8 (72.7) 0.071

Digital ulcers (present/history), n (%) – 9 (40.9) 2 (18.2) 0.2591

Anti-Scl70 positive, n (%) – 16 (80.0) 0 (0.0) <0.0011

Anti-centromere positive, n (%) – 2 (10.0) 5 (50.0) 0.0261

Other Abs positive, n (%) – 8 (40.0) 5 (50.0) 0.0911

SSc, systemic sclerosis; dcSSc, diffuse SSc; lcSSc, limited SSc; F, female; M, male; BP, blood pressure; IOP, intraocular pressure; AL, axial length; CRP, C-reactive protein; ESR, erythrocyte 
sedimentation rate; h, hours; Abs, antibodies. Groups compared with chi-square test or Fisher exact test1 for nominal variables and with ANOVA2 or Kruskal-Wallis test3 for continuous 
variables. Post hoc tests used: Tukey test for ANOVA, Dunn test for Kruskal-Wallis test, p < 0.05 was considered statistically significant (highlighted with bold).
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The SSc and control groups differed significantly with regard to IOP, 
and further analyses showed that the dcSSc group differed in IOP 
compared to the control group. IOP was similar within the SSc subtypes 
and between eyes stratified according to SSc pattern using nailfold 
capillaroscopy. It seems that this difference did not affect the thickness 
of the peripapillary choroid. In a study by Huang et al., the average pCT 
in healthy controls decreased linearly with age, but other factors, such 
as IOP or MAP, were significantly related to average pCT (52). On the 
other hand, as patients with dcSSc presented with lower IOP values, one 
may speculate that this could have a protective effect, compensating for 
thinner choroids in the context of GON pathogenesis.

The thinning of RNFL as a result of progressive loss of ganglion cell 
axons is a cardinal feature of GON (53). Few studies have evaluated the 
structural glaucomatous abnormalities detected by OCT in patients 
with SSc; those that exist show conflicting results, but indicate that the 
detected abnormalities suggest SSc to be a major risk factor for the 
development of glaucomatous changes. Based on swept-source OCT 
(SS-OCT), Agapito Tito et al. observed a significant decrease in RNFL 
temporal quadrant thickness in patients with SSc compared to controls, 
but no differences were found in RNFL thickness and the macular 
ganglion cell complex (GCC) between the SSc subtypes. There was also 
an inverse correlation between disease duration and RNFL thickness 
and GCC. No significant correlations were found between NFC and 
OCT parameters. However, patients with osteoarthritis were included 
in the control group (7). In another study, the authors observed a 
thinner RNFL in the lower quadrant (SD-OCT) only in patients with 
an excavation/vertical disc ratio of 0.5 when compared with the control 
group (8). Hekimsoy et al. investigated OCT-A parameters of ONH and 

RNFL thickness using SD-OCT in patients with lcSSc. No significant 
differences were found in peripapillary vessel density and RNFL 
thickness in lcSSc patients compared with controls (54). This finding is 
consistent with our results, although dcSSc patients were not enrolled 
in the above-mentioned study. Our study group was divided into SSc 
subtypes; no significant difference was found in RNFL thickness 
between the lcSSc and dcSSc groups and the control group. However, 
when groups were categorized according to NFC, the temporal quadrant 
of pRNFL was significantly thicker in patients with an “early” SSc 
pattern than in those with an “active” pattern. Gomes et al. evaluated the 
association between capillaroscopy patterns and the presence of 
glaucoma in patients with SSc, but found no significant differences, 
although the SSc patterns in that study were classified as mild or severe 
(11). However, the basis of the glaucoma diagnosis was not specified and 
the NFC classification differed from our study design. The mechanisms 
underlying the reduction in temporal RNFL thickness in SSc have not 
been entirely elucidated, but could be  associated with greater 
susceptibility to vasoconstriction, endothelial damage, or ischemia in 
this region (7). Due to inconclusive data, further investigations focusing 
on the relationship between GON and SSc are required to address 
this issue.

The presence of giant capillaries is characteristic of “early” and 
“active” scleroderma patterns, while the presence of severely lowered 
density combined with abnormal shape is typical of “late” scleroderma 
patterns (30). The loss of capillaries, vascular architectural 
disorganization, and the presence of ramified/bushy capillaries (“late” 
SSc pattern) represents the clearest aspect of advanced SSc microvascular 
damage, regardless of the presence of a limited or diffuse subtype (55).

TABLE 3 Peripapillary choroidal parameters and RNFL thickness comparison between eyes of SSc patients and control group.

Variable
SSc group Control group

MD 95% CI p
Mean  ±  SD Mean  ±  SD

pTCA (μm2)

2,403

261.14 ± 689

870.89

2,548

699.87 ± 631

981.03

−145438.73 −367085.20; 76207.75 0.197

pLA (μm2)

1,549

602.62 ± 464

458.83

1,678

577.18 ± 430

596.33

−128974.56 −278905.43; 20956.31 0.091

pSA (μm2)

853

658.52 ± 231

250.78

870

122.69 ± 210

444.28

−16464.16 −90569.55; 57641.23 0.661

pCVI (%) 64.25 ± 1.94 65.73 ± 2.12 −1.48 −2.15; −0.80 <0.001

pCT G (μm) 191.41 ± 59.49 203.05 ± 54.10 −11.64 −30.43; 7.14 0.223

pCT S (μm) 201.26 ± 61.08 218.24 ± 58.52 −16.98 −36.69; 2.73 0.091

pCT I (μm) 174.00 ± 61.13 177.43 ± 55.03 −3.43 −22.65; 15.80 0.725

pCT T (μm) 199.61 ± 70.71 213.36 ± 56.49 −13.76 −35.04; 7.53 0.203

pCT N (μm) 190.91 ± 56.56 203.44 ± 59.21 −12.53 −31.52; 6.46 0.194

pRNFL G (μm) 103.29 ± 10.69 101.33 ± 6.68 1.96 −1.04; 4.96 0.198

pRNFL S (μm) 126.95 ± 16.84 122.29 ± 10.92 4.67 −0.10; 9.43 0.055

pRNFL I (μm) 129.45 ± 18.85 131.25 ± 13.36 −1.8 −7.26; 3.67 0.517

pRNFL T (μm). median (Q1;Q3) 71.00 (65.00;78.00) 69.50 (63.75;75.25) 1.5 −1.00; 5.00 0.2551

pRNFL N (μm) 85.38 ± 16.65 82.10 ± 12.59 3.28 −1.64; 8.20 0.19

SSc, systemic sclerosis; pTCA, peripapillary total choroidal area; pLA, peripapillary luminal area; pSA, peripapillary stromal area; pCVI, peripapillary choroidal vascularity index; pCT, 
peripapillary choroidal thickness; pRNFL, peripapillary retinal nerve fiber layer; G, global; S, superior quadrant; I, inferior quadrant; T, temporal quadrant; N, nasal quadrant; MD, mean 
difference and CI, confidence interval. Data presented as mean ± SD, unless otherwise indicated. Groups compared with t-test or Mann–Whitney U test1. p < 0.05 was considered statistically 
significant (highlighted with bold).
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Sub-analysis of scleroderma patients stratified according to NFC 
pattern showed interesting results. Statistically significant differences 
in pTCA, pLA, pSA, and pCT were observed. The higher values for 

TCA, LA, and SA, and a thicker peripapillary choroid (except for the 
nasal quadrant) in patients with a “late” capillaroscopy SSc pattern 
compared to those with an “active” SSc pattern were surprising. No 

TABLE 5 Regression analysis testing factors associated with pCVI in the control group.

β SE B p R2 Pseudo R2

Age, years 0.013 0.025 0.080 0.624 0.007 −0.020

Sex. male −0.376 0.533 – 0.486 0.013 −0.013

MAP −0.010 0.024 −0.079 0.658 0.007 −0.027

Nicotine 0.248 0.741 – 0.740 0.003 −0.024

AL [mm] −0.034 0.277 −0.020 0.903 0.000 −0.027

pTCA 0.000 0.000 0.246 0.126 0.062 0.037

pLA 0.000 0.000 0.335 0.035 0.115 0.091

pSA 0.000 0.000 0.061 0.709 0.004 −0.023

pCVI – – – – – –

pCT Global 0.006 0.005 0.204 0.206 0.043 0.017

pRNFL Global −0.030 0.041 −0.127 0.436 0.016 −0.010

MAP, mean arterial pressure; AL, axial length, pTCA, peripapillary total choroidal area; pLA, peripapillary luminal area; pSA, peripapillary stromal area; pCVI, peripapillary choroidal 
vascularity index; pCT, peripapillary choroidal thickness; pRNFL, peripapillary retinal nerve fiber layer; G, global; β, beta coefficient; SE, standard error; B, standardised beta. Only one eye per 
patient included into the analysis (eyes with better quality of OCT images selected). p < 0.05 highlighted with bold.

TABLE 4 Peripapillary choroidal parameters and RNFL thickness comparison between eyes of control group and SSc group stratified according to 
subtypes.

Post-hoc

Variable dcSSc group lcSSc group Control 
group

p Control group 
vs. dcSSc

Control group 
vs. IcSSc

dcSSc vs. 
IcSSc

Mean  ±  SD Mean  ±  SD

pTCA (μm2)

2,425

826.32 ± 726

132.28

2,358

130.79 ± 625

499.99

2,548

699.87 ± 631

981.03

0.397

pLA (μm2)

1,562

003.21 ± 488

305.14

1,524

801.43 ± 423

040.79

1,678

577.18 ± 430

596.33

0.224

pSA (μm2)

863

823.11 ± 244

324.83

833

329.36 ± 206

769.39

870

122.69 ± 210

444.28

0.793

pCVI (%) 64.13 ± 2.07 64.49 ± 1.67 65.73 ± 2.12 <0.001 <0.001 0.038 0.796

pCT G (μm) 195.89 ± 62.81 182.45 ± 52.45 203.05 ± 54.10 0.311

pCT S (μm) 206.80 ± 63.57 190.18 ± 55.50 218.24 ± 58.52 0.135

pCT I (μm) 177.50 ± 67.61 167.00 ± 46.12 177.43 ± 55.03 0.739

pCT T (μm) 207.77 ± 72.92 183.27 ± 64.56 213.36 ± 56.49 0.143

pCT N (μm) 191.82 ± 57.18 189.09 ± 56.59 203.44 ± 59.21 0.428

pRNFL G (μm) 103.73 ± 10.46 102.41 ± 11.35 101.33 ± 6.68 0.343

pRNFL S (μm) 127.45 ± 19.35 125.95 ± 10.46 122.29 ± 10.92 0.125

pRNFL I (μm) 127.61 ± 20.72 133.14 ± 14.13 131.25 ± 13.36 0.337

pRNFL T (μm). 

median (Q1;Q3)
72.50 (65.75;82.25) 70.00 (64.25;72.75) 70.00 (64.25;77.00) 0.1281

pRNFL N (μm) 85.39 ± 16.15 85.36 ± 18.02 82.10 ± 12.59 0.405

SSc, systemic sclerosis; systemic sclerosis; dcSSc, diffuse SSc; lcSSc, limited SSc; pTCA, peripapillary total choroidal area; pLA, peripapillary luminal area; pSA, peripapillary stromal area; 
pCVI, peripapillary choroidal vascularity index; pCT, peripapillary choroidal thickness; pRNFL, peripapillary retinal nerve fiber layer; G, global; S, superior quadrant; I, inferior quadrant; T, 
temporal quadrant; N, nasal quadrant. Data presented as mean ± SD, unless otherwise indicated. Groups compared with ANOVA or Kruskal-Wallis test1. Post hoc tests used: Tukey test for 
ANOVA, Dunn test for Kruskal-Wallis test. p < 0.05 was considered statistically significant (highlighted with bold).
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significant difference in pCVI was found between “early,” “active,” and 
“late” SSc pattern groups. Due to the small number of patients in each 
group, this issue requires further investigation. Shenavandeh et al. 
assessed retinal vascular changes in SSc patients, but found no 
evidence of a relationship between retinal vascular changes seen on 
fundus photography and SSc patterns upon NFC (56). However, this 
cannot be related to our study due to the functional and structural 
heterogeneity of retinal and choroidal circulation (57, 58).

There is a discrepancy between peripapillary choroidal thickness 
found in our study and studies by Fard et al. (59) and Huang et al. (52). 
Choroidal thickness measurements can vary significantly using three 
different definitions of the choroidal-scleral junction as posterior 
boundaries (60). In our study, choroidal thickness measurements were 
based on the identification of the outer border of the choroid stroma 
(Figure 1) which was also clearly seen after binarization of the images 

(Figure 2). Vuong et al. showed that this measurement method was 
more reproducible than the other methods (60).

The limitations of the present study, which must be  taken into 
account when interpreting the results, are the relatively small number 
of patients due to the rarity of the disease. A technical limitation is the 
possibility of erroneously high CVI measurements due to shadowing of 
the large superficial retinal vessels on circle peripapillary OCT scans, 
but this would apply to all studied subjects. The study was conducted 
during the COVID-19 pandemic, causing the study period to 
be  shortened, as scheduled hospital admissions were reduced. 
Additionally, except for three patients with SSc and preperimetric 
glaucoma, no patients with both SSc and more advanced glaucoma were 
included in the study. Such a group could potentially present more 
severe damage of the choroid. Although our study provides insight into 
the pathophysiology of the choroid in patients with systemic sclerosis, 

TABLE 6 Regression analysis testing factors associated with pCVI in SSc group.

β SE B p R2 Pseudo R2

Age, years −0.053 0.024 −0.367 0.026 0.134 0.106

Sex. male 0.291 0.705 – 0.683 0.005 −0.027

Nicotine −0.743 1.087 – 0.500 0.015 −0.017

AL [mm] −0.573 0.380 −0.261 0.142 0.068 0.038

MAP −0.092 0.033 −0.477 0.011 0.208 0.179

pTCA 0.000 0.000 0.395 0.023 0.156 0.129

pLA 0.000 0.000 0.464 0.006 0.216 0.190

pSA 0.000 0.000 0.252 0.158 0.063 0.033

pCVI – – – – – –

pCT Global 0.012 0.005 0.412 0.017 0.169 0.143

pRNFL Global 0.012 0.031 0.072 0.700 0.005 −0.028

dcSSc/lcSSc. IcSSc 0.469 0.663 – 0.484 0.016 −0.016

NFC active = baseline

Early −0.384 0.766 – 0.620 0.023 −0.042

Late −0.629 0.766 – 0.418

Duration of the disease [years] 0.008 0.043 0.033 0.854 0.001 −0.031

ESR [mm/2 h] 0.008 0.025 0.058 0.759 0.004 −0.033

CRP [mg/L] 0.042 0.155 0.050 0.786 0.003 −0.034

Anti-Scl70 positive −0.099 0.683 – 0.886 0.001 −0.035

Ant-centromere positive −0.206 0.805 – 0.800 0.002 −0.033

Other Abs positive 0.515 0.681 – 0.456 0.020 −0.015

Joint involvement 0.337 0.627 – 0.596 0.009 −0.023

Pulmonary involvement −0.209 0.667 – 0.757 0.003 −0.029

Cardiac involvement −1.448 0.615 – 0.025 0.152 0.124

Digital ulcers (present/history) 0.093 0.668 – 0.890 0.001 −0.032

PDE inhibitors −0.089 0.629 – 0.888 0.001 −0.032

Ca-blocker 0.767 0.694 – 0.284 0.037 0.006

Hydroxychoroquine 0.093 0.769 – 0.905 0.000 −0.032

Steroids 0.715 0.624 – 0.261 0.041 0.009

Diuretic −1.320 0.643 – 0.048 0.120 0.092

MAP, mean arterial pressure; AL, axial length, pTCA, peripapillary total choroidal area; pLA, peripapillary luminal area; pSA, peripapillary stromal area; pCVI, peripapillary choroidal 
vascularity index; pCT, peripapillary choroidal thickness; pRNFL, peripapillary retinal nerve fiber layer; G, global; SSc, systemic sclerosis; dcSSc, diffuse SSc; lcSSc, limited SSc, CRP, C-reactive 
protein; ESR, erythrocyte sedimentation rate; h, hours; Abs, antibodies; PDE, phosphodiesterase; β, coefficient from the regression model; SE, standard error. p < 0.05 highlighted with bold. 
Only one eye per patient included into the analysis (eyes with better quality of OCT images selected).
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TABLE 7 Comparison of peripapillary choroidal parameters and RNFL thickness between eyes stratified according to SSc pattern on nailfold 
capillaroscopy.

Variable “Early” SSc 
pattern

“Active” SSc 
pattern

“Late” SSc 
pattern

p Post hoc

Active vs. 
Early

Active vs. 
Late

Early vs. 
Late

pTCA (μm2)

2,316

186.00 ± 707

103.21

2,238

800.32 ± 542

810.82

2,766

335.00 ± 787

284.69

0.034 0.921 0.032 0.119

pLA (μm2)

1,491

862.06 ± 486

531.23

1,445

338.93 ± 371

376.74

1,782

468.12 ± 520

849.43

0.048 0.937 0.046 0.143

pSA (μm2)

824

323.94 ± 226

247.40

793

461.39 ± 177

865.52

983

866.88 ± 272

261.92

0.020 0.888 0.018 0.090

pCVI (%) 63.99 ± 2.17 64.38 ± 1.94 64.31 ± 1.78 0.796

pCT G (μm) 181.72 ± 62.76 176.47 ± 44.21 226.00 ± 67.07 0.012 0.948 0.012 0.055

pCT S (μm) 185.00 ± 64.67 190.27 ± 44.22 235.83 ± 70.64 0.016 0.950 0.028 0.029

pCT I (μm) 171.44 ± 61.40 154.10 ± 44.78 209.72 ± 70.98 0.007 0.572 0.005 0.121

pCT T (μm) 189.78 ± 76.03 180.93 ± 53.74 240.56 ± 76.91 0.012 0.898 0.011 0.669

pCT N (μm) 180.94 ± 59.74 180.43 ± 48.94 218.33 ± 59.02 0.052

pRNFL G (μm) 105.50 ± 9.80 102.03 ± 12.04 103.17 ± 9.28 0.560

pRNFL S (μm) 128.83 ± 12.94 125.43 ± 21.12 127.61 ± 12.13 0.785

pRNFL I (μm) 131.61 ± 13.37 129.63 ± 20.04 127.00 ± 21.98 0.768

pRNFL T (μm), 

median (Q1;Q3)
74.50 (70.25;79.50) 69.00 (61.25;72.00) 71.50 (68.25;79.00) 0.0461 0.009 0.058 0.237

pRNFL N (μm) 85.89 ± 18.26 85.17 ± 17.57 85.22 ± 14.14 0.989

SSc, systemic sclerosis; pTCA, peripapillary total choroidal area; pLA, peripapillary luminal area; pSA, peripapillary stromal area; pCVI, peripapillary choroidal vascularity index; pCT, 
peripapillary choroidal thickness; pRNFL, peripapillary retinal nerve fiber layer; G, global; S, superior quadrant; I, inferior quadrant; T, temporal quadrant; N, nasal quadrant. Data presented 
as mean ± SD, unless otherwise indicated Groups compared with ANOVA or Kruskal-Wallis test1. Post hoc tests used: Tukey test for ANOVA, Dunn test for Kruskal-Wallis test. p < 0.05 was 
considered statistically significant (highlighted with bold).

longitudinal observation would facilitate future studies by documenting 
pRNFL changes over time and the possible development of GON in 
patients with SSc. Inclusion of not only RNFL, but also ganglion cell 
complexes [as a more sensitive parameter for risk/occurrence of 
glaucoma (61)] in the analysis could also be informative.

In conclusion, our cohort of patients with SSc presented alterations 
of choroidal characteristics. The differences were variable depending on 
the approach to patient stratification. A decrease in pCVI in patients 
with SSc compared to the control group reflects a decrease in the 
vascular layer within the peripapillary area, which would support the 
vascular hypothesis for an increased risk of GON in patients with SSc.
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Changes in foveal avascular zone 
area and retinal vein diameter in 
patients with retinal vein occlusion 
detected by fundus fluorescein 
angiography
Dingying Liao 1, Zixia Zhou 1, Fei Wang 1, Bin Zhang 1, 
Yanfen Wang 2, Yuping Zheng 2*† and Jinying Li 1*†

1 Department of Ophthalmology, Shenzhen Hospital, Peking University, Shenzhen, China, 2 Department 
of Ophthalmology, Second Affiliated Hospital, Xi’an Jiaotong University, Xi’an, China

Purpose: To investigate changes in foveal avascular area (FAZ) and retinal vein 
diameter in patients with retinal vein occlusion (RVO) after intravitreal ranibizumab, 
and to analyze the correlation between ranibizumab therapy and visual gain.

Methods: This retrospective study enrolled 95 eyes of 95 patients who had 
accepted three consecutive monthly ranibizumab injections, including 50 branch 
RVOs (BRVOs) and 45 central RVOs (CRVOs). BRVOs were divided into ischemia 
group (n =  32) and non-ischemia group (n =  18), and CRVOs also had ischemia 
group (n  =  28) and non-ischemia group (n  =  17). Comprehensive ophthalmic 
examinations were performed before the first injection and after 6, 12, and 
24  months. The FAZ was manually circumscribed on early-phase images of 
fundus fluorescein angiography. Retinal vein diameters were measured on fundus 
photographs.

Results: After three injections, the FAZ area was significantly enlarged firstly and 
then reduced in all ischemic RVOs and the non-ischemic BRVOs (p  <  0.05), while 
the retinal vein diameter was significantly reduced firstly and then increased in all 
groups except for unobstructed branch veins of non-ischemic BRVOs (p  <  0.05). 
The correlation between the FAZ area and best corrected visual acuity was 
statistically significant in all CRVOs (non-ischemic, r  =  0.372; ischemic, r  =  0.286; 
p  <  0.01) and ischemic BRVOs (r  =  0.180, p  <  0.05). Spearman’s correlation analysis 
revealed that the retinal vein diameter was significantly correlated to the larger 
FAZ area in obstructed branch veins of ischemic BRVOs (r  =  −0.31, p  <  0.01), 
inferior temporal branch veins of non-ischemic CRVOs (r  =  −0.461, p  <  0.01) 
and ischemia CRVO groups (superior temporal branch vein, r  =  −0.226, p  <  0.05; 
inferior temporal branch vein, r  =  −0.259, p  <  0.01).

Conclusion: After three consecutive monthly ranibizumab injections, the FAZ 
area was enlarged and retinal vein diameter reduced with gradual recovery to 
near baseline from 12  months. These results suggest that ranibizumab therapy 
can worsen macular ischemia and prevent visual gain in the short term. It has 
important significance for the treatment and prognosis of RVO, although the 
natural course of RVO may also affect ischemia and visual gain.

KEYWORDS

retinal vein occlusion, fundus fluorescein angiography, intravitreal injection, foveal 
avascular zone, vessel diameter, best corrected visual acuity
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1. Introduction

Retinal vein occlusion (RVO) is a prevalent retinal vascular 
disorder, ranking second after diabetic retinopathy (1). Its 
incidence rises with age, affecting predominantly elderly 
individuals, with an estimated global prevalence of over 16 million 
people (2). RVO encompasses two main types: branch retinal vein 
occlusion (BRVO) and central retinal vein occlusion (CRVO). 
Common risk factors associated with RVO include diabetes, 
hypertension, dyslipidemia, and smoking. The condition 
manifests through retinal ischemia, vascular tortuosity, retinal 
hemorrhage, and macular edema due to obstruction of retinal 
veins at arteriovenous crossings (3).

Fundus fluorescein angiography (FFA) has long been 
established as the gold standard diagnostic tool for evaluating 
retinal vascular diseases, including RVO (4). This technique 
involves the intravenous injection of fluorescein dye, followed by 
capturing sequential images of the dye’s circulation within the 
retinal vessels using a specialized camera (5). By analyzing the 
dynamics of the dye’s distribution, FFA provides valuable 
information about the perfusion status, presence of vascular 
abnormalities, and alterations in the foveal avascular zone (FAZ) 
associated with RVO (6, 7).

The evaluation of RVO using FFA enables clinicians to 
visualize and assess the extent of retinal vascular involvement (8). 
The presence of venous obstruction, areas of non-perfusion, 
capillary leakage, and neovascularization can be detected, aiding 
in the accurate diagnosis and classification of RVO (9). 
Additionally, FFA allows for the precise assessment of FAZ 
alterations, which play a crucial role in determining visual 
outcomes in patients with retinal vascular diseases (10).

Through FFA, clinicians can analyze the FAZ area, which 
represents the central region of the retina devoid of blood vessels. 
Changes in FAZ area, such as enlargement or irregularity, have 
been associated with the severity and prognosis of RVO (11–13). 
These alterations can reflect the extent of retinal ischemia and 
provide insights into the functional impairment experienced 
by patients.

The combination of FFA with advanced image analysis 
techniques allows for a more comprehensive evaluation of 
RVO. Image analysis algorithms can provide quantitative 
measurements and objective assessments of FAZ area and other 
vascular parameters, reducing subjectivity and potential 
diagnostic errors associated with manual interpretation (14). This 
integration enhances the accuracy and reliability of RVO diagnosis 
and monitoring.

In this study, we aim to evaluate FAZ area and retinal vein 
diameter changes in eyes with RVO after ranibizumab therapy. 
We  will utilize the gold standard FFA technique to assess the 
perfusion status, vascular abnormalities, and alterations in the 
FAZ. Incorporating advanced image analysis algorithms will 
enable us to obtain objective and quantitative measurements of 
these parameters. By investigating the correlations between FAZ 
area, retinal vein diameter, and best-corrected visual acuity 
(BCVA) following intravitreal ranibizumab treatment, we can gain 
a better understanding of the effects of anti-VEGF therapy on 
retinal vascular and structural parameters and their relationship 
with visual outcomes in RVO patients.

2. Materials and methods

2.1. Study population and design

In this retrospective, observational, and consecutive series study, 
235 patients with RVO who visited the Ophthalmology Department of 
the Second Affiliated Hospital of Xi’an Jiaotong University (Shaanxi, 
China) were enrolled from August 2020 to September 2022. This study 
ultimately included 50 eyes of 50 patients with BRVO and 45 eyes of 45 
patients with CRVO that were treated with ranibizumab (Lucentis; 
Genentech, San Francisco, CA, United States) by three consecutive 
intravitreal injection. These patients have received 6–8 injections (3 
consecutive and 3–5 PRN treatments) within 24 months, with the 
decision for PRN treatments based on the degree of macular edema 
observed via OCT. In CRVO patients, an FFA result indicating a total 
area of non-perfusion in retinal capillaries greater than 10 DA (disc 
area) is classified as ischemic, while less than or equal to 10 DA is 
classified as non-ischemic. For BRVO patients, an FFA result 
demonstrating a total area of non-perfusion in retinal capillaries greater 
than 5 DA is considered ischemic, whereas less than or equal to 5 DA is 
categorized as non-ischemic. The 50 BRVOs were divided into an 
ischemia group (n = 32) and a non-ischemia group (n = 18). The 45 
CRVOs were also divided into an ischemia group (n = 28) and a 
non-ischemia group (n = 17). These 95 patients accepted injections 
monthly for three consecutive months. All patients signed an informed 
consent form. This study procedure adhered to the tenets of the 
Declaration of Helsinki.

Demographic data and clinical records of systemic diseases, medical 
and ophthalmic histories were obtained from all patients. Each patient 
underwent comprehensive ophthalmic examinations the day before and 
the day after treatment. FFA was performed for each patient before 6, 
12, and 24 months after the first intravitreal injection. The inclusion 
criteria were: (1) treatment-naive RVO patients; and (2) BCVA of 20/50 
or worse if there were no other existing ocular diseases, including media 
opacity, uveitis, diabetic retinopathy, retinal arterial occlusion, 
glaucoma, and age-related macular degeneration. Patients with high 
myopia (over 8D), high astigmatism (over 3D), epiretinal membrane, 
or a history of pars plana vitrectomy were excluded. Eyes with poor-
quality images on FFA due to eye movement were also excluded.

2.2. Ranibizumab injections

Intravitreal ranibizumab injections were administered in the 
operating room under strictly sterile conditions. Each patient was 
given an intravitreal injection of ranibizumab (0.05 mL), which was 
administered with a 30G needle inserted at 4 mm (phakic eyes) or 
3.5 mm (pseudophakic eyes) from the limbus. The light perception of 
the eye was confirmed immediately after injection. In the following 
3 days, the slit lamp examination was performed to check for any 
possible intraocular inflammation.

2.3. Fundus fluorescein angiography and 
measurement of the FAZ area

For the measurement of the FAZ area, FFA was performed with a 
scanning laser device known as the Heidelberg Spectralis HRA 
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(Heidelberg Retina Angiograph II; Heidelberg Engineering, 
Heidelberg, Germany) (Figure 1). RVO was defined by delayed venous 
filling in the region of retinal nonperfusion and obstructed veins, 
which may be caused by microvascular circulation abnormalities. The 
boundaries of the FAZ were manually delineated by two independent 
observers who were masked to the BCVA, and the area of FAZ was 
automatically measured by the software of the device in early-phase 
images after it was delineated (15).

2.4. Other ophthalmic parameters and their 
measurement

Fundus images were captured with a fundus camera (Topcon 
Imagenet, Tokyo, Japan). Two independent observers manually 
measured the vertical diameters of the superior and inferior 
temporal retinal veins using Adobe Photoshop CC (Adobe Systems, 
Inc. San Jose, CA, United States). The BCVA of each patient was 
measured at a distance of 4 m (or 1 m if necessary) following the 
guidance of the Early Treatment Diabetic Retinopathy Study 
(ETDRS) charts.

2.5. Statistical analyses

For statistical analysis, the BCVA was measured with ETDRS 
charts and converted to the logarithm of the minimal angle of 
resolution (LogMAR) scale. Comparisons between the BCVA before 
and after treatment were calculated using the nonparametric Wilcoxon 
signed rank tests. The bivariate relationships were assessed with the 
Spearman’s correlational coefficient. All statistical analyses were 
performed using IBM SPSS Statistics version 21.0 (SPSS Inc., Chicago, 
IL, United  States). A p value of <0.05 was considered 
statistically significant.

3. Results

3.1. Clinical characteristics of patients

A total of 235 patients with RVO were initially enrolled in this 
study, and 140 were excluded according to criteria. Therefore, 95 eyes 

of 95 subjects (50 BRVO patients and 45 CRVO patients) who received 
three consecutive and PRN ranibizumab injections met the criteria for 
the present study.

The clinical characteristics and outcomes of all patients are 
summarized in Table 1. The mean age of the patients with BRVO 
was 58.92 years (range, 35–82 years), and the mean age of the 
patients with CRVO was 63.20 years (range, 39–88 years). The 
mean BCVA was improved from 0.47 ± 0.21 before treatment to 
0.45 ± 0.25 after follow-up in the BRVO group, and from 
0.64 ± 0.23 before treatment to 0.61 ± 0.32 after follow-up in the 
CRVO group.

3.2. The trend of changes in the FAZ area 
from baseline to follow-up

The mean size of the FAZ changed from 0.44 ± 0.30 mm2 to 
0.48 ± 0.31 mm2 in non-ischemia BRVO patients and from 
0.61 ± 0.22 mm2 to 0.67 ± 0.31 mm2 in ischemia BRVO patients. For 
CRVO patients, the mean FAZ area changed from 0.60 ± 0.27 mm2 to 
0.61 ± 0.38 mm2 in the non-ischemia group and from 0.69 ± 0.21 mm2 
to 0.76 ± 0.25 mm2 in the ischemia group.

Most patients with ischemic and non-ischemic BRVO and 
CRVO had an obviously enlarged FAZ area after ranibizumab 
treatment, and a small number of patients had a reduced FAZ 
area, whereas only a few patients showed a stable FAZ area after 
three injections. The FAZ area was enlarged after ranibizumab 
treatment and persisted for a while, and then it reduced gradually. 
Compared with baseline, there was a significant increase in the 
size of the FAZ area at 6 and 12 months after the first injection. At 
the last FFA (24 months after the first injection), most cases 
showed an obvious decrease in the size of the FAZ, although it was 
still a little bigger than the pretreatment baseline value (Table 2; 
Figures 2, 3).

3.3. Changes of retinal vein diameter 
before treatment and follow-up

The retinal vein diameter data used in the present study were 
obtained by measuring the obstructed and unobstructed branch veins 
in BRVO patients and the superior and inferior temporal branch veins 

FIGURE 1

Fundus fluorescein angiography (FFA) platform.
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in CRVO patients. Except for the unobstructed branch veins of the 
non-ischemic BRVO group, the retinal vein diameters were 
significantly reduced after ranibizumab treatment and then recovered 
gradually (p < 0.05), and these tendencies were the same with the FAZ 
area (Table 2; Figure 4).

3.4. Changes correlations between FAZ 
area, retinal vein diameter, and BCVA

After ranibizumab treatment, LogMAR visual acuity significantly 
reduced along with FAZ area enlargement in eyes with CRVO groups 

TABLE 1 Baseline clinical characteristics and outcome of patients with retinal vein occlusion.

BRVO (n =  50) CRVO (n =  45)

Age (years) 58.92 ± 11.19 63.20 ± 12.18

Sex (n, F/M) 18/32 20/25

Period from onset to 1st injection treatment (weeks) 5.08 ± 3.80 3.56 ± 2.69

Systemic diseases

Hypertension (n, %) 31, 62% 33, 73%

Diabetics mellitus (n, %) 26, 52% 28, 62%

Hypercholesteremia (n, %) 20, 40% 27, 60%

BCVA (logMAR)

Before treatment 0.47 ± 0.21 0.64 ± 0.23

After follow-up 0.45 ± 0.25 0.61 ± 0.32

Foveal thickness (um)

Before treatment 409.38 ± 182.48 410.17 ± 148.13

After follow-up 201.63 ± 86.57 343.83 ± 127.45

N, number of eyes; %, rate of eyes; BRVO, branch retinal vein occlusion; CRVO, central retinal vein occlusion; BCVA, best correct visual acuity; MAR, minimum angle of resolution; F, female; 
M, male.

TABLE 2 The trend of changes in FAZ area and retinal vein diameter before treatment and follow-up.

Parameter Baseline 6  months 12  months 24  months p

FAZ area(mm2)

  BRVO

   Non-ischemia 0.44 ± 0.30 0.59 ± 0.39 0.66 ± 0.48 0.48 ± 0.31 0.256

   Ischemia 0.61 ± 0.22 0.81 ± 0.29 0.92 ± 0.36 0.67 ± 0.31 0.000**

  CRVO

   Non-ischemia 0.60 ± 0.27 0.83 ± 0.37 0.91 ± 0.45 0.61 ± 0.38 0.042*

   Ischemia 0.69 ± 0.21 0.85 ± 0.20 0.92 ± 0.27 0.76 ± 0.25 0.001**

Vessel diameter (×10−2 mm)

  BRVO

   Non-ischemia

    Obstructed BV 20.89 ± 1.74 19.00 ± 1.76 18.81 ± 2.20 19.69 ± 2.57 0.018*

    Unobstructed BV 16.54 ± 2.93 14.46 ± 3.23 14.75 ± 2.25 16.06 ± 1.89 0.057

   Ischemia

    Obstructed BV 20.33 ± 2.25 18.00 ± 2.12 17.93 ± 1.91 18.71 ± 3.39 0.000**

    Unobstructed BV 17.05 ± 3.15 14.53 ± 3.01 14.53 ± 2.84 15.80 ± 2.84 0.002**

  CRVO

   Non-ischemia

    Superior-temporal BV 18.42 ± 1.56 15.94 ± 1.53 16.62 ± 1.76 17.14 ± 1.99 0.001**

    Inferior-temporal BV 19.68 ± 1.40 16.7 ± 1.59 17.82 ± 1.69 18.72 ± 1.92 0.000**

   Ischemia

    Superior-temporal BV 20.33 ± 1.99 17.45 ± 1.85 16.97 ± 2.19 19.12 ± 2.37 0.000**

    Inferior-temporal BV 21.96 ± 1.95 19.32 ± 2.12 18.21 ± 1.31 19.82 ± 2.03 0.000**

FAZ, foveal avascular zone; BRVO, branch retinal vein occlusion; CRVO, central retinal vein occlusion; BV, branch vein. * p < 0.05, ** p < 0.01.
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FIGURE 2

The changes of FAZ area for 95 patients based on FFA results. Scatter plots for the FAZ area in patients with RVO before the first injection and 6, 12, and 
24  months after the first injection. (A) Non-ischemia BRVO; (B) Ischemia BRVO; (C) Non-ischemia CRVO; (D) Ischemia CRVO. Changes of the FAZ after 
treatment are represented by lines. Each line shows the trend of FAZ area changes for one patient. The four points indicated the FAZ area at baseline 
(before injection) and 6, 12, and 24  months after the first injection.

FIGURE 3

Changes of the FAZ area before and 6, 12, and 24  months after the first injection. The four times measurement of FAZ area for one of the BRVO 
patients (A–D) and one of the CRVO patients (E–H) by FFA. The FAZ area was enlarged until 12  months, and it then reduced gradually.
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(non-ischemic, r = 0.327, p < 0.001; ischemic, r = 0.286, p < 0.001) and 
in eyes with ischemic BRVO group (r = 0.180, p < 0.05), but not in eyes 
with non-ischemic BRVO (r = 0.200, p > 0.05) (Table 3).

There was a significantly negative correlation between the FAZ 
area and the diameter of the obstructed branch veins in ischemic 
BRVO group (r = −0.310, p < 0.01), whereas the non-ischemia BRVO 
groups and the unobstructed branch veins of ischemia BRVO group 
did not show such correlation (p > 0.05). The branch vein diameter of 
ischemic CRVO groups and the inferior temporal branch vein 
diameter of non-ischemic CRVO group had a significant negative 
association with the FAZ area (p < 0.05), but the superior temporal 
branch veins of the non-ischemia CRVOs did not show the same 
tendency (p > 0.05) (Table 4).

4. Discussion

In patients with RVO, vein occlusion could lead to elevated venous 
pressure, turbulent blood flow, and overloading drainage capacity, 

which may cause dilation of retinal veins and capillaries (16). 
Simultaneously, the intraocular level of VEGF increases sharply 
during vein occlusion and is the most important mediator responsible 
for the development of neovascularization and macular edema. Thus, 
the VEGF inhibitor has been proven to be  an effective first-line 
therapeutic strategy for treating neovascularization and macular 
edema secondary to RVO (17).

Several researchers hold a view that the VEGF blockade may lead 
to a poor progression of the retinal nonperfusion area (18, 19), while 
Campochiaro et al. have reported that the VEGF blockade not only 
prevented the worsening of retinal ischemia but also promoted the 
retinal reperfusion (20). The findings of this study were comparable 
to studies that similarly reported that the FAZ area changed after 
ranibizumab treatment in patients with RVO. If RVO patients who 
presented with macular edema already have severe parafoveal capillary 
dropout before treatment, the macular ischemia may not recover even 
after the resolution of the macular edema. Moreover, the present study 
showed that the enlargement of the FAZ area was transient and could 
return to near baseline at 24 months after injection. Samara et  al. 

FIGURE 4

Changes of the retinal vein diameter before and 6, 12, and 24  months after the first injection. The four times measurement of retinal vein diameter for 
one of the BRVO patients (A–D) and one of the CRVO patients (E–H) in fundus photographs. The retinal vein diameter was decreased until 12  months, 
and then it increased gradually.

TABLE 3 The correlation between FAZ area and BCVA (LogMAR).

Parameter FAZ area BCVA (LogMAR) r p

BRVO

  Non-ischemia 0.54 ± 0.38 0.43 ± 0.20 0.200 0.092

  Ischemia 0.75 ± 0.32 0.54 ± 0.24 0.180 0.041*

CRVO

  Non-ischemia 0.74 ± 0.39 0.60 ± 0.29 0.327 0.007**

  Ischemia 0.81 ± 0.25 0.72 ± 0.27 0.286 0.002**

BRVO, branch retinal vein occlusion; CRVO, central retinal vein occlusion; BCVA, best corrected visual acuity; FAZ, foveal avascular zone; BV, branch vein. * p < 0.05, ** p < 0.01.
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measured the FAZ area of healthy subjects (ranging from 0.21 to 
0.41mm2) by FFA (21). Feucht et  al. and Erol et  al. reported that 
enlargement of the FAZ area was observed on FFA images after 
intravitreal anti-VEGF treatment in patients with diabetic retinopathy 
or RVO (22, 23). However, other studies have arrived at a controversial 
conclusion that the FAZ area remained statistically unchanged before 
and after anti-VEGF therapy (24). Several possible factors contribute 
to these opposite results, including the follow-up of these studies 
varied from 6 months to 20 months, the different number of injections, 
and the patient sample size. The FAZ area of CRVO eyes was larger 
than that of BRVO eyes due to much greater VEGF activity in the 
vitreous of CRVO eyes, particularly in the ischemic type.

The present study found the retinal vein diameter of many RVO 
patients was significantly reduced after anti-VEGF treatment 
compared with baseline. This phenomenon could be explained by 
adverse vasoconstrictive effects of anti-VEGF therapy that were 
reduction of retinal flow velocity and vein diameter (25, 26). In 
addition, most of the retinal veins in RVO eyes were thicker than those 
in normal eyes mainly because VEGF could lead to vessel dilation and 
increased ocular blood flow by enhancing the endothelial nitric oxide 
synthetic rate and upregulating the activity of VEGF receptors in 
human endothelial cells (27). In normal eyes, the mean vessel 
diameters of the superior temporal veins and the inferior temporal 
veins were shown to be  17.15 ± 1.56 × 10−2 mm and 
14.86 ± 3.37 × 10−2 mm, respectively, indicating that the inferior 
temporal vein diameter is normally thinner than that the superior 
temporal vein diameter, which was also proven by Ouyang et al. (28). 
The present study show that the diameter of superior temporal veins 
was thinner than that of the inferior ones in eyes with BRVO and 
CRVO, regardless of whether they were measured at baseline or after 
treatment. Retinal vein obstruction occurs easily in the superior 
temporal veins. Weinberg’s study could also partially support the 
similar result that there was a greater proportion of vein-posterior 
crossing in superior temporal veins than in inferior temporal veins; 
thus, most BRVOs occurred in the retinal superior temporal 
quadrant (29).

As shown in the present study, the FAZ area had a negative 
correlation with BCVA (LogMAR) after treatment in eyes in both 
CRVO groups and in the ischemic BRVO group, but not in eyes with 
non-ischemic BRVO. This result was partially in line with a report 
from a previous study that an enlargement of the FAZ area correlated 
negatively with poor visual outcomes (30). However, the correlation 
of the FAZ area and BCVA was shown differently in many studies. 
Balaratnasingam et al. demonstrated that the FAZ area measured with 
FFA was significantly correlated with BCVA in eyes with RVO and 
diabetic retinopathy, and it was an important predictor for evaluating 
visual function after treatment of these diseases (14). On the contrary, 
Remky et al. postulated that the FAZ area was negatively correlated 
with BCVA in BRVO eyes but not in CRVO eyes (31). There are many 
reasons for the discrepancy in the relationship between the FAZ area 
and BCVA in the two types of RVO, which may be due to intraretinal 
cystic changes, degree of macular edema, disorganization of the retinal 
inner layers, length and integrity of the ellipsoid zone band. All these 
factors could affect the improvement of BCVA during follow-up.

In the present study, vein diameter reduced significantly along with 
the enlargement of the FAZ area after anti-VEGF treatment in eyes with 
RVO. The obvious vasoconstriction in retinal veins may be interpreted 
as a return to the normal diameter from a previously vasodilated status 
due to VEGF inhibition. After anti-VEGF therapy, the diameter of the 
obstructed branch veins in eyes with ischemic BRVO and the diameter 
of the branch veins in eyes with CRVO had negative correlations with the 
FAZ area, but this correlation was not observed in most of eyes with 
BRVO or the superior temporal branch veins of non-ischemic CRVO 
eyes. This finding indicated that the branch veins of non-ischemic BRVO 
eyes and the unobstructed branch veins of ischemic BRVO eyes may still 
have normal circulation and can maintain their filling degree without 
depending on the FAZ ischemia status. The obstructed branch veins of 
ischemic BRVO eyes already have impaired circulation, which can 
be affected by the adjacent branch retinal veins near the fovea. In the 
ischemic CRVO groups, the superior and inferior temporal branch veins 
were both affected by occlusion, and the circulation of inferior ones was 
weaker than that of superior ones due to anatomical characteristics. 

TABLE 4 The correlation between FAZ area and retinal vessel diameter.

Parameter FAZ area (mm2) Vessel diameter (×10−2 mm) r p

BRVO

  Non-ischemia 0.54 ± 0.38

   Obstructed BV 19.60 ± 2.21 −0.058 0.628

   Unobstructed BV 15.45 ± 2.72 0.226 0.056

  Ischemia 0.75 ± 0.32

   Obstructed BV 18.74 ± 2.64 −0.310 0.000**

   Unobstructed BV 15.48 ± 3.11 0.098 0.270

CRVO

  Non-ischemia 0.74 ± 0.39

   Superior-temporal BV 17.03 ± 1.91 −0.205 0.093

   Inferior-temporal BV 18.23 ± 1.97 −0.461 0.000**

  Ischemia 0.81 ± 0.25

   Superior-temporal BV 18.47 ± 2.48 −0.259 0.006**

   Inferior-temporal BV 19.83 ± 2.30 −0.226 0.017*

BRVO, branch retinal vein occlusion; CRVO, central retinal vein occlusion; FAZ, foveal avascular zone; BV, branch vein. * p < 0.05, ** p < 0.01.
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Therefore, the diameter of the superior branch veins of non-ischemic 
CRVO eyes were rarely affected by the FAZ ischemia degree.

5. Conclusion

The integration of a FFA platform with image analysis techniques 
has provided valuable insights into the detection and evaluation of 
RVO. Consecutive intravitreal ranibizumab injections can cause 
significant short-term enlargement of the FAZ area and decreased 
retinal vein diameter in eyes with RVO, although the natural course 
of RVO may also affect ischemia and visual gain. After 12 months, the 
FAZ area and retinal vein diameter begin to recover and return to near 
baseline until 24 months. Ranibizumab therapy may cause macular 
ischemia to become more severe and affect BCVA for a short time. 
These findings highlight a potential adverse effect of consecutive 
ranibizumab therapy, which needs to be taken into consideration in 
the treatment and prognosis of RVO. The FFA platform with image 
analysis techniques offers a valuable tool for accurate detection, 
monitoring, and management of RVO, aiding clinicians in making 
informed treatment decisions for improved patient outcomes.
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Macular changes following 
cataract surgery in eyes with early 
diabetic retinopathy: an OCT and 
OCT angiography study
Huiping Yao , Zijian Yang , Yu Cheng  and Xi Shen *

Department of Ophthalmology, Ruijin Hospital, Shanghai Jiao Tong University School of Medicine, 
Shanghai, China

Background: To evaluate changes in macular status and choroidal thickness (CT) 
following phacoemulsification in patients with mild to moderate nonproliferative 
diabetic retinopathy (NPDR) using optical coherence tomography.

Methods: In this prospective study, all of the patients underwent uncomplicated 
phacoemulsification. Retinal superficial capillary plexus vascular density (SCP-
VD), macular thickness (MT), and CT were measured pre- and postoperatively.

Results: Twenty-two eyes of 22 cataract patients with mild to moderate 
NPDR without diabetic macular edema (DME) and 22 controls were enrolled. 
BCVA increased in two groups at 3  months postoperatively. At 1 and 3  months 
postoperatively, SCP-VD in the diabetic retinopathy (DR) group significantly 
increased; changes in SCP-VD in parafovea were significantly greater in the DR 
group than in the control group. MT and CT in the DR group significantly increased 
at all visits postoperatively in the fovea and perifovea. Changes in parafoveal MT 
were significantly greater in the DR group than in the control group at all visits 
postoperatively. Changes in CT and MT in the fovea were significantly greater in 
patients with DR than in the controls 1 and 3  months postoperatively.

Conclusion: Uncomplicated phacoemulsification resulted in greater increases in 
SCP-VD, MT and CT in patients with early DR without preoperative DME than in 
controls.
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Introduction

Cataract is a leading cause of blindness worldwide (1), and diabetes mellitus (DM) is one of 
the most common diseases and its prevalence is increasing (2, 3). People with DM are five times 
more likely to develop cataracts than those without DM (4, 5). Phacoemulsification is the most 
common, effective, and safe procedures for the treatment of cataract. However, it was reported 
that cataract surgery was a risk factor for postoperative macular edema and secondary 
progression in diabetic patients (6). Macular edema and DR progression are the major reasons 
for poor visual prognosis after cataract surgery in diabetic patients with or without DR (7). 
While, it has also been suggested that these complications may not be a direct effect of surgery 
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but rather a natural course of disease progression (8–10); therefore, it 
is clinically meaningful to determine the possible impact of cataract 
surgery on the occurrence of diabetic macular edema (DME) and/or 
the progression of DR. This may be related to the timing of cataract 
surgery as well as the treatment strategy for postoperative ME.

Fluorescent angiography (FA) and indocyanine green angiography 
(ICGA) are sensitive methods of detecting changes in the retinal and 
choroidal vasculature. FA is highly sensitive to retinal microvascular 
fluid leakage (11). However, there are many limitations to the clinical 
application of FA and ICGA owing to their invasive nature, the risk of 
allergic reactions, and the inability to achieve a good quantification of 
measurement. Optical coherence tomography (OCT) is thought to 
be more sensitive in detecting the presence of ME and is widely used 
to provide an objective and quantitative assessment of ME (12), 
providing more detailed images of the retinal and choroidal anatomy. 
Furthermore, optical coherence tomography angiography (OCTA) can 
help detect microvascular changes and assess retinal perfusion (13).

The aim of this study was to explore the influence of cataract 
surgery on macular microvasculature and macular and choroidal 
thicknesses in patients with mild/moderate DR through follow-up of 
changes in macular vascular density (VD), macular thickness (MT), 
and choroidal thickness (CT) using OCT and OCTA to evaluate the 
influence of phacoemulsification on retinal and choroidal 
microcirculation and structure.

Methods

Study subjects

This prospective observational case–control study included 22 
eyes of 22 patients with cataract, who were clinically diagnosed with 
mild to moderate nonproliferative diabetic retinopathy (NPDR) 
without DME, and 22 age-matched non-diabetic patients with 
cataract. All patients underwent complete ophthalmologic 
examinations, including slit-lamp examination, best-corrected visual 
acuity (BCVA), dilated fundal examinations, intraocular pressure 
(IOP), and axial length (AL). Classification and diagnosis of DR and 
DME were evaluated according to the international clinical disease 
DR severity scale (14). If a patient underwent surgery on both eyes, 
the eye that underwent surgery first was included in this study. This 
study was approved by the Ethical Review Committee of Ruijin 
Hospital and adhered to the provisions of the Declaration of Helsinki. 
The consent forms were signed by all patients.

All patients were recruited consecutively from the Ophthalmology 
Department of Ruijin Hospital between October 2020 and October 
2022. The inclusion criteria were: age ≥ 40 years, spherical diopter <−6 
D, AL < 26 mm, no history of intraocular surgery or ocular trauma, no 
history of DME and DR treatment, and no history of glaucoma, 
uveitis, or other retinal diseases, such as vitreoretinal interface 
disorders, retinal vein occlusion, retinal artery occlusion, etc.

Optical coherence tomography 
measurement

Swept source (SS)-OCT (Triton DRI-OCT, Topcon, Inc., Tokyo, 
Japan) was used to obtain OCT B-scan and angiography images. 

Angiography scans (3 × 3 mm) centered on the fovea and 12 radial 
scans through the center of the fovea were performed to obtain 
macular OCTA and B scan images. Images with a signal strength 
index >40 were saved for further analysis.

Superficial capillary plexus vascular density (SCP-VD), MT, and 
CT values were automatically provided by the built-in software of the 
SS-OCT device (Topcon FastMap, version 10.13.003.06). The macula 
was divided into three subfields according to the standard Early 
Treatment Diabetic Retinopathy Study (ETDRS) grid, as previously 
reported (15): foveal MT/VD were defined as values in the center 
circle (1.0 mm); parafoveal MT/CT/VD were defined as the arithmetic 
average values in the annular subfield with 1.0 mm inside and 3.0 mm 
outside diameter; and perifoveal MT/CT were defined as the 
arithmetic average values in the annular subfield with 3.0 mm inside 
and 6.0 mm outside diameter.

Surgery

One experienced surgeon performed all phacoemulsification 
procedures using the Infinity Vision System (Alcon Laboratories, 
Inc.). No surgery-related complications occurred, and intraocular lens 
was implanted into the capsular bag during surgery on each patient. 
The cumulative dissipated energy (CDE) data were collected. 
Tobramycin and dexamethasone eye drops 4 times per day were 
administered to all patients for 1 week after surgery, followed by 1.0% 
prednisolone acetate and 0.5% levofloxacin eye drops 3 times per day 
for 3 weeks.

Statistical analysis

Data were analyzed using GraphPad Prism 7.0 (GraphPad 
Software, CA) and expressed in the form of mean ± standard deviation 
(SD). The normal distribution of continuous variables was tested using 
D’Agostino & Pearson normality test. The differences between two 
groups were compared using independent t test. MT, CT, and SCP-VD 
at the four visits were compared using the repeated measures analysis 
of variance (ANOVA) with Bonferroni correction. Categorical 
variables were analyzed using Fisher’s exact test. In addition, the 
repeated measures analysis of variance for the four visits with the 
inclusion of the CDE covariant (ANCOVA) was performed with SPSS 
software version 21.0 (SPSS, Inc., IL, Chicago, United States) to assess 
the effect of CDE on variations in OCTA parameter. p < 0.05 was 
considered statistically significant.

Results

Demographic and clinical characteristics

A total of 44 eyes of 44 participants were enrolled in the study; the 
DR group included 22 patients with mild to moderate NPDR (13 
males and 9 females) and the control group included 22 nondiabetic 
patients (12 males and 10 females). There were no significant 
differences in age, sex, BCVA, IOP, CDE or AL between the two 
groups at baseline. The DR group included 3 patients with mild NPDR 
and 19 with moderate NPDR. BCVA at 3 months postoperatively 
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increased in DR and control groups (all p < 0.001). There was no 
significant difference in BCVA between the two groups at 3 months 
postoperatively (p = 0.615). In the control group, the IOP at 1 week, 
1 month, and 3 months postoperatively was lower than at baseline 
(p < 0.001, p < 0.001, and p = 0.003, respectively), and in the DR group, 
the IOP at 1 week, 1 month, and 3 months postoperatively was also 
lower than at baseline (p < 0.001, p < 0.001, and p = 0.006, respectively) 
(Table  1). One patient progressed from mild NPDR to moderate 
NPDR, while the other patients showed no progression in the stage of 
DR and no occurrence of DME at the last visit.

Superficial capillary plexus vascular density

The microvasculature parameters obtained using OCTA at all 
visits are presented in Table 2. At baseline, there was no significant 
difference in foveal SCP-VD between the DR group and the control 
group (p = 0.446); however, parafoveal SCP-VD in the DR group was 
lower than that in the control group (p = 0.005).

In the DR group, there was no significant difference between 
postoperative foveal SCP-VD and baseline foveal SCP-VD at 1 week, 
1 month, 3 months postoperatively; parafoveal SCP-VD at 1 week after 
surgery was not significantly different from baseline; parafoveal 
SCP-VD increased significantly at 1 and 3 months after surgery 
compared with baseline (Table 2). In the control group, SCP-VD after 
surgery was not significantly different from baseline at all visits 
postoperatively in fovea and parafovea (Table 2).

In DR group, there existed significant difference in parafoveal 
SCP-VD between 1 week and 1 months postoperatively (p < 0.001), 
and the same was true between 1 week and 3 months postoperatively 
(p < 0.001); other than that, there were no significant differences in 
SCP-VD between any two time points postoperatively in both fovea 
and parafovea (all p > 0.05). In the control group, there were no 
significant differences in SCP-VD between any two time points 
postoperatively in both fovea and parafovea (all p > 0.05).

Changes in SCP-VD in the DR group were significantly greater 
than those in the control groups 1 and 3 months postoperatively in the 
parafovea. Changes in SCP-VD in the DR group were not significantly 
different from those of the control group in the fovea at 1 week, 
1 month and 3 months postoperatively (Table 3).

ANCOVA test did not show relationships between CDE and 
variations in SCP-VD in both DR and control groups. After adjusting 
for CDE, parafoveal SCP-VD increased significantly at 1 and 3 months 
after surgery compared with baseline in the DR group 
(Supplementary Tables S1, S2).

Macular thickness

At baseline, there was no significant difference between the DR 
and control group in the foveal, parafoveal, and perifoveal MT 
(p = 0.637, 0.927, and 0.773, respectively).

The MT of the DR group significantly increased at 1 week, 
1 month, and 3 months postoperatively compared with baseline in all 

TABLE 1 Demographic and clinical characteristics.

Controls (n =  22) NPDR (n =  22) p-value

Age, years (mean ± SD) 65.9 ± 1.43 65.1 ± 1.68 0.727

Gender (n)
Female 9 10

>0.999
Male 13 12

BCVA, log MAR (mean ± SD)
Baseline 0.75 ± 0.19 0.77 ± 0.21 0.710

3 Mo postop 0.07 ± 0.13 0.09 ± 0.1 0.615

IOP, mmHg

(mean ± SD)

Baseline 16.3 ± 2.31 16.1 ± 2.7 0.776

1 Wk Postop 12.4 ± 3.46 12.9 ± 2.6 0.59

1 Mo Postop 13.8 ± 1.92 13.4 ± 2.05 0.522

3 Mo Postop 14.2 ± 2.05 14.1 ± 1.86 0.945

Axial length, mm(mean ± SD) 23.25 ± 0.94 23.31 ± 0.85 0.824

CDE(mean ± SD) 6.61 ± 4.9 5.86 ± 3.1 0.546

NPDR, nonproliferative diabetic retinopathy; BCVA, best-corrected visual acuity; IOP, intraocular pressure; Wk, week; Postop, postoperatively; Mo, month; CDE, cumulative dissipated 
energy; SD, standard deviation.

TABLE 2 Superficial capillary plexus vascular density of the two groups at four visits (mean  ±  SD).

Baseline
Postop

p value1 Wk Postop 1 Mo Postop 3 Mo Postop

VD VD p value VD p value VD p value

DR group 

(%)

Fovea 18.65 ± 2.05 18.23 ± 1.72 0.54 18.77 ± 1.64 >0.999 18.48 ± 1.78 >0.999 0.216

Parafovea 46.63 ± 1.74 47.18 ± 1.35 0.339 49.11 ± 1.69 <0.001 48.67 ± 1.38 <0.001 <0.001

Control 

group (%)

Fovea 19.2 ± 2.6 18.6 ± 2.9 0.478 19.38 ± 3.01 >0.999 19.29 ± 2.9 >0.999 0.213

Parafovea 48.28 ± 2 48.58 ± 1.86 >0.999 49.44 ± 1.69 0.122 49.05 ± 1.45 0.369 0.027

Wk, week; Postop, postoperatively; Mo, month; DR, diabetic retinopathy; VD, vascular density.
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TABLE 4 The macular thickness of the two groups at four visits (mean  ±  SD).

Baseline
Postop

p value1 Wk Postop 1 Mo Postop 3 Mo Postop

MT MT p value MT p value MT p value

Control 

(μm)

Fovea 219.3 ± 19.98 228.8 ± 21.38 0.004 244 ± 25.42 <0.001 236.5 ± 21.53 <0.001 <0.001

Parafovea 292.2 ± 20.28 299.3 ± 18.54 0.014 311 ± 15.14 <0.001 303.9 ± 18.51 0.002 <0.001

Perifovea 264.4 ± 16.03 271.2 ± 16.83 0.067 281.5 ± 23.78 <0.001 271.2 ± 17.45 <0.001 <0.001

DR (μm)

Fovea 222.3 ± 21.85 235.2 ± 20.21 <0.001 262.1 ± 31.15 <0.001 257.1 ± 28.92 <0.001 <0.001

Parafovea 291.5 ± 25.07 306.9 ± 18.8 <0.001 318.8 ± 21.12 <0.001 314.1 ± 19.2 0.001 <0.001

Perifovea 266 ± 18.97 277.9 ± 18.11 0.022 290 ± 20.04 <0.001 286.3 ± 17.87 <0.001 <0.001

Wk, week; Postop, postoperatively; Mo, month; DR, diabetic retinopathy; MT, macular thickness.

TABLE 5 Changes of macular thickness after cataract surgery (mean  ±  SD).

1 Wk Postop 1 Mo Postop 3 Mo Postop

Control DR
p 

value
Control DR

p 
value

Control DR
p 

value

MT 

(μm)

Fovea 9.5 ± 11.5 13.0 ± 11.1 0.323 24.68 ± 20.01 39.86 ± 19.34 0.014 17.23 ± 13.15, 34.86 ± 17.68 0.001

Parafovea 7.16 ± 9.69 15.38 ± 13.91 0.028 18.87 ± 12.35 27.24 ± 12.64 0.032 11.69 ± 12.87 22.55 ± 13.95 0.01

Perifovea 6.75 ± 11.38 11.9 ± 17.02 0.245 17.11 ± 17.32 24.06 ± 17.32 0.177 6.75 ± 6.21 20.38 ± 16.81 0.001

Wk, week; Postop, postoperatively; Mo, month; DR, diabetic retinopathy; MT, macular thickness.

subfields; in the control group, the MT significantly increased at 
1 week, 1 month, and 3 months postoperatively in fovea and parafovea, 
and significantly increased at 1 and 3 months postoperatively 
compared with baseline in perifovea (Table 4).

In DR group, there existed significant difference between MT at 
1 week and 1 month postoperatively in the fovea, parafovea, and 
perifovea (p < 0.001, p < 0.001, and p < 0.001, respectively); the same 
was true between MT at 1 and 3 months postoperatively in the fovea, 
parafovea (p = 0.02 and 0.02, respectively) and between MT at 1 week 
and 3 months postoperatively in the fovea, parafovea, and perifovea 
(p = 0.001, p = 0.008, and p < 0.001, respectively). In control group, 
there existed significant difference between MT at 1 week and 1 month 
postoperatively in the fovea, parafovea, and perifovea (p < 0.001, 
p < 0.001, and p = 0.007, respectively); the same was true between MT 
at 1 and 3 months postoperatively in the parafovea, perifovea (p = 0.021 
and 0.032, respectively).

Changes in MT in the DR group were significantly greater than 
those in the control group at 1 and 3 months postoperatively in the 
fovea and parafovea, and the same was true for MT in the parafovea 
at 1 week postoperatively and in the perifovea at 3 months 
postoperatively (Table 5).

The distribution of foveal MT of the control and DR groups is 
shown in Table 6. The proportion of foveal MT >250 μm reached its 
maximum, up to 68.2%, at 1 month postoperatively and was 54.5% at 

3 months postoperatively in the DR group, while in the control group 
it was highest at 1 month (40.9%). There was no significant difference 
in the distribution of foveal MT between the two groups (Table 6). No 
patient was found to develop to pseudophakic cystoid macular edema 
(PCME) during the follow-up period (Figure 1).

Choroidal thickness

At baseline, there were no significant difference between the DR 
and control groups in foveal, parafoveal and perifoveal CT (p = 0.376, 
0.203, and 0.107, respectively).

The CT of the DR group increased significantly at 1 week, 1 month 
and 3 months postoperatively in the fovea and perifovea and 1 month 
and 3 months postoperatively in the parafovea compared with baseline 
(Table 7). In the DR group, there existed significant difference in CT 
between 1 week and 1 month postoperatively in the fovea (p = 0.019); 
other than that, there were no significant differences in CT between 
any two time points postoperatively in both fovea and parafovea (all 
p > 0.05). In the control group, there were no significant differences in 
CT between any two time points in all subfields (all p > 0.05).

Changes of CT in the DR group were significantly greater than 
those of the control group at 1 and 3 months postoperatively in the 
fovea, and at 3 months postoperatively in the parafovea (Table 8).

TABLE 3 Changes in superficial capillary plexus vascular density after cataract surgery (mean  ±  SD).

1 Wk Postop 1 Mo Postop 3 Mo Postop

Control DR p value Control DR p value Control DR p value

VD 

(%)

Fovea −0.59 ± 1.51 −0.42 ± 1.1 0.671 0.18 ± 1.79 0.11 ± 1.67 0.895 0.09 ± 2.3 −0.17 ± 1.68 0.673

Parafovea 0.3 ± 1.45 0.56 ± 1.3 0.529 1.16 ± 2.17 2.49 ± 1.96 0.038 0.77 ± 1.82 2.05 ± 1.35 0.011

Wk, week; Postop, postoperatively; Mo, month; DR, diabetic retinopathy; VD, vascular density.
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TABLE 6 Distribution of foveal macular thickness of the two groups at four visits (mean  ±  SD).

Foveal MT 
(μm)

Baseline 1 Wk Postop 1 Mo Postop 3 Mo Postop

≤250 >250 ≤250 >250 ≤250 >250 ≤250 >250

DR(n, %) 20 (90.9%) 2 (9.1%) 16 (72.7%) 6 (27.3%) 7 (31.8%) 15 (68.2%) 10 (45.5%) 12 (54.5%)

Control(n, %) 22 (100%) 0 19 (86.4%) 3 (13.6%) 13 (59.1%) 9 (40.9%) 16 (72.7%) 6 (27.3%)

p-value 0.488 0.457 0.13 0.124

Wk, week; Postop, postoperatively; Mo, month; MT, macular thickness.

FIGURE 1

This figure shows the changes in macular thickness (MT) preoperatively (A) and 1  week (B), 1  month (C), and 3  months (D) postoperatively in a patient 
with moderate DR. MT in the central 1,000  μm increased after surgery, increasing to 251  μm, and absent of pseudophakic cystoid macular oedema 
(PCME).

TABLE 7 The choroidal thickness of the two groups at four visits (mean  ±  SD).

Baseline
Postop

p-value1 Wk Postop 1 Mo Postop 3 Mo Postop

CT CT p-value CT p-value CT p-value

Control 

(μm)

Fovea 222.6 ± 104.5 226.8 ± 107.8 0.57 228.8 ± 110.1 >0.999 229.5 ± 112.4 0.273 0.346

Parafovea 220 ± 101.2 224.4 ± 105.9 0.667 228.6 ± 106.9 0.115 226.5 ± 105.4 0.21 0.022

Perifovea 193.1 ± 84.98 198.3 ± 87.8 0.694 202.7 ± 87.35 0.066 201.8 ± 89.17 0.131 0.015

DR (μm)

Fovea 199.6 ± 59.2 211.4 ± 66.57 0.041 219.5 ± 64.53 <0.001 216.3 ± 62.61 <0.001 <0.001

Parafovea 188.1 ± 56 199.2 ± 62.87 0.064 204.3 ± 57.48 <0.001 203.4 ± 57.48 0.001 <0.001

Perifovea 158.8 ± 48.44 168.7 ± 53.78 0.039 174.7 ± 49.07 <0.001 172.4 ± 48.2 0.001 <0.001

Wk, week; Postop, postoperatively; Mo, month.
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TABLE 8 Changes in choroidal thickness after cataract surgery (mean  ±  SD).

1 Wk Postop 1 Mo Postop 3 Mo Postop

Control DR
p 

value
Control DR

p 
value

Control DR
p 

value

CT 

(μm)

Fovea 4.25 ± 11.4 11.77 ± 18.42 0.111 6.21 ± 28.81 19.83 ± 12.06 0.035 6.93 ± 15.29 16.63 ± 13.38 0.031

Parafovea 4.43 ± 12.5 11.13 ± 18.62 0.169 8.64 ± 15.95 16.24 ± 16.37 0.126 6.51 ± 13.54 15.34 ± 14.71 0.045

Perifovea 5.17 ± 14.78 9.89 ± 15.32 0.305 9.56 ± 16.1 15.94 ± 10 0.121 8.67 ± 16.42 13.6 ± 14.23 0.293

Wk, week; Postop, postoperatively; Mo, month; DR, diabetic retinopathy; CT, choroidal thickness.

Discussion

Breakdown of the blood-retina barrier (BRB) can lead to the 
development of DR and ME (16). On the other hand, choroid is 
the only source of metabolic exchange for the avascular fovea (17). 
Postoperative inflammation may aggravate choroidal 
microvascular lesions, in addition to the retinal microcirculation 
(18). It is of great significance to clarify retinal and choroidal 
changes and the relationship with the occurrence of ME and 
deterioration of DR after cataract surgery in patients with DR, 
especially in early DR without DME, in which the occurrence of 
ME and the progression of retinopathy are crucial to postoperative 
visual prognosis.

Here, we report a significant increase in MT within 3 months after 
cataract surgery in a specific population with mild to moderate 
DR. George et al. observed hyperfluorescence of the macula and optic 
disc postoperatively on fluorescein angiography in the surgical eyes, 
which was greater than that in the nonsurgical eyes (19). Moreover, 
increased macular thickness has previously been reported in surgical 
diabetic eyes (18, 20), which is similar to the results of our research, 
although the population studied was not entirely consistent. We also 
observed a significant increase in CT after surgery in the DR group. 
This finding is consistent with the results of previous studies (15, 21–
23). In addition, MT in the parafovea, and perifovea increased 
significantly in the control group at 1 week, 1 month, and 3 months 
postoperatively; while CT in the parafovea and perifovea slightly 
increased, though which was not significantly thicker than baseline in 
the control group at 1 month postoperatively. This indicates that 
surgical trauma itself induces a rapid increase in macular and 
choroidal thicknesses. To the best of our knowledge, this is the first 
observational follow-up study about macular microvasculature 
changes after phacoemulsification in this specific population of 
patients with mild to moderate DR using the OCTA-based VD 
calculation and analysis. SCP-VD in the parafoveal macula increased 
significantly at 1 and 3 months postoperatively compared with baseline 
in patients with DR in this study. This is consistent with a previous 
study that reported that vascular densities increased in both the SCP 
and deep capillary plexus (DCP) after cataract surgery (24–26). This 
may be due to postoperative inflammation. Inflammation is suspected 
to be involved in cataract surgery-mediated retinal complications. 
Cataract surgery induces markedly upregulated expression of IL-1 and 
CCL2 genes in the retina and choroid (27). In animal studies, 
breakdown of the inner BRB was observed after lens aspiration (28). 
And it was reported that decreased IOP resulted in an increase in 
leukocyte flow speed and choroidal thickness in the macula (22, 29). 
IOL decreased significantly after surgery in our study, which may 
be another cause of the increased VD and CT postoperatively.

What is more noteworthy is that, in our study, changes in foveal/
parafoveal MT and foveal CT in patients with DR were significantly 
greater than those in controls at 1 and 3 months postoperatively; 
changes in SCP-VD in patients with DR were significantly greater than 
those in the control group in the parafovea at 1 and 3 months 
postoperatively. Presumably, it was suggested that cataract surgery 
might increase the risk of macular edema in patients with mild/
moderate DR compared with patients without diabetes, which may 
be due to defects in blood-retinal barrier function in those patients 
with more advanced vascular changes caused by microvascular 
destruction in DR than in normal individuals. This finding is 
consistent with those of other studies. It has been reported that the 
retinal thickness of diabetic patients has a significantly increasing 
trend compared with that in non-diabetic patients (30). The presence 
of diabetes was a risk factor of pseudophakic macular edema (PME) 
and the risk increased approximately linearly with the severity of 
retinopathy (31). However, previous studies found no significant 
difference in the magnitude of changes after cataract surgery between 
diabetic and non-diabetic patients (32). This is inconsistent with our 
results and may be due to the inclusion of different patient population, 
and the patients enrolled in their study had less severe DR.

As is well-known, inflammation plays a role in retinal 
microvasculature damage and exists at different stages of DR. It plays 
a crucial role in the pathogenesis of DR by increasing retinal vascular 
permeability and promoting neovascularization, which leads to the 
occurrence and development of DME and DR (33–35). Diabetic 
patients exhibit an overall higher level of inflammatory activity than 
non-diabetic patients, according to previous clinical and laboratory 
studies (36–38). The expression of vascular endothelial growth factor 
(VEGF), which may be involved in increased vascular permeability 
and angiogenesis, is upregulated in the diabetic retina and choroid 
(39). And the levels of VEGF and IL-6  in aqueous humor are 
significantly correlated with macular edema severity in diabetic 
patients (40). The significantly greater changes in MT, foveal CT, and 
parafoveal VD observed at 1 and 3 months postoperatively in the DR 
group than in the control group may be due to the inflammation 
present in DR. Preexisting inflammatory activity caused by DR, as well 
as the surgery-induced inflammatory process, might be the cause of 
increased VD, MT, and CT in patients with mild/moderate NPDR in 
the present study.

In addition to postoperative inflammation, it was reported that 
anterior–posterior (AP) traction induced by the surgery procedure 
might also be a risk factor for macular edema after cataract surgery, 
and AP traction could disrupt the macular microcirculation, including 
blood–retinal barrier disfunction and increasing vascular permeability 
(41). In this study, MT and SCP-VD peaked 1 month postoperatively. 
Compared to macular thickening caused solely by mechanical traction 

55

https://doi.org/10.3389/fmed.2023.1290599
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Yao et al. 10.3389/fmed.2023.1290599

Frontiers in Medicine 07 frontiersin.org

itself during the surgery, the disrupted macular microcirculation 
induced by surgery is more likely to be the direct cause of macular 
thickening. Furthermore, several studies have investigated the 
relationship between CDE and changes in retinal microcirculation 
after surgery. In some studies, patients with higher CDE values were 
reported to have a more significant reduction in VD after surgery (42, 
43). In another study, it was found that changes in VD after surgery 
were not significantly correlated with CDE; therefore, they concluded 
that CDE had little effect on retinal microcirculation (32). This is 
consistent with our results. In the present study, there was no 
significant difference between the two groups, and ANCOVA test did 
not show relationships between CDE and variations in SCP-VD, 
which may imply that CDE had little effect on postoperative VD 
changes. There is some controversy among studies, and this may 
be due to the inclusion of different patient population and difference 
in levels of CDE between studies. Presumably, the CDE recorded in 
the present study was relatively small and insufficient to have a 
significant effect on OCT parameters. Randomized controlled trials 
with a large sample size should be needed in future.

In our study, MT, SCP-VD, and CT peaked 1 month after surgery. 
Previous reports have also shown that the incidence of ME peaks 
approximately 4–6 weeks after uneventful cataract surgery (44, 45). 
Temporally, the increases in CT，VD and MT seemed to coincide 
with the timing of the previously reported appearance of ME after 
surgery. Presumably, postoperative inflammation had the greatest 
impact on MT, SCP-VD, and CT at 1 month after surgery. From the 
point of view of time, it seems that choroidal and retinal 
microcirculation disorders might both be likely to be associated with 
the increase in MT postoperatively. Nevertheless, further research is 
required to determine whether the choroid is involved in the 
development of PME.

In this study, none of the patients developed to DME or PCME 
during the follow-up period. Foveal MT increased significantly after 
cataract surgery; foveal MT of more than 250 μm was as high as 68.2% 
at 1 month postoperatively. Central subfield thickness (CST), which is 
defined as average retinal thickness in the central 1,000 μm, 
corresponds to the foveal MT in this study, and 250 μm is usually the 
CST threshold value for diagnosing DME (46); however, no patients 
developed DME during the period of follow-up in our study. And in 
this study, BCVA of patients with DR was equivalent to that of 
nondiabetic individuals after surgery; therefore, increasing foveal MT 
could be considered a subclinical macular thickness thickening that 
did not affect visual acuity and was not a support of PCME, which is 
consistent with a previous study (10). In addition, DME and PCME 
after surgery were not be observed in this study, which might be due 
to the small size and short follow-up period. Moreover, it was reported 
that the risk of PME in patients with DR is high and increases with the 
severity of DR (31); preoperative noncenter-involved DME or a 
history of DME treatment may increase the risk of center-involved 
DME at 16 weeks after surgery (47). This study enrolled the patients 
with early DR and without a history of DME, which may be another 
reason for these observations.

Furthermore, at baseline, the parafoveal VD of DR patients 
was lower than that of the controls. It was previously reported that 
VD decreased in patients with DR without macular edema, and 
that VD parameters decreased with increasing DR severity (48). 
The foveal VD of patients with DR in our study was slightly lower 
than that of the controls, although the difference was not 

significant. This may be due to the small sample size or the fact 
that the population enrolled in our study included cataract patients 
with mild/moderate NPDR without preoperative DME, which 
does not reflect the full spectrum of patients with DR. However, 
there was no significant difference in MT between the DR and 
control groups at baseline. This may indicate that microvasculature 
changes occur before macular structural changes in patients with 
early DR.

This study had a few limitations. The sample size was relatively 
small, but the participants were homogeneous in terms of degree of 
retinopathy, ethnicity and sex, reducing some confounding effects. 
Moreover, the follow-up period was too short that we cannot observe 
the long-term effects on retina vessels and structural changes. Long-
term follow-up is required to determine the duration of the increase 
in MT, CT, and VD after cataract surgery and its long-term 
relationship with the progression of DR severity and incidence of 
DME, which may be suggestive of a higher incidence of ME in this 
population. Future studies should enroll a larger sample of participants 
with longer follow-up periods.

Conclusion

Uncomplicated phacoemulsification results in a greater increase 
in MT, SCP-VD, and CT in patients with mild/moderate NPDR 
without preoperative DME than in controls. This may be suggestive of 
a predisposition to the occurrence of macular edema in this 
population, which may be due to the preexisting inflammatory activity 
caused by DR as well as cataract surgery trauma. However, the short-
term postoperative visual prognosis of cataract patients with mild to 
moderate NPDR without preoperative DME is the same as that of 
healthy patients in this study.
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Purpose: To compare the accuracy of machine learning (ML) algorithms to

classify the sex of the participant from retinal thickness datasets in different retinal

layers.

Methods: This cross-sectional study involved 26 male and 38 female subjects.

Data were acquired using HRA + OCT Spectralis, and the thickness and volume of

10 retinal layers were quantified. A total of 10 features were extracted from each

retinal layer. The accuracy of various algorithms, including k-nearest-neighbor,

support vector classifier, logistic regression, linear discriminant analysis, random

forest, decision tree, and Gaussian Naïve Bayes, was quantified. A two-way

ANOVA was conducted to assess the ML accuracy, considering both the classifier

type and the retinal layer as factors.

Results: A comparison of the accuracies achieved by various algorithms in

classifying participant sex revealed superior results in datasets related to total

retinal thickness and the retinal nerve fiber layer. In these instances, no significant

differences in algorithm performance were observed (p > 0.05). Conversely, in

other layers, a decrease in classification accuracy was noted as the layer moved

outward in the retina. Here, the random forest (RF) algorithm demonstrated

superior performance compared to the others (p < 0.05).

Conclusion: The current research highlights the distinctive potential of various

retinal layers in sex classification. Different layers and ML algorithms yield distinct

accuracies. The RF algorithm’s consistent superiority suggests its effectiveness in

identifying sex-related features from a range of retinal layers.
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retina, retinal thickness, macula, machine learning, sex-related differences
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Introduction

Over the past 30 years, optical coherence tomography (OCT)
has been used as a non-invasive method for image acquisition to
evaluate the anterior and posterior segments of the eye in both
diseased and healthy conditions of the human retinal structure
(1–3). The development of eye diseases can occur throughout life
due to the natural aging process, exposure to unhealthy lifestyle
habits, systemic disorders, or genetic inheritance. In addition to
these factors, sex-related factors, such as the concentrations of
sex hormones that vary throughout an individual’s life, can also
influence the development of eye diseases (4–6).

The existence of sexual dimorphism of the retina in humans
has been investigated using OCT. The first findings of retinal
sexual dimorphism pointed to a larger total retinal thickness
in male subjects than in female subjects (7–12). However, the
debate regarding retinal layers remains open, as some studies have
observed that some retinal layers are thicker in male subjects than
in female subjects, while other investigations have found no or few
sex-related differences (13–19).

Overall, investigating sex-related features in the human retina
is an important area of research that could lead to new insights
into the causes of retinal diseases, the development of sex-specific
treatments, and the design of more effective medical devices for
the eye and the possible impact of postmenopausal hormone
replacement anti-estrogenic therapy therapy (20).

Due to the large amount of data extracted from the retina
during an OCT scan, the use of machine learning methods could be
an alternative candidate for analyzing OCT data. Machine learning
methods have been used due to their ability to capture complex
relationships, work with high-dimensional data, generalize to new
data, be flexible and adaptable, and perform automated learning
of relevant features, reducing the need for human intervention
(21–23). Compared to norms based on populational averages,
which may not account for the significant individual variability
that exists within each sex group, machine learning models
can capture and leverage this variability, allowing for more
precise and individualized assessments of retinal thickness. This
individualized precision can be particularly valuable in clinical
decision-making as it takes into account the uniqueness of each
patient’s condition. Additionally, retinal thickness datasets can
exhibit complex patterns and subtle variations that may not be fully
captured by simple norm-based criteria.

In the present study, we aimed to evaluate the performance
of several machine learning algorithms to predict the sex of the
participants based on information from retinal structure features.
Our primary goal was to identify which retinal layers are best to
correctly classify the sex of the participant and which machine
learning algorithms are better for predicting the participant’s sex
in the different retinal layers.

Materials and methods

Ethical considerations

The present study was approved by the Ethical Committee
for Research in Humans of the Universidade Federal do Pará
(report number 3.285.557). All participants were informed

about the experimental procedures and gave written consent to
participate in the study.

Participants

The sample consisted of 26 male participants (mean
age ± standard deviation: 26.19 ± 4.96 years) and 38 participants
(mean age ± standard deviation: 26.05 ± 4.68 years). All
participants had normal visual acuity or were corrected to 20/20
visual acuity using a refractive lens. Only two participants (one
male and one female) used optical corrections of −0.5 and −0.7
diopters and we considered that any imprecision of their OCT
measurements had little or no influence on the results. Participants
with neurological, systemic, eye, or retinal diseases that affected the
structure or function of the visual system were excluded.

OCT imaging

Retinal OCT imaging was performed using the Spectralis
HRA + OCT system (Heidelberg Engineering GmbH, Heidelberg,
Germany). Each session consisted of a 25-line horizontal raster
scan in a 20◦×20◦ area centered on the fovea, followed by 24
automated real-time repetitions. The Heidelberg Eye Explorer
software (Heidelberg Engineering GmbH, Heidelberg, Germany)
was used to segment retinal layers [total retina (TR), retinal nerve
fiber layer (RNFL), ganglion cell layer (GCL), inner plexiform layer
(IPL), inner nuclear layer (INL), outer plexiform layer (OPL), outer
nuclear layer (ONL), and retinal pigmented epithelium (RPE)] and
three combinations of retinal layers [overall retinal, outer retinal
layers (ORL), which range from the external limiting membrane to
Bruch’s membrane, and inner retinal layers (IRL), which range from
the inner limiting membrane to the external limiting membrane].
The thickness and volume of each layer were quantified. Visual
inspection of the segmentation was performed to avoid possible
errors. The outcome of the image segmentation of retinal layers
was the mean thickness of nine macular subfields (central, nasal
inner, temporal inner, superior inner, inferior inner, nasal outer,
temporal outer, superior outer, and inferior outer), following the
Early Treatment Diabetic Retinopathy Study (ETDRS) grid. The
volume of each layer was also extracted.

For each participant, the examination was performed by the
same operator following the manufacturer’s guidelines. Two images
were obtained in sequence for each eye on the same day. The first
image was used as a reference to scan the same parts of the retina
during the second image (device’s follow-up mode). The thickness
of both images was averaged for subsequent analysis. Data were
acquired from 128 eyes with the Spectralis HRA + OCT system,
and 64 eyes were randomly selected for analysis.

Machine learning algorithms

Prior to the application of ML algorithms, a bootstrap
resampling method was employed, utilizing 200 replications for
each feature derived from OCT readings. A total of 10 features were
used for each retinal layer, comprising nine subfield thicknesses and
the volume of the retinal layer. Python scripts were utilized for data
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analysis and normalization, feature selection, and the execution
of ML algorithms through the training and testing phases. The
performance of the ML was subsequently evaluated.

We utilized the StandardScaler function from the sklearn.
Preprocessing package to standardize the features into standard
deviation units, as shown in Equation 1.

Standardized_feature

= (feature–mean)/standard_deviation (Equation 1)

The standardized features were used to train and test seven
supervised ML algorithms:

The sklearn.neighbors.KNeighborsClassifier function was
employed to implement the k-nearest neighbors (kNN) algorithm,
utilizing the Minkowski distance and a k-value within the range of
5–10. The optimal k-value, which yielded the highest accuracy, was
determined using the GridSearchCV function.

The support vector classifier (SVC) utilizes sklearn.svm.SVC
function with the radial basis function kernel. The gamma and C
parameters are set to 1 and 10, respectively.

The sklearn.linear_model.LogisticRegression function is utilized
for logistic regression (LR), with the parameters “penalty” and
“solver” set to “l1” and “liblinear,” respectively.

The sklearn.discriminant_analysis.LinearDiscriminantAnalysis
function is utilized for linear discriminant analysis. The
parameters “solver” and “store_covariance” are set to “svd”
and “true,” respectively.

The sklearn.ensemble.RandomForestClassifier function is
utilized in the application of random forest (RF), with the
parameters set as follows: “criterion” is set to “gini impurity,”
“n_estimators” is set to 50, and “max_depth” is set to 6.

The decision tree (DT) employs the sklearn.tree.
DecisionTreeClassifier function, maintaining identical parameter
values for “criterion,” “n_estimators,” and “max_depth,” as utilized
in the RF algorithm.

Gaussian Naïve Bayes (GNB) using the sklearn.naive_
bayes.GaussianNB function.

The accuracy of ML algorithms in correctly classifying the data
was evaluated (Equation 2).

Accuracy

= (true positives + true negatives)/total (Equation 2)

True positives represent the data points correctly classified as
male, while true negatives denote those accurately identified as
female. The total refers to the overall number of data points.

The ShuffleSplit function from the Scikit-learn library (version
0.21.3) was utilized to divide the data, allocating 70% for model
training and 30% for model testing.

Statistics

We used a t-test to compare the thickness of the different
datasets obtained from both eyes of male and female subjects
and to later carry out an intergroup comparison of retinal layer
thickness. We conducted a one-way ANOVA to evaluate the
influence of macular field in the retinal thickness as well as two-
way ANOVA to evaluate the influence of the classifier type and
retinal dataset factors on the accuracies (model training and model
testing) of the classifier. For multiple comparisons, we employed
the Tukey HSD post-hoc test. We compared the accuracies of
the model training and model testing using a t-test for repeated
measures. A confidence level of 5% was applied for the statistical
comparisons.

Results

Inter-eye comparison of the retinal
thickness for male and female subjects

To ensure that the selection of the eye did not introduce
any bias, we conducted a comparison of the thickness of various
retinal layers between the right and left eyes of participants of
both sexes. Our analysis revealed that no significant differences
were observed in any of the retinal layers between the eyes.
Based on these findings, we opted to randomly select one eye
from each participant for data extraction concerning retinal
thickness. Table 1 displays the comparison of retinal thickness
in the various datasets obtained from both eyes within the
sample.

We randomly select one eye to extract retinal thickness and
compared this feature between male and female groups, as depicted
in Table 2. Our findings indicated significant differences in the total

TABLE 1 Comparison of the retinal thickness obtained from both eyes of male and female groups.

Thickness (µm) Male group p-value Female group p-value
Right eye Left eye Right eye Left eye

TR 323.6± 10.8 322.3± 10.8 0.65 311.1± 12.7 309.8± 13.4 0.72

RNFL 28± 2 27.3± 2.2 0.22 25.9± 2.3 25.3± 2 0.33

GCL 43.4± 2.4 43.3± 2.4 0.87 40.4± 3.6 40.3± 3.7 0.89

IPL 36.1± 1.6 36.1± 1.7 0.86 34± 2.7 34.2± 2.8 0.88

INL 35.6± 2.1 35.7± 2.1 0.91 33.5± 2.6 33.3± 2.3 0.79

OPL 28.4± 2.7 29.3± 2.8 0.23 28.8± 4.1 29.06± 4.1 0.81

ONL 69.2± 8.1 68.5± 8.3 0.76 66.6± 6.4 66.4± 7.1 0.90

RPE 15± 1.1 15± 1 0.93 14.9± 1.2 14.64± 1.4 0.45

TR, total retina; RNFL, retinal nerve fiber layer; GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; RPE,
retinal pigmented epithelium.
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TABLE 2 Comparison of retinal layer thickness between male
and female groups.

Retinal thickness (µm)

Retinal layers Male group Female group p-value

TR 322.9± 11.3 310.6± 12.9 0.0005

RNFL 27.8± 2.1 25.3± 1.8 <0.0001

GCL 43.2± 2.2 40.4± 3.5 0.0012

IPL 36± 1.6 34.1± 2.8 0.0039

INL 35.6± 2.2 33.4± 2.5 0.0016

OPL 29.1± 2.6 29.3± 4.2 0.78

ONL 68.7± 8.3 66.4± 6.8 0.28

RPE 15.1± 1 14.7± 1.2 0.22

TR, total retina; RNFL, retinal nerve fiber layer; GCL, ganglion cell layer; IPL, inner plexiform
layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; RPE,
retinal pigmented epithelium.

retina and layers comprising information from the inner retina
(RNFL, GCL, IPL, INL), with the male group exhibiting greater
thickness compared to the female group (p < 0.01). Conversely, no
significant differences were discerned in the layers within the outer
retina (OPL, ONL, RPE; p > 0.01).

In the intergroup comparison, considering the thickness of
different macular fields (Table 3), we observed that in datasets
representing the total retina and data from the inner retina,
the male group had thicker tissues across all fields than the
female group (p < 0.01). However, in the datasets from the
outer retina, we observed a predominance of non-significant
differences.

Machine learning accuracies during
model training

Table 4 presents the mean accuracies (± standard deviation)
derived from model training across various classifiers and retinal
datasets. The results of a two-way ANOVA revealed significant
effects attributed to both the algorithm factor, the retinal
dataset factor, and the interaction between these two factors, as
summarized in Table 5. Notably, post hoc multiple comparisons
demonstrated that the accuracies achieved by all algorithms were
markedly superior when utilizing the total retina dataset and
datasets originating from the inner retina (RNFL, GCL, IPL,
INL), as compared to datasets from the outer retina (OPL, ONL,
and RPE).

In evaluating the accuracies of different algorithms across the
diverse retinal datasets, multiple comparisons indicated a notable
absence of significant differences in algorithm performance within
the total retina dataset and the inner retina datasets (p > 0.05).
Conversely, in the OPL dataset, it was evident that random forest
(RF), support vector classifier (SVC), and decision tree (DT)
exhibited significantly higher accuracies when contrasted with
other algorithms. Similarly, in the ONL dataset, random forest
and decision tree outperformed their counterparts. Notably, in
the RPE dataset, random forest demonstrated the highest accuracy
among all algorithms.

Machine learning accuracies during
model testing

Table 6 displays the mean accuracies (± standard deviation)
derived from model testing across various classifiers and retinal
datasets. Once again, the results of a two-way ANOVA revealed
significant effects associated with the algorithm factor, the retinal
dataset factor, and their interaction (as summarized in Table 7).
Post hoc multiple comparisons further substantiated that, much
like the training model, all algorithms achieved significantly higher
accuracy levels when employing the total retina dataset and datasets
from the inner retina, in comparison to the datasets from the
outer retina. Consistent with the training model, the results of
multiple comparisons within the total retina dataset and datasets
from the inner retina indicated an absence of significant differences
in algorithm accuracies (p > 0.05). In contrast, concerning the
outer retina, random forest (RF) exhibited notably higher accuracy
compared to other algorithms (p < 0.05).

Comparison of the accuracies estimated
for the models in the training and testing
stages

The comparison of the accuracies calculated for the models in
the training and testing showed that 10.8% of the comparisons had
significant differences, and all of them showed higher accuracy of
the model in the training (Figure 1).

After finding that the random forest classifier outperformed
other methods in classifying the datasets, we examined feature
importance scores, which indicate the extent to which each feature
influences the model’s predictions. Random forest employs the Gini
impurity, which reveals how frequently a feature is used to split the
data in its decision trees. Figure 2 displays the feature importance
scores for macular thickness in different fields. We conducted one-
way ANOVA to assess the impact of the macular field on the feature
importance score for each dataset. We found that in all datasets,
there were significant differences (p < 0.01), with one or more
fields having a greater importance than others in the classification
decision.

Discussion

This study’s findings reveal significant patterns in the
classification accuracy of sex-specific data, utilizing various retinal
layers and ML algorithms. The most reliable accuracies for
accurately distinguishing between male and female participants
were observed when analyzing data from the total retinal structure
and the retinal nerve fiber layer. These results suggest that these
retinal layers possess unique sex-related characteristics that were
effectively identified by the employed ML techniques. Interestingly,
the highest classification accuracies were consistently achieved
using these retinal layers, yet no statistically significant differences
were detected among the accuracies derived from the various ML
algorithms used in this study. This suggests that the algorithms
consistently performed when tasked with sex classification based
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TABLE 3 Comparison of retinal dataset thickness in the different macular fields from measurements obtained from both groups.

Retinal thickness (µm)
TR Male Female p-value RNFL Male Female p-value

C 274.9± 15.9 258.6± 18.9 <0.01* C 12± 1.5 10.3± 2.1 <0.01*

NI 353.1± 12.8 338.4± 16.9 <0.01* NI 21.1± 2.1 18.8± 1.4 <0.01*

NO 328.8± 13.3 318± 14.0 0.04* NO 48.6± 5.6 44.8± 4.5 <0.01*

TI 336.5± 10.3 320.6± 14.7 <0.01* TI 16.9± 1.4 16± 0.9 <0.01*

TO 297.6± 13.9 283.3± 11.4 <0.01* TO 18.8± 1.2 17.7± 1 <0.01*

SI 353± 12.8 340± 16.2 <0.01* SI 24.5± 2.9 21.9± 2.4 <0.01*

SO 313.8± 13.3 305.7± 13.2 0.02* SO 39.5± 5 36.6± 4.1 0.02*

II 351.1± 11.7 336.4± 16.8 <0.01* II 26.1± 2.6 23.8± 2.2 <0.01*

IO 300.8± 10.8 291.9± 12.5 0.02* IO 41.8± 4.8 39± 4.3 0.02*

GCL Male Female p-value IPL Male Female p-value

C 15.4± 2.8 12.9± 4.1 <0.01* C 21.2± 2.6 19.18± 3.1 <0.01*

NI 54.7± 3.9 50.7± 5.9 <0.01* NI 45.2± 3 41.6± 4.7 <0.01*

NO 41.7± 3.5 40.7± 3.3 0.45 NO 31.9± 2.5 31.5± 3 0.51

TI 51.1± 3.4 46.3± 5.7 <0.01* TI 43.7± 2.3 41.9± 4.3 0.02*

TO 41.2± 3.8 36.9± 3.5 <0.01* TO 34.4± 2.6 32.3± 2.3 <0.01*

SI 55.4± 3.2 52.3± 5.7 0.01* SI 44± 2.2 41.4± 3.4 <0.01*

SO 38.1± 2.8 37.3± 3.2 0.168 SO 31.1± 2.3 30.3± 2.5 0.15

II 55.5± 2.6 53.3± 5.3 0.02* II 43.6± 1.9 41.2± 4.1 0.04*

IO 36.2± 3.2 35.3± 3.5 0.34 IO 29.5± 2 28.6± 2.5 0.21

INL Male Female p-value OPL Male Female p-value

C 17.8± 4.1 13.9± 4.4 <0.01* C 21.9± 4 22.1± 5.8 0.92

NI 41.59± 4 38.3± 4 <0.01* NI 33± 6.5 32.1± 6.5 0.66

NO 37± 1.7 36.8± 2.8 0.4 NO 29.8± 3.1 29± 4.4 0.42

TI 37.7± 3.3 34.9± 3.4 0.01* TI 29.3± 2.4 31.5± 7.1 0.20

TO 36.7± 2.2 34.8± 2.5 <0.01* TO 27.3± 2 27.24± 3.8 0.95

SI 40.7± 3.2 39.3± 3.7 0.07 SI 32.4± 5.2 36.4± 9.5 0.11

SO 33.8± 2 32.9± 2.4 0.39 SO 27± 1.7 28.3± 4.8 0.23

II 42.2± 3.5 39.2± 4.3 <0.01* II 32± 5.1 31.3± 5.4 0.46

IO 33.4± 2.3 31.8± 2.4 0.09 IO 26.8± 2.3 26.3± 2.8 0.23

ONL Male Female p-value RPE Male Female p-value

C 93.6± 9 91± 11.63 0.43 C 18.3± 1.5 17.3± 1.7 0.21

NI 72.3± 13 71.1± 11.7 0.99 NI 16.2± 1.2 16± 1.6 0.92

NO 57.4± 8.8 58.7± 6.7 0.88 NO 14± 1.3 13.8± 1.4 0.77

TI 75.3± 7.8 71.1± 8 0.04* TI 15.1± 1.3 14.4± 1.3 0.07

TO 60.8± 7.2 57.4± 6 0.09 TO 13.3± 1.2 13.2± 1.2 0.27

SI 71.3± 10.7 67.1± 11 0.07 SI 16± 1.5 15.7± 1.6 0.50

SO 64.1± 8.2 60.5± 6.8 0.15 SO 14.1± 1.2 13.6± 1.5 0.24

II 68.5± 10.3 68± 8.6 0.88 II 15.4± 1 15± 1.2 0.24

IO 54± 6.3 53± 5.5 0.68 IO 13.6± 1.2 13.1± 1.1 0.21

TR, total retina; RNFL, retinal nerve fiber layer; GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; RPE, retinal
pigmented epithelium. C, central retina; NI, nasal inner; NO, nasal outer; TI, temporal inner; TO, temporal outer; SI, superior inner; SO, superior outer; II, inferior inner; IO, inferior outer.
*p < 0.05.

on retinal data, regardless of their inherent methodologies.
Moreover, a fascinating trend was observed where classification
accuracies showed a decreasing trend as the analysis moved
toward the outer retinal layers. Additionally, some algorithms
demonstrated statistically significant deviations from others in
terms of classification accuracy. Notably, the RF algorithms
displayed higher accuracies compared to the others in this context.

While the sex of a patient is typically known during a
consultation, it is not always evident whether the retinal thickness
of that patient aligns with the sex-based patterns expected.
Comparing a patient’s retinal thickness to sex-based populational
norms can be a valuable tool in evaluating the patient. However,
alternative approaches, such as machine learning, can complement
conventional statistical methods. For instance, our study revealed
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TABLE 4 Comparison of mean accuracies (± standard deviation) obtained from the machine learning algorithms to classify the sex-related differences
in the retinal layers (and total retina) for model training.

Machine learning algorithm accuracies (%)

Layers SVC GNB RF KNN LR LD DT

RPE 72.5± 9.6 71.8± 5.1 83± 4.5 64.3± 5.5 68.5± 6.2 69.3± 7.6 71.3± 9.9

ONL 69.3± 6.5 67.8± 7.1 90.5± 5.5 68.5± 9.4 67.5± 8.7 65.3± 6.3 82.8± 5.2

OPL 79.8± 7.5 70.5± 4.1 89.5± 5.8 71.8± 5 65.5± 7.5 66.8± 7.8 79.8± 6.8

INL 84.5± 4.5 89± 3.4 92.3± 3.8 81.5± 6.5 85± 6.2 85.8± 6.7 81.5± 6

IPL 85.8± 3.3 88± 3.3 92± 5 83.8± 5.4 84.5± 6.1 82.3± 5.3 82.3± 7.2

GCL 89.5± 3.7 90± 4.3 94.5± 2 89.8± 4.3 85.5± 4.7 87.5± 4.3 88± 3.9

RNFL 92.3± 2.8 91.5± 3.8 94.5± 2.8 91± 4.6 90.5± 3.9 91± 3.2 90.8± 4.7

TR 92.5± 2.3 96± 2.4 96.5± 3.9 91± 4.6 93.5± 5.3 93.3± 3.9 89± 4.3

TR, total retina; RNFL, retinal nerve fiber layer; GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; RPE,
retinal pigmented epithelium; SVC, support vector classification; GNB, Gaussian Naïve Bayes; RF, random forest; kNN, k-nearest neighbors; LR, logistic regression; LD, linear discriminant;
DT, decision tree.

TABLE 5 Two-way ANOVA results for model training.

SS DF MS F p-value

Algorithms 7,937 6 1,322.9 42.87 < 0.001

Retinal datasets 37,140 7 5,305.7 171.93 < 0.001

Algorithms*retinal datasets 6,703 42 159.6 5.17 < 0.001

Residuals 15,554 504 30.9

SS, sum of squares; DF, degrees of freedom; MS, mean squares.

TABLE 6 Comparison of mean accuracies (± standard deviation) obtained from the machine learning algorithms to classify the sex-related differences
in the retinal layers (and total retina) for model testing.

Machine learning algorithms (%)

Layers SVC GNB RF KNN LR LD DT

RPE 68.8± 9.5 70.8± 5.8 76.8± 3.7 59.8± 5.2 66± 5.6 66.5± 7.3 69.5± 6

ONL 70.5± 8.8 63.5± 6.7 89.3± 5.4 68± 6.5 64.3± 5.9 66.8± 10 75.5± 6

OPL 76.3± 4.3 74.5± 7.9 88.5± 3.8 72± 5.2 64.5± 9 62.8± 7.2 83± 6.2

INL 82.8± 6.3 85.8± 5.5 88.8± 4 80.5± 6.3 77.5± 6.6 80.8± 5.3 85.3± 7

IPL 85.3± 6.6 83.3± 5.5 93.8± 2.4 80.5± 5.1 82.3± 5.8 84.3± 4.3 85.8± 7.1

GCL 89.3± 4.4 82± 4.1 92.3± 4.2 84± 7.4 86.3± 5.3 88.8± 5 89.8± 4.4

RNFL 91.5± 3.8 91± 3.9 94.5± 4.7 92.3± 4.6 90.3± 5.1 91.3± 4.6 90± 5.3

TR 91.8± 2.7 93.3± 3.7 94± 4.1 89.5± 5.1 91.3± 3.6 91.5± 5.7 91.3± 4.3

TR, total retina; RNFL, retinal nerve fiber layer; GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; RPE,
retinal pigmented epithelium; SVC, support vector classification; GNB, Gaussian Naïve Bayes; RF, random forest; kNN, k-nearest neighbors; LR, logistic regression; LD, linear discriminant;
DT, decision tree.

that, even in retinal layers where there were no significant
differences in thickness between the male and female groups,
such as the datasets from the outer retina, we achieved a sex
classification accuracy exceeding 75%. What would it signify if a
male patient were classified as female based on retinal thickness
patterns, or vice versa? It is crucial to emphasize that this
classification does not pertain to the patient’s actual sex but
rather reflects the retinal thickness patterns expected for each
sex. The clinical implications of a disparity between a patient’s
actual sex and a different sex classification based on retinal
structure remain unclear, but further investigations may shed light
on this question.

An investigation has previously been conducted using a deep
learning method to predict sex through macular OCT images (24).
It showed that the differences between male and female subjects
might not be uniform throughout the macula. The best accuracy
in separating data from male and female subjects occurred in the
central fovea (around 75%) and lower accuracy was found in the
external limit of the fovea (around 70%). They also fed models
considering different macular sectors and found non-uniformity in
the accuracies (ranging between 52 and 62%). The data they used
are comparable to the total retina dataset of the present study. We
interpreted that our accuracies were higher because we had fed
our models with thickness information of all the macular sectors,
and they used information from each sector for their classification.
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TABLE 7 Two-way ANOVA results for model testing.

SS DF MS F p-value

Algorithms 8,299 6 1,383.1 41.91 <0.001

Retinal datasets 41,178 7 5,882.6 178.25 <0.001

Algorithms*retinal
datasets

6,276 42 149.4 4.53 <0.001

Residuals 16,633 504 33

SS, sum of squares; DF, degrees of freedom; MS, mean squares.

Taking into account the significance of macular field thickness,
our results align with the findings achieved using deep learning
approaches for the total retinal dataset, wherein the temporal fields
were identified as the most crucial for classifying sex. The current
study also revealed that in other retinal layers, the field of greatest
importance varied.

The difference between the accuracies of the training and
testing models is a crucial aspect in the evaluation of machine
learning models. This difference can provide insights into how
well the model is generalizing to unseen data, which is essential
for determining the model’s robustness. In the current study, the
vast majority of comparisons showed no significant discrepancy
between the training and testing accuracies, which is a positive
indication. It suggests that the model, which fits the training data
well, also exhibits good generalization to new data. This alignment
between training and testing accuracies indicates that the model is
not overfitting the training data and has the potential for reliable
performance on new, unseen data.

The superior performance of random forest in achieving
higher accuracies compared to alternative machine learning
algorithms in our study can be attributed to several key
advantages of this ensemble learning technique. random forest

harnesses the power of multiple decision trees, where each tree
is trained on a different subset of the data and with feature
randomness (25). This inherent diversity and randomness help
mitigate overfitting, a common challenge in machine learning,
by reducing the model’s sensitivity to noise and outliers (26).
Moreover, random forest’s ability to handle both classification
and regression tasks, its capacity to capture complex non-linear
relationships in the data, and its robustness to multicollinearity
make it particularly well-suited for a wide range of datasets
(27). Additionally, the ensemble nature of random forest allows
it to aggregate the predictions from multiple trees, reducing
the risk of bias that can be associated with individual models.
Consequently, the comprehensive nature of random forest,
combining predictive power and robustness, positions it as
an attractive choice for achieving high accuracy in diverse
machine learning tasks.

Prior research has suggested that male participants typically
display a greater retinal thickness compared to female participants
(7–12). The impact of sex on retinal layers is still a topic of
ongoing debate. Some studies (13–17) have reported thicker retinal
layers in male subjects (GCL, IPL, INL, OPL, and ONL), while
others have observed minimal or no sex-related differences (18,
19). Some studies have shown that female subjects had a thicker
peripapillary RNFL than male subjects (28, 29). The present study
uncovers a greater thickness in the inner retinal layers of male
subjects compared to female subjects. Sexual hormones interacting
with receptors such as estrogen and androgen receptors can affect
ocular tissue. However, despite their influence on various ocular
structures, the effect of these hormones on retinal layer thickness
remains largely uninvestigated (30–35).

Neglecting to account for sex differences in comparisons
of retinal thickness between healthy individuals and patients
could result in erroneous diagnoses, particularly for inner retinal

FIGURE 1

Comparison of the algorithm accuracies calculated in the model training and model testing in the different retinal datasets. ∗p < 0.05.
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FIGURE 2

Comparison of the feature importance score obtained from random forest algorithm to classify the sex of the participant based on retinal thickness
from different datasets. The color code is indicated at the bottom of the figure. ∗p < 0.05.

diseases that display substantial sex-related disparities. Conditions
like glaucoma, macular holes, diabetic retinopathy, and age-
related macular degeneration demonstrate varying prevalence rates
between male and female subjects. This is likely attributable to
changes in sex hormone concentrations after the age of 50 (36, 37).

The current investigation focuses on recruiting predominantly
young adult participants, and as a result, the applicability of
our findings may be limited to this specific age group. This
demographic constraint represents a notable limitation of our
study. To enhance the generalizability and robustness of our
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conclusions, it is imperative for future research endeavors to
encompass a broader spectrum of cases, incorporating individuals
from various age ranges. In the present study, our primary aim
was to demonstrate that various models can learn pertinent sex-
related patterns within diverse retinal datasets. While the current
sample size has proven adequate for this initial validation, it
remains a limitation of the study and should be expanded in future
research endeavors.

In conclusion, this research highlights the discriminative
capacity of different retinal layers in sex classification, achieving
varying levels of accuracy across distinct layers and ML algorithms.
The consistently superior performance of the RF algorithm
indicates its effectiveness in identifying sex-related characteristics
in various retinal layers. Furthermore, the identified patterns of
accuracy fluctuations across retinal layers offer invaluable insights
for subsequent research and algorithmic advancement in the field
of retinal data analysis.
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Two-photon excitation fluorescence (TPEF) is emerging as a powerful 
imaging technique with superior penetration power in scattering media, 
allowing for functional imaging of biological tissues at a subcellular level. 
TPEF is commonly used in cancer diagnostics, as it enables the direct 
observation of metabolism within living cells. The technique is now widely 
used in various medical fields, including ophthalmology. The eye is a complex 
and delicate organ with multiple layers of different cell types and tissues. 
Although this structure is ideal for visual perception, it generates aberrations 
in TPEF eye imaging. However, adaptive optics can now compensate for 
these aberrations, allowing for improved imaging of the eyes of animal 
models for human diseases. The eye is naturally built to filter out harmful 
wavelengths, but these wavelengths can be mimicked and thereby utilized 
in diagnostics via two-photon (2Ph) excitation. Recent advances in laser-
source manufacturing have made it possible to minimize the exposure of in 
vivo measurements within safety, while achieving sufficient signals to detect 
for functional images, making TPEF a viable option for human application. 
This review explores recent advances in wavefront-distortion correction 
in animal models and the safety of use of TPEF on human subjects, both 
of which make TPEF a potentially powerful tool for ophthalmological 
diagnostics.

KEYWORDS

two-photon excitation fluorescence, diagnostics, ophthalmology, functional 
imaging, non-invasive, adaptive optics

1 Introduction

Diagnostics, and early diagnostics in particular, are crucial in ophthalmology. Many 
eye diseases are progressive and, after a certain point, several are irreversible. Thus, early 
detection of symptoms can significantly increase the chances of proper treatment, 
subsequently halting, or at least considerably slowing, the progression of the disease. Basic 
methods of diagnostics rely on direct visualization and subjective questioning of the 
patient. Such methods have been complemented with structural imaging, such as optical 
coherence tomography (OCT) (1, 2), in which technology has advanced to allow for 
imaging of morphological changes, distinguishing healthy from sick/damaged eye 
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components. However, there is a need for non-invasive functional 
imaging that will enable several advanced diagnostic approaches, 
including measurement of structural changes upon stimulus, for 
example with optoretinography (ORG) (3–5); direct assessment of 
biochemical changes, with two-photon (2Ph) imaging (6); and 
detection of human retinal fluorophores in situ in the interphase 
between the retina and the retinal pigment epithelium (RPE) layer to 
recognize imbalances in the visual cycle (6). 2Ph imaging is also 
helpful in examining the collagen arrangements in the human cornea 
and sclera and the non-collagen limbus ultrastructure of the trabecular 
meshwork (7).

Advances in 2Ph imaging have alleviated safety concerns and 
allowed for its potential use in in vivo diagnosis of corneal and retinal 
diseases, at a minimum. Here we briefly introduce the two-photon 
excitation fluorescence (TPEF) technique and its use in 
ophthalmology, highlighting some of its most promising applications.

2 2Ph imaging

2Ph imaging is a fluorescence image technique based on the fact 
that two photons interact with molecules quasi-simultaneously (on 
the order of femtoseconds), in an incoherent fashion, with the 
combined energy matching the energy gap between the ground and 
excited states, and the absorption occurring most strongly near the 
focal plane, where the photon flux is highest (8) (Figures 1A–D).

This is a very rare event, but can be largely boosted by the use of 
ultrafast pulsed laser excitation in the range of 1020–1030 photons/
(cm2⋅s) (7), with the number of photons absorbed per fluorophore per 
pulse (na) is given by:
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with τp being the pulse duration, δ is the fluorophore’s two-photon 
absorption cross section (~10−58 m3 per photon) at wavelength λ, P0 
being the average laser intensity, f p being the laser’s repetition rate, 
NA being the numerical aperture of the focusing objective, and ℏ and 
c being the Planck’s constant and the speed of light, respectively (8, 9). 
With such small cross-section and with a pulse duration of 100 fs and 
a lens numerical aperture ≈ 1.4, Denk and coworkers calculate that an 
average incident laser power of ~50 mW would saturate the 
fluorescence output at the limit of one absorbed photon pair per pulse 
per fluorophore (9).

Currently the 2Ph absorption, after non-radiant energy relaxation, 
is explored in medical context in three main ways: (i) in the emission 
of a single photon in the visible range via fluorescence emission 
(TPEF), (ii) or in case of instantaneous process and no energy lost, in 
a second-harmonic generation (SHG) scattered UV light (7, 10), and 
(iii) in fluorescence lifetime imaging microscopy (FLIM) (Figures 1E-I).

TPEF has several unique advantages over conventional 
fluorescence microscopy, such as reduced phototoxicity, increased 
penetration depth and improved spatial resolution. The first 
application of TPEF to biological samples occurred in 1990 (9); since 
then, it has been used for various medical applications, including 
ophthalmology (11) (Figures 1J–K).

SHG is a coherent process, thus the phase and polarization of the 
generated photon are related to those of the incident photons, bringing 
advantages over other imaging techniques such as high contrast, 
minimal photobleaching, deep penetration depth, and allowing label-
free imaging. SHG was first demonstrated in 1961 (12) and can 
be used for high-resolution optical microscopy in biology and the 
medical sciences (Figure 1L) (see Supplementary Material).

FLIM extracts the lifetime from the fluorescence emission (10), 
allowing the separation of fluorophores that just by the intensity at a 
particular wavelength would not be distinguishable (10, 13–17) (see 
Supplementary Material).

Such unique characteristics grant TPEF an amazing potential for 
use in both structural and functional imaging. In ophthalmology, 
progress has been made in evaluating the applicability of 2Ph in the 
clinic for corneal and retinal analysis. Moreover, TPEF, as a 
non-invasive and label-free optical imaging technique, allows the 
characterization of specimens without interference from the 
biochemical composition and/or physiological state of the 
samples (18).

3 Safety

Safety has been a critical element in developing 2Ph imaging for 
application in ophthalmology, especially when imaging the retina 
where melanin-mediated interference can preclude detection of the 
signal of interest. Thus, advances in manufacturing the laser source 
(with spatial, temporal and spectral properties finely modulated) 
were key in maximizing the signal and minimizing the exposure to 
laser light (6, 19); i.e., very intense but short pulses (which, if 
continued, would vaporize the biological samples), at a high 
repetition rate, that produce high instantaneous energy but low 
average (20). The probability of TPEF events increases with photon 
flux, thus requiring powerful lasers (or less powerful if the laser 
produces short fs pulses, making the instantaneous intensity very 
high). Despite the use of these high-intensity short pulses, eye tissue 
interrogations remain within safe limits because of the minimal 
cross-section of material illuminated, and the very limited time 
period over which the pulses are delivered (Figure 1M). Technology 
tested in mice revealed the possibility of extracting biochemical 
information using TPEF imaging, within safe limits and without any 
perceived damage judged by several criteria, including in vivo 
imaging using SLO and OCT; retinal function assay by ERG; and ex 
vivo quantification of rhodopsin and 11-cis retinal by immune 
histology and TPEF imaging (6, 21). To ensure a more significant 
safety margin for use in human retinas, Palczewska et al. (21) further 
diminished the potential sources of photodamage by decreasing the 
pulse repetition frequency (PRF) (17), and by adding other design 
features in the setup (22, 23). In more detail, Palczewska and 
colleagues’ setting is now capable of recording retinoids derivative in 
human retinas using average light power of only 0.3 mW for an 
exposure time of 40 s per measurement (that is sufficient to collect 30 
frames), when considering a NA of 0.22, is well below the safety limits 
prescribed by the American National Standard for Safe Use of Lasers, 
ANSI Z136.1–2014. Using a laser of λ = 780 nm, a pulse duration of 
76 fs, and imaging a squared retinal area of 17.6° and using 
the equation:
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FIGURE 1

Two-photon imaging. (A) Jablonski diagram of fluorophore excitation by single, (B) two-photon, and (C) secondary-harmonic generation (SHG). 
(D) comparison of one and two-photon (yellow arrow) excitation profiles. (E) focal plane range by single, (F) two-photon, and (G) SHG. (H) FLIM 
histogram of photon counts versus arrival time after the laser pulse. (I) two-photon excited fluorescence and SHG are isotopically emitted. 
(J) experimental TPEF-SLO setup, and its (K) imaging processing. (L) experimental SHG setup. (M) relative TPEF intensity as a function of pulse 
repetition frequency. (N) anatomy of the human eye.
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For the retinal exposures (RE), where P is average excitation 
power, Texp is exposure time and Aretina is the area of the exposed retina 
(see Supplementary Material).

In another study, Avila et al. (7) used a high-repetition infrared 
laser and, keeping the maximum laser power (MP) within safety 
limits, obtained 2Ph images while protecting both the cornea and the 
retina (7). For their setting, and considering both the International 
Commission on Non-Ionizing Radiation Protection (ICNRP) (24), 
and the ANSI Z136.1–2000 (19), Avila and co-workers an MPE of 
3.49 W/cm2 was determined, and they collect their images with 
exposure times of 0.42 s (7).

4 Image improvement

Adaptive optics (AO) is a technique that at its core uses a 
wavefront sensor to measure the distortion in an optical wavefront, 
and corrects them using a deformable mirror, thus in ophthalmology 
AO corrects for eye aberrations (25). Additionally, one impact of 
reducing the pulse duration in TPEF imaging is the increased phase 
distortion, caused not only by the tissues but also by the optical 
component due to the increase in the pulse spectral bandwidth, which 
needs to be compensated for (6, 26). Another impact to some extent 
is wavefront distortion, due to intermediate tissue layers; this problem 
may be overcome using AO (6, 27–29). Several innovative approaches 
to solve such problems include Differential Aberration Imaging (DAI), 
which computes out tissue-induced aberrations (30); real time 
Iterative Aberrations Correction, which involves iterative algorithms 
to adjust the optical elements and thus the quality of the images (31); 
and Offline Aberration Corrections that involve post-processing 
corrections to improve image quality (32). However, adaptive optics 
needs to correct the wavefront aberrations without inducing much 
photobleaching or increasing the exposure of the sample. This 
refinement was achieved for 2Ph microscopy in 2009 (33), and it was 
used for other imaging modalities in ophthalmology practice in 1997 
(34) and in a clinical setting in 2000 (35). More information on 
adaptive optics, including its use on different cells and tissues, clinical 
applications, and current limitations and perspectives, can be found 
in a review by Akyol and colleagues (36).

5 TPEF use in ophthalmology

The eyes are a very sensitive organ that in parallel to detect a large 
spectrum of radiation and over a large range of intensities, needs to 
protect its delicate fabric of different tissues and cells from radiation 
damage. UV light is particularly detrimental (it can lead to irreversible 
changes in the transparency of the human cornea and lens (37)), but 
is filtered before it reaches the sensitive photoreceptors by the cornea 
and lens, and it is also quenched by the presence of melanin, that 
works not only as a photo-screen but also as an antioxidant (38).

In TPEF, two less-energetic (i.e., near IR range) photons are used 
to excite molecules instead of a single high-energy photon (i.e., in the 
UV range), thus bypassing the usage of UV illumination limitations. 

This approach provides multiple advantages for using TPEF as a 
diagnostic tool, including: (i) it causes less damage (8–10), as it has a 
quadratic dependence on the excitation intensity (instead of the linear 
dependency of one-photon excitation); (ii) it has a more profound 
penetration power in tissues because the excitation is limited to the 
focal volume with high photon density (8–10, 20) (Figures 1E–F), and 
there is decreased scattering (8–10, 32); and (iii) in ophthalmology, it 
avoids the sequestration of UV light by the anterior segment of the 
human eye (39, 40) (Figure 1N).

The eye is composed of anterior and posterior segments 
(Figure 1N). The anterior segment contains the cornea, iris, ciliary 
body, and lens; and the posterior segment comprises the retina, 
choroid and optic nerve. Between the cornea and the optical nerve, 
the eye is coated by a white fibrous tissue called the sclera, which is the 
supporting structure that shapes and protects the eyeball. The 
posterior segment is responsible for detecting a light stimulus and its 
converting it into an electrical stimulus that the brain can process to 
generate images. In contrast, the anterior segment focuses the light 
beam onto the retina and blocks damaging UV light.

The cornea is the outermost anterior part of the eye, and it is 
transparent and avascular to allow light transmission and refraction 
(10). Its thickness varies from 500 μm in the center to 700 μm toward 
the periphery. The cornea is comprised of five main layers (epithelium, 
Browman’s layer, stroma, Descemet’s membrane, and endothelium). 
The stroma accounts for ~90% of the corneal thickness, and is 
composed of stacked collagen lamellae (7, 10). SHG allows the 
visualization of non-centrosymmetric molecules, such as collagen (7, 
41, 42). It was first performed ex vivo (41, 43–47) and later performed 
in vivo in rabbits and humans (7, 41, 48). Ex vivo work indicates that 
TPEF can distinguish between pathological and non-pathological 
cornea for diseases such as keratoconus (KC), Acanthamoeba keratitis 
(AK), and stromal corneal scars (SCS), based on collagen fiber 
organization and stromal autofluorescence (AF) lifetime, as well as cell 
morphology and metabolism (41). Moreover, TPEF can detect 
changes in the ratio of free and protein-bound NAD(P)H to infer a 
decrease in cell metabolism (20, 41); and other clinical applications 
have been investigated over the years, as reviewed in 2022 (10). 
Recently, human eyes were evaluated in vivo, and information on the 
collagen arrangements and morphological features was obtained for 
the cornea, sclera, and trabecular meshwork (7). The latter revealed 
small features that may play a role in intraocular pressure regulation 
and glaucoma diagnostics, and mirrored the observations of ex vivo 
studies (7, 49–51).

As indicated, the posterior part of the eye includes the retina, 
where light stimuli are converted into electric stimuli that are further 
processed by the brain to generate images. One key piece of the 
process is the visual cycle, which contains many natural fluorophores 
that can be detected (6). However, their short excitation wavelengths 
do not permit the use of traditional one-photon imaging, as UV light 
will cause eye damage (22). As the anterior segment filters the light, 
2Ph delivered in femtosecond pulses can interrogate such molecules 
in the retina (6, 17, 52, 53). TPEF imaging can detect several disease-
specific biomarkers (52, 54, 55), as well as light- and age-induced 
retinal defects since they cause changes in retinoid metabolism (6, 56). 
More specifically, this imaging technique was employed to identify 
lipid droplets with a high concentration of retinyl esters (57), which 
over-accumulate in Rpe65−/− mice and are absent in Lrat−/− mice 
(58, 59). The ablated genes in these mouse models code for two key 
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enzymes in the visual cycle, RPE65 and LRAT, respectively. Rpe65−/− 
mice are a model for Leber congenital amaurosis, and Lrat−/− mice 
are a model for retinitis pigmentosa (6, 60). In animal models, TPEF 
imaging can distinguish aberrant bisretinoid patterns caused by 
Stargardt disease (61). In addition to the disease setting, during ageing 
some retinoids form bisretinoids that are fluorescent and thus can 
be analyzed with 2Ph ophthalmoscopy (62). From a therapeutic point 
of view, TPEF imaging is also potentially relevant, as it can help to 
track restoration of visual function. Examples include monitoring 
gene therapy of pathogenic mutations in the Rpe65 gene (63), tracking 
the drug-induced diminution of bisretinoids in a mouse model of 
Stargardt disease (61), and probing the protective effects of 
pharmacological agents on photoreceptor-induced light damage (64).

6 Other medical applications and 
comparison to other ocular 
techniques

TPEF is effective in exciting aromatic amino acids and other 
fluorophores present in the cells such as NAD and FAD allowing the 
analysis of living tissues (65, 66), thus getting used in different fields other 
than ophthalmology including neurobiology for studying neuronal 
signaling processes (67), oncology for investigating metabolism in cancer 
cells (68), and in the field of embryology for studies on living embryos 
(69). 2PEF has proved to be useful also in the field of immunology, 
thanks to the ability to give information about living cells revealing 
several mechanisms of the adaptive immune response (70).

Diagnostics of the cornea have historically relied on imaging 
techniques such as a slit-lamp microscope and specular and confocal 
microscopy, further supported by anterior segment OCT and corneal 
topography (41). These techniques can detect alterations of cell 
morphology, but they cannot monitor changes in the metabolism of 
cells or the structural organization of the stroma (41).

In terms of structural imaging of cornea, TPEF is superior to OCT 
and specular microscopy (or reflectance confocal microscopy) 
allowing the visualization of collagen fibers, and overall giving better 
contrast/resolution of the different corneal layers (7). Also, functional 
imaging is impossible with standard OCT.

Like the cornea, the retina has been examined with various 
imaging techniques, such as color photography, narrow-band 
reflectance photography, scanning-laser ophthalmoscopy (SLO) and 
fundus autofluorescence (6). Despite offering 2D-structural 
information, or 3D information when OCT is used, and allowing 
scrutiny of the retinal layers (6), these techniques do not offer insights 
into metabolic status or other functional information, and the 
information they provide does not correspond unfailingly to visual 
acuity (71). 2Ph imaging permits the measurement of the retinoids in 
vivo and thus facilitates an evaluation of the health of the visual cycle.

Fundus Autofluorescence (FAF) captures the natural fluorescence 
emitted by retinal pigments, thus providing insights into retinal health 
and metabolic changes, and applicable in conditions like macular 
degeneration and inherited retinal diseases (72). FAF and TPEF, 
applied to the posterior segment of the eye, share many similarities, 
but there are key differences. The more sticking is the fact that TPEF 
can pinpoint fluorophores active in the visual cycle, and not only 
passive ones such as melanin (73), and components of lipofuscins 
(22), and using lower Res, 1.76 J/cm2 for a multiple-day exposure (22) 
versus 15 J/cm2 (74), and 20.4 J/cm2 (75), using near-infra-red 

autofluorescence (NIR-FAF), thus also avoiding photochemical 
degradation of retinoids (76, 77).

7 Future perspectives

Two current limitations of TPEF are the slow acquisition times 
and low signal-to-noise ratio. Current developments with the use of 
multiple detectors offer the promise that faster and more efficient 
imaging collection (78). Using lasers that are frequency encoded (FE), 
Heuke and colleagues, offer now the possibility of excitation 
discrimination (in addition to the already available emission 
discrimination) and thus enable an unprecedented number of 
fluorophores to be imaged simultaneously (78).

There are a few areas where we think 2Ph imaging will have a 
significant impact in ophthalmology. Namely advances in the imaging 
of other retinal layers such as retinal ganglion cells with fiber-based 
two-photon fluorescence lifetime imaging ophthalmoscopy (FLIO) 
(79), or SHG to image the density and distribution of rhodopsin in rod 
photoreceptors (80). Moreover, 2Ph imaging can be used to assess 
corneas viability for transplantation (43), detect changes in the corneal 
shape and/or its mechanical properties and identify the initiation of 
loss of transparency, and thus future sight impaired or vision loss (7). 
Even when such a process occurs, since NIR excitation light penetrates 
cataractous lenses in a nondestructively way (22), 2Ph can nonetheless 
be used to access retinal function in elderly people, coincidentally 
more prone to suffer from illness on both eye segments. One final 
front where 2Ph will be used in the future is on drug impact and 
mechanism of action of drug action in retinal tissue (6).

8 Conclusion

In recent decades, and during recent years in particular, advances 
in TPEF technology, including adaptive optics and safety 
improvements, have raised its status and highlighted it as a potentially 
powerful tool with ophthalmological clinical applications, especially 
due to its functional imaging capacity. There are several challenges, 
however, to its widespread use, including the cost and the complexity 
of the current instrumentation, the need for self-assembly of the 
equipment, the costs and slow-speed of running adaptive optics, and 
the limited data from human in vivo tests (due to safety concerns that 
now seem to have been addressed). Nevertheless, enough of the 
limitations on the technology have been overcome, so that TPEF may 
now be considered a valuable potential tool for clinical diagnostics, 
to distinguish healthy from pathological eyes in a non-invasive and 
label-free manner (Table 1). TPEF can be used for structural and 
functional imaging of both the anterior and posterior segments of the 
eye, and it may be relevant for diagnosing and tracking treatment 
efficacy for ocular diseases including keratoconus, keratitis, bulbous 
keratopathy, fibrosis, Stargardt disease, and retinitis pigmentosa, 
among others.
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Enhanced depth imaging optical
coherence tomography features
of two types of
Vogt–Koyanagi–Harada disease:
fuzzy or lost pattern of the
choroidal vasculature is of
diagnostic value

Xinshu Liu1, Shuling Wang2, Yan An1 and Hao Zhang1*

1Department of Ophthalmology, The Fourth People’s Hospital of Shenyang, China Medical University,

Shenyang, Liaoning, China, 2School of Business Administration, Shenyang Pharmaceutical University,

Shenyang, Liaoning, China

Objective: This study aimed to compare enhanced depth imaging optical

coherence tomography (EDI-OCT) features of exudative retinal detachment

(ERD) type and optic disc (OD) swelling type Vogt–Koyanagi–Harada

(VKH) disease.

Methods: Hospitalized VKH patients were retrospectively reviewed and classified

into the ERD type and the OD swelling type. The EDI-OCT features were

then analyzed.

Results: The study included 32 ERD type and 15OD swelling type VKH patients at

the acute uveitis stage. The interval between the onset of ocular symptoms and

the start of treatment in OD swelling type VKH disease was significantly longer

compared to the ERD type (p < 0.001). A fuzzy or lost pattern of the choroidal

vasculature was observed in 100% of VKH patients of both types. Moreover, high

frequencies (greater than or equal to 50%) of fluctuations in the internal limiting

membrane, interdigitation zone disruption, ERD, retinal pigment epithelium (RPE)

folds, and ellipsoid zone disruption were observed in both types. Patients with

OD swelling type VKH disease exhibited higher frequencies of OD swelling and

hyperreflective substances above the RPE (p< 0.001 and p= 0.003, respectively),

with lower frequencies of ERD and bacillary layer detachment (p = 0.012 and

p < 0.001, respectively). At the convalescence stage, changes in the EDI-OCT

images of 10 ERD type and 5 OD swelling type VKH patients were analyzed. The

frequencies of the OCT features decreased with similar trends in both types of

VKH disease.

Conclusion: Although ERD type and OD swelling type VKH disease have their

own unique characteristics, they share common EDI-OCT features. The Fuzzy

or lost pattern of the choroidal vasculature that indicates choroidal inflammation

may serve as a diagnostic aid for VKH disease, especially for the OD swelling type

and the early-stage ERD type.

KEYWORDS

exudative retinal detachment, fuzzy or lost pattern of the choroidal vasculature, optical

coherence tomography, optic disc swelling, Vogt-Koyanagi-Harada disease
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1 Introduction

Vogt–Koyanagi–Harada (VKH) disease is a multisystemic

autoimmune disorder that mediated by T cells acting against

antigens found on melanocytes. It is characterized by bilateral

granulomatous panuveitis and associated with central nervous

system, auditory, and integumentary involvement (1). The most

characteristic manifestation of panuveitis is exudative retinal

detachment (ERD) (2). However, in some patients, ERD is

not remarkable, and optic disc (OD) swelling is the more

prominent fundus finding (3). Okunuki et al. (3) reported

the clinical features of two types of VKH disease, ERD and

OD swelling, and highlighted the differences in disease course

and treatment response. Nevertheless, OD swelling type VKH

disease, which needs to be differentiated from other conditions,

such as optic neuritis, elevated intracranial pressure, and other

autoimmune inflammatory conditions and infections, still tends to

be misdiagnosed (4–6).

Optical coherence tomography (OCT) provides in vivo images

of the retina and the choroid and is widely used in evaluating

and diagnosing fundus diseases. OCT studies primarily focused

on the topographic features of the retina and the choroid in

VKH disease. Gupta et al. (7) reported the presence of retinal

pigment epithelium (RPE) striations in OCT images of acute

VKH patients. Furthermore, Agarwal et al. (8) found that bacillary

layer detachment (BLD) is a common finding in OCT images

of patients with acute VKH disease. Enhanced depth imaging

OCT (EDI-OCT) provides more information about the choroid.

In Agarwal et al.’s (9) study, the EDI-OCT-derived choroidal

vascularity index had a statistically significant reduction over time

in VKH patients. Using the newly invented optical coherence

tomography angiography (OCTA), Liang et al. (10) found that

the choriocapillary vascular density decreased in VKH patients

compared with normal controls. Despite prior researches, no

research comparing the OCT features of ERD type and OD swelling

type VKH disease has been reported. In the current study, EDI-

OCT images of two types of VKH disease at acute uveitis and

convalescence stages were analyzed to offer additional clues to

the diagnosis and evaluation of these two types of VKH disease,

especially the OD swelling type.

2 Subjects and methods

2.1 Subjects

We retrospectively reviewed the medical records of

consecutively hospitalized VKH patients in the Fourth People’s

Hospital of Shenyang between June 2017 and August 2020. This

study was approved by the Institutional Review Board of the

Fourth People’s Hospital of Shenyang and adhered to the tenets

of the Declaration of Helsinki. Patients with acute VKH disease,

who had not received prior treatment, were included. VKH disease

was diagnosed in accordance with the revised criteria of the

International Committee on Nomenclature (11). The follow-up

information was collected from patients who received regular

follow-ups for at least 2 months. Patients with a history of other

retinal and/or choroidal diseases, myopia >6 diopters, and opaque

optical media were excluded. All patients received oral prednisone

at an initial dose of 0.8–1.0 mg/kg of body weight daily, followed by

a gradual tampering of the dose thereafter (1, 12). Additional oral

immunomodulatory agents, topical steroids, and mydriatics were

administered when necessary. VKH patients were divided into two

groups based on whether they had clinically prominent ERD at

presentation by Dr. Zhang. Patients with clinically evident ERD

with or without OD swelling detected by indirect ophthalmoscopy

were defined as having ERD type VKH disease, and patients

with clinically evident OD hyperemia and swelling with no ERD

detected by indirect ophthalmoscopy were defined as having OD

swelling type VKH disease (3).

2.2 OCT examination

OCT was performed using the Spectralis HRA+OCT system

(Heidelberg Engineering, Heidelberg, Germany) fellow function at

each visit. Raster scans with EDI were acquired at the macular

region, with a minimum of 25 B-scans per volume scan of 30◦∗20◦.

Each B-scan was averaged over 9 frames, with a distance of 240mm

between consecutive scans. The OCT images at presentation and

then at 1 week, 4 weeks, and 8 weeks after treatment initiation

were independently reviewed by Dr. Liu and Dr. An. In cases

of disagreement, Dr. Zhang made the final decision after a panel

discussion. The following 10 OCT features of VKH patients were

recorded in the current study: ERD, OD swelling, fluctuations in

the internal limiting membrane (ILM), BLD, RPE folds, fuzzy or

lost pattern of the choroidal vasculature, hyperreflective substances

above RPE, ellipsoid zone (EZ) disruption, interdigitation zone (IZ)

disruption, and RPE detachment (PED) (Figure 1). In cases of OD

swelling type VKH disease, very mild ERD that was not observable

during fundus examination was detectable by OCT. Fluctuations

in the ILM refer to the loss of its smooth surface, resulting in

fluctuating changes with at least 2 peaks or troughs (13). BLD was

the break within myoids that isolates ellipsoids and outer segments

from the remaining photoreceptor cell bodies (8, 14). RPE folds

were the loss of the smooth surface of the RPE layer, resulting in

various forms of protrusion. One peak or trough in the RPE layer

was defined as an RPE fold (13).

2.3 Main outcome measures

The primary outcome of this study was EDI-OCT features of

ERD type and OD swelling type VKH disease at the acute uveitis

stage. We further observed the changes in these features at the

convalescence stage.

2.4 Statistical analysis

Comparisons between the two types of VKH disease were

conducted using SPSS 23.0 software for Windows (SPSS Inc.,

Chicago, IL, USA). Regarding demographic characteristics, the

independent samples t-test was used for normal distribution

continuous variables, the Mann–Whitney test was used for non-

normal distribution continuous variables, and the chi-squared test
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FIGURE 1

Enhanced depth imaging optical coherence tomography images of two types of Vogt–Koyanagi–Harada (VKH) disease at the acute uveitis stage. (A)

The left eye of a patient with exudative retinal detachment (ERD) type VKH disease without optic disc (OD) swelling. ERD, bacillary layer detachment

(BLD) and retinal pigment epithelium detachment (PED) were obvious. The pattern of the choroidal vasculature was fuzzy. (B) The left eye of a patient

with ERD type VKH disease with OD swelling. The pattern of the choroidal vasculature was fuzzier than that in (A). (C) The right eye of a patient with

OD swelling type VKH disease with no ERD. OD swelling was obvious. Fluctuations in the internal limiting membrane (FILM), retinal pigment

epithelium folds (RPEF), ellipsoid zone disruption (EZD) and interdigitation zone disruption (IZD) were displayed. The pattern of the choroidal

vasculature was completely lost. (D) The left eye of a patient with OD swelling type VKH disease with shallow ERD. Hyperreflective substances above

the RPE (HSRPE) was observed. The pattern of the choroidal vasculature was completely lost. (E) The left eye of a patient with OD swelling type VKH

disease. Fuzzy of the choroidal vasculature was the only feature observed in addition to OD swelling.

was used for categorical variables. Generalized estimating equation

was applied to accommodate the correlation between two eyes of

the same person when comparing OCT features at the acute uveitis

stage. P < 0.05 was considered statistically significant.

3 Results

This study included 47 VKH patients (94 eyes) presented at

the acute uveitis stage, with 15 (30 eyes) of them receiving regular

follow-ups for 2 months. Of the patients included, 32 patients

(64 eyes) were classified as having ERD type VKH disease, while

15 patients (30 eyes) were classified as having OD swelling type

VKH disease. The male percentages of the ERD type and the OD

swelling type were 50.0% and 53.3%, respectively (P = 0.831). The

average age at the onset of ocular symptoms in patients with the OD

swelling type (49.2 ± 12.6 years) was higher than that in patients

with the ERD type (42.5 ± 13.5 years); however, the difference was

not statistically significant (P = 0.112). The interval between the

onset of ocular symptoms and the start of treatment in the OD

swelling type [12(9, 20) days] was significantly longer than that

in the ERD type [7(4, 13) days] (P < 0.001). The demographic

characteristics are presented in Table 1.

Detailed information of EDI-OCT features of the two types of

VKH disease at the acute uveitis stage is presented and compared in

Table 2. OCT features with a frequency of 50% or higher were first

evaluated. For ERD type VKH patients, the following frequencies

of OCT features were observed: ERD (100%), fluctuations in the

ILM (100%), fuzzy or lost pattern of the choroidal vasculature

TABLE 1 Demographic characteristics of two types of

Vogt-Koyanagi-Harada disease.

ERD type OD
swelling
type

P

Number of patients 32 15 NA

Number of eyes 64 30 NA

Male percentage 50.0% 53.3% 0.831a

Average age (years) 42.5± 13.5 49.2± 12.6 0.112b

Interval between

the onset of ocular

symptoms and the

start of treatment

(days)

7(4, 13) 12(9, 20) <0.001
c

ERD, exudative retinal detachment; OD, optic disc; achi square test, bindependent-samples

t-test, cMann–Whitney test. Bold value was statistically significant.

(100%), IZ disruption (100%), RPE folds (87.5%), EZ disruption

(70.3%), and BLD (65.6%). For OD swelling type VKH patients, the

following frequencies of OCT features were observed: OD swelling

(100%), fuzzy or lost pattern of the choroidal vasculature (100%),

fluctuations in the ILM (93.3%), IZ disruption (93.3%), RPE folds

(86.7%), ERD (76.7%), EZ disruption (53.3%), and hyperreflective

substances above RPE (50%). Moreover, we observed a low

frequency of PED (10.9% in the ERD type and 10% in the OD

swelling type) in both types. Notably, up to 60% of the OCT features

showed a high level of consistency between the two types of VKH

disease, except for the following statistically significant differences:
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TABLE 2 Enhanced depth imaging optical coherence tomography

features of two types of Vogt-Koyanagi-Harada disease at the acute

uveitis stage.

Features ERD type
(n = 64)

OD
swelling
type (n =

30)

P

ERD 64 (100.0%) 23 (76.7%) 0.012

OD swelling 15 (23.4%) 30 (100.0%) <0.001

Fluctuations in the

ILM

64 (100.0%) 28 (93.3%) 0.301

Bacillary layer

detachment

42 (65.6%) 0 (0) <0.001

RPE folds 56 (87.5%) 26 (86.7%) 0.937

Fuzzy or lost

pattern of the

choroidal

vasculature

64 (100.0%) 30 (100.0%) NA

Hyperreflective

substances above

RPE

7 (10.9%) 15 (50.0%) 0.003

EZ disruption 45 (70.3%) 16 (53.3%) 0.251

IZ disruption 64 (100.0%) 28 (93.3%) 0.301

PED 7 (10.9%) 3 (10.0%) 0.894

ERD, exudative retinal detachment; OD, optic disc; ILM, internal limiting membrane;

RPE, retinal pigment epithelium; EZ, ellipsoid zone; IZ, interdigitation zone; PED,

RPE detachment. Bold values were statistically significant.

In cases of the OD swelling type, the frequencies of OD swelling and

hyperreflective substances above the RPE were higher than that in

the ERD type (100% vs. 23.4% and 50% vs. 10.9%; p < 0.001 and p

= 0.003); while the frequencies of ERD and BLD were lower than

that in the ERD type (76.7% vs. 100% and 0 vs. 65.6%; p = 0.012

and p < 0.001).

The frequencies of all EDI-OCT features presented downward

trends on different levels after treatment initiation in both types.

More specifically, ERD and RPE folds resolved within 8 weeks and

4 weeks, respectively, in both types. In the ERD type, OD swelling

subsided within 8 weeks, and fluctuations in the ILM and BLD

subsided within 4 weeks; In the OD swelling type, fuzzy or lost

pattern of the choroidal vasculature and EZ disruption regressed

within 8 weeks. The frequencies of the fuzzy or lost pattern of

the choroidal vasculature, hyperreflective substances above RPE,

and EZ disruption in the ERD type and the OD swelling type,

fluctuations in the ILM and hyperreflective substances above RPE

in the OD swelling type were all below 40% within 8 weeks. IZ

disruption and PED only improved within 8 weeks in a few cases

of both types.

4 Discussion

In the present study, the OD swelling type VKH patients got

longer interval between the onset of ocular symptoms and the start

of treatment. OD swelling type VKH disease shares some common

EDI-OCT features with ERD type VKH disease at the acute uveitis

stage. The fuzzy or lost pattern of the choroidal vasculature was

observed in 100% of the patients of both types of VKH, and

fluctuations in the ILM, IZ disruption, ERD, RPE folds and EZ

disruption were observed in at least 50% of the patients.Meanwhile,

patients with OD swelling type VKH disease had higher frequencies

of OD swelling and hyperreflective substances above the RPE, with

lower frequencies of ERD and BLD. A good response to systematic

anti-inflammatory treatment was observed in all OCT features of

both types.

In our study and Okunuki et al.’s (3) study, the interval between

the onset of ocular symptoms and the start of treatment in OD

swelling type VKHdisease was significantly longer than that in ERD

type VKH disease. Two possible reasons may explain the treatment

delay. On the one hand, compared to the dramatic decreased visual

acuity due to abrupt progression of ERD in the ERD type, visual

impairment in OD swelling type VKH disease was less severe due to

no or subclinical ERD (detectable byOCT) at disease onset. Patients

sought health care after a delay. On the other hand, the diagnosis

of OD swelling type VKH may delay. In Le et al.’s (5) report,

an OD swelling type VKH patient received her diagnosis after

excluding other autoimmune, malignant, or infective etiologies

following extensive investigations and a nearly 1 year period of

observation. The treatment delay may be associated with chronic

recurrent disease course and poor visual prognosis.

The fuzzy or lost pattern of the choroidal vasculature, the only

choroidal OCT feature recorded and analyzed in the present study,

was originally described as an indocyanine green angiography

(ICGA) sign of VKH disease (15). Miyanaga et al. (15) observed

a fuzzy or lost pattern of the choroidal vasculature in the

intermediate-to-late phase of ICGA in all the initial acute VKH

patients studied and presumed it to be an indication of diffuse

inflammatory vasculopathy of choroidal vessels. We also observed

this phenomenon in EDI-OCT images, and it was the only OCT

feature observed in 100% of VKH patients of both types at the

acute uveitis stage. During severe inflammation, the pattern of

the choroidal vasculature was completely lost. With the remission

of inflammation, the outline of the individual choroidal vessels

gradually became clear. Lee et al. (16) observed a darkened

type choroid morphology in EDI-OCT images of acute VKH

patients. The darkened morphology was characterized as diffuse,

homogenous, and hypo-reflective pattern with markedly decreased

visibility of the large choroidal vessel layer (16), which is similar

to our study’s fuzzy or lost pattern of the choroidal vasculature.

Although the fuzzy or lost pattern of the choroidal vasculature

was observed in both ICGA and EDI-OCT images of acute VKH

patients, we presumed different imaging principles. We suppose

that, at the acute uveitis stage, edematous choroidal stroma and

RPE cells caused by choroidal inflammation may block and scatter

the near-infrared light reflected from the choroidal vasculature

during OCT imaging, leading to a fuzzy or lost pattern of the

choroidal vasculature. The fuzzy or lost pattern of the choroidal

vasculature in EDI-OCT images, an indication of choroidal

inflammation, is useful for the diagnosis of OD swelling type

VKH disease, which tends to be misdiagnosed as optic neuritis or

elevated intracranial pressure because of prominent OD swelling.

It is also valuable for diagnosing very early-stage ERD type VKH

disease, when the choroidal inflammation has not yet involved

adjacent structures.

Fluctuations in the ILM, ERD, RPE folds, and OD swelling

occur when choroidal inflammation progresses. Lin et al. (17) first
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observed and defined fluctuations in the ILM in OCT images

of 34 out of 65 VKH eyes (52.3%). They also proposed local

constriction caused by inflammatory cells infiltrating in the vitreous

and diffuse, but uneven, edema of the retina and the choroid due to

inflammation may be the cause (17). We also observed fluctuations

in the ILM in more than 50% of the eyes of both types of VKH

disease patients, and the frequencies of fluctuations in the ILM of

two types of VKH showed no significant difference. In our study,

the subclinical ERD detected by OCT at the acute uveitis stage of

OD swelling type VKH disease was shallow and localized compared

to the high and extensive ERD of the ERD type. Moreover, the

frequency of ERDwas observed to be lower in the OD swelling type.

Gupta et al. described RPE folds, also known as RPE undulations,

as peaks and troughs of the RPE layer in all 4 VKH patients

(eight eyes) studied with 3-dimensional OCT (7). Hosoda et al. (18)

hypothesized that the thick and deformed inflammatory choroid of

VKH patients contributes to the formation of RPE folds. RPE folds

were also common in our study, seen in more than 80% of eyes of

both types of VKH disease patients, with the frequencies between

the two types showing no significant difference. Fluctuations in

the ILM, ERD, and RPE folds were common OCT features in

both types of VKH disease, which may help in the diagnosis. The

frequency of OD swelling at the acute uveitis stage of OD swelling

type VKH disease was significantly higher than that of the ERD

type. A previous study speculated that older age and crowded discs

correlate with the occurrence of OD swelling (19). The average

age of OD swelling type VKH disease was higher than that of

the ERD type; however, it is not significant in the present study,

and a larger sample size is needed to show statistical significance.

Further studies on the choroidal circulation and discmorphology of

OD swelling type VKH disease are warranted. These OCT features

responded rapidly to systemic corticosteroid treatment in both

types of VKH disease in our study. All of these features regressed

within 8 weeks, except OD swelling and fluctuations in the ILM in

the OD swelling type which may be due to severe OD hyperemia

and swelling. Close monitoring of these OCT features would help

in the evaluation of therapeutic efficacy.

OCT features related to tissue disorganization (BLD, EZ

disruption, and IZ disruption) of VKH disease are discussed below.

BLD, a common OCT feature of ERD type VKH disease, described

as the cystoid space andmembranous structure previously (20), was

termed and defined by Mehta et al. (14) as the break within inner

segment myoids that isolate ellipsoids and outer segments from the

remaining photoreceptor cell bodies. Hydrostatic forces originating

from choroidal inflammation and strengthening adherence at the

IZ by the subretinal fibrin may both contribute to the split in

the structural weakness myoid layer of VKH patients (8, 21).

From Agarwal et al.’s (8) report, BLD was found in 112 of

the 118 (94.9%) VKH eyes with serous retinal detachment at

presentation, all of which resolved within 3.4 ± 1.3 days after

intravenous methylprednisolone therapy (8). The percentage of

BLD was 65.6% in ERD type VKH eyes at the acute uveitis stage

in our study, and all regressed within 4 weeks after oral prednisone

therapy. The percentage of BLD in the ERD type in the present

study is lower than that in the former report (8), which may

be due to different inclusion criteria. In the former report, only

patients with multifocal serous retinal detachment were included

(8), which may exclude less severe ERD type VKH patients. Based

on the consensus of the International Nomenclature for Optical

Coherence Tomography Panel, the outer three hyperreflective

bands that were identified included the EZ, IZ, and RPE/Bruch’s

complex (22). Zhao et al. (13) observed the disappearance of the

three-layer structure on OCT images of acute uveitis stage VKH

patients. In our study, disruption of the EZ occurred in 70.3%

of the eyes in the ERD type and 53.3% of the eyes in the OD

swelling type, while disruption of the IZ occurred in 100% of the

eyes in the ERD type and 93.3% of the eyes in the OD swelling

type at the acute uveitis stage. We propose two explanations to

help illustrate the occurrence of EZ and IZ disruption: outer

segments and ellipsoids of photoreceptor cells injured in sequence

by inflammation from the choroid and ellipsoids and outer segment

degeneration after isolating from the remaining photoreceptor cell

bodies in the BLD region. The EZ was gradually restored after

systematic anti-inflammatory treatment. IZ restoration was slow

(10% in the ERD type and 40% in the OD swelling type within 8

weeks), and the hyperreflective band of IZ may not be observed

in some VKH patients until years after presentation based on our

clinical experience.

Hyperreflective substances above the RPE may be constituted

by degenerated photoreceptor outer segments, inflammatory

exudation, and hyperplasia of RPE cells (23) after a period of

disease onset. The frequency of hyperreflective substances above

the RPE was higher in OD swelling type VKH disease than

that in the ERD type at the acute uveitis stage. The longer

interval between the onset of ocular symptoms and the start

of treatment in OD swelling type than that in ERD type may

be responsible. Degenerated photoreceptor outer segments and

inflammatory exudation increase over time, and hyperplasia of

RPE cells occurred at a certain time. Degenerated photoreceptor

outer segments and inflammatory exudation are gradually resolved;

however, hyperplasia of RPE cells remains (24), which may help

explain why a small number of hyperreflective substances above the

RPE still existed until the 8-week follow-up.

PED on OCT images is less common in VKH disease. In our

study, it was observed in 7 out of 64 eyes (10.9%) and 3 out of 30

eyes (10%) at the acute uveitis stage of ERD type and OD swelling

type VKH disease, respectively. Khochtali et al. (25) reported two

acute VKHdisease patients with bilateral PED. Although resolution

of PED after systemic corticosteroids would suggest an underlying

inflammatory mechanism, the exact process of PED is still unclear.

5 Conclusion

The current study compared EDI-OCT features of ERD

type and OD swelling type VKH disease at acute uveitis

and convalescence stages and explored the underlying

physiopathological mechanisms. Although ERD type and OD

swelling type VKH disease bear their own unique characteristics,

they share common OCT features. Fuzzy or lost pattern of the

choroidal vasculature indicates choroidal inflammation and was

observed in all VKH patients at the acute uveitis stage. This may

serve as a diagnostic aid for VKH disease, especially for the OD

swelling type and the early-stage ERD type. All OCT features

responded well to systematic anti-inflammatory treatment. Close

monitoring of these OCT features would help in the evaluation of

therapeutic efficacy.
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Case report: Intraretinal 
hyperflow microinfiltration 
lesions on swept-source optical 
coherence tomography 
angiography as a potential 
biomarker of primary vitreoretinal 
lymphoma
Zhangxing Xu 1,2†, Haixia Bai 1†, Xin Liu 1, Junhui Shen 1, 
Yongchao Su 1,3 and Yao Wang 1*
1 Eye Center, The Second Affiliated Hospital, School of Medicine, Zhejiang University, Zhejiang 
Provincial Key Laboratory of Ophthalmology, Zhejiang Provincial Clinical Research Center for Eye 
Diseases, Zhejiang Provincial Engineering Institute on Eye Diseases, Hangzhou, Zhejiang, China, 
2 Department of Ophthalmology, Ningbo Medical Center LiHuiLi Hospital, Ningbo, Zhejiang Province, 
China, 3 Department of Ophthalmology, Haiyan People's Hospital, Jiaxing, Zhejiang Province, China

Primary vitreoretinal lymphoma (PVRL) is often associated with central nervous 
system involvement, contributing to a heightened mortality rate, thus imaging 
features that are characteristic enough to be potential biomarkers of PVRL are 
important, either in diagnosis or in assessment of disease activity. This report 
details the case of a 68-year-old male who presented with blurred vision in both 
eyes persisting for 2  months. Fundus examination demonstrated vitreous opacity 
and multiple subretinal yellow nodular lesions of varying sizes in the peripheral 
fundus of both eyes. Multiple vertical hyperreflective lesions in the neural retina 
of posterior pole, indistinct outer retina borders in the fovea, and hyperreflective 
lesions in the sub-retinal pigment epithelium (RPE) space of the peripheral retina 
were demonstrated on swept-source optical coherence tomography (SS-OCT) 
of the left eye. Hyperflow signals corresponding to the vertical hyperreflective 
lesions were detected on swept-source optical coherence tomography 
angiography (SS-OCTA) images of retinal deep capillary plexus (DCP) layer. 
Notably, the hyperflow signals, precisely located around retinal vessels from the 
nerve fiber layer to the outer plexiform layer, were postulated to stem from 
the dilation of infiltrated retinal vessels. Vitreous pathological results of the left 
eye confirmed the diagnosis of PVRL. Treatments with intravitreal methotrexate 
injections led to a marked improvement of best-corrected visual acuity (BCVA) 
and regression of the hyperflow microinfiltration lesions demonstrated on SS-
OCTA. In conclusion, SS-OCTA effectively delineated the vertical hyperreflective 
lesions and corresponding hyperflow signals in the posterior pole macular 
region of a patient with PVRL. These lesions significantly diminished following 
intravitreal methotrexate injections. We speculated that the specific hyperflow 
signals on SS-OCTA could act as a potential biomarker of PVRL, and SS-
OCTA holds promise in facilitating early diagnosis and monitoring therapeutic 
responses in PVRL cases.
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Introduction

Primary vitreoretinal lymphoma (PVRL) is a rare malignancy 
occurring in the retina or vitreous of the eye, comprising less than 
0.01% of all ocular diseases (1–4). The average onset age of PVRL is 
50–60 years, with a male-to-female ratio of 1: 2. It is a high-grade 
typical B-cell malignancy. Central nervous system involvement will 
appear in 50–80% of patients with PVRL several years after ocular 
symptoms, which causes a poor prognosis (2, 5). The etiopathogenesis 
of primary intraocular lymphoma is still not well understood (6). Both 
the infectious theory and hematological spread theory have been 
implicated in the etiology of PVRL (7). Patients typically present with 
nonspecific complaints of painless blurred vision, floaters or both. 
Examination of the posterior segment reveals vitritis and development 
of creamy lymphoma choroidal infiltration with orange-yellow 
infiltrates deep to the RPE (4, 8). These creamy lesions can also 
develop in the posterior pole of retina. Optical coherence tomography 
(OCT) offers an obvious advantage in assessing disease activity and 
monitoring response to treatment in PVRL. OCT demonstrates 
vitreous cells, RPE nodularity, and outer retinal hyperreflectivity, 
pigment epithelial detachment, epiretinal membrane and retinal 
disorganization (9). Vertical hyperreflective lesions are also a common 
finding on OCT in PVRL (10). As one of the few reports on optical 
coherence tomography angiography (OCTA) presentations of PVRL, 
the research of Chen et al. discovered perivascular flower-bud-like 
lesions (PFBLs) visualized on enface OCTA as novel features of PVRL, 
which may represent the perivascular infiltration or migration of 
lymphoma cells (11). This report elucidates the characteristics of 
vertical hyperreflective lesions on swept-source OCT/OCTA 
(SS-OCT/OCTA), analyzing the association between vertical 
hyperreflective lesions on SS-OCT and corresponding hyperflow 
signals on SS-OCTA images of deep capillary plexus (DCP) layer. 
Therefore, we try to delve into the possible origin of the hyperflow 
signals, and consolidate the role of SS-OCTA findings in diagnosing 
PVRL and monitoring the activity of PVRL involving the posterior 
pole of fundus.

Case presentation

A 68-year-old Chinese male presented to our hospital for 
worsening blurry vision in both eyes for 2 months. He reported no 
significant past ocular or medical history. The best-corrected visual 
acuity (BCVA) was 20/30 in the right and 20/60 in the left eye. The 
anterior segment examination revealed mild cataract of both eyes. 
There were no keratic precipitates or anterior chamber cells. Mild 
vitreous opacity with asteroid hyalosis, and several subretinal yellow 
lesions in the nasal peripheral fundus was observed in the right eye 
(Figure 1A). Moderate vitreous opacity, multiple subretinal yellow 
nodular lesions with varying sizes, streaky pigmentation and white 
exudation on the surface of several yellow subretinal nodules were 

detected in the left eye (Figure 1B). B-scan ultrasonography showed 
clusters of moderately or highly condensed punctate echoes in 
vitreous cavity and irregular hypoechoic lesions under the retina of 
the left eye (Figure  1C). SS-OCT (Ultrawide SS-OCT/OCTA, 
BM-400 K BMizar, TowardPi Medical Technology, Beijing, China) 
revealed outer retina with fuzzy borders and one vertical 
hyperreflective lesion in the posterior pole of fundus of the left eye 
(Figure 2G1). SS-OCTA image of superficial capillary plexus (SCP) 
layer with scanning areas of 6 mm × 6 mm showed no abnormal blood 
flow signals of the left eye (Figure 2A1). Multiple hyperflow signals 
corresponding to the vertical hyperreflective lesions on SS-OCT were 
unexpectedly demonstrated on the enface SS-OCTA images of DCP 
layer (Figure  2B1), which were more pronounced on the enface 
structural image of DCP layer (Figure 2D1). The enface structural 
image of SCP layer showed no abnormal reflectance correlated with 
lymphoma (Figure 2C1). SS-OCT B-scan with flow overlay of SCP 
layer and DCP layer showed inhomogenous flow signals of the vertical 
intraretinal hyperreflective lesion (Figures 2E1,F1). Vessel density map 
of SCP layer demonstrated several warm hues dots corresponding to 
these hyperflow spots, and they were distributed along the retinal 
vessels (Supplementary Figure S1). Notably, neither similar vertical 
hyperreflective lesions in SS-OCT nor hyperflow spots in SS-OCTA 
were detected in the posterior pole of the right eye (Figure  3). 
Homogenous hyperreflective lesions sub-RPE space in the peripheral 
retina could also be detected by 24 mm OCT scan (Figures 1D,E). 
Additionally, the aqueous humor examination of the left eye showed 
an elevated level of interleukin-10 (IL-10) at 21.8 pg./mL and a 
decreased level of IL-6 at 0.3 pg./mL, resulting in a high IL-10/IL-6 
ratio of 70.4.

We strongly suspected the possibility of PVRL and performed 
diagnostic 23 gauge-vitrectomy for his left eye (Figure 4A). Moderate 
vitreous opacity was observed in the surgery, and multiple yellow 
nodular lesions and white exudation in the inferior retina were proved 
to be  subretinal. Vitreous fluid was collected for cytology, 
immunohistochemistry and molecular analysis. Cytology unveiled 
atypical lymphocytes with an elevated nucleus/cytoplasm ratio and 
multiple prominent nucleoli (Figure  4B). Lymphoma cells in the 
vitreous presented positive B-cell marker of CD20, CD79a, Bcl-2 and 
Bcl-6, with a high Ki-67 positive rate of 30–40% (Figure 4C). There 
was only weak positivity of CD3, the T-cell marker. The results of IgH 
gene rearrangement were positive, and TCR gene rearrangement was 
negative in monoclonality analysis.

There were no positive findings in cranial-enhanced magnetic 
resonance imaging (MRI) and whole-body positron emission 
tomography-computed tomography (PET-CT). Thereby, a diagnosis 
of PVRL of both eyes was definitively confirmed.

The treatment regimen for both eyes was as follows: an induction 
phase of weekly intravitreal methotrexate injections for 4 weeks at a 
dose of 400 μg in 0.05 mL; after induction, biweekly consolidation 
methotrexate injections were given for 1 month at a dose of 400 μg in 
0.05 mL; and a maintenance phase involves monthly methotrexate 
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injections for 10 months. A neuro-oncological consultation was 
recommended to assess the necessity of prophylactic systemic 
chemotherapy. Following the induction phase, the patient’s BCVA 
improved to 20/22 of the right eye and 20/30 of the left eye. SS-OCT 
showed that the corresponding vertical hyperreflective lesions almost 
vanished. Furthermore, outer retina fuzzy borders were in remission 
in the left eye, and ellipsoid zone and external limiting membrane 
could be recognized on SS-OCT (Figures 2E2–G2). The preexisting 
hyperflow spots on SS-OCTA images of DCP layer almost disappeared 
(Figure 2B2). Enface SS-OCTA structural images of DCP layer also 
showed the preexisting hyperreflective lesions almost disappeared 
(Figure 2D2). SS-OCTA image of SCP layer and enface SS-OCTA 
structural images of SCP layer showed no great difference from 
pre-treatment images (Figures 2A2,C2). No significant changes were 
detected on SS-OCT in the macular area of the right eye. Fundus 
examination demonstrated a clear vitreous cavity postoperatively. The 
number and size of the peripheral white-yellow lesions were reduced 
obviously in both eyes, especially in the infratemporal peripheral 
fundus of the left eye. Moreover, the white exudation on the surface of 
yellow subretinal nodules in the inferior peripheral fundus of the left 
eye also diminished (Figures 4D,E).

The study protocol adhered to the tenets of the Declaration of 
Helsinki and was approved by the Medical Ethics Committee of the 
Second Affiliated Hospital of Zhejiang University School of Medicine, 
Hangzhou, China. All the clinical data were obtained from the 
electronic medical record system, with the patients’ consent.

Discussion

OCT is widely used in assessing disease activity and monitoring 
therapeutic response in PVRL. OCT findings of PVRL include outer 

retina fuzzy borders, pigment epithelium detachments (PED), 
subretinal hyperreflective infiltration, intraretinal infiltration, 
subretinal fluid (SRF) and subretinal fibrosis (12). Even though 
pathological examination remains the gold standard for diagnosing 
PVRL, the specific characterizations on OCT are of great significance 
for the early diagnosis of PVRL. However, there are only few reported 
data available with SS-OCTA. SS-OCT/OCTA, distinguished by its 
higher resolution and broader scanning range, enhances lesion 
visualization in greater detail compared to traditional Spectral 
Domain OCT/OCTA (13). Notably, SS-OCTA can especially provide 
layered blood flow images with unprecedented resolution in a rapid 
and non-invasive way.

In our case, SS-OCT showed outer retina fuzzy borders, PED and 
intraretinal infiltrations, which help to establish the diagnosis of 
PVRL. Intraretinal infiltrations manifested as several vertical 
hyperreflective lesions with various width and length on SS-OCT. Most 
of these hyperreflective lesions extended from ganglion cell layer or 
inner plexiform layer to the outer layer of the neuroretina such as 
external limiting membrane or ellipsoid zone. Some lesions were 
challenging to discern due to the blurring of outer retinal boundaries. 
The biggest intraretinal infiltration extended from retinal nerve fiber 
layer to RPE, suggesting the potential for the lesion to infiltrate the 
entire retinal layer. Some small intraretinal infiltrations extended from 
inner nuclear layer to outer nuclear layer, with the majority around the 
outer plexiform layer. Deák et  al. described the lesions as vertical 
hyperreflective lesions (VHRLs), which were often localized around 
second-order and third-order retinal vessels, varied in width but 
extended from the inner retina to the outermost part of the neuroretina 
or the RPE. Additionally, Deák et al. highlighted that VHRL could 
be indicative of a diagnosis of vitreoretinal lymphoma (10). In our case, 
some intraretinal infiltrations differed from the reported VHRLs by 
being shorter, thicker, and pointed like ears of wheat. Saito et  al. 

FIGURE 1

Fundus photographs, B-scan ultrasonography and swept-source Optical Coherence Tomography (SS-OCT) examinations at initial presentation. 
(A) Asteroid hyalosis and several subretinal yellow deposits were detected in the nasal retina of the right eye. (B) Moderate vitreous opacity, multiple 
subretinal yellow nodular lesions with varying sizes, streaky pigmentation (white arrowhead) and white exudation (asterisk) on the surface of several 
yellow subretinal nodules were detected in the left eye. (C) B-scan ultrasonography showed clusters of moderately or highly condensed punctate 
echoes in vitreous cavity, and irregular hypoechoic lesions (yellow arrows) under the retina of the left eye. (D,E) Infrared image and SS-OCT images 
with scanning length of 24  mm of the left eye. Homogenous hyperreflective lesions in the sub-RPE space were detected in the peripheral retina. An 
enlarged inset is provided on the right.
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described intraretinal infiltrations as “focal round lesions in the neural 
retinal layer,” some of which were larger than VHRLs and the lesions 
of our findings (14). Meanwhile, observations of Zhao et al. revealed 
that the diffuse and homogeneous hyperreflective lesions with blurred 
boundaries of neuroretina were also intraretinal infiltrations of PVRL 
(12). These diverse OCT features of intraretinal infiltrations may 
be able to provide clues to general infiltration patterns of malignant 
lymphocytes. We supposed that these microinfiltrations in our case 
might develop into larger lesions like VHRLs or diffuse intraretinal 
infiltrations along with the disease progression. Since the 
pathophysiology of PVRL is still not completely clear, histologic 
examinations of retinal tissues are imperative to elucidate the origin 
and infiltration mechanisms of PVRL.

No abnormal blood flow signals correlated with lymphoma were 
observed on the SS-OCTA image of SCP layer with scanning areas of 
6 mm × 6 mm of the left eye. However, the SS-OCTA image of DCP 
layer showed several hyperflow spots of the left eye, which were 
corresponding to the vertical intraretinal microinfiltrations. The 
average size of these hyperflow spots were 19,606 ± 14,412 um2 (range: 
2100–60,000 um2) on the SS-OCTA image of DCP layer. All the 
hyperflow spots located in the perifoveal area. Remarkably, the study 
revealed that a majority of the intraretinal microinfiltrations (15, 65.2%) 
were situated directly beneath superficial retinal vessels within the 
retinal nerve fiber layer. Conversely, there were no discernible vessels 
overlaying the remaining intraretinal microinfiltrations (8, 34.8%). 
However, there were apparent smaller blood flow signals originating 

FIGURE 2

One typical intraretinal hyperflow microinfiltration lesions located beneath superficial retinal vessel on Swept-Source Optical Coherence Tomography 
Angiography (SS-OCTA) with scanning areas of 6  mm  ×  6  mm of the left eye (A1–G1) before and (A2–G2) after induction phase of intravitreal 
methotrexate injections. (A1) SS-OCTA image of (superficial capillary plexus) SCP layer showed no abnormal blood flow signals correlated with 
lymphoma. (B1) SS-OCTA image of retinal deep capillary plexus (DCP) layer showed several hyperflow spots. (C1) Enface SS-OCTA structural images of 
SCP layer showed no abnormal reflectance correlated with lymphoma. (D1) Enface SS-OCTA structural images of DCP layer showed multiple 
hyperreflective lesions. (E1,F1) SS-OCT B-scan with flow overlay of (E1) SCP layer and (F1) DCP layer showed inhomogenous flow signals of the 
vertical intraretinal hyperreflective lesion. The boundary of flow signals overlaid on the vertical intraretinal hyperreflective lesions was difficult to clearly 
distinguish from the flow signals of retinal vessels above them. (G1) SS-OCT showed outer retina with fuzzy borders and the vertical hyperreflective 
lesion extended from retinal nerve fiber layer to RPE. The hyporeflective vascular wall boundary of vessels above intraretinal infiltrations was absent. 
(A2) SS-OCTA image of SCP layer showed no great difference from A1. (B2) SS-OCTA image of DCP layer showed the preexisting hyperflow spots 
almost disappeared. (C2) Enface SS-OCTA structural images of SCP layer showed no great difference from C1. (D2) Enface SS-OCTA structural images 
of DCP layer showed the preexisting hyperreflective lesions almost disappeared. (E2,F2) SS-OCT B-scan with flow overlay of (E2) SCP layer and (F2) 
DCP layer showed the preexisting hyperflow signals of the vertical intraretinal hyperreflective lesion almost disappear. (G2) SS-OCT showed the 
corresponding vertical hyperreflective lesions almost vanished, outer retina fuzzy borders were in remission.
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FIGURE 3

Swept-Source Optical Coherence Tomography Angiography (SS-OCTA) examinations of the right eye at initial presentation. (A) SS-OCTA image of 
superficial capillary plexus (SCP) layer. (B) SS-OCTA image of retinal deep capillary plexus (DCP) layer. (C) Enface SS-OCTA structural images of SCP 
layer. (D) Enface SS-OCTA structural images of DCP layer. (A–D) showed no obvious abnormality correlated with lymphoma. (E,F) SS-OCT B-scan 
centered on the fovea with flow overlay of (E) SCP layer and (F) DCP layer showed no obvious abnormal blood flow signals correlated with lymphoma. 
(G) SS-OCT showed several vitreous cells (white arrows).
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from the outer plexiform layer around them (Supplementary Figure S2). 
Moreover, the size of intraretinal microinfiltrations was unrelated to 
their positioning beneath retinal vessels.

SS-OCT with flow overlay also demonstrated inhomogenous flow 
signals of the vertical intraretinal hyperreflective lesions. It was 
challenging to distinguish the boundary of flow signals overlaying the 
vertical intraretinal hyperreflective lesions from the flow signals of 
retinal vessels above them. Among these lesions, 2 (8.7%) exhibited 
blood flow signals above the lesion, 3 (13.0%) presented scattered 
blood flow signals, 6 (26.1%) showed blood flow signals centrally, and 
11 (47.8%) displayed blood flow signals laterally. Additionally, one 
lesion (4.3%) exhibited no significant blood flow distribution.

It is well documented that the migration of lymphocytes within 
the nervous tissues relies on a selective interaction between adhesion 
molecules on lymphocytes and the vascular endothelium of the 
central nervous system (15). Chen et al. described hyperreflective 
lesions along the vessels on the mid-retinal slabs of enface OCTA as 
perivascular flower-bud-like lesions (PFBLs) in 34.3% of PVRL cases. 
They also found that vessels with PFBLs showed higher reflectance 
than the surrounding retina, with the clear hyporeflective vascular 
wall boundary absent. They posited that PFBLs could potentially 
represent lymphoma deposits originating from retinal vascular 
microinfiltrations, given their proximity to retinal vessels (11). 
Intraretina hyperreflective infiltrations with hyperflow signals 
reported in our case manifested a similar hyperreflective appearance 
to PFBLs on enface SS-OCTA structural images of DCP layers. 
Additionally, we also noticed that the hyporeflective vascular wall 

boundary of vessels above intraretinal infiltrations was absent on 
SS-OCT before treatment (Figure 2G1), implying the infiltration of 
vascular wall. However, there were still some notable differences 
between the two lesions. Primarily, all PFBLs were situated along the 
vessels on enface SS-OCTA. While we  observed that certain 
intraretinal microinfiltrations were not located along retinal vessels in 
the retinal nerve fiber layer. In addition, no hyperflow signals were 
detected in PFBLs by SS-OCTA, while hyperflow signals were obvious 
in the intraretinal microinfiltration lesions on DCP layer in our case. 
Moreover, these intraretinal infiltrations located close to retinal vessels 
from retinal nerve fiber layer to the outer plexiform layer, thus 
we suppose that these intraretinal microinfiltrations could potentially 
result from hematological spread from surrounding infiltrated vessels. 
The microenvironment with sufficient blood supply from retinal 
vessels may play a pivotal role in the growth, invasion and metastasis 
of malignant lymphocytes. That may also explain why intraretinal 
microinfiltrations mostly located around retinal vessels. Pierro et al. 
reported a case of a patient affected by PVRL with multiple subretinal 
hyperreflective infiltrates on OCT, and reported that several 
hyperreflective lesions were also detected on OCTA structural images 
(16). To our knowledge, few articles have previously observed 
hyperflow signals on SS-OCTA images of DCP layers in patients with 
PVRL. The current pathological results are still not sufficient to 
elucidate the relationship between PVRL and retinal vascular 
infiltration. Passarin et  al. reported a case of brain intravascular 
lymphomatosis presenting hemorrhage of brain vessels. They 
postulated that the mechanism of hemorrhage might be  chronic 

FIGURE 4

Intraoperative fundus image, cytology and immunohistochemical test of the vitreous after surgery, fundus photographs examinations after induction 
phase of intravitreal methotrexate injections. (A) Intraoperative fundus image showed multiple subretinal yellow nodular lesions with varying sizes, 
streaky pigmentation and white exudation (surgeo’s view). (B) The vitreous was infiltrated with numerous lymphocytes (white arrows) (hematoxylin and 
eosin ×400). (C) Immunohistochemical stains are positive for CD20 in the lymphocytes (peroxidase anti-peroxidase ×400). (D) The number and size of 
white-yellow subretinal lesions in the nasal retina of the right eye were reduced. (E) The opacity of vitreous disappeared. The number and size of 
white-yellow subretinal lesions were reduced obviously. White exudation (asterisk) on the surface of yellow subretinal nodules in the inferior peripheral 
fundus also diminished.
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degenerative or inflammatory changes of the vessel wall with 
lymphomatosis (17). we excluded images with artifacts that might 
affect the evaluations in our case. Moreover, we  calculated the 
diameter of the retinal vessels above the microinfiltration lesions on 
SCP layer. The average diameter of these retinal vessels decreased from 
54.27 ± 13.08 um (range: 33–72 um) to 48.73 ± 8.51 um (range: 28–59 
um) after methotrexate intravitreal injections. Hence, we hypothesize 
that the interaction between lymphocytes and vascular endothelial 
cells could potentially induce chronic damage to the vascular wall, 
resulting in the dilation of retinal vessels. The abnormal hyperflow 
signals could stem from the dilation of infiltrated retinal vessels. 
Histologic examinations of retinal tissues may be  essential in 
elucidating the pathological mechanism associated with the 
hyperflow signals.

In the left eye, multiple hyperreflective lesions on enface SS-OCTA 
structural images of DCP layers were also detected to be co-localized 
with the vertical hyperreflective lesions (Figure 2D1). These lesions 
presented as punctations of varying sizes. Larger lesions displayed as 
irregular masses with spiculated sign, which were morphologically 
different from the roundish PFBLs. The spiculated sign on SS-OCTA 
seemed to demonstrate the metastasis characteristic of infiltrating 
tumor cells into surrounding normal tissues more vividly. The average 
size of hyperreflective lesions on enface SS-OCTA structural images 
was 55,561 ± 86,184 um2 (range: 5900–93,000 um2), which was 
significantly larger than those observed on SS-OCTA images of DCP 
layer. This could be  attributed to the fact that enface SS-OCTA 
structural images displayed the actual size of intraretinal 
microinfiltrations, whereas SS-OCTA images only depicted the blood 
flow signals within these lesions. Moreover, these lesions were reduced 
and the spiculated sign was in remission after intravitreal methotrexate 
injections. This suggests that observation of intraretinal 
microinfiltration lesions on SS-OCTA might also play a crucial role in 
monitoring the therapeutic efficacy of PVRL. Since there was no 
interference of retinal vessel signals, microinfiltration lesions seemed 
to be much more intuitional on enface SS-OCTA structural images 
than that on angiographic images (Figures 2B1,D1).

Interestingly, none of the intraretinal microinfiltration lesions 
were detectable on the wide-angle fundus photography, infrared or 
fluorescein angiography fundus images. We  supposed that these 
lesions might be  an ultra-early prediction of PVRL infiltration, 
implying that the intraretinal microinfiltration lesions might evolve 
into visible lesions on fundus along with the disease progression. 
SS-OCTA was sensitive and noninvasive to detect the occurrence and 
development of the intraretinal microinfiltration lesions, thus 
we believe that it would be a feasible approach for early diagnosis and 
monitoring the therapeutic efficacy of PVRL. Intraretinal hyperflow 
microinfiltration lesions exhibited by SS-OCTA could also act as 
significant biomarkers to evaluate the activity of PVRL. Further 
investigations are needed to reveal the natural development process of 
intraretinal infiltrations.

There were several limitations. First, the vessel diameter was 
manually measured using the built-in measurement tool in OCTA 
device. Due to the indistinct vessel boundary, measurement error 
should be considered when vessel diameter was compared before and 
after treatment. Histological examination is essential for elucidating 
the morphology of infiltrated retinal vessels. Second, hyperreflective 
intraretinal lesion was previously detected in SS-OCT in uveitis cases 
such as sarcoidosis (18), whose OCTA manifestation has seldom been 
reported. It is uncertain whether the hyperflow signals in the 

microinfiltration lesion was typical character of PVRL. Hence, More 
PVRL cases were required to verify the dilation of infiltrated retinal 
vessels over the microinfiltration lesion, and further clarify the value 
of hyperflow signals in differential diagnosis and activity assessment.

Conclusion

SS-OCTA has been increasingly used in assessing the fundus 
disease due to its superiority in resolution, depth and width. This 
report characterized intraretinal microinfiltrations of PVRL using 
wide-field SS-OCTA. Those distinctive lesions presented as vertical 
hyperreflective lesions in SS-OCT, locating close to retinal vessels 
from the retinal nerve fiber layer to the outer plexiform layer, 
exhibiting a concentrated distribution in the macular region. Notably, 
traditional fundus photography or fluorescein angiography failed to 
detect these lesions. Intriguingly, SS-OCTA images of DCP layer 
demonstrated a number of punctate hyperflow lesions corresponding 
to those intraretinal microinfiltrations lesions, which were supposed 
to be the dilation of the infiltrated retinal vessels. The microinfiltrations 
exhibited sensitivity to intraocular chemotherapy of methotrexate, 
rapidly disappearing after the fourth injection. The Intraretinal 
hyperflow microinfiltration lesions detected by SS-OCTA would act 
as significant biomarkers to evaluate activity of PVRL. Furthermore, 
SS-OCTA can clearly demonstrate the location, size and variation of 
microinfiltration lesions. This underscores the potential of SS-OCTA 
in the early diagnosis of PVRL microinfiltrations and the monitoring 
of therapeutic responses.
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SUPPLEMENTARY FIGURE S1

Vessel density map of superficial capillary plexus layer of the left eye before 
induction phase of intravitreal methotrexate injections. Several warm hues 
dots were distributed along the retinal vessels.

SUPPLEMENTARY FIGURE S2

Another typical intraretinal hyperflow microinfiltration lesions on Swept-
Source Optical Coherence Tomography Angiography (SS-OCTA) with 
scanning areas of 6mm × 6mm of the left eye (A1–G1) before and (A2–G2) 
after induction phase of intravitreal methotrexate injections. (A1) SS-OCTA 
image of superficial capillary plexus (SCP) layer showed no abnormal blood 
flow signals correlated with lymphoma. (B1) SS-OCTA image of retinal deep 
capillary plexus (DCP) layer showed several hyperflow spots. (C1) Enface 
SS-OCTA structural images of SCP layer showed no abnormal reflectance 
correlated with lymphoma. (D1) Enface SS-OCTA structural images of DCP 
layer showed multiple hyperreflective lesions. (E1,F1) SS-OCT B-scan with 
flow overlay of (E1) SCP layer and (F1) DCP layer showed flow signals of the 
small vertical intraretinal hyperreflective lesion. There were apparent smaller 
blood flow signals originating from the outer plexiform layer around it. (G1) 
SS-OCT showed outer retina with fuzzy borders and the vertical 
hyperreflective lesion extended from inner nuclear layer to outer nuclear 
layer. (A2) SS-OCTA image of SCP layer showed no great difference from A1. 
(B2) SS-OCTA image of DCP layer showed the preexisting hyperflow spots 
almost disappeared. (C2) Enface SS-OCTA structural images of SCP layer 
showed no great difference from C1. (D2) Enface SS-OCTA structural images 
of DCP layer showed the preexisting hyperreflective lesions almost 
disappeared. (E2,F2) SS-OCT B-scan with flow overlay of (E2) SCP layer and 
(F2) DCP layer showed the preexisting hyperflow signals of the vertical 
intraretinal hyperreflective lesion almost disappear. (G2) SS-OCT showed the 
corresponding vertical hyperreflective lesions almost vanished, outer retina 
fuzzy borders were in remission.
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Purpose: This study aims to evaluate the repeatability of anterior segment optical

coherence tomography (AS-OCT) in diverse ocular surface disorder (OSD)

cohorts, exploring various anterior segment parameters and their accuracy in

different disease groups.

Methods: A total of 239 participants across six distinct OSD groups and healthy

controls underwent nonmydriatic AS-OCT imaging using the Tomey CASIA 2

device. Anterior segment parameters including anterior chamber depth, width,

angle metrics, corneal thickness, keratometry, lens vault, and others were

meticulously assessed. Statistical analyses determined repeatability limits and

coefficients of variation for each parameter within the different OSD cohorts.

Results: Repeatability for anterior chamber and corneal parameters remained

consistent across all OSD groups, indicating minimal impact of ocular surface

disease on accuracy. The coefficient of variation (CoV) for the trabecular

iris-space area was about 20% for all cohorts. Ocular surface inflammation

emerged as a key factor in dry eye, affecting immune-mediated and non-

immune conditions alongside age-related ocular surface changes. While

anterior chamber depth measurements showed variations, particularly in

immune (CoV = 2.5%) and non-immune (CoV = 3.8%) OSD groups, parameters

like anterior chamber width and angle to angle showed similar values

among the cohorts. Keratometry measures remained stable despite OSD (CoV

lower than 1%).

Conclusion: The Tomey CASIA 2 demonstrated reliable repeatability for

measuring anterior segment parameters in diverse OSD cohorts. Despite

challenges posed by dry eye conditions, this technology holds promise in

assessing OSD, suggesting potential clinical protocols similar to those in

healthy controls.

KEYWORDS

ocular surface disorders, repeatability, anterior segment OCT, Corneal topography,
anterior segment parameters
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Introduction

The ocular surface plays a pivotal role in maintaining ocular
health by providing a barrier to the external environment. As
previously defined by Gipson (1), the ocular surface is seen a
system composed of “the surface and glandular epithelia of the
cornea, conjunctiva, lacrimal gland, accessory lacrimal glands, and
meibomian gland, and their apical (tears) and basal (connective
tissue) matrices, the eyelashes with their associated glands of Moll
and Zeis, those components of the eyelids responsible for the blink,
and the nasolacrimal duct.”

The failure of mechanisms responsible for maintaining a
healthy ocular surface is underpinned by a group of disorders of
diverse pathogenesis leading to ocular surface disease (OSD) (2).
A feature of complex OSD is dry eye disease driven by inflammation
in many autoimmune-driven conditions including Sjögren’s
Syndrome, Ocular Mucous Membrane Pemphigoid, Stevens-
Johnson Syndrome (3). Additionally, non-immune conditions such
as meibomian glands disease, corneal transplantation, chemical
injury or trauma can also lead to ocular surface disease. Dry eye
symptoms and therapy have major impact on patients’ quality of
life leading to anxiety and depression (4–6).

Ocular surface disorders can be described within five clinical
domains (tear film; eyelids, lid margins and meibomian glands
(MG); conjunctiva and fornices; cornea; anterior chamber and
sclera) across defining descriptors of activity, damage and a
relevant clinical assessment /investigation toolkit (3). The latter
includes tear film osmolarity, MG secretion quality, fluorescein and
lissamine green staining, and a number of visual function tests
(in-vivo confocal microscopy (IVCM), anterior segment optical
coherence tomography (AS-OCT), ocular surface analyser (OSA),
ultrasound biomicroscopy (UBM), Spectroscopy, topography,
photography, angiography).

Despite being commonly used in clinic, the impact of objective
metrics that consider ocular vital dyes, flashing lights (white
and blue cobalt illumination) and tear break-up time tests (e.g.,
tear evaporation stress) are still posed into debate (7). Instilling
vegetable-based dye (e.g., fluorescein) into an altered ocular surface
in OSD might lead the clinician to false conclusions because it
might induce discomfort and reflex tearing; in fact, an uncontrolled
amount of instilled fluorescein can be potentially seen as patches of
corneal dryness instead of oversaturation of the stained epithelial
cells (8).

Recently, a plethora of new anterior segment visual function
medical devices have entered the clinical arena that are non-
contact and do not require the use of vital dyes to enhance
visualization of pathology or delivering objective metrics that
quantify disease outcomes. These include interferometry, infra-
red meibography, corneal epithelial thickness, non-invasive ocular
surface analysis and devices such as AST-OCT. The evaluation
of the anterior segment parameters, such as corneal thickness
and curvature, anterior chamber depth (ACD), width, and
drainage angle are performed during new and follow-up visits
in a range of subspecialty clinics (corneal, cataract, glaucoma)
(9–11). It is important to assess how reliable these anterior
segment measurements are in the presence of OSD, as the
altered ocular surface epithelium, goblet cell loss, anormal tear
film and keratinization may influence the accuracy of these

measurements. Previous studies have shown that the repeatability
of the corneal and anterior chamber parameters is related
to the qualitative and quantitative tear film metrics (12, 13).
Repeatability of the newer devices in the context of ocular surface
dryness is unclear. Scan resolution, acquisition time and the
internal algorithm are not fully validated for patients with an
ocular surface condition. In this study, we have evaluated the
repeatability of a newer swept-source AS-OCT (ss-AS-OCT) Casia2
(Tomey, Japan) able to obtain non-invasive high-resolution cross-
section of biological structures using low-coherence light. By
considering ss-AS-OCT technology in a range of OSD versus
healthy cohorts, we wanted to determine the impact of the ocular
surface condition on the accuracy of measurements of the anterior
segment structures.

Materials and methods

Participants

This study was conducted following the tenants Declaration of
Helsinki and approval from the Sandwell and West Birmingham
NHS Trust Clinical Effectiveness and Safeguarding Group
(Project Registration number #1843, and Project Registration
date 08/10/2021). A data-sharing agreement was signed between
Sandwell and West Birmingham NHS Trust and Karolinska
Institutet. Informed consent was obtained from each patient.
A total of 239 participants presenting to the inflammatory eye
diseases clinic at the Birmingham and Midland Eye Centre (UK)
underwent anterior segment imaging. Patients were categorized
into six aetiological clinical groups. G1 = Sjögren’s syndrome,
G2 = Immune-mediated OSD (Ocular Mucous Membrane
Pemphigoid, Stevens-Johnson Syndrome / Toxic Epidermal
Necrolysis, Graft-versus-Host Disease); G3 = Non-Immune-
mediated OSD (Meibomian Glands Disease, Ocular Rosacea,
Atopic Blepharo-keratoconjunctivitis); G4 = High Risk Corneal
Transplantation Surgery; G5 = Miscellaneous (Neurotrophic,
Injury/Trauma, Preservative Toxicity, Exposure keratopathy,
Inherited); and G6 = Healthy controls (participants with no
known ocular or systemic disorders and no previous ocular
surgery). Only one eye per participant was included with at least
2 readable scans.

Instrumentation and OCT measurements

The participants underwent nonmydriatic OCT imaging with
the swept-source anterior segment Casia2 (Tomey, Japan). The
Casia2 has a swept laser source of 1310 nm wavelength and
performs up to 50,000 A-scans/second. The axial and transverse
resolution are 10 µm and 30 µm, respectively. The maximum
scan depth and width are approximately 13 mm and 16 mm,
respectively. This instrument allows the possibility to image all
the anterior segment of the eye including cornea, conjunctiva,
anterior chamber, iris and both surfaces of the crystalline lens. In
this study, the standard anterior segment screening mode was used
which is composed of 16 radial scans delivered in approximately
0.3 s avoiding long and stressful ocular surface exposure. The
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FIGURE 1

Parameters measured by the CASIA2 anterior chamber depth (ACD);
the anterior chamber width (ACW), the angle opening distance
(AOD) and angle recess area (ARA) 250 µm, 500 µm, and 750 µm,
respectively; angle to angle (ATA); apical corneal thickness (CTApex)
and thinnest corneal thickness (CTThin); Flat keratometry (Kf) and
Steep keratometry (Ks); lens vault (LV); trabecular iris angle (TIA) and
trabecular iris-space area (TISA) at 250 µm, 500 µm, and 750 µm,
respectively.

repeated measurements were taken under repeatability conditions
obtained with the same method, on identical test items, in the same
laboratory, by the same operator, using the same equipment, and
within short intervals of time (14, 15) by an experienced examiner
(AR), with sufficient breaks in between to ensure good patient
cooperation. Scans were repeated in there was poor fixation, lid
blink during image capture, or if the scan was of unacceptable
according to the instrument’s analysis software.

Parameters analysed

A number of anterior segment measurements were analysed:
(1) the ACD measured from the corneal endothelium level to
the anterior lens surface, (2) the anterior chamber width (ACW)
measured between the two scleral spurs, (3) the angle opening
distance (AOD) between the posterior corneoscleral surface and the
anterior iris surface perpendicular to the trabecular meshwork at
250 µm, 500 µm, and 750 µm from the scleral spur, respectively,
(4) the angle recess area (ARA) formed by AOD, iris surface
and the inner corneo-scleral wall traversed at the angle recess
at 250 µm, 500 µm, and 750 µm, respectively, (5) angle to
angle (ATA) measured between the angle recesses on the nasal
and temporal sides, (6) apical corneal thickness (CTApex), (7)
the thinnest corneal thickness (CTThin) measured between the
anterior and posterior surfaces of the cornea on the apical point,
(8) Anterior Flat keratometry (Kf) measured considering the
flattest corneal radius in millimeters (mm), (9) Anterior Steep
keratometry (Ks) measured considering the steepest corneal radius
in millimeters (mm), (10) lens vault (LV) measured between the
anterior crystalline lens surface and the horizontal line joining
the two scleral spurs, (11) trabecular iris angle (TIA), and (12)
trabecular iris-space area (TISA) measured between the apex in
the iris recess and the scleral spur and the point on the iris
perpendicularly at 250 µm, 500 µm, and 750 µm, respectively
(Figure 1).

In addition, ocular surface metrics such as Ocular Surface
Disease Index (OSDI R© questionnaire (OSDI) to assess the

symptoms of dry eye disease and their impact on vision-related
quality of life), fluorescein break-up time (FBUT) measured with
1% preservative-free fluorescein, tear meniscus height (TMH) at
the lower eyelid margin, conjunctival inflammation (INFLCONJ)
(16) and SICCA ocular staining score (OSS) (17) were measured,
and the responses were also included in the analysis.

Statistical analysis

The statistical analyses were performed using SPSS for
Windows version 23.0 (SPSS Inc., Chicago, USA), and MATLAB
(Mathworks inc., USA). The within-subject standard deviation
(Sw), repeatability limits (Rlim) and coefficients of variation (CoVs)
were used to describe the repeatability of each measurement
parameter in each cohort. The Sw, which represents the
repeatability of the measurements, was calculated with a one-
way analysis of variance. The repeatability limit was calculated as
[1.96·

√
2·Sw], and it represents the expected limits that 95 % of the

measurements should be within (18). The CoVs were calculated by
dividing the Sw by the mean and then expressed in percentage. Data
normality was tested using the Shapiro–Wilk test. The bivariate
correlation analysis for non-normally distributed data was analyzed
using the Spearman test. A guide to interpreting the correlation
strength was derived from the recommendations of Navarro (19).
A p-value of 0.05 was taken to be statistically significant.

Results

The participants characteristics are summarised in Table 1. The
descriptive statistics of the analysed parameters and ocular surface
metrics for each group are given in Table 2. Figure 2 shows example
AS-OCT images from each group.

Anterior chamber parameters

Figure 3 shows the Rlim values for ACD (upper left panel),
ACW (upper central panel) and ATA (upper right panel). The
respective values for ACD in immune and non-immune OSD
cohorts were higher compared to other cohorts whereas the trend
was opposite for the ACW and ATA measurements. The coefficients
of variations were similar amongst all three metrics (Table 3).
Most of the AOD (bottom right) and ARA (bottom left) RLim
measured at 250 µm, 500 µm, and 750 µm were higher in the
corneal transplant group (G4) (Figure 3). However, most of the
AOD and ARA CoVs were slightly higher in the Neurotrophic,
Injury/Trauma, Preservative Toxicity, Exposure keratopathy and
Inherited (G5) compared to other groups except for most of the
ARA values that were similar to the SS group (G1) Table 3. There
were no significant differences in the Sw among the groups for any
of these parameters (p > 0.05).

Corneal parameters

RLim for CTApex and Kf were higher in non-immune OSD
cohort while CTThin and Ks showed higher RLim and CoVs in the
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TABLE 1 Participants characteristics.

All OSD
Patients

Group 1
(Sjögren’s
Syndrome)

Group 2
(Immune)

Group 3
(Non-Immune)

Group 4
(Corneal

Transplantation)

Group 5
(Other)

Group 6
(Healthy)

P-
Value

Biological sex
(Male/Female)

239 4 46 28 32 31 29 13 4 4 8 13 27 < 0.001

Ethnicity*

White 124 25 31 25 8 8 27 < 0.001

Mixed or multiple
ethnic groups

5 2 1 1 0 0 1 0.639

Asian or Asian
British

52 12 7 14 6 2 11 0.043

Black, Black
British, Caribbean
or African

12 5 1 4 1 0 1 < 0.001

Other ethnic group 5 0 0 5 0 0 0 < 0.001

Unknown group 41 6 20 11 2 2 0 < 0.001

[median
(range)]

[median (range)] [median (range)] [median (range)] [median (range)] [median (range)] [median (range)] P-
Value

Age (years) [60 (17–96)] [59 (27–88)] [69 (17–89)] [60 (20–96)] [56 (30–91)] [58 (42–96)] [55 (35–96)] 0.123

OSDI TOTAL
(score)

[35.40
(0.00–100.00)]

[52.50 (8.30–100)] [18.80 (0.00–100)] [33.30 (0.00–100)] [55.20 (0–87.50)] [44.40 (8.30–77.30)] [18.53 (0.00–75)] 0.731

FBUT (s) [5.00 (5.00–15.00)] [4.00 (0.00–8.00)] [5.00 (0.00–10.50)] [4.50 (0.00–15.00)] [5.00 (0.00–12.00)] [4.50 (2.00–12.00] [8.03 (2.61–12.52)] 0.289

TMH (mm) [0.10 (0.00–0.43)] [0.10 (0.00–0.30)] [0.10 (0.00–0.30)] [0.15 (0.00–0.40)] [0.10 (0.00–0.30)] [0.10 (0.10–0.30)] [0.24 (0.06–0.43)] 0.541

INFLCONJ (score) [0.00 (0.00–8.50)] [0.00 (0.00–5.50)] [0.00 (0.00–8.00)] [0.00 (0.00–8.50)] [0.00 (0.00–8.50)] [0.00 (0.00–4.00] [1.35 (0.01–4.18)] 0.111

OSS (score) [2.00 (0.00–10.50)] [4.00 (0.50–10–50)] [2.00 (0.00–7.00)] [2.25 (0.00–7.50)] [2.75 (0.00–6.00)] [2.50 (0.00–3.50)] [1.52 (0.46–2.67)] 0.391

G1, Sjögren’s syndrome; G2, Immune; G3, Non-Immune; G4, Corneal Transplantation, G5 Other, Ocular Surface Disease [Neurotrophic (n = 4), Injury/Trauma (n = 3), Preservative Toxicity (n = 1), Exposure keratopathy (n = 3) and Inherited (n = 1)]; G6, Healthy
controls; Clinical Features: OSDI, Ocular Surface Disease Index (patient symptomatology score); FBUT, Fluoresceine Break-up Time (patient tear film evaporation time in seconds); TMH, Tear Meniscus Height (patient tear film volume estimation in mm); INFLCONJ,
Inflammation Conjunctival Score (patient conjunctival eye redness score); OSS, SICCA Ocular Staining Score; Data: reported as median and range (MIN-MAX, with p-values from Mann-Whitney U tests [p < 0.05; p < 0.01; p < 0.001; NS, Not Significant]. *As a
matter of ease, groups were classified as follows: 1, White British | 2, White Irish | 3, White Gypsy or Irish Traveler | 4, Any other White background all under White; 5, Mix White and Black Caribbean | 6, Mix White and Black African | 7, Mix White and Asian | 8,
Any Other Mixed/multiple ethnic background all under Mixed or multiple ethnic groups; 9, Indian | 10, Pakistani | 11, Bangladeshi | 12, Chinese | 13, Any other Asian background all under Asian or Asian British; 14, Black African | 15, Black Caribbean | 16, Any other
Black/African/Caribbean background all under Black, Black British, Caribbean or African; 17, Arab | 18, Any other ethnic group all under Other ethnic group; rest of them as 19, Not known/not provided are all under unknown group.
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TABLE 2 Summary of the anterior chamber parameters.

Groups
Variables

Group 1
(Sjögren’s
Syndrome)

Group 2
(Immune)

Group 3
(Non-

Immune)

Group 4
(Corneal

Transplant)

Group 5
(Other)

Group 6
(Healthy)

Mean ± STD Mean ± STD Mean ± STD Mean ± STD Mean ± STD Mean ± STD

Anterior Chamber parameters

ACD 2.93± 0.46 3.02± 0.57 2.94± 0.45 3.54± 0.62 2.92± 0.43 3.08± 0.54

ACW 12.01± 0.51 11.97± 0.50 12.00± 0.45 12.03± 0.58 12.18± 0.67 11.96± 0.52

AOD250N 0.29± 0.13 0.29± 0.15 0.27± 0.11 0.39± 0.15 0.24± 0.09 0.27± 0.12

AOD250T 0.31± 0.16 0.31± 0.21 0.28± 0.14 0.36± 0.11 0.25± 0.13 0.32± 0.17

AOD500N 0.40± 0.20 0.40± 0.22 0.39± 0.17 0.63± 0.28 0.35± 0.13 0.41± 0.20

AOD500T 0.42± 0.22 0.44± 0.28 0.39± 0.20 0.55± 0.18 0.36± 0.21 0.47± 0.23

AOD750N 0.54± 0.27 0.57± 0.31 0.53± 0.25 0.91± 0.39 0.49± 0.22 0.59± 0.30

AOD750T 0.56± 0.28 0.62± 0.37 0.54± 0.28 0.78± 0.27 0.48± 0.25 0.64± 0.33

ARA250N 0.07± 0.04 0.06± 0.05 0.06± 0.03 0.09± 0.05 0.05± 0.02 0.06± 0.03

ARA250T 0.07± 0.04 0.08± 0.08 0.06± 0.04 0.08± 0.03 0.05± 0.03 0.07± 0.05

ARA500N 0.15± 0.08 0.15± 0.09 0.14± 0.06 0.22± 0.10 0.12± 0.05 0.14± 0.07

ARA500T 0.16± 0.09 0.17± 0.13 0.15± 0.08 0.19± 0.06 0.13± 0.07 0.17± 0.10

ARA750N 0.27± 0.14 0.27± 0.15 0.26± 0.11 0.41± 0.18 0.23± 0.09 0.27± 0.13

ARA750T 0.28± 0.15 0.31± 0.21 0.27± 0.13 0.36± 0.12 0.24± 0.12 0.31± 0.16

ATA 11.74± 0.54 11.66± 0.59 11.73± 0.43 11.78± 0.57 11.89± 0.64 11.72± 0.56

TIA250N 52.87± 17.08 53.81± 20.21 52.88± 15.59 63.75± 14.91 53.79± 17.41 50.68± 19.78

TIA250T 53.31± 18.84 53.99± 19.11 53.17± 18.92 60.69± 12.89 51.90± 21.86 53.74± 19.52

TIA500N 40.54± 14.22 41.30± 16.04 40.52± 12.54 53.92± 16.02 40.08± 13.31 40.86± 16.99

TIA500T 40.74± 15.78 42.71± 16.78 40.28± 16.05 50.29± 10.70 38.34± 16.23 44.01± 17.25

TIA750N 36.11± 13.67 37.83± 14.77 36.63± 12.49 51.04± 15.18 36.70± 13.21 38.31± 16.31

TIA750T 37.75± 13.86 39.78± 16.26 36.33± 14.70 47.87± 10.29 34.68± 13.66 40.55± 18.05

TISA250N 0.06± 0.03 0.06± 0.03 0.05± 0.02 0.08± 0.03 0.05± 0.02 0.05± 0.03

TISA250T 0.06± 0.03 0.07± 0.05 0.06± 0.03 0.07± 0.02 0.05± 0.02 0.06± 0.04

TISA500N 0.15± 0.07 0.14± 0.08 0.14± 0.06 0.21± 0.09 0.12± 0.05 0.14± 0.06

TISA500T 0.15± 0.08 0.16± 0.11 0.14± 0.07 0.19± 0.06 0.13± 0.06 0.16± 0.08

TISA750N 0.26± 0.13 0.27± 0.14 0.25± 0.11 0.40± 0.17 0.23± 0.09 0.27± 0.13

TISA750T 0.28± 0.14 0.29± 0.19 0.26± 0.12 0.35± 0.11 0.23± 0.12 0.30± 0.15

Corneal parameters

CTApex 525.41± 41.73 529.70± 33.97 525.51± 48.69 520.62± 67.34 520.29± 52.15 522.46± 38.84

CTThin 513.60± 52.10 516.86± 39.26 504.04± 56.71 471.59± 83.17 498.08± 92.09 514.31± 37.43

Kf 48.24± 2.08 48.96± 2.59 48.88± 3.81 49.54± 5.21 47.29± 3.05 47.91± 1.93

Ks 49.79± 2.70 50.26± 3.31 50.22± 4.14 52.69± 6.27 48.46± 2.51 49.06± 2.01

LV 0.26± 0.41 0.15± 0.51 0.24± 0.38 −0.22± 0.48 0.32± 0.32 0.12± 0.51

Parameters included as mean± STD: anterior chamber depth (ACD), anterior chamber width (ACW), angle opening distance (AOD), angle recess area (ARA) 250 µm, 500 µm, and 750 µm,
angle to angle (ATA), trabecular iris angle (TIA), trabecular iris-space area (TISA) at 250 µm, 500 µm, and 750 µm, apical corneal thickness (CTApex), thinnest corneal thickness (CTThin);
Flat keratometry (Kf) and Steep keratometry (Ks) and lens vault (LV).

corneal transplant group (G4) (Figure 4 and Table 4). There were
no significant differences in the Sw among the groups for any of
these parameters (p > 0.05).

Other anterior segment parameters

All TIA RLim measured at 250 µm, 500 µm, and 750 µm were
higher in the G5 cohort, with a similar trend observed for the CoVs
values. Most of the TISA RLim were higher in the G4 cohort while

for the CoVs highest values were seen in G5 (Figure 5). CoVs value
for LV was majorly higher in the G2 cohort (Table 5). There were no
significant differences in the Sw among the groups for any of these
parameters (p > 0.05).

Discussion

This is the first study assessing the repeatability of an anterior
segment OCT in different ocular surface disorder groups for
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FIGURE 2

(A) Sjögren’s syndrome, (B) Immune, (C) Non- Immune, (D) Corneal Transplantation, (E) Other and (F) Healthy.

measuring various anterior segment parameters. Our results show
that the repeatability for the anterior chamber and corneal
parameters were similar among all groups and the presence of
ocular surface disease did not impact the accuracy. Similarly, the
RLim for the LV and TISA were also similar among all groups.

Ocular surface inflammation is a pivotal driver of dry eye for
patients with underlying immune-mediated and conditions and
those without (20). Additionally, aging can negatively impact on
ocular surface health both in the ‘healthy’ population and those
known to ocular surface disorders.

There is a wide range of new techniques that are able to provide
quantitative parameters of different anterior segment structures.
Although, the damaging effect of ocular surface disorders might
have an impact on the performance of these innovative tools.
In fact, the ocular surface is the first media that these devices
encounter during the measurements, and hence its homeostasis
plays a crucial role in the precision of the quantitative metrics (21).
Nevertheless, in this study we have not considered ocular surface
metrics such as corneal scarring, vascularisation and the presence
of conjunctival scarring that appear in severe ocular surface disease
(22). The availability of anterior segment imaging devices in
public hospitals is still limited due to their cost, maintenance
and measurement efficacy (need of repeated measurements/time
allocated for each consultation) (23). The use of OCT in the
anterior segment is constantly increasing with newer devices
able to provide faster scanning modes and images with higher
resolution (∼15 µm). More recently, ss-AS-OCT has proven to
be the foremost technique in detailing the front structures of the
eye. Newer AS-OCTs can provide better scanning with deeper
tissue penetration and enhanced scanning modes to depict anterior

segment pathologies (24). Also, they appeared to be reasonably
repeatable showing excellent intradevice measurement in healthy
cohorts (25). However, as shown in a previous study considering
posterior segment OCT, it appears that dry eye can be responsible
for the reduction in scan quality compromising repeatability (26).

In the present study, the RLim values for the ACD
measurements were larger in both ocular surface disease cohorts
(G2: Immune and G3: Non-immune) compared to the other
groups, but the differences were not significantly different
(p > 0.05). It is shown that severe and chronic ocular surface
disease patients have altered endothelial cell layer caused by the
reduced corneal nerves density (27). Also, Belmonte et al. (28)
suggested that prolonged inflammation stress and reduced tear film
availability over the ocular surface might lead to abnormal corneal
nerves ending developing further symptomatology and affecting
the deeper corneal structure. This could result in decreased
precision of the endothelial layer segmentation. The RLim for ACW
measurements were on a similar magnitude among the groups,
and the CoVs never exceeded 1.6%. The ACW is a measure of the
distance between the scleral spurs, hence altercations of the ocular
surface may not affect the precision of this parameter. Although,
chronic dryness might affect the scleral thickness due to the tissue’s
perpetual inflammation (29), it might not influence the precision
of the ACW measurement. Similar to the ACW, the RLim for ATA
was similar among the groups and the CoVs never exceeded 2%.
Repeatability of AOD and ARA, there is no clear trend among the
groups. However, the RLim for G5 showed larger values at many
points but this could also be attributed to smaller sample size in
that group. As Pentacam devices are still one of the most considered
instruments in public hospital settings in the UK, we decided to
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FIGURE 3

Repeatability limits for ACD, ACW, ATA, AOD and ARA at 250, 500 and 750 µm, respectively. Refer to Table 2 for abbreviations.

TABLE 3 Coefficient of variation (%) for ACD, ACW, ATA, AOD and ARA at 250, 500 and 750 µm, respectively.

Groups
Variables

G1 (Sjögren’s
Syndrome)

G2
(Immune)

G3 (Non-
Immune)

G4 (Corneal
Transplant)

G5 (Other) G6 (Healthy)

Coefficients of Variation (%)

ACD 0.4 2.5 3.8 0.3 0.2 0.5

ACW 1.5 1.2 1.1 1.4 1.6 1.4

AOD250N 22.4 20.1 24.3 22.5 26.2 24.6

AOD250T 25.0 19.9 19.5 22.0 34.2 27.9

AOD500N 17.7 23.6 20.4 17.8 20.3 16.1

AOD500T 22.7 18.5 23.5 16.8 24.2 13.5

AOD750N 14.9 20.9 20.4 9.5 20.0 13.4

AOD750T 18.4 15.7 17.2 15.8 22.0 14.1

ARA250N 41.9 31.6 33.5 36.8 37.9 37.4

ARA250T 36.3 31.0 32.4 28.1 34.2 30.4

ARA500N 28.1 23.9 25.7 25.7 26.4 24.7

ARA500T 28.4 23.4 26.3 21.9 28.5 22.8

ARA750N 22.4 21.6 22.5 18.9 23.2 18.7

ARA750T 24.4 20.0 20.1 17.6 25.1 18.9

ATA 1.9 1.4 1.5 2.0 1.9 1.7

Refer to Table 2 for abbreviations.
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FIGURE 4

Repeatability limits for CTApex, CTThin, Kf and Ks. Refer to Table 2 for abbreviations.

TABLE 4 Coefficients of variation (%) for corneal thickness and curvature.

Groups
Variables

G1 (Sjögren’s
Syndrome)

G2
(Immune)

G3 (Non-
Immune)

G4 (Corneal
Transplant)

G5 (Other) G6 (Healthy)

Coefficients of Variation (%)

CTApex 0.2 0.5 0.8 0.5 0.4 0.4

CTThin 0.2 0.4 0.4 0.6 0.4 0.3

Kf 0.3 0.6 0.7 0.6 0.4 0.5

Ks 0.4 0.4 0.4 0.5 0.4 0.4

Refer to Table 2 for abbreviations.

compare the corneal thickness measurements in our cohorts with
similar studies done with them but acknowledging these might be
not the gold standard for pachymetry measurements.

Corneal thickness measurements variation was seen among
the RLim values for the different clinical groups. However, the
CoVs were less than 1%. Previous studies using Pentacam show
contradicting results. Lee et al. reported that the repeatability
with Pentacam for the central corneal thickness measurement was

worse for the dry eye group (34 subjects) that predominantly had
aqueous-deficient dry eye compared to controls (30). However,
another study that included dry eyes subjects with causes similar
to that included in the present study showed that the repeatability
was similar between dry eye (138 subjects) and control groups (13).
Not surprisingly, the anterior corneal power (the RLim for the Kf)
was different amongst groups. Whereas when evaluating Ks, the
RLim was more similar amongst the groups. However, the CoV
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FIGURE 5

Repeatability limits for LV, TIA and TISA at 250 µm, 500 µm, and 750 µm, respectively. Refer to Table 2 for abbreviations.

TABLE 5 Coefficients of variation (%) for LV, TIA and TISA at 250 µm, 500 µm, and 750 µm, respectively.

Groups
Variables

G1 (Sjögren’s
Syndrome)

G2
(Immune)

G3 (Non-
Immune)

G4 (Corneal
Transplant)

G5 (Other) G6
(Healthy)

Coefficients of Variation (%)

LV 23.3 63.5 48.1 31.4 21.2 58.2

TIA250N 21.2 23.9 20.0 15.8 27.2 24.8

TIA250T 22.0 16.8 18.8 12.8 33.9 21.4

TIA500N 13.4 13.5 14.1 11.3 22.8 13.3

TIA500T 17.0 13.4 13.2 9.3 30.2 13.5

TIA750N 10.5 10.9 14.1 8.0 20.0 9.7

TIA750T 14.9 12.2 13.1 8.8 25.7 13.1

TISA250N 28.5 25.7 29.3 26.3 31.9 29.6

TISA250T 28.2 24.1 24.2 23.8 33.9 28.7

TISA500N 22.3 21.5 24.0 21.6 24.0 21.8

TISA500T 25.3 20.4 23.6 20.6 28.4 21.7

TISA750N 19.1 20.3 21.6 16.8 21.8 17.0

TISA750T 22.7 18.4 18.2 17.0 25.0 18.2

Refer to Table 2 for abbreviations.

values of Kf and Ks were lower than 1 % for all groups confirming
that these measurements were not affected by the conditions
of the ocular surface. Corneal topographic measurements were
shown to be highly repeatable in severe dry eye disease using
Pentacam (13). Another study using the IOLMaster 500 evaluated
the influence of artificial tears on the keratometric measurements
in cataract patients. The repeatability was found to be similar

between the control and dry eye groups before instillation of
artificial tears. However, the variation in the measurements was
larger in the dry eye group after instillation of artificial tears (13,
31). Both previous studies mentioned, and our present results
suggest that the repeatability of the keratometer does not vary
largely among the dry eye groups. This could be related to the fast
acquisition time.
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The RLim for LV showed similar trend to that of ACD, with
G2 and G3 showing larger values. Regarding TIA and TISA, G5
showed the largest CoV values, which could be related to the low
sample size in this group.

Previous swept-source AS-OCT studies have also reported that
the repeatability of anterior chamber angle parameters is lower
compared to other anterior segment parameters in healthy eyes
(32, 33). In recent years, TIA and TISA values have been widely
accepted as objective metrics in determining angle opening in
normal and disease populations (34, 35). If these metrics are meant
to be used in the clinic, the measurement variability should be
taken into consideration. The repeatability values presented in
this study are based on measurements using the anterior segment
screening protocol, which contains 16 radial B-scans and takes
0.3 s. A previously studied by Liu et al. (36) using the same
instrument, the authors reported better repeatability values for the
anterior chamber angle parameters compared to the present study
but without considering ocular surface disease cohorts. However,
in that study the measurements were performed with the anterior
chamber angle scan protocol, which contains 128 radial B-scans
and takes 2.3 seconds. It should be considered that dry eye subjects
might have trouble keeping their eyes open and fixate if the
acquisition time is longer.

Correlations results between dry eye metrics and AS-OCT
measurements have been shown to be controversial too: in a
research published by Diana and Ana (37) none of the dry eye
metrics such as tear film thickness, tear meniscus area and tear
meniscus height assessed via AS-OCT were discriminative between
healthy and disease cohorts. However, findings from Schmidl
et al. (38) showed that tear film thickness values measured with
AS-OCT with dry eye correlated with patient’s symptomatology.
this discrepancy could be due to the fact that dry eye disease is
a multifactorial disease: (3) and many other variables can also
play a role in the diagnosis and severity of the condition across
different patients.

This is the first study where ss-AS-OCT was used in OSD
cohorts that included severe immune-mediated conditions
such as Sjögren’s Syndrome, Ocular Mucous Membrane
Pemphigoid, Stevens Johnson-Syndrome, etc. Our results show
that Tomey CASIA 2 demonstrates good repeatability when
dealing with OSD patients.

The results of the present study show good repeatability for
measuring anterior segment parameters measured with Tomey
CASIA 2 in OSD cohorts. These results demonstrate that the
clinical measurement protocol used in healthy controls could be
also used in OSD subjects.
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Case report: Characterizing of 
free-floating pigmented vitreous 
cyst using swept-source optical 
coherence tomography
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Yao Wang 1,2* and Xingchao Shentu 1,2*
1 The Eye Center, Second Affiliated Hospital of School of Medicine, Zhejiang University, Hangzhou, 
Zhejiang, China, 2 Zhejiang Provincial Key Lab of Ophthalmology, Hangzhou, Zhejiang, China, 3 GKT 
School of Medical Education, King’s College London, London, United Kingdom

Aim: A free-floating vitreous cyst is a rare eye disease. This study aimed to find 
diagnostic imaging methods and imaging features for vitreous cysts.

Methods: This article presents a case report along with a literature review of 
published cases of vitreous cysts. The case report describes a highly myopic 
60-year-old woman with a pigmented, free-floating vitreous cyst in her right 
eye. A search of the PubMed database using the keywords “vitreous cyst” was 
performed to identify other cases reported in the literature and to summarize 
the imaging methods used to diagnose and visualize vitreous cysts and the 
imaging features of vitreous cysts.

Results: A thorough ophthalmic examination was performed in the present 
case, including slit-lamp photography, B-scan ultrasound, broad line fundus 
imaging, spectral-domain optical coherence tomography (SD-OCT), and ultra-
wide field SS-OCT. The literature review revealed the imaging methods used in 
previously reported cases of vitreous cysts in which ultra-wide field SS-OCT has 
the advantages of wide scanning depth and high imaging clarity.

Conclusion: SS-OCT has an advantage over SD-OCT in providing intuitive 
morphological characteristic images for the diagnosis of posterior vitreous cysts. 
The comprehensive assessment of multimodal imaging examinations, including 
SS-OCT, is of significant value for the diagnosis and differential diagnosis of 
vitreous cysts.

KEYWORDS

vitreous cyst, optical coherence tomography, B-scan ultrasound, slit lamp, fundus 
photography

1 Introduction

Vitreous cysts are rare ocular malformations. It can be either congenital or acquired. A 
vitreous cyst is usually detected during a routine ophthalmological examination or when it 
migrates to the visual axis and causes visual disturbances (1). Patients are often asymptomatic 
or may complain of intermittent blurred vision (2). In recent years, there have been only a few 
clinical case reports of vitreous cysts (3–10). The imaging studies in these reports are not 
uniform and lack systematic review.
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Optical coherence tomography (OCT) is a non-invasive three-
dimensional tomography technique that has been in use since 1991 
(11). After continuous technological development, OCT has evolved 
from early time-domain OCT (TD-OCT) to spectral-domain OCT 
(SD-OCT) and finally to the latest swept-source OCT (SS-OCT) (12). 
OCT has evolved to enable detailed imaging of many intraocular 
structures (13). Wide field OCT (based on SS-OCT) has been used to 
detect non-perfused areas and retinal neovascularization in retinal 
vascular disorders (14); however, its application in vitreous cysts is 
rarely mentioned.

Here, we report a case of a vitreous cyst that has been observed and 
objectively assessed using multiple imaging methods, including a clear 
scan of the cyst contents using ultra-widefield SS-OCT. We also reviewed 
the relevant published literature on vitreous cysts and summarized the 
imaging methods that can objectively and qualitatively evaluate vitreous 
cysts. We  concluded that SS-OCT can be  used for the diagnosis of 
posterior vitreous cysts and has unique advantages.

2 Case presentation

A 60-year-old woman presented to the Eye Center, Second 
Affiliated Hospital of School of Medicine, Zhejiang University, 
complaining of blurred vision in both eyes for more than 3 years. She 
had a history of high myopia in both eyes for more than 30 years and 
had no previous history of ocular trauma, infectious eye disease, or 
abnormal tracing. Ophthalmological examination revealed an 
uncorrected visual acuity of 20/200 in the right eye and 20/100 in the 
left eye. The anterior chamber, iris, pupil, intraocular pressure, and eye 
movement were normal. The lenses of both eyes were opacified, and 
the fundus showed typical changes of high myopia. A pigmented cyst 
can be faintly seen in the right eye in the vitreous cavity, with a clear 
view obfuscated by cataract formation. The patient was followed up 
after microincision phacoemulsification combined with intraocular 
lens implantation in the right eye.

We performed a series of imaging tests on the patient’s right eye 
after cataract surgery. Under the slit lamp, a free-floating cyst of 
approximately two optic disk diameters was observed in the vitreous 
body. The cyst was semi-transparent with a smooth surface and 
covered with brown pigment. When the patient rolled her right eye, 
the cyst moved with it (Supplementary Video 1). The broad line 
fundus imaging (CLARUS 500™; Carl Zeiss Meditec AG, Jena, 
Germany) showed a more clearly pigmented free-floating vitreous cyst 
with a defined boundary, spherical with small protrusions, located 
close to the mid-periphery retina (Figure 1A). We used an ultrasound 
B-scan to examine the cyst’s internal structure, which showed a cystic 
echo in the inferior vitreous cavity near the eyeball wall of the right 
eye, with an anechoic dark area inside. However, it was difficult to 
determine whether the cyst adhered to the eyeball wall (Figure 1B). 
SD-OCT (Figure 1C, Heidelberg Spectrails, Heidelberg, Germany) 
showed a hyper-reflective shell with hypo-reflective contents. Due to 
the depth limitation of SD-OCT scanning, some lesions were anterior 
to the upper limit of OCT and appeared as reflection images. The 
ultra-wide field SS-OCT (Figure  1D, VG200D; SVision Imaging, 
Henan, China), with a maximum scanning depth of up to 12 mm, 
demonstrated a complete oval-shaped, hyper-reflective thin shell filled 
with a homogeneous hypo-reflective liquid that did not adhere to the 
retina and shadowing of the underlying retina. The diagnosis was a 

pigmented vitreous cyst. As the patient had no visual impairment due 
to the cyst, she opted for conservative management. The cyst remained 
stable at the 3-month follow-up.

3 Discussion

Free-floating vitreous cysts were first described in 1899 (15), and 
only a few cases have been previously reported. Based on the limited 
reports, no gender difference was observed in patient profiles. Patients 
were primarily aged between 5 and 68, with most occurrences between 
10 and 20 years (16). Vitreous cysts are primarily described as 
spherical or oval, rarely leaf-splitting, and in the 0.15 to 12 mm size 
range (17). Non-pigmented cysts have a yellowish appearance, while 
pigmented cysts are covered with sepia pigment particles. These 
vitreous cysts are usually asymptomatic and are often detected because 
of other ocular symptoms. However, when they involve the visual axis, 
they may cause blurred vision, shadows in the field of vision, or 
floating objects when moving (18). The embryonic origin of primary 
vitreous cysts remains controversial. Some researchers suggest that 
cysts may have originated from the primary hyaloid system, while 
others believe cysts originate in the iris, ciliary body, or retinal 
pigment epithelium (19, 20). Acquired vitreous cysts have been 
reported secondary to a variety of intraocular lesions. The most 
common reason is eye trauma (21), with other described causes 
including lattice degeneration, retinitis pigmentosa, retinal 
detachment, retinitis, choroidal disease, ciliary adenoma, ciliary 
ectopia, and intraocular infection (22–25).

Multimodal imaging studies are crucial for the diagnosis and 
differential diagnosis of vitreous cysts. Vitreous cysts in particular 
need to be  differentiated from cysts caused by parasites, such as 
cysticercoid cysts (26). A slit-lamp examination can be used to observe 
the cyst’s shape, size, color, transparency, and activity (1). The cyst’s 
mobility can also be  checked by having the patient turn her eye 
slightly. Fundus photography, especially broad line fundus 
photography, can qualitatively assess vitreous cysts. Adjacent fundus 
lesions can also be recorded (27), which may infer the etiology of 
vitreous cysts. However, the limitations of slit-lamp examination and 
fundus photography are that the internal components of the cyst 
cannot be detected, and the relationship between the cyst and the 
adjacent retina cannot be completely determined.

In addition, ultrasonography is also important for the diagnosis 
and measurement of the cyst. The typical B-ultrasound features of 
vitreous cysts describe the cysts as round or quasi-round, with 
moderate echo, thin wall, smooth echo wall, an anechoic dark area 
inside the cyst, and a positive posterior movement (28). These 
ultrasonographic features are distinguished from the dense circular 
echoes seen in the central portion of cysticercosis lesions in the 
vitreous cavity (29). However, the images of ultrasound are relatively 
rough and have low resolution, which cannot perfectly meet the needs 
of clinicians to explore the details of cysts.

In recent years, optical coherence tomography (OCT), as a 
non-invasive imaging technology, has been used in the diagnosis and 
treatment of vitreous cysts (30). OCT is a three-dimensional tomography 
technology that utilizes the biological tissue scattered light coherence 
principle for imaging and observation of living tissue. OCT has the 
advantages of non-contact, high resolution, and high speed (31). At 
present, the most commonly used is frequency-domain OCT. According 
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to different methods of obtaining interference spectra, it is divided into 
spectral-domain OCT (SD-OCT), based on the spectrometer, and swept-
frequency OCT (SS-OCT), based on a swept-frequency light source. OCT 
can display the internal structure of the vitreous cyst and the relationship 

between the cyst and the retina. Kevin et al. used SD-OCT for objective, 
qualitative assessment of large vitreous cysts. The OCT showed that the 
cysts cast shadows on both sides of the fovea, which was consistent with 
the annular scotoma symptoms described by the patient (32). Kevin et al. 

FIGURE 1

(A) Broad line fundus imaging showed a round, pigmented cyst. (B) Ultrasound B-scan showed the posterior-located vitreous cyst. (C) Spectral-
domain OCT (SD-OCT) showed an image of a cyst with an inverse line. Red arrow: High-reflectivity band corresponds to the posterior edge of the 
vitreous cyst. Green arrow: The reflection image formed by exceeding the SD-OCT upper limit. (D) Ultra-wide field swept-source optical coherence 
tomography (SS-OCT), with 9  mm scan depth and 12  mm scan length, demonstrated a complete cyst image (3.5  mm  ×  3.2  mm in size) with a hyper-
reflective enclosure, hypo-reflective content, and shadowing of the underlying retina.
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also suggested that OCT could be used to assess the risk–benefit ratio of 
vitrectomy in patients with symptomatic large vitreous floaters. Using 
SD-OCT, Dragnev et al. found that the cysts were multi-lobular and 
contained highly reflective material in addition to fluid on OCT scans 
(33). They speculated that these hyper-reflective spots correspond to 
premelonosomes, suggesting that the cysts originate from the primary 
hyaloid system.

Although SD-OCT is more frequently used in the evaluation of 
vitreous cysts, the shape of the cyst cannot be fully displayed due to the 
limited depth of SD-OCT scanning. The relationship between the cyst 
and surrounding tissues cannot be displayed simultaneously. Yonekawa 
et al. reported the use of SD-OCT to evaluate vitreous cysts, and the image 
showed that the anterior surface of the lesion was beyond the upper limit 
of SD-OCT, which appeared as a reflection image (34). However, SS-OCT 
uses a longer wavelength for imaging than SD-OCT, which has deeper 
penetration of biological tissue, and the swept-frequency light source has 
high instantaneous coherence, which can achieve a deeper longitudinal 
imaging range (35). Based on low sensitivity attenuation and larger 
longitudinal imaging range, SS-OCT can obtain a larger imaging depth 
than SD-OCT (36), which can facilitate imaging of the anterior segment, 
large-scale fundus imaging, and axial length imaging and feasibility. Using 
SS-OCT, Guo et al. reported a case of a vitreous cyst in a 48-year-old 
woman (37). The high-resolution images showed that the cyst was 
surrounded by a thin hyper-reflective wall and a posterior cortical anterior 
vitreous pocket. Unlike the typical liquid cyst interior morphology in our 
reported case, the cyst in their case was composed of a hyper-reflective 
septum with a slightly central agglutination. The hyper-reflective septum 
may be associated with premelonosomes. In addition, the ultra-wide field 
SS-OCT instrument used in our case offers super-depth imaging of up to 
12 mm, which allows for a clearer display of the entire cyst, including its 
internal fluid structure and positional relationship with the retina, 
compared to the conventional SS-OCT instrument, thus enhancing 
clinical evaluation. Ultra-wide field SS-OCT can also obtain clear scan 
images at different levels, similar to pathological slices. Overall, SS-OCT 
meets the ever-increasing demands for detection speed, sensitivity, 
and functionality.

Some less commonly reported imaging methods can also be used in 
the diagnosis and differential diagnosis of vitreous cysts. Ocular 
ultrasound biomicroscopy (UBM) can be used to detect cysts arising from 
the iris/ciliary body (38) but is limited to the anterior segment. Infrared 
imaging has also been reported, which can show multiple areas of hyper-
reflection on the cyst surface (39), but the image clarity is poor. 
Fluorescein angiography (FA) can be  used to rule out overlying 
vascularization of the cyst (40), but only for cysts connected to the retina. 
Compared to other imaging methods, SS-OCT can display the external 
and internal structures of cysts across multiple layers, such as pathological 
slices, and provides a better differential diagnosis for the nature of cysts.

The treatment of vitreous cysts depends on the patient’s wishes, 
symptoms, degree of visual impairment, cyst characteristics, and location 
(41). Most vitreous cysts are asymptomatic or have a minimal visual 
impact, which only requires observation and regular follow-up. A 
minority with significant visual impairment or rapidly growing were 
considered for intervention. Treatment options include argon laser 
photocoagulation and neodymium:YAG (Nd:YAG) laser 
photocoagulation to remove the cyst (42, 43). Alternatively, vitrectomy 
surgery and pathological examination may also be  performed to 
determine the benign or malignant nature of the cyst (44). However, these 
invasive treatments may be accompanied by serious complications, even 
with the relatively safe Nd:YAG laser, which has been reported to have 

caused iatrogenic cataract formation (45). Therefore, the treatment of 
vitreous cysts needs to be carried out with caution, and imaging plays a 
crucial role in guiding treatment decisions.

4 Conclusion

In conclusion, vitreous cysts are a rare condition that needs to 
be qualitatively examined and observed using the correct imaging 
methods, which are crucial for the diagnosis and treatment of the 
disease. We reported a case of a free-floating pigmented vitreous cyst, 
summarized the current clinical reports of imaging examination 
methods for vitreous cysts, and proposed the value of SS-OCT in the 
diagnosis of a posterior vitreous cyst.
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Dry age-related macular 
degeneration classification from 
optical coherence tomography 
images based on ensemble deep 
learning architecture
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Zhenbo Zhao 1,2, Yuxi Ding 2, Kaili Tang 1,2, Feng Lu 3 and 
Liwei Ma 1,2*
1 Aier Eye Medical Center of Anhui Medical University, Anhui, China, 2 Shenyang Aier Excellence Eye 
Hospital, Shenyang, Liaoning, China, 3 School of automation, Shenyang Aerospace University, 
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Background: Dry age-related macular degeneration (AMD) is a retinal disease, 
which has been the third leading cause of vision loss. But current AMD 
classification technologies did not focus on the classification of early stage. This 
study aimed to develop a deep learning architecture to improve the classification 
accuracy of dry AMD, through the analysis of optical coherence tomography 
(OCT) images.

Methods: We put forward an ensemble deep learning architecture which 
integrated four different convolution neural networks including ResNet50, 
EfficientNetB4, MobileNetV3 and Xception. All networks were pre-trained and 
fine-tuned. Then diverse convolution neural networks were combined. To 
classify OCT images, the proposed architecture was trained on the dataset from 
Shenyang Aier Excellence Hospital. The number of original images was 4,096 
from 1,310 patients. After rotation and flipping operations, the dataset consisting 
of 16,384 retinal OCT images could be established.

Results: Evaluation and comparison obtained from three-fold cross-validation 
were used to show the advantage of the proposed architecture. Four metrics 
were applied to compare the performance of each base model. Moreover, 
different combination strategies were also compared to validate the merit of the 
proposed architecture. The results demonstrated that the proposed architecture 
could categorize various stages of AMD. Moreover, the proposed network could 
improve the classification performance of nascent geographic atrophy (nGA).

Conclusion: In this article, an ensemble deep learning was proposed to classify 
dry AMD progression stages. The performance of the proposed architecture 
produced promising classification results which showed its advantage to provide 
global diagnosis for early AMD screening. The classification performance 
demonstrated its potential for individualized treatment plans for patients with 
AMD.

KEYWORDS

dry age-related macular degeneration, optical coherence tomography, ensemble deep 
learning, NGA, early AMD detection
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1 Introduction

AMD is a retinal disease that is a major cause of blindness around 
the world (1). According to the World Health Organization, it was 
estimated that 288 million people globally suffered from intermediate or 
late-stage AMD (2). As the global population aged, AMD was expected 
to affect more people. Therefore, it was important to detect and screen 
AMD, especially for early stage of AMD. Based on the clinical appearance 
of AMD, it could be classified into early stage, intermediate stage and late 
stage (3). Early and intermediate AMD, also known as non-advanced dry 
AMD, were described by a slow progressive dysfunction of the retinal 
pigment epithelium (RPE) and presence of drusen. The late stage was 
defined by presence of geographic atrophy (GA) (4).

A recent approval released by the U.S. Food and Drug 
Administration highlights the importance of early detection of GA, 
which demonstrated that nGA was a pivotal marker for the prediction 
of the development of GA (5). It could help clinicians to better detect 
and screen AMD in the early stage. However, nGA has drusen with a 
diameter larger than 63 μm without atrophy or neovascular disease. 
This condition made it difficult to detect nGA accurately. Moreover, 
complex interference factors of nGA in shape, size and location 
exacerbated the difficulty to differentiate it from other retinal lesions (6).

In traditional retinal images, OCT images enabled visualization of 
thickness, structure and detail of various layers of the retina (7). In 
addition, when the retina developed a disease, OCT enabled the 
visualization of abnormal features and damaged retinal structures (8). 
Therefore, retinal OCT images were used in this article to detect 
nGA. In OCT images, spectral-domain OCT features unique in these 
areas included: subsidence of the outer plexiform layer (OPL) and inner 
nuclear layer (INL), and development of a hyporeflective wedge-shaped 
band within the limits of the OPL. These characteristics were defined as 
nGA, describing features that portended the development of drusen-
associated atrophy. Cross-sectional examination of participants with 
bilateral intermediate AMD revealed that independent risk fact (9). The 
hypo-reflective wedge in nGA represented the presence of a 
hyporeflective wedge-shaped band within the limits of the OPL that 
subsequently developed as the characteristic feature of this stage. There 
was also typically drusen regression that was accompanied by a 
vortexlike subsidence of the INL and OPL at this stage. Different stages 
of dry AMD in OCT images were shown in Figure 1.

Although OCT images were widely applied into the treatment and 
diagnosis of AMD (10–13), the process was time-consuming due to 
manual operation and analysis. Ophthalmologists may provide incorrect 
results even if they had great expertise. With the development of 
artificial intelligence, machine learning and deep learning algorithms 
had been used in the diagnosis and treatment tasks, such as classification, 
detection and segmentation of AMD (14). Deep Learning (DL) had 
been widely used in the medical field to monitor information in medical 
images for the diagnosis of various diseases (7, 15–18). Recently, DL 
integrated with OCT imaging analysis, had been utilized for intelligent 
and accurate classification of AMD (19). However, most of previous 

DL-based retinal OCT detection technologies focused primarily on the 
advanced stage. The main limitation came from the datasets which were 
mainly comprised of intermediate and late stages of AMD. Additionally, 
the challenge from the OCT image noise, the accuracy of diagnosis and 
the division among diverse stages increased the difficulty of early 
detection (20). A detection architecture based on a two-stage 
convolution neural network (CNN) with OCT images was proposed by 
He (21). In the first stage, ResNet50 CNN model was employed to 
categorize OCT images. Then image feature vector set was accepted by 
the local outlier factor algorithm in the second stage. This model was 
tested on the external Duke dataset which consisted of 723 AMD and 
1,407 healthy control volumes. This architecture was able to achieve the 
performance of sensitivity of 95.0% and specificity of 95.0%. Similarly, 
a two-stage DL architecture was proposed by Motozawa (22). The first 
stage was capable of distinguishing healthy controls from OCT images. 
Then AMD with and without exudative changes could be detected in 
the second stage. This architecture was able to achieve a performance of 
98.4% sensitivity, 88.3% specificity and 93.9% accuracy.

Similarly, a visual geometry group CNN architecture was developed 
by Lee for the categories of retinal diseases (23). This CNN model was 
trained and tested on 80,839 OCT images to evaluate the performance. 
The performance of AUC of 92.7% with an accuracy of 87.6% could 
be  obtained. CNN models with fully automated technology were 
proposed by Derradji to segment retinal atrophy lesions in dry AMD 
(24). Due to segmentation technologies, this architecture was able to 
achieve a performance of 85% accuracy and 91% sensitivity.

To better differentiate AMD from healthy controls, Holland 
developed a pre-trained self-supervised deep learning architecture (25). 
The performance of 92% AUC was able to be achieved on the test images. 
However, it was difficult to distinguish between early stage and 
intermediate stage. To overcome this challenge, Bulut applied Xception 
models to the detection of AMD based on color fundus images (26). 
Through analysis of 50 different parameters, this architecture could obtain 
the highest performance of accuracy of 82.5%. Moreover, Chakravorti 
proposed an efficient CNN for AMD classification (27). This network 
trained on fundus images could categorize them in four types of AMD, 
reducing computational complexity with high performance. Instead of 
training networks on fundus images, Tomas developed an algorithm for 
the diagnosis of AMD in retinal OCT images. This algorithms was able 
to perform the detection of AMD based on the estimate of statistical 
approaches and randomization (28). Additionally, Zheng extended a five-
category intelligent auxiliary diagnosis architecture for common retinal 
diseases. For the 4 common diseases, the best results of sensitivity, 
specificity, and F1-scores were 97.12, 99.52 and 98.21%, respectively (29). 
Vaiyapuri presented a new multi-retinal disease diagnosis model to 
determine diverse types of retinal diseases. Experimental results 
demonstrated that this architecture outperformed the exiting technologies 
for advanced AMD with the performance of accuracy 0.963 (30). Inspired 
by nature language processing, Lee presented CNN-LSTM and 
CNN-Transformer. Both deep learning architectures used a Long-Short 
Term Memory and a Transformer module, respectively with CNN, to 
capture the sequential information in OCT images for classification tasks. 
The proposed architecture was superior to the baseline architectures that 
utilized only single-visit CNN model to predict the risk of late AMD (31). 
Combining a multi-scale residual convolutional neural network and a 
vision transformer, Kar featured a generative adversarial network for the 
detection of AMD (32). Rigorous evaluations on multiple databases 
validated the architecture’s robustness and efficacy.

Abbreviations: AMD, Age-related macular degeneration; OCT, Optical coherence 

tomography; nGA, Nascent geographic atrophy; INL, Inner nuclear layer; OPL, 

Outer plexiform layer; DL, Deep Learning; CNN, Convolutional neural network; 

ROC, Receiver operating characteristics curve; Acc, Accuracy; Sen, Sensitivity; 

Spc, Specificity; F1, F1-score.
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In summary, many of the mentioned studies had focused on the 
application of deep learning and OCT for classifcation of AMD, 
achieving impressive accuracy rates. However, these studies lacked a 
comprehensive prediction for nGA. In this paper, we  aimed to 
diagnose early stage of AMD with strong predictor nGA. We provided 
an ensemble deep learning architecture consisting of four components 
(ResNet50, EfficientNetB4, MobileNetV3 and Xception) to analyze 
OCT images. In order to accurately detect the early stage of AMD, an 
OCT-based ensemble DL architecture was proposed in which the 
images would be classified into four categories: normal, Drusen, nGA 
and GA. The main contributions of this work were as follows:

 1. To the best of our knowledge, this was the first investigation to 
use ensemble DL technologies to detect and classify nGA.

 2. The proposed architecture showed its advantage and provided 
detection results which could be utilized as a useful computer-
aided diagnostic tool for clinical OCT-based early 
AMD diagnosis.

 3. This paper proposed an ensemble technique by combining the 
predictions of four base CNNs—ResNet50, EfficientNetB4, 
MobileNetV3 and Xception. Based on the knowledge gained 
from ImageNet dataset, each base CNN was fine-tuned for the 
specific OCT image classification task.

2 Methods

2.1 Datasets

Although there were some public OCT datasets, they were not 
suitable for the detection of early stage of AMD. This study was 
retrospective. We used OCT images collected in 2019–2023 which 

were gathered from 1,310 patients (male and female) of diverse age 
groups and ethnicity from Shenyang Aier Excellence Eye Hospital. The 
images in this dataset had been divided into four different classes: 
normal, drusen, nGA and GA. The training set and the test set were 
about 80 and 20% of the patients, respectively. All OCT images were 
captured from Heidelberg Spectralis HRA which was able to provide 
6 mm × 6 mm B-scan length. The quality of OCT images were analyzed 
by ophthalmologists. All OCT images were clear and free of artifacts. 
Every OCT image was either normal or AMD without other retinal 
diseases. According to the judgment of ophthalmologists, OCT images 
that met the selection criteria were stored in the database. Any 
participant with any other ocular, systemic or neurological disease that 
could have an impact on the assessment of the retina, was excluded.

To improve the generalizability and reduce the risk of overfitting 
of the proposed architecture, this paper employed three-fold cross-
validation to evaluate the performance. In one epoch of cross-
validation, two-fold OCT images were used for training while the rest 
of OCT images were used for test. The training and test process would 
be performed three times and the average of results could be utilized 
to assess the performance of the proposed architecture. The number 
of training and test images were detailed in Table 1.

2.2 Image enhancement

The aim of OCT images enhancement was to provide high quality 
images which would improve the performance of the proposed 
architecture. The visibility of significant features would be enhanced 
by image enhancement algorithms, such as diffusion filtering, linear 
enhancement and exponential enhancement. Results of different 
image enhancement algorithms were displayed in Figure 2, where the 
original OCT image was shown in Figure  2A. To start with, a 

FIGURE 1

Different stages of dry AMD in OCT imaging. (A) Normal. (B) Drusen. (C) nGA. (D) GA.
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diffusion filtering algorithm (33) was applied to reduce noise from 
the original OCT image, as presented in Figure  2B. Then linear 
enhancement (34) was employed to highlight the contrast between 
background and retinal layers, as shown in Figure 2C. At last, the 
OCT image was processed based on exponential enhancement (35) 
to further accentuate contrast between different layers. With the 
enhancement procedure, the final result could be obtained, as shown 
in Figure 2D.

2.3 Ensemble deep learning architecture

In this article, we built an ensemble deep learning architecture 
which consisted of four base models (ResNet50, EfficientNetB4, 
MobileNetV3 and Xception). After image enhancement, OCT images 
were further processed via image preprocessing, such as reshaping, 
normalization and augmentation. Then the OCT images were fed to 
every base model which was pre-trained on ImageNet and connected 
to full-connection layers. The prediction scores iY  (i = 1,2,3,4) were 
obtained from four models. The weights would also be calculated 
based on these scores. As distributing weights to base models, 
we could obtain the final prediction through adding and normalizing 

these prediction scores. The global ensemble architecture was 
presented in Figure 3.

In the OCT image pre-processing step, all OCT images were 
converted into gray values which ranged from 0 to 1. In order to 
obtain optimal classification performance, we tested OCT images with 
different shapes. We found that input images with 320 × 320 could 
provide the best performance. The visibility of AMD features were 
emphasized to accentuate contrast between different retinal layers. 
Moreover, data augmentation could improve the generality of the 
proposed method. The size of training data could be augmented. The 
number of original images was 4,096. Every original image was rotated 
90 , 180, and 270 respectively. Besides all original images could 
be  flipped. After augmentation, the total number of images was 
16,384. 80% of the total images were used for training and the unseen 
images were employed for test purpose. The whole dataset was labeled 
by two ophthalmologists. Then the proposed architecture was 
comprised of four fine-tuning models. To reduce training time, 
transfer learning technology was used. The base models were 
pre-trained on ImageNet dataset. The weights before ‘FC’ were kept 
frozen. Then the training process would fine-tune weights between 
‘FC’ layers with a learning rate 0.001. To further avoid overfitting and 
reduce computation, ‘dropout layer’ with a dropout rate of 0.4 had also 

TABLE 1 The detail of three cross-fold training and test datasets.

OCT Datasets Fold 1 Fold 2 Fold 3

Train Test Train Test Train Test

Patients (%) 1,040 (80%) 270 (20%) 1,040 (79%) 270 (21%) 1,040 (80%) 270 (20%)

Images (16384) 13,107 3,277 12,943 3,441 13,107 3,277

Normal (3072) 2,455 617 2,427 645 2,455 617

Drusen (5120) 4,094 1,024 4,045 1,075 4,094 1,024

nGA (4096) 3,277 819 3,236 860 3,277 819

GA (4096) 3,277 819 3,236 860 3,277 819

FIGURE 2

Results comparison from image enhancement. (A) The original image. (B) The OCT image from (A) with diffusion filtering. (C) The OCT image from 
(B) with linear enhancement. (D) The OCT image from (C) with the exponential enhancement.
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been added between ‘FC’ layers. Because classification of AMD was 
performed with four categories, soft-max activation with four 
categories had been added after ‘FC’ layer for classification task of 
AMD. The training process of transfer learning was shown in Figure 4.

The proposed architecture could be formed with the following 
steps: First, different base models, also known as CNNs, were analyzed 
after fine-tuning. Based on the performance of different base models, 
it could be found that the ResNet50, EfficientNetB4, MobileNetV3 and 
Xception had better performance compared to other CNN models on 
the test dataset. Then a comparative analysis of the weights 
combination strategies among different base models were performed. 
These strategies contained simple averaging, weighting function, 
majority voting and stacking methods. The weighting function was 
proportional to the performance of base models on test dataset. From 
these comparison results, the weighting function strategy could obtain 
the best performance for the classification of early AMD. The 
combination strategy of the proposed ensemble-based architecture 
was shown in Figure 5.

It could be found that four base models produced four prediction 
scores iY  (i = 1,2,3,4). The final prediction score could be calculated 
based on weights which were proportional to the performance of base 
models. At last, the accuracy of diagnosis was compared with the 
ground truth to evaluate the performance of the ensemble deep 
learning architecture. The weights could be calculated based on the 
following mathematical formulation, as shown in Equation 1:

 ( ) ( ) ( ) ( )( )1 2 3 4, , ,comF Y x Y x Y x Y xω =  (1)

Where comF  was the combination function which represented an 
aggregation strategy with various weights ω. If the the prediction 
probabilities from ith model was iY , then the weight iω could be 
expressed as Equation 2:
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The weights which denoted the significance of every base model. 
The final prediction probability P on the test dataset could be obtained 
based on the weights combination strategy, as shown in Equation 3:
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The experimental results would be obtained and analyzed based 
on the proposed architecture in the next section.

3 Results

All experiments were conducted in Pytorch and the 
hardware was composed of 64 hyper-thread processors, 8 × RTX 
2080 Ti, and windows10. All OCT images were set to the 
shape 320 320× .

Base CNN models were evaluated on the test dataset. The 
classification task was performed for four categories of dry AMD 
(normal, drusen, nGA, and GA). Diverse metrics were used to 
evaluate the efficacy of base models, including accuracy (Acc), 
sensitivity (Sen), specificity (Spc) and F1-score (F1) for overall 
classification performance. Sen described how well the test caught 
all of positive cases and Spc described how well the test classified 
negative cases as negatives. F1 was a metric that offered an overall 
measure of the model’s accuracy. These metrics could be expressed 
from Equations 4–7:

FIGURE 3

The global ensemble architecture.

Base Model

Global max pooling

Full-connected  layer

Dropout

Full-connected  layer

So�Max layer

Predic�on probality

FIGURE 4

The training process of transfer learning.
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Where TP, TN , FP, and FN  represented true positives, true 
negatives, false positives, false negatives, respectively. The 
performance of each base model and the proposed architecture 
would be compared and evaluated using above performance metrics. 
80% of the sample images were employed for training and the rest 
of images were used for testing. Different base models were assessed 
on the test dataset. The performance results were presented in 
Table 2.

Different ensemble strategies were also compared, such as 
majority voting, stacking, simple averaging, and weighting function 
(the proposed method). Majority voting meant that the prediction 
result from every base model was defined as a “vote.” The most votes 
were used as the final prediction result. Stacking could be conducted 
by training classifiers on the combined classification scores in an 
ensemble architecture. Then the ensemble architecture would classify 
test images based on the trained classifiers. Simple averaging 
overlooked the effect from weights. It used an average weight to 
process every prediction scores. Instead of obtaining an average 
weight, the weighting function would allocate weights to various base 
models. The weights were proportional to the performance of base 
models on the train dataset. The prediction scores would be further 
processed to get the final prediction result. The comparison results 
were detailed in Table 3.

Based on the F1 score in Table 3, the confusion matrix was also 
utilized to further show overall classification results with different 
architectures, as shown in Figure 6.

The performance between the proposed ensemble architecture 
and base models were also analyzed. The training epoch was set to 
400. In every epoch, the corresponding results were recorded. The 
comparison results were shown in Figure 7. Four categories of dry 
AMD were used to analyze the performance of classification. The 

FIGURE 5

The combination strategy of the proposed ensemble-based architecture.

TABLE 2 The performance comparison among different methods.

Methods Sen (%) Spc (%) F1 (%) F1 
(average)

Fold1 Fold2 Fold3 Fold1 Fold2 Fold3 Fold1 Fold2 Fold3

ResNet50 92.67 92.16 91.45 93.52 93.33 92.95 92.82 93.29 92.17 92.76

EfficientNetB4 90.23 90.15 91.06 92.44 91.22 92.15 92.63 91.29 91.18 91.71

MobileNetV3 92.54 90.33 93.08 93.11 87.15 91.22 92.25 89.93 92.54 91.57

Xception 92.71 89.66 92.13 91.08 90.53 84.57 91.12 91.56 90.81 91.16

VGG19 90.33 92.58 90.87 91.54 91.25 91.53 91.85 89.92 87.75 89.84

InceptionResNetV2 92.31 87.88 90.21 89.66 90.18 89.55 89.48 89.76 89.73 89.66

EfficientNetB0 90.55 90.28 88.93 84.57 91.16 90.15 88.61 89.28 87.63 88.51

NASNetMobile 91.56 89.15 90.23 86.43 90.22 87.38 87.33 88.07 89.06 88.15
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classification Acc from base models and ensemble architecture were 
presented in Table 4.

To give a comprehensive analysis from true positive rate and false 
positive rate, receiver operating characteristics curve (ROC) was also 

plotted for four categories: normal, drusen, nGA and GA, as shown in 
Figure 8.

The visualization of heatmaps could also be generated to improve 
the interpretability in OCT images based on Grad-CAM. To show the 
classification basis, heatmaps of drusen, nGA, GA were generated 
respectively, as shown in Figure 9.

4 Discussion

In this study, an ensemble deep learning architecture was 
proposed. To choose base models, different base models were tested 
and the performance results were shown in Table 2. The results were 
sorted in descending order based on F1 score since it offered a 

TABLE 3 The performance comparison from different ensembling 
strategies.

Strategy Acc (%) Sen (%) Spc (%) F1 (%)

majority voting 93.15 88.56 92.54 92.37

stacking 94.32 95.49 86.25 92.22

simple averaging 90.11 88.23 89.25 84.33

weighting function 96.51 93.31 94.56 97.45
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FIGURE 6

The confusion matrix of overall classification results. (A) Majority voting. (B) Stacking. (C) Simple averaging. (D) Weighting function.
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comprehensive evaluation of different models. Therefore F1 score 
could provide a basis for base models selection. Notably, four CNN 
models (ResNet50, EfficientNetB4, MobileNetV3 and Xception) could 
produce better results due to the consideration of local detail features 
and global semantic features. These base models would be served as 
base components in the ensemble architecture.

For the same base models, there were different combination 
strategies. In this study, majority voting, stacking, simple averaging 
and weighting function (the proposed method) were compared. The 
comparison results in Table 3 showed that both stacking and weighting 
function had better accuracy with 94.32% Acc and 96.51% Acc, 
respectively. Stacking strategy had the similar performance of 
sensitivity to the weighting function strategy which had better 
performance with 94.56% Spc. As presented in the column of F1 score, 
it could be found that weighting function had the best performance of 
classification with 97.45% F1 score. Moreover, the confusion matrices 
in Figure 6 demonstrated the advantage of the proposed architecture 
which could provide the best overall classification with less errors.

All base models could be fused based on tasks. Therefore, four 
categories of dry AMD were used to analyze the performance of 
different models. Comparison results were shown in Figure 7. It could 
be found that the proposed architecture and base models had similar 
performance. There were no over-fitting. Besides, the proposed 
architecture had better performance than base models with training 
epochs increasing. From comparison results in Table 4, it could also 
be found that the proposed architecture could generate commendable 
results. Compared with base models, the ensemble architecture could 
significantly improve the classification performance with the highest 
accuracy for all classes, especially for nGA. In terms of sensitivity and 
specificity, the proposed architecture outperformed all base models. It 
demonstrated that the proposed architecture could detect true 
positives and true negatives much better. For base models, F1-score 
were 92.82, 91.71, 91.57, and 91.16%, respectively, while the proposed 
method could archive the highest F1-score (97.45%). The comparison 

results demonstrated that the proposed architecture had better 
robustness and better performance of accuracy due to the combination 
of base models. ROC was provided to analyze overall performance of 
classification. Comparison results in Figure  8 showed that the 
maximum area could be obtained from the proposed architecture. It 
meant that the proposed architecture could provide more accurate 
classification results, especially for nGA.

The heat maps generated through Gram-CAM validated that 
typical features from dry AMD could be  successfully detected. 
Three categories of pathological features (drusen, nGA and GA) 
could be  correctly accentuated. In particular, the early stage of 
AMD with nGA could be correctly highlighted and observed, as 
shown in Figure 9. The heat maps demonstrated that the proposed 
architecture could successfully identify distinctive features and 
relevant lesions.

5 Conclusion

The intention of this article was to provide an architecture for an 
automated diagnosis and classification of AMD using OCT images, 
including the detection of early-stage dry AMD with nGA. The 
proposed architecture did not need to segment biomarkers. By 
combining image enhancement and base CNN models, the 
performance of detection of dry AMD could be  improved. 
Experimental results showed that three categories of pathological 
features could be correctly detected and observed, particularly for the 
nGA feature. The proposed ensemble architecture and base models 
had similar performance. There were no over-fitting. Moreover, the 
proposed ensemble architecture had the best classification 
performance for the present OCT images classification task. It 
suggested that the proposed ensemble architecture was superior in 
classification task for early stage of AMD. In the future, multi-modal 
images such as fundus photography and angiography can be used to 

FIGURE 7

The performance of accuracy in 400 epochs. (A) ResNet 50. (B) EfficientNetB4. (C) MobileNetV3. (D) Xception. (E) Proposed.

TABLE 4 The Acc (%) comparison among different classification results.

ResNet50 EfficientNetB4 MobileNetV3 Xception Proposed

Normal 92.66 93.25 88.64 91.65 96.66

Drusen 92.71 91.64 92.57 87.30 94.85

nGA 91.56 89.66 89.43 85.22 98.21

GA 92.55 93.85 89.64 92.74 96.31

F1 (average) 92.82 91.71 91.57 91.16 97.45
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FIGURE 8

ROC comparison among different methods. (A) Normal. (B) Drusen. (C) nGA. (D) GA.

D
ru
se
n

nG
A

G
A

FIGURE 9

Heatmaps from dry AMD with pathological features.

116

https://doi.org/10.3389/fmed.2024.1438768
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Yang et al. 10.3389/fmed.2024.1438768

Frontiers in Medicine 10 frontiersin.org

supplement OCT images. Besides the diagnostic performance can 
be improved by integrating other artificial intelligence technologies 
such as segmentation and attention mechanism.
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Changes in retinal nerve fiber 
layer and vessel densities after 
scleral buckling in patients with 
rhegmatogenous retinal 
detachment observed by OCTA
Cuiwen Zhang 1†, Linlin Liu 2 and Yiping Jiang 2*
1 The First Clinical Medical College of Gannan Medical University, Ganzhou, China, 2 First Affiliated 
Hospital of Gannan Medical University, Ganzhou, China

Purpose: To observe the changes in peripapillary retinal nerve fiber layer 
(RNFL) thickness and peripapillary vessel densities (VD) in patients with 
rhegmatogenous retinal detachment (RRD) after scleral buckling (SB) by 
OCTA.

Methods: A total of 40 patients (40 eyes) with monocular RRD who 
underwent SB were included in the study, with the operated eyes (40 
eyes) as the study group and the contralateral healthy eyes (40 eyes) as 
the control to analyse the changes in peripapillary RNFL thickness and VD 
before and after surgery. Data were analysed by paired samples t-test or 
Wilcoxon signed rank sum test.

Results: Comparison of the peripapillary RNFL thickness in the 8 areas 
between the two groups during the 6-month follow-up period: All 8 
peripapillary areas of the optic disc were statistically different before surgery, 
except for the tempo superior and tempo inferior, which were statistically 
different at each postoperative follow-up point, and the remaining 6 
areas in the operated eyes group were progressively closer to those in the 
healthy eyes group, and there was no significant difference between the 
two groups. Comparison of peripapillary VD in the 8 areas between the two 
groups during the 6-month follow-up: Peripapillary VD in the 8 areas in 
the two groups were all statistically different before surgery, and except 
for superior tempo, which was statistically different at each postoperative 
follow-up time point, the remaining seven areas in the operated eyes group 
became progressively closer to that in the healthy eyes group and there was 
no significant difference.

Conclusion: RRD negatively affects the peripapillary RNFL, but both peripapillary 
RNFL thickness and VD gradually improved in the operated eyes close to the 
contralateral eyes after SB.

KEYWORDS

rhegmatogenous retinal detachment, scleral buckling, peripapillary retinal nerve fiber 
layer, peripapillary vessel densities, OCTA
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1 Introduction

Rhegmatogenous retinal detachment (RRD) is a separation of the 
retinal nerve fiber layer from the pigment epithelial layer caused by the 
retinal hole. It is the most common type of retinal detachment in 
clinical practice, with an incidence of approximately 1 in 10,000 per 
year; and a blindness rate of nearly 100% if left untreated (1, 2). Scleral 
buckling (SB) and vitrectomy are the mainstay of treatment for RRD 
(3). Vitrectomy for RRD requires the injection of silicone oil or gas into 
the vitreous cavity (3, 4). Silicone oil is a commonly used intraocular 
filler because of its proximity to the vitreous. Silicone oil has been 
shown to hurt the optic nerve and retinal microcirculation (5). In 
contrast, SB for RRD consists of placing silicone strips or silicone 
sponges on the sclera corresponding to the fissure to create a depression 
in the sclera and choroid, reduce vitreous traction around the fissure, 
and seal the fissure. The effect on the optic nerve and retinal 
microcirculation around the optic disc has not been studied in detail.

Although visual acuity has been a commonly used clinical method 
to assess postoperative visual function, it is somewhat subjective, often 
macular dependent and does not provide a comprehensive, objective 
and accurate assessment of visual function (6). The ganglion cell body 
is located in the ganglion cell layer and its axons travel inward and 
parallel to the inner surface of the retina before entering the optic nerve 
to form the retinal nerve fibre layer (RNFL). RNFL thickness, which 
depends primarily on the number of ganglion cell axons, is an important 
indicator of quantitative response to changes in optic nerve and visual 
conduction function (7), which is directly related to visual acuity, 
contrast sensitivity, colour vision, visual field and other visual functions 
(8). The peripapillary vessel densities (VD) form a unique vascular 
network within the RNFL around the optic nerve head and are the 
innermost capillaries of the RNFL. They provide nutrients to the RNFL, 
which is relatively thicker in normal eyes in areas with higher VD and 
less spaced capillaries, and therefore thickest around the optic disc (9). 
In cotton-wool spots, intraretinal haemorrhages and ischaemic optic 
neuropathy, RNFL defects have an important correlation with the 
peripapillary VD, which has not been given enough attention in the past 
due to the difficulty of imaging it with certainty, but monitoring the 
peripapillary RNFL and VD is important for assessing visual function.

Evaluation of the tissues surrounding the optic disc provides 
information necessary for the diagnosis and evaluation of a wide range 
of ocular and neurological disorders (10). Optical coherence 
tomography angiography (OCTA) is a rapid and non-invasive 
ophthalmic imaging technique with the advantages of high resolution 
and reproducibility (11, 12); that can automatically measure retinal 
RNFL thickness and VD parameters in 8 regions around the optic 
disc. In this study, we investigated the changes in RNFL and VD after 
SB in patients with RRD using OCTA.

2 Materials and methods

2.1 General information

Patients who underwent SB for monocular RRD in our hospital 
between November 2021 and March 2023 were included in the study. 
The operated eyes was the study group and the contralateral healthy 
eyes was the control. Inclusion criteria: (1) Patients with a clinical 
diagnosis of monocular RRD whose contralateral eyes were normal 
(normal eyes had normal visual acuity, intraocular pressure, slit lamp, 

fundus and other examinations and had not received any treatment); 
(2) Refractive error between the RRD eye and the contralateral healthy 
eye of <3.00D; (3) Patients with RRD according to the American 
Retina Society’s 1983 PVR grading criteria (13): PVR grades A, B, and 
C; (4) no previous ocular surgical treatment; and (5) at least 6 months 
of follow-up. Exclusion criteria: (1) Patients with ocular and systemic 
diseases other than RRD, such as glaucoma, diabetes mellitus, 
hypertension, etc., (2) Patients with failed SB or recurrence of retinal 
detachment during the follow-up period; (3) Patients with macular 
lentigines; (4) Patients with pathology in the contralateral eye during 
the follow-up period; (5) Patients who cannot be clearly imaged on 
OCTA due to refractive interchromatic opacities, or whose 8 divisions 
of the peripapillary area cannot be measured on OCTA for various 
reasons; (6) Patients who cannot cooperate with the examination for 
various reasons; (7) Patients whose OCTA cannot be clearly imaged 
due to refractive interstitial opacities or whose data in all 8 
peripapillary disc locations cannot be measured for various reasons; 
(8) Patients who cannot cooperate with the examination for various 
reasons. All patients underwent a comprehensive ophthalmic 
examination of both eyes at enrolment, including best corrected visual 
acuity, intraocular pressure, slit-lamp examination, fundus 
photography, indirect ophthalmoscopy, and OCTA. The study adhered 
to the tenets of the Declaration of Helsinki and was approved by the 
Ethics Committee of First Affiliated Hospital of Gannan Medical 
University. Informed consent was obtained prior to the inclusion 
of subjects.

2.2 Surgical techniques

Patients were fully informed of the possible risks and complications 
of SB before surgery, and patients or their relatives signed the informed 
consent form and then underwent surgery. Patients were placed in the 
recumbent position, anaesthetised under retrobulbar anaesthesia, the 
eyelids were opened with a lid opener, the bulbar conjunctiva was 
incised in a circular pattern according to the location of the retinal hole, 
the rectus muscle traction suture was fixed, and a 360-degree peripheral 
funduscopy was performed, and a 360-degree peripheral fundus 
examination was performed with a bimanual indirect ophthalmoscope 
under the upper pressure of the cryoprobe to find the retinal hole and 
the area of degeneration, and the retina around the hole and the area of 
degeneration was frozen, and condensation was stopped when the 
retinal pigment epithelium or the retina became whitish, and the sclera 
was located outside the hole and pre-positioned under the suture. The 
pre-positioned sutures were placed under the sutures with a silicone 
sponge and the pre-positioned sutures were tightened so that the fissure 
was well closed at the pressure ridge.

2.3 OCTA imaging

All patients were examined by trained and experienced clinical 
technologists. RNFL and VD images around the optic disc were 
obtained in both eyes using OCTA (Optovue RTVue XR Avanti, 
Optovue Inc., United States) and OCTA data were measured multiple 
times at each follow-up visit and the better quality images were 
selected for analysis. The Angio-Disc scan mode was selected for a 
4.5 × 4.5 mm rectangular scan centred on the optic disc, the image 
was automatically segmented into a 2.0 mm diameter circle centred 
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on the optic disc, and a circle 2.0 mm around this circle was defined 
as the peripapillary region, and the instrument delineated the 
peripapillary region as nasal superior, superior nasal, superior tempo, 
tempo superior, tempo inferior, inferior tempo, inferior nasal, nasal 
inferior. The instrument automatically detects RNFL and VD 
parameters in the above eight regions around the optic disc. The 
instrument automatically divides the optic disc periphery globally into 
8 zones to generate RNFL and VD parameters (Figure  1) and 
automatically displays the signal strength index (SSI). In patients with 
RRD who underwent SB, intraocular pressure in both eyes, interocular 
ophthalmoscopy after pupil dilation, and OCTA were performed 
preoperatively and at 1 day, 2 weeks, 1 month, 3 months, and 6 months 
postoperatively to record RNFL thickness, VD in each quadrant 
around the optic disc and SSI in the operated and healthy eyes at 
different times.

2.4 Statistical methods

SPSS23.0 software was used for statistical analysis, and the 
measurement data conforming to normal distribution were expressed 
as the mean ± standard deviation (SD), and the comparison between the 
operated eyes group and the healthy eyes group was performed by the 
paired samples t-test; the non-normally distributed data were expressed 
as median [interquartile range], and the comparison between the 
operated eyes group and the healthy eyes group was performed by the 
Wilcoxon signed rank-sum test. Differences were considered statistically 
significant at p < 0.05.

3 Results

3.1 Basic data

Sixty-five patients were initially identified as subjects, of which 18 
patients were lost to follow-up, 3 patients had recurrent RRD during 
follow-up, 4 patients also had RRD in the contralateral eyes during the 

6-month follow-up period, and 40 patients (40 eyes) were finally 
included in the analysis, including 21 male and 19 female patients, with 
a mean age of (49.26 ± 15.25) years and a mean duration of RRD of 
(1.01 ± 1.31) months. The RRD-affected eyes (40 eyes) that underwent 
SB were the study group (operated eyes group) and the contralateral 
healthy eyes of the patients (40 eyes) were the control group (Table 1). 
The intraocular pressure of these 40 patients was within the normal 
range during the follow-up period.

3.2 Comparison of SSI between the 
operated and healthy eye groups at 
different time points

The SSI was smaller in the operated eye group than in the healthy 
eye group at 1 day (6.600 ± 0.87 vs. 8.325 ± 0.92; p < 0.001) and 
2 weeks (8.125 ± 0.82 vs. 8.550 ± 0.75; p = 0.022) after surgery, and the 
SSI was lower in the operated eye group than in the healthy eye group 
at 1 day preoperatively (8.025 ± 0.73 vs. 8.250 ± 1.17; p = 0.246), 
1 month postoperatively (8.150 ± 0.86 vs. 8.300 ± 0.99; p = 0.430), 
3 months postoperatively (8.175 ± 1.04 vs. 8.250 ± 1.06 p = 0.701), and 
6 months postoperatively (8.125 ± 1.02 vs. 8.150 ± 1.05; p = 0.905) the 
operated eye group was not significantly different from the healthy eye 
group (Table 2).

3.2.1 Comparison of peripapillary RNFL between 
the operated eye and the healthy eye groups at 
different preoperative and postoperative time 
points of the SB

At 6-month follow-up, the results of the corresponding comparison 
of peripapillary RNFL thickness between the operated eye group and 
the healthy eye group, respectively, showed that, preoperatively, the 
operated eye group had nasal superior (111 [96–134] vs. 105 [94–116]; 
p = 0.014), superior nasal (156 [120–191] vs. 138 [114–155]; p = 0.009), 
superior tempo (149 [126–200] vs. 133 [122–149]; p = 0.003), tempo 
superior (99 [81–211] vs. 86 [78–95]; p < 0.001), tempo inferior (85 
[74–135] vs. 76 [64–86]; p < 0.001), inferior tempo (165 [131–188] vs. 

FIGURE 1

(A) Peripapillary retinal nerve fiber layer thickness divided into eight areas; (B) Peripapillary vessel densities divided into eight areas.
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TABLE 2 Comparison of preoperative and postoperative SSI at different time points between the operated eye group and the healthy eye group.

SSI Operated eye group Healthy eye group t p

Preoperative 8.070 ± 0.74 8.279 ± 1.14 −1.177 0.246

1 day postoperatively 6.767 ± 1.04 8.372 ± 0.90 −8.376 <0.001

2 weeks postoperatively 8.186 ± 0.82 8.581 ± 0.73 −2.369 0.022

1 month postoperatively 8.209 ± 0.86 8.348 ± 0.97 −0.798 0.429

3 month postoperatively 8.233 ± 1.02 8.302 ± 1.04 −0.387 0.701

6 month postoperatively 8.186 ± 1.01 8.209 ± 1.04 −0.121 0.904

152 [135–165]; p = 0.046), inferior nasal (156 [137–182)] vs. 143 [129–
155]; p = 0.003), nasal inferior (104 [89–128] vs. 86 [76–99]; p < 0.001), 
and global (126.75 [115.13–133.13] vs. 115.75 [108.88–122.88]; 
p < 0.001) had a greater RNFL than the healthy eye group prior to 
surgery; beginning at 1 month postoperatively, the superior tempo in 
both groups (143.00 [122.00–155.00] vs. 134.00 [123.00–146.00]; 
p = 0.05) and inferior nasal (148.00 [129.00–161.00] vs. 143.00 [127.00–
154.00]; p = 0.491) were not significantly different; starting at 3 months 
postoperatively, the two groups had a higher superior nasal (145.00 
[128.00–162.00] vs. 136.00 [115.00–155.00]; p = 0.069), superior tempo 
(141.00 [119.00–155.00] vs. 135.00 [120.00–148.00]; p = 0.118), inferior 
tempo (165.00 [139.00–179.00] vs. 156.00 [134.00–167.00]; p < 0.074), 
inferior nasal (143.00 [129.00–157.00] vs. 142.00 [129.00–154.00]; 
p = 0.711), nasal inferior (90.00 [82.00–107.00] vs. 86.00 [78.00–
102.00]), p < 0.053) were not significantly different; at 6 months 
postoperatively, only tempo inferior (88.00 [75.00–99.00] vs. 79.00 
[68.00–86.00]; p < 0.001 and global (124.29 [113.00–129.71] vs. 116.63 
[109.75–124.25]; p < 0.001, the operated eye group was still larger than 
the healthy side group (Table 3).

3.2.2 Comparison of global peripapillary RNFL in 
the operated eye group and the healthy eye 
group at different preoperative and postoperative 
time points of the SB

Preoperatively, the global RNFL around the optic disc in the 
operated eye group was significantly larger than that in the healthy eye 
group, the RNFL around the optic disc in the operated eye group 

decreased significantly on the first day of surgery, increased at 2 weeks 
postoperatively, and then gradually became smaller and closer to that 
of the healthy eye, with less fluctuation of the RNFL in the healthy eye 
group (Figure 2).

3.2.3 Global RNFL and SSI over time around the 
optic disc in the operated eye group

The global RNFL around the optic disc in the operated eye 
group decreased significantly at 1 day postoperatively and 
increased slightly at 2 weeks postoperatively, and the trend of SSI 
changes in the operated eye group was the same as that of RNFL 
before 2 weeks postoperatively, and the SSI increased significantly 
at 2 weeks postoperatively, and was more fluctuating and less 
fluctuating at 2 weeks, and the trend of RNFL changes was 
different (Figure 3).

3.2.4 Comparison of peripapillary VD between 
the operated eye and the healthy eye group at 
different preoperative and postoperative time 
points of the SB

Comparison of peripapillary VD between the operated and 
fellow eyes at 6-month follow-up showed that: preoperatively, the 
operated group had nasal superior (47.00 [43.00–48.00] vs. 49.00 
[47.00–51.00]; p = 0.001), nasal superior (48.00 [43.00–52.00] vs. 
52.00 [49.00–55.00]; p < 0.001), temporal superior (50.00 [44.00–
55.00] vs. 56.00 [52.00–59.00]; p < 0.001), temporal superior 
(53.00 [47.00–57.00] vs. 56.00 [53.00–58.00], p = 0.016), inferior 
tempo (49.00 [44.00–52.00] vs. 53.00 [48.00–56.00]; p = 0.001), 
inferior tempo (55.00 [47.00–58.00] vs. 58.00 [53.00–60.00]; 
p = 0.004), inferior nasal (49.00 [45.00–53.00] vs. 53.00 [51.00–
55.00]; p < 0.001), inferior nasal (46.00 [42.00–49.00] vs. 48.00 
[45.00–50.00]; p = 0.027) and global (48.88 [38.88–45.88] vs. 
53.00 [50.88–54.88]; p < 0.001) had smaller VD preoperatively 
than the healthy eye group; starting 1 month postoperatively, 
both nasal superior (48.00 [45.00–50.00] vs. 49.00 [47.00–50.00]; 
p = 0.063), tempo superior (55.00 [53.00–58.00] vs. 57.00 [54.00–
59.00]; p = 0.516), tempo inferior (51.00 [48.00–54.00] vs. 53.00 
[49.00–56.00]; p = 0.126) did not show significant differences; 
from 3 months postoperatively, the two groups nasal superior 
(50.00 [46.00–51.00] vs. 49.00 [46.00–51.00]; p = 0.907), superior 
nasal (51.00 [47.00–54.00] vs. 51.00 [48.00–57.00]; p = 0.504), 
tempo superior (57.00 [55.00–59.00] vs. 56.00 [54.00–59.00]; 
p = 0.346), tempo inferior (53.00 [49.00–56.00] vs. 54.00 [50.00–
55.00]; p = 0.504), nasal inferior (48.00 [44.00–51.00] vs. 47.00 
[44.00–50.00]; p = 0.434) were not significantly different; at 
6 months only the superior temporal side (54.00 [51.00–56.00] 

TABLE 1 Patient information.

Parameter Value

Age 49.26 ± 15.25

Time of retinal detachment 1.01 ± 1.31

Gender

  Male 21 (52.5%)

  Female 19 (47.5%)

Range of retinal detachment

  1 quadrant 12 (30.0%)

  2 quadrant 18 (45.0%)

  3 quadrant 10 (25.0%)

Surgical pressure range

  1 quadrant 18 (45.0%)

  2 quadrant 22 (55.0%)
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vs. 55.00 [51.00–58.00]; p = 0.013) remained smaller in the 
operated eye group than in the healthy eye group (Table 4).

3.2.5 Changes in peripapillary global VD of the 
optic disc over time in the operated and healthy 
eye groups

Preoperatively, the total VD around the optic disc in the 
operated eye group was significantly smaller than that in the 
healthy eye group, and postoperatively, the VD gradually increased 

closer to that in the healthy eye group, which had less fluctuation 
in VD (Figure 4).

3.2.6 Global VD and SSI over time around the 
optic disc in the operated eye group

The SSI in the operated eye group decreased significantly at 1 day 
postoperatively and increased significantly at 2 weeks postoperatively, 
and the overall VD around the optic disc increased. The trends of the 
two changes were different (Figure 5).

TABLE 3 Comparison of peripapillary RNFL between the operated eye and the healthy eye at different preoperative and postoperative time points of 
the SB (μm).

Preoperative Z p 1 day postoperatively Z p

Operated eye 
group

Healthy eye 
group

Operated eye 
group

Healthy eye 
group

NS 111.00 [96.00–134.00] 105.00 [94.00–116.00] −2.47 0.014 113.00 [101.00–129.00] 104.00 [93.00–114.00] −2.808 0.005

SN 156.00 [120.00–191.00] 138.00 [114.00–155.00] −2.609 0.009 142.00 [133.00–171.00] 130.00 [110.00–150.00] −3.089 0.002

ST 149.00 [126.00–200.00] 133.00 [122.00–149.00] −3.008 0.003 132.00 [114.00–151.00] 135.00 [120.00–148.00] −0.755 0.450

TS 99.00 [81.00–211.00] 86.00 [78.00–95.00] −4.058 <0.001 88.00 [77.00–95.00] 89.00 [79.00–98.00] −2.368 0.018

TI 85.00 [74.00–135.00] 76.00 [64.00–86.00] −4.246 <0.001 86.00 [79.00–103.00] 78.00 [66.00–85.00] −4.342 <0.001

IT 165.00 [131.00–188.00] 152.00 [135.00–165.00] −1.999 0.046 162.00 [141.00–184.00] 155.00 [135.00–165.00] −2.096 0.036

IN 156.00 [137.00–182.00] 143.00 [129.00–155.00] −3.007 0.003 148.00 [126.00–163.00] 145.00 [126.00–155.00] −0.163 0.870

NI 104.00 [89.00–128.00] 86.00 [76.00–99.00] −4.052 <0.001 90.00 [80.00–102.00] 84.00 [75.00–95.00] −2.048 0.041

Global 138.25 [125.25–151.63] 115.75 [108.38–124.25] −5.687 <0.001 121.50 [112.50–136.25] 114.50 [108.00–123.00] −3.792 <0.001

2 weeks postoperatively Z p 1 month postoperatively Z p

Operated eye 
group

Healthy eye 
group

Operated eye 
group

Healthy eye 
group

NS 113.00 [103.00–124.00] 106.00 [97.00–117.00] −3.246 0.001 113.00 [102.00–123.00] 106.00 [98.00–116.00] −2.639 0.008

SN 113.00 [103.00–124.00] 106.00 [97.00–117.00] −3.246 0.001 149.00 [130.00–164.00] 136.00 [114.00–155.00] −2.178 0.029

ST 146.00 [123.00–161.00] 135.00 [124.00–149.00] −1.951 0.051 143.00 [122.00–155.00] 134.00 [123.00–146.00] −1.903 0.057

TS 93.00 [80.00–100.00] 85.00 [77.00–95.00] −2.651 0.008 92.00 [80.00–100.00] 86.00 [77.00–95.00] −2.815 0.005

TI 85.00 [81.00–100.00] 76.00 [65.00–83.00] −4.789 <0.001 87.00 [78.00–100.00] 75.00 [65.00–85.00] −4.428 <0.001

IT 173.00 [142.00–185.00] 155.00 [136.00–165.00] −3.225 0.001 160.00 [138.00–180.00] 155.00 [135.00–165.00] −2.279 0.023

IN 155.00 [131.00–168.00] 126.00 [126.00–156.00] −1.999 0.046 148.00 [129.00–161.00] 143.00 [127.00–154.00] −0.689 0.491

NI 90.00 [83.00–111.00] 85.00 [77.00–98.00] −2.627 0.009 94.00 [82.00–109.00] 88.00 [78.00–100.00] −2.537 0.011

Global 126.75 [115.13–133.13] 115.75 [108.88–122.88] −4.927 <0.001 124.38 [113.63–130.38] 116.63 [108.25–123.75] −4.352 <0.001

3 month postoperatively Z p 6 month postoperatively Z p

Operated eye 
group

Healthy eye 
group

Operated eye 
group

Healthy eye 
group

NS 110.00 [102.00–119.00] 105.00 [98.00–113.00] −2.038 0.042 108.00 [100.00–119.00] 106.00 [98.00–114.00] −1.459 0.145

SN 145.00 [128.00–162.00] 136.00 [115.00–155.00] −1.821 0.069 135.00 [116.00–160.00] 138.00 [115.00–154.00] −0.984 0.325

ST 141.00 [119.00–155.00] 135.00 [120.00–148.00] −1.563 0.118 143.00 [122.00–155.00] 134.00 [123.00–146.00] −1.903 0.057

TS 93.00 [81.00–101.00] 85.00 [76.00–93.00] −3.128 0.002 92.00-[80.00–100.00] 86.00 [77.00–95.00] −2.815 0.005

TI 88.00 [79.00–100.00] 79.00 [66.00–85.00] −4.772 <0.001 88.00 [75.00–99.00] 79.00 [68.00–86.00] −4.321 <0.001

IT 165.00 [139.00–179.00] 156.00 [134.00–167.00] −1.787 0.074 160.00 [134.00–175.00] 156.00 [132.00–168.00] 0.196 0.196

IN 143.00 [129.00–157.00] 142.00 [129.00–154.00] −0.37 0.711 147.00 [129.00–157.00] 143.00 [130.00–156.00] −0.25 0.803

NI 90.00 [82.00–107.00] 86.00 [78.00–102.00] −1.938 0.053 89.00 [80.00–103.00] 86.00 [78.00–102.00] −1.314 0.189

Global 120.63 [114.13–130.50] 116.00 [110.50–124.50] −4.009 <0.001 124.29 [113.00–129.71] 116.63 [109.75–124.25] −4.021 <0.001
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FIGURE 2

Line graph of global RNFL around the optic disc over time in the operated and healthy eye groups.

FIGURE 3

Line graph of global RNFL mean and SSI over time around the optic disc in the operated eye group.

4 Discussion

In the early stages of RRD, patients have floating objects, 
flashing sensations or curtain-like occlusions in front of the eyes 
that gradually expand and severely affect vision, or even have only 
light sensation or no light sensation, and early diagnosis and 
treatment are crucial to save vision (14). SB and vitrectomy are 
currently accepted as the main treatment for RRD (3). Among 
them, vitrectomy for RRD requires the injection of fillers into the 
vitreous cavity, and silicone oil is one of the main fillers used for 
vitrectomy, which has been shown to have toxic effects on the 
retina (5, 15), resulting in significantly lower peripapillary VD than 
that of normal eyes (9), and a gradual decrease in RNFL thickness 
after surgery, especially in the retinal area over the optic disc. After 
silicone oil removal, peripapillary VD increased slightly but was 
still smaller than that of the contralateral normal eyes, while RNFL 
recovery was not evident (16–18). RNFL thickness and VD are 
closely related to visual acuity (19, 20). RNFL thickness is mainly 

determined by the number of ganglion cell axons and is an 
important index to quantitatively respond to changes in optic 
nerve cell function and visual conduction (7); VD indicates the 
supply of nutrients to the retina (9). Insufficient blood supply 
affects retinal cell function (21). This is why it is important to 
monitor the RNFL and the VD.

As mentioned above, there are many studies on the changes in 
RNFL and VD after silicone oil-filled vitrectomy for RRD, and most 
of the findings suggest that there is a negative effect on RNFL and VD 
after surgery, SB has a lower incidence of postoperative cataract and 
glaucoma than silicone oil-filled vitrectomy (22, 23), does not require 
vitrectomy, causes less damage, has a lower cost of surgery, and does 
not require prone position after surgery (24, 25). However, there is less 
research information on the effects of SB on peripapillary RNFL and 
VD production, so we objectively analysed the effects of SB on the 
retina by observing the changes in peripapillary RNFL thickness and 
VD in the preoperative and postoperative periods of RRD using 
OCTA. As there is still no objective criterion for the selection of 
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surgical modalities for the treatment of RRD (26–28), it is also hoped 
that this study can provide an objective reference for better selection 
of surgical modalities.

Given the heterogeneity of RNFL thickness and VD distribution 
in different areas of the optic disc, pre-and post-operative changes may 
vary, in this study we divided the patients’ peripapillary retina into 
eight areas by OCTA and recorded and analysed the peripapillary 
RNFL and VD in detail at preoperative and different postoperative 
time points.

Considering that the scan quality affects the scan data and that the 
distribution of RNFL thickness and VD in different regions of the 
optic disc is inhomogeneous and may vary preoperatively and 
postoperatively, we recorded and analysed in detail the scanning SSI, 
the peripapillary global and the RNFL and VD of the peripapillary 
global division of the optic disc into eight regions by the OCTA 
instrument in each OCTA.

Ozdek et al. (29) used a scanning laser polarimeter to assess the 
changes in RNFL thickness around the optic disc after successful 

TABLE 4 Comparison of peripapillary VD between the operated eye and the healthy eye group at different preoperative and postoperative time points 
of the SB (%).

Preoperative Z p 1 day postoperatively Z p

Operated eye 
group

Healthy eye 
group

Operated eye 
group

Healthy eye 
group

NS 47.00 [43.00–48.00] 49.00 [47.00–51.00] −3.384 0.001 45.00 [40.00–49.00] 50.00 [47.00–52.00] −4.051 <0.001

SN 48.00 [43.00–52.00] 52.00 [49.00–55.00] −4.314 <0.001 48.00 [42.00–51.00] 52.00 [49.00–56.00] −3.659 <0.001

ST 50.00 [44.00–55.00] 56.00 [52.00–59.00] −4.23 <0.001 52.00 [47.00–54.00] 54.00 [51.00–59.00] −3.429 0.001

TS 53.00 [47.00–57.00] 56.00 [53.00–58.00] −2.408 0.016 52.00 [48.00–57.00] 57.00 [54.00–59.00] −3.648 <0.001

TI 49.00 [44.00–52.00] 53.00 [48.00–56.00] −3.289 0.001 50.00 [46.00–55.00] 52.00 [48.00–55.00] −2.344 0.019

IT 55.00 [47.00–58.00] 58.00 [53.00–60.00] −2.853 0.004 54.00 [48.00–57.00] 56.00 [55.00–60.00] −4.64 <0.001

IN 49.00 [45.00–53.00] 53.00 [51.00–55.00] −4.345 <0.001 48.00 [43.00–52.00] 52.00 [50.00–54.00] −4.08 <0.001

NI 46.00 [42.00–49.00] 48.00 [45.00–50.00] −2.214 0.027 42.00 [36.00–47.00] 48.00 [45.00–49.00] −4.508 <0.001

Global 48.88 [38.88–45.88] 53.00 [50.88–54.88] −5.712 <0.001 49.00 [46.00–50.38] 53.00 [50.75–54.75] −5.12 <0.01

2 weeks postoperatively Z p 1 month postoperatively Z p

Operated eye 
group

Healthy eye 
group

Operated eye 
group

Healthy eye 
group

NS 46.00 [43.00–49.00] 49.00 [46.00–51.00] −3.648 <0.001 48.00 [45.00–50.00] 49.00 [47.00–50.00] −1.856 0.063

SN 48.00 [45.00–53.00] 50.00 [47.00–55.00] −2,712 0.007 49.00 [45.00–53.00] 51.00 [48.00–55.00] −2.464 0.014

ST 52.00 [50.00–56.00] 55.00 [51.00–58.00] −2.625 0.012 52.00 [50.00–56.00] 55.00 [51.00–58.00] −2.292 0.022

TS 54.00 [52.00–57.00] 56.00 [54.00–59.00] −3.01 0.003 55.00 [53.00–58.00] 57.00 [54.00–59.00] −0.649 0.516

TI 50.00 [46.00–55.00] 52.00 [49.00–56.00] −2.064 0.039 51.00 [48.00–54.00] 53.00 [49.00–56.00] −1.529 0.126

IT 56.00 [50.00–59.00] 57.00 [54.00–60.00] −2.439 0.015 55.00 [52.00–59.00] 56.00 [54.00–60.00] −2.714 0.007

IN 48.00 [45.00–53.00] 53.00 [51.00–54.00] −3.965 <0.001 50.00 [47.00–54.00] 52.00 [51.00–54.00] −2.526 0.012

NI 44.00 [40.00–47.00] 46.00 [44.00–49.00] −3.312 0.001 47.00 [42.00–48.00] 47.00 [44.00–49.00] −2.319 0.020

Global 50.38 [48.13–51.75] 52.38 [51.13–54.38] −4.704 <0.001 51.25 [48.00–52.88] 52.38 [51.00–53.88] −3.163 0.002

3 month postoperatively Z p 6 month postoperatively Z p

Operated eye 
group

Healthy eye 
group

Operated eye 
group

Healthy eye 
group

NS 50.00 [46.00–51.00] 49.00 [46.00–51.00] −0.117 0.907 50.00 [47.00–52.00] 50.00 [46.00–51.00] −1.337 0.181

SN 51.00 [47.00–54.00] 51.00 [48.00–57.00] −0.668 0.504 51.00 [48.00–55.00] 51.00 [48.00–56.00] −0.816 0.389

ST 53.00 [50.00–55.00] 55.00 [52.00–58.00] −3.093 0.002 54.00 [51.00–56.00] 55.00 [51.00–58.00] −2.491 0.013

TS 57.00 [55.00–59.00] 56.00 [54.00–59.00] −0.942 0.346 56.00 [54.00–59.00] 56.00 [54.00–58.00] −0.666 0.506

TI 53.00 [49.00–56.00] 54.00 [50.00–55.00] −0.669 0.504 53.00 [48.00–56.00] 53.00 [49.00–56.00] −1.5 0.134

IT 55.00 [53.00–58.00] 58.00 [55.00–60.00] −2.428 0.015 57.00 [53.00–60.00] 58.00 [53.00–59.00] −1.27 0.204

IN 50.00 [48.00–54.00] 52.00 [51.00–54.00] −2.567 0.010 52.00 [49.00–55.00] 53.00 [51.00–55.00] −1.351 0.177

NI 48.00 [44.00–51.00] 47.00 [44.00–50.00] −0.783 0.434 48.00 [45.00–51.00] 46.00 [43.00–49.00] −1.663 0.096

Global 52.38 [48.75–53.63] 53.25 [51.00–54.38] −1.997 0.046 52.75 [49.88–54.38] 52.50 [51.00–54.25] −0.075 0.940
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FIGURE 4

Line graph of mean global VD around the optic disc over time in the operated and healthy eye groups.

FIGURE 5

Line graph of global RNFL mean and SSI over time around the optic disc in the operated eye group.

SB. They did not perform a statistical study of preoperative RNFL and 
scan quality. We found that there was no significant difference between 
the statistical results of SSI between the two groups, and the RNFL of 
the operated eye group was larger than that of the healthy eye group, 
suggesting that retinal detachment makes the periphery of the disc 
RNFL to increase. It has been suggested that the thickening of the 
RNFL in patients with RRD may be related to oedema or Müller cell 
hypertrophy and proliferation (7, 30). There was a significant decrease 
in SSI in the operated eye group within 2 weeks postoperatively, which 
could be due to a decrease in tear film quality or an increase in the 
postoperative inflammatory response, and as we could not exclude the 

effect of SSI on the RNFL scan at 2 weeks postoperatively, we could 
not differentiate whether the difference in peripapillary RNFL and VD 
between the two disc groups at 2 weeks postoperatively was due to the 
quality of the scans or due to the surgery, which could not be accurately 
assessed at this time. There was no significant difference in SSI 
between the two groups at 1 month postoperatively, and the areas that 
progressed further into the operated eye group over time were not 
significantly different from the healthy eye group. At 6 months post-
operatively, there were no significant differences between the operated 
eye groups, except for two regions, tempo superior and tempo inferior, 
which remained different in the operated eye group compared to the 
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healthy eye group. Which may indicate that most of the regions 
around the optic disc of the operated eye gradually approached and 
converged to the healthy eye after SB. Therefore, we believe that SB can 
improve the thickness of the RNFL, which is conducive to the recovery 
of visual function, and the recovery of the tempo superior and tempo 
inferior regions is slower, and it will take more than 6 months to fully 
recover to the level of the healthy eye.

It has been shown that RRD have higher retinal blood flow and 
better postoperative visual acuity (31). To investigate the effect of SB 
on retinal blood flow, an early study by Yoshida et al. (32) found that 
SB leads to a decrease in ocular blood flow perfusion, probably due to 
an increase in vascular resistance caused by pressurised objects, 
However, they mainly studied choroidal blood flow and only 
compared the postoperative period with the contralateral healthy eye, 
and did not monitor preoperative blood flow for comparison, which 
cannot exclude the effect of RRD itself on blood flow. Fineman et al. 
(33)reported a case of transient vision loss in a patient with scleral ring 
ligation and concluded that there is a significant reduction in ocular 
perfusion after ring ligation, leading to vision loss, but that this 
phenomenon is reversible. As SB surgery continues to evolve, 
clinicians tend to select segmental external compression and incise 
only the compressed quadrant of the conjunctiva to minimise damage, 
and the incidence of postoperative transient vision loss is relatively low.

There are a large number of findings on the changes in macular 
VD before and after SB in RRD: Bartolomé-Sesé et al. (34) investigated 
the changes in macular VD after vitrectomy combined with or without 
SB and SF6 as tamponade for the treatment of RRD, and the results of 
the study showed no significant changes in macular VD. Fallico et al. 
(35) investigated the changes in macular VD after SB in patients with 
RRD and showed that RRD causes a decrease in macular VD, but a 
trend towards an increase in VD was found at the 6-month 
postoperative follow-up. Barca et  al. (36) found that regardless of 
whether RRD involved the macular region or not, the preoperative 
VD in the macular region of the operated eyes was lower than that of 
the healthy eyes, and after treatment with SB, there was a gradual 
recovery of the postoperative VD in the macular region. There was no 
significant difference from the healthy eyes at 6 months.

Results of studies on peripapillary VD are still scarce. Zabel et al. 
(6) analysed the retinal condition of 20 patients with retinal 
detachment. They performed fundus OCTA 6–14 months 
postoperatively and found that the VD of the operated eye was smaller 
than that of the contralateral healthy eye, but they did not perform 
preoperative OCTA on the patients and were unable to distinguish 
whether the reduction in blood flow was due to RRD disease effects or 
to surgery. In contrast, Nagahara et al. (37) observed fundus blood flow 
in 12 patients with RRD at 1 week, 1 month and 3 months after surgery 
and concluded that SB had a negative effect on retinal blood flow only 
in the pressure area and had no effect on retinal blood flow in other 
pressure areas, including the fundus of the optic disc. We found that 
the trend of peripapillary VD was similar to the changes in macular VD 
studied by Barca et al. Comparative analysis of peripapillary VD in the 
operated eyes group and the healthy eyes group showed that 
preoperative VD in all areas of the peripapillary disc was small 
compared to that of the healthy eyes. Still, postoperative VD in the 
operated eyes gradually recovered and there was no significant 
difference from that of the healthy eyes at 6 months, except for the 
superior temporal. However, the global value of the two groups are not 
significantly different. This suggests that, similar to the RNFL described 

above, we thought that SSI might adversely affect the scanning results 
of VD, but there was no significant difference in SSI between the two 
groups preoperatively, while the blood flow density in the operated eye 
group was significantly smaller than that in the healthy eye group, 
suggesting that RRD also adversely affects VD, and SSI was one of the 
factors for the lower blood flow in the operated eye group compared to 
that in the healthy eye group at 1 day and 2 weeks after surgery, with 
no significant difference between the operated and healthy eye groups 
in SSI at 1 month after surgery, and VD was higher than that in the 
healthy eye group. At 1 month after surgery, the SSI of the operated eye 
group was not significantly different from that of the healthy eye group. 
The VD had a tendency to gradually increase compared to that of the 
preoperative eye and gradually recovered to near that of the healthy eye, 
while the changes in each region were different, which needed to 
be studied separately, and it would take more than 6 months for their 
regions to fully recover to the level of the healthy eye.

Our study has the following limitations: Refractive error affects 
measurement results, and although we  included patients with 
refractive error less than 3.00D, we did not include data on specific 
refractive error and axial length in the analysis, which may have 
introduced some error into the results, and because of the decrease in 
scan quality within 2 weeks postoperatively due to surgery, we did not 
exclude errors in the results due to SSI at this time, so the accuracy of 
deriving postoperative RNFL and VD values within 2 weeks is not 
high. All the patients we included had intraocular pressure within the 
normal range during the follow-up period, so we neglected the effect 
of intraocular pressure on RNFL and VD. All patients included in the 
analysis had no lesions in the contralateral eyes during the follow-up 
period, so we used a comparison of the healthy eyes contralateral to 
the operated eyes to study the effect of SB on RNFL and VD and did 
not include the normal population for comparison. Because the 
sample size was not large enough, we did not perform a more detailed 
subgroup analysis of whether different locations of the cingulate 
would have different effects on RNFL and VD in different areas of the 
peripapillary disc, but we divided the peripapillary disc region into 8 
areas for separate analyses and there was a tendency for each area to 
be progressively closer to the healthy eyes, which may show that RNFL 
and VD recovered progressively after SB surgery. We will continue to 
increase the sample size, extend the follow-up time, and perform more 
detailed grouping for further investigation in the future.

In conclusion, SB does not negatively affect the peripapillary 
RNFL and VD after treatment of RRD, and both RNFL and VD 
progressively approach those of the healthy eyes after surgery. And it 
takes more than 6 months to fully recover to the level of healthy eyes.
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