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1. Introduction

Personalized medicine is a broadly used term to encompass approaches used to tailor
healthcare to the needs of individual patients [1]. It can lead to more effective treatments for
patients in ophthalmology, reducing the need for trial-and-error approaches and potentially
avoiding unnecessary treatments. This can also lead to cost savings for healthcare systems.
Diagnostic techniques that can realize comprehensive individual assessment are important.
Next-generation sequencing and translational research are some of the techniques put forward
by previous studies. Gene therapy-based treatment trials have been presented for ophthalmic
diseases, such as retinitis pigmentosa and age-related macular degeneration.

2. The Role of Artificial Intelligence and Telemedicine in Diagnostic Techniques

Recently, with the rapid development of Artificial Intelligence and interdisciplinary
collaboration, concepts like machine learning and wearable device have been frequently raised
in ophthalmic research [2]. There might be new promising methods to realize personalized
ophthalmology. The ophthalmology field was among the first to adopt Artificial Intelligence
(AI) in medicine. The availability of digitized ocular images and substantial data have made
deep learning (DL) a popular topic. At the moment, AI in ophthalmology is mostly used to
improve disease diagnosis and assist decision-making in ophthalmic diseases such as diabetic
retinopathy (DR), glaucoma, age-related macular degeneration (AMD), cataract and other
anterior segment diseases. However, most of the AI systems developed to date are still in
the experimental stages, with only a few having achieved clinical applications. There are a
number of reasons for this phenomenon, including security, privacy, poor pervasiveness, trust
and explainability concerns [3]. Telemedicine screening needs to be tailored to the targeted
population in order to reap the benefits of digital technology.

3. Gene Therapy-Based Treatment and Personalized Medicine

Recent developments in the field of gene therapy have attracted interest from scientists,
clinicians and industry. Gene therapy approaches with the most promise in terms of visual
improvements and longevity can be determined with the help of retinal and deep phenotyping.
Progress in genotyping techniques and back-of-the-eye scans are helping us understand the
diseases and their manifestations in patients. The majority of vision loss in diseases of the
eye is caused by the loss of photoreceptor function. The appropriate therapeutic approach to
use for each patient is determined by the timing and circumstances surrounding the loss of
photoreceptor function. Gene therapy is rapidly becoming a therapeutic reality in the clinic.
The move from laboratory work to clinical application has been propelled by advances in
our understanding of disease genetics and mechanisms [4]. The beginning of the twenty-first
century was marked by the innovative use of pharmacochemical interventions. One of the
first applications of novel genome editing technologies was the treatment of rare inherited
retinopathies. A new era of precision medicine will be ushered in by the exciting development
of newer, cutting-edge strategies including base editing and prime editing [5].
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4. Challenges and Opportunities

AI coupled with teleophthalmology presents an opportunity to promote equity in
eye health [6]. It is indicated that novel screening strategies, such as AI-based screening,
could achieve greater cost-effectiveness in population screening. Routine screening for
multiple blindness-causing eye diseases could be highly cost-effective in China, providing
robust economic evidence for informed policy making regarding its large-scale promotion.
Although ophthalmic AI and telemedicine show promise for patients, there are significant
barriers to widespread adoption. Clinicians will be tasked with embracing innovation while
ensuring protocols and implementation are evidence-based and improve outcomes [7].
Interpretability and expandability are crucial factors in AI-based medical screening systems.
Interpretability refers to the ability of the system to provide clear and understandable expla-
nations for its decisions, which is important for gaining the trust of medical professionals
and patients. Expandability refers to the ability of the system to adapt and improve over
time as new data become available [8].

The first successful implementation of AAV-mediated gene augmentation therapy
is for the treatment of retinitis pigmentosa, a dozen other clinical trials are underway to
tackle other monogenic diseases of the retina using this strategy [4]. Gene therapy still
has a negative effect on the eye. Different cell types require different gene therapies. The
cost of clinical trials will likely be reduced in the years to come as a result of this and
anticipated developments in the manufacturing practices of core technologies. In the years
to come, methods to safely and specifically edit the genes are likely to be crucial. Due to
the complexity of silence and replacement strategies, clinical trials have not been able to
target the autosomal-dominant genes causing retinal degeneration. Future developments
in the evaluation of low vision along with development of more sophisticated instruments
for objective measures is going to be key to the achievement of such therapies.
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Abstract: Objective: To analyze and summarize the clinical and imaging characteristics of patients
with cytomegalovirus retinitis (CMVR) relapse after hematopoietic stem cell transplantation (HSCT).
Methods: This retrospective case series study recruited patients with CMVR after HSCT. The study
compared the patients with stable lesions and CMV-negative aqueous humor after treatment with
those with relapse lesions and a CMV DNA load in aqueous humor which had increased again after
treatment. The observation indexes were basic clinical information, best-corrected visual acuity, wide-
angle fundus photography, optical coherence tomography (OCT), blood CD4+ T lymphocyte count,
and aqueous humor CMV load of the patients. We summarized the data and statistically analyzed the
differences between the relapse and non-relapse groups, as well as the correlations of the observed
indicators. Results: The study recruited 52 patients with CMVR (82 eyes) after HSCT, of whom 11 pa-
tients (15 eyes) had recurrence after treatment (21.2%). The recurrence interval was 6.4 ± 4.9 months.
The final best-corrected visual acuity of recurrent patients was 0.3 ± 0.3. The number of CD4+ T lym-
phocytes in recurrence patients at the time of onset was 126.7 ± 80.2/mm3. The median CMV DNA
load detected in aqueous humor at the time of recurrence was 8.63 × 103 copies/mL. There was a
significant difference in the CD4+ T lymphocyte count between the recurrence and the non-recurrence
groups at onset. The onset of visual acuity in recurrence patients was significantly correlated with
final visual acuity and recurrence lesion area. The fundus of recurred CMVR showed increased
marginal activity of the original stable lesion. Concurrently, yellow-white new lesions appeared
around the stable, atrophic, and necrotic lesions. OCT showed new diffuse hyperreflexic lesions
in the retinal neuroepithelial layer near the old lesions. Inflammatory punctate hyperreflexes were
observed in the vitreous, with vitreous liquefaction and contraction. Conclusion: This study suggests
that the clinical features, fundus manifestations, and imaging features of CMVR recurrence after
HSCT are different from those at the initial onset. Patients should be closely followed up after their
condition is stable to be alert for CMVR recurrence.

Keywords: hematopoietic stem cell transplantation; cytomegalovirus retinitis; recurrence; wide-angle
fundus photography; optical coherence tomography; polymerase chain reaction; CD4

1. Introduction

Cytomegalovirus (CMV) infection remains an important cause of morbidity and mor-
tality in patients who undergo hematopoietic stem cell transplantation HSCT, because
the estimated seroprevalence for blood and organ donors is 90% in China [1–4]. Cy-
tomegalovirus retinitis (CMVR) is the most common fundus disease in people with low
immune function [5–8]. Typical fundus manifestations of the disease are yellow-white fu-
sion lesions that progress along the retinal vessels, accompanied by retinal hemorrhage and
edema, showing a typical “cheese and tomato sauce” appearance. Systemic and intravitreal
injections of ganciclovir have become a recognized method of treatment of CMVR [9].

J. Pers. Med. 2023, 13, 639. https://doi.org/10.3390/jpm13040639 https://www.mdpi.com/journal/jpm
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However, in clinical practice, we found that patients with different immune reconsti-
tution statuses after HSCT had different disease outcomes. Not all CMVR lesions are stable
and can be maintained after aqueous humor polymerase chain reaction (PCR) detection
turns negative. In recent years, domestic and foreign literature has gradually paid increased
attention to the diagnosis and treatment of CMVR after HSCT; however, there are no re-
ports on the clinical characteristics and imaging manifestations of patients with recurrence
after CMVR treatment and HSCT. Therefore, this study analyzed and summarized the
clinical characteristics and imaging changes in these patients, aiming to provide a basis for
optimization of the diagnosis and treatment of CMVR after HSCT.

2. Materials and Methods

2.1. Data Collection

This retrospective case series study included patients who were diagnosed with
CMVR after HSCT and recurrence after treatment at the Ophthalmology Center of Peking
University Third Hospital from January 2018 to October 2022. Inclusion criteria: (1) History
of HSCT; (2) CMVR diagnosis according to typical fundus manifestations and positive CMV
DNA in aqueous humor with deoxyribonucleic acid (DNA) PCR testing; (3) Patients whose
previous CMVR lesions were stable and aqueous humor CMV DNA was negative, who
showed a recurrent CMVR lesion and recurrence of aqueous humor CMV DNA positivity.
Exclusion criteria: Patients with a history of other systemic and eye diseases, who had
undergone other eye surgery or laser treatment in the past, and who could not cooperate
with regular follow-up and treatment, were excluded from the study. This study was
approved by the Ethics Committee of Peking University Third Hospital. Ethics approval
number: 2015; Medical Ethics Review number: 197. The study followed the principles of
the Declaration of Helsinki.

The medical history and basic information of the enrolled patients were collected,
including gender, age, primary disease, affected eyes, date of hematopoietic stem cell
transplantation, date of ocular onset, date of ocular recurrence, peripheral blood CD4+ T
lymphocyte count, and the results of ocular aqueous humor virus examination at the time
of recurrence. The CMV DNA in aqueous humor was detected by PCR, and the CD4+ T
lymphocyte count in the patients was detected by flow cytometry.

Follow-up observation was carried out on the CMVR lesions of the patients. CMVR
lesion locations were divided into 3 zones: zone 1 consisted of the area within 3000 mm of
the center of the macula (macular involvement) or within 1500 mm of the margin of the
optic disc (disc involvement), zone 2 consisted of the area anterior to zone 1 to the equator,
and zone 3 consisted of the area anterior to zone 2 to the ora serrata [5]. Image J software
was used to measure the lesion and optic disc areas of the patients with recurrence, and the
ratio of the lesion area to optic disc area was recorded.

2.2. Follow-Up and Treatment Plan

After the initial diagnosis of CMVR, all patients underwent regular intravitreal an-
tiviral therapy until the lesion was completely stable and CMV DNA tests of the aqueous
humor were negative. Thereafter, the patients were followed up once a month for the
required eye examinations, including best-corrected visual acuity (BCVA), intraocular
pressure, slit lamp examination, ophthalmoscopy after mydriasis, wide-angle fundus pho-
tography (Optos PLC, Dunfermline, UK), and optical coherence tomography (Heidelberg
Engineering, Heidelberg, Germany). According to the fundus examination, if the lesions
were suspected to have recurred, PCR testing of the aqueous humor was performed to
confirm CMVR recurrence, and the antiviral treatment was reinitiated.

All patients were administered an intravitreal injection of ganciclovir immediately
after the CMVR diagnosis was confirmed. The dosage of ganciclovir was 3 mg/0.1 mL
by intravitreal injection. During the induction period, the intravitreal injection was ad-
ministered twice a week for 2 weeks. The maintenance period was once a week until the
lesion became stable and the viral load of the aqueous humor turned negative. For systemic
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antiviral treatment, the hematologist in charge adjusted the drug regimen according to the
systemic CMV infection, and regularly monitored the liver and kidney functions. For the
patients with CMVR recurrence, intravitreal injections of ganciclovir were reinitiated. For
the patients with poor response of fundus lesions after treatment, intravitreal injections of
ganciclovir were combined with foscarnet sodium.

2.3. Statistical Analysis

SPSS software (version 24.0, Chicago, IL, USA) was used for statistical analysis. De-
scriptive data were recorded as mean ± standard deviation. t-tests and chi-squared tests
were used to analyze the differences between groups, and Pearson’s correlation analysis was
used to analyze the correlations. A p-value < 0.05 was considered statistically significant.

3. Results

3.1. Basic Data

During the follow-up period, the research team collected data on 52 cases (82 eyes)
of CMVR after HSCT; these included 32 male (61.5%) and 20 female patients (38.5%). Of
the 52 cases, 21 were monocular and 31 were binocular. The average age of patients was
27.0 ± 15.4 years (4–71 years). The best-corrected visual acuity of all patients at onset was
0.50 ± 0.39 (HM–1.0, LogMAR visual acuity: 0.71), and the best-corrected visual acuity of all
patients at the treatment end point was 0.46 ± 0.36 (HM–1.0, LogMAR visual acuity: 0.69).

During the follow-up, 11 patients had recurrence during treatment, for a total of
15 eyes (recurrence rate: 21.2%). The recurrent patients included five males (45.5%) and
six females (54.5%), with an average age of 30.3 ± 21.8 years (7–65 years), of which seven
cases were monocular and four cases were binocular. The interval between recurrence and
first onset was 6.4 ± 4.9 months (1–18 months). The initial best-corrected visual acuity
of the patients with recurrence was 0.5 ± 0.4 (0.05–1.0, LogMAR visual acuity: 0.3). The
best-corrected visual acuity record of the recurrent patients after treatment was 0.3 ± 0.3
(HM–1.0, LogMAR visual acuity: 0.5).

There was a significant difference between the recurrence and non-recurrence groups
in the blood CD4 lymphocyte count at the onset. Other indicators, including gender ratio,
unilateral and bilateral incidence ratio, onset age, initial visual acuity, final visual acuity,
and viral load showed no statistical difference between groups (Table 1). The initial visual
acuity of the recurrence patients was significantly correlated with recurrent visual acuity
(p < 0.05, correlation coefficient 0.844). The patient’s visual acuity at the time of recurrence
decreased significantly (p = 0.001). The correlation analysis of the visual acuity of the
recurrence patients at onset and the lesion area at the time of recurrence had p = 0.064, and
a correlation coefficient of −0.49 (Tables 2 and 3).

3.2. CD4+ T Lymphocyte Count

The peripheral blood CD4+ T lymphocyte count of all CMVR patients at the time of
onset was 133 ± 67.5/mm3 (40–320/mm3). The average CD4+ T lymphocyte count of the
recurrent CMVR patients was 129.7 ± 80.7/mm3 (30–288/mm3). The number of CD4+ T
lymphocytes in blood was less than 50/mm3 in one case of recurrence, less than 200/mm3

in eight cases, and more than 200/mm3 in two cases. The CD4+ T lymphocyte count had
no correlation with age of onset, recurrence interval, initial visual acuity, visual acuity at
recurrence, viral load in aqueous humor at recurrence, and lesion area at recurrence.
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3.3. Detection of Viral Load in Aqueous Humor

The CMV load at the onset of all patients was 0 to 6.64 × 107 copies/mL, me-
dian 7.18 × 103 copies/mL. The viral load of the recurrent patients was 2.23 × 102

to 3.07 × 107 copies/mL, median 8.63 × 103 copies/mL. Among them, four eyes had
<1 × 103 copies/mL, nine had >1 × 103 and <1 × 105 copies/mL, and the CMV DNA
load of two eyes was >1 × 105 copies/mL. There was no significant correlation between the
viral load in aqueous humor of the recurrent patients and age of onset, recurrence interval,
initial visual acuity, visual acuity at recurrence, CD4+ T lymphocyte count at recurrence,
and lesion area at recurrence.

3.4. Characteristics of Fundus Lesions

After recurrence, nine eyes had fundus lesions in zone 1, eight had simultaneous
optic disc and macula involvement (average visual acuity: 0.25), and one had mainly
optic disc involvement. Two eyes had lesions in zone 2, one eye on the nasal side of the
optic disc, and one on the temporal side of the vascular arch. One eye had lesions in
zone 3. ImageJ software was used to measure the lesion and optic disc area of the recurrent
patients, and the ratio of the lesion to optic disc area was recorded. The average lesion
size was 62.6 ± 60.7 optic disc areas of the recurrent patients, including three eyes with
>100 optic disc areas, ten eyes with >10 optic disc areas <100 optic disc areas, and two eyes
with <10 optic disc areas. Recurrent fundus mainly manifested as a new yellowish fusion
focus surrounding the original atrophic area, or a new small cluster of yellowish-white
lesions, which may be accompanied by retinal vasculitis (Figure 1). Eight eyes had lesions
involving the optic disc and macula simultaneously, one eye had retinal neovascularization,
two eyes had retinal and inferior fiber proliferation, and three eyes had obvious vitreous
inflammatory opacity.

The p-value of the correlation analysis between the lesion area and the initial visual
acuity was 0.064, and the correlation coefficient was −0.49. The lesion area at recurrence
was not related to the age of onset, recurrence interval, visual acuity at recurrence, CD4+ T
lymphocyte count at recurrence, or viral load in aqueous humor at recurrence.

3.5. OCT Features

The OCT image of the lesion area was analyzed and described, with the scanning
scope covering the original necrotic focus and the marginal recurrent focus. OCT images of
recurrent lesions mainly showed diffuse hyperreflexes in the retinal neuroepithelial layer,
blurred retinal layers, microcavity formation, cystoid edema within retinal layers, and
exudative detachment of the retinal neuroepithelial layer, with punctate hyperreflexes in the
vitreous body. During the observation and follow-up of these patients, OCT also detected
liquefaction and contraction of the vitreous body due to inflammatory stimulation, as well
as separation of the retinal inner limiting membrane and the vitreous posterior limiting
membrane (Figure 2). Eight eyes of the enrolled patients showed punctate hyperreflexes
of the vitreous body accompanied by traction of the posterior limiting membrane, and
one eye showed retinal breaks on scanning. Among them, one eye underwent vitrectomy
combined with silicone oil tamponade due to retinal detachment, and three eyes underwent
vitrectomy to remove traction due to the aggravation of retinal proliferation.
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Figure 1. In the right eye of case 6, the lesion appears as fulminant/edematous type. The onset focus
of the fundus showed a yellow-white patchy fusion lesion that had formed in the infratemporal
branch of the retina with development of retinal hemorrhage (A); recurrent fundus mainly manifests
as new yellow-white fusion around the original atrophic area (�) (B); the stable focus showed gray
atrophy of retina ( ) with local retinal artery occlusion (↑) (C).

10



J. Pers. Med. 2023, 13, 639

 
Figure 2. (A) In case 6, the recurrent focus was located at the edge of the atrophic focus (�), showing
diffuse hyperreflexes ( ) across the whole layer of the retina, accompanied by multiple punctate
hyperreflexes in the vitreous body (�) and macular edema (◦), as well as disorder of the outer layer
of the retina. (B) Retinal edema gradually subsided; small cavities (↓) were formed in the necrotic
area, and the outer structure of retina was partially repaired after antiviral treatment. (C) Stable
lesions showed retinal atrophy with choroidal atrophy (�), vitreous liquefaction and contraction,
and separation of the inner limiting membrane and vitreous posterior limiting membrane (↑).

4. Discussion

Cytomegalovirus retinitis is the most common opportunistic ocular infection in people
with low immune function. The fundus mainly shows yellow-white granular fusion lesions
with hemorrhage, accompanied by vitreous inflammation and retinal vasculitis, showing
typical “cheese and tomato sauce” changes. Those most commonly affected are patients
with AIDS and HSCT [10–12]. In recent years, many reports have been published on
CMVR in patients with AIDS, but reports on CMVR after HSCT are limited, and the clinical
characteristics of patients with CMVR recurrence after HSCT have not been reported.

There are many reasons for CMVR recurrence after HSCT, among which two key
factors are the CD4+ T lymphocyte count and the CMV load in aqueous humor.

With regard to the CD4+ T lymphocyte count, the literature showed that the T lym-
phocyte subsets were significantly lower in CMVR cases within six months after HSCT
(all p < 0.05) [13]. CMVR often occurs in patients whose CD4+ T lymphocyte count is less
than 50/mm3 [6,14]. CMVR occurred more often among the recipients from alternative
donors. The risk of viral infections is higher in HSCT from alternative donors including
haploidentical donors and unrelated donors than human leukocyte antigen-matched sibling
donors due to their severely depressed T cell-mediated immune response and insufficient
resistance to the virus [15–18]. We found that the average CD4+ T lymphocyte count in
the patients with recurrent CMVR after HSCT was significantly higher than the reference
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values provided in previous studies. The CD4+ T lymphocyte count in the recurrent group
was significantly lower than that in the non-recurrent group. (1) These data show that
even if the immune status of HSCT patients is not very poor, it is still possible to have
a recurrence of ocular CMVR. Even if the number of CD4+ T lymphocytes has exceeded
200/mm3, stricter, more regular follow-ups should be carried out and the antiviral treat-
ment should be supplemented in time according to the actual conditions of the patient.
(2) The expert consensus on AIDS combined with CMVR treatment suggests that, if the
CD4+ T lymphocyte count is 50–100/mm3, the fundus examination frequency should be
once every three months and once every 6–12 months for those with a CD4+ T lympho-
cyte count greater than 100/mm3 [19]. This follow-up density is slightly insufficient for
observing CMVR recurrence after HSCT. This study advocates that within six months
after the first stabilization of CMVR in HSCT patients, the CMVR should be rechecked
every 1–3 months in combination with individual immune status, and every three months
from 6–12 months after the stabilization of CMVR. (3) This article summarizes the possi-
ble causes of immunosuppression in patients with CMVR recurrence after HSCT, such
as immunological hemolysis and continuous multiple organ rejection. Six patients with
CMVR recurrence after HSCT had a liver rejection. The existing literature also suggests
that patients with liver rejection after HSCT are more likely to develop acute graft versus
host reaction and have greater immune damage [19]. Acute and chronic graft versus host
disease (GVHD) has been identified as an independent risk factor for the development
of CMVR after HSCT for primary immunodeficiency and hematological disorders [20].
Patients with CMVR recurrence after HSCT experience more specificity in systemic and
local inflammatory reactions and immune status [21]. We cannot simply follow the clinical
experience of HSCT patients with CMVR at the first onset [22,23]. We should pay close
attention to the changes in the disease and treat it with caution.

The CMV load in aqueous humor is also an important reason for CMVR recurrence in
HSCT patients, and there is a linear relationship between the CMV load and the active lesion
area of CMVR (the CMV load in aqueous humor = 3.38 + 0.01 × active lesion area) [6]. For
patients with CMVR recurrence after HSCT, the CMV DNA load in aqueous humor varies
greatly (102 to 107 copies/mL). The viral load in aqueous humor in three patients was less
than 103 copies/mL when they relapsed. Therefore, the definition of 103 copies/mL as the
standard for stopping treatment in some literature was also slightly inappropriate [16,17,24].
According to our results, even if the lesions of the CMVR patients after HSCT are completely
stable and the CMV DNA in the eyes is completely negative, a considerable number of
patients will still have CMVR lesion recurrence. From systemic virus infection, research
indicated that even after the status of CMV antigenemia-negative had been achieved, active
CMV infection remained in the retina with no symptoms, and as the CMV-infected lesions
expanded, it was later recognized as CMVR [25–27]. Case 8 had the highest aqueous
humor viral load, reaching 3.07 × 107 copies/mL, the blood CD4+ lymphocyte count of
the patient before relapse decreased from 253/mm3 to 195/mm3 within 2 months, and
the patient received an intraocular dexamethasone intravitreal implant injection. These
two factors suggest that while immune reconstitution is complete, intraocular hormone
injection should be administered with caution under the protection of antiviral drugs,
otherwise it could cause serious recurrence.

This article summarizes the characteristics of recurrent fundus lesions. The p-value
of the correlation analysis between the initial visual acuity and lesion area at the time of
recurrence was 0.064, suggesting that the wider the range of the recurrent lesions, the worse
the visual prognosis was, especially when the lesions involved the optic disc and macula
concurrently. In addition, CMVR recurrent lesions presented as yellow foci developing
around the edge of the original focus, suggesting that the edge of the CMVR focus was
the main site of inflammatory response between virus and tissue. Holland et al. also
believed that the degree of opacity of the lesion margin was related to the immune status
and prognosis of CMVR patients [28]. The higher the edge opacity of the lesion and the
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closer the lesion to the posterior pole, the greater the threat to vision, and the more active
intraocular antiviral treatment was required [29].

In this study, the OCT images of the lesion area were analyzed and described. OCT
can also show the changes in vitreous in the process of CMVR. The liquefaction and
contraction of the vitreous body stimulated by the inflammation will stretch the necrotic
lesions, forming tiny holes, which would eventually lead to retinal detachment. This study
also observed one eye with tractional retinal detachment secondary to severe vitreoretinal
proliferation, which differs slightly from a previous report that suggests that patients with
CMVR have rhegmatogenous retinal detachment [30]. Risk factors for retinal detachment
in CMVR include large areas of retinitis, bilateral involvement, and large areas of active
lesions near the vitreous base [11]. Therefore, the application of OCT in clinical follow-ups
is also of great significance for observing CMVR lesions. It can detect subtle changes in
the vitreoretinal interface early and remind doctors to effectively intervene in high-risk
patients to avoid serious complications.

By collecting and summarizing CMVR recurrence patient data after HSCT, this paper
discusses the specificity of CD4+ T cell count, viral load, fundus photography, and OCT
characteristics from different perspectives. This study had a few limitations. The number
of samples collected from patients is small because of population specificity, and the
medication and treatment of this systemic disease cannot be unified. This caused difficulties
in case collection, creating inevitable research bias, a problem that should be considered in
similar studies going forward.

5. Conclusions

This study suggests that the clinical features, fundus manifestations, and imaging
features of CMVR recurrence after HSCT are different from those at the initial onset. Patients
should be closely followed up after their condition is stable to be alert to CMVR recurrence.
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Abstract: Infectious keratitis (IK) is a common ophthalmic emergency that requires prompt and
accurate treatment. This study aimed to propose a deep learning (DL) system based on slit lamp
images to automatically screen and diagnose infectious keratitis. This study established a dataset of
2757 slit lamp images from 744 patients, including normal cornea, viral keratitis (VK), fungal keratitis
(FK), and bacterial keratitis (BK). Six different DL algorithms were developed and evaluated for the
classification of infectious keratitis. Among all the models, the EffecientNetV2-M showed the best
classification ability, with an accuracy of 0.735, a recall of 0.680, and a specificity of 0.904, which
was also superior to two ophthalmologists. The area under the receiver operating characteristics
curve (AUC) of the EffecientNetV2-M was 0.85; correspondingly, 1.00 for normal cornea, 0.87 for VK,
0.87 for FK, and 0.64 for BK. The findings suggested that the proposed DL system could perform
well in the classification of normal corneas and different types of infectious keratitis, based on slit
lamp images. This study proves the potential of the DL model to help ophthalmologists to identify
infectious keratitis and improve the accuracy and efficiency of diagnosis.

Keywords: deep learning; infectious keratitis; slit lamp image; automatic classification

1. Introduction

Corneal opacity is the fifth-leading cause of blindness worldwide [1], and infectious
keratitis (IK) is the leading cause of corneal blindness in both developed and developing
countries [2]. The most prominent feature of IK is that the growth of pathogens in the cornea
leads to local opacity and roughness, and each pathogen shows its unique characteristics in
the growth [3]. According to the types of pathogens, infectious keratitis can be divided into
bacterial keratitis (BK) [4], fungal keratitis (FK) [5], and viral keratitis (VK) [6]. Once corneal
infection occurs, it may progress rapidly, leading to irreversible visual impairments such as
corneal scars, endophthalmitis, and corneal perforation [7]. Therefore, early detection and
timely medical intervention are critical to stop or slow the progression of the infection.

Corneal scrape culture is currently the gold standard for the diagnosis of IK, but there
are drawbacks, such as the risk of corneal injury, the low positive rate of culture, and long
diagnostic cycles [8,9]. New techniques such as polymerase chain reaction (PCR) [10–12]
and confocal microscopy [13] have also been used clinically to assist in diagnosis, but
these methods require sophisticated equipment, complex procedures and experienced
technicians. At present, the initial diagnosis of IK is highly dependent on ophthalmologists,
who need to combine personal experience to distinguish the visual features of corneal
lesions. Slit lamp microscopy is the most common ophthalmologic examination used to
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evaluate the appearance of IK. Slit lamp photographs are commonly used to record and
monitor the progression of IK [14]. However, because of the diversity of pathogens and the
similarity of lesion manifestations, it is difficult to identify different IK, even for experienced
corneal specialists. Overall, there is still a lack of an efficient and accurate diagnostic tool to
help guide the treatment of infectious keratitis in clinical practice.

In recent years, artificial intelligence (AI) technology has developed rapidly, and
medicine has become the frontier area of AI applications. Recent studies of deep learning
(DL) have shown great promise in the use of clinical images to detect common diseases [15].
The convolutional neural network (CNN), as its representative algorithm, has been proven
to be very effective in medical image recognition and classification [16]. The automatic
classification of medical images can not only reduce the workload of doctors and improve
the efficiency and repeatability of screening procedures, but also improve patient outcomes
through early detection and treatment. Although there are more than 200,000 ophthal-
mologists worldwide, there is a current and anticipated future shortage in the number of
ophthalmologists in both developing and developed countries [17]. The widening gap be-
tween demand and supply can affect the timely detection of infectious keratitis, especially
in remote or medically underserved areas [18]. In situations where ophthalmologists are in
short supply or medical resources are limited, artificial intelligence is expected to become a
practical tool for front-line medical care.

In the field of ophthalmology, a large number of studies have developed high-precision
AI diagnostic systems based on rich examinations and image data for diseases of the
posterior segment of the eye, such as diabetic retinopathy, glaucomatous optic neuropathy,
and retinal detachment [19–21]. The application progress of deep learning in different
fundus diseases has extended to early screening, grading and stage diagnosis and even to
the prediction of treatment effects [22–24]. In contrast, the application of deep learning in
anterior segment diseases is limited and has great research potential. Recent studies have
attempted to apply deep learning to slit lamp images for the diagnosis of corneal diseases.
Gu et al. [25] developed a DL model to identify infectious keratitis, non-infectious keratitis,
corneal dystrophy or degeneration, and corneal neoplasm, with results similar to their
ophthalmologists. However, to our knowledge, the application of DL to the classification
of pathogens in infectious keratitis remains limited.

Thus, we decided to construct a deep learning system for the automatic classification
of slit lamp images to achieve an intelligent diagnosis of infectious keratitis, which could
offer assistance to ophthalmologists in screening and diagnosing infectious keratitis. We
hope that it will help reduce the rate of clinical misdiagnoses, save patients’ vision, and
further alleviate the burden on medical resources and society’s economy.

2. Methods

2.1. Image Dataset

This study retrospectively established a dataset that included 2757 slit lamp images
collected from 744 patients between August 2016 and September 2021 in the Eye Center at
the Second Affiliated Hospital of the Zhejiang University School of Medicine. The images
were acquired by experienced ophthalmic technicians using two Topcon SL-D701 slit lamp
biomicroscopes affixed with DC-4 digital cameras in the diffuse illumination mode. In
the slit lamp image dataset, 2165 images were taken from IK patients at the active stage,
including bacterial keratitis (BK), fungal keratitis (FK) and viral keratitis (VK). In addition,
592 images taken from healthy eyes with negative fluorescence staining were classified into
the category of normal cornea. The representative images for each category are shown in
Figure 1.

All cases of IK were diagnosed by cornea specialists from our center, based on medical
histories, clinical manifestations, corneal examinations, laboratory methods, and follow-up
outcomes. The diagnostic labels based on the medical records’ information were considered
to be the true labels of this study. The diagnostic criteria were (1) BK: positive corneal
scraping results for bacteria (microscopic staining or tissue culture); (2) FK: positive corneal
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scraping results for fungi (microscopic staining or tissue culture) or fungal hyphae found
under confocal microscopy; (3) VK: positive PCR test results for viruses on corneal scraping;
(4) the corresponding typical clinical history; (5) the corresponding typical manifestations
of corneal lesions; (6) the corresponding anti-pathogenic drugs were effective. The first
three are laboratory gold standards, wherein one of which must be met; the last three
are auxiliary indicators, at least one of which must be met. The exclusion criteria were
(1) patients with not enough evidence for a definite diagnosis or with mixed infections;
(2) patients with corneal perforation, corneal scarring, a history of corneal surgery, or
other corneal diseases; (3) images with poor quality, including poor-field, defocused, and
poor-location images. Images that met any of the above criteria were excluded. Our two
researchers independently reviewed all data in detail before any analysis and ensured that
each image was correctly matched to the specific individual.

Figure 1. Representative slit lamp images of the normal cornea (Normal), viral keratitis (VK), fungal
keratitis (FK), and bacterial keratitis (BK), from top to bottom. Each image was from a different eye,
and each category of keratitis showed a different degree of infection.

2.2. Data Preparation

The slit lamp images were initially preprocessed, including with shuffle and normal-
ization. For each category of images, the dataset was divided into a training set, validation
set and test set. For reducing the impact of the dataset imbalance, the ratio of the BK was
adjusted to 0.65:0.2:0.15 and the other three groups were 7:1:2. All images collected from
the same patient were only divided into the same dataset to avoid data information leakage
from the test set and incorrect evaluation of the model performance. The distribution of the
slit lamp image datasets is shown in Table 1.

Data augmentation is an essential approach to automatically generate new training
samples and improve the generalization of the DL models [26]. We obtained samples
using several strategies: (1) random cropping images with ranges of (0%, 30%); (2) ran-
dom rotation with ranges of (−10◦, +10◦); (3) color jitter with ranges of (−10%, + 10%);
(4) random horizontal flip; (5) adding Gaussian noise with mean = 0, variance = 1, and
amplitude = 8. In addition, we tripled the sample size of the BK to reduce the effect of
dataset imbalance. Finally, each image was resized to 224 × 224 pixels to be compatible
with the original dimensions of the experiment networks.
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Table 1. The distribution of the slit lamp image datasets.

Dataset (n) Normal VK FK BK Total

Training 425 583 753 164 1925
Validation 60 79 127 35 301
Test 107 151 245 28 531
Total 592 813 1125 227 2757

2.3. Deep Learning Model

Figure 2A shows the flowchart of the DL system for the automatic diagnosis of IK based
on slit lamp images. For the development of the DL diagnosis models, we applied various
classical and efficient algorithms, including VGG16 [27], ResNet34 [28], InceptionV4 [29],
DenseNet121 [30], ViT-Base [31] and EffecientNetV2-M [32]. The above networks are
all CNN structures, except for ViT, which uses the Transformer structure. As the latest
algorithm proposed in 2021, EffecientNetV2 has achieved state-of-the-art performance in
many major image classification tasks, and its structure is shown in Figure 2B.

Figure 2. (A) The flowchart of the DL diagnostic system for IK based on slit lamp images. Firstly,
the input images were preprocessed and divided into three data sets. Next, data augmentation
and data processing were performed on the images. Then, various DL algorithms were used for
model development, optimization, and evaluation. Finally, the results of the models were output
in the form of heatmaps and class labels. (B) The architecture of EfficientNetV2. It was mainly
composed of several Fused-MBConv blocks and MBConv blocks. Early features were extracted
using Fused-MBConv blocks, which used 1 × 1 Conv, 3 × 3 Conv and SE layers. It used depthwise
convolution to extract from MBConv blocks. Compared with the traditional convolution widely used
in other models, depthwise convolution had fewer parameters and computation.
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The training set was used to train the DL models for differentiating infectious ker-
atitis, whereas the validation set was used to verify their performance. All models were
implemented using the Pytorch platform with an Nvidia RTX 2080TI GPU. For each model,
150 epochs were set for the training, and the batch size was set at 15. During model training,
RMSPromp optimizer and cosine annealing were applied to help the model converge
quickly. Moreover, hyperparameter tuning was used to optimize all models according to
the validation results. The test set was used to evaluate the performance of the optimal
model. The heatmaps were plotted by the Gradient-weighted Class Activation Mapping
(Grad-CAM) technique [33]. It can generate visual interpretations for CNN-based deep
learning models to build trust in the predicted results and provide references for doctors.

2.4. Performance Assessment

Six different DL models in this study were evaluated in an independent test set, and
the images obtained from the same patient were not scattered to different datasets. The
performance of the DL models for the classification of IK was evaluated by calculating the
accuracy, recall and specificity. Statistical analyses were conducted using Python 3.8.10
(Wilmington, DE, USA) and Pycharm 2021.1.3 (Professional edition). To compare the
classification ability of the models, the receiver operating characteristics (ROC) curves
were created using the packages Scikit-learn (version 0.24.2) and Matplotlib (version 3.2.2).
The horizontal axis of the ROC curve is the false positive rate (FPR), which is 1-specificity,
and the vertical axis is the true positive rate (TPR), which is the recall. The area under
the ROC curve (AUC) can measure classification performance. The closer the value of
AUC is to 1, the better the performance is. We also recruited two ophthalmologists to
independently classify the same test set and evaluate their classification results using the
same metrics. Then, the classification performance of the best-performing model was
compared by two ophthalmologists (i.e., Doctor 1 and Doctor 2). The confusion matrices
were plotted by Matplotlib (version 3.2.2), which is helpful in analyzing the misclassification
of each category by the model and ophthalmologists.

3. Results

3.1. Performance of the DL Models

Six DL algorithms were used in this study to train the models for the classification
of BK, VK, FK and normal cornea. The performance of these DL models in the test
set was evaluated by accuracy, recall, and specificity, as shown in Table 2. The best
classification algorithm was EffecientNetV2-M, with an accuracy of 0.735, a recall of 0.680,
and a specificity of 0.904. Doctor 1 and Doctor 2 reached an accuracy of 0.661 and 0.685, a
recall of 0.636 and 0.648, and a specificity of 0.884 and 0.891, respectively.

Table 2. Performance comparison of six DL models for IK classification.

Model Accuracy Recall Specificity

ResNet34 0.635 0.554 0.861
DenseNet121 0.637 0.637 0.875
ViT-Base 0.697 0.598 0.888
VGG16 0.708 0.583 0.890
InceptionV4 0.716 0.640 0.897
EffecientNetV2-M 0.735 0.680 0.904

The macro-average ROC curves of the six DL models are shown in Figure 3. Incep-
tionV4 reached the highest AUC value of 0.86, while EffectNetV2-M reached 0.85, higher
than other models (VGG16 AUC = 0.83, ResNet34 AUC = 0.82, ViT-Base AUC = 0.82,
DenseNet121 AUC = 0.81).
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Figure 3. The macro-average ROC curves and AUCs of six DL models. The AUCs of the models
ranged from 0.81–0.86.

3.2. Comparison with the Ophthalmologists

Figure 4A compares the macro-average ROC curves between the EffecientNetV2-M
model and the ophthalmologists. The EffecientNetV2-M model achieved an AUC of 0.85,
higher than two ophthalmologists, which were 0.76 and 0.77, respectively. The ROC curves
of the EffecientNetV2-M model for each category are shown in Figure 4B, with Doctor 1
corresponding to Figure 4C and Doctor 2 corresponding to Figure 4D. For the AUCs of each
category, the EffecientNetV2-M model, Doctor 1 and Doctor 2 reached a normal cornea
AUC of 1.00, 0.89 and 0.97, respectively; VK of 0.87, 0.75 and 0.78, respectively; FK of 0.87,
0.74 and 0.72, respectively; and BK of 0.64, 0.66 and 0.61, respectively.

Figure 4. The macro-average ROC curves and AUCs of the EffecientNetV2-M model and
two ophthalmologists (A). The ROC curves for each category of the EffecientNetV2-M model (B),
Doctor 1 (C) and Doctor 2 (D).
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Figure 5A,B shows the confusion matrices of the EffecientNetV2-M model and the
average results of the two ophthalmologists. The horizontal axis represents the true category
labels, and the vertical axis represents the predicted category labels. As the green color of
the matrix deepens, it means that the value increases. The distribution of the last line shows
the difficulty of classifying BK, where the real BK is easily misjudged as FK, either by the
DL model or by the ophthalmologists. In addition, it can be seen that the model is more
likely to recognize the real VK as the other groups, whereas the ophthalmologist is more
likely to recognize the other groups as VK. The confusion matrix reveals the similarities
and differences between the algorithm and the ophthalmologists in misclassification.

Figure 5. The confusion matrix of the EffecientNetV2-M model (A) and the average results of
two ophthalmologists (B) in the test set. The column denotes the predicted labels, and the row
indicates the true labels.

3.3. Heatmaps

Figure 6 presents examples of heatmaps generated by the EffecientNetV2-M model,
accompanied by the corresponding original image. The redder regions represent the areas
that are of greater concern during the model classification process, and the bluer regions
represent those of relatively less concern. The heatmaps highlighted the areas with corneal
lesions, which are highly correlated with the identification of infectious keratitis.

Figure 6. The heatmaps generated by the EffecientNetV2-M model. From top to bottom, each row
corresponds to the images of viral keratitis (VK), fungal keratitis (FK) and bacterial keratitis (BK).
Columns (A,C) are different original image examples of images of each category, while column (B) are
the heatmaps generated by column (A), and column (D) are the heatmaps generated by column (C).
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3.4. Discussion

As a common emergency in ophthalmology, timely and accurate treatment is essential
for the prognosis of infectious keratitis. However, the diagnosis of infectious keratitis
is a huge challenge clinically due to the diversity of pathogens and the similarity of
clinical manifestations. In this study, we constructed a DL diagnosis system for IK to
automatically classify BK, FK, VK, and normal corneas by analyzing slit lamp images. Six
DL models were developed using the same dataset and compared with the performance
of two ophthalmologists. In the end, the EffecientNetV2-M model performed better than
the other models and the ophthalmologists, with an accuracy of 0.735, a recall of 0.680,
and a specificity of 0.904. Our results suggested that the DL model could be useful for
ophthalmologists to screen and diagnose infectious keratitis, thereby reducing the rate of
misdiagnosis clinically, saving patients’ vision, and further alleviating the burden of medical
resources and socioeconomic issues. In addition, DL technology makes it possible to
provide telemedicine services for the diagnosis of IK in places where timely ophthalmologic
assessment cannot be performed, such as in rural areas.

Recently, some studies have attempted to apply deep learning to slit lamp images for
the diagnosis of keratitis. Kuo et al. [34] identified fungal and nonfungal keratitis using
the DenseNet network based on 288 corneal photographs, with an accuracy of 69.4% and
an AUC of 0.65. Ghosh et al. [35] adopted the ensemble technique for identifying BK and
FK based on 194 cases, obtaining a recall rate of 0.77 and an F1 score of 0.83. Li et al. [36]
developed a DL system that can automatically classify keratitis, other cornea abnormalities,
and normal corneas with slit lamp and smartphone images, with an AUC of more than
0.96. Xu et al. [37] compared three image-level algorithms for the classification of BK, FK,
HSK, and other corneal disorders, with the DenseNet model achieving optimal accuracy
(64.17%), which was superior to 421 ophthalmologists (49.27 ± 11.5%). In addition, a
large international study [38] quantified the performance of 66 cornea specialists in the
image-based differentiation of BK and FK, with AUCs of 0.39–0.82 (mean of 0.61).

Compared with the previous studies, the advantages of this study are as follows. First,
we collected and built a relatively large and diverse image dataset, including 2757 slit lamp
images from 744 patients. Furthermore, the classification task of this study was relatively
more complex—to distinguish BK, FK, VK, and normal cornea. Next, we evaluated and
compared the classification performance of six different models and two ophthalmologists.
The EffecientNetV2 model outperformed other classical models and ophthalmologists
in this study, achieving an AUC of 0.85 and an accuracy of 0.735. The ophthalmologists
reached an AUC of 0.76 and 0.77, with an accuracy of 0.661 and 0.685, respectively. Our
results were better than most previous studies. It is significant that the EffecientNetV2
algorithm used in this study is currently the latest and strongest CNN, which improves the
index by comprehensively optimizing the network width, network depth and resolution.
Lastly, visual heatmaps were generated to make our DL system interpretable. The heatmaps
of the EffecientNetV2-M model highlighted areas that were highly correlated with the
lesions of IK. The interpretability of this model can be useful in real-world applications, as
it can help ophthalmologists understand how the DL system produces the final output.

The EffecientNetV2-M model performed best in this study, but its ability to classify
different types of IK varied. The AUCs of the normal cornea, VK, FK and BK were 1.00,
0.87, 0.87 and 0.64, respectively. This means that the model has a strong classification ability
to distinguish normal cornea images from infectious keratitis and has a good classification
effect for VK and FK, but not so good for BK. The possible reasons are as follows: (1) each
species of BK may have different lesion characteristics, and the same species may even
have different manifestations in different stages of infection, which makes the classification
difficult; (2) different types of IK (especially BK and FK) may have similar lesion char-
acteristics, which may lead to their misclassification; (3) the number of images in each
group is relatively limited (especially BK), which leads to the failure of the DL models to
learn the unique features of various types of keratitis comprehensively. According to the
confusion matrices, about half of the real BK images were misjudged as FK by both the DL
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algorithm and the ophthalmologists. This confirmed that the lesion characteristics of BK
and FK are similar, which makes visual diagnosis challenging. In addition, comparing the
misclassification between the algorithm and the ophthalmologists may help improve the
diagnostic model. However, it must be noted that few clinicians use only a single slit lamp
image to diagnose infectious keratitis. The optical quality of the image may affect their
judgment, such as in the presence of reflection and artifacts. Therefore, these factors may
lead to inconsistency and error when ophthalmologists perform this classification task.

There are also some limitations in this study. First, the dataset was still relatively
inadequate compared with some large studies, and cases were not well balanced across
groups. In particular, the number of BK images is relatively small, which may also be the
main reason for the poor classification effect of BK. The relatively limited number of BK
patients may be due to the empirical clinical use of antibiotic eye drops, resulting in a low
probability of the laboratory detection of the bacteria. In contrast, bacteria with stronger
antibiotic resistance are easier to be detected but are usually accompanied by serious clinical
manifestations such as hypopyon. Fortunately, recent studies may have found effective
treatments for drug-resistant bacterial corneal infection [39,40]. For us, an early collection
of untreated keratitis images may be a solution to increasing the number of BK images.
Second, we only evaluated the performance of the developed model on an internal dataset.
Various data enhancement processes were used to increase the diversity of the datasets
to prevent overfitting and improve the reliability of the training model. However, it is
currently difficult to conclude whether the model can be used to screen real patients. In
the future, we will collect more cases for model development and validation, including
data from multiple centers. Third, we excluded mixed infections with different types of
keratitis in this study, although this condition is very common clinically. We believe that
identifying mixed infections is a much larger and more difficult deep-learning task. The DL
models must fully learn the characterization of each keratitis before it is possible to identify
two or more types of keratitis infections. This may require a good understanding of the
unique lesion characteristics of different IK, such as corneal infiltration, bacterial or fungal
moss, hypopyon and so on. By combining the manual labeling of corneal lesions, it may be
possible to improve the focus of the model on the lesion and learn more comprehensive
information. In addition, the combination of the model with relevant clinical history
information (e.g., trauma, underlying disease, medication history, etc.) may also be a
method to enhance model recognition ability. Lastly, our model could not identify the
degree or stage of the keratitis infection. We believe that this recognition task needs
corneal multi-level information, and we are working on this by combining other corneal
examinations, such as fluorescent staining, anterior segment optical coherence tomography
(AS-OCT), corneal topography and so on. In any case, we believe that the DL diagnostic
system can be further improved to better assist the identification of IK, which can help
improve diagnostic accuracy and efficiency.

4. Conclusions

In this study, we proposed an intelligent diagnosis system for IK using DL technology
to analyze slit lamp images. Compared with the other models and ophthalmologists, the
EffecientNetV2-M model achieved higher accuracy and AUC in this study. The findings
suggest that the proposed DL system could perform well in the classification of normal
corneas and different types of infectious keratitis based on slit lamp images. This demon-
strates the potential of the DL model to help ophthalmologists identify infectious keratitis,
and it provides the possibility of improving diagnostic accuracy and efficiency.
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Abstract: We evaluated the reading characteristics of normal-sighted young adults using C-Read
to provide baseline healthy population values. We also investigated the relationship between the
National Eye Institute’s Visual Functioning Questionnaire (VFQ-25) score and reading ability, myopia,
and hours of screen use, focusing on the extent to which these factors affect participants’ visual
function and, ultimately, their vision-related quality of life (QoL). Overall, 207 young, healthy
participants (414 eyes) aged 18–35 years were tested for reading speed using C-Read connected
to a smartphone-based application between December 2022 and January 2023. Each participant
received a VFQ-25 questionnaire to evaluate vision-related QoL. Data on daily e-screen usage hours
were collected. Among the participants, 91 (44.0%) were women; their mean (SD) age was 22.45
(4.01) years. The mean (SD) reading acuity (RA) was 0.242 (0.124), 0.249 (0.120), and 0.193 (0.104)
logarithmic minimum angle of resolution (logMAR) for the right, left, and both eyes, respectively.
The mean (SD) maximum reading speed (MRS) was 171.65 (46.27), 168.59 (45.68), and 185.16 (44.93)
words per minute (wpm) with the right, left, and both eyes, respectively. The mean (SD) critical
print size (CPS) was 0.412 (0.647), 0.371 (0.229), and 0.419 (1.05) logMAR per the right, left, and
both eyes, respectively. The RA and CPS were significantly different between sexes (p = 0.002 and
p = 0.001). MRS was significantly different between the education level (p = 0.005) and myopia level
groups (p = 0.010); however, it was not clear whether this difference was confounded by age. The
myopic power in diopters significantly affected RA (coefficient, −0.012; 95% CI, −0.018 to −0.006;
p = 0.001); screen time significantly affected MRS (coefficient, 0.019; 95% CI, 0.57 to 6.33; p = 0.019).
RA (coefficient, −21.41; 95% CI, −33.74 to −9.08; p = 0.001) and duration of screen use (coefficient,
−0.86; 95% CI, −1.29 to −0.43; p < 0.001) independently had a significantly negative correlation with
VFQ-25 scores. Our findings provide a baseline value for C-Read in normal-sighted young adults.
Refractive status significantly affected RA, while screen time significantly affected MRS. Interventions
aimed at enhancing RA may have the potential to maximize vision-related QoL and enable older
adults with impaired vision to achieve greater outcomes. Future, larger-scale, C-Read experiments
will help provide newer, more optimal methods for the early diagnosis of visual impairment.

Keywords: C-Read; reading speed; smartphone-based application; healthy subjects

1. Introduction

Reading is a core function of vision. Currently, the epidemic increase in the prevalence
of myopia among school-aged children and the increase in the number of older adults
with age-related conditions (e.g., presbyopia, glaucoma, age-related macular degeneration)
contribute to challenging public health conditions worldwide [1]. It is projected that by
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2050 half of the world’s population will be myopic [2]. There is conclusive evidence that
visual impairment can lead to reading difficulty and directly affect quality of life (QoL) [3].
However, the relationship between myopia and reading is less adequately studied, although
myopia is a risk factor for visual impairment. Kandel et al. [4] pointed out that myopia can
cause difficulties in reading, driving, sports, and entertainment activities, which in turn
reduce quality of life.

According to a large study of children and adults of all ages, 62% of patients seeking
low-vision consultation were primarily interested in improving their reading ability [5].
Reading ability is often used as an outcome indicator in clinical trials to assess the effective-
ness of treatments, surgical procedures, and rehabilitation techniques [6–8]. In addition,
reading ability is easy and inexpensive to assess and can be administered outside the
hospital. It is, therefore, an appropriate choice for early self-testing.

Numerous continuous-text reading-ability tests have been developed and applied in
vision health care, most notably the Minnesota Low-Vision Reading Test (MNREAD) [9,10]
and Radner Reading charts [11,12]. Both tests quantify reading ability by measuring three
core reading ability indicators [13]: reading acuity (RA): the smallest print that can just be
read; maximum reading speed (MRS): the reading speed when performance is not limited
by print size; and critical print size (CPS): the smallest print that supports the maximum
reading speed. However, the MNREAD and Radner Reading charts are available only in
English, limiting the application of these scales in non-English-speaking countries.

Han et al. [14] developed and validated the Chinese reading-ability test chart, C-Read,
and its supporting electronic portable device to assess Chinese reading ability. There are
three scales in C-Read, each consisting of 16 12-character simplified Chinese sentences ac-
quired from first- to third-grade textbooks, and they have been tested for homogeneity [14].
The C-Read derives some time-tested design principles from the aforementioned tests,
including the standardized continuous text that closely resembles daily reading materials,
high-frequency vocabulary at the primary reading level, the most streamlined typefaces,
logarithmic progression of print sizes, and consistency in the spatial arrangement of sen-
tences [10,15]. In addition, given the many differences between logographic Chinese and
linear alphabetic Latin languages, such as sentence composition, the number of syllables,
and the use of Chinese characters with simple and complex strokes, C-Read adapted the
above design principles based on an in-depth understanding of these features of Chinese
text reading [14]. The reliability of the C-Read has also been tested using passages from the
International Reading Speed Text (IReST) [16]; the results showed that C-Read scores could
accurately predict passage reading ability over a wide range of refractions [17]. Hence, this
indicated that C-Read is a reliable and valid clinical tool for quantitatively assessing the
reading ability of readers of simplified Chinese characters.

Another major advantage of C-Read is that it allows continuous-text reading ability
tests on an electronic screen. This advantage facilitates data processing and meets the
increasing reality of digital reading for citizens in the 21st century [18]. Digital versions
of reading tests are also advantageous because text size, contrast polarity, color, and
font size can be easily adjusted. However, the performance of any digital reading test
largely depends on screen size, display technology, and resolution [19]. MNREAD and
Radner reading tests have been shown to have minimal differences between the evaluation
parameters of the digital and traditional versions [2,20–22]. Therefore, it is dependable to
use electronic devices for reading-ability tests.

Little is known about the reading characteristics of young adults with normal vision
whose native language is Chinese, due to the lack of a reliable Chinese reading chart to
assess Chinese reading ability. Han et al. [14] measured the reading characteristics of 118
Chinese college students between the ages of 18–24 who had normal or corrected vision and
obtained normal mean (SD) reference values for RA, CPS, and MRS of 0.16 (0.05) logMAR,
0.24 (0.06) logMAR, and 273.44 (34.37) Chinese wpm, respectively. In addition, previous
studies have observed a clear correlation between reading speed and vision-related QoL in
people with eye disease, and the results of a study by an Italian academic [23] point to both
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reading speed and visual acuity as important determinants of quality of life. However, it
remains to be seen whether this correlation holds in the healthy population. The objectives
of this study were (1) to evaluate the reading characteristics of normally sighted young
adults over a wider age range (18–35 years) using a C-Read test to provide baseline values
in young Chinese adults, and (2) to investigate the relationship between the VFQ-25 scale
and reading ability, myopia, and screen-use hours in young Chinese adults, looking at how
these factors affect visual function and, ultimately, vision-related QoL.

2. Materials and Methods

2.1. Study Design

This single-center observational study was approved by the Institutional Review
Board of Peking University Third Hospital (IRB00006761-M2022800) and followed the
tenets of the Declaration of Helsinki. Informed consent was obtained from all participants
after the experimental procedures were fully described. The trial was registered with the
Chinese Clinical Trial Registry (NCT5673954) and followed the Consolidated Standards of
Reporting Trials (CONSORT) reporting guidelines.

2.2. Participants

Figure 1 shows the flow diagram of the participants according to the CONSORT
statement [24]. We set σ = 7δ and α = 0.05, ran a two-sided test, and worked out that the
sample needed 189 people. Considering a 5% missing rate, a total of at least 200 people
needed to be recruited at first. In total, 219 healthy participants were recruited for this
study at Peking University between December 2022 and January 2023. To reduce selection
bias due to non-random willingness to participate in the survey, participants were recruited
by simple random sampling from different academic departments at Peking University
(including Humanities, Science, Social Sciences, and Medicine). Healthy participants were
included according to the following criteria: (1) age between 18 and 35 years; (2) best-
corrected visual acuity (BCVA) ≥1.0 decimal by using standard logarithmic visual acuity
chart; (3) good physiological functioning of the body’s systems without health problems
requiring medical intervention; (4) no strabismus, amblyopia, or any other ocular or
systemic diseases that may affect reading ability; (5) good cooperation in the questionnaire
survey and reading tests. Professional ophthalmologists examined the subjects for distance
and near vision via slit lamp observation and indirect ophthalmoscopy. All subjects’ eye
health status was confirmed by professional ophthalmologists.

Figure 1. Flow Diagram of Participants According to CONSORT Statement.
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2.3. Screen Time and Visual QoL

A questionnaire was designed to collect the participants’ sex, age, refractive status, and
time spent on screens, including personal computers, phones, and pads (see Supplementary
Materials). Furthermore, the VFQ-25 [25] was chosen to collect and assess visual QoL. The
VFQ-25 is a reliable questionnaire used to evaluate vision-related QoL globally [26–30]. It
has 12 subscales that cover general health, general vision, eye pain, near activities, distance
activities, social functioning, mental health, role difficulties, dependency, driving, color
vision, and peripheral vision. In this study, the Chinese version of the VFQ-25 developed
by Chan et al., was used [30].

2.4. C-Read Device and Smartphone-Based App

The procedure is illustrated in Figure 2. The C-Read test was performed in a well-lit
room with the device placed on a special stand that was vertically fixed at eye level. The
mean screen luminance of the C-Read device is 150–250 cd/m2. The participants sat 40 cm
from the screen, with their heads on the headrest, verbally reading sentences from the
screen’s top row (largest print size). They were instructed to read these sentences as fast
as possible without making any errors and encouraged to read as many characters as
possible when encountering sentences with smaller print sizes. In addition, a triangular
guide symbol appeared on the screen at the beginning of each sentence indicating their
location. The test was stopped when the participants reported that they could no longer
read any character.

The C Read applic

Figure 2. Flow Diagram of Trial Design. Abbreviations: RA, reading acuity; MRS, maximum reading
speed; CPS, critical print size.

The C-Read application on the smartphone recorded the time each participant spent
reading the sentences aloud and the number of correct Chinese characters read. The C-Read
application on the phone was connected to the C-Read device using Bluetooth. Three scales,
A, B, and C, were used to assess participants’ binocular, right-eye, and left-eye reading
ability. We used scale A to test both eyes; scale B to test the left eye; scale C to test the right
eye. When changing eyes, the examiner could switch to a different scale for the next test
using the C-Read application on the smartphone (see Figures S1 and S2).
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The measuring principle of C-Read was as follows: the reading speed vs. print size
curves obtained in the C-Read test for normal and low-vision subjects have the same typical
shape [9]. Over a wide range of print sizes, the reading speed remains constant, forming
a platform representative of MRS. When the print size reaches a certain value and the
reading speed decreases rapidly, the print size is called CPS. The minimum print size that
can be read is defined as the RA. C-Read used a hybrid algorithm to obtain the reading
characteristics, that is, using a bilinear fitting algorithm to determine the critical character
size and maximum reading speed and using the MNREAD method to calculate RA [14].

The smartphone uploaded all the experimental data (the number of Chinese characters
correctly read and the time spent reading them) under different print sizes, recorded in
the C-Read application program, to the cloud storage and calculated the corresponding
reading speeds under different print sizes. These raw data were used to plot the print
size versus reading speed graph, and the program automatically calculated the RA, MRS,
and CRS values. The participants’ reading abilities could be assessed by analyzing these
reading characteristics.

2.5. Data Collection and Statistical Analysis

All questionnaires were collected after obtaining informed consent from the subjects.
The researcher briefed the participants on the purpose and methods of the experiment.
Most of the information was collected as completed online questionnaires, and some of it
was collected using paper questionnaires. Data from all questionnaires carefully completed
by the participants were included in the analysis.

Data analysis was performed using the STATA Statistics Software (Version 17.0; Stata
Corp., College Station, Texas, USA). Figures were drawn using GraphPad Prism (version
7.0; GraphPad Software, Inc., San Diego, CA, USA). The distribution of the variables was
judged using Kolmogorov–Smirnov test. Mann–Whitney test and Kruskal–Wallis test were
used to analyze differences in reading ability between gender, education, and myopia levels.
Factors affecting reading ability and the relationship between reading ability and QoL were
analyzed using multiple linear regression models and stepwise adjustment. Statistical
significance was set at p < 0.05.

3. Results

3.1. Demographics

In total, 219 healthy participants were surveyed. Finally, 207 participants returned the
completed questionnaire, resulting in a response rate of 94.5% (207/219). The age range of
the participants who met the eligibility criteria was 18–35 (median, 21 years; interquartile
range, 19–24 years).

Among the 207 participants, 91 (44.0%) were female, and the mean (SD) age was 22.45
(4.01). Participant characteristics are listed in Table 1. Myopia between −0.00 and −0.50
diopters is classified as emmetropia. Low, moderate, and high myopia describe myopia
between −0.50 and −3.00, −3.00 and −6.00, −6.00 or more diopters, respectively [31]. All
participants were native Chinese speakers. None of the studies had gender restrictions
on sampling; therefore, the unequal number of males and females reflects the nature of
the volunteers.

Table 1. Baseline characteristics of participants in this study.

Characteristic
No. (%)

Healthy Group (n = 207)

Age, mean (SD), y 22.46 (4.01)
Gender

Male 116 (56.04)
Female 91 (43.96)
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Table 1. Cont.

Characteristic
No. (%)

Healthy Group (n = 207)

Education
Undergraduate 146 (71.22)
Postgraduate 26 (12.68)

Doctor and Postdoc 33 (16.10)
Myopia, eyes

No 40 (9.66)
Low 144 (34.78)

Moderate 187 (45.17)
High 43 (10.39)

Screen time, mean (SD), h
Phone 4.55 (1.37)

Personal computer 4.32 (1.65)
Pad 2.55 (1.71)
Total 5.06 (1.50)

VFQ-25, mean (SD) 86.26 (9.11)
Abbreviations: VFQ, visual functioning questionnaire.

3.2. Characteristics of Reading Speed

Table 2 shows the participants’ reading characteristics. The mean (SD) RA for the
young, healthy population was 0.242 (0.124), 0.249 (0.120), and 0.193 (0.104) logMAR in
the right, left, and both eyes, respectively. The mean (SD) MRS for the young, healthy
population was 171.65 (46.27), 168.59 (45.68), and 185.16 (44.93) wpm in the right, left, and
both eyes, respectively. The mean (SD) CPS for the young, healthy population was 0.412
(0.647), 0.371 (0.229), and 0.419 (1.05) logMAR in the right, left, and both eyes, respectively.
Figure 3 shows the reading characteristics for both, left, and right eyes for different sexes,
education levels, and myopia levels. We found that RA and CPS significantly differed
between the sex groups (Figure 3a,c; p = 0.005, p = 0.025). CPS showed a significant
difference among the myopia groups (Table 3; p < 0.001) in a single eye and tended to
increase with myopia progression (Figure 3i). In addition, MRS was statistically different
between the education groups (Table 3; p = 0.002), but it was unclear whether this difference
was confounded by age. We also analyzed the data from the left and right eyes mixed
together as a single eye and obtained exactly the same results (see Figure S3).

Table 2. Reading characteristics of participants in this study.

Characteristic

Mean (SD)

Healthy Group
(n = 191)

RA, logMAR
both eyes 0.193 (0.104)
right eye 0.242 (0.124)
left eye 0.249 (0.120)

MRS, wpm
both eyes 185.16 (44.93)
right eye 171.65 (46.27)
left eye 168.59 (45.68)

CPS, logMAR
both eyes 0.419 (1.05)
right eye 0.412 (0.647)
left eye 0.371 (0.229)

Abbreviations: RA, reading acuity; MAR, minimum angle of resolution; MRS, maximum reading speed; wpm,
words per minute; CPS, critical print size.
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Figure 3. Reading characteristics for both, left, and right eyes for different sexes, education levels,
and myopia levels. (a) The RA for different sexes was statistically significant (n = 191, p = 0.005), as
determined by the two-tailed Mann–Whitney test. (b) The MRS for different sexes was not statistically
different (n = 191, p = 0.685), as determined by the two-tailed Mann–Whitney test. (c) The CPS for
different sexes was statistically significant (n = 191, p = 0.025), as determined by the two-tailed
Mann–Whitney test. (d) The RA of the three education levels was not significantly different (n = 189,
p = 0.217), as determined by the Kruskal–Wallis test. (e) The MRS for the three education levels was
statistically significant (n = 189, p = 0.002), as determined by the Kruskal–Wallis test. (f) The CPS
for different education levels was not statistically different (n = 189, p = 0.093), as determined by
the Kruskal–Wallis test. (g) The RA for the different myopia levels was not statistically significant
(n = 382 eyes, p = 0.072), as determined by the Kruskal–Wallis test. (h) The MRS for different myopia
levels was statistically significant (n = 382 eyes, p = 0.049), as determined by the Kruskal–Wallis
test. (i) The CPS for different myopia levels was statistically significant (n = 382 eyes, p < 0.001), as
determined by the Kruskal–Wallis test. Abbreviations: RA, reading acuity; MRS, maximum reading
speed; CPS, critical print size.

35



J. Pers. Med. 2023, 13, 463

Table 3. Left- and right-eye reading characteristics for different genders, education levels, and
myopia levels.

RA MRS CPS

Gender Male (n = 105) 0.17 (0.10) 184.95 (52.74) 0.27 (0.13)
Female (n = 86) 0.22 (0.11) 185.42 (33.29) 0.34 (0.15)

p value 0.005 0.685 0.025

Education Undergraduate
(n = 133) 0.19 (0.11) 178.57 (48.40) 0.30 (0.15)

Postgraduate
(n = 26) 0.17 (0.06) 203.76 (39.07) 0.27 (0.09)

Doctor and
Postdoc (n = 30) 0.21 (0.10) 199.64 (21.80) 0.33 (0.14)

p value 0.217 0.002 0.093
Myopia No (n = 37) 0.16 (0.08) 162.4 (42.9) 0.29 (0.10)

Low (n = 136) 0.19 (0.11) 163.2 (46.1) 0.34 (0.15)
Moderate
(n = 166) 0.19 (0.11) 178.6 (43.4) 0.34 (0.14)

High (n = 43) 0.22 (0.08) 162.9 (44.7) 0.44 (0.18)
p value 0.772 0.049 < 0.001

Abbreviations: RA, reading acuity; MRS, maximum reading speed; CPS, critical print size.

3.3. Effect of Age, Myopia, and Screen Time on Reading Ability

Table 4 shows the multivariate linear regression model for the correlation between
monocular reading characteristics, age, screen time, and monocular myopic refraction in
diopters. After adjustment using stepwise regression, we found that the myopic power
had a significant effect on RA (Figure 4a; coefficient, −0.012; 95% CI, −0.018 to −0.006;
p = 0.001), screen time had a significant effect on MRS (Figure 4b; coefficient, 0.019; 95%
CI, 0.57 to 6.33; p = 0.019), and both myopic refraction (diopters) and screen time had a
significant effect on CPS (Figure 4c; diopters: coefficient, 0.015; 95% CI, 0.004 to 0.026;
p < 0.001; screen time: coefficient, −0.014; 95% CI, −0.021 to −0.006; p = 0.010). Parameter
estimates for the MLR models of RA, MRS, and CPS for right, left, and both eyes are
presented in Table S1. However, since the participants recruited in this research were all
young, healthy people, the insignificance of age does not mean that age does not affect
these reading characteristics.

Table 4. Parameter estimates for multivariate linear regression model of RA, MRS, and CPS in a
single eye.

Measure
Multivariate Linear Regression Stepwise Regression (p value = 0.05)

β (95% CI) p Value β (95% CI) p Value

RA Intercept 0.213 (0.128 to 0.297) <0.001 0.22 (0.19 to 0.24) <0.001
Age, y −0.00074 (−0.00387 to 0.00239) 0.642

Screen time, h 0.0044 (−0.0045 to 0.0133) 0.331
Myopia, D −0.012 (−0.018 to −0.006) <0.001 −0.012 (−0.018 to −0.006) <0.001

MRS Intercept 179.77 (152.39 to 207.15) <0.001 166.0 (150.9 to 181.1) <0.001
Age, y −0.55 (−1.56 to 0.47) 0.289

Screen time, h 3.45 (0.57 to 6.33) 0.019 3.19 (0.34 to 6.04) 0.028
Myopia, D 0.68 (−1.33 to 2.69) 0.507

CPS Intercept 0.19 (0.09 to 0.30) <0.001 0.23 (0.16 to 0.29) <0.001
Age, y −0.0014 (−0.024 to 0.005) 0.467

Screen time, h 0.015 (0.004 to 0.026) 0.010 0.015 (0.004 to 0.026) 0.007
Myopia, D −0.013 (−0.021 to −0.006) <0.001 −0.013 (−0.021 to −0.006) <0.001

Abbreviations: D, diopter; RA, reading acuity; MRS, maximum reading speed; CPS, critical print size.
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Figure 4. Parameter estimates for multivariate linear regression model for the outcomes RA, MRS,
and CPS. (a) RA as a function of myopic power, age, and screen time. Points show both eyes’ RA
for each participant tested. The age of participants is color-coded, and the screen time is size-coded.
(b) MRS as a function of screen time, age, and refraction (diopters). Points show both eyes’ MRS
for each participant tested. The ages of participants are color-coded, and the myopic power of
participants is size coded. (c) CPS as a function of refraction (diopters), age, and screen time. Points
show both eyes’ CPS for each participant tested. The age of participants is color-coded, and the
screen time is size-coded. Model estimates and their 95% CI are given in Table 4. Abbreviations: abs,
absolute value; MLR, multiple linear regression; RA, reading acuity; MRS, maximum reading speed;
CPS, critical print size.

3.4. Effect of Reading Ability on VFQ-25 Score Results

Reading is an important part of visual life, and a decline in the reading function directly
impacts a patient’s QoL. While clinicians are primarily concerned with changes in patho-
logical factors, patients are interested in how these factors affect their functional status and
vision-related QoL. The VFQ-25 is used to measure the vision-specific quality of life, such
as stereoacuity, light adaptation, and dark adaptation, and to evaluate the overall quality of
survival states, including self-care, activity, and social and psychological parameters.

Figure 5 shows the regressions of VFQ-25 scores using data from the right, left, and
both eyes. The independent variables included age; visual acuity; the amount of time
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spent on computers, phones, and pads; and three criteria of reading ability. Furthermore,
using a stepwise adjustment process, two significant independent variables were selected:
RA (Table 5; coefficient, −21.41; 95% CI, −33.74 to −9.08; p = 0.001) and the duration of
screen use (Table 5; coefficient, −0.86; 95% CI, −1.29 to −0.43; p < 0.001). Both had negative
correlation coefficients with VFQ-25 scores, which could be explained by the fact that longer
screen time would lead to a greater impact on vision-related functions. In addition, a larger
RA value would indicate a greater decline in visual acuity, which could also contribute to a
lower VFQ-25 score.

Figure 5. Parameter estimates for multivariate linear regression model for VFQ-25 score outcomes.
The VFQ-25 score is significantly correlated with RA and the amount of screen time. Points show the
VFQ-25 score for each participant assessed. The amount of screen time of participants is color-coded.
Abbreviations: VFQ, visual functioning questionnaire.

Table 5. Parameter estimates for multivariate linear regression and stepwise regression model for the
outcomes VFQ-25 score.

Measure
Multivariate Linear Regression Stepwise Regression (p Value = 0.05)

β (95% CI) p Value β (95% CI) p Value

Right eye Intercept 109.76 (99.15 to 120.38) <0.001 100.82 (94.78 to 106.86) <0.001
Age, y −0.17 (−0.50 to 0.15) 0.298

Total screen time, h −0.86 (−1.30 to −0.42) <0.001 −0.86 (−1.29 to −0.42) <0.001
Refraction, D 0.42 (−0.17 to 1.01) 0.164
RA, logMAR −16.60 (−32.19 to −1.00) 0.037 −18.65 (−30.88 to −6.43) 0.003
MRS, wpm −0.017 (−0.046 to 0.012) 0.240

CPS, logMAR −2.75 (−14.36 to 8.86) 0.640
Left eye Intercept 105.58 (95.57 to 115.60) <0.001 100.68 (95.15 to 106.21) <0.001

Age, y −0.08 (−0.37 to 0.21) 0.598
Total screen time, h −0.64 (−1.05 to −0.23) 0.002 −0.63 (−1.04 to −0.23) 0.002

Refraction, D 0.11 (−0.43 to 0.65) 0.683
RA, logMAR −21.31 (−35.69 to −6.92) 0.004 −26.83 (−37.84 to −15.83) <0.001
MRS, wpm −0.01 (−0.04 to 0.02) 0.429

CPS, logMAR −6.28 (−17.37 to 4.82) 0.266
Both eyes * Intercept 107.25 (96.62 to 117.89) <0.001 100.24 (94.59 to 105.89) <0.001

Age, y −0.12 (−0.44 to 0.20) 0.451
Total screen time, h −0.88 (−1.32 to −0.44) <0.001 −0.86 (−1.29 to −0.43) <0.001

RA, logMAR −15.61 (−30.70 to −0.52) 0.043 −21.41 (−33.74 to −9.08) 0.001
MRS, wpm −0.015 (−0.045 to 0.015) 0.330

CPS, logMAR −7.59 (−18.30 to 3.12) 0.164

Abbreviations: D, diopter; RA, reading acuity; MAR, minimum angle of resolution; MRS, maximum reading
speed; wpm, words per minute; CPS, critical print size; VFQ, visual functioning questionnaire. *: Refraction was
not included in the regression model for both eyes since refraction was not significant for VFQ-25 scores in both
the left and right eyes.
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4. Discussion

Reading performance predicts visual ability and vision-related QoL [32]. Although
there is no consensus on the best way to assess reading performance, most tests have
identified a common set of characteristics [32]: (i) MRS and RA are key outcome variables,
while tests of comprehension or reading stamina are reserved for specific research questions;
(ii) reading speed is measured for meaningful text, although this may allow cognitive factors
to have a greater impact; and (iii) to ensure that the text is read accurately, reading aloud
rather than silently is preferred. Reading aloud also facilitates scoring [33].

In 1854, Jaeger invented the Near Vision Scale, marking the first clinical reading
test [34]. In the century and a half that followed, dozens of reading-ability tests appeared,
but there were few Chinese versions of these tests. In addition to the C-Read from MN-
READ, the only other tests are the IResT, which was translated into 19 languages, including
Chinese by Klosinski et al. [35] in 2012, and the Chinese reading-speed test for children
by Cheung et al. [36] in 2015. Few studies of these Chinese-language tests were based on
smartphone applications, which measure close-reading ability.

With technology advancement, more tests with multiple functions to assess close-
reading ability were used, and the widely accepted ones included MNREAD and IReST.
In general, IReST is more advantageous for measuring reading speed for fixed print
sizes [35], and the MNREAD Acuity Test is widely used for measuring reading speed
for texts of different sizes [32]. The Chinese version of the reading speed scale C-Read
was developed on the basis of MNREAD. It used sentences of a standardized reading
level and length, acquired the reliability and stability of the MNREAD test, and had good
test repeatability, making it a reliable measure of Chinese reading ability [14]. Moreover,
through improvements in the medium, C-Read could support testing on higher-resolution
e-readers via a smartphone-based application, which is certainly more relevant nowadays
as e-reading time is significantly longer.

Notably, a “floor effect” is frequently observed in the C-Read test. Here, participants
can only correctly read one or two characters per sentence of the two or three smallest
characters before they stop trying, resulting in a floor effect at the small-character-size end
of the reading speed graph [37]. This effect may be unique to simplified Chinese reading
because of the presence of simple and readable characters in these sentences. To correct the
effect caused by the floor effect, the C-Read program automatically removes all characters
in the floor effect except for the largest character in size, producing a monotonically rising
linear part of the reading speed function used to calculate the C-Read parameter [14].

Reading performance is one of the most important outcome indicators of the effective-
ness of therapeutic interventions and vision rehabilitation. Despite the many differences
between highly standardized clinical reading tests and daily reading, clinical test scores are
good predictors of reading ability [38]. We aimed to assess the performance of university
students with normal vision in the C-Read test, providing baseline values for that test in a
healthy population. Our reference values for reading characteristics in the healthy young
population were lower than those of Han et al. [14]. This may be due to the inclusion of a
wider age range in our participants, particularly those over 30 years old. This finding also
reinforces the strong association between reading ability and age.

Reading characteristics provide interesting insights into the functional performance of
patients before and after therapy. However, we expected them to be used more frequently
as an early screening test for vision loss disorders. Most visual function questionnaires
ask patients to self-report assessments of their reading difficulties. Although self-reported
ability is usually consistent with measured reading performance, there can be discrepancies,
especially when patients self-perceive no reading difficulties but test results indicate RA or
MRS impairment. This inconsistency between self-perception and examination results may
indicate preclinical visual impairment and requires further examination [39].

Another project explored the relationship between the time spent on electronic screens
and reading characteristics. We chose college students because the prevalence of myopia
among college students is high and they tend to be younger [40–42]. Students are also
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extensive users of electronic devices, and their exposure to screen terminals is increasing and
diversifying. Notably, online learning during home isolation after the COVID-19 outbreak
has significantly prolonged the electronic screen exposure of college students [17,43]. These
students faced a huge visual burden, leading to eye fatigue, blurred vision, eye dryness, or
myopia [44–46]. However, the relationship between screen-viewing behavior and myopia is
unclear or even contradictory [42,47–49]. A plausible reason is that the existing research on
screen-viewing behavior is not sufficiently accurate and comprehensive, and the evaluation
methods have difficulty considering the intensity and duration of screen use.

Our study initially revealed that the myopic power is a key factor affecting RA,
presumably because both are physical quantities indicating visual acuity. The negative
correlation coefficient between screen time and MRS can be well explained by the fact that
long-duration eye use causes eye strain, reducing reading speed. CPS is associated with
both myopic power and screen time, which reflected the joint effect of visual acuity and
eye strain on the turning point in close reading. In addition, Calabrèse et al. [50] pointed
out that age was also related to reading characteristics; however, due to the age limit of this
study, we did not find a significant correlation between age and reading characteristics.

RA and CPS showed significant differences between sex groups. The significant
differences in RA and CPS between sex groups may reflect differences in eye-tracking
habits between women and men. Our study found that women spent an average of 0.73 h
(11.78 for women and 11.05 h for men, p = 0.040) more time using screens daily than men
and that longer screen use may account for the lower average RA and CPS in women than
in men (see Figure S4). The differences in MRS scores between the education and myopia
arrays were significant. Although it was unclear whether this difference was affected by
age, it might reflect, to some extent, the influence of education and learning experience on
reading ability. Both RA and CPS increased with myopia level; however, the difference
among the various myopia level groups was insignificant, which might be related to the
insufficient sample size.

Two variables, RA and the amount of screen time, had negative correlation coefficients
with VFQ-25 scores. We collected both participants’ subjective perceived screen time and
objective daily personal computer, phone, and pad usage time, finding that the latter
negatively affected the visual QoL, whereas the former had no such effect. Chan et al. [51]
reported that the visual acuity of the better eye is highly correlated with the quality of
life. As mentioned above, longer screen exposure predisposes patients to myopia with
decreased RA, whereas deterioration in visual function may result in a lower VFQ-25 score.
We also observed that the VFQ-25 score gradually decreased with an increase in myopia
level, which is consistent with previous studies (see Table S3, Figure S5c) [52]. There was
no significant difference in VFQ-25 scores between the sexes.

Zhu et al. [52] found that educational attainment was also an important demographic
factor affecting the VFQ-25 score because patients with higher educational attainment
might know more about eye conditions and seek suitable treatment before irreversible
damage occurs. It has been reported that knowledge of eye diseases is an important
positive predictor of QoL [53]. However, in this study, no significant difference was
observed between educational level and VFQ-25 score, which might be because the subjects
participating in the study were all well-educated college students.

The limitation of this study is the lack of age-related controls. The subjects in this
study were all in the 18–35 age group and there were no data for children or middle-aged or
elderly healthy subjects, which may explain why we did not observe a negative correlation
between VFQ-25 score and age. Further experiments covering subjects with wider age
ranges to explore the effect of age on reading characteristics and visual QoL are necessary.
However, our study initially investigated the negative correlation between screen time and
RA and VFQ-25 scores, which led us to question whether long-term electronic screen use
has an impact on eye health consequences and whether there is a time point beyond which
visual health deteriorates rapidly with screen use.
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5. Conclusions

Our findings provide baseline values for C-Read in healthy individuals. Myopic
power was a significant factor affecting RA, while screen-use time significantly affected
MRS. CPS was associated with both myopic power and screen time. In addition, RA and
CPS significantly differed between sex groups, increasing with the progression of myopia.
Finally, MRS scores were significantly different between different education and myopia
level groups.

A person’s RA can significantly affect their vision-related QoL, suggesting that in-
terventions aimed at enhancing RA might have the potential to maximize visual quality.
This would enable some older adults with impaired vision to achieve better outcomes
from low-vision rehabilitation. Total screen time negatively affected vision-related QoL,
although participants perceived that screen-use time had no such effect. More research is
needed to investigate the relationship between RA, screen time, and vision-related QoL.

Reading performance is an important indicator of reactive visual functioning. A sig-
nificant difference between a patient’s self-assessed reading ability and measured reading
ability may indicate preclinical visual impairment. Future, larger-scale, C-Read experi-
ments will help determine thresholds for normal and abnormal reading speeds and provide
newer, more optimal methods for the early diagnosis of visual impairment.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/jpm13030463/s1: Figure S1: A brief introduction to the C-Read
system. (a) There are three different scales, A, B, and C, in C-Read system to assess participants’
binocular, right-eye, and left-eye reading ability, respectively. Each scale consists of 16 Chinese
sentences, and each sentence consisting of 12 simplified Chinese characters. The length and content
of the sentences are carefully selected according to the characteristics of the Chinese language (e.g.,
sentences with subordinate clauses are not selected, and each sentence contains the same number of
simple or complex characters), ensuring that the test tool is adapted to the specific needs of Chinese
reading tests. (b) An actual C-Read test: a participant is undergoing a C-Read examination under
the supervision of an ophthalmologist. (c) The operating end of C-Read system. The examiner
can switch to a different scale for the next test and record the participant’s reading time using the
C-Read application on the smartphone. Figure S2: The screen of C-Read device. (a) The C-Read
system includes a high-definition screen with intelligent display and the ability to synchronize with
smartphone application via Bluetooth. The device has a voice recording function and is able to store
test data and record patient details. (b) One sentence from another C-Read scale. Specific Chinese
sentences are displayed on the screen during the test, and the participant is guided to read them
aloud. The font size of the sentences decreases from the top to the bottom. Each time, the screen
will only display one sentence. Figure S3: Reading characteristics for left and right eyes for the
different sexes, education levels, and myopia levels. (a) The RA for different sexes was statistically
significant (n = 191, p = 0.009), as determined by the two-tailed Mann–Whitney test. (b) The MRS
for different sexes was not statistically different (n = 191, p = 0.490), as determined by the two-tailed
Mann–Whitney test. c) The CPS for different sexes was statistically significant (n = 191, p < 0.001),
as determined by the two-tailed Mann–Whitney test. (d) The RA of the three education levels was
not significantly different (n = 189, p = 0.252), as determined by the Kruskal–Wallis test. (e) The
MRS for the three education levels was statistically significant (n = 189, p = 0.003), as determined
by the Kruskal–Wallis test. (f) The CPS for different education levels was not statistically different
(n = 189, p = 0.394), as determined by the Kruskal–Wallis test. (g) The RA for different myopia
levels was not statistically significant (n = 382 eyes, p = 0.157), as determined by the Kruskal–Wallis
test. (h) The MRS for different myopia levels was statistically significant (n = 382 eyes, p = 0.039),
as determined by the Kruskal–Wallis test. (i) The CPS for different myopia levels was statistically
significant (n = 382 eyes, p < 0.001), as determined by the Kruskal–Wallis test. Abbreviations: RA,
reading acuity; MRS, maximum reading speed; CPS, critical print size. Significance: ns, p > 0.05;
* p < 0.05; **p < 0.01; *** p < 0.001. Figure S4: Total screen time per day for different genders. The
total screen time for different sexes was statistically different (n = 207, p = 0.04), as determined by the
Mann–Whitney test. Significance: * p < 0.05. Figure S5: VFQ-25 scores for different genders, education,
and myopia. (a) The VFQ-25 scores for different sexes was not statistically different (n = 207, p = 0.22),
as determined by a two-tailed Mann–Whitney test. (b) The VFQ-25 scores for different education
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levels was not statistically different (n = 189, p = 0.24), as determined by ordinary, one-way ANOVA.
(c) The VFQ-25 scores for different myopia levels was not statistically different (n = 414 eyes, p = 0.19),
as determined by ordinary, one-way ANOVA. Abbreviations: VFQ, visual functioning questionnaire.
Significance: ns, p > 0.05; Table S1. Parameter estimates for MLR model for RA, MRS, and CPS in
right, left, and both eyes. Table S2. VFQ-25 sub-scale scores of participants in this study. Table S3.
VFQ-25 scores for different genders, education levels, and myopia levels.
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Abstract: Background: Lens–iris diaphragm retropulsion syndrome (LIDRS) is common in vitrec-
tomized or high myopic eyes during phacoemulsification. We evaluated the results of a modified
technique for cataract treatment using phacoemulsification in vitrectomized eyes. Methods: In this
retrospective study, we enrolled thirty-four vitrectomized eyes treated with modified phacoemulsifi-
cation (Modified Group) and nineteen vitrectomized eyes treated with routine phacoemulsification
(Control Group). The modified technique comprised irrigation with a balanced salt solution under-
neath the pupil before phacoemulsification instrument entry, lens implantation and stromal hydration
to stabilize the anterior chamber and equilibrate the pressure between the anterior chamber and
posterior cavity. Results: We compared the incidences of intra and postoperative complications and
visual outcomes between modified and routine phacoemulsification. Pain, LIDRS and difficulty in
stromal hydration were significantly more common in the Control Group than in the Modified Group
(p < 0.05). There were no significant differences in the rates of posterior capsular rupture, iris trauma,
lens dislocation, or posterior capsular opacification between the Modified and Control Groups
(p > 0.05). However, there was no significant difference in visual acuity between the groups (p > 0.05).
Complications such as loss of nuclear fragments into the vitreous cavity, cystoid macular edema,
retina redetachment, suprachoroidal hemorrhage and vitreous hemorrhage did not occur either intra
or postoperatively in any of our patients. Conclusions: Our modified technique prevents LIDRS and
complications arising during cataract surgery in vitrectomized eyes. Aside from this, the results of
modified and routine phacoemulsification are similar in vitrectomized eyes.

Keywords: modified technique; phacoemulsification; vitrectomized eyes; lens–iris diaphragm
retropulsion

1. Introduction

A cataract is an eye disease that involves the opacification of the crystalline lens of the
eye or its envelope. There are many known causes of cataracts, including the natural aging
process, nutritional disorders, metabolic abnormalities such as diabetes, chronic ocular
inflammation and certain injuries. Intraocular surgery is the gold standard for cataract
surgery. But it can format or accelerate cataracts, especially pars plana vitrectomy (PPV),
which is a microsurgical technique to treat certain disorders affecting the posterior segment
of the eyes. During vitrectomy surgery, three small incisions are made in the eye in order to
place the following instruments: a fiberoptic light source to illuminate the inside of the eye,
a vitreous cutter, and an infusion cannula to maintain proper intraocular pressure during
the surgery. Advances in PPV surgical techniques and instrumentation have revolutionized
the treatment of posterior segment disorders. However, there remain some surgical risks of
significant vision loss, including retinal detachment, corneal endothelial decompensation
and cataract formation or progression in phakic eyes. Nuclear sclerotic cataract develop-
ment is the most frequent complication after pars plana vitrectomy (PPV) in the phakic
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eye [1,2]. However, phacoemulsification is a challenge in the vitrectomized eye because of
the lack of vitreous support, the unstable anterior chamber depth and the density of the nu-
clear cataract. In addition, intraoperative complications such as intraoperative ocular pain
and lens dislocation can also increase the difficulty of surgical procedures. Additionally,
the risk and incidence of complications are higher in cataract surgery after a previous PPV
than in non-PPV eyes. Hence, phacoemulsification in the vitrectomized eye is associated
with higher rates of intra and postoperative complications [3–8].

Lens–iris diaphragm retropulsion syndrome (LIDRS) was first described in 1992 by
Zauberman and further named by Wilbrandt and Wilbrandt in 1994 [9–19]. The incidence
rate of LIDRS in vitrectomized eyes during phacoemulsification widely varies, ranging
from 4.5% to 100% [11,12]. The syndrome is characterized by the anterior chamber (AC)
deepening, followed by pupil dilation and a typical concave iris configuration. During
cataract surgery, as the initial corneal incision is made, fluid is lost from both the AC
and the vitreous cavity, resulting in the loss of AC and vitreous body volumes. When
phacoemulsification or irrigation/aspiration (I/A) probes are inserted, the irrigation causes
significant differences in the pressure between the anterior and posterior compartments.
The AC deepens, and the iris bows posterior to the lens, blocking fluid passage from the
AC. The surgeon must adjust the operative plane by positioning the instruments deeper,
which may deform the incision and compromise performance. During phacoemulsification
or cortical aspiration, the probe is positioned posterior to the iris plane, resulting in changes
in fluid dynamics. Fluid may enter the vitreous cavity through zonular defects, increasing
posterior cavity pressure and causing shallowing of the AC and miosis. IDS can lead to
complications, such as posterior capsular rupture (PCR), iris trauma, expulsive choroidal
hemorrhage and choroidal detachment.

The literature on LIDRS prevention during cataract surgery in vitrectomized eyes is
scarce [6]. To minimize LIDRS and LIDRS-related complications, we modified the technique
by irrigating a balanced salt solution (BSS) into the vitreous cavity through a syringe with a
bent, blunt-tipped needle. This technique stabilized the AC intraoperatively, preventing
abrupt excursions of the iris–lens diaphragm and making emulsification, cortical aspiration,
intraocular lens (IOL) implantation and stromal hydration safer.

In this retrospective study, we compared the intra and postoperative complications of
the modified (Modified Group) and routine (Control Group) phacoemulsification surgeries
in eyes after 23-gauge PPV.

2. Materials and Methods

2.1. Participants

We retrospectively reviewed the medical records of 59 patients (62 eyes) who under-
went consecutive phacoemulsification and IOL implantation after a previous 23-gauge
three-port PPV surgery between 12 January 2015 and 31 December 2016 in the Eye Center
of the Second Affiliated Hospital of Zhejiang University School of Medicine. Patients with
in situ silicone oil were excluded from the study. This study followed the tenets of the
Declaration of Helsinki. The Ethics Committee of the Second Affiliated Hospital of Zhejiang
University School of Medicine approved this study (No. 2015-003).

Data were gathered on age, sex, indications for PPV, indications of PPV, preoperative
evaluations, intraoperative observations and complications. The patients were followed-
up postoperatively on day 1, as well as 1, 2, 4, 8, 12 and 24 weeks after their cataract
surgery. Visual acuity and intraocular pressure assessments and slit-lamp examinations
were performed, and any postoperative complications were noted. Neodymium-yttrium-
aluminum-garnet (Nd: YAG) laser posterior capsulotomy was performed for residual
posterior capsular opacification.

2.2. Surgical Techniques

All vitrectomy and cataract surgeries were conducted by a single experienced surgeon
using the associate vitrectomy and phacoemulsification machine (Stellaris PC; Bausch +
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Lomb: Rochester, NY, USA). All the patients underwent cataract surgery under topical
anesthesia (proparacaine hydrochloride 0.5%).

In the Control Group, a side port corneal incision was created with a blade initially. A
small amount of viscoelastic was then injected into the anterior chamber before the 2 mm
superior corneal incision was made. A continuous curvilinear capsulorrhexis was made
under viscoelastic in all eyes. Hydrodissection was performed using a BSS supplemented
with adrenaline. The nucleus was chopped using the “phaco-chop” or “stop-and-chop”
methods. A 30◦ phacoemulsification probe was used for all the patients. Cortical clean-up
was performed using an I/A probe. A foldable IOL (CT ASPHINA 509M; Carl Zeiss
Meditec: Jena, Germany/iSert® 250; Hoya Surgical Optics Inc.: Chino Hills, CA, USA)
was implanted into the capsular bag. Any residual viscoelastic material was completely
removed from the AC and behind the IOL with an I/A probe. The stromal hydration
of the side port and main incision was performed using the BSS. At the end of the pro-
cedure, a 0.1% TobraDex® ointment (Alcon Laboratories, Inc.: Fort Worth, TX, USA)
was administered.

The main steps of the modified technique, including phacoemulsification, I/A, IOL
implantation and stromal hydration, were the same as those of routine cataract surgery.
However, to stabilize the AC, we irrigated the BSS underneath the pupil using a syringe
with a bent, blunt-tipped needle for a few seconds, which allowed the fluid to enter the
vitreous cavity (Figure 1). This irrigation was performed before phacoemulsification, I/A
probe entry, IOL insertion and stromal hydration to enable pressure equilibration between
the anterior and posterior cavities, to prevent abrupt excursions of the iris–lens diaphragm
and to facilitate sculpting and nuclear fragmentation (Figure 2).

Figure 1. Images demonstrating intraocular fluidics in vitrectomized eyes before and after the
modified technique. (a) As the irrigating phacoemulsification probe enters the anterior chamber,
the iris-lens diaphragm is displaced posteriorly, creating a relative pupillary block. (b) Lens–iris
diaphragm retropulsion syndrome controlled by lifting the iris with the needle and irrigating a
balanced salt solution underneath the iris, allowing flow of fluid into the vitreous cavity. (c) This
technique stabilizes the iris-lens diaphragm as the pressure equilibrates.

The surgeries were recorded using a video system and analyzed for both groups. The
settings for phacoemulsification (Stellaris PC) were as follows: phacoemulsification power,
0–50% (depending on the grade of the nucleus), and vacuum limit, 350 mmHg. The bottle
height was 90 cm above the patient’s head.

2.3. Statistical Analysis

SPSS 23.0 software (IBM: Armonk, New York, NY, USA) was used for all statistical
analyses. Data were presented as the mean ± standard deviation or as n (%) for categorical
variables. We used Student’s t-test for normally distributed variables, the Kruskal–Wallis
test for non-parametric variables, and the chi-squared or Fisher’s exact tests, as indicated for
the analyses of categorical variables. Snellen’s best-corrected visual acuity measurements
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were converted to the logarithm of the minimum angle of resolution (logMAR) equivalents
for the purpose of data analysis. A p-value of <0.05 was considered statistically significant.

Figure 2. Photographs demonstrating our surgical technique to manage infusion deviation syndrome.
(A) When the phacoemulsification probe is first inserted, the anterior chamber (AC) deepens, and
pupil size increases in Control Group. (B) The changes in fluid dynamics cause shallowing of the
AC, with miosis following immediately during emulsification in the Control Group. (C,D) The same
phenomena (infusion deviation syndrome) occur during cortical aspiration. (E) Before emulsification,
a BSS is irrigated underneath the pupil to stabilize the AC in the Modified Group. (F,G) With the
modified irrigation technique, the AC depth remains stable during emulsification procedures in the
Modified Group. (H) The AC depth remains stable during cortical aspiration in the Modified Group.
(I) The modified technique performed before IOL insertion.

3. Results

This retrospective study enrolled 59 patients (62 eyes). Seven patients (nine eyes) with
in situ silicone oil were excluded from this study. The mean age of the patients in the
Modified Group was 64.03 ± 13.12 years, whereas that of patients in the Control Group was
57 ± 12.31 years (p > 0.05). There were twenty-one male and thirteen female patients in the
Modified Group and thirteen male and six female patients (19 eyes) in the Control Group
(p > 0.05). The interval between PPV and phacoemulsification was not significantly different
between the Modified (8.39 ± 4.7 months) and Control (9.9 ± 5.22 months) Groups.

Table 1 summarizes the indication for PPV. The indications for PPV in the Modified
Group were retinal detachment in 18/34 eyes (52.9%), macular hole in 5/34 eyes (14.7%),
proliferative diabetic retinopathy in 5/34 eyes (14.7%), epiretinal membrane in 4/34 eyes
(11.8%) and retinal vein occlusion in 2/34 eyes (5.9%). In contrast, in the Control Group,
the indications for PPV were retinal detachment in 8/19 eyes (42.1%), a macular hole in
5/19 eyes (26.3%), proliferative diabetic retinopathy in 3/19 eyes (15.8%), retinal vein
occlusion in 2/19 eyes (10.5%) and epiretinal membrane in 1/19 eyes (5.3%; Table 1). The
indications for PPV were not significantly different between the Modified Group and
Control Group (all p > 0.05).
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Table 1. Indications for pars plana vitrectomy (PPV) in the Modified and Control Groups.

Indication for PPV
Total Number of Eyes (n = 53)

Modified Group (n = 34) Control Group (n = 19) p Value

Retinal detachment 18 (52.9%) 8 (42.1%) 0.45
Macular hole 5 (14.7%) 5 (26.3%) 0.3
Proliferative diabetic
retinophathy 5 (14.7%) 3 (15.8%) 0.922

itreous hemorhage 4 (11.8%) 2 (10.5%) 0.89
piretinal membrane 2 (5.9%) 1 (5.3%) 0.93

Table 1 was analyzed using chi-square tests, with continuity correction and Fisher’s Exact Test.

Table 2 summarizes the intraoperative observations and complications encountered.
Not all vitrectomized eyes developed LIDRS in our study. Characteristically, the ante-
rior chamber depth appeared abnormal as soon as irrigation commenced. The iris-lens
diaphragm bowed posteriorly, causing the anterior chamber to deepen excessively and
the pupil to dilate widely. During nuclear sculpting, the deepening of the abnormal ante-
rior chamber necessitated steeper angulation of the phacoemulsification probe, and the
nucleus was also noted to be more mobile than usual. Intraoperatively, LIDRS was noted in
2/34 eyes (5.9%) in the Modified Group and in 8/19 eyes (42.1%) in the Control Group
(p < 0.05; Table 2). Patients with 11/19 eyes (57.9%) in the Control Group complained
of sudden pain (in the range of 2–3 out of 10 on the numerical rating scale) when instru-
ments entered the AC, whereas none of the 34 patients in the Modified Group felt pain
(p < 0.05). In the Control Group, 1/19 eyes (5.3%) had PCR, and the IOL was placed in
the ciliary sulcus. Additionally, in the Control Group, 2/19 eyes (10.5%) developed iris
trauma during aspiration of the cortex and viscoelastic material. However, IOL dislocation
occurred in only 1/34 eyes (2.9%) in the Modified Groupand was replaced in the capsular
bag immediately. Difficulty in stromal hydration was observed in 4/34 eyes (11.8%) in the
Modified Group and 7/19 eyes (36.8%) in the Control Group (p < 0.05). Cataract surgery
was completed in all cases, in both the Modified Group and the Control Group.

Table 2. Intraoperative and postoperative observations and complications encountered.

Complication

Total Number of Eyes (n = 53)
Modified Group

(n = 34)
Control Group

(n = 19)
p Value

Intraoperative
LIDRS 2 (5.9%) 8 (42.1%) 0.001 *
Pain 0 (0%) 11 (57.9%) <0.001 *
Posterior capsular rupture 0 (0%) 1 (5.3%) 0.177

Iris trauma 0 (0%) 2 (10.5%) 0.054
Dislocation of IOL 1 (2.9%) 0 (0%) 0.45
Difficulty in stromal hydration 4 (11.8%) 7 (36.8%) 0.03 *

Postoperative
PCO requiring Nd: YAG laser

capsulotomy 9 (26.5%) 5 (26.3%) 0.99

Table 2 were analyzed by chi-square tests, with continuity correction and Fisher’s Exact Test. * p < 0.05, statisti-
cally significant.

No complications, such as loss of nuclear fragments into the vitreous cavity, cystoid
macular edema, retinal redetachment, suprachoroidal hemorrhage, or vitreous hemorrhage,
occurred either intra or postoperatively in any of the patients. Posterior capsular opacifica-
tion was evident in 9/34 eyes (26.5%) in the Modified Group and in 5/19 eyes (26.3%) in
the Control Group (p = 0.99); this was successfully removed using the Nd: YAG laser. No
patients in either group required any surgical intervention in the 24-week follow-up period
(Table 2).
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The final visual outcomes were dictated by the nature of the retinal pathology present
at the time of the initial vitrectomy procedure. The mean preoperative best-corrected visual
acuity of the Modified Group was 1.11 ± 0.46 logMAR units, and that of the Control Group
was 1.13 ± 0.52 logMAR units. Both improved significantly at 24 weeks after surgery, to
0.58± 0.35 logMAR units in the Modified Group and 0.59 ± 0.43 logMAR units in the
Control Group (both p < 0.005). The final visual acuity was similar between the groups
(p > 0.05). External segment, ocular motility, pupillary function and intraocular pressure
were within normal limits in both groups.

4. Discussion

PPV was first developed by Machemer in 1971. It is an effective, small-gauge, safe
surgery that is essential in the treatment of a variety of posterior segment pathologies,
including retinal detachment, macular hole, proliferative diabetic retinopathy, vitreous
hemorrhage due to diabetic retinopathy or vein occlusion, preretinal membrane and en-
dophthalmitis. However, performing a vitrectomy can induce cataracts, particularly with
the use of intraocular gas, even in young patients. Cataracts eventually occur in almost all
eyes after PPV [13]. The causative factors of cataract formation or acceleration after PPV
have been linked with the use of intraocular gas, oxidation of lens protein, light toxicity,
length of operative time and oxygen tension within the eye. In non-vitrectomized eyes,
the vitreous body (especially the vitreous base) limits the flow of fluid from the posterior
chamber into the vitreous cavity, preventing changes in volume and pressure in both the
AC and posterior segment. However, phacoemulsification in vitrectomized eyes is more
technically challenging than that in nonvitrectomized eyes [14]. The primary reason for
this is the loss of vitreous counterpressure in vitrectomized eyes. Some vitrectomized eyes
also have localized zonular weaknesses caused by loss of the vitreous scaffold, stretch-
ing of the zonules by expansile gas or oil, or damage to the zonular apparatus during
vitrectomy [15]. This may lead to faster and easier fluid exchange between the AC and
posterior cavity. Extremely stretched zonules can be easy to break, causing lens disloca-
tion. Additionally, strong fluctuations in the AC or the iris–capsular bag diaphragm may
cause patients pain and trigger unexpected abrupt agitation, increasing the difficulty of the
surgery [16]. The nucleus tends to be harder than in age-related nuclear sclerosis, requiring
longer phacoemulsification time during the procedure. Together, the unstable posterior
capsule and zonules, extended operative time and increased pain experienced by the pa-
tients increase the likelihood of complications such as expulsive choroidal hemorrhage or
choroidal detachment. With the increasing use of vitrectomy in the treatment of various
posterior segment disorders, we expect to see an increase in the number of such cataracts
being referred to general ophthalmologists and anterior segment surgeons. Unfortunately,
most complications are unpredictable. Specific surgical experience and skills related to the
management of complications during cataract surgery in vitrectomized eyes are required.

Many studies have reported that phacoemulsification is surgically more challenging
in vitrectomized eyes than in nonvitrectomized eyes because various anatomic changes
within the eye confer a higher risk of complications. In 1992, Zauberman [8] first described
the phenomenon of AC deepening, excessive pupil dilation and a concave shape of the
iris during phacoemulsification. Wilbrandt and Wilbrant further studied this syndrome
and named it LIDRS in 1994 [7]. LIDRS are more likely to happen in eyes that have had
multiple or extensive PPV for diabetic proliferative retinopathy and retinal detachment.
However, less LIDRS or abnormally deep AC was evident in eyes that had undergone
a limited “core vitrectomy”, such as for a macular hole or epiretinal membrane. In our
study, of the ten patients noted to develop LIDRS, eight had undergone thorough PPV for
retinal detachment or diabetic proliferative retinopathy. These eight patients previously had
thorough vitreous removal through peripheral indentation and trimming of the vitreous
base in order to relieve anterior vitreous traction. These procedures may have caused
structural damage in the vitreous base region, resulting in abnormal laxity of the zonules.
Szijarto et al. [17] observed a deep or fluctuating AC in 93% of vitrectomized eyes, implying
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that the occurrence of LIDRS is related to the loss of the vitreous body, especially the vitreous
base. Other studies have reported that the rate of LIDRS-related complications, such as PCR
during cataract surgery in vitrectomized eyes, ranges from 0 to 11.4% [6,7,17–23]. The rate of
dropped nuclei ranges from 0 to 4.5% [6,7,17–24], while the rate of zonular dialyses ranges
from 0 to 5% [6,7,17–19,24], and the rate of iris trauma ranges from 0 to 0.2% [20,21,24].
The rate of posterior capsular opacification requiring Nd: YAG laser capsulotomy after
cataract surgery reportedly ranges from 2.2 to 44% in vitrectomized eyes, depending on
the follow-up period [6,17–19,24]. The rate of retinal detachment in the early postoperative
period after cataract surgery in vitrectomized eyes ranges from 1.2 to 6% [17–19,24]. The
rate of decentration and dislocation of the IOL is around 2 to 2.9% [18,22], whilst the
rate of hypotony with choroidal effusion ranges from 0 to 0.6% [18,20,21], and the rate of
vitreous hemorrhage ranges from 0.6 to 6% [18,19]. Valesová L et al. reported in 2004 that
the incidence of intraoperative complications in the posterior perfusion cataract surgery
was slightly higher than in the standard cataract surgery group; there were no special
complications in the standard cataract surgery group. Furthermore, the safety of the two
surgical methods was consistent [25]. In this study, our findings were significantly different
from the study by Valesová L et al. in 2004, as the method in our study differs from
theirs. Our method is simple, fast, safe, non-invasive and does not require additional
equipment. However, their study used an invasive method to create a new perfusion hole
in the eye, which would increase the eyeball damage, the length of the operation and the
back pressure, resulting in other complications. In addition, their study showed that their
invasive approach does not reduce the risk of surgery.

In contrast, we experienced significantly fewer complications during cataract surgery
using the modified technique. Pain upon the entry of irrigation into the AC did not occur
in the Modified Group; however it was reported by 57.9% of the Control Group (p < 0.05).
The rates of LIDRS and iris trauma were also significantly lower in the Modified Group
than in the Control Group (both p < 0.05).

Immediately closing corneal incisions after surgery is important for preventing postop-
erative complications such as hypotony, choroidal effusion and endophthalmitis. However,
stromal hydration can be hindered by ocular hypotony during surgery in vitrectomized
eyes. Sachdev et al. [20] reported a rate of early postoperative hypotony and serous
choroidal detachment of 1.3% after cataract surgery in vitrectomized eyes. Other authors
have reported the use of 10/0 sutures to seal the corneal incision [18]. However, in our
study, irrigation with a BSS before sealing the incisions seemed sufficient for solving this
problem and preventing related complications. The rate of difficulty in sealing the corneal
incision was significantly lower in the Modified Group than in the Control Group (p < 0.05).

One patient (2.9%) in the Modified Group experienced IOL dislocation caused by
excessive irrigation during stromal hydration. The IOL was repositioned, and relatively
good visual performance was attained without further treatment.

Patients who develop cataracts after PPV surgery may undergo a phacoemulsification
cataract surgery. Although visual acuity in a normal eye typically improves after cataract
surgery, the visual prognosis after surgery for post vitrectomy cataract may be uncertain.
Visual acuity and other outcomes after phacoemulsification cataract surgery in eyes un-
dergoing vitrectomy are dependent on multiple factors, although primarily on the retinal
condition and the avoidance of complications during cataract surgery. In our experience,
the patients who had undergone PPV for macula-on retinal detachment or a macular hole
experienced a better improvement in visual acuity after cataract surgery. The patients who
had undergone PPV for macula-off retinal detachment or proliferative diabetic retinopathy
experienced less visual improvement. There were no severe complications, such as dropped
nuclei, expulsive choroidal hemorrhage or choroidal detachment, in the present study. The
number of eyes that received Nd: YAG laser treatment after cataract surgery did not differ
between the two groups in this study; this confirms the safety of the modified procedure.

The timing of irrigation in our modified technique is important. As both the AC and
vitreous body fluid are continually lost from the corneal incision, we balanced the pressure
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between the AC and posterior segment by irrigation of a BSS underneath the iris at four
time points:

(1) Before the first entry of the phacoemulsification probe;
(2) Before the first entry of the I/A probe;
(3) Before the insertion of the IOL; and
(4) Before the hydration of the stromal incision.

This modified irrigation regimen allows fluid to enter the posterior segment, resulting
in pressure equilibration. Using the above steps not only made operating on these eyes
safer, since the phaco handpiece could be held in a normal position, but it also greatly
enhanced the patient’s comfort. As shown in Table 2, this irrigation significantly decreased
the incidences of pain, LIDRS, PCR and difficulty in stromal hydration (all p < 0.05).

In our study, all of the patients had phacoemulsification cataract surgery through a
superior corneal incision instead of a scleral tunnel. In our opinion, it is preferable to have
a steeper angulation of the phacoemulsification probe when operating on vitrectomized
eyes. Using a corneal incision also avoids conjunctival scarring or postoperative infection
resulting from occult filtration.

In our experience, LIDRS does not only occur in phakic eyes after PPV; it also occurs
in eyes with high myopia as a result of synchysis, greater AC and axial lengths, a floppy
posterior capsule and zonular laxity. High myopia eyes with elongated stretched zonular
fibers are more prone to develop LIDRS during phacoemulsification cataract surgery.
Additional techniques can be used in vitrectomized and high myopic eyes to minimize
IDS, such as reducing the height of the liquid bottle to about 90 cm, using a low-flow
rate and vacuum limit, and using a finger to press the corneal incision. A longer, better
self-sealing corneal incision and a shorter interval between each step may decrease fluid
loss and intraocular pressure fluctuation, meaning that the AC may remain watertight.

Other authors have advocated different solutions for stabilizing the AC, such as form-
ing the AC with viscoelastic material during the routine phacoemulsification procedure [2].
An AC maintainer and an irrigating chopper have also been reported to prevent AC fluc-
tuation [26,27]; however, an AC maintainer requires an additional corneal incision. The
use of an irrigating chopper in microincisional cataract surgery in tandem with cold pha-
coemulsification technology has been reported; however, the issue of wound burns persists
because of the “naked” phacoemulsification needle [3,6,28]. Joshi [29] modified the sleeve
of a phacoemulsification probe to increase fluid flow and deepen the capsular bag, with the
aim of decreasing the fluctuation in the AC. However, both prospective and retrospective
comparative studies on the prevention of LIDRS in vitrectomized eyes after cataract surgery
are lacking [7]. Our study had certain limitations. There are significant astigmatic changes
during the early postoperative period and posterior capsular transparency changes during
the late postoperative period. Continued follow-ups of the patients are necessary to monitor
the long-term refractive stability and visual acuity of these procedures.

5. Conclusions

In summary, our time-saving technique has demonstrated good surgical results in
this retrospective study. This simple technique increases fluid flow into the vitreous cavity,
resulting in pressure equilibration and a reduced risk of complications without using
additional instruments during routine cataract surgery. The rate of LIDRS and related
complications were relatively low compared with the Control Groupand the findings of
previous studies. Therefore, we recommend considering this approach in patients with a
history of PPV.
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Abstract: This study aimed to investigate the possible link between glaucoma and dementia using
a nationwide cohort sample of data. The glaucoma group (n = 875) included patients diagnosed
between 2003 and 2005, aged over 55 years; the comparison group was selected using propensity
score matching (n = 3500). The incidence of all-cause dementia was 18.67 (7014.7 person-years) among
those with glaucoma aged over 55 years. The glaucoma group developed all-cause dementia more
frequently than those in the comparison group (adjusted hazard ratio (HR) = 1.43, 95% confidence
interval (CI), 1.17–1.74). In a subgroup analysis, primary open-angle glaucoma (POAG) showed a
significantly increased adjusted HR for all-cause dementia events (1.52, 95% CI: 1.23–1.89), whereas
we could not find any significant association in patients with primary angle-closure glaucoma
(PACG). Additionally, POAG patients showed an increased risk of the development of Alzheimer’s
disease (adjusted HR = 1.57, 95% CI, 1.21–2.04) and Parkinson’s disease (adjusted HR = 2.29, 95%
CI, 1.46–3.61), but there was no significant difference in PACG patients. Moreover, the risk of
Alzheimer’s disease and Parkinson’s disease was higher within 2 years of POAG diagnosis. Although
our findings have some limitations, such as confounding factor bias, we suggest that clinicians should
pay attention to the early detection of dementia in patients with POAG.

Keywords: glaucoma; dementia; Alzheimer’s; Parkinson’s; risk

1. Introduction

Glaucoma is characterized by optic neuropathy with progressive degeneration of
retinal ganglion cells, which represents the visual field defect [1]. Its typical symptoms are
a gradual loss of peripheral vision that is followed by progressive loss of central vision.
Although early detection and management of glaucoma can alleviate the disease status and
economic burdens of glaucoma greatly, early-stage glaucoma generally is asymptomatic;
thus, it is a major leading cause of blindness in the developed world [2]. It mostly affects
adults over 40, but young adults, children, and even infants can have it. Currently, the
two most common forms of glaucoma are primary open-angle glaucoma (POAG) and
primary angle-closure glaucoma (PACG). The goal of glaucoma treatment is to maintain
the patient’s visual function and related quality of life at a sustainable cost. Thus, the cost
of treatment in terms of inconvenience and side effects, as well as financial implications
for the individual and society, requires careful evaluation. On these days, most patients
with early to moderate glaucoma damage could have suitable visual function and a modest
reduction in quality of life. Dementia is a neurodegenerative disease group in which
there is deterioration in cognitive function beyond what might be expected from the usual
consequences of biological aging. Among those, Alzheimer’s disease and Parkinson’s
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disease are the most common type of dementia [3], whereas these usually show a long
asymptomatic period. Thus, at the time of diagnosis, affected patients often suffered
from extensive and irreversible damage [4]. Like other progressive brain diseases, they
are associated with a buildup of certain proteins in the brain. Generally, Alzheimer’s
disease always causes dementia, whereas Parkinson’s disease, a movement disorder, can
sometimes cause dementia. For these reasons, both glaucoma and dementia have common
pathologic features in terms of neurodegenerative conditions characterized by neuronal
loss leading to cognitive and visual dysfunction, respectively. Additionally, both diseases
become more prevalent according to increased age. To date, due to certain pathogenic
and age-prevalence similarities, several epidemiologic studies have shown the potential
risk of developing dementia in patients with glaucoma [5–7]. One Taiwan cohort study
reported that POAG is a significant predictor for the development of Alzheimer’s disease,
but POAG is not a predictor of Parkinson’s disease [5]. Other Taiwan cohort studies also
described that female dementia patients showed a higher proportion of prior POAG than
controls [6]. Meanwhile, one cohort study from South Korea revealed that POAG was
associated with an increased risk of developing Alzheimer’s disease; however, there was
no positive association between POAG and Parkinson’s disease [7]. However, these studies
have some critical limitations regarding study design, including the presence of wash-
our period, diagnosis age of glaucoma, and the date of enrolment. Therefore, to further
investigate the relationship between the two diseases, we examined the association of mid-
to late-onset glaucoma with the prospective risk of dementia using a representative sample
from the National Sample Cohort data in the Republic of Korea.

2. Materials and Methods

This study was also approved by the Institutional Review Board of Hallym Medical
University Chuncheon Sacred Hospital (IRB No. 2022-09-001), and the need for written
informed consent was waived because the Korean National Health Insurance Service cohort
(KNHIS) data set consisted of deidentified secondary data for research purposes. In terms
of data availability, the authors confirm that the data supporting the findings of this study
are available within the article.

2.1. Database

South Korea has had a single-payer national health system covering the entire Republic
of the Korean population since 1989. An insured individual pays for national health
insurance, which is proportional to the individual’s income, and each Republic of Korea
is assigned a unique identification number at birth. With the integration of medical aid
data into the KNHIS database in 2006, this database comprises the entire population
of the Republic of Korea. For these reasons, the claims data in the KNHIS cannot be
omitted or duplicated. Therefore, usage of the KNHIS database eliminates selection bias.
Additionally, all disease diagnostic codes were identified using the Korean Classification
of Disease, Fifth Edition modification of the International Classification of Disease and
Related Health Problems, 10th revision (ICD-10). Thus, in this study, we utilized a database
of the representative cohort sample consisting of 1,025,340 adults obtained from the KNHIS
healthcare claims data. In 2002, we conducted stratified random sampling was performed
among the Republic of Korea population of 46 million with 1476 strata by age (18 groups),
sex (two groups), and income levels (41 groups: 40 health insurance and one medical aid
beneficiary). Thus, we investigated the present study using the KNHIS database collected
from 2002 to 2013, comprising information from a nationally representative sample of
1,025,340 random individuals, accounting for approximately 2.2% of the Republic of the
Korean population in 2002.
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2.2. Study Design

Briefly, Figure 1 shows the study design and the process of enrolment for the study
participants. We had a washout period of one year (January to December 2002) to exclude
those with a risk of developing dementia before glaucoma diagnosis. First, the glaucoma
group was defined as the presence of diagnostic code (H40.1 and H40.2) more than two
times within the index period and over age 55 years. These cases of POAG were all diag-
nosed by certified ophthalmologists. We also excluded patients (1) aged < 55 years, (2) who
died during the index period, and (3) diagnosed with dementia before glaucoma diagnosis.
Next, we identified non-glaucoma participants as a comparison group (non-glaucoma)
using propensity score-matching methodology from the remaining cohort registered in
the database as four participants without cancer for each cancer patient. Additionally, we
selected each participant in the comparison group who matched with each patient in the
glaucoma group in terms of all independent variables and the date of enrolment (glaucoma
diagnosis). The primary endpoints in this study were defined as the specific event (demen-
tia: Alzheimer’s [F00, G30], Parkinson’s disease [G20], other types of dementia [F01, F02,
F03]) until 31 December 2013. If patients had no events until the final following period
of this database, we censored this time point. In this study, to elaborate the analysis, we
set some patients’ detailed characteristics as dependent variables (age, sex, residence, and
household income). Additionally, we obtained information on the comorbidities of each
individual and categorized the comorbidities using the Charlson comorbidity index (CCI),
which is a weighted index of categorizing comorbidities of patients. The CCI is a weighted
index to predict the risk of death within 1 year of hospitalization for patients with specific
comorbid conditions. Nineteen conditions were included in the index. All independent
variables are classified as follows: age (55–64, ≥65 years), sex (male, female), residence
(Seoul, the largest metropolitan region in South Korea; 2nd area: other metropolitan cities
in the Republic of Korea; and 3rd area: small cities and rural areas), household income
(low: ≤30%, middle: 30.1–69.9%, and high: ≥70% of the median), and three comorbidity
status (CCI: 0, 1, ≥2).

2.3. Statistical Analysis

We assessed the incidence rate as a measure of the frequency with which a specific
disease or other incident events appears over a certain period. The overall incidence
was expressed as per 1000 person-years, which is the following three cases: First, if the
participant died, the number of years from the initial specific events diagnosis to the date
of death; second, if specific events appeared, the number of years from the initial glaucoma
diagnosis to the date of the first diagnosis of specific events; finally, if there are no events,
the number of years from the date of initial cancer diagnosis to the final following period.
Additionally, we used Cox proportional hazard regression analyses to calculate the hazard
ratio (HR) and 95% confidence intervals (CI), adjusted for the other independent variables.
During the follow-up period, the Kaplan–Meier method was used to calculate the specific
disease-free survival rates among groups. All statistical analyses were performed using R
version 4.0.5 (URL https://www.R-project.org/ accessed on 1 March 2021). p-values of
<0.05 were considered statistically significant.
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Figure 1. (A) Schematic study design; (B) process of study enrolment.

3. Results

The present study consisted of 875 participants with mid- to late-onset glaucoma and
3500 participants without glaucoma. We followed these participants in both groups for
10 years. We also confirmed that the distributions of all independent variables were similar
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between the groups using the balance plot technique. It indicated that the matching between
the two groups was appropriate. The detailed characteristics of the study participants in
each group are shown in Table 1.

Table 1. Characteristics of the study participants in each group.

Variables
Comparison

(n = 3500)
Glaucoma
(n = 875)

p-Value

Sex 1.000
Male 1572 (44.9%) 393 (44.9%)

Female 1928 (55.1%) 482 (55.1%)
Ages (years) 1.000

55–64 1424 (40.7%) 356 (40.7%)
≥65 2076 (59.3%) 519 (59.3%)

Residence 1.000
Seoul 724 (20.7%) 181 (20.7%)

Second area 820 (23.4%) 205 (23.4%)
Third area 1956 (55.9%) 489 (55.9%)

Household income 1.000
Low (0–30%) 704 (20.1%) 176 (20.1%)

Middle (30–70%) 1172 (33.5%) 293 (33.5%)
High (70–100%) 1624 (46.4%) 406 (46.4%)

CCI 1.000
0 1660 (47.4%) 415 (47.4%)
1 900 (25.7%) 225 (25.7%)
≥2 940 (26.9%) 235 (26.9%)

In this study, 7014.7 person-years in the glaucoma group and 2893.5 person-years
in the comparison group were evaluated for dementia events. The overall incidence of
dementia was evaluated at 18.67 per 1000 person-years in the glaucoma group (Table 2).
Additionally, for subgroup analysis, we assessed Alzheimer’s disease, Parkinson’s disease,
and other types of dementia. We detected that, in the glaucoma group, the overall incidence
was 11.85 in Alzheimer’s disease, 4.25 in Parkinson’s disease, and 7.88 in other types of
dementia, respectively (Table 2). All subgroups showed a higher incidence rate of each
subtype of dementia in mid- to late-onset glaucoma patients than in comparison.

Table 2. The incidence rate of dementia between glaucoma and comparison (non-glaucoma) groups.

Variables N Case Person Year Incidence

Dementia
Comparison 3500 393 28,935.3 13.58
Glaucoma 875 131 7014.7 18.67

Alzheimer’s disease
Comparison 3500 251 29,411.2 8.53
Glaucoma 875 85 7175.5 11.85

Parkinson’s disease
Comparison 3500 61 29,776.4 2.05
Glaucoma 875 31 7294.7 4.25

Other types of dementia
Comparison 3500 194 29,504.8 6.58
Glaucoma 875 57 7231.1 7.88

We analyzed the risk of the subsequent development of dementia using univariate
and multivariate Cox regression models (Table 3). After adjusting for all independent
variables, we found that glaucoma was significantly associated with the development of
dementia (adjusted HR = 1.43, 95% CI, 1.17–1.74). The risk of incident dementia events is
also significantly increased in POAG patients but not in PACG patients.
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Table 3. The risk of incident dementia events between mid- to late-life glaucoma and comparison
(non-glaucoma) groups.

Variables N Case
Unadjusted HR

(95% CI)
Adjusted HR (95% CI)

Comparison 3500 393 1.00 (ref) 1.00 (ref)
Glaucoma 875 131 1.44 (1.18–1.75) *** 1.43 (1.17–1.74) ***

POAG 695 109 1.52 (1.23–1.88) *** 1.52 (1.23–1.89) ***
PACG 180 22 1.13 (0.74–1.74) 1.08 (0.70–1.66)

POAG, primary open-angle glaucoma; PACG, primary angle-closure glaucoma; HR, hazard ratio; CI, confidence
interval. *** p < 0.001.

In Figure 3, we detected that patients with POAG showed a significantly increased risk
for dementia development, but there was no association in PACG patients. Additionally,
when we investigated the risk of dementia according to subtype, we found that POAG
patients were significantly associated with the development of Alzheimer’s disease (ad-
justed HR = 1.57, 95% CI, 1.21–2.04) and Parkinson’s disease (adjusted HR = 2.29, 95%
CI, 1.46–3.61); however, there was no significant difference in the risk of each subtype of
dementia in PACG patients (Figure 2). Meanwhile, other types of dementia showed no
association in both POAG or PACG patients.

Figure 2. The adjusted hazard ratio plot of each dementia subtype among groups. POAG, primary
open-angle glaucoma; PACG, primary angle-closure glaucoma; HR, hazard ratio; CI, confidence
interval. ** p < 0.010 and *** p < 0.001.
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The Kaplan–Meier survival analysis revealed that patients in the glaucoma group,
specifically in POAG, presented a more frequent incidence of all-cause dementia, Alzheimer’s
disease, and Parkinson’s disease events than those in the control group (Figure 3).

Figure 3. Cumulative hazard plot of specific diseases among comparison, POAG, and PACG: (A) de-
mentia; (B) Alzheimer’s disease; (C) Parkinson’s disease; (D) other types of dementia. POAG, primary
open-angle glaucoma; PACG, primary angle-closure glaucoma.

Moreover, in the analysis of HRs over time, the risk of Alzheimer’s disease and
Parkinson’s disease development in patients with POAG was higher within two years
after glaucoma diagnosis (Table 4). Meanwhile, two years after glaucoma diagnosis, the
risk level of Alzheimer’s disease and Parkinson’s disease development in POAG patients
showed similar during the follow-up period.
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Table 4. Risk of dementia subtype in primary open-angle glaucoma (POAG) patients by time.

Time
(Year)

Dementia Alzheimer’s Disease Parkinson’s Disease
Other Types of

Dementia

No. of
Event

Adjusted
HR

(95% CI)

No. of
Event

Adjusted
HR

(95% CI)

No. of
Event

Adjusted HR
(95% CI)

No. of
Event

Adjusted
HR

(95% CI)

1 7 2.03
(0.84–4.90) 4 4.07

(1.09–15.19) * 3 2.88
(0.69–12.07) 1 0.64

(0.08–5.11)

2 16 2.16
(1.20–3.89) * 8 2.69

(1.14–6.36) * 7 4.29
(1.55–11.84) ** 4 1.26

(0.42–3.76)

3 22 1.69
(1.04–2.75) * 11 2.25

(1.10–4.57) * 7 1.99
(0.83–4.81) 8 1.36

(0.62–2.99)

4 29 1.55
(1.02–2.36) * 17 2.20

(1.25–3.90) ** 9 2.01
(0.92–4.37) 11 1.22

(0.63–2.37)

5 40 1.58
(1.11–2.25) * 24 2.19

(1.36–3.55) ** 11 2.03
(1.00–4.09) * 18 1.31

(0.78–2.20)

6 54 1.63
(1.20–2.21) ** 33 2.05

(1.37–3.08) *** 12 1.73
(0.90–3.35) 26 1.52

(0.98–2.36)

7 68 1.50
(1.14–1.97) ** 41 1.70

(1.19–2.42) ** 15 1.74
(0.96–3.14) 32 1.36

(0.92–2.01)

8 84 1.59
(1.24–2.03) *** 53 1.74

(1.27–2.38) *** 19 2.00
(1.17–3.42) * 37 1.33

(0.92–1.91)

9 94 1.48
(1.18–1.86) *** 62 1.60

(1.20–2.12) ** 22 1.95
(1.19–3.20) ** 41 1.25

(0.89–1.76)

10 103 1.49
(1.19–1.85) *** 67 1.52

(1.16–2.00) ** 26 2.25
(1.42–3.57) *** 43 1.20

(0.86–1.68)

11 109 1.52
(1.23–1.89) *** 72 1.57

(1.21–2.04) *** 27 2.29
(1.46–3.61) *** 46 1.26

(0.91–1.73)

HR, hazard ratio; CI, confidence interval. * p < 0.05, ** p < 0.010, and *** p < 0.001.

Table 5. Risk of Alzheimer’s disease and Parkinson’s disease in POAG patients according to the sex.

Sex
Male Female

Comparison POAG Comparison POAG

Alzheimer’s disease
Unadjusted HR (95% CI) 1.00 (ref) 1.31 (0.92–1.85) 1.00 (ref) 2.18 (1.45–3.27) ***

Adjusted HR (95% CI) 1.00 (ref) 1.27 (0.90–1.81) 1.00 (ref) 2.16 (1.43–3.24) ***
Parkinson’s disease

Unadjusted HR (95% CI) 1.00 (ref) 3.01 (1.70–5.36) *** 1.00 (ref) 1.57 (0.74–3.33)
Adjusted HR (95% CI) 1.00 (ref) 2.94 (1.65–5.23) *** 1.00 (ref) 1.57 (0.74–3.33)

*** p < 0.001.

Furthermore, we performed the subgroup analysis of HRs according to sex and
comorbidities. We detected that the risk of Alzheimer’s disease was higher in female
patients with POAG, whereas male patients showed a higher risk of Parkinson’s disease
(Table 5). In terms of comorbidities, the adjusted HR of Alzheimer’s disease and Parkinson’s
disease development in POAG patients was significantly increased in the comorbidities
group compared to the non-comorbidities group (Table 6).

62



J. Pers. Med. 2023, 13, 214

Table 6. Risk of Alzheimer’s disease and Parkinson’s disease in POAG patients according to the
comorbidities.

CCI
0 1 ≥2

Comparison POAG Comparison POAG Comparison POAG

Alzheimer’s disease
Unadjusted HR

(95% CI) 1.00 (ref) 1.51 (0.88–2.60) 1.00 (ref) 1.87 (1.12–3.10) * 1.00 (ref) 1.49 (1.03–2.17) *

Adjusted HR
(95% CI) 1.00 (ref) 1.52 (0.88–2.61) 1.00 (ref) 1.84 (1.11–3.05) * 1.00 (ref) 1.47 (1.01–2.14) *

Parkinson’s disease
Unadjusted HR

(95% CI) 1.00 (ref) 1.43 (0.57–3.57) 1.00 (ref) 1.78 (0.70–4.48) 1.00 (ref) 3.52 (1.84–6.77) ***

Adjusted HR
(95% CI) 1.00 (ref) 1.41 (0.57–3.53) 1.00 (ref) 1.75 (0.69–4.43) 1.00 (ref) 3.48 (1.81–6.69) ***

POAG, primary open-angle glaucoma; CCI, Charlson comorbidity index; HR, hazard ratio; CI, confidence interval.
* p < 0.05 and *** p < 0.001.

4. Discussion

Evidence obtained from many previous studies may show a possible link between
two diseases based on potential pathophysiological mechanisms. To our knowledge,
the epidemiologic relationship between neurodegenerative diseases and glaucoma has
been widely investigated. Although some studies have not found an increased risk of
dementia in patients with glaucoma [8,9], many studies have demonstrated that POAG has
a potentially increased risk of Alzheimer’s disease [5–7]. However, some limitations of these
epidemiologic studies were that there was no washout period to eliminate the preexisting
dementias, glaucoma patients include a relatively young age, and the matching control
group is not clear. In this study, using longitudinal data from a nationwide cohort, we
demonstrated an increased risk of not only Alzheimer’s disease but also Parkinson’s disease
development in POAG patients aged over 55 years during a 10-year follow-up period
compared with a comparison group (non-glaucoma). Interestingly, we also found that
patients with POAG showed a higher risk of Alzheimer’s disease and Parkinson’s disease
development within two years after glaucoma diagnosis. Two years later, on glaucoma
diagnosis, the risk level of Alzheimer’s disease and Parkinson’s disease development
in POAG patients slightly decreased and then continued to a constant level during the
follow-up period.

It is known that various evidence exists possible linking between the two diseases,
including structural abnormalities, specifically degenerative changes within ganglion
cells. Besides Similar degenerative changes, neurodegenerative diseases and POAG have
possible overlapping pathophysiologic mechanisms. Although the exact pathogenesis is
still unclear, elevated intraocular pressure (IOP) is a major risk factor for the development
and progression of POAG [10]. The difference in IOP and CSF pressure across the lamina
cribrosa, the translaminar pressure difference, is an important factor in causing more
optic nerve damage [11,12]. Additionally, some neurotoxic substances such as β-amyloid
and tau protein were observed in both neurodegenerative disease and glaucoma [13–15].
Another possible explanation for the possible link between the two diseases is that vascular
factors, such as hypertension, DM, and hyperlipidemia, are one of the major risk factors for
developing each disease [16–18]. Similar to previous reports, [5–7] our findings showed the
association between POAG and Alzheimer’s disease. However, contrary to these reports,
we also find the increased subsequent development of Parkinson’s disease in POAG.

Parkinson’s disease is most commonly known for affecting function and movement,
though it also affects cognition, particularly as the disease progresses. It is a neurodegener-
ative disorder of the brain, such as Alzheimer’s disease, and also has similar neurotoxic
substances and vascular risk factors [19–21]. However, prior studies showed no association
between POAG and Parkinson’s disease during the follow-up period [5,22]. However, one

63



J. Pers. Med. 2023, 13, 214

study included a young age group in POAG patients, and the other study only included
patients who had received anti-glaucoma medication or undergone glaucoma surgery
during the study period. We thought that these issues might play a confounding variable
in evaluating the risk of incident Parkinson’s disease events. Thus, in the present study, we
identified the risk of dementia in all glaucoma patients over 55 years who were diagnosed
by certified ophthalmologists. Consistent with our findings, some studies demonstrated
that Parkinson’s disease was more likely to develop glaucoma-like VF defects and observed
reduced RNFL thickness [23–26].

PACG is a different kind of glaucoma compared with POAG. It is known that the
primary pathological cause of PACG is angle closure, and high IOP is secondarily induced
due to angle closure. Thus, PACG patients commonly detected a shallow anterior chamber,
thickened lens, and hyperopic refractive error. Meanwhile, the cause of POAG is mainly
obstruction of the aqueous humor pathway due to trabecular meshwork degeneration.
This angle closure results in the prevention of aqueous humor exit and is followed by IOP,
which is thought to damage the optic nerve. PACG shows its distinctive anatomical charac-
teristic, such as a narrow anterior chamber angle, which induces its unique pathological
process [27,28]. Meanwhile, several previous cohort studies showed more association of
dementia in POAG, not in PACG [5–7]. Our findings were also consistent with previous
cohort studies.

Interestingly, we found that the risk of Alzheimer’s disease and Parkinson’s disease
development was relatively higher within two years after the diagnosis of POAG. Although
we could not know why the risk is higher in the early period after glaucoma diagnosis,
it means that early detection of Alzheimer’s disease and Parkinson’s disease is clinically
important to patients with POAG aged over 55 years. We also found that the risk of
Alzheimer’s disease and Parkinson’s disease was different according to sex or comorbidities.
Generally, female is nearly twice as likely as male to develop Alzheimer’s disease, and the
risk of developing Parkinson’s disease is twice as high in males than in females. Meanwhile,
it is known that comorbidity in neurodevelopmental disorders is pronounced. However,
in this study, we could not determine whether these findings are a clue to a possible link
between the two diseases or only a temporal incidental finding. Thus, we need further
studies to prove these findings.

This study has several limitations. First, this study could not present the direct
mechanism between dementia and POAG due to our study design, in which the baseline
characteristics of the individuals are limited to a previous database. Thus, we could not
confirm whether our findings are a causal relationship or temporal incidence. Second,
the diagnosis of glaucoma and dementia was based on the ICD-10 diagnostic code, not
medical records that include details such as the patient’s medical history and the results
of neurocognitive questionnaires. It means that we could not determine the severity of
these diseases and also have a misclassification bias. At present, to overcome this issue, we
only included glaucoma or dementia patients who were diagnosed by ophthalmologists or
neurologists. Third, we did not consider whether patients received anti-glaucoma medica-
tion or underwent glaucoma surgery during the study period; thus, these variables may
influence our findings. Fourth, in this study, the exact onset time of each disease is unclear,
although we considered it as the age at the first hospital visit for each disease. Finally, in this
study, we adjusted several variables, which are commonly known as these variables, that
could influence the primary outcome events. Thus, the dependent variables in this study
are age, sex, residence, and household income. However, other dependent variables could
not adjust in this study, and then, among those, some may become confounding variables.
For example, we could not adjust personal health data, including the body mass index,
smoking history, and alcohol consumption, because we could not access this information.
Thus, these might be played as confounding factors, and our findings inevitably have their
own limitations.

Nevertheless, our study also has several unique advantages. First, our database could
provide us with an effective analyze all events associated with glaucoma and dementia
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because this cohort had a long follow-up period and represented the Republic of Korea
population. Second, the reliability of the KNHIS database has been validated, which
showed a similar prevalence of 20 major diseases for each of the years assessed; thus, we are
able to ascertain the reliability of the KNHIS data as “fair to good” [29–31]. Third, among
databases, we just selected patients who were first diagnosed with neurodegenerative
diseases by neurologists and glaucoma by ophthalmologists. We thought it enhanced the
accuracy of defining the study group. Finally, this study minimized the surveillance bias on
the risk of dementia in POAG patients because we selected sociodermographically matched
controls in the cohort database.

5. Conclusions

In the present study, we identified the association between mid- to late-onset glaucoma
and the risk of dementia after adjusting for clinical and demographic factors. Our findings
suggest an increased risk of all-cause dementia, Alzheimer’s disease, and Parkinson’s
disease events in patients with POAG aged over 55 years; however, no significant associ-
ation was observed in patients with PACG aged over 55 years. Additionally, the risk of
Alzheimer’s disease and Parkinson’s disease is relatively higher within two years of POAG
diagnosis. Therefore, given the potential link between the two diseases, clinicians should
be aware of the potential development of dementia in patients with POAG and recommend
neurologic consulting to ensure early detection of neurodegenerative diseases during the
prodromal period.
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Abstract: The clinical efficacy of pneumatic retinopexy (PR) using intravitreal pure air injection and
laser photocoagulation for rhegmatogenous retinal detachment (RRD) remains unknown. Thirty-nine
consecutive patients with RRD (39 eyes) were included in this prospective case series. All patients
underwent two-step PR surgery containing pure air intravitreal injection and laser photocoagulation
retinopexy during hospitalization. The main outcomes were best-corrected visual acuity (BCVA)
and primary anatomic success rates after PR treatment. The mean follow-up was 18.3 ± 9.7 months,
ranging from 6 to 37 months. The primary anatomic success rate was 89.7% (35/39) after PR treatment.
Final reattachment of the retina was achieved in 100% of cases. Macular epiretinal membrane was
developed in two patients (5.7%) among successful PR cases during the follow-up. The mean logMAR
BCVA value was significantly improved from 0.94 ± 0.69 before surgery to 0.39 ± 0.41 after surgery.
The average central retinal thickness was significantly thinner in the RRD eyes of macula-off patients
(206.8 ± 56.13 μm) when compared with the fellow eyes (234.6 ± 48.4 μm) at the last follow-up
(p = 0.005). This study concluded that an inpatient PR procedure with pure air injection and laser
photocoagulation is a safe and effective approach to treating patients with RRD, who may achieve a
high single-operation success rate and good visual acuity recovery.

Keywords: retinal detachment; pneumatic retinopexy; intravitreal injection; laser photocoagulation;
retinal thickness

1. Introduction

Rhegmatogenous retinal detachment (RRD) is potentially an acute vision-threatening
disease and requires surgical intervention as early as possible. Surgical approaches com-
monly include scleral buckling (SB), pars plana vitrectomy (PPV), pneumatic retinopexy
(PR), or combinations of these treatments [1]. Although anatomic reattachment is successful
in most cases, optimal management for a vast number of RRD cases remains controversial.

PR is considered the most minimally invasive treatment for repairing simple RRD.
This office-based surgery has been well accepted by retinal surgeons as an alternative
option for simple RRD with superior retinal breaks [2]. A recent multicenter, randomized,
controlled clinical trial was performed to compare the outcomes of PR to PPV for primary
RRD, the results of which suggested that PR should be considered the first-line treatment
for primary RRD meeting the study criteria [3].

The successful anatomical retinal reattachment rate of single PR treatment ranged
from 50% to 90% in previous studies [3–9]. The PR procedure can be performed in one
step, with the application of scleral cryopexy to retinal breaks just before intravitreal
gas injection, or in a two-step manner, with initial intravitreal gas injection to flatten the
detached retina, followed by either laser photocoagulation or scleral cryopexy to seal the
retinal break [2]. Both procedures have been applied in previous studies, depending on the
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surgeon’s discretion [3,5]. Thus, the efficacy of PR for simple RRD may be compounded
due to the different procedures used in a study.

Scleral cryopexy has been mainly applied to retinopexy in previous PR studies [3–5,10],
and expansile gas such as sulfur hexafluoride (SF6) or perfluoropropane (C3F8) was then
injected into the vitreous to ensure the internal tamponade of the retinal breaks [3–5].
However, both scleral cryopexy and injection of the expansile gas may have a higher
incidence of proliferative vitreoretinopathy [11,12]. Moreover, expansile gases may be
unavailable in some healthcare settings. To date, the clinical outcome of PR via laser
retinopexy and pure air injection for RRD is still not well characterized.

This study aims to explore the efficacy of two-step PR in which pure air intravitreal
injection and laser retinopexy are used in a consecutive series of patients with RRD. It
has been reported that successful retinal reattachment can be achieved after as little as
6–8 h of gas tamponade, with an appropriate head position [13]. Thus, unlike surgeons
performing traditional office-based procedures, we performed the PR treatment as an
inpatient procedure to (1) maintain the appropriate head position after gas injection and
adjust the position in a timely manner when the retinal break was not blocked and (2) apply
laser retinopexy as early as possible after the retina was attached.

2. Materials and Methods

2.1. Design and Patients

This was a prospective case series study of consecutive patients with RRD who visited
the Department of Ophthalmology of Taizhou Hospital between 1 April 2019 and 31 March
2022. The inclusion criteria were as follows: had primary RRD and had not received prior
treatment; presented with one break or multiple breaks separated by less than 3 clock
hour positions; phakic eye; presented superior breaks located at the 8 to 4 o’clock position;
presented no or minimal PVR (grade B). The exclusion criteria were as follows: retinal break
size larger than one clock hour; PVR grade C or D, or retinal star folds exerted traction on
the breaks; presented retinal breaks in the inferior 4 clock hour positions of the fundus;
presented a giant retinal tear or dialyses; had severe or uncontrolled glaucoma; presented
cloudy media such as cataracts or vitreous hemorrhage that precluded an adequate view of
the peripheral retina; and had a history of prior retinal surgeries. Patients with a physical
disability or mental incompetence who could not maintain the required head position were
also excluded.

All the participants included in our study underwent PR surgery containing pure air
intravitreal injection and laser retinopexy. The possible benefits and risks of PR treatment
were explained to the patients and informed consent was obtained from all adult patients
and from the parents if the patient was younger than 18 years old, in accordance with the
Helsinki Declaration, before inclusion in the study. Institutional review board approval
(X20180301) for this study was obtained from the Ethics Committee of Taizhou Hospital.

2.2. Surgical Technique

Careful peripheral retinal examination with scleral depression was applied to identify
any pathologic features in each patient. Laser retinopexy was performed if any lattice
degeneration or retinal breaks existed in the attached retina before PR treatment. The PR
procedure involves an intravitreal pure air injection first, followed by laser retinopexy
when the retina is attached. The air injection was performed under topical anesthesia in
the operating room. For the anterior chamber paracentesis, gentle pressure was applied
with a cotton-tipped applicator to facilitate more aqueous drainage. Then, 0.6–0.8 mL of
filtered sterile air was injected 3.5 mm posterior to the limbus, depending on the extent of
the retinal breaks and the eye size. The usual injected gas volume was 0.6 mL; however,
0.6–0.8 mL was injected if the patient had one retinal break size larger than 2 papillary
diameter (PD) or multiple breaks separated by more than 1 clock hour or high myopia; a
larger air bubble or a longer duration of tamponade was required in those specific patients.
Then, the placement of a gas bubble over the retinal break(s) and the perfusion of the
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central retinal artery were confirmed with indirect ophthalmoscopy. Anterior chamber
paracentesis was repeated in the situation of marked intraocular pressure elevations. All the
patients were asked to maintain a proper head position continuously during hospitalization.
Retinal laser photocoagulation was administered as early as 6–8 h after air injection and
a supplemental laser was applied within 1–3 days during residency. The head was tilted
when the residual gas bubble obstructed the laser pathway. Usually, 3–4 rows of laser spots
were made around the retinal break. All the patients were followed up at 1 week, 1 month,
3 months, and 6 months post operation, then every 6 months thereafter.

2.3. Clinical Measurements

Each patient in the study underwent a complete ophthalmologic assessment, including
slit-lamp examination, fundus examination with indirect ophthalmoscopy under mydriasis,
and intraocular pressure measurements. Before PR surgery, clinical data—which include
sex, age, lens state, the most recent refraction data before retinal detachment, best-corrected
visual acuity (BCVA), days to PR treatment, the extent of the RRD area, and the number
of breaks—were recorded. The main surgical outcomes were postoperative BCVA and
primary PR anatomic success rates, which were defined as the ratio of successful retinal
attachment after PR treatment within 6 months post operation. PR failure was defined as the
need for additional intervention (scleral buckle and/or vitrectomy) for retinal detachment
after initial PR treatment. In addition, macular status was confirmed by optical coherence
tomography (OCT) before and after PR surgery.

2.4. Statistical Analysis

For statistical analysis of the data, we used R software for Windows (version 3.4.3;
http://www.R-project.org). The Shapiro–Wilk test was applied to assess the normal
distribution of the data. Comparison of data between groups was performed using one-
way analysis of variance when samples were normally distributed or the Kruskal–Wallis
test when parametric statistics were not possible. The potential effects of preoperative
baseline characteristics on surgical outcomes were analyzed by linear mixed-effects models
using the “lem4” package. p values below 0.05 were considered statistically significant.

3. Results

A total of 39 eyes of 39 patients with RRD met the inclusion criteria; these patients
were enrolled in this study. The mean age of the included patients was 51.8 ± 14.5 years
(range: 14–75 years). All the patients had phakic eyes and no history of intraocular surgery.
The preoperative characteristics of all patients are summarized in Table 1. Twenty-one
patients (21/39) were evaluated for a grade A level of proliferative vitreoretinopathy (PVR)
before surgery, and the remaining cases had PVR with a grade B level. The size of retinal
breaks ranged from 0.5–4 PD. Most of the breaks were typical horseshoe-shaped tears
(79.4%, 31/39), and the remaining cases were identified as round-shaped holes (20.6%,
8/39). There was no significant difference in terms of age, sex, days to surgery, or number
of retinal breaks between macula-on and macula-off patients. However, there was worse
visual acuity and more quadrants of detached retina in the macula-off group versus the
macula-on group (p < 0.05).

The average follow-up was 18.3 ± 9.7 months, ranging from 6 to 37 months. The
primary anatomic success rate was 89.7% (35/39) after PR treatment at the last follow-
up (Figure 1), and the final reattachment rate was 100% (39/39) when combined scleral
buckling or PPV surgery was applied for the failed PR cases. Among the 35 patients who
had successful PR cases, 34 patients (97.1%) received only a single air injection, and 1 patient
needed an additional air injection because the retina was partially attached, but the air was
almost completely absorbed. For postoperative complications, one patient developed a new
retinal break superiorly and shallow retinal detachment two days after the initial injection.
The head position was adjusted in a timely manner to close the new break with the residual
air bubble, and the retina was finally attached after supplemental laser treatment. Two
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patients (5.7%) with successful PR cases developed macular epiretinal membranes during
the follow-up. One successful PR case developed steroid-induced glaucoma at the last
follow-up, which was not included for further analysis. The four failed PR cases were all
macula-off type retinal detachment, and the reasons for failure were gas bubbles under the
retina (one case), missed retinal break (one case), and retinal break unblocking (two cases).
All of these patients underwent additional retinal repair surgeries (PPV for three patients
and scleral buckling for one patient) within one week after initial PR treatment and finally
had retinal attachment during the follow-up.

Table 1. Preoperative clinical characteristics of uncomplicated RRD patients.

Subject Characteristics
Total

Patients
Macula-on

Patients
Macula-off

Patients
p †

No. of cases 39 21 18 -
Age, years 51.8 ± 14.5 52.6 ± 10.9 50.8 ± 18.2 0.715

Female, no. (%) 19 (48.7) 11 (52.4) 8 (44.4) 0.652
Right study eye, no. (%) 21 (53.8) 11 (52.4) 10 (55.6) 0.835

Spherical equivalent refractive error, diopter −3.80 ± 3.75 −4.44 ± 4.59 −3.31 ± 3.14 0.420
Preoperative BCVA, LogMAR * 0.94 ± 0.69 0.36 ± 0.28 1.58 ± 0.36 <0.001

Days to PR surgery ¶ 12.4 ± 10.0 12.6 ± 10.3 12.3 ± 9.8 0.912
No. of breaks in detached retina 1.28 ± 0.60 1.14 ± 0.48 1.44 ± 0.70 0.106

No. of quadrants of detached retina 1.4 ± 0.50 1.17 ± 0.33 1.67 ± 0.54 0.001

* Counting fingers and hand motion: visual acuity was converted to 1.6 and 1.9 LogMAR, respectively; ¶ days to
PR surgery was defined as the duration from the day of symptom onset to the day of air injection; † comparisons
between macula-on and -off groups; BCVA—best corrected visual acuity; PR—pneumatic retinopexy.

Figure 1. Fundus photography of a typical RRD case before and after PR treatment. (A). The patient
had superior retinal detachment with multiple breaks. (B). The retina has completely reattached at
12 h after intravitreal air injection. (C) Laser retinopexy was applied the day after intravitreal air
injection. (D) Laser retinopexy could be strengthened when the air bubble became smaller.

Postoperative best-corrected logMAR visual acuity significantly improved after retinal
detachment repair surgery (Figure 2). Among successful PR cases, the preoperative BCVA
of logMAR in the macula-on group was 0.37 ± 0.28 and improved to 0.16 ± 0.17 after PR
treatment (p < 0.001, n = 20). The macula-off group also showed significant improvement in
postoperative BCVA (1.62 ± 0.36) of logMAR over baseline (0.59 ± 0.48, p < 0.001, n = 14).
The linear mixed model demonstrated that the baseline BCVA had a negative effect on
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the changes in BCVA, which means that the worse the baseline BCVA was, the greater the
improvement achieved after surgery. In the macula-on group, no significant difference in
average central retinal thickness was observed between the baseline value (236.6 ± 31.3 μm)
and the postoperative eye value (231.4 ± 31.1 μm, p = 0.589, n = 16). In the macula-off
group, central retinal thickness was significantly thinner in the RRD eyes (206.8 ± 56.13 μm)
compared with the fellow eyes (234.6 ± 48.4 μm) at the last follow-up (p = 0.005, n = 13).

Figure 2. Box-and-whisker plot showing preoperative and postoperative best-corrected visual acuity
(LogMAR) in RRD patients undergoing our two-step PR treatment.

4. Discussion

Many variations in PR treatment have been described in previous studies [2–5,7,8].
Different gas types—including C3F8, SF6, and pure air—can be injected, and different
retinopexy approaches, such as cryopexy and laser photocoagulation, have been applied
before and after gas injection. In this study, we performed a two-step PR procedure for
RRD patients and further evaluated the efficacy of pure air injection followed by laser
retinopexy to treat the detached retina. The outcomes demonstrated a high success rate of
retinal attachment, particularly in macula-on RRD cases.

SF6 and C3F8 are the gases most frequently used in the PR procedure. Because of
the low solubility of these expansile gases, the average durations of SF6 and C3F8 were
12 days and 38 days, respectively [10]. The prolonged longevity of expansile gas bubbles
may have disadvantages. Patients need to maintain their head position for a longer period,
and air travel is also prohibited. Long-lasting gas bubbles can increase the risk of cataract
formation in phakic eyes [14]. Furthermore, the movement of bubbles may produce extra
vitreo-retinal traction and induce new retinal breaks. Thus, nonexpansile and filtered air
could be used for retinal fixation. It has been suggested that laser photocoagulation could
produce mild chorioretinal adhesion within 24 h, moderate adhesion after approximately
5 to 7 days, and firm adhesion after 2 weeks [15]. A 0.8 mL intravitreal air bubble has
an average duration of 4 days, which is probably sufficient time for most cases to form a
moderate chorioretinal adhesion. Sinawat et al. [15] demonstrated that PR in which filtered
air was used had a similar initial reattachment rate compared with that of C3F8 injection in
a randomized noninferiority trial, although the approach of retinopexy was not mentioned
in the study. Yee et al. [16] reported that office-based PR in which only pure air was used
yielded a high success rate and long-term efficacy. Similarly, our study used approximately
0.6–0.8 mL of filtered air to cover the detached retina up to 120 degrees and block the retinal
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breaks. Unlike the expansile gas, the larger pure air bubble could reach the maximum
amount immediately after initial injection and had higher buoyancy and surface tension
at the early stage of PR treatment, which may facilitate epithelial pump removal of the
subretinal fluid. Therefore, this initial large air bubble could allow us to treat inferior retinal
detachment cases with multiple breaks separated within 2 h. Additionally, no patients had
undergone RVP and one patient (1/35, 2.9%) had a new retinal break after gas injection.
Two patients (2/35, 5.7%) developed macular epiretinal membranes during the follow-up,
suggesting that the air injection yielded a low risk of postoperative complications.

Scleral cryopexy seems to be more commonly used in previous studies [3–5,10]. How-
ever, we performed laser retinopexy in our patients after air injection because cryopexy
may be associated with a higher incidence of PVR, particularly in young patients. In
addition, compared with cryopexy, lasers may produce quicker and stronger chorioretinal
adhesion [17]. The use of lasers when dealing with multiple or large retinal breaks is
also superior. In our inpatient PR treatment, laser photocoagulation could be performed
once the retina was attached. It has been reported that successful reattachment could be
achieved after as little as 6–8 h of gas injection [13], which is similar to our present results.
However, if an expansile gas were used, laser application may be difficult because the gas
bubble would start to expand and might impair the visualization of the retinal breaks. The
single PR success rate reached 87.7% (34/39) when our procedure was used, whereas other
studies reported single PR success rates of 54% and 59.4% when long-acting expansile gas
was used [18,19]. In our study, the air bubbles did not expand and laser treatment was
possible as early as 6 h after air injection, which was gradually finished within 3 days
for our patients. Therefore, retinal breaks were blocked as soon as possible, which may
be one of the reasons for the high retinal attachment rate of single PR treatment in the
current study. The other reason for the high success rate may be that we performed PR
treatment as an inpatient procedure, which helped us to ensure that the patients maintained
the head position properly after air injection and that the position could be adjusted in a
timely manner according to the status of the detached retina. In addition, postoperative
complications could be noticed during hospitalization; for example, in the case of new
retinal breaks after air injection, the break was treated in a timely manner, which prevented
further retinal detachment.

The initial PR failed to achieve retinal attachment in four cases in our study. One of
them had a missed retinal break or new break, which is suggested to be the most common
cause of reoperation following PR [10]. The other failure in our series was a patient
with subretinal gas following air injection, and a vitrectomy with internal drainage was
performed to achieve retinal attachment. For the remaining two cases of retinal unclosed
break, one patient had long axial length and very high myopia of −16 diopter; we believe
the relatively unhealthy PRE pump function in the pathologic myopia patient may be the
reason for persistent subretinal fluid, and vitrectomy was performed successfully to flatten
the retina in this patient. In the other case, subretinal fluid shifted counterclockwise three
clock hours after 8 h of head position; the fluid shift induced detachment of the inferior
retina, which also had lattice degeneration before PR. The patient did not maintain proper
head position at the beginning. The amount of subretinal fluid remained unchanged after
24 h of position. This failed case was further treated successfully with scleral buckle in
the two days after PR surgery. Notably, because the PR affords no permanent relief of
vitreoretinal traction on the break, the substantial traction after surgery may also be the
reason for these two cases of PR failure.

Our study did not exclude patients without a posterior vitreous detachment. Four
young patients with no posterior vitreous detachment and atrophic hole were included,
and they were all successfully treated by PR in this study. Previous studies have shown
the anatomic reattachment rate in pediatric RRD patients undergoing PR was similar to
that reported in adult patients. Chen et al. [20] demonstrated the effectiveness of PR for
retinal RRD repair in teenagers, and 84.2% of the cases were successfully reattached after
one PR treatment. Additionally, Figueiredo et al. [21] found a similar reattachment rate of
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85% in 20 pediatric patients undergoing PR treatment for RRD fulfilling PIVOT criteria.
The younger patients may not appear to be at higher risk of failing PR. These specific cases
usually have no posterior vitreous detachment and healthy RPE pump function; subretinal
fluid may resolve more quickly after gas injection. Chen et al. [20] also suggested there
may be less new break formation in young patients without PVD. In the condition of no
PVD, the gas bubble may pose even and little traction on other parts of the retina and little
chance of new break formation.

PR treatment may result in better postoperative visual acuity than other RRD repair
surgeries. Tornambe et al. [22] reported that more patients achieved BCVA ≥20/40 in the
PR group (81/92, 88%) versus those in the SB group (57/77, 74%). Moreover, a recent
randomized controlled trial demonstrated that the visual acuity outcomes in patients
undergoing PR were superior to those undergoing PPV at every follow-up timepoint. The
proportion of eyes achieving ≥20/40 was 90.3% compared to 75.3% in the PPV group [3].
Yee et al. [16] showed that long-term visual outcomes following air PR showed comparable
improvement with those of PR using long-lasting gases, and 87% of the patients had the
same or better vision at the last follow-up. In line with previous studies, no participant had
worse postoperative visual acuity in our study, and visual improvement was achieved in
76.2% (16/21) of macula-on RRD and 100% (14/14) of macula-off RRD patients.

The macular structure can be altered in RRD patients even after repair surgeries.
Purtskhvanidze et al. [23] and Maqsood et al. [24] found that central retinal thickness was
significantly decreased in comparison to that of controls after PPV surgery in RRD patients,
especially in macula-off RRD patients. The detached retina may suffer from hypoxic condi-
tions, the outer retinal layers may be deprived of nutrients by the subretinal fluid, and the
microvasculature of the inner retinal layers may have lower blood perfusion. Nonetheless,
few studies have investigated the changes in retinal structure in RRD patients after PR
surgery. Kaderli et al. [25] reported that the inner retinal thickness in the eyes of macula-off
RRD patients was significantly higher than that in macula-on RRD patients at 1 month
and 3 months post operation. In contrast, we found significantly thinner central retinal
thickness in RRD eyes than that in fellow eyes in macula-off patients. This discrepancy in
results between these studies may be due to the difference in surgical techniques, follow-up
time, and patient populations. We have not investigated the postoperative photoreceptor in-
tegrity on OCT images, but it has been suggested that PR treatment may be associated with
less discontinuity of the ellipsoid zone and external limiting membrane at 12 months post
operation, which may be the reason for the improved visual outcome after PR surgery [26].

Our study presented several limitations. The sample size was relatively small and we
included only phakic eyes in the study. A future prospective randomized study with a
larger number of eyes and a longer follow-up is needed to verify our findings. We have not
compared our PR treatment with other RRD repair surgery treatments such as PPV or SB.
A comparative prospective study comparing the outcomes of the two-step procedure of air
PR with PPV and SB may yield more conclusive results.

5. Conclusions

The inpatient two-step pneumatic retinopexy with pure air injection and early laser
photocoagulation may be an effective approach to treating patients with RRD, who pre-
sented a high single-operation success rate and good visual acuity recovery.
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Abstract: (1) Purpose: This study aimed to evaluate morphological changes of the retina in eyes
with dissociated optic nerve fiber layer (DONFL) appearance following internal limiting membrane
(ILM) peeling for full-thickness idiopathic macular hole (IMH) on spectral-domain optical coherence
tomography (SD-OCT). (2) Methods: We retrospectively analyzed 39 eyes of 39 patients with type
1 macular hole closure after a vitrectomy with ILM peeling procedure at a six-month minimum
postoperative follow-up. The retinal thickness maps and cross-sectional OCT images were obtained
from a clinical OCT device. The cross-sectional area of the retinal nerve fiber layer (RNFL) on cross-
sectional OCT images was manually measured by ImageJ software. (3) Results: The inner retinal
layers (IRLs) thickness thinned down much more in the temporal quadrant than in nasal quadrants
at 2 and 6 months postoperatively (p < 0.001). However, the cross-sectional area of the RNFL did not
change significantly at 2 and 6 months postoperatively (p > 0.05) when compared to preoperative data.
In addition, the thinning of the IRL did not correlate with the best-corrected visual acuity (BCVA) at
6 months postoperatively. (4) Conclusions: The thickness of the IRL decreased in eyes with a DONFL
appearance after ILM peeling for IMH. The thickness of the IRL decreased more in the temporal
retina than in the nasal retina, but the change did not affect BCVA during the 6 months after surgery.

Keywords: dissociated optic nerve fiber layer; retinal dimples; internal limiting membrane; idiopathic
full-thickness macular hole; optical coherence tomography

1. Introduction

Idiopathic macular hole (IMH) is a retinal disease that seriously threatens patients’
vision and quality of life [1,2]. The mechanism of IMH involves the disruption or loss of the
Müller cell cone in the fovea, and this is caused by the vitreoretinal traction perifovea [3–5]
(see Figure 1C). A vitrectomy with the internal limiting membrane (ILM) peeling procedure
has been proven to promote postoperative macular hole closure and improve visual func-
tion in previous studies [6,7]. However, ILM plays an important role in homeostasis and
maintenance of inner retinal layers, as it is the basal membrane of Müller cells. Moreover,
in some cases, the removal of the ILM results in various complications, such as swelling of
the arcuate retinal nerve fiber layer (SANFL), macular retinal displacement, dissociated
optical nerve fiber layer (DONFL), etc. [8]. The study on the morphological changes of
the retina after the removal of the ILM in eyes with macular hole can help us to further
elucidate the potential damage caused by the surgery.
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Figure 1. Left eye of a 61-year-old man treated with vitrectomy and ILM peeling for IMH. (A).
The ILM around the macular hole was removed using pinch-and-peel technique after indocyanine
green staining. The yellow arrows represent the extent of the inner limiting membrane peeling. A
full-thickness macular hole was observed in fundus image (B) and OCT B-scan (C) before the surgery.
The green line with the arrow in (B) indicates the scan line for the B-scan OCT images in (C). En face
OCT images (D) at four-month postoperatively showed a clear CMDS appearance (i.e., concentric
dark spots) inside the ILM peeling area. And some focal dimples corresponding to dark spots on
green line in (D), were visible in the RNFL on B-scan OCT images in (E) (yellow arrows).

Optical coherence tomography (OCT) is a non-invasive optical imaging technique that
enables in vivo imaging of the structural morphology and blood flow (OCT angiography)
of the retina in both human and a variety of veterinary species [9,10]. DONFL appears
as dimples (see Figure 1E) in the inner retinal layers on cross-sectional OCT images and
as concentric macular dark spots (CMDS) in en face OCT images [8,11] (see Figure 1D).
Several studies have shown that a DONFL appearance occurs without the loss of the nerve
fiber layer and argued that DONFL is caused by the rearrangement rather than the loss of
optic nerve fibers after ILM peeling [12,13]. However, some scholars believe that DONFL
involves damages in the deeper area under the retinal nerve fiber layer (RNFL), such as
the ganglion cell layer–inner plexiform layer (GCL–IPL) complex [14,15]. To date, the
pathogenesis of DONFL and the role of the retinal layer have not been well clarified.

Recently, with the help of high-resolution OCT, the structure of the retina could be
analyzed layer by layer, using thickness maps. Several studies have shown that ILM peeling
in IMH causes progressive thinning of some retina layers [16–18]. However, it is not known
whether this retinal-layer thinning is associated with the formation of DONFL, and there is
a lack of longitudinal observations of the retinal structure in DONFL patients after ILM
peeling. The study of the retinal layer changes in DONFL may help to shed light on the
formation mechanism of DONFL and its potential damage to vision.

Given the high incidence of DONFL after ILM peeling in IMH [19], this study aimed
to evaluate the retinal structure in eyes with DONFL after ILM peeling for IMH through
long-term follow-up to explore the mechanism of DONFL formation. We also analyzed
the correlation between the change of retinal layers and visual acuity after surgery. We
hope this study can help to provide more information for clinical practice to improve the
surgical procedures.
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2. Methods

2.1. Ethical Approval

This was a retrospective study that adhered to the tenets of the Declaration of Helsinki.
Institutional Review Board (IRB) approval was obtained from the Affiliated Eye Hospital
of Wenzhou Medical University, and informed consent was obtained from all subjects.

2.2. Inclusion and Exclusion Criteria

Inclusion criteria were eyes diagnosed as IMH and underwent ILM peeling between
January 2017 and September 2020. All the included eyes achieved a type 1 closure pattern
and at least 6 months of postoperative follow-up. The type 1 closure of IMH was defined as
some reconstitution of the banded anatomy [20]. All the included eyes’ pre- and postopera-
tive fundus photographs, as well as OCT scans with a minimum follow-up of six months,
were accessed. The size of the macular hole was measured as the minimum hole width or
the narrowest aperture size in the middle retina on cross-sectional OCT images, as defined
by The International Vitreomacular Traction Study (IVTS) Group on initial presentation [21].
Eyes with other severe vitreoretinal diseases (e.g., glaucoma, retinitis pigmentosa, diabetic
retinopathy, and pathological myopia), a history of the previous vitrectomy, and poor OCT
image quality were excluded from the study.

2.3. Surgical Procedure

The standard three-port pars plana vitrectomies were performed in all patients by
a surgeon, using a 23-gauge transconjunctival vitrectomy system (see Figure 1A). Pha-
coemulsification with intraocular lens implantation would be performed if the cataract was
severe enough to interfere with intraocular surgery. Triamcinolone acetonide was used to
assist posterior vitreous detachment (PVD). ILM was removed around the macular hole in
2–3 disc diameters, using a pinch-and-peel technique with forceps stained with 0.02 mL
of indocyanine green (0.025 mg/mL) (see Figure 1A). Sterile air was filled in the vitreous
cavity following the exchange of gas and liquid. For a minimum of seven days after surgery,
all patients had to remain facedown.

2.4. Data Collection

Information collected included demographic data (e.g., age and sex), laterality, pre-
and postoperative best-corrected visual acuity (BCVA), lens status, B-scan SD-OCT images
(Spectralis HRA, Heidelberg Engineering, Germany), and en face OCT images (RTVue,
Optovue, San Francisco, CA, USA). The B-scan mode included a linear horizontal scan of
20◦ × 15◦ (6.6*4.9 mm). BCVA measurements were performed by using the Snellen chart
and were converted to units of logarithms of the minimum angle of resolution (logMAR)
for statistical analyses. The postoperative parameters were analyzed two and six months
after surgery.

On en face OCT images, all postoperative images were assessed to determine whether
or not inner retinal dimples were present. The retinal layers were automated segmented
with the 6*6 mm scan mode in the macular region, using the RTVue XR OCT. One retinal
specialist would make manual adjustments if the segmentation was improper before further
retinal thickness measurement. Then the mean thickness of the total retinal layer (TRL),
the outer retinal layer (ORL), and the inner retinal layer (IRL) of the parafoveal area (i.e.,
the area with an inner diameter of 1mm and an outer diameter of 3 mm) were automated
measured with embed software and exported for further analysis (see Figure 2). TRL was
defined as the retina layer between the ILM and the retinal pigment epithelium (RPE),
the ORL was defined as the retina layer from the inner nuclear layer to the RPE, and
the IRL was defined as the retina layer from the ILM to the inner plexiform layer. All
the thickness data in each quadrant were exported for further analysis. In addition, the
ImageJ (software version 1.52; National Institutes of Health, Bethesda, MD, USA) was used
to quantitatively assess the cross-sectional area of the RNFL. This measurement method
has been proven effective in previous studies [13]. In brief, three horizontal B-scan OCT
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images (i.e., subfoveal, the closest superior, and inferior to the fovea) with 6 mm scan
length and 0.25 mm intervals at each follow-up visit were selected. The area of RNFL
in each image was measured manually, using the ImageJ program by one observer, and
the area was quantified in pixels (see Figure 2). Fifty OCT images were chosen randomly
from the collected images to determine the reproducibility of the measurement, and two
observers were asked to evaluate them individually. To determine the repeatability of the
measurement, Observer 1 was asked to measure the same 50 images one week after the
first measurement and was blind to the previous scores.

 
Figure 2. Left eye of a 57-year-old woman treated with vitrectomy and ILM peeling for IMH. (a–c).
The thickness of TRL, ORL, and IRL in different parafoveal regions was automatically identified using
the Early Treatment Diabetic Retinopathy Study (ETDRS) grid and measured by RTVue XR OCT. (d).
The B-scan OCT images of the fovea, the closest superior to the fovea, and the closest inferior to the
fovea were used for the measurement of RNFL cross-sectional area. (A). The TRL was defined as the
area between the ILM and the RPE as the area shown in blue. (B). The ORL was defined as the area
from the inner nuclear layer to the RPE as the area shown in orange. (C). The IRL was defined as the
area from the ILM to the inner plexiform layer as the area shown in green. (D). RNFL cross-sectional
area (i.e., yellow section) in B-scan OCT images was measured manually using ImageJ software.

2.5. Statistical Analysis

Statistical analyses were conducted with statistics software (IBM SPSS, version 26; IBM
Corp., Armonk, NY, USA). The normality of data distribution was confirmed by using the
Shapiro–Wilk test. The normally distributed variables were expressed as mean ± standard
deviation, and the non-normally distributed variables were expressed as median (inter-
quartile range). Repeated measures ANOVA was used to evaluate the changes in different
retinal layers over time. Considering inter-group correlations, generalized estimating equa-
tions (GEEs) were used to analyze differences in the reduction of retinal layer thickness
in different quadrants. Multiple comparisons between the groups within each analysis
were performed by using the Bonferroni correction test. Correlation tests were conducted
by using Spearman’s correlation test. A p-value of less than 0.05 was considered statisti-
cally significant.
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3. Results

3.1. Subject Characteristics and Incidence of DONFL

The study included 39 eyes from 39 patients with at least a 6-month follow-up (9 men
and 30 women, ages 25 to 84, mean age, 59.487 ± 10.406 years). The axial length was,
on average, 24.318 ± 1.914 mm. Except for the eye of a 24-year-old woman who had
no diagnosis of cataract, all of the included eyes underwent phacoemulsification and
intraocular lens implantation. In total, there were 8 (20.51%) eyes with a small macular hole,
8 (20.51%) eyes with a median macular hole, and 23 (58.97%) eyes with a large macular
hole. Mean preoperative BCVA was 0.929 ± 0.494 logMAR units, and BCVA 6 months
postoperatively was 0.311 ± 0.283 logMAR units. The improvement in BCVA from the
baseline was statistically significant (p < 0.001). At the initial checkup two months following
surgery, 30 eyes (76.92%) had DONFL in all four quadrants, compared to 9 eyes (23.08%)
that had DONFL exclusively in the temporal quadrant. DONFL was noticed throughout
the course after 6 months following surgery in each of the four quadrants (100%). Table 1
gives all the information.

Table 1. Demographics and clinical characteristics of study subjects (n = 41).

Variables Value

Age (years, mean ± SD) 59.487 ± 10.406
Gender (N, %)

Male 9, 23.08%
Female 30, 76.92%

Eyes (N, %)
Right 18, 46.15%
Left 21, 53.85%

AL (mm, mean ± SD) 24.318 ± 1.914
BCVA (logMAR, mean ± SD)

Preoperative 0.929 ± 0.494
2 months postoperative 0.415 ± 0.294
6 months postoperative 0.311 ± 0.283
Classification of IMH

Small (N, %) 8 (20.51%)
Medium (N, %) 8 (20.51%)

Large (N, %) 23 (58.97%)
AL, axial length; BCVA, best correct visual acuity.

3.2. Retinal Thickness Decreased in DONFL after Surgery

The retinal thickness analysis was performed in all eyes. The mean thickness of the
layers for each quadrant during the follow-up is listed in Supplementary Table S2. The
trends of retinal thickness in each quadrant are shown in Figure 3. The thickness of TRL
and ORL in all quadrants was decreased at the 6-month postoperative follow-up (p < 0.001).
Moreover, the IRL thickness in all quadrants decreased at 6-month postoperative follow-up
(p < 0.001 for temporal, superior, and inferior; p = 0.008 for nasal). The cross-sectional
area of the RNFL increased slightly from 2945.436 ± 559.580 pixels preoperatively to
3048.222 ± 572.067 pixels at 2 months postoperatively, but the change was not statistically
significant (p = 0.623). Four months later, the cross-sectional area of the RNFL later de-
creased to 2841.256 ± 590.553 pixels at 6 months postoperatively (p = 0.044), but the finding
was not statistically different from the baseline (p = 0.463) (as shown in Figure 3). The
intraclass correlation coefficient (ICC) of the measurements for intra-observer repeatability
and inter-observer reproducibility were, respectively, 0.971 and 0.960. The results of the
Bland–Altman analysis showed that the measurements had good intra-observer repeatabil-
ity and inter-observer reproducibility (as shown in Figure 4). The intervals between the
95% limits of agreement were relatively small and suitable for clinical evaluation (inter-
observer, −218.7 to 348.5; intra-observer, −240.0 to 403.5). This suggests that the RNFL
area measurement is generally accurate and trustworthy.
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Figure 3. Trends of changes and regional differences in the different retinal layers of the patients
with DONFL during postoperative follow-up. (A–C). The thickness of TRL, ORL, and IRL decreased
significantly in all quadrants. (D). The area of RNFL increased slightly at 2-month operatively with
no significant difference, then decreased significantly between 2 months operatively and 6 months
operatively, but there is still no significant difference compared to the preoperative. * Statistically sig-
nificant difference(p < 0.05). ** Statistically significant difference(p < 0.01). *** Statistically significant
difference(p < 0.001).

A B 

Figure 4. Results of intra-observer and inter-observer agreement for RNFL measurement. (A) Results
of intra-observer agreement for RNFL measurement. The abscissa was the average of the two
measurements from observer 1, and the ordinate was the difference of the two measurements from
the same observer. (B) Results of inter-observer agreement for RNFL measurement. The abscissa
was the average of the two measurements from observer 1 and observer 2, and the ordinate was the
difference between the two measurements from observer 1 and observer 2.
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3.3. The Extent of Thinning in the Layers of the Retina

We further compared the extent of thinning in ORL and IRL in each quadrant during
the 6-month follow-ups (Table 2). The result showed that there was no significant difference
in the reduction of ORL thickness between the temporal and nasal quadrants at the 2- and
6-month follow-ups (p = 1.000). There was also no significant difference in the reduction
of ORL thickness between the superior and inferior quadrants at the 2- and 6-month
follow-ups (p = 1.000). At the 2- and 6-month follow-ups, it was discovered that the IRL
thickness decreased more in the temporal quadrant than in the nasal quadrants, and the
differences were statistically significant (p < 0.001). However, no statistical difference was
found between superior and inferior quadrants in IRL thickness decrease (p = 0.171 for
2 months, p = 0.077 for 6 months). The retinal thickness at baseline was analyzed, and the
result (Supplementary Table S3) showed that the nasal ORL was significantly thicker than
the temporal ORL (p < 0.001). However, there was also no significant difference between
the superior and inferior ORL thickness (p = 1.000). As for IRL, the temporal IRL was
thinner than the nasal IRL, but there was no significant difference (p = 1.000). The thickness
of superior IRL and inferior IRL also showed no difference (p = 1.000).

Table 2. Reduction of inner and outer retinal thickness in each quadrant in the patients with DONFL
during the different postoperative periods.

Temporal Nasal p1 Superior Inferior p2

ORL
2 months 28 (−1, 54) 32 (−3, 56) 1.000 20 (0, 46) 23 (−3, 58) 1.000
6 months 34 (11, 67) 35 (0, 57) 1.000 25 (6, 50) 33 (2, 57) 1.000

IRL
2 months 22 (14, 32) 7 (−6, 20) < 0.001 † 11 (0, 21) 13 (−1, 25) 0.171
6 months 25 (18, 37) 10 (−1, 25) < 0.001 † 17 (3, 27) 17 (5, 29) 0.077

DONFL, dissociated optic nerve fiber layer; ORL, outer retinal layer; IRL, inner retinal layer. The p1 was obtained
by Bonferroni correct test comparing the data of temporal and nasal in GEE analysis, and p2 was obtained by
Bonferroni correct test comparing the data of superior and inferior in GEE analysis.

3.4. Correlation between Retinal Layers Thinning and BCVA

In order to further explore whether the thinning in the IRL and ORL was correlated
with the postoperative BCVA in eyes with DONFL, we analyzed the correlation between
the extent of thinning in both layers and BCVA 6 months after surgery, using the Spearman
correlation test. The results indicated that BCVA did not correlate with IRL or ORL thinning
in each quadrant (Table 3) and also did not correlate with the mean thinning of IRL or ORL.

Table 3. The correlation between BCVA and the reduction of retinal thickness in each quadrant in the
patients with DONFL 6 months after surgery, using Spearman’s correlation test.

Temporal Nasal Superior Inferior Mean

Outer retina layer
r-value 0.161 0.14 0.071 0.045 0.093
p-value 0.328 0.394 0.666 0.786 0.575

Inner retina layer
r-value -0.063 0.104 0.038 0.103 0.069
p-value 0.704 0.529 0.816 0.534 0.678

4. Discussion

Previous studies have shown a strong link between ILM peeling and the formation of
DONFL [14,22,23]. Mitamura et al. [12] found that DONFL was present in 62.2% of the ILM
peeling group limited in areas with ILM peeling and 0.0% in the non-ILM peeling group.
Another study reported that the incidence of DONFL was as high as 100% after idiopathic
full-thickness macular hole (FTMH) surgery [11]. Most studies consider defects in the IRL
in DONFL after ILM peeling to be limited to RNFL changes and consider DONFL to be a
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reorganization of RNFL. However, some research argued that DONFL involves damages in
IRL rather than RNFL rearrangement only [14].

In this study, we analyzed 39 of 39 DONFL eyes and found significant reductions in
ORL and IRL thickness in all quadrants at 6 months postoperatively. A further analysis
showed that the thickness of the temporal IRL decreased more than the IRL thickness in
the nasal quadrant; these findings are similar to the findings of other researchers. For
example, Tada et al. [18], by using retinal thickness maps, found that ILM peeling resulted
in progressive thinning of the temporal inner retina at 6 months postoperatively, but no
significant changes were found in the nasal inner retina. In addition, the distribution
pattern of changes in IRL thickness is highly similar to what we have in our previous
quantitative study of DONFL: the severity of DONFL was greater on the temporal side
than in the other quadrants [24]. Given that DONFL is an inner retinal appearance and that
the distribution of changes in ORL did not have a similar pattern to that of DONFL, we
speculate that the formation of DONFL might be related to a reduction in IRL thickness. As
an indirect indicator of retinal depression, the cross-sectional area of RNFL, compared to
preoperative data, increased within 2 months postoperatively and decreased at 6 months
postoperatively, yet these changes did not reach statistical significance. These changes in
the RNFL were also observed by Clark et al. [25]; the study found swelling of the inner
retina within 1 week to 1 month after ILM peeling. Using intraoperative OCT, Runkel
et al. [19] found an increase in intraoperative nerve fiber layer thickness and a significant
association with the development of postoperative DONFL appearance. Generally, the
nerve fiber layer swelling disappeared after an average of 2 months postoperatively, so the
reduction in RNFL cross-sectional area observed in this study between 2 and 6 months after
surgery may be related to the disappearance of swelling, and the RNFL may be rearranged
rather than becoming defective in the development of DONFL.

Given that the RNFL area did not alter considerably in our investigation, a drop in
IRL thickness would have happened in deeper layers, such as GCL–IPL, after ILM peeling.
Demirel et al. [15] also discovered that, following ILM peeling, the GCL–IPL thickness
decreased, and the GCL thinning was particularly noticeable in the inner retinal dimples.
According to researchers, retinal ganglion cell (RGC) mortality may not be the source
of GCL thinning in the foveal region since, if RGC death resulted in the emergence of
DONFL, there should be a corresponding arcuate loss of nerve fibers and a visual-field
deficiency. However, previous studies have not observed any visual-field defects in DONFL
patients [22]. Therefore, the thinning of GCL in the depressed area may be related to the
loss or damage of Müller cells in this area [26]. The endfeet of Müller cells participated
in the formation of the ILM [27]. Stripping the ILM may deprive the Müller cells of their
endfeet function, causing the remainder to degenerate.

Another hypothesis in the pathogenesis of DONFL is related to anoikis in RGCs [28].
Anchorage-dependent cells that undergo dissociation from the surrounding extracellular
matrix experience a type of apoptosis known as anoikis [29]. As we all know, ILMs
are formed by the foot processes of Müller cells, and the expression of integrins has
been detected in the ILM [30]. Moreover, since the focal adhesion kinase is expressed in
RGCs [31,32], RGCs might act as an anchorage-dependent cell adjacent to the ILM, and ILM
peeling might trigger the anoikis in RGCs. Recent studies have suggested that there may be
undifferentiated cells in the fovea, such as retinal stem cells [33]. This sets the foundation
for apoptosis, as apoptosis occurs in a large number of cells during the integration of early
generated neurons [34,35]. It has been shown that ganglion cells express E-cadherin during
embryogenesis [36], and E-cadherin is known to be a glycoprotein associated with anoikis.
βA3/A1 crystallin, a protein associated with apoptosis, has also been discovered [37]. RGCs
instead of Müller cells expresses the protein. Therefore, we speculate that the appearance
of DONFL is due to ILM-peeling-induced anoikis in newly formed RGCs from retinal
stem cells rather than in Müller cells. Apoptosis of these newly formed RGCs promotes
a DONFL appearance and leads to a reduction in IRL thickness. In the present study,
there was no correlation between IRL changes in each quadrant and postoperative BCVA
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6 months after surgery. This finding can be explained by the above theory because the
newly generated RGCs may not yet be integrated into the neural network and are not
involved in visual function. Moreover, the cross-sectional area of RNFL did not change
compared to preoperative data, and this serves as another piece of evidence for the above
theory. The reason for the greater reduction in retinal thickness in the temporal IRL may be
that the nerve-fiber layer is thinner on the temporal side than other sides, and the ganglion
cells are less protected by RNFL, thereby leaving the area more susceptible to damages.
Based on these explanations, we propose that developmental changes in DONFL may be
attributed to multiple factors, such as RNFL layer rearrangements and GCL–IPL layer
defects, and are closely associated with alterations in Müller cells and RGCs.

The main limitations of this study are listed as follows: (1) This study was retrospective,
and the sample size of patients was relatively small. (2) The detection of visual function is
relatively simple and lacks more evaluation of visual function except for BCVA. (3) This
was a single-center study, and a multicentric study is necessary for further analysis.

In conclusion, there was thinning in IRL and ORL in patients with DONFL, and the IRL
thinning mainly involved the temporal retina. The results show that there is no significant
correlation between retinal thinning and postoperative BCVA in DONFL patients.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jpm13020255/s1, Table S1: The area of RNFL in the patients
with DONFL during postoperative follow-up; Table S2: The retinal thickness of each layer in each
quadrant in the patients with DONFL during postoperative follow-up; Table S3: The baseline of inner
and outer retinal thickness in each quadrant in the patients with DONFL.
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Abstract: Congenital aniridia is a rare autosomal dominant congenital ocular disorder. Genetic
studies suggest that heterozygous mutations in the developmental regulator PAX6 gene or the related
regulatory regions leading to haploinsufficiency are the main cause of congenital aniridia. In this
study, the clinical characteristics and pathogenic mutation of a four-generation Chinese family with
congenital aniridia were investigated. All members recruited in this study underwent comprehen-
sive ophthalmic examinations. Targeted gene capture sequencing and Sanger sequencing were
performed to screen and confirm the candidate pathogenicity gene and its mutation. A multiple
alignment of homologous sequences covering the identified mutation from different species was
investigated, and the mutant protein structure was predicted using Swiss-Model. Additionally,
the prediction of pathogenicity was analyzed using the ACMG Guidelines. Thirteen patients in
this pedigree were diagnosed with congenital aniridia. A novel heterozygous frameshift mutation
(c.391_398dupATACCAAG, p.Ser133Argfs*8) in exon 7 of the PAX6 gene was identified in all af-
fected individuals in the family. This study demonstrates that this frameshift mutation of the PAX6
gene might be the causative genetic defect of congenital aniridia in this family. This mutation is
predicted to cause the premature truncation of the PAX6 protein, leading to the functional haploinsuf-
ficiency of PAX6, which may be the major molecular mechanism underlying the aniridia phenotype.
To the best of our knowledge, this is the first report of a novel pathogenic PAX6 gene variant
c.391_398dupATACCAAG(p.Ser133Argfs*8) identified in a Chinese family with congenital aniridia.

Keywords: aniridia; PAX6 gene; targeted gene capture sequencing; frameshift; autosomal
recessive inheritance

1. Introduction

Congenital aniridia (MIM 106210) is a rare panocular malformation with an incidence
ranging from 1:64,000 to 1:100,000. It is characterized by either an absence or hypoplasia of
the iris in both eyes [1]. It usually occurs with other ocular abnormalities such as cataracts,
aniridia-related keratopathy, glaucoma, nystagmus, foveal hypoplasia, and obvious visual
impairment. Congenital aniridia manifests in different forms, most of which are transmitted
in an autosomal-dominant manner with a high degree of penetrance. It can also be sporadic,
and as part of several syndromes including WAGR and WAGRO syndromes, as well as
other syndromes with an intellectual impairment [2]. Studies have showed that about
two-thirds of aniridia cases are familial, and the remaining one-third are sporadic [3]. The
majority of congenital aniridia and other ocular disorders such as Peters anomaly occur due
to different mutations found in or around the transcription factor PAX6 gene (paired box 6,
MIM 607108). The mutations reported in this gene are scattered throughout the complete
coding sequence of the gene or in the regulatory regions. The mutations in the PAX6 gene
cause ocular abnormalities including aniridia in both vertebrate and invertebrate animal
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species. Studies have reported that the majority of PAX6 mutations are heterozygous,
resulting in the loss of one allele causing PAX6 haploinsufficiency [4].

The PAX6 gene is highly conserved throughout biological functions across diverse
species, implicating its key role in embryonal ocular differentiation. It encodes a transcrip-
tion factor, which is a 2.7 kb mRNA encoding a 422-amino-acid protein. It contains two
DNA-binding domains: the paired domain (PD) and the homeodomain (HD). They are
isolated by a linker segment (LNK), followed by a C-terminal region, rich in proline, serine,
and threonine (PST) [5–7], which is a transactivation domain.

Numerous researchers have proven that the PAX6 protein is crucial for the normal
development and maintenance of the eye, central nervous system, and many other ele-
ments [8–11]. Notably, PAX6 is identified as the master gene controlling eye development.
It is expressed in most ocular structures and plays key roles in lens induction, epithelial
tissue morphogenesis, and neuronal specification or differentiation [12]. Mutations in the
PAX6 gene cause a series of ocular diseases, such as nystagmus, cataracts, and aniridia [13].
In recent years, many studies have focused on the varied clinical manifestation and allelic
heterogeneity of PAX6-associated aniridia. In this study, a clinical and genetic evaluation
of a four-generation Chinese family with congenital aniridia was carried out. A novel
heterozygous frameshift mutation of the PAX6 gene was identified. The molecular under-
standing of the predicted impact based on existing research and prediction algorithms was
clarified. Moreover, the available clinical features of PAX6-associated aniridia in this study
were investigated. To the best of our knowledge, this is the first reported association of the
PAX6 gene variant c.391_398dupATACCAAG, p.Ser133Argfs*8 with congenital aniridia.

2. Materials and Methods

2.1. Human Subjects

A four-consecutive-generation Han Chinese pedigree (Figure 1) with congenital
aniridia was recruited from The Affiliated Eye Hospital of Nanjing Medical University for
the study. This family contained 29 individuals including 13 patients and 16 unaffected
individuals. All procedures performed in studies involving human participants were in ac-
cordance with the ethical standards of the institutional and/or national research committee
and with the 1964 Helsinki Declaration and its later amendments or comparable ethical
standards. The study was approved by the Medical Ethics Committee of Eye Hospital,
Nanjing Medical University (No. 2019004). Informed written consent was obtained from
all participants prior to inclusion in the study.

2.2. Clinical Evaluation

All members recruited in this study underwent thorough ophthalmic examinations,
including uncorrected and best-corrected visual acuity (BCVA), slit-lamp biomicroscopy of
the anterior segment, eye position, eyeball movement, fundus examination after dilation,
intraocular pressure (IOP) measurement, and optical coherence tomography.

2.3. Genomic DNA Extraction and DNA Library Preparation

After informed consent, blood samples were collected from all unrelated aniridia
patients and most unaffected family members for DNA extraction and genomic analysis.
The genomic DNA of all individuals was extracted from 2 mL of peripheral venous blood
using a Blood Genomic DNA Extraction Kit (CoWin Bioscience, Beijing, China) according
to the manufacturer’s instructions. DNA integrity was evaluated via 1% agarose gel
electrophoresis. Targeted gene enrichment and sequencing were performed on the proband
IV8. Genomic DNA was fragmented to an average size of 180 bp with sonication. Paired-
end sequencing library preparation, comprising end repair, adapter ligation, and PCR
enrichment, were carried out as recommended by Illumina protocols using DNA sample
prep reagent set 1 (New England Biolabs (Beijing) LTD., Beijing, China).
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Figure 1. Pedigree of a Chinese family with congenital aniridia. Filled squares and circles denote
affected males and females, respectively. Normal individuals are shown as empty symbols. The
proband is indicated by an arrow. DNA samples used for sanger sequencing are marked with
an asterisk.

2.4. Targeted Gene Enrichment and Sequencing

Targeted next-generation sequencing (NGS) was carried out with DNA probes de-
signed to tile along the exon regions of 815 known pathogenic genes of hereditary oph-
thalmic disorders (Table S1), and the amplified DNA was captured using a GenCap capture
kit (MyGenostics, Beijing, China) depending on the manufacturer’s instructions. The PCR
product was purified by SPRI beads (Beckman Instruments, Brea, CA, USA) according
to the manufacturer’s protocol. The enrichment libraries were sequenced on an Illumina
HiSeq X ten sequencer (Illumina, San Diego, CA, USA) for 150 bp paired reads. Muta-
tions were called after sequencing using BWA (http://bio-bwa.sourceforge.net/, accessed
on 25 February 2023) and GATK (https://gatk.broadinstitute.org/hc/en-us, accessed on
25 February 2023) and annotated using ANNOVAR (http://annovar.openbioinformatics.
org/en/latest/, accessed on 25 February 2023). The filtering process included all coding
variants with an MAF < 5% and excluded synonymous and in-frame insertion/deletion vari-
ants. The identified mutation was named according to the nomenclature established by the
Human Genomic Variation Society (HGVS). Candidate genes and variants were analyzed
in combination with the patients’ phenotypes and public variant databases. Pathogenic
genes and genetic variations with known, definitive genetic associations with aniridia were
paid more attention, including PAX6, ABCB6, FOXC1, PITX2, FOXD3, and CYP1B1.

2.5. Sanger Sequencing

Direct Sanger sequencing was performed to determine the co-segregation of identified
variants with the clinical phenotype in all affected family members and some normal
members. The primer flanking region on exon 7 of the PAX6 gene that covers the mutation
Primers (5′–TGAAAGTATCATCATATTTGTAG–3′ (F) and 5′–AGGAGAGAGCATTGGGCT
TA–3′ (R)) were designed using Primer Premier 5 and synthesized by BGI (Guangzhou,
China). Polymerase chain reaction (PCR) was performed using a MyCycler thermal cycler
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(Bio-Rad, Hercules, CA, USA) in a 25 μL reaction system, which contained 0.1 μg of
genomic DNA, 40 μmol/L forward and reverse primers, 3 mmol/L magnesiumchloride,
and 2× Taq Master Mix (SinoBio, Shanghai, China). The PCR conditions used were as
follows: 4 min at 95 ◦C for initial denaturation, 35 cycles of denaturation at 95 ◦C for 10 s
for melting, annealing temperature of 54 ◦C lasting for 30 s, 30 s at 72 ◦C for extension,
and a final additional extension step of 5 min at 72 ◦C. Before sequencing, 1% agarose
gel electrophoresis was used to purify the target PCR fragments using the QIAquick Gel
Extraction Kit (QIAGEN, Shanghai, China). Sanger sequencing was performed on a 3130XL
sequencer and analyzed on an ABI 3130 Genetic Analyzer (Applied Biosystems, Thermo
Fisher Scientific, Waltham, MA, USA). Sequence data were compared in a pairwise manner
with the related human genome database (Assembly GRCh37/hg19).

2.6. Variant Analyses

To analyze the evolutionary conservation of the mutant region, the sequences of PAX6
orthologs in different vertebrate species were retrieved from the NCBI Reference Sequence
database. A multiple alignment of homologous sequences from eight species was conducted
using ClustalW2 (http://www.ebi.ac.uk/Tools/msa/clustalw2/, accessed on 25 February
2023). ACMG Guidelines were used through various algorithms for prediction of the
impact of the variant on protein structure and the prediction of pathogenicity. Additionally,
protein three-dimensional structures of full-length and mutated PAX6 were evaluated
with the Swiss-Model program (https://swissmodel.expasy.org/interactive, accessed on
25 February 2023).

3. Results

3.1. Clinical Features of the Family with Congenital Aniridia

The four-generation Chinese family enrolled in this study consisted of 29 individuals
(Figure 1) with 13 patients diagnosed as congenital aniridia (I2 died). The probands IV1
and IV8 came to the hospital for treatment much earlier. Among all thirteen patients, seven
(53.8%) were female, while the remaining six (46.2%) were male, with their ages varying
from 3 to 69. All the affected members exhibited almost similar ocular symptoms, including
complete absence of the irises, horizontal tremor, foveal hypoplasia, and uncorrected visual
impairment in both eyes. Interestingly, peripheral corneal edema and opacification was
observed in seven relatively older patients (53.8%), while lens opacity was also present in
seven of thirteen patients (53.8%), indicating a positive correlation with age. In this respect,
patient III2 deserved attention due to the experience of bilateral cataract surgery. Four of
thirteen affected individuals (30.8%) suffered from strabismus, two (III2, III9) of thirteen
patients (15.4%) suffered from exotropia, and the remaining two (II2, IV8) of thirteen
patients (15.4%) suffered from esotropia. Except for proband IV1 who complained of ptosis,
no other ocular or systemic abnormalities were detected. Ophthalmic manifestations of all
patients and representative examination results are shown in Figure 2 and Table 1.

3.2. Molecular Analysis

NGS was implemented for proband IV8. Detailed information about the sequencing
and alignment quality of NGS data is provided in Table S2. Following NGS and the
data analysis, a heterozygous frameshift mutation of the PAX6 gene (NM_001604) was
detected in proband IV8. PAX6 was the most likely pathogenic gene in this study, which
is further elaborated on in the discussion. This mutation (c.391_398dupATACCAAG,
p.Ser133Argfs*8) was neither present in the databases of 1000 genome, ESP6500, dbSNP,
EXAC, and HGMD, nor reported previously. To verify the identified gene defects, PCR and
Sanger sequencing were applied to DNA samples, including 12 affected individuals and
5 unaffected family members who were available (Figure S1). The results manifested that all
individuals with congenital aniridia of the pedigree harbored this heterozygous mutation.
Diametrically, unaffected family members did not carry the variant (Figure 3). In brief, this
mutation was co-segregated with the disease phenotype with complete penetrance.

92



J. Pers. Med. 2023, 13, 442

 

Figure 2. Representative photos of partial cases. (A,B) Optical coherence tomography images from
the proband (IV1) demonstrated foveal hypoplasia in both the right eye (A) and the left eye (B).
(C,D) Ultrasound biomicroscope photos displayed the iris remnants (the arrow) in the anterior
chamber of the proband (IV1) in both eyes. (E) Ptosis was present in the proband (IV1). (F,G) Photos
revealed total iris hypoplasia in both eyes of patient III9. (H,I) Anterior segment photographs
indicated that both eyes of the proband IV8 exhibited complete iris absence. (J,K) The eyes of patient
III2 were found with peripheral corneal edema and opacity, total iris hypoplasia, and aphakia by
anterior segment photography. (L,M) Bilateral aniridia and cataract were observed in the proband
(IV1). (N,O,P) Eye position photographs manifested that patient III9 (N) and patient III2 (O) suffered
from exotropia, while patient II2 (P) developed esotropia.
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Table 1. Clinical details of patients of the recruited family.

Pedigree
Number

Gender
Age

(Years)
BCVA

(OD/OS)

IOP
(mmHg)
(OD/OS)

Aniridia KP Cataract
Macular
Foveal
Reflect

Nystagmus Strabismus

II2 F 69 CF (20
cm)/0.12 21/19 Total Corneal edema and

opacity + − + Esotropia

II4 F 63 0.15/0.04 18/22 Total Corneal edema and
opacity + − + −

II5 M 59 0.02/CF
(30 cm) 18/16 Total Corneal edema and

opacity + − + −
II6 F 50 0.06/CF

(30 cm) 17/19 Total Corneal edema and
opacity + − + −

III2 M 46 0.01/CF
(20 cm) 15/16 Total Corneal edema and

opacity Aphakia − + Exotropia

III7 F 34 0.12/0.1 20/21 Total Corneal edema and
opacity + − + −

III9 M 30 0.1/0.2 19/18 Total Corneal edema and
opacity − − + Exotropia

III11 M 24 0.3/0.3 17/20 Total − + − + −
III12 F 20 0.06/0.1 18/19 Total − − − + −
IV1 M 19 0.2/0.2 20/18 Total − + − + −
IV2 M 3 0.1/0.3 16/17 Total − − − + −
IV8 F 6 0.1-/0.1 19/19 Total − − − + Esotropia

Abbreviations: M: male; F: female; BCVA: best-corrected visual acuity; CF: count fingers; OD: oculus dexter; OS:
oculus sinister.

The PAX6 gene variant (c.391_398dupATACCAAG, p.Ser133Argfs*8) was located
in exon 7. This 8-bp duplication converts serine to arginine at amino-acid position 133,
followed by another seven erroneous residues, and was predicted to create a truncated
protein with 125 amino acids (Figure 4B) in comparison with a full-length wildtype protein
of PAX6 with 436 amino acids (Figure 4A). According to ACMG/AMP Guidelines for
genomic variant classification, this variation was assessed for “pathogenic” with evidence
of pathogenicity: PVS1, PM2, PP1, and PP4 (Table 2).

It was demonstrated that the serine at position 133 of PAX6 was highly conserved
during evolution using ClustalW2 with multiple alignments of orthologs from eight dif-
ferent species: rabbit, tropical clawed frog, chicken, house mouse, dog, cattle, human,
and Norway rat (Figure 4B). Bioinformatics analysis showed that the duplication of AT-
ACCAAG at position c.391_398 may disrupt the open reading frames of PAX6, possibly
retaining most of the paired domain of PAX6 but lacking the remaining domains, including
the linker segment, the homeodomain, and the PST domain. Like other PAX6 frameshift
variants reported, this very likely causes haploinsufficiency due to nonsense-mediated
decay (NMD). Even if the mutant transcript escapes NMD, the protein is expected to be
nonfunctional. Swiss-Model predicted the 3D structure of PAX6 from the N terminal. The
results indicated that mutated PAX6 even loses the α-helix of the paired domain (Figure 5),
which may not be expected to be produced. The truncated protein might be unable to
perform its substantial biological functions in ocular and neurologic development. Taken
together, this variant of PAX6 is a novel mutation which was most likely responsible for
autosomal dominant congenital aniridia in this study.

Table 2. Summary of the PAX6 gene and its variant.

Gene Position Transcript Exon Change of Nucleotide
Predicted Change of

Amino Acid
Domain

Variant
Type

Status
ACMG/AMP

Variant
Classification

PAX6 chr11:31823109 * NM_001604 7 c.391_398dupATACCAAG p.Ser133Argfs*8 PD Frameshift Het Pathogenic #

* Assembly GRCh37/hg19. # Evidence of pathogenicity: PVS1 + PM2 + PP1 + PP4. Abbreviations: Het,
heterozygous; PD: paired domain.
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Figure 3. Sequencing results for the variant c.391_398dupATACCAAG of the PAX6 gene.
(A) Integrative genomics viewer visualization of whole-exome sequencing showing a novel het-
erozygous variant in the PAX6 gene in the proband (IV8). (B) Sanger sequencing results of the PAX6
gene confirmed the mutant allele with ATACCAAG duplicated at the position indicating by two red
dotted line, in the affected individuals represented in the lower panel versus the normal individuals
in the upper panel. Sequencing direction is indicated by an red arrow.
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Figure 4. Schematic of predicted mutant PAX6 protein and bioinformatics analysis following ClustalW
alignment. (A) Schematic of mutant PAX6 protein (lower panel) as predicted in this study compared
with the wildtype PAX6 protein (upper panel). N, N terminus; PD, paired domain; LNK, linker
domain; HD, homeodomain; PST, proline, serine, and threonine-rich domain; C, C terminus. Due to
the frameshift duplication, the peptide in blue encoded by exon 7 of the wildtype is replaced by the
peptide in red in the mutant in the box. (B) The PAX6 mutation c.391_398dupATACCAAG involves a
highly conserved residue. The serine at position 133 is highly conserved for PAX6, as demonstrated
by an analysis of orthologs from eight different species: rabbit, tropical clawed frog, chicken, house
mouse, dog, cattle, human, and Norway rat.

Figure 5. Three-dimensional structure prediction of wildtype PAX6 and mutated PAX6 protein.
(A) Wildtype PAX6 structure. (B) Mutated PAX6 structure. The red arrow indicates the mutated
position S133.
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4. Discussion

The PAX6 gene, considered a causative gene for congenital aniridia since 1991 [6],
is located at chromosome 11p13 in the assembly GRCh37/hg19, consists of 14 exons
and 13 introns, and encodes 3 isoforms of transcripts determined by alternative splicing,
including 1 isoform with an alternative exon between exon 5 and 6, called exon 5a [14].
The translation initiation codon is in exon 4, and the termination codon is in exon 14,
with the first 3 being noncoding (Figure 5A). The alternative exonic inclusion of exon
5a generates a larger protein isoform PAX6-5a of 436 amino acids (NM_001604). It is
highly conserved throughout biological evolution across different species, encoding a
transcription factor which can initiate and regulate the transcription of downstream genes
during embryogenesis via attaching to special areas of DNA [15]. PAX6 is expressed
in almost all ocular structures including the iris, macula, optic nerve head, lens, and
cornea [2,7], playing a key role in early eye development. PAX6 regulates the tissue-
specific expression of different molecules, hormones, and structural proteins, and the
transcription of target genes can only be initiated when the expression of PAX6 reaches
a certain dose [16]. Mutations in the PAX6 gene cause anterior segment malformations
including aniridia, accompanied by a range of ocular phenotypes such as keratitis, cataract,
glaucoma, nystagmus, foveal hypoplasia, and optic nerve disorders.

In this study, a novel heterozygous frameshift mutation of the PAX6 gene (c.391_398dup
ATACCAAG, p.Ser133Argfs*8) was identified in a Chinese family. The genomic de-
fects were present in all affected members but absent in unaffected family members,
co-segregating with congenital aniridia, which is consistent with the previously reported
pedigree. A small duplication of an ATACCAAG sequence at nucleotide position 391 of
PAX6 was predicted to cause the replacement of a negatively charged serine by a positively
charged arginine and generating or forming a premature stop signal eight codons down-
stream in exon 7. This altered the original open reading frame, which was expected to
truncate PAX6 protein within the linker region. The resulting polypeptide then possibly
retained the paired domain but lacked the homeodomain, the PST domain, and almost the
entire linker segment. To our knowledge, outside of the homeodomain which combines
with DNA directly, the PST domain is indispensable by acting as a strong activator, ac-
cording to a single report which compared the transcriptional activation between wildtype
and mutant PAX6 PST domains [7]. Researchers studied the attachment of wildtype or
mutant PAX6 protein (TGA306 or TGA353) to the DNA-binding site of yeast GAL4, and
then combined them with a plasmid containing the chloramphenicol acetyltransferase
(CAT) gene. It was revealed that one mutant fusion protein (TGA353) stimulated CAT
expression at only 5–10% of the wildtype level, whereas the other had no detectable CAT
activity. Without testing, the novel mutation we described in this study truncated the PAX6
protein further upstream than what was examined in the mentioned article. Hence, it is
highly possible that it eliminated the transcription activity. Although the DNA interaction
is unlikely to be totally abolished as the paired domains are still there for DNA binding,
we believe that the mutation has a non-negligible, negative affect, even deteriorating the
function of remaining paired domains. Swiss-Model, sufficient for three-dimensional
structure prediction, gave evidence which supports our conjecture [17–20]. It showed an
apparent α-helix deletion (Figure 4), which contributes to the malformed PAX6 protein
space structure and may perturb the affinity and specificity of DNA interaction, resulting in
a decrease in protein function. On a gross level, the findings elucidated above may partially
explain the molecular mechanisms of congenital aniridia.

Previous studies showed a wide spectrum of clinical manifestations accompanying
aniridia, such as cataract, keratopathy, glaucoma, nystagmus, foveal hypoplasia, and
low vision acuity [2,21]. Noticeably, phenotypes are severe when crossing onto an inser-
tion/duplication mutation background [22]. Consistent with this, all mutation carriers in
the family we recruited developed a complete loss of the iris, foveal hypoplasia, horizontal
tremor, and vision impairment. A particularly compelling finding is that patients with the
same mutation can exhibit various aniridia phenotypes, even in the same family. Available
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data of genotype and phenotype allowed for an exhaustive investigation in the pedigree
we observed. Some associated diseases occurred in some, but not all individuals. Only
four patients exhibited strabismus, while another one was diagnosed with ptosis. Among
the members who suffered from corneal and/or lens opacity, the damage deteriorated
with age. Regarding this phenomenon, we inferred that it may have derived from the
haploinsufficiency of PAX6. Although many of these clinical features are present at birth,
some can develop and/or progress later in life [11]. In addition to its activity in the embryo,
PAX6 is maintained in specific cell types of the adult eye, including the corneal limbus, the
iris, the pigmented ciliary body, the lens epithelium, and the Muller glia. This demonstrates
that PAX6 activity may be implicated in adult self-renewal and regeneration of ocular
structures, considering the functions of these cells [12]. Another alternative interpretation
would be the NMD process. This pathway degrades some transcripts, bearing a premature
translational termination codon, which aggravates or counteracts the effects of disease
mutations [23]. These findings may partly reflect genetic heterogeneity; however, fully
understanding the molecular mechanism remains a formidable challenge.

Until now, 550 mutations of the PAX6 gene have been featured in the public ver-
sion of the HGMD (http://www.hgmd.cf.ac.uk/ac/gene.php?gene=PAX6, accessed on
25 February 2023). These mutations are mainly devoted to aniridia, Peters abnormalities,
foveal hypoplasia, nystagmus, cataracts, optic nerve dysplasia, and other eye diseases [13].
Roughly 30.0% are missense and nonsense mutations, while 11.6% are splicing site muta-
tions. Small fragment deletions and insertions account for 23.6% and 10.5%, respectively.
The remaining 20.2% of mutations are regulatory, gross duplication, complex rearrange-
ments and other rare mutation types. Mutation types including nonsense and frameshift
(insertions, duplication or deletions) will introduce a PTC and a consequent termination
of translation, which are most commonly found in PAX6. In the present study, duplica-
tion mutation c.391_398dupATACCAAG of the PAX6 gene results in a replacement of the
subsequent amino-acid residues from position p.S133 with a peptide of eight erroneous
amino-acid residues, including a PTC at the end. Singh and his colleagues demonstrated a
dominant-negative mechanism using transient transfection assays with a variety of mutant
PAX6 proteins featuring the C terminus half-truncated, co-expressed with wildtype PAX6
protein. All these mutant proteins lose most of the transactivation domain (PST), thereby
acting as a repressor with no transactivation activity, but still maintaining DNA-binding
domains (PD and HD) [24].

5. Conclusions

In summary, we analyzed the ocular phenotypes of 13 aniridia patients and identified
a novel PAX6 frameshift mutation as the causative gene defect in a four-generation Chinese
family. This is a novel pathogenic mutation related to aniridia. Although the definite
mechanism underlying how this variant in exon 7 of the PAX6 gene triggers congenital
aniridia is not yet clear, our study contributes additional information for future research. It
expands the mutation spectrum of PAX6-related congenital aniridia, which is beneficial
for prenatal diagnosis, genetic counseling, and gene therapy for familial cases in the near
future. In addition, the molecular mechanism of genotype–phenotype correlations needs to
be further investigated.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jpm13030442/s1, Table S1. Known pathogenic gene list of heredi-
tary ophthalmic disorders; Table S2. Detail information about NGS data of proband IV8. Figure S1.
Sanger sequencing results of PAX6 gene on DNA samples from affected individuals and most family
members who were available.
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Abstract: Eyelid tumors are tumors that occur in the eye and its appendages, affecting vision and
appearance, causing blindness and disability, and some having a high lethality rate. Pathological
images of eyelid tumors are characterized by large pixels, multiple scales, and similar features.
Solving the problem of difficult and time-consuming fine-grained classification of pathological
images is important to improve the efficiency and quality of pathological diagnosis. The morphology
of Basal Cell Carcinoma (BCC), Meibomian Gland Carcinoma (MGC), and Cutaneous Melanoma
(CM) in eyelid tumors are very similar, and it is easy to be misdiagnosed among each category. In
addition, the diseased area, which is decisive for the diagnosis of the disease, usually occupies only a
relatively minor portion of the entire pathology section, and screening the area of interest is a tedious
and time-consuming task. In this paper, deep learning techniques to investigate the pathological
images of eyelid tumors. Inspired by the knowledge distillation process, we propose the Multiscale-
Attention-Crop-ResNet (MAC-ResNet) network model to achieve the automatic classification of three
malignant tumors and the automatic localization of whole slide imaging (WSI) lesion regions using
U-Net. The final accuracy rates of the three classification problems of eyelid tumors on MAC-ResNet
were 96.8%, 94.6%, and 90.8%, respectively.

Keywords: deep learning; eyelid tumor classification; digital pathology images; MAC-ResNet

1. Introduction

Eyelid tumors are complicated and diverse, including tumors of the eyelid, conjunctiva,
various layers of ocular tissues (cornea, sclera, uvea, and retina), and ocular appendages
(lacrimal apparatus, orbit, and periorbital tissues) [1–3]. Primary malignant tumors of
the eye can spread to the periorbital area, intracranially or metastasize systematically,
and malignant tumors of other organs and tissues throughout the body can also metastasize
to the eye. Therefore, eyelid tumors cover almost all histological types of tumors in the
whole body and are widely representative, which can be the best thing object of study for
pathological diagnosis of tumors.

Basal cell carcinoma (BCC) is a type of skin cancer that originates in the basal cells of
the epidermis. It is the most common type of skin cancer, often occurring on sun-exposed
areas of the body. Meibomian gland carcinoma (MGC) is a rare form of cancer affecting
the meibomian glands in the eyelid, which secrete an oily substance for eye lubrication.
MGC typically presents as a slow-growing lump on the eyelid, potentially mistaken for
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a benign cyst. Cutaneous melanoma (CM) is a type of skin cancer arising from pigment-
producing cells known as melanocytes. It is less common than BCC, but more aggressive
and capable of spreading to other parts of the body if left untreated. CM typically appears
as a dark-colored new or changing mole or patch of skin, but may also present as a pink
or red patch. According to morbidity studies, BCC is the most common malignant eyelid
tumor, followed by CM and MGC [4–7].

Computed Tomography (CT) and Magnetic Resonance Imaging (MRI) have their
limitations that affect their respective clinical applications. A biopsy is an important
tool for physicians to finally diagnose eyelid tumors, and pathological diagnosis is the
“gold standard” of diagnosis, and observation and analysis of histopathological images of
biopsies is an important basis for physicians to formulate the best treatment plan [8–10]. The
observation and analysis generally require qualitative, localization, and scoping judgments.
However, the extreme shortage of human resources and overload in pathology departments
are far from meeting the needs of clinical patients for accurate and efficient diagnostic
pathology. Accurate diagnosis of BCC, MGC, and CM is essential for optimal patient
outcomes, as early diagnosis is a key factor in determining the likelihood of a cure. While
the physical appearance of these skin cancers may be distinctive, a biopsy is typically
required for definitive diagnosis. Histologically, these types of eyelid tumors can be similar,
making it possible to misdiagnose based on histological slides alone. The importance of
accurate diagnosis cannot be overstated, as 90% of patient survival has been associated
with early detection in cases where pathology-based diagnosis is involved.

Inspired by the concept of knowledge distillation [11], we have trained a teacher-
student model to classify and segment eyelid tumors with good performance and a smaller,
more efficient student network. In this paper, we will study the classification and segmenta-
tion of tumors based on meaningful learning methods using eyelid tumor pathology images,
and the overall flowchart of the network is shown in Figure 1. The main contribution of
this paper includes the following points:

1. Propose the network model called Multiscale-Attention-Crop-ResNet (MAC-ResNet).
This network model can achieve 96.8%, 94.6%, and 90.8% accuracy in automatically
classifying three ocular malignancies, respectively.

2. By training the student network ResNet with MAC-ResNet as the teacher network
with the help of the knowledge distillation method, we made the smaller-scale net-
work model to obtain better classification results on the eyelid tumor dataset, which
called ZLet dataset.

3. We train three targeted segmentation networks for each of the three different malig-
nant tumors, which enable us to segment the corresponding tumor locations well.
With the help of the classification and segmentation networks, we diagnose the disease
and the rapid localization of the lesion area.
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Figure 1. General flow-chart: the data were augmented using random combinatorial data processing;
we proposed Mac-ResNet and used knowledge distillation to streamline the network. In addition,
three segmentation networks were trained to learn the knowledge of three diseases and input to the
corresponding class of segmentation networks to achieve the diagnosis of diseases as well as fast
localization of lesion regions.

2. Related Work

The pathology segmentation and classification of eyelid tumors is a crucial aspect
of ocular oncology as early diagnosis and treatment can significantly improve patient
outcomes. One of the most common types of skin cancer that can occur on the eyelid
is basal cell carcinoma (BCC). This type of cancer arises from the basal cells in the skin
and is often caused by prolonged exposure to ultraviolet radiation. While BCC is not
typically life-threatening, if left untreated it can cause significant damage to the skin and
surrounding tissues. Cutaneous melanoma (CM), on the other hand, is a more aggressive
form of skin cancer that originates from the pigment-producing cells in the skin. While
less common than BCC, it has a higher likelihood of spreading to other parts of the body
and can be deadly if not caught early. A rare type of cancer that can affect the eyelid is
meibomian gland carcinoma (MGC), which arises from the meibomian glands that produce
oil to keep the eye moist. MGC is generally more aggressive than BCC and can spread to
other parts of the body if not treated promptly.

Accurately distinguishing between these three types of tumors is vital for treatment
planning and research. Patients diagnosed with BCC may be treated with surgical or
other local interventions to remove the tumor, while those diagnosed with cutaneous
melanoma may require more aggressive treatment approaches, such as surgery, radiation
therapy, or chemotherapy, in order to prevent the spread of the cancer. In addition, accurate
classification and segmentation of eyelid tumors has significant value for research, including
the study of the biology and genetics of these tumors, the evaluation of treatment response
and disease progression, and the development of diagnostic and treatment algorithms.
Therefore, a reliable method for classifying and segmenting eyelid tumors is necessary.

In recent years, with the development of deep learning in the field of computer vision,
the study of medical image processing based on deep learning has become a popular
research topic in the field of computer-aided diagnosis [12–14], and methods using deep
learning are gradually being used for the diagnosis and screening of a variety of ophthalmic
diseases, however, less research has been conducted on eyelid tumors.
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In 2019, Hekler et al. will use a pre-trained ResNet50 [15] Network for training 695
whole slide images (WSIs) by migration learning to reduce the diagnosis error of benign
moles and malignant melanoma [16]. Xie et al. used the VGG19 [17] network and ResNet50
network to classify patches generated from histopathological images [18]. In 2022 Wei-
Wen Hsu et al. proposed CNN for the classification of glioma subtypes using mixed
data of WSIs and mpMRIs under weakly supervised learning [19], Nancy et al. proposed
DenseNet-II [20] model through HAM10000 data set and various deep learning models to
improve the accuracy of melanoma detection. At the 2018 ICCV conference, Chan et al.
proposed the HistoSegNet method for semantic segmentation of tissue types, using an
annotated digital pathology atlas (ADP) for patched training, computation of gradient-
weighted class activation maps, which outperforms other more complex weakly supervised
semantic segmentation methods [21]. X Wang et al. based on the idea of model integration
designed two complementary models based on SKM and scSEM to extract features from
different spaces and scales, the method can directly segment the patches of digital pathology
images pixel by pixel and no longer depends on the classification model [22].

Although computer vision has made some progress in the field of tumor segmentation,
automated analysis studies based on eyelid tumor pathology are very rare due to the lack
of dataset. In 2018, Ding et al. designed a study using CNN for the binary classification
of malignant melanoma (MM) and the whole slide image-level classification was realized
using a random forest classifier to assist pathologists in diagnosis [23]. In 2020, Wang et al.
trained CNN on patch-level classification and used malignant probability to embed patches
into each WSI to generate visualized heatmaps and also established a random forest model
to establish WSI-level diagnosis [24]. Y Luo et al. performed patch prediction by a network
model based on the DenseNet-161 architecture and WSI differentiation by an integration
module based on the average probability strategy to differentiate between eyelid BCC and
sebaceous carcinoma (SC) [25]. Parajuli et al. proposed a novel fully automated framework,
including the use of DeeplabV3 for WSIs segmentation and the use of pre-trained VGG16
model, among others, to identify melanocytes and keratinocytes and support the diagnosis
of melanoma [26]. Ye et al. first proposed a Cascade network to use the features from both
histologic pattern and cellular atypia in a holistic pattern to detect and recognize malignant
tumors in pathological slices of eyelid tumors with high accuracy [27]. Most of the above
studies are based on existing methods and do not make significant modifications to the
segmentation network. Some studies only focus on the recognition task and assist doctors
in the diagnosis through classification, without involving tumor region segmentation due
to the lack of a large-scale segmentation dataset in this task. Segmentation task is an
important factor in evaluating the tumor stage and is also the basis for quantitative analysis.
Our proposed method is able to simultaneously perform eyelid tumor classification and
segmentation tasks based on histology slides through the design of the network architecture.

There are various factors that can increase the complexity of segmenting BCC, CM,
and MGC in histology slides. The subtle differences in appearance that these tumors
may exhibit compared to normal tissue, which can make them difficult to distinguish.
Additionally, early-stage cancers may be more challenging to detect due to their small size
and potential lack of discernible differences from normal tissue. To address these issues, we
proposed the MAC-ResNet based on the teacher-student model for accurate classification
and segmentation of eyelid tumors.

The teacher-student model is a machine learning paradigm in which a model, referred
to as the “teacher”, is trained to solve a task and then another model, referred to as the
“student”, is trained to mimic the teacher’s behavior and solve the same task. The student
model is typically trained on a smaller dataset and with fewer resources (e.g., fewer
parameters or lower computational power) than the teacher, with the goal of achieving
similar or improved performance at a lower cost.

The teacher-student model is also known as the knowledge distillation or model com-
pression approach. It is often used to improve the efficiency and performance of machine
learning models, particularly when deploying them in resource-constrained environments
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such as mobile devices or Internet of Things (IoT) devices. In the teacher-student model,
the teacher model is first trained on a large dataset and then used to generate “soft” or
“distilled” labels for the student model, which are more informative than the one-hot labels
typically used for training. The student model is then trained using these soft labels and
the original dataset, with the goal of learning to mimic the teacher’s behavior. There are
several variations of the teacher-student model, which can be divided into logits method
distillation and feature distillation based on the transfer method. In this study, we adopt the
logits method distillation. The concept of knowledge distillation and teacher-student model
first appeared in “Distilling the knowledge in a neural network” by Hinton et al., and was
used in image classification. Later, knowledge distillation was widely used in various
fields of computer vision, such as face recognition [28], image/video segmentation [29],
etc. In addition, it has also been applied in natural language processing (NLP) fields such
as text generation [30], question answering systems [31], and others. Furthermore, it has
also been applied in areas such as speech recognition [32] and recommender systems [33].
Finally, knowledge distillation has also been widely used in medical image processing.
Qin et al. proposed a new knowledge distillation architecture in [34], achieving an improve-
ment of 32.6% on the student network. Thi Kieu Khanh Ho et al. proposed a self-training
KD framework in [35], achieving student network AUC improvements of up to 6.39%.
However, this is the first time that knowledge distillation has been used in the classification
of dermatopathology images.

3. Methods

First, we normalize and standardize the input data features and use a random combi-
nation image processing method to perform image expansion and enhancement. Then, we
newly proposed a network structure (MAC-ResNet) that performs well on the classification
task on the ZLet dataset, but the whole model structure is complex, consumes a lot of com-
putational resources throughout the training process, and the speed of algorithm inference
is slow. Therefore, we adopt the model compression method of knowledge distillation, use
MAC-ResNet as the teacher network and ResNet50 as the student network, and achieve
good results of the small volume student network ResNet50 in the classification of digital
pathological pictures of eyelid tumors by using the knowledge of the teacher network to
guide the training of the student network. Thus, this paper achieves automatic classification
of three types of malignant tumors and enables automatic localization of lesion areas using
U-Net [36].

3.1. MAC-ResNet

To solve the problem of low accuracy of fine-grained classification, we first propose
the Watching-Smaller-Attention-Crop-ResNet (WSAC-ResNet) structure. It combines the
Backbone-Attention-Crop-Model (BACM) module, the residual nested structure Double-
Attention-Res-block, the SPP-block module, and the SampleInput module.

For the fine-grained classification problem, this paper refers to the fine-grained classi-
fication model WSDAN [37] and modifies it to design the Backbone-Attention-Crop-Model
(BACM) module. From Figure 2, we can learn that the BACM Model consists of three
parts. They are the backbone network, the attention module [38], and the AttentionPicture
generated by cropping the original image according to the AttentionMap.

We crop and upsampling key regions of the images to a certain size according to
the attention parameters, aiming to guide data for enhancement through the attention
mechanism. Before the Feature Map of the neural network is input to the fully connected
layer, it is input to the Attention model, and X Attention maps are obtained by convolution,
dimensionality reduction, and other operations, each Attention map represents a feature
in the picture, and one Attention map is randomly selected among the X Attention maps
Then the normalization operation is performed on the Attention map. The normalization
operation is as (1).
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Figure 2. Details of BACM Model: This Network is referenced from the fine-grained classification
model WSDAN and modified on its basis. The backbone network migrates the trained network
parameters of the Imagenet dataset as the initial values of the network parameters.

A∗
k = (Ak − min(Ak))/(max(Ak)− min(Ak)) (1)

The value of the newly obtained Attention map is changed to 1 for elements with
values more significant than the threshold θc and set to 0 for elements at other locations to
generate a mask of locations worthy of strategic attention. The original image is cropped
according to the generated mask against the original image to get the image of important
regions and upsampling to a certain size, and then re-input into the neural network after
data enhancement processing. When calculating the loss of the network model, the mean
of the predicted and labeled loss of the original image and the predicted and labeled loss
after cropping and re-inputting into the model is seen as the ultimate loss.

The backbone network is a neural network based on ResNet50 with a modified input
structure named SampleInput, specifically by replacing a 7∗7 convolutional layer with
three 3∗3 convolutional layers to enhance the network depth and ensure they have the
same perceptual field; the network uses a double-layer nested residual structure Double-
Attention-Res-block (DARes-block), which can fuse the deep layer with the shallow layer
and the feature maps of the middle layer; SPP-block, which originated from SPPNet [39], is
used to solve the training problem for different image sizes.

To further improve the classification of the network, the loss function and the learning
rate adjustment strategy of this network will be optimized.

For the classification of unbalanced samples, the focal loss function [40] is used, which
is a modification of the cross-entropy loss function, as (2).

FL(pt) = −at(1 − pt)
γ log(pt) (2)

We use CosineAnnealingLR [41] to adjust the learning rate. It is used to change the
magnitude of the learning rate by the cosine function, and each time the minimum point is
reached. The next step resets the value of the learning rate to the maximum value to start a
new round of decay.

We named the network that uses the above modules and policies as Multiscale-
Attention-Crop-ResNet (MAC-ResNet).
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3.2. Network Optimization Based On Knowledge Distillation

First, the teacher network with a complex model and good performance is trained,
then the trained teacher network guides the training of the student network, and the
trained student network is used to classify the dataset [42]. The main principle of the
teacher network guiding the training of the student network is that the soft labels output by
the teacher network and the output of the soft label by the student network are combined to
coach the student network to complete the training of the hard labels (as shown in Figure 3).
Soft labeling means that the predicted output of the network is divided by the temperature
coefficient T and then the softmax operation is performed, which makes the result values
between 0 and 1 with a more moderate distribution of values, while hard labeling means
that the predicted output of the network is directly softmaxed without dividing by T [43].

Figure 3. Details of Knowledge Distillation: MAC-ResNet is used as the teacher network to guide the
training of student network ResNet, and the simplified network can also achieve better classification
effects in the ZLet dataset.

Traditional segmentation networks consume a large amount of computing resources
during the entire training process and has a slow inference speed during the training of
large pathology dataset. It is possible to compress the segmentation model to generate a
smaller network with similar performance. We adopt the model compression method of
knowledge distillation, using the aforementioned MAC-ResNet as the teacher network.
Then, we use the simple and classic ResNet50 as the student network. Finally, we achieve
good classification results on the ocular tumor pathology image dataset using the relatively
simple student network. Knowledge distillation is a method proposed by Hinton et al. [42],
in which a complex and large model is used as the Teacher model, while the student model
has a simpler structure. The Teacher model assists in the training of the student model,
which has weaker learning ability, by transferring the knowledge it has learned to the
student model, thereby enhancing the Student model’s generalization ability. Therefore,
in the knowledge distillation process, the teacher network is usually a network with
a complex structure, slow inference process, high consumption of computer resources,
and good model performance, while the student network is usually a network with a
simpler structure, fewer parameters, and poorer model performance. The process of using
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knowledge distillation is as follows: first, we train the complex and well-performing teacher
network (MAC-ResNet), then guide the training of the student network (ResNet50) using
the trained teacher network, and finally use the trained student network to classify the
dataset. The teacher network guides the training of the student network by providing
the student network with soft labels, or the probabilities of each class predicted by the
teacher network, instead of hard labels (as shown in Figure 3), which is the one-hot encoded
labels of each class. For soft labeling, the predicted output of the network is divided by
the temperature coefficient T and then the softmax operation is performed, which makes
the result values between 0 and 1 with a more moderate distribution of values, while hard
labeling means that the predicted output of the network is directly softmaxed without
dividing by T [43]. This helps the student network learn from the rich information provided
by the teacher network. The softmax process can be denote as:

Softmax(T) = (exp(zi/T))/

(
∑

j
exp(zi/T)

)
(3)

The loss of the MAC-ResNet network consists of two parts, which are the loss between
the predicted value and the label of the first original input picture and the loss between the
predicted value and the label of the network model after the attention-guided cropping to
generate AttentionPicture into the network, and the weighted sum between them is the final
loss. The proposed loss function of the whole training process after using MAC-ResNet as
the teacher network and ResNet50 as the student network is shown in (4) and (5).

LKD =(1 − a)L f ( S HP, label ) + ( a ∗ T ∗ T)L1( S SP, T SL) (4)

Tloss =1/2 ∗ LKD +1/2 ∗ L f ( T AHP, label ) (5)

where SSP refers to the output of the hard label by the student network, SSP refers to the
output of the soft label by the student network, TSL refers to the soft labels generated by
the teacher network for the original picture prediction, and TAHP refers to the hard labels
predicted by the teacher network based on the AttentionPicture (the labels are softened
only for the results of the original picture prediction). Besides,LKD refers to the loss of
Knowledge Distillation, and Tloss refers to the total loss. L1 is the KL scattering loss function
(Kullback-Leibler divergence), L f is the focal loss function. T is the temperature coefficient,
the larger the temperature coefficient, the more uniform the output data distribution.

After using knowledge distillation, the lightweight network model ResNet50, which is
a student network, showed a significant improvement in the classification of the ZLet dataset.

4. Experiment and Result

4.1. Data and Process
4.1.1. Data Gathering

We collected an eyelid tumor segmentation dataset, ZJU-LS eyelid tumor (ZLet)
dataset, including 728 whole slide images and corresponding tumor masks. This is the
largest eyelid tumor dataset ever reported. Over a period of seven years from January
2014 to January 2021, we collected pathological tissue slides from 132 patients treated
at the Second Affiliated Hospital, Zhejiang University School of Medicine (ZJU-2) and
Lishui Municipal Central Hospital (Lishui). We then used hematoxylin and eosin (H&E)
staining to visualize the components and general morphological features of the tissue slides,
enabling pathologists to observe and annotate them. Finally, we used KF-PRO-005 (KFBio,
Zhejiang, China) to digitally amplify all pathological tissue slides at 20× magnification,
resulting in a total of 728 whole slide images, including 136 BCC, 111 MGC, and 481 CM,
as shown in the figure. These fully-annotated WSI were observed, diagnosed, and labeled
by three experienced pathologists (>5000 h experience). The area marked by the doctors
only contained the tumor of that category. To facilitate deep learning, we divided these
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WSI into training, validation, and testing sets. The training set included 425 CM, 124 BCC,
and 81 MGC. The validation set included 48 CM, 12 BCC, and 9 MGC. The testing set
included 8 CM, 21 BCC, and 21 MGC. Some examples are demonstrate in Figure 4.

Figure 4. Details of Dataset: (a) denotes the class distribution and the number of images in the ZLet
dataset, and (b) represents the data visualization of each type of eyelid tumor.

4.1.2. Data Preprocessing

During training, to decrease the need for memory and speed up the training process,
we divided the full-field digital slices into small blocks based on the diseased regions
labeled by the physician and then cropped the diseased regions. When generating the
patch, the mask image is compared with the pathology image, and we crop the pathology
image area corresponding to the white area of the mask image, the size of the crop is
512× 512, stride = 256, which means there is an overlap of the image to crop. If the diseased
area(the area with the value of 1 in the mask) in the current clipping area is more than 3/4 of
the total area, the patch is kept, otherwise, it is discarded. The purpose of this is to prevent
the patch from containing only a small number of diseased regions. After obtaining all the
tiny patches, the cropped data were cleaned of images smaller than 330 kb, because images
smaller than 330 kb in size contain a small number of scattered tissue regions, and such
images can interfere with the training of the neural network. We also normalized and
standardized the data features before feeding them into the neural network.

4.1.3. Data Augmentation

Before a batch of images is input to the neural network, we randomly select random
flips, random rotations, horizontal flips, and vertical flips, modify the saturation of the
image, add Gaussian noise, extract the outline of the image, and finally apply a combination
of smoothing operations on the image, so that the same image in different training batches
will generate many different transformed images, and the operation can be performed
faster to get The enhanced results are obtained faster and do not require additional storage
space to store the images. This operation not only enriches the data input to the neural
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network but also increases the features of the data, allowing the neural network to learn
more features and enhancing the generalization ability of the model.

4.2. Ablation Study

To explore the effect of having the nested residual module DARes-block in different
positions in ResNet50 on the experimental results, we designed an experiment keeping the
original input unchanged and using the network structure of ResNet50+BACM. Table 1
shows the best results on the validation set for each group of experiments using DARes-
block for the network structure in this chapter, where ACC denotes accuracy, Spec denotes
specificity, Recall denotes recall, and 0-ACC is the accuracy of class 0.

Table 1. Validation set results of comparative experiments using the location of the DARes-block module.

DARes-Block Usage Location ACC Spec Recall 0-ACC 1-ACC 2-ACC 3-ACC

layer2 0.8020 0.8244 0.7630 0.8672 0.7082 0.7306 0.8807
layer3 0.8110 0.8207 0.7800 0.8774 0.7150 0.7370 0.8954
layer4 0.8172 0.8369 0.7714 0.8858 0.7271 0.7493 0.8860
layer2 + layer3 0.8065 0.8243 0.7697 0.8695 0.7231 0.7462 0.8876
layer2 + layer4 0.8307 0.847 0.8030 0.8873 0.7456 0.7785 0.8930
layer3 + layer4 0.8261 0.8260 0.7963 0.8689 0.7590 0.78 0.8965
layer2 + layer3 + layer4 0.8187 0.8207 0.7815 0.8595 0.7476 0.7764 0.8911

From Table 1, we can see that the use of DARes-Block improves t network performance
whether the modified residual structure block DARes-Block is used in layer2, layer3,
and layer4 separately or in the combination of layer2, layer3, and layer4. One of the
best experimental results is the experiment using DARes-Block in both layer2 and layer4
structures. Through our analysis, we determine that it is because using the DARes-Block
structure in layer4 enables us to obtain more detailed features. These features were then
fed directly into the attention mechanism without going through other convolutional or
pooling layers. Although an experiment used the DARes-Block structure in each layer,
the experimental results were not the best because using the structure in each layer increases
the complexity of the model and is prone to overfitting problems, resulting in poor test
results. At the same time, we also found that the accuracy of all four categories improved
after using the DARes-Block structure, and it is no longer obvious to focus on one category,
which indicates that the structure is effective in fine-grained classification.

The next step is to explore the effect of modifying the input module on the network
performance based on the addition of the residual structure block DARes-Block network
structure at layer2+layer4.

Table 2 shows the experimental results for the network with or without modifying the
input module, which are the best results for each group of experiments on the validation set.

Table 2. Validation set results for comparison tests using modified input modules.

Whether to Modify the Input ACC Spec Recall 0-ACC 1-ACC 2-ACC 3-ACC

NO 0.8307 0.8470 0.8030 0.8873 0.7456 0.7785 0.8930
YES 0.8321 0.8739 0.8140 0.8901 0.7489 0.7857 0.9035

The accuracy of the test set was improved somewhat by modifying the input structure
on the ResNet50+BACM+DARes-Block network model structure from Table 2 above,
but the improvement was not too significant. Since the modification of the input module
did not cause a considerable increase in network complexity and did not additionally
increase the training time of the network, we kept the modified input module.

Then, to investigate the role of SPP-Block, we designed the experiments still using
the control variable method. The difference between the experiments is whether the SPP-
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Block module is used; both are network structures with modified input structures on the
ResNet50+BACM+DARes-Block model structure, except for this difference.

From the comparison experiments in Table 3, we can see that the model’s performance
is slightly improved with the SPP-block than without this structure, indicating that the
SPP-block is beneficial for improving the model’s performance. Ultimately, we refer to the
structure using the above modification as WSAC-ResNet.

Table 3. Comparative experimental results of SPP-block.

ACC Spec Recall 0-ACC 1-ACC 2-ACC 3-ACC

Without SPP-block 0.8321 0.8739 0.8140 0.8901 0.7489 0.7857 0.9035
With SPP-block 0.8389 0.8792 0.8260 0.9135 0.7407 0.7914 0.9100

To verify the effect of different loss functions on the classification effect of WSAC-
ResNet, we designed experiments to compare the effect of three different loss functions
on the classification effect. The experiments were conducted using the control variables
method, and the three sets were identical except for the loss function, which used the same
WSAC-ResNet network structure and parameters as the previous experiments. When using
Focal loss, the values of and are set as default values, and the smoothing factor is set to 0.1,
and the results of the experiment with the best effect on the validation set are also taken in
the comparison experiment.

Figure 5 shows the comparison of the loss of the WSAC-ResNet network model
during training using different loss functions. Among them, Labelsmoothing mitigates the
overfitting problem by a regularization method that adds noise and reduces the weight
of the true label in calculating the loss [44]. The loss values are recorded at 2 intervals
during training. In this iterative analysis of the training losses for focal loss, cross-entropy
loss, and label loss, it was observed that the focal loss initially started at a value of 1.8,
but quickly dropped to 1.0 after about 200 steps. The cross-entropy loss, on the other hand,
remained relatively stable at a value of around 1.4, while the label loss was the highest
of the three losses at the beginning, but dropped to the middle of the other two losses
after about 200 steps. After 500 steps, the three losses seemed to stabilize, with focal loss
remaining at 0.66, label loss stable at 0.74, and cross-entropy loss staying at 0.85. This
pattern of loss values suggests that the model may be more sensitive to the focal loss and
may be learning more effectively using this loss function compared to the other two loss
functions. Due to the uneven distribution of data among different classes and the inability
of the labeled tags to be totally accurate, focal loss has an advantage both in terms of
training time and performance.

Figure 5. Comparative experimental results of the loss function. Due to the imbalance in classes,
focal loss outcompetes other losses during the training process.
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From the comparison in Table 4, we know that using focal loss is better than using
Cross Entropy, label smoothing model, where the accuracy is improved by about 2% when
using focal loss, and the accuracy of class 1 disease and class 2 disease is improved from
0.7858 and 0.826 to 0.862 and 0.871. The accuracy is improved by about 1% when using label
smoothing. Observing the loss comparison graph, at the late loss convergence, the loss
using focal loss is lower than that using Cross Entropy, and the label smoothing loss
converges slower and at the early stage, the value of his loss is larger than that of both
other approaches.

Table 4. Comparative experimental results of the loss function.

Loss Function ACC Spec Recall 0-ACC 1-ACC 2-ACC 3-ACC

Cross Entropy 0.8646 0.8768 0.8522 0.9209 0.7858 0.8260 0.9257
Labelsmoothing 0.8704 0.8752 0.8803 0.9200 0.7892 0.8370 0.9354

Focal loss 0.8857 0.8835 0.8704 0.8945 0.8620 0.8710 0.9153

Therefore, both focal loss and label smoothing have improved the classification effect
of WSAC-ResNet, but the WSAC-ResNet network model combined with the focal loss
function is more effective because focal loss can alleviate the problem that the network
model focuses on training a certain class due to the imbalance of dataset between classes.
Therefore, the loss function of WSAC-ResNet is set to focal loss.

From Table 5 above and the previous experimental results, we can learn that the
classification accuracy of the two strategies, focal loss and CosineAnnealingLR, when
used in combination, reached 0.9023, naming the network model with the combination of
WSAC-ResNet, focal loss, and CosineAnnealingLR as Multiscale- Attention-Crop-ResNet
(MAC-ResNet).

Table 5. Comparison table of experimental results of WSAC-ResNet combination using optimized
loss function and changing learning rate.

Loss lr ACC Spec Recall 0-ACC 1-ACC 2-ACC 3-ACC

CE 0.0001 0.8646 0.8768 0.8522 0.9209 0.7858 0.8260 0.9257
Focal loss 0.0001 0.8857 0.8835 0.8704 0.8945 0.8620 0.8710 0.9153
CE CosineAnnealingLR 0.8805 0.8876 0.8692 0.9310 0.8176 0.8547 0.9187
Focal loss CosineAnnealingLR 0.9023 0.8992 0.9015 0.9162 0.8820 0.8937 0.9175

4.3. Preformance
4.3.1. Network Training

Our experiments are based on the Pytorch. The experimental operating system is
Ubuntu 20.04, With AMD R9 5950X, two NVIDIA 3080 10 GB graphic cards, and 128 GB of
RAM. We trained our network from scratch for 50 epochs. The batch size is set to 8 for all
experiments and a learning rate of 0.00001.

4.3.2. Evaluation Metrics

To evaluate the classification performance of our network, we used various evaluation
metrics including Sensitivity, Specificity, and Accuracy. Also, we used two evaluation
metrics, IOU and Dice, to evaluate the segmentation performance of our network. Their
formulas are as follows:

Sensitivity =
TP

TP + FN
(6)

Specificity =
TN

TN + FP
(7)

Accuracy =
TP + TN

TP + TN + FP + FN
(8)
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IOU =
TP

FN + TP + FP
(9)

Dice =
2 × TP

FN + TP + TP + FP
(10)

4.3.3. Patch-Level Classification

To demonstrate the performance of our model for the three eyelid tumor classifica-
tion problems, we used the classical metrics sensitivity, specificity, and accuracy in the
classification problem to measure the classification results. As shown in Table 6, the classifi-
cation results for all three eyelid tumors are relatively high, which reflects the significant
effectiveness of our model in the triple classification problem of eyelid tumors.

Table 6. Overall average classification results.

Eyelid Tumor Sensitivity Specificity Accuracy

BCC 0.8046 0.9862 0.9688
MGC 0.7688 0.9589 0.9467
CM 0.8889 0.9113 0.9089

4.3.4. WSI-Level Results

At the WSI level, we segmented the classified and reorganized WSI map and the origi-
nal WSI map with the traditional U-Net, and the results were combined to finally segment
the focal regions of the three eyelid tumors. The segmentation results are shown in Table 7,
and their metrics indicate that their method can meet the need for rapid determination of
the lesion regions, and the segmented images are visualized as shown in the ground truth
in Figure 6.

Figure 6. Visualization of results: The segmentation results can provide the doctor with aid in
diagnosing what kind of tumor the pathology image contains and where the tumor is located.
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Table 7. Overall average segmentation results.

Eyelid Tumor IOU Dice

BCC 0.7277 0.8349
MGC 0.6806 0.8050
CM 0.7329 0.8307

This segmentation result can suggest that the doctor should focus on this region,
which has a high probability of having some kind of tumor and provide aid to the doctor
to diagnose which kind of tumor the pathological image contains and where the tumor is
located, which can help to remove the tumor later. In addition, the classification results
on the patches can be combined to form an attention map, and by processing the attention
map, we can get the feature maps of the model for the normal and tumor regions (as
shown in Figure 6 the attention, feature map). These tumor feature maps can further help
doctors to analyze the tumor in pathology slides, which is a reliable basis for doctors’
diagnostic analysis.

5. Conclusions

The segmentation based on pathology slides is usually time consuming. In order
to improve efficiency, we have adopted the knowledge distillation method, inspired by
Hinton et al., to train a student network using a MAC-ResNet as the teacher network,
enabling the student network to achieve good accuracy on the target task even with a
small capacity. In addition, by using U-Net to achieve automatic localization of the lesion
area, we can provide a reliable foundation for the diagnosis of pathologists and improve
the efficiency and accuracy of diagnosis. We have applied this method to pathology
tumor detection for the first time and have successfully verified the practicality of the
teacher-student model in the field of pathology image analysis. Finally, the accuracy of
MAC-ResNet on the three target tasks was 96.8%, 94.6%, and 90.8%, respectively. However,
this study also had some regrets that we were not able to conduct extensive experiments
on this data to widely verify the performance of different methods under the teacher-
student framework. Another limitation of this study is that it only studied BCC, MGC,
and CM, while eyelid tumors include other diseases, so more data sets will be needed
in the future. We are currently working on a larger data set, ZLet-large, based on ZLet.
ZLet-large includes over a thousand eyelid tumor pathology images and an increased
number of disease types, including squamous cell carcinoma (SCC), seborrheic keratosis
(SK), and xanthelasma. We hope to be able to conduct more extensive experiments on
ZLet-large to further explore the potential of the teacher-student model in the analysis of
eyelid tumors.
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Abstract: Determining the nature of orbital tumors is challenging for current imaging interpretation
methods, which hinders timely treatment. This study aimed to propose an end-to-end deep learning
system to automatically diagnose orbital tumors. A multi-center dataset of 602 non-contrast-enhanced
computed tomography (CT) images were prepared. After image annotation and preprocessing, the CT
images were used to train and test the deep learning (DL) model for the following two stages: orbital
tumor segmentation and classification. The performance on the testing set was compared with the
assessment of three ophthalmologists. For tumor segmentation, the model achieved a satisfactory per-
formance, with an average dice similarity coefficient of 0.89. The classification model had an accuracy
of 86.96%, a sensitivity of 80.00%, and a specificity of 94.12%. The area under the receiver operating
characteristics curve (AUC) of the 10-fold cross-validation ranged from 0.8439 to 0.9546. There was no
significant difference on diagnostic performance of the DL-based system and three ophthalmologists
(p > 0.05). The proposed end-to-end deep learning system could deliver accurate segmentation and
diagnosis of orbital tumors based on noninvasive CT images. Its effectiveness and independence from
human interaction allow the potential for tumor screening in the orbit and other parts of the body.

Keywords: hemangioma; lymphoma; deep learning; segmentation; classification

1. Introduction

Early diagnosis of orbital tumors is critical for timely intervention, appropriate treat-
ment selection, and prognosis prediction. Different orbital tumors have varying treatment
protocols owing to their distinct cellular origins. Hemangioma is the most common primary
benign orbital tumor, accounting for 6% of all orbital lesions [1]. It is characterized by slow
growth [2]. Immediate surgical excision is only recommended in case of evident vision
deterioration, while conservative treatment is a valid option for patients in the absence of
vision deficits [3–5]. Contrastingly, radiotherapy is the first-line treatment for malignant
lymphomas [6,7], which are the most common malignant neoplasms in adults [1,8]. The
risk of malignant tumor metastases and recurrence increases without optimal clinical in-
tervention, appropriate therapy protocol, and follow-up frequency. Therefore, the early
diagnosis and timely treatment of orbital tumors are of crucial importance.

Computed tomography (CT) and magnetic resonance imaging (MRI) are the imaging
modalities of choice for detecting orbital tumors [9,10]. Previously, ultrasound was a rapid,
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inexpensive, and non-invasive medical technology, but it is not the first choice for orbital
tumor classification due to its limited value of size detection, location, and relationship to
the surrounding structures [11]. CT and MRI are capable of providing images inside the
orbit via radio waves and magnetic fields [12,13]. These techniques narrow the differential
diagnosis and allow disease staging by assessing the tumor location, homogeneity, margin,
signal intensity, and relationship with adjacent structures [10,14,15]. Compared with
CT, MRI has an advantage in higher soft tissue resolution, but the application of orbital
tumor screening is limited because of the expensive cost and long exam time. Contrast-
enhanced CT and MRI could visualize blood flow in various types of orbital tumors, which
is beneficial for diagnosing malignant and benign orbital tumors. However, contrast-
enhanced CT and MRI are invasive technologies and cannot be performed on patients with
contraindications, which include contrast agent allergy, renal insufficiency, claustrophobia,
etc. [16]. All of these factors preclude the possibility of contrast-enhanced CT and MRI
being well-suited orbital tumor screening tools. Non-contrast-enhanced CT is widely
used for detecting orbital tumors, but the imaging findings often overlap and hence pose
a diagnostic challenge [17].

Artificial intelligence (AI), a branch of computer science, represents the techniques
that enable computers to simulate and extend human intelligence. Machine learning
(ML) is a mainstream of AI technology, which is capable of automatically improving
computer algorithms by analyzing the features of input rather than following explicit
program instructions [18,19]. Conventional ML and deep learning (DL) are two variations
of ML [20,21]. With the excellent ability to analyze high-level features, interpreting medical
images based on DL has gradually become the research hotspot.

In recent years, DL has been paid increasing attention in the field of ophthalmology,
and many DL-based models have been proposed to assist in the automatic diagnosis,
grading, and prognosis prediction of various ocular diseases [22–24]. With the need for
orbital image analysis skyrocketing, more and more DL networks have been applied to
detect and segment intricate anatomical structures of the orbit [25,26]. The capability
of achieving pixel-level classification on CT images using DL-based algorithms implies
the potential for precise segmentation of orbital tumors. Previous studies had attempted
to distinguish ocular adnexal lymphoma from idiopathic orbital inflammation on MRI
images and reached diagnostic performance superior to the radiology resident [27,28].
DL-based models have also displayed outstanding performance for automatic tumor
classification in medical imaging of multiple organs, such as the lung [29,30], brain [31],
and breast [32]. Taken together, we hypothesized that DL-based algorithms had the efficacy
of high-precision segmentation and classification of orbital tumors on CT images.

In this study, we retrospectively collected 602 non-contrast-enhanced CT images
of 64 patients with orbital tumors (using cavernous hemangiomas and lymphomas as
representatives of benign and malignant tumors) from two independent hospitals. An end-
to-end DL-based model was established to automatically segment orbital tumors and
distinguish malignant orbital tumors from benign ones.

2. Materials and Methods

2.1. Patients

This retrospective study was reviewed and approved by the institutional review board.
All the patients enrolled in this study were recruited from two independent institutions:
the Second Affiliated Hospital of Zhejiang University, from February 2009 to June 2020, and
Tianjin Medical University Eye Hospital, from December 2017 to May 2018. The inclusion
criteria were as follows: (1) histopathological diagnosis of hemangioma or lymphoma
based on the excised tissues from the orbital lesions and (2) patients with non–contrast-
enhanced CT images before surgery. The exclusion criteria were: (1) patients with unclear
histopathological results; (2) poor CT image quality or without CT images in axial view; and
(3) history of eye or orbital surgery, trauma, radiation treatment, or other orbital therapy.
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2.2. CT Image Acquisition and Annotation

Non-contrast-enhanced CT scans (Sensation 16, Somatom perspective, Somatom Defi-
nition AS, and Somatom Definition Flash, Siemens Healthcare, Erlangen, Germany; Optima
CT540, LightSpeed RT16, and ACTs, GE Healthcare, Milwaukee, USA) were performed
on all patients with benign and malignant orbital tumors before surgical excision. The
scanning parameters were as follows: 120–130 kVp, 180–300 mAs, 0.94 spiral pitch, and
1.0–4.0 mm slice thickness.

In all CT images, those showing orbital masses in the axial view were selected.
A certified ophthalmologist with 2 years of experience used the ITK-SNAP software (ver-
sion 3.6.0, www.itksnap.org, accessed on 21 January 2023) to manually annotate the ROI in
each image. All labels were saved as TIFF images.

2.3. Preprocessing and Network Architecture

In this study, a total of 602 non-contrast-enhanced CT images from 64 patients were
included, which were randomly divided into a training set with 482 images, a validation
set with 51 images, and a testing set with 69 images. An end-to-end DL-based system
composed of U-Net and ResNet-34 was established to detect and classify orbital tumors.
We trained these two sub-networks independently and finally tested the entire system.
Figure 1 illustrates the workflow of this study.

Figure 1. Workflow of the proposed method; CT, computed tomography.

2.3.1. Preprocessing of the CT Images

In the preprocessing step, the original CT images in the format of DICOM were
converted into 512 × 512 grayscale images in the format of TIFF. To avoid misidentifying
non-tumor tissue with high signals as orbital tumors, the grayscale values of all pixels with
more than 200 were reset to zero. Then, to speed up the training process, the input images
were resized to 256 × 256 resolution. The data augmentation technique was applied to
solve the overfitting caused by the small dataset. Symmetry and rotation transformation
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(with a maximum rotation angle of 10◦) were adopted in the U-Net training set. In the
ResNet-34 training set, a translational transformation (horizontal and vertical) was used.

2.3.2. Segmentation Network

The automatic segmentation network was trained with U-Net as the backbone. U-Net
is one of the most popular network structures in medical image segmentation, which shows
advanced performance in the segmentation of small targets [33]. In this study, we used the
non-contrast-enhanced orbital CT images to train a 2-dimensional U-Net for orbital tumor
detection and segmentation. The U-Net, containing an encoder and a decoder, has a U-
shaped structure. During the encoding stage, multi-scale feature maps are extracted from
input images through multiple down-sampling. The size of the feature map decreased from
256 × 256 as input to 16 × 16 at the bottom, and the number of channels increased from 1
at the origin to 1024 at the last. Inversely, in the decoding stage, the up-sampling operation
was conducted to sequentially recover high-level semantic information. Meanwhile, the
low-level details of different scales at the down-sampling step were combined with the
high-level semantics at the up-sampling step by skip connection, which was conducive to
generating more accurate segmentation masks. The size of the feature map increased from
16 × 16 to 256 × 256, and the number of channels decreased from 1024 to 1. The output
was a probability map of the orbital tumor. This probability map was binarized to get the
mask images of orbital tumors, and the threshold was set to 0.5. The local tiny outliers were
eliminated using a denoising approach to further enhance the segmentation performance.
Additionally, the small cavities within the segmented orbital tumors were fulfilled by the
morphological process. The final boundary of the segmented orbital tumor was smoothed
using median filtering to approximate the shape of ground truth. Gradient descent was
performed using the Adam optimizer, and cross entropy was employed to represent the
loss function. The batch size was set to 2, and the epoch was set to 300. The initial learning
rate was set to 0.001; then, every 80 epochs it was reduced by a factor of 10.

2.3.3. Classification Network

The classification network was based on ResNet-34 [34], which used 3 × 3 convolution
kernels to extract high-level features of CT images through the deep structure. It was com-
posed of an input convolutional layer, a max-pooling layer, 16 residual blocks, an average
pooling layer, a fully connected layer, and a softmax layer. Each residual block consisted
of two convolution layers and an identity mapping. Three of these residual blocks were
special. Since the convolution layer changed the size of the feature map and the number of
channels, the identity mapping additionally introduced the convolution kernel of 1 × 1 to
reduce the size of the feature map and increase the number of channels. It was performed
with a stride of 2. The identity mapping structure of ResNet-34 avoided the problem of
gradient vanishing during gradient descent and preserved the network’s deep hierarchical
structure at the same time, which enabled the network to extract the higher-order image
features. This guaranteed the accuracy of prediction. The final output was changed from
1000 to 2 classes to identify malignant and benign tumors. Gradient descent was performed
using the Adam optimizer, and cross entropy was employed to represent the loss function.
The batch size was set to 1 and the epoch to 50. The initial learning rate was set to 0.01;
then, every 20 epochs, it was reduced by a factor of 10.

The proposed method was trained on a machine with NVIDIA GeForce GTX970 on
an Intel i7-4770K CPU with 16 GB RAM.

2.4. Assessment by Ophthalmologists

To compare the classification performance between the proposed method and clini-
cians’ visual assessment, three ophthalmologists independently reviewed all the axial CT
images in the testing set. The images were anonymized before visual analysis. All ophthal-
mologists were blinded to the histopathological results, and the diagnosis was made based
on image features including the location, number, homogeneity, and boundaries of the
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lesions. Then, the sensitivity, specificity, and diagnostic accuracy of the visual assessment
were calculated according to the histopathological results.

2.5. Statistical Analysis

The segmentation performance of orbit mass was quantitatively assessed using dice
similarity of coefficient (DSC) [35] by comparison of manual annotations and automatic
segmentations. The DSC is defined as

DSC = 2 × TP / (FP + 2 × TP + FN) (1)

where TP, FP, and FN are the numbers of true positive, false positive, and false negative
detections, respectively. To visualize the automatic segmentation results, the recall-to-dice
curve and the precision-to-recall curve were also drawn. Precision and recall are defined as

Precision = TP / (TP + FP) (2)

Recall = TP / (TP + FN) (3)

The classification performance based on DL was evaluated by the receiver operating
characteristics curve (ROC) and the area under the ROC (AUC). In addition, the sensitivity,
specificity, accuracy, false-positive rate, false-negative rate, positive predictive rate, and
negative predictive rate of the automatic classification model and 3 ophthalmologists
were calculated to further evaluate the diagnosis ability of the proposed automatic orbital
tumor system.

Sensitivity = TP / (TP + FN) (4)

Specificity = TN / (TN + FP) (5)

Accuracy = (TP + TN) / (TP + TN+ FP + FN) (6)

False-positive rate = FP / (FP + TN) (7)

False-negative rate = FN / (TP + FN) (8)

Positive predictive rate = TP / (TP + FP) (9)

Negative predictive rate = TN / (TN + FN) (10)

where TP, TN, FP, and FN are the numbers of true positive, true negative, false positive,
and false negative classifications.

Independent samples t-test and Chi-square test were used to analyze the differences
in age and sex, respectively. The diagnostic performance of the DL-based system and
3 ophthalmologists were evaluated using the Chi-square test. All the above statistical
analyses were performed using SPSS Statistics 20.0 (IBM Corporation, Armonk, NY, USA).
A p value less than 0.05 was considered statistically significant. The DSC was calculated
using MATLAB R2015b (The MathWorks, Natick, MA, USA). The ROC and confusion
matrices were obtained with Python 3.6 using the Matplotlib package.

3. Results

3.1. Demographic Data

A total of 64 patients (mean age: 51.69 years old), including 36 males and 28 females
were recruited in this study. The benign orbital tumor group consisted of 35 patients (mean
age: 47.46 years old), and the malignant orbital tumor group included 29 patients (mean
age: 56.79 years old). The demographic information is shown in Table 1. There were no
significant differences between these two groups in terms of age and sex. Histopathological
exam results showed that all patients had cavernous hemangioma in the benign orbital
tumor group. In the malignant group, 25 patients (86.21%) had mucosa-associated lym-
phoid tissue (MLAT), 3 patients (10.34%) had diffuse large B-cell lymphoma (DLBL), and
1 patient (3.45%) had follicular lymphoma (FL).
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Table 1. Demographic data of patients with orbital tumors.

Items Total Hemangioma Lymphoma

Number of patients 64 35 29
Male 36 17 19

Female 28 18 10
Mean age (years) 51.69 47.46 56.79

3.2. Tumor Segmentation in CT images

A total of 69 axial CT images were randomly selected as the testing set, and this
testing set was used in both segmentation and classification networks. Figure 2 shows the
representative segmentation results of the benign and malignant orbital tumors using the
proposed DL algorithm. Figure 2a,d show the original non-contrast-enhanced CT images
of the patients with cavernous hemangioma and lymphoma, respectively. Comparison of
the ground truth [red annotations in Figure 2b,e] and DL algorithm predicted segmentation
[green annotations in Figure 2c,f] showed good performance in segmenting orbital tumors
of different natures. The DSC quantitively described the overlap of the ground truth and
the predicted result. The mean DSC value was 0.89 in the testing set. The recall-to-dice and
precision-to-recall scatter diagrams in Figure 2g,h display the detailed segmentation results
of all images in the testing set, demonstrating that high precision and recall were achieved
in most images.

Figure 2. Segmentation performance of the deep learning algorithm: (a,d) representative origi-
nal computed tomography images from patients with hemangioma and lymphoma, respectively;
(b,e) manual annotations which are shown in red; (c,f) automatic segmentation results which are
shown in green; (g,h) recall-to-dice and precision-to-recall scatter diagrams.

3.3. Tumor Classification

The ROC analysis demonstrates the effectiveness of ResNet-34 in benign and ma-
lignant orbital tumor classification, with an AUC of 0.9126. The diagnostic results of
three ophthalmologists are also visualized in Figure 3a. Since the dataset used in this study
was relatively small and from two individual institutions, 10-fold cross-validation was
carried out to verify the stability and robustness of the proposed DL methods. The entire
dataset of 602 images was randomly divided into 10 folds. At each passage, nine folds were
randomly taken as the training set, and the remaining fold was taken as the testing set.
This process was repeated 10 times to make sure each image had been trained and tested.
Figure 3b shows that a consistent performance was obtained, with the AUC of the binary
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classification ranging from 0.8439 to 0.9546. Figure 3c–f show the confusion matrices of the
DL-based model and three ophthalmologists, respectively. The number of orbital tumors
that were misdiagnosed by the DL algorithm and ophthalmologist B was the same (nine
images, 13.04%), which was smaller than the other ophthalmologists. There are 11 (15.94%)
and 10 (14.49%) images that were misclassified by ophthalmologists A and C, respectively.

Figure 3. Classification performance of deep-learning based model and 3 ophthalmologists:
(a) the receiver operating characteristic (ROC) curve of ResNet-34; (b) result analysis of the 10-fold
cross-validation; (c–f) confusion matrices of the deep-learning-based model and 3 ophthalmologists.

3.4. Comparison with Ophthalmologists’ Assessment

The Chi-square test showed no significant difference between the diagnostic perfor-
mance of the DL-based system and three ophthalmologists (p > 0.05). Figure 4b displays
representative examples of tumor classification. Table 2 shows that the accuracy of ResNet-
34 was equal to ophthalmologist B (86.96%) and higher than ophthalmologist A (84.06%)
and C (85.51%). The sensitivity of the DL-based model and three ophthalmologists was
80.00%, 85.71%, 77.14%, and 82.86%. The specificity was 94.12%, 82.35%, 97.06%, and
88.24%, respectively. Compared with ophthalmologist B, the false-negative rate of the DL
algorithm was lower (20.00% versus 22.86%).
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Figure 4. (a) Comparison of classification performance between the DL-based model and 3 oph-
thalmologists in the test set; (b) representative classification results; (c) comparison of the accuracy,
sensitivity, and specificity of DL-based model and 3 ophthalmologists.

Table 2. Diagnostic performance of ResNet-34 and 3 ophthalmologists.

Items ResNet-34
Ophthalmologist

A B C

Sensitivity (%) 80.00 85.71 77.14 82.86
Specificity (%) 94.12 82.35 97.06 88.24

False-Positive Rate (%) 5.88 17.65 2.94 11.76
False-Negative Rate (%) 20.00 14.29 22.86 17.14

Positive Predictive Value (%) 93.33 83.33 96.43 87.88
Negative Predictive Value (%) 82.05 84.85 80.49 83.33

Accuracy (%) 86.96 84.06 86.96 85.51
AUC 0.9126 / / /
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4. Discussion

In this retrospective study, we established a multicenter dataset consisting of patients
with cavernous hemangioma and lymphoma and proposed an end-to-end DL-based system
to automatically segment and classify benign and malignant orbital tumors. The diag-
nostic performance of this automatic system was further explored by comparison with
three certified ophthalmologists. The results showed that the automatic orbital tumor
system could accurately segment orbital tumors on non-contrast-enhanced CT images with
a mean DSC of 0.89. The diagnostic performance of the DL-based system was equal to
three ophthalmologists.

Early recognition and diagnosis of orbital tumors are critical for treatment decisions
and follow-up management. The discovery of benign tumors in orbit does not necessarily
mandate its invasive treatment. A proportion of patients with asymptomatic benign orbital
tumors may never require excision. Scheuerle et al. reported that all orbital hemangioma
patients who received conservative treatment remained stable with a follow-up period
between 3 to 10 years [3]. Patients with malignant orbital tumors may receive more
aggressive treatment options, including surgery, radiotherapy, and chemotherapy [6].
A closer follow-up is also required to monitor the progress of malignant orbital tumors
and ensure early intervention when recurrence is detected. Additionally, the advanced
clinical stage of malignant tumors was proved to be the variable that was significantly
associated with poor prognosis [36,37]. Hence, early detection of orbital tumors is also of
critical importance for the prediction of prognosis.

It is often considered essential to perform a surgical orbital biopsy to confirm the
diagnosis of orbital masses with unknown aetiology [38]. The surgical orbital biopsy could
simultaneously be the diagnostic and therapeutic procedure for patients who need surgical
excision due to visual threat or suspicion of malignancy. Nevertheless, for patients with
benign orbital tumors that can be managed conservatively, this invasive procedure could
merely be used as a diagnostic criterion. In these cases, the accuracy of non-invasive or
minimally invasive diagnostic modalities should be improved.

CT and MRI, exhibiting the location, content, soft tissue, and bone characteristics of
orbital tumors, are important tools to assist ophthalmologists in making the preliminary
diagnosis. However, the accuracy of clinical and radiological diagnosis was not always
satisfactory, and the positive prediction rate relied highly on the skills and knowledge of
the reviewers. Koukkoulli et al. [39] retrospectively analyzed patients who underwent
surgical orbital biopsy from 2003 to 2015, involving more than 100 orbital lesions. The
accuracy of the diagnoses made by the ophthalmologists and the radiologists was compared
with histological results. The results showed that correct diagnoses were reached in less
than 50% of all cases reviewed by ophthalmologists and radiologists alike. In addition,
34.8% and 39.3% of all cases reviewed by ophthalmologists and radiologists reported no
differential diagnosis. In practical clinical settings, ophthalmologists often asked a detailed
history and performed a comprehensive ocular examination, and then correctly concluded
that orbital imaging was required but reached no specific diagnosis. Radiologists often
reported the imaging findings using suggestive language and provided a list of possible
diagnoses. In our study, the accuracy of differentiating benign and malignant orbital
tumors reached 86.96%, exhibiting the robustness of the proposed system. The AUC of
10-fold cross-validation ranged from 0.8439 to 0.9546, which indicated the stability and
repeatability of this DL-based system.

To differentiate benign and malignant orbital tumors, several studies attempted to
interpret CT and/or MRI to figure out predictive features, but the results were not always
consistent. Ben et al. [17] established a guideline for reviewing orbital CT and/or MRI based
on 84 features. Applying this guideline, three physicians reevaluated all images. Then,
the differential ability of the multiple features to discriminate between benign, malignant,
and inflammatory orbital lesions was calculated. None of these features had the high
sensitivity to distinguish the nature of different orbital lesions. Xian et al. [10] reported
that some MRI image features were associated with malignant orbital lesions, and the
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inter-observer agreement between the two observers was excellent. The features that
had a high sensitivity and specificity for the prediction of malignant lesions were the
involvement of preseptal space, ill-defined margin, molding around orbital structures,
isointensity on T2-weighted MRI images, homogeneous enhancement, and washout-type
time-intensity curve (TIC). Yuan et al. [40] further explored the diagnostic efficacy of TIC
on dynamic contrast-enhanced MRI images. The results demonstrated that the orbital mass
with a washout pattern of TIC may be more likely to be malignant, while those having the
persistent pattern of TIC would be more suggestive to be identified as benign. In addition,
Khalek et al. [41] found that the apparent diffusion coefficient value at three-T diffusion
MRI was a feature that could diagnose malignant versus benign orbital lesions.

The aforementioned studies indicated that features of benign and malignant orbital
masses may be overlapped, and it may be difficult to establish an efficient feature map.
Furthermore, the detection and annotation of orbital lesions were still manual. Some
features, such as the shape and margin of masses, were assessed by ophthalmologists or
radiologists. Such processes with human involvement may be influenced by the experi-
ence of the reviewer. The lack of ophthalmologists [42] and the increased workload of
radiologists [43] make it even harder to accurate diagnosis of benign and malignant orbital
tumors. In this study, the proposed end-to-end orbital tumor diagnosis system applied the
algorithm to automatically analyze the high-level features of non-contrast-enhanced CT,
discerning malignant from benign tumors without any manual processing.

AI-based models could help improve the precision of image interpretation. Several
studies had showed the efficiency of AI-based algorithms in distinguishing orbital masses
on CT and MRI. Guo et al. [27] employed an MR-based radiomics signature to distin-
guish ocular adnexal lymphoma (OAL) and idiopathic orbital inflammation (IOI), which
reached an AUC of 0.74 and 0.73 in primary and validation cohorts. Han et al. [44] used
an ML-based model to automatically identify the differences in orbital cavernous venous
malformation from non-contrast-enhanced CT. Hou et al. [28] reported a bag-of-features
(BOF)-based radiomic analysis method, with a support vector machine as the classifier.
Differentiation with augmentation achieved an AUC of 0.803 in the test group from contrast-
enhanced MRI, but the same analysis results from pre-contrast MRI were significantly less
reliable. Radiomics has the advantage of extracting and analyzing high-dimensional quan-
titative features obtained from medical images at high throughput [45]. However, the
efficacy of radiomics-based methods relied on the segmentation accuracy of the ROI, the
quantity and type of extracted features, and the choice of the classifier. In the studies
mentioned above, ROI segmentation was conducted manually, which may be affected
by the subjective bias of observers. Bi et al. [46] applied three DL models to differentiate
cavernous hemangiomas from schwannomas. The first two models were employed for
eye and tumor location. The third classification model had an accuracy of 91.13% in the
transverse T1 CE sequence. However, the highest accuracies were achieved in CE MRI,
an invasive imaging examination. In this study, we simplified the workflow. In the testing
set, after inputting non-contrast-enhanced CT images, the DL-based system could segment
the tumoral regions and output the diagnosis of benign and malignant orbital tumors
end-to-end, reducing the workload of clinicians.

Although the present study demonstrated the potential utility of DL in the detection
and classification of orbital tumors, it had several limitations. First, the number of patients
included was relatively small. For further studies, a larger number of cases and more
types of orbital tumors are necessary. Second, in this retrospective study, the CT images
selected had different slice thicknesses and scanning parameters with different CT scanners.
However, these differences of input data also demonstrated the generalizability of the
proposed method. Third, although the diagnosis performance reached a satisfactory result
that was equal to three certified ophthalmologists, it was not compared with contrast-
enhanced CT or MRI images. Therefore, it is promising to use different kinds of input
images and make comparisons between CT and MRI images, as well as between non-
contrast-enhanced and contrast-enhanced images. Fourth, the axial CT scans used in this
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study could only provide two-dimensional tumor features. In the future, location features
should be combined with three-dimensional medical images to improve the diagnosis
performance of automatic orbital tumor analysis systems.

5. Conclusions

In conclusion, the results of our study showed that the proposed DL-based system
could effectively segment and classify different orbital tumors. It may provide accurate
diagnostic assistance for inexperienced clinicians and help make treatment decisions. In
the future, with the improvement of DL technology, these techniques have the potential to
assist in the diagnosis of different tumors in several bodily areas.
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