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Purpose: To evaluate the multifocal electroretinogram (mfERG) and optical coherence tomography (OCT) angiography features in
patients with idiopathic macular hole (IMH) before and after vitrectomy.

Patients and Methods: This prospective study was conducted at Shanxi Eye Hospital from January 2019 to December 2021.
Twenty-five eyes of 25 patients with unilateral IMH, the unaffected fellow eyes, and 30 eyes of healthy patients were investigated. All
unilateral IMH eyes underwent vitrectomy.

Results: The IMH eyes had significantly delayed latency (rings 2—5) of mfERG compared with the healthy control eyes, and the
amplitude density of all rings of mfERG was reduced (P < 0.05). When comparing the mfERG components before surgery and at the
follow-up, the amplitude density of IMH eyes (ring 1, 3, 4 and 5) was increased significantly (P < 0.05). The delayed implicit times of
the second and fifth ring were significantly shortened compared with those of preoperative eyes (P < 0.05). The mean delayed implicit
time of mfERG in six months after surgery was negatively correlated with visual acuity (r=—0.890, P = 0.043). Significant differences of
superficial retinal blood flow density (SRBFD, P <0.001) and choroidal blood flow density (CBFD) (P <0.05) got via OCTA were found
between IMH before surgery and healthy control eyes. SRBFD of the fellow eyes were significantly different with the healthy control
eyes (P = 0.038). Statistically significance of SRBFD and CBFD changes in IMH eyes were found before and after surgery (P < 0.05).
Conclusion: IMH eyes had a decreased amplitude density and a delayed implicit time in some regions. Additionally, SRBFD and
CBFD were both increased after vitrectomy, which suggests that the blood supply of the retina and choroid is partially restored after
vitrectomy.
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Introduction

Idiopathic macular hole (IMH) is the main cause of central vision loss in the elderly.' Pars plana vitrectomy with internal
limiting membrane (ILM) peeling has been identified as primary treatment for IMH.>* Although there is a high rate of
macular hole closure after vitrectomy, the improvement of functional vision is still not ideal. The macula is vascularized
by the capillary network circulation from the chorionic capillaries. Some studies have shown that the anatomical changes
of the choroid may be related to the development of retinal defects and the progression of macular holes.* Most studies
on IMH surgery use best corrected visual acuity (BCVA) as the main indicator of recovery.” Although BCVA is an
effective measurement in some cases, it cannot completely reflect the function of the retina. Multifocal electroretinogram
(mfERG) was developed by Sutter and Tran in 1992. It is a non-invasive and objective test that detects local functional
changes of the central retina by measuring electrophysiological response, and it can directly reflect the local functions of
the retina, especially the macula, in the form of a three-dimensional topographic map. Most of the previous studies have
focused on the study of full-field ERG and pattern ERG, which are based on the electrical activity of the entire retina.’
When the cumulative lesion does not exceed 20% of the retinal area, the ERG measurements may appear normal. Based
on this shortcoming, the advantages of mfERG are revealed.® Previous study’ has shown that the measurements of
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mfERG decrease in the fovea in IMH eyes, and they would be improved with IMH closure. The use of mfERG to
observe the preoperative lesions and postoperative recovery of IMH can provide new perspectives and deepen the
understanding of this disease.

Previously, researchers speculated that the decrease of foveal choroidal blood flow may be related to the formation of
IMH. However, since the imaging and quantification of the capillary layer with conventional inspection equipment is
a challenge, the chorionic capillary network has not been systematically evaluated by using traditional coherence
tomography (OCT). Moreover, the detection of choroidal blood flow has mostly used indocyanine green angiography
(ICGA) in clinical practice.® However, it requires intravenous injection of contrast agent, and it is an invasive
examination, so it is not suitable for all people. OCT Angiography (OCTA) is a newly established three-dimensional
OCT for visualization and evaluation of retinal blood vessels. The application of OCTA makes it possible to measure
choroidal microvascular flow non-invasively.”'® However, little is known on the changes of choroidal microvascular
flow by OCTA in IMH eyes.

In this study, we investigated the changes in mfERG before and after IMH surgery. We also investigated the
superficial retinal blood flow density and choroidal blood flow density of the macula in IMH, and compared these
with unaffected fellow eyes and normal eyes to identify the formation of IMH as well as potential avenues for preventing
and treating IMH.

Patients and Methods

This was a prospective study and was approved by the Institutional Review Board of Shanxi Eye Hospital, Taiyuan, China
(NO.SXYYLL-20190802). The study protocol adhered to the tenets of the Declaration of Helsinki (as revised in 2013). All
patients signed an informed consent before participation. Patients were recruited from January 2019 to December 2021 in
Shanxi Eye Hospital. All participants received visual acuity, refraction, non-contact tonometry, anterior segment examina-
tion and detailed fundus examination, OCT, and OCTA. The IMH staging was determined according to the Gass

classification”!!

. The test was performed by a spectral domain optical coherence tomography (SD-OCT) system
(Optovue, Angiovue imaging system, American). The exclusion criteria for all subjects were as follows: (I) refractive
error <—6.00 D; (II) intraocular pressure (IOP) >22 mmHg; (III) patients with a history of any retinal disease; or (IV)
patients who had undergone retinal surgery or other treatment. All IMH eyes underwent 25G pars plana vitrectomy (PPV)
plus ILM peeling plus gas (C3F8 or sterilized air) or silicone oil implantation. The follow-up duration was 6 months. In the
IMH eyes the best corrected visual acuity (logMAR) was tested before surgery and one month, three months and six months
after the operation. Healthy subjects over 50 years old, whose BCVA was better than 0.9 without ocular disease, were
included as healthy control.

The electrophysiological response of the eyes was recorded by the multifocal ERG (super color Ganzfeld Q450 SCX.
Roland Consult). The amplitude density and delay time of 5 loops were measured. In order to quantify the retinal and
choroid blood circulation, the Optovue software (version 2014.2.0.93) was used to analyze the blood flow density on the
superficial retinal angiography and the blood flow density of the deep choroid layer, reflecting the choroidal capillary
circulation in the macular area. Divide this data by the area of the selected area 3.142 to get the blood flow density of the
choroid layer. OCTA indicators were measured using angio-retina mode scan (3mmx3mm size). The blood flow area of
the superficial retinal capillaries in the macular area and the blood flow area of the choroidal capillaries are the blood flow
area with a 3mmXx3mm scanning range centered on the macular fovea with a radius of 1 mm.

Statistical Analysis

Data were entered in excel (Microsoft Corp, Redmond, WA, USA), and all analyses were performed in SPSS (Version
23.0, Inc, Chicago, IL, USA). Continuous variables were presented as mean + standard deviation (SD) and categorical
variables were recorded as percentages. Normality of parameters was assessed with the Shapiro—Wilk test. Independent
samples #-test was used to compare the delayed times and response densities of mfERG in rings 1-5, vascular densities of
superficial retinal capillary and choroidal flow area between IMH eyes and the unaffected fellow eyes with healthy
control. Data of IMH eyes were compared before and 1, 3, 6 months after surgery using repeated measures ANOVA.
Variables before and after operation were analyzed with Paired-samples #-test. Spearman correlation was performed to
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investigate the correlation between visual acuity and the delayed times and response densities of mfERG (rings 1-5),
vascular densities of superficial retinal capillary and choroidal flow area. A P < 0.05 was considered statistically
significant.

Results

In the current study, 25 eyes from 25 patients with unilateral IMH were included, and 30 eyes of 30 healthy people were
included as control. Table 1 shows the characteristics of included eyes. There was no statistically significant difference in
age, gender and BCVA between the IMH eyes, fellow eyes and health control eyes (all P > 0.05).

The characteristics of mfERG components among normal eyes, fellow eyes and IMH eyes are shown in Table 2.
Compared with normal eyes, the delayed implicit time of all the rings in the macular hole of the research subjects was
significantly delayed, and the amplitude density of all the rings was reduced (except the third ring, P < 0.001). In the
fellow eyes, it was found that the delayed implicit time of all the rings was significantly delayed, while the amplitude
density of the fourth ring was significantly reduced (P < 0.001).

The CBFD between the IMH eyes and the fellow eyes group was statistically significant (P < 0.001). The SRBFD and
CBFD between the IMH eyes and the normal control group were also statistically significant (P < 0.001, P = 0.002,
respectively). The SRBFD levels of the fellow eye group were lower than those in the normal control group (P = 0.038,
Table 3).

In IMH eyes, the amplitude density of the first, third, fourth and fifth rings was significantly increased after surgery,
and there was a significant difference compared with preoperatively (P < 0.001). The delayed implicit time in the second
and fifth rings was significantly reduced and there was a significant difference compared to preoperatively (P < 0.05)
(Table 4).

Table | Baseline Characteristic of Included Patients

Patients Healthy Control P
(n=30)
IMH Eyes (n=25) Fellow Eyes (n=30)
Gender (male/female) 3/22 3/22 5/25 0.502
Age (years) 63.8014 63.80+4.30 61.00+5.80 0.069
BCVA (LogMAR) 1.651.19 0.08+0.05 0.06+0.05 <0.001
Duration (days) 86.20+45.36
Macular hole diameter (um) 608.35+4.30

Abbreviations: IMH, idiopathic macular hole; LogMAR, logarithm of the minimum angle of resolution.

Table 2 Comparison of Multifocal Electroretinogram Parameters of IMH Eyes, Fellow Eyes and Normal Eyes

mfERG Ring Normal Eyes (N=30) Fellow Eyes (N=25) IMH Eyes (N=25)
Mean SD Mean SD P* Mean SD P*
Ring | | Amplitude 110.01 11.72 124.53 4451 0.212 53.86 26.95 <0.001
Implicit time 39.70 0.47 53.53 3.0l 0.001 52.10 4.87 <0.001
Ring 2 | Amplitude 76.15 4.60 61.40 24.36 0.151 3541 22.59 <0.001
Implicit time 39.51 0.53 50.01 1.27 <0.001 SL11 2.12 <0.001
Ring 3 | Amplitude 42.80 1.87 41.02 13.17 0.454 26.42 12.90 0.10
Implicit time 39.28 0.48 48.73 1.43 <0.001 50.08 2.66 <0.001
Ring 4 | Amplitude 32.17 2.00 23.55 7.69 0.015 16.62 8.6l <0.001
Implicit time 39.57 0.67 48.55 1.76 <0.001 49.82 3.58 <0.001
Ring 5 | Amplitude 22.56 1.93 16.73 5.78 0.10 12.75 5.94 0.002
Implicit time 38.63 1.77 47.46 4.65 <0.001 50.16 3.60 <0.001

Notes: *Comparison between fellow eyes and normal eyes. *Comparison between IMH eyes and normal eyes.
Abbreviations: IMH, idiopathic macular hole; mfERG, multifocal electroretinogram; SD, standard deviation.
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Table 3 Comparisons of SRBFD and CBFD Measurements in Macular Area Between IMH Group, Fellow Eye Group and Healthy
Control Group

Region IMH Eyes Fellow Normal P p-value for IMH p-value for IMH p-value for Fellow
(N=25) Eyes Eyes Eyes vs Fellow Eyes Eyes vs Normal Eyes vs Normal
(N=25) (N=30) Eyes Eyes
SRBFD (mm?) | 45.79+3.49 | 48.20£3.90 | 49.75£3.33 | <0.00I 0.562 <0.001 0.038
CBFD (mm?) 0.44+0.07 0.56+0.07 0.59+0.01 <0.001 <0.001 0.002 <0.001

Abbreviations: IMH, idiopathic macular hole; SRBFD, superficial retinal blood flow density; CBFD, choroidal blood flow density.

Table 4 Pre and Post-Surgery (I Month, 3 Months, and 6 Months) Comparison of Multifocal Electroretinogram (mfERG) Components
in IMH Eyes (Mean+SD)

mfERG Ring IMH Eyes
Pre-Operation | Month 3 Months 6 Months F value P
Ring | Amplitude 53.86+26.95 74.64+28.87 90.42+28.56 74.83£39.66 6.037 0.006
Implicit time 52.10+4.87 50.05+7.39 50.35+10.53 51.73£9.91 0.190 0.903
Ring 2 Amplitude 35.41+22.59 23.75%22.93 21.75+4.00 27.37£23.95 1.370 0.288
Implicit time S5L11£2.12 53.77+4.12 48.88+4.21 52.60%5.11 5.129 0.003
Ring 3 Amplitude 26.42+12.90 12.60+13.09 12.54+11.06 15.78+17.13 8.435 0.007
Implicit time 50.08+2.66 51.16£3.29 50.26+5.18 50.46+5.64 0.253 0.859
Ring 4 Amplitude 16.62+8.61 8.75+£7.77 7.89+6.67 11.17£9.71 6.686 0.001
Implicit time 49.82+3.58 52.22+3.20 51.25+2.65 52.33+3.91 2.542 0.066
Ring 5 Amplitude 12.75+5.94 6211451 5.83+4.18 7.7417.46 8.938 0.005
Implicit time 50.17+3.60 53.59+3.34 50.76+3.27 50.95+4.39 4.016 0.012

Abbreviations: IMH, idiopathic macular hole; SD, standard deviation; mfERG, multifocal electroretinogram.

Table 5 shows the average delayed implicit time of six months after surgery was negatively correlated with visual
acuity (r = —0.890, P = 0.043).

Furthermore, Table 6 shows the differences between SRBFD and CBFD before and after surgery (at 1 month, 3
months, and 6 months). There was a statistical significance on SRBFD at baseline, 1 month, 3 months, and 6 months after

Table 5 Correlation Between Visual Acuity in logMAR and Multifocal Electroretinogram (mfERG) Components Before and After
Surgery in IMH Eyes and in the Fellow Eyes

mfERG Ring IMH Eyes Pre Surgery IMH Eyes Post-Surgery Fellow Eyes
(n=25) (6 Months, n=25) (n=25)
r value P r value P r value P
Average Amplitude —0.708 0.180 —0.320 0.559 0.07 0.346
Implicit time —0.550 0.337 —0.890 0.043 —0.370 0.015
Ring | Amplitude —0.294 0.221 —0.004 0.987 0.020 0.934
Implicit time 0.106 0.667 —0.061 0.809 0.192 0.431
Ring 2 Amplitude —0.242 0318 0.082 0.747 —0.203 0.404
Implicit time —0.073 0.768 —0.021 0.935 0.344 0.059
Ring 3 Amplitude —0.040 0.870 0.065 0.798 —0.165 0.499
Implicit time —0.002 0.992 —0.027 0915 0.117 0.634
Ring 4 Amplitude —0.141 0.565 0.016 0.950 —0.114 0.642
Implicit time —0.097 0.694 0.270 0.279 0.113 0.646
Ring 5 Amplitude —-0.176 0.471 —0.108 0.670 —0.068 0.781
Implicit time —0.192 0.430 -0.510 0.031 —0.147 0.515

Abbreviations: IMH, idiopathic macular hole; LogMAR, logarithm of the minimum angle of resolution; mfERG, multifocal electroretinogram; SD, standard deviation.
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Table 6 Pre and Post-Surgery (I Month, 3 Months, and 6 Months) Comparison of SRBFD and CBFD in Eyes with IMH (Mean+SD)

Region Blood Flow Density P
Pre-Operation I Month 3 Months 6 Months

SRBFD (mm?) 45.19+0.64 46.35+0.95 47.91+0.75 43.56+0.98 <0.001

CBFD (mm?) 0.44+0.08 0.49+0.13 0.51+0.14 0.53+0.15 0.002

Abbreviations: IMH, idiopathic macular hole; BFD, blood flow density; SRBFD, superficial retinal blood flow density; CBFD, choroidal blood flow density.

operation, and the SRBFD increased after operation (at 1 month, and 3 months). Similarly, the CBFD was statistically
significant changes before operation, 1 month, 3 months, and 6 months after operation.

Discussion

The purpose of this study was to investigate the morphological and functional recovery of the retina and choroid before
and after IMH surgery. After surgery, the macular hole was successfully closed and function of macular was improved in
IMH eyes. The mfERG also showed varying degrees of recovery. All rings of delayed implicit times in the fellow eye
were found to have significantly delayed, while the fourth ring of amplitude density had a significantly lower. In OCTA
measurements, the SRBDF and the CBDF of the IMH eyes were significantly lower than those of normal eyes, and the
SRBDF and CBDF levels increased after the operation. Interestingly, the SRBFD of the fellow eyes were lower than the
normal eyes. Therefore, we should be alert to the occurrence of macular hole in the fellow eye, pay more attention in
follow-up work, especially in early detection.

Multifocal ERG has its own unique advantages: it can accurately and quantitatively reflect the function of various
parts of the retina.® Tuzson et al studied the role of mfERG measurements in the diagnosis of IMH and concluded that the
mfERG in the fellow eyes of patients with IMH seems clinically useful. The lower amplitude may forecast the propensity
for subsequent development of IMH. Patients with low central ERG amplitude and lower ring ratios in the healthy fellow
eyes should have stricter follow-up.'? Most studies focused on preoperative and postoperative comparisons, with no
comparisons with the fellow eyes or normal controls.”'*!'* Our results suggested that the delayed implicit time of all the
rings was significantly delayed in the fellow eyes. It revealed that we should be alert to the occurrence of macular holes
in the fellow eye. Previous authors have reported varied results about the role of mfERG in macular hole. A positive
correlation was seen between the postoperative visual acuity and mfERG amplitudes, however, the amplitudes tended to
vary greatly even in patients with the same level of acuity.'” Conversely, improvement in ERG amplitudes were noted
even with unchanged visual acuities after macular hole closure'®. Si et al found that the decrease in retinal ERG response
was not limited to the fovea but involved an area of the perifovea of 1.6 disc diameters. The ERG response density of
these areas gradually improved after macular hole closure.'* In the current study, after macular hole surgery, we found
that the amplitude density of the first, third, fourth, and fifth rings was significantly increased compared to preoperation,
and the mean delayed implicit time of post-operation was significantly shortened, and it was negatively correlated with
visual acuity. It shows that retinal function has been restored to different degrees, which indicate that the macular
function of retinal has been partially recovered after IMH surgery.

As the only blood supply tissue in the center of the macula, the choroid maintains a high metabolic activity in the
center of the macula, and choriocapillary damage can seriously affect the function of the macula. Therefore, it is
extremely important to accurately understand the choroidal blood circulation. The changes of blood circulation are
closely related to the occurrence, development and prognosis of maculopathy. The choroidal circulation can be
detected to evaluate the progress of the disease and the effect of treatment. Choroidal perfusion is an important
anatomical factor in macular physiology.® Due to the lack of previous technical means to measure choroidal blood
flow, the pathogenesis of IMH has mainly focused on changes in choroidal thickness. However, the results of various
studies are controversial due to inconsistent quantitative methods for choroidal thickness measurement.'”'® Most
literature reports only focused on morphological changes in macular holes. Apostolopoulos et al*® observed the
changes of macular hole size and the recovery of retinal function of mfERG after surgery in IMH eyes, while it did not
involve the blood supply of retina and choroid. With the advent of OCTA,?' quantitative analysis of retinal and
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choroidal blood flow became possible. The studies about retinal and choroidal circulation in the macular region before
and after surgery of idiopathic macular hole were rare. Most of the previous studies focused on the morphological
studies of the retina and choroid before and after macular hole surgery, such as the changes in the area of the avascular
area in the superficial macular region and the changes in the thickness of the choroid.®'**? Wilczynski et al
investigated the features of OCTA in patients with IMH eyes before and after surgical treatment and concluded that
quantitative evaluation of vascular and morphological changes following IMH surgery using OCTA shows the
potential for recovery due to vascular and neuronal plasticity. OCTA showing vascular changes and their quantitative
characteristics might be a useful tool for the assessment of macular holes before and after surgical treatment.'” In the
current study, the SRBFD showed an increase at one month and three months after the operation, indicating that the
retinal function was partially restored, but the SRBFD decreased at 6 months after the operation. Compared with the
fellow eyes, the CBFD in the IMH eyes was significantly reduced and it increases at different time periods after
surgery (1 month, 3 months, and 6 months). These changes reflected that after IMH surgery, the choroidal blood
supply was partially restored. However, the exact mechanism for choroidal capillary damage in full-thickness macular
hole eyes is still unknown. One possible explanation is that the restoration of choriocapillaries is associated with the
restoration of retinal structure.'® The main blood supply to the retina is the choroid because photoreceptors are
metabolically very active. Ions and water continuously flow through the retina enters the choroid.>* Both the SRBFD
and CBFD in the IMH eyes were significantly lower than those in the normal eyes, and the fellow eyes also changed,
which also suggested us to be vigilant in the follow-up of the fellow eye group and closely observe the occurrence of
macular hole in the fellow eye.

There are still some deficiencies in this study, the sample included is slightly less, the observation time is still short,
and the results have certain limitations, and it is necessary to expand the sample and conduct in-depth research. Our
follow-up time is half a year, it is necessary to conduct further long-term observations and continue to study the changes
of retina and choroid function, and provide more theoretical basis.

Conclusion

Through the measurements of mfERG, the delayed implicit time of the IMH eyes was significantly delayed, and the
amplitude density was reduced, and the fellow eyes were also damaged correspondingly, and the macular retinal function
recovered after macular hole surgery. According to OCTA, the SRBFD and the CBFD of the IMH eyes were significantly
lower than those of healthy eyes. The SRBFD increased at 1 month and 3 months after the operation, and the CBFD
continued to increase after the operation. Our study revealed the retinal function and choroidal circulations in IMH eyes
could be restored after the repair of macular hole. Furthermore, our findings imply that quantification of SRBFD and
CBFD may serve as a parameter for assessing macular disease progression and prognosis.
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