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Abstract

Purpose To investigate morphological and functional outcomes of the inverted internal limiting membrane (I-ILM) flap tech-
nique in large (>400 pm) idiopathic full-thickness macular holes (FTMH) over a follow-up period of 12 months.

Methods In this retrospective study, 55 eyes of 54 consecutive patients were enrolled. Best-corrected visual acuity (BCVA) and
spectral-domain optical coherence tomography (SD-OCT, Heidelberg, Spectralis) were performed preoperatively as well as 1, 3, 6, 9,
and 12 months postoperatively. Special focus was put on the reintegration of outer retinal layers and the different ILM flap appearances.
Results FTMH closure rate was 100% (55/55). BCV A significantly improved over the follow-up period of 12 months from 0.98
+0.38 LogMAR preoperatively to 0.42+0.33 LogMAR at 12 months postoperatively (p <0.001). There was no significant
correlation between the three different ILM flap appearances and BCVA. Better preoperative BCVA, complete restoration of the
external limiting membrane (ELM), higher macular hole index (MHI), and smaller MH base diameter were associated with
higher improvement of BCVA.

Conclusion Our study highlights the favorable morphological and functional outcomes of the I-ILM flap technique in the short as
well as in the long term. While complete ELM restoration revealed to be an important factor for improvement in BCVA, the
different postoperative ILM flap appearances seem not to be related to BCVA.

Keywords Inverted internal limiting membrane flap technique - Large macular hole - Spectral-domain optical coherence
tomography - External limiting membrane - Flap appearance - Macular hole index
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Key messages

® The inverted internal limiting membrane (I-ILM) flap technique is a promising method for treatment of large
idiopathic full-thickness macular holes (FTMH) with favorable hole closure rates and improvement of best

corrected visual acuity (BCVA).

® There is no significant association between different postoperative ILM flap appearances and BCV A neither in the
short-nor in the long-term. No re-glioses was observed during the time-period of 12 months in any of the 55 eyes
enrolled, independent of the postoperative ILM flap appearance.

® The microstructural regeneration of retinal layers endured longer than 12 months in most of the patients. The
complete restoration of the external limiting membrane (ELM) was significantly associated with improved
visual acuity emphasizing that the process of functional improvement is ongoing at least up

to 12 months postoperatively.

® Prognostic factors concerning greater improvements in postoperative BCVA were pointed out. Better
preoperative BCVA, a fully intact ELM, higher macular hole index (MHI) and a smaller base and
minimal linear diameter were significantly associated with greater improvement of BCVA.

Introduction

A full-thickness macular hole (FTMH) is a sight-threatening
condition which is defined as a retinal defect arising from the
internal limiting membrane (ILM) extending up to the retinal
pigment epithelium (RPE) [1]. This vitreoretinal disorder is
considered to be idiopathic in most of the cases and has an
estimated incidence of 7.8 new cases per 100,000 population
per year. It mostly occurs in individuals older than 65 years
with a predominance of females [2—6].

In 1991, Kelly and Wendel first described pars plana vit-
rectomy (PPV) and fluid-gas exchange as an effective treat-
ment of FTMH with macular hole (MH) closure in 58% and
visual acuity (VA) improvement in 42% of all cases [7]. With
the introduction of ILM peeling and the development of dif-
ferent staining agents for better visualization of the ILM, the
success rate of MH surgery increased up to 97% [8—14]. Since
then, PPV, ILM peeling, and fluid-gas exchange have become
the standard surgical treatment for MH [15, 16].

However, in large MH (minimum linear diameter >
400 wm), anatomical and functional success is more difficult
to achieve with reported closure rates between 50 and 88%
[13, 17-21]. The risk of surgical failure is higher among large
MH. Failure to close, reopening, flat-open closure, or flat MH
margins with bare RPE occur more often than in MH with a
minimum linear diameter <400 um [7, 21, 22]. Further effort
in improving vitreoretinal surgery for MH led to the develop-
ment of the inverted ILM (I-ILM) flap technique, first de-
scribed by Michalewska et al. in 2010 [21]. This technique
resulted in an improvement of closure rates and visual func-
tion in large MH. Since then, several studies have reported the
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superiority of the I-ILM flap technique over ILM peeling in
the treatment of large MH achieving better anatomical and
functional outcomes [22-28]. Further studies have demon-
strated the dependence of functional improvement on the post-
operative integrity of the outer retinal layers. Especially, the
restoration of the external limiting membrane (ELM), ellip-
soid zone (EZ), and outer photoreceptor segments (OS) were
reported to significantly correlate with an improved postoper-
ative best-corrected visual acuity (BCVA) [29-35]. Over the
last 10 years, several modifications of the original I-ILM flap
technique with similar favorable results have been described
[36-42].

The development of intraoperative spectral-domain optical
coherence tomography (iISD-OCT; Spectralis HRA Oct;
Heidelberg Engineering, Heidelberg, Germany) further im-
proved MH surgery, providing real-time information about
the vitreous body, retinal layers, and its manipulation during
vitreoretinal surgery. iSD-OCT proved to be an efficient tool
in performing the I-ILM flap technique allowing a controlled
ILM peeling and proper positioning of the ILM flap [43-47].
However, despite promising functional and anatomical results
for large MH, some vitreoretinal surgeons are still reserved in
performing this new technique because of concerns regarding
the long-term outcomes. Especially, the microstructural regen-
eration of the outer retinal layers is a matter of concern [48].
The purpose of this study was to report the long-term anatom-
ical and functional outcomes of the I-ILM flap technique in
the treatment of large idiopathic FTMH. In regard to the ana-
tomical outcomes, we put special focus on different postoper-
ative ILM flap appearances and microstructural regeneration
of the retinal layers using SD-OCT.
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Methods
Study design

We retrospectively reviewed the medical records of all pa-
tients who underwent surgery for MH repair using the I-ILM
flap technique at the University Hospital rechts der Isar of the
Technical University Munich, Germany, between December
2009 and July 2020. Only patients with idiopathic FTMH in
stage 3 or 4 according to Gass [49] and a minimum linear
diameter of 400 um were included. Exclusion criteria were
coexisting ocular pathologies such as retinal vascular diseases
(e.g., diabetic retinopathy, retinal vascular occlusion), age-
related macular degeneration, glaucoma, history of previous
retinal surgery, history of trauma, uveitis, high myopia (refrac-
tive error of more than — 6.00 diopters), or retinal detachment.
Finally, 55 eyes of 54 consecutive patients were enrolled in
this study. Prior to surgery, each patient was informed about
the risks and benefits, and written informed consent was ob-
tained from all patients. This study was approved by the local
ethics committee of the Technical University Munich and ad-
hered to the tenets of the Declaration of Helsinki.

All patients underwent a comprehensive ophthalmologic
examination, including measurement of BCVA (decimal
values) using the 4-m Snellen chart, slit-lamp biomicroscopy,
intraocular pressure measurements, indirect ophthalmoscopy,
and SD-OCT, at baseline as well as 1, 3, 6, 9, and 12 months
postoperatively.

Further patient demographics collected included age, sex,
duration of symptoms, lens status, and presence of an
epiretinal membrane (ERM).

Pre- and postoperative SD-OCT measurements were taken
using the same sectional images. The minimum linear and
base diameters of the MH, the foveal configuration, and the
central retinal thickness were assessed by SD-OCT. The

Fig. 1 SD-OCT scan of a full-
thickness macular hole (FTMH)
using our measurement protocol
with the caliper tool (Spectralis,
Heidelberg). Minimum linear di-
ameter 698 um, base diameter
1257 um, central retinal thickness
462 um

minimum linear diameter (minimal extent of the MH parallel
to the RPE), the base diameter (diameter at the level of the
RPE), and the central retinal height (maximal distance be-
tween the RPE and the vitreoretinal interface) were measured
using the caliper software tool. Our measurement protocol is
visualized in Fig. 1. The macular hole index (MHI, ratio of the
macular hole height to its base diameter) was calculated for
each patient [50]. The layers were considered intact if a regu-
lar and continuous hyperreflective line corresponding to the
EZ, ELM, or OS displayed in SD-OCT. Disrupted layers were
characterized by hyporeflective discontinuities in the EZ,
ELM, or OS line (Fig. 2). These classifications are based on
the agreement of two authors (M.M. and N.B.). SD-OCT was
used to confirm MH closure, defined by the integrity of the
retinal layers in the macular area without evidence of a bare
RPE. Flat-open and elevated-open closure-type configura-
tions were considered as surgical failure. The primary out-
come measure was defined as MH closure; secondary out-
comes were postoperative BCVA, postoperative flap appear-
ance, and the integrity of retinal layers.

Surgical procedure

Standard three-port 23-gauge pars plana vitrectomy
(Constellation; Alcon Laboratories, Fort Worth, Texas,
USA) with [-ILM flap technique was performed in all patients
by one experienced vitreoretinal surgeon (M.M.). The vitrec-
tomy was combined with phacoemulsification and intraocular
lens implantation if a visually significant cataract was present.
After core and peripheral vitrectomy, the ILM was stained
with 0.025% Brilliant Blue G (Brilliant Peel, Fluoron,
Germany) for about 30 s followed by the air-fluid exchange
to wash the excess dye. A present ERM was differentiated
from the ILM by its staining pattern and peeled consequently.
Thereafter, the ILM was grasped and peeled off in a
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Fig. 2 Optical coherence
tomography scan of a closed
FTMH at 3 months postoperative
with gradings of ELM =0
(continuous), EZ =1 (disrupted),
and OS =0 (disrupted). The
integrity of the ELM, EZ, and OS
was nominally graded as 0 if the
layer was fully restored and
continuous or as | if the layer was
absent or partially restored but
disrupted

circumferential pattern for about 2.0-2.5 disk diameters sur-
rounding the MH using end-gripping forceps, leaving the in-
nermost part attached at the rim of the MH (Fig. 3). During
this maneuver, perfusion was set at a low level. Edges of the
ILM were trimmed with a vitreous cutter and the remnant was
gently inverted to cover the MH in such a way that the surface
which normally faced the vitreous body was now directed
towards the RPE, covering the entire area of exposed RPE.
No additional manipulation of the ILM flap was done hereaf-
ter. In all patients, fluid-air exchange and gas insufflation of
12% perfluoropropane (C3F8; Perfluoron, Alcon
Laboratories, Fort Worth, Texas, USA) into the vitreous cav-
ity was performed at the end of surgery (online resource 1).
For dynamic intraoperative imaging, the microscope-
integrated iSD-OCT system Rescan 700 (Carl Zeiss Meditec
AG, Oberkochen, Germany) was used. The patients were ad-
vised to maintain a face-down position for 3 days postopera-
tively [46]. The I-ILM flap technique used in our study dif-
fered from the original I-ILM flap technique. Instead of

Fig. 3 Inverted ILM flap technique. a Visualization of the inverted
internal limiting membrane (I-ILM) flap technique in a schematic draw-
ing. Circumferential ILM peeling 2.0-2.5 disk diameters surrounding the
full-thickness macular hole (MH), leaving the edges attached to the
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creating a single I-ILM flap, a radial I-ILM flap, resembling
a rosette, was peeled and inverted over the MH [21, 46].

Statistical analysis

Numerical data was reported as mean + standard deviation
(SD) or median and range, whereas qualitative variables were
presented as frequencies (absolutes) and percentages (%). For
comparison of variables between two or more groups, the
Mann-Whitney U test, the ¢ test, or the chi-square test were
used depending on the characteristics of the groups and the
variables of the 7 test. The correlation between two continu-
ous, non-normally distributed data were calculated with the
Spearman correlation, the relationship between two continu-
ous, normally distributed variables with the Pearson correla-
tion. Paired ¢ tests were conducted to evaluate postoperative
changes in measured outcomes, with BCVA converted to the
logarithm of the minimum angle of resolution (LogMAR) for
analysis. Univariate variance models were conducted with

margins of the FTMH. An ILM rosette is created and inverted to cover
the FTMH. b Microscope image demonstrating the preparation of the
ILM flap in a patient with large FTMH. Edges of the flap were trimmed
with a vitreous cutter
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Fig. 4 Patients’ lens status preoperatively as well as 1, 3, 6, 9, and
12 months postoperative. At 12 months postoperative, 80% of the
patients were pseudophakic compared to 25.5% at baseline

postoperative BCVA as the dependent variable. Covariates
and independent factors involved preoperative BCVA, age,
gender, lens status, duration of symptoms, MH minimal diam-
eter, MH base diameter, postoperative state of ELM, EZ, and
OS as well as the postoperative appearance of an ILM flap.
Factors which tested significantly in a univariate association
were included in the multiple regression analysis to determine
the factors significantly associated with postoperative BCVA.
Statistical testing was performed at the 2-tailed alpha level of
0.05. All analyses were performed using SPSS (version 24.0;
SPSS Inc., Chicago, Illinois, USA).

Results

A total of 55 eyes in 54 consecutive patients, 39 (70.9%) wom-
en and 16 (29.1%) men, with a mean age of 67 + 7 years were
included. At baseline, 41 (74.5%) patients were phakic and 14
(25.5%) patients were pseudophakic. Phacoemulsification and
intraocular lens implantation were performed in combination
with PPV in 13 cases (23.6%). The lens status of patients

during the follow-up period is illustrated in Fig. 4. Lens status
was included as a possible confounder variable in our statistical
analysis.

On a SD-OCT examination at baseline, the mean minimal
MH diameter was 517 um (£ 117 pum, range 401-863 pum),
the mean MH base diameter was 1014 pum (+ 368 pum, range
526-2389 um), and the mean central retinal height was
413 pum (£ 88 wm, range 243—758 pm). This results in a mean
MHI of 0.45 + 0.16. The MHI showed a significant negative
correlation to BCVA (LogMAR) at 1, 3, 6, and 12 months
postoperatively (r=—.35, r=—.42, r=—.48, r=—.67,
p<0.05). A higher MHI was associated with a lower
LogMAR value in terms of a better VA. Patients’ demo-
graphics and baseline characteristics are reported in Table 1.

The mean BCVA improved from 0.98 + 0.38 LogMAR
(Snellen’s equivalent 20/200) preoperatively to 0.60 + 0.34
(Snellen’s equivalent 20/80), 0.51 £+ 0.27 (Snellen’s equiva-
lent 20/63), 0.58 £ 0.39 (Snellen’s equivalent 20/80),
0.47 £ 0.33 (Snellen’s equivalent 20/63), and 0.42 + 0.33
LogMAR (Snellen’s equivalent 20/50) at 1, 3, 6, 9, and
12 months after surgery, respectively (p <0.001). Changes
in preoperative and postoperative BCVA are shown in
Fig. 5. The mean improvement of BCVA equaled an improve-
ment of 4 Snellen lines. There was no loss of BCVA in any of
the patients.

Patients’ age significantly correlated with preoperative
BCVA (r=.35, p<0.05) but not with postoperative BCVA
improvements. Regarding MH parameter, we found a signif-
icant correlation between the base diameter as well as the
minimal linear diameter and BCVA (r=.83, r=.40,
p<0.01) as a larger base diameter and a larger minimal linear
diameter were connected to higher values of LogMAR and
thus poorer BCVA. Furthermore, final BCVA was associated
with initial BCVA, as a worse preoperative BCVA came
along with worse postoperative BCVA (r=.46, p<0.01).
No significant correlations were observed between gender,
duration of symptoms, and improvements of BCVA in our
study (p >0.05).

Table 1 Baseline characteristics
of the patients (n = 54) and
affected eyes (n=55)

Age, years (mean + SD; range)
Female gender, n (%)

Right eye, n (%)

Lens status, phakic

ERM, n (%)

Mean duration of symptoms, months (median)
Mean MH minimal linear diameter (pm)

Mean MH base diameter (pum)

Preoperative BCVA (mean LogMAR + SD), Snellen

67.0 (£7.0)

39 (70.9%)

25 (45.5%)

41 (74.5%)

22 (40.0%)

7.3, range 0.5-28

517 (£117), range 401-863
1014 (£368), range 5262389
0.98 (+0.38), 20/200

IOL, intraocular lens; ERM, epiretinal membrane; BCVA, best-corrected visual acuity; logMAR, logarithm of
minimal angle of resolution; MH, macular hole; SD, standard deviation
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Fig. 5 The mean BCVA
improved from 0.98 +£0.38
LogMAR preoperatively to 0.60
+0.34t0 0.51+0.27,0.58 £0.39,
0.47+0.33,and 0.42+0.33 at 1, 1,00
3, 6,9, and 12 months after
surgery, respectively (p <0.001).
Error bars 95% CI
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The median duration of symptoms reported by the patients
was 7.3 months (range 0.5 to 28 months). Interestingly, we
found a statistically significant correlation between the dura-
tion of symptoms and the MH minimal diameter. A longer
duration of symptoms was associated with a larger MH min-
imal diameter (r=.46, p<0.01). Postoperative SD-OCT
scans confirmed MH closure in 55 of 55 eyes within 3 months
(closure rate 100%). No case of flat-open or elevated-open
MH was found. No adverse events were recorded during sur-
gery or the follow-up period of 12 months. Postoperative data
are presented in Table 2.

SD-OCT enabled us to distinguish between three different
postoperative ILM flap appearances (Fig. 6). In type A, the
ILM flap was not visible at all (32.1%, n=17); in type B, the
ILM flap was partly visible (18.9%, n=10); and in type C, the
ILM flap was visible over the whole foveal area (49.1%, n = 26).
Statistical analysis did not show a significant association between
the different postoperative ILM flap appearances and BCVA
(p>0.05). The ILM flap appearance was categorized at each
follow-up time point. Remarkably, the ILM flap appearance type
remained stable for each eye over the follow-up period.

An ERM was detected and peeled in 22 (40.0%) eyes. We
did not detect an excessive proliferation of glia cells in terms

3 months 6 months 9 months 12 months

error bars: 95% CI

1 month

of gliosis in SD-OCT during the 12-month follow-up period in
any eye.

There was a significant reduction of retinal thickness
1 month postoperatively compared to baseline retinal thick-
ness (p>0.001). During the further follow-up period, retinal
thickness stayed constant (Fig. 7). Retinal thickness and
BCVA did not correlate significantly (p > 0.05).

The retrospective design of our study led to missing data at
different examination time points. Although a complete as-
sessment after 1, 3, 6, 9, and 12 months postoperatively is
the scheduled standard procedure in our clinic, only a few
patients met each appointment. However, each patient
attended two or more examinations. Additionally, the exami-
nation intervals differed because of organizational limitations.
The exact follow-up characteristics are illustrated in Table 3.

Only 17 eyes (30.9%) completed the whole examination
period. In one of these patients, SD-OCT was not evaluated
due to poor quality. In the remaining patients, SD-OCT
showed complete restoration of foveal microstructures
(ELM, EZ, and OS) at the end of the follow-up period in
31.3% (5/16) of the eyes. The ELM, EZ, and OS were fully
restored in 62.5% (10/16), 31.3% (5/16), and 31.3% (5/16)
eyes at the end of the follow-up period, respectively.
Postoperative recovery of the photoreceptor layers is

Table 2 Postoperative

characteristics MH closure, n (%)

55 (100%)

BCVA 1 month postoperative (mean LogMAR = SD), Snellen
BCVA 3 months postoperative (mean LogMAR =+ SD), Snellen
BCVA 6 months postoperative (mean LogMAR = SD), Snellen
BCVA 9 months postoperative (mean LogMAR =+ SD), Snellen
BCVA 12 months postoperative (mean LogMAR =+ SD), Snellen

0.60 (£0.34), 20/80
0.51 (£0.27), 20/63
0.58 (£0.39), 20/80
0.47 (£0.33), 20/63
0.42 (£0.33) (20/50)

BCVA, best-corrected visual acuity; logMAR, logarithm of minimal angle of resolution; MH, macular hole; SD,

standard deviation
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Fig. 6 The three different ILM flap appearances. In type A, the ILM flap was not visible at all (32.1%, n = 17); in type B, the ILM flap was partly visible
(18.9%, n=10); and in type C, the ILM flap was visible over the whole foveal area (49.1%, n =26)

illustrated in Fig. 8. Complete EZ and OS restoration
was not observed without complete restoration of the
ELM. Restoration of the ELM preceded the restoration
of the EZ and OS in all cases.

Univariate variance analysis was conducted to detect dif-
ferences between BCVA of patients with a complete restora-
tion of ELM, EZ, and OS compared to patients with ongoing
defects regarding the foveal microstructure. ELM defects were
associated with poorer BCVA compared to patients with an
intact ELM after 1, 3, 6, 9, and 12 months postoperatively
(p<0.05). In our study, EZ and OS were either both intact
or both impaired (»=1.00, p <0.001). Therefore, we studied
them as one factor in a univariate variance analysis. There was
a significant association between ongoing EZ and OS defects
and poorer BCVA after | month postoperatively (p <0.01).

A stepwise multiple regression analysis was conducted to
predict improvement of BCVA after 12 months postoperative-
ly based on the minimal linear diameter, MHI, and preopera-
tive BCVA. A significant regression equation was found
(F(3.13)=13.9, p<0.001), with an R* of .76. Preoperative
BCVA and MHI were included in the explanatory model

Fig. 7 The mean retinal thickness
(in pm) 1 month postoperative
decreased significantly compared
to the preoperative mean retinal
thickness (p >0.001). There were
no significant differences in
retinal thickness over further time
points. Error bars 95% CI

450

400

w
w1
o

300

Retinal thickness in (um, mean)

250

since they were identified to be significant predictors of im-
provement in BCVA after 12 months (p =0.001, p>0.001,
respectively, Table 4).

iSD-OCT imaging allowed real-time visualization of the
retinal structures and its manipulation with vitreoretinal instru-
ments during the whole surgery. Secure and controlled ILM
peeling as well as the positioning of the I-ILM flap was suc-
cessfully performed in all eyes. At the end of the surgery, a
complete fluid-air exchange and a proper position of the ILM
flap covering the MH was confirmed with iSD-OCT in all
cases. Figure 9 shows a representative case demonstrating
SD-OCT imaging during the follow-up period of 12 months.

Discussion

In 2010, Michalewska et al. proposed an approach for the
initial surgery of large MH, in which the ILM is not complete-
ly removed, but a small remnant is left attached to the margins
of the MH to cover it [21]. Although PPV, ILM peeling, and
fluid-gas exchange still remain the standard surgical treatment

preoperative

3 months 6 months 9 months 12 months

error bars: 95% Cl

1 month
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Table 3 Follow-up
characteristics of the patients (n =

54) and affected eyes (n=55)

Follow-up time point Eyes (n, %) Examination interval in months (mean + SD, range)
1 month postoperatively 46 (83.6%) 1.28+0.4 (0.6-2.1)

3 months postoperatively 30 (54.5%) 3.25+0.7 (2.2-4.6)

6 months postoperatively 22 (40%) 5.95+0.8 (4.5-7.1)

9 months postoperatively 20 (36.4%) 9.21+1.0 (7.9-11.4)

12 months postoperatively 17 (30.9%) 14.3+£5.1 (11.4-34.3)

SD, standard deviation

for MH, several studies showed the superiority of the I-ILM
flap technique. Especially, for large MH (diameter > 400 pm),
higher closure rates and improvements in BCVA have been
reported [26-28, 35, 36, 51]. A meta-analysis of Gu and Qiu
concluded that the I-ILM flap technique is an effective and
safe method for the treatment of large MH, with high closure
rates and good functional outcomes [26]. Shen et al. conduct-
ed a meta-analysis to compare the efficacy of the I-ILM flap
technique and ILM peeling for treating large MH. Their data
demonstrated a statistically significant higher closure rate in
MH treated with I-ILM flap technique than with ILM peeling.
After 3 months postoperatively, BCVA was significantly bet-
ter with the I-ILM flap technique compared to ILM peeling
only. However, there was no difference in visual outcomes
between the two groups at the follow-up measurement
6 months postoperatively [28].

As stated in the “Introduction” section, our main objective
was to analyze the functional and morphological outcomes of
the I-ILM flap technique during a time period of 12 months.
Our study emphasizes the good anatomic and functional re-
sults of the I-ILM flap technique in the short as well as in the
long term. Compared to preoperative BCVA, postoperative

90%
80%
70%

60%
50%
40%
30%
20%
10%

0%

3 months 6 months 9 months 12 months

=ELM mEZ © OS

Fig. 8 Regeneration of retinal layers in percentage after 1, 3, 6, 9, and
12 months postoperative. SD-OCT showed complete restoration of foveal
microstructures (ELM, EZ, and OS) at the end of the follow-up period in
31.3% (5/16) of the eyes. The ELM, EZ, and OS were fully restored in
62.5% (10/16), 31.3% (5/16), and 31.3% (5/16) eyes at the end of the
follow-up period, respectively. Restoration of the ELM preceded the res-
toration of the EZ and OS in all cases

1 months
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BCVA improved statistically significant over all measurement
time points and the MH closure rate was 100%.

The closure mechanism of MH treated with the I-ILM flap
technique is yet not fully understood. The ILM flap seems to
work as a scaffold for the proliferation and migration of
Miiller cells [26]. Migrated Miiller cells as well as the ILM
flap itself provide neurotrophic factors and basic fibroblast
growth factor (bFGF) which induce glia cell proliferation,
possibly leading to MH closure [26, 48, 52, 53]. Shiode
et al. identified histological components which increase the
proliferation of Miiller cells (type 4 collagen, fibronectin, lam-
inin). Eventually, it may be possible to use them as intraoper-
ative adjuvants to fasten up hole closure in the future [46, 52].
Further studies are pivotal to understand the MH closure
mechanism and to investigate the effects of type IV collagen,
fibronectin, and laminin on MH closure [52].

Several studies found an association between the micro-
structural regeneration of retinal layers and the improvement
of BCVA [29, 34, 46, 51, 54-56]. Especially, the complete
reintegration of the ELM was identified to be a prognostic
factor for the improvement of BCVA [30, 34, 46, 55, 57,
58]. The microstructural regeneration of retinal layers can en-
dure up to 2 years. In this context, it is important to educate the
patients about the ongoing process of functional improvement
[48]. In our study, BCVA improved even after 12 months
postoperatively. We also identified the integrity of ELM cor-
relating with an improvement of BCVA. Consistent with find-
ings in other studies, the reintegration of ELM always preced-
ed the reintegration of the EZ and OS in our study [29, 53, 54,
59-61]. The I-ILM flap technique helps to restore foveal ar-
chitecture [36, 51].

Table4 Independent factors associated with the change of BCVA after
12 months by multiple linear regression with a stepwise approach, R> =
0.76

Multiple regression analysis Standardized coefficient ~ p value
Preoperative BCVA (LogMAR)  —0.85 0.000
MHI —-0.74 0.001

BCVA, best-corrected visual acuity; logMAR, logarithm of minimal angle
of resolution; MHI, macular hole index



Graefes Arch Clin Exp Ophthalmol (2021) 259:1759-1771

1767

Fig. 9 Representative case of a
70-year-old patient with large
FTMH (417 um), preoperatively
(a); 3 months postoperatively,
ELM intact, EZ/OS defects (b);
6 months postoperatively, ELM
intact, EZ/OS defects (c);

9 months postoperatively, ELM
and EZ/OS intact (d), 12 months
postoperatively, ELM and EZ/OS
intact (e). BCVA (decimal) im-
proved from 0.1 preoperatively to
0.3 after 3 and 6 months and to
0.6 after 9 and 12 months, re-
spectively. An additional follow-
up measurement after 24 months
showed a stable visual acuity of
0.6, ELM and EZ/OS intact (f)

The development of SD-OCT facilitated analysis of mor-
phological retinal aspects and their correlation with functional
and anatomical results. Various authors studied prognostic
factors in terms of morphological aspects and functional out-
come, observing a correlation between MH size, MH base
diameter, and improvement of BCVA [1, 18, 22, 59]. In our
study, some prognostic factors could be identified. We found

statistically significant correlations between the base diameter
of MH and improvement of BCVA. A large MH basis corre-
lated with a poorer BCVA in our study. Kusuhara et al. as well
as Ruiz-Moreno et al. found significant correlations between
the MHI and postoperative BCV A [50]. In our study, a greater
improvement of BCVA was observed in patients with higher
MHI values, confirming the observations of the formerly
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mentioned authors. Interestingly, this correlation was espe-
cially strong concerning BCVA values after 12 months. This
indicates the MHI to be a good prognostic factor in the long
term.

According to Kazmerczak et al., a short duration of symp-
toms was associated with higher improvement of BCVA [54].
We did not observe this correlation. Remarkably, a longer
duration of symptoms was associated with larger MH minimal
diameter in our study. Therefore, fast diagnosis and interven-
tion seem to be very important to guarantee the best possible
outcome.

Boniska et al. observed hyperreflective remnants of the
ILM on the retinal surface in eyes operated with the I-ILM
flap technique. It did not change over time and had no influ-
ence on the final VA [59]. To the best of our knowledge, we
are the first to describe three different ILM flap appearances
following the I-ILM flap technique [46]. In this study, we
analyzed those different groups in terms of BCVA and re-
gliosis. We did not find any correlation between different
ILM flap appearance and BCVA. The reason for the distinct
ILM flap appearance remains unclear and requires further his-
tological studies. Gliosis induced by the proliferation of
Miiller cells is effective in closing MH, though excessive
gliosis has cytotoxic effects on retinal neurons and may lead
to worse BCVA [52]. Liu et al. reported hyperreflective foveal
lesions in SD-OCT as a possible indicator for excessive foveal
glia cell proliferation. An aberrant active glial proliferation in
the macular area is associated with worse VA [61]. However,
in our study, there was no indication for re-gliosis in any
patient in the long-term cohort. One explanation for this find-
ing could be the use of the “cover” technique instead of the
“filling” technique [37].

Some concerns with the [-ILM flap technique have
been evoked. The difficulty of the surgical procedure im-
plicates a steep learning curve as the ILM only needs to be
removed partly leaving their remnants attached to the mar-
gins of the MH. One main concern is the occurrence of
ILM flap displacement, especially during fluid-air ex-
change [21]. Further complications associated with this
technique could be damage to Miiller cells, the formation
of paracentral retinal holes, retinal thinning, and RPE at-
rophy [38, 54, 60, 62]. In our study, we did not find any of
these complications. Particularly, we monitored the retinal
thickness and did not find a statistically significant retinal
thinning over 12 months. In order to encounter some of
the risks, we used iSD-OCT when performing the I-ILM
flap technique. iSD-OCT is a useful tool that provides
valuable real-time information during surgery allowing to
individualize surgical treatment for each patient [63]. The
usage of iSD-OCT allows a safe and controlled perfor-
mance of the I-ILM flap technique [11, 17, 44-47]. iSD-
OCT helped us to confirm the correct positioning of the
ILM flap at the very end of surgery. Furthermore, we
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controlled for a dry milieu after a fluid-air exchange,
which is very important for hole closure [52].

Over the last years, several modifications of the original I-
ILM flap technique have been developed, e.g., variations of
the size, shape, number, and manner in which the flaps are put
on the MHs as well as the usage of perfluoro-n-octane (PFO),
different dyes, autologous blood, and adhesive viscoelastics
[36—42]. These various modifications with their concomitant
risks and benefits need to be further explored. In our study, the
I-ILM flap technique also was performed in a modified ver-
sion as a radial I-ILM flap (I-ILM flap rosette) was used to
cover the MH instead of a single I-ILM flap [46].

There are a few limitations to our study. First of all, the
retrospective character of our study led to variations of mea-
surement time points and missing data during the follow-up
(Table 3). The statistical power is reduced due to the missing
data and our results need to be interpretated cautiously.
Further studies with a larger sample size should validate these
results. Secondly, the subgroups concerning the different ILM
flap appearances were relatively small which limited the sta-
tistical strength. Further long-term studies with bigger sub-
groups should address these different ILM flap appearances
and their possible effects on BCVA and re-gliosis. The
strength of our study lies in the long follow-up period over
12 months and the standardized surgery procedure which was
conducted by one surgeon (M.M.) in all cases. Future studies
should examine even longer follow-up periods to investigate
if changes in BCVA are ongoing over 12 months.

Conclusion

The findings of this study indicate the I-ILM flap technique to
be an effective and safe method for treating large idiopathic
MH, with favorable short- as well as long-term results. In our
study, each MH was closed at 3 months postoperatively and
BCVA significantly improved. This work has highlighted a
few prognostic factors concerning the postoperative develop-
ment of BCVA. Better preoperative BCVA, complete resto-
ration of the ELM, smaller MH base diameter, and higher
MHI were significantly associated with greater improvement
of postoperative BCVA. The results support the idea that the
reintegration of outer retinal layers is an ongoing process lead-
ing to improvements of BCVA at least over 12 months. In this
study, there was no association between different postopera-
tive ILM flap appearances and BCVA in our study. Larger
case series are required to further understand MH closure and
long-term results. Further indications should be considered for
applying the promising I-ILM flap technique, e.g., an unfa-
vorable MH constitution (large base), AMD, or worse BCVA
in the contralateral eye [46].
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