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OBJECTIVES: To compare visual and anatomical outcomes between internal limiting membrane (ILM) flap (IF) and peeling (IP)

techniques for full-thickness macular holes (FTMHs).

METHODS: A retrospective case series with propensity-score matching (PSM). Patients with a minimum 12 months follow-up were
divided into IF and IP groups and matched based on FTMH size and preoperative best-corrected visual acuity (BCVA). BCVA and
optical coherence tomography (OCT) findings were obtained to assess outer retinal layer integrity, foveal thickness, and foveal

displacement.

RESULTS: Twenty-six eyes were included in each group after PSM. The IF group showed significantly greater BCVA after 1 month,
its corresponding change from preoperative BCVA, proportions of eyes with ellipsoid zone defects <250 um after 1 month, and
interdigitation zone restoration after 6 and 12 months (P = 0.007, 0.038, 0.048, 0.025, and 0.023, respectively), as well as less foveal
gliosis after 1, 3, 6, and 12 months (P =0.020, 0.017, 0.050, and 0.024, respectively). In the IP group, the mean outer nuclear layer
thickness significantly decreased at 3 (P=0.019) and 12 months (P = 0.016) compared to 1 month, and the foveal displacement
toward the optic disc was significant after 1, 3, 6, and 12 months (P = 0.049, 0.006, 0.001, and <0.001, respectively).
CONCLUSIONS: Compared to IP, IF promoted faster recovery of BCVA and outer retinal layers and was more protective against
postoperative foveal thinning and displacement; hence, it should be considered for small and large FTMHs.
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INTRODUCTION

The innermost foveal layer is composed of specialised Miiller cells
which form the Mdiller cell cone [1-4]. A macular hole (MH)
develops by disruption of both the Miiller cell cone and the
foveolar external limiting membrane (ELM) [3, 5]. MH surgery
involves pars-planar vitrectomy (PPV), combined with internal
limiting membrane (ILM) removal and gas tamponade with
success depending on elimination of vitreo-macular tractional
forces, retinal extensibility, and mechanical forces provided by
foveal Miiller cells [6, 7]. While ILM peeling (IP) remains the
method of choice for repairing full-thickness MHs (FTMHs), its
success rate is lower for large MHs, with associated retinal damage
(dissociated optic nerve fibre layer [DONFL]) [8-12].

In 2010, inverted ILM flap (IF) technique was first introduced,
which showed a higher MH closure rate for MH >400 um than the
IP technique [12]. While the IF technique has shown comparable
or superior outcomes to those of the IP technique [13-16], only
few studies have reported the IF technique for MH <400 pm
[13, 17]. Some studies lacked a control group, or did not account
for baseline confounders, including MH size and preoperative
visual acuity. Thus, we conducted propensity-score matching
based on potential confounders between the IF and IP groups to
analyse long-term visual and anatomical outcomes.

MATERIAL AND METHODS
Study population
We retrospectively reviewed the medical records and imaging studies of
251 patients who underwent primary vitrectomy with gas tamponade for
idiopathic FTMH at the Department of Ophthalmology, Yonsei University
College of Medicine, between January 2017 and April 2020. This study was
approved by the institutional review board at Yonsei University Medical
Center (No. 4-2021-1519), and the requirement for informed consent was
waived. This study adhered to the principles of the Declaration of Helsinki.

Patients who followed up for =12 months were included. After exclusion
of those with partial-thickness or secondary MHs, myopia >6.00 D, axial
length >26.5mm, history of vitrectomy, or any other identified vision-
limiting pathology other than cataracts, 80 patients were selected.
Demographic data included sex, age, refractive error, axial length, lens
status, and pre-and post-operative best-corrected visual acuity (BCVA)
using Snellen chart visual acuity converted to logarithm of minimal angle
of resolution (logMAR). The spherical equivalent refractive error was
obtained using autorefraction (KR-1, Topcon, Tokyo Japan). Axial length
was measured using IOLMaster 700 (Carl Zeiss Meditec AG, Jena,
Germany). Optical coherence tomography (OCT) examinations were
performed with Spectralis OCT (Heidelberg Engineering, Heidelberg,
Germany).

Preoperatively, the minimum linear distance (MLD) and basal diameter
(BD) of MH, defined as the smallest linear distance of an MH and linear
distance of exposed retinal pigment epithelium (RPE), respectively, were
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Table 1.

Baseline characteristics

Total, n (%)
Age (y), mean (SD)
Sex, male (%)

Spherical equivalent (D),
mean (SD)

Axial length (um),
mean (SD)

Minimal linear diameter
(pm), mean (SD)

Basal diameter (um),
mean (SD)

Total cohort (before matching)

IF technique
37 (46.25)
62.59 (8.85)
16 (43.2)
—0.17 (1.75)

23.51 (0.95)
437.11 (188.76)

889.27 (336.50)

IP technique
43 (53.75)
65.40 (5.68)
13 (30.2)
—0.32 (1.47)

23.63 (0.93)
347.26 (175.58)

746.07 (272.91)

Clinical characteristics of all patients who underwent full-thickness macular hole surgery before and after propensity score matching.

Preoperative BCVA 0.78 (0.24) 0.65 (0.31)
(logMAR), mean (SD)
Presence of complete 29 (78.4) 30 (69.8)

PVD (%)

P SMD Propensity-score matched cohort P SMD
IF technique IP technique
26 (50) 26 (50)
0.092 0.377 65.38 (6.46) 63.92 (4.41) 0.345 0.264
0.330 0.272 9 (34.6) 8 (30.8) >0.999 0.082
0.684 0.091 —0.15 (1.92) —0.23 (1.63) 0.503 0.187
0.571 0.128 23.55 (0.96) 23.62 (0.93) 0.801 0.070
0.030 0.493 393.69 (162.40) 385.73 0.865 0.047
(172.810)
0.039 0.467 853.23 (342.66) 808.12 (248.95) 0.589 0.151
0.058 0.437 0.77 (0.18) 0.72 (0.30) 0.498 0.189
0.537 0.197 20 (76.9) 21 (80.8) >0.999 0.094

BCVA best-corrected visual acuity, D dioptre, IF internal limiting membrane flap, IP internal limiting membrane peeling, logMAR logarithm of minimal angle of
resolution, PVD posterior vitreous detachment, SD standard deviation, y year, SMD standardised mean difference.

measured using Heidelberg Eye Explorer software. The presence of
preoperative complete posterior vitreous detachment (PVD) was assessed
using OCT. Postoperatively, we assessed MH closure, ELM restoration
(defined as presence of a continuous retinal layer), ellipsoid zone (EZ)
restoration, and interdigitation zone (IZ) restoration, outer foveal micro-
defect (OFMD; EZ defects <250 um) [18], foveal detachment (hypo-
reflective spaces), and foveal gliosis (disorganised hyperreflective tissue
within 0.5 mm of the fovea) [17, 19] (Supplementary Fig. 1). The distances
between the centralmost ELM and the RPE and the centralmost inner
retinal surface and the ELM, which represents the foveolar outer nuclear
layer (ONL) thickness, were measured.

The distance across the fundus was also measured. The centre of the MH
or postoperative foveola was determined by manually aligning the vertical
and horizontal OCT scans in the infrared image window. When the
postoperative foveal pit was irregular, the thinnest part of the OCT scan
was considered as the foveal centre [20]. The preoperative and post-
operative distance from the foveal centre to the vessel at the temporal
margin of the optic disc (MH-D and F-D, respectively), and distance
between the foveal centre and a vascular bifurcation or crossover region
located superonasal (MH-S and F-S, respectively) and inferonasal (MH-I and
F-LW respectively) to the fovea were measured (Supplementary Fig. 2) [21].
To compensate for variations, each distance was divided by the vertical
diameter of the optic disc and divided by the mean preoperative distance
for normalisation.

Surgical strategy

All patients underwent primary standard 3-port pars planar vitrectomy
(CONSTELLATION, Alcon Surgical, Ft. Worth, TX). PVD was induced if not
already present. The surgeon stained ILM with indocyanine green dye and
used ILM forceps to either fully remove the ILM or make an ILM flap from
the superior side of the MH, which was then inverted and gently
manipulated to cover the MH (Supplementary Fig. 3). For the IF technique,
the surgeon used dispersive viscoelastic to stabilise the flap before
performing fluid-air exchange. After fluid-air exchange, the vitreous cavity
was filled with gas. Patients were instructed to spend 1-2 weeks in the
prone position. Phacoemulsification and intraocular lens implantation were
performed either at the beginning of the surgery or within 12 months after
the surgery. All IF surgeries were performed by SHB and all IP surgeries
were performed by other experienced surgeons.

Outcomes

The primary outcome was the success of MH closure within 12 months
postoperatively. Secondary outcomes were BCVA, retinal layer integrity,
distance of centralmost ELM to RPE, foveolar ONL thickness, F-D, F-S, and
F-I.
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Study participants

We performed 1:1 propensity-score matching with the IF and IP group
datasets to balance the baseline covariates and decrease potential
confounders between the two groups using the nearest-neighbour
algorithm with a caliper set to 0.2 [22, 23]. Propensity score method used
a multivariable logistic regression model based on the following objective
preoperative characteristics: age, sex, spherical equivalent, axial length,
MLD, BD, preoperative BCVA, and the presence of PVD. The adequacy of
matching was validated by comparing propensity-score densities and
standardised mean differences (SMDs), which is calculated as the
population mean difference between both groups, scaled by population
standard deviation (SD). SMDs represent meaningful method to assess
between groups than the traditional P value. An SMD of 10% or less was
deemed to be the ideal balance, and 20% or less was deemed to be an
acceptable balance [24, 25].

Statistical analysis

Statistical analysis was performed using SPSS (version 22; SPSS Inc,
Chicago, IL, USA). Continuous variables were presented as means + SD, and
categorical variables were presented as numbers (n) and relative
frequencies (%). Significance was determined by Student's t-test,
Mann-Whitney U test, chi-square test, and Fisher's exact test, as
appropriate. Statistical significance was set at P < 0.05.

RESULTS

The clinical characteristics of 80 eyes of 76 patients (mean age +
SD, 64.1+7.4 years; male [%], 29 [36.3%]) who underwent
vitrectomy for FTMH were analysed. Of the 80 cases, 37
(46.25%) and 43 (53.75%) were IF and IP cases, respectively
(Table 1 and Supplementary Fig. 4). The IF cases showed
significantly greater MLD and BD (Table 1). Preoperative BCVA
was significantly higher for IP cases (Table 1). The differences in
mean age, proportion of men vs. women, mean refractive error,
mean axial length, and proportion of patients with complete PVD
were not significant (all P> 0.05) (Table 1).

The matched sample size was 26 cases in each group, with no
major imbalances in all baseline clinical characteristics (Table 1
and Supplementary Fig. 5). Mean preoperative BCVA, MLD, BD,
and cases with MLD <400 um were comparable for IP and IF
groups (Table 1).

In each group, 24 cases (92.3%) showed successful FTMH
closure (P>0.999). Both IF and IP groups showed significant
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improvement in the postoperative BCVA after 1, 3, 6, and
12 months compared to the preoperative BCVA (Fig. 1). Post-
operative BCVA at 1 month was significantly greater in the IF
group than in the IP group (Fig. 1). The change in BCVA from
preoperative BCVA was also significantly greater in the IF group
than in the IP group at 1 month (P = 0.038) but was comparable at
3 (P=0.294), 6 (P=0.234), and 12 (P = 0.423) months.

Both groups showed high ELM restoration rates (92.3% vs. 84.6%, P
= 0.668) at 12 months postoperatively (Fig. 2A). The rate of EZ defect
<250 um was significantly higher in the IF group after 1 month, but
not after 3, 6, and 12 months (Fig. 2B). The rate of OFMD was not
significantly different between the two. Restoration of IZ was
significantly higher in the IF group only after 6 and 12 months
(Fig. 2C). The incidence of foveal detachment was not statistically
significant (Fig. 2D). The rate of foveal gliosis was significantly lower in
the IF group after 1, 3, 6, and 12 months (Fig. 2E).

Time-dependent alteration in the distance between the central-
most ELM and RPE and foveolar ONL thickness were analysed. For
the IF group, ELM-RPE distance showed a gradual increasing
pattern from postoperative month 3 (Fig. 3A). For IP group, ELM-
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Fig. 1 Preoperative and postoperative mean best-corrected visual
acuity (BCVA) for internal limiting membrane flap (IF) and peeling
(IP) groups. BCVA at 1 month was significantly greater in the IF
group (vertical brace). *P<0.05; **P<0.01; ***P<0.001. Grey
horizontal braces are for the IP group and black horizontal braces
are for the IF group. LogMAR, logarithm of the minimum angle of
resolution; M month.
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RPE distance gradually decreased (Fig. 3A). The differences in
mean ELM-RPE distance were not significant for either group (all P
> 0.05). The mean changes in the distance between the ELM and
RPE at 1 and 12 months postoperatively were also not significant
between the two groups (P=0.732). The mean foveolar ONL
thickness between 1 and 12 months postoperatively gradually
increased in the IF group (Fig. 3B). The difference in mean foveolar
ONL thickness in the IF group between postoperative months 1, 3,
6, and 12 months was not significant (all P>0.05). For the IP
group, significant decrease in the distance occurred between 1
and 3 months and 1 and 12 months postoperatively (Fig. 3B). The
difference in mean foveolar ONL thickness from postoperative
months 1 and 12 was statistically different between the two
groups (20.2 £ 56.55 um for the IF group vs. —19.19 + 64.28 for the
IP group, P=0.012).

In the IF group, the difference between the mean MH-D and
mean F-D at 1, 3, 6, and 12 months was not significant (all P > 0.05)
(Fig. 4A).The differences between the mean MH-S and the mean
F-S as well as the mean MH-lI and the mean F-l at 1, 3, 6, and
12 months were not significant (all P> 0.05) (Fig. 4B, C).

In the IP group, the mean F-D was significantly shorter than the
mean MH-D at 1, 3, 6, and 12 months (Fig. 4A). The mean F-S at
12 months were shorter than the mean MH-S (P = 0.027) (Fig. 4B).
The mean F-l at 1, 3, 6, and 12 months were not significantly
different from the mean MH-I distance (Fig. 4C).

After 1 month, four IF cases remained open, with thin flaps
overlying the MH detected in two cases (Supplementary Fig. 6).
The MH eventually closed within 6 months postoperatively. The
other two cases did not spontaneously close after the initial
operation. One patient in whom the flap unfolded back to its
original place before postoperative month 1, probably due to early
loss of gas tamponade, underwent a successful second operation
with IP. In the IP group, the MHs in two cases failed to close after
the initial operation.

All cases showed postoperative DONFL (Supplementary Fig. 7).
The months at which DONFL was first detected was not
significantly different (3.00 months [IQR, 1.50-3.00] vs. 3.00 months
[IQR, 3.00-3.00], P=0.511). In the IF group, however, all DONFLs
were limited to the superior fovea, where the ILM was peeled.

DISCUSSION
Our analysis provided better control of confounding factors, which
were previously not fully accounted for. Visual recovery and
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epithelium, ONL outer nuclear layer, M month.

microstructural restoration were different during the early and late
postoperative periods. The IF group not only showed better BCVA
at 1, 3, 6, and 12 months, but also promoted earlier visual recovery
at 1 month. Trends for ELM, EZ, and foveal detachment recovery
was superior in the IF group. The rate of restoration of EZ < 250
pum was significantly higher at 1 month in the IF group. Significant
improvement in the recovery of the IZ layer began at 6 and
12 months in the IF group. Moreover, the rate of foveal gliosis was
significantly lower in the IF group at 1, 3, and 12 months. In the IF
group, the ONL thickness showed trend for increasing thickness
with time. The ONL thickness in the IP group showed a significant
decrease from postoperative months 1 to 3, which did not recover
up to postoperative month 12. In the IF group, there was no
significant trend of displacement of the foveal centre toward the
optic disc, superonasal retinal vasculature, or inferonasal retinal
vasculature. In the IP group, the foveal centre was significantly
displaced toward the optic disc at 1, 3, 6, and 12 months, and
showed a trend of sequential displacement toward the super-
onasal and inferonasal retinal vasculature after the operation.
We hypothesise that for the IF group, once the flap is stably
attached to the edge of MH, it may render resistance to
centrifugal movement of the retina during MH closure, which is
exerted by the horizontal contraction of the astrocytic network
in the nerve fibre and ganglion cell layers as well as Mdiller cells
of the foveal walls [1, 26]. As neurotrophic factors and basic
fibroblast growth factor from the flap promote migration and
proliferation of retinal cells within the cystic space underneath
the flap [27], this space, which sometimes exists as a cyst or glial
tissue, is replaced by more physiologic retinal cells (Supplemen-
tary Fig. 6A, arrowheads). This difference matches the data from
this study in which higher incidence of foveal gliosis was noted
in the IP group even from the early postoperative period. Once
the space sufficiently changes into the retinal tissue, the fovea
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thickens and becomes resistant to centrifugal forces. This finding
is more prevalent after the IF technique as the flap can serve as
scaffold for foveal reorganisation once gas disappears. For IP
cases in the early postoperative period, centripetal movement of
the inner retinal tissues results in increased foveolar thickness
[6]. Since IP cases lack the flap, they are more susceptible to
centrifugal forces during subsequent remodelling of the fovea,
resulting in significant foveolar ONL thinning. A previous study
described centrifugal foveal tissue elongation after IP surgery
[28], seen as increased horizontal and vertical inter-outer
plexiform (OPL) distance up to 6 months postoperatively, and
that the degree of asymmetry between horizontal and vertical
distances was associated with postoperative metamorphopsia.
Although investigating the direct correlation between the
change in foveolar ONL thickness and the change in inter-OPL
distance is beyond the scope of this study, foveal remodelling
may play an important role in these processes [6] and
postoperative visual function.
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Mdiller cell-mediated centripetal displacement of photoreceptor
cells is one of the main mechanisms for MH closure [7, 26, 29]. The
visual outcomes of MH surgery are dependent on restoring the
outer retina [30-33]. A significantly higher rate of eyes with EZ
defect <250 um would likely have resulted in greater visual acuity
at 1 month postoperatively in the IF group. The mechanism of
hole closure in IF share similarities with surgical closure and
spontaneous closure of small MHs. One common pathway
involved in the MH-sealing process is Miller cell and astrocyte
proliferation initiating in the inner retina, which fills the tissue
defect [34]. For IF cases, the flap may initially serve as a bridge
during this process at the level of the ELM and ONL, followed by
the restoration of the EZ. Further healing processes can reduce EZ
defects to smaller OFMD, which can eventually disappear with full
EZ restoration [34-36]. A similar phenomenon was also reported in
spontaneous MH closure in macular telangiectasia type 2, in which
the intact ILM drape may facilitate the bridging mechanism
[37, 38]. In addition, another MH surgical technique that can
preserve peri-foveal Miiller cells and take advantage of their
function is foveal sparing ILM peeling surgery. It has been
reported that this technique resulted in a high closure rate,
improved foveal morphology, greater improvement in foveal
retinal sensitivity, and better postoperative BCVA compared to the
traditional IP technique [39, 40].

A higher rate of IZ restoration was observed in the IF group.
One reason is that the higher incidence of foveal gliosis in the IP
group may prevent the restoration of foveolar 1Z. Direct contact
between ONL and RPE has been suggested to promote foveal
gliosis [26]. The flap could prevent ONL from directly contacting
the RPE and induce guided foveal remodelling, reducing the
incidence of gliosis. Additionally, greater resistance against the
centrifugal force in the IF group could promote a higher density of
photoreceptors in the foveola. In contrast, the IP group was more
susceptible to the centrifugal force, resulting in ONL thinning and
foveal movement toward the optic disc.

Foveal movement toward the optic disc after ILM peeling has
been reported [20, 41-44]. In one study which compared the
foveal movement after ILM peeling and spontaneous MH closure,
the MH-D and F-D were not different in eyes with spontaneous
MH closure [20]. We showed similar results, in which the IF group
with minimal ILM peeling area showed comparable MH-D and F-D.
Although the exact mechanism requires further investigation, bare
nerve fibres from ILM peeling might be more likely to be
influenced by intravitreal chemical factors, resulting in shrinkage
[42]. Optic nerve fibre tethering at the lamina cribrosa causes
movement toward the optic disc after shrinkage of the fibres [42].
Many studies have reported negative effects of postoperative
foveal displacement. In epiretinal membrane surgery, the extent of
tractional foveal dystopia is correlated with a decrease in visual
acuity [45]. A different study suggested that horizontal stretching
initiated by foveal displacement might damage deep capillary
plexuses (DCP), delaying postoperative remodelling and restora-
tion of the DCP [41]. Additional effects of nasal movement include
pseudoesotropia and asymmetrical recovery of cone photorecep-
tor outer segments [20, 43]. Therefore, we believe that the IF
group was more likely to have superior anatomical and functional
outcomes.

Delayed FTMH closure after IF surgery with a thin flap overlying
the MH, or flap closure, has been described [46-49]. Studies have
reported delayed closure rates of 9.8-16.1% [46-49]. For each
study, nearly all flap closure configuration disappeared within
12 months. In our study, two IF cases (7.7%) showed flap closure,
which eventually closed into U-shape within 3 and 6 months for
each of the two cases. One case showed complete restoration of
ELM, EZ, and 1Z and the other case showed restoration of ELM with
a small defect (<250 um) of EZ and 1Z by 12 months. Flap closure
may be an advantage of the IF technique, since these cases could
have failed with the IP technique [47]. Although MHs with larger
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MLD and BD have greater chance of flap closure [47], one case in
our study showed MLD of 296 um. As more studies show the
efficacy of the IF technique regardless of MH size [13], the flap
closure pattern may be a specific feature of the IF technique which
could be associated with other factors, such as the effectiveness of
the tamponade, speed of retinal cells to migrate and proliferate to
fill up the void, and the property of each ILM to promote retinal
cell migration and proliferation.

There was no significant difference in the median postoperative
month at which DONFL was detected [11]. However, the IF
technique drastically reduced the area of DONFL because only the
superior portion of the ILM was peeled. The foveal shape in the IF
group was also more physiologic than that in the IP group
(Supplementary Fig. 7). While DONFL may not significantly affect
visual acuity [9, 11, 50, 51], it is associated with subtle
ultrastructural retinal changes, possibly manifesting as decreased
central retinal sensitivity [52, 53], increased paracentral scotomata
[54], and macular dysfunction [55, 56]. Therefore, we believe that
the IF technique is more advantageous in minimising the DONFL
area and preserving retinal function.

The limitations of this study include the small sample size and
the exclusion of data for high myopia and MH retinal detachment
cases. However, by propensity score matching, we minimised
potential bias. The IF technique was a superior inverted flap with
single-layer ILM; thus, our finding may not be generalised to other
types of IF techniques. Additionally, our study did not investigate
postoperative visual quality. Data from microperimetry, contrast
sensitivity test, and metamorphopsia test could provide subtle
differences in visual quality. Regarding propensity score matching,
though we have used clinically relevant and objective factors in
the matching, there may be other undefinable or subjective
factors such as symptom duration that might influence the
matching analysis.

In conclusion, the IF technique promoted superior vision earlier
and faster recovery of outer retinal layers with a lower rate of
gliosis and was more protective against foveal ONL thinning,
displacement toward the optic disc, and DONFL. Thus, the IF
technique should be considered as the treatment of choice for
both small and large MHs.

SUMMARY

What was known before

® For large MHs, the IF technique shows greater MH closure rate
compared to the IP technique. However, long-term visual and
anatomical outcomes for the IF technique for both small and
large MHs have not been extensively investigated.

What this study adds

® Using propensity score matching, we showed that the IF
technique is superior to the IP technique in terms of earlier
recovery of vision and faster recovery of outer retinal layers
with a lower rate of gliosis. The IF technique was also more
protective against foveal ONL thinning, displacement toward
the optic disc, and DONFL. The IF technique should be
considered as the treatment of choice for both small and
large MHs.
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