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Purpose: To observe the macular pigment (MP) appearances in eyes with macular hole
(MH) and clarify the origin of the appearances. The mechanisms underlying the devel-
opment of MH are discussed based on the observation of MP.

Methods: This observational case series included 33 eyes of 31 patients with MH who
underwent vitrectomy. TheMPoptical densitywasmeasured using the two-wavelength
fundus autofluorescence technique. The exact localization of MP was evaluated by
comparing MP distribution images and optical coherent tomography B-scan images.

Results: MP was missing at the MH. The area of the MP defect corresponded with the
area of the defect of outer plexiform layer. MP was present in the retinal flap in stage
2MH that included glia (Müller cells) and plexiform layers and in the operculum in stage
3 MH, which mainly comprised Müller cells. Cystic spaces in the outer plexiform layer
surrounding stage 3 and 4 MHs showed a honeycomb appearance on MP images. MP
reappeared to forman irregularly shapedpigmentplaneafter surgical closureofMH. The
MP optical volume did not change before and after surgery. Fellow eyes with a central
dip in MP distribution subsequently developed MH.

Conclusions: The characteristic appearances of MP at the MH were attributed to MP in
the plexiform layers and Müller cell cones. A central dip of MP distribution might be a
sign of Müller cell cone damage that proceeds with MH formation.

Translational Relevance: Observation of MP was useful for understanding the mecha-
nisms of MH formation.

Introduction

A histologic study of monkey eyes1 showed that
macular pigment (MP), consisting of xanthophyll
carotenoids, is largely present in the Henle fibers layer,
which is the foveal portion of the outer plexiform layer
(OPL) that is composed of the axons of the cone
photoreceptors. Some MP is also present in the inner
plexiform layer (IPL) and nerve fiber layer. A histo-
logic study of human eyes2 showed that the inner half
of the foveola is composed of an inverted cone-shaped
zone of Müller cells, named the Müller cell cone by
Gass.3 Gass hypothesized that the Müller cell cone
was a reservoir for MP, and it played a primary role
in macular hole (MH) formation. There has been no
direct evidence of xanthophyll carotenoids in Müller

cells, but our previous study on MP in lamellar MH
cases showed indirectly that Müller cells contained
carotenoids.4 We hypothesized that MP is composed
of two parts: MP in the Müller cell cone in the foveal
center (foveola) andMP in the plexiform layers (largely
in the Henle fibers layer) at the fovea.

Neelam et al.,5 using resonance Raman
spectroscopy, first showed that MH lacked MP and
that the MP reaccumulated after successful surgical
closure of the MH. A recent study using the autoflu-
orescence technique suggested that reaccumulation of
MP might be due to the reapposition of the edge of
the MH.6 These studies investigated the relationship
between the amount of MP and visual prognosis, but
no definite correlations were obtained.

The amount of MP and its distribution differs
largely among individuals.7–10 We classified MP
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distribution patterns into four types11: central peak
distribution, ring-like distribution, plateau distribu-
tion, and central-dip distribution. We speculated that a
central-dip distribution, comprising lowMP volume at
the foveal center, represented some damage to Müller
cells, as also reported by others.12

In the present study, we investigated MP appear-
ances in MH cases and observed the postoperative
changes inMP for up to 2 years, with a view to discern-
ing the origin of the MP appearances. We discuss the
possibility that a central-dip distribution of MP is a
predictor of MH development.

Methods

Surgical Procedure

This observational study included 33 eyes of
31 patients (17 men and 14 women) with idiopathic
MH who underwent vitrectomy. Patients were aged
40 to 81 years (mean± SD= 69.1± 7.7 years). All eyes
had no ophthalmoscopically apparent pathology, other
thanMH, on the macular area. All subjects underwent
25-gauge vitrectomy. The internal limiting membrane
(ILM) was peeled off all around the MH by micro-
forceps using the triamcinolone-assisted technique in
26 eyes. No staining agents were used. The inverted
ILM flap technique13 was used in five eyes, and autol-
ogous transplantation of the ILM14 was performed in
two eyes. Air tamponade was used. Successful closure
of theMHwas achieved in all eyes with the first opera-
tion in this study. The phakic eyes (26 eyes) underwent
phacoemulsificationwith intraocular lens implantation
combined with MH surgery.

This study was approved by the institutional review
board of Seirei Hamamatsu General Hospital (No.
2198). All subjects provided written informed consent
that complied with the tenets of the Declaration of
Helsinki.

Ophthalmologic Examinations and
Observations of MP Distribution

Patients underwent visual acuity measurement
using a decimal visual acuity test chart and spectral
domain optical coherence tomography (OCT,
Spectralis OCT, Heidelberg Engineering Inc., Heidel-
berg, Germany) testing before and after surgery. On
preoperative OCT images, theminimum andmaximum
sizes of the MH and the size of defect of the OPL at
the MH were measured in horizontal and vertical
line scans using SPECTRALIS software (Fig. 1A).
Because the determination of the edge of the OPL

at the MH was difficult and prone to subjective bias,
three investigators (AO, RN, SN) measured it blinded
to MP images; the average of the three values was used
for further analysis. In postoperative OCT images, we
evaluated three findings: elevation or cystoid space in
the outer retinal layers, recovery of the external limit-
ing membrane (ELM), and recovery of the ellipsoid
zone.15–18 The follow-up period was 2 years in 10 eyes,
1 year in 16 eyes, 6 months in 6 eyes, and 2 months in
1 eye.

The MP optical density (MPOD) was measured
by the two-wavelength (486 nm and 518 nm) fundus
autofluorescence technique, before and after surgery.
The prototype MPOD module on the Heidelberg
SPECTRALIS with MultiColor (SPECTRALIS-MP,
Heidelberg Engineering Inc.) was used. The basic
mechanism and handling of this instrument are
described elsewhere.19,20 The pupil was dilated to at
least a diameter of 7 mm using a topical mydriatic
agent. The reference point was set to 9° eccentricity.
The sum of all MPOD values in the area of a 9°
radius (MP optical volume [MPOV]) was measured.21
The MPOD is dimensionless, so the MPOV is unitless
as well. The transverse size of the OCT B-scan and
MP images was adjusted, SPECTRALIS OCT B-scan
images were imposed on the MP images, and the exact
layers in which the MP existed in the retina were evalu-
ated. Using preoperative MP images, the maximum
diameter of the central MP defect in the horizontal
and vertical axes were measured using Image J (v 1.52,
National Institutes of Health, Bethesda, MD).

Statistical Analyses

Statistical analyses were performed using Statistical
Package for Service Solution (SPSS) software, version
25 (IBM SPSS, Chicago, IL), and the significance
level was set at a P value of less than 0.05. Compar-
isons of two average values of numerical variables were
performed using t-tests, and correlations between two
numerical variables were investigated using Pearson’s
correlation coefficient tests. The MPOV at different
time points was analyzed using one-way analysis of
variance.

Results

Anatomic and Functional Outcomes

Before surgery, 1 eye had stage 1, 6 eyes had
stage 2, 10 eyes had stage 3, and 16 eyes had stage
4 MHs according to Gass’ classification.22 Decimal
best-corrected visual acuity (BCVA) ranged from
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Figure 1. Stage 3, MH, left eye. MP distribution image and OCT images of horizontal and vertical line scan. (A) Before surgery. A defect of
the MP corresponds with the diameter of the defect of OPL (double-headed arrow). Two arrow heads indicate the edge of the OPL defect.
The operculum (arrows) contains MP. The honeycomb appearance of the MP surrounding the MH corresponds with cystic spaces in the
OPL. The double-diamond line and double-circle line indicate the minimum and maximum size of the MH, respectively. Visual acuity was 0.3.
(B) Twoweeks after surgery. Densepigment spot (arrow) is considered to correspondwithglia at the foveal center (*). Cystic space is observed
in OCT images. Visual acuity was 0.6. (C) One year after surgery. The dense pigment spot (arrow) is considered to correspond with glia at the
foveal center (*), but the size of dense pigment spot is smaller than that at 2 weeks after surgery. A tiny cystic space is noted in OCT images.
Visual acuity was 1.2. D. The mean MPOD profile at 2 weeks after surgery. The distribution showed a central peak pattern.

Table 1. OCT Findings After Surgery

2 Weeks 1 Month 3 Months 6 Months 12 Months 24 Months

No. of eyes 33 33 33 32 26 10
Absence of the cystoid space (%) 20 (61) 22 (67) 26 (79) 24 (75) 20 (77) 9 (90)
Reestablishment of the ELM integrity (%) 20 (61) 23 (70) 26 (79) 27 (84) 23 (88) 10 (100)
Reestablishment of the ellipsoid zone integrity (%) 2 (6) 2 (6) 9 (27) 16 (50) 15 (57) 8 (80)

0.08 to 1.2 (log minimum angle of resolution, –0.08
to 1.10; mean ± SD, 0.48 ± 0.30). The BCVA at
the final visit ranged from 0.3 to 1.2 (log minimum
angle of resolution, –0.08 to 0.52; mean ± SD: 0.05
± 0.16). Figure 2 shows the gradual postoperative
improvement in BCVA with time.

On OCT images, MH closure was achieved in
all eyes. The rate of cystoid space existence in the
outer retinal layers, reestablishment of the ELM, and
reestablishment of the ellipsoid zone with time are

shown in Table 1. All three abnormalities recovered
with time. There were no significant differences in
MPOV between eyes with and without these abnor-
malities at every time point from week 2 to year
2 (t-test; we excluded analysis of the ELM at year
2 because the ELM was reestablished in all eyes [data
not shown]). There were no significant correlations
between BCVA and MPOV at any time point from
week 2 to year 2 (Pearson’s correlation test [data not
shown]).
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Figure 2. Change in the mean BCVA. Visual acuity improved with
time after surgery.

Figure 3. Stage 1 MH, right eye. MP distribution image and OCT
images of horizontal and vertical line scans. (A) Before surgery. A
defect of MP corresponds with the diameter of the defect in the
OPL (between the two dashed lines). Arrow heads indicate the edge
of the OPL defect. Visual acuity was 0.6. (B) One year after surgery.
The MH was closed with an irregularly shaped foveal curvature. The
defect of MP disappeared. A dense pigment spot (arrow) is consid-
ered to correspond with the glia at the center of the fovea (*). The
thickness of the retina is thinner on the temporal side (black double-
headed arrow) than on the nasal side (white double-headed arrows).
The visual acuity was 1.2.

Characteristics of MP Before Surgery

The characteristic finding was the defect of MP at
the MH. This defect was noted in all eyes, irrespec-
tive of the stage of MH (Figs. 1A, 3A, 4A, and 5A).
The diameter of the area of the MP defect was 115 to
675 μm in the horizontal line and 166 to 575 μm in the
vertical line. The mean diameter of the area of the MP
defect of the MH, the mean minimum and maximum
diameters of the MH, and the mean diameter of the
defect of the OPL are shown in Table 2. We calcu-
lated the concordance rates between the minimum and
maximum diameters of the MH, the mean diameter
of the OPL defect, and the mean diameter of the MP

defect. The correspondence rate between the diameters
of the OPL defect and the MP defect (shown in bold
in Table 2) was closer to 1 than was the correspon-
dence rate with the minimum and maximum diameters
in stages 1, 3, and 4MH. In stage 2, the correspondence
rate between the diameters of the OPL defect and the
MP defect was lower than at other stages. The diameter
of the area of the MP defect of the MH, the minimum
diameter of the MH, and the maximum diameter of
theMHwere significantly associated with preoperative
BCVA and final BCVA (Table 3).

In all six eyes with stage 2 MH, the retinal flap
demonstratedMP (Fig. 4A). InOCT images, the retinal
flap included tissue, which was presumed to be glia
(a part of the Müller cell cone), at the tip and OPL
underneath the flap. Identification of the IPL was diffi-
cult because of the limited resolution of the OCT
image. Operculum was present in nine of 10 eyes with
stage 3 MH. All opercula contained MP (Fig. 1A).
Lamellar hole-associated epiretinal proliferation23 was
identified in five eyes, andMPwas noted in the lamellar
hole-associated epiretinal proliferation in four of these
five eyes (Fig. 5A). Lamellar hole-associated epireti-
nal proliferation in one eye was so small that no MP
was observed. In the area surrounding theMH, 31 eyes
showed a honeycomb MP appearance, which corre-
sponded with the cystic spaces in the OPL in OCT
images (Figs. 1A and 5A).

Characteristics of MP After Surgery

MP reappeared in all eyes at the first measurement
of MP after surgery (Figs. 1B, 4B, and 5B). However,
MP was distributed in an irregularly shaped plane
with a dense pigment spot (Figs. 1B, 1C, 3B, 4B–4D,
and 5C–5E) and a hypopigmented patch in the plane
(Figs. 4B–D and 5C, 5D). A dense pigment spot was
usually observed at or near the foveal center, although
the exact location of the foveal center was difficult to
determine. The hypopigmented patch corresponded to
the area of the OPL defect (Figs. 4B–4D). In 21 cases,
a hypopigmented patch appeared in theMP plane later
than month 3 and disappeared by years 1 or 2 (Fig. 5).

Figure 6 shows a change in the mean MPOV of all
eyes after surgery.We compared the mean values statis-
tically in seven eyes that received MPOV at month 1,
month 3, year 1, and year 2. There were no significant
differences in the mean MPOV at the different time
points (n = 7; P = 0.724, one-way repeated analysis
of variance). Because the MPOD before surgery was
underestimated because of cataract, it was inappro-
priate to compare the values before and after surgery
directly with the presurgical values in the eyes with
cataract. Therefore, the change in the mean MPOV
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Figure 4. Stage 2 MH, right eye. MP distribution image and OCT images of horizontal and vertical line scans. (A) Before surgery. A defect
of MP is observed. The retinal flap (arrows) contains MP. Note that the retinal flap contains glia at the tip of the flap and OPL on the bottom
of the flap (arrow head). The visual acuity was 0.5. (B) Two weeks after surgery. The visual acuity was 1.0. (C) Three months after surgery. The
visual acuity was 1.0. (D) Two years after surgery. The visual acuity was 1.2. (B–D) A central dense pigment spot and surrounding ring-like
pigment is noted. The MP distribution and shape of the foveal defect shown in OCT images changed fromweek 2 through year 2; however,
the diameter of the low pigment area always corresponded with the defect of the OPL (between the two dashed lines). Arrow heads indicate
the edge of the OPL. (E) The mean MPOD profile with SDs (green bars) and maximum and minimum values (blue bars) at 2 weeks after
surgery. The distribution showed a ring-like pattern. The peak of the ring located at 1° eccentricity.

Table 2. Mean Diameter of the Central Defect of MP and Its Concordance With the Minimum and Maximum
Diameters of the MH, and the Diameter of the Defect of the OPL in Every Stage of MH

Horizontal Section (μm) Vertical Section (ΜM)

No. of Eyes
Mean Minimum
MH Diameter

Mean Maximum
MH Diameter

Mean Diameter
of the OPL
Defect

Mean Diameter
of the MP
Defect

Mean Minimum
MH Diameter

Mean Maximum
MH Diameter

Mean Diameter
of the OPL
Defect

Mean Diameter
of the MP
Defect

Stage 1 1 186 258 655 671 115 229 404 407
Rate of concordance 3.6 2.60 1.02 – 3.54 1.78 1.01 –
Stage 2 6 300 758 250 295 282 661 229 282
Rate of concordance 1.26 0.51 1.43 – 1.63 0.63 1.39 –
Stage 3 10 249 714 387 351 258 613 364 337
Rate of concordance 1.61 0.53 0.90 – 1.35 0.59 0.93 –
Stage 4 16 378 889 455 423 342 783 419 398
Rate of concordance 1.3 0.55 0.96 – 1.34 0.57 0.98 –

The rate of concordance was calculated as the diameter of the central MP defect divided by theminimum ormaximumMH
diameter, or the diameter of the OPL defect. The values in bold demonstrate the correspondence rate between the diameters
of the OPL defect and the MP defect.

before and after surgery was analyzed in eyes that had
been pseudophakic before MH surgery (Fig. 7). We
compared the mean values statistically in five eyes that
received MPOV before surgery, at month 3, month 6,
and at year 1. There were no significant differences in
the mean MPOV at the different time points (n = 5;
P = 0.352, one-way repeated analysis of variance).

The MP volume was compared between the nasal
and the temporal sides in 24 eyes at year 1. The sum
of MPOD values in the flabellate area of 135° on the
nasal side, from the center, ranged from 4274 to 10,957
(mean ± SD, 6793 ± 1960), and that in the flabellate
area of 135° on the temporal side ranged from 2639 to
11,037 (mean ± SD = 5702 ± 2268). The mean volume
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Figure 5. Stage 4 MH, right eye. MP distribution image and OCT images of horizontal and vertical line scans. (A) Before surgery, a defect
of MP corresponds with the diameter of the defect of the OPL (between the two dashed lines). Arrow heads indicate the edge of the OPL
defect. Lamellar hole-associated epiretinal proliferation (arrows) contains MP. The honeycomb appearance of the MP surrounding the MH
corresponds with cystic space in the OPL. The low contrast of the MP was because of cataract. The visual acuity was 0.3. (B) Two weeks after
surgery. (C) One month after surgery. (D) Three months after surgery. (E) Six months after surgery. (F) One year after surgery. (G) Two years
after surgery. The visual acuity was 1.2. (B–G) The shape of the pigment plane changes with time. A low pigment patch (arrow) appears from
month 1 to month 3 and extinguished at month 6 and later. Cystoid space is noted from week 2 to month 6. (H) The mean MPOD profile at
2 weeks after surgery. The distribution showed a central peak pattern.

Table 3. Pearson Correlation of the Diameter of the MP Defect, Minimum Diameter of the MH, and Maximum
Diameter of the MH, with the BCVA Before and After Surgery (Pearson’s Correlation Coefficient Is Shown)

Diameter of MP Defect Minimum Diameter of MH Maximum Diameter of MH

BCVA before operation 0.384, P = 0.027 0.559, P = 0.001 0.546, P = 0.001
BCVA at the final visit 0.500, P = 0.003 0.571, P = 0.001 0.360, P = 0.039

The diameter used in this statistic was the mean value of the horizontal and vertical values.

of MPOD on the nasal side was significantly higher
than that on the temporal side (P < 0.0001, paired
t-test).

MP in Fellow Eyes

We investigatedMP in the fellow eyes of 25 subjects.
TheMPODcould not bemeasured in the fellow eyes of
eight subjects because of the following reasons: three
had a dense cataract, four had a MH, and one had
a history of vitrectomy. We classified the distribution

type into four categories based on our previous report11
and found that two showed the central peak type, five
showed the ring-like type, eight showed the intermedi-
ate type, and 10 showed the central-dip type (Figs. 8
and 9). In the 10 eyes with the central-dip type, ERM
was present in one eye, lamellar MH was present in
one eye, and an abnormal asymmetric contour of the
foveal defect and/or irregular hyperreflective dots was
noted in eight eyes (Fig. 8C). OCT revealed complete
PVD in 5 of these 10 eyes, and 3 of them had pseudo-
opercula on the detached posterior vitreousmembrane.
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Figure 6. A change in the mean MPOD volume of all eyes. No
remarkable change is noted.

Figure 7. A change in themeanMPODvolume frombefore to after
the operation in all eyes that had been pseudophakic before MH
surgery. No remarkable change is noted between before and after
surgery.

Follow-up examination in the fellow eyes showed that
a central dip developed with the progression of PVD
(Fig. 8), and an eye with a central-dip MP distribution
developed a MH (Fig. 9).

Discussion

MP was missing at MHs of all stages and recov-
ered after successful surgery. The area of theMP defect
at the MH corresponded to the area of the OPL
defect. The retinal flap, including plexiform layers in
stage 2 MH, contained MP (Fig. 4A). The honeycomb
appearance of MP surrounding the MH corresponded
to cystic spaces in the OPL15 (Figs. 1A and 5A). These
appearances are thought to be caused by MP in the
plexiform layers, particularly in the OPL. The retinal

flap in stage 2 MH and operculum in stages 3 MHs
contained Müller cells,24 and they contained MP. This
result suggests that the Müller cell cone contains MP.
Consequently, the present results support our hypoth-
esis that MP is largely localized in the OPL and
Müller cell cone. The shape of MP plane after surgery
changed with the tissue repair by Müller cell prolifer-
ation and reconstruction of sensory systems, but the
MPOV did not differ before and after surgery. MPOV
did not correlate with BCVA or pathologic changes
in the outer retina. A fellow eye developed PVD with
pseudo-opercula containing MP, and the MP distribu-
tion type of this eye changed from the ring-like type
to the central-dip type. This result implies that a part
of the Müller cell cone was damaged with PVD, and
a central dip was formed. Another eye with a central
dip and incomplete PVD developed MH. Therefore,
the central-dip typeMP distribution might be a sign of
Müller cell damage that could advance to MH devel-
opment.

A previous histologic study inmonkey eyes1 showed
that MP is present in the plexiform layers, and a recent
study in human eyes showed that the MP was largely
localized in the foveal OPL as well as in the IPL and
outer nuclear layer.25 The characteristics of the MP
appearance in MHs are well explained by the concept
that MP is mainly localized in the OPL. However, the
present findings do not deny the localization of MP
in other layers, such as the IPL. We did not evalu-
ate the diameter of the IPL defect. The diameter of
the IPL defect seemed to resemble that of the OPL
defect in many cases. The corresponding rates between
the diameter of the MP defect and the OPL defect
were high in stages 1, 3, and 4 MHs, but these rates
were relatively low for stage 2 MHs. This poor corre-
spondence was because of the difficulty in determining
the size of the MP defect in stage 2 MHs. The retinal
flap hampered determination of the exact area of the
MP defect. Three parameters, that is, the diameter of
the MP defect, minimum diameter of the MH, and
maximum diameter of the MH, correlated with preop-
erative BCVA and final BCVA (Table 3).26 Preopera-
tive and final BCVA was worse in eyes with a larger
diameter of these three parameters. Among them, the
minimum diameter of the MH had the highest corre-
lation coefficient; therefore, the significance of the size
of the MP defect as a predictor of visual acuity in MH
cases may be lower than that of the minimum MH
diameter.

Vitreofoveal traction is generally considered to be
the main cause of MH.22,27 From close observation
by biomicroscopy, Gass suggested that the change
from a yellow spot to a yellow ring in the center
of the fovea is an initial sign of MH development.22
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Figure 8. Fellow eye of the patient shown in Figure 4.MP distribution image (top), OCT images of the horizontal section (middle). Themean
MPOD profile (bottom). (A) In October 2016, no posterior vitreous detachment is noted and MP shows a ring-like distribution. The pigment
profile has two peaks. (B) In February 2017, posterior vitreous detachment starts to develop, but MP still shows a ring-like distribution. (C) In
June 2017, complete posterior vitreous detachment is noted with a pseudo-operculum (arrow). MP shows central-dip distribution, and the
pseudo-operculum contains pigment (arrow head). The foveal depression shows an irregular curvature.

Figure 9. Left eye. MP distribution image (top), OCT images of
the horizontal section (middle), and the mean MP density profile
(bottom). (A) In October 2016, incomplete posterior vitreous detach-
ment is noted, and MP shows a central-dip distribution. Irregular
hyperreflectivity is observed at the foveal depression (arrow head).
(B) In April 2017, MH developed. The arrow indicates the operculum.

He described that a yellow ring was formed by the
centrifugal displacement of paracentral retinal recep-
tors and xanthophyll, caused by tangential vitreofoveal
traction, and it was accompanied by foveal detach-
ment. A small dehiscence occurs in a yellow ring and

progresses to MH. He claimed that 75% of cases
of MH were associated with a prehole opacity that
resembles pseudo-opercula and that prehole opacity
was composed of vitreous cortical collagen, ILM, and
Müller cell processes. Four years later, Gass empha-
sized the importance of the Müller cell cone that
might containMP and functioned to adhere the retinal
receptor cells at the foveal center.3 Considering the
theory of the mechanisms of MH formation combined
with Müller cell cone concepts, Gass suggested that
vitreofoveal traction induces centrifugal migration of
Müller cells that contain MP, and that a yellow ring
is observed biomicroscopically. The disruption of the
Müller cell cone leads to dehiscence of the central fovea
and proceeds to MH development. According to this
hypothesis, we thought that the origin of a central dip
of MP was a centrifugal displacement of Müller cells
by vitreofoveal traction, or a defect of the superficial
part with pseudo-opercula by PVD (Fig. 6). When the
PVD is incomplete and tractional force still exists, as
shown in Figure 9A, the eyes with a damage to the
Müller cell cone, that is, the eyes with a central dip
of MP, develop MHs. In eyes with complete PVD,
as shown in Figure 8C, the incidence of MH devel-
opment is probably low.28 In our previous study,11
the rate of central-dip distribution was 12.5% in the
healthy population; in contrast, the rate was 40% (10 of
25 eyes) in the fellow eyes of the present MH patients.
This result indirectly suggests that subjects who devel-
oped MHs tended to have had a damage to the Müller
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cell cone. The evaluation of MP distribution may be
useful for identifying early changes in the foveal struc-
ture that induce MH formation.

MHs close by proliferation of Müller cells and
reapposition of retinal tissue at the edge of the
MH.29,18,30,31 The MP profile in closed MHs showed
a dense pigment spot at or near the center of the
MP plane. The origin of the dense pigment spot was
unclear, but the pigment spot resembled the central
peak of the ring-like distribution type. We considered
that the central peak of the ring-like type was formed
byMüller cells at the foveal center.11 Therefore, a dense
pigment spot was probably produced by the recovered
Müller cells at the fovea. Because the hypopigmented
lesion in theMP plane corresponded with the defect of
the OPL (Fig. 4), the MP plane itself was considered
to depend largely on MP in the OPL. Because there
was no change in the MPOV before and after surgery
(Fig. 7), MP in the damaged Müller cell cone was
quantitively less than that in the plexiform layers. The
shape of theMP plane showed long-term changes. This
result suggested that the tissue repair by Müller cell
proliferation and reconstruction of sensory systems
continues for a long time. The thickness of the retina
differs between the nasal side and temporal side of the
fovea after surgical closure of MH.32 The difference in
MP volume between the nasal and temporal sides was
considered to be because of the differences in retinal
thickness. The total MP volume was higher in the nasal
side, which was thicker, than in the temporal side.

Pathology in the retina such as cystoid space in
the outer layer and disruption of ELM and ellipsoid
zone was repaired in the long term (Table 1) and the
BCVA improved gradually (Fig. 2). In contrast, MP
reaccumulated at week 2 and retained the same level
until year 2 (Fig. 6). These results suggested no corre-
lation between BCVA or pathologic changes in the
outer retina and MP. Actually, there was no significant
difference in MPOV between eyes with and without
pathologic changes in the outer retina, and no corre-
lation was observed between BCVA and MPOV. These
findings are similar to a previous report.6

This study had a few limitations. Because the present
SPECTRALIS software used to produce MP images
does not have a function to measure the size of an area,
we used image J to measure the size of the MP defect
in MHs. However, small errors occurred in adjusting
the sizes of MP images and OCT images, and the line
on which the diameter was measured was not identical
between MP and OCT images. Therefore, the concor-
dance rates between MP defect and the minimum and
maximum diameter of MH should be confirmed in
further study by analyzing MP and OCT using the
same image software. The correct determination of

the edge of the OPL in MHs was difficult because
of the resolution limit of OCT B-scan images. There
were some errors in the value of diameters of the OPL
defect. We presumed that a central dip in theMP image
represented the damage to Müller cell cone caused
by vitreofoveal traction based on OCT findings and
hypothesis by Gass,3,22 but this presumption needs
histologic investigation. The damage to Müller cell
cone may be induced by not only vitreofoveal traction,
but also another mechanism such as degenerative
change in Müller cells as reported in lamellar MH.33
A MH developed in the eye with a central dip of MP,
but this finding was confirmed in only one eye. Further-
more, it has been known that the concentrations of
zeaxanthin and meso-zeaxanthin are high compared
with lutein at the foveal center,34 and it is suggested that
the central dip correlates with a low serum zeaxanthin
concentration and may be a risk factor for the devel-
opment of age-related macular degeneration, because
less MP owing to central dip induces intense photoox-
idative damage on the cone cells.35 Therefore, the signif-
icance of the central-dip distribution as a predictor of
MH formation has to be investigated in more cases in
future studies.

The characteristics of MP in a MH were attributed
to the anatomic changes in the Müller cell cone
and plexiform layers. MP changes supported some
speculations based on previous biomicroscopic and
histopathologic studies. Observation of MP distribu-
tion was considered useful not only for understanding
the mechanisms of formation and closure of MH but
also for predicting MH formation.
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