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ABSTRACT

Introduction: We conducted a cross-sectional
study to compare macular pigment optical
density (MPOD) in eyes with idiopathic macular
holes with bumpy (bbMH) and smooth borders
(sbMH) and toassess the relation between
MPOD and optical coherence tomography
findings. Thirty eyes from thirty patients affec-
ted by idiopathic macular hole were studied.

Methods: All patients underwent SD-OCT and
macular pigment optical density (MPOD) anal-
ysis. Comparison between the two border phe-
notypes were estimated at Dbaseline, as
well as the differences in MPOD, minimum and
basal hole diameter, tractional hole index (THI),
macular hole index (MHI), diameter hole index
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(DHI), and ELM integrity metrics between the
two groups.

Results: The mean MPOD was 0.09 £+ 0.08 in
bbMHs and 0.16 + 0.11 in sbMHs (p = 0.010).
Correlation analysis between MPOD and mini-
mum hole diameter revealed a negative asso-
ciation (rho = — 0.707, p = 0.008) in bbMH and
a positive association (tho = 0.702, p = 0.019) in
sbMH. MPOD and basal diameter were nega-
tively correlated in bbMH (rtho = —0.77,
p=0.001) and positively correlated in sbMH
(tho = 0.675, p = 0.019). Indeed, MPOD is neg-
atively correlated with THI and MHI in sbMH
(rho = — 0.684 p =0.019; rho = — 0.665
p =0.019, respectively) and positively corre-
lated in bbMH (tho =0.593 p =0.037; rho =
0.658 p = 0.018, respectively).

Conclusions: MPOD is significantly reduced in
bbMHs compared to sbMHs. The two border
phenotypes also differ for tractional and tan-
gential indexes, possibly reflecting a different
pathogenesis. Further studies are needed to
understand the prognostic role of MPOD.

Keywords: Macular hole; Muller cell cone;
Macular pigment; Macular hole borders
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Key Summary Points

Why carry out this study?

Muller cell cones are involved in the
idiopathic macular hole development
with a possible role in foveal integrity.

This study was aimed at describing
differences in macular pigment optical
density (MPOD) as a surrogate measure of
Muller cell cone involvement in two
borders phenotypes’ macular holes.

What was learned from the study?

Observing features of eyes with different
macular hole borders and retinal layers
involved in optical coherence
tomography (OCT), we find new
correlations between OCT features and
MPOD, possibly reflecting residual Muller
cell cone.

Since Miiller cell cone is the primary
cytotype that package macular pigment
such as xanthophylls, surgical and
therapeutic approaches can differ between
the two macular hole phenotypes,
particularly concerning possible new
therapies for better anatomical and
functional post-surgical recovery.

INTRODUCTION

Since Gass staged macular hole (MH) for the
first time in 1988 by using biomicroscopy,
essential findings related to the development
and progression of MH have been described by
using optical coherence tomography (OCT) [1].
Many studies reported macular hole structural
characteristics, and the role of tangential and
anteroposterior tractional forces was also
investigated [2].

Recently, Govetto et al. analyzed in a retro-
spective study two different macular hole boz-
der patterns, underlining a different loss of

photoreceptor between bumpy (bbMH) and
smooth borders (sbMH), impacting post-opera-
tive retinal layers restoration and visual acuity
(3].

Comprehension of the foveal structure has
provided more accurate details about its devel-
opment and post-surgical closure. Notably,
Yamada proposed that the Miller cells in the
central fovea provide structural support to the
foveal cones [4].

Miiller cell cone (MCC) was proposed by
Gass in 1999, who defined the shape, location,
and possible roles of these cells as reservoir for
retinal xanthophyll and primary structural
support of the fovea. It appears to have a pivotal
role in age-related macular degeneration and in
the pathognomonic biomicroscopic aspect of
foveomacular schisis [5].

Xanthophylls and zeaxanthin make foveal
macular pigment. Areliable quantification of
foveal macular pigment in vivo is provided by
heterochromatic flicker photometry (HFP), in
terms of macular pigment optical density
(MPOD) [6-8]. MCC is crucial to main-
tain foveal integrity and macular pigment stor-
age, easily measured by HFP. Several works
have already demonstrated that MPOD is
altered in vitreomacular interface disorders,
given its role in foveal structural integrity
[9, 10]. In this study, we assessed both sbMH
and bbMH, exploring differences in MPOD,
quantitative OCT metrics, and correlations
between the two.

METHODS

This cross-sectional comparative study included
thirty eyes from thirty patients with idiopathic
full-thickness macular hole enrolled at Univer-
sity G. D’Annunzio, Chieti-Pescara, Italy,
between August 2022 and April 2023. This study
was approved by the institutional review board
in adherence to tenets of the Declaration of
Helsinki. Informed consent was obtained from
all participants.

All patients underwent complete ophthal-
mological examination, including best-cor-
rected visual acuity (BCVA) measurement
expressed in the logarithm of the minimum
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angle of resolution (logMAR), intraocular pres-
sure (IOP) measurement with Goldman appla-
nation tonometry, fundus examination with
indirect ophthalmoscopy after 1% tropicamide
instillation, multimodal imaging with optical
coherence tomography (OCT) and macular
pigment optical density (MPOD) quantification
with heterochromatic flicker photometry (HEFP)
at the day of the first visit. Axial length was
measured using partial coherence laser inter-
ferometry (IOL Master 700; Carl Zeiss Meditec,
Jena, Germany). All the imaging was performed
by a single trained ophthalmologist (AQ).

In addition to fundus examination, cataract
staging was done according to the Lens Opaci-
fication Classification System III (LOCS III) by a
single expert vitreoretinal surgeon (RM), after
pharmacological mydriasis.

Exclusion criteria were: (1) prior intraocular
surgery, (2) secondary full-thickness macular
hole, high myopia (AXL > 26 mm), age-related
macular degeneration, retinal vascular diseases,
and uveitis (3) glaucoma and other optic neu-
ropathies, (4) a cataract stage > NO2-NC2 or >
C2 or > P2 according to LOCS III. Since many
works disagree about how cataract surgery
affects MPOD measured using HFP [11, 12],
patients with pseudophakic eyes were excluded.
Another exclusion criterion was the duration of
symptoms > 6 months. Assessment of fixation
was performed as previously described by Nee-
lam et al. [13]. Briefly, fixation assessment was
performed during slit-lamp biomicroscopic
fundoscopy, with a tiny slit-lamp beam pro-
jected onto the fovea. The patient was instruc-
ted to fixate the light beam’s upper end. When
the observer concluded that the fovea and the
superior extremity of the slit-lamp beam coin-
cided, the fixation was considered foveal.

IMAGING

All eyes underwent multimodal imaging exam-
ination with the same spectral domain OCT
(SD-OCT) Spectralis HRA + OCT imaging
device, with OCT Angiography Module (Hei-
delberg Engineering, Heidelberg, Germany)
taking a 30° radial and detail (97

scans x 60 pm) scan centered on the macular
hole.

The MP Screener II (Elektron Technology,
Cambridge, United Kingdom) assessed the
macular pigment optical density. MPOD values
are provided on a scale of O to 1, so the lower
the value, the higher the level of blue light
hitting the foveal cones. Patients underwent a
screening fixation test before examination and
only those patients with a stable fixation were
included in the study.

During the HFP exam, the instrument pre-
sents two flicker wavelengths, one of the blue
(465 nm) and one other of the green (530 nm).
The exam starts with a flickering rate higher
than the critical flicker fusion rate, gradually
reducing frequency to 6 Hz/s. The patient is
required to make flicker matches using the two
wavelight length by pressing a button as soon as
flicker is detected. The process is repeated for
different green-blue luminance ratios.

Detailed test mode was the pattern of choice,
by testing the central and peripheral area: the
former having a 1° circular central target and
the latter during which the patient fixates on a
larger 1.75° red spot located at 8° horizontal
nasal eccentricity.

The instrument calculates MPOD as the log
ratio of the central to the peripheral blue light
luminance corresponding to the minimal flicker
frequency perceived. Only the “accept” out-
come given by the software was used for further
analysis. Every test was repeated twice (with a
30-min interval between measurements) to
verify the instrument’s repeatability.

IMAGE ANALYSIS

Full-thickness macular holes were classified
according to the International Vitreomacular
Study Group Consensus (IVTS) [14].

All linear measurements were performed by
selecting a horizontal line scan from radial
acquisition centered at the hole center. MH
borders were qualitatively defined by two gra-
ders (AQ, MGQG) according to Govetto et al.’s
definition [3], and if agreement was not
reached, a third senior grader was consulted
(RM) (Fig. 1).
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By using the built-in caliper tool from Hei-
delberg, several parameters were evaluated: hole
minimum diameter, defined as the minimum
horizontal distance between each edge of the
hole; ellipsoid zone (EZ) defect, defined as the
distance between EZ terminals on each side of
the hole, external limiting membrane (ELM) to
hole base distance (ELM_base) defined as the
perpendicular distance between the ELM end-
ing and RPE, measured nasally and temporally;
ELM to hole edge (ELM_edge) distance defined
as the shortest distance between ELM ending
and the hole edge along the direction of the
ELM, measured nasally and temporally; basal
diameter distance. Additional parameters were
obtained as previously described by Ruiz-Mor-
eno et al. [2], so tractional hole index (THI),
macular hole index (MHI), and diameter hole
index (DHI) were calculated as a surrogate
measure of tractional and tangential forces.
Briefly, THI is defined as the ratio of the maxi-
mal MH height to the minimum diameter, MHI
is defined as the ratio of the MH height to the
diameter of the base, DHI is defined as the ratio
of MH minimum diameter to the base diameter,

Fig. 1 Optical coherence tomography scans showing
macular holes with smooth border (A) and bumpy border
(B). Lumps of bumpy border macular holes are clearly
distinguishable, suggesting a deeper cellular damage. ELM
to hole base and ELM to hole edge are indicated in
figure (line and asterisk, respectively)

STATISTICAL ANALYSIS

Assuming a pooled standard deviation of 0.09
units for MPOD, the study would require a
sample size of 13 subjects or each group (i.e., a
total sample size of 26, assuming equal group
sizes) to achieve a power of 80% and a level of
significance of 5% (two-sided), for detecting a
true difference in means between groups (bbMH
vs. sbMH). All statistical analyses were per-
formed using Statistical Package for Social Sci-
ences (version 22.0; SPSS Inc, Chicago, IL, USA)
and R environment (version 4.1; http://www.1-
project.org/). Descriptive statistics included fre-
quencies and percentages for categorical vari-
ables and mean + standard deviation (SD) for
quantitative ones. Nonparametric methods
were preferred according to sample size. The
differences between subjects with macular holes
with bumpy and smooth borders were evalu-
ated using a non-parametric unpaired ttest
(Mann-Whitney test). Spearman rank correla-
tion coefficient (rtho) was used to investigate the
relationships between MPOD and OCT metrics.
Correction for multiple testing was performed
by the Bonferroni method. All p values were
two-tailed, and a p value < 0.05 was considered
statistically significant.

RESULTS

Characteristics of Patients Included
in the Analysis

Of the 45 eyes initially screened for the study,
only 30 filled the inclusion criteria, with 15 eyes
showing bumpy borders macular holes and 15
showing smooth borders macular holes (Fig. 2).

Tables 1 and 2 show the results of the study.

Optical Coherence Tomography Metrics

Among our patients, 13 (43%) had small mac-
ular holes (< 250 um), six (20%) were medium
macular holes (> 250 um and < 400 um), and
11 (37%) were large macular holes (> 400 um).
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The mean MPOD value was lower in the
bbMH group respect sbMH (0.09 &+ 0.08 vs.
0.16 + 0.11, p = 0.010) (Table 1, Fig. 3).

For tractional and tangential indexes, mean
value for THI, MHI, and DHI were higher in the
sbMH while the bbMH group had a wider EZ
defect (Table 1). As concern for ELM metrics,
ELM_base nasal was lower in sbMH while
ELM_base temporal was nearly the same
between two groups. The ELM_edge nasal was
higher in sbMH, and mean ELM_edge temporal
was higher in bbMH (300.67 £+ 137.97 wvs.
143.53 £ 71.75, p =0.002). The correlation
analysis between MPOD and OCT metrics is
illustrated in Table 2 both for sbMH and bbMH.

Patients with idiopathic
macular hole

Referring to vitreoretinal service

30 MH Subjects
eligible

Border groups subdivision

15 Bumpy borders holes
and 15 Smooth borders
holes

Fig. 2 Flowchart diagram describing the selection process
of eligible patients for MH analysis. Only 30 patients were
eligible for multimodal imaging evaluation starting from

\;

DISCUSSION

In this cross-sectional study, we demonstrated
quantitative MPOD and structural OCT differ-
ences in bbMH and sbMH eyes. Comparing the
two MH border phenotypes, sbMHs showed
higher MPOD. Differences in residual macular
pigment may reflect MCC survivors suggesting
different foveal damage, potentially impacting
post-surgical recovery. MCC plays a pivotal role
in foveolar photoreceptor packaging, and
its absence might make cones more susceptible
to disruption at the umbo [5]. Higher MPOD in
sbMHs may highlight MCC’s structural role
against tangential and tractional forces. Obana
et al. reported macular pigment distribution in
MH at different stages, demonstrating its pres-
ence in the retinal flap in stage 2, in outer
plexiform layers, and the operculum in stage 3,

Subjects excluded:

Evidencef/history of prior intraocular surgery

Evidence/history of secondary full thickenss

macular hole, high myopia (AxL>26 mm), age

related macular degeneration, retinal vascular

diseases and uveitis

- Evidence/history of glaucoma and other optic
neuropathies,

- Evidence of cataract stage > NO2-NC2 or >C2 or
>P2 according to LOCS III.

- pseudophakic eyes

- duration of symptoms >6 months.

- Patients who failed fixation assessment test
according to Neelman et al.

\_

According to Govetto’s findings

initial cohort of subjects with idiopathic full thickness

macular hole, referred to the vitreoretinal service
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Table 1 Mean £ SD for macular holes with bumpy (bbMH) and smooth borders (sbMH)

bbMH (2 = 15) sbMH (2 = 15) p value
Age (years) 67.87 £ 7.68 7113 + 572 0.305
VA (logMAR) 0.78 + 0.14 0.60 = 0.10 0.004
Hole minimum diameter (jm) 43233 & 170.13 257.67 & 90.25 0.011
Basal diameter (jm) 1411.80 + 346.11 65847 + 259.14 < 0.001
MPOD 0.09 =+ 0.08 0.16 £ 0.11 0.010
THI 1.34 & 097 1.75 + 0.61 0.011
MHI 035 + 0.14 0.75 £ 026 < 0.001
DHI 032 =+ 0.08 041 £ 097 0.016
EZ defect (jim) 2050.93 + 652.39 1454.67 + 333.10 0.029
ELM to hole base nasal (jim) 168.07 & 73.29 102,53 + 31.28 0.006
ELM to hole base temporal (jm) 108.20 + 52.92 107.33 + 48.86 0.098
ELM to hole edge nasal (jum) 115.87 + 50.13 438.93 + 432.87 0.041
ELM to hole edge temporal (jim) 300.67 + 137.97 143.53 + 71.75 0.002

MPOD macular pigment optical density, 7HT tractional hole index, MHI macular hole index, DHI diameter hole index, V4
visual acuity, EZ ellipsoid zone, ELM external limiting membrane

p value derived from Mann—-Whitney U test

but alsoin the outer plexiform layers sur-
rounding cystic spaces in stage 3 and 4 [10].
Bottoni et al. reported no improvement in
visual acuity with revisualization of macular
pigment after surgery and a nearly significant
association of MPOD with ELM recovery during
follow-up, possibly representing a phenomenon
that merely accompanies the reapposition of
the edges and their integrity [11].

Relating MPOD and ELM metrics, we found
stronger negative correlations between MPOD
and ELM_base distance in bbMHs. These results
suggest that different inner retinal forces are
transmitted to the outer retina through the
MCC, resulting in outer retinal traction and
ELM elevation. More profound damage in MCC
may allow a higher ELM_base, potentially
impacting post-surgical healing. Geenen et al.
reported in a retrospective study that ELM
height varies widely in MHs, with higher values
in wider MHs and when the hole is higher [15].
Further support is given by Hangai et al., who
demonstrated  through  three-dimensional

imaging of MH that the MCC truncated apex
was located at the ELM, describing an inverted
cone-shaped structure seen over the crown-
shaped ends of the disrupted ELM [16]. MPOD
negatively correlates with minimum and basal
hole diameters in bbMHs and positively corre-
lates with the two parameters in sbMHs. These
results may reflect the width and location of the
initial central retinal dehiscence influencing
MCC disruption, with potential consequences
on surgical outcomes. MCC’s importance in MH
development was explained by Cheung and
Byeon’s theory [17], distinguishing two MH
types based on MCC and Z-shape Miiller cell
involvement. Low residual MPOD reflecting
MCC survivor may result from a very disruptive
process in bbMHs, and higher residual MPOD
positively correlating with these linear metrics
in sbMHs may suggest a residual structural role.

Macular pigment showed different behavior
when considering tractional indexes, with pos-
itive correlations in bbMHs and negative corre-
lations in sbMHs. These results further confirm
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Table 2 Results of correlation analysis between MPOD and other variables in bumpy (bbMH) and smooth macular

(sbMH) hole borders

MPOD

bbMH sbMH

rho p value* rho p value*
VA (logMAR) 0.227 0.508 0318 0.299
Minimum hole diameter (pm) —0.707 0.008 0.702 0.019
Basal diameter (jim) —0.775 0.001 0.675 0.019
EZ defect (um) — 0.035 0.901 0.303 0.299
ELM_baseN (um) — 0717 0.008 —0.512 0.080
ELM_baseT (pum) —0.171 0.597 — 0.609 0.029
ELM_edgeN (um) 0.759 0.006 0.484 0.092
ELM_edgeT (jm) — 0.420 0.164 0.634 0.024
THI 0.593 0.037 — 0.684 0.019
MHI 0.658 0.018 — 0.665 0.019
DHI — 0491 0.099 —0.159 0.572

*Bonferroni adjusted

EZ ellipsoid zone, THI tractional hole index, MHI macular hole index, DHI diameter hole index, VA4 visual acuity, EZ

ellipsoid zone, ELM external limiting membrane

Chung and Byeon’s theory [17], suggesting that
higher tractional forces are needed to obtain
deeper foveolar damage in bbMHs. At the same
time, sbMHs showed inverse correlations, indi-
cating dehiscence type MH. Gass suggested that
a yellow ring is visible in early phases due to
MCC centrifugal migration caused by tangential
vitreofoveal traction [18]. Innate differences in
MCC amount in the foveola may explain dif-
ferent behavior, which leads to the two MH
types and border patterns. The additional
hypothesis could rely on MCC contact with the
vitreous cortex during the action of tractional
forces and uncertainty for which factors exactly
dictate the width of the dehiscence zone at the
onset. Residual MCC may play a potential role
in the self-closure macular hole, as illustrated by
Gass [18] and then investigated by Bringmann
et al. [19]. Since we performed our clinical
examination within six months of visual
symptoms, it is also possible that among our
cases, photoreceptor damage could have

occurred chronically or acutely as a direct con-
sequence of MH formation. However, differen-
tiating between the two is quite difficult in
the clinical practice due to variability of
patient’s symptoms.

Our study has some limitations. First of all,
the sample size is small given the relatively low
incidence of macular hole. Additional difficul-
ties derive from dividing the population into
two groups according to border type. Moreover,
initial fixation screening for eligible patients
restricted the sample. Secondly, although
B-scan images were adequate to assess border
type, additional 3D techniques are required for
a complete study. The exact time from macular
hole formation is an additional issue since we
do not know if the damage could be due to
chronicity or tractional forces during hole
development.
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P=0.010

0,35

0,3

0,25

0,2

0,1 »

0,05 I

MPOD

Fig. 3 Box-and-whisker plots showing analyzed MPOD
measurements in bbMH and sbMH. Each box shows mean
(cross within the box) and interquartile range (borizontal
extremes of the box) values for MPOD in the two groups.
The ends of the whiskers represent the minimum and

CONCLUSIONS

In conclusion, this study assessed MPOD in
bbMHs and sbMHs, probably reflecting different
damage to MCC. In addition, ELM_base might
be a prognostic biomarker for post-surgical ELM
recovery and MCC healing by macular pigment
reaccumulation when considering the two bor-
der phenotypes. Further studies are needed to
investigate MPOD and the potential role of
MCC in MH self-closure.
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