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Purrose. To determine the prevalence of a central hyperreflective line in eyes with full-
thickness macular holes (FTMH) and lamellar macular holes (LMH) and to elucidate the
pathoanatomic importance of this optical coherence tomography (OCT) sign.

MeTtHoDs. This retrospective analysis evaluated patients with FTMH and LMH at the Stein
Eye Institute. Clinical data was collected and SD-OCT volume scans were analyzed for
the presence of a central vertical hyperreflective line in 3 separate cohorts: patients with
SD-OCT preceding FTMH development, patients with SD-OCT after pars plana vitrectomy
(PPVT) treatment for FTMH, and patients with SD-OCT of LMH.

Resurrs. In total, 93 eyes with FTMH and 88 eyes with LMH were identified. Of the 93
FTMH eyes, SD-OCT volume scans were available before development of the FTMH in
12 eyes. Of these, 6 (50%) displayed a vertical hyperreflective line preceding the devel-
opment of the FTMH. Fifty-one eyes underwent PPVT with resolution of the FTMH, and
26 displayed a hyperreflective line after resolution (51%). Of the 88 eyes with LMH, 22
displayed a hyperreflective line (25%). All hyperreflective lines were noted at the central
fovea.

Concrusions. SD-OCT illustrated the presence of a central vertical hyperreflective line
preceding FTMH and after resolution of FTMH after PPVT in approximately one-half of
cases, and concurrent with LMH in 25% of cases. This vertical hyperreflective line may
represent an early SD-OCT marker for the development of FTMH, and may be a sign of
central foveal dehiscence owing to disruption of the Muller cell cone.

Keywords: full-thickness macular hole, lamellar macular hole, Muller cell, hyperreflective
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n a seminal anatomic study, Yamada! showed that the
fovea centralis contains a central cone of Muller cells that

be transmitted through the central fovea predisposing to the
development of various disorders, including macular hole

extends from the internal limiting membrane (ILM) to the
external limiting membrane. Gass? later described the Muller
cell cone and defined this anatomic landmark as a cluster of
Muller cells in an inverted cone configuration in the central
fovea. Subsequent publications®* confirmed the presence of
a group of specialized central Muller cells that comprise the
floor of the foveola and are referred to as the Muller cell
cone. These specialized Muller cells may act like a plug and
play a glue-like role to stabilize the central fovea by binding
together the foveolar cones.?> With disruption, stress may
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formation.”™’

Gaudric et al.® elegantly described the formation of macu-
lar holes using OCT analysis and identified various stages in
this progression. Like Gass,? they proposed that a cleavage
plane was present in the central fovea which was stabilized
by the Muller cell cone.? Although the studies from Gaudric
et al.® and other investigators®’ have provided detailed OCT
analysis of the various stages immediately preceding full-
thickness macular hole (FTMH) formation, earlier clinical
signs of macular hole development are lacking.
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We have identified a vertical hyperreflective line in the
central fovea with spectral domain OCT (SD-OCT) that
may predate the development of macular hole and may be
present well before the stages of macular hole formation
described by Gaudric et al.® While there has been specu-
lation regarding foveal hyperreflectivity preceding macular
hole development,”'* this OCT sign has never been care-
fully studied. The aim of this study was to determine the
prevalence of this OCT marker associated with full thick-
ness and lamellar macular holes (LMHs) and elucidate its
pathoanatomic significance in macular disorders such as
macular hole formation.

METHODS

This study was a retrospective case review series that
adhered to the tenets of the Declaration of Helsinki and
was conducted in accordance with the regulations of the
Health Insurance Portability and Accountability Act. Insti-
tutional review board approval was obtained at the UCLA
Geffen School of Medicine (D.S.).

Inclusion criteria for the study included eyes with idio-
pathic FTMH or LMH. Tracked SD-OCT scans before the
development of FTMH, in established LMH, or after pars
plana vitrectomy (PPVT) were additional requirements to
be included in the analysis. Exclusion criteria included poor
quality SD-OCT imaging scans and retinal or macular disease
(e.g., high myopia, trauma) that confounded the analysis of
the macular hole.

A thorough chart review of patients with the diagnosis of
FTMH or LMH was performed. Relevant clinical and surgi-
cal history information was collected. SD-OCT volume scans
(Spectralis; Heidelberg Engineering, Heidelberg, Germany)
were reviewed at all visits (before macular hole formation
if available, when the macular hole was present, and after
vitrectomy when available). The volume scans consisted of
either 19 or 25 horizontal B scans centered on the fovea that
were tracked with previous volume scans with an automatic
retinal tracking threshold set at 25.

SD-OCT definition of a FTMH was a full-thickness defect
in the central fovea extending from the ILM to the RPE.!!
The FTMH was graded according to the Gaudric OCT clas-
sification system® by two graders (AH and JS). Any discrep-
ancies were resolved by the senior author (DS). A LMH was
defined on SD-OCT as an irregular foveal configuration with
thinning and a break in the inner fovea in the absence of
a full-thickness foveal defect with intact foveal photorecep-
tors.!? LMH were differentiated into degenerative lamellar
holes versus tractional lamellar holes with foveoschisis as
originally defined by Govetto et al.'> Patients were then
divided into three cohorts: patients with tracked SD-OCT
volume scans preceding FTMH, patients with tracked SD-
OCT scans after FTMH repair and PPVT, and patients with
SD-OCT scans of LMH.

OCT volume scans were carefully studied (AH, CG, IC) in
the three cohorts for the presence of a vertical hyperreflec-
tive line defined as a hyperreflective linear lesion extending
from the ellipsoid zone band (or lower) through the outer
nuclear layer to the ILM in the region of the central fovea.
If identified, the presence of the hyperreflective line was
then confirmed by a second reviewer (JS). Any discrepan-
cies were resolved by the senior author (DS).

All patients who were treated for FTMH with PPVT under-
went a three-port PPVT (23 or 25 gauge) under regional
anesthesia with peribulbar block. A core and peripheral
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Figure 1. SD-OCT at the fovea of 3 cases before and after FTMH
development. Note the presence of a hyperreflective line (yellow
circle) preceding FTMH formation in each case. The hyperreflective
vertical line extends from the area of the ellipsoid zone band to the
ILM in the central fovea in each case. (Case A) In this 69-year-old
man, a hyperreflective line at the fovea is noted in the left eye (A1)
which progressed to a stage 2 FTMH (A2) just 2 months later. (Case
B) In this 88-year-old man, a hyperreflective line at the fovea is noted
in the right eye (B1), which evolved into a stage 4 FTMH (B2) 14
months later. (Case C) In this 62-year-old man, a hyperreflective line
at the fovea is noted in the left eye (C1), which evolved into a stage
4 FTMH (C2) 4 months later.

vitrectomy was performed using a noncontact wide-angle
viewing system (Resight, Carl Zeiss Meditec AG, Jena,
Germany). In all cases the ILM was peeled around the macu-
lar hole, using a flat macular lens and an ILM forceps (Alcon
Grieshaber, Fort Worth, TX). Triamcinolone acetonide (Kena-
log, Bristol-Myers Squibb, Princeton, NJ) was used to facil-
itate visualization during macular peeling in some cases.
Then, a full air-fluid exchange and postvitrectomy tampon-
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TasLe 1. Prevalence of Hyperreflective Line
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No. of Hyperreflective

Total No. of Eyes With No. of Eyes With Lines Found in the
Group Eyes Adequate Imaging Hyperreflective Lines (%) Central Fovea (%)
Before FTMH 93 12 6 (50) 6 (100)
After PPVT 53 51 26 (51) 26 (100)
LMH 88 88 22 (25) 22 (100)
TasLe 2. Pre-FTMH Cohort Patient Demographic Characteristics and Hyperreflective Lines Time Course
FTMH With FTMH Without
Hyperreflective Hyperreflective
Characteristics Total, 93 Lines (n = 6) Lines (n = 6) P Values
Age v, (standard deviation) 69.1 (9.75) 73.2 (10.0) 69.5 (12.3) 0.58
Sex (%)
Male 34 (37) 4 (66.7) 4 (66.7) 1.00
Female 59 (63) 2(33.3) 2 (33.3)
Eye (%)
Right 51 (55) 2(33.3) 5(83.3) 0.08
Left 42 (45) 4 (66.6) 1(16.7)
FTMH stage (standard deviation) 2.93 (1.00) 2.33 (0.94) 2.67 (0.75) 0.50
Time between hyperreflective line and FTMH, - 616 (535) - -
days (standard deviation)
Time between first OCT and OCT with a 595.1 (580) 669.8 (566) 520.3 (638) 0.68
FTMH, days (standard deviation)
No. of OCTS before FTMH 1.67 (1.52) 2.4 (0.89) 2.5 (1.64) 0.36

FTMH: Full thickness macular hole.

ade was performed with a 20% mixture of sulphur hexaflu-
oride.

Statistical analysis was performed with R-software (R
Foundation for Statistical Computing, Vienna, Austria).
Results are reported as means with range and standard
deviation or number with percentage. Independent z-tests
were performed for categorical variables (comparison of
gender and lamellar hole subtype between patients with
and without hyperreflective line). Independent #-tests were
performed for interval variables (comparison of age, number
of OCTs, mean FTMH stage, and follow-up). These tests
were performed separately for each of the three cohorts:
patients with tracked SD-OCT volume scans preceding
FTMH, patients with tracked SD-OCT scans after FTMH
repair and PPVT, and patients with SD-OCT scans of LMH. A
P value of less than 0.05 was considered statistically signifi-
cant. Cohen’s Kappa statistics were calculated for intergrader
reliability, and are reported as values with a two-sided 95%
confidence interval.

RESuULTS

A total of 181 eyes were enrolled in the study. From this, 93,
53, and 88 eyes belonged to the pre-FTMH, FTMH treated
with PPVT, and LMH cohorts, respectively.

Pre-FTMH Cohort

In total, 93 eyes with FTMH from 89 patients were identified.
The average age of patients with a FTMH was 69 (standard
deviation, 9.75) and 63% were female.

Of the 93 eyes with FTMH, tracked SD-OCT volume scans
were available before the development of the FTMH in 12

(12.9%). Of these 12 eyes, 6 (50%) displayed central hyper-
reflective lines (Fig. 1) (Table 1).

A hyperreflective line was seen an average of 616 days
before development of the FTMH (50-1606 days; standard
deviation, 535 days). The hyperreflective lines were noted on
multiple visits for four of six cases. Intergrader analysis of
hyperreflective line identification showed strong reliability
(K = 0.89 £ 0.073).

The groups of eyes with and without hyperreflective
line were compared (Table 2). There was no significant
difference in age or gender (Table 2). Stage of FTMH was
also not significantly different (Table 2). Number of OCTs
acquired before development of the FTMH and number of
days between the first OCT and the first OCT with a FTMH
were also not significantly different (Table 2). Intergrader
analysis of FTMH staging showed strong reliability (K = 0.86
+ 0.107).

FTMH Treated With PPVT Cohort

Of the 93 eyes with FTMH, 53 underwent PPVT, and closure
of the hole was noted in 51 eyes (96%) by the time of
image analysis. Of these 51, 26 (51%) displayed a hyper-
reflective line after resolution of the FTMH (Fig. 2) (Table
1). The hyperreflective line occurred an average of 213 days
after surgery (8-840 days; standard deviation, 246 days). The
hyperreflective lines were noted on multiple visits for 18
of 26 cases. In these 18 cases, the duration of persistence
of the hyperreflective line on OCT ranged from 1 week to
20 months before complete resolution. In the other nine
cases, the hyperreflective line resolved before the next visit.
Comparing the groups of patients with a hyperreflective line
after surgery versus those without, there was no significant
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Ficure 2. SD-OCT of two cases of FTMH before and after PPVT.
Note the presence of a hyperreflective line after resolution of the
FTMH after PPVT. (Case A) A 63-year-old woman with a stage 4
FTMH (A1) in the left eye was treated with PPVT 3 weeks after the
baseline OCT. A hyperreflective line at the fovea is noted with OCT
at the 1-month follow-up (A2), which persisted for 9 months. (Case
B) A 75-year old woman with a stage 4 FTMH (B1) in the left eye
was treated with PPVT 2 weeks later. A hyperreflective line at the
fovea (B2) is noted with OCT 8 months later.

difference in age, gender, presurgical FTMH stage, number
of postsurgical OCTs taken or total follow-up after surgery
(Table 3).

LMH Cohort

A total of 88 LMH from 85 patients were screened. The aver-
age age in this group was 74.8 (standard deviation 10.55)
and 55% of these patients were women. Seven eyes had SD-
OCT volume scans before development of the lamellar hole,
and none displayed hyperreflective line during this time. Of
the 88 eyes with LMH, 22 displayed hyperreflective line asso-
ciated with the LMH (25%) (Fig. 3) (Table 1). The hyper-

Ficure 3. SD-OCT illustrating the presence of a hyperreflective line
(yellow circle) associated with a LMH. (Case A) (fop) In this 68-year-
old man with a lamellar hole in the right eye, a hyperreflective line
is noted at the central fovea. (Case B) (middle) In this 61-year-old
woman with a lamellar hole in the left eye, a thin hyperreflective
line is noted at the central fovea. (Case C) (bottom) In this 71-year-
old woman with a tractional lamellar hole and foveoschisis in the
left eye, a hyperreflective line is noted at the central fovea.

reflective line was identified on average 247 days after the
first OCT with LMH (0-1820 days; standard deviation, 487).
The hyperreflective lines were noted on multiple visits for
11 of 22 cases. Comparing groups of patients with hyper-

TaBLE 3. Post Pars Plan Vitrectomy (PPVT) Cohort Patient Demographic Characteristics and Hyperreflective Line Time Course

Hyperreflective No Hyperreflective
Lines After Lines After PPVT
Characteristics Total, 93 PPVT (n = 26) (n = 25) P Values
Age, y (standard deviation) 69.1 (9.75) 68.3 (8.16) 73.7 (12.08) 0.07
Sex (%)
Male 34 (37) 9 (35 11 (449 0.52
Female 59 (63) 17 (65) 14 (56)
Eye (%)
Right 51 (55) 14 (53.8) 17 (68) 0.30
Left 42 (45) 12 (46.2) 8 (32)
FTMH stage (standard deviation) 2.93 (1.00) 2.91 (0.87) 2.93 (.1.14) 0.94
Time between vitrectomy and hyperreflective - 213 (246) -
lines, days (standard deviation)
Follow-up, days (standard deviation) 595.1 (580) 753 (653) 1154 (1026) 0.10
No. of OCTS after vitrectomy (standard 1.67 (1.52) 5.54 (2.7) 6.77 (3.67) 0.18

deviation)
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Ficure 4. SD-OCT showing the presence of the characteristic hyper
reflective line in the central fovea in a case of multiple evanescent
white dot syndrome associated with ellipsoid zone disruption (A)
and in a separate case of macular hemorrhage (B1) after resolution
(B2).

reflective line concurrent with the LMH versus those with-
out hyperreflective line, there was no significant difference
in age, gender, follow-up, or lamellar hole subtype (Table 4).

DiscuUsSION

We studied the SD-OCT volume scans of eyes with FTMH
and LMH and discovered that a hyperreflective line, defined
as a vertical linear lesion in the central fovea extending from
the ellipsoid zone band to the ILM, can be commonly seen
preceding development of a FTMH (50%), after resolution of
the macular hole after PPVT (51%), and concurrent with an
LMH (25%). The presence of the hyperreflective line preced-
ing FTMH may be an indicator of evolving vitreomacular
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traction and a very early marker of FTMH or LMH develop-
ment.

Since the original report by Yamada illustrating the pres-
ence of Muller cells in the central fovea, several other reports
have been published describing a central cluster of verti-
cal Muller cells in the foveola distinct from the typical z-
shaped Muller cells located in the parafoveal region.®!4
Gass® described the importance of the central Muller cell
cone that may act as a glue to hold together and stabilize
the central foveola. Bringmann et al.®> described a collection
of unique Muller cells that course vertically in the central
foveola to the ILM. They later expanded upon these findings,
detailing 25 to 35 specialized Muller cells whose processes
do not leave the foveola or join the course of the photore-
ceptor axons in the Henle fiber layer, instead traveling verti-
cally through the “stalk” of the Muller cell cone from the
inner layer of the foveola to the external limiting membrane.
Tschulakow et al.'> used ion beam tomography to elegantly
construct a three-dimensional model of the central Muller
and photoreceptor cells. This organization was validated
with electron microscopy by Syrbe et al.'* who further noted
that central Muller cells act to resist tractional forces, and that
cysts between central Muller cells may allow for disruption
of the integrity of the central fovea if stress is applied. Bring-
mann et al.* further supported this finding and noted that
disruption of the Muller cell cone, as a result of traction and
low resistance to mechanical stretch, leads to destabilization
and foveal dehiscence through a central cleavage plane that
may arise early in foveal morphogenesis.

During embryologic development, centrifugal displace-
ment of the inner retina combined with centripetal move-
ment of the outer retina may create tangential stress on
the central fovea that is stabilized by the central Muller cell
cone. These central Muller cells are more weakly bound to
photoreceptors and may be prone to destabilization.* With
vitreoretinal traction or other forms of Muller cell disruption,
the central fovea destabilizes and the natural forces of the
Z-shaped Muller cells override the central Muller cells, lead-
ing to dehiscence of the foveola and separation through the
central cleavage plane.>7 % This process may be captured
with SD-OCT as a central hyperreflective line.

Previous studies have outlined the stages of development
of a macular hole. Through analysis of FTMH in fellow eyes,

TaBLE 4. LMH Cohort Patient Demographic Characteristics and Hyperreflective Line Time Course

Hyperreflective No Hyperreflective
Line with LMH Line With LMH
Characteristics Total, 88 (n = 22) (n = 66) P Values
Age, y (standard deviation) 74.8 (10.55) 71.2 (10.8) 76.4 (12.08) 0.59
Sex (%)
Male 40 (45) 10 (45) 30 (45) 1.00
Female 48 (55) 12 (55) 36 (55)
Eye (%)
Right 43 (45.5) 7 (31.8) 36 (55) 0.06
Left 45 (54.5) 15 (68.2) 30 (45)
Time between first lamellar hole OCT and - 247 (487) -
hyperreflective line, days (standard
deviation)
Follow-up, days (standard deviation) 580.9 (628.5) 610.0 (703.6) 514 (451.2) 0.45
Lamellar hole subtype (%)
Degenerative lamellar hole 49 (56) 14 (64) 35 (53) 0.37
Tractional LMH with foveoschisis 39 (44) 8 (36) 31 (47)
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Gaudric et al® illustrated that the initial stage of macular
hole formation is remarkable for anteroposterior vitreomac-
ular traction elicited by evolving posterior vitreous detach-
ment. Cystic formation of the fovea ensues with elevation
or flattening of the foveolar pit® Coalescence of the cysts
into a large central cystic space associated with an incom-
pletely detached flap of vitreoretinal traction is subsequently
noted.® Finally, the operculum detaches completely and the
edges of the hole separate® Previous studies have iden-
tified several systemic risk factors for development of a
macular hole including female gender,'~'® age,'® increased
plasma fibrinogen levels,! and previous hysterectomy and
oophorectomy.?’:2! Morphologic markers such as window
defect on fluorescein angiography,?>-4 involutional macu-
lar thinning,?* and the absence of posterior vitreous detach-
ment?* have also been implicated. Later publications drew
attention to minor signs associated with vitreomacular trac-
tion before the appearance of intraretinal cysts such as
central foveal linear hyperreflectivity or photoreceptor eleva-
tion, but this sign did not result in a systematic descrip-
tion.”"1%%5 This report, however, uniquely studies the pres-
ence of an OCT finding that may represent an earlier stage
of macular hole development before the development of an
impending macular hole.

Further evidence of the formation of a plane or seam or
fault line in the central foveola may be supported by other
macular disorders. In various clinical circumstances a central
hyperreflective line may be observed. Resolving macular
hemorrhage can be observed as a central hyperreflective
line with SD-OCT, presumably as the result of residual heme
tracking within this central plane. Reorganization of the
photoreceptors in multiple evanescent white dot syndrome
can also present with a central hyperreflective line (Fig. 4)
Vertical hyperreflective lines have also been described after
macular grid laser and pan retinal photocoagulation,? as a
result of self-inflicted laser injury,”” and in association with
placoid disorders®® but these lesions are parafoveal and are
due to migration along the Henle fiber layer.

It is important to recognize that the pathogenesis of
the linear hyperreflectivity in our three cohorts may be
distinct. Although the lines were hyperreflective, vertical
and centrally located within the fovea in all three groups,
the actual cellular mechanism leading to the hyperreflectiv-
ity may be distinctive. However, the common denominator
in all cohorts may be the presence of a naturally existing
cleavage plane or seam in the central fovea that is either
being pulled apart or pulled together in these three clini-
cal situations. The hyperreflective line in eyes after FTMH
repair may again relate to the natural seam that is present
in the central fovea that is stabilized by the Muller cell
cone. Presumably a certain time interval is necessary for
this natural seam to resolve as the normal foveal anatomy
is restored, and this time course may vary from individual to
individual.

Limitations of our study included the small number
of SD-OCT volume scans available before FTMH develop-
ment. Because patients are typically asymptomatic before
the development of a macular hole, many patients were not
screened before development of the FTMH. The retrospec-
tive design of the study did not allow for a consistent imag-
ing protocol or uniform follow-up. The hyperreflective line
is admittedly a subtle OCT finding and a previously unde-
fined entity, and was not identified at every visit when repeat
OCT datasets were available . However, this OCT feature was
noted in multiple visit scans per patient in the majority of
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cases. Because this finding is one of microscopic dimension,
resolution may not be sufficient to capture this abnormal-
ity with OCT at every visit. Even with tracked scans, micro-
scopic displacement may still exist between visits and the
hyperreflective line may be subsequently missed and not
recorded.

This study identified the presence of a central hyper-
reflective line preceding the development of FTMHs, after
resolution of FTMHs after vitrectomy, and concurrent with
LMHs. In patients with appropriate imaging, the hyperreflec-
tive line was captured in approximately 50% of patients
preceding FTMH and after vitrectomy repair, and in 25% of
patients with LMH. This linear hyperreflectivity may provide
the first visual evidence of the presence of a natural reti-
nal seam at the central fovea, and may serve as the earli-
est clinical marker of vitreomacular traction and impending
macular hole development. Further prospective studies are
needed to assess the importance of the hyperreflective line
as a biomarker to predict the future development of a macu-
lar hole and as a pathoanatomic OCT sign of the presence
of a central retinal seam or fault line.
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