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Optical Gap Biomarker in Cone-Dominant
Retinal Dystrophy
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STEPHEN H. TSANG
� PURPOSE: To characterize the progression of optical
gaps and expand the known etiologies of this phenotype.
� DESIGN: Retrospective cohort study.
� METHODS: Thirty-six patients were selected based on
the identification of an optical gap on spectral-domain op-
tical coherence tomography (OCT) from a large cohort of
patients (N[ 746) with confirmed diagnoses of inherited
retinal dystrophy. The width and height of the gaps in 70
eyes of 36 patients were measured by 2 independent
graders using the caliper tool on Heidelberg Explorer.
Measurements of outer and central retinal thickness
were also evaluated and correlated with gap dimensions.
� RESULTS: Longitudinal analysis confirmed the progres-
sive nature of optical gaps in patients with Stargardt dis-
ease, achromatopsia, occult macular dystrophy, and
cone dystrophies (P < .003). Larger changes in gap
width were noted in patients with Stargardt disease
(78.1 mm/year) and cone dystrophies (31.9 mm/year)
compared with patients with achromatopsia (16.2 mm/
year) and occult macular dystrophy (15.4 mm/year).
Gap height decreased in patients with Stargardt disease
(6.5 mm/year; P [ .02) but increased in patients with
achromatopsia (3.3 mm/year) and occult macular dystro-
phy (1.2 mm/year). Gap height correlated with measure-
ments of central retinal thickness at the fovea (r[ 0.782,
P [ .00012). Interocular discordance of the gap was
observed in 7 patients. Finally, a review of all currently
described etiologies of optical gap was summarized.
� CONCLUSION: The optical gap is a progressive pheno-
type seen in an increasing number of etiologies. This pro-
upplemental Material available at AJO.com.
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gressive nature suggests a use as a biomarker in the
understanding of disease progression. Interocular discor-
dance of the phenotype may be a feature of Stargardt dis-
ease and cone dystrophies. (Am J Ophthalmol
2020;218:40–53. � 2020 Elsevier Inc. All rights
reserved.)

O
PTICALGAP IS ANOCCULTMACULAR PHENOTYPE

that is most discernible on spectral-domain opti-
cal coherence tomography (OCT) in a number of

inherited retinal dystrophies. It is characterized by a focal
loss of the photoreceptor-attributable ellipsoid zone (EZ)
band, previously known as the inner segment (IS) and
outer segment (OS) junction, in the fovea and parafoveal
region. This phenotype was first described in 2006 by
Barthelemes and asosciates1 in patients with achromatop-
sia. Soon afterward, Leng and associates2 expanded the dif-
ferential associated with optical gaps to include Stargardt
disease and dominant cone dystrophies caused by muta-
tions in cyclase proteins. Since then, individual case re-
ports detailing novel etiologies of both hereditary and
nonhereditary optical gap have been slowly growing in
the literature.
The pathogenesis of this finding has previously been a

subject of interest in several etiologies of the phenotype.
Nõupuu and associates3 developed a 3-part staging system
using cross-sectional data to suggest progression of the
phenotype and noted longitudinal progression from one
stage to another in several patients with Stargardt disease.
Greenberg and associates4 similarly created a 5-step staging
system in patients with achromatopsia, but that study was
also limited by the use of cross sectional data. The clinical
significance of the optical gap has been suggested as a po-
tential outcome measure in clinical trials for achromatop-
sia.4 Longitudinal data of phenotypic progression in
individual patients has been attempted in the pediatric
achromatopsia population.5 However, it has otherwise
not been well characterized and has implications to not
only improve our understanding of the optical gap but
also determine the necessary length of clinical trials that
may use optical gap as an outcome measure.5

The present study describes the analysis of 36 genetically
heterogeneous patients with the optical gap phenotype,
including 2 patients harboring mutations in novel candi-
date genes associated with this phenotype, RAB28 and
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PITPNM3. Moreover, this study details the longitudinal
analysis of 19 individual patients to better understand
phenotype progression and natural history over time. The
authors additionally perform a review of the current litera-
ture of this phenotype. This information provides an
updated differential diagnosis of optical gap since it was first
described in 2006 to better guide clinicians who may
encounter this phenotype in practice.2
METHODS

� SUBJECT SELECTION: A retrospective review was
performed of 746 patients with both a clinical andmolecular
genetic diagnosis of inherited retinal dystrophy who were
seen and evaluated at the Edward S. Harkness Eye Institute
at Columbia University Irving Medical Center between
2009 and 2019. Retinal images from previous visits were
evaluated for the presence of an identifiable loss of reflec-
tance and disruption of the EZ line in the fovea or the paraf-
oveal regions on spectral-domain OCT. Patients with
disruptions of the outer retinal layers secondary to macular
telangiectasias, vitelliform macular dystrophies, vitreomac-
ular traction, secondary macular neovascular disease, and
macular holes were excluded. A total of 36 patients were
identified who fit the inclusion criteria. This study offered
minimal risk to the patients, and because of its retrospective
design, patient consent was waived as described inColumbia
University Irving Medical Center Institutional Review
Board–approved protocol AAAR8743. All procedures
were reviewed and deemed to be in accordance with the te-
nets of the Declaration of Helsinki.

� OPHTHALMIC EXAMINATION AND IMAGING: Patients
underwent initial ophthalmic examination including mea-
surement of best-corrected visual acuity (BCVA), dilation
with topical tropicamide (1%) and phenylephrine (2.5%),
and fundus examination by a retinal specialist (S.H.T). In
addition, patients underwent multimodal imaging
including spectral-domain OCT, short wavelength auto-
fluorescence (SW-AF), and wide field color fundus photog-
raphy. Full-field electroretinograms (ffERGs) were
obtained from patients using Dawson, Trick, and Litzkow
electrodes and Ganzfeld stimulation using a Diagnosys
Espion Electrophysiology System (Diagnosys LLC, Little-
ton, Massachusetts, USA) according to International Soci-
ety for Clinical Electrophysiology of Vision standards.6

Spectral-domain OCT and SW-AF were acquired using a
Spectralis HRAþOCT (Heidelberg Engineering, Heidel-
berg, Germany). Color fundus photography was obtained
using an Optos 200 Tx (Optos, PLC, Dunfermline, United
Kingdom).

� OPTICAL GAP PROGRESSION AND STATISTICAL ANAL-
YSIS: Disease progression was assessed between the initial
VOL. 218 OPTICAL GAP BIOMARKER IN CONE-
and follow-up visits using the change in the horizontal
(nasal-temporal axis) and vertical (anterior-posterior
axis) lengths of the optical gap on corresponding fovea-
aligned spectral-domain OCT scans as measured by 2 inde-
pendent graders (J.O., J.R.). Optical gap width was defined
as the longest contiguous length of the disruption in the EZ
band with the presence of a vacant space in its place
(Supplemental Figure 1, A through D, green lines; Supple-
mental Material at AJO.com). In cases where residual EZ
was observed at the fovea but a distinct optical gap was
identified on either side of the residual EZ, the residual
EZ was included within the measurements. Optical gap
height was defined as the distance between the external
limiting membrane and the retinal pigment epithelium
(RPE) and Bruch membrane complex at the fovea
(Supplemental Figure 1, A, yellow lines). In cases with
multiple follow-up visits, measurements were taken be-
tween the initial and most recent follow-up visit in which
an optical gap was seen in both eyes. In cases with only 1
follow-up visit in which one eye demonstrated the presence
of a gap and the other eye had a gap that had become atro-
phic, measurements were taken from the single eye with
the gap. Areas of peripheral collapse of the retina into
the optical gap were not included as part of the optical
gap measurements. Measurements were performed with
the caliper tool on the Heidelberg Explorer (HEYEX).
Intraclass correlation coefficients (ICCs) were calculated
for measurements to determine the reliability of intergrader
variability.
Measurements of central retinal thickness at the fovea

(CRTF) and outer retinal thickness (ORT) across the
retina were also evaluated between initial and follow-up
visits. CRTF was defined as the distance between the
RPE–Bruch membrane complex and the internal limiting
membrane. ORT was defined as the distance between the
RPE–Bruch membrane complex and the boundary between
the outer nuclear and outer plexiform layers. Each scan was
manually segmented on HEYEX and then exported. The
thicknesses were calculated with MATLAB software
(The Mathworks, Inc, Natick, Massachusetts, USA) as
developed and described by Hood and associates.7

When available, all measurements were taken using
follow-up scans that used automatic real-time tracking to
align with baseline images. When matched scans were un-
available for the initial and the most recent visits, measure-
ments were taken at the fovea from both visits. A paired
sample t test was performed to compare longitudinal mea-
surements of optical gap dimensions and retinal thickness.
Correlation of changes in optical gap dimensions with log-
arithm of minimal angle of resolution visual acuity and
retinal thickness measurements were also performed. Anal-
ysis was performed using R statistical software (v 3.6.1; R
Foundation for Statistical Computing, Vienna, Austria).

� REVIEW OF THE LITERATURE: A review of the current
literature was performed using the search terms ‘‘foveal
41DOMINANT RETINAL DYSTROPHY
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TABLE 1. Clinical Characteristics of 36 Patients with Optical Gaps

Patient No. Age/Sex Diagnosis Gene Variant Age of Onset BCVA (OD, OS) Symmetry

P1 26/M Stargardt ABCA4 c.4139C>T:p.Pro1380Leu,

c.5882G>A:p.Gly1961Glu

20 20/60, 20/60 Y

P2 26/F Stargardt ABCA4 c.1622T>C:p.Leu541Pro,

c.5882G>A:p.Gly1961Glu

24 N/A Y

P3a,b 26/F Stargardt ABCA4 c.1622T>C:p.Leu541Pro,

c.5882G>A:p.Gly1961Glu

18 20/250, 20/250 N

P4a,b 23/F Stargardt ABCA4 c.1622T>C:p.Leu541Pro,

c.5882G>A:p.Gly1961Glu

15 20/80, 20/80 N

P5b 25/F Stargardt ABCA4 c.286A>G:p.Asn96Asp,

c.5882G>A:p.Gly1961Glu

24 20/40, 20/30 N

P6b 27/F Stargardt ABCA4 c.5882G>A:p.Gly1961Glu,

c.6448T>C:p.Cys2150Arg

15 20/150, 20/150 Y

P7b 23/M Stargardt ABCA4 c.5882G>A:p.Gly1961Glu,

c.5318C>T:p.Ala1773Val

22 20/40, 20/30 Y

P8b 23/F Stargardt ABCA4 c.4139C>T:p.Pro1380Leu,

c.5882G>A:p.Gly1961Glu

18 20/40, 20/30 Y

P9 23/M Stargardt ABCA4 c.1622T>C:p.Leu541Pro,

c.5882G>A:p.Gly1961Glu

23 N/A N

P10 25/F Stargardt ABCA4 c.5882G>A:p.Gly1961Glu,

c.5196þ1056A>G

21 20/50, 20/100 Y

P11b 13/M Stargardt ABCA4 c.2461T>A:p.Trp821Arg,

c.6448T>C:p.Cys2150Arg

11 20/150, 20/200 Y

P12 26/M Stargardt ABCA4 c.3065A>G:p.Glu1022Gly,

c.5882G>A:p.Gly1961Glu

26 20/30, 20/30 3

P13c 30/M Achromatopsia CNGA3 c.1391T>G:p.Leu464Arg,

c.1621C>A:p.Leu541Phe

25 20/125, 20/125 Y

P14c 63/M Achromatopsia CNGA3 c.829C>T p.Arg277Cys,

c.847C>T:p.Arg283Trp

N/A 20/150, 20/150 Y

P15 45/F Achromatopsia CNGA3 c.1702G>A:p.Gly568Arg,

c.1823T>A: p.Leu608Gln

Childhood 20/100, 20/100 Y

P16c 34/M Achromatopsia CNGA3 c.830G>A:p.Arg277His,

c.1070A>G:p.Tyr357Cys

N/A 20/100, 20/150 Y

P17c 23/M Achromatopsia CNGA3 c.1391T>G:p.Leu464Arg,

c.1641C>A:p.Phe547Leu

1.5 20/50, 20/50 Y

P18 47/M Achromatopsia CNGA3 c.1669G>A:p.Gly557Arg,

c.667C>G:p.Arg223Gly

5 20/150, 20/125 Y

P19c 32/M Achromatopsia CNGB3 c.1432C>T p.Arg478Ter,

c.1432C>T p.Arg478Ter

23 20/160, 20/200 Y

P20c 46/F Achromatopsia CNGB3 c.1056-3C>G het Childhood 20/80, 20/80 Y

P21a,d 12/F Achromatopsia ATF6 c.970C>T:p.Arg324Cys,

c.970C>T:p.Arg324Cys

6 20/200, 20/200 Y

P22a,d 23/M Achromatopsia ATF6 c.970C>T:p.Arg324Cys,

c.970C>T:p.Arg324Cys

18 20/63, 20/100 Y

P23a,d 18/F Achromatopsia ATF6 c.970C>T:p.Arg324Cys,

c.970C>T:p.Arg324Cys

12 20/100, 20/63 Y

P24 32/M Achromatopsia PDE6C c.1759T>C:p.Tyr587His,

c.1759T>C:p.Tyr587His

Childhood 20/100, 20/150 Y

P25 56/F Occult macular dystrophy RP1L1 c.133C>T:p.Arg45Trp,

c.449C>T:p.Thr150Ile

51 20/100, 20/125 Y

P26 65/M Occult macular dystrophy RP1L1 c.133C>T:p.Arg45Trp 49 20/70, 20/60 Y

P27a 25/M Occult macular dystrophy RP1L1 c.133C>T:p.Arg45Trp N/A N/A Y

P28a 23/M Occult macular dystrophy RP1L1 c.133C>T:p.Arg45Trp 12 20/80, 20/80 Y

P29 43/F Occult macular dystrophy RP1L1 c.133C>T:p.Arg45Trp 33 20/60, 20/60 Y

P30 77/F Cone dystrophy GUCA1A c.526C>T:p.Leu176Phe 45 20/125, 20/200 N

Continued on next page
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TABLE 1. Clinical Characteristics of 36 Patients with Optical Gaps (Continued )

Patient No. Age/Sex Diagnosis Gene Variant Age of Onset BCVA (OD, OS) Symmetry

P31 66/M Macular dystrophy GUCY2D c.2516C>T:Thr839Met 64 20/100, 20/80 Y

P32 24/F Cone dystrophy GUCY2D c.2513G>A:p.Arg838His 24 N/A N

P33 49/F Macular dystrophy PRPH2 c.424C<T:p.Arg142Trp Childhood 20/50, 20/50 Y

P34 56/F Macular dystrophy PRPH2 c.514C>T p.Arg172Trp 56 20/60, 20/60 Y

P35 41/M Cone dystrophy RAB28 c.136G>C:p.Gly46Arg,

c.70G>C: p.Gly24Arg

42 20/70, 20/70 N

P36 51/F Cone dystrophy PITPNM3 c.227_229del:p.Gly76del 45 20/80, 20/CF N

BCVA¼ best-corrected visual acuity; CF¼ ���; F¼ female; M¼male; N¼ no; N/A¼ not available; OD¼ oculus dexter; OS¼ oculus sinister;

Y ¼ yes.
aSibling pairs (P3 and P4; P21, P22, and P23; and P27 and P28).
bSubject previously reported by Nõupuu and associates.3

cSubject previously reported by Greenberg and associates.4

dSubject previously reported by Kohl and assocciates.8
cavitation,’’ ‘‘optical gap,’’ ‘‘disruption of the EZ line,’’ and
‘‘disruption of the IS/OS junction’’ on PubMed to identify
other etiologies of optical gap and clarify the differential
diagnosis of the phenotype. Review of all other known eti-
ologies of cone and cone-rod retinal dystrophies was also
performed. All reviews, original articles, case series, and
case reports were included. Articles with evidence of
OCT findings consistent with the aforementioned defini-
tion of foveal cavitation or optical gap were examined
and included in the review.
RESULTS

� CLINICAL SUMMARY: The clinical, genetic, and demo-
graphic information of these patients are summarized in
Table 1. A total of 76 eyes from 38 patients were evaluated
for optical gaps. The patients had amean andmedian age of
34.6 and 27.5 years (range 11-77 years), respectively, at the
time of the initial evaluation. Twelve patients (P1-P12)
presented with a diagnosis of electrophysiologic group I
Stargardt disease caused by mutations in ABCA4. Twelve
patients (P13-P24) presented with a diagnosis of achroma-
topsia—6 caused by mutations in CNGA3, 2 in CNGB3, 3
in AFT6, and 1 in PDE6C. Five patients (P25-P29)
presented with occult macular dystrophy caused by muta-
tions in RP1L1, and 3 patients (P30-P32) were diagnosed
with cone dystrophy caused by guanylate cyclase mutations
in theGUCY2D andGUCA1A genes. Two cases of pattern
macular dystrophy caused by PRPH2mutation were identi-
fied (P33 and P34). Two novel candidate etiologies of op-
tical gap were also evaluated: cone dystrophy caused by 2
mutations in RAB28 (P35) and cone dystrophy caused by
a single mutation in PITPNM3 (P36). Example spectral-
domain OCT images of each etiology of optical gap are
shown in Figure 1.
VOL. 218 OPTICAL GAP BIOMARKER IN CONE-
The optical gap phenotype was characterized across
different disease groups based on a number of features
seen on spectral-domain OCT, including EZ disruption
and external limiting membrane (ELM) reflectivity, age
of onset and age at evaluation, BCVA, and several other
traits as summarized in Table 2. A distinction was made
during analysis between Stargardt disease, occult macular
dystrophy, and other causes of cone and macular dystro-
phies because of the larger number of patients with Star-
gardt disease and occult macular dystrophy with
identified optical gaps, allowing for a more detailed descrip-
tion of disease specific characteristics. Notably, both the
age of onset and age at which the phenotype was noticed
were significantly lower in patients with achromatopsia
and Stargardt disease compared with patients with cone
or macular dystrophies (P < .001). No significant differ-
ence was seen in logarithm of minimal angle of resolution
BCVA between diagnoses.

� RAB28-RELATED OPTICAL GAP: P35 was a 41-year-old
man who was initially referred for the evaluation of Star-
gardt disease. According to his family history, the patient
had 1 unaffected sister and 1 brother with macular dystro-
phy. At the initial visit, his BCVA was 20/70 in both eyes.
A targeted retinal dystrophy panel using whole exome
sequencing identified 2 compound heterozygous mutations,
c.860>G:p.(Gly46Arg) and c.70G>C:p.(Gly24Arg), in
the candidate gene, RAB28, which is known to cause auto-
somal recessive cone-rod dystrophy.9 Segregation analysis
using parental samples confirmed that the 2 variants were
located on separate chromosomes. Neither variant was
found in population databases, and in silico tools predicted
both variants to be deleterious and damaging. On spectral-
domain OCT, the patient presented with discordant opti-
cal gap in the left eye and foveal atrophy with thinning
of the outer retinal layers in the right eye (Figure 2, A
and B). Color fundus photography revealed central foveal
43DOMINANT RETINAL DYSTROPHY



FIGURE 1. Previously described etiologies of optical gap as seen on spectral-domain optical coherence tomography. A. Optical gap in
Stargardt disease was characterized by bilateral ovoid subfoveal cavities that contain photoreceptor debris. Hyperreflectance of the
external limiting membrane (ELM) was also characteristic. B through E. Patients with achromatopsia caused by mutations in
CNGA3, CNGB3, ATF6, and PDE6C presented with small subfoveal gaps that were flat with less bowing of the ELM. C and D.
Foveal hypoplasia was noted in several of these patients. F and G. Optical gap was also seen in patients with cone dystrophies caused
by mutations in cyclase proteins GUCA1A and GUCY2D. P30 presented with a large, empty, ovoid gap in the right eye with hyper-
transmission into the choroid and hyperreflectance of the ELM. The left eye had a gap that was occupied by a foveal detachment of the
retinal pigment epithelium. P31 presented with a small, bilateral ovoid gap without evidence of retinal pigment epithelium atrophy. H
and I. Occult macular dystrophy and PRPH2-mediated macular dystrophy caused small, symmetric subfoveal gaps containing photo-
receptor debris. Hyperreflectance of the ELM was absent in both conditions. OD [ oculus dexter; OS [ oculus sinister.
atrophy which was also seen on SW-AF surrounded by a
hyperautofluorescent ring (Figure 2, A and B). ffERG
demonstrated spared scotopic responses with significant
amplitude attenuation and implicit time delay of the 30-
Hz flicker.
44 AMERICAN JOURNAL OF
� PITPNM3-RELATED OPTICAL GAP: P36 was a 51-year-
old woman who presented for progressively worsening
vision with a referring diagnosis of cone dystrophy. The
patient’s medical, ocular, and family histories were unre-
markable. At the initial visit, BCVA was 20/40 in the right
OCTOBER 2020OPHTHALMOLOGY
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eye and 20/60 in the left eye. At 3- and 5-year follow-up
visits, the patient’s vision decreased from 20/50 to 20/80
in the right eye and from 20/80 to 20/100 in the left eye.
Whole exome sequencing identified a
c.227_229delCTC:p.(Gly76del) in-frame deletion variant
in the candidate gene, PITPNM3. This variant was found
to occur at a low allelic frequency of 0.00002166 in
gnomAD, suggesting that this is not a common variant,
and in silico prediction tools predicted this mutation to
be deleterious to protein structure. PITPNM3 is known
to be a rare cause of cone-rod dystrophy and segregation
analysis of this variant was not performed because of the
inability to obtain familial samples.10,11

At the initial visit, spectral-domain OCT revealed sym-
metric, ovoid optical gaps characterized by photoreceptor
debris projecting anteriorly to the foveal ELM, and hyper-
transmission of the choroidal signal underneath the fovea
(Figure 3, A). The ELM in this patient was not hyperreflec-
tive, like those commonly seen in patients with achroma-
topsia or Stargardt disease.3,4,12 However, sparing of the
foveal EZ relative to the parafoveal EZ was seen, as has
been described in a cohort of patients with early stage Star-
gardt disease (Figure 3, A).13 Over the course of 5 years,
follow-up visits revealed incremental widening and even-
tual collapse of the neurosensory retina into the optically
empty cavity (Figure 3, A through D). These changes
notably occurred at different time points for each eye.
Collapse of the inner retina in the left eye was detected 4
years after initial presentation, while collapse was noted
in the right eye 1 year later (Figure 3, B and C). BCVAs
before and after collapse were stable at 20/100 in the left
eye but decreased from 20/50 to 20/80 in the right eye.
Despite the structural change shown on spectral-domain
OCT, the patient denied any subjective changes to vision.
SW-AF images obtained at the initial visit revealed

intermittent patches of central RPE atrophy surrounded
by fleck-like lesions and parafoveal mottling (Figure 3,
A). Throughout follow-up, parafoveal atrophy increased
in size (Figure 3, B through D). The ffERG at the initial
visit demonstrated preserved scotopic responses with sig-
nificant attenuation of 30-Hz flicker amplitude with im-
plicit time delay bilaterally consistent with generalized
cone dysfunction. Over the course of follow-up, rod re-
sponses remained spared, but photopic 30 Hz flicker ampli-
tudes further decreased.

� INTEROCULAR DISCORDANCE AND EARLY FOVEAL
SPARING OF OPTICAL GAP PHENOTYPE: On spectral-
domain OCT, 7 of 19 patients (P3, P4, P9, P30, P32,
P35, and P36) with Stargardt disease or cone-rod and mac-
ular dystrophies presented with interocular discordance of
the optical gaps or showed progression from one stage to
another at different time points throughout their follow-
up (Figure 4). Typically, this was seen as the collapse of
the optical gap in one eye while the optical gap in the other
eye retained the integrity of the cavity. Using the staging
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FIGURE 2. Multimodal imaging of RAB28-mediated optical gap. A. Spectral-domain optical coherence tomography (OCT) of a 41-
year-old man (P35) with compound heterozygous mutations in RAB28 demonstrated the presence of atrophy and loss of retinal ar-
chitecture at the fovea on spectral-domain OCT in the right eye. B. In contrast, the left eye demonstrated the presence of an optical
gap with hyperreflectance of the external limiting membrane. A. A residual optical gap phenotype was seen in the right eye as previ-
ously described by Nõupuu and associates3 (white arrow). A and B. Color fundus photography revealed bilateral foveal atrophy that
was also seen on short-wavelength autofluorescence imaging surrounded by hyperautofluorescent rings. OD[ oculus dexter; OS[
oculus sinister.
system previously described for Stargardt disease, this
meant that one eye progressed from stage II to stage III
while the other remained in stage II.3 The residual patterns
of the optical gap phenotype can sometimes be seen in
these patients after atrophy. This is characterized by an
optically empty space between the preserved EZ line and
the location of neurosensory collapse (Figure 4, white ar-
rows), which is eventually eliminated by progressive atro-
phy.3 In contrast, all achromatopsia patients with the
optical gap phenotype and confirmed CNGA3, CNGB3,
PDE6C, orATF6mutations were found to have interocular
agreement of the phenotype based on cross-sectional anal-
ysis of 7 patients and longitudinal analysis of 5 patients.

In addition, a relative sparing of the foveal EZ was seen
in a total of 9 eyes from 5 patients (P6, P8, P19, P25, and
P36). This was consistent with reports of early foveal
sparing in patients with early-stage Stargardt disease.13 In
this cohort, this phenotype was seen not only in Stargardt
disease but also in patients with cone dystrophy, achroma-
topsia, and occult macular dystrophy.

� OPTICAL GAP PROGRESSION AND CORRELATES: Pro-
gression of the optical gap phenotype was analyzed using
longitudinal data from 19 patients (9 ABCA4, 2
CNGA3, 1 CNGB3, 2 ATF6, 3 RP1L1, 1 PITPNM3, and
1 GUCY2D) over a mean and median follow-up interval
of 3.3 and 2.7 years, respectively. Thirty-four of 38 eyes
exhibited increases in optical gap width between the initial
and final visit, suggesting that the optical gap phenotype is
progressive and enlarging (P< .001). The mean increase in
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optical gap width was 78.1 6 34.8 mm per year in patients
with Stargardt disease, 16.26 11.5 mm per year in patients
with achromatopsia, 31.9 6 46.3 mm per year in patients
with non-Stargardt cone dystrophies, and 15.4 6
11.3mmper year in patients with occult macular dystrophy.
In the right eye of P2, a decrease in gap width was observed
between initial and final visit because of collapse of the op-
tical gap along the nasal and temporal edges of the gap
(Supplemental Figure 1, B). These areas were not included
in the measurements. In the left eye of P36, a reduction in
the gap width was noted because of the collapse of the
neurosensory retina along the temporal margin of the opti-
cal gap (Supplemental Figure 1, C and D). Finally, the right
eyes of P3 and P4 were excluded from analysis as the optical
gaps had progressed to complete atrophy between initial
and second visits.
While a significant decrease in optical gap height of 6.5

6 6.1 mm per year was noted in patients with Stargardt dis-
ease (P ¼ .02), overall changes in optical gap height were
not significant in the cohort as a whole. Small increases
in optical gap heights of 3.3 6 4.8 mm per year and 1.2
6 1.4 mm per year were seen in patients with achromatop-
sia and occult macular dystrophy, respectively. The 2 pa-
tients with non-Stargardt cone dystrophy, P31 and P36,
demonstrated a 5.6-mm per year increase and a 4.3 mm
per year decrease in optical gap height, respectively. ICC
between both graders was calculated using pooled data
points from each eye at both initial and final visit. The
ICC for both gap width and height measurements was
>0.999 between graders across both eyes longitudinally.
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FIGURE 3. Multimodal imaging of PITPNM3-mediated optical gap. A. Spectral-domain optical coherence tomography images of a
51-year-old woman (P36) with a heterozygous mutation in PITPNM3 revealed a bilateral, symmetric optical gap and hypertransmis-
sion into the choroid. B throughD. Gradual changes in optical gap width were observed over the course of follow-up at (B) 1 year, (C)
4 years, and (D) 5 years (yellow arrows). B. The optical gap was observed to progress asymmetrically as it widened in the right eye but
(C) narrowed in the left eye because of collapse along the nasal and temporal edges of the gap. C and D. Complete atrophy of the gap
was observed at (C) 4 years in the left eye (red arrow) and (D) 5 years in the right eye (red arrow). OD[ oculus dexter; OS[ oculus
sinister.
Overall, ORT decreased at a small but significant rate of
2.5 6 5.1 mm per year (P ¼ .048). No significant change
was noted in CRTF; however, CRTF did decrease at a
mean rate of 1.6 6 5.0 mm per year. A mean decrease of
2.4 6 3.5 mm per year in ORT and 4.7 6 5.5 mm per
year in CRTF was seen in patients with Stargardt disease
at rates. A small decrease in ORT of 0.8 6 0.9 mm per
year and a small increase in CRTF of 0.4 6 0.2 mm per
year was observed in patients with occult macular dystro-
phy. In contrast, a minute increase in ORT of 0.1 6
0.7 mm per year and in CRTF of 0.2 6 0.2 mm per year
was seen in patients with achromatopsia.

Three patients (2 ABCA4 and 1 PITPNM3) demon-
strated the development of interocular discordance in the
presence of optical gap because of the collapse of the retinal
layers into the gap. Comparison of changes in optical gap
dimensions with changes in ORT and CRTF revealed a sig-
nificant correlation (r¼ 0.782) between CRTF and optical
gap height (P ¼ .00012). While no significant association
was found between changes in optical gap height and log-
arithm of minimal angle of resolution–converted visual
acuity, a potentially positive correlation (r ¼ 0.573) was
observed between changes in optical gap width and visual
acuity (Supplemental Figure 2).
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DISCUSSION

THE OPTICAL GAP PHENOTYPE HAS BEEN DESCRIBED AS A

finding affecting foveal cones in a variety of progressive,
heterogeneous inherited retinal dystrophies as well as
several nonhereditary conditions. Staging of gap progres-
sion was performed in the past for specific conditions,
including Stargardt disease and achromatopsia, and has
been described to occur across 3 discrete clinical stages
beginning with disruption of the EZ band, followed by
the formation of a subfoveal cavitation with hyperreflec-
tivity of the ELM, and ending with the collapse of the
remaining foveal layers into the gap.3,4,12 Previous studies
have suggested that gap progression is symmetric and may
be used to guide future treatments of hereditary retinal
disease.4 In this study, a cohort of 36 patients with het-
erogeneous causes of the optical gap phenotype as identi-
fied on spectral-domain OCT was examined, including 2
novel candidate etiologies of gap—mutations in
PITPNM3 and RAB28. Both novel etiologies of optical
gap cause cone or cone-rod dystrophy in humans and
are consistent with previous suggestions that optical gap
is primarily associated with cone-first retinal
degenerations.
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FIGURE 4. Interocular discordance in patients with optical gaps. A through E. Interocular discordance of optical gap was observed in
5 patients (P3, P4, P9, P30, and P32) with cone-first retinal degenerations at presentation. A through C. Three patients (P3, P4, and
P9) were found to have asymmetric disease with optical gap and residual foveal photoreceptors in one eye and collapse of the retina
into the cavity with loss of the inner and outer retinal layers in the other eye. P30 presented a preserved optical gap in the right eye
while the left eye demonstrated detachment of the retinal pigment epithelium and consequent occupation of the space. P32 presented
with a visible optical gap in the left eye and intermittent disruptions of the ellipsoid zone line, indicative of impending gap formation in
the right eye. OD [ oculus dexter; OS [ oculus sinister.
A common feature seen in the 2 patients with mutations
in RAB28 and PITPNM3 was interocular discordance in
the optical gap phenotype. This feature was found in
more than one-third of patients in this cohort who were
diagnosed with Stargardt disease, cone-, and cone-rod dys-
trophies but was absent in all patients who were diagnosed
with achromatopsia or occult macular dystrophy. The abil-
ity to capture noticeable interocular discordance suggests
that progression of the optical gap phenotype occurs
more rapidly in patients with Stargardt disease, cone-,
and cone-rod dystrophies compared with patients with
achromatopsia and occult macular dystrophy. The discor-
dance seen in these conditions may have further implica-
tions in clinical trials that use the fellow eye as a control
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for the treated eye. Clinically, the finding of unilateral op-
tical gap with the presence of atrophy in the other eye may
help guide clinical diagnoses and genetic testing toward
cone-first retinal degenerations.
In addition to interocular discordance, other features of

the optical gap phenotype and clinical examination may be
helpful in guiding clinicians toward a diagnosis (Table 2).
Both the age of symptomatic onset and age at which the op-
tical gap phenotype was observed occurred earlier in pa-
tients with Stargardt disease and achromatopsia
compared with patients with cone andmacular dystrophies.
A bull’s eye lesion seen on fundus examination coincident
with continuous EZ disruption and hyperreflectivity of the
ELM are consistent with a diagnosis of Stargardt disease
OCTOBER 2020OPHTHALMOLOGY



likely associated with the hypomorphic
c.5882G>A:p.(Gly1961Glu) variant in ABCA4. A com-
bination of foveal hypoplasia with ELM hyperreflectivity
and EZ disruption on spectral-domain OCT was character-
istic of patients with achromatopsia. In the older cohort of
patients, occult macular dystrophy related optical gap was
seen to have an absence of ELM hyperreflectivity, and
disruption of the EZ line was intermittent. In addition,
spectral-domain OCT was the only imaging modality
capable of detecting change. Cone and macular dystrophies
represented the most heterogeneous cohort of patients, and
while the optical gap in this group was typically wide with
intermittent EZ disruption, a higher degree of variability
was noted.

Although a combination of these characteristics may be
helpful in distinguishing between etiologies of optical gap, a
limitation of this summary is the small sample size in this
cohort. Further evaluation of larger cohorts of these patients
will help validate these findings and demonstrate whether a
correlation between optical gap dimensions and visual acuity
does exist. An additional limitation of our current study is the
absence of axial length evaluation to account for potential
image scaling effects on transverse measurements. In this
cohort, refractive error was assessed in a total of 23 of 36 pa-
tients, which showed that all but 2 patients had mild ametro-
pia between�3 diopters (D) andþ3 D, and no patients were
found to have pathologic ametropia (Supplemental Table 1).
While this does not eliminate the potential effects of axial
length on measurements, the presence of mostly mild refrac-
tive error in this cohort suggests that the impact may not be
large. Future studies including axial lengthmeasurements will
help validate these findings.

Longitudinal analysis suggested that the optical gap
phenotype widens more rapidly in patients with Stargardt
disease and cone dystrophies compared with patients with
achromatopsia or occult macular dystrophy. Similarly,
there was an overall larger change in optical gap height
in patients with Stargardt disease and cone dystrophies,
which exhibit, on average, a decrease in optical gap height
compared with patients with achromatopsia and occult
macular dystrophy. We hypothesize that this decrease in
optical gap height may either be a structural compensation
for the increases in width as the gap is stretched or a
morphologic change that mirrors retinal thinning as a
result of disease progression.

Measurements of retinal thickness demonstrated a
decrease in both CRTF andORT in patients with Stargardt
disease and cone dystrophies and a small increase in pa-
tients with achromatopsia. In patients with occult macular
dystrophy, a small increase in CRTF and decrease in ORT
were observed. Overall, measurements of CRTF were
significantly correlated with the height of the optical gap
(P < .001), but measurements of ORT were not. The
change in retinal thickness in our patients with Stargardt
disease, achromatopsia, and cone dystrophies are consis-
tent with previous reports, and the observed correlation
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supports the hypothesis that the morphology of the optical
gap in inherited retinal degenerations mirrors changes in
the retinal architecture as disease progresses.14–17

Additional longitudinal studies are required to validate
the changes in optical gap height, ORT, and CRTF, espe-
cially in patients with achromatopsia and occult macular
dystrophy, because the calculated annual changes in height
were similar to the axial resolution of the Spectralis
HRAþOCT at 3.5 mm per year.18 The slow change over
time in these patients suggests that optical gap would be
a poor outcome measurement in the ongoing clinical trials
and future treatment of these conditions. Additional limi-
tations of this analysis include the small sample size and
absence of axial length measurements, and as such, further
evaluation of larger cohorts of these patients with axial
length scaling are warranted.
While our study provides characterization of changes in

heterogeneous cases of optical gap over time, both the
pathophysiology of this phenotype and the reason why
certain patients develop this gap while others do not
remain unclear. We hypothesize that in many patients,
these optical gaps may not be observed as patients will pre-
sent after the gap has collapsed and central macular atrophy
has taken place. Within our retrospective analysis of 746
patients, 92 patients with the same monogenic causes of
inherited retinal degeneration without optical gap were
identified. Among them, 76 were found to have macular at-
rophy at the initial presentation while the remaining 16
had signs of EZ disruption without cavity formation. It is
possible that over time, these 16 patients will go on to
develop a cavitation, and longitudinal follow-up will be
informative. Notably, a genotype–phenotype correlation,
which has been previously noted, was seen as the majority
of patients with Stargardt disease and optical gaps were
found to have the c.5882G>A:p.Gly1961Glu variant in
ABCA4.4 Additional studies are warranted to demonstrate
why this specific variant leads to gap formation.
Future studies are also needed to elucidate the contents

of the optical gap. In many of the subjects in this cohort
as well as those in in previous studies, spectral-domain
OCT images revealed the presence of debris within the op-
tical gap which is seen loosely adherent to the ELM or the
RPE.3,4 We hypothesize that the debris is composed of the
remnants of cone photoreceptor inner and outer segments,
and the hyperreflective dots may be microglia, which could
facilitate the removal of the debris.19 The nonreflective
portion of the gap may be filled by water, lactate, glucose,
calcium, acyl carnitines and other substrates, and byprod-
ucts of cone metabolism.20,21
REVIEW

WHEN THE OPTICAL GAP SPECTRAL-DOMAIN OCT PHENO-

type was elaborated upon by Leng and associates2 in
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2012, the differential diagnosis of this phenotype was
considered to include Stargardt disease, achromatopsia,
and autosomal dominant cone dystrophies caused by
cyclase deficiencies. Since then, a variety of other etiol-
ogies have been described in the literature, suggesting
that the differential diagnosis of optical gap includes a
larger than previously thought array of heterogeneous
inherited retinal dystrophies, chemical toxicities, and envi-
ronmental or occupation-associated injuries. In this study
alone, the authors describe a cohort of 36 patients with op-
tical gap who possess mutations in ABCA4, CNGA3,
CNGB3, PDE6C, AFT6, RP1L1, GUCY2D, GUCA1A,
and PRPH2, as well as 2 novel candidate etiologies—muta-
tions in RAB28 and PITPNM3. In addition to the condi-
tions described in this study, a review of the literature for
conditions causing ‘‘foveal cavitation,’’ ‘‘optical gap,’’
‘‘disruption of the IS/OS junction,’’ or ‘‘disruption of the
EZ line’’ was performed to broaden the currently under-
stood causes of optical gap.

� ACHROMATOPSIA: Achromatopsia is a heterogeneous
autosomal recessive retinal disorder that has frequently
been associated with optical gap in the published litera-
ture.4,5,8,22–29 Patients typically present with color
blindness, photophobia, nystagmus, and decreased visual
acuity. Genetic etiologies of achromatopsia include
mutations in CNGA3, CNGB3, GNAT2, PDE6C,
PDE6H, and ATF6 genes. The optical gap phenotype has
been observed in patients with all of these genetic
etiologies except for PDE6H, which represents a minority
population of total patients with achromatopsia.30 Further
evaluation of these patients will help elucidate the pres-
ence or absence of this phenotype in association with this
gene. Thiadens and associates22 first suggested the progres-
sive nature of achromatopsia in 2010 using spectral-domain
OCT to monitor retinal thinning. In 2014, Greenberg and
associates4 corroborated this finding using a 5-part staging
system to classify disease progression.

� BLUECONEMONOCHROMACY: Blue cone monochroma-
tism, or ‘‘atypical achromatopsia,’’ is an X-linked stationary
cone disorder that results in loss of long- and medium-
wavelength cone photoreceptors, leading to marked loss
of color vision in the red-green spectrum.31 Remaining co-
lor vision is typically derived from residual short-
wavelength cone photoreceptors.31 Similar to patients
with complete achromatopsia, patients with blue cone
monochromatism present with decreased color vision and
visual acuity, nystagmus, and photophobia.31 The optical
gap phenotype in patients with blue cone monochromacy
has been described in patients with mutations inOPN1LW
and OPN1MW, as reported by Barthelmes and
associates.1,32,33

� STARGARDT AND STARGARDT-LIKE DISEASE: Optical
gap in Stargardt disease was first described by Cella and as-
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sociates17 in association with the
c.5882G>A:p.Gly1961Glu variant in the ABCA4 gene
and later by Palejwala and assocites34 in association with
the ELOVL4-mediated autosomal dominant Stargardt-
like retinopathy. Stargardt disease is a progressive, early-
onset retinal dystrophy leading to a loss of central vision
and a decrease in visual acuity. Given the genotype and
phenotype heterogeneity seen in patients with Stargardt
disease, genotype–phenotype correlation of optical gap
with identified variants is valuable in understanding disease
progression and prognosis.2,16,34–36 Nõupuu and associates3

describe the progressive nature of optical gap seen in Star-
gardt disease in 15 patients, 14 of whom possess the p.
Gly1961Glu variant, and suggest a 3-step staging system
for the gap in patients with Stargardt disease. Stage 1 dis-
ease was characterized as subfoveal EZ line disruption in
the absence of a visible cavity. Stage 2 disease was
described as the total absence of the EZ line and formation
of the empty subfoveal space. Finally, stage 3 disease was
characterized by collapse of neurosensory retina into the
cavity.

� OCCULT MACULAR DYSTROPHY: Occult macular dys-
trophy and associated optical gap was first described on
spectral-domain OCT by Park and associates.37–40

Occult macular dystrophy is a dominant inherited
retinal dystrophy caused by mutations in the RP1L1
gene. Clinically, patients present with decreased visual
acuity but otherwise normal fundus autofluorescence
and ffERG findings. A report of 46 patients with this
dystrophy suggests that the incidence of optical gap
findings is particularly high, with a described incidence
rate of 63%.38

� CONE AND CONE-ROD DYSTROPHIES: Among the many
heterogeneous causes of cone and cone-rod dystrophies, the
literature specifically describes cases of KCNV2-,
GUCY2D-, GUCA1A-, PRPH2-, POC1B-, and SCA7-
associated disease with optical gap phenotypes on
spectral-domain OCT imaging.41–46 A review of other
etiologies of cone and cone-rod dystrophies, including
those associated with mutations in CACNA2D4, AIPL1,
CRX, PROM1, RAX2, RIMS1, UNC119, ADAM9,
C21ORF2, C8ORF37, CDHR1, CERKL, POC1B,
RPGRIP1, SEMA4A, TTLL5, CACNA1F, and RPGR did
not provide any cases with the optical gap phenotype on
spectral-domain OCT imaging. Leng and associates2 sug-
gest that optical gap is a phenotype most commonly associ-
ated with cone and cone-rod dystrophies. While a number
of etiologies of cone-first retinal degenerations have been
shown to produce an optical gap phenotype, a larger num-
ber have not yet been shown to have this association.
Further evaluation of patients with cone and cone-rod dys-
trophies on spectral-domain OCT imaging may help
strengthen the association of this phenotype with these
conditions.
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� NONHEREDITARY OPTICAL GAP: Pharmacologic etiol-
ogies of optical gap discussed in the literature include
tamoxifen-induced retinopathy, as first described by Doshi
and associates47 in 3 patients with foveal cavitation, as well
as poppers maculopathy in a case series of 7 patients who
developed optical gap after the inhalation of poppers.48–
51 Reports regarding the change over time in these
conditions is limited, but in patients with poppers
maculopathy, cases of resolution of the EZ-line disruption
have been described.50

Nonhereditary causes of optical gap include solar reti-
nopathy, arc welding maculopathy, juxtafoveal macular
telangiectasias, microholes from vitreomacular traction,
central serous chorioretinopathy, and laser pointer retinop-
athy.52–56 The pathophysiology of the optical gap
phenotype in these conditions has been attributed to
photoradiation of melanosomes in the RPE and
consequent necrosis of RPE and photoreceptors outer
segment damage.52 Environmental or occupation-
associated injuries are typically noted to recover over
time, but with extensive or recurrent injury, damage may
be irreversible.
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� SUMMARY: The differential diagnosis of optical gap is
continually being expanded. Currently, this includes a
wide variety of cone and cone-rod dystrophies, achroma-
topsia, and pharmacologic etiologies or exposure injuries.
In this study, the authors describe a large cohort of patients
seen in their practice with the gap phenotype, including 2
patients with novel candidate etiologies—PITPNM3 and
RAB28-mediated cone-rod dystrophies. Longitudinal pro-
gression of the optical gap width is described in this study
for a total of 19 patients, suggesting that phenotype pro-
gression is more rapid in cone-first retinal degenerations
andmuch slower in patients with achromatopsia and occult
macular dystrophy. Interocular discordance was also a com-
mon finding in patients with cone dystrophies, with pa-
tients experiencing progression from the gap phenotype
to collapse of the neurosensory retina into the gap at
different times for each eye. These findings have implica-
tions in the understanding of the optical gap phenotype.
In clinical practice, the identification of an optical gap
on spectral-domain OCT should direct the differential
diagnosis towards cone-first retinal degenerations or
nonhereditary causes of disease.
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