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ABSTRACT
Emergence of the high-resolution optical coherence
tomography has allowed better delineation of retinal
layers, and many of the anatomical correlations of
these layers have now been agreed upon. However,
some anatomical correlates still remain contentious,
such as the second hyper-reﬂective band, which is
now termed ellipsoid zone. Despite the lack of consensus of the actual origin of the ellipsoid zone, there has
been much interest in evaluating its integrity and
intensity in different disease processes. This review
paper aims to provide an overview of the ellipsoid zone
and its clinical and research applications.
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INTRODUCTION
Since its ﬁrst emergence two decades ago, optical
coherence tomography (OCT) has revolutionized
our ability to visualize the retina in vivo and to identify the anatomical correlates of pathological changes
in ocular diseases. As such, it has facilitated in the
clinical management of various retinal and optic
nerve conditions.1
Optical coherence tomography has demonstrated
its potential for identifying novel markers of different
disease states as it allows detection of ultrastructural

changes in the retina when there is no clinical correlate to visualize. Improved resolution with advances
in OCT technology has allowed the delineation of
individual retinal layers providing more information
to increasing our knowledge of speciﬁc subclinical
changes in many retinal diseases such as drusen
ultrastructure in age-related macular degeneration
(AMD),2 optic nerve head and retinal nerve ﬁbre
layer in glaucoma.3–5 The emergence of the spectral
domain OCT (SD-OCT) has allowed better delineation
of retinal layers such as the vitreoretinal interface,
inner and outer retina, retinal pigment epithelium
(RPE) and choroid. Many of these layers have been
universally agreed upon; however, some anatomical
correlates remain contentious,6 such as the second
hyper-reﬂective band. This band was previously
believed to represent the junction between the inner
and outer segments (IS/OS junction) of the photoreceptors.1,7,8 More recent evidence suggests that the
second hyper-reﬂective band corresponds with the
anatomical location of the ellipsoid portion of the
photoreceptors inner segment.1,7,8 In an effort to come
to a consensus on the anatomical correlates with OCT
description of each layer, an international panel with
expertise in vitreoretinal diseases and imaging met
in 2014 to access available evidence and provide
recommended OCT terminology.6 The international
nomenclature consensus panel recommended the
second hyper-reﬂective band be termed as the ellipsoid zone (EZ), as it avoids attribution of the OCT
feature speciﬁcally to a single anatomic structure until
more deﬁnitive evidence becomes available, and this
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paper will use this terminology throughout. Despite
the lack of consensus of the actual origin of the EZ,
there has been much interest in its appearance particularly evaluating its integrity and intensity in different
disease processes.9–24 In this review paper, we
provided an overview of the EZ and its clinical and
research applications.

Optical coherence tomography
Optical coherence tomography is a non-invasive
imaging modality that produces high-resolution
cross-section images of the retinal microanatomy.25
The principle of OCT is based on low-coherence
interferometry, which analyses the difference in
back-scattered light from tissues.25,26 OCT utilizes a
broadband light source, which is ﬁrst split into a
reference and sample beam. With the back-scattered
beam from the retina generating an interference pattern with the reference beam, a reﬂectivity versus
depth proﬁle can be constructed.25,27 Initially, OCT
was only able to provide axial resolution of around
10 to 20 μm, which did not allow for the further
differentiation of the neurosensory retina and the
RPE, which appeared as one single highly reﬂective
band.28 Earlier generation time-domain OCT
(TD-OCT) like Stratus OCT (Carl Zeiss Meditec,
Inc., Dublin, CA, USA) employed time-domain
method that allowed a 400 A-scans per second scan
rate with an axial resolution of 8 to 10 μm.27 The
newer generation SD-OCT, such as the Spectralis
(Heidelberg Engineering GmbH, Heidelberg,
Germany) and Cirrus OCT (Carl Zeiss Meditec,
Dublin, CA, USA), employs an interferometer and
spectrometer, which analyses back-scattered light
interference pattern simultaneously through Fourier
transform algorithm.29,30 This innovative technique
enabled an axial resolution of 5 to 7 μm, faster
scan rates at 20 000 to 52 000 A-scans per second
and better signal-to-noise ratio compared with
TD-OCT.26,29–32 The improved delineation of different retinal layers makes this modality ideal for
clinical diagnosis and management of ocular diseases
(Fig. 1).

Retinal ultrastructures visualized by OCT
Based upon early TD-OCT, structural correlations
with the OCT images were ﬁrst reported. In 1991, a
TD-OCT was capable of producing a single A-scan
in 1.25 s with an axial resolution of 17 μm.25 The
inner retina hyper-reﬂective zone was reported to
represent the nerve ﬁbre layer, but the outer retina
hypo-reﬂective zone was not further described. Using
different animal models, comparisons between OCT
images and histological data were considered. Using
Macaca mulatta, Toth et al.33 found that the outer
© 2015 Royal Australian and New Zealand College of Ophthalmologists
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nuclear layer and the inner and outer segments of
the photoreceptors had low relative reﬂectivity. In a
study using chickens, Huang et al.34 showed a
hyper-reﬂective zone in outer retina, which they
speculated to be associated with the increase in local
refractive index at the photoreceptor inner segment
because of the presence of mitochondria.
In early 2000, the ability to perform higher resolution OCT allowed various layers of the outer retina to
be delineated. Three to four distinct hyper-reﬂective
bands on SD-OCT can be identiﬁed in the human
outer retina.35 The ﬁrst band is the innermost and
the least intense of the four hyper-reﬂective bands,
which is thought to originate from the external limiting membrane (ELM).36 The second band is now referred to as the EZ.6 The histological correlation of the
third band is still debated as it has been attributed to
the cone outer segment tips,37 Verhoeff’s membrane35,38 or as the intermediate line but is referred
to as the interdigitation zone.39 The fourth band is
thought to represent the RPE with contribution from
both Bruch’s membrane and the choriocapillaris.40

Origin and signiﬁcance of the ellipsoid zone
The second hyper-reﬂective band has been traditionally ascribed to the inner/outer segment junction of
the photoreceptors.41 However, recent studies
suggest that this band is anatomically correlated with
the photoreceptor inner segment ellipsoid (ISe)1,7
and is referred to in the international nomenclature
consensus as the EZ.6 The photoreceptor ISe has a
high refractive index, leading to increased backscattering of light that translates to the bright appearance of the EZ.42–45 The photoreceptor ISe is densely
packed with mitochondria and is thus important for
the photoreceptor health and function. Hence, the
ability to link a signal from this band with a diseased
state would be interesting and suggestive of mechanisms at play in disease causation.
Using adaptive optics, Jonnal et al.46 argued that
the EZ is both too thick and proximally located to
be generated by the ellipsoids of the inner segments.
However, only the foveal cone was imaged in that
study, which may explain the inconsistent ﬁndings
with the earlier reports. Although the exact anatomical correlation of the EZ remains disputed, its roles in
the clinic and in research are still relevant because
change in its integrity and intensity has been correlated
with different retinal disease processes.9,21,40,47–49

Changes in the ellipsoid zone in different
disease processes
Changes in the EZ are determined based upon its
integrity or intensity. The integrity of the EZ can be
characterized broadly into three categories of presence,
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Figure 1.
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An example of a spectral domain optical coherence tomography of a normal eye.

disruption or absence. More recently, a quantitative
approach of determining the relative intensity of the
EZ has been advocated. The relative intensity of the
OCT EZ can be expressed as a ratios of the EZ to the
ELM.10–12 The intensity of the ELM layer is used as
the reference value to control for the variation in the
brightness of different OCT scans because the ELM is
a non-neural layer, does not alter its intensity with
age or the stage of degeneration and as it has a consistent intensity across the retina.10 The inner nuclear
layer (INL) has also been investigated for the use as a
reference layer because it has a larger area compared
with the ELM, which could have made the manual
measurements of the intensity easier. At present,
the ability to determine the intensity of the EZ nor
the ratio with the ELM is not automated so that timeconsuming manual examination is required.10–12,17
The EZ integrity and intensity have been studied in
various retinal conditions.

Retinal and macular degenerative
conditions
Changes in EZ intensity have been reported in retinal
degenerative conditions. Hood et al.17 investigated
the intensity of the EZ in cone dystrophy, a condition
known to have reduced number of functioning cones,
and found that the disease produced a less intense
signal from the EZ compared with healthy controls.
Sundaram et al.12 investigated the EZ intensity in
patients with achromatopsia and its implication in
establishing measures to determine patients suitable
for gene therapy. They found that those without any
disruption in the EZ, the mean intensity ratio of the
EZ was signiﬁcantly lower in achromatopsia compared with controls, but there was no correlation
between intensity and retinal sensitivity measured

by microperimetry.12 Furthermore, a case report of
peripheral cone dystrophy has found that the
reduction in the OCT EZ intensity is to be correlated
with the reduction in cone photoreceptors in the
corresponding area imagined by adaptive optics.50
In our own studies, we found that patients with
the early stages of AMD exhibit reduced relative intensity of the EZ when compared with healthy controls across different retinal eccentricities, except at
the fovea.11 We have also observed a correlation between the reduction in relative intensity of the EZ
with delayed multifocal electroretinogram (mfERG)
implicit time, but not with the mfERG amplitude.10
In a separate study in eyes with intermediate AMD,
we observed the recovery of the EZ integrity following drusen regression without evidence of nascent
geographic atrophy (nGA). The recovery of the EZ
integrity was associated with the improvement in
retinal function as measured by the mfERG (Fig. 2).
Interestingly, the age-related maculopathy susceptibility 2 (ARMS2) gene, implicated in AMD, is considered by some to have a role in mitochondrial
homeostasis, impacting upon the cellular apoptosis
pathway of the cones, although there is not universal
agreement on the role of this gene.51 A decrease in
the EZ intensity may be reﬂecting the reduction in
healthy or functional mitochondria in the photoreceptor inner segment, which could translate to abnormal photoreceptor function. Therefore, a quick retinal
scan with OCT could potentially detect AMD patients with ARMS2 genotypes and provide a surrogate
measure of retinal function.
Disruption of EZ has also been reported in AMD
eyes with reticular pseudodrusen (RPD)14,20,52 and
it has been shown to be associated with the reduction
of cone density.14 In a longitudinal study in eyes
with RPD, Spaide et al. found that eyes progressed
© 2015 Royal Australian and New Zealand College of Ophthalmologists
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Figure 2. Optical coherence tomography (OCT) images and multifocal electroretinogram (mfERG) responses from an intermediate agerelated macular degeneration eye. OCT scans show drusen regression and change in the ellipsoid zone (EZ) integrity at the 12-month
visit and the recovery of the EZ integrity at the 24-month visit. The recovery of the EZ integrity is associated with the improvement in
the mfERG implicit time, particularly at the central and temporal retina.

to atrophy were associated with loss of photoreceptor
length, disruption of EZ band or decrease EZ intensity, and visual loss.53 In eyes with geographic
atrophy (GA) secondary to AMD, it has been demonstrated that retinal areas with disrupted EZ have a
greater risk for progressing to dense scotoma
compared with areas with intact EZ.54 Several
retrospective studies have investigated the EZ changes
in patients treated for neovascular AMD,55,56 with the
presence of the EZ associated with better ﬁnal visual
acuity following photodynamic therapy than in those
where the zone was missing.57

Inﬂammatory diseases
Disruption of the EZ has been observed (Fig. 3) in patients with multiple evanescent white dot syndrome
(MEWDS).9,58,59 Hashimoto et al.59 described diffuse
disruption of the EZ in the acute stage, with restoration of the EZ in the intermediate stage and its
complete restoration in the late stage of MEWDS.
The disappearance of the EZ is initially thought to
be related to the structural change in the photoreceptor secondary to disease process, which alters its refractive property and makes it invisible on OCT.
However, it is noted that the band reappears as the disease evolves suggesting perhaps that the disruption is
likely a reﬂection of altered refractive characteristics,
© 2015 Royal Australian and New Zealand College of Ophthalmologists

which resolve as the inﬂammation resolves, rather
than a permanent loss of cells or their function.9
Other inﬂammatory conditions associated with
changes in EZ integrity include acute posterior multifocal placoid pigment epitheliopathy (APMPPE),
punctate inner choroidopathy (PIC) and acute zonal
occult outer retinopathy (AZOOR). In APMPPE,
the EZ is often disrupted in the acute stage of the
disease,60 but EZ disruption can also be seen after
healing in areas that initially appeared normal on
OCT.61 EZ disruption is also observed in PIC,62,63
and it is usually associated with the focal elevation
of the RPE.64 In AZOOR, the EZ is often irregular or
disrupted at the lesion sites or retinal areas with abnormal mfERG.65,66 Recovery of the EZ integrity has
also been reported in some AZOOR patients when
retinal function and enlarged blind spot improved.67

Other retinal conditions
The integrity of the EZ has been found to be an important indicator of visual outcomes,68 and its normal
appearance is associated with better post-operative
visual acuity in idiopathic macular hole,22,69 in epiretinal
membrane70–72 and in retinal detachment.73–75 Other
retinal diseases, where the integrity of the EZ was
found to correlate with visual outcome, include
macular telangiectasia,76 retinal vein occlusion77,78
and central serous chorioretinopathy.79,80
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Figure 3. Fundus autoﬂuorescence and optical coherence tomography (OCT) images of an eye with multiple evanescent white dot
syndrome. The OCT image shows the disruption of the ellipsoid zone (arrows) at the lesion.

The association between the EZ integrity and visual
outcome has also been demonstrated in diabetic macular oedema. The extent of the EZ disruption was found
to be a predictor of visual outcome in diabetic macular
oedema.81,82 It has been shown in a retrospective interventional study that the shorter length of disruption
in the EZ correlated with better visual outcome in
patients with diabetic macular oedema treated with
intravitreal triamcinolone.83 In a study of diabetic
retinopathy where there is angiographic evidence of
macular non-perfusion, the authors have reported
corresponding SD-OCT demonstrating both disruption of integrity and reduced intensity of the EZ.84
Changes in EZ integrity have also been demonstrated in ocular infectious conditions such as
syphilis85 and dengue fever-associated maculopathy.86

En-face OCT imaging techniques
En-face OCT imaging was ﬁrst reported in literature
in 1997.87 Wanek et al.88 have identiﬁed the EZ enface images and demonstrated non-uniform variation
in texture, which the authors attributed to limited
ﬁxation stability of the test subject. Rosenfeld et al.
reported a novel use of en-face image processing algorithm for identifying areas at risk of GA progression, in their study, darker areas on the en-face slab
images of the EZ correlated with areas that developed
GA, suggesting that EZ disruption may represent an
early defect preceding GA.89 Although to date, there
is no reported study investigating the change in the
EZ intensity on en-face OCT, a volumetric analysis
of the EZ or a measure of overall intensity, might
have the potential to become a surrogate measure of
disease severity in AMD and other retinal conditions.

Current limitations and future direction
The advancement in OCT technology has resulted in
improved scan resolution, speed and signal-to-noise

ratio, which has translated into better delineation of
subtle changes of retinal ultrastructures secondary
to disease pathology. As this ﬁeld is ever evolving
because of new innovation in imaging techniques,
clinicians who utilize OCT in their daily practice for
clinical decision-makings must also be aware of the
current limitation of this relatively new technology.
Although SD-OCT is capable of resolving the different layers of the retina, it lacks the lateral resolution to resolve cellular details of each layer.46 Newly
emerged imaging techniques such as adaptive optics
have been shown to combine both cellular lateral
resolution and depth resolution offered by the conventional SD-OCT.35,41,90 Consequently, previously
proposed anatomical correlates are being questioned
in newer studies, and as such, we should remain
open to the need to re-evaluate our current assumptions on anatomical correlates to the bands and the
zones seen on OCT.
Commercially available OCTs do not display the
raw linear data because of the large amount of backscattered light captured in generating the native
images. Final images are usually produced from
transformation of the linear OCT data through combination of logarithmic or root transformation.91 Furthermore, the SD-OCT ﬁnal output image is both
dependent on and limited by the instrument’s ability
to resolve physical structural details, also known as
the point spread function of the instrument. The axial
dimension of an imaged object is therefore dictated
by the axial resolution of the instrument itself. For
example, an inﬁnitely thin hypothetical reﬂector
when imaged by an OCT would have appeared as
thick as the point spread function of the instrument,91
and in case of the Spectralis SD-OCT, it would
appear as a hyper-reﬂective band measuring at
7 μm. Therefore, the ﬁnal OCT images may misrepresent actual difference in reﬂectivity.1,12
There are always further improvements in imaging, such that now with swept source OCT, we can
© 2015 Royal Australian and New Zealand College of Ophthalmologists
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visualize deep structures in the posterior pole such
as the choroid and therefore allow the ability to
assess differences in choroidal structure with
disease.24,92–94 More recently, there are devices that
combine OCT imaging with angiography allowing
blood vessels and ﬂow to be determined without
the need for formal ﬂuorescein and indocyanine
green angiography. With ever evolving techniques,
we are sure to learn more about the ultrastructure
and vasculature of the retina and choroid, and their
changes in different eye conditions.

CONCLUSION
The second hyper-reﬂective band on SD-OCT is
currently referred as the EZ. Although there is still a
lack of a consensus on the exact anatomical correlate
of the EZ, the integrity and intensity of the EZ has
been shown to be associated with the visual function
and is an important indicator of visual outcomes in
many retinal conditions. With a relatively quick and
highly reproducible OCT image acquisition, the
integrity and intensity of the EZ has the potential
for assessing the health of the outer retina in clinical
and research settings.

Method of literature search
References for this review were identiﬁed through a
comprehensive literature search of the following
electronic databases: MEDLINE, PubMed and Science
Direct. In addition, articles, textbooks and thesis
thought to be relevant were also selected from review
of the bibliographies of those articles generated from
the aforementioned search. The following keywords
and combinations of these words were used in compiling the search: ‘optical coherence tomography’, ‘second
hyper-reﬂective band’, ‘IS/OS junction’, ‘inner
segment ellipsoid’, ‘integrity’ and ‘intensity’.

REFERENCES
1. Spaide RF, Curcio CA. Anatomical correlates to the
bands seen in the outer retina by optical coherence
tomography: literature review and model. Retina 2011;
31: 1609–19.
2. Khanifar AA, Koreishi AF, Izatt JA, Toth CA. Drusen
ultrastructure imaging with spectral domain optical
coherence tomography in age-related macular degeneration. Ophthalmology 2008; 115: 1883–90.
3. Alasil T, Wang K, Keane PA, et al.. Analysis of normal
retinal nerve ﬁber layer thickness by age, sex, and race
using spectral domain optical coherence tomography.
J Glaucoma 2013; 22: 532–41.
4. Chen TC. Spectral domain optical coherence tomography in glaucoma: qualitative and quantitative analysis
of the optic nerve head and retinal nerve ﬁber layer
(an AOS thesis). Trans Am Ophthalmol Soc 2009; 107:
254–81.
© 2015 Royal Australian and New Zealand College of Ophthalmologists

427
5. Chen TC, Zeng A, Sun W, Mujat M, de Boer JF.
Spectral domain optical coherence tomography and
glaucoma. Int Ophthalmol Clin 2008; 48: 29–45.
6. Staurenghi G, Sadda S, Chakravarthy U, Spaide RF. International Nomenclature for Optical Coherence Tomography P. Proposed lexicon for anatomic landmarks in
normal posterior segment spectral-domain optical coherence tomography: the IN*OCT consensus. Ophthalmology
2014; 121: 1572–8.
7. Fernandez EJ, Hermann B, Povazay B, et al.. Ultrahigh resolution optical coherence tomography and pancorrection
for cellular imaging of the living human retina. Opt Express
2008; 16: 11083–94.
8. Lu RW, Curcio CA, Zhang Y, et al.. Investigation of the
hyper-reﬂective inner/outer segment band in optical
coherence tomography of living frog retina. J Biomed
Opt 2012; 17: 060504.
9. Yang CS, Wang AG, Lin YH, Huang YM, Lee FL, Lee
SM. Optical coherence tomography in resolution of
photoreceptor damage in multiple evanescent white
dot syndrome. J Chin Med Assoc 2012; 75: 663–6.
10. Wu Z, Ayton LN, Guymer RH, Luu CD. Relationship
between the second reﬂective band on optical coherence tomography and multifocal electroretinography
in age-related macular degeneration. Invest Ophthalmol
Vis Sci 2013; 54: 2800–6.
11. Wu Z, Ayton LN, Guymer RH, Luu CD. Second reﬂective band intensity in age-related macular degeneration. Ophthalmology 2013; 120: 1307–8 e1301.
12. Sundaram V, Wilde C, Aboshiha J, et al.. Retinal
structure and function in achromatopsia: implications
for gene therapy. Ophthalmology 2014; 121: 234–45.
13. Oishi A, Shimozono M, Mandai M, Hata M, Nishida A,
Kurimoto Y. Recovery of photoreceptor outer segments
after anti-VEGF therapy for age-related macular degeneration. Graefes Arch Clin Exp Ophthalmol 2013; 251: 435–40.
14. Mrejen S, Sato T, Curcio CA, Spaide RF. Assessing the
cone photoreceptor mosaic in eyes with pseudodrusen
and soft Drusen in vivo using adaptive optics imaging.
Ophthalmology 2014; 121: 545–51.
15. Mitamura Y, Aizawa S, Baba T, Hagiwara A, Yamamoto
S. Correlation between retinal sensitivity and photoreceptor inner/outer segment junction in patients with
retinitis pigmentosa. Br J Ophthalmol 2009; 93: 126–7.
16. Inoue M, Watanabe Y, Arakawa A, Sato S, Kobayashi
S, Kadonosono K. Spectral-domain optical coherence
tomography images of inner/outer segment junctions
and macular hole surgery outcomes. Graefes Arch Clin
Exp Ophthalmol 2009; 247: 325–30.
17. Hood DC, Zhang X, Ramachandran R, et al.. The inner
segment/outer segment border seen on optical
coherence tomography is less intense in patients with
diminished cone function. Invest Ophthalmol Vis Sci
2011; 52: 9703–9.
18. Gomes NL, Greenstein VC, Carlson JN, et al.. A
comparison of fundus autoﬂuorescence and retinal
structure in patients with Stargardt disease. Invest
Ophthalmol Vis Sci 2009; 50: 3953–9.
19. De Bats F, Wolff B, Vasseur V, et al.. “En-face” spectraldomain optical coherence tomography ﬁndings in
multiple evanescent white dot syndrome. J Ophthalmol
2014; 2014: 928028.

428
20. Curcio CA, Messinger JD, Sloan KR, McGwin G,
Medeiros NE, Spaide RF. Subretinal drusenoid deposits in non-neovascular age-related macular degeneration: morphology, prevalence, topography, and
biogenesis model. Retina 2013; 33: 265–76.
21. Chang LK, Koizumi H, Spaide RF. Disruption of the
photoreceptor inner segment-outer segment junction
in eyes with macular holes. Retina 2008; 28: 969–75.
22. Baba T, Yamamoto S, Arai M, et al.. Correlation of visual
recovery and presence of photoreceptor inner/outer
segment junction in optical coherence images after
successful macular hole repair. Retina 2008; 28: 453–8.
23. Aizawa S, Mitamura Y, Baba T, Hagiwara A, Ogata K,
Yamamoto S. Correlation between visual function and
photoreceptor inner/outer segment junction in patients
with retinitis pigmentosa. Eye 2009; 23: 304–8.
24. Adhi M, Duker JS. Optical coherence tomography –
current and future applications. Curr Opin Ophthalmol
2013; 24: 213–21.
25. Huang D, Swanson EA, Lin CP, et al.. Optical coherence tomography. Science 1991; 254: 1178–81.
26. Schuman JS. Spectral domain optical coherence
tomography for glaucoma (an AOS thesis). Trans Am
Ophthalmol Soc 2008; 106: 426–58.
27. Sull AC, Vuong LN, Price LL, et al.. Comparison of
spectral/Fourier domain optical coherence tomography
instruments for assessment of normal macular thickness. Retina 2010; 30: 235–45.
28. Hee MR, Izatt JA, Swanson EA, et al.. Optical coherence tomography of the human retina. Arch Ophthalmol
1995; 113: 325–32.
29. Leitgeb R, Hitzenberger C, Fercher A. Performance of
Fourier domain vs. time domain optical coherence
tomography. Opt Express 2003; 11: 889–94.
30. de Boer JF, Cense B, Park BH, Pierce MC, Tearney GJ,
Bouma BE. Improved signal-to-noise ratio in spectraldomain compared with time-domain optical coherence
tomography. Opt Lett 2003; 28: 2067–9.
31. Yaqoob Z, Wu J, Yang C. Spectral domain optical coherence tomography: a better OCT imaging strategy.
Biotechniques 2005; 39: S6–13.
32. Gloesmann M, Hermann B, Schubert C, Sattmann H,
Ahnelt PK, Drexler W. Histologic correlation of pig
retina radial stratiﬁcation with ultrahigh-resolution
optical coherence tomography. Invest Ophthalmol Vis Sci
2003; 44: 1696–703.
33. Toth CA, Narayan DG, Boppart SA, et al.. A comparison
of retinal morphology viewed by optical coherence
tomography and by light microscopy. Arch Ophthalmol
1997; 115: 1425–8.
34. Huang Y, Cideciyan AV, Papastergiou GI, et al.. Relation of optical coherence tomography to microanatomy
in normal and rd chickens. Invest Ophthalmol Vis Sci
1998; 39: 2405–16.
35. Zawadzki RJ, Jones SM, Olivier SS, et al.. Adaptiveoptics optical coherence tomography for highresolution and high-speed 3D retinal in vivo imaging.
Opt Express 2005; 13: 8532–46.
36. Drexler W, Sattmann H, Hermann B, et al.. Enhanced
visualization of macular pathology with the use of
ultrahigh-resolution optical coherence tomography.
Arch Ophthalmol 2003; 121: 695–706.

Tao et al.
37. Srinivasan VJ, Monson BK, Wojtkowski M, et al..
Characterization of outer retinal morphology with
high-speed, ultrahigh-resolution optical coherence
tomography. Invest Ophthalmol Vis Sci 2008; 49: 1571–9.
38. Puche N, Querques G, Benhamou N, et al.. High-resolution spectral domain optical coherence tomography
features in adult onset foveomacular vitelliform dystrophy. Br J Ophthalmol 2010; 94: 1190–6.
39. Oishi A, Hata M, Shimozono M, Mandai M, Nishida A,
Kurimoto Y. The signiﬁcance of external limiting
membrane status for visual acuity in age-related macular
degeneration. Am J Ophthalmol 2010; 150: 27–32 e21.
40. Spaide RF, Koizumi H, Freund KB. Photoreceptor
outer segment abnormalities as a cause of blind spot
enlargement in acute zonal occult outer retinopathycomplex diseases. Am J Ophthalmol 2008; 146: 111–20.
41. Miller DT, Kocaoglu OP, Wang Q, Lee S. Adaptive
optics and the eye (super resolution OCT). Eye 2011;
25: 321–30.
42. Rowe MP, Engheta N, Easter SS Jr, Pugh EN Jr.
Graded-index model of a ﬁsh double cone exhibits
differential polarization sensitivity. J Opt Soc Am A Opt
Image Sci Vis 1994; 11: 55–70.
43. Enoch JM, Hope GM. Directional sensitivity of the
foveal and parafoveal retina. Invest Ophthalmol 1973;
12: 497–503.
44. Hoang QV, Linsenmeier RA, Chung CK, Curcio CA.
Photoreceptor inner segments in monkey and human
retina: mitochondrial density, optics, and regional
variation. Vis Neurosci 2002; 19: 395–407.
45. Sidman RL. Histochemical studies on photoreceptor
cells. Ann N Y Acad Sci 1958; 74: 182–95.
46. Jonnal RS, Kocaoglu OP, Zawadzki RJ, Lee SH,
Werner JS, Miller DT. The cellular origins of the outer
retinal bands in optical coherence tomography images.
Invest Ophthalmol Vis Sci 2014; 55: 7904–18.
47. Hood DC, Lazow MA, Locke KG, Greenstein VC, Birch
DG. The transition zone between healthy and diseased
retina in patients with retinitis pigmentosa. Invest
Ophthalmol Vis Sci 2011; 52: 101–8.
48. Kitaguchi Y, Kusaka S, Yamaguchi T, Mihashi T,
Fujikado T. Detection of photoreceptor disruption by
adaptive optics fundus imaging and Fourier-domain
optical coherence tomography in eyes with occult
macular dystrophy. Clin Ophthalmol 2011; 5: 345–51.
49. Oh J, Smiddy WE, Flynn HW Jr, Gregori G, Lujan B.
Photoreceptor inner/outer segment defect imaging by
spectral domain OCT and visual prognosis after macular
hole surgery. Invest Ophthalmol Vis Sci 2010; 51: 1651–8.
50. Ito N, Kameya S, Gocho K, et al.. Multimodal imaging
of a case of peripheral cone dystrophy. Doc Ophthalmol
2015; 130: 241–51.
51. Fritsche LG, Loenhardt T, Janssen A, et al.. Age-related
macular degeneration is associated with an unstable
ARMS2 (LOC387715) mRNA. Nat Genet 2008; 40: 892–6.
52. Meadway A, Wang X, Curcio CA, Zhang Y. Microstructure of subretinal drusenoid deposits revealed by adaptive optics imaging. Biomed Opt Express 2014; 5: 713–27.
53. Spaide RF. Outer retinal atrophy after regression of
subretinal drusenoid deposits as a newly recognized
form of late age-related macular degeneration. Retina
2013; 33: 1800–8.
© 2015 Royal Australian and New Zealand College of Ophthalmologists

Ellipsoid zone on optical coherence tomography
54. Pilotto E, Benetti E, Convento E, et al.. Microperimetry,
fundus autoﬂuorescence, and retinal layer changes in
progressing geographic atrophy. Can J Ophthalmol
2013; 48: 386–93.
55. Sayanagi K, Sharma S, Kaiser PK. Photoreceptor status
after antivascular endothelial growth factor therapy
in exudative age-related macular degeneration. Br J
Ophthalmol 2009; 93: 622–6.
56. Shin HJ, Chung H, Kim HC. Association between foveal microstructure and visual outcome in age-related
macular degeneration. Retina 2011; 31: 1627–36.
57. Hayashi H, Yamashiro K, Tsujikawa A, Ota M,
Otani A, Yoshimura N. Association between foveal
photoreceptor integrity and visual outcome in
neovascular age-related macular degeneration. Am J
Ophthalmol 2009; 148: 83–9 e81.
58. Nguyen MH, Witkin AJ, Reichel E, et al.. Microstructural abnormalities in MEWDS demonstrated by ultrahigh resolution optical coherence tomography. Retina
2007; 27: 414–8.
59. Hashimoto H, Kishi S. Ultra-wide-ﬁeld fundus autoﬂuorescence in multiple evanescent white dot syndrome.
Am J Ophthalmol 2015; 159: 698–706.
60. Lee GE, Lee BW, Rao NA, Fawzi AA. Spectral domain
optical coherence tomography and autoﬂuorescence in
a case of acute posterior multifocal placoid pigment
epitheliopathy mimicking Vogt–Koyanagi–Harada disease: case report and review of literature. Ocul Immunol
Inﬂamm 2011; 19: 42–7.
61. Darugar A, Mathian A, Lehoang P, Bodaghi B. Acute
posterior multifocal placoid pigment epitheliopathy as
the initial manifestation of sarcoidosis. J Ophthalmic
Vision Res 2011; 6: 338–43.
62. Channa R, Ibrahim M, Sepah Y, et al.. Characterization
of macular lesions in punctate inner choroidopathy
with spectral domain optical coherence tomography.
J Ophthalmic Inﬂamm Infect 2012; 2: 113–20.
63. Hua R, Liu L, Chen L. Evaluation of the progression
rate of atrophy lesions in punctate inner choroidopathy
(PIC) based on autoﬂuorescence analysis. Photodiagnosis
Photodyn Ther 2014; 11: 565–9.
64. Zhang X, Zuo C, Li M, Chen H, Huang S, Wen F. Spectral-domain optical coherence tomographic ﬁndings at
each stage of punctate inner choroidopathy. Ophthalmology 2013; 120: 2678–83.
65. Ohta K, Sato A, Fukui E. Spectral domain optical coherence tomographic ﬁndings at convalescent stage of
acute zonal occult outer retinopathy. Clin Ophthalmol
2009; 3: 423–8.
66. Nakao S, Kaizu Y, Yoshida S, Iida T, Ishibashi T. Spontaneous remission of acute zonal occult outer retinopathy: follow-up using adaptive optics scanning laser
ophthalmoscopy. Graefes Archive Clin Exp Ophthalmol
2015; 253: 839–43.
67. Chai Y, Yamazaki H, Fujinami K, Tsunoda K,
Yamamoto S. Case of acute zonal occult outer retinopathy with abnormal pattern visual evoked potentials.
Clin Ophthalmol 2011; 5: 1235–41.
68. Ko TH, Fujimoto JG, Duker JS, et al.. Comparison of
ultrahigh- and standard-resolution optical coherence
tomography for imaging macular hole pathology and
repair. Ophthalmology 2004; 111: 2033–43.
© 2015 Royal Australian and New Zealand College of Ophthalmologists

429
69. Wakabayashi T, Fujiwara M, Sakaguchi H, Kusaka S,
Oshima Y. Foveal microstructure and visual acuity in
surgically closed macular holes: spectral-domain
optical coherence tomographic analysis. Ophthalmology
2010; 117: 1815–24.
70. Inoue M, Morita S, Watanabe Y, et al.. Preoperative inner
segment/outer segment junction in spectral-domain optical coherence tomography as a prognostic factor in
epiretinal membrane surgery. Retina 2011; 31: 1366–72.
71. Mitamura Y, Hirano K, Baba T, Yamamoto S. Correlation of visual recovery with presence of photoreceptor
inner/outer segment junction in optical coherence images after epiretinal membrane surgery. Br J Ophthalmol
2009; 93: 171–5.
72. Oster SF, Mojana F, Brar M, Yuson RM, Cheng L,
Freeman WR. Disruption of the photoreceptor inner
segment/outer segment layer on spectral domainoptical coherence tomography is a predictor of poor
visual acuity in patients with epiretinal membranes.
Retina 2010; 30: 713–8.
73. Akkoyun I, Yilmaz G. Optical coherence tomography:
anatomic and functional outcome after scleral buckling
surgery in macula-off rhegmatogenous retinal detachment. Klin Monbl Augenheilkd 2013; 230: 814–9.
74. Sheth S, Dabir S, Natarajan S, Mhatre A, Labauri N.
Spectral domain-optical coherence tomography study
of retinas with a normal foveal contour and thickness after retinal detachment surgery. Retina 2010; 30: 724–32.
75. Shimoda Y, Sano M, Hashimoto H, Yokota Y, Kishi S.
Restoration of photoreceptor outer segment after vitrectomy for retinal detachment. Am J Ophthalmol 2010;
149: 284–90.
76. Paunescu LA, Ko TH, Duker JS, et al.. Idiopathic
juxtafoveal retinal telangiectasis: new ﬁndings by
ultrahigh-resolution optical coherence tomography.
Ophthalmology 2006; 113: 48–57.
77. Murakami T, Tsujikawa A, Ohta M, et al.. Photoreceptor status after resolved macular edema in branch retinal vein occlusion treated with tissue plasminogen
activator. Am J Ophthalmol 2007; 143: 171–3.
78. Shin HJ, Chung H, Kim HC. Association between
integrity of foveal photoreceptor layer and visual
outcome in retinal vein occlusion. Acta Ophthalmol
2011; 89: e35–40.
79. Matsumoto H, Sato T, Kishi S. Outer nuclear layer
thickness at the fovea determines visual outcomes
in resolved central serous chorioretinopathy. Am J
Ophthalmol 2009; 148: 105–10 e101.
80. Ojima Y, Tsujikawa A, Yamashiro K, Ooto S, Tamura
H, Yoshimura N. Restoration of outer segments of foveal photoreceptors after resolution of central serous
chorioretinopathy. Jpn J Ophthalmol 2010; 54: 55–60.
81. Maheshwary AS, Oster SF, Yuson RM, Cheng L,
Mojana F, Freeman WR. The association between percent disruption of the photoreceptor inner segmentouter segment junction and visual acuity in diabetic
macular edema. Am J Ophthalmol 2010; 150: 63–7 e61.
82. Sakamoto A, Nishijima K, Kita M, Oh H, Tsujikawa A,
Yoshimura N. Association between foveal photoreceptor status and visual acuity after resolution of diabetic
macular edema by pars plana vitrectomy. Graefes Arch
Clin Exp Ophthalmol 2009; 247: 1325–30.

430
83. Shin HJ, Lee SH, Chung H, Kim HC. Association
between photoreceptor integrity and visual outcome
in diabetic macular edema. Graefes Arch Clin Exp
Ophthalmol 2012; 250: 61–70.
84. Scarinci F, Jampol LM, Linsenmeier RA, Fawzi AA.
Association of diabetic macular nonperfusion with
outer retinal disruption on optical coherence tomography. JAMA Ophthalmol 2015; 133: 1036–44.
85. Shen J, Feng L, Li Y. Ocular syphilis: an alarming infectious eye disease. Int J Clin Exp Med 2015; 8: 7770–7.
86. Yamamoto K, Takahashi H, Kanno M, Noda Y,
Fujino Y. Changes in parafoveal retinal thickness and
subfoveal choroidal thickness in a patient with dengue
fever-associated maculopathy. J Ophthalmic Inﬂamm
Infect 2013; 3: 63.
87. Podoleanu AG, Dobre GM, Webb DJ, Jackson DA.
Simultaneous en-face imaging of two layers in the
human retina by low-coherence reﬂectometry. Opt Lett
1997; 22: 1039–41.
88. Wanek J, Zelkha R, Lim JI, Shahidi M. Feasibility of a
method for en face imaging of photoreceptor cell integrity. Am J Ophthalmol 2011; 152: 807–14 e801.
89. Nunes RP, Gregori G, Yehoshua Z, et al.. Predicting
the progression of geographic atrophy in age-related

Tao et al.

90.

91.
92.

93.

94.

macular degeneration with SD-OCT en face imaging
of the outer retina. Ophthalmic Surg, Lasers Imaging Retin
2013; 44: 344–59.
Zhang Y, Rha J, Jonnal R, Miller D. Adaptive optics
parallel spectral domain optical coherence tomography
for imaging the living retina. Opt Express 2005; 13:
4792–811.
Drexler W. Ultrahigh-resolution optical coherence
tomography. J Biomed Opt 2004; 9: 47–74.
Ting DS, Cheung GC, Lim LS, Yeo IY. Comparison of
swept source optical coherence tomography (SS-OCT)
and spectral domain optical coherence tomography
(SD-OCT) in polypoidal choroidal vasculopathy. Clin
Experiment Ophthalmol 2015; 43: 815–9.
Imai A, Toriyama Y, Iesato Y, Hirano T, Murata T.
En face swept-source optical coherence tomography
detecting thinning of inner retinal layers as an indicator of capillary nonperfusion. Eur J Ophthalmol 2015;
25: 153–8.
Flores-Moreno I, Arias-Barquet L, Rubio-Caso MJ,
Ruiz-Moreno JM, Duker JS, Caminal JM. En face
swept-source optical coherence tomography in
neovascular age-related macular degeneration. Br J
Ophthalmol 2015.

© 2015 Royal Australian and New Zealand College of Ophthalmologists

