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Preface

The 11 chapters of this book are organized to show the management of different kinds of
diseases thanks to OCT. The first chapters will focus on macular disease and will illustrate
the data and information that both standard and angio-OCT devices are able to provide.
Physicians will be able to recognize the most significant signs of the most important macular
diseases to better handle them, making both earlier diagnosis and appropriate therapies
possible. Particular attention has been payed to new tools regarding the latest version of
OCT to guide the physician in the selection of which OCT version to buy.

As previously mentioned, today OCT is not just about macular disease diagnosis and man-
agement: it is also about surgery. Other chapters will show how the OCT application in
guiding macular surgery could be extremely useful in finding better results from both an
anatomical and a functional point of view. Currently, this kind of approach is not universal-
ly used but it is hard to imagine that it will not represent the gold standard in years to come.

Together with macular surgery, anterior segment surgery, mostly as femtosecond laser-as-
sisted cataract surgery, will be described, underlining the crucial role of OCT in this new
approach to cataract surgery. Also the advantages of imagining corneas undergoing corneal
transplant with OCT will be described.

To imagine corneas undergoing transplant or even after surgery could help to select the
most appropriate procedure and to recognize early signs of any complication.

Glaucoma patients are now undergoing OCT to recognize early defects of the disease before
visual field defects appear. Moreover, to study retinal nerve fiber layers in these patients is
helpful especially for those who have very deep visual impairment or other problems that
do not allow them to perform a reliable visual field test. Chapters related to this topic will
guide readers through the usefulness of OCT in evaluating glaucoma patients.

At the end of the book readers will have the chance to evaluate the usefulness of OCT in
every ocular field and will have an idea of the new frontiers that are going to be overcome.

I would like to thank all the authors and coauthors who worked hard in providing very
high-quality chapters, and the editorial staff who made this book possible.

Michele Lanza, MD, PhD
Universita degli Studi della Campania “Luigi Vanvitelli”
Italy
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Chapter 1

Novel Insight into Morphological Features and
Vascular Profile of Selected Macular Dystrophies Using
Swept-Source Optical Coherence Tomography and
Optical Coherence Tomography Angiography

Magdy Moussa and Mahmoud Leila

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.78679

Abstract

Our perception of macular dystrophies has evolved overtime from collective grouping
into hereditary disorders of unclear etiology and no effective treatment to avid search
for the underlying pathogenic mechanism that would provide base for future therapy.
A causal conjunction between abnormalities in the photoreceptors layer and the RPE—
Bruch’s membrane complex and abnormal profile of the retinal vascular plexuses and
the choriocapillaris—stands out as a plausible theory of pathogenesis. The recently
introduced swept-source optical coherence tomography (SS-OCT) technology incorpo-
rates long-wavelength (1050-nm) scanning light, less susceptibility to sensitivity roll-off,
and ultrahigh-speed image acquisition. These features enabled in vivo noninvasive
visualization of different strata of the outer retina and the choriocapillaris with unprec-
edented finesse. Furthermore, the S5-OCT technology incorporated a blood flow detec-
tion algorithm; OCTARA that in tandem with the deeper penetration and superior axial
resolution of SS-OCT enabled detailed assessment of the retinal capillary plexuses and
the choriocapillaris in terms of structure and density. This novel technology could help
explore yet undiscovered frontiers in the pathophysiology of macular dystrophies and
guide future therapeutic approaches. This chapter includes a review of literature along
with the authors’ experience in imaging selected macular dystrophies using SS-OCT and
SS-OCT angiography (SS-OCTA).

Keywords: imaging macular dystrophies, SS-OCTA in Stargardt’s, SS-OCTA in Best’s
disease, OCTARA algorithm, swept-source OCT

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgINEN
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1. Introduction

Macular dystrophy is a unifying term used to describe a group of hereditary fundus disorders
that exhibits Mendelian inheritance pattern and has varying degrees of expressivity and pen-
etrance. These disorders share common criteria in that they are isolated, that is, confined to
the eye with no systemic association, limited to the anatomic macula, exhibit bilateral involve-
ment with striking symmetry, and have characteristic biomicroscopic features that manifest
universally along with visual symptoms or often discovered on routine examination before
symptoms develop. The classic tools for the diagnosis and follow-up of macular dystrophies
were largely based on clinical appearance, electrophysiologic findings, and fundus fluores-
cein angiography (FFA). More recently, fundus autofluorescence (FAF) increasingly became
an invaluable noninvasive tool in the follow-up scheme of these patients [1-7]. FAF captures
the stimulated emission of light from lipofuscin molecules that accumulate excessively in
cases of retinal pigment epithelium (RPE) dysfunction and depicts specific autofluorescence
patterns that are characteristic for each disease [8-11]. To date, there is no known effective
treatment for macular dystrophies other than the management of complications, for example,
choroidal neovascularization (CNV) secondary to Best's disease and visual rehabilitation
using low-vision aids [1, 2].

2. Theories of pathogenesis of vascular changes in macular
dystrophies

Histopathological studies in humans affected with macular dystrophies and in animal mod-
els of retinal degeneration demonstrated a wide-spread loss of the photoreceptors and the
RPE, in addition to extensive vascular remodeling of the retinal vascular plexuses and the
choriocapillaris [1, 2, 12]. These findings purported a cause—effect relationship between
the morphological changes seen in retinal microstructure and the status of vascular nour-
ishment, in the sense that one pathology is a consequence of the other, though the exact
mechanism remains debatable [13-15]. One theory proposes that the progressive demise
of photoreceptors and RPE causes a thinning out of the retina with subsequent progressive
atrophy of retinal vasculature and choriocapillaris as part of a downregulation process due
to a reduced vascular demand [16]. Another proposed mechanism is that retinal thinning
due to the loss of photoreceptors and RPE allows more oxygen influx into the inner retinal
layers from the choroidal circulation. The ensuing retinal hyperoxic state induces vasocon-
striction and vascular rarefaction [12]. Another plausible theory is that progressive RPE loss
results in a decreased release of vascular endothelial growth factor (VEGF) and other sig-
naling factors that are essential for the viability of the choriocapillaris, hence precipitating
choriocapillaris atrophy [17-19]. Finally, some researches propose that mechanical compres-
sion by the lipofuscin-laden RPE and accumulation of hyaline deposits between the RPE and
Bruch’s membrane exerts mechanical compression on the choriocapillaris with subsequent
atrophy and loss [16].
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3. Optical coherence tomography angiography (OCTA): a new
imaging frontier

The prospect of an abnormal vascular profile going on in tandem with the morphological
changes in retinal microstructure in macular dystrophies turned our attention to the diag-
nostic and therapeutic potentials of the early detection of abnormal changes in the retinal
vascular plexuses and the choriocapillaris. Currently, the available diagnostic modalities rely
on inference extrapolated from indirect evidence to determine disease stage and progression.
For instance, FFA depicts disease patterns based on varying degrees of fluorescence; FAF
identifies diseased or dead RPE cells based on varying intensities of lipofuscin autofluores-
cence, whereas electrophysiology records the amplitude and latency of electric transduction
in retinal layers to identify different dystrophies [1-3, 8-11]. The common factor among these
diagnostic tools is that they reveal useful information only when retinal function due to a
given dystrophy has already been compromised. In comparison, OCTA offers direct noninva-
sive visualization of the vascular profile in macular dystrophies and thus has the clear advan-
tages of screening vulnerable population and detecting the disease process in its nascence.
Though no therapeutic line is currently available for macular dystrophies, the identification
of early disease phases based on the integrity of the vascular profile helps selecting patients
who would be best candidates for on-going research trials on gene therapy and pluripotent
stem cell transplantation. On the other hand, identifying patients with severely compromised
vascular profile, and in whom favorable outcome of these therapies is unlikely, will help
avoid biased results and reduce the economic burden on health-care institutions.

4. Swept-source optical coherence tomography (SS-OCT), SS-OCT
angiography (5S-OCTA), and OCTARA algorithm

SS-OCTA incorporates a blood flow detection algorithm; OCTARA (Optical Coherence
Tomography Angiography Ratio Analysis); Topcon Corporation, Tokyo, Japan. OCTARA
uses decorrelation motion contrast between rapidly repeated SS-OCT B-scans to detect mov-
ing erythrocytes in relation to static tissue [20]. S5-OCTA is integrated in the SS-OCT tech-
nology which incorporates a long-wavelength (1050-nm) scanning light, reduced sensitivity
roll-off feature, and ultrahigh-speed image acquisition. These implements enable deeper
penetration with minimal light scattering, hence superior axial resolution and segmentation
of different retinal layers. The result is the generation of ultrahigh-definition images of the
retinal microstructure, retinal vascular plexuses, and the choriocapillaris, while obviating
the need for dye injection. It is worth noting that OCTARA algorithm generates SS-OCTA
images by registering B-scan repetition at each scan location, thereby computing a ratio-based
result between corresponding image pixels. This method preserves the integrity of the OCT
spectrum and does not result in compromised axial resolution, an inherent disadvantage of
other OCTA technologies [20-25]. In addition, SS-OCTA software generates color-coded flow
density maps of the retinal vascular plexuses and the choriocapillaris, each layer separately.
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In this map, vessel density in a given area is inferred from the decorrelation motion contrast
signal provided by SS-OCTA, where high flow is represented by an increased vessel density
and vice versa. Different vessel densities are then given color codes and numeric percentage
values that reflect the percentage area occupied by blood vessels, where bright red color rep-
resents areas of highest density and hence a high numeric percentage, whereas dark blue rep-
resents areas of no detectable vessels and hence low or zero numeric percentage. Intermediate
color shades represent variable grades of vessel density [26, 27].

5. SS-OCTA depiction of retinal vascular plexuses and the
choriocapillaris in normal individuals

Normally, the retinal superficial capillary plexus (SCP) appears on SS-OCTA as an interlacing
network of horizontal arterioles and venules connected by transverse capillaries and anasto-
mosing together to form the peri-foveal capillary circle. Arterioles are surrounded by a wider
capillary-free zone compared to venules. The retinal deep capillary plexus (DCP) appears
as polygonal lobules or vortices composed of capillaries converging radially on an epicen-
ter. The choriocapillaris appears as a homogeneous hyperintense layer composed of densely
packed capillaries with no intervening dark spaces [21, 27, 28].

6. Spectral domain OCT (SD-OCT) and OCTA features of selected
macular dystrophies

6.1. Stargardt’s disease

Stargardt’s disease is considered the most common inherited childhood dystrophy. The pat-
tern of inheritance is an autosomal-recessive one and represents the mildest form of ABCA4
gene mutation. The mutated gene causes malfunction of the ATP-binding cassette proteins
that have key role in cell transport processes within the photoreceptors layer. The resultant
disruption of photoreceptors visual cycle leads to over-accumulation of a metabolic byprod-
uct, namely lipofuscin in the RPE cell layer. Clinically, patients present with bilateral and
symmetrical involvement of the posterior pole by characteristic yellowish flecks at the level
of the RPE resembling fish scales. Occasionally, two adjacent flecks join in an obtuse angle
reminiscent of a fish tail, hence the term pisciform. The end stage is characterized by resorp-
tion of flecks and ensuing atrophic maculopathy with a substantial visual loss. To date, no
known treatment exists for Stargardt’s disease [1, 2].

SD-OCT in Stargardt’s disease demonstrates thinning of the outer retina including the pho-
toreceptor layer and the RPE, and altered choroidal morphology in which the normal bowl-
shaped contour of the choroidoscleral interface, with maximum thickness at the sub-foveal
area, is replaced by an abnormal S-shaped contour due to a marked reduction of sub-foveal
choroidal thickness and displacement of the thickest point of the choroid away from the
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fovea [13]. On the other hand, OCTA imaging reveals generalized attenuation of the vascular
layers of the ocular fundus, though the most significant vascular changes are located in the
choriocapillaris, which exhibit generalized loss of the normal homogeneous hyperintense tex-
ture with the development of vascular rarefaction and flow-void areas. These morphological
changes are attributed to the patchy loss of choriocapillaris or to the masking effect of the
pisciform flecks [15, 29]. In some cases, there is enhanced visualization of the underlying
Sattler’s layer [16]. In terms of retinal capillary plexuses, vascular alterations of the SCP layer
include rarefaction of the peri-foveal arcade with the enlargement of the foveal avascular zone
(FAZ), and generalized reduction of vessel density in the SCP and the DCP layers, though
these changes are most pronounced in the DCP layer [15, 28, 29].

6.2. Best’s disease (vitelliform macular dystrophy)

Best’s disease is an autosomal-dominant disorder whose primary target tissue is the RPE cell
layer. The condition is caused by mutation in the BEST1 gene which causes the production
of abnormal bestrophin protein. Normally located in the RPE plasma membrane, bestrophin
acts as a calcium-dependent chloride channel and is responsible for normal ionic conduction
across the RPE cell. Abnormal bestrophin formation causes the disruption of the ionic con-
duction within the RPE and interferes with the normal calcium metabolism that is essential
for adhesiveness between interphotoreceptor matrix and the RPE layer. The end result is the
deposition of abnormal amorphous vitelliform or egg yolk-like material in the photoreceptors’
outer segments, within the RPE and sub-RPE. Though considered the hallmark of Best’s dis-
ease, the origin of the vitelliform material remains uncertain. One plausible theory is that it is
derived from the accumulation of lipofuscin material within over-shed photoreceptors’ outer
segments due to abnormal phagocytosis by RPE cell layer. Clinically, the disease is character-
ized by a solitary sub-retinal vitelliform lesion occupying the macular area. Less commonly,
lesions may be multiple or eccentric in location. With time, the vitelliform lesion undergoes
degeneration and may even get resorbed completely, with ensuing atrophic changes and scar-
ring. Vision remains unaffected in early stages with most individuals maintaining reading
and driving vision well into adult life until the atrophic or cicatricial stages develop. The
abnormal ionic conduction in Best’s disease is responsible for the characteristic loss of light
response and abnormal Arden ratio on electro-oculogram (EOG) examination [1, 2].

SD-OCT in early stages of the disease shows a sub-retinal smooth dome-shaped amorphous
optically opaque material. As the disease progresses, degenerative changes ensue on the vitel-
liform structure causing it to break down. The corresponding SD-OCT features consist of
irregular optically —opaque amorphous deposits alternating with optically —translucent areas
that correspond to the resorbed vitelliform material. In addition, RPE irregularities could be
detected including irregular thickened RPE layer, and solitary or multiple RPE detachment(s)
(PED). The atrophic stage of the disease is marked by diffuse disruption of the outer retinal
layers including the external limiting membrane (ELM), inner segment/outer segment (IS/OS)
photoreceptor junction, and marked atrophy or even disappearance of RPE cell layer [30, 31].

OCTA in Best’s disease demonstrates generalized rarefaction of the SCP and the DCP lay-
ers along with a reduced vessel density. The mechanism of vascular rarefaction in Best’s

7
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disease is controversial. One explanation is that the vitelliform material causes centrifugal
displacement of blood vessels in the macular area with resultant progressive atrophy due to
mechanical compression. Occasionally, the DCP layer shows a central area of hypointense
signal caused by vascular rarefaction and a reduced vessel density surrounded by an annulus
of hyperintense signal. This peculiar configuration could be due to overcrowding of vessels
being displaced by the vitelliform lesion, or due to compensatory dilatation of the para-mac-
ular vascular bed secondary to vessel rarefaction in the macula, with consequent increased
blood flow. Likewise, the choriocapillaris shows vascular rarefaction with multiple hypoin-
tense flow-void areas, which could be explained by vascular impairment due to degenerative
changes induced by mechanical compression or due to masking effect by the accumulating
vitelliform material [30-35].

6.3. Choroidal neovascularization secondary to Best’s disease: a diagnostic
predicament

The most dreadful complication of Best’s disease is CNV formation, which could develop
in some cases secondary to compromised RPE/Bruch’s complex [30, 32-34]. The advent of
CNV on top of Best’s disease could pose a diagnostic challenge due to overlapping fluores-
cein patterns of the vitelliform material and PEDs in Best’s disease and the fibrovascular and
neovascular components of CNV. Likewise, SD-OCT could yield inconclusive results, even
when deploying the ultrahigh-definition versions, due to similar backscattering light inten-
sity properties between the amorphous vitelliform and the CNV. OCTA helps disentangle
this overlap by its ability to separate erythrocytes from the surrounding static tissue, hence
displaying flow in a vascular network that is pathognomonic of CVN formation. In addition,
OCTA integrates light-scattering reduction technology (reduced sensitivity roll-off) that pre-
serves the integrity of the incident infra-red laser beam, hence allowing deeper penetration,
layer segmentation, and delineation of the neovascular network of CNV from the surround-
ing vitelliform material [20, 27, 36—40].

7. Authors’ case reports

Over the past year, the authors studied 40 patients with macular dystrophies (27 patients
with Best’s disease and adult-onset vitelliform foveomacular dystrophy, and 13 patients with
Stargardt’s disease). SS-OCT and SS-OCTA images were acquired using the DRI OCT Triton
machine version 10.11 (Topcon Corporation, Tokyo, Japan). Herein, we present representative
cases to demonstrate our findings regarding the morphological alteration in retinal micro-
structure, retinal vascular plexuses, and choriocapillaris in different stages of both diseases.

7.1. SS-OCT and SS-OCTA findings in Stargardt’s disease

Case 1. Early stage of Stargardt’s disease. A 26-year-old male presented with defective vision
in both eyes of approximately 1-year duration. His best-corrected visual acuity (BCVA) was
20/63 and 20/50 in the right eye (RE) and the left eye (LE), respectively. Fundus examination
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revealed bilateral numerous yellowish discrete flecks in the macular area at the level of the
RPE. The lesions were identical in appearance though more numerous in the RE. SS-OCT
examination revealed bilateral foveal thinning, disrupted ELM and IS/OS photoreceptor
junction, and thinning of the choriocapillaris with enhanced visualization of the larger
choroidal vessels. SS-OCTA revealed bilateral rarefaction of the SCP and the DCP layers.
Affection was more pronounced in the DCP layer. The choriocapillaris showed a moth-eaten
appearance instead of the normal hyperintense homogeneous texture, due to the presence
of multiple black areas that could correspond to areas of flow void or masking effect by
the pisciform lesions. The corresponding flow density maps showed a reduced vessel den-
sity that corresponded to vascular rarefaction in the SCP, the DCP, and the choriocapillaris
(Figures 1 and 2).

Case 2. Late stage of Stargardt’s disease. A 58-year-old female who was a known case of
Stargardt’s disease presented for follow-up with complaints of defective vision in both eyes
of approximately 2-year duration. Her BCVA was 20/400 and 20/200 in the RE and the LE,
respectively. Fundus examination of the RE revealed a sharply circumscribed area of geo-
graphic atrophy occupying the macula, approximately of 4 disc diameters (DD) in size. On

Figure 1. Case 1. Top left, color photograph of the RE of a 26-year-old male in early stage of Stargardt’s disease. Note
the numerous subretinal pisciform yellowish flecks occupying the macular area. Bottom left, radial scan SS-OCT shows
foveal thinning (168 ), disrupted ELM and IS/OS photoreceptor junction, and thinning of the choriocapillaris with
enhanced visualization of the larger choroidal vessels. Right, en face SS-OCTA projection of the SCP, the DCP, and the
choriocapillaris in a 6 x 6 mm field (upper row), and the corresponding flow density maps (lower row). The SCP and
the DCP layers show vascular rarefaction. Affection is more pronounced in the DCP layer. The choriocapillaris shows a
moth-eaten appearance instead of the normal homogeneous hyperintense texture, due to the presence of multiple black
areas of flow voids. The corresponding flow density maps show a reduced vessel density that corresponds to vascular
rarefaction in the SCP, the DCP, and the choriocapillaris.

9
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Figure 2. Case 1. Top left, color photograph of the LE of the same patient as in Figure 1. The fundus shows identical
lesions to those seen in the RE though less numerous. Bottom left, radial scan SS-OCT reveals foveal thinning (144 p),
disrupted ELM and IS/OS photoreceptors junction, and thinning of the choriocapillaris with enhanced visualization of
the larger choroidal vessels. Right, en face SS-OCTA projection of the SCP, the DCP, and the choriocapillaris in a 6 x
6 mm field (upper row), and the corresponding flow density maps (lower row). The SCP and the DCP layers demonstrate
vascular rarefaction. Affection is more pronounced in the DCP layer. The choriocapillaris shows multiple black areas of
flow voids. The corresponding flow density maps show a reduced vessel density that corresponds to vascular rarefaction
in the SCP, the DCP, and the choriocapillaris.

FFA, the lesion seen in the color photograph demonstrated that the RPE in the center of the
lesion has virtually disappeared with unveiling of the underlying large choroidal vessels.
More peripheral areas of the lesion demonstrated transmission fluorescence. S5-OCT of the
same eye showed foveal thinning, wiping-out of the ELM, and the IS/OS layer in the sub-
foveal area. The RPE layer was extremely rarified with extensive loss of the choriocapillaris
and enhanced visualization of the underlying choroidal vessels. SS-OCTA of the SCP and the
DCP layers of the same eye showed vascular rarefaction and reduced vessel density. These
changes were most pronounced in the DCP layer. SS-OCTA at the level of the choriocapillaris
showed complete loss of the vessels in the central portion of the lesion with clear view of
the larger choroidal vessels. This peculiar configuration could be explained by severe atro-
phy of the choriocapillaris and Sattler’s layer, and visualization of an anteriorly displaced
Haller’s layer to the level of the choriocapillaris. The central region was surrounded by an
annulus of hypointense flow-void areas and vessel rarefaction (arrows). The LE had a simi-
lar lesion though slightly smaller in size (3DD) and less advanced in terms of the extent of
geographic atrophy. SS-OCT of the same eye showed fairly preserved ELM though disrupted
IS/OS layer and marked RPE thinning. The diffuse atrophy of the choriocapillaris resulted
in irregular thickening of the choroid with loss of the normal bowl-shaped configuration of
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the choroidoscleral junction. SS-OCTA of the LE reflected the relatively less advance disease
compared to the RE, especially in the choriocapillaris layer which showed multiple flow-void
areas but with less diffuse atrophy than noted in the RE (Figures 3 and 4).

7.2. SS-OCT and SS-OCTA findings in Best’s disease and adult-onset vitelliform
foveomacular dystrophy

Case 3. Adult-onset vitelliform foveomacular dystrophy. A 61-year-old female presented with
defective vision in the RE of approximately 6-month duration. Her BCVA was 20/100 and
20/400 in the RE and the LE, respectively. Fundus examination of the RE revealed a sub-
foveal plaque of amorphous yellowish-white material surrounded by numerous satellite
lesions varying in size and in shape, and scattered in the anatomic macula region. On the cor-
responding FFA, the sub-foveal lesion showed blocked hypofluorescence with multiple pin-
point hyperfluorescent spots due to leakage within PED. The satellite lesions seen in the color

Figure 3. Case 2. Top left, color photograph and FFA of the RE of a 58-year-old female in late stage of Stargardt’s disease.
The fundus shows a sharply circumscribed area of geographic atrophy occupying the macula, approximately 4 DD
in size. On FFA, the RPE in the center of the lesion has virtually disappeared with unveiling of the large choroidal
vessels. More peripheral areas of the lesion demonstrated transmission fluorescence. Bottom left, high-definition line
scan (12.0 mm) SS-OCT of the same eye shows marked foveal thinning (84 p), wiping out of the ELM and the IS/OS
layer in the sub-foveal area. The RPE layer is extremely rarified with extensive loss of the choriocapillaris and enhanced
visualization of the underlying choroidal vessels. Right, en face SS-OCTA projection of the SCP, the DCP, and the
choriocapillaris in a 6 x 6 mm field (upper row), and the corresponding flow density maps (lower row). The SCP and
the DCP layers show vascular rarefaction and reduced vessel density. These changes are most pronounced in the DCP
layer. The choriocapillaris shows complete loss of vessels in the central portion of the lesion with clear view of the larger
choroidal vessels. The central region is surrounded by an annulus of hypointense flow-void areas and vessel rarefaction
(arrows).
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Figure 4. Case 2. Top left, color photograph and FFA of the LE of the same patient as in Figure 3. The fundus shows
a sharply circumscribed area of geographic atrophy occupying the macula, approximately 3 DD in size. FFA in the
macular area demonstrated transmission fluorescence due to marked RPE attenuation. Bottom left, high-definition line
scan (12.0 mm) SS-OCT of the same eye shows foveal thinning (177 p), wiping out of the IS/OS layer in the sub foveal
area. The RPE layer was extremely rarified with extensive loss of the choriocapillaris and enhanced visualization of the
underlying choroidal vessels. The diffuse atrophy of the choriocapillaris resulted in irregular thickening of the choroid
with loss of the normal bowl-shaped configuration of the choroidoscleral junction. Sub-foveal choroidal thickness is
257 w. Right, en face SS-OCTA projection of the SCP, the DCP, and the choriocapillaris in a 6 x 6 mm field (upper row),
and the corresponding flow density maps (lower row). The SCP and the DCP layers show vascular rarefaction and
reduced vessel density. These changes are most pronounced in the DCP layer. The choriocapillaris shows vascular
rarefaction with development of multiple hypointense flow-void areas.

photograph demonstrated hyperfluorescence caused by a combination of staining, pooling
in PED, and transmission fluorescence due to RPE atrophy. SS-OCT of the same eye showed
a dome-shaped hyper-reflective sub-foveal lesion corresponding to the yellowish vitelliform
deposits seen in the color fundus photograph. The entire lesion was optically opaque except
for a small optically lucent area caused by breakdown of the vitelliform material. The under-
lying RPE was thickened and irregular with multiple PED formation and marked thinning of
the underlying choriocapillaris. SS-OCTA of the SCP layer was essentially normal in appear-
ance apart from irregularity of the FAZ (arrow) and scattered flow-void areas (circles). The
DCP layer showed centrifugal displacement of the peri-foveal vessels with extensive vascular
rarefaction and enlargement of the FAZ (arrows). The para-foveal area showed hyperintense
signal derived from abnormally high flow within the overcrowded vessels due to lateral dis-
placement by the vitelliform material (asterisk). The choriocapillaris showed patchy hypoin-
tense areas that corresponded to the abovementioned vitelliform lesions. The hypointense
signal might represent flow-void areas due to choriocapillaris atrophy or due to masking by
the vitelliform material. The LE had rather similar fundus changes though FFA revealed more
extensive RPE atrophy (Figures 5 and 6).
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Figure 5. Case 3. Color photograph and FFA of the RE and the LE of a 61-year-old female in the vitelliruptive stage of
Best’s disease. The fundus of the RE shows a sub-foveal plaque of amorphous yellowish-white material surrounded by
numerous satellite lesions varying in size and shape, and scattered in the anatomic macula. On the corresponding FFA,
the sub-foveal lesion shows blocked hypofluorescence with multiple pin-point hyperfluorescent spots due to leakage
within PED. The satellite lesions seen in the color photograph demonstrate hyperfluorescence caused by a combination
of staining, pooling in PED, and transmission fluorescence due to RPE atrophy. The LE had rather similar fundus
changes though FFA revealed more extensive RPE atrophy.

Case 4. Cicatricial stage of Best’s disease. A 30-year-old female presented with defective vision
in both eyes of 3-6 months duration. Her BCVA was 20/80 and 20/100 in the RE and the LE,
respectively. Fundus examination of the LE revealed a sub-foveal sharply circumscribed ovoid
area of RPE changes with central scarring. The lesion measured approximately 1 DD. On
the corresponding FFA, the lesion seen in the color photograph demonstrated transmitted
fluorescence due to RPE attenuation with late staining of scar tissue. The RPE in the center
of the lesion has virtually disappeared with unveiling of the large choroidal vessels in earlier
phases of the angiogram. SS-OCT of the same eye showed marked thinning of the fovea with
a hyper-reflective scar tissue replacing the sub-foveal outer retinal layers, the choriocapillaris,
and extending well into the underlying choroid. The immediate para-foveal area showed a
sub-retinal pouch of optically lucent space with optically opaque sub-retinal clumps repre-
sentative of degenerative changes peculiar of an earlier vitelliruptive stage. SS-OCTA of the
DCP layer showed extensive vascular rarefaction in the area previously occupied by the vitel-
liform material. The choriocapillaris shows a central hypointense flow-void area surrounded
by an outer zone of vascular rarefaction. The RE had rather similar fundus changes. The cor-
responding FFA revealed foveal RPE atrophy with on outer rim of blocked fluorescence due
to RPE hyperplasia (Figures 7 and 8).

Case 5. CNV complicating cicatricial stage of Best’s disease. A 28-year-old female complain-
ing of recent diminution of vision in the RE 10 days ago. Her BCVA was 20/80 and 20/400 in
the RE and the LE, respectively. Fundus examination of the RE showed an area of shallow
neurosensory detachment in the foveal region, approximately 1.5 DD. The lesion showed
yellowish-white precipitates gravitating in its inferior portion. On FFA, the lesion seen in
the color photograph demonstrated early well-defined disc-shaped hyperfluorescence infe-
riorly with progressively increasing fluorescence intensity suggestive of classic CNV forma-
tion. The lesion was surrounded by diffuse and fuzzy hyperfluorescence due to pooling in
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Figure 6. Case 3. Left, radial scan SS-OCT of the RE of the same patient as in Figure 5. Note the dome-shaped hyper-
reflective sub-foveal lesion. The entire lesion is optically opaque except for a small optically lucent area caused by
breakdown of the vitelliform material. The underlying RPE is thickened and irregular with multiple PED formation
and marked thinning of the underlying choriocapillaris. Sub-foveal choroidal thickness measured 159 p. Right, en
face SS-OCTA projection of the SCP, the DCP, and the choriocapillaris in a 4.5 x 4.5 mm field (upper row), and the
corresponding flow density maps (lower row). The SCP layer is essentially normal in appearance apart from irregularity
of the FAZ (arrow) and scattered flow-void areas (circles). The DCP layer shows centrifugal displacement of the peri-
foveal vessels with extensive vascular rarefaction and enlargement of the FAZ (arrows). Note the hyperintense signal
derived from abnormally high flow within overcrowded vessels in the para-foveal area (asterisk). The choriocapillaris
shows patchy hypointense flow-void areas that corresponded to the location of the abovementioned vitelliform lesions.

Figure 7. Case 4. Color photograph and FFA of the RE and the LE of a 30-year-old female in the cicatricial stage of Best’s
disease. The fundus of the LE reveals a sub-foveal sharply circumscribed ovoid area of RPE changes with central scarring.
The lesion measures approximately 1 DD. On the corresponding FFA, the lesion demonstrates transmitted fluorescence
due to RPE attenuation with late staining of scar tissue. The RPE in the center of the lesion has virtually disappeared with
unveiling of the large choroidal vessels in earlier phases of the angiogram. The RE shows rather similar fundus changes.
The corresponding FFA reveals foveal RPE atrophy with an outer rim of blocked fluorescence due to RPE hyperplasia.
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Figure 8. Case 4. Left, radial scan SS-OCT of the LE of the same patient as in Figure 7. Note marked thinning of the fovea
with a hyper-reflective scar tissue replacing the sub-foveal outer retinal layers, the choriocapillaris, and extending well
into the underlying choroid. Right, en face SS-OCTA projection of the SCP, the DCP, and the choriocapillaris in a 6 x
6 mm field (upper row), and the corresponding flow density maps (lower row). The DCP layer shows extensive vascular
rarefaction in the area previously occupied by the vitelliform material. The choriocapillaris shows a central hypointense
flow-void area surrounded by an outer zone of vascular rarefaction.

the neurosensory detachment cavity. An inferior rim of transmission fluorescence is noted.
SS-OCT of the same eye showed sub-foveal shallow neurosensory detachment with hyper-
reflective amorphous lesion, along with disrupted outer retinal layers and marked atrophy of
the RPE. S5-OCTA of the DCP layer showed vascular rarefaction in the area previously occu-
pied by the vitelliform material. The normally avascular outer retina showed a para-central
hyperintense signal characteristic of active CNV formation. The LE had a macular scar with
corresponding transmission fluorescence on FFA (Figures 9 and 10).

Case 6. CNV complicating cicatricial stage of Best’s disease. A 9-year-old male presented to
our clinic complaining of recent diminution of vision in the RE of few days duration. The
patient was a known case of Best’s disease. His BCVA was 20/200 and 20/400 in the RE and the
LE, respectively. Fundus biomicroscopy examination of both eyes showed the typical scram-
bled-egg lesion occupying the macular area. The lesion was surrounded by residual neuro-
sensory detachment and showed inferior migration of yellowish material and RPE alteration.
The entire lesion measured approximately 2 DD in size. In the RE, the inferior portion of the
scrambled-egg lesion was surrounded by a ring of deep retinal hemorrhage. FFA of both eyes
demonstrated stippled fluorescence pattern due to RPE alteration, late staining of the yellow-
ish material, and pooling of the dye in the neurosensory detachment but without conclusive
evidence of CNV formation. SS-OCT of both eyes showed the typical dome-shaped hyper-
reflective lesion at the level of RPE extending into—and surrounded by —empty sub-retinal
space. On the other hand, SS-OCTA of the RE at the plane of the outer retina demonstrated
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Figure 9. Case 5. Color photograph and FFA of the RE and the LE of a 28-year-old female with CNV secondary to
cicatricial stage of Best’s disease. The fundus of the RE shows an area of shallow neurosensory detachment in the
foveal region, approximately 1.5 DD. The lesion shows yellowish-white precipitates gravitating in its inferior portion.
The corresponding FFA demonstrates early well-defined disc-shaped hyperfluorescence inferiorly with progressively
increasing fluorescence intensity suggestive of classic CNV. The LE had a macular scar with corresponding transmission
fluorescence on FFA.

Figure 10. Case 5. Left, radial scan SS-OCT of the RE of the same patient as in Figure 9. Note the sub-foveal shallow
neurosensory detachment with hyper-reflective amorphous lesion, along with disrupted outer retinal layers and marked
atrophy of the RPE. Right, en face SS-OCTA projection of the SCP, the DCP, and the outer retina in a 6 x 6 mm field
(upper row), and the corresponding flow density maps (lower row). The DCP layer shows vascular rarefaction in
the area previously occupied by the vitelliform material. The outer retina shows a Para-central hyperintense signal
characteristic of active CNV formation.
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Figure 11. Case 6. Left, color fundus photograph and FFA of the RE shows a scrambled-egg lesion of vitelliform macular
dystrophy surrounded by residual neurosensory detachment. The entire lesion measures approximately 2 DD in size.
Note the inferior migration of the yellowish material with a ring of deep retinal hemorrhage (arrow). The corresponding
FFA in arteriovenous phase of the same eye shows early transmitted fluorescence corresponding to RPE mottling seen
in color photograph. Late phases of FFA show staining of the scrambled-egg lesion and residual sub-retinal yellowish
deposits. Note the late pooling of the dye into the neurosensory detachment seen at the inferior edge of the vitelliform
lesion. Right, color fundus photograph and FFA of the LE show essentially similar features to the RE.

S5AMTA ouler reling

Figure 12. Case 6. Left, en face SS-OCTA projection of the outer retina and the corresponding flow density map in a 3 x
3 mm field of the RE of the same patient as in Figure 11. Note the hyperintense signal due to high flow within an interlacing
curvilinear neovascular tuft characteristic of active CNV. Note the bright red color code denoting high vessel density.
Corresponding SS-OCT shows the hyper-reflective lesion in the sub-retinal space. Right, en face SS-OCTA projection of
the outer retina and the corresponding flow density map in a 3 x 3 mm field of the LE demonstrating hyperintense signal
due to flow within an inactive lesion (vascularized disciform scar). Note the much less vessel density represented by a
faint yellow color code compared to the RE signal intensity. The quality of SS-OCTA image of the LE is degraded by
motion artifacts due to poor fixation. Corresponding SS-OCT shows the hyper-reflective lesion in the sub-retinal space.
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a distinct active neovascular complex which appeared as a small tuft of bright high-flow
(hyperintense signal) curvilinear vessels, whereas SS-OCTA of the LE at the plane of the outer
retina demonstrated flow within inactive lesion (vascularized disciform scar). It is worth not-
ing that in this case, both FFA and SS-OCT were inconclusive in confirming the diagnosis and
the state of activity of CNV; meanwhile, SS-OCTA unequivocally displayed active CNV in the
RE and vascularized disciform scar in the LE (Figures 11 and 12).

8. Limitations of SS-OCTA in imaging macular dystrophies

Despite the obvious advantages of OCTA as a noninvasive risk-free technology, an important
consideration is that a sizeable portion of the population, targeted by OCTA imaging in macu-
lar dystrophies, is in the pediatric age group. Often, children are unable to maintain steady
fixation during OCTA examination; hence, the quality of the image could be degraded by
motion artifacts and segmentation errors. Future advances in eye tracking and segmentation
algorithms, and introduction of portable machines for examination under anesthesia could
improve the versatility of OCTA technology in imaging macular dystrophies.

9. Conclusion

The appearance of clinical changes on fundus examination of patients with macular dystro-
phies is synonymous with the already established damage of a certain level with consequent
visual morbidity. Until the present date, OCTA has proven its efficacy in imaging macular
dystrophies and identifying the morphological alteration in the vascular layers of the ocular
fundus associated with different disease stages. Moreover, SS-OCTA is an essential imaging
tool whenever FFA and SS-OCT reveal inconclusive results in the advent of CNV develop-
ment secondary to vitelliform macular dystrophy. The future of OCTA in imaging macular
dystrophies lies in its potential for screening target population and identifying patients at
incipient disease stages well in advance of visible clinical changes by depicting specific OCTA
pattern or OCTA signature that is diagnostic for a particular macular dystrophy. The objective
is to identify patients who would be best candidates for the ongoing trials on gene therapy
and stem cell transplantation before irreversible visual dysfunction sets in.
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Abstract

The eye fundus is the part of the human body where the blood vessels can be directly
observed and studied. For this reason, the analysis and diagnosis of many relevant dis-
eases that affect the circulatory system, for example, reference, hypertension, diabetes or
arteriosclerosis can be supported by the use of this source of information, analyzing their
degree of severity and impact by the study of the properties of the retinal microcircula-
tion. The development of computer aided-diagnosis tools became relevant over the recent
years as they support and facilitate the work of specialists, helping to accurately identify
the target structures in many processes of analysis and diagnosis. In that sense, the auto-
matic identification of the retinal vasculature is crucial as its manual identification is an
exhaustive and tedious work when it is manually performed by the experts. This chapter
presents an analysis of the characteristics of the optical coherence tomography imaging
and its potential for the retinal vascular identification and characterization. In that sense,
we also analyze computational approaches to automatically obtain and characterize the
retinal vasculature and provide an intuitive visualization that facilitates the posterior
clinical analysis of relevant diseases such as hypertension or diabetes.

Keywords: computer-aided diagnosis, retinal image analysis, optical coherence
tomography, vasculature, retinal microcirculation

1. Introduction

The analysis of the eye fundus is widely used by clinical specialists to identify, analyze and
characterize different morphological relevant structures such as the optic disc, the macula

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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or the arterio-venular vasculature. These clinical evaluations allow the doctors to detect and
treat different systemic diseases that affect the circulatory system, for example, hypertension
[1], diabetes [2] or arteriosclerosis [3]. Considering the high prevalence and the possible con-
sequences that are directly associated with these diseases, the analysis and monitoring of the
retinal microcirculation represents an important task in the diagnostic process [4]. A precise
evaluation of the retinal vasculature permits the early identification of several clinical condi-
tions that facilitate an appropriate diagnosis and treatment as well as their prevention [5].

The retinal vessels not only proved their potential in clinical procedures but also in other pur-
poses. Thus, the structure of the retinal vasculature also demonstrated its potential viability
as an alternative model for a biometric authentication system [6]. This is due to the complex
structure of the retinal vessels, which is unique for each person. Hence, the patterns that were
typically used in the identification process are the landmarks of the vasculature [7]. Typically,
bifurcations and crossovers are obtained from the retinal vessel tree and used in the identifica-
tion process [8].

Nowadays, computer-aided diagnosis (CAD) systems are frequently used to improve the
accuracy and consistency of different clinical evaluations, facilitating the work of the experts
in many relevant diagnostic processes and replacing manual procedures that are tedious and
highly time-consuming [9]. These independent decision systems are significantly helpful in
the interpretation of several types of medical images, which simplify the doctor’s everyday
work and improve the quality of patient diagnosis and treatment [10].

Among the different retinal image modalities, optical coherence tomography (OCT) imaging
is increasingly in use in clinical services [11]. This imaging modality increased its popularity
over the recent years by offering cross-sectional visualizations of the retinal tissues and other
relevant structures with a high-resolution and in a reliable noninvasive manner [12]. This tech-
nique provides real-time images that are frequently used in the detection, analysis and evalua-
tion of different retinal diseases as, for example, age-related macular degeneration or diabetic
retinopathy, which are among the major causes of blindness in the developed countries [13].

The OCT capture technique is based on the principle of the Michelson interferometer to pro-
duce the cross-sectional OCT sections, by sequentially collecting reflections from the lateral
and longitudinal scans over the retina [14]. The set of OCT sections is complemented with
the corresponding near-infrared reflectance (NIR) retinography. Both images are typically
captured simultaneously with the OCT capture device by being directly provided to the user
for their posterior inspection and use. Figure 1 shows a representative example of OCT image
composed by the NIR image and a corresponding OCT section.

The OCT imaging technique is widely used in the area of ophthalmology, given the facility
with which light penetrates in the main ocular structures in both the anterior and posterior
segments of the eye [15]. The complete set of information that is provided by this image
modality allows the experts to perform a more reliable analysis of the retinal microcirculation
that is needed in many processes of diagnosis, treatment and corresponding clinical monitor-
ing [16]. For that reason, a two-dimensional and three-dimensional analysis of the retinal
vessel tree in OCT images offers a more precise and coherent information about possible
abnormal changes in the retinal vascular architecture that may be derived by a large vari-
ability of pathological conditions.
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(a) (b)

Figure 1. Example of OCT scan. (a) Near-infrared reflectance retinography image and (b) OCT histological section.

In this chapter, we provide an analysis of the characteristics of the OCT image modality and
its potential for the retinal vessel tree identification and characterization, which are necessary
for many clinical assessments, diagnoses and treatments. In addition, we present a represen-
tative computational approach for the automatic detection and characterization of the retinal
blood vessels in OCT images, which is combined with an intuitive visualization tool that
facilitates the posterior analysis by the clinical specialist in a large variability of diseases.
Thus, we motivate the implementation of computational systems and the suitability of the
analysis and visualization of their output results.

Section 2 describes the approaches including the extraction of the retinal vasculature and their
posterior two-dimensional or three-dimensional reconstruction and visualization. Finally, the
conclusion drawn in Section 3 closes this chapter.

2. Automatic extraction and visual reconstruction of the retinal
vasculature

The representative system herein described for the vascular extraction and visualization is
organized in a set of progressive stages. Firstly, the presence of the retinal vessel tree is auto-
matically identified using the OCT images. In particular, the NIR image and/or the OCT histo-
logical sections are analyzed to identify the presence of the vascular structures. Subsequently,
the calibers and depth of the vascular profiles are measured. Finally, we use the entire set of
extracted information to make a graphical two-/three-dimensional representation, providing
an intuitive visualization tool of this complex vascular structure. Figure 2 illustrates the main
parts of the methodology, each stage being detailed in the following subsections.

2.1. Characteristics and variability of the input optical coherence tomography
images

Typically, the system receives, as input, a set of OCT images. These images correspond to
high-resolution images of the different retinal layers over the macula region approximated
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by the histological sections. As said, the OCT scan is composed of the NIR image as well as
the consecutive OCT histological sections that are often simultaneously obtained by the same
capture device, providing sets of images, as illustrated in Figure 1. Using these images, we
delimited the region where the retinal vessels are located in both modalities.

Recently, several companies have invested in research in the field of ophthalmology espe-
cially in the development of OCT capture devices with significant software improvements
[17]. Four of the commonly used OCT devices in the daily medical practice are the Cirrus
(Carl Zeiss Meditec, Dublin, CA, USA), the Spectralis (Heidelberg Engineering, Heidelberg,
Germany), the RTVue (Optovue, Fremont, CA, USA) and the Triton (Topcon, Tokyo, Japan)
models. The working principles are similar for all these OCT capture devices; however, they
can differ slightly in precision, throughput, depth penetration, acquisition speed, data pro-
cessing and resolution [18].

In this chapter, we present approaches that were validated mainly with OCT images that
are provided by the Spectralis model. Using this OCT capture device, the scan acquisition

Figure 2. Scheme of the vascular extraction and reconstruction system.
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was done by selecting the dense volume scan type over a scan angle of 20°x20°, roughly
6 mm x 6 mm, consisting of 49 B-mode scans acquired utilizing Automatic Real-Time (ART
Mean) = 16 (number of scans averaged). B-mode scans are separated by 120 um from each
other and are composed of 1024 A-mode scans, with a separation of 5.5 um. Each A-mode
scan has 496 pixels with 3.8 um resolution. The system acquires the images at a given frame-
rate (8.8 frames/s) and with a given bit depth (32-bits). The approaches herein presented were
validated using image datasets including OCT scans with these characteristics. As we can see
in the results of the corresponding articles [19, 23], both were satisfactorily tested, demon-
strating their suitability for the analyzed issue.

2.2. OCT vessel extraction

Most of the times, the computational systems are provided with both NIR/histological sec-
tions. However, there are scenarios where the systems have to perform the analysis with
only the availability of the OCT histological sections. For that reason, in this stage, we
describe two different and independent approaches for the automatic identification and
extraction of the retinal vascular structure, depending on the factor regarding the amount
of information of the OCT images provided (see Figure 3). The first approach uses the infor-
mation provided by the NIR image in combination with the histological sections, while the
second approach uses only the OCT histological sections for the identification and char-
acterization of the vessel profiles. The characteristics of each approach is detailed in the
following subsections.

2.2.1. Vessel extraction using the combination of the near-infrared reflectance image and the
histological sections

First, we present a proposal for the identification and segmentation of the retinal vascular
structure using the NIR image combined with the histological section images. Generally, the
system performs a 2D identification of the vasculature using the NIR image, where we extract
the retinal vessel tree and, after that, we obtain the vessel centerline representation. Next, the
corresponding calibers of each centerline coordinate are measured. Finally, these identifica-
tions are mapped in the corresponding positions of the histological sections to calculate the
vascular depths of each vessel coordinate (see Figure 4).

OCT vessel extraction

3D Vessel 2D Vessel
extraction in the extraction in the
NIR/OCT sections OCT sections

Figure 3. Vessel extraction in OCT images by two different approaches using NIR/OCT sections or only OCT sections.
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3D vessel extraction NIRVOCT sections

Vessel * Vessel caliber * Vessel depth
identification estimation estimation

Figure 4. Scheme of 3D vessel extraction using the combination of NIR and the histological sections.

2.2.1.1. Vessel identification

Initially, a preprocessing stage is performed to enhance the biggest and darkest structures
that characterize the vessels in the NIR images [19]. To achieve this, we use a morphological
top-hat transformation (see Figure 5(b)). Then, the noise and the vascular reflex are reduced
with a median filter (see Figure 5(c)). This process facilitates the posterior extraction of the
retinal vessels and reinforces the robustness of the method [20].

An initial segmentation was performed by means of a hysteresis-based thresholding tech-
nique [21]. A hard threshold (T,) represents pixels with a high probability of being blood
vessel pixels while a weak threshold (T ) keeps all the pixels of the vascular tree in the sur-
rounding region, even spurious ones. The final segmentation is formed by all the pixels that
were included by the T threshold connected to, at least, one pixel obtained by the T, thresh-
old. The values for T, and T are extracted from two characteristics calculated on the NIR
images: the percentage of vascular tree and the percentage of background. These thresholds
are calculated using percentile values, according to (Eq. (1)).

k(1/100) - F,
+

P, = L0 k=12..9 (1)
. ,rS - "._:,...--»..
- K
(@ (b) (c)

Figure 5. Example of the preprocessing stage in the NIR. (a) Input NIR retinography image; (b) morphological top-hat
transformation result and (c) median filter result.
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where L, is the percentile lower limit k, n is the size of the data set, F, is the accumulated
frequency for k - 1 values, f_depicts the frequency of percentile k and c is the measurement
of the size of the percentile interval. In our case, c is equal to 1. A representative example of
the vessel segmentation stage using an NIR retinography image is presented in Figure 6(b).

Next, we proceed to identify the centerline of each vessel segment using as baseline the infor-
mation that was obtained in the previous segmentation. The retinal vessel centerline identi-
fication is done using a crease-based strategy. This method follows the idea that vessels can
be thought of as creases (ridges or valleys) when images are seen as landscapes [22]. This
way, the Multi Local Set of Extrinsic Curvature enhanced by the Structure Tensor (MLSEC-ST)
operator is applied with this aim. Then, a skeletonization method is applied to obtain the
vessel centerline representation of each vessel by means of one-pixel width segments, as we
can see in Figure 6(c).

2.2.1.2. Vessel caliber estimation

In addition to the vessel centerline coordinates, we also need to determine their calibers at
each point of the vessel segments, in order to obtain a coherent three-dimensional represen-
tation of the retinal vessel tree (see Figure 7(a)). The vascular caliber is calculated for each
vessel coordinate as the distance between their edges (see Figure 7(b)). To this aim, we use
the information of the achieved segmentations and the vessel centerlines. These values were
previously estimated in the segmentation stage. The vessel orientation 0 is calculated as the
angle between two consecutive vessel points: P (x,, y,) and P,(x, y,). The caliber is then esti-
mated in the perpendicular direction of this angle, see (Eq.(2)).

0= arctan(ZiZZi) ()

2.2.1.3. Vessel depth estimation

The depth estimation of the retinal vessels is calculated using the depth information that is
provided by OCT histological sections. The shadow projections on the retinal layers indicate

Figure 6. Example of the vessel extraction stage in NIR image. (a) Input NIR retinography image; (b) vessel tree
segmentation and (c) vessel tree centerline identification.
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(a)

Figure 7. Example of the vessel caliber estimation stage. (a) Vessel centerline overlapping the vessel segments and
(b) representation of the analyzed direction at each point of a vessel segment.

the presence of the vessel profiles. In the OCT histological sections, the vessel profiles are
the bright spots situated between the retinal layers. To detect these spots, we make a previ-
ous mapping process to delimit the vascular region in the OCT section, as is illustrated in
Figure 8. Then, a search process is performed in this region to determine the precise location
of these vessel profiles. The vascular depth Z is estimated by the distance between the vessel
profile C_and the retinal pigment epithelium (RPE) layer P, see (Eq.(3)).

Z =|C,-P| 3)

2.2.2. Vessel extraction using only the OCT histological sections

In many occasions, computational tools are not provided with the entire set of NIR retinog-
raphy images in combination with their corresponding OCT histological sections. Given this

Figure 8. Example of the vessel depth estimation stage with the mapping process and the delimitation of the vascular region.
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frequent scenario, that constitutes a limitation, another proposal is also detailed for the auto-
matic detection of retinal vessels using, only, the information that is obtained through the
OCT histological sections [23]. To achieve this, the tool bases its performance on the exploita-
tion of the information provided by the shadow projections of the vessels along the retinal
layers to identify the presence of vascular structures (see Figure 9).

The eye fundus presents a layered structure that contains five main cell types: photoreceptor,
horizontal, bipolar, amacrine and ganglion [24]. These cells present different responses to
the reflection, transmission and absorption of the light stimuli that are emitted by the OCT
capture device. Given this, the presence of the vascular shadows is more prominent in some
retinal layers given their brightness, facilitating the detection of the vessel profiles in the OCT
sections. In particular, this information is more visible in the region between the Pigment
Epithelium Bruch’s Complex and the Choroid (RPE/C) layer and the top boundaries of the
Ellipsoid (M/E) layer. To achieve the identification of these retinal layers, the method imple-
mented an automated approach using snakes, an active contour-based model [25]. Snake
strategies are one of the most common methods that are used in segmentation problems in
many issues of medical imaging. This active contour-based model bases its performance on
the fact that each vertex of the snake is moved according to inner and outer forces, and the
general contour turns stable when the model reaches its local minimum. The mathematical
snake model is shown in (Eq.(4)).

gsnake(s) = ./5interna1(s)ds + /éexmmzl(s)ds (4)

The interaction between the snake energies are measured by the energy function ¢ where
g represents the elasticity energy and £ ,  measures the energy of the snake when find-
ing the intensity edges. In Figure 10, we can see a representative example with the identifica-
tion of the RPE/C and M/E retinal layers, delimiting the region of interest where the vascular
shadows are identified easily.

internal

Using this identified region of interest, a preprocessing stage is carried out to increase the
robustness of the vascular shadow identification process to possible changes in contrast and
brightness, a situation that is frequent in OCT images (see Figure 11). First, a Gaussian blur-
ring filter is employed to remove the characteristic speckle noise of these images. Next, a

Figure 9. OCT section with the shadow projections of a couple of vessels.
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Figure 10. Example of OCT histological section with the identification of the two aimed retinal layers: RPE/C and M/E.

Figure 11. Example of preprocessed OCT section where the vessel profiles are graphically represented as valleys in the
mean intensity signal and detected in the region below a fixed threshold.

morphological top-hat transformation is used to enhance the contrast of the vascular shad-
ows. Finally, we calculate the statistical features in the region of interest, features that are
used to identify the vascular presence. To achieve this, we analyze the intensity profiles of the
vessel shadows in this region. These intensity profiles are calculated using a derived signal,
where each point represent the mean of the intensity in each column that is delimited by the
mentioned layers RPE/C and M/E. The vessel profiles are identified by means of existing
significant local minima along this signal. To achieve this, we use as selection criteria a model
that employs a fixed threshold, th, as shown in (Eq.(5)).

th = %(Qa - Ql) +Q, ©)
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where Q, represents the first quartile and Q, represents the third quartile. As shown in
Figure 11, the vessel profiles are graphically represented as valleys and detected in the region
below a fixed threshold.

2.3. Vasculature visual reconstruction

Nowadays, automatic visualization systems are commonly used by clinical specialists to per-
form the diagnosis, monitoring and treatment of many diseases. In particular, OCT images
provide detailed and relevant information that can be used in the analysis and posterior
reconstruction of the retinal vessel tree. Depending on the input image of our system (NIR
and/or histological sections), we can obtain more or less information about the characteristics
retinal vasculature. Based on the information that is provided by the input scan, we perform
the corresponding two-dimensional or three-dimensional visual reconstruction, as we explain
in the following sections.

2.3.1. 2D vascular reconstruction

In this stage, we use the information of the vessel profiles that was obtained from a set of OCT
histological sections. The information provided by these vascular profiles is used to perform
the two-dimensional reconstruction of the entire retinal vessel tree.

First, we make a preliminary binary vessel map with all the vessel profiles that were identi-
fied using a set of OCT scans. In this vessel map, each row represents the vascular infor-
mation obtained for each OCT scan. Then, we scale this binary vessel map to obtain a final
representation of the vascular structures with the same dimensions of the original scan (see
Figure 12(a)). The scaling process is done using the separation value between each OCT scan,
if available. This value is a parameter that is selected in the OCT capture device by the clinical
expert in the process of obtaining the OCT scans. And finally, we make a two-dimensional
reconstruction of the retinal vessel tree using the final binary vessel map obtained, as we can
see in Figure 12(b). In this example, we can observe the final two-dimensional identifications
over the existing NIR image, for a better illustration of the performance of the approach,
despite it not being employed in the identification process.

2.3.2. 3D wvascular reconstruction

In this section, we use the information of the vessel profiles provided by the NIR and the his-
tological sections to produce a visual vascular three-dimensional representation. The system
represents each vascular structure as a segment S, where each point P of the vascular segment
S is represented by the coordinates (x, y, z) and the vessel calibers 4, values that were previ-
ously calculated [26]. Then, an interpolation by B-splines S(u) is used with the entire set of
points P, connecting them in a curve, see (Eq.(6)).

im

Suy =3B P 2<m=<n+tl 6)
i=0
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(b)

Figure 12. Example of the vessel extraction results in using the approach that uses only the OCT histological sections.
(a) NIR retinography image and (b) two-dimensional vascular reconstruction using the vascular identifications.

where P, is the ith control point of the (n + 1)th control point of the curve and B, are the
B-spline functions, which are polynomials of degree m — 1. Figure 13 shows a representative
example of the interpolation process with B-spline curves.

Each vascular segment is represented with a tubular shape centered in the corresponding
coordinates (x, y, z) and with a diameter equivalent to its caliber, d. Subsequently, a postpro-
cessing is performed to smooth the transitions between the consecutive vascular coordinates
and, therefore, allow a more reliable representation of the vascular structure [27]. Figure 14
shows this three-dimensional representation process over a given curve.

Finally, this automatic system allows a complete three-dimensional visualization of the com-
plex retinal vessel tree by means of graphical affine transformations including translation,

A
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(a) (b)

Figure 13. Example of the interpolation process. (a) Set of Cartesian coordinates (x, y, z) and (b) interpolation with
B-spline curves between the set of Cartesian coordinates.
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(a) (b)

Figure 14. Example of the three-dimensional representation process. (a) Interpolation with B-spline curves between
Cartesian coordinates. (b) Representation of a 3D tubular structure associated with the curve.

—— itznum

Figure 15. Representative example of the three-dimensional reconstruction of the retinal vessel tree in OCT images.

rotation, scaling and their arbitrary combinations. Figure 15 shows a representative example
of the three-dimensional reconstruction of the retinal vessel tree using the entire set of the
OCT scans. The output image also presents the vessels by colors in terms of their calibers. The
caliber scales are also presented to facilitate the analysis of the specialists.

3. Conclusions

The retina is a unique region of the human body where the blood vessels can be directly
observed and analyzed in vivo and noninvasively. A precise identification and character-
ization of the retinal vasculature permit an early detection of the presence of several clini-
cal characteristics that facilitate the diagnosis, prevention and treatment of many relevant
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diseases that affect the retinal microcirculation, such as hypertension, diabetes or arterio-
sclerosis, among others.

CAD systems have become increasingly important in the assessment of outcomes in the daily
clinical practice, mainly in the field of medical imaging-based diagnosis. These systems help
the clinical experts in the analysis and interpretation of several modalities of medical images,
facilitating and simplifying their work.

OCT is a noninvasive imaging modality capable of producing high-speed three-dimensional
cross-sectional imaging of biological tissues with micron-level resolution. This medical image
modality enables the precise evaluation of the retinal structure in real time, permitting the
detection of alterations in the retinal microcirculation. The OCT devices provide two types of
OCT images: the NIR retinography image and the OCT histological sections. These images
are frequently acquired simultaneously by the same capture device.

In this chapter, we analyzed the characteristics of the OCT scans and their suitability for the
vascular analysis. Additionally, we presented two different and independent approaches for
the automatic identification and extraction of the retinal vascular structure to highlight the
potential of these computational approaches in the field. The first approach uses the informa-
tion provided by the NIR retinography image in combination with the histological sections.
The second approach uses only the information provided by the OCT histological sections for
the characterization of the vessel profiles. Then, both computational approaches perform the
corresponding graphical two-dimensional or three-dimensional visual representation of the
retinal vessel tree using the extracted information.

These fully automatic systems allow a more accurate and reliable visualization of the complex
vascular structure of the retina, and consequently, make an improvement in the visual inspec-
tion and analyses of the retinal vessel tree. In addition, the vessel representation permits a
more precise analysis of the retinal microcirculation, making the diagnosis of various retinal
and systemic pathologies easier for doctors.
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Abstract

Currently, spectral domain optical coherence tomography (SD-OCT) is a basic tool in
diagnosing and monitoring diabetic macular edema (DME), which is the most frequent
cause of visual impairment in the diabetic patients. OCT technology has changed the
classification of DME from the traditional criteria. Macular thickness measured on
OCT is considered an outcome measure to evaluate the structural and functional out-
come of various therapeutic means used in DME. SD-OCT evaluates ultrastructural
retinal parameters, such as the ellipsoid zone, photoreceptor outer segment length and
quantifies the individual layers according to various algorithms. The aim is to present
the way in which SD-OCT technology has changed our clinical practice during the last
years, in diagnosing, classifying and treating DME and to illustrate its impact with
practical cases.

Keywords: spectral domain-optical coherence tomography, diabetic macular edema,
macular thickness, macular traction

1. Introduction

Currently, there are 400 million diabetics in the world and according to World Health
Organization, by the year 2030 the population of diabetics will double [1, 2]. Diabetic reti-
nopathy (DR) is the main cause of visual impairment within the working age population
group [1, 2]. Quality of life is affected even if visual acuity decrease is mild/moderate. In the
context of DR, diabetic macular edema (DME) is the most common cause of visual impair-
ment, especially in type 2 diabetes. It is estimated that one out of four diabetics develops DME
over a lifetime [1, 2].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIEN
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OCT represented a breakthrough in the management of DME, both for its diagnosis and
monitoring of treatment effects. OCT technology offers valuable quantitative data (macular
thickness, extension of edema, macular volume) and qualitative ones (macular morphology,
vitreo-macular interface) [3].

The advantages of OCT over other imaging modalities are as follows: its noninvasiveness,
rapidity and safety profile [3, 4].

2. Theoretical consideration on OCT

The principle of tomography consists in the reconstruction of cross-sectional images of an
object using its projections. The concept of OCT developed in 1990 and the first commercial
version of OCT belongs to Carl-Zeiss in 1996. The first clinical application of OCT technology
was in the field of ophthalmology. The obtained images reveal the optical properties of the
scanned tissues and not the tissues themselves, and they are very similar to the histological
sections.

There are two OCT methods: time domain (TD-OCT) and spectral domain (SD-OCT). The
properties of the two methods are synthesized in Table 1 [3, 4].

The most common application of OCT is the measure of macular thickness. With TD-OCT,
macular thickness map is calculated from six radial scans crossing at the fovea from which
result the medium macular thickness and the total macular volume. With SD-OCT, image
resolution is significantly higher. Different landmarks are used to calculate macular thick-
ness with TD-OCT and SD-OCT. With TD-OCT, photoreceptors external segments are not
differentiated from the retinal pigmented epithelium (RPE) and are therefore excluded from

Property TD-OCT SD-OCT

Principle Low-coherence interferometry Fourier equation

Acquisition An interferometer evaluates sequentially the A spectrometer evaluates simultaneously the back
back scattering of the light by the retinal scattering of the light by the retinal structures
structures

Sampling Point by point All points simultaneously

Acquisition time  1-2s 60 times faster

Target area Six radial scans 20 pm wide and 6 mm long ® 6 mm = 65,000 scans

Acquisition rate 400 scans/s 25,000-52,000 scans/s

Display 2D 3D

Axial resolution ~ 10-15 371

Table 1. Properties of TD-OCT and SD-OCT.
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Device (company) Axial resolution (p) Scans/s
Cirrus HD-OCT (Carl Zeiss Meditec) 5 27,000
Spectralis (Heidelberg Engineering) 7 40,000
RE Vue (Optovue) 5 26,000
3D OCT-1000 6 18,000
3D OCT-2000 (Topcon)

Spectral OCT/SLO (OPKO/OTI) 5 27,000
SOCT Copernicus (Optopol) 6 25,000
SOCT Copernicus HR (Canon/Optopol Inc.) 3 50,000
SD-OCT (Bioptigen) 4 20,000
Retinascans RS 3000 (Nidek) 7 53,000

Table 2. SD-OCT devices used in ophthalmology.

the evaluation of macular thickness. SD-OCT allows photoreceptors external segments be
differentiated from the retinal pigmented epithelium (RPE) and are included in the value of
the macular thickness [3, 4].

Many SD-OCT devices are used in the clinical practice. Their axial resolutions and scanning
speeds are presented in Table 2.

OCT and ultrasounds are complementary methods in assessing the vitreo-retinal interface.
Ultrasound scans provide a more complete image of the vitreo-retinal interface, but with sig-
nificantly lower resolution. OCT offers a high resolution image of a limited area. Since OCT
uses light to acquire images, its use is limited by media opacities [5, 6].

OCT is a noninvasive, well-tolerated method, easy to understand and explain. It offers quali-
tative information on retinal thickness, and it is reliable and reproducible. OCT reveals the
presence and extension of vitreo-macular traction (VMT) [5, 6].

OCT technology holds the promise for the unprecedented capability to describe and monitor
the changes in retina geometry.

3. Normal OCT aspect of the macula

The normal retinal layers have different reflectivity on OCT scans. Thus, the nerve fibers
and the retinal pigmented epithelium (RPE) display high reflectivity, the plexiform and the
nuclear layers have intermediate reflectivity and the photoreceptors display low reflectivity
[3, 4]. The most commonly scan algorithms used in the clinical practice are the line and the
volume (cube). Retinal thickness is automatically measured by the use of device software. The
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distance between the vitreo-retinal interface and the anterior surface of the RPE is generally
comprised between 200 and 275 pum; the foveal depression ranges from 170 to 190 pm and the
thickness of the peripheral retina is between 220 and 280 pum [5].

4. Macular edema

Macular edema is the main pathologic feature of diabetic maculopathy. According to ETDRS,
it is defined as any detectable retinal thickening due to fluid accumulation. It may be local-
ized in a sector of the macular region (focal) or it may be diffused. Persistent macular edema
leads to the necrosis of Muller cells with subsequent formation of cystoid cavities localized
mainly in the outer retinal layers (Henle’s fiber, external plexiform) and sometimes in the
inner plexiform layer too. In more advanced stages, the cavities may coalesce centrally form-
ing a large hyporeflective cavity that accounts for the significant increase of foveal thickness.
By consequence, beside increase of macular thickness (which is the most important OCT
sign) in DME appear: large intraretinal spaces of reduced reflectivity, loss of the normal
layered retinal structure and flattening of the central foveal depression. Sometimes fluid
can be seen under the neurosensory retina. Hard exudates and hemorrhages are typical
landmarks for DR and they appear on OCT images as small hyperreflective deposits with
posterior shadowing [6].

The cysts that develop in the retina during DME vary in size. According to their size, a classi-
fication of cystoid edema was proposed by Koleva-Georgieva into mild, moderate and severe.
In mild edema, cysts are small and predominantly located in the outer retinal layers. In the
intermediate and severe forms, cysts are located in the outer layers, especially in the fovea.
If cysts continue to increase, they occupy the whole thickness of the retina, leading to macu-
lar atrophy and profound visual loss. In mild edema, the cysts have a horizontal diameter
below 300 pm, in intermediate edema the horizontal diameter of the cysts is between 300 and
600 um and in the severe one the horizontal diameter of the cysts is above 600 pm or large
confluent cavities with retinoschisis appearance are identified [6-8].

It has been shown that the status of the outer retinal layers is important for the visual out-
come in patients with DME. Yohannan et al. proved that disruption of the IS/OS junction
correlates well with a significant decrease of point sensitivity in patients with DME. Also,
the integrity of ELM and IS/OS junctions correlates positively with visual acuity. Therefore,
OCT evaluation of the outer retinal layers in patients with DME is important in predicting
visual outcome [6].

Vitreo-retinal interface is very important in diabetic patients. It is known that diabetics have
higher than normal vitreo-retinal adherence and that vitreo-macular traction is one of the fac-
tors explaining DME. OCT identifies various aspects: incomplete posterior vitreous detach-
ment (PVD), epiretinal membranes (ERM) [6, 7]. OCT identifies vitreo-macular interface
disorders from the preclinical stage. If posterior hyaloid is thin and partly detached from the
macula, this aspect cannot be seen on biomicroscopy, but it is easily detectable on OCT. The
same is true regarding the thin ERM. Thus, OCT is a very useful tool that establishes the best
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therapeutic option in these cases: vitrectomy with release of vitreo-macular traction/dissection
of ERM, from the early stages, when the chances for a good functional outcome are the highest.
Assessment of vitreo-macular interface is an important step in evaluating diabetic patients. Not
only does OCT indicate the moment for vitrectomy in these patients, but it also monitors the
postoperative morphological outcomes: favorable evolution (decrease of macular thickness),
development of ERM or of lamellar macular hole [6].

The detached posterior vitreous face appears on OCT scans as a thin horizontal or oblique line
with low/medium reflectivity in the nonreflective vitreous, above or inserting into the retina.
If PVD is incomplete, it may adhere to the foveal or peripapillary region. ERM appears on
OCT as a hyperreflective line on the surface of the retina. Its presence leads to retinal modi-
fications: increase of macular thickness, loss of foveal depression, formation of intraretinal
cysts and pseudoholes. The difference between PVD and ERM is made according to their
reflectivity (low in PVD, high in ERM). OCT provides other details related to ERM (degree of
opacity, thickness, and distance from the macula) and to its effects on the underlying retina:
distortion, edema, neurosensory detachment [6].

OCT is a very reliable and reproducible method to assess and monitor macular thickness fol-
lowing various treatments for DME: intravitreal injections with anti-VEGF and steroids, laser
photocoagulation, vitrectomy. OCT also identifies macular atrophy which explains functional
failure despite resolution of edema. Monitoring patients with DME must include two major
parameters: functional (visual acuity) and anatomical (OCT) [5, 6].

Cystoid macular edema (CME) appears like large ovoid spaces of low reflectivity separated by
hyperreflective septae that represent intraretinal cystoid-like cavities. Posterior hyaloid traction
(PHT) appears like a highly reflective band on the surface of the retina. Serous retinal detach-
ment (SRD) appears as a dark accumulation of subretinal fluid beneath the high reflective and
dome-like elevation of detached retina. The highly reflective band which represents the outer
surface of the retina helps differentiating subretinal fluid from the intraretinal fluid. Tractional
retinal detachment (TRD) is identified as the area of low signal underlying the highly reflective
border of detached retina. It often takes the appearance of a pick-shaped configuration [5, 6].

The most common finding in diabetics is diffuse retinal thickening (DRT) [6].

There is a correlation between macular thickness and visual acuity in patients with DME. The
OCT pattern that was associated with worse visual outcome is CME [6].

In DME OCT technology has significant impact at various levels: it elucidates the pathogenic
mechanisms of DME; it has a major contribution in identifying hyaloid-macular traction; it
identifies the subclinical DME allowing early treatment; it makes it possible to correlate mac-
ular thickness with visual acuity; it monitors the evolution of DME following treatment [5-7].

5. OCT classification of macular edema

Along with the development of OCT imaging, various classifications of DME have been elab-
orated. The first OCT classification of DME belongs to Otani, and it is based on morphological

45
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Retinal thickness No macular edema Normal macular thickness
Early subclinical ME Macular thickening nondetectable clinically
Retinal thickness increased on OCT
Established ME Retinal thickening and morphological signs of edema
Retinal morphology  Simple noncystoid ME Increased retinal thickness; reduced retinal reflectivity;
irregularities of the layered retinal structure; flattening of the
foveal depression; no cystoid spaces
Cystoid ME Well-defined intraretinal cystoids spaces

Serous macular Hyporeflective area under the detached neurosensory retina and

detachment over the hyperreflective line of EPR
Vitreo-macular No MT Complete PVD/no PVD/no ERM
interface
Questionable MT Incomplete PVD with no detectable distortion of retinal surface
contour at the point of adhesion
Definite MT Incomplete PVD with distortion of retinal surface contour at the
point of adhesion
Retinal outer layers  IS/OS and ELM intact IS/OS and ELM intact
IS/OS and ELM with IS/OS and ELM with disrupted integrity
disrupted integrity

Table 3. OCT classification of macular edema (after Koleva-Georgieva).

parameters, into three categories: sponge-like swelling, cystoid edema and serous retinal
detachment [5]. A fourth category was added by Trichonas et al., posterior hyaloid trac-
tion (PHT) [6]. A more detailed classification was proposed by Koleva-Georgieva, and it is
based on quantitative and qualitative OCT data: retinal thickness, retinal morphology, retinal
topography, macular traction, foveal photoreceptor status (Table 3) [8].

6. OCT-angiography

OCT-Angiography (OCT-A) enables the noninvasive visualization of 3D retinal capillary
network. It correlates very well with fluorescein angiography (FA), and it is able to show
even more capillaries in the pericentral macula than FA and to separate and individualize the
superficial and deep capillary plexus.

7. Personal experience with SD-OCT in DME

The personal experience in using SD-OCT for the management of DME is illustrated by sev-
eral cases (Figures 1-8).

In this case, the OCT aspect of the macula favored intravitreal injection of anti-VEGF in AO,
given the absence of PHT and the high amount of fluid within the retina OS. In OD, early
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Figure 1. OD diffuse mild thickening of the macular region. OS large ovoid spaces of low reflectivity (liquid content)
separated by hyperreflective septae located in the neurosensitive retina that represent intraretinal cystoid-like cavities;
hyperreflective deposits with posterior shadowing (hard exudates, hemorrhages) in the neurosensory retina; no
evidence of PHT; significant increase of the macular thickness, mainly centrally —on the account of the cystoids cavities.

treatment in the stage of mild edema had positive outcome. In OS, the high degree of macular
disorganization prevented a significant improvement in vision (Figure 2).

In this case, intravitreal anti-VEGEF injections alone would probably not lead to the resolution
of edema, because vitreo-macular traction is also involved in its pathophysiology. Therefore,
pars plana vitrectomy with dissection of the posterior hyaloid from the macular area was
indicated (Figures 3 and 4).

In this case, anti-VEGF injections are indicated in AO, but with a much better prognosis in
LE where edema is mild, as compared to RE in which the macula is disorganized (Figures 5
and 6).

In this case, beside anti-VEGF injections, pars plana vitrectomy appears reasonable in order to
release the traction exerted by the posterior hyaloid on the macula.

Even if macular edema is mild, intravitreal anti-VEGF would prevent its progression toward
more advanced stages with cystoid degeneration of the macula (Figure 7).

On the ground of the OCT aspect, intravitreal anti-VEGF injections are indicated in OD, but
not in LE in which retinal atrophy is present (Figure 8).
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Figure 2. Moderate increase of the macular thickness in a diffuse manner, most likely caused by PHT: posterior hyaloid
appears as a highly reflective band adherent to the underlying retina.
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Figure 3. Diffuse DME in AO in a young patient with type 1 diabetes. Fluid is present within the neurosensitive retina
in the fovea (dark spaces). PHT is not present; therefore, intravitreal anti-VEGF injections were indicated with good

outcome.
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Figure 4. OD marked increase of the macular thickness, large cystoid cavities in the neurosensory retina separated by

moderately reflective septae; OS slight increase of the macular thickness with diminishing of the foveal profile and
tendency to flattening of the macular retina (early macular edema).
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Figure 5. Focal macular edema OU: OD —beside the cystoid cavities within the neurosensitive retina, PHT is revealed;
OS—smaller cystoid cavities with hyperreflective deposits and loss of normal foveal contour.
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Figure 6. OD diffuse macular edema with preservation of the foveal contour and hyperreflective deposits in the
neurosensory retina; OS mild focal macular edema.
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Figure 7. OD severe macular edema with considerable thickening of the macular area, cystoid cavities within the retina
with involvement of the outer retinal layers and disorganization of the retinal pigmented epithelial line, PHT; OS retinal
atrophy at the level of the foveal region.
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Figure 8. OD aspect following pars plana vitrectomy and dissection of the posterior hyaloid: mild diffuse macular
edema, with normal foveal profile; OS mild macular edema with reflective posterior hyaloid adherent to the macula.

In LE (not vitrectomized) there is a slightly increase in macular thickness related to the trac-
tion of the posterior hyaloid on the macula. In RE, vitrectomy released the vitreo-macular
traction and macular thickness is almost within the normal range.

8. Importance of OCT in selecting the appropriate therapy for DME

For many years, the only therapy of DME was laser photocoagulation which was indicated
exclusively on clinical criteria, defined by Early Treatment Diabetic Retinopathy Study
(ETDRS) as clinically significant macular edema [9]. Currently, therapeutic approaches of
DME expanded, including anti-VEGF and steroid intravitreal injections and vitreo-retinal
surgery [9]. The selection of the optimal therapy is correlated with the pathogeny of DME,
which is best elucidated by OCT.

In most circumstances, DME is the consequence of internal blood-retinal barrier break-down
with subsequent accumulation of fluid in the retina. Macular thickness and fluid topography
are precisely evaluated by OCT. In these DME categories, the first line treatment is repre-
sented in our practice by intravitreal anti-VEGF injections. In refractory cases intravitreal
steroids are considered.
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OCT is the only method capable to identify and describe the aspect of the vitreoretinal interface.
As such, within the DME group OCT individualizes a subgroup of patients with posterior hya-
loid traction (PHT) which is often overlooked with fundus biomicroscopy. This particular form
of DME is more resistant to medical therapy and vitreo-retinal surgery with membrane dissec-
tion is indicated. Intraoperative OCT is an important decision-making tool assisting the surgeon
to identify the surgical planes and define the relationships of the membrane with the retina [9].

Not only does OCT identify the causes of DME, but it also allows early diagnosis and treat-
ment of DME, before it is clinically significant [10]. This is translated in the clinical practice by
better anatomical and functional outcomes.

The moment of treatment emerges from the OCT aspect correlated with visual acuity.
Generally, there is a parallel correspondence between the anatomical and functional data.
However, if OCT shows a slight increase in central retinal thickness (CRT) but visual acuity is
20/20, the patient is watched closely, and treatment is promptly initiated if the visual function
follows a negative trend [10].

Usually, the evolution of OCT aspect of the macula is parallel to the response of visual acuity. If
the increase of visual acuity does not correspond to the improvement of OCT aspect, a long time
evolution of DME and/or the use of multiple treatment modalities should be considered [10].

9. Conclusions

OCT is a noninvasive, well-tolerated method, easy to understand and explain. It offers quali-
tative information on retinal thickness, and it is reliable and reproducible. OCT reveals the
presence and extension of vitreo-macular traction.

There is a correlation between macular thickness and visual acuity in patients with DME. The
OCT pattern that was associated with worse visual outcome is CME.

In DME OCT technology has significant impact at various levels: it elucidates the pathogenic
mechanisms of DME; it has a major contribution in identifying hyaloid-macular traction;
it identifies the subclinical DME allowing early treatment; it makes it possible to correlate
macular thickness with visual acuity; it monitors the evolution of DME following treatment.
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Abstract

Recent advances in optical coherence tomography (OCT) technology have allowed the
introduction of OCT into the operating room. Intraoperative OCT (iOCT) has been uti-
lized to visualize the retinal architecture prior, during, and following several retinal surgi-
cal technics. The identification of epiretinal, subretinal, and intraretinal changes is one of
the crucial points in PVR management. The iOCT can identify intraretinal changes and/
or subretinal PVR membranes which cannot be easily peeled as epiretinal membranes.
Intraretinal forms are especially difficult to identify preoperatively but their presence may
be crucial in surgical management because the attempt to remove the presumed mem-
brane may result in severe retinal tissue damage and iatrogenic tears. Therefore, surgical
technique and even tamponade choice may be seriously affected by OCT imaging results.
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1. Introduction

Optical coherence tomography (OCT) has dramatically changed the diagnosis, classification,
and treatment of many vitreo-retinal diseases [1-3]. One of the most recent developments of
this technology is the intraoperative OCT (iOCT). The iOCT allows a real-time tomographic
visualization of the retina without the need to stop the surgery and without any external
machines (microscope-integrated OCT). In this way, the surgeon can see OCT images during
the surgery on an external display or directly through the microscope.

iOCT adds microscopic information and visualizes sub-surface structures in a non invasive
way. This information can impact surgical decision-making as well as surgical maneuvers in
selected cases. In this sense, the intraoperative visualization of the retina opens new surgical
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and diagnostic possibilities. Vitreo-retinal interphase diseases may especially benefit from
iOCT spreading but also retinal detachment (RD) surgery could be positively affected.

Proliferative vitreoretinopathy (PVR) is one of the most severe complications after RD,
appearing in 5-10% of them [4]. Despite recent advances in vitreo-retinal surgery, PVR man-
agement is still an unsolved issue [4]. The introduction of the iOCT in surgical practice could
be useful in improving the management of this important complication.

2. Intraoperative optical coherence tomography (iOCT)

The iOCT is a relatively new technology, and the first relevant study about iOCT applica-
tions in ophthalmology was the so named Prospective Intraoperative and Perioperative
Ophthalmic Imaging with Optical Coherence Tomography (PIONEER) study [5]. The 2-year
results published in 2014 demonstrated the potential advantages and applications of this
technology [5]. Nevertheless, in this study, an external OCT system mounted on the operative
microscope (Bioptigen SDOIS portable spectral-domain OCT [SD OCT] system; Bioptigen,
Research Triangle Park, North Carolina, USA) was used. The most serious inconvenience of
this system was the need to pause the surgery to obtain the required images.

Since this study, relevant advances in this technology have been reached to obtain a real
microscope-integrated technology. Actually, there are several iOCTs available, including
RESCAN 700 (Carl Zeiss Meditec, Inc., Oberkochen, Germany), the EnFocus (Bioptigen/Leica
Microsystems, Wetzlar, Germany), and an integrated prototype internally developed at the
Cole Eye Institute, Cleveland Clinic Foundation (Cleveland, Ohio) [6]. All these systems allow a
real-time OCT imaging during the surgery and provide instantaneous feedback to the surgeon.

The PIONEER and the Determination of Feasibility of Intraoperative Spectral-Domain
Microscope Combined/Integrated OCT Visualization during En Face Retinal and Ophthalmic
Surgery (DISCOVER) studies have largely demonstrated the iOCT usefulness in the anterior
and posterior segment surgery [5, 6]. Surgical procedures and pathologies positively affected
by iOCT introduction in surgical practice include Descemet stripping automated endothelial
keratoplasty (DSAEK), Descemet membrane endothelial keratoplasty (DMEK), pars plana vit-
rectomy for epiretinal membrane, proliferative diabetic retinopathy (PDR), rhegmatogenous
retinal detachment, macular hole, optic pit maculopathy, chorioretinal biopsy, and Argus
(Second Sight Medical Products, Inc., Sylmar, CA) prosthesis implant [5-13]. The DISCOVER
study’s 3-year results have been recently published [6]. A total of 837 eyes (244 anterior seg-
ment/593 posterior segment cases) were included and iOCT successful image acquisition was
achieved in 820 eyes (98.0%; 95% confidence interval (CI), 96.8-98.8%). In 43.4% of the anterior
segment cases (95% ClI, 37.1-49.9%) and 29.2% (95% CI, 25.5-33.0%), the surgeons considered
that the iOCT information impacted their surgical decision-making and altered the previous
related procedure. Thus, iOCT could be considered a useful technology for ophthalmic surgery.
Nevertheless, there are some limitations. The RESCAN 700, the commonest iOCT, is a SD-OCT
system with scanning speed of 27,000 A-scans per second, with a wavelength of 840 nm, refresh
rate from 5 to 50 Hz, axial resolution of 5.5 pm in tissue, scan depth of 2 mm, and scan length of
6 mm (adjustable from 3 to 16 mm). This means that image quality is still far away from the OCT
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Figure 1. Instrument shadow during intraoperative OCT (iOCT) imaging. Note the shadow (arrow) below the vitreotome
probe. Image obtained with the Zeiss Rescan® 700 iOCT (Carl Zeiss Meditec, Oberkochen, Germany).

currently used in clinical practice with axial resolutions of 1 um and scanning speed of 400,000
A-scans per second. Furthermore, the autofocus and tracking mechanism must be improved
to be faster and more accurate. Other limitations include artifacts, instrument shadow during
surgery, and function overload with the surgical microscope pedal [6]. Instrument shadow is
an important problem limiting the possibility of viewing retinal tissues immediately below the
surgical instrument and is related to OCT image caption properties and the materials currently
used in vitreo-retinal surgery (Figure 1). Nevertheless, new non-metallic instruments made
from “OCT-friendly” materials, such as silicone, polycarbonate, and PVC, may allow one to
diminish this problem, especially important in vitreo-retinal interface procedures [14, 15]. A
valid alternative could be the use of OCT-integrated surgical instruments [14].

3. Proliferative vitreoretinopathy (PVR)

PVR is a complex process involving several risk factors, most of them still unknown. During the
last 25 years, and despites the enormous advantages in vitreo-retinal surgery techniques, such
as small-gauge instrumentation and new imaging technology, PVR incidence is unchanged and
functional and anatomical results are still very poor. PVR is a complex and multifactorial disease,
and pharmacological strategies (including anti-inflammatory drugs, antiproliferative agents,
antineoplastic, antigrowth factors, and antioxidants) have been considered ineffective and they
have been basically abandoned in current practice. Its pathogenesis is divided into several steps:
migration of cells, mostly retinal pigment epithelial (RPE) and glial cells; proliferation of these
cells; membrane development; contraction of the fibrocellular membrane; extracellular colla-
gen production; and creation of fixed folds in the retina [4]. Several cytokines, growth factors,
and single-nucleotide polymorphisms in genes related with inflammation and apoptosis have
shown to have a crucial role in PVR development [4, 16-24]. The histopathology of the disease is
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Figure 2. Intraoperative OCT (iOCT) in PVR. iOCT allows intraretinal changes identification (arrows). These membranes
cannot be surgically removed. Image obtained with the Zeiss Rescan® 700 iOCT (Carl Zeiss Meditec, Oberkochen, Germany).

characterized by various grades of fibrocellular membrane proliferation with prominent Muller
cell activation. These phenomena result in complete retinal architecture alteration with a loss of
normal retinal cell organization and function. These membranes may be epi-, intra- or sub-reti-
nal. One of the crucial points is a correct and widely accepted classification which must include
intraretinal status [4, 25]. In fact, PVR is characterized by epiretinal, subretinal but also intrareti-
nal proliferation [4, 26, 27]. Intraretinal membranes are especially important because there is no
way to remove them during surgery [4], and this increases the risk of surgical failure due to the
retinal shortening. Intraretinal PVR must be considered the most severe form in which changes
affecting retinal architecture lead to significant dysfunction. Epiretinal or subretinal membranes
can be quite easily removed during surgery but intraretinal forms are an unsolved problem. In
this sense, iIOCT may be awfully valuable in surgical practice allowing the intraoperative assess-
ment of retinal status. The iOCT may be useful to identify intraretinal changes and/or subretinal
PVR membranes which cannot be removed with standard techniques (Figure 2). This means that
it allows a better PVR classification and this can change our surgical attitude intraoperatively
for better decision-making about a surgical technique. In fact, trying to remove the presumed
membrane can have as consequences severe retinal injury and iatrogenic tears. Thus, surgical
technique and even tamponade choice may be seriously affected by iOCT imaging.
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Abstract

Epiretinal membranes (ERM) are frequently seen in an aging eye, especially after poste-
rior vitreous detachment, and can cause decreased vision, and/or metamorphopsia. Not
all of the ERMs detected in routine ophthalmological examination are indicated to be
removed with surgery. Optical coherence tomography (OCT) examination reveals the
microanatomy of all the retinal layers and enables the vitreoretinal surgeon to make
decision to follow-up or to perform a vitrectomy to peel the ERM. OCT imaging clearly
shows all the tractions on the retina and the intraretinal layers; and can have a prognostic
value for the surgery. OCT imaging is also very valuable in the differential diagnosis of
pseudoholes with macular and lameller holes; much better than the clinical examination.
It is a routine part of the detailed retinal examination of an eye with an ERM. This chapter
covers OCT findings in ERMs, and examples of cases with ERMs indicated for surgery of
follow-up will be shown, explaining the clinical results of the cases.

Keywords: central macular thickness, external limiting membrane idiopathicepiretinal
membrane, internal limiting membrane, lamellar macular hole, optical coherence
tomography, OCT, pars plana vitrectomy, photoreceptor, posterior vitreous
detachment, pseudohole, secondary epiretinal membrane

1. Introduction

Optical coherence tomography (OCT) is a noninvasive imaging technique that has very
important advantages in the diagnosis, treatment, and management of a variety of macular
disorders [1]. Since its first use in the clinics, there has been continuous advancements in OCT
technology, and current spectral-domain (SD) OCT, and swept-source (SS) OCTs demonstrate
macular structures on a microscopic level further clarifying the pathophysiology of many
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diseases and enabling novel therapeutic options. OCT evaluation has become the routine
imaging method for any vitreomacular disease in retinal evaluation of the patients in the clin-
ics as well as the essential component in any study design regarding the treatment of retinal
diseases. Recently, OCT has also been integrated into our operating rooms by supporting our
decision-making during vitrectomy known as intraoperative OCT (iOCT).

Epiretinal membrane (ERM), which has also been named as epimacular membrane, cello-
phane maculopathy, preretinal macular fibrosis, and surface-wrinkling retinopathy, is a dis-
order of the vitreomacular interface. It is a fibrocellular membrane lying on the inner surface of
the retina, which can cause decreased vision and/or metamorphopsia. Epiretinal membranes
are frequently seen in an aging eye, especially after posterior vitreous detachment (PVD), and
its prevalence increases with increased age [2]. The mean age of ERM diagnosis is 65 years old,
affecting both sexes equally [3]. The prevalence of ERM varies from 2.2 to 28.9% depending on
the population being studied [4, 5]. The incidence of developing an ERM in the primary eye
is 1.1% per year, whereas its incidence in the fellow eye is 2.7% per year. Bilaterality changes
between 19 and 31% of the eyes, and mostly with asymmetric involvement.

2. ERM classification

Epiretinal membranes are classified as idiopathic, and secondary regarding their etiology.
Idiopathic ERM is the most common form. Secondary ERMs are associated with posterior
uveitis, retinal vascular occlusions, diabetic retinopathy, trauma, retinal tear or detachment,
and their repair, argon laser photocoagulation, cataract surgery [6]. Other risk factors include
age, PVD, and history of ERM in the fellow eye. Secondary ERMs tend to occur in younger
patients [7]. Clinically, ERMs are classified as cellophane macular reflex or preretinal macular
fibrosis according to their severity [8]. Cellophane macular reflex is an early form, including
a thin transparent membrane overlying the macula usually clinically asymptomatic, whereas
preretinal macular fibrosis is the later form with thickened and contracted membrane causing
visual impairment in most eyes.

3. ERM-pathogenesis

The diagnosis of PVD, which is defined as separation between the posterior vitreous cortex
and the internal limiting membrane (ILM) of the retina, has been described in up to 95% of
cases of idiopathic ERM [9]. Residual cortical vitreous secondary to a PVD or anomalous PVD
leading to vitreoschisis with only partial separation of the posterior hyaloid remain to be
factors allowing proliferation of glial cells. Inflammation is a central component of disorders
leading to secondary ERMs, with increased inflammatory mediators promoting fibrocellu-
lar growth. Retinal glial cells, hyalocytes, fibroblasts, myofibroblasts are the predominant
cell types found in the ERMs. Retinal pigment epithelial cells, macrophages, T-, and, B-cells
are identified in secondary ERMs [6]. Extracellular matrix production and remodeling are



Clinical Use of OCT in the Management of Epiretinal Membranes
http://dx.doi.org/10.5772/intechopen.79770

predominant. The extracellular matrix components that have been described in ERMs include
collagen types I, II, 1II, IV, and VI, fibronectin, and laminin [10-12]. Extracellular fibrils are
thin in cellophane macular reflex and are much thicker in preretinal macular fibrosis [10].

4. ERM clinical findings

Epiretinal membrane is relatively common especially after 60 years of age, and both sexes
are equally affected. A careful history should be obtained to evaluate for secondary causes
of ERMs. The patient more often presents without any symptoms diagnosed on a routine
ophthalmological examination especially with very early and thin membranes. He can also
present with the symptoms of metamorphopsia, blurred vision, monocular diplopia, and
micropsia [13]. Contrast sensitivity is frequently decreased.

In the ophtalmological examination, best corrected visual acuity (BCVA) is noted. Amsler grid
test is also performed. On slit lamp examination lens status with any form of cataract is noted.
Dilated fundus examination is performed. Careful examination of the macular area for any sub-
tle membrane is important as it can easily be missed on routine examination. The presence of
PVD is noted. Detailed examination of the peripheral retina for any missed retinal tear should
be performed. The examination of the vitreous for any cells, and of retinal vessels for secondary
causes should also be performed. The same examination should also be done for the fellow eye.

Clinically, an ERM can be seen as a loss in the normal convex contour of the fovea, an abnor-
mal reflectivity of the macular area, or as wrinkling on the macular area in fundoscopy. As
cellophane macular reflex is a thin membrane without causing any distortions in the retina,
it usually does not cause visual impairment, and usually observed as an incidental finding
in routine fundus examination. More advanced ERMs classified as preretinal macular fibro-
sis can be easily seen as they are often opaque and whitish in color, obscuring the underly-
ing retina (Figure 1). There may be traction, or tortuosity in the vessels in thick membranes

Figure 1. Epiretinal membrane. Color fundus image of the left eye showing grayish tissue over the macula obscuring
the details of the underlying retina and causing tortuosity in the retinal vessels. The patient complains of blurred vision
and metamorphopsia.
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sometimes with intraretinal hemorrhages, or exudates in severe cases. Macular edema can be
observed. Preretinal macular fibrosis usually distorts the retina causing visual impairment
in nearly 80% of cases [14]. ERMs can give an impression of a macular hole, when there is
proliferation on both sides of the fovea, but a gap in the center which looks like a macular hole
gives the name as a “pseudohole”. The best method to examine it is with a contact macular or
a goniolens, though it may be difficult in a busy daily practice. ERMs can also be associated
with lamellar macular holes or less commonly with macular holes. The usual course is slow
progression over the years with VA decreasing to 0.1.

5. ERM diagnostic tests

5.1. Optical coherence tomography

Despite the fact that ERM can be diagnosed clinically, OCT imaging has become a routine part
of the vitreomacular surface examination. OCT has proven to be more sensitive than clinical
examination for the diagnosis of numerous disorders of the vitreomacular interface, includ-
ing ERM [15]. OCT imaging shows the macular area in cross section, and three dimensionally
in high resolution, and is extremely helpful in detecting subtle, very thin membranes, associ-
ated findings as macular edema, traction on the macula, lamellar macular hole, changes in the
contour and the thickness of the macula, or any other macular pathology. 3D OCT imaging
can help to evaluate the degree of traction, identify points of attachment and of detachment
of the ERM to the retina [16]. OCT not only shows clearly if a lamellar hole is present, but also
helps the differential diagnosis of ERMs, macular holes, lamellar macular holes, pseudoholes,
and macular edema. OCT evaluation of eyes with ERM has also a prognostic value. It is ideal
to follow the patient with the same OCT device and through the same baseline point.

5.1.1. OCT findings

ERMs are observed as highly reflective layer on the retinal surface. ERMs in early stage
are seen as thin hyperreflective line with normal foveal contour and retinal architecture
(Figure 2a, b). Idiopathic ERMs mostly are globally adherent to the retina seen as hyper-
reflective band, but in some cases (20-25%), they are clearly separated from the retina with
focal points of attachment (Figure 3a, b) [17]. Secondary ERMs are more frequently (50%)
seen with focal attachments. ERM causes increase in central macular thickness. Usually there
is diffuse retinal thickening without any cystic changes in cases with ERM. Especially, the
retinal layers above the outer plexiform layers increase in thickness. Increased central macular
thickness alone is not usually correlated with VA of the patient. Normal foveal contour is
lost. The characteristic foveal depression is not seen (Figure 4a—c). Hyperreflectivity between
ILM and inner plexiform layers is increased especially in longstanding ERMs, which is a
typical finding (Figure 3b). This type of fibrosis generally produces traction in retinal lay-
ers, causing visual impairment. They may be associated with underlying corrugation of the
retinal surface. The surface of the retina where the ERM is more pronounced has a distinctive
saw-toothed appearance corresponding to retinal striae from ERM traction [18]. ERMs can
also cause irregularities in retinal layers (Figure 4a). This feature is seen more frequently
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(b)

Figure 2. (a) Infrared (IR) photography of an asymptomatic patient with visual acuity of 20/20, and a thin ERM observed
in routine fundoscopy. IR imaging shows a pseudo hole image at the fovea with slight wrinkling of the retina. The retinal
vasculature looks normal. (b) SD-OCT image of the same eye. A thin hyperreflective line is seen on the retina which is
globally adherent. There is no increase in foveal thickness, with the foveal pit contour being steeper, and wider than
usual indicating an early form of a pseudohole. The retinal layers are normal. The retinal tissue at the base of the fovea
is intact unlike a lamellar hole.

with partially attached ERMs. Also, slight elevation of photoreceptor layer above RPE layer
has been described as “outer retinal defect”, which may be related with traction of retina
(Figure 5a). Cystoid changes in the retina observed as hyporeflective round spaces are usually
accompanying longstanding ERMs as a result of intraretinal traction in idiopathic ERMs. If
cystoid retinal thickening is more dominant, vascular reasons of a secondary ERM should be
kept in mind. Pseudohole formation is usually accompanied by globally attached membranes
(Figure 6). There is abnormally steep and wide foveal pit contour. The retinal tissue at the
base of the fovea is preserved differentiating it from a lamellar (Figure 7a) or a full-thickness
macular hole, and ERM is seen as hyperreflective band on the macular surface.
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Figure 3. The SD-OCT imaging of both eyes of a patient with a complaint of slight blurring in vision, but no
metamorphopsia. The VA in both eyes are 20/32 with early nuclear sclerosis in both eyes. The patient has also drusen
bilaterally. (a) RE; ERM is seen as a hyperreflective layer on the macula, and we can clearly see the separated areas of ERM
from the retina. There is also associated corrugation of the underlying retinal surface prominent on the temporal side.
Slight intraretinal traction can be seen, and the normal foveal depression is decreased. (b) LE; The similar appearance is
seen. Hyperreflectivity between ILM and inner plexiform layers is also increased at the nasal side as a typical finding. (c)
The central macular thickness map shows that the central foveal thickness is increased to 390 u in RE, and to 394 win LE.
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Figure 4. (a) SD-OCT imaging of a symptomatic eye with decreased VA of 0.3, and metamorphopsia shows increased
central macular thickness with loss of foveal depression. Especially the inner retinal layers are increased in thickness with
associated traction of the retina. The inner segment ellipsoid band and ELM can be seen undisrupted associated with
better postoperative VA. The retinal surface is irregular due to ERM, and there is traction on the retinal vasculature at the
temporal side of the fovea seen in IR photograph on the left. The 62-year-old male underwent 23 g pars plana vitrectomy
with ERM and ILM peeling. (b) SD-OCT image at postoperative month 1 shows decreased central macular thickness
with no traction of the retina. The retinal surface is smooth. The VA increased to 0.5. However, during follow-up, the VA
decreased to 0.2 at postoperative month 10 due to nuclear cataract formation. Following phacoemulsification and IOL
implantation, VA increased to 1.0. (c) SD-OCT image 3 months following lens surgery shows the intraretinal architecture
is almost normal with normal retinal thickness and foveal depression is formed. The focal small depressions on the retinal
surface of temporal side of the fovea are seen probably associated with ILM peeling. The VA is 1.0 with no symptoms.

There is still no internationally approved OCT-based classification system of ERMs. In one
study, classification of idiopathic ERM based on the morphologic characteristics of the fovea
has been proposed [19]. In another one, the anatomical structure of the vitreoretinal interface
and the macula was studied and divided into two major groups according to the presence
of PVD, and subdivided by the presence of contraction, edema, lamellar macular hole, and
vitreomacular traction [20]. However, their clinical relevance is unclear.

OCT imaging is also helpful for decision-making in the management of an ERM. If the mem-
brane is thin showing near normal contour in OCT not associated with metamorphopsia or
blurred vision clinically the patient is usually followed up with periodically checking for
symptoms and with OCT. However, some clinically subtle ERMs are better observed with
OCT for accompanying vitreomacular traction. These cases may be offered earlier surgery or
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Figure 5. (a) SD-OCT image of a 69-year-old male presenting with decreased vision, and metamorphopsia on the RE. The
patient had an ERM with nuclear cataract. ERM is seen as a hyperreflective layer on the macula. The central macular
thickness is increased to 398 u with loss of normal contour of fovea. The ERM is partially attached. Also, there is slight
elevation of photoreceptor layer above the RPE layer, which has been described as “outer retinal defect” at the center
of the fovea. This feature may be related with traction of retina. The VA was 0.3. (b) The patient underwent combined
lens surgery with ERM, and ILM peeling. At postoperative week 2, SD-OCT shows decreased macular thickness, with
foveal depression appearing. The photoreceptor layer is still a bit irregular at the fovea. (c) Postoperative month 1, the
VA increased to 1.0. Intraretinal architecture is getting better. (d) Postoperative month 3. The photoreceptor and ELM
layers look normal and intact.

Figure 6. SD-OCT image of a patient shows an ERM as a thin hyperreflective layer on the macula on both sides of the
fovea, but there is a gap in the foveal center. Foveal depression is steeper, giving the image of a pseudohole. There is no
loss of outer retinal tissue at the base of the fovea.

at least followed up more closely for worsening of symptoms. On the other hand, with OCT
imaging, we can assess the vitreoretinal interface in detail and note how diffuse or how tight
is the adherence of the ERM and can decide to approach which site to start peeling of the ERM
surgically. 3D OCT imaging can also be helpful in identifying any free edges of the ERM that
may help in starting membrane peeling during surgery [16, 21]. A new report using en-face
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(b)

Figure 7. (a) SD-OCT image of a 39-year-old female with an ERM and a lamellar macular hole (LMH) secondary to
tractional retinal detachment. There is a hyperreflective layer of ERM on both sides of the fovea, retinal thickness
is increased at the nasal side. There is loss of retinal inner layers at the temporal side of the fovea compatible with
LMH. The outer layer is also decreased at the center, and disruption of the photoreceptor segment layer is noted. The
retinal thickness is decreased due to atrophy at the temporal side of the fovea. The VA decreased to 0.6 during follow-up
with symptoms of metamorphopsia. The patient underwent vitrectomy with ERM, and ILM peeling due to TRD, and
vitreous hemorrhage from active vessels despite argon laser treatment. (b) At postoperative month 6, SD-OCT image
demonstrates that LMH is closed. The retinal layers are better defined at the nasal side. Photoreceptor and ELM layers
are continuous with no disruption. The VA increased to 1.0 with totally attached retina.

OCT scans and generating a map, which is called the GapMap, showing the elevated and
attached areas between an ERM and the macula stated that this imaging can help surgeons
detect elevated areas of ERM preoperatively to avoid excessive retinal contact during surgical
manipulation [22]. They commented that in the future, such en-face gliosis reports may be
incorporated into computer-assisted surgery systems installed in the operating microscope’s
oculars, serving as a source of intraoperative guidance for surgeons to facilitate the removal
of ERM with reduced trauma [23].

OCT imaging also demonstrates all the layers of the retina, which is also important for the
prognosis of the surgical outcome of an ERM removal. These features will be outlined below
in “Surgical Prognosis” section.

5.1.2. Intraoperative OCT

OCT has become an essential imaging in guiding our clinical decision-making, and it has
recently been adapted to use during surgery, known as intraoperative OCT (iOCT). Prospective
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studies performed have already shown the safety and feasibility of iOCT imaging [24, 25]. The
most common posterior segment procedure was vitrectomy with membrane peeling, in 43%
of which iOCT informed surgeon decision-making [24]. The following study, performed to
evaluate a microscope-integrated iOCT system with a heads-up display, showed that iOCT
data conflicted with the surgeon’s impression of membrane peel completeness in 19% of cases
[25]. The surgeons reported that use of iOCT provided valuable feedback in 71% posterior-
segment surgeries [26]. The author’s experience is also compatible with the findings of the
studies that, iOCT can show residual membranes if any, unconnected areas between ERM and
the retina, and confirm if ERM/ILM peel is completed during ERM surgery. Although iOCT is
a nice instrument to supplement surgical assessment, it is not available in most ORs, is costly,
and is apt to further advancements of the system in the future.

5.2. Optical coherence tomography angiography

Optical coherence tomography angiography (OCTA) is a new technology for imaging the
microvasculature of the retina and choroid, using laser light reflectance of the surface of mov-
ing red blood cells to demonstrate vessels noninvasively. The vessels through different seg-
mented areas of the eye can be imaged, and differences can be analyzed between scans. The
image is segmented into four zones, namely, the superficial retinal plexus, the deep retinal
plexus, the outer retina and the choriocapillaris. OCTA can show the changes in the retinal
vasculature caused by macular traction of an ERM. OCTA can help to evaluate the depth and
extent of foveal capillary distortion. Reduction in VA is found to be associated with this distor-
tion [27]. Differences in foveal avascular area and decrease in parafoveal vascular density both
in superficial and deep capillary plexus are also reported in the eyes following ERM surgery,
and these changes were associated with worse postoperative VAs [28]. As more studies will
be performed with OCTA imaging, more prognostic findings may be available for surgeons to
help decision-making for removal of ERM as well as to determine visual prognosis.

5.3. Fundus fluorescein angiography

Fundus fluorescein angiography (FFA) is usually not necessary in routine evaluation of ERMs,
but it is helpful in secondary ERMs following retinal vascular occlusions or inflammations to
assess not only the macular area but also the peripheral retinal circulation. It can demonstrate
leakage, traction on the vessels, ischemia, or secondary neovascularizations.

6. ERM-management

6.1. Indication for surgery

Most thin ERMs are visually asymptomatic and can be followed up for a long time with period-
ical visits and with amsler card testing by the patient himself. In reported series regarding the
natural evolution of an idiopathic ERM, it is reported that in a mean follow-up of 21 months,
there was no significant change in mean VA of CRT or central volume of the macula [29]. The
author’s experience is also similar, especially for the initial severity, thin membranes without
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major tractional components. In asymptomatic cases, the OCT may reveal thickened macula
with loss of central depression, and a CRT of higher than 330 microns with a VA of 20/20. So,
only thickened macula due to ERM, which is measured with OCT imaging, does not correlate
with the complaints of the patients. The retinal distortions induced by ERM contraction are
believed to be the primary reason for visual impairment in idiopathic ERM, which can easily
be observed with OCT imaging.

When indicated, the management of idiopathic ERMs is surgical. There are still no strict rec-
ommendations regarding the exact timing of the surgery. However, the most important indi-
cation is deciding the presence of visual complaints of the patients are related with ERMs, but
not cataractous or refractive changes. As the mean age of patients with ERM is usually around
their 70s, their lenses have frequently cataractous changes, which should be considered as a
cause of blurred vision. On the other hand, the complaint of metamorhopsia is often more
intolerable for the patient and is an indication for surgical removal of an ERM even though
the visual acuity is high. If the tractional distortions in the retinal layers are not prominent,
and the patient has cataract without any metamorphopsia, the patient can be offered a lens
surgery first, and the ERM can be followed-up, informing the patient has a higher risk of
having postoperative macular edema. On the other hand, if the surgical removal is indicated,
a combined surgery of a pars plana vitrectomy and a lens surgery is usually preferred as cata-
ractous changes usually increase fastly following PPV, necessitating a lens surgery soon after.

6.2. Surgery

Epiretinal membrane surgery involves a pars plana vitrectomy procedure with ERM peel-
ing. Internal limiting membrane peeling (ILM) is usually performed to prevent secondary
membrane formation. It is already reported that ILM peeling decreased secondary membrane
formations significantly [30]. A meta-analysis reported that vitrectomy with ILM peeling
resulted in better visual improvement in long-term follow-ups and lower ERM recurrence
rates [31]. On the other hand, other meta analyses reports found that although additional
ILM peeling could result in a significantly lower ERM recurrence rates, it does not signifi-
cantly influence postoperative best-corrected VA and central macular thickness [32, 33]. The
postoperative VA is not found to be different in two groups with or without ILM peeling
in idiopathic ERMS in a prospective trial [34]. The author’s experience is also similar. In a
prospective interventional case series, the efficacy and safety of combined peeling of ERM
and ILM membranes with the single injection of mixture of tryphan blue and brilliant blue
G dyes in eyes with idiopathic ERM was evaluated (Video). Seven (three pseudophakic and
four phakic) eyes underwent vitrectomy and eight eyes had combined phacoemulsification
and vitrectomy. Four phakic patients needed lens surgery with a mean of 10 months postop-
eratively. At postoperative month 6, the mean CMT decreased significantly from 502 + 35 to
277 + 43 p. The mean VA significantly increased from 20/64 to 20/32 in all eyes with no recur-
rent ERM observed (Figure 8) [35].

ILM peeling maneuver should be performed cautiously to avoid secondary complications as
a retinal hole formation, traumatic defects in the macular area, as well as phototoxicity. The
surgery itself has the possible complications of a PPV, such as retinal tear and detachment,
endophthalmitis, loss of ganglion cells, and others, which must be discussed with the patient.
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(b)

Figure 8. (a) SD-OCT image of a 73-year-old female presented with visual blurring and metamorphopsia with a VA
of 0.6 shows a tightly adherent hyperreflective layer of ERM on the macula. The central retinal thickness is increased
with traction on the fovea causing intraretinal cystic changes seen as hyporeflective spaces in the inner retina. The outer
retinal layers are intact. The symptomatic patient underwent vitrectomy with ERM and ILM peeling. (b) SD-OCT at
postoperative month 1 shows normal retinal architecture with normal retinal thickness. There is small depression on the
superior side. The patient’s metamorphopsia decreased with a VA of 1.0. (c) SD-OCT image at postoperative year 5 is the
same with no recurrent ERM observed during 5 years of follow-up.

6.3. Surgical prognosis

Following ERM removal increase in VA of two or more lines in 60-85% of cases 612 months
postoperatively with around 50% gaining a VA of 20/50 or better [36]. The mean preopera-
tive and postoperative VA has been reported to be 20/110 and 20/55 [37]. This data were a
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meta-analysis of three studies reporting surgical results following small incision pars plana vit-
rectomy, in which the recurrence of ERM was around 1% [37]. Those with worse VA preopera-
tively gain more lines postoperatively. However, the eyes with higher preoperative VA tend to
have a higher postoperative VA [38-40]. Poor preoperative VA, and long duration of symptoms
are poor prognostic factors [36, 38-39]. Visual acuity improves in 1-6 months postoperatively.
However, VA improvement can continue to increase following 1-2 years of surgery. Successful
surgical intervention is associated with both decreased central foveal thickness (CFT) and
improved VA [30-42]. However, central macular thickness is not necessarily correlated with
postoperative VA [4-43]. Although CFT may be useful for evaluating the impact of ERM on
baseline VA, it is probably not useful for predicting postoperative VA [6]. The preoperative OCT
characteristics are more important. Intact preoperative inner segment ellipsoid (ISe) band is
associated with a better postoperative VA than a disrupted preoperative ISe band in both idio-
pathic and secondary ERMs [38, 41-49]. The longer photoreceptor outer segment (PROS) length
is also reported to be a good prognostic factor for the postoperative VA [39, 42]. It has also been
shown that the integrity of outer photoreceptor cell layer as well as of ELM is related with better
postoperative VA [50]. Postoperative increase in contrast sensitivity is associated with the thick-
ness of outer retinal layer [44]. The preoperative degree of metamorphopsia was also found to
be a prognostic factor for the postoperative degree of metamorphopsia, suggesting that surgery
for ERM should be performed before development of severe metamorphopsia [39].

7. Conclusion

In conclusion, OCT provides a very detailed information of all the retinal layers, and the
vitreomacular interface. Epiretinal membranes are a frequent clinical finding in an aging eye,
and sometimes result in decreased vision, and/or metamorphopsia. OCT, as a noninvasive,
fast imaging system of the macula being more sensitive than the clinical examination has
become the routine evaluation of ERMs. OCT imaging is used to diagnose, differentiate, man-
age, and follow ERMs. It also gives valuable information regarding the visual prognosis of
the operated eye. Intact and continuous preoperative inner segment ellipsoid band, the longer
photoreceptor outer segment, and the integrity of ELM are reported to be good prognostic
signs. On the other hand, preoperative three-dimensional OCT evaluation of an ERM can also
help the surgeons to identify any free edges of the ERM that may help in starting membrane
peeling with reduced trauma. Lastly, OCT has recently been integrated into our operating
rooms as intraoperative OCT and may support our decision-making during vitrectomy.
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Abstract

Optical coherence tomography (OCT) is a noninvasive, diagnostic technique for accu-
rately identifying and quantitatively characterizing macular holes. OCT is crucial in
assessing fellow eyes of patients with a macular hole to detect preclinical changes leading
to subsequent hole formation. The tomographic information provided by OCT, akin to an
in vivo biopsy, has led to a better understanding of the pathogenesis of hole formation.
The cross-sectional view produced by OCT effectively distinguishes full-thickness macu-
lar holes from mimicking conditions like lamellar holes, macular pseudoholes, and cysts,
which may sometimes be difficult to differentiate clinically. This information enables
early diagnosis and can guide the intervention of choice when treatment is deemed nec-
essary. OCT is useful to prognosticate cases, thereby facilitating discussions with patients
and managing visual expectations preoperatively. Intraoperative OCT (iOCT) can iden-
tify intraoperative changes in the macular anatomy during surgery that can influence
functional outcomes. Postoperatively, OCT is extremely useful for documenting serial
changes in the foveal architecture and is helpful in correlating functional and anatomic
outcomes. As the technology continues to improve, OCT has become indispensable for
all aspects of patient care for macular holes.

Keywords: OCT, macular hole, diagnosis, management, prognosis

1. Introduction

Optical coherence tomography (OCT) was developed by David Huang and colleagues at the
Massachusetts Institute of Technology (MIT) [1]. Prior to its development, clinical biomicro-
scopic examination using the slit lamp was the mainstay for retinal structural assessment.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgIN
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Figure 1. (a) Layers of retina. (b) The inner HRL (corresponding to the photoreceptors IS/OS junction) is thinner than the
outer, which corresponds to a hyper-reflective normal complex formed by RPE and choriocapillaris.

Figure 2. Full thickness macular hole (a) OCT cross sectional image; (b) color fundus photograph).

OCT is based on the imaging of reflected light. In addition to measuring transverse dimen-
sions, it also resolves depth. OCT is akin to noninvasive tissue “biopsy” —it provides in vivo
cross-sectional views (tomography) of internal tissue structures similar to tissue sections
under a microscope [2, 3]. The depth resolution of OCT is typically of the order of 0.4 thou-
sandth of an inch.

A macular hole is defined as a full-thickness defect of retinal tissue involving the anatomic
fovea and primarily the foveola of the eye (Figures 1a, b and 2). Since its development, OCT
is the gold standard in the diagnosis and management of this condition. The high-resolution
imaging on OCT allows cross-sectional and three-dimensional evaluation of the macula,
thereby providing far greater details than what can be discerned clinically. It is helpful in
detecting subtle early MHs as well as staging the more obvious and larger ones. OCT is now
used to guide management of macular holes based on various parameters, as highlighted in
the subsequent sections.

2. Classification of macular holes and OCT

Evolution of macular hole and clinical appearance of the different stages of its development
has been described by Gass [4, 5]. The earliest stage is an impending hole, characterized by a
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yellow spot (stage 1a) or a yellow ring (stage 1b) at the fovea [4, 5]. Stage 1 macular holes are
difficult to diagnose by slit lamp biomicroscopic examination alone, leading to a lot of subjec-

tive variation in diagnosis [6].

Naral foves
Stage 13- imipending macular hole Srage 1b- Docult macular hole:
Stage 2 maculas hale Stage 3 macular hole. no PVD

2 S

Slage 4 macular hole- FYD +

Figure 3. Grading scheme proposed and revised by Gass.

Stag 13- Impending hols

Stage 2. Pull thicknass macdlar holes 400 um

Stage 3~ full thickness macular hole with no PVE
(2400 um)

Figure 4. Stages of macular hole on OCT.
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Since its introduction, OCT has been an extremely useful tool for diagnosing and staging
macular holes. On OCT, a stage 1 hole appears as a cystic lesion in the inner layers of the retina
(Figure 3) [7, 8]. Stage 2 macular holes present as a full-thickness defect at the fovea (size < 400um
in diameter). Stage 3 macular hole is a completely evolved hole (size >400 um in diameter). In
some patients, a small operculum can be seen suspended in front of the lesion. Stage 4 macular
holes appear similar to stage 3 holes except that in stage 4 holes there is complete posterior vitre-
ous detachment, as frequently evidenced by a visible Weiss ring.

Heeetal. first described the use of OCT in diagnosing and monitoring macular holes [9]. Gaudric
et al. later described the sequence of events in the evolution of macular holes using OCT —from
anteroposterior vitreofoveal traction to full-thickness macular hole formation (Figure 4) [7].

3. Aiding early differential diagnosis

Diagnosing early macular hole lesions and differentiating them from other mimicking condi-
tions are the clinical challenges in the management of macular holes. Fluorescein angiography
(FA) was the earlier imaging modality of choice to identify macular holes. Although useful in
characterizing full-thickness holes, this test does not help in identifying stage 1 macular holes,
which are the source of clinical dilemma. The purpose of FA was largely to demonstrate other
biomicroscopically similar lesions that have classic angiographic features (e.g., choroidal neo-
vascular membranes), thereby excluding the diagnosis of macular hole.

Optical coherence tomography, as compared to FA, provides noninvasive diagnostic imaging
helping early and accurate diagnosis. At the same time, it rules out other mimicking condi-
tions, allowing the clinician to distinguish these from pseudohole and prehole conditions in
almost all instances (Figure 5). It has been useful in demonstrating the sequence of events
leading to macular hole formation over time and has thus increased our understanding of the
anatomic relations in macular holes [9-11].

Figure 5. (a) Lamellar macular hole; (b) pseudohole.

4. Preoperative role-OCT factors

Apart from a major role in diagnosis, preoperative OCT is an important tool for counseling
patients regarding postoperative prognosis on the basis of various OCT-based measurements
(Figure 6a—d).
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Figure 6. (a) Schematic representation of OCT factors; (b) HFF = (b + c)/a; (c) MHI = height/base (h/b); (d) Tractional hole
index.

a. Hole form factor (HFF)

¢ It is the ratio of left arm length and right arm length to the base diameter of macular
hole [10].

* Inastudy by Ullrich et al., it was observed that if HFF was greater than 0.9, the macular
hole closed following a single surgical procedure, whereas if HFF was less than 0.5,
anatomical success was achieved in 67% cases. Also, higher HFF preoperatively was
associated with better postoperative functional outcomes. The base or minimum diam-
eters were independent of the duration of the symptoms [12].

b. Macular hole index (MHI)

¢ Itis theratio of hole height to base diameter (ratio of perpendicular and horizontal dimen-
sions of the hole). It can be calculated from OCT transverse images of the macular area.

* The MHI represents the preoperative configuration of a macular hole and is a prognos-
tic factor for visual outcome. It was suggested that MHI value of 20.5 could be used to
predict better postoperative outcomes [13].

4.1. Clinical significance

In a study of large macular holes (low MHI macular holes) by Kumar et al. [14], preoperative
screening for low MHI macular holes was done using spectral domain OCT. In view of large
base diameters and low MHI, an additional maneuver was incorporated during surgery—
intraoperative tapping of macular hole edges in all quadrants from the inner side. This leads
to an in situ increase in perpendicular height of the macular hole compared with the base
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diameter, thus translating to an intraoperative increase in MHI and facilitating hole closure.
This was done along with other surgical modifications including a large arcade to arcade ILM
peel and removing any ERM associated with it. An improvement in the postoperative visual
outcome was observed with large macular holes with MHI as low as 0.25.

Thus, OCT not only facilitates an accurate diagnosis, but preoperative surgical planning
based on OCT factors also helps in improving anatomic and functional prognosis.

Another surgical technique proposed for large macular holes, to improve anatomic and
functional outcomes of surgery by preventing postoperative flat-open configuration of macular
holes, is the inverted ILM flap technique [15]. In this technique, after core vitrectomy and dye
staining, the ILM is not completely removed from the retina but is left in place, attached to
the edges of the MH. This ILM remnant is then inverted to cover and fill the MH (Figure 7).

The rationale for tissue repair that occurs following the use of this technique is: the inverted
ILM, containing Muller cell fragments, induces glial cell proliferation, resulting in the macu-
lar hole filling with proliferating cells that enhance closure. It also works as a scaffold for
tissue proliferation, creating a microenvironment that encourages correct photoreceptor
alignment. This allows a near-perfect anatomic restoration, with OCT demonstrating restoration
of normal foveal architecture. Hence, this technique results in better postoperative anatomic and
functional outcome.

Also, because ILM is a basement membrane, it allows glial cell proliferation, allowing large
MHs to fill with tissue over time further expanding its use to repeat MH surgery [16].

c. Diameter hole index (DHI)

¢ Jtis the ratio of minimum diameter of MH to base diameter and is an indicator of extent
of tangential traction.

d. Tractional hole index (THI)

¢ It is the ratio of maximal height of MH to minimum diameter and is an indicator of AP
traction and retinal hydration.

Patients with higher THI values (>1.41) and low DHI values (<0.50) had the best post-op
VA recovery [17].

As an increasing number of surgeons opt for ILM peeling to facilitate hole closure, vital dyes
have become useful tools for the membrane and ensuring its complete removal [18]. Also,
mixtures of dyes with high-density dextrose or polyethylene glycol (PEG) solution have
improved the staining of the macula [19]. These high-density solutions when combined with
the dye promote immediate settling of the dye onto the macula and minimize its dispersion
throughout the vitreous cavity.

With the availability of several dyes and formulations, concerns regarding chemical or pho-
totoxicity are always expressed. Hence, the need to develop new methods to enhance the
visualization of the ILM. One example is the use of intraoperative optical coherence tomogra-
phy (iOCT), which has the potential to visualize the ILM during vitrectomy with immediate
surgical feedback.
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Figure 7. Line diagram demonstrating inverted ILM flap technique. (a) The surface of the ILM facing the hyaloid is
depicted in green and the surface facing the retinal surface is depicted in red. (b) Trimming of the peripheral part of
the ILM. (c) Inverting the central ILM flap over the macular hole. Now the surface of the ILM depicted in red faces the
hyaloid and the green surface is toward the RPE-thus “inverted”.

5. Intraoperative OCT (iOCT)

OCT is fundamental to our clinical decision-making for management of macular holes. It has
now been incorporated as intraoperative OCT (iOCT)—supplementing surgical assessments
in the operating room and guiding surgical decisions.

Intraoperative OCT consists of spectral domain optical coherence tomography (SD-OCT) on
an OCT-mounted surgical microscope. It identifies intraoperative changes in the macular
anatomy and provides additional information to predict visual outcomes of macular surgery.
The SD-OCT scan taken immediately after ERM removal identifies a cleavage plane for the
subsequent ILM peeling, allowing an accurate ILM peel causing minimum disruption of reti-
nal architecture [20].

Intraoperative OCT has been described in several types of retinal surgeries, including vitrec-
tomy for the macular hole. During membrane peeling, the surgeon’s impression of membrane
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peel completeness conflicted with iOCT data in 19% of cases (e.g., iOCT displayed a persistent
occult residual membrane or showed lack of residual membrane). For posterior segment sur-
gery, it has been reported that the use of iOCT provided valuable feedback in 71% (97 of 136)
of cases.

The use of iOCT, being in its early stages, has certain limitations —real-time membrane peel-
ing using metallic instruments creates absolute shadowing. Despite this drawback, it is still
useful in visualizing tissue-instrument interactions, revealing residual membranes, and con-
firming completion of surgical objectives in macular surgery [21, 22].

This new modality will help improve anatomic and visual outcomes by helping the sur-
geon ensure completeness of surgical intervention and at the same time minimizing tissue
manipulation.

6. Post-op role of OCT: anatomic versus functional success

a. Photoreceptor inner/outer segment junction

¢ IS/OS junction is seen as the bright band proximal to the RPE. It is an indicator of
photoreceptor alignment.

* Grade 0: IS/OS junction absent under the fovea.
Grade 1: IS/OS junction present under the fovea (abnormal).

Grade 2: IS/OS junction present under the fovea (normal).

4 weeks

Figure 8. Spontaneous resolution of foveal lucency.
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It has been noted in various studies that photoreceptor integrity is the best prognostic factor
for VA.

Analysis of the inner HRL (hyperreflective layer) allows a better understanding of the
outcomes of macular hole surgeries. It has been seen that anatomic success with restora-
tion of foveal contour does not always translate to improved postoperative visual acuity.
Irregularities at the level of the inner HRL after macular hole surgery may prevent visual
acuity improvement. On the other hand, improvement in BCVA has been noted with IS/OS
junction normalization in the postoperative period [23].

b. Foveolar gaps (lucencies) are a common occurrence post MH surgery. Conservative treat-
ment with patient reassurance is the treatment of choice as has been demonstrated by
serial OCT follow-up (Figure 8) [24].

¢. Macular hole closure can be observed ophthalmoscopically 9-10 days after gas injection.
e Flat/open and flat/closed anatomic closure
* Elevated/open
The closed macular holes have been variously classified based on OCT

* type 1 closure (closed without foveal neurosensory retinal defect) and type 2 closure
(closed with foveal neurosensory retinal defect) (Figure 9a) [25]. The extent of postoper-
ative visual improvement of type 1 closure group was larger than that of type 2 closure
group. Also, only type 2 closure was associated with recurrence of the pathology. Thus,
the postoperative visual prognosis directly correlated to the type of hole closure, which
in turn was seen to correspond to the preoperative hole diameter [25].

In another study by Imai et al. [26], OCT images of repaired macular holes were catego-
rized into three patterns (Figure 9b).

[ U g tarmal ferepal deficit

Type 1 chosure- flat with no neurasensory defect [ [ -

[ 1y ol it ]

Type 2 closwre- flat with neurcsensory defect
a

Figure 9. Types of macular hole closure on (a) OCT-Kang et al. [25] and (b) OCT-Imai et al. [26].
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¢ U-type (normal foveal contour)—the retinal pigment epithelium and choriocapillaris
layers covered by a smooth surface

* V-type (steep foveal contour)—retinal pigment epithelium and choriocapillaris layers
covered with moderately backscattering layers with a notch

¢ W-type (foveal defect of neurosensory retina) —terminating of sensory retinal layers lead-
ing to exposure of retinal pigment epithelium and choriocapillaris layers to the surface

Postoperative acuity was well correlated with these patterns of OCT images.

7. OCT in the fellow eye

OCT can be used for serial follow-up of the fellow eye to pick up early changes. Patients with
a full-thickness macular hole in one eye and foveal abnormalities in the fellow eye, consistent
with a stage 1 macular hole, have a high risk of progression in the fellow eye. A close follow-
up of these patients can help early intervention resulting in better visual outcomes.

8. Summary

OCT is vital for ophthalmologic clinical and surgical decision-making, in particular for macu-
lar pathologies. It complements clinical examination in diagnosing vitreoretinal interface
pathologies, including macular hole [27]. OCT allows the clinician to detect initial stages of
macular hole, follow its progression, and intervene early in case of progression to full-thick-
ness holes. It can unequivocally detect the presence of a macular hole as well as changes in
the surrounding retina, distinguishing it from lamellar holes and cystic lesions of the macula.
Also, the status of the vitreomacular interface can be evaluated. Various macular hole factors
enable the surgeon to discuss the prognosis with patients to give a more realistic expectation.
Novel surgical modifications have been attempted for large macular holes diagnosed on OCT,
with improved postoperative results. Intraoperative OCT is a new tool in the armamentarium
helping the surgeon evaluate the completeness of ILM peel with minimal tissue disruption,
thus aiding postoperative hole closure. Postoperative evaluation with OCT helps to elucidate
the structural and functional changes associated with different surgical techniques. It helps us
understand the mechanisms of postoperative improvement observed along with changes in
the retinal architecture. OCT also helps us correlate anatomic success with functional success/
failure, based on various types of hole closures and integrity of IS/OS junction.

With advances in OCT entering clinical practice, we can see an exponential expansion of our
ophthalmic knowledge with a parallel improvement in patient care.
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Abstract

An explanation of this new technology, consisting of optical coherence tomography
integrated to the microscope in both anterior and posterior lamellar corneal transplants
(DALK, DSAEK, DMEK). The advantages of visualizing the different layers of the host and
donor cornea, with specific emphasis in the Descemet-stroma interphase, are explained
in the written work and captured in the intraoperative images. This technology makes
the procedure safer, increases the surgery success rate and consequently improves the
postoperative results in the patient. The surgical technique of the lamellar transplants and
its benefits are explained. The advantages of this new technology are analyzed, including
visualizing the corneal planes, checking the tissue orientation and ensuring the correct
execution of critical surgical steps; all of these help in reducing the technical difficulty of
the procedure. Likewise, it is explained that by providing direct transurgical visualization
in a screen, there is a potential teaching and academic advantage.

Keywords: deep anterior lamellar keratoplasty (DALK), Descemet stripping automated
endothelial keratoplasty (DSAEK), Descemet membrane endothelial keratoplasty
(DMEK), optical coherence tomography (OCT), lamellar transplant, Descemet-stroma
interphase

1. Introduction

We are familiarized with the term penetrating keratoplasty (PK), which is a transplant of the
full thickness of the cornea. Nowadays, lamellar transplants are widely accepted because of
its many advantages like a decreased probability for immunologic rejection, higher resistance

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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to trauma, anatomic integrity maintenance, better refractive stability, a quicker rehabilitation
and a surgery with fewer risks. Anterior lamellar transplants have evolved into the deep ante-
rior lamellar keratoplasty (DALK), which is the substitution of the entire stroma while main-
taining the recipient’s Descemet membrane and endothelium. Endothelial transplants have
also seen a wide range of changes throughout the years. In the present day, the most widely
performed techniques are Descemet stripping automated endothelial keratoplasty (DSAEK),
in which the recipient’s endothelium and a thin layer of posterior stroma are replaced, and
Descemet membrane endothelial keratoplasty (DMEK), in which only the Descemet and
endothelium are replaced. Even though lamellar transplants have a wide array of advantages,
these techniques are not always offered by the ophthalmologist due to the complexity and
the difficult learning curve of the surgical technique, which requires a precise dissection of
the corneal anatomic layers. The use of a transurgical optical coherence tomography (OCT)
may help the surgeon to visualize the corneal layers and hence increase the rate of success in
lamellar transplants.

2. Historical background

2.1. DALK

The firts anterior lamellar keratoplasty was performed in 1905 [1]. In the second half of the
twentieth century [1], PK became the surgical gold standard to treat the majority of the axial
diseases in the cornea. Meanwhile in Colombia at the start of the 1950s, José Barraquer et al.
began dissecting two-thirds of the stroma in both the donor and the recipient’s cornea [2], but
the technique did not gain popularity due to the poor final visual acuity in patients due to
irregularities of the interphase.

Beginning in 1984, Eduardo Arenas Archila created the term deep anterior lamellar kerato-
plasty (DALK) by using intrastromal air to dissect the corneal tissue [3]. This technique
has evolved over time, and currently surgical techniques achieve the complete separa-
tion of the stroma-Descemet interphase with few risks, maintaining the integrity of the
Descemet with no stromal residue, which is extremely important to reach a high-quality
visual acuity.

In 2002, Anwar developed the Big Bubble technique, which is the most widely used one nowa-
days [2]. This technique allows the separation of the corneal stroma and Descemet with an
injection of air into the deep stroma with a #30 cannula after a partial trepanation (80% deep),
in this way modifying Archila’s technique [4]. The key step in this procedure is the correct
injection of air into the recipient’s pre-Descemet space to facilitate the removal of the stromal
tissue. This technique has been widely accepted worldwide due to its easy reproducibility
and high success rate. Nevertheless, it has a steep learning curve that has slowed its adop-
tion [5]. In 2012, Ghanem describes the pachy-bubble technique, in which he used transurgical
pachymetry to penetrate 90% of the corneal thickness with a diamond scalpel to reach with
the air the pre-Descemet space with a higher success rate [6].
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2.2. DSAEK

In 1956, Tillen introduced the concept of replacing the corneal endothelium by describing the
first case of a posterior lamellar keratoplasty [7]. He described how he performed a lamellar
dissection of the recipient’s cornea and afterward inserted the donor’s endothelium to the
anterior chamber, suturing it to the recipient’s cornea and finally injecting air to apply pres-
sure on the donor endothelium. In 1980, Barraquer modified this technique and trepanated
the posterior stroma and sutured to it a posterior lenticule from the donor [8].

Melles is credited with the current success of the endothelial transplant and with the concept
of posterior lamellar keratoplasties through a posterior approach [8]. He was the first surgeon
to successfully place an endothelial graft to the recipient’s stroma without the use of sutures,
which allowed better visual results. The procedure was adapted, modified and popularized
by Price, which named it Descemet stripping endothelial keratoplasty (DSEK). Gorovoy modified
this technique by dissecting the donor cornea with a microkeratome, hence the name descermet
stripping automated endothelial keratoplasty (DSAEK) and is nowadays the most popular tech-
nique for endothelial transplants. With the wide acceptance of these techniques, eye banks
have begun offering precut donor tissue, facilitating the procedure for surgeons into a one-
step procedure.

2.3. DMEK

In 2002, Melles introduced the concept of DMEK [9]. He reported a simpler method for dis-
secting the stroma of the recipient, by just removing the Descemet and endothelium and plac-
ing the endothelium graft behind the recipient’s stroma and injecting air into the anterior
chamber to hold the graft in place.

3. Indications

3.1. DALK

The DALK procedure is the technique of choice for many diseases in the anterior stroma of
the cornea such as [8]:

e keratoconus and other ectasias
¢ postsurgical corneal ectasia
¢ partial thickness leukoma

* anterior corneal dystrophies

3.2. DSAEK/DMEK

The indications to perform an endothelial transplant are those that implicate an endothelial
dysfunction such as [8]:
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* postsurgical bullous keratopathy

* Fuchs dystrophy

* posterior polymorphous corneal dystrophy
* corneal transplant rejection

¢ traumatic endothelial dysfunction

¢ iridocorneal endothelial syndrome

4. Advantages

4.1. DALK

The advantages of performing DALK corneal transplants are [1] as follows:

* no immunologic endothelial rejection

* extra-ocular procedure

* higher transurgical safety

¢ higher resistance to traumatic injuries (Figure 1)
* endothelium preservation

* less postsurgical use of steroids

* better refractive stability

Figure 1. Wound dehiscence in a patient with DALK surgery. The patient received an ocular trauma 1 month postsurgery
and eight stitches broke, yet the Descemet remained intact without aqueous humor leakage.
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Figure 2. Clinical photographs of an endothelial transplant. On the left a photograph taken at the end of the surgery and
on the right the same eye 12 months later.

4.2. DSAEK/DMEK

The advantages of performing endothelial transplants are [8] as follows:

¢ lower immunologic rejection rate

* less transurgical risks

¢ small incision

* less sutures or absence of them

* less complications related to ocular surface

* preservation of the corneal innervation

* preservation of the anatomic integrity of the cornea

* visual acuity recovery is faster, more stable and more predictable (Figure 2)

5. Surgical technique

5.1. DALK

Nowadays, due to its elevated success rate, the authors use the pachy-bubble technique,
which will be described here.

The technique begins with a partial trepanation of 80% of the corneal thickness and an aver-
age diameter of 8 mm. Afterward, an ultrasound pachymeter is utilized to measure the cor-
neal thickness in MXII, at a distance of 3 mm from the visual axis. The diamond scalpel is
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calibrated for 90% of the pachymetric measurement and a 4-mm incision is performed in this
area. Air is injected into the anterior chamber, which will help verify the formation of the
big bubble. A specially designed cannula is inserted and moved through the pre-Descemet
plane until the visual axis is reached. It is in this zone were air will be injected. Afterward,
the stroma is perforated to reach the stroma-Descemet interphase, which is now full of air
(Figure 3). The stroma is removed and the donor cornea (with no endothelium) is sutured
with nylon 10-0.

It is important to mention that to achieve an adequate Descemet detachment, the air injection
should be very deep, unfortunately leading to an increased perforation risk [2]. This step
continues to be the most challenging part of the surgery.

If the injection of air is too superficial or if it remains in the medium stroma, it will usually
disseminate laterally without detaching the Descemet and will give the cornea a diffuse-white
appearance. When this happens, the surgeon must try to inject the air deeper or change to
a manual dissection (layer by layer) technique, which frequently leads to perforation. This
technique is a challenge in advanced keratoconus with a severe corneal thinning or scarring
and has a reserved success rate when there are dense corneal opacities due to the bad depth
visibility [6].

Some of the disadvantages of this type of transplant are its steep learning curve and its longer
surgical time compared to a PK [1]. In many countries, including Mexico, this technique does
not have a widespread use secondary to its difficulty and longer time requirements. Nowadays,
even a skilled surgeon performs with a risk of perforation between 10 and 30% [10].

The DALK procedure has some complications including [1]:

Descemet membrane rupture

double anterior chamber

loss of endothelial cells secondary to air/gas

* interphase opacities or irregularities

Figure 3. Perforation of the corneal stroma in a DALK corneal transplant.
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¢ detritus, hemorrhage, vascularization, microbial infections and epithelial growth in the
interphase

¢ pupillary block glaucoma secondary to injected air in anterior chamber
¢ recurrence of the stromal corneal dystrophy

¢ Difficulty in re-epithelization
5.2. DSAEK

There are many variations to the original endothelial transplant DSAEK technique. The one
used by the authors is described here.

The donor cornea is prepared using a Moria microkeratome adapted to an artificial anterior
chamber. The ideal thickness is between 90 and 120 pm. Afterward, the donor cornea is trep-
anated with an average diameter of 8.25 mm.

Once the donor tissue is obtained, surgery begins by inserting an anterior chamber main-
tainer. Trypan blue solution is inserted to the anterior chamber for better visualization of the
Descemet membrane. A circular descemetorhexis is performed with a diameter of 8.25 mm.
A 2-mm incision is done on the temporal limbus and a 4-mm incision on the nasal limbus. An
iridotomy is performed on the meridian at six 0’clock and the donor tissue is inserted through
the nasal incision using a Busin glide or any other type of injector designed for this purpose.
The temporal incision is used for the instrument used to help during the insertion of the
donor tissue. Finally, the anterior chamber is filled with air for adequate fixation of the graft.

The DSAEK procedure has some complications including;:

¢ lack of adherence of the donor tissue

¢ foldings or tears in the donated tissue

¢ inverted positioning of the tissue

* endothelial dysfunction secondary to surgical trauma

* pneumatic pupillary block

The most reported complication in endothelial transplants is the lack of adherence of the
donor tissue to the recipient’s stroma. The key to reducing the dislocation is a meticulous
reconstruction of the wound (so that there is no leakage of aqueous humor) and complete

removal of fluid from the interphase. Whenever a graft is dislocated, it can be accommodated
once again with air injections; nevertheless, this may cause damage to the endothelial cells.

5.3. DMEK

The DMEK technique used by the authors is described below.

To obtain the donor tissue, the Blister technique is used, a technique developed by Eric
Abdullayev (Manager of Clinical Development and Innovations at Lions Eye Institute for
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Figure 4. Blister technique for the isolation of corneal Descemet-endothelium prior to a DMEK surgery.

Transplant and Research, Tampa, Florida, USA). In this technique, balanced saline solution is
injected to achieve separation of the Descemet membrane (Figure 4). Currently, it is possible
to get the tissue prepared and preloaded by the staff of some eye banks, which facilitates the
procedure and eliminates the risks of tissue preparation in the operating room.

Once the donor tissue is obtained, surgery is performed on the recipient, initiating with
the introduction of trypan blue to improve Descemet visualization, then the circular des-
cemetorhexis of an average of 8.25 mm is performed. The Descemet can be extracted using
the irrigation-aspiration piece of the phacoemulsification equipment, through a previously
performed 3 mm incision. An iridectomy is performed in MVI, and the donor tissue is intro-
duced and unfolded with delicate hydraulic and pressure-counter-pressure maneuvers,
finally introducing the air/gas in the anterior chamber once the correct unfolding of the graft
has been ensured. The eye must be completely sealed with or without sutures.

The DMEK procedure has some complications including:

¢ lack of adherence of the donor tissue

¢ foldings or tears in the donated tissue

¢ inverted positioning of the tissue

¢ endothelial dysfunction secondary to surgical trauma

* pneumatic pupillary block

Currently, the number of surgeons performing DMEK is on the rise because of its better visual
acuity results when compared to DSAEK.

6. Overview of optical coherence tomography (OCT)

The OCT is based on the principle of low coherence interferometry to measure distances. A
light source is used, typically a superluminescent infrared diode with a wavelength between



Intraoperative OCT in Lamellar Corneal Transplants (DALK, DSAEK, DMEK) 105
http://dx.doi.org/10.5772/intechopen.79322

830 and 1325 nm. OCT has revolutionized clinical ophthalmology, and its development con-
tinues providing opportunities for a better diagnosis and even management of eye diseases.
Originally introduced in the 1990’s at the Massachusetts Institute of Technology in 1991 as a
technique for noninvasive transverse imaging of biological systems, the image of the retina
was the first application of this technology [11]. OCT devices have undergone modifications
in their original technique to see and measure anterior segment structures such as the cornea,
iris, and the lens [12]. In 1994, Izatt described the use of OCT for the anterior segment with
a resolution close to histological level [13]. Since then, it has been used for the diagnosis and

Figure 5. OPMI LUMERA & RESCAN 700 microscope, where OCT images can be observed in real time.

Figure 6. OPMI LUMERA & RESCAN 700 microscope, OCT images can be appreciated for all members of the surgical
team.
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management of various corneal conditions. Now that it is one of the most important diag-
nostic tests in ophthalmology, it is natural to use this technology in the operating room, as it
provides a unique feedback mechanism in real time and helps facilitate the achievement of
surgical objectives.

The authors use the OPMI Lumera® 700 and RESCAN™ microscope from Zeiss (Figures 5
and 6), and this microscope includes an integrated OCT system, which optimizes the proce-
dure of deep anterior lamellar keratoplasty and endothelial keratoplasty.

7. Use of transurgical OCT for lamellar transplants (DALK, DSAEK,
DMEK)

The application of OCT to lamellar transplant surgery is a useful tool to visualize the tissue
planes and depth in the different steps of the surgery. This system optimizes the surgical pro-
cedure by letting the surgeon observe high-resolution images both at the eyepiece level of the
microscope and at an external screen. By objectively visualizing depth in the different steps
of surgery, greater safety is achieved by decreasing the risk of complications and facilitating
surgical maneuvers, thereby increasing the success rate.

7.1. DALK

With this new technology, the depth of trepanation can be assessed, avoiding corneal perfora-
tions, especially in patients with thickness irregularities, such as keratoconus [14] (Figure 7).
It is also possible to verify the depth of the cut with the diamond scalpel in the pachy-bubble
technique, which is of vital importance to achieve the air injection close to Descemet, avoid-
ing perforation and superficial air injection. Sorcia observed a higher success rate in reaching
the pre-Descemet planes when performing DALK pachy-bubble [15]. The measurement of

Figure 7. Trepanation depth check (red arrow) by intraoperative OCT.
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trepanation seems to be useful to determine if the depth is adequate or there is a need for
further dissection to reach the ideal depth for an air injection.

Once air is injected to create the bubble that will separate the Descemet membrane and
stroma, OCT images are captured to verify the extent of the dissection, and to check whether
it reached the trepanation mark limit. These images will help the surgeon assess if there is
risk of perforation or if there exists an inadequate separation of the stroma and the Descemet
membrane (Figures 8-10).

In cases of poor visibility secondary to injected intrastromal air, the OCT helps to see the
extension of the big bubble in the anterior chamber to ensure it is complete and to prevent
perforation when removing the stroma (Figure 11).

Figure 8. The red arrow points to the Descemet membrane separated from the stroma by air forming the big bubble.

Figure 9. Descemet membrane (red arrow) returning to its original location. This is after the perforation of the stroma.
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Figure 11. Stromal dissection. The OCT images guide the surgeon to avoid perforation of the Descemet membrane (red
arrow).

After the dissection is completed, the surgeon can evaluate if the stroma was completely
removed (Figure 12). The donor button is allocated and sutured, and the position of both tissues
is evaluated. The surgeon should look for irregularities, liquid or air that separates both tissues
anywhere. With the OCT system, it is possible to optimize the approximation of graft and host.

7.2. DSAEK/DMEK

When preparing the donor button in the DSAEK transplant, after passing the microkeratome,
the residual thickness of the donor can be evaluated with the help of transoperative OCT to
guide the surgeon in selecting the ideal blade size for a second cut with the microkeratome [16],
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Figure 12. Descemet membrane without any stromal tissue.

in case a thinner donor button is required. Even in cases where the microkeratome is passed
once, transoperative OCT evaluates the thickness of the donor cornea and helps to select the
ideal size of the blade.

With the transurgical OCT, the state of the donor graft can be observed. In the case of precut
grafts for DSAEK, the precut lines are visualized in the corneal images, as well as defects or
detritus on the endothelial surface, although these changes have no clinical importance [17].
In the case of DMEK, in addition to showing the space between the endothelium-stroma inter-
phase, another use of transurgical OCT is to prevent cases where the donor button is inverted
in the anterior chamber [17].

In donor grafts for DMEK surgery, partial detachments of the Descemet membrane can be
observed. Other defects and detritus can also be observed. Therefore, transoperative OCT is
an excellent alternative to observe the state of the donor tissue.

In cases where the surgeon’s vision is obstructed, for example with corneal edema in a bullous
keratopathy, the use of transurgical OCT can help with decision-making inside the operating
room [13]. In cases with opaque or edematous corneas, the visualization of the Descemet is dif-
ficult, and transurgical OCT can help with its visualization and descemetorhexis. The remain-
ing Descemet membrane can be identified in the case of fibrous or scarred corneas [16]. In this
case, transurgical OCT also helps to monitor the insertion and unfolding of the graft, since it
can inadvertently have an inverse configuration and result in a failed surgery. With this, the
surgeon may ensure an adequate deployment and orientation of the graft, especially in the
case of the DMEK surgery in which the graft is much thinner than that of DSAEK (Figure 13).

Traditionally, the graft-recipient interphase is reviewed in the slit lamp or in the microscope,
but with transoperative OCT, additional information is provided to the surgeon regarding
the manipulation of the graft and the final interphase between the graft recipient (Figure 14),
which can influence the postoperative results.
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Figure 14. Verification of complete apposition of the donor tissue to the recipient bed, without any space between.

The use of OCT has proved to be useful in detecting any residual space in the interphase at the
end of DSAEK surgery. In 2010, Knecht published the first use of transurgical OCT in DSAEK
and demonstrated serially the decrease of fluid in the interphase [16], doing manual measure-
ments of the interphase’s area of greatest amplitude (between the graft and the recipient).
Hallahan correlated the transurgical interphase with the fluid measurements between the
graft and the receiver and found that the greater the fluid measurements, the greater the risk
for disinsertion and lack of graft adherence in the postoperative period [18].
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Figure 15. Lack of apposition between donor and recipient tissues, which indicates that additional maneuvers must be
performed to achieve correct placement.

If there is an incomplete apposition of the donor lenticule, various maneuvers can be per-
formed such as corneal massage or air tamponade in the anterior chamber to ensure the
complete elimination of the fluid between the stroma-Descemet interphase (Figure 15).
Transoperative OCT helps in determining the efficacy of these maneuvers [16].

A study to determine the feasibility and usefulness of transoperative OCT reported that
it indeed helped in decision-making and demonstrated that additional maneuvers were
required; this was based on images obtained by OCT in 41% of DSAEK cases. Transoperative
OCT revealed persistent fluid in 19% of the cases where the surgeon believed the graft was
completely adhered to the stroma. Another finding was that it was indeed adhered in 47% of
the cases where the surgeon believed the graft was not completely adhered, therefore reduc-
ing the need for further unnecessary surgical manipulation. Transoperative OCT has the
potential advantage of decreasing the duration of the surgical event, as well as minimizing
graft dislocations [19].

8. Conclusion

The use of this new transoperative OCT technology optimizes the identification of the corneal
layer planes by providing a cross section with high-resolution images. These can be observed
in real time both in the surgeon’s microscope and in an external screen that can be observed by
all the staff in the operating room, providing a valuable academic tool. By providing a direct
visualization of the critical steps in lamellar transplants (DALK, DSAEK, DMEK), there is an
increase in the procedure’s safety, it decreases the learning curve of the surgeon in training
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and facilitates the work of the experienced surgeon by providing detailed visual information
in each surgical step, optimizing the decision-making and reducing the surgical event time.
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Abstract

Anterior segment optical coherence tomography (AS-OCT) is a valuable tool in corneal
transplantation surgery. In deep anterior lamellar keratoplasty (DALK), AS-OCT gives
valuable information on preoperative decision process. AS-OCT image of the recipient
cornea helps the surgeon to decide whether to proceed with a big bubble DALK or a
manual dissection. Preoperative AS-OCT imaging of recipient stroma can also predict
Descemet membrane perforation during big bubble induction. Intraoperative AS-OCT
assures reaching the proper depth in order, and postoperatively, a surgeon can objec-
tively assess the Descemet membrane and donor association and define complications
such as a double anterior chamber. Before deciding for a Descemet membrane endothelial
keratoplasty (DMEK), preoperative stromal scars can be identified with an AS-OCT and
might affect the decision of the surgical procedure (DMEK or penetrating keratoplasty).
After DMEK, graft detachment can be visualized by AS-OCT and treated accordingly.

Keywords: anterior segment optical coherence tomography, AS-OCT, lamellar
keratoplasty, deep anterior lamellar keratoplasty, DALK, Descemet stripping
automated endothelial keratoplasty, DSAEK, Descemet membrane endothelial
keratoplasty, DMEK

1. Introduction

Since lamellar keratoplasty has developed for replacing only a diseased corneal layer, new
advantages and challenges showed up [1-4]. Changing only the pathologic tissue brings
closed globe surgery, which is safer than conventional penetrating keratoplasty [5]. It also
helps to fasten rehabilitation after surgery. The anterior layer of corneal pathologies may be
treated by deep anterior lamellar keratoplasty (DALK), and endothelial dysfunctions can be
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managed by posterior lamellar procedures such as Descemet stripping automated endothelial
keratoplasty (DSAEK) and Descemet membrane endothelial keratoplasty (DMEK) [6-8]. Each
technique requires specific experience and tricks and has their own difficulties and complica-
tions. Beside these challenges, all these procedures provide safer surgery, faster rehabilita-
tion, better functional, and anatomical outcomes [1].

Anterior segment optical coherence tomography (AS-OCT) is a non-contact imaging system
that obtains high-resolution images of cornea and anterior chamber [9, 10]. It allows visual-
izing the shape and depth of corneal lesions such as scarring, measuring central corneal thick-
ness, and lesion size [11, 12]. It can be used before, during, and after lamellar keratoplasty
to evaluate the cornea [13]. In this chapter, we discuss the role of AS-OCT on the basis of
different corneal lamellar procedures such as DALK, DSAEK, and DMEK.

2. OCT in deep anterior lamellar keratoplasty

DALK has been introduced as an alternative to penetrating keratoplasty (PK) for the diseases
that affect anterior layers of cornea [14, 15]. Preserving the endothelium in DALK obtains
reduced graft rejections [16, 17]. Many techniques have been described to separate corneal
stroma and Descemet’s membrane (DM). Peeling stroma up to near DM is called manual
dissection [18, 19]. This procedure can be used as the first choice in some situations such as
deep scarring, or the second choice intraoperatively when it cannot be progressed with other
techniques [20-22]. Other option is the separation of stroma and DM with injection of air,
fluid, or viscoelastic into deep stroma [14, 23-25].

Anterior lamellar keratoplasty was described first by Gasset in keratoconus patients which
was named as conectomy and included transplantation of DM stripped full thickness graft
[26]. Archila et al. introduced deep lamellar keratoplasty, using intrastromal air to separate
stroma from DM [27]. After that, different techniques have been described, and today, the
most frequently used procedure is “Big Bubble” that Anwar and Teichmann reported [14].
The technique includes 27-gauge needle with air-filled syringe inserted into deep stroma for
3—4 mm centrally and air injection to separate DM from stroma. It has been shown that out-
comes of DALK were similar to PK with lower rejection or failure rates. However, Big Bubble
can be obtained in only 56-82% of eyes [28-30].

For the improvement of these surgical techniques, new and unique complications beside
advantages have emerged. The main purpose during separation of stroma from DM is to
obtain a non-damaged DM [31]. But perforation or tears in DM occur in 4-20% of cases which
is the most important complication during surgery [28-30, 32]. The risk of perforation is higher
if proper big bubble formation is not achieved [33]. Unsuccessful big bubble formation is more
frequently seen in patients with keratoconus and deep corneal scar involving DM [34-36].
Microperforations can be managed with air injection to the anterior chamber and careful
manual dissection, but most of the macroperforations need to be converted to PK [14, 37].
The other complication is pseudoanterior chamber [38]. It can occur as double or triple ante-
rior chamber [39, 40]. It usually develops after perforation in DM [41]. Remnant viscoelastic
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material may also cause double anterior chamber [42]. Pseudoanterior chamber may resolve
spontaneously when it is shallow but larger chambers should need surgical intervention [43].

The role of AS-OCT in DALK begins at a preoperative assessment. Patient selection and the
right indication for surgery can be decided with many variables including AS-OCT findings.
AS-OCT images provide central corneal thickness, anterior chamber biometry, angle and iris
measurements, and lens thickness [13]. These findings help planning trephination depth dur-
ing surgery, intraocular lens power assessment if needed combined with phacoemulsification
and intraocular lens implantation, detecting narrow angle before surgery [11]. AS-OCT can
also visualize corneal pathologies such as scarring in central or periphery, corneal degenera-
tions or dystrophies and cysts. The importance of the imaging is to inform the surgeon about
the location, size, and depth of the corneal lesion.

Big bubble procedure in DALK requires well-adjusted trephination depth and centrally
inserted air cannula without damaging DM. This technique needs experience and has a
steep learning curve. One of the difficulties is reaching the intended depth of the cornea with
cannula and advancement to the central stroma. To overcome this challenge, preoperative
central and peripheral corneal thickness measurement with AS-OCT is sensible. Busin et al.
reported a modified big bubble technique, which needs AS-OCT [44]. They evaluated the
thickness of trephination size with AS-OCT and aimed to reach a depth within 50 pm from
the internal corneal surface. Air cannula was advanced only 1 mm into the cornea and air
injected. They reported a successful pneumatic dissection in 85% of patients with this proce-
dure. AS-OCT was very useful to show the depth of trephination site, and perforation during
trephination occurred in only 2.3% (two patients) of patients. Moreover, AS-OCT has superi-
ority over topography with Scheimpflug camera while planning the depth of trephination for
DALK. Riss et al. measured corneal thickness with Scheimpflug camera, planned the depth of
trephination to 90% of the thinnest pachymetric value, and faced perforation during trephina-
tion in 30.1% of patients [45]. Intraoperative AS-OCT seems to increase the choice of DALK
rather than PK with easing lack of experience and surgical difficulties.

It is known that corneal stromal scar has effect on the success rate of DALK. Big bubble can
be achieved in 56-82% of keratoconus patients without a corneal stromal scar. The success
rate varies from keratoconus grade, central corneal thickness, and trephination size in these
patients [28, 29, 46]. Corneal stromal scar is a very important risk factor in keratoconus
patients and other corneal diseases influencing DALK success rate. Ozmen et al. reported that
big bubble formation was achieved in 63.2% of patients and DALK was completed in 91%
of patients [47]. The most important factor affecting DALK and big bubble success was the
ratio of corneal scar depth and central corneal thickness (scar depth/central corneal thickness)
which was calculated with AS-OCT, a cut-off point was given as >53% for scar depth/central
corneal thickness, which has an acceptable sensitivity (100%) and specificity (67%). AS-OCT
has been evaluated as crucial for measuring this risk factor and planning the right operation
for patients. Corneal scar in keratoconus patients may be caused by hydrops. DALK has a
relative contraindication for patients with stromal scar [38]. But considering rejection rates
after PK, DALK can be an option when carried with great attention in patients with stromal
scar. To avoid macroperforation during DALK, preoperative assessment and planning should
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be proper (Figure 1). Nanavaty et al. reported that all of their patients had successful DALK
and none required PK even though microperforation occurred in 60% of patients, with the
help of AS-OCT at preoperative evaluation [48].

Recent improvements in surgical devices allow us to use AS-OCT at intraoperative evalua-
tion. Several studies point out that visual acuity after DALK is better when stromal dissection
is carried to the DM or when there is minimal residual stroma [20, 49-51]. AS-OCT provides
intraoperative assessment of the cornea with high resolution. AS-OCT can be used to measure
the depth of air cannula while using big bubble technique and may increase the rate of a suc-
cessful big bubble formation. Scorcia et al. reported the first study in 2013 using intraopera-
tive AS-OCT to visualize air cannula depth and big bubble formation [52]. It was emphasized
that if the cannula reached the optimal depth, big bubble could be obtained more probably,
but bubble achievement reduced when air was injected superficially. Successful big bubble
in 90% of patients was obtained when the cannula reached within 100 pm from the DM. De
Benito-Llopis et al. reported similar results and indicated that AS-OCT is also useful when big
bubble could not be achieved and manual dissection was performed [53]. AS-OCT images can
be used to evaluate a residual stromal bed during the manual dissection of corneal stroma.

Real-time intraoperative AS-OCT device provides imaging of all surgical steps continu-
ously. Steven et al. reported a case series with using intraoperative AS-OCT. They succeeded
monitoring big bubble formation in two of six patients [54]. They performed a micro-bubble
incision technique in a patient that they could not obtain big bubble and documented with
AS-OCT. Half of the patients was complicated with DM rupture. They indicated that the
accurate measurement of trephination depth and cannula advancement into the deep cen-
tral stroma is possible with real-time intraoperative AS-OCT. Sharma et al. published a case
report of a patient who has undergone DALK. The procedure was complicated with DM
detachment [55]. They used continuous intraoperative AS-OCT while intracameral sulfur

Figure 1. A patient with keratoconus who has an apical scar. (A) Anterior segment photography showing corneal scar.
(B) AS-OCT showing corneal scar, which does not involve deep stromal layers and Descemet’s membrane. With these
findings, DALK was performed. (C) Anterior segment photography after surgery. (D) AS-OCT image of the patient after
surgery.
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hexafluoride injection and visualized re-attachment of DM with real-time images. Chaniyara
et al. reported a complicated DALK case with repair of graft dehiscence with descemetopexy
under the guidance of continuous intraoperative AS-OCT [56]. The use of real-time intraop-
erative AS-OCT seems to increase.

Intraoperative AS-OCT may obtain the depth and central advancement of the cannula while
performing surgery. Image distortion caused by metallic objects is the major disadvantage of
intraoperative AS-OCT [53]. The depth of the cannula could be assessed with only the image
of the tunnel that is created by the cannula. With the manufacturing of plastic needles instead
of metallic ones, one may overcome this drawback. Another disadvantage of intraoperative
AS-OCT is caused by the devices which are mounted on the operation microscope separately.
These devices have a handicap that they need to interrupt the surgery to take AS-OCT images.
This disadvantage causes a delay in surgery. New devices that could obtain real-time images
that are integrated into the operating microscope are being developed.

Pseudoanterior chamber due to DM detachment is frequently associated with microperfo-
rations during surgery, and management includes observation, intracameral gas injection,
or reoperation (Figure 2). Slit-lamp biomicroscopy is enough to detect clinically significant
detachment, but minimal double anterior chamber may not be seen by examination. The deci-
sion of treatment type and follow-up requires documentation of the patient. AS-OCT is very
helpful to detect DM detachment and follow-up of the patient [57]. It allows to measure the
size of pseudoanterior chamber initially and after the treatment [58]. AS-OCT can also visual-
ize Dua’s layer in case of triple anterior chamber occurrence [40].

AS-OCT can evaluate other postoperative complications of DALK. Bahadir et al. reported a can-
dida interface keratitis after DALK, showing the keratitis site at AS-OCT [59]. Mukhopadhyay
et al. reported a rhinosporidiosis keratitis case and they performed a repeat DALK procedure
successfully after determining the site of the infiltrate in corneal stroma with AS-OCT [60].
Muller et al. published a case report with granular corneal dystrophy type-1 and reported that
although they achieved pneumatic dissection to predescemetic layer during DALK, AS-OCT
showed granular opacities between DM and graft [61]. It is thought that granular deposition
occurs at predescemetic layer in granular corneal dystrophy type-1 and PK could be a better
alternative than DALK. Costa et al. reported an iris cyst seen after DALK which was docu-
mented with AS-OCT and anterior segment photography [62].

Figure 2. AS-OCT of a patient who had DALK surgery showing pseudoanterior chamber.
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3. OCT in posterior lamellar keratoplasty

Posterior lamellar keratoplasty has emerged as an alternative to PK to treat corneal endo-
thelial pathology [63, 64]. Evolution of the posterior lamellar keratoplasty procedures
began with Melles et al., who reported deep lamellar endothelial keratoplasty (DLEK) that
includes sutureless transplantation of posterior lamellae of cornea from a scleral incision [65].
Following DLEK, Descemet’s stripping endothelial keratoplasty (DSEK) and DSAEK were
developed [3, 66]. Corneal graft is prepared with automated microkeratome in DSAEK and it
has been used worldwide [67]. Recently, DMEK is introduced as the latest posterior lamellar
keratoplasty technique by Melles et al. [4]. Today, DSAEK and DMEK are the most popular
posterior lamellar keratoplasty procedures [68].

DSAEK and DMEK are completely different interventions and both have different maneu-
vers [69]. DSAEK needs a 4- or a 5-mm limbal or corneo-scleral incision to insert the donor
lamella. Descemet stripping of the host cornea is performed over an 8-mm diameter circle
with a reverse Sinskey hook. Preparation of donor cornea is performed with automated
microkeratome. Donor button consists of a thin stroma and Descemet’s endothelial complex.
Femtosecond laser has also been used recently for the preparation of the DSAEK graft. After
trephination of donor lamella, it is inserted into the anterior chamber. Graft is attached to the
host cornea with an air bubble. By contrast, DMEK provides transplantation of the endothe-
lium with DM layer with minimal or absent stroma [70]. DM is stripped from the posterior
stroma [71]. There are two methods of stripping: the first described procedure consists of
DM stripping after corneal button trephination and the other technique consists of scoring
edge of DM and stripping away from the stroma nearly half way to the center for 360° before
trephination. Recently, DM dissection can be performed by an automated microkeratome and
called as Descemet’s membrane automated endothelial keratoplasty (DMAEK) [72, 73].

Several studies and meta-analysis reported that DMEK has superiority over DSAEK, consider-
ing visual outcome and patient satisfaction but DSAEK is used more frequently because of the
steeper learning curve of DMEK [1, 74-77]. DMEK and DSAEK have a similar complication
profile [78-80]. The most common early complications following posterior lamellar kerato-
plasty are graft dislocation and primary graft failure [81]. Other complications are graft rejec-
tion, endothelial cell loss, iatrogenic pupillary block glaucoma, keratitis, and endophthalmitis.

AS-OCT is a useful tool for posterior lamellar keratoplasty. It is valuable for preoperative
assessment, intraoperative maneuvers, and postoperative follow-up. The preoperative dura-
tion of corneal stromal edema is found to be an important factor for visual outcome in patients
who underwent endothelial keratoplasty [82]. It is known that the long duration of corneal
stromal edema causes an increase in fibroblastic activity, irreversible fibrotic changes, and
corneal scarring [83-85]. PK can be chosen in patients who have bullous keratopathy more
than 12 months, instead of endothelial keratoplasty [82, 86]. AS-OCT may detect these stromal
changes and obtain objective data for the decision of a planned surgery (Figure 3). AS-OCT
images may help to decide which patients with stromal edema more than 12 months will
benefit from endothelial surgery. AS-OCT can also obtain fine images of corneal epithelium.
Long-standing bullous keratopathy may also cause subepithelial haze and fibrosis [87].
Agarwal et al. reported that endothelial keratoplasty with epithelial debridement provides a
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Figure 3. A patient with pseudophakic bullous keratopathy has underwent DMEK. (A) Preoperative anterior segment
photography showing corneal edema. (B) Preoperative AS-OCT showing thickened corneal epithelium, subepithelial
hyper-reflectance and corneal stromal edema. The central corneal thickness was 771 um. (C) Early postoperative anterior
segment photography shows reduced corneal edema. (D) Early postoperative AS-OCT shows reduced corneal edema
and loss of subepithelial hyper-reflectance. The central corneal thickness was 615 um. (E) Late postoperative anterior
segment photography shows a clear cornea. (F) Late postoperative AS-OCT image shows normal corneal reflectance.
The central corneal thickness was 555 um.

better visual outcome in patients with chronic stromal edema [88]. AS-OCT was used to show
corneal layers before and after endothelial keratoplasty which indicates that subepithelial
haze and opacification of cornea decreased with surgery (Figure 4).

DMEK needs special maneuvers to unfold the graft and attach to the host. Attachment of the graft
in both DMEK and DSAEK was performed with an air bubble, and there should be no interface
fluid. Intraoperative AS-OCT can evaluate the graft orientation and obtain images of interface.
Ide et al. reported the successful use of intraoperative AS-OCT in six consecutive patients show-
ing no interface fluid at the end of the DSAEK [89]. Knecht et al. reported that their intraoperative
AS-OCT study with six cases underwent DSAEK and indicated that detectable interface space
does not mean a failure because the fluid may regress 1 day after surgery [90]. They also reported
that detectable interface fluid may disappear with vent incisions by the guidance of intraopera-
tive AS-OCT. In addition to that, PIONEER study published two separate results from DSAEK
surgery with intraoperative AS-OCT. The first study indicated that transient interface fluid at the
end of the surgery and first postoperative day is more likely to develop textural interface opacity
[91]. The second study reported that a larger residual interface fluid volume, area, and thickness
at the end of surgery are associated with early-graft detachment [92]. These results emphasize
that minimal or no interface fluid should be left at the end of the DSAEK surgery.
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Figure 4. Triple-DMEK was performed successfully to a patient who had Fuchs endothelial dystrophy, severe corneal
stromal edema with epithelial bullae, and angle closure glaucoma. (A) Preoperative anterior segment photography
showing cataract and severe corneal edema. Visual acuity was hand movements. (B) Preoperative corneal thickness map
in corneal topography. (C)preoperative AS-OCT image showing that corneal thickness was 917 um. (D) Corneal edema
was diminished 1 month after surgery and visual acuity was increased to 20/20. (E) Postoperative corneal thickness
map showing resolved corneal edema. (F) AS-OCT image showing that corneal layers were returned to normal and the
central corneal thickness was 530 pm.

Initial studies were performed with handheld AS-OCT devices, and imaging caused interrup-
tion of the surgery. Initial publications were followed by studies with real-time intraopera-
tive AS-OCT which is integrated with the operating microscope [93-96]. Real-time imaging
provided more comfortable surgery with simultaneous imaging. Besides evaluating interface
fluid during surgery, intraoperative AS-OCT has additional benefits. Intraoperative AS-OCT
assists in obtaining images of the nearly opaque corneas caused by stromal edema which
could not be assessed well with an operation microscope [95]. This helps the surgeon to
manipulate the graft easily in the operation.

DMEK is a relatively new technique than DSAEK, and studies on DMEK with intraoperative
AS-OCT are fewer. Steven et al. published a study with 26 patients who underwent DMEK
and reported that the usage of intraoperative AS-OCT enhances the graft visibility and sur-
geon’s orientation [97]. Saad et al. reported that intraoperative AS-OCT enables a faster graft
positioning with less manipulation in DMEK [96]. DISCOVER study indicated that intraop-
erative AS-OCT is very useful to confirm graft orientation and to reduce the iatrogenic graft
failure [98].

Postoperative follow-up for graft dehiscence and graft failure is crucial in posterior lamellar
keratoplasty. The fluid between the cornea and the graft can be seen with a slit-lamp bio-
microscopy but Tarnawska and Wylegala reported that half of the interface fluid cannot be
seen with examination which was detected by AS-OCT [99]. Early detection of interface fluid
and graft detachment provides early intervention. In addition to that, postoperative mea-
surement of graft thickness is an important factor for graft failure in DSAEK patients [100].
Eyes with thick grafts are more prone to graft failure (Figure 5). It is important to provide
improvement in visual acuity after endothelial keratoplasty but fewer patients achieve excel-
lent quality of vision. Many reasons were suggested including anterior stromal changes,
graft-related problems, induced high-order aberrations, and interface-related problems.
Turnbull et al. commented that the evolving anterior segment imaging could increase our
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Figure 5. A patient who underwent DSAEK surgery for pseudophakic bullous keratopathy, presented with primary
graft failure. DMEK was performed as a second surgery and corneal edema reduced. (A) Anterior segment photography
before surgery showing severe edema. (B) Corneal thickness map in corneal topography showing corneal edema. (C)
Corneal thickness was 753 um and DSAEK graft’s thickness was 113 um. Hyperreflective line shown with white arrow
shows interphase between posterior corneal stroma and DSAEK graft. (D) Anterior segment photography 1 day after
DMEK; there was corneal haze without edema. (E) Corneal thickness map in corneal topography showing thinning
in central cornea. (F) AS-OCT image showing that the central corneal thickness was 515 um. DMEK graft cannot be
visualized by AS-OCT. White arrow shows a horizontal hyperreflective posterior corneal stromal scar surface.

understanding of the reason to the solution of these difficulties [85]. Suh et al. reported that
the evaluation of epithelial ingrowth in DSAEK patient can be possible with AS-OCT [101].
Kymionis et al. reported a case with residual DM after DSAEK that was shown with AS-OCT
[102]. Lopez and Melles et al. published a study that described rebubbling techniques in
DMEK, and they showed detached and folded DM with AS-OCT [103]. The assistance of
AS-OCT for the assessment and management of complications in DMEK was studied in
many publications [104-107].

4. Conclusion

AS-OCT is a valuable tool for assessing lamellar keratoplasty in all steps of the surgery. The
use of AS-OCT starts from patient selection to postoperative late complications. Both anterior
and posterior lamellar procedures need proper patient selection to obtain desired outcomes.
Imaging the graft-host relationship with AS-OCT allows proper assessment of interface and
helps surgeon to perform fast and successful surgeries. Some complications such as graft
detachment can be visualized with AS-OCT postoperatively, more accurate than a conven-
tional slit-lamp examination. AS-OCT is currently being used widely in corneal surgeries, and
its role in lamellar keratoplasty seems to be increasing.
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Abstract

Anterior segment OCT (AS-OCT) is an optical and noncontact imaging technology,
which has numerous fields of application in the imaging of the cornea, anterior chamber,
and the lens. In this chapter, we will present some of the application fields of AS-OCT
in corneal, cataract, and refractive surgery. We will emphasize the potential of AS-OCT
by several clinical examples including corneal imaging (keratoconus, keratoplasty, and
refractive surgery) and intraocular lens imaging after refractive surgery. AS-OCT shows
special potential for corneal imaging in case of corneal edema and for postoperative
control after Descemet’s membrane endothelial keratoplasty (DMEK). The postoperative
follow-up of a posterior chamber Collamer lens’ses vault and measuring the anterior
chamber angle could be identified as another promising field of application for AS-OCT.

Keywords: anterior segment, cataract, refractive surgery, cornea, keratoplasty,
keratoconus, intracorneal ring segments, LASIK, phakic intraocular lenses

1. Introduction

Since its development in the late 1980s, optical coherence tomography (OCT) has found
numerous applications not only in ophthalmology. The first ophthalmological applications
were tomographical imaging of the ultrastructure of the human retina, especially the fovea.
For the first time OCT allowed tomographic imaging of the retinal layers allowing detection
of subretinal changes and high precision assessment of the changes in retinal nerve fiber layer
thickness. The visible to near infrared wavelengths used in posterior segment OCT devices

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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allowed high transmission in aqueous material and high reflectivity at retinal structures. At
that time, the Scheimpflug imaging technology was able to provide high resolution tomo-
graphic images of the anterior segment including the lens [1]. Anterior segment biometry,
such as measuring corneal thickness (pachymetry) and the depth of the anterior chamber for
surgery planning in corneal refractive surgery or calculating intraocular lenses (IOL) could
only be performed by ultrasound biomicroscopy or Scheimpflug imaging [2, 3]. In the 1990s,
the leading research groups in OCT technology presented the first results in anterior segment
imaging and biometry [4-6]. Dedicated OCT devices for tomographic imaging of the anterior
segment (AS-OCT) were not available until Zeiss Meditec launched their Visante™ 1000 OCT
which was based on time domain OCT technology [3]. In 2009, Tomey launched their swept-
source based OCT Casia 55-1000, which was also dedicated to anterior segment imaging.
Manufacturers of posterior segment OCT devices soon provided additional objective lenses
allowing tomographic imaging of anterior segment structures. During the last decade, the
OCT technology conquered numerous applications including corneal imaging, refractive sur-
gery, lens imaging, glaucoma, and cataract surgery.

In this chapter, we will present and discuss applications of OCT technology in the imaging
of the anterior segment of the human eye, including general imaging of anterior segment
morphology as well as applications in corneal and anterior segment surgery.

2. Cornea

The cornea is the most outer structure of the human eye and contributes to about 2/3 (=48 D) of
the total optical power to the eye. The cornea’s structure can be subdivided into six layers with the
epithelium (EP) being the outer layer which covers Bowman'’s layer (BL). The epithelium is covered
by the tear film and consists of up to six layers of epithelial cells. Its average thickness is about 50 pm.
Bowman’s layer is a collagenous, acellular, nonregenerating layer and separates the epithelial cell
layer from the stroma. The stroma covers 85% of the volume in the human cornea with a total thick-
ness of about 350450 pum [7]. The posterior limitation of the stroma is Descemet’s membrane (DM),
which has a thickness of about 10-15 pm [7]. The DM is the basal membrane for the endothelial cell
layer, which is a single-layer of hexagonal endothelial cells with a thickness of about 4.5 um. Dua
et al. [7] identified an additional pre-Descemetal layer of 10-15 pum thickness, which they named
Dua’s layer (DL).

The different layers of the human cornea can be imaged in vivo by specialized ultrahigh-
resolution OCT systems as shown by Werkmeister et al. [8] (Figure 1).

2.1. Keratoconus

Keratoconus (KC) is a corneal disease characterized by a progressive steepening and protrusion of
the corneal topography accompanied by a central to paracentral thinning (Figure 2). Keratoconus
is a bilateral disease and often manifests within the second to third decade of life. Primary diag-
nosis is being supported by corneal topography and corneal tomography, which both can be
performed by AS-OCT. AS-OCT assists in early detection and monitoring of the progression of
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Figure 1. UHR-OCT tomogram of the central and paracentral zone of the cornea of a 38-year-old healthy male. TF, tear
film; EP, epithelium; BLE, basal layer of epithelium; BL, Bowman’s layer; ST, corneal stroma; DM, Descemet’s membrane;
ED, endothelium. Reprinted with permission from Werkmeister et al. [8], © Optical Society of America.

o

Figure 2. Horizontal image slice of an eye with keratoconus especially notable at the posterior corneal surface. Image
taken with Casia 2 AS-OCT (Tomey Corp., Nagoya, Japan).

the disease in order to provide stage oriented therapeutic options. The high reliability of corneal
thickness measurements make AS-OCT a useful tool for monitoring changes in corneal thick-
ness, however measurements could not be used interchangeably with other modalities such as
Scheimpflug imaging [9-11]. Schroder et al. have shown that AS-OCT technology provides a high
repeatability for measuring the corneal thickness in healthy patients. They also showed that the
posterior surface measurement was more reliable than with Scheimpflug technology [11].
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New methods such as corneal OCT and topographic mapping of EP and BL have been pro-
posed for early detection of keratoconus [12-15]. However, this requires high-resolution OCT
technology in order to resolve EP and BL with sufficient precision.

In late, advanced stages of keratoconus, DM may tear allowing the aqueous humor to pen-
etrate the stroma. This situation is also known as acute keratoconus, which is characterized by
a corneal edema and opacification (corneal hydrops). The edema limits the visibility of struc-
tures in the anterior chamber. The development of the Descemet’s tear may differ between
patients, and AS-OCT is able to image through the corneal edema allowing the examiner to
locate the Descemet’s tear (Figure 3). Scheimpflug technology is limited in these cases due
to increased light scattering. After the edema has diminished, the Descemet tear usually
cicatrizes, affecting the patient’s visual acuity. The ultimate therapeutic option is penetrating
keratoplasty (PK). However, from the surgeon’s point of view, the hydrops should resolve
before PK should be performed [16]. AS-OCT is an ideal method for staging the disease and
documenting the course of corneal hydrops (Figure 4) in order to define the time point when
PK may be performed [17]. Pre-Descemetal sutures may be used to assist the edema in resolv-
ing and the DM in reattaching to the stroma. Therefore, the corneal hydrops is being sutured
perpendicular to the DM tear [18]. Re-attachment of DM is being supported by an intracam-
eral air bubble [18]. Despite impaired insight into the anterior chamber, AS-OCT allows tak-
ing a nearly unobstructed tomographic image of the anterior chamber including visualization
of the DM tear facilitating suture planning prior to surgery [18].

In early stages of KC, when DM is unaffected and scarring has occurred in the stroma only,
a deep anterior lamellar keratoplasty (DALK) may be a useful option. In this case, only the
stroma (without DM) is being transplanted. AS-OCT may help to visualize pre-Descemetal
scarring in order to check patients’ eligibility for DALK. The utility of intraoperative AS-OCT
has been proven for analyzing whether the diseased stroma has been fully removed and
whether the transplant has been well integrated into the host tissue [19, 20]. In the follow-up
AS-OCT again is useful to check the graft adhesion to the host's DM or to visualize DM and
the anterior chamber if the view is limited due to increased light scatter caused by corneal
edema (Figure 5). Again, OCT allows a detailed a tomographic view of the host-graft inter-
face, which usually exhibits a high amount of scattered light.

b (a) (b)

-

Figure 3. Eye of a 25-year-old patient with acute keratoconus (corneal hydrops). (a) The AS-OCT (Casia 2, Tomey Corp.,
Nagoya, Japan) image reveals the extent of the corneal edema and the location of the Descemet’s rupture. The Descemet’s
membrane rolls are clearly visible indicating the strain of Descemet’s membrane. (b) Scheimpflug imaging (Pentacam®HR,
Oculus Optikgerate GmbH, Wetzlar) is limited and cannot image the anterior chamber due to increased light scattering.
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Figure 4. Eye of a 25-year-old patient 3 months after acute keratoconus (Figure 3) that had been treated with Muraine
sutures and an air bubble in the anterior chamber. The corneal edema widely disappeared leaving a central scar
including the posterior surface. The opacification is still present, visible as darker stroma in the center. Image taken with
Casia 2 AS-OCT (Tomey Corp., Nagoya, Japan).

Figure 5. Descemet’s rupture during DALK surgery with major edema of the full-thickness graft. Image taken with
Casia 55-1000 AS-OCT (Tomey Corp., Nagoya, Japan).

2.2. Refractive surgery

The high axial resolution of AS-OCT and the capability of detecting small changes in reflectiv-
ity are ideal prerequisites for applications in corneal refractive surgery. AS-OCT is capable of
imaging corneal incisions, scars, and flaps created during laser in-situ keratomileusis (LASIK).
It can be used as diagnostic tool for measuring the pre- to postoperative change in corneal
thickness as well as for controlling the flap thickness and flap quality. Figure 6 shows an eye
with femtosecond-laser-assisted LASIK (fs-LASIK) with a flap thickness of 120 pm. An eye
with microkeratome-created LASIK-flap 18 years after surgery is shown in Figure 7 revealing
a residual stromal bed thickness of about 300 um. AS-OCT can also assist in identifying the
causes for post-LASIK corneal ectasia as shown in Figure 8, where we could detect a misbal-
anced ratio of flap to stromal bed thickness and a too thin residual stromal bed.

New methods such as small incision lenticule extraction (SMILE) could also be visualized
with AS-OCT [21]. Intraoperative AS-OCT was shown to be useful in visualizing the lenticule
during the management of complications in SMILE surgery [22, 23].
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Figure 6. Right eye of a patient having received femtosecond-laser-assisted LASIK. The flap thickness of about 120 pm
could be measured with the AS-OCT (Casia 2, Tomey Corp., Nagoya, Japan).

Figure 7. Left eye of a 39-year-old male with a microkeratome-created LASIK flap, which is still visible 18 years after
surgery. The thickness values provided are separated into flap thickness and stromal bed thickness. The residual stromal
bed is around 300 um. Image taken with Casia 2 AS-OCT (Tomey Corp., Nagoya, Japan).

Intracorneal ring segments (ICRS) are an option for reducing the refractive power of the cornea in
keratoconus if the optical center is free from scars. Therefore, a circular tunnel is being prepared
within the stroma into which the plastic ring(s) are being implanted. The tunnel may be prepared
mechanically or with a femtosecond-laser. However, Monteiro et al. have shown with AS-OCT
that femtosecond-laser based tunnel preparation is more predictable than manual tunnel prepa-
ration [24]. Currently, there are various ICRS models on the market with different cross-sectional
geometry, thickness, and arc lengths. The thickness, arc length and implantation site is usually
defined by proprietary nomograms [25]. In the follow-up of ICRS, AS-OCT is useful for investi-
gating proper placement of the ring segments, especially the distance to DM and/or BL and the
epithelium [26]. In these cases, the plastic rings within the cornea will induce artifacts visible
as bright stripes parallel to the line of sight. Structures lying behind these rings are subject to
distortion due to the change of refractive index, which currently cannot be interpreted by clinical
AS-OCT software. Figure 9 shows an eye with intracorneal ring segments for keratoconus. Due to
this image distortion, a reliable measurement of the thickness behind these structures is not fea-
sible. However, AS-OCT is useful to follow relative changes or displacement of ICRS over time.

In patient’s having received a corneal pinhole implant (KAMRA®, AcuFocus Inc., Irvine,
USA), the centration and implantation of the implant beneath the femtosecond-laser-created
flap is crucial and should be controlled in the OCT image. Due to the very prominent Purkinje
reflex visible in the central OCT image, the assessment of proper KAMRA® implant centra-
tion could be performed at ease. However, the absorption of the pinhole implant hides any
structures lying behind the implant (Figure 10).
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(b)

Figure 8.(a) AS-OCT-derived corneal topography in a 44-year-old patient some years after LASIK surgery. The
topography reveals a decentered ablation and late onset of corneal ectasia. (b) The flap is clearly visible and the residual
bed thickness was found to be less than 200 um. Images taken with Casia S5-1000 AS-OCT (Tomey Corp., Nagoya, Japan).

(a)

Figure 9. (a) Keratoconus eye with intracorneal ring segments (ICRS) with prismatic cross section. The sharp edge of the
temporal ring (arrow) is close to the DM and should be monitored. (b) Cornea with femtosecond-laser-assisted Intacs®
SK ICRS (Addition Technology Inc., Lombard, USA) implantation. The OCT image reveals the elliptic cross section of
the Intacs® SK implants. The ICRS edge causes artifacts within the anterior chamber. Images taken with Casia 2 AS-OCT
(Tomey Corp., Nagoya, Japan).

2.3. Corneal transplantation

The first successful transplantation of corneal tissue has been performed by Eduard Zirm in
1905 [27]. Since then, corneal transplantation has been the oldest and most successful tech-
nique of human tissue or organ transplantation. Starting from the original PK and the transfer
of all corneal layers, new techniques such as lamellar transplantation have been emerging. PK
has been proven to provide good optical results and excellent transplant survival depending
on the initial indication for PK [28]. However, complications such as posterior step formation,
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Figure 10. Pseudophakic eye with a KAMRA® intracorneal inlay for presbyopia treatment under a 200-pum femtosecond-
laser flap. The central Purkinje reflex reveals that both intraocular lens and corneal inlay are well centered. Image taken
with Casia 2 AS-OCT (Tomey Corp., Nagoya, Japan).

graft opacification or graft rejection may occur. In addition, a partially irregular postopera-
tive corneal astigmatism is one of the side effects of PK. Szentmary et al. [29] showed that
nonmechanical trephination during PK yields better morphological and functional results
than mechanical trephination. The immunological drawbacks could be minimized by novel
lamellar techniques such as DALK, Descemet’s stripping automated endothelial keratoplasty
(DSAEK) or Descemet membrane endothelial keratoplasty (DMEK) [16]. AS-OCT may help
in assessing the graft adhesion, the host-graft interface [30], graft thickness or step forma-
tion [31]. Yenerel et al. argued that AS-OCT may be a useful tool in monitoring the morpho-
logical results of PK and in the management of the postoperative complications after PK [32].
Figure 11 shows two eyes after excimer-laser and top-hat profile femtosecond-laser-assisted
keratoplasty illustrating the different trephination techniques.

2.3.1. Descemet stripping automated endothelial keratoplasty (DSAEK)

Posterior lamellar keratoplasty was originally introduced by Melles in 1998 and had continu-
ously been improved until 2004 when Melles presented a new method for stripping the DM
which led to the Descemet stripping automated endothelial keratoplasty (DSAEK) procedure

{a] -

.-'-’.

\“-.

Figure 11. (a) Integrated graft in an eye after excimer-laser-assisted keratoplasty showing the straight interface and no
step formation. (b) An eye after femtosecond-laser-assisted keratoplasty using a top-hat trephination profile. The dashed
lines highlight the graft-host interface. Images taken with Casia 2 AS-OCT (Tomey Corp., Nagoya, Japan).
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[33, 34]. The objective was to implement a technique for lamellar keratoplasty for the transplanta-
tion of endothelial cells leaving the hosts stroma in place. A thin graft of DM and stroma is being
prepared from donor tissue. After stripping the host’s DM the graft is placed onto the posterior
side of the host cornea. Intraoperative OCT may assist in the positioning of the graft [35, 36].
Due to the thickness and geometric profile of the graft, the posterior surface of the host cornea is
changed causing a change in total corneal power (Figure 12). This leads to invalid keratometer
readings and systematic errors in intraocular lens power calculations in DSAEK eyes, leading to
a hyperopic shift of up to 1.5 D [37-39]. This has to be considered in intraocular lens calculation
and requires adjustment in case of combined DSAEK and cataract surgery. Therefore, corneal
tomography (either AS-OCT or Scheimpflug imaging) is mandatory in these cases. In case of
sequential cataract surgery in DSAEK eyes AS-OCT and Scheimpflug imaging are useful tools
to calculate the total corneal refractive power instead of keratometer readings [39].

2.3.2. Descemet’s membrane endothelial keratoplasty (DMEK)

Descemet’s membrane endothelial keratoplasty (DMEK) was originally proposed by Melles
et al. in 2006 [40] and has been increasingly performed during the last decade [41]. The indica-
tions include endothelial diseases such as in Fuchs’ dystrophy when the corneal edema affects
corneal transparency and visual acuity. During surgery, the DM of the host is being stripped
and replaced by a donor DM with healthy endothelium. Graft attachment to the host stroma
is crucial and is usually supported by a gas bubble, which is intraoperatively injected into
the anterior chamber. The adhesion of the graft requires monitoring during the first days and
weeks after surgery. The high resolution of AS-OCT is essential for imaging small adhesion
defects and to locate the dehiscence of the graft. Especially in the short term after surgery,
patients should frequently be monitored by AS-OCT in order to document graft adhesion and
to determine, whether a re-bubbling is required (Figures 13 and 14). AS-OCT examination
outperforms slit-lamp examination in the short term DMEK monitoring and the examina-
tion is quick and more comfortable for the patients than slit-lamp examination. Therefore, a
three-dimensional view of the anterior segment is beneficial (video 1). Eyes after DMEK are
also subject to a hyperopic shift after IOL implantation. However, the change of total corneal
refractive power is markedly smaller (about 0.5 D) in DMEK than in DSAEK [42, 43].

2.3.3. Screening of corneal donor tissue

Eye banks are in charge of checking eligibility of corneal donor tissue for PK. The analysis pro-
cedure includes visual inspection, morphological and microbiological examination. One crucial
parameter is the endothelial cell density, which should exceed 2000 cells/mm?. The stroma should
be free from scars for good visual rehabilitation. Corneas from donors with keratoconus or that
had undergone any laser refractive surgery should not be used for PK due to the unpredictable
refractive result. However, the DM might be eligible for posterior lamellar keratoplasty such as
DMEK. Keratoconic and postrefractive surgery corneas could be detected by analyzing the ante-
rior and posterior radii of curvature and the corneal thickness profile or by detecting structural
changes in the corneal tissue [44]. However, in-vivo data from donors are rarely available and
therefore screening of donor tissue tomography could only be performed during tissue cultiva-
tion. OCT technology allows sterile, direct noncontact tomographic imaging of corneal donor
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Figure 12. (a) Eye after DSAEK showing the graft well attached to the host stroma (Casia SS-1000 AS-OCT, Tomey Corp.,
Nagoya, Japan). The graft thickness was between 190 and 290 pum. (b) Graphical representation of the anterior and
posterior refractive power as well as the keratometric power and total refractive (real) power. The values indicate that
using the keratometric power, the corneal power will be over-estimated by 1.6 D (average keratometric power 43.5 D vs.
real corneal power 41.9 D), which would lead to hyperopic shift after cataract surgery.

k3

Figure 13. Vertical cross-section of a pseudophakic eye after combined DMEK and cataract surgery showing a large
superior dehiscence of the graft and a partially decompensated cornea, which requires rebubbling. Image taken with
Casia 2 AS-OCT (Tomey Corp., Nagoya, Japan).
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Figure 14. (a) Large area detachment of the graft after DMEK and cataract surgery. The cornea was fully opaque and
(b) Scheimpflug imaging (Pentacam® HR, Oculus Optikgerdte GmbH, Wetzlar, Germany) or (c) slit-lamp examination
(BX 900, Haag-Streit AG, Koeniz, Switzerland) of the anterior segment were impossible. The AS-OCT (Casia 2 AS-OCT,
Tomey Corp., Nagoya, Japan) image, however, allowed analyzing the detached DM and anterior chamber.

tissue with the donor tissue placed within the culture flask. First attempts have been presented by
Neubauer and Priglinger [45, 46] and the method has been enhanced with different devices and
methods by Janunts et al. [47] (CASIA S5-1000, Tomey Corp., Nagoya, Japan) and Damian et al.
(Spectralis Anterior Segment Module, Heidelberg Engineering GmbH, Heidelberg, Germany) [48].

Since the new AS-OCT Casia 2 (Tomey Corp., Nagoya, Japan) was launched to the market in
2016, we have developed an improved method for the tomographic screening of donor tissue.
The culture flasks (Figure 15a) can be placed directly on the chin rest of the device (Figure 15c)
and a volumetric scan allows capturing the complete corneal button including the holder
(Figure 15b) to which the corneal button is attached while resting in the culture flask (Figure 16).

A custom written MATLAB® (The Mathworks, Natick, USA) script is then used to find the
anterior and posterior surface of the corneal button in the volume dataset and a parametric
surface model is fitted to the data allowing to calculate the radii of curvature and the thickness
profile of the corneal button.

holder

donor comea

culture
medium

Figure 15. (a) Corneal tissue is cultivated within plastic culture flasks (adapted from Damian et al. [48], originally
published under Creative Commons Attribution 3.0 Unported License. Available from: DOI:10.1117/1.JBO.22.1.016001).
The corneal tissue is fixed in a holder (b) to avoid free floating of the tissue in the flask. (c) The culture flask is placed on
the chin rest of the Casia 2 AS-OCT with a custom made 3D-printed adaptor.

143



144 OCT - Applications in Ophthalmology

dongr cormea

arulects

i wall - — e ———— e

Figure 16. Volumetric dataset and central image slice from a donor cornea measured within the culture flask. The flask
walls and the cornea holder are clearly visible in the image. The corneal radii of curvature can be calculated within a
region of interest (ROI).

3. Phakic intraocular lenses

Precise assessment of the anterior chamber is important in glaucoma as well as in refractive
surgery. Especially new concepts for refractive surgery require additional attention, such as
phakic intraocular lenses. Posterior chamber implantable Collamer lenses (ICL) are a viable
option for refractive surgery when corneal laser surgery is contraindicated. The most fre-
quently used product of this type is the Visian® ICL. Such lenses are being implanted into
the ciliary sulcus between the crystalline lens and the iris. The diameter of the lens has to be
adapted to ciliary sulcus dimensions. The space could be estimated by using the diameter of
the cornea (white-to-white diameter). Another option incorporates the use of ultrasound bio-
microscopy to measure the diameter of the ciliary sulcus. The most frequent complications of
early models of the ICL were a postoperative rise of intraocular pressure, angle closure, and
cataract formation [49-51]. Therefore, the later models incorporated two holes within the plate
haptic providing a bypass for the aqueous humor into the anterior chamber. The most recent
type of ICL, the Visian® ICL V4c incorporates an additional hole in the center of the optic.

The size of the ICL is crucial to avoid contact of the ICL to the crystalline lens, which would
typically happen with an undersized ICL. Oversized ICLs instead get vaulted toward the ante-
rior chamber and may cause angle closure glaucoma [52]. Therefore, the distance of the poste-
rior surface of the ICL to the anterior surface of the crystalline lens, the so called vault, is a key
parameter to be monitored after ICL implantation. The feasibility of measuring the lens vault
with AS-OCT was first shown by Bechmann et al. [53]. Several researchers reported the ICL
vault to be within 90 pm and 1 mm, whereas an ideal vault is considered to be 0.5 mm [54-57].
Nakamura et al. [56] reported a method for ICL size calculation based on AS-OCT. Zhang
et al. [58] compared anterior segment parameters measured with AS-OCT and ultrasound
biomicroscopy. They found that AS-OCT slightly overestimated the vault and that both
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Figure 17. A myopic eye with a well-centered Visian® ICL V4c. The vault of the lens was larger than 400 um in the center.
The peripheral (top) and central (bottom) Aquaports are visible in separate image slices.

Figure 18. Angle closure at 138° after implantation of an oversized Visian® ICL V4c. The central Aquaport is visible in
the image. The central vault is 1.2 mm and the peripheral vault up to 1.4 mm. Explantation of the ICL is recommended
in order to prevent acute angle closure.

methods should not be used interchangeably. However, vault measurement requires manual
interaction by an experienced operator as automatic analysis software is not available.

In addition, the anterior chamber angle (ACA) requires monitoring in order to detect early
threat of angle closure. Figure 17 shows a myopic eye with an ICL of the type Visian® V4c is
shown in Figure 17, showing a well placed implant with two Aquaports and a wide ACA.
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Figure 19. Star 360° analysis performed with the Casia 2 AS-OCT (Tomey Corp., Nagoya, Japan) on an eye with an
oversized ICL (Figure 18). The green line touching the red circle and blue areas shows regions of angle closure within
the circumference of the anterior chamber angle.

The application of AS-OCT in the follow-up after ICL implantation is emphasized by a case of
a 26-year-old patient having undergone ICL implantation (Visian® ICL V4c) for myopia. We
found a large and slightly asymmetric vault of the implant (Figure 18). An ACA analysis with
the OCT’s own software showed a threat of partial angle closure due to an oversized implant
(Figure 19). Explantation of the ICL is recommended in order to prevent acute angle closure.
The three-dimensional observation of the anterior chamber is essential.

4. Conclusions

Anterior segment OCT offers a variety of applications in corneal and refractive surgery, which
need to be explored and enhanced in the future. Current analysis methods such as flap thick-
ness or ICL vault require manual interaction by experiences operators in order to yield repro-
ducible and representative results. The screening of corneal donor tissue allows retrieval of
additional information on the tissue and may help to screen for anamnestically undetected
refractive surgery such as LASIK or PRK.
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Appendices and nomenclature

ACA anterior chamber angle

AS-OCT anterior segment optical coherence tomography

D diopter

DALK deep anterior lamellar keratoplasty

DL Dua’s layer

DM Descemet’s membrane

DMEK Descemet membrane endothelial keratoplasty

DSAEK Descemet stripping automated endothelial keratoplasty
fs-LASIK femtosecond-laser-assisted laser in-situ keratomileusis
ICL implantable Collamer lens

ICRS intracorneal ring segment

IOL intraocular lens

KC keratoconus

LASIK laser in-situ keratomileusis

PK penetrating keratoplasty

PRK photorefractive keratectomy

ROI region of interest

SMILE small incision lenticule extraction
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Abstract

Glaucoma is a chronic and progressive optic neuropathy in which increased intraocular
pressure is the most important risk factor in the etiopathogenesis. The basic pathology
is the progressive loss of retinal ganglion cells (RGCs) especially the death of the axons
of ganglion cells initially (apoptosis), followed by peripapillary retinal nerve fiber layer
(RNFL) defects. Since optical coherence tomography (OCT)’s first demonstration in 1991
by Huang et al. and introduction commercially in 1996, it began gaining popularity in
2000s for retinal evaluation and the detection, diagnosis, and follow-up of glaucoma.
Previously available OCT instruments used a technique referred to as time-domain (TD-)
OCT, followed by spectral-domain (SD-) OCT, which has an increased scan acquisition
rate, allowing for a more detailed sampling of the area of interest. Recently, swept-source
OCT (SS-OCT), a newer generation of OCT, has been introduced. Clinical assessment
using multiple parameters, including peripapillary RNFL, ganglion cells, optic nerve
head, and macular parameters, has proven useful for managing and diagnosing glau-
coma as well as for evaluating risk in glaucoma suspects. In this chapter, we aim to
evaluate the use of OCT and its modalities in diagnosis, screening, and progression of
glaucoma.

Keywords: OCT, glaucoma, retinal nerve fiber layer, ganglion cell, optic nerve

1. Introduction

Glaucoma is a progressive optic neuropathy where intraocular pressure is considered to be
the most significant risk factor in its etiopathogenesis. The fundamental pathology of the
disease is the progressive loss of the ganglion cells. Glaucoma predominantly affects the
inner macular retinal layers: the macular RNFL (mRNFL), ganglion cell layer (GCL) and
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InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgINEN



156  OCT - Applications in Ophthalmology

inner plexiform layer (IPL) where ganglion cell complex (GCC) consists of RNFL, GCL and
IPL thickness [1]. The ganglion cell damage occurs at the lamina cribrosa level in the optic
disc; first, the axons get damaged, then the ganglion cells which these axons are connected
to disappear through a programmed cell death called apoptosis. This loss of axons and
ganglion cells cannot be identified with any clinical diagnosis methods before it exceeds a
certain critical threshold [2-5]. Research in this area shows that the earliest symptom that
can be detected clinically in glaucoma is the loss or thinning of the retinal nerve fiber layer
(RNFL). The loss or thinning of the neuroretinal tissue is usually detected later on [6-8].

Circumpapillary RNFL (cpRNFL) and GCC thickness measurements are the parameters
that have high performance in detecting glaucoma-detecting ability and are comparable to
cpRNFL thickness [9-11].

OCT is an imaging method that obtains high-resolution sections of biological tissues, and it is
possible to simply define this mechanism as the conversion of the light that is reflected from
the tissue to an image [12-14].

Commonly used in the area of ophthalmology especially in the past 20 years, the optical
coherence tomography (OCT) has provided significant contributions for the early diagnosis
of the glaucoma disease and monitoring and analysis of the glaucoma patients [14-18].

2. OCT from past to present

OCT is first developed by Huang et al. in 1991, at the Massachusetts Institute of Technology
in Boston [19]. Studies of Dr. Fujimoto who was an important member of the team who devel-
oped OCT, on femtosecond lasers and interferometers that can release energy in very short
periods of time have been defining in terms of the development of the device [20]. The first
OCT device known as the OCT-1 has been introduced by a company called Humprey, which
was acquired by Carl Zeiss in 1991. In the following years, OCT-2, which had an increased
resolution, and finally OCT-3 (Stratus OCT) were developed. All three devices are referred to
as time domains [21-24].

This term is used more commonly, especially after the spectral domain (Fournier domain)
OCT technology became available in 2002, in order to clarify the difference between the
two technologies. OCT-3 is the last manufactured product with the time domain technol-
ogy, which provides a significant increase in resolution compared to OCT-1 and OCT-2
[25, 26].

Today, all OCT devices that are manufactured have the spectral domain technology.
Simply put, while the operating principle of time domain OCT is associated with the
delay in the reflection time of light, the actual variable in spectral domain OCT is the
change in the optic frequency. The important differences between these devices that
demonstrate themselves on clinical basis are the high axial resolution, being affected by
eye movements at a minimum level and low artifacts. To date, axial resolution obtained
through spectral domain OCT devices has reached up to a value of 3 microns, and these
devices are rightfully referred to as OCTs with very high speeds and very high resolutions
[27, 28].
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As also mentioned earlier, the OCT calculates the delay in the reflection of light from different
layers of the tissue. Light reflected from the deep layers of the tissue would exhibit a longer
period of delay, compared to that of the light reflected from the surface. The distribution of
the intensity of the reflected light according to this period of delay is demonstrated as the
axial A-mode scan. Many A-mode scans are obtained through scans across the sample, and
these are converted into gray or colored scales indicating the signal intensity [29, 30].

The most critical issue for the formation of the image in OCT systems is the measurement of
the time difference of the lights reflecting from different tissues, that is, the reflection delay.
A reference mirror which provides the time difference is available in time domain OCTs. This
mobile mirror system is a factor that limits the speed of obtaining an image in OCT. In the
spectral domain OCT system on the other hand, the mirror is fixed. Thanks to this feature, the
mirror movement which limits the speed is avoided [31].

In all OCT systems manufactured since the clinical use of the OCT technology, super lumi-
nescent diodes (SLDs) have been used as sources of light. In time domain OCT-3 whose axial
resolution in the tissue is the highest, the resolution value is approximately 8-10 microns.
Super luminescent diode lasers that could be different from each other but similar to each
other in terms of the range of wave light emissions are also used in spectral domain OCT
devices. Axial resolution in these devices has been lowered up to 3 microns [14].

Thanks to the development of the spectral domain OCT technology, the speed for obtaining
images has also increased and risen up to 70,000 A-mode scans per second from 400 A-mode
scans (OCT-3) per second. The increase in the scan speed has lowered the amount of the
artifact in the image even further [32].

3. OCT use in glaucoma and some basic protocols

There are several OCT devices working with similar principles but vary in diagnostic ability,
acquisition speed and resolution. In this section, three commonly used SD-OCTs that are the
Spectralis (Heidelberg Engineering, Dossenheim, Germany), the Cirrus (Carl Zeiss Meditec,
Dublin, CA) and the RTVue (Optovue Inc., Fremont, CA) and their features are discussed.
Several studies have addressed the diagnostic accuracy of the SD-OCTs one by one or com-
pared them to time-domain technology [1, 14, 32-42].

Since RNFL is, without a doubt one of the most important factors which is also discussed
extensively in the literature, a comparison between the protocols through this value will be
made and the diagnostic accuracy of this value will be examined [27].

However, in recent studies comparing protocols on the capability of OCT in the diagnosis of
glaucoma, no significant differences were observed between the protocols [14, 31, 32].

4. A-Cirrus Zeiss glaucoma scanning protocol

Cirrus TM High Definition (HD)-OCT Spectral Domain (Carl Zeiss Meditec, Dublin; CA) used
for the analysis of glaucoma.
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At present, Cirrus high-definition (HD)-OCT is a widely used device to evaluate circumpapil-
lary RNFL (cp-RNFL) thickness in clinical practice similarly as RTVue-100.

It is possible for us to find the necessary quantitative and qualitative data for a good manage-
ment of glaucoma in this OCT device. It allows us to study the morphology and manometry
of the optic disc and the peripapillary nerve fibers [37].

Even the first generation of these devices was able to display the retinal layers for us in vivo
during the RNFL thickness measurement. In fact, many studies have shown the similarity
between the OCT measurements and the histological sections. For this reason, the thickness of
the RNFL is crucial for the early diagnosis of glaucoma and for being able to have an opinion
on its progression [27, 29].

Cirrus Zeiss TM HD-OCT is an advanced technology in glaucoma research which is easy to
use. It is possible for us to obtain precise and thorough information about the peripapillary
area and the RNFL with this system [38, 39]. Main scanning models are provided below.

4.1. Optic disc scanning

Optic disc is recorded by Cirrus Zeiss TM HD-OCT within a 6x6 mm cube consisting of 200-B
mode scans, each of which consists of 200-A mode scans. This area is divided into sections for
analysis. (Figure 1).
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Figure 1. Optic disc scanning in Cirrus Zeiss.
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The device automatically identifies the center of the optic disc through data in this cube and
forms a 3.46 mm circle around the disc, which enables the RNFL thickness around the peri-
papillary ring to be analyzed and compared with normative data. The most important point
here is the ability to perform RNFL analysis with a reliable level of precision repetitively, even
though the optic disc is not placed in the center during the scan.

Signal Power.

The value of the signal power is a value between 0 and 10 for the entire scan, with 10 being the
maximum value. The threshold value is 5 and signal power values lower than that represent
the values that are below the acceptable threshold value. In some patients, it may not be pos-
sible to obtain high signal power. In such cases, the clinician should assess whether the signal
obtained for scan analyses are acceptable or not.

4.2, Fundus image

While the fundus image is being created, the fundus image obtained through scanning laser
ophthalmoscopy and the OCT fundus image are superimposed. This image appears on the
upper section of the RNFL analysis screen. (Figure 2) The location of the calculation ring for
the temporal, superior, nasal, inferior and temporal (TSNIT) section analyses is displayed
in red. The operator can adjust the location of this ring following the shot if she/he likes to;
however, that is often not necessary since this task is usually performed accurately through
the automatic centering functionality. The B-mode scan image is the calculation ring gener-
ated from the cube of data and is flattened for the TSNIT orientation.
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Figure 2. RNFL analysis screen in Cirrus Zeiss.
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4.3. RNFL thickness map

The RNFL thickness map is calculated based on all the data of the scanned cube. The color
scale used here is similar to that of a topographic map, where cold colors represent thinned
areas while hot colors represent thick areas. In this way, the RNFL thickness at all points of the
6 x 6 mm area can be seen. The map excludes the optic disc displayed in dark blue. (Figure 3).

In the color scale used to demonstrate the normal and defective areas in the RNFL, thickness
of the nerve fiber layers ranging from zero (blue) to 350 um (white) are indicated using color
codes.

4.4. Average thickness values

The RNFL thickness across the TSNIT calculation ring is also displayed in a numerical chart
format. In this chart, the average thickness of each point across the calculation is demonstrated
for both eyes. (Figure 3) In addition, average thickness for each quadrant is also demonstrated
separately and in time zones. Ultimately, in all these charts, the values of the patient are
compared to normative data.
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Figure 3. RNFL thickness map in Cirrus Zeiss.



OCT in Glaucoma Diagnosis, Detection and Screening
http://dx.doi.org/10.5772/intechopen.78683

4.5. TSNIT thickness profile

The TSNIT thickness profile demonstrates the RNFL thickness for each point across the
peripapillary ring and compares these values to the normative database. In these compari-
sons of patients in the same age group, color codes (white, green, yellow and red) are used.
(Figure 3).

4.6. The normative database for RNFL

The RNFL normative database is used for glaucoma patients who are older than 18. This
database allows us to compare the patient’s data in the area that we are clinically interested
in, with the data of other individuals in the same age group.

In order to demonstrate the normal distribution percentages of the individuals in the same
age group, the RNFL normative database uses the colors as below:

Red: The lowest portion of 1% with regard to all measurements is in the red zone and these
indicators must be considered as abnormal.

Yellow: In case the measurements are within the lowest portion of 5%, they are displayed in
yellow and should be interpreted as doubtful.

Green: 90% of all measurements are in this section and should be considered as normal.
4.7. The deviation map

The patient’'s RNFL thickness is compared with the normative data through the deviation
map. Data that are out of the range of normal values are displayed in red and yellow as
described earlier.

4.8. Analysis of the results

The analysis of the results for glaucoma can be easily performed at a single glance with this
device. On the first row, the fundus images are provided at the top, followed by the B-mode
images of the peripapillary area neighborhood. On the second row, the map of the thickness
of the nerve fibers is provided, accompanied by the deviation map indicating the difference
between the normal thickness and the measured thickness. On the third row, rings indicat-
ing the thickness of the nerve fibers in the quadrants are provided. On the fourth row, a
colored table where the thickness of nerve fibers is indicated in microns and that allows us to
understand if the values are within the normal (green), doubtful (yellow) or pathological (red)
range, thanks to different colors, is provided. In the resulting analysis, data for the right eye
are provided on the left, while data for the left eye are provided on the right.

In conclusion, Cirrus Zeiss TM HD-OCT device offers us good qualitative and quantitative
information about the glaucomatous damage in patients [42-44]. However, the diagnosis
and follow-up of glaucoma can be quite complicated at times. Therefore, since making a
diagnosis with one device can mislead the physicians especially in difficult cases, compre-
hensive clinical exam data including the patient’s visual field must be gathered while mak-
ing a diagnosis.
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5. Optovue-RTVue 100 glaucoma scanning protocol

In glaucoma research, four scanning models for the Optovue-RTVue spectral domain OCT
(RTVue Optovue Inc. Fremont, CA) device are used.

5.1. Optic disc scanning

The optic disc is calculated through a 6 x 6 mm cube consisting of 101 lines. 3D optic disc
scanning is used especially for the formation of reference lines and the determination of optic
disc veins. The 3D reference line represents the optic disc limits created automatically by a
software that uses the 3D optic disc scan.

5.2. Map of the optic disc head

In this protocol, 13 circular and 9 radial scans with 1.3-4.9 mm diameters around the optic
disc head are performed. These scans limit the area between the retinal pigment epithelium
and the optic disc head. Here, the device automatically calculates the center of the optic disc
and not the center of the scan itself. The same calculation is also automatically used in pro-
gression maps (Figure 4).

The map of the optic disc head provides significant information about the morphology of the
optic disc. It provides insight, especially on the cup-to-disc ratio of the optic disc, the 3.45 mm
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Figure 4. Optic disc head map in RTVue.



OCT in Glaucoma Diagnosis, Detection and Screening
http://dx.doi.org/10.5772/intechopen.78683

circular RNFL area whose center is the optic disc head and the RNFL area located at the rim
of the optic disc, 2 mm away.

5.3. RNFL scan

This scan is used to analyze the RNFL and it has shown that RNFL parameters of the RTVue-
100°CT has good specificity for the detection of glaucoma [45]. The RNFL scanning pattern com-
pletes four circular scans with diameters of 3.45 mm in 0.16 s by aiming for the optic disc head. The
average of these four scans is calculated and the result is presented with normative parameters.

The RNFL thickness profile at the optic disc head is the circular RNFL thickness with a diam-
eter of 3.45 mm, which is the central optic disc and not the center of the scan itself. Ultimately,
cases where the optic disc is decentralized do not affect the measurements. The RNFL thick-
ness map is exhibited at the lower right area and the areas that are measured to be thin have a
darker color while areas that are measured to be thick have a lighter color (Figure 5).

In the lower right section, there is the thickness profile. Here, the RNFL thickness profile is
charted temporally, superiorly, nasally, inferiorly and temporally again, in that order, begin-
ning from around the optic disc. This thickness profile is charted as a black line by being
superimposed on normative data (so that values within the normal range remain in the green-
shaded area, while values outside of the normal range remain in the red-shaded area). The
RNFL and the optic disc head parameters are located at the left section.
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Figure 5. RNFL scan in RTVue.
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5.4. RNFL glaucoma progression report

The RNFL 3.45 protocol identifies the RNFL thickness of the peripapillary area by performing
circular scans with a diameter of 3.45 mm around the optic disc. What is important here is the
sum of four 1024-A scans performed in 0.15 s, that is, the data of 4096 scans in total.

The RNFL output is divided into three sections. In the first section, regional RNFL thickness
results are demonstrated with basal RNFL values and RNFL values of each subsequent check.
The second section demonstrates the comparative TSNIT chart of RNFL, which is defined by
a double hump pattern. The third section includes the value chart for average, superior and
inferior RNFL. In addition, it illustrates the scans for each follow-up as a table including the
changes between the basal scan and the last scan calculated in microns.

5.5. The map of the ganglion cell complex (GCC)

The GCC scan has provided new parameters for the diagnosis of glaucoma. The nerve fiber
layer (NFL), the ganglion cell layer and the inner plexiform layer (IPL) make up the GCC in
the macular area. Today, more emphasis is placed on GCC rather than the thickness of the
whole retina in the diagnosis of glaucoma [44]. In studies regarding this issue, it has been
shown that glaucoma mostly thins the nerve fibers, the ganglion cells and the IPL; and the
inner nuclear layer at an intermediate level and that it does not affect the outer layers [44].
The GCC study is quite useful for the early diagnosis of glaucoma and the determination of
the disease’s progression, since the loss of ganglion cells occur before the visual pathway
lesions and thinning of the nerve fibers [13]. RTVue, by having a mapping protocol of macular
ganglion cell complex, exhibits a positive value in detecting glaucoma.

The GCC thickness is defined as the distance consisting of three inner retinal layers (nerve
fiber layer, ganglion cell layer and the inner plexiform layer) beginning from the inner limit-
ing membrane and ending at the inner plexiform layer. (Figure 6) All three layers are affected
in glaucoma [44].

When the ganglion cells die, the ganglion cell layer gets thinner and when the axon nerve fiber
layer which is a part of this cell is damaged, the nerve fiber layer gets thinner. The dendrites

Figure 6. Anatomy of ganglion cell complex (GCC).
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of the same cell are located at the inner plexiform layer and as this layer is affected, the inner
plexiform layer gets thinner. So, the GCC scan measures the thickness of each of these three
layers which are affected by the glaucoma [46].

Another advantage of the GCC thickness analysis is the macula’s inclusion of the 50% of the
ganglion cells in the retina. However, NFL is very thin in the macula and since NFLs change
places to form a foveal cup there are none of them in the foveola. In the perifoveal region, the
NFL is very thin but the ganglion cell layer and the IPL are much thicker [47, 48].

The scan includes 12 vertical lines and 1 horizontal line with a length of 7 mm. These lines are
placed 0.5 mm away from each other and are focused on the temporal of the 1 mm fovea so
that they include as many ganglion cells as possible. With this scan, the thickness map and the
abnormal changes in the inner retina can be demonstrated.

The deviation map illustrates the deviations of normal values for different ages and races
that are available in the normative database. The significance map reports the findings for the
patient by comparing them with the normal values in the normative database on the basis of
race. Red, yellow and green colors are used to note the differences in the follow-ups. It dem-
onstrates the significance level or the statistical significance of the deviation when compared
with a normal value. In short, the significance map demonstrates how significant the differ-
ence is compared to the normal value.

Another parameter here is the focal loss volume (FLV), which gives us the significant loss
of GCC numerically. FLV is the sum of the significant loss of GCC topography, in terms of
volume and is expressed as a percentage. At the same time, FLV is the most sensitive param-
eter which provides the difference between normal eyes and glaucomatous eyes (it is more
sensitive than the GCC thickness parameters).

As it can be seen, while RTVue provides an excellent assessment of the ganglion cell layer
it also allows a comparison to be made with the normal values, based on age and race. In
follow-ups, progression analysis by RTVue compares the RNFL thickness measurements and
the GCC map over time and thus, determines whether statistically significant changes have
occurred or not [1, 26, 49].

5.6. GCC glaucoma progression report

The GCC progression report displays a total of four scans at the same time for both eyes,
one of which is basal and the remaining three are for follow-ups. The output is divided into
four sections. The first three sections are the GCC thickness map, the deviation map and the
significance map. The GCC thickness map is the one coded with colors indicating the GCC
thickness of the macular region. The deviation map is the one coded with colors indicating
the loss percentages that the device determined according to the normal values based on the
normative database. The significance map is the one demonstrating the statistically significant
changes in comparison to the normal values by coding them in green, yellow and red col-
ors. Finally, the fourth section includes the average, superior and inferior GCC chart. In this
scan, the GCC thickness of the lower and upper hemisphere of the entire retina is scanned by
excluding the foveal ring. Scan data are presented as changes between the basal scan and the
last scan, calculated in microns.
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5.7. RTVue OCT normative database

The normative database of RTVue OCT is the largest OCT normative database. As mentioned
earlier, these databases allow to distinguish between normal cases and pathological ones. In
this database, there are a total of 1600 eyes, 600 of which are from the USA and 1000 of which
are from around the world. The data allow us to compare the measurements of the patients
with measurements of other patients in the same age group. In the display coded with colors,
green (normal), yellow (doubtful) and red (abnormal) are used.

It must be noted that comparisons with normative databases are only for statistical purposes
and there may be normal people with values that are outside the normal range.

6. Heidelberg spectral glaucoma scanning protocol

Heidelberg Spectral Domain OCT (Spectralis, Heidelberg Engineering, Dossenheim,
Germany) is an OCT device with a high scanning speed and axial resolution, allowing bet-
ter reproducibility for image acquisition compared to time-domain OCT (TD-OCT) [31]. It is
possible to obtain a very high-quality optic disc head image and perform peripapillary RNFL
thickness analysis with this device.

In scans performed circularly, the scanned areas are automatically divided into sections while

the RNFL thickness is measured and compared with the values in the normative database.

6.1. RNFL thickness profile

The OCT output in this device displays the peripapillary RNFL thickness classification by six
standard pie charts:

1. Temporal (T)

2. Temporal Superior (TS)

Temporal Inferior (TI)

Nasal (N)

Nasal Superior (NS)

I S

Nasal Inferior (NI)

In the ring which is in the middle of the pie chart, the average of the circular scan (G) is
provided.

The chart in the lower right corner of the window demonstrates the RNFL thickness profile
that has been measured through the circular scan and its comparison with the normal ranges.
The black curve represents the RNFL thickness of the patient. In both charts, three colors
are available where green represents the normal RNFL thickness, yellow represents the limit
value and red represents the abnormal RNFL thickness (Figure 7).
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Figure 7. RNFL thickness map in Heidelberg.

On top of the output, the optic disc head scan and the real scan image of the optic disc head
surroundings are provided, while the scanned image corresponding to the RNFL thickness
chart is provided on the right side.

6.2. RNFL monitoring

Heidelberg spectral OCT obtains the changes in RNFL through time by using a special software
formula and uses them for monitoring the patient. This software displays the rate of difference
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between the average measured thickness values for each section and the normal thickness val-
ues as a chart of change. Thanks to these software, changes that occur in the RNFL profile or
the deterioration that occurs in the thickness over time can be detected at an early stage [50, 51].

6.3. The normative database of Heidelberg spectra OCT

There are 201 individuals registered in the normative database of this device, all of whom are
Caucasian. Ages of these individuals range from 18 to 78, and 111 of them are male while 90
are female. The criteria for these people to be included in the database are naturally, their lack
of a glaucoma history and the fact that they have normal intraocular pressure, visual field and
optic disc appearance. The results have been organized as a normative database.

6.4. Posterior pole analysis

A new software called Posterior Pole Analysis is offered by the Heidelberg spectral OCT
[33, 52]. Thickness of the entire posterior pole retina can be measured through this software.
The posterior pole is scanned point by point, and the thickness asymmetry between the
two eyes and the intraocular hemispheres are analyzed. Furthermore, the GCC loss is also
assessed and findings for glaucoma at an early stage are analyzed through this software
[53, 54].

OCT output for the analysis provides two basic maps. The first one is the map of hemisphere
asymmetry while the second one is the map of RNFL thickness. The map of hemisphere asym-
metry is in the form a grid where the average thicknesses of the upper and lower hemisphere
are compared. Here, the squares that vertically have the same distance from the axe between
the fovea and the optic disc are compared. While the squares in the upper half of the grid rep-
resent the differences between the RNFL thickness values in the superior and inferior regions,
squares in the lower half represent the differences between the RNFL thickness values in the
inferior and superior regions. If the difference between these values is zero or a positive value,
the colored area looks white. If the area is dark gray or black, this refers to a local asymmetry
in terms of RNFL thickness values.

In the literature, there are several studies evaluating the diagnostic ability of abovementioned
devices with some minor differences in the results [1, 2, 6, 10, 16-21, 23-41].

Leung et al. reported that, in Spectralis, the global thickness parameter had the largest area
under curve (AUC) in eyes with severe glaucoma [34]. Leite et al. reported that in Spectralis,
superior quadrant RNFL followed by global RNFL, had the largest AUC and in Cirrus, global
thickness was the parameter that has the largest AUC, with superior and inferior RNFL quad-
rants being the second and the third [54]. Park et al. and Leung et al. reported similar results
with inferior, average and superior quadrant RNFL'’s having the best diagnostic performance
for device Cirrus as Sehi et al. [29, 30, 34].

In their study, Leite et al. also showed that the diagnostic ability of all three devices for the
nasal and temporal quadrants for glaucoma diagnosis was lower than the results received
from the other quadrants [54]. This finding may be associated with the optic nerve damage
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profile in the early glaucoma where inferior and superior quadrants damaged earlier than in
the nasal and temporal quadrants.

Although all these three devices represent difference in axial resolution and in time of acquisi-
tion, the final diagnostic performance for detection of glaucomatous defect generally reported
to be similar.

Different results may of course be obtained due to different clinical settings, race differences,
age and the severity of the disease.

In conclusion, since glaucoma is a condition that shows variations over time, it is crucial that
it should be closely monitored. Especially, the change of the RNFL thickness values and the
values of variation for the first and last exam of the patient must be analyzed carefully.
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Abstract

Optical coherence tomography (OCT), especially anterior segment OCT (AS-OCT), plays
an important role in ophthalmology. With the technology evolving from time-domain
to spectral-domain, more and more detailed ocular information has become available.
Anterior segment OCT provides particularly useful information for cataract surgeons.
This chapter focuses mainly on AS-OCT evaluation of eyes before and after cataract
surgery. Four aspects including: (1) anterior lens capsule and lens epithelium evalua-
tion using spectral-domain OCT (SD-OCT); (2) investigation of clear corneal incision in
femtosecond laser assisted cataract surgery using SD-OCT; (3) capsular block syndrome
evaluation before and after treatment using SD-OCT; (4) IOL power calculation in post-
myopic excimer laser eyes using SD-OCT, will be discussed in this chapter.

Keywords: OCT, anterior lens capsule, clear corneal incision, capsular block syndrome,
Fuchs heterochromic cyclitis, intraocular lens

1. Introduction

Since the introduction of ophthalmic optical coherence tomography (OCT) in 1991, it has been
widely used in ophthalmology over the years [1]. The OCT interferometer detects and mea-
sures the echo delay time of light, which is projected from a super-luminescent diode and
then reflected from different ocular structures. Compared with the 100-pm image resolution
of ultrasonography, OCT can, in a non-invasive, non-contact procedure, provide detailed
cross-sectional images of the eye on a 10-um scale. Compared to conventional time-domain
anterior segment OCT (AS-OCT) system (1300 nm), a shorter-wavelength infrared light beam
(820 nm) is used for the spectral-domain AS-OCT system. This chapter will mainly focus on

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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anterior segment time-domain and spectral-domain OCT applications before and after cata-
ract surgery. Four aspects will be discussed in this chapter:

* Anterior lens capsule and lens epithelium evaluation in senile cataract and Fuchs’ hetero-
chromic cyclitis using spectral-domain anterior segment OCT (SD-OCT);

¢ Investigation of clear corneal incision in manual phacoemulsification and femtosecond la-
ser assisted cataract surgery using SD-OCT;

* Capsular block syndrome evaluation before and after treatment using SD-OCT;

* IOL power calculation (true net power measurement) in post-myopic excimer laser eyes
using SD-OCT.

2. Anterior lens capsule complex measurement using SD-OCT

The lens, as a transparent structure, is a very important refractive element of the human eye. It
consists of three major components: capsule, epithelium, and lens substance [2]. The lens epi-
thelial cells and fibers keep the balance of molecules moving into and out of the lens. Previous
histological studies have demonstrated that the lens capsule thickness varies by location and
that the posterior capsule is the thinnest. The lens epithelium, a single layer of cuboidal cells
beneath the anterior capsule, extends to the equatorial lens bow. The lens substance consists
of densely packed cells with little extracellular space. With the development of time-domain

Cornea

Sclera spur

Lens

Iris

lens substance

“Lens posterior capsule

Figure 1. The entire anterior chamber and lens cross-sectional images using OSE-1200 time-domain anterior segment
optical coherence tomography (software version 2013.1.1.90; Moptim, Inc., Shenzhen, Guangdong, China). Panel A
shows the anterior segment structure: cornea, sclera spur, iris and lens; panel B shows the lens anterior capsule, lens
posterior capsule, and lens substance.
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OCT, it became possible to image the entire anterior chamber and lens in vivo (Figure 1) [3].
Due to the limited resolution (around 15-um), it was not possible to measure the thickness of
the lens capsule or the epithelium.

A previous study manually measured and constructed an anterior lens capsule thickness
map across the entire field of view using a femtosecond laser OCT system, which has a cen-
tral wave length of 780 nm with an axial resolution of 2.3 um [4]. In a study conducted by
Szkulmowski et al., it was reported that the anterior lens capsule and epithelium could be
clearly imaged using a SD-OCT system with a central wavelength of 820 nm and axial resolu-
tion of 4.2 ym with the help of the speckle contrast reduction technique [5]. The commercial
Avanti RTVue XR spectral-domain OCT system provides a high-resolution anterior segment
scanning protocol with a scan length of 8 mm and an axial resolution of 5 um. It can show a
substantially clearer delineation after the two highly reflective layers, the anterior lens cap-
sule and the subcapsular epithelium, are combined (Figure 2).

We defined the combination of anterior lens capsule and the subcapsular epithelium as the
anterior lens capsular complex (ALCC) in a previous study [6]. One hundred thirty-four nor-
mal eyes (age range: 5-86 years) were investigated using the Avanti RTVue XR OCT system.
The results indicated that the manual measurement of ALCC was both reproducible and reli-
able. The mean thickness of the central ALCC was approximately 33 pm, which is approxi-
mately 15 pm thicker than the anterior lens capsule values calculated using time-domain
OCT and other imaging modalities [4, 7]. Therefore, we hypothesized that the subcapsular
epithelium was approximately 15 um thick in vivo. Moreover, a positive correlation between
age and ALCC was noted in our study. A 10-year increase in age resulted in a 0.74-1.4 pm
increase in the ALCC thickness. From a certain point of view, these findings were consistent

Original
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Figure 2. A horizontal anterior segment scanning image of the central part of the lens and the dilated pupil margin in a
34-year-old female using the Avanti RTVue XR spectral-domain optical coherence tomograph (panel A). Panel B shows
a magnification of the selected area in panel A (blue frame). Panel C demonstrates the schematic diagram of the anterior
lens capsule (corresponding to the yellow reflective layer in panel B), the subcapsular epithelium (corresponding to the
red reflective layer in panel B), and the lens fibers.
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with previous findings regarding the positive correlation between age and lens capsule or
total lens thickness [8, 9].

With the help of anterior segment SD-OCT, researchers also can obtain more detailed use-
ful information regarding accommodation, presbyopia, Fuchs’ heterochromic iridocycli-
tis (Figure 3), posterior capsule opacification, and pseudoexfoliation syndrome [10-13].
Moreover, with the OCT technology development, the respective measurement of anterior
capsule, posterior capsule and epithelium layer thickness, even plotting corresponding
topography in specific regions will be available in the future.

2.1. Summary

In summary, anterior segment SD-OCT can be used to visualize anterior and posterior lens
capsule, lens epithelium, keratic precipitates, iris stroma atrophy. The use of anterior segment
SD-OCT will enable us to better investigate changes in lens structure of patients with Fuchs’
heterochromic iridocyclitis or other lens related conditions.

LY
%!

Atrophy of the iris stroma

Keratic precipitates

i, Plaque of posterior subcapsular opacity
. g

-

Figure 3. Color images and optical coherence tomography cross-sectional images of a 60-year-old female with Fuchs’
heterochromic iridocyclitis. The anterior color slit-lamp photos and corresponding anterior segment OCT cross-
sectional images show atrophy of the iris stroma (panel A, A'), small keratic precipitates scattered over the entire corneal
endothelium (panel B, B'), and plaque of posterior subcapsular opacity (panel C, C').
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3. Investigation of clear corneal incision using SD-OCT

In most industrialized countries, cataract surgery accounts for the largest proportion of sur-
gical interventions in ophthalmology. The advent of minimal incision, phacoemulsification
(introduced by Charles Kelman in the 1970s), and foldable intraocular lens, has made cataract
surgery safer and more efficient [14]. Moreover, modern cataract surgery combined with new
generation intraocular lens types, which can be designated refractive surgery, aims to provide
optimal visual quality and render the visual function better [15]. As a significant part of the
cataract surgery, the constructional architecture of proper clear corneal incisions (CCls) is
vital for a perfect outcome of phacoemulsification. Faulty CCI construction can lead to com-
plications, such as wound leak, Descemet’s membrane detachment, and excessive surgically-
induced astigmatism, and is a situation every cataract surgeon attempts to avoid. However, itis
not easy to predictably construct perfect manual single-plane, two-plane, or three-plane clear
corneal tunnels using steel or diamond blades [16]. With the higher expectations of patients
from modern cataract and refractive surgery and the advent of trifocal and accommodating
IOLs, femtosecond laser was introduced into cataract surgery by Zoltan Nagy in 2009 [17].
Previous studies demonstrated that a femtosecond laser-assisted cataract surgery technique
could provide repeatable, predictable clear corneal incisions, perfect capsulotomies, and safe
nuclear fragmentation [18, 19]. Therefore, CCIs created using femtosecond laser have the
advantage of predictable configuration and dimensions.

Clinical manual CCI parameters (incision location, angle of incision, incision length) and fea-
tures (posterior wound gape, Descemet’s membrane detachment, posterior wound retraction,
loss of coaptation along the CCI tunnel) in the early postoperative period (up to 1 month) of
standard cataract surgery have been reported [20-23]. Based on the above-mentioned studies,
we evaluated the quantitative CCI parameters and features in subjects who underwent fem-
tosecond laser-assisted cataract surgery [24]. Except for no sign of loss of coaptation along the
CClI tunnel, all the other three CCI features were found in femtosecond laser CCI (Figure 4).

As expected, the femtosecond laser lens fragmentation ensures that the phacoemulsification
energy (Femto group: 16 + 13%; manual group: 20 + 5%) and effective phacoemulsification
time (Femto group: 17 + 9 s; manual group: 32 + 13 s) were dramatically lower in the Femto
group than in the conventional manual group. Moreover, the femtosecond laser group had
a lower incidence of Descemet’s membrane detachment and posterior wound gape at each
follow-up time-point. However, a higher incidence of posterior wound retraction was found
in the femtosecond laser group.

Descemet’s membrane detachment may potentially hinder the local endothelium pump
mechanism and affect corneal wound healing. The routine procedure for CCI by femto-
second laser is from the anterior chamber (inner cornea) to the epithelium (outer cornea),
which makes the Descemet’s membrane detachment an unusual complication for this group.
However, phacoemulsification probe manipulation through the CCI, the blunt dissection
of the tunnel, and incision hydration probably contributed to the occurrence of Descemet’s
membrane detachment in the femtosecond group. For the difference in posterior wound gape
incidence, we are inclined to implicate the difference in tunnel incision geometry between the
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two groups. Compared to 1-plane manual CCI, we mainly used a 2-plane CCI in femtosecond
group. As previous studies have mentioned, a 2-plane CCI with a partial lamellar cut posi-
tioned parallel to the collagen lamellae may improve the shearing force effects of the stromal
collagen lamellae across the entire depth of the cornea [25-27]. Posterior wound retraction,
defined as an abrupt step-off or recession of the central edge of the posterior wound surface,
was not observed in manual group in this study. This may be attributed to the relatively high
incidence of posterior wound gape, in which the posterior wound margins were still sepa-
rated. A high incidence of posterior wound retraction in the femtosecond group may indi-
cate remodeling of the CCI resulting from endothelial cell necrosis, molecular dissociation,
and biomechanical and thermal changes from the femtosecond laser [28]. A previous study,
using transmission electron microscopy confirmed the difference between femtosecond laser
corneal flap formation (necrotic keratocytes) and microkeratome corneal flap formation (kera-
tocyte apoptosis), which may potentially explain the different incidence of posterior wound
retraction in this study [29]. Moreover, the above-mentioned three CCI features may cause
changes to posterior corneal curvature, corneal astigmatism, and total corneal power; these
should be evaluated in future studies.

3.1. Summary

Anterior segment SD-OCT can highlight CCIs findings that are not as obvious by UBM, slit
lamp. The ability to detect detailed postoperative corneal incision changes of standard or fem-
tosecond laser-assisted cataract surgery is clinically important as it allows for the evaluation

Figure 4. High-resolution anterior segment SD-OCT clear corneal incision images of femtosecond laser-assisted cataract
surgery showing a 1-plane CCI (panel A), 2-plane CCI (panel B), 3-plane CCI (panel C), stripping of Descemet’s
membrane (panel D), posterior wound gape (panel E), and posterior wound retraction (panel F).
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and comparison of surgical induced astigmatism and corneal remodeling by different surgi-
cal technology. In the future, clear corneal incision length, inner and outer corneal incision
thickness, even the lens capsulotomy margin may be evaluated in traditional and femtosec-
ond laser-assisted cataract surgery using OCT.

4. Capsular block syndrome evaluation before and after treatment
using SD-OCT

Capsular block syndrome (CBS), as an uncommon complication of phacoemulsification,
is characterized by the accumulation of liquid between the IOL and posterior capsule [30].
Davison and Holtz first described this syndrome in 1990 and 1992, respectively [31, 32]. In

Figure 5. Slit lamp, Pentacam Scheimpflug, and AS-OCT images of an ultra-late capsular block syndrome before (panels
A-D) and after surgery (panels E and F). Slit lamp photograph shows white proliferation tissue infero-nasally and nasal
tight adhesion of anterior capsule opening fibrosis and IOL (panel A). Scheimpflug-based photography showing the
contour of the IOL and the underlying milky-white fluid (panel B). Slit lamp photograph showing a large amount of
white fluid trapped behind the IOL (panel C). AS-OCT showing a transparent IOL and accumulation of a milky-white
liquefied substance between the posterior capsular bag and IOL (panel D). Slit lamp photograph showing posterior
capsular folds and no milky-white liquid after surgery (panel E). AS-OCT shows that the capsular block syndrome is
resolved after surgery, with parts of posterior capsule in contact with IOL and posterior capsule folds (panel F).
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1993, Masket first used the term CBS to refer to this condition [33]. Due to a continuous cap-
sulorhexis and adhesion of anterior capsule to the IOL, the exchange of aqueous between the
anterior chamber and inner capsular bag gets blocked and fluid is retained behind the IOL [34].
Generally, CBS is related to IOL implantation in the capsular bag, but it has also be reported
in cases with IOL implantation in the sulcus [35, 36]. Various manifestations of CBS, such as
decreased visual acuity, ocular hypertension, closed angle glaucoma, and posterior capsule
rupture have been reported. The two main reasons for vision loss include: (1) the effective
position of IOL moves forward (myopic shift); (2) a white liquid accumulates behind the IOL
(lacteocrumenasia) [30]. Based on time to development, CBS can be divided into three types:
intraoperative capsular block, early postoperative CBS, and late postoperative CBS [37, 38].
Most intraoperative CBS occurs due to hydrodissection maneuvers in posterior polar or white
cataract surgeries. Due to the block of capsulorhexis borders, liquid accumulates between
the posterior nucleus and the posterior capsule. Increasing pressure in the capsular bag may
cause posterior capsular rupture and even lens luxation into the vitreous [38]. Early postop-
erative CBS occurs 1-15 days after cataract surgery. The two main causes are as follows: (1)
viscoelastic accumulation behind the IOL; (2) osmotic gradient behind the IOL induced by
viscoelastic materials or trapped lens fragments [38, 39]. On average, late postoperative CBS
occurs approximately 3.8 years after cataract surgery and deposition of a white fluid (prolif-
eration and pseudo-metaplasia of the lens epithelium) is found between the IOL and posterior
capsular bag [34, 40].

A simple, clinical examination can diagnose most CBS cases. With the development of oph-
thalmic imaging technology t, a definitive diagnosis can be achieved using Scheimpflug-based
photography, AS-OCT, or anterior segment UBM. Compared with Scheimpflug-based pho-
tography, spectral domain AS-OCT fails to provide complete anterior chamber information
but it can provide more details about the IOL and any fluid between the IOL and posterior
capsular bag (Figure 5).

In some CBS cases with relatively transparent fluid behind the IOL and a large distance
between IOL and posterior capsule, UBM, Scheimpflug-based photography or AS-OCT can
just demonstrate a partial cross-sectional image (Figure 6).

Compared to surgical management, we may also choose anterior or posterior capsulotomy
with a Nd:YAG laser to treat CBS, especially for early postoperative and non-cellular late post-
operative cases [41]. Due to the relatively lower success rate and higher recurrence rate for
anterior capsulotomy, some doctors may choose posterior capsulotomy [42]. In some cases,
posterior capsulotomy may cause unexpected irregular posterior capsule rupture, which may
cause the IOL to drop into the vitreous cavity (Figure 7). Therefore, surgical management is
a better choice for late CBS, especially incases with dense white liquid, which makes aiming
the Nd:YAG laser accurately almost impossible, and the capsulotomy may cause IOP increase
or vitreous inflammation [43]. As an important imaging technology, with the imaging depth
enhanced, more and more details about CBS and other posterior capsular related disease can
be investigated using OCT.

4.1. Summary

While varying in cause and course, these CBS cases all consistently demonstrated the ability of
anterior segment SD-OCT to clearly diagnose and delineate with impressive detail the onset
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and treatment follow-up. Anterior segment SD-OCT offers extraordinary anatomic details,
the more accurate diagnosis, and the potential of quantitative measurement to improve the
assessment of treatment efficacy.

Figure 6. Slit lamp, UBM, and AS-OCT images of a late postoperative capsular block syndrome before Nd:YAG laser
treatment. Slit lamp photograph showing capsulorhexis edge (red arrow), anterior IOL optic tightly in contact with the
entire anterior capsule (panel A). Slit-lamp biomicroscopy showing transparent fluid behind the IOL (panel B). Due
to the limited imaging penetration, UBM image showing artifacts (purple arrow) but not the posterior capsule (panel
C). Due to limited imaging depth, spectral-domain AS-OCT fails to show posterior IOL surface (orange arrow), tight
adhesion between anterior IOL surface and capsulorhexis edge (green arrow), and posterior capsule (panel E, blue
arrow) in one cross-sectional image (panels D and E). Time-domain AS-OCT showing IOL thickness around 1.5 mm
(yellow line segment) and the distance between IOL and posterior capsule of about 3.1 mm (white line segment) in one
cross-sectional image (panel F).

i

Figure 7. Slit-lamp and AS-OCT images of a late postoperative capsular block syndrome after Nd:YAG laser treatment.
Slit-lamp photograph shows irregular posterior capsule rupture (red arrow) after ND:YAG laser treatment (panel
A). Spectral-domain AS-OCT cross-sectional image showing posterior capsule breaks with capsular edge rolling and
significant decrease in the distance between the IOL and posterior capsule (compared to Figure 6 panel F). The tight
adhesion between anterior IOL surface and anterior capsulorhexis edge (yellow arrow) may prevent the IOL from falling
into the vitreous cavity through the big posterior capsule rupture (panel B).

183



184  OCT - Applications in Ophthalmology

5. IOL power calculation in post-myopic excimer laser eyes using
SD-OCT

It is well known that correct IOL power calculation in patients undergoing cataract surgery
depends mainly on the accurate measurement of corneal power, axial length, corneal ker-
atometry, and the effective lens position after surgery [44, 45]. Due to index of refraction
error, instrument error, and IOL formula error, precise prediction of IOL power is always a
big challenge for cataract surgery in patients with previous corneal refractive surgery (PRK,
LASIK, RK) [46-51]. For post corneal refractive surgery cataract patients, both, patient expec-
tations of spectacle independence and reduction in the accuracy of conventional IOL power
calculation formulas due to previous corneal surgery should be considered. To deal with
these issues, many innovative post-corneal refractive surgery IOL power calculation formulas
have been developed [52-58]. Compared to traditional keratometry, RTVue spectral-domain
AS-OCT can measure anterior and posterior corneal curvature and then calculate the net cor-
neal power, which in conjunction with IOLMaster biometry data (AL, ACD) provides the IOL
power [59]. Previous studies have demonstrated that Fourier-domain AS-OCT can provide
highly repeatable corneal power measurement and spectral-domain OCT-based IOL formu-
las have also provided promising results in post-refractive surgery IOL calculation in eyes
undergoing cataract surgery; this is especially meaningful for patients for whom prior data
are not available [59-61]. To avoid significant IOL power fluctuation between different for-
mulas, surgeons can also use ASCRS online post-refractive IOL calculator (link: http://iolcalc.
ascrs.org/) to get the average IOL power value to make sure the real postoperative refraction
deviation from the target refraction is not large (Figure 8).

5.1. Summary

Anterior segment SD-OCT can noncontactly provide true net corneal power, which is essen-
tial for IOL power calculation after excimer laser corneal surgery. The SD-OCT-based IOL
formulas enable to provide promising results in post-refractive surgery IOL calculation, espe-
cially meaningful for eyes whose prior data unavailable.

10L cadculation formulas used: Double-K Holladay 17, Shammas-PL?, Halgis-L, OCT-based®, & Barrett True 1C*
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Figure 8. Average IOL power information for all available formulas using ASCRS online post-refractive IOL calculator.
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6. Conclusions

In conclusion, OCT, as a noninvasive and high-resolution imaging technology, can provide
the ophthalmologist with clinically useful findings not only about the retina, but also for
the cornea, lens, and anterior chamber. Anterior segment high-speed SD-OCT system offers
efficient information about lens capsule evaluation, clear corneal incision investigation, cap-
sular block syndrome management, and post-refractive surgery IOL power calculation. In
the future, anterior segment SD-OCT may be a useful tool for detecting and monitoring more
ocular disease progression and treatment response in clinic.

Grant information

This work was supported by the National Natural Science Foundation of China under Grant
No. 81501544.

Financial interests

The authors have neither a conflict of interest nor commercial interest in the equipment men-
tioned in this paper.

Author details

Xiaogang Wang", Jing Dong?, Suhua Zhang' and Bin Sun'
*Address all correspondence to: movie6521@163.com
1 Department of Cataract, Shanxi Eye Hospital, Taiyuan, China

2 Department of Ophthalmology, The First Hospital of Shanxi Medical University, Shanxi,
PR China

References

[1] Huang D, Swanson EA, Lin CP, Schuman ]S, Stinson WG, Chang W, Hee MR, Flotte T,
Gregory K, Puliafito CA, etal. Optical coherence tomography. Science. 1991;254:1178-1181

[2] Seland JH. Ultrastructural changes in the normal human lens capsule from birth to old
age. Acta Ophthalmologica. 1974;52:688-706

[3] Radhakrishnan S, Rollins AM, Roth JE, Yazdanfar S, Westphal V, Bardenstein DS,
Izatt JA. Real-time optical coherence tomography of the anterior segment at 1310 nm.
Archives of Ophthalmology. 2001;119:1179-1185

185



186 OCT-

(4]

[6]

[7]

(10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Applications in Ophthalmology

Kaluzny BJ, Gora M, Karnowski K, Grulkowski I, Kowalczyk A, Wojtkowski M. Imaging
of the lens capsule with an ultrahigh-resolution spectral optical coherence tomogra-
phy prototype based on a femtosecond laser. The British Journal of Ophthalmology.
2010,94:275-277

Szkulmowski M, Gorczynska I, Szlag D, Sylwestrzak M, Kowalczyk A, Wojtkowski M.
Efficient reduction of speckle noise in optical coherence tomography. Optics Express.
2012;20:1337-1359

Dong]J, JiaY, Zhang Y, Zhang H, Jia Z, Zhang S, Wu Q, Hu Q, Zhang T, Wang X. Anterior
lens capsule and epithelium thickness measurements using spectral-domain optical
coherence tomography. BMC Ophthalmology. 2017;17:94

Hawlina M, Stunf S, Hvala A. Ultrastructure of anterior lens capsule of intumescent
white cataract. Acta Ophthalmologica. 2011;89:e367-e370

Zeng Y, Liu X, Wang T, Zhong Y, Huang J, He M. Correlation between lens thickness and
central anterior chamber depth. Eye Science. 2012;27:124-126

Barraquer RI, Michael R, Abreu R, Lamarca J, Tresserra F. Human lens capsule thick-
ness as a function of age and location along the sagittal lens perimeter. Investigative
Ophthalmology & Visual Science. 2006;47:2053-2060

Farouk MM, Naito T, Shinomiya K, Eguchi H, Sayed KM, Nagasawa T, Katome T,
Mitamura Y. Optical coherence tomography reveals new insights into the accommoda-
tion mechanism. Journal of Ophthalmology. 2015;2015:510459

Kim E, Ehrmann K, Uhlhorn S, Borja D, Arrieta-Quintero E, Parel JM. Semiautomated
analysis of optical coherence tomography crystalline lens images under simulated
accommodation. Journal of Biomedical Optics. 2011;16:056003

Kaluzny BJ, Szkulmowska A, Kaluzny JJ, Bajraszewski T, Szkulmowski M, Kowalczyk A,
Wojtkowski M. In vivo imaging of posterior capsule opacification using spectral optical
coherence tomography. Journal of Cataract and Refractive Surgery. 2006;32:1892-1895

Zheng X, Sakai H, Goto T, Namiguchi K, Mizoue S, Shiraishi A, Sawaguchi S, Ohashi
Y. Anterior segment optical coherence tomography analysis of clinically unilateral pseu-
doexfoliation syndrome: Evidence of bilateral involvement and morphologic factors
related to asymmetry. Investigative Ophthalmology & Visual Science. 2011;52:5679-5684

Pandey SK, Milverton EJ, Maloof AJ. A tribute to Charles David Kelman MD:
Ophthalmologist, inventor and pioneer of phacoemulsification surgery. Clinical &
Experimental Ophthalmology. 2004;32:529-533

Saraiva ], Neatrour K, Waring Iv GO. Emerging technology in refractive cataract sur-
gery. Journal of Ophthalmology. 2016;2016:7309283

Calladine D, Ward M, Packard R. Adherent ocular bandage for clear corneal incisions
used in cataract surgery. Journal of Cataract and Refractive Surgery. 2010;36:1839-1848

Nagy Z, Takacs A, Filkorn T, Sarayba M. Initial clinical evaluation of an intraocular fem-
tosecond laser in cataract surgery. Journal of Refractive Surgery. 2009;25:1053-1060



(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

OCT Application Before and After Cataract Surgery
http://dx.doi.org/10.5772/intechopen.77281

Bissen-Miyajima H, Hirasawa M, Nakamura K, Ota Y, Minami K. Safety and reliability
of femtosecond laser-assisted cataract surgery for Japanese eyes. Japanese Journal of
Ophthalmology. 2018;62:226-230

Agarwal A, Jacob S. Current and effective advantages of femto phacoemulsification.
Current Opinion in Ophthalmology. 2017;28:49-57

Fine TH, Hoffman RS, Packer M. Profile of clear corneal cataract incisions demon-
strated by ocular coherence tomography. Journal of Cataract and Refractive Surgery.
2007;33:94-97

Schallhorn JM, Tang M, Li Y, Song JC, Huang D. Optical coherence tomography of
clear corneal incisions for cataract surgery. Journal of Cataract and Refractive Surgery.
2008;34:1561-1565

Wang L, Dixit L, Weikert MP, Jenkins RB, Koch DD. Healing changes in clear corneal cat-
aract incisions evaluated using Fourier-domain optical coherence tomography. Journal
of Cataract and Refractive Surgery. 2012;38:660-665

Calladine D, Packard R. Clear corneal incision architecture in the immediate postop-
erative period evaluated using optical coherence tomography. Journal of Cataract and
Refractive Surgery. 2007;33:1429-1435

Wang X, Zhang Z, Li X, Xie L, Zhang H, Koch DD, Wang L, Zhang S. Evaluation of fem-
tosecond laser versus manual clear corneal incisions in cataract surgery using spectral-
domain optical coherence tomography. Journal of Refractive Surgery. 2018;34:17-22

Smolek MK, McCarey BE. Interlamellar adhesive strength in human eyebank corneas.
Investigative Ophthalmology & Visual Science. 1990;31:1087-1095

Shin TJ, Vito RP, Johnson LW, McCarey BE. The distribution of strain in the human cor-
nea. Journal of Biomechanics. 1997;30:497-503

Serrao S, Lombardo G, Schiano-Lomoriello D, Ducoli P, Rosati M, Lombardo M. Effect
of femtosecond laser-created clear corneal incision on corneal topography. Journal of
Cataract and Refractive Surgery. 2014;40:531-537

Schultz T, Tischoff I, Ezeanosike E, Dick HB. Histological sections of corneal incisions
in OCT-guided femtosecond laser cataract surgery. Journal of Refractive Surgery.
2013;29:863-864

Santhiago MR, Wilson SE. Cellular effects after laser in situ keratomileusis flap forma-
tion with femtosecond lasers: A review. Cornea. 2012;31:198-205

Velez M, Velasquez LF, Rojas S, Montoya L, Zuluaga K, Balparda K. Capsular block syn-
drome: A case report and literature review. Clinical Ophthalmology. 2014;8:1507-1513

Davison JA. Capsular bag distension after endophacoemulsification and posterior
chamber intraocular lens implantation. Journal of Cataract and Refractive Surgery.
1990;16:99-108

Holtz S]. Postoperative capsular bag distension. Journal of Cataract and Refractive
Surgery. 1992;18:310-317

187



188 OCT-

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

(44]

[45]

[46]

[47]

(48]

Applications in Ophthalmology

Masket S. Postoperative complications of capsulorhexis. Journal of Cataract and Refrac-
tive Surgery. 1993;19:721-724

Miyake K, Ota I, Miyake S, Horiguchi M. Liquefied aftercataract: A complication of con-
tinuous curvilinear capsulorhexis and intraocular lens implantation in the lens capsule.
American Journal of Ophthalmology. 1998;125:429-435

Basti 5, Nayak H, Mathur U. Capsular bag distension after optic capture of a sulcus-
fixated intraocular lens. Journal of Cataract and Refractive Surgery. 1999;25:293-295

Durak I, Ozbek Z, Ferliel ST, Oner FH, Soylev M. Early postoperative capsular block
syndrome. Journal of Cataract and Refractive Surgery. 2001,27:555-559

Kim HK, Shin JP. Capsular block syndrome after cataract surgery: Clinical analysis and
classification. Journal of Cataract and Refractive Surgery. 2008;34:357-363

Miyake K, Ota I, Ichihashi S, Miyake S, Tanaka Y, Terasaki H. New classification of cap-
sular block syndrome. Journal of Cataract and Refractive Surgery. 1998;24:1230-1234

Sugiura T, Miyauchi S, Eguchi S, Obata H, Nanba H, Fujino Y, Masuda K, Akura
J. Analysis of liquid accumulated in the distended capsular bag in early postoperative
capsular block syndrome. Journal of Cataract and Refractive Surgery. 2000;26:420-425

Eifrig DE. Capsulorhexis-related lacteocrumenasia. Journal of Cataract and Refractive
Surgery. 1997;23:450-454

Pinsard L, Rougier MB, Colin J]. Neodymium:YAG laser treatment of late capsular block
syndrome. Journal of Cataract and Refractive Surgery. 2011;37:2079-2080

Colakoglu A, Kucukakyuz N, Topcuoglu IE, Akar S. Intraocular pressure rise and recur-
rence of capsular block syndrome after neodymium:YAG laser anterior capsulotomy.
Journal of Cataract and Refractive Surgery. 2007;33:1344-1346

Qu]J, BaoY, LiM, Zhao M, Li X. Surgical management of late capsular block syndrome.
Journal of Cataract and Refractive Surgery. 2010;36:1687-1691

Findl O. Biometry and intraocular lens power calculation. Current Opinion in Ophthal-
mology. 2005;16:61-64

Olsen T. Calculation of intraocular lens power: A review. Acta Ophthalmologica Scandi-
navica. 2007;85:472-485

Hoffer KJ. Intraocular lens power calculation after previous laser refractive surgery.
Journal of Cataract and Refractive Surgery. 2009;35:759-765

Rosa N, Capasso L, Lanza M, laccarino G, Romano A. Reliability of a new correcting
factor in calculating intraocular lens power after refractive corneal surgery. Journal of
Cataract and Refractive Surgery. 2005;31:1020-1024

Shammas HJ, Shammas MC. No-history method of intraocular lens power calculation
for cataract surgery after myopic laser in situ keratomileusis. Journal of Cataract and
Refractive Surgery. 2007;33:31-36



[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

OCT Application Before and After Cataract Surgery
http://dx.doi.org/10.5772/intechopen.77281

Rosa N, De Bernardo M, Borrelli M, Lanza M. New factor to improve reliability of the
clinical history method for intraocular lens power calculation after refractive surgery.
Journal of Cataract and Refractive Surgery. 2010;36:2123-2128

Abulafia A, Hill WE, Koch DD, Wang L, Barrett GD. Accuracy of the Barrett True-K
formula for intraocular lens power prediction after laser in situ keratomileusis or
photorefractive keratectomy for myopia. Journal of Cataract and Refractive Surgery.
2016;42:363-369

Alio JL, Abdelghany AA, Fernandez-Buenaga R. Management of residual refractive
error after cataract surgery. Current Opinion in Ophthalmology. 2014;25:291-297

Aramberri ]. Intraocular lens power calculation after corneal refractive surgery: Double-K
method. Journal of Cataract and Refractive Surgery. 2003;29:2063-2068

Saiki M, Negishi K, Kato N, Ogino R, Arai H, Toda I, Dogru M, Tsubota K. Modified
double-K method for intraocular lens power calculation after excimer laser corneal
refractive surgery. Journal of Cataract and Refractive Surgery. 2013;39:556-562

Feiz V, Mannis M], Garcia-Ferrer F, Kandavel G, Darlington JK, Kim E, Caspar ], Wang
JL, Wang W. Intraocular lens power calculation after laser in situ keratomileusis for
myopia and hyperopia: A standardized approach. Cornea. 2001;20:792-797

Latkany RA, Chokshi AR, Speaker MG, Abramson ], Soloway BD, Yu G. Intraocular
lens calculations after refractive surgery. Journal of Cataract and Refractive Surgery.
2005;31:562-570

Savini G, Barboni P, Zanini M. Intraocular lens power calculation after myopic refrac-
tive surgery: Theoretical comparison of different methods. Ophthalmology. 2006;113:
1271-1282

Borasio E, Stevens ], Smith GT. Estimation of true corneal power after keratorefrac-
tive surgery in eyes requiring cataract surgery: BESSt formula. Journal of Cataract and
Refractive Surgery. 2006;32:2004-2014

Haigis W. Intraocular lens calculation after refractive surgery for myopia: Haigis-L for-
mula. Journal of Cataract and Refractive Surgery. 2008;34:1658-1663

Fram NR, Masket S, Wang L. Comparison of intraoperative aberrometry, OCT-based
IOL formula, Haigis-L, and Masket formulae for IOL power calculation after laser vision
correction. Ophthalmology. 2015;122:1096-1101

Tang M, Chen A, Li Y, Huang D. Corneal power measurement with Fourier-domain opti-
cal coherence tomography. Journal of Cataract and Refractive Surgery. 2010;36:2115-2122

Wang Q, Hua Y, Savini G, Chen H, Bao F, Lin S, Lu W, Huang J. Corneal power mea-
surement obtained by Fourier-domain optical coherence tomography: Repeatability,
reproducibility, and comparison with Scheimpflug and automated keratometry mea-
surements. Cornea. 2015;34:1266-1271

189



Edited by Michele Lanza

I am very proud and excited to introduce to you this book, which provides many
interesting indications on how to better understand and handle the world of optical
coherence tomography (OCT). Reading the chapters, you will be aware that this device
is extremely important not just in the clinical practice of retinal diseases, but is also
very useful as a surgical tool. Moreover, application of OCT has crossed the borders
of the retina and is currently being applied to corneal diseases and glaucoma. I am
confident you will find enough useful information to improve your practice using OCT
and to provide a better quality of care for your patients.

ISSN 2631-5343
978-1-83881-77

ISBN 4-9
9“781 8 17749H

83

Published in London, UK

© Malkovatook | sStock IntechOpen

8



	OCT - Applications in Ophthalmology
	Contents
	Preface
	Section 1
Clinical Retina
	Chapter 1
Novel Insight into Morphological Features and Vascular Profile of Selected Macular Dystrophies Using Swept-Source Optical Coherence Tomography and Optical Coherence Tomography Angiography
	Chapter 2
Retinal Vasculature Identification and Characterization Using OCT Imaging
	Chapter 3
Spectral Domain Optical Coherence Tomography in the Diagnosis and Monitoring of Diabetic Macular Edema

	Section 2
Surgical Retina
	Chapter 4
iOCT in PVR Surgical Management
	Chapter 5
Clinical Use of OCT in the Management of Epiretinal Membranes
	Chapter 6
Optical Coherence Tomography: Essential Tool in Macular Hole Management

	Section 3
Corneal Surgery
	Chapter 7
Intraoperative OCT in Lamellar Corneal Transplants (DALK, DSAEK, DMEK)
	Chapter 8
OCT in Lamellar Corneal Transplantation
	Chapter 9
Imaging the Cornea, Anterior Chamber, and Lens in Corneal and Refractive Surgery

	Section 4
Cataract and Glaucoma
	Chapter 10
OCT in Glaucoma Diagnosis, Detection and Screening
	Chapter 11
OCT Application Before and After Cataract Surgery




