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Glaucoma is one of the leading causes of blindness. One cannot emphasize 
too much the importance of early detection of glaucoma to maintain patients’ 
quality of life. The technology for imaging the optic nerve to detect glaucoma 
in its early stage and monitor the disease progression has been greatly 
advanced in recent decades. The use of optical coherence tomography (OCT), 
one of the top technologies, has expanded rapidly in our daily practice.

Nowadays, artificial intelligence combined with normative database of 
OCT helps us to interpret test results more accurately and conveniently. 
However, understanding the basic principles, algorithms, strengths, and 
weaknesses of OCT will enrich our knowledge and guide our decision- 
making with higher confidence in clinics. Further, the capacity of OCT to 
look into the deeper as well as microstructures of the optic nerve head and 
macula including their vasculature will significantly enhance our insight into 
the nature of glaucomatous neuronal damage.

We would like to thank all the authors from our department who contrib-
uted chapters herein. They are all experts on their respective subjects.

It is our hope that this book will be a rich source of information and guid-
ance for practicing ophthalmologists, glaucoma specialists, and trainees.

Finally, we would like to extend great thanks and love to our families for 
their continuous support and encouragement, without which we could not 
have accomplished our goals.

Seoul, Korea Ki Ho Park 
 Tae-Woo Kim  
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Principles of OCT Imaging

Kyoung Min Lee

Abstract

Optical coherence tomography (OCT) uses 
the interference between the light waves 
reflected by the reference and sample arms 
to obtain spatial information on tissue 
microstructure, which is used to construct 
an in-vivo cross-sectional image. OCT has 
become an essential part of daily practice in 
the field of ophthalmology and glaucoma 
over the past 30  years. This success was 
possible by tremendous advances of its 
technology toward better sensitivity and 
faster scan speed from Time-domain to 
Spectral-domain and Swept- source 
OCT.  This chapter was written to describe 
the basic principles of OCT and how they 
enable its various applications, which are 
crucial to understand how such advances of 
OCT have been possible in the past, and 
why OCT still has boundless potential for 
future growth.

Keywords

Optical coherence tomography · 
Interferometer · Fourier transformation  
Spectral-domain OCT · Swept-source OCT

1  Introduction

Modern progress in medicine has largely been 
driven by the advent of tomographic imaging 
techniques such as X-ray computed tomogra-
phy (CT), magnetic resonance imaging (MRI), 
and ultrasound imaging. These can generate a 
cross- sectional image of living tissue, thereby 
locating the diseased portion. Optical coher-
ence tomography (OCT), meanwhile, can be 
described as the optical analog of ultrasound 
imaging (Huang et al. 1991; Fercher et al. 2003; 
Fercher 2010; Popescu et  al. 2011; Drexler 
et  al. 2014; Fujimoto and Swanson 2016; 
Aumann et al. 2019). In ultrasound imaging, a 
sound pulse is launched, the echoes of which 
are measured to create a cross-sectional image. 
In OCT, correspondingly, a light pulse is 
launched, but its reflections—in the aspect of 
its delays—cannot be measured directly 
because of its fast velocity; instead, the inter-
ference between the light waves reflected by the 
reference and sample arms, respectively, is 
measured to obtain spatial information on tis-
sue microstructure. To understand this more 
deeply, let us start with light and its wave-like 
behavior.

K. M. Lee (*) 
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2  Light

Light is an electromagnetic phenomenon. A par-
ticle that carries an electric charge (q0) will gen-
erate an electric field (E) with different amounts 
of force (Fe) on a charge at different locations: 
E
q Fe

0
= . This in turn will generate an electro-

magnetic field that is well explained by Maxwell’s 
equations (Brezinski 2006a) as follows:

 1. Gauss’ law for electric fields: ∇ ∙ D = ρ, which 
means that the net outward flow (D) through a 
closed surface is equal to the total charge (ρ) 
enclosed by that surface.

 2. Gauss’ law for a magnetic field: ∇  ∙  B  =  0, 
which means that the divergence of the mag-
netic flux (B) is always zero and that there are 
no isolated magnetic changes.
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Fig. 1 Interference and Michelson interferometer. By 
mutual production, electric and magnetic waves can prop-
agate eternally in space with a fixed oscillatory compo-
nent: a frequency (a; figure taken from Wikipedia). The 
summation of two waves with the same frequency (b) can 

produce constructive (c) or destructive (d) interference 
according to a phase delay. The interference can be mea-
sured using the Michelson interferometer (e). The pattern 
of interference is determined by twice the length differ-
ence between M1 and M2 (round trip)

 3. Faraday’s law: �� � �� �E B
t , which means 

that a magnetic field (B) change over time (t) 
produces an electric field (E).

 4. Ampere’s law: �� � � � �H J D
t , which 

means that a changing electric field (D) pro-
duces a magnetic field (H).
That is, a changing electric field produces a 

magnetic field, whereas a changing magnetic 
field produces an electric field. Since the two 
fields recreate each other indefinitely, a light can 
propagate in free space as an oscillating wave 
with the electric and magnetic fields located per-
pendicularly to each other (Fig. 1a). Each light, 
as an oscillating wave, has a frequency (f) and 
wavelength (λ): c = f × λ. The energy transmitted 
by the light is proportional to the frequency: 
E = h × f (h =Planck’s constant).

K. M. Lee
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2.1  Interference

A point in a wave is determined by its spatial 
location (x) and time (t) (Fig. 1b).

W1(x, t) = A cos (kx − ωt), where A is the peak 

amplitude, k � 2�
�  is the wavenumber, and 

ω = 2πf is the angular frequency of the wave. A 
second wave with a phase delay (φ) is 
W2(x, t) = A cos (kx − ωt + φ).

The summation of the two waves is as follows:

 
W W A kx t A kx t A kx t1 2 2

2 2
� � �� � � � �� � � � ��

�
�

�
�
�cos cos cos cos� � �

�
�

�

This equation reveals that the new wave shares 
the same frequency and wavelength (both k and ω 
are unchanged). The amplitude of the new wave 

is determined by a factor of 2
2

cos
ϕ

. When φ is 

an even multiple of π, cos
�
2

1� , and so the 

amplitude is doubled, which phenomenon is 
known as constructive interference (Fig.  1c). 

When φ is an odd multiple of π, cos
�
2

0� , and 

so the amplitude becomes zero, which phenome-
non is known as destructive interference (Fig. 1d) 
(Brezinski 2006b).

More generally, if both the initial wave (W1) 
and the summation of the initial and reflected 
waves (W1 + W2) are provided, the phase delay 
(φ) of W2 can be calculated. The Michelson 
Interferometer is designed to measure this inter-
ference phenomenon (Fig.  1e). A beam splitter 
directs the course of light against two different 
mirrors (M1 and M2). Both mirrors reflect the 
lights: they share the same frequency and wave-
length, but the lengths of their light paths are dif-
ferent (Fig.  1e). If the two mirrors reflect the 
lights equally, the length of difference alone 
determines the phase delay.

2.2  Coherence

To this point, calculations were based on light 
with a single frequency (monochromatic light). 

But real light sources are never monochromatic, 
even laser sources being quasi-monochromatic, 
for two reasons. First, light is produced by 
atomic transitions from a higher-energy state to a 
lower one, and the energy is directly related to 
the frequency: E  =  h  ×  f. The problem is that 
while the atoms are in the excited state, they are 
colliding, which results in the loss or gain of 
some energy. So, the energy and the frequency 
vary, they are not fixed, even from the beginning. 
Second, the atoms emitting light are moving in 
different directions, which fact, given that the 
interaction of light with a moving object results 
in a Doppler shift, induces a frequency shift 
(Brezinski 2006b).

Coherence is a measure of inter-wave correla-
tion. Since a wave is dependent on spatial loca-
tion (x) and time (t), coherence is measured in 
both the spatial and temporal aspects. Here, let us 
focus on temporal coherence. As the frequencies 
of different waves get closer and closer, the time 
during which the waves are in unison–the coher-
ence time–will become longer and longer. On the 
other hand, the lights have a broader spectrum of 
frequencies, the lower the chances are that the 
waves will be in unison, and, correspondingly, 
the shorter the coherence time becomes. The 
coherence length is the distance that light travels 
during the coherence time; it signifies that the 
properties of the beam retain relatively constant 
characteristics only over that unit of length. 
Using the Michelson interferometer, the length 
difference can be detected only within the limit 
of the coherence length. Therefore, the coherence 
length is directly associated with the axial resolu-

Principles of OCT Imaging
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tion, and that is why low-coherence light, which 
has broader spectral bandwidth, is preferred for 
Time-domain OCT.

2.3  Diffraction

Diffraction refers to various phenomena that 
occur when a wave encounters an obstacle or a 
slit, the aperture effectively becoming a second-
ary source of the propagating wave. Therefore, 
even a well-focused, aberration-free converging 
lens never focuses light to a single point but 
always has a trace of diffraction (Brezinski  
2006b). Diffraction of a circular aperture pro-
duces the bright central irradiance surrounded by 
the series of concentric rings: the former is known 
as the Airy spot which contains 84% of the total 
irradiance, and the latter is known as the Airy pat-
tern. Since the system can only resolve the struc-
tures to the width of the Airy function, the 
diffraction determines the resolution limit of the 
system. It is particularly important for the lateral 
resolution which is essentially dependent on the 
optics of the imaging device. A larger diameter 
lens and shorter wavelengths result in smaller 
Airy spot and therefore higher resolutions 
(Brezinski 2006b).

2.4  Tissue Interactions

When light is within materials rather than in a 
vacuum, it interacts with atoms and molecules, 
and this interaction is best described as the dipole 
moment: separation of opposite charges 
(Brezinski 2006c). Then, the electrical dipole 
oscillates and generates a second propagating 
electromagnetic wave with a different velocity. 
This velocity change in the light is known as 
refractive index: n c

v= .

The refractive index is frequency dependent: 
in a medium, different wavelengths will travel at 
different speeds, and this fact is called dispersion. 
Although dispersion can be used to decompose 
the light into its different frequency components 
as in Spectral-domain OCT, dispersion generally 
needs to be compensated for in OCT systems 

because dispersion makes the different wave-
lengths return at slightly different times.

When the impinging electromagnetic waves 
are near the resonance frequency, the electron 
absorbs the energy of a photon of a specific fre-
quency and goes to a higher-energy state, a phe-
nomenon known as absorption. More generally, 
atoms that are exposed to light absorb light 
energy and re-emit light in different directions 
with differing intensities, a phenomenon known 
as scattering. Keep in mind, meanwhile, that 
refractive index, dispersion, absorption, and scat-
tering are related to each other in that they are all 
frequency (f) dependent.

3  Time-Domain OCT

The basic principle of Time-domain OCT is that 
of the Michelson interferometer’s use of the light 
of a low-coherence source (Fig. 2a) (Huang et al. 
1991; Fercher et al. 2003; Fercher 2010; Popescu 
et  al. 2011; Drexler et  al. 2014; Fujimoto and 
Swanson 2016; Aumann et  al. 2019; Brezinski 
2006d). By replacing one of the mirrors with a 
sample, one can measure the interference of 
back-scattered light from the sample and the 
reflected light from the reference mirror. The 
back-reflected lights from the two arms (refer-
ence and sample) are combined and interfere 
only if the optical path lengths match within the 
coherence length. Interference fringe bursts, 
roughly the amplitudes of the interference, are 
detected by the photodiode. For each sample 
point, the reference mirror is scanned in the 
depth (z) direction, and a complete depth profile 
is generated at the beam position: this is the 
A-scan (amplitude scan). For a cross-sectional 
image, the scan beam is moved laterally across 
the line, and repeats A-scans in the same way: 
this is the B-scan (named after “brightness scan” 
in ultrasonography) (Fig.  2b) (Fercher et  al. 
2003; Fercher 2010; Popescu et al. 2011; Drexler 
et  al. 2014; Fujimoto and Swanson 2016; 
Aumann et al. 2019).

To compute the axial resolution, the wave-
length profile of a light source must be consid-
ered, because it determines the coherence length. 

K. M. Lee
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Let us assume a Gaussian spectrum of wave-
lengths, then the wavelength profile is determined 
by its wavelength (λ0) and its spectral bandwidth 
(∆λ). Usually, the spectral bandwidth is described 
by the full width at half-maximum (FWHM): the 

width at the intensity level equal to half the maxi-
mum intensity. Then, the axial resolution (along 
the z axis) in free space equals the round-trip 
coherence length of the source light (Fercher 
2010; Popescu et  al. 2011; Drexler et  al. 2014; 

Low Time-
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Fig. 2 Working principle of Time-domain OCT 
(TD-OCT). For the axial image, a light from the light 
source is split into the reference beam and the central 
beam. Back-reflected light from both arms is combined 
again and recorded by the detector. To record one depth 
profile of the sample (an A-scan), the reference arm needs 

to be scanned (a). This has to be repeated for each lateral 
scan position to construct a volume scan (b). Therefore, 
the lateral resolution of OCT depends on the focusing 
ability of the probing beam: which is to say, the optics of 
the system. Figures reprinted from (Aumann et al. 2019)

Principles of OCT Imaging
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Fujimoto and Swanson 2016; Aumann et  al. 
2019; Brezinski 2006d):

 
�

�
�
�z � �

2 2 0
2ln

�  
This means, at the theoretical level at least, 

that a better axial resolution is dependent only on 
the light source: a shorter wavelength (λ0) and 
broader spectral bandwidth (∆λ).

The lateral resolution is determined by the 
spot size of the probing beam, which is depen-
dent on the optics of the imaging device (Fig. 2b; 
NA  =  numerical aperture of focusing lens) 
(Fercher 2010; Popescu et al. 2011; Drexler et al. 
2014; Fujimoto and Swanson 2016; Aumann 
et al. 2019).

 
�

�
�

x � �
2 2 0ln

NA  

Tight focusing would increase the lateral reso-
lution (via the increase of the NA) at the expense 
of focusing depth (the axial range). The confocal 
parameter, b, is twice the Rayleigh length (zR):

 
b zR� � � � �2 2

0
0
2�

�
�

 

Tight focusing will reduce the beam waist (ω0: 
radial size of beam), and the axial range.

Time-domain OCT has several limitations. 
First, it requires movement of the reference arm 
corresponding to the z-axis location of the sam-
ple arm, which critically limits the scan speed. 
Second, only the light reflected from a thin tissue 
slice within the coherence length contributes to 
the OCT signal, while the detection system 
records, at each axial location over the full spec-
tral bandwidth, the summated power reflected 
from all depth locations. To handle this glut of 
information, Fourier-domain OCT was intro-
duced (Fercher 2010; Popescu et  al. 2011; 
Drexler et al. 2014; Fujimoto and Swanson 2016; 
Aumann et al. 2019; de Boer et al. 2017a).

4  Fourier-Domain OCT

A Fourier series is an expansion of a periodic 
function in terms of an infinite sum of sines and 
cosines. Let us imagine two waves with different 
frequencies but the same amplitude and phase.

W1(x, t)  =  A  cos  (k1x  −  ω1t) and 
W2(x, t) = A cos (k2x − ω2t.)

The summation of the two waves is as follows:

 
W W A

k k
x

w w
t

k k
x

w w
t1 2

1 2 1 2 1 2 1 22
2 2 2 2

� �
�

� �
�

��

�
�

�

�
�

�
� �

�
��

�
�

�
cos cos

��
�

This equation clearly shows that the sum-
mated wave has two oscillating components: one 
with a rapidly varying part and the other with a 
slowly varying envelope (Fig. 3a) (Aumann et al. 
2019; Brezinski 2006d). This means that the indi-
vidual frequency components still exist, even 
after the summation of the waves. A Fourier 
series states that every singular frequency com-
ponent can be traced back from the complex 
summated waves.

4.1  Fourier Transformation

Fourier transformation is a function that enables 
a perspective change from the time- or spatial 
domain to the frequency domain (Fig. 3b).

 

ĝ f g t e dt
t

t
ift� � � � ��� �

1

2

2�

 

To understand why this function acts as a 
Fourier transformation, it is required to under-
stand the method of manipulating values on a 
two-dimensional plane using complex numbers: 
a point (a, b) = a + bi. This manipulation is par-
ticularly useful in the aspect of circular transfor-
mation since every point in the unit circle 
(cosθ  +  i  ∙    sin  θ) corresponds to eiθ (Fig.  3c; 
Euler’s equation). This means that one can trans-
pose any function along the circle in the polar 
coordinate system by multiplying eiθ. During the 
Fourier transformation, e−2πi is multiplied in order 
to wrap a function g(t) along the circle, and an 
integral is used to squeeze out its frequency pro-

K. M. Lee
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file. As the original function is transposed along 
the circle, the infinite length of function is wind-
ing along the circle over and over, and its hills 
and valleys are counterbalanced during the inte-

gral process except for when the winding fre-
quencies match exactly with those of the 
individual waves of g(t). At this moment, all the 
hills are arranged on the one side and the valleys 
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Fig. 3 Working principle of Fourier-domain OCT 
(FD-OCT). Despite the mixing of diverse frequencies, the 
summated waves (red waves) still bear the original indi-
vidual components (a). With formulaic calculation, each 
component can be extracted from the mixed waves: 
Fourier-transformation (b; figure taken from Wikimedia). 
To understand how it works, waves should be described in 
the complex number system (c; figure taken from 
Wikipedia). In this polar coordinate system, any point in 
the waves is described by its real number portion and its 
imaginary number portion. Then, the waves can be trans-
lated into circular movement (phase information is trans-
lated into the angle from the x-axis, and the amplitude is 
translated into the distance from the reference point). 
Based on the Euler’s equation, any point in the unit circle 
is cosφ +  i  sin φ, and can be translated as eiφ (c; figure 
taken from Wikipedia). Therefore, any wave can be trans-

formed to rotate along the unit circle by simply multiply-
ing eiφ. The frequency profile is squeezed out during the 
integral process because the hills and valleys of complex 
waves are counterbalanced during the integration except 
for when the winding frequencies match exactly those of 
the individual frequency components. This means that 
although Fourier-domain OCT receives signals as sum-
mated waves, their individual frequency components can 
be back-calculated and isolated systematically. The total 
waves are obtained either by a spectrometer (a 
spectrometer- based OCT: Spectral-domain OCT) or by 
rapid sweeping of wavelengths from the source (Swept- 
source OCT). Both implementations record an interfer-
ence spectrum that carries the depth information of the 
sample. Fast Fourier Transformation is then used to trans-
form the interference signal into an A-scan (d; figures 
reprinted from (Aumann et al. 2019))

Principles of OCT Imaging
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on the other side, thereby the transformed func-
tion ĝ f� �  has spikes on those specific frequen-
cies. After obtaining the frequency profiles from 
the mixed waves, the individual waves can be 
extracted and analyzed according to their fre-
quencies (Fig. 3b).

The Fourier transform of the spectrum pro-
vides a back-reflection profile as a function of 
depth (Fig.  3d) (Fercher 2010; Popescu et  al. 

2011; Drexler et al. 2014; Fujimoto and Swanson 
2016; Aumann et al. 2019). Depth information is 
obtained by the different interference profiles 
from the different path lengths in both arms: 
larger differences in the optical path length result 
in higher-frequency interference signals 
(Brezinski 2006d; de Boer et al. 2017a; Fercher 
et al. 1995; Leitgeb et al. 2000).

 

I k G k a z knz dz a z a z e
z z

i kn z z� � � � � � � �� � � � � � � ���
� �

� � �� ��1 2 2
0 0

2cos �� � �
�

�
��

�

�
��dzdz

I(k) is the total inference signal, G(k) is the spec-
tral intensity distribution of the light source, z0 is 
the offset of the reference plane from the object 
surface, z is the axial location, a(z) is the back-
scattering coefficient of the object signal with 
regard to the offset z0, and n is the refractive 
index. The first term is the direct-current term, 
and the second term encodes the depth informa-
tion z: as the light goes deeper, the frequency of 
oscillation gets higher. The third term describes 
the mutual interference of all elementary waves; 
in fact, it can be neglected, since the second term 
is much higher than the third term in a strongly 
scattered medium (Brezinski 2006d; de Boer 
et  al. 2017a; Fercher et  al. 1995; Leitgeb et  al. 
2000).

4.2  Spectral-Domain OCT

In this OCT mode’s early development stage, it 
was called “spectral radar” (Ha Usler and Lindner 
1998; Andretzky et  al. 1999, 2000); this term 
probably best describes its mechanism. The pho-
todiode detector is replaced by a spectrometer, 
which separates the different wavelength compo-
nents spatially, and these lights are received by a 
charged-coupled device (CCD) (Fercher 2010; 
Popescu et al. 2011; Drexler et al. 2014; Fujimoto 
and Swanson 2016; Aumann et  al. 2019; 
Brezinski 2006d; de Boer et  al. 2017a; Fercher 
et al. 1995; Leitgeb et al. 2000). Therefore, only 
a narrow optical bandwidth corresponding to a 
long coherence length is measured by each detec-

tor element (de Boer et al. 2017a; Fercher et al. 
1995; Leitgeb et al. 2000).

The strength of Spectral-domain OCT is 
speed. It does not require a moving reference 
arm, and the depth information is obtained all at 
once. High scan speed enables averaging, which 
reduces speckle noise (mutual interference of a 
set of coherent waves) and fluctuations in back-
ground noise. With n-times averaging, the signal- 
to- noise (SNR) ratio increases by n  times. 
Therefore, Spectral-domain OCT provides higher 
sensitivity with better resolution than can Time- 
domain OCT (Leitgeb et al. 2003; Choma et al. 
2003).

Spectral-domain OCT, however, has several 
weaknesses as well (Liu and Brezinski 2007). 
First, all Fourier-domain OCTs suffer diminished 
sensitivity with increases in imaging depth: this 
is the roll-off phenomenon. During Fourier trans-
formation, a deeper axial location is encoded 
with a higher-frequency panel, but it is more dif-
ficult to capture a signal with a higher frequency. 
Further, in Spectral-domain OCT, the finite pixel 
size of the CCD array and the finite spectral reso-
lution of the spectrometer limit the range of mea-
surable frequency. Therefore, a deeper location 
beyond the obtainable CCD frequency range can-
not be measured. Second, Spectral-domain OCT 
is limited by the capacity of the CCD, which has 
a limited spectral range. If a spectral range is too 
small, it cannot capture the full spectrum, and if 
it is too large, the pixel spacing is reduced, which 
results in a reduced measurement range without 
axial resolution improvement. Third, Fourier 
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transform links z (depth) and k (frequency) 
spaces, whereas k (frequency) and λ (wavelength) 

have a nonlinear relationship: k � 2�
� . 

Therefore, the signal is unevenly sampled in k 
space but evenly sampled in λ space, which 
results in broadening of the point spread func-
tion. Fourth, dispersion, which is also frequency 
dependent, has to be corrected by software. Fifth 
and finally, Spectral-domain OCT is more vul-
nerable to motion artifacts, due to the integration 
process of the CCD.

4.3  Swept-Source OCT

Many problems of Spectral-domain OCT are 
related to the use of the CCD rather than the pho-
todiode detector. In Swept-source OCT, by con-
trast, the broadband light source is replaced by an 
optical source that rapidly sweeps a narrow line- 
width over a broad range of wavelengths (Fercher 
2010; Popescu et  al. 2011; Drexler et  al. 2014; 
Fujimoto and Swanson 2016; Aumann et  al. 
2019; Brezinski 2006d; de Boer et  al. 2017a; 
Chinn et al. 1997). Therefore, only a narrow opti-
cal bandwidth corresponding to a long coherence 
length is measured sequentially in time by the 
single detector element (de Boer et  al. 2017a; 
Chinn et al. 1997).

Swept-source OCT has the merit of using the 
photodiode detector rather than the CCD. But it 
is also subject to other innate weaknesses of 
Fourier-domain OCT (Liu and Brezinski 2007). 
Swept-source OCT, like Spectral-domain OCT, 
suffers the roll-off phenomenon, which is related 
to the instantaneous linewidth of the light source 
and the detection bandwidth of the analog-to- 
digital conversion (photodiode and digitizer) (de 
Boer et  al. 2017a). Technologically, it is much 
easier to achieve a narrow instantaneous line 
width with a tunable light source than to manu-
facture a spectrometer covering a more- 
than- 100  nm optical bandwidth with very high 
spectral resolution. Therefore, roll-off is easier to 
overcome in Swept-source OCT than in Spectral- 
domain OCT.

5  Further OCT Modifications

5.1  Enhanced Depth Imaging

OCT imaging of the deep layers of the optic 
nerve head complex is disturbed by (1) high scat-
tering of the retinal pigment epithelium and (2) 
the roll-off phenomenon incurred with Fourier- 
domain OCT. These problems could be partially 
evaded by using the enhanced depth imaging 
(EDI) technique. By shifting the position of the 
reference mirror, the optimum imaging position 
is moved to the lower part of the sample, and the 
characteristic roll-off is reversed in depth: that is, 
deeper layers have smaller differences in optical 
path lengths, and thus are encoded in lower fre-
quencies. Unfortunately, the EDI technique can-
not handle the scattering obstacle (Aumann et al. 
2019; Spaide et  al. 2008; Mrejen and Spaide 
2013).

5.2  OCT Angiography

Using the Doppler shift of the OCT signals, the 
flow in the vessels (mainly due to the flow of 
erythrocytes) can be visualized by OCT angiogra-
phy (An and Wang 2008; Jia et al. 2012). This will 
be addressed in a separate chapter of this book.

5.3  Visible-Light OCT

Usually, OCT uses a light source in the near- 
infrared wavelength (800–1300  nm). By reduc-
ing the wavelength to visible light (450–700 nm), 
the axial resolution increases about 8 times and 
the lateral resolution increases about 1.6 times 
(Aumann et al. 2019; Nafar et al. 2016). Also, the 
spectral information can be used to determine the 
oxygen saturation levels of the vessels (Yi et al. 
2015). This technique, however, needs careful 
correction for chromatic aberrations, and may 
potentially incur photo-chemical action, bleach-
ing of the photopigments, and, thus too, subject 
discomfort. Inaccessibility below the intact reti-
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nal pigment epithelium (due to strong absorp-
tion) is a critical problem (Aumann et al. 2019).

5.4  OCT Elastography

Tissue elasticity, described by the Young modu-
lus, can be measured by Brillouin scattering. But 
the wavelength shift is extremely small, and so a 
laser with a very narrow spectral band is required. 
Still, in the early developmental stage, OCT elas-
tography doubtlessly will provide information on 
tissues’ mechanical loadings someday (Aumann 
et al. 2019; Scarcelli and Yun 2012; Kirby et al. 
2017).

5.5  Polarization-Sensitive OCT

When light is passed through tissue, the sample is 
capable of generating an altered state of back- 
reflected polarized light. Therefore, the polariza-
tion state of the back-scattered light gives 
additional information about the sample. The 
polarization of the light can be described with the 
Jones formalism (de Boer et al. 2017b): with cal-
culation of a vector (to describe the direction of 
polarization) and a matrix (Jones matrix J; the 
polarization changing properties of a medium), 
the polarization state can be drawn. Polarization- 
sensitive OCT can be used for measuring tissue 
with high birefringence (Aumann et al. 2019; de 
Boer et  al. 2017b). Currently, it incorporates 
swept-source technology, which enables better 
resolution (Yamanari et  al. 2008; Braaf et  al. 
2014).

5.6  Adaptive Optics OCT

OCT system resolution is dependent on the light 
source for the axial direction and on the optical 
system for the lateral direction: currently about 
3 μm in the axial direction, and about 9 μm in the 
lateral direction. The low resolution in the lateral 
direction is due to the fact that the diffraction- 
limited optical resolution is determined by the 
numerical aperture (NA), which can be 

 maximized by pupil dilation. Optical aberration, 
however, increases rapidly with pupil diameter. 
In adaptive optics OCT, the optical aberrations 
are corrected using a deformable mirror. 
Consequently, the resolution of <3  μm in all 
dimensions can be achieved, which enables cel-
lular imaging (Aumann et al. 2019; Kumar et al. 
2013; Liu et al. 2017).

5.7  High-speed OCT

High scanning speed can reduce motion artifacts, 
increase A-scan density so as to improve digital 
lateral resolution, and increase the SNR ratio 
with averaging as in Fourier-domain OCT 
(Aumann et al. 2019). Currently, these goals are 
being achieved in two ways: (1) increasing the 
rate of sweep of the light source: Fourier Domain 
Mode Locked (FDML) Lasers with an MHz 
Sweep Rate (Huber et al. 2006; Klein et al. 2012), 
and (2) lateral parallelization of OCT data acqui-
sition: Parallel OCT or Line-field Fourier-domain 
OCT, which illuminates tissue with either a line 
or over a full area, where each lateral pixel 
records the depth structure (Nakamura et  al. 
2007; Fechtig et al. 2015). For extension of this 
technology, Full-field Swept-source OCT has 
been developed. By replacing the line detector 
with a 2D image sensor, a complete 3D volume 
stack is constructed in just one sweep of the laser 
(Hillmann et al. 2016, 2017).

6  Conclusion

In the last paragraph of an epoch-making article 
(Huang et al. 1991) that coined the term “OCT,” 
the authors stated that “Because OCT is an opti-
cal method, a variety of optical properties can be 
utilized to identify tissue structure and composi-
tion.” In that paper, they presented only a proto-
type of Time-domain OCT but predicted the 
boundless development of future OCT in such 
manifestations as Spectral-domain OCT and 
Polarization-sensitive OCT.  However, it took 
decades for their prediction to come true, because 
it required advances in the signal processing 
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mechanism (including Fast Fourier transforma-
tion), higher speed of data transfer and conver-
sion, and a sustainable light source of a specific 
spectrum as well. Notably, the light still has many 
and various useful properties to be discovered (or 
problematic ones to be coped with). Those useful 
properties will enable the development of new 
OCT iterations in the future.
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Peripapillary RNFL Imaging

Jin Wook Jeoung

Abstract

Glaucoma is an optic neuropathy character-
ized by progressive loss of retinal ganglion 
cells and their axons. Detection of glaucoma 
is based on the identification of abnormalities 
in the optic nerve head or the retinal nerve 
fiber layer (RNFL), either structural or func-
tional. Several techniques including clinical 
examination, red-free fundus photography, 
and modern imaging devices are currently 
available for detecting and quantifying RNFL 
damage. Optical coherence tomography 
(OCT) is one of the most recent technologies 
allowing for quantitative assessment of the 
peripapillary RNFL.  Several studies investi-
gating the performance of OCT in glaucoma 
have shown promising results. However, as 
with other technologies, imaging may produce 
false identification of glaucoma; thus, clini-
cians should not depend solely on the results 
of one single imaging device. Recent studies 
also suggest that glaucoma imaging devices 
may serve as a useful adjunct in accurately 
and objectively assessing the degree of glau-
comatous damage. Peripapillary RNFL imag-
ing by OCT technology can provide useful 

measures that assist the clinician in the early 
detection of glaucoma. This chapter details 
OCT-based peripapillary RNFL imaging used 
for diagnosis of glaucoma and monitoring of 
disease progression.

Keywords

Glaucoma · Optical coherence tomography  
Retinal nerve fiber layer

1  Introduction

Glaucoma is an optic neuropathy characterized 
by structural changes to the optic nerve head and 
retinal nerve fiber layer (RNFL), with corre-
sponding visual field loss. RNFL loss is thought 
to precede measurable optic nerve head and 
visual field damage (Sommer et al. 1977, 1991). 
Thus, evaluation of peripapillary RNFL damage 
is an important method for detecting glaucoma-
tous changes, particularly early in the glaucoma 
continuum.

Several techniques including clinical examina-
tion, red-free fundus photography, and modern 
imaging devices are available for detecting and 
quantifying RNFL damage. Optical coherence 
tomography (OCT) is one of the most recent tech-
nologies allowing for quantitative assessment of 
RNFL thickness. Moreover, OCT’s diagnostic 
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classifications based on its internal normative 
database enables clinicians to assess structural 
glaucomatous damage more efficiently.

Recently, there has been considerable 
improvement in OCT technology. Spectral- 
domain OCT (SD-OCT), for example, offers sev-
eral advantages over time-domain OCT 
(TD-OCT). With its faster scan speed, it allows 
for the acquisition of OCT data with fewer 
motion artifacts. Another advantage of SD-OCT 
over TD-OCT is the improved axial resolution 
(5–8 μm (SD-OCT) vs. 8–10 μm (TD-OCT) in 
tissue).

2  Histology and Anatomy of Retinal 
Nerve Fiber Layer (RNFL)

The RNFL contains the retinal ganglion cell 
axons covered by astrocytes and bundled by the 
Müller cell processes. The retinal nerve fibers are 
ophthalmoscopically detectable as bright and fine 
striations in the inner retinal layer (Hoyt et  al. 
1973; Airaksinen et  al. 1984; Airaksinen and 
Nieminen 1985). According to an electron micro-
scopic study, these fine striations appear to be 
bundles of axons compartmentalized within glial 
tunnels formed by the Müller cell processes 
(Radius and Anderson 1979).

The RNFL is distributed in a characteristic 
pattern. Axons arising from the temporal retina 
arc, above or below the macula, enter the superior 
temporal and inferior temporal areas, respec-
tively, of the optic nerve head in an arcuate pat-
tern. Those arising in the macular region pass 
directly to the temporal edge of the optic nerve, 
forming the papillomacular bundle.

Dividing the fundus into eight regions, the 
nerve fiber bundles are most visible in the tempo-
ral inferior region, followed by the temporal 
superior region, the nasal superior region, and 
finally the nasal inferior region (Jonas et  al. 
1989). It is least visible in the superior, inferior, 
temporal horizontal, and nasal horizontal regions. 
Figure  1 shows the RNFL images of a normal 
healthy eye.

3  Clinical Findings on Peripapillary 
RNFL in Glaucoma

Since Hoyt et al. (1973) initially described RNFL 
atrophy in glaucoma, evaluation of the RNFL has 
been essential to glaucomatous optic neuropathy 
diagnostics. For detection and quantification of 
RNFL damage, several techniques including red- 
free RNFL photography and modern imaging 
devices have been proposed. Clinically, RNFL 
atrophy can be divided into localized atrophy 
(wedge-shaped defect) and diffuse atrophy. The 
localized defects are not spindle-like defects but 
wedge-shaped ones that run toward or touch the 
optic disc border (Jonas and Dichtl 1996).

4  OCT Reproducibility 
for Peripapillary RNFL 
Measurements

OCT RNFL thickness measurements have been 
shown to be reproducible and reliable. Several 
studies evaluated the reproducibility of OCT 
RNFL thickness measurements from various 
SD-OCT devices. Leung et  al. (2009) reported 
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that the intravisit repeatability of Cirrus HD-OCT 
ranged between 5.12 and 15.02 μm, and the inter-
visit reproducibility ranged between 4.31 and 
22.01  μm. Vizzeri et  al. (2009) and González- 
García et al. (2009) showed excellent reproduc-
ibility levels that can be obtained by different SD 
devices (Cirrus and RTVue OCT). Vizzeri et al. 
(2009) showed that the coefficient of variation 
and intra-class correlation for average RNFL 
thickness were 1.5% and 0.96, respectively, in 
healthy eyes and 1.6% and 0.98, respectively, in 
glaucomatous eyes.

5  Glaucoma Diagnostic 
Performance of SD-OCT

Several studies investigating the performance of 
OCT in glaucoma have shown promising results. 
Earlier studies reported that RNFL thickness in 
the inferior region often had the best ability to 
discriminate normal eyes from eyes with early to 
moderate glaucoma, with sensitivities between 
64% and 79% for specificities of 90% or higher 
(Bowd et  al. 2001; Kanamori et  al. 2003; 
Medeiros et al. 2004). Also, several studies have 
investigated the diagnostic capability of SD-OCT 
RNFL thickness measurements using an area- 
under- the-receiver-operating-characteristic curve 
(AUROC) for discrimination between healthy 
and glaucomatous eyes, which have shown that 
the AUROCs of the RNFL parameter ranged 
from 0.60 to 0.98, depending on the parameters 
and the characteristics of the population evalu-
ated (Leite et al. 2010, 2011; Mwanza et al. 2012; 
Jeoung et al. 2013).

6  Diagnostic Accuracy 
in Preperimetric Glaucoma

In the study from Korea that enrolled 55 preperi-
metric glaucoma patients and 55 age- and sex- 
matched controls, the sensitivity of the Cirrus 
OCT parameters ranged from 21.0% to 87.1% 
with the criterion of abnormal at the 5% level 
(Jeoung and Park 2010). Based on the normative 
database, the highest Cirrus OCT sensitivity was 

obtained with the deviation-from-normal map 
(sensitivity 87.1% and specificity 61.8%). 
Another study by Jeoung et al. (2014) evaluated 
the diagnostic abilities of the speckle noise- 
reduced spectral-domain optical coherence 
tomography (SD-OCT; Spectralis OCT) and 
time-domain optical coherence tomography 
(TD-OCT; Stratus OCT) to detect localized reti-
nal nerve fiber layer (RNFL) defects in patients 
with preperimetric open-angle glaucoma. They 
found that the AUROC for the best parameter 
from SD-OCT (inferotemporal sector, 
AUROC = 0.940) was significantly higher than 
that of TD-OCT (7 o’clock sector, 
AUROC  =  0.881; P  =  0.009), suggesting that 
speckle noise-reduced SD-OCT is better able to 
detect preperimetric localized RNFL defects than 
TD-OCT.

7  Instrument-Specific Maps 
and Interpretation

7.1  Cirrus HD-OCT

Cirrus OCT extracts from the data cube 256 
A-scan samples along the path of the calculation 
circle. Based on the RNFL layer boundaries in 
the extracted circle scan image, the Cirrus OCT 
calculates the RNFL thickness at each point 
along the circle. Using these data, Cirrus OCT 
provides the 12-clock-hour thicknesses, 
4- quadrant thicknesses, a global 360° average 
thickness, and TSNIT (temporal–superior–nasal–
inferior–temporal) thickness profiles. For each 
parameter, the Cirrus OCT software provides a 
classification (within normal limits, borderline, 
or outside normal limits) based on comparison 
with an internal normative database.

The Cirrus OCT has a normative database 
generated from 284 healthy individuals with a 
mean age of 46.5 years. For the Cirrus normative 
database, 43% were Caucasians, 24% were 
Asians, 18% were African American, 12% were 
Hispanic, 1% were Indian, and 6% were of mixed 
ethnicity. The individuals were age-stratified into 
six groups: 18–29, 30–39, 40–49, 50–59, 60–69, 
and 70 and older (Chong and Lee 2012).

Peripapillary RNFL Imaging
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The Cirrus OCT printout also provides 
deviation- from-normal maps that are derived from 
superpixel average thickness measurements and 
report a statistical comparison against the normal 
thickness range for each superpixel, overlaid on the 
OCT fundus image. These maps apply the yellow 

and red colors of the age-matched normative data 
to superpixels whose average thickness falls in the 
yellow and red normal distribution percentiles (i.e., 
1%–5% and <1% of normal distribution percen-
tiles, respectively). Figures 2 and 3 demonstrate the 
Cirrus HD-OCT RNFL analysis printouts.
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7.2  Spectralis OCT

The Spectralis OCT uses a superlumines-
cent diode laser with a center wavelength of 
840  nm. During OCT imaging, a scan circle 
with a  diameter of approximately 3.46  mm 
was manually positioned at the center of the 
optic disc while the eye-tracking system was 
activated. This instrument combines confocal 
laser scanning ophthalmoscopy, which enables 
real-time three-dimensional tracking of eye 
movements, with real-time averaging of multi-
ple B-scans acquired at an identical location of 

interest on the retina, to reduce speckle noise 
(Hangai et  al. 2009). RNFL boundaries were 
automatically delineated according to soft-
ware algorithms underneath the circumpapil-
lary circle. The RNFL in each image was then 
automatically segmented. These values were 
averaged to yield a global average and sectoral 
(temporal, superotemporal, superonasal, nasal, 
inferonasal, and inferotemporal sectors) RNFL 
thickness measurement. Figure 4 shows a rep-
resentative case of bilateral glaucoma with two 
different OCT printouts (Cirrus and Spectralis 
OCT).

Fig. 3 Glaucoma Patient 1. (a, b) Optic disc photography and red-free RNFL photography show inferotemporal RNFL 
defects on both eyes. (c) The Cirrus OCT printout shows thinning of the RNFL in the inferotemporal region of both eyes

a b

Peripapillary RNFL Imaging
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7.3  Topcon DRI-OCT

The DRI-OCT is an SS-OCT device that uses a 
wavelength-sweeping laser with a center wave-
length of 1050 nm and a tuning range of 100 nm. In 
total, 100,000 A-scans with a 5 μm axial resolution 
in tissue are acquired per second. The DRI- OCT 
can provide a wide-field scan protocol (12 × 9 mm), 

which enables to obtain images of the macular and 
optic nerve head region in a single scan.

With the built-in analysis software, the RNFL 
boundary was automatically segmented and the 
RNFL thickness throughout the scan was calcu-
lated. The RNFL thickness map was generated 
within the 12 × 9 mm wide-field area with color 
scales that corresponded with numeric RNFL 
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thickness measurements. Abnormal results based 
on a comparison of the RNFL and macular 
(GC-IPL  +  RNFL) thickness to the normative 
database are displayed on the SuperPixel devia-
tion map. The uncolored pixels indicated the nor-
mal range, whereas the yellow- or red-colored 
pixels indicated abnormality at 1%–5% and <1% 
of the normal level, respectively. Figures 5 and 6 
demonstrate the Topcon DRI-OCT maps.

8  Clinical Application 
of Peripapillary RNFL Imaging 
in Glaucoma

OCT RNFL thickness measurements are usually 
lower in glaucoma eyes than those in normal 
healthy eyes. It is well recognized that  glaucomatous 
RNFL defects often occur at the superotemporal or 
inferotemporal parapapillary region, or both (Jonas 
and Dichtl 1996). OCT abnormal thinning of the 
RNFL in the superior or inferior regions can sug-
gest the diagnosis of glaucoma.

OCT devices usually offer diagnostic classi-
fications based on the internal normative data-
bases. OCT color codes can provide important 
clues to differentiate glaucomatous eyes from 
healthy eyes. At the same time, careful inter-
pretation of abnormal color codes is required 
because of false-positive possibilities. Kim et al. 
(2015) demonstrated the overall rate of false-
positive diagnostic classification by SD-OCT 
RNFL maps as 30.8%. Longer axial length and 
smaller disc area were associated with abnormal 
RNFL diagnostic classification. Figure 7 shows 
the red- color regions of the RNFL (false-posi-
tive results) in a myopic healthy eye.

9  Wide-Field Map for Detection 
of Glaucoma

Recently, the swept-source OCT (SS-OCT) has 
been introduced, which has the advantages of 
higher speed and higher penetration with a longer 
wavelength than SD-OCT (Mansouri et al. 2014). 

a

b c

Fig. 4 Glaucoma Patient 2. (a) Optic disc photography 
and red-free RNFL photography show superotemporal 
and inferotemporal RNFL defects of the right eye and 

inferotemporal RNFL defect of the left eye. (b) Cirrus 
OCT RNFL analysis printout. (c) Spectralis OCT RNFL 
analysis printout

Peripapillary RNFL Imaging
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a b

c d e

f g h i

Fig. 5 Glaucoma Patient 3. Wide-field map of Topcon DRI 
OCT. (a) Fundus photography shows inferotemporal RNFL 
defect of the right eye. (b) OCT RNFL thickness map. (c, d, 

e) OCT thickness map, SuperPixel map (deviation from 
normal for GCIPL and RNFL thickness), and thickness sur-
face map. (f, g, h, i) OCT Sector and RNFL thickness plots

a b

c d e

f g h i

Fig. 6 Glaucoma Patient 4. Wide-field map of Topcon 
DRI OCT. (a) Fundus photography shows a superotempo-
ral RNFL defect of the right eye. (b) OCT RNFL thick-
ness map. (c, d, e) OCT thickness map, SuperPixel map 

(deviation from normal for GCIPL and RNFL thickness), 
and thickness surface map. (f, g, h, i) OCT Sector and 
RNFL thickness plots
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Fig. 7 A subject with the myopic healthy eye. (a) Optic 
disc photography and red-free RNFL photography. (b) 
The OCT printout shows red-color regions of the RNFL 

(false-positive results) in both eyes, based on the built-in 
normative database
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Therefore, SS-OCT has been used in the glau-
coma field to image deep ocular structures such 
as the choroid and lamina cribrosa, as well as 
RNFL thickness (Kim et  al. 2016a, b). Also, 
SS-OCT can provide wide-field visualization for 
imaging of a larger, 12 × 9 mm area of the poste-
rior pole including the optic nerve head and mac-
ula, with one single-scan protocol. A recent study 
reported that the wide-field RNFL thickness map 
using SS-OCT performed well in distinguishing 
eyes with preperimetric and early glaucoma from 
healthy eyes (Lee et al. 2017, 2018). The wide- 
field RNFL map of SS-OCT can be a useful tool 
for the early detection of glaucoma. Figure  8 
demonstrates the clinical usefulness of wide-field 
maps for the detection of glaucoma.

10  Detecting Glaucoma 
Progression by Peripapillary 
RNFL Imaging

Evaluation of glaucoma progression is essential 
in the management of glaucoma. Recently, OCT 
has been widely used for detecting and monitor-
ing structural progression in glaucoma. 
Assessment of progressive changes in the optic 
disc and RNFL is based on event analysis or 
trend analysis. Event-based analysis detects pro-
gression when a follow-up measurement exceeds 
a preestablished threshold for change from base-
line. Trend-based analysis detects progression by 
evaluating the slope of the measured parameter 

over time (Bussel et  al. 2014). Progression is 
commonly defined by trend-based analysis when 
a significant negative slope is detected using lin-
ear regression analysis.

Recently, commercially available software for 
change analysis has been introduced in OCT 
devices, which can provide a clinically important 
reference to evaluate glaucoma progression. The 
Guided Progression Analysis (GPA) of the Cirrus 
HD-OCT performs event analysis of the RNFL 
thickness maps and displays the area of change in 
the RNFL thickness change map (Fig. 9). In addi-
tion, this software reports trend and event analy-
ses of the circumpapillary RNFL thickness 
profiles. Pixels exceeding the test-retest variabil-
ity between a follow-up and the first and second 
baseline images are coded in yellow and in red if 
the same changes are evident on three consecu-
tive images (Leung et al. 2012).

In Spectralis OCT, eye-tracking improves repro-
ducibility (Langenegger et al. 2011), which in turn 
leads to more accurate detection of glaucoma pro-
gression. Spectralis also oversamples specific 
points and combines them to reduce speckle (or 
random noise), enhancing the visualization of 
structures of interest. This device provides an 
RNFL Change Report that includes individual 
baseline and follow-up scans for the overall and 
sectoral RNFL measurements and classifications 
(Abe et  al. 2015). The OCT change report and 
trend report plot the serial exams over time to cal-
culate the rate of change using linear regression 
analysis (Grewal and Tanna 2013) (Fig. 10).

Red–free fundus photo SD–OCT RNFL map SS–OCT wide scan

a b c

Fig. 8 A case with preperimetric glaucoma. (a) 
Conventional red-free photography revealed the infero-
temporal retinal nerve fiber layer (RNFL) defect (white 
arrows). (b) SD-OCT RNFL map shows island-like iso-
lated color patterns in the inferior and nasal areas. (c) The 

wide-field SuperPixel map (GCL+, equivalent with 
GCIPL in Cirrus OCT) of SS-OCT clearly showed an 
arcuate pattern of contiguous yellow/red abnormal pixels 
extending to the macular area

J. W. Jeoung
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Fig. 9 Cirrus OCT guided progression analysis (GPA). 
Progression analysis report shows change plots over time 
and serial RNFL thickness maps. The OCT GPA report 

demonstrates the progressive RNFL thinning in the 
inferotemporal area

Fig. 10 Spectralis OCT scans of a glaucoma patient followed for 3 years. The RNFL change and trend reports show 
progressive loss of the retinal nerve fiber layer. (Courtesy of Kyeong Ik Na, M.D.)

Peripapillary RNFL Imaging
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Macular Imaging

Ki Ho Park and Yong Woo Kim

Abstract

Innovative advances in optical coherence 
tomography (OCT) imaging facilitate precise 
exploration and monitoring of macular struc-
tures in glaucoma patients. Measurement of 
ganglion cell layer (GCL) and inner plexiform 
layer (IPL) thicknesses in the macula provides 
excellent diagnostic ability for glaucoma 
comparable to that of peripapillary retinal 
nerve fiber layer (RNFL) measurement. The 
thickness and deviation maps provided by 
OCT devices broadened our understanding of 
the patterns and temporal relationships of 
glaucomatous damage in the macular and 
peripapillary areas. This technology has 
enhanced the topographical analysis of struc-
tural damage to the macula and corresponding 
changes in the peripapillary region. The macu-
lar parameters can facilitate early detection of 
glaucomatous damage and discriminate mean-
ingful progression in advanced as well as early 
stages of glaucoma. This chapter provides 
information from the basics to the latest 
updates on macular imaging in the field of 
glaucoma along with relevant clinical cases.

Keywords

Macular imaging · Ganglion cell layer · Inner 
plexiform layer · Temporal raphe sign · 
Macular vulnerability zone · Preperimetric 
glaucoma

1  Anatomy and Histology 
for Macular Imaging by OCT

The retina is a multi-layered structure made up of 
two synaptic (plexiform) layers sandwiched 
between three nuclear layers: the outer nuclear 
layer (ONL), inner nuclear layer (INL), and gan-
glion cell layer (GCL). The ONL contains the 
cell bodies of photoreceptors (rods and cones), 
and the INL contains the cell bodies of bipolar, 
horizontal, amacrine, and radial glial (Müller) 
cells. The GCL contains displaced amacrine and 
retinal ganglion cells (RGC). These three nuclear 
layers are separated by two synaptic (plexiform) 
layers. The outer plexiform layer (OPL) is located 
between the ONL and the INL, and is the place 
where the photoreceptors, horizontal and bipolar 
cell dendrites interact. The inner plexiform layer 
(IPL) lies between the INL and GCL and is where 
the bipolar cell axons, amacrine, and ganglion 
cells interact. The retinal nerve fiber layer 
(RNFL) consists primarily of RGC axons.
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Optical coherence tomography (OCT) tech-
nology has attained improved axial resolution to 
5–8 μm. This makes it possible to correlate OCT 
images in-vivo with histological features of the 
retina. Despite the fact that the OCT features of 
the outer retina are less well understood and 
remain controversial, the features of the inner 
retina appear to be well correlated with histology. 
Within the retina, the RNFL and the plexiform 
layers (both inner and outer) are seen as hyper-
reflective, while the GCL and the nuclear layers 
(both inner and outer) are hyporeflective. The 
retinal blood vessels can be seen in OCT images 
as circular hyperreflective structures in the inner 
retina, with a reduced reflectivity that extends 
into the deeper layers (vertical shadow). A repre-
sentative OCT image of a human retina with 
annotated layers is provided in Fig. 1.

The macula is an oval-shaped pigmented area 
(macula lutea) in the center of the retina, about 
5.5  mm in diameter in humans. It covers the 
region surrounding the fovea with the highest 
density of RGCs (over 30% of RGCs) despite 
occupying less than 2% of the retinal area. The 
macular structure is characterized by less varia-

tion among individuals, and therefore, is rela-
tively less affected by ocular or demographic 
factors than is the peripapillary RNFL. Glaucoma 
is characterized by progressive loss of RGCs, 
with typical changes in the optic nerve head, 
resulting in progressive visual field defect in the 
corresponding area. It has long been well docu-
mented that early-glaucomatous damage can 
affect the macula (Anctil and Anderson 1984; 
Heijl and Lundqvist 1984). However, clinicians 
paid less attention to the macula until accurate 
measurements of each of the retinal layers of the 
macula became possible in-vivo. Lately, several 
commercially available OCT devices have made 
available various types of macular parameters. 
The two representative macular parameters are 
the combinations of measurements of the RNFL, 
GCL, and IPL: the ganglion cell-inner plexiform 
layer (GCIPL) thickness is the sum of the thick-
nesses of the GCL and IPL; the ganglion cell 
complex (GCC) thickness is the sum of the thick-
nesses of the RNFL, GCL, and IPL. These two 
parameters are the most commonly used and 
obviously essential for early detection and moni-
toring of glaucoma.

Ganglion cell

Amacrine cell
Bipolar cell

Horizontal cell

Müller cell

Rod cell
Cone cell

RPE cell

RNFL

GCL

IPL

INL

OPL

ONL

Ellipsoid

RPE

BM

Choroid

Fig. 1 Human macular structure. Retinal layers (Left) 
and representative human macular structure imaged by 
swept-source optical coherence tomography (SS-OCT) 
(Middle and Right). Retinal nerve fiber layer (RNFL), 
ganglion cell layer (GCL), and inner plexiform layer 
(IPL) are annotated in green solid lines. The foveal struc-

ture in the yellow inset is magnified and each retinal layer 
is annotated. RNFL, retinal nerve fiber layer; GCL, gan-
glion cell layer; IPL, inner plexiform layer; INL, inner 
nuclear layer; OPL, outer plexiform layer; ONL, outer 
nuclear layer; RPE, retinal pigment epithelium; BM, 
Bruch’s membrane
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2  Topographic Correlations among 
Optic Nerve Head, RNFL, 
and Macula

The axons of the RGC lie in the RNFL in bun-
dles and enter the optic disc. The RNFL bun-
dles each have their own course of travel to the 
optic disc. The RNFL at the temporal side of 
the fovea travels to the optic disc in an arcuate 
shape around the fovea. The axons of the RGC 
do not cross the horizontal meridian, so that a 
raphe with relatively few axons is formed in the 
temporal area (temporal raphe). According to 
this anatomy, most macular change in glauco-

matous eyes appears in an arcuate-to-crescent 
shape, and is located mainly in the temporal 
macular regions along the horizontal raphe. The 
macular change also is usually located within 
the same hemifield on the continuum of the cor-
responding RNFL defect and optic disc damage 
(Fig. 2).

It is widely accepted that glaucomatous defect 
is most prevalent in the inferotemporal and supe-
rotemporal regions of the optic disc. The neural 
canal opening is connected to the superonasal 
region of the eyeball. This means that the center 
of the optic disc lies about 6° above the horizon-
tal midline through the center of the fovea. 
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Fig. 2 Macular damage in glaucoma. The axons of the 
retinal ganglion cells (RGC) travel in the retinal nerve 
fiber layer (RNFL) in bundles and enter the optic disc. The 
RNFL at the temporal side of the fovea travels to the optic 
disc in an arcuate shape around the fovea. The RGC axons 
do not cross the horizontal meridian, so that a raphe with 
relatively few axons is formed in the temporal area (tem-
poral raphe, red dotted line). RGC axons in the superior 
macula enter through the temporal border of the optic disc 
while RGC axons in the inferior macula enter through the 
inferotemporal border of the optic disc. This topographi-
cal relationship between the macula and the optic disc 
results in an overlap of the inferior macular region with 
the inferotemporal region of the optic disc, where glauco-

matous defects dominate. Hood et  al. designated this 
region the “macular vulnerability zone (MVZ)” of the 
optic disc (blue arrow). Case of 40-year-old male with pri-
mary open-angle glaucoma (POAG) in right eye. Note the 
inferotemporal and superotemporal RNFL defects in the 
red-free RNFL photography. Thickness and deviation 
maps for the ganglion cell-inner plexiform layer (GCIPL) 
from Cirrus HD-OCT (Carl Zeiss Meditec, Dublin, CA, 
USA) are provided. Macular damage is manifest in the 
inferotemporal macular region (inferotemporal GCIPL 
thickness = 66 μm), in an arcuate shape that does not cross 
the horizontal raphe. The superior RNFL defect does not 
invade the superior macular region, with the result that the 
superior macula is not damaged
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Therefore, the RGC axons in the superior macula 
enter through the temporal border of the optic 
disc, while RGC axons in the inferior macula 
enter through the inferotemporal border of the 
optic disc. This topographical relationship 
between macula and optic disc results in an over-
lap of the inferior macular region with the infero-
temporal region of the optic disc, where 
glaucomatous defects dominate. Hood et al. des-
ignated this region as the “macular vulnerability 
zone (MVZ)” of the optic disc (Fig.  2) (Hood 
et al. 2013; Hood 2017). Most of the RGCs in the 
inferior macular region project to the MVZ, 
which is the commonly affected region in 
glaucoma.

Kim et  al. (2014a) further investigated the 
topographical relationship between localized 
peripapillary RNFL defect and macular GCIPL 
defect. They utilized the MATLAB program to 
construct a “GCIPL deviation frequency map” 
from 140 eyes of 140 open-angle glaucoma 
patients showing localized RNFL defect in one 
hemifield. According to the analysis from six dif-
ferent clock-hour locations of RNFL defect, the 
GCIPL defects had an arcuate shape that appeared 
as a continuation of the RNFL defect in the same 
hemisphere. The temporal macular region was 
the most frequently damaged site in either hemi-
field, and was larger in the inferior hemifield than 
in the superior (Fig. 3).
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Fig. 3 Topographic relationship between localized peri-
papillary RNFL and macular GCIPL defects. A “GCIPL 
deviation frequency map” was constructed by superim-
posing the ganglion cell-inner plexiform layer (GCIPL) 
defects onto the deviation map corresponding to peripap-
illary retinal nerve fiber layer (RNFL) defects at different 
clock-hour locations (from 6 to 12 o’clock). The color- 
coded scale presents the frequency of GCIPL defects: the 

red-colored region indicates the highest GCIPL defect 
frequency, while the blue-colored region is close to zero. 
The GCIPL defects had an arcuate shape that appeared as 
a continuation of the RNFL defect in the same hemi-
sphere. The temporal macular region was the most fre-
quently damaged site in either hemifield, and was larger in 
the inferior hemifield than in the superior (adapted and 
modified from Kim et al. 2014a)
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3  Diagnostic Accuracy of Macular 
Imaging

The macular parameters are known to have a 
high diagnostic utility for perimetric glaucoma 
comparable to those of peripapillary RNFL 
thickness or optic nerve head (ONH) parame-
ters. In one study, the minimum (defined as the 
GCIPL thickness on the meridian showing the 
lowest average measurement) and inferotempo-
ral GCIPL showed the highest sensitivity 
(94.8%) among GCIPL parameters, with com-
parable specificities (87.9 and 85.8%, respec-
tively) (Mwanza et al. 2012). In another study, 
the GCC also showed good diagnostic utility for 
glaucoma comparable to that of peripapillary 
RNFL thickness, where global loss volume 
(percentage of global GCC loss over the entire 
GCC map) was found to be the best parameter 
(Tan et al. 2009).

3.1  Diagnostic Accuracy 
for Preperimetric and Early 
Glaucoma

Consistent with earlier studies investigating 
early-glaucomatous damage affecting the mac-
ula, the macular parameters have exhibited excel-
lent RNFL-comparable diagnostic power for 
discriminating early-stage glaucoma (glaucoma 
suspect or preperimetric glaucoma). Mwanza 
et al. (2012) for the first time reported that mini-
mum GCIPL thickness was found to be the best 
GCIPL parameter for discriminating early glau-
coma (including both preperimetric and perimet-
ric) from normal eyes. In a Korean study that had 
enrolled 92 preperimetric glaucoma patients and 
92 age-matched controls, the inferotemporal 
GCIPL had comparable diagnostic power for 
glaucoma (area under receiver operating charac-
teristic curves [AUROC] = 0.823), which results 
were not significantly different from those of the 
best parameter for peripapillary RNFL (7 o’clock 
sector, AUROC  =  0.764) and ONH (rim area, 
0.767) (Kim et al. 2014b). As the angular  distance 
between the fovea and an RNFL defect increases, 
the sensitivity of macular GCIPL parameters for 

detection of RNFL defects deteriorates (Kim 
et al. 2014b; Hwang et al. 2014).

3.2  Diagnostic Accuracy 
in Myopic Eyes

Myopic eyes have divergent optic disc shapes 
such as are manifested in tilted disc, peripapillary 
atrophy, or posterior staphyloma. These struc-
tural variations make diagnosis and monitoring 
of glaucoma challenging in myopic eyes (Tan 
et  al. 2019). Macular inner retinal thickness is 
known to be less affected by the degree of myo-
pia and myopia-related ONH structural change 
relative to peripapillary RNFL thickness (Kim 
et al. 2015a; Jeong et al. 2016). In this context, 
macular GCIPL thickness can be an effective 
alternative method to evaluate glaucomatous 
damage in myopic eyes. A Korean study that 
included open-angle glaucoma patients with 
either highly myopic or non-highly myopic eyes 
reported that the best parameters for discriminat-
ing normal eyes from glaucomatous ones were 
inferior RNFL (0.906) and inferotemporal 
GCIPL (0.852) thickness in the highly myopic 
group, and average RNFL (0.920) and minimum 
GCIPL (0.908) thickness in the non-highly myo-
pic group (Choi et  al. 2013). Another Korean 
study further investigated inferotemporal GCIPL 
thickness’s diagnostic utility in a myopic preperi-
metric glaucoma population, and found it to be 
the best parameter, having a significantly greater 
diagnostic power than the other parameters 
including average RNFL or GCIPL thickness, 
rim area, inferior RNFL thickness, and minimum 
GCIPL thickness (Seol et  al. 2015). A recent 
study using swept-source OCT (SS-OCT, deep 
range imaging [DRI] OCT, Topcon, Tokyo, 
Japan) demonstrated that inferotemporal GCL+ 
(identical with GCIPL thickness) and GCL++ 
(identical with GCC thickness) had the greatest 
AUROC for myopic glaucoma (Kim et al. 2020). 
In this study, macular GCL++ thickness (87.6%) 
and GCL+ thickness (87.5%) showed greater 
AUROC than did macular GCIPL thickness 
based on spectral-domain OCT (Cirrus HD-OCT, 
Carl Zeiss Meditec, Dublin, CA, USA).
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However, it should be noted that the macular 
parameters are not always dispositive in myopic 
eyes. The current normative database in most 
commercially available OCT devices does not 
fully represent the myopic population, with the 
result that the prevalence of false-positive red 
signs can reach 40.4% (Kim et  al. 2015b). 
Myopic macular degeneration can cause abnor-
mal thinning (due to patch atrophy) or thickening 
(due to retinoschisis) of the retinal layers, and 
these structural abnormalities may deteriorate the 
accuracy of OCT devices’ automated segmenta-
tion (Tan et al. 2019; Ruiz-Medrano et al. 2019). 
Therefore, before interpreting macular parame-
ters in glaucoma diagnostics, it would be prudent 
to carefully examine the entire macular structure 
and OCT scan quality rather than rely solely on 
the color-coded map and thickness profile.

4  Instrument-Specific Maps 
and Interpretation

4.1  Cirrus HD-OCT

Cirrus HD-OCT is an SD-OCT with a speed of 
68,000 scans/s (latest model: Cirrus HD 6000) 
(Cirrus HD-OCT User Manual). It provides 
GCIPL thickness in a Ganglion Cell Analysis 
(GCA) printout. The GCIPL thickness is mea-
sured within a horizontally oval 4.8  ×  4.0 mm 
area excluding a central perifoveal ellipse of 
1.2  ×  1.0 mm area: global average, minimum, 
and 6 wedge-shaped sectoral GCIPL thicknesses 
are provided in the GCA printout (Fig.  4). The 
normative database for macular measurements 
consists of 282 normal subjects aged between 19 
and 84 years (mean: 46.5 years). Only 28 sub-
jects aged 70–79 years and 3 subjects above age 
80 are included therein, so caution is needed 
when interpreting patient data in these age ranges 
(Cirrus HD-OCT User Manual). There is no nor-
mative database for subjects younger than 19 
years. Cirrus HD-OCT additionally provides an 
“Asian normative database” consisting of 315 
individuals from Japan, China, and India (aged 
19–79). All of these normative databases are 
adjusted only by age, and the color-coded maps 

in the GCA printouts do not take into account dif-
ferences that may be present due to ethnicity, 
axial length, refraction, optic disc area, or signal 
strength (Cirrus HD-OCT User Manual).

Besides thickness measurements, the GCA 
printout provides additional GCIPL thickness 
and deviation maps. The thickness map pro-
vides the raw measurement thickness profiles 
on a color-scaled map. The deviation map 
shows regions wherein GCIPL thickness has 
fallen below the 5% limit based on the norma-
tive database with the yellow- (percentile val-
ues <5%) and red-color superpixels (percentile 
values <1%).

4.1.1  Temporal Raphe Sign
Temporal raphe sign (or GCIPL hemifield test) is 
determined to be positive in subjects who have a 
straight line on the horizontal raphe longer than 
one-half of the length between the inner and 
outer annulus in the temporal elliptical area of the 
GCIPL color thickness map (Fig. 5). This sign is 
known to be more effective than other macular 
parameters in discriminating early-glaucomatous 
changes (AUROC 0.967  in preperimetric glau-
coma and 0.962  in perimetric glaucoma) (Kim 
et  al. 2015c). This method is easy to apply in 
clinical practice and is advantageous for discrim-
ination of glaucomatous change in highly myopic 
eyes that have a depigmented fundus and where 
RNFL defects are difficult to find (Kim et  al. 
2016). Temporal raphe sign positivity at the base-
line has been associated with faster conversion to 
glaucoma in elderly subjects with a large cup-to- 
disc ratio (Ha et al. 2020).

4.1.2  PanoMap
Cirrus HD-OCT integrates the optic disc cube 
and macular cube scans into a single image and 
provides a combined wide-field OCT map, the 
so-called PanoMap (Fig.  6). The integration of 
the RNFL and GCIPL maps is useful for under-
standing the topographic patterns of glaucoma-
tous structural damage in the early stages of 
glaucoma. By this method, Kim et  al. (2017a) 
demonstrated that no single case of peripapillary 
RNFL defect in the MVZ was found without 
inferior macular GCIPL loss. However, there 
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were a few cases of inferior macular GCIPL loss 
without peripapillary RNFL defect in the 
MVZ. This finding suggests that inferior macular 
GCIPL loss may precede peripapillary RNFL 

defect in the MVZ. In Kim et al.’s (2017b) subse-
quent longitudinal observation of deviation maps 
of macular GCIPL and peripapillary RNFL from 
151 eyes with early-stage glaucoma, macular 
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Fig. 4 Cirrus HD-OCT: Ganglion Cell Analysis. Typical 
printout of Ganglion Cell Analysis (GCA) from Cirrus 
HD-OCT. The thickness map (horizontally oval 4.8 × 4.0 
mm area excluding central perifoveal ellipse 1.2 × 1.0 mm 
sized area) is provided in the first row. In the second row 
are the deviation maps showing regions where GCIPL 

thickness fell below the 5% limit based on the normative 
database with the yellow- (percentile values <5%) and 
red-color superpixels (percentile values <1%). Thickness 
measurements (average, minimum, and six sectoral mea-
surements) with color-coded maps based on the internal 
normative database are provided in the center
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GCIPL change was frequently detected before 
corresponding peripapillary RNFL change 
(Fig. 6). Another study, this one from Australia, 
further demonstrated an association between 
lower intraocular pressure and glaucomatous 
structural change manifesting at the macular 
GCIPL before manifesting at the peripapillary 
RNFL (Marshall et  al. 2019). These findings 

highlight the importance of macular imaging in 
glaucoma patients, as peripapillary RNFL analy-
sis alone can overlook macular damage. The 
PanoMap is also known to be helpful in the detec-
tion of early-stage structural progression by 
inspecting various progression patterns of RNFL 
and GCIPL from a single combined image (Lee 
et al. 2018a, b).
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Fig. 5 Temporal Raphe sign. Temporal raphe sign (or 
GCIPL hemifield test) is determined to be positive in sub-
jects who have a straight line longer than one-half of the 
length between the inner and outer annulus in the tempo-
ral elliptical area of the GCIPL color thickness map (red 

arrow). In this case, the patient has an inferotemporal reti-
nal nerve fiber layer (RNFL) defect and a corresponding 
inferotemporal ganglion-cell inner plexiform layer 
(GCIPL) defect

2012–12–07

2020–09–08

Fig. 6 PanoMap: combined GCA and RNFL deviation 
map. Cirrus HD-OCT PanoMap Analysis integrates data 
from optic disc cube and macular cube scans into a single 
image and provides a wide-field perspective for compre-
hensive posterior segment analysis. A case of 27-year-old 
male with myopia (spherical equivalence –5 diopters, 
axial length = 25.65 mm) and open-angle glaucoma in his 
right eye. At baseline (2012-12-07), the patient had infer-

oinferior retinal nerve fiber layer (RNFL) and 
inferotemporal ganglion-cell inner plexiform layer 
(GCIPL) defects. The automated perimetry showed a few 
superior paracentral scotomas (mean deviation, –2.14 
dB). Eight years later (2020-09-08), the patient showed 
progressive thinning of the RNFL in the macular vulner-
ability zone (MVZ) (blue arrow) with increased nasal and 
paracentral scotomas
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4.2  Spectralis OCT

Spectralis OCT (Heidelberg Engineering 
GmbH, Heidelberg, Germany) has Glaucoma 
Module Premium Edition (GMPE) software 
that provides a Posterior Pole Asymmetry 
Analysis consisting of 61 horizontal B-scans, 
each comprised of 768 A-scans that are 
acquired along the Bruch’s membrane opening 
(BMO)-fovea axis (Heidelberg Engineering). It 
provides a thickness map, a thickness deviation 
map, and a color- coded classification chart for 
the total retina, RNFL, GCL, and IPL (Fig. 7). 

On the thickness deviation map, the red and 
yellow areas represent percentile values <1% 
and <5%, respectively, while the blue and 
purple areas represent percentile values >95% 
and >99%, respectively. The green areas rep-
resent a percentile value of 5–95%. There is no 
RNFL color-coded classification chart, because 
the macular RNFL is anatomically thin, which 
limits the reliability of measurements in this 
location, and also because RNFL defects are 
typically most prominent beyond the con-
fines of the GCL-optimized grid (Heidelberg 
Engineering).
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Fig. 7 Spectralis OCT: thickness and deviation maps. 
Spectralis OCT provides a thickness map, thickness devi-
ation map, and color-coded classification chart for the 
total retina, retinal nerve fiber layer (RNFL), ganglion cell 
layer (GCL), and inner plexiform layer (IPL). In the thick-
ness deviation map, the red and yellow areas represent 
percentile values <1% and <5%, respectively, while the 
blue and purple areas represent percentile values >95% 

and >99%, respectively. The green areas represent a per-
centile value of 5–95%. There is no RNFL color-coded 
classification chart, because the macular RNFL is ana-
tomically thin, which limits the reliability of measure-
ments in this location, and also because RNFL defects are 
typically most prominent beyond the confines of the 
GCL-optimized grid

Macular Imaging



36

Total retinal thickness is further displayed on 
a color-coded map (Fig. 8). A thickness asymme-
try graph between the inferior and superior mac-
ular hemispheres of each eye, and between the 
right and left eyes, is also available. The darker 
the square, the larger the difference in thickness 
between that square and the corresponding square 
in the opposite hemisphere or eye, with jet-black 
squares indicating a difference >30 μm.

4.3  DRI OCT Triton

DRI OCT Triton (Topcon, Tokyo, Japan) is a 
swept-source OCT using a longer, 1,050  nm 
wavelength light-source that enables a deeper 
imaging range and better tissue penetration. It 
provides a faster scanning speed of 100,000 
A-scans/s, which significantly reduces motion 
artifacts with short capture times and collects 
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Fig. 8 Posterior pole asymmetry analysis. Spectralis 
OCT provides a retinal thickness asymmetry graph 
between the inferior and superior macula hemisphere of 
each eye. A case of 28-year-old male with open-angle 
glaucoma on his left eye. The patient had mild superotem-

poral and more severe inferotemporal retinal nerve fiber 
layer (RNFL) defects. The thickness asymmetry graph 
(bottom right) revealed asymmetrical retinal thinning in 
the inferior region
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more OCT data in a single scan. The 3D Wide 
scan in DRI OCT Triton provides a 12 × 9 mm 
wide-field thickness map, a thickness surface 
map, and SuperPixel maps for the RNFL, 
GCL++, and GCL+ layers. The thickness surface 
map (second row) is displayed in 3D for selected 
layers (RNFL, GCL++, or GCL+) and can be 
rotated or zoomed-in and -out by mouse opera-
tion (Fig. 9). The SuperPixel-200 map consists of 
26 × 26 grids within a 5.2 × 5.2 mm2 peripapil-
lary area and 30 × 30 grids within a 6.0 × 6.0 mm2 
macular area, thereby providing a significance 
map (identical with the deviation map in Cirrus 
OCT) based on the built-in normative database. 
The side length of each grid is 200 μm. Uncolored 
pixels indicate the normal range, whereas yel-
low- and red-colored pixels indicate abnormality 
at P  =  1–5% and P  <  1% of the normal level, 
respectively.

The inferior GCL++ (AUROC  =  0.809) and 
inferotemporal GCL+ thickness (AUROC = 
0.809) showed the greatest diagnostic ability for 
detection of preperimetric glaucoma from healthy 
eyes (Lee et al. 2017a). In addition, inferotempo-
ral GCL++ (AUROC = 0.865) and GCL+ thick-
nesses (AUROC  =  0.865) showed the best 
diagnostic power for early-perimetric glaucoma 
(Lee et al. 2017a). The wide-field thickness map 
showed comparable diagnostic power for pre-
perimetric and early-perimetric glaucoma with 
Cirrus HD-OCT (Lee et  al. 2018c). A recent 
study that enrolled 150 myopic primary open- 
angle glaucoma (POAG) eyes and 100 healthy 
myopic eyes reported that the RNFL/GCL++/
GCL+ wide-field thickness (thickness surface) 
map showed better accuracy for glaucomatous 
defects in both the superotemporal and infero-
temporal regions than did the Cirrus HD-OCT 

Fig. 9 DRI OCT Triton: wide-field map. The 3D Wide 
scan in DRI OCT Triton provides a 12 × 9 mm wide-field 
thickness map (first row), a thickness surface map (second 
row), and SuperPixel maps (third row) for the retinal 
nerve fiber layer (RNFL) (second column), GCL++ (third 
column), and GCL+ layers (fourth column). SuperPixel 
maps can be displayed as a combination of RNFL with 
either GCL++ or GCL+ (first column). The thickness sur-
face map (second row) is displayed in 3D for selected lay-
ers (RNFL, GCL++, or GCL+, respectively), and can be 

rotated or zoomed-in and -out by mouse operation. The 
SuperPixel-200 map consists of 26  ×  26 grids within a 
5.2 × 5.2 mm2 peripapillary area and 30 × 30 grids within 
a 6.0 × 6.0 mm2 macular area, thereby providing a signifi-
cance map based on the built-in normative database. The 
side length of each grid is 200 μm. The uncolored pixels 
indicate the normal range, whereas the yellow- and red-
colored pixels indicate abnormality at P  =  1–5% and 
P < 1% of the normal level, respectively
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thickness map (Kim et  al. 2020). This possibly 
was due to the difference in the measurement 
regions between the two devices. The measure-
ment area of the macular parameter is within a 
6  mm diameter circle for DRI OCT Triton and 
within a 4.8  ×  4.0  mm elliptical annulus for 
Cirrus HD-OCT. A wider scan range in SS-OCT 
may be more advantageous for diagnosis of 
POAG in myopic eyes. Furthermore, the differ-
ence in the segmentation algorithms between the 
two OCT devices may influence the diagnostic 
power for myopic POAG (Kim et al. 2020; Pierro 
et al. 2012).

5  Detecting Glaucoma Progression

Monitoring of macular parameters facilitates 
detection of structural progression in glaucoma-
tous eyes and prediction of subsequent visual field 
defect. The rate of GCIPL thinning reportedly is 
significantly faster in glaucomatous eyes with 
progression (Lee et al. 2017b, c). The mean rate of 
GCIPL thinning has been found to be signifi-
cantly faster, even, in pseudoexfoliative glaucoma 
(–1.46  μm/year) than in open-angle glaucoma 
(–0.49 μm/year) or normal eyes (–0.31 μm/year) 
(Lee et  al. 2019). A trend-based analysis (>5 
years) of macular GCIPL and peripapillary RNFL 
from 163 POAG patients revealed that progres-
sive macular GCIPL and peripapillary RNFL 
thinning were mutually predictive, and that both 
were indicative of visual field progression (Hou 
et  al. 2018). Another retrospective cohort study, 
this one from Korea, also demonstrated that eyes 
with progressive GCIPL and RNFL thinning 
showed a significant higher risk of developing 
visual field defects (Shin et al. 2020).

Trend-based analysis of GCIPL is also known 
to be useful in detecting progression even in 
advanced-glaucoma eyes. Peripapillary RNFL is 
likely to reach the measurement floor in 
advanced-glaucoma eyes, which makes it less 
valuable for detection of progression in these 
eyes. However, recent studies reported significant 
rates of change for macular GCIPL but no signifi-
cant changes for peripapillary RNFL or rim area 
in advanced-glaucoma eyes (Shin et  al. 2017; 

Lavinsky et al. 2018). This suggests that damage 
impacting the macular GCIPL occurs at a 
 different rate than in the case of the peripapillary 
RNFL.
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Early Diagnosis and Detection 
of Progression

Yong Woo Kim

Abstract

Glaucoma is one of the leading causes of 
blindness. It is a progressive disease with dif-
fering rates of progression among individuals. 
Since the severity of the disease at presenta-
tion is a major risk factor for glaucoma blind-
ness, early diagnosis and detection of 
progression is critical to prevention of blind-
ness due to glaucoma. This chapter provides 
an overview on the utility of optical coherence 
tomography (OCT) imaging for early detec-
tion of glaucomatous structural damage and 
progression, with relevant clinical cases. The 
OCT devices enable not only thickness mea-
surement of each retinal layer but also topo-
graphical analysis of glaucomatous damage 
based on deviation and/or thickness maps. 
Clinicians can use built-in Guided Progression 
Analysis (GPA) software to detect structural 
change and estimate the rate of progression. 
This chapter offers the latest knowledge along 
with practical tips for interpreting OCT print-
outs for early diagnosis and monitoring of 
glaucomatous damage.

Keywords

Optical coherence tomography · Early 
diagnosis · Progression analysis · RNFL 
thickness · Neuroretinal rim thickness  
Macular GCIPL thickness

1  Early Diagnosis of Glaucoma

1.1  OCT Thickness Analysis

Optical coherence tomography (OCT) devices 
can provide objective and reproducible thick-
nesses of each retinal layer including the retinal 
nerve fiber layer (RNFL), ganglion cell layer 
(GCL), and inner plexiform layer (IPL). The 
measurement data are compared with the inter-
nally built-in normative database and color coded 
accordingly as green (normal range), yellow (< 5 
percentile), red (< 1 percentile), or white (thicker 
than normal range). These thickness profiles can 
be utilized to detect early-glaucomatous struc-
tural damage.

1.1.1  RNFL Thickness
OCT-measured peripapillary RNFL thickness 
has been shown to be effective in discriminating 
preperimetric glaucoma from glaucoma-suspect 
eyes (Lisboa et al. 2012). Figure 1 provides a rep-
resentative case of early diagnosis of glaucoma 
from peripapillary RNFL thickness. The infero-
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temporal RNFL defect in the red-free RNFL pho-
tography is well reflected in the OCT thickness 
profiles. The sectoral analysis of RNFL thickness 
returned the red-color code for the inferior quad-
rant. The 12 clock-hour sectoral analysis returned 
the yellow-color code for the 6 and 7 o’clock sec-
tors. The patient, who had a within normal range 
visual field, showed progressive visual field 
defect in the corresponding superior hemifield. 
As shown in Fig.  1, peripapillary RNFL thick-
ness effectively detects early structural glauco-
matous damage prior to the presence of visual 
field defect. However, several studies have 
reported unsatisfactory sensitivity of peripapil-
lary RNFL thickness, when averaged in quad-
rants or clock-hour sectors, for detection of 
localized RNFL defects in preperimetric glau-

coma (Jeoung and Park 2010; Rao et  al. 2013; 
Jeoung et al. 2014). One reported sensitivity for 
localized RNFL defect was 59.5% (Jeoung et al. 
2014). Earlier studies reported that RNFL defects 
with narrow angular width are less likely to be 
detected on sector maps (Jeoung and Park 2010; 
Nukada et  al. 2011). This phenomenon often 
occurs when clinicians solely look at the color 
coded sector map but not the TSNIT thickness 
profile graph from the OCT printout. Jeoung 
et  al. (2014) demonstrated substantial improve-
ment of sensitivity (up to 83.8%) for localized 
RNFL defect when using the TSNIT thickness 
graph. Figure 2 provides a representative case of 
preperimetric glaucoma with inferotemporal 
RNFL defect. In this case, the quadrant map 
showed “within normal range” and the 12 clock- 

RNFL Thickness Map

RNFL Deviation Map

Disc Center (0.00,0.18)mm

350

175

0 µm

RNFL Thickness
OD

ODµm

Sample:221

OD Thickness:060 µm

200

100

0

TEMP SUP NAS INF TEMP

RNFL
Quadrants

RNFL Clock
Hours

104

69

87

51

S

I

T N

99
89

61

44

48

72
89

99

70

56

81

123

2013-06 2016-05

Fig. 1 Peripapillary RNFL thinning in preperimetric 
glaucoma. Optic disc cube scan of 40-year-old male with 
preperimetric glaucoma. The inferotemporal retinal nerve 
fiber layer (RNFL) defect in the red-free RNFL photogra-
phy is well reflected in the optical coherence tomography 
(OCT) thickness profiles. The sectoral analysis of RNFL 
thickness revealed the red-color code (less than 1 percen-

tile relative to normative database) in the inferior quad-
rant. The 12-hour sectoral analysis revealed the 
yellow-color code (less than 5 percentile of normative 
database) in the 6 and 7 o’clock sectors. Subsequent 
visual field loss appeared after 3 years, showing a superior 
arcuate defect
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hour sector map showed “only yellow color” at 
the 8 o’clock sector. However, the TSNIT thick-
ness graph clearly demonstrated the focal defect 
in the inferotemporal region.

1.1.2  Macular Parameters
The latest OCT devices provide measurement of 
macular ganglion cell complex (GCC, sum of 
macular RNFL, GCL, and IPL thickness) or gan-
glion cell-inner plexiform layer (GCIPL) thick-
ness (sum of macular GCL and IPL). The macular 
parameters are also known to be effective in dis-
criminating early-glaucomatous structural dam-
age from healthy eyes. Several studies have 
reported that macular GCIPL or GCC showed 
comparable diagnostic ability for early glaucoma 
(Mwanza et al. 2012; Akashi et al. 2013; Jeoung 
et al. 2013). Mwanza et al. (2012) reported that 
minimum GCIPL thickness was the best param-
eter for discriminating early-glaucomatous 
change from normal eyes. Inferotemporal macu-
lar GCIPL thickness is known to be the best 
parameter for discriminating myopic preperimet-
ric glaucoma from healthy myopic eyes (Seol 
et al. 2015). A representative case of preperimet-
ric glaucoma with macular damage in the infero-
temporal region is provided in Fig. 3. This case 

featured the inaugural use of the 12  ×  9  mm2- 
sized wide-field map from swept-source OCT 
(SS-OCT), which enables combined macular 
parameter/peripapillary RNFL thickness 
analysis.

However, some researchers have reported that 
macular GCIPL thickness showed only moderate 
diagnostic ability for discriminating preperimet-
ric glaucoma from healthy eyes, and in fact, that 
it had even less diagnostic power than that of 
peripapillary RNFL or optic nerve head (ONH) 
parameters (Rao et al. 2013; Lisboa et al. 2013; 
Begum et al. 2014). This phenomenon possibly 
arose from the fact that macular scanning is lim-
ited to a 6  ×  6  mm2 area centered around the 
fovea, and as such, cannot detect any localized 
RNFL defect beyond this scanning area. It has 
been demonstrated that the diagnostic utility of 
GCIPL improves significantly if the RNFL defect 
is closer to the fovea (Kim et  al. 2014; Hwang 
et al. 2014). A recent study compared the diag-
nostic ability of macular parameters between 
spectral-domain OCT (Cirrus HD-OCT, Carl 
Zeiss Meditec, Inc., Dublin, CA, USA) and 
swept-source OCT (SS-OCT, Triton DRI OCT, 
Topcon, Tokyo, Japan) for glaucomatous struc-
tural damage in myopic eyes. It confirmed that 
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Fig. 2 TSNIT graph for early detection of glaucoma. 
Optic disc cube scan of 45-year-old female with preperi-
metric glaucoma on right eye. Note the optic disc rim nar-
rowing and retinal nerve fiber layer (RNFL) defect 
(yellow triangle) in the inferotemporal region. The quad-

rant map showed within the normal range, and the 12-hour 
sector map showed only yellow color in the 8 o’clock sec-
tor. However, the TSNIT thickness graph clearly demon-
strated a focal defect (thickness 42  μm) in the 
inferotemporal region (light blue solid line)
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SS-OCT, with a larger macular scan area than 
that of SD-OCT, had better glaucoma-diagnostic 
performance (Kim et al. 2020a).

1.1.3  Neuroretinal Rim Parameters
The neuroretinal rim parameters such as Bruch’s 
membrane opening minimum rim width (BMO- 
MRW) in Spectralis OCT (Heidelberg Engineering, 
Heidelberg, Germany) or three- dimensional neuro-
retinal rim thickness (3D- NRT) in Cirrus HD-OCT 
(Carl Zeiss Meditec, Dublin, CA, USA) are other 
essential OCT parameters for glaucoma diagnosis. 
The BMO- MRW is defined as the minimum dis-

tance between the Bruch’s membrane opening 
(BMO) and the internal limiting membrane. Cirrus 
HD-OCT detects the minimum area of a surface 
from the optic disc margin (defined as the BMO) to 
the vitreoretinal interface (VRI) based on 3D vol-
ume scan data. The 3D-NRT is defined as the dis-
tance between the BMO and VRI, which is 
associated with the minimum cross-sectional rim 
area in the given direction. These parameters are 
known to have comparable diagnostic ability for 
glaucoma (Chauhan et  al. 2013; Kim and Park 
2018). Figure  4 shows a representative case of 
early glaucoma with BMO-MRW thinning.
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Fig. 3 Macular damage in preperimetric glaucoma. 
Wide-field analysis for macular and peripapillary region 
of 54-year-old female with preperimetric glaucoma. The 
12  ×  9  mm2-sized wide-field maps for GCL++ (upper 
row) and GCL+ (bottom row) from swept-source optical 
coherence tomography (SS-OCT) are provided. The 
wide-field map can also provide a combined SuperPixel 
map of peripapillary retinal nerve fiber layer (RNFL) and 

macular GCL++/GCL+ map (second column). Note the 
significant thinning in the inferotemporal sectors of both 
GCL++ and GCL+ at the baseline, and the progressive 
superior visual field defect 1 year later. GCL++: sum of 
macular retinal nerve fiber layer (RNFL), ganglion cell 
layer (GCL), and inner plexiform layer (IPL); GCL+: sum 
of macular GCL and IPL
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Fig. 4 BMO-MRW thinning in early glaucoma. Left eye 
of 43-year-old female with early open-angle glaucoma 
(mean deviation of visual field, –0.41  dB). Note the 

Bruch’s membrane opening minimum rim width (BMO- 
MRW) as well as the decreased retinal nerve fiber layer 
(RNFL) thickness in the inferotemporal region

Early Diagnosis and Detection of Progression
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There is no doubt that the peripapillary RNFL 
thickness and macular parameters are essential 
for OCT diagnosis and monitoring of glaucoma. 
However, false-positive signs for these parame-
ters are encountered in real clinical practice. 
False-positive rates have been reported to be as 
high as 30.8% for peripapillary RNFL thickness 
and 40.4% for macular GCIPL thickness (Kim 
et al. 2011, 2015a). In these studies, greater axial 
length and small disc area were associated with 
false-positive red signs for peripapillary RNFL 
thickness, and greater axial length and fovea-disc 
angle were determined to be risk factors for false 
positivity in macular GCIPL thickness (Kim 
et al. 2011, 2015a). The neuroretinal rim param-
eters, alternatively, can be referenced as to reduce 
false positives in glaucoma diagnosis, particu-
larly in myopic eyes (Kim and Park 2018; Malik 
et  al. 2016). Figure  5 shows the examples of 
false-positive red signs of peripapillary RNFL 
thickness in a myopic eye. The BMO-MRW from 
Spectralis OCT, however, revealed an intact neu-
roretinal rim within the normal range. This 
parameter is less affected by temporal migration 

of major vessels or scan-circle misalignment in 
myopic eyes. In this light, the neuroretinal rim 
parameters can be used complementarily to peri-
papillary RNFL or macular GCIPL thicknesses 
in detecting early-glaucomatous damage with 
improved specificity.

1.2  OCT Topographical Analysis

Recent advances in OCT scanning speed have 
enabled topographical analysis of glaucomatous 
damage from thickness or deviation maps of peri-
papillary RNFL and macular GCIPL. The peri-
papillary RNFL deviation map significantly 
improved the diagnostic sensitivity for glaucoma 
and provided additional spatial information for 
RNFL damage (Leung et  al. 2010). Another 
study reported that the RNFL thickness map 
demonstrated the best diagnostic ability in detect-
ing localized RNFL defects (Hwang et al. 2013). 
The temporal raphe sign from the macular GCIPL 
thickness map, a straight line on the horizontal 
raphe longer than one-half of the length between 

Fig. 5 False positives of RNFL thickness in myopic eyes. 
Cirrus HD-OCT (Carl Zeiss Meditec, Inc., Dublin, CA, 
USA) and Spectralis OCT (Heidelberg Engineering, 
Heidelberg, Germany) scan of 27-year-old healthy male 
with high myopia in right eye. His refraction was –11 
diopters and the axial length was 30.47 mm. Optic disc 
and red-free retinal nerve fiber layer (RNFL) photography 
showed no abnormalities (left column). The RNFL devia-

tion map as well as the quadrant and clock-hour maps 
showed red signs (central column). However, the Bruch’s 
membrane opening minimum rim width (BMO-MRW) 
from Spectralis OCT was revealed to be within the normal 
range. The red-sign indications of RNFL thickness may 
have originated from migration of RNFL peaks and major 
vessels in the temporal direction

Y. W. Kim
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the inner and outer annulus in the temporal ellip-
tical area, can discriminate glaucomatous dam-
age even in challenging cases such as highly 
myopic eyes (Kim et al. 2015b, 2016). Figure 6 
shows a representative case that highlights the 
usefulness of the peripapillary RNFL thickness 
map in detecting early-glaucomatous change. In 
this case, the quadrant and clock-hour RNFL 
maps as well as the TSNIT thickness graph 
showed normal ranges of measurements, but the 
RNFL thickness map exhibited the localized 
defect in the inferotemporal region. The 3D-NRT 
and GCIPL thickness maps further confirmed the 
structural damage in this case.

The latest commercially available SS-OCT 
(DRI OCT Triton, Topcon, Tokyo, Japan) can 
capture a wider area of the retina (12 × 9 mm2) in 
a single scan, thus providing a “wide-field map.” 
The wide-field thickness and SuperPixel map has 
been shown to be effective in discriminating pre-

perimetric and early-perimetric glaucoma from 
healthy eyes (Lee et  al. 2017a). The wide-field 
Superpixel map was superior even to that of the 
RNFL deviation map from Cirrus HD-OCT (Lee 
et  al. 2018a). The wide-field thickness surface 
map is displayed in 3D for selected layers (RNFL, 
GCL++, or GCL+) and can be rotated or zoomed 
in and out by mouse operation. This map enables 
detection of localized RNFL defects intuitively 
easy. Figure  7 shows the benefits of the wide- 
field map when detecting a localized superior- 
hemifield RNFL defect that most conventional 
SD-OCT macular scans would not find.

2  Detection of Progression

Glaucoma progression varies greatly from person 
to person, ranging from rapid to slow (Heijl et al. 
2009, 2013). It can continue to show progression 
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Fig. 6 Utility of OCT thickness map in detecting early- 
glaucomatous damage. Optic disc and macular cube scans 
of 40-year-old male with preperimetric glaucoma in right 
eye. The retinal nerve fiber layer (RNFL) quadrant and 
clock-hour thickness maps showed no red signs. However, 
the RNFL thickness and deviation maps showed RNFL 
defect in the inferotemporal region (black arrows). This 
finding is further confirmed by the three-dimensional neu-

roretinal rim thickness (3D-NRT, dark red arrow) and the 
macular ganglion cell-inner plexiform layer (GCIPL) 
thinning in the inferotemporal region. Note the straight 
line on the horizontal raphe longer than one-half of the 
length between the inner and outer annulus in the tempo-
ral elliptical area on the GCIPL thickness map (temporal 
raphe sign, white arrow)
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despite treatment, even within the normal range 
of intraocular pressure (Collaborative Normal- 
Tension Glaucoma Study Group 1998). 
Therefore, tonometry alone cannot be sufficient 
in monitoring glaucoma. OCT is a reliable tool 
for detection of structural progression and moni-
toring of the rate of change. Although glaucoma 
progression analysis is focused mainly on the 
peripapillary RNFL, recent OCT devices, such as 
BMO-MRW and 3D-NRT, also provide tools for 
monitoring of macular GCIPL or neuroretinal 
rim thickness.

2.1  RNFL Progression Analysis

Progressive RNFL thinning in glaucoma can be 
assessed on OCT scans either by comparing 
RNFL thickness between the baseline and 
selected follow-up images (event-based analysis) 
or by estimating the rate of RNFL thinning in a 
linear regression model from a series of OCT 
scans (trend-based analysis). While these kinds 
of analysis can be done manually by individual 
clinicians, they can be prohibitively time- 
consuming in a busy clinical setting. The latest 
OCT devices provide automated proprietary soft-
ware tools for progression analysis, but different 

OCT brands have slightly different features. 
Guided Progression Analysis (GPATM) from 
Cirrus HD-OCT is unique in that it provides top-
ographical event-based RNFL thickness change 
over the 6 × 6 mm2 peripapillary region (Fig. 8). 
It allows the user to analyze between 3 and 8 
exams and determines if statistically significant 
change has occurred. The earliest two exams are 
set as the baselines, and later exams are com-
pared with them for determination of any signifi-
cant change. Follow-up scans are aligned to the 
baselines based on the blood vessels or center of 
optic disc identified in the en face images (Cirrus 
HD-OCT User Manual). In event-based analysis, 
“Possible Loss” is declared and encoded in yel-
low when the individual plot has changed, rela-
tive to the two baseline exams, by a greater extent 
than the test-retest variability for a single visit. 
“Likely Loss” is declared and encoded in red 
when significant change has been detected on 
two visits in a row. “Possible Increase” is declared 
and encoded in lavender when the rate of gain is 
significant. In trend-based analysis, the slope is 
estimated by linear regression and is displayed in 
“μm/year” with the 95% confidence interval. 
This will be provided whenever at least 4 exams 
spanning at least 2 years are loaded. The linear 
regression line is plotted on each graph whenever 
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there is both “Likely Loss” and a significant lin-
ear trend (P < 5%). Other OCT brands can also 
automatically estimate and report the slope of 
RNFL thinning with statistical significance. 
Statistically significant P-values do not always 
mean that there is clinically significant “progres-
sion.” Even small, clinically insignificant changes 
can be statistically significant in a series of large- 
scale OCT scans; and, vice versa, if the number 
of OCT images is small and of poor quality, a 
clinically significant change can be determined 
as insignificant (P > 0.05).

Monitoring of peripapillary RNFL thickness 
with OCT has been shown to be effective in detect-
ing glaucomatous damage prior to the appearance 
of visual field defect (Kuang et  al. 2015). 
Furthermore, OCT has been reported to be more 
sensitive than standard automated perimetry in 
detecting progression in the early stages of glau-
coma (Wollstein et al. 2005; Zhang et al. 2017). It 
is therefore imperative to monitor progressive 
RNFL thinning by OCT, the findings of which are 
informative for prediction of future visual field 
loss in glaucoma (Yu et al. 2016; Lin et al. 2017).

2.2  GCIPL Progression Analysis

Progression analysis for macular GCIPL is also 
available in both event- and trend-based modes. 
Glaucoma patients who had shown progression 
on serial red-free RNFL photographs or auto-
mated perimetry had a significantly faster thin-
ning rate of macular GCIPL than that of 
non-progressors (Lee et  al. 2017b, c). In a 
dynamic range-normalized analysis, the rate of 
peripapillary RNFL thinning was faster than that 
of macular GCIPL (Hammel et  al. 2017). 
Nevertheless, progressive macular GCIPL 
 thinning and progressive peripapillary RNFL 
thinning were found to be mutually predictive, 
and were both indicative of visual field progres-
sion (Hou et al. 2018; Shin et al. 2020). In this 
sense, integrating progressive peripapillary 
RNFL and macular GCIPL thinning may be 
advantageous to progression analysis in glau-
coma (Lee et al. 2018b, c; Wu et al. 2020).

Monitoring the macular GCIPL thickness in a 
topographical manner has improved our under-
standing of macular damage patterns in glau-
coma. Macular GCIPL defect in one study was 
most commonly found in the inferotemporal 
region relative to the fovea (Shin et al. 2018). In 
that investigation, GPATM analysis showed that 
the region toward the fovea and optic disc from 
the initial inferotemporal GCIPL defect was the 
most frequent site for progression. The most 
common pattern of progressive thinning, mean-
while, was widening of GCIPL defect, followed 
by deepening and newly developed GCIPL (Shin 
et al. 2018).

Monitoring macular GCIPL is advantageous 
to detection of progression in advanced glaucoma 
eyes when peripapillary RNFL thickness reaches 
the measurement floor (Hammel et al. 2017; Shin 
et al. 2017; Lavinsky et al. 2018). Figure 9 dem-
onstrates the utility of monitoring progressive 
macular GCIPL thinning in advanced glaucoma 
eyes. The macular damage that causes GCIPL 
thinning might occur in the later stages of disease 
and at a different rate relative to peripapillary 
RNFL thinning. But given that a floor effect on 
macular GCIPL may also exist, the utility of 
macular GCIPL monitoring in advanced glau-
coma may be limited for some patients.

2.3  BMO-MRW Progression Analysis

Spectralis OCT provides progression analysis 
reporting for BMO-MRW.  Figure  10 shows a 
representative case with progressive BMO-MRW 
thinning in an open-angle glaucoma eye with 
recurrent disc hemorrhage. In a longitudinal anal-
ysis of glaucoma eyes with disc hemorrhage, the 
BMO-MRW showed progressive thinning, and 
the inferotemporal sector showed the highest rate 
of change (Cho and Kee 2020). Cirrus HD-OCT’s 
3D-NRT also showed a faster rate of thinning at 
the site of hemorrhage than in the other sectors 
(Kim et al. 2020b). The clinical utility of analyz-
ing progressive change of neuroretinal rim 
parameters requires further elucidation in terms 
of glaucoma monitoring.
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Fig. 9 GCIPL progression analysis. Guided Progression 
Analysis (GPA™) of macular ganglion cell-inner plexi-
form layer (GCIPL) and peripapillary retinal nerve fiber 
layer (RNFL) thicknesses from 53-year-old male with 
advanced glaucoma (baseline mean deviation of visual 
field [VF], –18.79 dB). Note the progressive thinning of 

the macular GCIPL (“Likely Loss” at superior parafovea) 
and note also the fact that the diffuse atrophied RNFL 
reached to the measurement floor and did not show any 
significant change (“floor effect”). The VF progressed sig-
nificantly from –18.79 to –23.17 dB during the observa-
tion period

Fig. 10 BMO-MRW progression analysis. Spectralis 
OCT scan from 57-year-old female with open-angle glau-
coma and history of recurrent disc hemorrhage in infero-

temporal region of left eye. The progression analysis 
demonstrated significant thinning of the BMO-MRW 
(rate of change, –9.4 μm/year, P < 0.01)
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Lamina Cribrosa Imaging

Tae-Woo Kim and Eun Ji Lee

Abstract

Glaucoma is characterized by the loss of retinal 
ganglion cells and axons. Although the patho-
genesis of glaucomatous optic neuropathy is 
not fully elucidated, it is generally considered 
that axonal damage is the earliest event in the 
process of cell death. Since lamina cribrosa 
(LC) is the putative site of axonal injury, under-
standing the changes in the LC and its effect on 
the axons are essential to understand the patho-
physiology of glaucomatous optic neuropathy.

With the emergence of spectral domain 
optical coherence tomography (SD-OCT), it 
became feasible to image the LC in patients. 
Using this noninvasive technique, various 
observations have been reported including 
dynamic features along the course of disease 
and according to the variation of intraocular 
pressure. These data help understand the optic 
nerve head biomechanics in the development 
and progression of glaucoma. Although the 
image quality of LC obtained by OCT is not 
fully satisfactory, postprocessing technique is 
available to better visualize the LC. Yet, LC 
imaging is not widely used in the clinical 
practice. As research continues, it is expected 

that LC imaging will soon be implemented in 
the glaucoma diagnosis and patient 
management.
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1  Histology of Lamina Cribrosa

Lamina cribrosa (LC) is the sieve-like connective 
tissue sheets which contains about 500–600 per-
forations (Ogden et  al. 1988). The optic nerve 
axon bundles pass through the pores within the 
LC.  The LC pores in the superior and inferior 
part are larger than those in the nasal and tempo-
ral quadrants (Morrison et al. 1989; Quigley and 
Addicks 1981; Radius and Gonzales 1981).

The lamina beams are composed of elastin, 
collagen (types I, III, IV, V and VI), laminin, and 
fibronectin (Goldbaum et  al. 1989; Hernandez 
et al. 1986). The elastin is responsible for elastic 
property of elastic tissue (Mecham 1991). In 
young adults, elastin fibers are thin, long, and run 
longitudinally in the lamina beams (Hernandez 
et al. 1986). With aging, the density of elastin in 
the lamina increases and the elastin fibers thicken 
markedly to form long, tubular structures 
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(Hernandez et al. 1989). The change in the elastin 
with aging probably changes the degree of elastic 
property of the lamina.

The beams are dense in the mid horizontal 
area of the optic nerve head and elevated com-
pared to superior and inferior region, forming a 
bowtie-shaped ridge (Park et al. 2012a). In glau-
comatous eyes, the laminar sheets are com-
pressed and gross configuration shows backward 
bowing at late stage (Quigley et al. 1983).

2  LC Imaging Using OCT

LC can be visualized using spectral domain 
(SD)-OCT or swept source (SS)-OCT.  The LC 
appears as a highly reflective plate in OCT images 
(Fig.  1). On enface OCT images, lamina pores 
are visible. Since the LC is located in the deep 
optic nerve head, LC imaging has lower signal- 
to- noise ratio than surface structure imaging such 
as retinal nerve fiber layer. To alleviate this prob-
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Fig. 1 Lamina cribrosa (LC) image obtained by spectral 
domain OCT (Spectralis, Heidelberg). B-scan (a, c) and 
enface (b, d) images at prelaminar (a, b) and LC (c, d) in 
a glaucomatous eye. The low reflective dots in the enface 
image through the LC consist of multiple pores that cor-

respond to the laminar pores in the fundus photography (e, 
black arrows). Owing to the curved nature of the lamina, 
the enface image through the prelaminar tissue contains 
some lamina tissue in the central area (arrowheads). 
Adopted and modified from Lee et al. (2011)
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lem, multiple separate scans are obtained at each 
scan position with the aid of eye tracking system 
and the result is averaged. The larger the image 
frames averaged, the higher the image quality. 
However, it requires longer time to obtain greater 
number of frames, which often lead to patient’s 
poor cooperation. About 20–42 frames are gener-
ally used for SD-OCT in LC imaging (Lee et al. 
2011, 2013a).

Swept Source (SS)-OCT is a newer genera-
tion of OCT that uses a short cavity swept laser 
with a tunable wavelength of operation. It has a 
longer central wavelength (1050 nm) compared 
to conventional SD-OCT (840  nm), providing 
deeper penetration. Due to this capability, high 
quality images can be obtained by averaging 
small number of image frames than SD-OCT. This 
enables the LC imaging to be completed within 
shorter period of time using SS-OCT compared 
to SD-OCT.

To further improve the visualization of LC, 
the OCT images can be postprocessed using an 
adaptive compensation technique which was 
developed by Girard and Mari et al. In this algo-
rithm, standard compensation operations are per-
formed until an energy threshold is reached, at 

which stage the compensation process is stopped 
to limit noise over-amplification in the deeper 
portion of the OCT image. This method is robust 
in that it can remove the shadows of blood ves-
sels. Using this technique, the anterior surface of 
the LC can be more readily delineated (Fig.  2) 
(Girard et al. 2015).

3  Protocols to Image the LC

LC image can be evaluated using raster scans or 
radial scans. Each method has advantages over 
the other methods. Radial scan has advantage to 
see the LC insertion along the meridians. 
However, because of the bowtie-shaped central 
ridge of the LC (Park et al. 2012a), LC shape typi-
cally appears as a W-shape in vertical scans, and 
varies largely along the meridians (Fig. 3A). This 
large variability along the meridian makes it dif-
ficult to assess the LC shape using a simple 
parameter on images obtained by radial scans. 
Raster scans obtain multiple horizontal scans par-
allel to each other. The LC has a relatively regular 
configuration in the horizontal plane, with a flat or 
U-shaped appearance with different regional 

SD-OCT

original

compensated

shadow

SS-OCT

Fig. 2 Lamina cribrosa (LC) images obtained from 
SD-OCT (Spectralis, Heidelberg) and SS-OCT (Triton, 
Topcon). Images postprocessed by adaptive compensation 

are shown in the bottom. The LC surface is more clearly 
visible after adaptive compensation especially in the 
region of vascular shadow (yellow arrow)
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Fig. 3 Comparison of the patterns of the lamina cribrosa 
(LC) shape in radial (A), and raster (B) B-scans. Note that 
the largely different patterns of LC shape in radial scans 
(A). In contrast, the LC has a relatively regular configura-

tion in the horizontal scans, with a flat or U-shaped 
appearance with different regional steepness (B). Note the 
central ridge (yellow arrow) in the vertical B-scan from 12 
to 6 o/c. Adopted and modified from Lee et al. (2019)
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steepness (Fig. 3B). Therefore, the LC shape can 
be readily evaluated on horizontal scans using LC 
curvature index (LCCI). Moreover, measuring 
LCCI on horizontal scans allows separate assess-
ment of the LC morphologies in the superior and 
inferior region, which are often different in an 
individual eye (Kim et al. 2019a).

4  Indices to Evaluate LC 
Morphology

4.1  LC Thickness

LC thickness can be measured as the distance 
between the anterior and posterior LC surface 
(Fig. 4). Although it is measurable in many eyes, 
the posterior LC border is often difficult to delin-
eate hampering the measurement of LC thick-
ness. The LC thickness is relevant with glaucoma 
pathophysiology because it is associated with 
translaminar pressure gradient.

The LC forms the border between the intraocu-
lar space and the retrobulbar space. In general, the 
intraocular pressure is higher than CSF pressure. 
Therefore, a pressure gradient exists across the 
LC. At a given pressure difference between both 
sides of lamina, the pressure gradient is greater 
when the lamina is thinner (Jonas et al. 2004). An 
abnormal pressure gradient influences the physi-
ology of the optic nerve fibers, with their ortho-
grade and retrograde axoplasmic flow (Anderson 
and Hendrickson 1974; Quigley and Anderson 
1976). Therefore, it is possible that eyes with thin-
ner LC are more susceptible to glaucoma.

4.2  LC Depth

LC depth from Bruch’s membrane opening 
(BMO) has been suggested as a parameter to 
evaluate LC morphology. Since Bruch’s mem-
brane opening is clearly visualized in most OCT 
images, BMO can be used as a reliable reference 
(Fig.  4). However, LC depth from BMO has a 
limitation. LC is sustained by load-bearing con-
nective tissues of the peripapillary sclera. Thus, it 
would be more reasonable to assess LC morphol-
ogy (and changes with IOP) from the scleral 
plane or directly within the LC.  When the LC 
depth is measured from the BMO level would 
inappropriately include the choroidal thickness. 
Since the choroidal thickness varies among indi-
viduals and with aging within an individual 
patient (Rhodes et al. 2015), LC depth measure-
ment form BMO may provide a biased assess-
ment. To overcome this limitation, Vianna et al. 
(2017) suggested anterior scleral opening as a 
more reliable reference structure to measure the 
LC position. The measured depth is not influ-
enced by the choroidal thickness. However, the 
anterior scleral opening is often difficult to reli-
able detect in OCT images.

4.3  LC Curvature Index (LCCI)

Since LC deformation occurs as a posterior bow-
ing pattern, measuring the LC curve can be used 
to evaluate the LC strain. Differing methods have 
been suggested to evaluate the LC curve. Lee 
et  al. suggested a simple parameter which was 

a b

Fig. 4 Measuring the LC depth (a) and LC thickness. Distance to the posterior border of the LC is measured (b). From 
both measurements, the LC thickness can be calculated

Lamina Cribrosa Imaging



60

named as LC curvature index (LCCI) (Lee et al. 
2017). The LCCI was measured by measuring 
the LC depth from a reference line which was 
made by connecting two peripheral points on the 
anterior LC surface. The measured LC curve 
depth was divided by the width of the reference 
line and multiply by 100 (Fig. 5).

Another method that can be used in assessing 
the LC curve has been suggested by Kim et  al. 
2016a. They calculated the difference of mean 
mean depth from a reference line set in the LC 
surface and the LC insertion depth. To do this, 
they first measured the area demarcated by the 
reference line, two vertical lines from the LC 
insertion to the reference line, and the anterior LC 
surface. Then, the area was divided by the dis-
tance between the two LC insertions for the mea-
surement of mean depth.

4.4  LC Insertion Depth

Posterior migration of the LC insertion has been 
recognized in histologic studies. Using a high 
quality LC images particularly with postprocess-
ing by adaptive compensation, the LC insertion 
can be identified. The LC insertion depth can be 
measured from the anterior scleral opening level. 
Lee et al. (2014a) demonstrated that LC insertion 
depth was greater in eyes with POAG compared 

to healthy eyes, which accords to the histologic 
findings (Fig. 6). The utility of LC insertion depth 
in the clinical practice remains to be explored.

5  Findings in Glaucoma

5.1  Thinner LC

LC thickness correlated significantly with visual 
field mean deviation (Inoue et  al. 2009). Lee 
et  al. (2011) demonstrated that LC thickness is 
smaller in eyes with glaucoma compared to 
healthy eyes.

Park et al. demonstrated that LC was thinner in 
the POAG and NTG groups than in the normal 
control group. Interestingly, they found that the 
lamina was also significantly thinner in patients 
with NTG and disc hemorrhage than in those with 
NTG but no disc hemorrhage (Park et al. 2012b).

A thinner LC would be associated with steeper 
translaminar pressure gradients when other con-
ditions are equal (Jonas et  al. 2004; Burgoyne 
et al. 2005). Therefore, it is not surprising that LC 
is thinner in eyes with glaucoma.

5.2  Dynamic Behavior According 
to IOP Change

Experimental glaucoma model studies demon-
strated that LC morphology changes according 
to the variation of intraocular pressure. As it 
became possible to image the LC in patients, 
reduction of anterior LC depth and flattening of 

Fig. 5 Measurement of the lamina cribrosa curvature 
index (LCCI using a horizontal raster scan). The LC cur-
vature depth (LCCD) was measured at the maximally 
depressed point as the distance from the reference line 
which connects two points at the anterior LC surface 
below the Bruch’s membrane opening. The LCCI was 
measured by dividing the LC curve depth (LCCD) by the 
width of the reference line (W) and multiplying by 100. 
Adopted and modified from Lee et al. (2017)

Fig. 6 LC insertion depth can be measured as the dis-
tance from the anterior scleral opening (yellow circles) to 
the LC insertion point (red circles)
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the LC curve after IOP lowering treatment has 
been demonstrated (Fig.  7) (Lee et  al. 2012, 
2013b, 2016a, 2020; Barrancos et  al. 2014; 
 Krzyzanowska- Berkowska et  al. 2018). Further, 
redisplacement of the anterior LC surface to the 
posterior direction has been demonstrated when 
the IOP re- elevated after bleb failure in patients 
who underwent trabeculectomy (Lee et al. 2013a). 
The anterior displacement of the anterior LC sur-
face or flattening of the LC curve after IOP lower-
ing is more prominent in young patients (Lee 
et al. 2012; Esfandiari et al. 2018), but also seen in 
elderly patients. The difference according to age 
suggests that the LC is more compliant and resil-
ient according to IOP change in younger ages.

Theoretically, LC depth change can occur in 
opposite direction (i.e., posterior displacement 
upon IOP lowering). Finite element analysis has 
shown that anteroposterior displacement of the 
LC varied greatly depending on the properties of 
the lamina and sclera (Sigal et al. 2011). When 
the peripapillary sclera is more compliant than 
LC, IOP elevation can expand the canal, which in 
turn pulls the lamina taut from the sides. In this 
case, the LC depth may decrease when the IOP is 
increased. However, there has been little report 
which demonstrated this phenomenon in patients.

5.3  Greater LCCI

They demonstrated that LC curvature as assessed 
by LCCI also changes depending on the IOP 

change (Lee et al. 2016a). In addition, the LCCI 
performed better than LC depth measured from 
Bruch’s membrane opening in discriminating 
between healthy and glaucomatous eyes (Lee 
et  al. 2017). This finding suggests that the LC 
curvature may better characterize the glaucoma-
tous LC deformation. This is probably because 
the LCCI is not affected by choroidal thickness. 
Kim et  al. demonstrated that the LC curvature 
assessed by mean LC depth was greater in POAG 
eyes with high IOP than those with low IOP (Kim 
et al. 2016a).

The greater LCCI is associated with location 
of damage in individual patients. In unilateral 
glaucoma patients, glaucomatous eyes have 
greater LCCI than fellow healthy eyes (Kim et al. 
2019b). Moreover, LCCI was greater in the hemi-
field corresponding with the location of RNFL 
defects compared to the opposite hemifield in 
glaucomatous eyes with hemifield optic nerve 
damage (Kim et al. 2019a).

5.4  Focal Lamina Defects

Several studies have demonstrated localized 
structural alteration of the peripheral LC, includ-
ing focal LC defect and pit (Fig. 8). The focal LC 
defects were topographically correlated with 
localized neuroretinal rim loss, retinal nerve fiber 
layer defects, visual field defects, and parapail-
lary choroidal dropout (Park et  al. 2013; You 
et al. 2013; Park et al. 2017a).
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Fig. 7 Enface (a, e) and B-scan images obtained preop-
eratively (b, f) and at 1 (c, g) and 6 months (d, h) postop-
eratively in 15- (top) and 80-year-old (bottom) patients. 

Note the reduction of LC depth and LC curvature. The 
changes are seen more clearly in young patient. Adopted 
and modified from Lee et al. (2012)
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5.5  Findings in Eyes with Disc 
Hemorrhage

Disc hemorrhage is often found in glaucoma 
patients and associated with glaucoma progres-
sion. The pathophysiology of disc hemorrhage is 
largely unveiled. Several LC imaging studies 
have suggested that LC deformation is associated 
with disc hemorrhage. Lee et  al. demonstrated 
the structural alteration in the LC images obtained 
before and after DH, which were separated about 
1 or 2 years (Fig. 9) (Lee et al. 2014b). This find-
ing suggests that the DH may result from the 
 disruption of capillaries in the laminar beams 
during the development of focal LC defect. In 
line with this finding, cross sectional studies 
demonstrated the association of DH and focal LC 
defects (Park et  al. 2013; Kim and Park 2016; 
Kim et al. 2016b). Kim et al. have shown that the 
size of DH which corresponds to focal LC defect 
location tends to be larger than DH without cor-
respondence (Kim et al. 2016b).

5.6  Association with Rate 
of Glaucoma Progression

Several characteristics of LC identified by OCT 
imaging have been found to be associated with 

rate of glaucoma progression. First, focal 
defects of the LC have been shown to be associ-
ated with the rate of glaucoma progression. 
Faridi et al. have shown that eyes with focal LC 
defects tend to progress faster than those with-
out (Faridi et al. 2014). Park et al. demonstrated 
that glaucoma eyes with DH at the site of focal 
LC defects showed frequent and faster visual 
field progression compared with DH not accom-
panied by LC alterations or LC alterations not 
accompanied by DH (Park et  al. 2017b). They 
reported in a separate article that the presence of 
focal LC defects was related to the rate of infe-
rior RNFL thinning while a deeper and thinner 
LC was related to the rate of superior RNFL 
thinning (Park et al. 2017c).

Lee et al. investigated the relationship between 
LC change behavior and rate of glaucoma pro-
gression after trabeculectomy. They found that 
eyes with sustained LCD reduction over a long 
period had a slow rate of progressive RNFL thin-
ning after trabeculectomy. A large LCD reduc-
tion in the early postoperative period was not 
associated with the long-term rate of progression 
if it was not maintained during subsequent fol-
low- up (Lee and Kim 2015).

The LCCI has also been shown to be associ-
ated with the rate of visual field deterioration in 
POAG eyes (Ha et  al. 2018). In addition, the 
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Fig. 8 Focal lamina 
cribrosa (LC) defect is 
seen in the B-scan (b) 
and reconstructed 3D 
images (c) at the 
location indicated in 
infrared photograph 
(green horizontal line in 
the inferior periphery, a) 
(yellow arrows). Focal 
neuroretinal rim is seen 
over the focal LC defect 
(red arrow)

T.-W. Kim and E. J. Lee



63

LCCI was associated with the rate of progressive 
RNFL thinning in glaucoma suspect eyes (Kim 
et al. 2018). This finding is consistent with exper-
imental glaucoma model studies which demon-
strated profoundly altered ONH connective 
tissues at the onset of detectable ONH surface 
change (Burgoyne et  al. 2004). More recently, 
Lee et al. demonstrated that LCCI was the stron-
gest prognostic factors for faster progressive 
RNFL thinning using regression tree model (Lee 
et al. 2019).

6  Applications of LC Imaging 
and Perspectives on Glaucoma 
Management

6.1  Differential Diagnosis from Other 
Optic Neuropathies

A characteristic feature of glaucoma is excava-
tion of the optic nerve head (i.e., cupping). The 
excavation is composed of loss of neuronal tissue 
and posterior displacement/bowing of the lamina. 

a-1 a-2

a-3 a-4

b-1 b-2

b-3 b-4

Fig. 9 Fundus photographs and SD-OCT B-scan images 
at the meridian (dotted lines) of disc hemorrhage. Left 
images (a-1, a-3, b-1, b-3) are the baseline B-scans and 
right (a-2, a-4, b-2, b-4) are the images obtained after 
detection of optic disc hemorrhage. Orange lines delin-
eate the anterior surface of the lamina cribrosa (LC). (a-3, 
a-4) Same images as (a-1, a-2) without labels. (b-3, b-4) 
Same images as (b-1, b-2) without labels. (a) Structural 
alteration of the LC with outward deformation of the vis-

ible end of anterior LC surface. Note that the visible end 
of the anterior LC is more posteriorly located in the fol-
low- up image (a-2, b-2) (arrow). The change in the curva-
ture of the anterior LC surface also is noticeable (orange 
lines). (b) Recent structural alteration of the LC with 
radial disruption of the temporal LC. Note the enlarged 
cleft near the LC insertion in the follow-up image (orange 
lines and arrow). Adopted and modified from Lee et al. 
(2016b)
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Mild degree of cupping is also noted in nonglau-
comatous optic neuropathies, which often lead to 
misdiagnosis to glaucoma. Studies have shown 
that deep optic nerve head feature is different 
between glaucoma and other optic neuropathies. 
While deeply located or posteriorly curved LC 
together with loss of prelaminar tissue is the hall-

mark of glaucoma, those findings are not clearly 
seen in other optic neuropathies such as nonarter-
itic ischemic optic neuropathy and autosomal 
dominant optic neuropathy (Figs.  10 and 11) 
(Kim et  al. 2020a; Fard et  al. 2016; Lee et  al. 
2016b). This finding can be used to aid differen-
tial diagnosis in ambient cases with other differ-
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Fig. 10 Comparison of the prelaminar tissue thickness 
(PTT) between the affected and unaffected sectors in eyes 
with nonarteritic anterior ischemic optic neuropathy 
(NAION) (left) and normal tension glaucoma (NTG) 
(right). Long arrows in color disc photographs indicate 
the locations and directions of radial B-scans shown in the 
lower panels. Orange dashed lines indicate the level of the 
Bruch’s membrane opening. Green dotted lines demarcate 
the area where the PTT was measured. Disc photographs 
in the top row show evident pallor (left) and notching 
(right) of the optic disc rims in the affected sectors in 

NAION and NTG eyes, respectively. Peripapillary OCT 
RNFL results show thinning of RNFL in the affected sec-
tors in both NAION and NTG eyes. In NAION, the PT is 
thick in the affected sector, with the PTT being compara-
ble to that in the unaffected sector (arrows). On the other 
hand, there is a remarkable difference in the PTT between 
the unaffected and the affected sectors in this NTG eye 
with an untreated IOP of 14 mmHg. Note that the anterior 
laminar surface is located deeper than in the affected sec-
tor than in the unaffected sector in NTG.  Adopted and 
modified from Lee et al. (2016b)
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ential diagnosis point such more pronounced 
pallor than excavation, history of central vision 
loss and patter of visual field loss.

6.2  Predicting Rate of Future 
Glaucoma Progression

As describe earlier, several LC morphologic 
characteristics have been shown to be associated 
with rate of glaucoma progression as assessed by 
OCT or visual field in eyes with glaucoma. Those 
characteristics include thinner LC thickness, 
greater LCCI at baseline, presence of focal LC 
defects particularly with occurrence of disc hem-
orrhage (Ha et al. 2018; Faridi et al. 2014; Park et 
al. 2017b). The LC morphology can also be use-
ful to predict development of glaucoma in sus-
pect eyes (Fig.  12) (Kim et  al. 2018). 
Characterization of high risk patients for disease 
progression will help clinicians to detect glau-
coma progression early, so as to allow timely 
adjustment of the treatment.

6.3  Searching Mechanism of Optic 
Nerve Damage in Individual 
Patient

Glaucoma is a multifactorial disease. Although 
intraocular pressure induced stress is considered 

as the single most important risk factor, other 
factors including compromised circulation have 
been suggested as risk factors (Weinreb and 
Khaw 2004; Weinreb et al. 2014). Optic nerve 
damage often progresses despite substantial 
IOP lowering treatment. When a progression is 
noted despite maximum tolerable medical ther-
apy, clinicians would consider other treatment 
options such as laser or surgical treatment for 
further IOP lowering. However, it is question-
able whether such treatment approach is justi-
fied in every single glaucoma patient. This is 
due to the possibility that factors other than IOP 
related stress is the main cause of progression in 
certain patients.

There is no definite method to understand the 
mechanism of optic nerve damage in individual 
glaucoma patients. For better management of 
glaucoma, particularly for etiology targeted treat-
ment approach, it is essential to develop method 
to identify specific etiology of optic nerve dam-
age in individual patients. Theoretically, LC 
imaging can be a good candidate for such devel-
opment because LC is a key structure in glau-
coma biomechanics. The morphology of LC is 
variable among glaucoma patients, shedding 
light in this possibility. With further research and 
development of biomarkers, LC imaging might 
become a useful tool to help identify the specific 
mechanism of optic nerve damage in individual 
patients.
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Fig. 11 Comparison of the anterior lamina cribrosa (red 
dots) curvature in an eye with autosomal dominant optic 
atrophy (ADOA) (a–c) in a 72-year-old woman, and an 
eye with normal tension glaucoma in a 77-year-old 
woman (d–f). (b, e) B-scan images at inferior midperiph-

eral plane, indicated by the green lines in the optic disc 
photographs. (c) RNFL thinning is noted in the temporal 
region. (f) RNFL thinning is noted in the inferotemporal 
region. Adopted and modified from Kim et al. (2020b)
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Fig. 12 Two cases of glaucoma suspect eyes. (a) A glau-
coma suspect eye of a 61-year-old female with steeply 
curved lamina cribrosa (LC). The untreated intraocular 
pressure (IOP) and central corneal thickness were 
16  mmHg and 537 μm, respectively. During the first 3 
years following baseline examination, progressive retinal 
nerve fiber layer (RNFL) loss was observed in the inferior 
sector with the rate of −5.00 μm/year. After IOP lowering 

treatment, the rate of RNFL loss decreased to −2.75 μm/
year. (b) A glaucoma-suspected eye of a 74-year-old 
female with a relatively fat LC.  The untreated IOP and 
central corneal thickness were 16  mmHg and 545  μm, 
respectively. During 7 years of follow-up, the rate of 
RNFL loss in the inferior sector was −0.45 μm/year with-
out any treatment. Adopted and modified from Kim et al. 
(2018)
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6.4  Characterizing Optic Neuropathy 
in Myopic Eyes

Myopia is a risk factor for glaucoma (Mitchell 
et al. 1999; Liang et al. 2011; Suzuki et al. 2006). 
However, the rate of progression is often slower 
in myopic eyes with or even without IOP control 
(Lee et al. 2015; Araie et al. 2012). This finding 
suggests that mechanism of optic nerve damage 
may be different in myopic glaucomatous eyes. 
The LC configuration in myopic tilted disc eyes 
has some unique features. The LC is flatter and 
the pores are elongated to the direction of disc 
tilt/torsion (Fig.  13) (Sawada et  al. 2018). This 
feature suggests that tensile stress to the LC aris-
ing from the axial elongation may play a role in 
the optic nerve damage.

If such stress is the main cause of optic nerve 
damage, the clinical course would be different 
from that of glaucoma derived from translaminar 
pressure gradient. Since axial elongation is not a 
lifelong process the tensile stress may be 
 alleviated at some point. In addition, loss of 
axons may generate a room for remaining axons, 
thereby protecting them from the sustained ten-
sile stress. If this is the case, the axonal loss can 
occur in the early life but the rate of loss can be 

slowed or halted in the late life (Kim et al. 2014). 
The treatment strategy should be different in 
those patients from the patients who have high 
risk of disease progression. Further study is 
needed to develop method to differentiate high 
risk and low risk patients for disease progression 
among myopic eyes. For those studies, LC imag-
ing may play a central role.

7  Conclusions

Since LC is the primary site of axonal injury in 
glaucoma, imaging the LC provides an opportu-
nity to enhance understanding on the pathogene-
sis of glaucomatous optic neuropathy. The LC 
imaging is not routinely used in the current clini-
cal practice due to technical difficulty and lack of 
consensus in its utility. The devises for LC imag-
ing and clinically useful biomarkers based on LC 
morphology are currently evolving. With further 
research and development, LC imaging may con-
tribute to improvements in understanding biome-
chanics of glaucomatous optic neuropathy and 
specific mechanism of damage in individual 
patients, which will eventually facilitate develop-
ment of patient-tailored treatment.

a b

Fig. 13 Characteristic LC feature in myopic eyes shown in infrared fundus photo (a) and a coronal section of 3D 
reconstructed volume image (b). The laminar pores are large and elongated to the direction of disc tilt
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OCT Angiography

Eun Ji Lee

Abstract

Optical coherence tomography angiography 
(OCTA) is a relatively new technology that 
enables noninvasive visualization of the 
microvasculature of ocular tissues. Altered 
ocular perfusion being understood as an 
important factor in the pathogenesis of glau-
coma, OCTA has emerged as a promising tool 
to evaluate ocular blood flow in patients with 
glaucoma. OCTA may have the potential to 
provide new information about the pathophys-
iology of glaucoma, as well as to assist in its 
diagnosis and treatment. This chapter briefly 
describes the basic principles and interpreta-
tion of OCTA, and evaluates its clinical use in 
patients with glaucoma. This chapter also 
introduces recent research findings observed 
using OCTA in glaucoma, including micro-
vascular changes in the optic nerve head, ret-
ina, and choroid, and discusses how they may 
be related to the pathophysiology of 
glaucoma.

Keywords

OCT angiography · Ocular perfusion  
Glaucoma · Microvasculature · Optic nerve 
head · Retina · Choroid

1  Introduction

Alterations in ocular perfusion have long been 
implicated in the pathogenesis of glaucoma. 
Compromised ocular blood flow (Huber et  al. 
2004; Findl et al. 2000; Shiga et al. 2016; Sehi 
et al. 2014) and reduced perfusion of the retina 
and choroid (Schwartz et al. 1977; Hitchings and 
Spaeth 1977; Yamazaki et al. 1996; Laatikainen 
1971; O’Brart et  al. 1997; Funaki et  al. 1997) 
have been associated with glaucoma. 
Epidemiologic and clinical studies have demon-
strated associations between glaucoma and low 
blood pressure (Tielsch et al. 1995; Bonomi et al. 
2000; Leske et al. 1995) and nocturnal reductions 
in blood pressure (Graham and Drance 1999; 
Charlson et al. 2014). However, details of the role 
of ocular perfusion in glaucoma have remained 
elusive due to limitations in methods used to 
assess ocular blood flow.

Optical coherence tomography (OCT) angiog-
raphy (OCTA) is a new imaging technique that 
enables visualization of the retinal and choroidal 
microvasculature, producing a three-dimensional 
(3D) reconstruction of vascular networks. OCTA 
providing structural and vascular maps in tan-
dem, it is considered a promising tool to evaluate 
ocular perfusion in individual structural layers. 
Moreover, OCTA is noninvasive and does not 
require injection of dye, making it free from 
adverse effects and enabling repeated perfor-
mance in busy clinics. Thus, OCTA imaging can 
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not only help evaluate glaucoma patients in the 
clinic, but enables studies investigating the rela-
tionship of parapapillary microvascular compro-
mise to the pathophysiologic features of 
glaucomatous optic neuropathy.

2  Basic Principles

Vascular imaging by OCTA is based on the OCT 
volume scan, which is auto-segmented and 
showed en-face to provide a view of the vascula-
ture in individual segmented layers of the retina 
and choroid. The basic principle of OCTA is the 
taking of sequential B-scans at the same retinal 
location, followed by analysis to determine if 
there were any changes in the amplitude (intensity 
signal-based technique) (Jia et al. 2012a) and/or 
phase (phase signal-based technique) (Wang 
2010) of the scan (Kashani et al. 2017). Changes 
signify movement of the retinal tissue at this loca-
tion. This movement is thought to be due to the 
flow of red blood cells (RBCs) in the vasculature 
(i.e., functioning blood vessels Fig. 1). In contrast 
to traditional angiography (i.e., fluorescein or 
indocyanine green angiography), OCTA produces 
a static map of the vascular network without pro-
viding true information regarding blood flow or 
vascular leakage. Various systems are commer-
cially available, with these systems using differ-
ent acquisition, saving, and analytic processes (Li 
et al. 2018; Corvi et al. 2018).

3  Production of an En-Face Image 
from Segmented Tissue Layers

A two-dimensional (2D) en-face vascular map 
can be constructed from the 3D volume data 
obtained from any layer of interest. OCTA sys-
tems usually have preset layers of interest, with 
these layers segmented through an automated 
process. Although the preset layers vary slightly 
among systems, most systems provide images 
segmented in the radial peripapillary capillary 
plexus (RCP), superficial capillary plexus (SCP), 
deep capillary plexus (DCP), and choriocapil-
laris/choroidal layers (Fig.  2) (Spaide et  al. 
2015a). Manual segmentation can also be 
performed.

Most OCTA platforms generate en-face OCTA 
and B-scan OCT images with vascular signal 
overlay, enabling the in-tandem visualization of 
both the vasculature and structure (Fig. 2).

4  Strengths of OCTA

The outstanding feature of OCTA is that it does 
not require injection of a contrast dye, thus elimi-
nating both systemic and local adverse effects. A 
single volume scan requires only a few seconds. 
OCTA has a high reproducibility and repeatabil-
ity (Venugopal et al. 2018). Unlike conventional 
2D angiography, OCTA is based on 3D images, 
allowing the depth-resolved en-face visualization 

Change in
signal (+)

Change in
signal (-)

Deviation in the signal
→ Decorrelation value

OCTA volume En face angiogram

Construction
from 3D volume

=flow

=static

1 2 3 4 5 6 7 8 9 10 11

Fig. 1 Basic principle of OCTA. Sequential B-scans are 
taken at the same location, and compared to detect any 
changes in signal. A significant change in signal is thought 
to indicate blood flow. Alterations in signal are assessed 

mathematically to provide a decorrelation signal repre-
senting the amount of blood flow at that location. OCTA, 
optical coherence tomography angiography
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of the different retinal capillary plexuses that 
cannot be distinguished by conventional fluores-
cein angiography (FA, Fig.  3). OCTA has been 
shown superior to traditional FA in imaging the 
RCP and DCP (Spaide et al. 2015a).

5  Limitations of OCTA

In contrast to traditional angiography (i.e., fluo-
rescein or indocyanine green angiography), 
OCTA produces a static map of the vascular net-

a b c d

e f g h

Fig. 2 Peripapillary OCTA images of a glaucomatous 
eye, obtained in the 4.5 × 4.5 mm area centered on the 
ONH using DRI OCT Triton (Topcon, Tokyo, Japan). The 
upper panel shows en-face OCTA images segmented in 
the (a) RCP, (b) SCP, (c) DCP, and (d) choroidal layers. 
The lower panel shows B-scan images (e–h) indicating 
the layers segmented to produce the en-face images in the 

upper panel. RCP, SCP, and DCP are segmented in the 
RNFL (e), GCL (f), and INL (g), respectively. OCTA, 
optical coherence tomography angiography; ONH, optic 
nerve head; RCP, radial peripapillary capillary plexus; 
SCP, superficial capillary plexus; DCP, deep capillary 
plexus; RNFL, retinal nerve fiber layer; GCL, ganglion 
cell layer; INL, inner nuclear layer

a ba b

Fig. 3 (a) En-face OCTA image of the RCP and (b) an 
FA image of a healthy eye. The RCP is seen in exquisite 
detail on OCTA (a), whereas visualization on FA is poor 
(b). OCTA image was obtained using DRI OCT Triton 
(Topcon) and FA image was obtained Spectralis HRA + 

OCT (Heidelberg Engineering, Heidelberg, Germany). 
OCTA, optical coherence tomography angiography; RCP, 
radial peripapillary capillary plexus; FA, fluorescein 
angiography
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work and therefore does not provide true infor-
mation regarding blood flow or vascular leakage. 
Quantitative assessment of flow speed using 
OCTA is currently unreliable.

OCTA is also prone to image artifacts result-
ing from patient motion, projection from super-
ficial retinal vessels, and segmentation errors 
(Spaide et al. 2015b; Ghasemi Falavarjani et al. 
2017). Because OCTA involves scans of the 
same area repeated multiple times, motion arti-
facts are likely to be caused by microsaccades, 
breathing, and cardiac cycle changes (Fig.  4). 
Blinking artifacts are caused by eye closure 
during image capture (Fig.  4). Fluctuating 
shadows from RBCs in superficial vessels can 
cast extra flow signals to deeper vascular net-
works, leading to projection artifacts (Fig.  4). 
Refracted, reflected, absorbed, or passing of the 
OCT beam through a vessel can generate false 
blood flow signals.

Various motion correction and eye-tracking 
technologies are applied to each OCTA system to 
reduce motion artifacts (Li et al. 2018). A recently 
developed projection resolved technique has been 
incorporated into OCTA (Takusagawa et al. 2017).

6  Evaluation of OCTA in Glaucoma

OCTA has been shown useful in distinguishing 
between glaucomatous and healthy eyes. As a 
diagnostic tool, OCTA can serve as an addition 
to conventional methods, or can substitute for 
the latter in eyes in which conventional tools are 
inconclusive, including eyes with high myopia 
(Shin et al. 2019; Lee et al. 2020a, b; Na et al. 
2020) and advanced glaucoma (Kim et al. 2019a; 
Moghimi et al. 2019). OCTA may also be useful 
in the detection of glaucoma progression (Lee 
et al. 2019, c; Park et al. 2019; Hou et al. 2020).

Blinking Artifacts

Motion Artifacts

Fig. 4 Artifacts in OCTA.  The upper panel shows en- 
face images of the SCP with motion (blue arrows) and 
blinking (red arrows) artifacts. The lower panel shows an 
example of a projection artifact. Signals of retinal vessels 
(colored in light-red) in the OCTA image of the SCP layer 
(a) are also observed (vessels demarcated with red lines) 

in the image of the choroidal layer (b, c). Images were 
obtained using DRI OCT Triton (Topcon) and RTVue XR 
Avanti (Optovue, Fremont Inc, California, USA), respec-
tively. OCTA, optical coherence tomography angiogra-
phy; SCP, superficial capillary plexus
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6.1  Macular Imaging

OCTA imaging of the macula usually involves an 
area ranging from 3 × 3 to 9 × 9 mm2 centered on 
the fovea. Vessel density (VD) in the segmented 
retinal layers and foveal avascular zone (FAZ) 
are the two most frequently used parameters in 
glaucoma evaluation.

6.1.1  FAZ
The FAZ is a region lacking capillaries at the center 
of the macula surrounded by interconnected capil-
lary networks. FAZs are larger in area and have a 
more irregular shape in eyes with glaucoma than in 
healthy eyes (Zivkovic et al. 2017; Choi et al. 2017). 
These findings are topographically correlated with 
the location of visual field (VF) defects (Fig.  5) 
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Fig. 5 Findings of macular OCTA (DRI OCT Triton, 
Topcon) in a glaucomatous eye with inferior ONH dam-
age. The upper panel shows a color disc photograph (a), a 
red-free fundus photograph (b), an OCTA VD map (c), 
and a gray scale plot of VF examination (d). The blue 
color in the VD map (c, arrowheads) coincides with the 
localized RNFL defect shown in the red-free photograph 
(b, arrowheads). The lower panel shows en-face OCTA 
images of a 6.0 × 6.0 mm2 area centered on the macula, 
segmented in the layers of SCP (e), DCP (f), choriocapil-
laris (g), and choroid (h). The localized reduction in mac-

ular VD is clearly visualized in the SCP (e, arrowheads), 
but less clearly in the DCP (f, arrowheads), and is not 
visible in the choriocapillaris (g) and choroidal (h) layers. 
Note that choroidal vessels are not clearly visible in the 
choroidal OCTA image (h), because of signal attenuation 
by the pigmented RPE and choriocapillaris. OCTA, opti-
cal coherence tomography angiography; ONH, optic 
nerve head; VD, vessel density; VF, visual field; RNFL, 
retinal nerve fiber layer; SCP, superficial capillary plexus; 
DCP, deep capillary plexus; RPE, retinal pigment 
epithelium
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(Kwon et al. 2017a). FAZs are larger in eyes with 
pseudoexfoliative glaucoma than with open angle 
glaucoma (Philip et  al. 2019). Moreover, FAZs 
are larger in women than in men, especially in 
older women (Gomez- Ulla et al. 2019), indicat-
ing that age and gender should be considered 
when assessing FAZs.

6.1.2  Macular Microvessel Density
Reduced macular VD has been observed in both 
the SCP and DCP of glaucomatous eyes (Choi 
et  al. 2017; Wu et  al. 2019; Kim et  al. 2020a; 
Lommatzsch et al. 2018; Akil et al. 2017). These 
changes in macular microvessels were found to 
be well correlated with the degrees of structural 
(Wu et al. 2019; Kim et al. 2020a; Lommatzsch 
et  al. 2018; Akil et  al. 2017; Hou et  al. 2019; 
Chung et  al. 2017; Rao et  al. 2017a; Lu et  al. 
2020) and functional (Lommatzsch et  al. 2018; 
Lu et al. 2020) damage (Fig. 5) and were inde-
pendent of age-related capillary loss (Wu et  al. 
2019). Choroidal imaging is limited in the macu-
lar area because the light is scattered or attenu-
ated by the pigmented RPE and choriocapillaris 
with dense vascular structure (Fig. 5).

6.2  Peripapillary Imaging

Scanning of the ONH and peripapillary area is 
the most widely used OCTA imaging in glau-
coma evaluation. Evaluation of the peripapillary 
microvasculature using OCTA helps to diagnose 
glaucoma (Moghimi et al. 2019; Liu et al. 2015; 
Enders et al. 2020; Rolle et al. 2019; Akagi et al. 
2016; Yarmohammadi et al. 2018) and predict its 
progression (Jia et  al. 2014; Cennamo et  al. 
2017). Abnormalities in the retinal and/or choroi-
dal microvasculature may indicate reduced ocu-
lar perfusion, indicating that OCTA evaluation of 
the peripapillary microvasculature could shed a 
light on the vascular theory of glaucoma. 
However, it remains unclear whether the abnor-
mal microvasculature in glaucomatous eyes is a 
causal factor in glaucoma pathogenesis or a sec-
ondary result of glaucomatous nerve fiber loss.

Peripapillary OCTA images are usually 
obtained from 3 × 3, 4.5 × 4.5 or 6 × 6 mm2 areas 

centered on the ONH.  The most common are 
those from peripapillary 4.5  ×  4.5  mm2 scans 
(Fig. 1), which have been shown to better detect 
glaucomatous changes than images from 
6.0 × 6.0 mm2 scans (Chang et al. 2019). However, 
one study reported that wider scans were superior 
in investigating capillary loss during early stages 
of glaucoma (Jia et al. 2017).

6.2.1  Optic Nerve Head
OCTA has been shown to detect abnormalities of 
ONH perfusion in glaucoma (Chung et al. 2017; 
Jia et  al. 2012b, 2014). Imaging of the deeper 
ONH tissues (i.e., the lamina cribrosa [LC]) is 
limited by the shadowing or projection of large 
retinal vessels. However, there are studies where 
deep ONH tissues, including the LC and prelami-
nar tissues, have been imaged successfully 
(Numa et al. 2018; Kim et al. 2018, 2019b). The 
microvasculature in the LC was found to be nega-
tively associated with the LC curvature, an indi-
cator of mechanical stress derived from 
translaminar pressure difference (Fig.  6) (Kim 
et al. 2019b). In addition, reversal of the LC cur-
vature following surgical IOP reduction was pos-
itively associated with the increased microvascular 
density in the LC (Fig.  6) (Kim et  al. 2018). 
These findings indicate that LC deformation 
caused by mechanical stress can also influence 
perfusion of the ONH axons by compressing the 
laminar capillaries (Burgoyne et al. 2005).

6.2.2  Peripapillary Retina
Peripapillary retinal microvasculature can be 
assessed in the RCP, SCP, and DCP. In glaucoma, 
reduced VD is more prominent in the superficial 
than in the deeper layers (Liu et al. 2019). VD has 
been shown to correlate with both structural 
(Chung et al. 2017; Rao et al. 2017a; Enders et al. 
2020; Lee et al. 2016a; Ichiyama et al. 2017) and 
functional (Liu et  al. 2015; Akagi et  al. 2016; 
Ichiyama et al. 2017; Shin et al. 2017a) damage, 
and is an excellent parameter for diagnosing 
glaucoma (Liu et  al. 2015; Rolle et  al. 2019; 
Bekkers et  al. 2020). In patients with localized 
RNFL defects, reduced VD in the superficial ret-
ina was observed to coincide with wedge shaped 
RNFL defects (Fig.  7), suggesting that the 
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Fig. 6 A glaucomatous eye that underwent trabeculec-
tomy, showing that reduction of the LC curvature (red 
glyphs) was associated with an increased microvascular 
density in ONH tissues (arrows). Images in the left col-
umn were obtained 1 day preoperatively (a–c), and images 
in the right column were obtained 3 months postopera-
tively (d–f). The top row (a, d) shows B-scan images of 

the central ONH, illustrating that the LC curvature was 
reduced after surgery (red glyphs). Note the increased 
microvasculature (arrows) in the prelaminar tissue (e) and 
in the LC (f). Images were obtained using DRI OCT 
Triton (Topcon). LC, lamina cribrosa; ONH, optic nerve 
head
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decrease in retinal microvasculature is likely a 
secondary loss or closure of capillaries in areas of 
glaucomatous RNFL atrophy (Lee et al. 2016a).

6.2.3  Peripapillary Choroid
The peripapillary area, which is distinct from the 
macular area, frequently accompanies an area 
with atrophic RPE, thus allowing detailed OCTA 
imaging of the parapapillary choroidal microvas-
culature. Focal dropout of the juxtapapillary cho-
roidal microvasculature has been observed in 
glaucomatous eyes (Suh et al. 2016), which had a 
good topographic correlation with glaucomatous 
RNFL (Lee et  al. 2017a) and VF (Akagi et  al. 
2016; Suh et al. 2018) defects. Microvasculature 
dropout (MvD) in the peripapillary choroid has 
been shown to coincide with perfusion defects 
detected by indocyanine green angiography 
(ICGA, Fig. 8) (Lee et al. 2017b), indicating that 

MvD is likely indicative of a true perfusion defect 
in the choroid. Glaucoma progression was found 
to be faster in eyes with than without juxtapapil-
lary choroidal MvD (Lee et al. 2019, 2020c).

6.3  Anterior Segment Imaging

Anterior segment OCTA has been utilized to 
image the vasculature in the conjunctiva and intra-
sclera. Hyperemia of the anterior segment, which 
has been associated with elevated IOP, as well as 
post-trabeculectomy avascular bleb could be 
imaged using the anterior segment OCTA (Akagi 
et al. 2019a, b). The clinical usefulness of anterior 
segment OCTA imaging in glaucoma remains to 
be determined. Experimental studies have 
attempted to image the aqueous humor outflow 
tract (Zhang et al. 2020; Gottschalk et al. 2019).

a c

b

Fig. 7 En-face OCTA image of the superficial retina, 
including the RCP and SCP (a); a red-free fundus photo-
graph (b); and the red-free fundus photograph superim-
posed on the en-face angiogram (c). The vascular 
impairment shown by OCTA appears to be identical to the 
RNFL defects evident in red-free photographs (arrows). 

OCTA Images were obtained using DRI OCT Triton 
(Topcon). OCTA, optical coherence tomography angiog-
raphy; RCP, radial peripapillary capillary plexus; SCP, 
superficial capillary plexus; RNFL, retinal nerve fiber 
layer
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7  Clinical Use of OCTA in Glaucoma 
Patients and OCTA in Glaucoma 
Research

7.1  Diagnosis of Glaucoma

Variable OCTA parameters can be useful in 
diagnosing glaucoma, with their diagnostic 
power being comparable to those of OCT 
(Yarmohammadi et  al. 2018; Cennamo et  al. 
2017; Kumar et  al. 2016) or VF examination 
(Kumar et al. 2016; Yarmohammadi et al. 2016). 
Sectors of the SCP and DCP with reduced 
microvessel density (Akagi et  al. 2016; Lee 
et al. 2016a; Shin et al. 2017a) and the locations 
of MvD (Akagi et  al. 2016; Lee et  al. 2017a) 

and abnormal FAZ (Kwon et al. 2017a) were all 
well correlated with the locations of glaucoma-
tous RNFL and VF loss. The magnitude of VD 
reduction (Cennamo et  al. 2017; Shin et  al. 
2017a; Yarmohammadi et  al. 2016) and MvD 
size (Lee et al. 2017a; Shin et al. 2018) and FAZ 
(Kwon et al. 2017a, b) also showed good corre-
lations with the severity of glaucomatous 
damage.

The advantage of using OCTA in glaucoma 
assessment is that it is unaffected by the low 
reflectance of the RNFL or structural deforma-
tions of the optic nerve, such as optic disc tilt or 
PPA. Therefore, OCTA can be useful for evaluat-
ing glaucomatous damage in highly myopic eyes 
(Fig. 9) (Na et al. 2020).
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Fig. 8 Color disc photograph (a), en-face OCTA image 
of the choroid (b), and ICGA image at the peak phase 
(36 s, c) in a glaucomatous eye with an MvD. Images (d) 
and (e) are magnified images of (b) and (c), respectively. 
The parapapillary capillary dropout shown in the OCTA 
image exactly coincides with the perfusion defect shown 
in the ICGA image (areas demarcated by dashed lines). 

Focal dropout of intrapapillary microvessels is also 
observed in both the OCTA and ICGA images (arrows). 
OCTA and ICGA images were obtained using DRI OCT 
Triton (Topcon) and Spectralis HRA + OCT (Heidelberg 
Engineering), respectively. MvD, microvasculature drop-
out; OCTA, optical coherence tomography angiography; 
ICGA, indocyanine green angiography
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In addition, OCTA measurements of microves-
sel density are less affected by the thickness of 
large vessels and are therefore unaffected by a 
floor effect. These advantages make OCTA par-
ticularly useful in evaluating glaucomatous dam-
age in eyes with advanced damage (Kim et  al. 
2019a; Moghimi et al. 2019). OCTA can also be 
useful for monitoring disease progression in eyes 
with advanced glaucoma, with the rate of macu-
lar VD loss being more rapid than the rate of 
structural thinning (Hou et al. 2020).

The clinical usefulness of OCTA in patient 
diagnosis requires a technique to enhance image 
quality, a reliable algorithm to accurately quan-
tify microvessel damage, and normative data 
based on a diverse population.

7.2  Study of Vascular Theory

The increased clinical availability of OCTA has 
led to an increase in the number of studies 
assessing the link between the OCTA vascula-
ture and decreased ocular perfusion in the 

pathogenesis of glaucoma. Reductions in retinal 
microvasculature have been shown to precede 
VF damage in early preperimetric glaucoma (Lu 
et  al. 2020; Kumar et  al. 2016), with reduced 
retinal VD being more pronounced in glauco-
matous eyes with lower than higher IOP (Xu 
et al. 2018). Lower baseline VD in the retina has 
been associated with a faster rate of RNFL thin-
ning, suggesting that reduced ocular perfusion 
may have led to faster glaucomatous damage 
(Moghimi et al. 2018). Decreased VD on OCTA 
may represent dysfunctional retinal ganglion 
cells with lower metabolic demands. However, 
the findings of various studies have been incon-
sistent (Hou et al. 2019; Hirasawa et al. 2021; 
Kim et  al. 2017; Mursch-Edlmayr et  al. 2020; 
Bojikian et al. 2016), with results to date unable 
to determine whether reductions in retinal 
microvasculature are indicative of reduced ocu-
lar perfusion causing ischemic axonal damage. 
Based on our study, showing an exact overlap 
between localized RNFL defects and reduced 
retinal microvasculature (Lee et al. 2016a), this 
is more likely to be a secondary phenomenon 
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Fig. 9 A highly myopic glaucomatous eye with inferior 
ONH damage. Color disc photograph (a) shows inferior 
neuroretinal rim loss. En-face OCTA images (b, c) clearly 
show reduced retinal vessel density (arrowheads) and a 
choroidal MvD (red arrow) in the inferior hemisphere. 
The location of capillary loss corresponded well with the 
location of hemifield VF defect (d). In contrast, an OCT 
peripapillary scan (e) failed to demonstrate RNFL loss 
accurately, a failure that was due to segmentation error. 

The light-green arrows indicate the locations of segmen-
tation errors resulting in false positive color codes in the 
N, NS, and TS sectors (f). OCTA images were obtained 
using DRI OCT Triton (Topcon). G, global; TS, temporal 
superior; T, temporal; TI, temporal inferior; NI, nasal 
inferior; N, nasal; NS, nasal superior; OCTA, optical 
coherence tomography angiography; MvD, microvascula-
ture dropout; VF, visual field; OCT, optical coherence 
tomography; RNFL, retinal nerve fiber layer
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resulting from glaucomatous atrophy of the 
RNFL and GCL (Fig. 7).

The retinal microvasculature consists of capil-
laries supplied by the central retinal artery system. 
However, the ONH is supplied with blood by the 
short posterior ciliary artery (SPCA). Layer seg-
mentation in OCTA allows individual examination 
of the microvasculature supplied by the SPCA. The 
peripapillary choroidal microvasculature is of par-
ticular interest in understanding vascular theory, 
because this microvasculature is supplied by the 
SPCA, which also perfuses deep ONH tissues. 
OCTA has identified localized MvD in the peri-
papillary choroid of patients with glaucoma 
(Akagi et al. 2016). This localized MvD has been 
associated with both the location (Ichiyama et al. 
2017; Lee et  al. 2017a) and severity (Ichiyama 
et al. 2017; Suh et al. 2016) of glaucomatous dam-
age. Areas of MvD were found to correspond to 
areas of perfusion defects on ICGA, indicating 
that MvD represents a true vascular compromise 
(Fig. 8) (Lee et al. 2017b). The presence of MvD 
was found to be associated with lower systemic 

blood pressure and lower ocular perfusion pres-
sure (Suh et al. 2016; Lee et al. 2017b, 2018). In 
addition, MvD was a strong predictor of early 
parafoveal scotoma (Lee et al. 2018; Kwon et al. 
2018), which is thought to represent systemic vas-
cular risk factors (Park et al. 2011; Yoo et al. 2017). 
Taken together, these findings suggest that MvD 
may be a key to understanding vascular pathogen-
esis. MvD has been shown to be a strong predictor 
of glaucoma progression (Lee et al. 2019, 2020c; 
Kwon et al. 2019). A prospective study found that 
the occurrence of MvD was the second strongest 
predictor of glaucoma progression, with larger LC 
curvature, an indicator of mechanical stress, being 
the strongest predictor (Fig. 10) (Lee et al. 2019). 
Therefore, areas of MvD may represent the loca-
tion of ischemia affecting the viability of axons 
and retinal ganglion cells, causing ischemic insult 
in addition to mechanical stress. Interestingly, 
areas of MvD could be identified in nonglaucoma-
tous healthy eyes of patients with low systemic 
blood pressure profiles (Kim et al. 2020b). Further 
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Fig. 10 Rapidly progressing glaucoma in an eye with an 
MvD in the inferior sector (arrow). The right panel shows 
progressive changes in RNFL thickness and rapid pro-
gressive thinning of the RNFL in the inferior sector (red- 
colored area). The diurnal IOP ranged from 15 to 
17 mmHg before treatment and was maintained within a 

range of 10–12 mmHg during the entire treatment period. 
The OCTA image was obtained using DRI OCT Triton 
(Topcon). TMP, temporal; SUP, superior; NAS, nasal; 
INF, inferior; MvD, microvasculature dropout; RNFL, 
retinal nerve fiber layer; IOP, intraocular pressure
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studies are warranted to determine whether such 
eyes would eventually undergo structural damage.

MvD has been frequently found in glaucoma-
tous eyes with PPA β- and γ-zones associated 
with myopia. However, the β- and γ-zones have 
different pathomechanisms (Dai et al. 2013; Kim 
et al. 2013), and MvDs observed in these zones 
differ in their underlying microstructures, sug-

gesting differences in the pathogenesis of para-
papillary MvD in the β- and γ-zones (Fig.  11) 
(Lee et al. 2017c, d).

MvD-like structures have also been identified 
in nonglaucomatous eyes, including in highly 
myopic eyes without glaucoma (Fig.  12) (Kim 
et al. 2020c) and in eyes with compressive optic 
neuropathy (Fig. 13) (Lee et al. 2020d). However, 
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Fig. 11 Glaucomatous eyes having MvD in the γ-zone 
(upper) and β-zone (lower). Color disc photographs show 
PPA consisted of γ-zone (a) and β-zone (d) in each eye. 
Light-green arrows (b, e) indicate the locations of the 
B-scans in (c) and (f), respectively. Yellow and red arrow-
heads (b, c, e, f) indicate the points of the clinical disc 
margins (proximal MvD margins) and the distal margins 
of the MvD, respectively. Although choroidal tissue of 

noticeable thickness is present under the MvD in the 
β-zone (f), only the border tissue of Elschnig, which does 
not contain choroidal tissue, is present under the MvD in 
the γ-zone (c), suggesting differences in the pathogenesis 
of parapapillary MvD in the β- and γ-zones. OCTA images 
were obtained using DRI OCT Triton (Topcon). MvD, 
microvasculature dropout; PPA, parapapillary atrophy; 
OCTA, optical coherence tomography angiography

a b ca b c

Fig. 12 A nonglaucomatous eye with high myopia. 
En-face choroidal OCTA image (b), showing an MvD- 
like structure in the non-juxtapapillary area (between the 
red and yellow arrows). The light-green arrow indicates 
the clinical optic disc margin. B-scan image (c), showing 
that the MvD-like structure did not consist of choroid, but 

mainly of border tissue and scleral flange. Dashed lines 
(a, b) indicate the location from which the B-scan image 
in (c) was obtained. OCTA image was obtained using DRI 
OCT Triton (Topcon). OCTA, optical coherence tomogra-
phy angiography; MvD, microvasculature dropout
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Fig. 13 Findings in a patient with compressive optic neu-
ropathy associated with a pituitary adenoma (upper panel) 
and a patient with glaucomatous optic neuropathy (lower 
panel). The patterns and locations of reduced retinal VD 
(arrowheads) and choroidal capillary dropouts (arrows) 

in the en-face OCTA images clearly differed in these two 
eyes. OCTA images were obtained using DRI OCT Triton 
(Topcon). VD, vessel density; OCTA, optical coherence 
tomography angiography
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the locations, structures, and accompanying clin-
ical characteristics of these MvDs differed from 
the MvDs identified in glaucoma, suggesting that 
their pathogeneses and pathogenic meanings may 
differ from those of MvDs observed in glauco-
matous eyes. These differences, however, remain 
to be determined.

7.3  Evaluation of Perfusion Recovery 
After Treatment

Reduced mechanical stress is thought to increase 
microvasculature in the peripapillary retina and in 
ONH tissues. IOP reduction following filtering sur-
gery has been found to induce reversal of the 
deformed LC (Lee et  al. 2012, 2016b). Studies 
using OCTA have shown that the increase in micro-
vasculature was associated with the magnitude of 
LC reversal after IOP lowering surgery (Fig.  6) 
(Kim et al. 2018; Shin et al. 2017b), suggesting that 
this reversal of LC relieves compression on the 
capillaries within the LC trabeculae, potentially 
increasing blood flow to the ONH axons.

Microvasculature changes after application of 
topical medications have not yet been clarified. 
Topical application of the Rho-assisted coiled- 
coil forming protein kinase inhibitor ripasudil 
was found to enhance peripapillary VD, whereas 
topical application of the alpha-2 agonist brimo-
nidine did not (Chihara et al. 2018). Because both 
medications reduce IOP to a similar extent, the 
increase in VD induced by ripasudil may not be 
caused by its reduction of mechanical stress but 
by its vasodilatory effect.

7.4  Differences Among Types 
of Glaucoma

OCTA does not seem to differentiate among dif-
ferent types of glaucoma. Studies have compared 
OCTA findings in eyes with normal-tension and 
high-tension glaucoma (Xu et al. 2018; Mursch- 
Edlmayr et al. 2020; Bojikian et al. 2016) and in 
eyes with primary angle-closure, primary open 
angle, and pseudoexfoliative glaucoma (Rao 
et al. 2017b; Jo et al. 2020; Simsek et al. 2020), 

but most of these studies failed to detect signifi-
cant differences.

8  Conclusions

OCTA can provide reproducible information 
about the microvasculature in the ONH and ret-
ina, with an ability to diagnose glaucoma compa-
rable to that of OCT and VF examinations. OCTA 
may therefore be a useful addition to these latter 
methods in diagnosing glaucoma, particularly 
when the findings from these conventional meth-
ods are inconclusive. The rapid, noninvasive, and 
reproducible nature of OCTA examinations may 
facilitate the evaluation of glaucoma patients in 
busy clinics.

En-face OCTA images show the microvascu-
lar structure in individual retinal layers and ONH 
tissues. These findings correspond to those of 
conventional angiography, and can even visualize 
vascular layers not evaluable by conventional 
methods. This capacity enables OCTA to assess 
individual microvasculature systems supplying 
the ONH and peripapillary area, resulting in 
increased understanding of vascular pathogenesis 
in glaucoma.

Current OCTA systems are limited by artifacts 
that affect image quality, by an inability to quan-
tify blood flow, and by the lack of a reliable nor-
mative database. However, technologies are 
rapidly evolving, and it will not be long before 
these limitations are overcome.
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Anterior Segment Imaging 
in Glaucoma
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Abstract

Anterior chamber (AC) angle visualization is 
essential for accurate glaucoma diagnosis, 
especially in angle-closure disease. The emer-
gence of anterior segment imaging devices 
such as anterior segment optical coherence 
tomography (AS-OCT) has enabled objective 
quantitative analysis of the AC angle. AS-OCT 
is a noncontact and noninvasive, rapid in vivo 
imaging device that makes use of low- 
coherence interferometry to obtain cross- 
sectional anterior segment images. Over the 
years, technological improvements have 
increased capture speed and image resolution, 
thus accentuating AS-OCT imaging’s impact 
on ocular-disease diagnosis and management. 
Also, image processing and software improve-
ments have enhanced the ease and utility of 
AS-OCT image interpretation in everyday 
clinical practice. In this chapter, we summa-
rize AS-OCT’s historical development and 
update the research on its clinical applications 
in AC structural and aqueous outflow system 
imaging as well as postoperative assessment 
in glaucoma.

Keywords

Anterior segment optical coherence tomogra-
phy · Anterior chamber angle · Glaucoma  
Angle-closure disease · Ultrasound 
biomicroscopy

1  Introduction

Anterior segment optical coherence tomography 
(AS-OCT) provides for noncontact and rapid in 
vivo imaging of ocular structures and has become 
a key tool for evaluation of the anterior segment 
of the eye. Over the years, technological improve-
ments have increased capture speed and image 
resolution, thus leading to the increasing impact 
of AS-OCT imaging on clinical practice.

The current uses of AS-OCT for patients with 
established or suspected glaucoma are anterior 
chamber (AC) angle assessment as well as AC 
depth (ACD)-, lens position-, corneal thickness-, 
iris thickness-, and morphological analysis of fil-
tering blebs or glaucoma implants. Anterior seg-
ment images can facilitate decision-making 
regarding laser treatment or the most appropriate 
surgical approach. Image processing and soft-
ware improvements have enhanced the ease and 
utility of AS-OCT image interpretation in every-
day clinical practice. Given the recent three- 
dimensional AS-OCT developments and the 
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increasing speed of the scanning function, the 
future applications of this technology to glau-
coma are promising.

In this chapter, we review AC-OCT’s histori-
cal development and update the research on and 
clinical applications of AS-OCT in the field of 
glaucoma.

2  History and Technical Aspects 
of Anterior Segment Optical 
Coherence Tomography

Optical coherence tomography (OCT) is a modal-
ity utilizing low-coherence interferometry for 
noncontact in vivo imaging of ocular structures 
(Huang et al. 1991). In 1994, Izatt et al. used it, 
for the first time, to image the AC structures 
(Radhakrishnan et  al. 2001). AS-OCT systems 
currently are classified according to their light 
source’s wavelength. Dedicated systems use the 
1310 nm wavelength, and include Zeiss Visante 
(Carl Zeiss Meditec Inc., Dublin, CA, USA), 
Heidelberg’s SL-OCT (Heidelberg Engineering 
Inc., Heidelberg, Germany), and Tomey’s CASIA 
(TOMEY Corp. Nagoya, Japan). Systems con-
verted from a retinal scanner, meanwhile, use the 
830 nm wavelength, and include Spectralis OCT 
(Heidelberg Engineering Inc., Heidelberg, 
Germany), Cirrus HD-OCT (Carl Zeiss Meditec 
Inc., Dublin, CA, USA), and Optovue’s RTVue 
(Optovue iVue; Optovue Inc., Fremont, CA, 
USA). Shorter-wavelength systems provide 
higher axial resolution but limited imaging depth; 
longer-wavelength systems, on the other hand, 
allow for deeper penetration by reducing scatter-
ing caused by the sclera and limbus, thereby 
affording more detailed visualization of AC angle 
morphology. The axial resolutions of Fourier or 
spectral-domain AS-OCT systems range between 
4 and 7 μm.

AS-OCT systems enable clinicians to visual-
ize anterior segment anatomy in a cross-sectional 
view. Their measurements are semi-automated 
and have good reproducibility (Shabana et  al. 
2012; Sng et al. 2012). After acquisition, scanned 
images are processed by customized software 
that compensates for the transition of the index of 

refraction at the air–tear interface along with the 
different air, corneal and aqueous indices and 
accounts for the physical dimensions of images.

3  Imaging of Anterior Chamber 
Structures

3.1  Qualitative Assessment 
of AS-OCT

Evaluation of AC angle in the course of ophthal-
mic examination is crucial for determining the 
angle’s susceptibility to closure (Nongpiur et al. 
2011a). Although gonioscopy is the gold stan-
dard for AC angle assessment, its flaws include 
artifacts (caused by pressure on the cornea) and 
an excessive amount of light, and these factors 
can affect the results (Barkana et al. 2007). Also, 
gonioscopy findings are inherently subjective and 
semiquantitative (Maslin et al. 2015).

Qualitative and quantitative AC, AC angle, 
iris, and lens assessment can be accomplished 
using AS-OCT (Fig. 1). Angle closure in AC-OCT 
is determined by contact between the iris and the 
angle wall anterior to the scleral spur; with goni-
oscopy, however, the quadrant would be consid-
ered open in any cases other than those where the 
apposition reached the posterior trabecular mesh-
work. Thus, in AS-OCT, the scleral spur is an 
important landmark to be assessed. Sakata et al. 
have used Visante OCT to demonstrate the pos-
sibility of isolating the scleral spur location in 
cases where the AC angle is open (Sakata et al. 
2008a). However, the difficulty of scleral spur 
identification as a reference point has been 

Fig. 1 Visante AS-OCT image of right eye showing nor-
mal anterior segment

Y. K. Kim



91

reported in prior studies, where the rate of 
AS-OCT images in which such identification was 
impossible ranged from 15% to 28% (Sakata 
et al. 2008b; Wang et al. 2011).

In the literature, there is still no consensus on 
the relationships of AS-OCT-obtained measure-
ments of aqueous humor outflow structures to 
each other. One study demonstrated that 
Spectralis OCT equipped with enhanced-depth 
imaging (EDI) could identify the Schwalbe’s line 
and scleral spur in all nasal and temporal scans 
(Day et al. 2013). By modified Cirrus SD-OCT, 
Cheung et al. (2011) found that the Schwalbe’s 
line was identifiable in 95% of scans and the 
scleral spur in 85%. By Casia OCT, the scleral 
spur was identifiable in all of the subjects; how-
ever, Schlemm’s canal was identifiable in only 
32% of those scans (McKee et  al. 2013). 
Identification of scleral spur also has been 
reported to be subject to measurement error and 
variability (Sakata et al. 2008a; Li et al. 2007).

Variables such as eye quadrant (Sakata et al. 
2008b), smaller ACD or a diagnosis of narrow 
angle, shorter axial length, or older age (Liu et al. 
2010) can increase the difficulty of accurately 
identifying the scleral spur position. Such identi-
fication using AS-OCT is very important, and so 
several studies have sought to determine the best 
techniques for locating landmarks key to that 
goal. The three most common landmarks are as 
follows: (1) Schwalbe’s line relative to scleral 
spur; (2) intersection of ciliary muscle (CM) and 
inner corneal margin; (3) bump-like structure in 
inner corneal-meshwork margin. A study by 

Seager et  al. (2014) demonstrated that among 
these three approaches, locating the intersection 
of the CM and the inner corneal margin led to the 
highest rate of scleral spur identification with the 
lowest intra- and inter-observer variabilities.

3.2  Quantitative Assessment 
of AS-OCT

Automated algorithms for the provision of diag-
nostic and mechanistic classifications of angle 
closure based on AS-OCT images from Visante 
OCT, Casia SS-OCT, and Cirrus HD-OCT angle- 
to- angle scans have been developed (Fu et  al. 
2017; Niwas et  al. 2016; Xu et  al. 2013). The 
most important parameters in AC angle evalua-
tion with AS-OCT are angle opening distance 
(AOD), angle recess area (ARA), trabecular-iris 
angle (TIA), and trabecular-iris space area 
(TISA) 500 or 750  μm from the scleral spur 
(Fig. 2). AOD is the distance from the cornea to 
the iris 500 or 750 μm from the scleral spur. The 
ARA is the area of the triangle bordered by the 
anterior iris surface, the corneal endothelium, 
and the line perpendicular to the corneal endothe-
lium running from a point on the iris surface to a 
point 500 or 750 μm anterior to the scleral spur. 
The ARA is, theoretically, a better measurement 
parameter than the AOD, since it takes into 
account the entire iris surface contours rather 
than measuring a single point on the iris, as is the 
case with the AOD. The TIA is the angle formed 
from the angle recess to a point 500 or 750 μm 

Fig. 2 AS-OCT’s measured or calculated anterior segment parameters

Anterior Segment Imaging in Glaucoma



92

from the scleral spur on the trabecular meshwork 
and perpendicular to the surface of the iris. The 
TISA is the trapezoid area between the iris and 
the cornea, as delimited by a line perpendicular 
to the scleral spur and a second line perpendicu-
lar to the cornea 500 or 750 μm from the scleral 
spur. Other biometric parameters measurable by 
AS-OCT are: Iris thickness (IT), iris curvature 
(IC), iris cross-sectional area (IA), ACD, AC 
width (ACW), trabecular meshwork ciliary pro-
cess distance (TCPD), and lens vault (LV). Iris 
thickness (IT) usually is measured at a location 
where a line perpendicular to the cornea 500 μm 
from the scleral spur crosses the iris. Table 1 pro-
vides further descriptions of these and other 
parameters assessed by AS-OCT.

3.3  Comparisons with Gonioscopy  
or UBM

Although gonioscopy remains the gold stan-
dard for AC angle assessment, it has several 
limitations. It requires contact with the eye, 
which possibly leads to abrasions or the exam-
iner’s inadvertent pressure on the globe, which 
could change the angle’s anatomic configura-
tion. Additionally, gonioscopy’s light source 
must be carefully controlled in order to prevent 
incident light from changing the diameter of the 
pupil and, thereby, the anatomic configuration 
of the angle. Finally, the skill required to per-
form the examination and interpret clinical 
findings is such as to require an adept, experi-

Table 1 Biometric parameters measured in AS-OCT

Parameter (abbreviation) Description
Angle opening distance 
(AOD)

Linear distance between the point of the inner corneoscleral wall 500 or 750 μm 
from the scleral spur and the iris

Angle recess area (ARA) The triangular area demarcated by the anterior iris surface, corneal endothelium, 
and a line perpendicular to the corneal endothelium drawn from a point 750 μm 
anterior to the scleral spur to the iris surface

Trabecular iris angle (TIA) Angle formed from angle recess to points 500 μm from scleral spur on trabecular 
meshwork and perpendicular on the surface of the iris

Trabecular iris space area 
(TISA)

A trapezoidal area measuring the filtering area. The defining boundaries for this 
trapezoidal area are: anteriorly, the AOD; posteriorly, a line drawn from the scleral 
spur perpendicular to the plane of the inner scleral wall to the opposing iris; 
superiorly, the inner corneoscleral wall; and inferiorly, the iris surface

Iris thickness (IT) Measured from a perpendicular point from the scleral spur
Iris curvature (IC) The maximum perpendicular distance between iris pigment epithelium and the line 

connecting the most peripheral to most central point of the epithelium
Iris cross- sectional area (IA) The average of the cross-sectional area of both nasal and temporal and nasal sides
Anterior chamber depth 
(ACD)

Distance from corneal endothelium to anterior surface of the lens

Anterior chamber width 
(ACW)

Distance of a horizontal line joining the two scleral spurs

Anterior chamber area 
(ACA)

The area whose boundaries are the corneo–scleral inner surface and the anterior 
iris and lens surfaces

Trabecular meshwork ciliary 
process distance (TCPD)

Measured from point on endothelium 500 μm from scleral spur through iris to 
ciliary process

Lens vault (LV) Perpendicular distance between the anterior pole of the crystalline lens and the 
horizontal line joining the two scleral spurs

Anterior vault (AV) Maximum distances between the horizontal line connecting the two scleral spurs 
and the posterior corneal surface

Relative lens vault (rVL) Calculated by dividing the LV by the AV

AS-OCT anterior segment optical coherence tomography
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enced practitioner. Even when performed prop-
erly, gonioscopy provides only subjective and 
semiquantitative data.

AS-OCT is known to provide higher sensitiv-
ity than gonioscopy when detecting angle closure 
(Nolan et al. 2007). AS-OCT, with its ease of use, 
nonoperator dependence, and objective 
 measurement of important quantitative parame-
ters, allows for wider application in angle-closure 
glaucoma. AS-OCT can detect clinically impor-
tant AC structural changes in patients under light-
versus- dark conditions (Masoodi et al. 2014). It 
also is excellent for the measurement of iris 
parameters, which gonioscopy does not offer. 
Increased IC, IA, and thickness have been shown 
in previous studies to be independently associ-
ated with narrow angles (Wang et al. 2010, 2011).

Ultrasound biomicroscopy (UBM) utilizes 
high-frequency (50–100  MHz) ultrasound for 
anterior segment imaging. Then, a computer pro-
gram converts these sound waves into a high- 
resolution B-scan image that can provide 
high-definition, reliable, and repeatable quanti-
tative as well as qualitative data on the anterior 
segment. UBM previously has been shown to be 
in good agreement with gonioscopy in its utility 
for evaluation of angle closure as performed in a 
darkened room (Barkana et  al. 2007). Also, 
because sound penetrates the pigment epithe-
lium but light does not, UBM can visualize 
structures posterior to the iris pigment epithe-
lium (Pavlin et al. 1990, 1991, 1992a, b; Wang 
et  al. 1999; Foster et  al. 2000). Thus, UBM is 
better for visualization of posterior chamber 
structures including the lens zonules, the ciliary 

body, and even the anterior choroid (Fig.  3). 
Furthermore, UBM, unlike AS-OCT, also can be 
performed with the subject lying down, and thus 
can be useful in the operating room when an 
examination is performed under general anesthe-
sia. Compared with UBM, AS-OCT offers better 
resolution and does not require contact with the 
ocular surface (Li et al. 2007). It also provides a 
wider field of view than does UBM 
(Radhakrishnan et  al. 2005; Dada et  al. 2007; 
Memarzadeh et al. 2007; Ishikawa et al. 2000). 
Table 2 compares AS-OCT with UBM and high-
lights the main differences.

Fig. 3 UBM images of open-angle eye. UBM is better for visualization of the posterior chamber structures including 
the lens zonules and ciliary body

Table 2 Comparison of AS-OCT and UBM

AS-OCT UBM
Optical Ultrasound
Depth of penetration 
(~1 mm)

Depth of penetration 
(~6 mm)

Higher axial resolution Lower axial resolution
Faster acquisition time Slower acquisition time
Wider field of view (the 
entire anterior chamber in a 
single image)

Smaller field of view

Noncontact Contact and requires a 
liquid coupling medium

Does not require a skilled 
operator

Requires skilled 
operator

Seated upright position Seated upright or supine 
positions

Use for clear corneas Can image through 
opaque media

Limited ability to visualize 
structures posterior to the 
iris pigment epithelium

Can visualize structures 
posterior to the iris 
pigment epithelium

AS-OCT anterior segment optical coherence tomography, 
UBM ultrasound biomicroscopy
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4  Anterior Segment Optical 
Coherence Tomography Findings 
in Glaucoma

4.1  Pupillary Block

Aqueous humor flow resistance at the point of 
irido-lenticular contact increases pressure in the 
posterior chamber, widens its area, and produces 
anterior iris bowing leading to angle closure. In 
the pupillary block, the iris adopts a convex, 
forward- bowing appearance due to the AC/poste-
rior chamber pressure gradient (Fig. 4).

Whereas shallow ACD and short axial length 
are the known risk factors for the development 
of primary angle-closure glaucoma, AS-OCT 
has shown that there are others as well. A num-
ber of AS-OCT parameters have been associ-
ated with angle-closure, including smaller 
ACW, AC area, and volume (Nongpiur et  al. 
2010; Wu et  al. 2011); larger LV (Nongpiur 
et al. 2011b; Tan et al. 2012), along with greater 
IT, IC, and area (Wang et al. 2010). AC area and 
volume as well as LV have been demonstrated 
to be the most important determinants of angle 
width (Foo et al. 2012). An AS-OCT study by 
Cheung et al. (2010) determined iris bowing to 
be associated with angle width, independently 
of ACD.

AS-OCT has been employed to isolate the 
anatomic factors causing acute attacks of primary 
angle-closure glaucoma. A study by Sng investi-
gated AS-OCT measurements in 31 unilateral 
acute angle-closure attack patients prior to thera-
peutic intervention (Sng et  al. 2014). It was 
revealed that these patients tended to have 
 shallower ACD and smaller IC (Sng et al. 2014). 
Also, another study revealed that eyes of this type 

had significantly greater LV relative to unaffected 
fellow eyes (Lee et al. 2014).

AS-OCT not only confirms diagnoses but also 
documents pressure balance restoration between 
anterior and posterior chambers after laser 
peripheral iridotomy (LPI) (Chalita et al. 2005). 
Anterior segment imaging can also explain why 
this procedure may be unsuccessful in angle- 
closure situations such as incomplete LPI, gonio-
synechiae, and plateau iris syndrome. A 
longitudinal AS-OCT study measuring angle 
structures 2 weeks and 6 months after LPI found 
that whereas significant angle widening was 
measured early after the procedure, this widening 
was significantly reduced at 6 months, which fact 
suggests that non-pupillary block mechanisms 
might contribute to primary angle-closure glau-
coma (Jiang et al. 2014).

4.2  Plateau Iris

Plateau iris syndrome has been described in 
terms of persistent angle narrowing or occlusion 
with IOP elevation due to an abnormal plateau 
iris configuration following peripheral iridotomy 
(Mandell et al. 2003). Commonly it is caused by 
anteriorly positioned ciliary processes that push 
the peripheral iris forward, thus resulting in angle 
closure.

AS-OCT shows a generally thick, flat, slightly 
bowing iris that abruptly ascends after its inser-
tion in the ciliary body’s anterior surface, thereby 
assuming a “square root” appearance (Fig.  5). 
The most peripheral hump drapes over the rigid 
anteriorly positioned ciliary body, and the central 
hump rests on a long extension on the anterior 
lens surface. Anterior rotation of the ciliary body, 
which is associated with anterior positioning of 
the iris dilator’s anchorage point, determines 
irido-ciliary sulcus narrowing, iris apposition to 
the trabecular meshwork, and angle closure 
(Pavlin et  al. 1992c). The farther away the iris 
dilator joint is from the scleral spur, the lower is 
the probability of angle closure (Quigley 2009). 
It had been known that the AC has a relatively 
normal depth clinically (Quigley 2009; 
Ramakrishnan et  al. 2016), until Mandell et  al. 

Fig. 4 AS-OCT imaging of primary angle-closure glau-
coma case showing narrow angle and pupillary block
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found ACD measured by UBM to be shallower 
than that of both normal eyes and eyes with pupil-
lary block (Mandell et al. 2003). Based on earlier- 
established UBM criteria, Verma et  al. (2017) 
defined the plateau iris across three predefined 
AS-OCT patterns in 210 subjects. They could not 
differentiate the plateau iris based on any of the 
AS-OCT patterns, though increased peripheral 
IT in AS-OCT was associated with plateau iris 
likelihood. No ciliary-body-mediated posterior 
pushing of the peripheral iris (e.g., plateau iris or 
iris cysts) can be diagnosed with AS-OCT alone; 
rather, UBM also is necessary for ciliary process 
evaluation.

4.3  Phacomorphic Mechanism

AS-OCT can confirm the presence of a crystal-
line lens pushing the iris and ciliary body forward 
to cause iris-trabecular meshwork apposition 
(Fig. 6). An increased LV increases the probabil-
ity of angle-closure glaucoma development, 
regardless of lens thickness or location (Nongpiur 

et al. 2011a). Nongpiur et al. (2011b) showed that 
higher LV, as representative of a greater portion 
of the lens being in the AC, determined angle 
crowding better than any other parameter for sub-
jects of Chinese ethnicity. Several other parame-
ters, for example, anterior LV and relative LV, 
also have been proposed to represent the lens 
contribution. Relative LV is the value of LV 
divided by the anterior vault (the sum of the LV 
and the ACD) to account for ACD differences 
(Kim et al. 2014). Kim et al. (2014) found that 
relative LV is more closely associated with pri-
mary angle-closure glaucoma than the absolute 
LV value is.

Subgrouping of AS-OCT images of angle clo-
sure identified two to four clusters, suggesting 
that the iris, lens, or both components may be 
predominant in the mechanism of angle closure 
(Niwas et al. 2016; Kwon et al. 2017; Baek et al. 
2013; Nongpiur et al. 2013). Currently, there is a 
consensus that angle closure has multiple con-
tributory factors and is not caused by a single 
mechanism. One of the most important of those 
factors might be pupillary block. However, other 
factors, namely the forward movement of the 
lens, increased iris volume, and plateau iris con-
figuration, can be more important in some situa-
tions and can be evaluated in detail using 
AS-OCT.

4.4  Aqueous Misdirection

Classically, aqueous misdirection (i.e., malig-
nant glaucoma) is characterized by a shallow 
AC associated with raised IOP in the presence 
of patent iridotomy (Ruben 1997). The mecha-
nisms of the pathogenesis of this potentially 
devastating complication probably are related to 
abnormal anatomical relations among the lens, 
zonules, anterior vitreous face, and ciliary body. 
This can lead to misdirection of aqueous fluid, 
which flows into the vitreous cavity, subse-
quently increasing the vitreous volume, anteri-
orly displacing the central and peripheral 
anterior segment structures and, finally, increas-
ing the IOP (Duy and Wollensak 1987; Byrnes 
et al. 1995).

Fig. 5 Plateau iris. Despite the LPI, there remains a 
potential for a closing angle due to the iris root’s steep 
angulation

Fig. 6 Phacomorphic glaucoma. Note the shallow AC 
with high LV
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AS-OCT has shown angle closure, forward 
movement of the crystalline lens or intraocular lens 
(IOL), and a flat AC (Fig. 7). Also, AS-OCT can 
document the absence of the posterior chamber and 
the presence of uveal effusion. Importantly too, it 
provides for objective assessment of medical and 
surgical therapeutic response, demonstrating, for 
example, increased AC angle after pars plana vit-
rectomy intervention (Jancevski and Foster 2010).

4.5  Other Causes of Angle Closure

Other disorders causing secondary angle clo-
sure, such as topiramate-induced acute-angle 
closure (Fig.  8), uveitis-related angle closure 

(Fig. 9), or iris cyst (Fig. 10), lead to discernible 
AS-OCT findings.

5  Anterior Segment Optical 
Coherence Tomography Imaging 
in Glaucoma Surgery

5.1  Visualization of Filtering Blebs

Bleb morphology has been known as an impor-
tant indicator of bleb function and potential 
future bleb failure (Wells et al. 2004). Bleb mor-
phology in its external appearance can be 
assessed using slit-lamp biomicroscopy, but this 
modality cannot assess any of the bleb’s internal 
structures. AS-OCT is useful in this regard, as it 
can show cross-sectional images of such struc-
tures. And, given its noncontact procedure, 
AS-OCT may be especially useful for fragile 
post-trabeculectomy blebs (Singh et al. 2009a).

Bleb types have been classified according to 
their characteristics on AS-OCT images (Leung 
et al. 2007). Four different patterns of intra-bleb 
morphology, namely diffuse filtering blebs, cys-
tic blebs, encapsulated blebs, and flat blebs, were 
identified and closely related to slit-lamp appear-
ance as well as bleb function. The scleral flap’s 
thickness, height, and apposition to the scleral 
bed as well as the patency of the internal ostium 
can be assessed using properly sectioned AS-OCT 
images (Fig. 11). Tominaga et al. (2007) reported 
significantly lower mean IOP in eyes with a low- 
reflectivity bleb wall than in eyes with a more 
highly reflective wall. A study comparing in vivo 
confocal microscopy findings and AS-OCT filter-
ing bleb reflectivity with filtering glaucoma sur-
gery outcomes suggested that lower-reflective 
and heterogeneous suprascleral tissue is corre-

Fig. 7 Malignant glaucoma. The iris and lens directly 
contacting the corneal endothelium

Fig. 8 Topiramate-induced angle closure. The AC is shal-
low, and the angles are narrowed. The lens-iris diaphragm 
is displaced forward. Note also the ciliochoroidal detach-
ment accompanied by uveal effusion

Fig. 9 Uveitis-associated secondary angle-closure case. 
The closed angles were caused by iris bombe due to abso-
lute pupillary block (i.e., posterior synechiae)

Fig. 10 Irido-ciliary cyst. Note the AS-OCT’s indicated 
peripheral iris elevation. The typical UBM findings are a 
thin-walled structure with no internal reflectivity
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lated with loose connective tissue, where gaps 
and high fluid content abound, and where, corre-
spondingly, functional blebs tend to arise 
(Messmer et  al. 2006). Additionally, AS-OCT 
images potentially can be used for postoperative 
management purposes such as in suture lysis fol-
lowing filtration surgery (Singh et al. 2009b).

5.2  Imaging of Glaucoma Implants

AS-OCT can be employed to ascertain the posi-
tion, course, and patency of aqueous drainage 
tubes (Koo et  al. 2015; Park et  al. 2012). Tube 
proximity to the corneal endothelium can be effec-
tively visualized (Fig. 12). The thickness of tissue 
overlying the tube outside the AC and the presence 
of tube erosion can be assessed using properly 
obtained sections (Jung et  al. 2013). Jung et  al. 
(2013) found that the maximum bleb wall was sig-
nificantly thinner in successful Ahmed glaucoma 
implant surgeries relative to unsuccessful ones. 
AS-OCT might also be helpful in assessments of 
tubes implanted into the ciliary sulcus.

As new glaucoma surgical techniques 
emerge, AS-OCT’s role likely will continue to 
expand. Minimal Invasive Glaucoma Surgery 
(MIGS) has been evolving and is associated 
with several novel devices such as Glaukos 
iStent implant (Glaukos Corporation, Laguna 
Hills, CA, USA) and Xen Gel stent implant 
(AqueSys, CA, USA). The locations and patency 
of such implants can be evaluated by AS-OCT 
(Fig. 13). A study by Lenzhofer et al. evaluated 
longitudinal bleb morphologies after Xen Gel 
stent implantation surgery. They reported that 
the post-XEN bleb appearances seemed to differ 
from those after classic trabeculectomy 
(Lenzhofer et al. 2019). Also, the prevalence of 
small diffuse cysts is directly associated with 
lower IOP, while cystic encapsulation at 
3 months predicts higher rates of surgical failure 
(Lenzhofer et al. 2019).
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Imaging in Myopic Glaucoma

Seok Hwan Kim

Abstract

Myopia is an important risk factor for glau-
coma. The prevalence of myopia is increas-
ing dramatically, and thus too, myopic 
glaucoma will be more often encountered. 
Recent advances in Spectral-Domain Optical 
Coherence Tomography (SD-OCT) technol-
ogy enable fast, objective, and quantitative 
structural imaging of the optic nerve head 
(ONH), retinal nerve fiber layer (RNFL), and 
macula for facilitated and enhanced glau-
coma diagnostics. However, myopic eyes 
have unique structural features, which might 
cause artifacts in OCT imaging or induce false 
positivity or negativity in interpreting OCT 
results. For correct diagnosis of glaucoma, it 
is essential to understand myopic eyes’ struc-
tural features that might affect imaging and 
interpretation of OCT. The key OCT param-
eters in glaucoma diagnosis include peri-
papillary RNFL thickness, macular ganglion 
cell-inner plexiform layer (GCIPL) thickness, 
and neuroretinal rim thickness measurements. 
Here, I review the anatomical features of these 
structures in myopia, how they affect imaging 
and the diagnostic performance of OCT, how 
these structures and tests might be misinter-

preted, and how to overcome pitfalls and to 
make correct diagnoses of myopic eyes with 
or without glaucoma.

Keywords
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1  RNFL Imaging in Myopia

1.1  Characteristics of RNFL 
Thickness in Myopia

Since the era of Stratus OCT, several studies have 
shown that myopic eyes have thinner-measured 
RNFL thickness (Choi and Lee 2006; Leung 
et  al. 2006; Vernon et  al. 2008; Budenz et  al. 
2007). Leung et  al. (2006) reported that RNFL 
measurements were lower in highly myopic eyes 
than in low-to-moderate myopic eyes. Budenz 
et  al. (2007) recruited 328 normal eyes with 
various refractive errors (−11.75 to +6.75 diop-
ters) and reported that higher myopic eyes had a 
thinner- measured RNFL with a significant nega-
tive correlation between spherical equivalent/
axial length and RNFL thickness. Studies utiliz-
ing SD-OCT have shown similar results (Kang 
et al. 2010; Wang et al. 2011; Mohammad Salih 
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2012). Although many studies have reported thin-
ner RNFL thickness measurements in myopic 
eyes, it was uncertain if this finding resulted from 
an actual decrease of RNFL thickness in myopic 
eyes or if it was caused by factors affecting the 
accuracy of any OCT measurements.

Traditionally, peripapillary RNFL thickness 
has been measured along a circle scan of 1.73 mm 
radius. Because of the magnification effect, the 
actual scanning radius in a myopic eye could be 
longer than 1.73 mm. The relationship between 
the measurement obtained from the OCT image 
and the actual size of the fundus dimension 
can be expressed as t = p * q * s, where t is the 
actual fundus dimension, s is the measurement 
obtained using OCT, p is the magnification fac-
tor for the camera of the imaging system, and q 
is the magnification factor for the eye (Littmann 
1982). The p is a constant in a telecentric system, 
which is 3.382  in the Cirrus and Stratus OCT 
systems (Carl Zeiss Meditec, California, USA). 
The ocular magnification factor q of the eye can 
be determined with the formula q  =  0.01306 

* (axial length  −  1.82) (Bennett et  al. 1994). 
Therefore, the actual radius of the scan circle on 
the fundus (mm) equals 3.382 * 0.01306 (axial 
length − 1.82) * 1.73 (mm). For example, in an 
eye of 28 mm axial length, the actual scanning 
radius will increase to 2.00 mm, and in an eye of 
20 mm axial length, it will decrease to 1.39 mm 
(Savini et al. 2012). Thus, in myopic eyes with 
long axial length, the larger actual scanning circle 
in OCT might underestimate RNFL thickness.

Kang et al. (2010) first reported RNFL thick-
ness measurement with Cirrus OCT after correc-
tion of the magnification effect in myopic eyes. 
Before adjusting the ocular magnification, the 
mean RNFL significantly decreased with spheri-
cal equivalent and increased with axial length. In 
contrast, after adjusting the ocular magnification, 
the mean RNFL thickness showed no correlation 
with spherical equivalent and only a weak positive 
correlation with axial length. Savini et al. (2012) 
also showed that RNFL thickness decreased with 
longer axial length, but this relationship disap-
peared with correction of axial- length- induced 
ocular magnification by the Littmann formula. 
These findings suggest that many previous stud-

ies reporting decreased mean RNFL thickness in 
myopia may, at least partly, have resulted from 
underestimation of thickness rather than from any 
true anatomical difference. Nevertheless, current 
OCT devices do not have any built-in function 
for correction of ocular magnification. Therefore, 
when evaluating OCT results for myopic eyes, 
it should be considered that even myopic eyes 
without glaucoma can show decreased peripapil-
lary RNFL thickness.

1.2  Distribution Profile of RNFL 
Thickness in Myopia

Myopic eyes show different RNFL thickness 
profiles in OCT imaging. Kim et al. (2010) com-
pared circumpapillary RNFL thickness profiles 
between a high-myopia group and a low-myopia 
group. Whereas the highly myopic eyes had sig-
nificantly thinner RNFLs in the non-temporal 
sectors, they had significantly thicker RNFLs in 
the temporal quadrant compared with the low- 
myopia group. Hong et al. studied the angles of 
peaks in circumpapillary RNFL thickness pro-
files for young male adults and found a signifi-
cant correlation between the angle and the degree 
of myopia (Hong et  al. 2010). With increas-
ing myopia, the peaks of RNFL thickness were 
closer to the temporal quadrant. Because the 
normative database of Stratus and Cirrus OCT 
devices largely comprises data from normal eyes 
with no or low myopia, both studies raised the 
possibility of misdiagnosis of glaucoma in myo-
pic eyes without glaucoma. Leung et al. (2012) 
studied the RNFL distribution profile in myopic 
eyes using the RNFL thickness map of Cirrus 
OCT.  They found that the RNFL distribution 
angle also diminished with increasing myopia 
and that this reduction could lead to false- positive 
classification of abnormal RNFL measurement 
on the RNFL thickness deviation map (Fig. 1).

Chung and Yoo (2011) raised the possibility of 
an inappropriate location of the OCT scan circle 
to explain the different RNFL thickness profiles 
in eyes with myopic tilted disc. After automated 
RNFL analysis by the Cirrus OCT built-in algo-
rithm, the authors manually relocated the calcu-
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lation circle, centering it based on the contours 
of the neural canal opening (NCO). They found 
that in the new circle location, the mean number 
of abnormal clock-hour sectors as well as the 
proportion of eyes with abnormal clock-hour 
sectors at the 5% level of the built-in normative 

database was significantly lower. This result sug-
gested that the NCO might be a suitable refer-
ence for peripapillary RNFL imaging. Lee et al. 
(2016) investigated circumpapillary RNFL thick-
ness centered on the Bruch’s membrane open-
ing (BMO) with Spectralis OCT (Heidelberg 
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myopia in the right eye. Despite normal disc, RNFL photo 
and visual field test, the OCT image of the right eye shows 
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sis and deviation map due to the different profile of RNFL 
thickness
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Engineering, Heidelberg, Germany), and showed 
that the new RNFL scanning algorithm had better 
diagnostic performance, particularly for myopic 
eyes with externally oblique border tissue.

In clinical practice, adjusting the circle scan 
location for every myopic eye might not be practi-
cal. However, clinicians, in order to minimize the 
probability of misdiagnosis, should always evalu-
ate circumpapillary RNFL thickness or an RNFL 
thickness deviation map with caution considering 
the different RNFL profiles in myopic eyes.

1.3  High False Positivity 
in Myopia

The principal analysis of conventional OCT 
devices for diagnosis of glaucoma is based on 
measurement of RNFL thickness along the circle 
scan and comparison of the value to the built-in 
normative database. Due to the thinner RNFL 
thickness measurement and different distribu-
tion profiles in myopic eyes, high false-posi-
tivity rates for diagnostic performance of OCT 
have been reported from the era of Stratus OCT 
(Leung et  al. 2006; Vernon et  al. 2008). Leung 
et al. (2006) first reported that a significant pro-
portion of myopic eyes were identified as abnor-
mal based on the normative database provided in 
Stratus OCT. The most frequently abnormal sec-
tor was 2 o’clock, where 44.3% of myopic eyes 
were below the 95% confidence interval of the 
age-matched normative database. In addition, 
more eyes were classified as abnormal in the 
high-myopia group than in the low-to-moderate 
myopia group. Vernon et  al. (2008) reported a 
similar finding with highly myopic Caucasians, 
specifically a substantial proportion of false-
positivity errors. These studies both concluded 
that the normative database may not be entirely 
reliable for the evaluation of RNFL thickness in 
myopic eyes. Thus, the current in-machine nor-
mative database should be used with caution in 
the case of myopic eyes.

Studies with SD-OCT have shown similar 
findings (Leung et al. 2012; Aref et al. 2014; Qiu 
et al. 2011; Kim et al. 2011a). Leung et al. (2012) 
analyzed abnormal RNFL measurements on the 

RNFL thickness deviation map in Cirrus OCT 
and found that the reduction in the RNFL dis-
tribution angle with increasing myopia affected 
the false positivity. Qiu et  al. (2011) reported 
that the frequency of false-positives was even 
higher in Cirrus OCT than in Stratus OCT. Kim 
et al. (2011a) studied the factors contributing to 
false- positive RNFL color-code results in Cirrus 
OCT.  The overall false-positivity rate of 149 
healthy eyes was as high as 26.2%, and eyes of 
longer axial length were more likely to show 
false-positive results.

1.4  Myopic Normative Database

Although myopic eyes have thinner RNFL thick-
ness measurements and different thickness pro-
files in OCT, the normative databases of current 
OCT devices do not include moderate-to-highly 
myopic eyes. In the Cirrus OCT, the mean refrac-
tive error of 271 eyes in the normative database 
was −0.82D (SD 1.96D) (Knight et  al. 2012). 
In order to decrease the frequency of false-pos-
itive errors in myopic eyes, the diagnostic per-
formances of normative databases comprising 
myopic eyes have been studied. Biswas et  al. 
(2016) obtained a normative database including 
180 highly myopic eyes (spherical equivalent, 
−6.0D or less), and showed that the application 
of such a myopic normative database improved 
the specificity for detection of glaucomatous 
RNFL abnormalities in eyes with high myopia. 
This improvement in specificities did not trade-
off an overall sensitivity for detection of glau-
coma; rather, improved sensitivity was observed 
in certain criteria. Similarly, Seol et  al. (2017) 
obtained a normative database comprising 154 
myopic eyes ranging from mild to severe myopia. 
They found that the myopic normative database 
showed a higher specificity than did the built-
in normative database in quadrant RNFL thick-
ness, clock-hour RNFL thickness, and GCIPL 
thickness, whereas the sensitivities of the OCT 
color probability codes after applying the built-
in and myopic normative databases were not 
statistically different. Therefore, the authors of 
both studies suggested the importance of incor-
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porating a myopic normative database in OCT 
instruments for the evaluation of RNFL mea-
surements in myopic eyes. Unfortunately, none 
of the commercially available OCT devices has a 
built-in normative database of moderate-to-high 
myopia for RNFL thickness analysis. The retina 
scan–OCT (Nidek Co, Ltd) has a normative data-
base including myopic eyes of long axial length 
(26–29 mm), but it is used only for macular map 
analysis (Nakanishi et al. 2015).

1.5  Imaging Artifacts in RNFL 
imaging

Proper segmentation of RNFL thickness is a fun-
damental step in the evaluation of OCT RNFL 
measurements. However, several studies have 
reported segmentation errors for myopic eyes. 
Nakano et  al. (2013) reported that circumpap-
illary RNFL segmentation errors were more 
prevalent in patients with high myopia than in 
those without. The authors suggested that the 
error sources were related to myopic peripapil-
lary changes that had crossed the circumpapillary 
RNFL circle scan and were of low signal inten-
sity. Correspondingly, Suwan et al. (2018) found 
that 14% of normal myopic eyes and 44% of 
myopic glaucoma eyes had RNFL segmentation 
errors requiring manual correction in OCT. The 
authors also found that correction of the errors 
significantly improved the glaucoma-diagnostic 
capability. Kamal Salah et  al. (2015) reported 
the effect of peripapillary neurosensory reti-
nal detachment on RNFL measurement in high 
myopia. This study showed that eyes with peri-
papillary neurosensory retinal detachment had 
a significantly greater average RFNL thickness 
relative to those without peripapillary detach-
ment, due to misidentification of the outer profile 
of the RFNL.

Retinal pathologies along the circle scan as 
well as segmentation errors of OCT software 
may affect RNFL thickness measurement of 
OCT.  Thus, careful interpretation is required 
for the evaluation of OCT reports on myopic 
eyes. Because manual correction of segmenta-
tion errors is currently time-consuming and not 

provided for in all commercially available OCT 
devices, the development of a more accurate 
automated segmentation algorithm is necessary.

2  Macular Imaging in Myopia

2.1  Macular Imaging in Glaucoma

Glaucoma is characterized by selective loss of 
retinal ganglion cells (RGC). Since the macular 
area contains more than 50% of all RGCs and 
the RGC bodies are 10 to 20 times the diame-
ter of their axons, the macular area is important 
in the detection of glaucomatous RGC damage 
(Hood et  al. 2013). From the idea that macular 
thickness can reflect glaucomatous damage, the 
change of macular thickness as a measure of 
glaucoma had been studied prior to OCT’s intro-
duction (Zeimer et al. 1998). Later, with Stratus 
OCT, several studies tested whether assessment 
of macular thickness might outperform circum-
papillary RNFL measurement. Initial research 
investigating total macular thickness showed that 
circumpapillary RNFL evaluation was superior 
to that of macular thickness, due probably to the 
retinal thickness other than the RGC layer mask-
ing glaucomatous change (Guedes et  al. 2003; 
Wollstein et al. 2004). Customized segmentation 
of the inner retinal complex (RGC layer+inner 
plexiform and nuclear layers) by Stratus OCT 
showed comparable diagnostic performance to 
circumpapillary RNFL for glaucoma diagnosis, 
which served to raise the importance of segmen-
tation analysis (Ishikawa et al. 2005).

Introduction of SD-OCT enabled segmented 
macular thickness measurements by a built-in 
segmentation algorithm. Several commercially 
available SD-OCTs provide different segmented 
macular thickness measurements. RTVue 
FD-OCT (Optovue, Fremont, California, USA) 
provides the macular ganglion cell complex 
(GCC), which is the sum of the macular RNFL, 
ganglion cell layer (GCL) and inner plexiform 
layer (IPL). Cirrus SD-OCT provides macular 
ganglion cell–inner plexiform layer (GCIPL) 
thickness via a macular ganglion cell analysis 
(GCA) algorithm. Topcon 3D-OCT (Topcon, 
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Tokyo, Japan) provides both GCC and GCIPL 
thickness. Spectralis OCT enables separate mea-
surement of the entire retinal layers. Several stud-
ies have shown that the diagnostic ability of the 
macular thickness parameters is comparable to 
that of RNFL thickness for diagnosis of manifest 
glaucoma (Mwanza et  al. 2012; Oddone et  al. 
2016).

Whereas circumpapillary RNFL thickness 
measurement is affected by several factors such 
as disc size (Savini et al. 2005), disc tilt (Hwang 
et al. 2012a), and axial length (Kang et al. 2010; 
Wang et al. 2011; Mohammad Salih 2012), mac-
ular GCIPL thickness is less influenced by them 
(Lee et al. 2014; Jeong et al. 2016). Therefore, the 
diagnostic benefit of macular thickness param-
eters in myopic glaucoma has been studied.

2.2  Diagnostic Ability of Macular 
Parameters in Myopia

Initial studies evaluating the ability of macular 
thickness to detect glaucoma in myopia have 
used RTVue OCT with GCC parameters. Kim 
et al. (2011b) compared the diagnostic ability to 
detect glaucoma between macular GCC and peri-
papillary RNFL thickness in highly myopic eyes 
using RTVue OCT.  They found that the macu-
lar GCC thickness measurements had higher 
AUROC than did peripapillary RNFL thickness 
in highly myopic eyes for detection of glaucoma, 
but without statistical significance. Shoji et  al. 
(2011) determined that the diagnostic power of 
GCC parameters was significantly higher than 
that of circumpapillary RNFL parameters in 
high myopia. Another paper by Shoji et al. stud-
ied the effects of high myopia on the glaucoma- 
diagnostic ability of OCT parameters. The ability 
of circumpapillary RNFL measurement to detect 
glaucoma in highly myopic eyes was inferior to 
that in emmetropic eyes, whereas macular GCC 
measurements showed a good ability to detect 
glaucoma in both groups. Based on the results of 
these studies, it can be concluded that macular 
GCC thickness has a glaucoma-diagnostic ability 
comparable or superior to that of circumpapillary 
RNFL thickness for highly myopic eyes.

GCC is the sum of three layers, the RNFL, 
GCL, and IPL, whereas GCIPL is the sum of 
the GCL and IPL.  Thus, GCPIL is less influ-
enced by RNFL thickness variation than GCC 
thickness is. Several studies have investigated its 
glaucoma detection ability for myopic eyes. Choi 
et al. (2013) compared the glaucoma-diagnostic 
ability of GCIPL with that of circumpapillary 
RNFL thickness in high myopia, finding them 
to be comparable. Seol et al. (2015) studied the 
glaucoma detection ability of GCIPL in myo-
pic preperimetric glaucoma and determined the 
inferotemporal macular GCIPL thickness param-
eter to be the best for detection of PPG in myopic 
eyes, superior to the RNFL thickness parameters.

Besides measuring GCIPL thickness and com-
paring the values with a normative database, other 
approaches to the improvement of glaucoma- 
diagnostic ability have been reported as well. 
Kim et al. introduced a MATLAB-based GCIPL 
hemifield test for detection of GCIPL thickness 
difference across the temporal horizontal raphe 
and evaluated its glaucoma-diagnostic ability in 
highly myopic eyes (Kim et  al. 2015a, 2016). 
They found that the AUC value for the GCIPL 
hemifield test, as compared with the RNFL and 
GCIPL thickness parameters, was the best (Kim 
et al. 2016). Baek et al. (2018) proposed a new 
scoring system combining the topographic signs 
of both RNFL and GCIPL analysis. The system 
had a higher diagnostic ability than the RNFL or 
GCIPL thickness parameters for myopic eyes and 
even for highly myopic eyes. The recently intro-
duced swept-source OCT (SS-OCT) provides a 
wide 12- * 9-mm2 area in a single scan showing 
the macular and peripapillary structures simul-
taneously. Kim et  al. determined that SS-OCT 
wide-field imaging, as compared with conven-
tional SD-OCT, had greater diagnostic power for 
glaucoma with myopia (Kim et al. 2020).

Although the macular parameters in myopic 
eyes have shown similar or better diagnostic abil-
ity relative to the RNFL thickness parameters, 
GCA maps can miss abnormal findings if the 
angular distance between the fovea and an RNFL 
defect is great (Hwang et  al. 2014; Kim et  al. 
2014). In addition, several factors (see below) 
affect macular thickness in myopia. Therefore, 
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macular thickness parameters cannot substitute 
for RNFL thickness evaluation by OCT but rather 
should be considered as complementary to it.

2.3  Imaging Artifacts in Macular 
Imaging

Several studies have reported that segmentation 
errors in OCT total retinal thickness measure-
ments could be found in various macular diseases 
including age-related macular degeneration, 
epiretinal membrane (ERM), diabetic retinopa-
thy, and retinal vein occlusion (Ray et al. 2005; 
Ho et al. 2009; Giani et al. 2010; Han and Jaffe 
2010). Abnormal segmentations in GCIPL also 
have been reported in eyes with macular degen-
eration and ERM (Hwang 2014). Even in eyes 
without macular disorders, segmentation errors 
in macular GCA can be found in some cases. 
Hwang et al. (2016) reported that 9.7% of glau-
coma or healthy eyes without macular disorder 
had segmentation errors and that only higher- 
degree myopia was associated with the presence 
of segmentation errors. Therefore, the possibility 
of segmentation errors as well as accompanying 
macular pathologies should be considered when 
evaluating macular analysis in myopic eyes, 
especially in eyes with high myopia.

False-positive classification is frequently 
observed in the case of the color-code GCA map. 
Kim et  al. (2015b) reported that 40.4% of 104 
healthy eyes showed abnormal classifications on 
any of the GCA maps. Abnormal classification 
was associated with longer axial length and larger 
fovea-disc angle. Due to the higher frequency of 
false-positive GCA classification, macular thick-
ness analyses should be carefully evaluated, 
especially in myopic eyes (Fig. 2).

3  Disc Imaging in Myopia

3.1  Disc Imaging with OCT

Stratus OCT provides various ONH parameters 
including disc area, cup area, rim area, cup/disc 
area ratio, cup/disc horizontal ratio, cup/disc 

vertical ratio, vertical integrated rim area (vol-
ume), and horizontal integrated rim width (area). 
However, owing to the low reproducibility of 
ONH scans, frequent inappropriate recognition 
of optic disc margin, and imaging artifacts, ONH 
analysis has not been widely used in glaucoma 
diagnostics using Stratus OCT (Iliev et al. 2006; 
Ortega Jde et al. 2009; Marsh et al. 2010).

SD-OCT provides excellent reproducibility 
and a low rate of incorrect optic disc margin detec-
tion ranging from 0.5 to 2.6% (Mwanza et  al. 
2010; Cheung et al. 2011; Sung et al. 2012). In 
addition, studies using Cirrus-OCT have reported 
that ONH parameters are comparable to RNFL 
thickness measurements in terms of differentiat-
ing normal eyes from glaucoma (Mwanza et al. 
2011; Hwang and Kim 2012). In myopic eyes, 
however, errors in neuroretinal rim measure-
ment by Cirrus HD-OCT were found in 17.6% 
of myopic eyes, especially eyes with PPA, higher 
myopia, greater axial length, vitreous opacity, or 
acute cup slope angle (Hwang et al. 2012b).

3.2  BMO-MRW

Studies comparing the clinical disc margin and 
structures in SD-OCT have found that the clini-
cal disc margin is neither a single anatomic entity 
nor a clinical construct that underlies a consis-
tent anatomical structure within or between eyes 
(Reis et al. 2012a, b). Because RGC axons exit 
the eye through the BMO from the inner retinal 
layer, and because axons cannot pass through an 
intact Bruch’s membrane, neuroretinal rim mea-
surements using the BMO as a reference plane 
have been proposed (Chauhan and Burgoyne 
2013; Chauhan et al. 2013). The BMO-minimum 
rim width (BMO-MRW), defined as the mini-
mum distance between the BMO and the internal 
limiting membrane, has shown a higher sensitiv-
ity compared with peripapillary RNFL thickness 
measurements for diagnosis of early glaucoma 
(Chauhan et al. 2013).

In myopic eyes, evaluation of glaucomatous 
optic disc changes has been challenging due to 
the unique optic disc morphology, including large 
peripapillary atrophy, varying degrees of disc tilt 
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or torsion, and abnormally large or small optic disc 
size. Therefore, several studies have evaluated the 
usefulness of BMO-MRW for myopic eyes. Malik 
et al. (2016) reported that the sensitivity of BMO-
MRW was comparable to that of RNFL thickness; 
however, the sensitivity of both parameters was 
only 71.4% at 90% specificity. Recent studies have 
reported that for healthy myopic eyes, the BMO-

MRW parameter shows a lower rate of false-pos-
itives than does RNFL thickness (Rebolleda et al. 
2016; Sastre-Ibañez et al. 2018). Kim et al. stud-
ied the diagnostic accuracy of three-dimensional 
neuroretinal rim (3D-NRR) thickness, which is 
defined as the distance between the BMO and the 
vitreoretinal interface, in myopic eyes (Kim and 
Park 2018). They found that the false-positivity 
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Fig. 2 The OCT macular GCIPL image of a patient with 
bilateral myopia. Despite normal disc, RNFL photo, and 
visual field test, the OCT image of both eyes shows false- 

positives in the deviation map and the average/minimum 
GCIPL thickness parameters
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rate was significantly lower for 3D-NRR thickness 
than for RNFL thickness and that its diagnostic 
accuracy for glaucoma outperformed RNFL thick-
ness. However, Zheng et al. (2018) demonstrated 
that in high myopia, 32% of eyes had indiscernible 
BMO in at least one meridian. Furthermore, the 
BMO was indistinct most frequently at the tempo-
ral, inferotemporal, and superotemporal meridians 

where glaucomatous neuroretinal rim loss is most 
common. Therefore, utilization of BMO- MRW 
might be compromised in highly myopic eyes. 
Based on these results, it can be concluded that 
rim evaluation referencing the BMO as an ana-
tomic landmark can be a complementary tool to 
RNFL thickness measurements for the diagnosis 
of glaucoma in myopic eyes (Fig. 3).

Fig. 3 The RNFL photographs and the OCT BMO-MRW/RNFL analysis of a patient with unilateral myopic glaucoma 
in the left eye. The BMO-MRW and RNFL analysis indicate abnormalities in the inferior sectors of the left eye
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Pitfalls in OCT Imaging

Eunoo Bak

Abstract

Optical coherence tomography (OCT)-based 
imaging of the optic nerve head, retinal nerve 
fiber layer, and the ganglion cell complex has 
become a key tool in the diagnosis and evalu-
ation of glaucoma. The structural details avail-
able from OCT continue to improve with 
advances in technology. However, artifacts 
and misinterpretation of OCT still can lead to 
clinical misdiagnosis of glaucoma. Owing to 
the “floor effect” of retinal imaging, red and 
green disease may lead to erroneous results. 
Common OCT artifacts are classified as (1) 
patient-related factors (e.g., myopia, media 
opacities, vitreoretinal interface problems, 
optic nerve head pathologies, motion artifact, 
blink artifact); (2) instrument factors (e.g., 
poor image quality or device performance, 
inaccurate optic disc margin delineation, seg-
mentation errors); and (3) operator factors 
(e.g., incorrect scan-circle placement, incor-
rect axial alignment). Understanding the 
potential limitations and pitfalls of each 
instrument is imperative in patient care.

Keywords
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Green disease

1  Introduction

Optical coherence tomography (OCT) is a nonin-
vasive imaging modality that has become a useful 
ancillary tool for diagnosis and monitoring of 
glaucoma. It is widely used by ophthalmologists 
worldwide in daily practice, and they are now 
basing their treatment plans on OCT results for 
early glaucoma patients and glaucoma suspects 
(Stein et  al. 2012; Gabriele et  al. 2011; Dong 
et  al. 2016). Despite the improvements in OCT 
technology, the user must be able to accurately 
interpret the data and be aware of potential arti-
facts and limitations that can lead to a false-posi-
tive or false- negative diagnosis.

Previous studies with various Spectral-domain 
OCT (SD-OCT) instruments have reported that 
over a quarter of patients may have artifacts of 
the retinal nerve fiber layer (RNFL) and/or gan-
glion cell-inner plexiform layer (GCIPL) com-
plex analysis (Giani et al. 2010; Sull et al. 2010). 
Errors either in data acquisition or software anal-
ysis may result in artifacts of RNFL measure-
ments, which may lead to inaccurate clinical 
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assessment. It takes time for users to understand 
the potential limitations and pitfalls of 
OCT.  Regardless, understanding these limita-
tions and being able to distinguish artifacts from 
true disease are imperative in patient care and can 
prevent further unnecessary, expensive 
investigations.

This chapter is devoted to the common arti-
facts affecting OCT that can lead to diagnostic 
errors.

2  Causes and Classification of OCT 
Artifacts

2.1  Floor Effect

In retinal imaging, the “floor effect” is defined as 
the point at which no further structural damage 
can be detected. Given this effect, OCT measure-
ments are less useful for measuring tissue thick-
ness in cases of advanced disease (Mwanza et al. 
2015), possibly due to the presence of residual 
tissue (e.g., glial cells, blood vessels, nonfunc-
tioning ganglion cell axons) or failure of tissue 
segmentation algorithms (i.e., artifactual floor) 
(Asrani et  al. 2014). Thus, even though an 
advanced disease may be progressing, it is often 
challenging to detect identifiable changes with 
OCT.  Disease monitoring in these eyes should 
not depend solely on optical imaging but must 
rely on standard automated perimetry or other 
visual function tests.

2.2  Red and Green Disease

Red and green are the main colors used in the 
OCT platforms to indicate that the results are 
within normal limits (within the 5–95% predic-
tion interval) or abnormal (less than 1% predic-
tion interval) when compared with the normative 
database. “Red disease” is a false-positive diag-
nosis, where the software mistakenly identifies 
an eye as abnormal even though there is no glau-
comatous damage (Asrani et al. 2014; Chong and 
Lee 2012). In contrast, “green disease” is a false- 
negative diagnosis, when the software interprets 

actual glaucomatous damage as normal (Sayed 
et al. 2017). Green disease artifacts can present as 
the result of the averaging of sectors that include 
a subtle notch in the RNFL, or an RNFL defect in 
an eye that started with a high value of RNFL 
thickness. In addition, RNFL can become thicker 
in eyes with RNFL edema, which can mask 
RNFL thinning (Moore et  al. 2015). Clinicians 
therefore should not rely solely on the color 
scheme to interpret an OCT report. Also, they are 
encouraged to keep in mind that the red and green 
colors in OCT evaluations depend on the norma-
tive database of the manufacturer, which com-
monly includes only 300–500 patients. 
Depending on the manufacturer, these normative 
databases mostly do not include children, high 
refractive error, diverse races, or corrections for 
such variations. This may lead to erroneous 
results for some patient groups.

2.3  Classification of OCT Artifacts 
in Optic Disc Scan Analysis

The rates, types, and causes of OCT artifacts 
can vary according to the methods used for 
their definition and classification. OCT artifacts 
are classified as follows: (1) patient-related fac-
tors, (2) instrument factors, and (3) operator 
factors (Asrani et al. 2014; Han and Jaffe 2010). 
If no definite patient-related artifact is identi-
fied and the artifacts did not show any associa-
tion with the operator, the cause of the artifact 
can be classified as an instrument error. 
However, there is a large overlap among these 
categories (i.e., scan artifacts often result from 
a combination of patient- related, instrument, 
and operator factors).

3  Patient-Related Factors

These are the most common causes and most 
confusing artifacts. It is common to see red areas 
in the results of a reliable good-quality OCT 
scan in a routine eye exam performed on a 
healthy person with no ocular disease. Some of 
these patients are diagnosed with glaucoma and 
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start on medical therapy. The person diagnosed 
requires lifelong treatment and follow-up, which 
leads to a psychological burden both to the 
patient and the family. In order to avoid misin-
forming patients, ophthalmologists must be able 
to differentiate among the common artifacts and 
anatomical variants that can lead to errors on 
OCT reports.

3.1  Split Bundle

In the majority of individuals, the superior and 
inferior poles of the optic nerve head receive the 
largest number of retinal ganglion cell axons in 
the form of two thick bundles. This configuration 
is the basis for the color-coded normative data-
base comparisons of temporal–superior–nasal–
inferior–temporal (TSNIT) profiles. In some 
individuals, the superior and/or inferior RNFL 
bundles are divided in two and enter the optic 
disc in the form of a pair of separate bundles 
each, thus masquerading as a local RNFL defect. 
This is called a split RNFL, which is an anatomi-
cal variant rather than an imaging artifact (Kaliner 
et al. 2007; Colen and Lemij 2001) (Fig. 1). This 
finding is one of the most common reasons for 
red disease in younger patients with good-quality 
OCT scans. A careful evaluation of the RNFL 
TSNIT profiles, lack of optic nerve head param-
eter abnormalities, normal macular ganglion cell 
analysis, and typical split RNFL images on 
RNFL thickness maps are important clues for 
correct diagnosis.

3.2  Myopia

Myopic eyes with longer axial length are associ-
ated with a higher percentage of abnormal diag-
nostic classifications, because the RNFL 
normative databases are typically adjusted only 
by age and not by axial length or refractive error 
(Qiu et  al. 2011; Yoo et  al. 2012). The normal 
population database used by the manufacturer 
specifically excludes subjects with high refrac-
tive error, which usually encompasses spherical 
equivalents between −5.00 and +5.00.

The overall RNFL thickness in high-myopic 
refractive error, typically with longer axial 
length, is thinner compared with the normal pop-
ulation (Budenz et  al. 2007; Kang et  al. 2010; 
Leung et al. 2006; Savini et al. 2012; Wang et al. 
2011). In addition, hyperopia and shorter axial 
eye lengths show increases in RNFL thickness 
(Savini et al. 2012). These findings are attributed 
to the ocular magnification effects of axial eye 
length. When adjusting for ocular magnification, 
the negative correlation between these OCT 
measurements and both axial eye length and 
refractive error is removed (Savini et  al. 2012; 
Leung et  al. 2007). Moreover, the effects of 
axial-length magnification remain in patients 
who have undergone refractive surgery and cata-
ract operation. When their axial eye length is 
unknown and their preoperative status is unrec-
ognized, incorrect interpretation of OCT may 
result. Because most current OCT machines do 
not account for ocular magnification, patients 
with long or short axial eye lengths will have 
artificially low or high OCT measurements, 
respectively, when compared with the normative 
database. If the axial eye length is known, the 
OCT measurements can be corrected with the 
modified Littmann formula, as described by 
Bennet et  al. (1994). However, in pathological 
myopia, true retinal thinning, such as myopic 
retinal schisis affecting the peripapillary RNFL 
thickness, may be present.

In addition to the changes of overall RNFL 
thickness, the peaks on the TSNIT RNFL thick-
ness plot are shifted temporally toward the fovea 
in myopes relative to the general population 
(Kang et al. 2010; Hong et al. 2010; Hwang et al. 
2012; Yamashita et al. 2014) (Fig. 2). Due to the 
more temporal shift of the RNFL peaks in myo-
pia, the temporal RNFL thickness may be ele-
vated, and the superior and inferior RNFL 
thicknesses may be reported as decreased (Wang 
et  al. 2011; Yamashita et  al. 2013). In other 
words, the thickness of RNFL bundles is normal, 
but with an abnormal topographic position. Hong 
et al. stated that RNFL peaks may deviate in nor-
mal individuals, leading to red disease artifacts, 
which have been associated with myopia and 
increased axial length (Hong et al. 2010). Hood 
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et  al. (2010) stated that the positions of RNFL 
peaks on TSNIT graphs are in the same regions 
as major retinal vessels. Careful examination of 
the RNFL TSNIT profile and major retinal ves-

sels, as combined with the optic nerve head 
parameters and macular scan results, is important 
for the recognition of these anomalies.
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Fig. 1 Inferior RNFL bundle of right eye showing split 
RNFL defect. On the TSNIT profile, the inferior vertex is 
split into two peaks separated by a valley (red arrow). The 

left eye shows a glaucomatous RNFL defect in the infero-
temporal area (blue arrow)
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3.3  Peripapillary Atrophy

Peripapillary atrophy, which frequently accom-
panies myopia, is another cause of OCT segmen-

tation error (Fig. 3). This is clinically important, 
because peripapillary atrophy is found commonly 
in glaucoma patients (Jonas et  al. 1989). 
Peripapillary atrophy occurs mostly with time- 

Fig. 2 Low values of RNFL thickness in nasal sectors on 
TSNIT profile of myopic patient due to temporal displace-
ment of RNFL peaks. This occurred because the peaks did 

not align with the expected positions in the TSNIT graphs 
based on the normative database
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domain OCT (TD-OCT), due to the inability of 
the segmentation software to accurately align and 
register the A scans along the retinal pigmented 
epithelial border, which adversely affects seg-
mentation of the retinal layers (Kim et al. 2012). 
Fortunately, with the advent of the newer 
SD-OCT, the inaccuracy of segmentation caused 
by peripapillary atrophy with TD-OCT is mark-
edly reduced. Also, along with the presence of 
peripapillary staphyloma, there can be localized 
RNFL thinning depending on the size of the 
lesion (Fig. 4).

3.4  Media Opacity

Media opacities (e.g., dry eye, corneal opacity, 
cataract, and vitreous opacity) are the most 
common cause of artifacts in elderly patients 
(Fig. 5). They reduce signal strength and com-
promise retinal layer segmentation (Cheung 
et  al. 2008; Vizzeri et  al. 2009). In healthy 
patients analyzed with Stratus OCT, a positive 
linear relationship between signal strength and 

mean RNFL thickness has been reported. It was 
found that for each unit of decrease in signal 
strength, the average RNFL thickness had a cor-
responding decrease of 2  mm (Vizzeri et  al. 
2009). Also, in the Cirrus platform, once the 
signal strength drops below a value of 7, the 
segmentation algorithm can sometimes fail and 
produce large regional errors in the derived 
RNFL thickness. Other OCT platforms have 
similar signal strength measurements.

The presence of vitreous opacities in the scan-
ning area can cause imaging artifacts, often lead-
ing to red disease and sometimes to green disease. 
It can also cause the device to incorrectly detect 
the disc center, resulting in scanning of the wrong 
area. Focal media opacities, such as posterior vit-
reous detachment and hemorrhage, can cause a 
focal loss of signal strength, giving a false appear-
ance of local areas of RNFL drop out that can 
lower the average RNFL thickness or artificially 
create segmental areas of thinning. Careful 
inspection of the RNFL thickness map, the devia-
tion map, and the TSNIT graph can help clini-
cians identify this type of artifact.

Fig. 3 Section seen to be passing through the area of 
peripapillary atrophy on careful examination of regions 
covered by peripapillary scanning ring (normally 3.46 mm 
in diameter). The segmentation error resulted from the 

passage of the scanning ring over an atrophic area in the 
temporal quadrant. The values on the TSNIT profile are 
zero in that area (red arrow)
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Fig. 4 Peripapillary staphyloma apparent in the left eye. 
The values on the TSNIT profile are zero in the region 
with segmentation error. The position of the Weiss ring in 
the right eye coincides with the RNFL calculation circle in 

the inferior quadrant in the right eye (black arrow). In 
cases where the Weiss ring blocks part of the calculation 
circle, it can affect the TSNIT graph and all of the pie 
charts
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Fig. 5 OCT scan with low signal strength and multiple 
artifacts for both eyes diagnosed with Avellino corneal 
dystrophy. Note that the signal strength is 5 on the right 

and 3 on the left. The interpreter needs to recognize this 
kind of artifact on the RNFL thickness map as an area of 
scanning failure or block
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3.4.1  Dry Eye and Cataract
Glaucoma, dry eye, and cataract frequently coex-
ist, due to their prevalence in aging populations 
(Congdon et  al. 2004; Weinreb et  al. 2014). In 
addition, ocular surface diseases such as dry eye 
syndrome are common in patients using topical 
ocular hypotensive drugs (Anwar et  al. 2013). 
OCT studies have shown that these diminish the 
scan quality index and decrease RNFL thickness 
measures (Stein et al. 2006; Mwanza et al. 2011; 
Bambo et  al. 2014). Patients are commonly 
instructed not to blink during camera alignment 
and scan acquisition; however, this may cause 
tear film evaporation and breakup, particularly in 
patients with preexisting ocular surface disor-
ders. Patients should be encouraged to blink a 
few times immediately before scan capture to 
ensure uniform tear film distribution and to pre-
serve adequate scan quality. This may also 
improve patient comfort, thus decreasing the 
likelihood of blink or motion artifacts during 
scan acquisition.

Cataracts are one of the most common causes 
of low-quality scans (Fig. 6). To obtain accept-
able image quality, fine adjustments of the cam-
era alignment may be attempted to purposely 
redirect the light beam through the areas of least 
opacity. Unfortunately, the detrimental effects of 
cataracts on OCT scan quality are difficult to 
overcome, unless cataract surgery is performed 
(Mwanza et  al. 2011; Savini et  al. 2006). 
Multifocal lenses may affect the quality of the 
OCT scan, leading to wavy horizontal artifacts 
(Inoue et  al. 2009). How these artifacts affect 
RNFL measurements remains to be seen, but 
nonetheless, it is an important factor to consider 
as increasing numbers of patients receive multi-
focal lens implants.

3.4.2  Weiss Ring
Floating vitreous opacities, most commonly such 
as Weiss rings, can manifest and disappear on dif-
ferent scans as their position changes with eye 
movements. As the Weiss ring moves in front of 
the retina, it blocks the OCT signal in different 
areas of the optic nerve head or retina on different 
scans (Fig. 4). It can cause red disease artifacts, 

even when not overlying the calculation circle. 
Additionally, it may cause green disease artifacts 
located over the optic nerve.

3.5  Vitreoretinal Interface Problems

A prominent vitreoretinal interface opacity can 
cause errors in the segmentation of RNFL thick-
ness. OCT algorithms attempt to identify the 
internal limiting membrane as the upper bound-
ary of the RNFL. Occasionally a prominent vitre-
ous opacity will be incorrectly identified as the 
internal limiting membrane, which will result in 
an artifactually thickened RNFL measurement.

3.5.1  Peripapillary Vitreoretinal 
Traction

Vitreoretinal traction can result in an artificially 
high increase of RNFL thickness and may lead 
thereby to green disease artifact. This situation 
can occur when posterior vitreous detachment is 
developing or be due to posterior hyaloid thick-
ening. Segmentation errors may also occur as the 
results of the presented average RNFL thickness 
values being much higher than expected (Figs. 7 
and 8). Unless details of the vitreous interface 
with the internal limiting membrane are visible, a 
potential area of artifact could easily be over-
looked. If the vitreous completely separates from 
the retina, RNFL thickness may decrease signifi-
cantly and reveal the actual extent of RNFL loss. 
Clinicians should be careful not to interpret the 
reduction of RNFL thickness upon release of vit-
reoretinal traction as structural glaucoma 
progression.

3.5.2  Epiretinal Membrane
Epiretinal membrane can also cause artificially 
high RNFL thickness measurements and result in 
green disease (Asrani et al. 2014). The software 
algorithm identifies the upper boundary of the 
epiretinal membrane as that of the upper edge of 
the RNFL or as the internal limiting membrane of 
the retina, leading to erroneous measurements 
(Figs. 8 and 9). It is easily visible with SD-OCT 
machines that show the details of the vitreous- 
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Fig. 6 (a) Very poor-quality Cirrus HD-OCT scan in a 
patient with bilateral cataract. Note the low signal strength 
values of 4 on the right eye and 3 on the left eye. The 
patient’s cataract prevented a good-quality scan, and the 
RNFL thickness map shows areas that were not scanned 
(black areas on the RNFL thickness map). The TSNIT 
profile, quadrant and clock-hour graphs also show mild 

thinning caused by poor image quality. (b) Cirrus 
HD-OCT of the same patient after bilateral cataract sur-
gery. Now the signal strength is 7  in both eyes, and the 
RNFL thickness maps are free of artifacts. The TSNIT 
profile, quadrant and clock-hour graphs show less damage 
after cataract removal

a
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internal limiting membrane interface. The pres-
ence of an epiretinal membrane in a macular 
thickness scan should alert the physician to the 
possibility of an artifact on the RNFL scan.

3.5.3  Peripapillary Retinoschisis
Peripapillary retinoschisis is characterized by 
splitting of the peripapillary RNFL.  It has been 
described in patients with different types of 

b

Fig. 6 (continued)
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Fig. 7 (a) Cirrus HD-OCT demonstrating vitreoretinal traction in the left eye. (b) Areas of vitreous RNFL adhesions 
lead to tractions and artificial thickening of RNFL on the RNFL thickness map (red arrows)

a
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 glaucoma, including primary open-angle glau-
coma, angle-closure glaucoma, and pseudoexfo-
liation glaucoma (Zhao and Li 2011; Hollander 
et  al. 2005; Kahook et  al. 2007; Örnek et  al. 
2013). Temporary increase in RNFL thickness 

measurements is found in eyes with peripapillary 
retinoschisis, and after resolution of the retinos-
chisis, RNFL thickness may decrease remarkably 
(Hwang et  al. 2014; Bayraktar et  al. 2016) 
(Fig. 10). If a clinician simply looks at the mea-

b

Fig. 7 (continued)
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Fig. 8 Spectralis OCT demonstrating vitreoretinal trac-
tion in the right eye and epiretinal membrane in the left 
eye. In the right eye, the areas of vitreous RNFL adhe-
sions lead to tractions and artificial thickening of the 

RNFL (red arrows). In the left eye, the software algorithm 
has misidentified the boundary of the epiretinal membrane 
as the upper edge of the RNFL, leading to an erroneously 
elevated RNFL measure in that region (blue arrow)

surement data without noticing the retinoschisis, 
such a decrease may be considered to be a rapid 
progression of glaucoma. Clinicians should 
examine thickness maps as well as horizontal 

B-scans in order to detect retinoschisis, so as not 
to overestimate RNFL thickness or misinterpret 
the resolution of retinoschisis as rapid structural 
progression.
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3.5.4  Edema of Retina
Edema of the retina can have a large effect on the 
signal strength of the layers under it and, thus 
too, on the accuracy of segmentation by 
OCT. Green disease may appear in the form of 
thinning in certain sectors in eyes with very high 
RNFL thickness values. In diabetic macular 
edema, RNFL thickness measurements may be 
high due to the retinal edema, despite the fact that 
the presence of glaucomatous damage and green 
classification in these sectors may obscure the 
glaucomatous damage (Fig.  11). Also, edema 
caused by uveitis or age-related macular degen-
eration may mask glaucomatous RNFL thinning, 
thus leading to green disease (Moore et al. 2015). 
In peripapillary retinoschisis, there is a tempo-
rary increase in RNFL thickness, the values 

returning to normal after its resolution (Bayraktar 
et al. 2016; Hwang et al. 2011).

3.6  Optic Nerve Head Pathologies

In addition to the aforementioned diseases, optic 
nerve head pathologies can make segmentation 
inaccurate in the RNFL thickness plot and optic 
nerve head. Failed segmentation can often be iden-
tified as an area of absolute loss in the Cirrus RNFL 
deviation map that does not follow the normal arcu-
ate pathway of the RNFL. Errors in segmentation 
can also be seen by examining the TSNIT RNFL 
thickness plot, which is available on most commer-
cially available OCT displays (Fig. 12). Also, the 
segmentation algorithm may report a disc area 

Fig. 9 (a) Cirrus HD-OCT demonstrating epiretinal 
membrane in the left eye. Multiple segmentation errors 
are present and the thickness of the RNFL in the temporal 
quadrant is increased. This was most likely caused by the 

traction forces on the retina. (b) Cirrus HD-OCT of the 
same patient after epiretinal membrane removal surgery. 
The RNFL thickness of the temporal quadrant is within 
normal range

a
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larger than its true size because the termination 
point of the Bruch’s membrane and its termination 
at the neural canal opening are inaccurately located 
more proximally (Chen and Kardon 2016). In the 
case of an oversized optic nerve head, the peripapil-
lary RNFL scanning ring will pass close to the disc 
margin, leading to inaccurate results (Bayer and 
Akman 2020). Errors in the determination of the 
border of the neural canal (disc area) will adversely 
affect the determination of the location and area of 
the rim as well as the cup-to-disc ratio.

In optic nerve head drusen, the cup area or vol-
ume is very small or at a value near zero despite a 
normal disc size. Also, neuroretinal rim thickness 
above the normal values is conspicuous. The pres-
ence of a myelinated nerve fiber layer can also 
lead to an increase in RNFL thickness that can 
lead in turn to overestimation of the number of 
axons in the corresponding location. Thickly 
myelinated nerve fibers can hide glaucomatous 

RNFL loss and may cause inaccurate segmenta-
tion and green disease. Again, in such cases, the 
peripapillary scan should be repeated with a larger 
ring diameter, or alternatively, macular and optic 
nerve head analyses should be performed.

In eyes with optic nerve head pathologies, it can 
be very difficult to isolate the glaucomatous dam-
age by structural or functional tests. Progression 
analysis can be beneficial if there is suspicion or 
diagnosis of glaucoma; however, it should be noted 
that optic nerve head pathologies such as optic disc 
drusen itself may also cause progressive RNFL and 
visual field losses in a manner similar to glaucoma 
(Savino et al. 1979; Roh et al. 1998).

3.7  Pupil Size

Small pupil size may potentially reduce the 
amount and quality of the signal detected by 

b

Fig. 9 (continued)
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Fig. 10 (a) Peripapillary retinoschisis observed in the 
right eye (white arrows). The RNFL thickness curve is 
well above the expected values in the location correspond-
ing to the region of retinoschisis. (b) Two years later, the 
extension of retinoschisis has become smaller (white dot-

ted arrows). A remarkable decrease in the RNFL thickness 
in the superior and temporal areas also can be seen (blue 
arrows). (c) Guided progression analysis map showing 
progressive RNFL loss that can be misinterpreted as struc-
tural progression of glaucoma

a

b
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Fig. 10 (continued)

Fig. 11 Cirrus HD-OCT showing a patient with diabetic 
retinopathy and macular edema. In the TSNIT profile, the 
thickness curve is seen to be above normal limits. The 
optic nerve head parameters are within normal range, pos-

sibly due to the adhesions between the vitreous and the 
optic disc. In the inferotemporal area with peripapillary 
vitreoretinal traction, note the segmentation error result-
ing in the RNFL thickness of zero
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Fig. 12 Morning glory syndrome in the right eye causing segmentation artifact. On the TSNIT profile, it is seen that 
RNFL thickness has a value near 0 in the nasal quadrant and 0 in the temporal quadrant
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Fig. 13 (a) Borderline-quality Cirrus HD-OCT scan with 
signal strength of 6 in the right eye and 5 in the left eye of 
a small-pupil patient. Small pupil may have reduced the 
amount and quality of the signal detected by the instru-

ment. (b) Cataract formation in both eyes of the same 
small-pupil patient. The coexisting cataract diminished 
the scan quality (signal strength, both eyes: 3) and 
decreased the RNFL thickness measures
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OCT (Fig.  13). Scans can be obtained in eyes 
with a pupil diameter greater than 2 mm. Recent 
studies have not found significant changes in 
RNFL thickness before and/or after dilation, 

which suggests that the effect of pupil size is 
insignificant (Massa et  al. 2010; Savini et  al. 
2010). However, pharmacological dilation may 
be necessary in selected cases of small pupil size.

b

Fig. 13 (continued)
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3.8  Motion Artifact

Motion artifact results from eye movements (e.g., 
horizontal saccades) during scan acquisition. 
Improvements in SD-OCT scanning speed and 
acquisition time have reduced the likelihood of 
motion artifact. However, for devices lacking an 
eye-tracking system or motion correction algo-
rithms, eye movements remain a potential prob-
lem. Careful interpretation of results, including 
retinal vessels, optic disc shape, and clock-hour 
RNFL thickness, is warranted in scans with 
motion artifacts passing through the optic disc 
(Taibbi et  al. 2014). Patients’ steady fixation is 
required to avoid motion artifacts. It may be 
noticed during scanning that the disc or macula is 
not well centered. In such cases, a clear explana-
tion of the scanning procedures and timely notifi-
cation to the patient of imminent image 
acquisition may be helpful. Rescans should be 
attempted, and if necessary, an external fixation 
point can be used.

3.9  Blink Artifact

Although image acquisition time is less than 2 s, 
blinking may yet occur during this time frame. 
The effects of blink artifact on OCT depend on its 
position within the scan area (Fig.  14). In the 
absence of an eye-tracking system, the acquisi-
tion process continues even in the presence of 
blinking. This leads to transient loss of data, 
which is proportional to the duration of a single 
blink. Blink artifacts can be prevented by allow-
ing the examinee to blink freely until the comple-
tion of the camera alignment process, followed 
by prompt notification of the imminent start of 
scan acquisition. In selected cases, artificial tears 
or other lubricants may be useful.

4  Instrument Factors

4.1  Poor Image Quality

A good-quality scan is essential for a reliable OCT 
result. All OCT devices use quality-control sys-

tems for assessing image quality. The “strength” 
of the light signal backscattered by the ocular 
structures, calculated as the signal-to- noise ratio, 
has been conventionally used as an objective mea-
sure of scan quality. Cirrus HD-OCT uses the “sig-
nal strength” parameter for this purpose and 
recommends a repeated scan if the signal strength 
is below 6. Spectralis OCT uses a quality score, or 
the “Q” coefficient, for the same purpose; values 
less than 20 require repetition of the test. Poor sig-
nal strength has been demonstrated as a major 
source of artifacts in previous studies as well and 
precludes the ability to detect change in the RNFL 
overtime (Vizzeri et al. 2009; Wu et al. 2007). Poor 
scanning quality can lead to inaccurate RNFL 
thickness measurements, specifically thinner-than-
actual values (Rao et al. 2014; Huang et al. 2011; 
Russell et al. 2014). Several ocular-related factors 
may play a role in OCT scan quality, as outlined 
above (Stein et  al. 2006; Mwanza et  al. 2011; 
Bambo et al. 2014; Savini et al. 2010). In addition, 
operator- dependent factors, such as improper OCT 
lens cleaning or poor image centration, may affect 
results.

4.2  Poor OCT Device Performance

As an OCT device gets older and undergoes 
heavy use, the power of the superluminescent- 
light- emitting diode decays over time, the optics 
become dirty, and images opaque. The result is 
poor-quality scans in almost all patients, espe-
cially those with early cataracts or dry eyes.

4.3  Inaccurate Optic Disc Margin 
Delineation

Adequate optic disc assessment relies on the abil-
ity of the automated algorithm to identify the ter-
mination of the Bruch’s membrane corresponding 
to the optic disc edge (Strouthidis et al. 2009a, b). 
Accurate delineation of the optic disc margin is 
incorporated in the optic disc center location. In 
eyes with peripapillary atrophy, the OCT signal 
reflectance alters due to retinal pigment epithe-
lium disruption and choriocapillaris atrophy 
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Fig. 14 (a) Blink artifact in the left eye. The blink pro-
duced a well-demarcated rectangular area of missing data 
and red superpixels spanning the entire width of the 

RNFL thickness map. (b) Rescan of the same patient. The 
RNFL thickness of the superior quadrant in the right eye 
as measured was within the normal range

a
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(Manjunath et  al. 2011), coupled with Bruch’s 
membrane changes (Curcio et  al. 2000). This 
possibly affects the identification of the optic disc 
margin (Fig. 15). Blinking or optic disc cup trun-
cation may also lead to unreliable optic disc 

parameters. Therefore, for each scan, careful 
inspection of the en-face image and the tomo-
grams intersecting the optic disc is necessary. 
Moreover, rescans should be attempted in order 
to obtain accurate optic disc margin outlining.

b

Fig. 14 (continued)
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4.4  Segmentation Errors

All OCT devices have segmentation algorithms or 
layer-seeking algorithms to enable analysis and 
measure a target retinal layer. Segmentation errors 

occur when the software is unable to determine 
the layers correctly. Several mechanisms may be 
responsible for inaccurate RNFL segmentation, 
such as OCT signal attenuation with decreased 
reflectance of the RNFL caused by media opaci-
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Fig. 15 Inaccurate optic disc margin delineation and seg-
mentation artifact in Cirrus HD-OCT imaging of RNFL in 
a patient with large peripapillary atrophy in the left eye. 
The inaccurate delineation of the disc resulted in the arti-

facts of RNFL thickness. The RNFL thickness was mea-
sured as zero with large areas of abnormal thickness 
flagged as red areas
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ties. The OCT signal may be interrupted by the 
effects of blinking or floaters, causing localized 
failure to identify the RNFL boundaries and 
decreased RNFL thickness measures. Moreover, 
truncation of the inner retinal layers may deter-
mine algorithm failure or obvious RNFL segmen-
tation errors. Finally, motion artifacts intersecting 
the scan circle may incur inaccurate RNFL seg-
mentation. In such cases, the RNFL or other reti-
nal layer being assessed is measured as thicker or, 
more commonly, thinner than it actually is. RNFL 
thickness could be measured as zero and flagged 
as a red area (Fig. 16). Very low measurement of 
RNFL thickness, usually thinner than 30 μm, is 
due mostly to segmentation or imaging error 
(Chan and Miller 2007; Groth et al. 2013).

5  Operator Factors

5.1  Registration Error of Age

Thickness measurements obtained from an OCT 
device are compared against age-matched controls 
in order to identify significant thinning or thicken-

ing. There is a natural attrition of the RNFL with 
aging (Budenz et al. 2007; Parikh et al. 2007). One 
study reported that the overall mean RNFL thick-
ness on OCT decreases by 0.365  mm for every 
year increase in age (Celebi and Mirza 2013). 
Therefore, not accounting for age effects can sig-
nificantly affect estimates of disease progression 
(Leung et al. 2013). Entering the incorrect date of 
birth could cause  abnormalities in the probability 
plots of thickness measurements that could lead to 
erroneous interpretation.

5.2  OCT Lens Opacities

Opacities of the OCT lens may occur from fin-
gerprints or the patient’s accidental contact with 
the lens. They can decrease image quality and 
directly affect RNFL thickness measures. On the 
final printout, they typically maintain an identical 
shape and occupy the same position on the en- 
face image over repeated testing. Periodic lens 
cleaning coupled with careful handling of the 
device by test operators and patients is necessary 
to prevent the occurrence of such artifacts.

Fig. 16 Segmentation artifact in Spectralis OCT imaging of RNFL in a patient with myopic tilted disc. An incorrectly 
segmented posterior RNFL led to an RNFL thickness measurement of zero at the nasal quadrant
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5.3  Incorrect Scan-Circle Placement

Incorrect RNFL scan-circle placement is easily 
identifiable on the final printout. Although most 

of these artifacts have been reported to be mild, 
moderate-to-severe displacement of the circle 
may result in erroneous RNFL values (Asrani 
et al. 2014; Cheung et al. 2008) (Fig. 17).

Fig. 17 (a) Incorrect RNFL circle resulting in artifacts of the RNFL thickness notwithstanding acceptable signal 
strength. (b) After replacing the RNFL circle, the RNFL thickness was within normal range

a
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5.4  Incorrect Axial Alignment of OCT 
Image

Improper axial alignment of the scan in the 
z-axis occurs when the ocular structures are only 

partially included within the acquisition frame, 
resulting in image truncation (i.e., all edges of 
the image were not within the acquisition win-
dow). The areas of absolute loss on the RNFL 
thickness plot result in erroneous mean measure-

b

Fig. 17 (continued)
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ments in the sector and in the global mean RNFL 
thickness values (Fig. 18). A clue to identifying 
such artifacts is the presence of RNFL values 
less than 30 μm or near zero. OCT image trunca-
tion commonly occurs in myopic eyes with a 
steep retinal curvature or in glaucomatous eyes 
with deep cupping, because the peripapillary 

RNFL may be difficult to capture on a single 
B-scan, due to the differences in height between 
the opposite sides of the circular RNFL scan. 
Other causes include improper distance between 
the eye and the device due to incorrect patient 
positioning and axial misalignment of the OCT 
scanning head.

Fig. 18 Truncation of RNFL data due to decentering on 
z-axis. This resulted in regional errors in the derived 
RNFL thickness, which can be seen as irregular black 

areas of absolute thinning on the RNFL thickness map. 
Both eyes are predisposed to this z-axis truncation because 
of the presence of steep retinal curvature in myopic eyes
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6  OCT Artifacts in GCIPL Analysis

6.1  Macular GCIPL

Various studies have reported the prevalence of 
errors of RNFL and macular scans. Li and associ-
ates (2020) reported that artifacts were more 
common on peripapillary RNFL scans (43.7%) 
than on macular scans (30.0%), and Liu et  al. 
(2015) reported a similar prevalence of RNFL 
artifacts (i.e., on 46.3% of scans). Asrani and 
associates (2014) reported that artifacts were 
more common on the macular scan (28.2%) than 
on the peripapillary RNFL scan (19.97%).

The commercially available segmentation 
algorithms are prone to segmentation failures of 
the GCIPL complex. Errors in segmentation 
occur in low-signal-strength scans, optic nerve 
edema, or in the cases of outer-retinal-layer struc-
tural abnormalities that affect segmentation of 
the inner retinal layers (Lee et al. 2010; Garvin 
et  al. 2008). One sign of inaccurate inner-layer 
segmentation is the appearance of a non- 
pathologic shape, such as a corner of abnormal 
thinning, on the thickness and probability maps. 
Errors often appear as segments of blue (thin-
ning) on the thickness map (Fig. 19). A GCIPL 
reading of less than 40  mm is also typically 
 indicative of areas of segmentation error. On the 
B-scan, the algorithm’s identification of the 
boundaries of the ganglion cell layer and inner 
plexiform layer often collapse together in the 

areas of artifact, thereby producing artifactual 
thinning.

Macular scan artifacts more commonly have 
been associated with dry eye or corneal opacities. 
The effect of corneal drying degrades many 
images including stereo disc photos (Stein et al. 
2006). Encouraging the patient to blink may help 
improve the signal strength and reduce artifacts.

6.2  Interindividual Variation 
of Retinal Ganglion Cell 
Thickness Within Macula

In the macula thickness profile of normal eyes, 
the perifoveal location is the most variable site 
due to a wide variation in the thickness profile 
of the inner retina immediately surrounding the 
fovea. Therefore, an abnormal probability map 
in the perifoveal location should be spotlighted 
carefully and correlated with the clinical exam 
and functional tests. It is important to ensure 
that the fovea is correctly identified and cen-
tered by the OCT analysis. Otherwise, this may 
lead to artifactual thickening and thinning dis-
played as abnormal. However, true atrophy of 
the GCIPL may also cause perifoveal thinning 
and enlargement of the foveal depression, 
which renders difficult the differentiation of 
focal pathological thinning from normal varia-
tion in the perifoveal location (Chen and 
Kardon 2016).
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Fig. 19 Artificially decreased GCIPL complex thickness 
due to errors in segmentation. This can be seen as a seg-
ment of blue “thinning” on the thickness map (red arrow). 

The minimum thickness of GCIPL thickness is less than 
40 mm in the left eye, which also is often an indication of 
segmentation error
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