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Pathogenesis of Glaucoma
Glaucoma is a chronic optic neuropathy characterised
by progressive loss of retinal ganglion cells (RGCs)1. Although
the exact pathogenesis of glaucoma is not fully understood,
two main theories have been proposed to explain the death of
RGCs in glaucoma2. The “mechanical theory” postulates RGC
death to be a consequence of raised intraocular pressure (IOP).
It proposes that increased IOP causes an obstruction to the
axoplasmic flow within the RGCs at the lamina cribrosa leading
to RGC death3. Multiple studies have reported IOP to be a major
causal factor for glaucoma, with the risk of incident glaucoma
and its progression increasing with higher IOP4-10. However, it is
well accepted that the mechanical theory alone, fails to explain
the entire pathogenic mechanism of glaucoma. This is because
glaucoma occurs and progresses even at normal IOP levels
in a significant number of eyes, and not all eyes with ocular
hypertension develop glaucoma. The “vascular theory”, the
alternate theory to explain glaucoma pathogenesis, proposes
reduced blood supply to the RGCs, as the primary cause of
glaucoma11-13.

Ocular blood supply: Anatomy and physiology

Ocular blood supply occurs predominantly through the
retinal and the choroidal circulations which are both derived
from the ophthalmic artery. The inner one-third of the retina
is supplied by the central retinal artery (retinal circulation)
while the outer two-thirds of the retina is supplied by branches
of the choroidal vessels (choroidal circulation). Similarly, the
superﬁcial layer of the optic nerve head (ONH) which comprises
of the RGC axons receives its blood supply via small branches
of the central retinal artery. The deeper tissues of the ONH,
such as the prelaminar region, are supplied by branches from
recurrent choroid arterioles and the short posterior ciliary
arteries14,15. The venous drainage of the entire ONH is via the
central retinal vein.
The physiology of ocular blood flow has been enumerated
in previous studies16,17. Retinal circulation is a low ﬂow, high
oxygen extraction system with no autonomic innervation. The
presence of endothelial tight junctions results in a blood–retinal
barrier, similar to the blood–brain barrier. Retinal circulation
has autoregulation so that the blood flow is held fairly constant
in spite of mild to moderate changes in the perfusion pressure
and IOP. In contrast, choroidal circulation is a high ﬂow, low
oxygen extraction system. Choroid has a rich autonomic
innervation and the endothelium of the choroidal vessels are
fenestrated. The choroidal circulation has poor autoregulation,
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which renders the choroidal blood ﬂow more dependent on
perfusion pressure.

Measuring ocular blood flow in humans

Retinal and ONH blood flow in glaucomatous eyes has
been investigated earlier using various techniques. Fluorescein
angiography (FA), a common technique used to evaluate retinal
vasculopathies, has been used to study ocular blood flow
in glaucoma. The studies using FA have reported prolonged
arteriovenous passage times18,19 fluorescein ﬁlling defects in the
disc20,21 focal sector hypoperfusion of the optic disc and diffuse
disc hypo-perfusion22 in patients with glaucoma. However, FA
is an invasive technique requiring the intravenous injection of
a dye, and the transient presence of the dye in the eye makes
quantification difficult.
Laser Doppler ﬂowmetry (LDF) and laser speckle
ﬂowgraphy (LSFG) are two other non-invasive techniques that
have been used to measure ONH perfusion. Multiple studies
with these two techniques have reported significantly reduced
neuroretinal rim (NRR) blood ﬂow and peripapillary retinal
blood ﬂow in patients with glaucoma compared to controls23-27.
However, measurements provided by LDF and LSFG are too
variable for diagnostic application. Coefficient of variation (CV)
for intra-visit repeatability with LDF has been reported to range
from 6.6% to 21.2% and for inter-visit reproducibility from
25.2% to 30.1%28-32. With LSFG, CVs for intra-visit repeatability
have been reported to range from 1.9% to 11.9%, and intervisit reproducibility was 12.8%33-35.
The search for a simple, non-invasive, reproducible method
of evaluating the ocular blood flow lead to the development of
optical coherence tomography (OCT) angiography.

OCT angiography

A number of techniques using OCT have been developed
for imaging the ocular blood flow. Doppler OCT was one of the
earliest techniques developed for vascular imaging. It assessed
blood flow by comparing phase differences between adjacent
A-scans36. Although Doppler OCT was appropriate for large
vessels around the disc, it was not sensitive enough to measure
accurately the low velocities in small vessels that make up the
ONH and retinal microcirculation.
The current OCT angiography (OCTA) technology is
capable of imaging large vessels as well as microvasculature of
the retina and ONH by performing multiple OCT scans of the
same region. The variation in OCT signal at each location is then
studied since moving particles, such as red blood cells, result in
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Figure 1: Angiography slabs of the macular scan obtained using spectral
domain optical coherence tomography showing the choriocapillaris
(a), deep retinal (b), outer retinal (c) and superficial retinal (d) slabs.

a high variance of the OCT signal between
scans and this is used to identify blood
vessels. There are several algorithms
which have been developed to interpret
the OCT signals to delineate the blood
vessels. The split spectrum amplitude
decorrelation angiography (SSADA)
uses the variation in the intensity of the
OCT signal to identify blood vessels. The
fluctuating value of OCT intensities is
considered as the decorrelation (D). Thus,
pixels in the B-scan frame where blood
is flowing have fluctuating intensities
and yield high D values (approaching
1). Pixels in the B-scan frames that
contain static tissue yield small D values
(approaching 0)37. The principles of
SSADA have been explained in detail by
Jia et al.38 The optical microangiography
(OMAG), another algorithm that performs
OCTA (Angioplex, Cirrus HD-OCT, Carl
Zeiss Meditec Inc., Dublin, CA), uses the
variation in intensity as well as the phase
difference of the OCT signals for vessel
delineation. In addition to tracing the
blood vessels, these algorithms also strive
to reduce motion artefacts and pulsatile
bulk motion noise.
Two other developments that
improved OCTA technology were the en
face presentation and motion correction.
En face presentation helps to reduce
the data complexity by presenting
angiography information in 2 dimensions.
Retina is segmented into different slabs,
such as choriocapillaris, outer and deep
retina and superficial retina, and vessels
in each of these slabs is presented in

Figure 2: Angiography slabs of the optic nerve head scan obtained
using spectral domain optical coherence tomography showing the
choroid (a), nerve head (b), radial peripapillary capillary, RPC (c) and
vitreous (d) slabs.

Figure 3: Figure showing the optic nerve head (a), peripapillary (b), and macular (c) optical
coherence tomography angiography images and the sectors where vessel densities are calculated.
The optic disc vessel density is calculated within the optic nerve head from the nerve head segment
of the en face angiogram, peripapillary vessel density over a 0.75 mm-wide elliptical annulus
extending from the optic disc boundary from the radial peripapillary capillary segment, and
superficial macular vessel density over a 1.5 mm-wide circular annulus centered on the macula.

2-dimensional format (Figure 1). ONH is
similarly segmented into choroid, nerve
head, radial peripapillary capillary and
vitreous slabs (Figure 2). As the time
required to obtain the scan with OCTA is
close to 3 seconds, involuntary saccades
and changes in fixation during data
acquisition can lead to motion artifacts
that may confound the interpretation
of the final OCT angiogram. “Motion
Correction Technology” (MCT) is an
orthogonal registration algorithm which
minimizes these motion artifacts39.
SSADA has been optimized for the
spectral-domain OCT (SDOCT) platform40.
This algorithm is currently available
on a commercial OCT device (RTVueXR SD-OCT, Optovue Inc., Fremont, CA)
making the OCTA technology available
to clinicians. This review focusses only
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on OCTA performed using the SSADA
algorithm.

Interpreting the OCTA printout of a normal eye

The current generation of OCTA can
scan the optic disc region and the macula.
The optic disc OCTA scan is performed
using volumetric scans covering an
area of 4.5 × 4.5 mm and the software
automatically fits an ellipse to the optic
disc margin. The region within this
margin is referred to as the “inside disc’
region (Figure 3a). The peripapillary
region is defined as a 0.75 mm-wide
elliptical annulus extending from the
optic disc boundary (Figure 3b). This
region may be divided in 6 sectors based
on the Garway-Heath map or into 8
peripapillary sectors similar to that of the
www. dos-times.org
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Figure 4: Peripapillary OCTA report of an eye showing normal optic disc (upper left) and normal
visual fields (lower left). The OCTA report shows dense radial peripapillary capillaries on the
angiography image (a) and heat map (f) with vessel densities in different sectors quantified in the
table (c).

Figure 5: Macular OCTA report showing the superficial retinal vessels of a normal eye. The OCTA
report shows dense capillaries on the angiography image (a) and heat map (f) with vessel densities
in different sectors quantified in the table (c).

RNFL maps (temporal-upper TU, superotemporal ST, supero-nasal SN, nasalupper NU, nasal-lower NL, infero-nasal IN,
infero-temporal IT and temporal-lower
TL). The optic disc scan can be divided
into several slabs for further analysis. The
most superficial “vitreous” slab is usually
used for assessing neovascularization
of the disc and is not used in glaucoma.
The “nerve head” layer extends from
the internal limiting membrane (ILM)
to 150 microns posterior and is used for
assessing the vasculature within the optic
disc. The “radial peripapillary capillary
(RPC)” layer extends from the ILM to
the posterior boundary of the RNFL and
is used for assessing the vascular supply
of the RNFL layer of the peripapillary
region. And the “choroidal slab” is used
to assess the deep retinal and choroidal
vasculature.
The macular OCTA scan is performed
using a volumetric scan covering a 3 x
76
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3 mm area (Figure 3c). More recently
6 x 6 mm scans of the macula are also
available. The macular region is divided
in the small central foveal area and a 1.5
mm wide parafoveal, circular annulus.
This parafoveal region is divided in
2 hemispheres of 180 degrees each
(superior and inferior). Additionally, it
may also be divided into 4 sectors of 90
degrees each (nasal, inferior, superior,
and temporal sectors). The macular
region is also divided into slabs for
further analysis. The superficial retinal
slab extends from 3 µm below the ILM
to 15 µm below the inner plexiform layer
(IPL). Deep retinal slab extends from 15
µm below IPL to 70 µm below the IPL.
Outer retinal slab extends from 70 µm
below the IPL to 30 µm below the retinal
pigment epithelium (RPE) and choroid
capillary slab extends from 30 µm below
the RPE to 60 µm below the RPE.
OCTA
quantifies
the
ocular

circulation using two parameters: flow
index and vessel density. Flow index is
defined as the average decorrelation
values in the measured area, and vessel
density, which is the most widely used
OCTA parameter, is defined as the
percentage area occupied by vessels
in the measured area. The threshold
decorrelation value used to separate
blood vessel and static tissue is set at
0.125, which is two standard deviations
above the mean decorrelation value in
the foveal avascular zone, a region devoid
of vessels. Quantification of vessel density
can be performed in the nerve head and
the RPC slab of the optic disc scan, but
not the choroidal slab. Similarly, vessel
densities can also be determined for
the superficial vascular plexus of the
macula scan. The current OCTA machines
do not contain a normative database
for comparison of the patient’s vessel
densities. Currently these comparisons
are made in research studies using
control eyes.
Figure 4 shows the peripapillary
OCTA report of a normal eye (showing
normal optic disc and visual field). The
OCTA report shows
(Figure 4a) angiography image
showing large vessels and a dense
network of capillaries in the RPC segment
(Figure 4b) En face image
(Figure 4d and e) B scan showing the
segmentation lines (for the RPC segment)
along with the blood vessels detected by
the SSADA algorithm
(Figure 4f) Heat map showing dense
network of vessels in the peripapillary
region; represented by warm colors such
as red and yellow
(Figure 4c) Table showing the vessel
density in the entire scan region and
various sectors
Figure 5 shows a macular OCTA
report of a normal eye showing the
superficial retinal vessels. Macular scan is
performed using a 3 mm x 3 mm scan. The
interpretation of the report is similar to
that of the peripapillary report described
earlier.
Interpreting the OCTA print-out of a
glaucomatous eye: A qualitative analysis
Figure 6 shows a glaucomatous
eye (mild severity of disease) with a
superior neuroretinal rim notch and
superotemporal RNFL defect (indicated
by arrows on the disc photograph) with
a correlating inferior hemifield defect on
the visual fields. OCTA shows reduced
vessel density in the superotemporal
region on the angiography and the heat
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Figure 6: Peripapillary OCTA report of a glaucomatous eyes with mild disease. Optic disc
photograph (a) shows superior neuroretinal rim notch and superotemporal RNFL defect (indicated
by arrows on the disc photograph) with a correlating inferior hemifield defect on the visual fields
(b). OCTA report shows reduced vessel density in the superotemporal region as indicated by the
arrows on the angiography (c) and heat map (h), along with a decrease in the vessel density in the
corresponding region on the table (e, red arrow).

Figure 7: Peripapillary OCTA report of a glaucomatous eyes with advanced disease. It shows
advanced disc damage (a), bi-arcuate visual field loss (b) and diffuse RNFL thinning (e). OCTA
report shows gross loss of capillaries on the angiography (b) and heat map (f), along with a
decrease in the vessel densities in all peripapillary OCTA sectors in the table (c).

Figure 8: Macular OCTA report of a glaucomatous eye which shows a superior hemifield defect (a)
and a corresponding inferior ganglion cell complex thinning (b). OCTA shows reduced superficial
macular vessel density in the inferior region better noted on the heat map (h) and quantified in
the table (e).

map, along with a decrease in the vessel
density in the corresponding sector.
Figure 7 shows an eye with advanced
glaucoma. OCTA shows gross loss of

capillaries on the angiography and heat
map, along with a decrease in the vessel
densities in all peripapillary sectors in the
Table.
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Figure 8 shows a glaucomatous
eye with superior hemifield defect and
a corresponding inferior ganglion cell
complex (GCC) thinning. OCTA shows
reduced superficial retinal vessel density
in the inferior macular region noted on
the heat map. Figure 9 shows the heat
map of macular OCTA scan of the same
eye performed with 6 mm x 6 mm scan.
Compared to the 3 mm x 3 mm scan, the
vessel dropouts are more obvious on the
6 mm x 6 mm scan.
A quantitative analysis of OCTA
changes in different subtypes of glaucoma
(i) POAG: All the initial studies
with OCTA were performed in eyes with
primary open angle glaucoma (POAG)
and showed reduced flow index and
vessel density inside the ONH and in
the peripapillary region of eyes with
POAG compared to controls41-43. Multiple
studies subsequently showed that the
OCTA vessel densities measured in the
macular regions were also reduced in
eyes with glaucoma compared to control
eyes44,45. Peripapillary vessel density
reduction was found to be significantly
greater than that inside the ONH and the
macular region in glaucomatous eyes.
(ii) Normal tension glaucoma:
Vascular theory of glaucoma is
considered to be more applicable in eyes
developing glaucomatous damage at low
IOP. A few studies compared the OCTA
measurements in low pressure glaucoma
(NTG) and high pressure glaucoma
(POAG). However, no difference in OCTA
measurements were seen between NTG
and severity-matched POAG eyes46.
(iii) Angle
closure
glaucoma:
OCTA measurements in primary angle
closure glaucoma (PACG) were found
to be similar to that in POAG when the
severity of disease was matched for47 Like
POAG (described below), OCT neuronal
(NRR, RNFL and GCC) measurements
had a better diagnostic ability compared
to OCTA vessel density measurements
(inside ONH, in peripapillary and macular
regions) in PACG48.
(iv) Pseudoexfoliation glaucoma: A
few studies have evaluated the superficial
retinal vasculature in the peripapillary
region of PXG eyes and have reported
that the reduction of vessel densities was
greater in PXG compared to POAG eyes of
similar disease severity49, 50.

OCTA changes in
perimetrically intact regions
of glaucomatous eyes

It is important to determine the
www. dos-times.org
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temporal relationship of vessel density
reduction on OCTA with respect to RNFL
thinning and visual field defects. This
would help us develop strategies to
detect the disease in the earliest stages. A
longitudinal study is required to address
this question. However, OCTA is a relatively
new technology and there are, currently,
no longitudinal studies addressing this
question. As an alternate approach,
studies have been performed in eyes
with established perimetric glaucoma,
whose visual field defects are limited to
one hemifield; and the vascular changes
in regions corresponding to the intact
hemifield have been examined. These
studies have found reduced peripapillary
vessel density and RNFL thickness in
the hemiretina corresponding to the
perimetrically intact hemifield compared
to that of healthy eyes51-53. One of these
studies also found that the temporal
sector of the perimetrically intact
hemifield (corresponding to the region
of papillomacular bundles) showed
reduced vessel density in the presence of
normal RNFL thickness. This suggested
that there may be regional variations in
the alterations of RNFL thickness and
vessel density measurements, and OCTA
changes may precede RNFL changes in
some sectors.

Comparing OCTA with OCT
measurements in diagnosing
glaucoma

A number of studies have compared
the diagnostic abilities of OCTA
measurements (vessel densities of the
inside disc, peripapillary and macular
regions) with corresponding OCT
measurements (ONH neuroretinal rim
area, RNFL and macular thickness) in
glaucoma.
A few studies comparing the
diagnostic abilities (area under the
receiver
operating
characteristic
curves [AUC] and sensitivities at high
specificities) of peripapillary vessel
densities and RNFL thickness in POAG
have found them to similar. Depending
on the severity of glaucoma patients
included in these studies, the AUCs of both
peripapillary vessel density and RNFL
thickness have ranged between 0.85 to
0.95. A few other studies have reported
a better diagnostic ability of RNFL
thickness compared to peripapillary
vessel density in POAG54. In spite of the
AUCs being similar, one study showed that
the sensitivity to detect glaucoma in early
stages of severity was better with RNFL
78
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Figure 9: Macular OCTA report of the eye shown in Figure 8 imaged using a 3 mm x 3 mm (a)
and a 6 mm x 6 mm scan (b). Compared to the 3 mm x 3 mm scan, the vessel dropouts are more
obvious on the 6 mm x 6 mm scan.

Figure 10: Choroidal OCTA slab of a glaucomatous eye showing the presence of choroidal
microvasculature dropout (CMvD) in the inferior region (a). Arrow points to the CMvD. Yellow
line marks out the boundary of the CMvD (b).

thickness compared to peripapillary
vessel density measurements. Diagnostic
abilities of vessel density measurements
inside ONH were found to be significantly
lesser than that of the OCT measured
NRR area. Similar to the peripapillary
measurements, diagnostic ability of
superficial retinal vessel density at
macula was found to be similar to that
of macular GCC thickness by one study55
while the same was found to be inferior to
GCC thickness by another study. However,
macular vessel densities in all these
studies were evaluated on 3 mm x 3 mm
scans, and a subsequent study showed that
evaluating the macular vessel densities
on 6 mm x 6 mm scans would be able to
better detect glaucomatous changes56. It
is still not clear if OCTA measured vessel
density changes occur before or after
OCT measured neuronal (NRR, RNFL and
GCC) changes in glaucoma. Longitudinal
studies in the future should be able to
clarify this.

OCTA of the peripapillary
choroid

Peripapillary choroidal circulation

is of particular interest in glaucoma as
it may be a surrogate marker for the
perfusion of the deep ONH structures.
Recently, choroidal microvasculature
dropout (CMvD, Figure 10), deﬁned as
the complete loss of choriocapillaris
in localized regions of parapapillary
atrophy (PPA), has been observed using
OCTA in POAG eyes57,58. CMvD has been
shown to be a true perfusion defect
using indocyanine green angiography59.
Studies have also reported a topographic
association between the location of CMvD
and structural defects (RNFL thinning
and lamina cribrosa defects) as well as
functional defects (visual field loss) in
POAG eyes60,61. CMvD is a relatively novel
finding in glaucoma and the clinical
implications of it are not fully known. It
has been argued that CMvD is likely to
precede glaucomatous ONH damage62.
A recent study reported an association
between CMvD and progressive RNFL
thinning in POAG eyes with DH63.
Longitudinal studies are required to
determine the clinical implication of
CMvD in glaucoma.

Rao H. et al. Optical Coherence Tomography Angiography in Glaucoma

Recent Trends and Advances
OCTA technology is able to evaluate
the superficial retinal vessels well but
not the deeper retinal and choroidal
vasculature. This is because the signals
from the superficial retinal vessels
project on to the deeper layers causing
artifacts known as the projection
artifacts. Detection of CMvD, for example,
is affected by the presence of projection
artifacts. Newer methods of projection
artifact correction have been tried and the
newer generations of OCTA (projection
resolved OCTA) are likely to evaluate the
deeper retinal and choroidal vasculature
better71.

Conclusions
Figure 11: Macular OCTA scan showing two types of artifacts; motion artifacts, recognized as
vertical bands temporally on the en face map (b) and duplication of vessels, recognized inferiorly
and nasally on the angiography map (a). These artifacts cause a decrease in vessel density in the
temporal sector and increase in vessel density in the nasal and inferior sectors (noted on the heat
map [f] and table [c]).

OCTA has the potential to be
useful in the diagnosis and monitoring of
glaucoma. However, the technology needs
to mature before it becomes a routine
part of the glaucoma work-up in our
clinics.
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