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Chapter 1
INTRODUCTION

Glaucoma is a chronic progressive optic neuropathy resulting from the apoptosis
of retinal ganglion cells (RGC).1 It is characterized by typical optic disc and retinal
nerve fiber layer (RNFL) changes with or without visual field (VF) changes. The
standard tests used to assess the amount of structural (optic disc and RNFL)
changes in current day clinical practice are optic disc photography (Figure 1,
upper panel) and optical coherence tomography (OCT, Figure 1, middle panel).
OCT also images the inner retinal layers at the macular region (nerve fiber layer,
ganglion cell layer and inner plexiform layer), together called the ganglion cell
complex (GCC), which is also shown to be affected in glaucoma.2 The standard
test used to assess the amount of functional (VF) loss is the standard automated
perimetry (SAP, Figure 1, lower panel). Intraocular pressure is the most important
risk factor for the development and progression of glaucoma.>8

Glaucoma is the leading cause of irreversible blindness in the world. A recent
systematic review and meta-analysis estimated that the number of people aged
between 40 and 80 years with glaucoma worldwide is 64.3 million, and that it
will increase to 76.0 million in 2020 and 111.8 million in 2040.° Another recent
meta-analysis reported that the number of people blind and visually impaired
due to glaucoma worldwide is 2.1 million and 4.2 million respectively.1? The
meta-analysis also reported that between 1990 and 2010, the number of people
blind and the number of people visually impaired due to glaucoma increased by
0.8 million or 62% and by 2.3 million or 83%, respectively.10

Pathogenesis of Glaucoma

Although the exact pathogenesis of glaucoma is not fully understood, two theories
have been proposed to explain the RGC apoptosis in glaucoma.! The “mechanical
theory” proposes RGC death to be a direct consequence of intraocular pressure
(IOP). It proposes that IOP causes a mechanical obstruction to the axoplasmic
flow in the axons of the RGC at the lamina cribrosa leading to RGC death.12
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Figure 1. Top panel shows the optic disc photographs of the right and left eye of a patient
with glaucoma with neuroretinal rim thinning and retinal nerve fiber layer (RNFL) defects in
superotemporal and inferotemporal regions of both eyes. Middle panel shows optical coherence
tomography (OCT) image with RNFL thinning correlating with the findings on the disc photographs.
OCT image also shows the ganglion cell complex thinning in both eyes. Lower panel shows the
standard automated perimetry printouts showing nasal defects in both right and left eyes.
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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 I0P.>-8:
13-16 However, it is well accepted that the mechanical theory alone fails to explain
the entire pathogenic mechanism of glaucoma because glaucoma occurs and
progresses even at normal IOP levels in a significant number of eyes and not all
eyes with high IOP develop glaucoma. The “vascular theory”, the second theory to
explain the pathogenic mechanism of glaucoma, proposes reduced blood supply
to the RGCs, either due to increased IOP or due to other (vascular) risk factors,
as the cause of glaucoma.17-1?

Ocular blood supply: Anatomy and physiology

Ocular blood supply occurs predominantly through the retinal and the choroidal
circulations. The anatomy and physiology of ocular blood flow has been
enumerated in previous studies.2% 21 In brief, retinal circulation is through central
retinal artery, which is a branch of the ophthalmic artery. 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. The choroid is supplied by the posterior ciliary arteries, which
are branches of the ophthalmic artery. Choroid has a rich autonomic innervation
and the endothelium of the choroidal vessels are fenestrated. The choroidal
circulation has poor autoregulation, which renders the choroidal blood flow more
dependent on perfusion pressure. The ONH blood supply also has been studied
in great detail.22 23 The superficial layer of the ONH receives its blood supply via
small branches of the central retinal artery. The prelaminar region is supplied
by branches from recurrent choroid arterioles and the short posterior ciliary
arteries.
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Measuring ocular blood flow in humans

Retinal and ONH blood flow in glaucoma eyes has been investigated earlier using
various techniques. Fluorescein angiography (FA), a common technique used to
evaluate vasculature in various retinal pathologies, has been used to investigate
ocular blood flow in glaucoma. And the studies with FA have reported prolonged
arteriovenous passage times,%% 25 fluorescein filling defects in the disc,2® 27
focal sector hypoperfusion of the optic disc and diffuse disc hypo-perfusion?®
in patients with glaucoma. However, FA is an invasive technique requiring the
intravenous injection of a dye and has difficulty in quantification.

Laser Doppler flowmetry (LDF) and laser speckleflowgraphy (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 blood flow and peripapillary retinal blood flow in patients with
glaucoma compared to controls.2?-33 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%.34-3% With LSFG,
CVs for intra-visit repeatability has been reported to range from 1.9% to 11.9%,
and inter-visit reproducibility was 12.8%.34 39-41

OCT angiography

A number of algorithms and/or techniques using OCT have been developed
for imaging the vasculature of the eye. Doppler OCT was one of the earliest
technique developed for vascular imaging. It assessed blood flow by comparing
phase differences between adjacent A-scans.*? 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.
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Of the several OCT-based techniques that have been developed to image
microvascular networks in human eyes in vivo, optical microangiography (OMAG)
was a technique that was able to resolve the fine vasculature in both retinal
and choroid layers.*3 OMAG worked by using a modified Hilbert transform to
separate the scattering signals from static and moving scatters.** However, the
high sensitivity of OMAG required precise removal of bulk-motion by resolving
the Doppler phase shift.*> Thus it was susceptible to artifacts from system or
biological phase instability.

Recently, OCT has been used to develop a non-invasive three-dimensional
angiography algorithm called split spectrum amplitude-decorrelation angiography
(SSADA) for imaging the ONH microcirculation.#® SSADA uses motion of the blood
column as a contrast to delineate blood vessels from static tissue. The principles
of SSADA has been explained in detail by Jia et al.?® The high axial resolution of
OCT makes it sensitive to the pulsatile bulk motion noise in the axial direction.
SSADA splits the raw full spectrum of OCT signal into multiple spectrums,
each with a narrow bandwidth to intentionally lower the axial resolution. This
minimizes the pulsatory bulk motion noise along the axial direction and optimizes
flow detection along the transverse direction. After the narrower spectra are
Fourier-transformed, low resolution OCT amplitude frames are used to calculate
decorrelation. Inter-B-scan decorrelation is determined at each of the narrower
spectral bands separately and then averaged. Recombining the decorrelation
images from the multiple narrow spectral bands yields high quality cross-sectional
angiograms that uses the full information in the entire OCT spectral range.*®

OCT angiography (OCTA) is performed using a set of 2 scans; one vertical priority
(X) and one horizontal priority (Y) raster volumetric scan. In the prototype setup,
which used a swept-source OCT platform, each B-scan both in the vertical and
horizontal direction was repeated 8 times at every position.#” The blood flow
resulted in fluctuation in the amplitude of OCT fringes as RBCs entered and exited
a particular voxel (which is portmanteau of “volume” and “pixel”). The fluctuating
values of OCT intensities was considered as the decorrelation (D). Hence the
eight B-scan frames contained fluctuating values of OCT output intensities at any
given voxel in the flow of blood, and the definition of D was constructed so that
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fluctuating intensities yielded high D values (approaching 1). Pixels in the B-scan
frames that contained static tissue and hence constant intensities yielded small
D values (approaching 0).47

In summary, therefore, D was a function of the flow velocity regardless of direction,
given the RBCs concentration was constant. The faster blood particles moved
across the laser beam, the higher D of the received signals within a velocity
range set by the scan parameters. In the other words, D was proportional to flow
velocity, but it could be saturated at the maximum detectable flow velocity, due
to a limit of time resolution for each scan parameters.#®

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 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 was set at 0.125, which was two standard
deviations above the mean decorrelation value in the foveal avascular zone, a
region devoid of vessels.

Two other technologies that helped OCTA possible were the en face presentation
and motion correction. En face presentation helps to reduce the data complexity
of the 3 dimensional scans and presents angiography information in 2 dimension.
Retina is segmented into different slabs, like choriocapillaris, deep retina, outer
retina and superficial retina, and vessels in each of these slabs are presented in
2 dimensional format (Figure 2). ONH is similarly segmented into choroid, nerve
head, radial peripapillary capillary and vitreous slabs (Figure 3). The angiograms are
generated by projecting the maximum decorrelation for each transverse position
within the segmented depth range, representing the fastest flowing vessel lumen
in the segmented tissue layers. 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 artifacts.*®
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Figure 2. Angiography slabs of the macular scan obtained using spectral domain optical coherence
tomography showing the choriocapillaris, deep retinal, outer retinal and superficial retinal layers.

Initial studies with OCTA, from the group that developed the technology,
demonstrated reduced flow index and vessel density in eyes with primary open
angle glaucoma (POAG) compared to control eyes.*7 42

Subsequently, SSADA was optimized for the spectral-domain OCT (SDOCT)
platform.>? Two sequential B-scans were performed at each location for flow
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Figure 3. Angiography slabs of the optic nerve head scan obtained using spectral domain optical
coherence tomography showing the choroid, nerve head, radial peripapillary capillary and vitreous
layers.

detection. The availability of SSADA on the SDOCT platform made the technology
commercially available for clinicians. Subsequently, the same group of researchers
who developed the technology also evaluated the peripapillary flow index and
vessel density on OCTA and found that both these parameters were significantly
reduced in patients with glaucoma as compared to control eyes.>! All these initial
studies however had small sample sizes.

10
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Aims and outline of the thesis

The aim of the thesis is to understand the clinical utility of OCTA in glaucoma.
If the new parameters measured on OCTA are able to diagnose glaucomatous
damage earlier than the standard methods (structural measurements like RNFL
and GCC thickness), this could lead to a paradigm shift in the way glaucoma
is diagnosed and monitored. This could also possibly change the way in which
treatment outcomes are evaluated. The chapters subsequently elaborate the
step-by-step approach we employed to explore the clinical utility of OCTA.

In Chapter 2, the intra-session repeatability of vessel density measurements of
OCTA is evaluated in normal eyes and eyes with glaucoma separately. Knowing
the test-retest variability is important to decide the change in vessel density
measurements that can be considered clinically significant.

In Chapter 3, the determinants of OCTA-measured peripapillary and macular vessel
densities of normal eyes are evaluated. This chapter highlights the eye-related,
subject-related and technology-related factors affecting the measurements of
vessel densities in normal eyes.

In Chapter 4, the diagnostic ability of the OCTA-measured vessel densities within
the ONH, in the peripapillary and macular regions is evaluated. Knowing the
diagnostic ability helps us to determine if subsequent evaluation of this new
technology is beneficial in glaucoma. Also, the effect of the covariates, such as
disease severity and baseline IOP (pre-treatment IOP) on the diagnostic abilities
of vessel densities are evaluated.

In Chapter 5, the diagnostic abilities of the OCTA-measured vessel densities within
the ONH, in the peripapillary and macular regions are compared with that of the
OCT-measured structural measurements in these regions, namely, neuroretinal
rim area, RNFL thickness and macular GCC thickness measurements.

In Chapter 6, the diagnostic abilities of OCTA-measured peripapillary vessel
density is compared in eyes with POAG and PACG. Also, the diagnostic abilities

11
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of peripapillary vessel densities are compared with RNFL thickness separately in
POAG and PACG.

In Chapter 7, a more detailed evaluation of the diagnostic abilities of OCTA-
measured vessel densities within the ONH and in the peripapillary and macular
regions in eyes with PACG is conducted. These diagnostic abilities are compared
against those of the rim area, RNFL thickness and GCC thickness measurements.
Also, the vessel densities in eyes with primary angle closure (eyes with a history
of high IOP but with normal optic disc and visual fields) are compared with control
eyes to evaluate the effect of high IOP on the vessel densities.

In Chapter 8, the structure-structure association between OCTA-measured
peripapillary vessel density and RNFL thickness, and structure-function association
between peripapillary vessel density and visual sensitivity loss on perimetry in
POAG eyes are determined.

In Chapter 9, the measurements of OCTA-derived vessel densities in POAG
eyes with disc hemorrhage are compared with that of severity-matched POAG
eyes without disc hemorrhage. This indirectly evaluates if there is a vascular
abnormality in POAG eyes that show disc hemorrhages.
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Repeatability of OCTA measurements

ABSTRACT

Aims: To compare the intra-session repeatability of peripapillary and macular
vessel density measurements of OCT angiography (OCTA) in normal and
glaucoma eyes, and to evaluate effect of signal strength of OCTA scans on the
repeatability.

Methods: In a cross-sectional study, 3 ONH scans each of 65 eyes (30 normal, 35
glaucoma eyes) and 3 macular scans each of 69 eyes (35 normal, 34 glaucoma
eyes) acquired in the same session with OCTA were analyzed. Repeatability was
assessed using within-subject coefficient of repeatability (CRw) and variation
(CVw). Effect of signal strength index (SSI) on repeatability was evaluated with
repeated measures mixed effects models.

Results: CRw (%) and CVw (%) of peripapillary measurements in normal eyes
ranged between 3.3 and 7.0, and 2.5 and 4.4 respectively and that in glaucoma
eyes between 3.5and 7.1, and 2.6 and 6.6. For the macular, these measurements
ranged between 4.1 and 6.0, and 3.3 and 4.7 in normal eyes and, 4.3 and 6.9,
and 3.7 and 5.6 in glaucoma eyes. Repeatability estimates of most measurements
were similar in normal and glaucoma eyes. Vessel densities of both peripapillary
and macular regions significantly increased with increase in SSI of repeat scans
(coefficients ranging from 0.15 to 0.38, p < 0.01 for all associations).

Conclusions: Repeatability estimates of OCTA measured peripapillary and macular
vessel densities were similar in normal eyes and eyes with glaucoma. SSI values
of the scans had a significant effect on the repeatability of OCTA with the vessel
density values increasing in scans with higher SSI values.
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Chapter 2
INTRODUCTION

Arelatively recent application of optical coherence tomography (OCT) has been the
development of a three-dimensional angiography algorithm called split spectrum
amplitude-decorrelation angiography (SSADA) for imaging the retinal and optic
nerve head (ONH) microcirculation non-invasively.! Multiple studies have used
OCT angiography (OCTA) to report the vascular changes in common retinal
pathologies such as diabetic retinopathy,? age related macular degeneration3: 4
and retinal vein occlusions.> OCTA has also been used to demonstrate reduced
ONH, peripapillary and macular vessel densities in patients with glaucoma.?-11

Although there are numerous studies on the use of OCTA in ocular pathologies,
repeatability of these vessel density measurements in different diseases, and
more importantly, the factors affecting the repeatability of measurements
have not been well studied. Initial studies which evaluated the repeatability of
OCTA measured vessel densities within the ONH found the repeatability to be
better than previous methods of assessing vascular parameters of the eye.68
Subsequent studies also evaluated the repeatability of OCTA measured vessel
densities in the peripapillary® 12 13 and the macular regions.13-1> However,
the repeatability estimates in these studies were performed predominantly in
normal subjects and on small samples. The purpose of the current study was
to compare the intra-session repeatability of peripapillary and macular vessel
density measurements of OCTA in normal and glaucoma eyes, and to evaluate
the effect of signal strength of the OCTA scans on the repeatability.

METHODS

This was a prospective, cross-sectional study conducted at Narayana Nethralaya,
a tertiary eye care center in Bengaluru, South India between February 2016 and
November 2016. The methodology adhered to the tenets of the Declaration of
Helsinki for research involving human subjects. Written informed consent was
obtained from all participants and the study was approved by the Institute’s
Ethics Committee.
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Participants of the study included control subjects, glaucoma suspects and glaucoma
patients. Control subjects were either hospital staff or subjects who consulted
for a routine eye examination or a refractive error. Control subjects had no family
history of glaucoma, IOP £21 mm Hg, normal anterior and posterior segments on
clinical examination by an ophthalmologist and non-glaucomatous optic discs, as
assessed by glaucoma experts on masked examination of stereoscopic optic disc
photographs. Glaucoma suspects either had an intraocular pressure >21 mmHg,
or suspicious ONH as assessed on optic disc photographs. Glaucoma patients
had glaucomatous changes on ONH examination (focal or diffuse neuroretinal
rim thinning, localized notching or retinal nerve fiber layer defects) as graded by
experts on stereoscopic optic disc photographs. All types of glaucoma patients
(primary or secondary, open or angle closure) were included. Inclusion criteria
for all participants were age 218 years, corrected distance visual acuity of 20/40
or better and refractive error within +5 D sphere and +3 D cylinder. Exclusion
criteria were presence of any media opacities that prevented good quality OCT
scans, or any retinal or neurological disease other than glaucoma, which could
confound the evaluation. All participants underwent a comprehensive ocular
examination, which included a detailed medical history, corrected distance visual
acuity measurement, slit-lamp biomicroscopy, Goldmann applanation tonometry,
gonioscopy, dilated fundus examination, stereoscopic disc photography, visual
field (VF) examination and OCTA imaging with RTVue-XR SD-OCT (Optovue Inc.,
Fremont, CA).

Stereoscopic optic disc photographs were obtained by trained technicians using a
digital fundus camera (Kowa nonmyd WX, Kowa Company, Ltd., Japan). Each optic
disc photograph was evaluated independently by two glaucoma experts (HLR and
NKP) in a masked manner to determine the presence of glaucomatous changes
(focal or diffuse neuroretinal rim thinning, localized notching or RNFL defects).
Discrepancy in the classification between the two experts was adjudicated by a
third glaucoma expert (ZSP). Optic discs that could not be classified as normal or
glaucomatous were classified as “disc suspects”.

VF examination was performed using a Humphrey Field analyzer Il, model 720i
(Zeiss Humphrey Systems, Dublin, CA), with the Swedish interactive threshold
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algorithm (SITA) standard 24-2 program. VFs were considered reliable if the
fixation losses were less than 20%, and the false positive and false negative
response rates were less than 15%.

OCTA imaging of the optic disc region and macula was performed using RTVue-
XR SD-OCT (AngioVue, v2016.1.0.26). Three scans each of the optic disc and the
macular region were performed in the same session by the same technician
in all these subjects. The procedure of OCTA imaging with RTVue-XR has been
detailed previously.11: 16 The optic disc scan covers an area of 4.5 x 4.5 mm
and the macular scan was performed using volumetric scans covering 3 x 3 mm.
The software compares the consecutive B-scans at the same location to detect
flow using motion contrast, thereby delineating blood vessels.! Vessel density is
defined as the percentage area occupied by the large vessels and microvasculature
in a particular region. Vessel densities are calculated over the entire scan area,
i.e., whole enface disc and whole enface macula, as well as defined areas within
each scan as described below.

In the optic disc scan, the software automatically fits an ellipse to the optic disc
margin. The peripapillary region is defined as a 0.75 mm-wide elliptical annulus
extending from the optic disc boundary and the average vessel density within
this region is calculated. The peripapillary vessel density was analyzed from the
“Radial Peripapillary Capillary (RPC) segment” which extends from the ILM to the
posterior boundary of the nerve fiber layer. The peripapillary region is divided into
6 sectors based on the Garway-Heath map and the vessel density in each sector
is calculated (nasal, inferonasal, inferotemporal, superotemporal, superonasal
and temporal sectors).1”

Macular vessel densities are analyzed over a 1.5 mm-wide parafoveal, circular
annulus centered on the macula. Macular vessel densities analyzed in this study
were of the superficial vascular plexus present in the inner layers of the retina
(extending from the ILM to the inner plexiform layer). The parafoveal region is
divided into 4 sectors of 90° each (temporal, superior, nasal and inferior sectors)
and vessel density in each sector is calculated. Image quality was assessed for
all OCTA scans. Poor quality images, which were defined as those with a signal
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strength index (SSl) less than 45 or images with motion artifacts and segmentation
errors were excluded from the analysis.

STATISTICAL ANALYSIS

Descriptive statistics included mean and standard deviation for normally
distributed variables and median and inter-quartile range (IQR) for non-normally
distributed variables.

Repeatability was assessed by intraclass correlation coefficient (ICC), within-
subject standard deviation (Sw), coefficient of repeatability (CRw) and within-
subject coefficient of variation (CVw). The Sw was calculated as the square
root of the within-subject mean square of error (the unbiased estimator of the
component of variance due to random error) in a mixed-effects model.1® |CC
was also calculated from the mixed-effects model.1® The CRw was calculated as
2.77 times Sw. The CVw (100 x Sw/overall mean) was calculated according to the
procedure described by Bland and Altman.20 Effect of SSI on the repeatability of
vessel density measurements was evaluated using linear mixed effects models
for repeated measures.2l Statistical analyses were performed using the Stata
version 13.1 (StataCorp, College Station, Tx) statistical software. A p value of <
0.05 was considered statistically significant.

RESULTS

One hundred and thirty-four eyes (60 normal, 31 glaucoma suspect and 43
glaucoma) of 80 subjects underwent three OCTA scans within the same session.
Glaucoma suspects and glaucoma patients were considered as a single group for
the analysis. Among these, 22 eyes had poor quality disc scans, 24 eyes had poor
guality macular scans and 41 eyes had poor quality disc and macular scans, either
in one or more of the three scans. These were excluded and the final analysis
consisted of three good quality optic disc scans of 65 eyes (30 normal and 35
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glaucoma eyes) and three good quality macular scans of 69 eyes (35 normal and
34 glaucoma eyes). These good quality disc and macular scans were from 42
eyes of 27 normal subjects and 45 eyes of 26 glaucoma patients. Table 1 shows
the demographic, clinical and visual field parameters of included subjects. Table
1 also shows the average values of the SSI and vessel densities from the three
scans. Most of the vessel densities were significantly lesser in the glaucoma group
compared to the control group.

Table 1. Clinical features, visual field parameters and vessel density measurements of the
participants. All values represent mean + standard deviation unless specified.

Control group Glaucoma group
(42 eyes, (45 eyes, P
27 subjects) 26 patients)
57.4 58.9
*
Age (vears) (39.2, 60.4) (55.3, 64.3) 0.23
Gender (male:female) 16:11 23:3 0.02
0.5 0.75
*
Sphere (D) ©,1) (0, 1.5) 0.09
-0.75 0
H *

Cylinder (D) (-1,0) (-0.75, 0) 0.04
Pseudophakia (n, %) 8 6 0.47
’ (19.1%) (13.3%)
0P at the scanning visit (mm Hg) 14.8+2.8 16.2+3.7 0.06
Hypertension (yes:no) 7:20 12:14 0.15
Diabetes mellitus (yes:no) 4:23 13:13 0.01

-2.4 -4.7
. "
Mean deviation (dB) (-3.7,-02) (-11.0,-2.6) <0.001
1.8 3.2
iati *
Pattern standard deviation (dB) (1.4, 2.6) (1.7, 9.0) <0.001
98 95
i 1 i o4)*
Visual field index (%) (97, 100) (72, 98) <0.001
OCTA parameters

SSI (Optic disc scan) 58.1+6.4 57.1+5.7 0.50

Whole enface vessel density 523431 193+5.4 0.01

(disc scan, %)

Average Peripapillary vessel density (%) 61.5+3.9 58.3+5.4 0.008
Nasal vessel density (%) 58.8+4.4 57.0+4.1 0.10
Inferonasal vessel density (%) 62.8+4.0 57.4+8.1 0.002
Inferotemporal vessel density (%) 65.0+4.3 56.4+12.4 0.001
Superotemporal vessel density (%) 65.8+4.7 61.5+9.3 0.03
Superonasal vessel density (%) 59.9+5.0 57.0+6.9 0.05
Temporal vessel density (%) 61.4+4.9 60.1+4.2 0.22
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SSI (Macula scan)

Whole enface vessel density (macula scan, %)

Parafoveal vessel density (%)

Temporal vessel density (%)

Superior vessel density (%)

Nasal vessel density (%)

Inferior vessel density (%)

62.9+4.9
46.4+39
48.7+4.2
48.5+4.2
49.1+4.2
483 +4.1
49.1+4.8

Repeatability of OCTA measurements

61.3+6.5
442 +4.8
46.4+5.0
46.0+5.2
47.2+5.2
46.7 £4.7
45.8+5.7

0.27
0.04
0.04
0.03
0.11
0.13
0.01

D: diopter; dB: decibel; IOP: intraocular pressure; SSl: signal strength index; *median and
interquartile range.

Table 2 shows the repeatability estimates of the peripapillary vessel density
measurements separately for normal and glaucoma eyes. ICC of the inferior
peripapillary measurements were greater in glaucoma compared to normal
eyes. Other repeatability estimates were similar in normal and glaucoma eyes,
except for the CVw of inferotemporal peripapillary sector which was significantly
greater (worse) in the glaucoma eyes. Repeatability estimates of the peripapillary
sectors were worse than that of the average and the whole enface vessel density
measurement.

Table 2. Repeatability estimates of peripapillary vessel density measurements. Figures in the
parenthesis represent 95% confidence limits.

Icc Sw (%) CRw (%) CVw (%)
Vessel density
Normal Glaucoma Normal Glaucoma Normal Glaucoma Normal Glaucoma
Whole enface disc 0.85 0.95 1.2 13 33 3.5 2.4 2.6
(0.75,0.92) (0.91,0.97) (1.0,15) (1.1,1.5) (2.8,3.9) (3.0,4.1) (1.8-2.9) (2.2-3.0)
peripaillar 0.86 0.93 15 15 4.1 4.1 25 2.6
papfilary (0.77,0.92) (0.87,096) (1.2,1.8) (13,18) (3.4,49) (3548 (183.0) (2.1-3.0)
Nasal 0.85 0.84 1.8 1.7 5.0 4.8 33 3.1
(0.74,0.91) (0.74,0.91) (1.5,2.2) (1.5,2.1) (4.2,6.0) (4.1,57) (2.4-40) (2.6-3.5)
0.71 0.93 2.4 2.2 6.6 6.0 4.0 4.1
Inferonasal
(0.55,0.83) (0.88,0.96) (2.0,2.9) (1.8,25) (5.5,7.9) (5.1,7.0) (3.0-4.8) (3.3-4.7)
Inferotemporal 0.75 0.96 2.3 2.6 6.5 7.1 3.7 6.6
P (0.59,0.85) (0.93,0.97) (2.0,2.8) (2.2,3.0) (54,7.7) (6.0,84) (2.4-46) (4.7-9.5)
Superotemporal 0.85 0.94 1.9 2.4 5.3 6.5 3.0 4.2
P P (0.75,0.92) (0.89,0.96) (1.6,2.3) (2.0,2.8) (4.4,63) (55,7.7) (2.3-3.6) (3.1-5.1)
Superonasal 0.78 0.87 2.5 2.6 7.0 7.1 4.4 4.6
P (0.64,0.87) (0.79,0.93) (2.1,3.0) (2.2,3.0) (5.8,84) (6.0,84) (2.65.6)  (3.6-5.5)
0.78 0.71 2.4 2.5 6.7 6.9 4.2 4.1
Temporal
(0.65,0.88) (0.56,0.83) (2.0,2.9) (2.1,29) (5.6,80) (5.9,8.0) (3.0-50)  (3.3-4.8)

ICC: intraclass correlation coefficient; Sw: within subject standard deviation; CRw: coefficient of
repeatability; CVw: coefficient of variation.
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Table 3 shows the repeatability estimates of the macular vessel density
measurements separately in normal and glaucoma eyes. Although the repeatability
estimates were slightly greater (worse) in the glaucoma eyes, the differences were
not statistically significant for any of the measurements. Like the peripapillary
measurements, repeatability estimates of sector measurements were worse than
the average parafoveal and whole enface vessel density measurements.

Table 3. Repeatability estimates of macular vessel density measurements. Figures in the parenthesis
represent 95% confidence limits.

Vessel IcC Sw (%) CRw (%) CVw (%)
density Normal Glaucoma Normal Glaucoma Normal Glaucoma Normal Glaucoma
Whole enface 0.87 0.90 1.5 1.6 4.1 4.3 33 3.7
macula (0.78,0.92) 0.83,0.94) (1.3,1.7) (1.3, 1.9) 3.5,4.8) (3.7,5.1) (2.3-4.1) (2.9-4.3)
0.87 0.87 1.6 1.8 4.4 5.1 3.4 4.1
Parafovea
(0.78,0.92) (0.79,0.93) (1.3,1.9) (1.6, 2.2) (3.7,5.1) (4.3, 6.0) (2.4-4.1) (3.1-4.9)
Temporal 0.81 0.86 1.9 2.0 53 5.7 4.2 4.6
P (0.70,0.89) (0.76,0.92) (1.6,2.3) (1.7, 2.4) (4.5, 6.3) (4.8,6.7) (3.0-5.2) (3.7-5.3)
Superior 0.84 0.85 1.8 2.1 4.9 5.9 3.7 4.7
P (0.74,0.91) (0.75,0.91) (1.5,2.1) (1.8, 2.5) (4.2,5.8) (5.0, 7.0) (2.8-4.5) (3.8-5.4)
Nasal 0.80 0.75 1.9 2.5 5.4 6.9 4.2 5.6
(0.69,0.88) (0.62,0.85) (1.6,2.3) (2.1, 3.0) (4.5, 6.3) (5.9, 8.2) (3.1-5.0) (3.2-7.3)
Inferior 0.82 0.86 2.2 2.2 6.0 6.1 4.7 5.0
(0.71,0.89) (0.77,0.92) (1.8,2.6) (1.9, 2.6) (5.1, 7.1) (5.2,7.2) (2.6-6.1) (4.0-5.8)

ICC: intra class correlation coefficient; Sw: within subject standard deviation; CRw: coefficient of
repeatability; CVw: coefficient of variation.

Table 4 shows the effect of SSI on the repeatability of vessel density measurements.
The significant positive coefficients associated with SSI indicated that the vessel
density significantly increased with an increase in the SSI values of the repeat
scans.

Table 4. Effect of signal strength index on the repeatability of vessel density measurements of the
peripapillary and macular regions.

Vessel density Coefficient (SE) 95% ClI P value
Whole enface disc 0.21 (0.03) 0.15-0.26 <0.001
Peripapillary 0.23 (0.03) 0.17-0.29 <0.001

Nasal 0.25 (0.04) 0.17-0.32 <0.001
Inferonasal 0.19 (0.05) 0.08-0.29 0.001
Inferotemporal 0.20 (0.06) 0.07-0.32 0.002
Superotemporal 0.15 (0.05) 0.05-0.25 0.004
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Superonasal 0.21 (0.06) 0.09-0.33 0.001
Temporal 0.35 (0.05) 0.26-0.45 <0.001
Whole enface macula 0.28 (0.04) 0.20-0.35 <0.001
Parafovea 0.31(0.04) 0.23-0.39 <0.001
Temporal 0.30 (0.05) 0.20-0.39 <0.001
Superior 0.29 (0.05) 0.20-0.39 <0.001
Nasal 0.38 (0.05) 0.29-0.47 <0.001
Inferior 0.36 (0.05) 0.26-0.46 <0.001

SE: standard error; Cl: confidence interval.

DISCUSSION

The present study evaluated the repeatability of OCTA-measured peripapillary
and macular vessel densities and found that the repeatability estimates
were similar in normal and glaucoma eyes. Few studies have evaluated the
repeatability of OCTA measured vessel densities in the peripapillary® 1213 and
the macular regions.13-1> However, the repeatability estimates in these studies
were performed predominantly in normal subjects and on small samples. CVw
was the only repeatability parameter estimated in these studies and, in most
of the studies, repeatability was estimated only for the average vessel density
measurements and not for sectors.

Wang et al evaluated the repeatability of average peripapillary vessel density in 15
normal eyes and reported a CVw of 1.21%.13 Liu et al evaluated the repeatability
of average peripapillary vessel density in 12 normal eyes and 12 glaucoma eyes
and reported a CVw of 1.9% and 4% respectively.? Unlike the previous studies
which evaluated only the average peripapillary measurement, Hollo evaluated
the repeatability of vessel density measurements of various peripapillary sectors
in 18 glaucoma eyes (8 glaucoma and 10 ocular hypertensive eyes) and found
that the CVw ranged from 3.51% (temporal sector measurement) to 5.12%
(superotemporal sector measurement).12 Summarizing the results from the
previous studies, it seemed that the CVw of peripapillary vessel density was better
in normal compared to the glaucoma eyes, and the repeatability varied across
different peripapillary sectors. However, in the current study, we found that the
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repeatability of peripapillary vessel densities were statistically similar in normal
and glaucoma eyes, except for the CVw of inferotemporal sector measurement
which was significantly worse in the glaucoma eyes. One possible reason for
similar repeatability estimates in normal and glaucoma eyes in our study is that
the severity of disease was mild in most of the glaucoma eyes and suspect eyes,
which had normal VF, were also included in the glaucoma group. Similar to the
findings of the study by Hollo,12 we too found that the repeatability varied across
different peripapillary sectors.

Yu et al evaluated the agreement (instead of repeatability) between two repeated
measurements of average parafoveal vessel density in 15 normal eyes and
reported that the 95% limits of agreement ranged between -8% and 11%.14
Agemy et al evaluated the repeatability of average parafoveal vessel density in
the superficial retinal, deep retinal and choroidal layers of 5 normal eyes and
reported a CVw ranging from 0.1% to 6.8%; without reporting the CVw of different
layers separately.}> Wang et al evaluated the repeatability of average parafoveal
vessel density in 15 normal eyes and reported a CVw of 4.55%.13 This is similar to
the CVw values found in normal eyes of our study. There are, however, no reports
on the repeatability of macular vessel densities in eyes with glaucoma.

In addition to CVw, we also evaluated CRw as an estimate of repeatability.
Unlike CVw, CRw has greater relevance for clinicians as it represents the test-
retest variability of the measurements.1® CRw values of the most important
peripapillary sectors (inferotemporal and superotemporal) were close to 7%.
CRw of the parafoveal vessel densities also ranged between 4% and 7%. This
would mean that any change in the peripapillary and parafoveal vessel density
of less than 7% would fall within the test-retest variability and would be clinically
insignificant. This has to be considered while interpreting any change in vessel
densities longitudinally.

We evaluated the effect of SSI of the OCTA scans on the repeatability of vessel
densities and found a significant positive association between the two. The vessel
densities both in peripapillary and macular regions significantly increased with
an increase in the SSI values of repeat scans. The coefficients ranged from 0.15
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to 0.38 for peripapillary vessel densities which meant that the vessel densities
increased by 1.5% to 3.8% if the SSI value of the repeat scan increased by 10
units. The coefficients were larger for the association between SSI and macular
vessel densities and ranged from 0.28 to 0.38. Variability in SSI values of the
repeat scans is likely to explain a significant part of the repeatability estimates
seen in the present and previous studies. Therefore, SSI has to be considered
while interpreting the changes in vessel density longitudinally.

There are some limitations of the OCTA technology which need to be considered
while interpreting the results. A significant number of OCTA scans were excluded
because of poor quality, which was either due to low SSI or residual motion
artifacts. Some of the previous studies have also reported high numbers of
poor quality images with OCTA.12: 22, 23 Rea| time tracking is used in the current
versions of the OCTA technology to reduce artifacts.2* The OCTA algorithm, in
its current form, includes large vessels along with capillaries in its estimation of
vessel density. It is possible that the repeatability estimates are different for the
measurement of large vessels compared to that of the capillaries. The peripapillary
vessel densities can also be affected by parapapillary atrophy (PPA).2> We did not
record the presence of PPA or its extent in our subjects. However, the number of
eyes with PPA in our study is unlikely to be significant as we had excluded high
myopic subjects. Also, our results apply to OCTA imaging performed with RTVue
and caution should be exercised while extrapolating the results to OCTA devices
which use different platforms and algorithms for imaging blood vessels.

In conclusion, repeatability estimates of OCTA measured peripapillary and
macular vessel densities were similar in normal and glaucomatous eyes. Changes
in the peripapillary and parafoveal vessel density of less than 7% fall within the
test-retest variability of the OCTA vessel density measurements and are therefore
likely to be clinically insignificant. SSI values of the scans had a significant effect on
the repeatability of OCTA measurements with the vessel density values increasing
in scans with higher SSI values.
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Determinants of OCTA in normal eyes

ABSTRACT

Purpose: To evaluate the effect of subject-related (age, gender, systemic
hypertension and diabetes), eye-related (refractive error, optic disc size) and
technology-related (signal strength index, SSI of the scans) determinants on the
peripapillary and macular vessel densities measured with optical coherence
tomography angiography (OCTA) in normal eyes.

Methods: In a cross-sectional study, 181 normal eyes of 107 subjects (45 men,
62 women, median age: 50 years, range: 18-77 years) underwent OCTA imaging.
Linear mixed models were used to analyze the effect of the determinants on the
peripapillary and macular vessel densities of OCTA.

Results: Age and optic disc size did not affect the vessel densities of any of the
regions (p>0.05 for all associations). En face optic disc (coefficient: 1.67, p<0.001)
and most of the peripapillary vessel densities were higher in females. En face
disc (coefficient=-1.88, p=0.02) and most of the peripapillary vessel densities
were lower, while the parafoveal vessel density was higher, (coefficient=2.32,
p=0.01) in subjects with hypertension. Most of the vessel densities were lower
in subjects with diabetes. SSI showed a statistically significant association with
the vessel densities of all regions (coefficients: 0.14 to 0.27 for peripapillary and
0.20 to 0.27 for macular sectors).

Conclusions: Most of the peripapillary vessel densities were higher in females.
Hypertension and diabetes also affected the vessel densities. Vessel densities in
all the regions were significantly higher in scans with higher SSI. These results
should be considered while interpreting the vessel densities in retinal diseases
and glaucoma.

32



Chapter 3
INTRODUCTION

A recent application of optical coherence tomography (OCT) has been the
development of a three-dimensional angiography algorithm called split spectrum
amplitude-decorrelation angiography (SSADA) for imaging the retinal and optic
nerve head (ONH) microcirculation non-invasively.l Multiple studies have used OCT
angiography (OCTA) to report the vascular changes in common retinal pathologies
such as diabetic retinopathy,? age related macular degeneration3 4 and retinal
vein occlusions.> OCTA has also been used to demonstrate reduced ONH and
peripapillary vessel densities in patients with glaucoma.®12 Additionally, several
studies have reported good intra- and inter-visit repeatability of the vascular
measurements of OCTA.®"2 13-15 Although there are numerous studies on the
use of OCTA in ocular pathologies, literature on the determinants of retinal and
ONH perfusion measurements provided by OCTA in normal subjects is sparse. Yu
et al evaluated the effect of age and gender on the vessel density measurements
of OCTA at the macula in healthy Chinese subjects and found that the parafoveal
vessel density decreased significantly with increasing age and the decrease was
greater in males as compared to females.1? In contrast, another study found no
effect of age on the parafoveal vessel density measurements in healthy Indian
subjects.1® Wang et al. evaluated the effect of myopia on the peripapillary and
parafoveal OCTA measurements and found a significant reduction of vessel
density and blood flow index in the peripapillary but not the parafoveal region
of high myopia eyes compared to emmetropic eyes.1> These previous studies
were restricted to evaluating the effect of age, gender and refractive error on
the OCTA measurements. The purpose of the current study was to evaluate the
effect of subject-related (age, gender, presence of systemic hypertension and
diabetes), eye-related (refractive error, optic disc size) and technology-related
(signal strength of the scans) factors on the ONH, peripapillary and macular vessel
densities measured with OCTA in normal subjects.

33



Determinants of OCTA in normal eyes

METHODS

This was a prospective, cross-sectional study conducted at Narayana Nethralaya,
a tertiary eye care center in Bengaluru, South India between September 2015
and March 2016. The methodology adhered to the tenets of the Declaration of
Helsinki for research involving human subjects. Written informed consent was
obtained from all participants and the study was approved by the Institute’s
Ethics Committee.

Participants of the study included normal subjects, who were either hospital
staff or subjects who consulted for a routine eye examination or a refractive
error. These subjects had no family history of glaucoma, IOP<21 mm Hg, open
angles on gonioscopy, and normal anterior and posterior segment in the included
eye as determined by an ophthalmologist. The other inclusion criteria were age
>18 years, corrected distance visual acuity of 20/40 or better and refractive
error within 5 D sphere and +3 D cylinder. Eyes with suspicious findings of
glaucoma (cup to disc ratio asymmetry between the two eyes, adjusted for the
disc size, of greater than 0.2, cup to disc ratio greater than 0.7, neuroretinal rim
narrowing, notching or retinal nerve fiber layer defects) were excluded. Eyes
with media opacities that prevented good quality OCT scans, and any retinal
or neurological disease were excluded. Eyes with a past history of trauma or
inflammation were also excluded. All participants underwent a comprehensive
ocular examination, which included a detailed medical history (including a self-
reported history of diabetes and systemic hypertension), corrected distance visual
acuity measurement, slit-lamp biomicroscopy, Goldmann applanation tonometry,
gonioscopy, dilated fundus examination and OCTA imaging with RTVue-XR SD-OCT
(Optovue Inc., Fremont, CA).

OCTA imaging of the optic nerve head (ONH) and macula was performed using
RTVue-XR SD-OCT (AngioVue, v2015.100.0.33). Details of the imaging procedure
has been described previously.12 In brief, RTVue-XR uses an 840 nm diode laser
source, with an A-scan rate of 70 kHz per second. Optic disc and macular imaging
is performed using a set of 2 scans; one vertical priority and one horizontal
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priority raster volumetric scan. The optic disc scan covers an area of 4.5 x 4.5
mm (Figure 1a) and the macular scan (Figure 1c) was performed using volumetric
scans covering 3 x 3 mm. An orthogonal registration algorithm is used to produce
merged 3-dimensional OCT angiograms.1” The SSADA algorithm compares the
consecutive B-scans at the same location to detect flow using motion contrast.!
Vessel densities are calculated over the entire scan area, i.e., whole en face disc
and whole en face macula. Vessel density is defined as the percentage area
occupied by the large vessels and microvasculature in a particular region. In
addition to the whole scan analysis, the software calculates vessel densities
in various layers of the retina and the ONH, and each scan region is further
divided into sectors as described below. An en face angiogram of the ONH and
peripapillary circulation is obtained by the maximum flow (decorrelation value)
projection from the inner limiting membrane (ILM) to retinal pigment epithelium
(RPE). The software automatically fits an ellipse to the optic disc margin and
defines the peripapillary region as a 0.75 mm-wide elliptical annulus extending
from the optic disc boundary (Figure 1b). The peripapillary vessels were analyzed
in superficial retinal layers from the Radial Peripapillary Capillary (RPC) segment.
RPC segment extends from the ILM to the nerve fiber layer. The peripapillary
region was divided into 6 sectors based on the Garway-Heath map (Figure 1b)
and vessel densities for the entire peripapillary area (average) and each sector
were determined.1® Macular vessel densities analyzed in this study included the
superficial vascular plexus present in the inner layers of the retina (extending
from the internal limiting membrane to the inner plexiform layer). Macular vessel
densities were analyzed over a 1.5 mm-wide parafoveal, circular annulus centered
on the macula (Figure 1d). The parafoveal region was also divided into 4 sectors
of 90° each (nasal, inferior, superior and temporal sectors). Image quality was
assessed for all OCTA scans. Poor quality images, defined as scans with a signal
strength index (SSI) less than 35 or images with residual motion artifacts were
excluded from the analysis.
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Figure 1. Figure showing the (a) en face and (b) optical coherence tomography angiography image
of the peripapillary and (c) en face and (d) optical coherence tomography angiography images of
the macular region and the sectors where vessel densities are calculated. The whole en face disc
and macular vessel density are calculated over entire scan area. The peripapillary vessel density is
calculated over a 0.75 mm-wide elliptical annulus extending from the optic disc boundary from the
radial peripapillary capillary segment and the superficial macular vessel density over a 1.5 mm-wide
circular annulus centered on the macula.

A subset of the subjects also underwent optic disc area measurement on RTVue-
XR SD-OCT using the traditional ONH scan. The ONH scan consists of 12 radial
scans 3.4 mm in length and 6 concentric ring scans ranging from 2.5 to 4.0 mm
in diameter all centered on the optic disc. RPE tips are automatically detected by
the software and are joined to delineate the optic disc margin for calculation of
the disc area. Position of the RPE tips were corrected manually by the operator
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if the automated detection was found to be inaccurate. All the examinations for
a particular subject were performed on the same day.

STATISTICAL ANALYSIS

Descriptive statistics included mean and standard deviation for normally distributed
variables, and median and interquartile range (IQR) for non-normally distributed
variables. Linear mixed models were fit to assess the effects of age, gender, mean
refractive spherical equivalent (MRSE), optic disc area, hypertension, diabetes
mellitus and SSI on the peripapillary and macular vessel densities measured
by OCTA. Linear mixed model is a parametric linear model which quantifies
the relationship between a continuous dependent variable and one or more
independent (determinant) variables, specifically used with clustered, longitudinal
or repeated measures data.1? It can include fixed and random effect-parameters,
accounting for the correlation among random effect-parameters. While the fixed
effect-parameters describe the relationship between the independent and the
dependent variable for the entire cohort, random effect-parameters describe
the relationship specifically for the clusters within the cohort. Vessel density
parameters were considered as dependent variables and age, gender, MRSE,
optic disc area, presence of hypertension and diabetes, and SSI were considered
as determinant variables. Collinearity among the determinant variables was
assessed using correlation analysis and variables with a correlation coefficient
(r) of 20.50 were considered to be strongly correlated with each other. All other
assumptions for linear mixed modeling analysis were checked for before fitting
the models. All determinant variables were treated as fixed effect-parameters
and the subject was treated as a random effect-parameter in the mixed models.
As the optic disc area measurements were available only in a few subjects, two
separate models were built for each dependent variable, one excluding the disc
area and one including the disc area as a determinant. Coefficient associated
with disc area was derived from the multivariate model that contained it as
a determinant variable while the coefficients associated with the rest of the
determinant variables were derived from the model that excluded disc area (to
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provide the benefit of the larger sample size). Statistical analyses were performed
using commercial software (Stata ver. 13.1; StataCorp, College Station, TX). A p
value of <0.05 was considered statically significant.

RESULTS

One hundred and eighty-seven eyes of 108 subjects underwent OCTA imaging
with SD-OCT. Among these, 10 eyes with a poor quality disc scan, 24 eyes with
a poor quality macular scan and 6 eyes with both poor quality disc and macular
scans were excluded. Final analysis included 171 optic disc scans (104 subjects)
and 157 macular scans (100 subjects) from 181 eyes of 107 subjects. Table 1 shows
the demographic, clinical and vessel density parameters of included subjects. Of
the 16 subjects with hypertension, 7 also had diabetes. Ten eyes, which were
pseudophakic were excluded from MRSE analysis. Peripapillary vessel density
was greatest in the inferotemporal and the superotemporal quadrants. Parafoveal
vessel densities were greater in the inferior and the superior quadrants compared
to the nasal quadrant.

Table 1. Clinical and optical coherence tomography angiography characteristics of the
participants.

Median Range
(Interquartile range)

Age (years) 50 (38, 58) 18-77
Gender (male:female) 45:62
Sphere (D) 0(0, 0.75) -4.0to +3.0
Cylinder (D) -0.5(-0.75, 0) -3.0to 0
MRSE (D) 0(-0.38,0.38) -4.0to0 2.75
Hypertension (n, %) 16 (15.0%)
Diabetes mellitus (n, %) 16 (15.0%)
Optic disc area (mm?2, n=76) 2.3(2.0,2.6) 1.5t03.6
Intraocular pressure (mm Hg) 14 10to 20
SSI (optic disc scan) 57 (51, 65) 35t0 76
Whole en face vessel density (disc scan) 54.8 (52.5,57.1) 45.7 t0 61.0
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Average Peripapillary vessel density (%) 62.7 (60.4, 65.2) 52.7to71.6
Nasal vessel density (%) 61.1(57.7,63.4) 46.9 to 68.1
Inferonasal vessel density (%) 63.7 (61.0, 67.2) 49.2t073.8
Inferotemporal vessel density (%) 66.8 (63.8, 69.6) 49.5t0 74.7
Superotemporal vessel density (%) 66.8 (64.0, 69.4) 51.3t076.4
Superonasal vessel density (%) 62.6 (58.1, 65.9) 45.5t073.2
Temporal vessel density (%) 61.9 (58.6, 64.8) 45.7t0 75.7

SSI (Macula scan) 65 (61, 69) 45to 77

Whole en face vessel density (macula scan) 48.9 (46.3, 50.7) 40.0 to 56.2

Foveal vessel density (%) 26.2 (22.5, 28.9) 14.6t0 37.1

Parafoveal vessel density (%) 50.4 (47.9,52.9) 41.7 to 58.4
Nasal vessel density (%) 48.9 (46.9, 51.4) 38.7t0 57.6
Inferior vessel density (%) 51.5(48.2,54.1) 40.2 to 59.5
Superior vessel density (%) 51.5 (48.7, 54.0) 38.4 to 59.5
Temporal vessel density (%) 50.0 (47.5,52.2) 40.3 to 58.3

MRSE: mean refractive spherical equivalent; SSI: signal strength index.

We evaluated the correlations between the determinant variables. Males were
statistically significantly older than females (r=0.19, p=0.01). Subjects with
hypertension (r=0.42, p<0.001) and diabetes (r=0.35, p<0.001) were significantly
older than those without hypertension and diabetes. Disc size was larger in
younger subjects (r=-0.47, p<0.001). SSI of both the optic disc (r=-0.24, p=0.002)
and the macular (r=-0.36, p<0.001) scan were lower in older subjects. SSI of
the macular scan was lower in subjects with hypertension (r=-0.19, p=0.02) and
diabetes (r=-0.23, p=0.003). As none of the determinant variables showed strong
correlations with each other (r>0.50), all these variables were introduced into
the multivariate linear mixed models.

Table 2 shows the effect of the determinant variables on the vessel densities of
the en face ONH scan and the peripapillary sectors. The vessel density of the
disc scan was significantly greater in women, in scans with higher SSI and was
significantly lesser in eyes of subjects with hypertension. The average and most of
the sector-wise peripapillary vessel densities were greater in females compared
to males. Peripapillary vessel densities were lower in subjects with hypertension
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and diabetes. However, this association was statistically significant only in the
superonasal sector for subjects with hypertension. SSI showed a statistically
significant positive association with all peripapillary vessel density measurements
with vessel densities being significantly greater in scans with higher SSls (Figure
2a).

Table 2. Effect of determinant variables on the whole en face optic nerve head and peripapillary
vessel density measurements. Number in the cell represents coefficient value with the p value in

parenthesis.

Vessel density Age Female MRSE Discarea Hypertension Diabetes SSI
Whole en face -0.01 1.67 0.31 -1.52 -1.88 -0.92 0.19
(0.21) (<0.001) (0.11) (0.07) (0.02) (0.23) (<0.001)
Average -0.02 1.23 0.18 0.05 -1.23 -0.78 0.20
peripapillary (0.40) (0.02) (0.38) (0.95) (0.13) (0.32) (<0.001)
Nasal -0.01 1.71 0.16 -0.47 -1.45 -1.50 0.21
(0.86)  (0.01)  (0.53)  (0.67) (0.14) (0.12) (<0.001)
Inferonasal -0.02 0.18 0.20 -1.06 -0.28 -1.38 0.16
(0.52) (0.83) (0.56) (0.49) (0.83) (0.27) (<0.001)
Inferotemporal -0.02 1.75 0.55 0.85 -0.08 -0.56 0.14
P (0.58) (0.02) (0.07) (0.51) (0.95) (0.62) (<0.001)
Superotemporal 0.003 1.24 -0.44 1.53 -0.88 -1.13 0.14
P P (0.93) (0.13) (0.16) (0.25) (0.46) (0.33) (0.001)
Superonasal 0.01 1.40 -0.01 -1.27 -2.93 -1.74 0.18
P (0.75) (0.12) (0.97) (0.21) (0.03) (0.10) (<0.001)
Temporal -0.03 1.23 0.24 1.76 -1.25 0.99 0.27
P (0.23)  (0.12)  (0.41)  (0.17) (0.27) (0.37) (<0.001)

MRSE: mean refractive spherical equivalent; SSI: signal strength index.

Table 3 shows the effect of the determinant variables on the macular vessel
densities. Macular vessel densities were higher in subjects with hypertension
and this association was statistically significant for the average, nasal and
temporal sector parafoveal measurements. Macular vessel densities were lower
in subjects with diabetes but this association was statistically significant only
for the temporal parafoveal measurement. SSI showed a statistically significant
positive association with all parafoveal vessel density measurements with vessel
densities being significantly greater in scans with higher SSls (Figure 2b).
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Table 3. Effect of determinant variables on the macular vessel density measurements. Number in

the cell represents coefficient value with the p value in parenthesis.

Vessel density Age Female MRSE Discarea Hypertension Diabetes SSI
Whole en face 0.01 -0.61 0.07 0.01 1.56 -1.59 0.27
(0.77) (0.21)  (0.75)  (0.99) (0.08) (0.06) (<0.001)
0.02 -0.56 -0.22 1.46 -0.60 1.22
Foveal (0.50)  (0.54)  (0.56)  (0.21) (0.67) (0.47) 0110004
Parafoveal -0.01 -0.64 -0.07 0.07 2.32 -1.61 0.23
(0.73) (0.21) (0.77) (0.94) (0.01) (0.06) (<0.001)
Nasal -0.03 -1.00 0.28 1.13 2.19 -1.13 0.20
(0.15) (0.06)  (0.26)  (0.24) (0.01) (0.27) (<0.001)
Inferior 0.004 -0.48 -0.27 -0.90 1.42 -1.67 0.25
(0.87) (0.42) (0.32) (0.37) (0.18) (0.10) (<0.001)
. -0.01 -0.47 -0.20 0.33 1.90 -1.57 0.27
Superior
(0.61) (0.45)  (0.48)  (0.74) (0.10) (0.17) (<0.001)
Temporal 0.01 -0.55 -0.09 0.20 3.02 -2.48 0.21
P (0.71) (0.33) (0.71) (0.84) (0.01) (0.01) (<0.001)

MRSE: mean refractive spherical equivalent; SSI: signal strength index.
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Figure 2. Relationship between signal strength index and the average vessel density in the
peripapillary (a) and parafoveal (b) regions.

As the number of subjects with hypertension and diabetes was small, we ran
the entire analysis excluding these subjects. The results were similar to the main
analysis. SSI still showed a statistically significant association with the vessel
densities of all regions (coefficients: 0.12 to 0.26 for peripapillary and 0.23 to
0.30 for macular sectors). Most of the peripapillary vessel densities were still
significantly greater in females.
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We also ran the entire analysis considering one eye per subject and the results
were similar.

DISCUSSION

In this study, we evaluated the determinants of peripapillary and macular vessel
density parameters of OCTA in normal subjects. Most of the peripapillary vessel
densities were higher in females compared to males. Most of the peripapillary
vessel densities were lower, while the macular densities were higher, in subjects
with systemic hypertension. Vessel densities in all the regions were lower in
subjects with diabetes although not statistically significant. Vessel densities in
all the regions were significantly greater in scans with higher SSI. Age and optic
disc size did not influence the vessel densities of any of the regions. To the best
of our knowledge, this is the first study to comprehensively evaluate the effect of
multiple determinants on the peripapillary and superficial macular vessel density
measurements of OCTA in normal subjects.

A few recent studies have evaluated the effect of determinants on the vessel
density measurements of OCTA. However, these were generally restricted to
evaluating either the effect of age, gender or refractive error on the vessel density
measurements.14-16 Yy et al evaluated the effect of age and gender on the macular
perfusion parameters of OCTA in healthy Chinese subjects and found that the
parafoveal vessel density decreased by 0.4% per year. We also found a decrease
in parafoveal vessel density with age (coefficient: -0.01), but the decrease was
0.2% per year and was not statistically significant. Another study also found no
effect of age on the parafoveal vessel density measurements.1® Age also did not
influence the peripapillary vessel densities in our study. Yu et al also found that
the parafoveal vessel densities were alike in males and females, which is similar
to our observation. However, unlike the parafoveal densities, we found that the
peripapillary vessel densities were greater in females compared to males. We
analyzed the differences between males and females to explain this finding. We
found that the females were, on an average, 5 years younger than males. Apart
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from this difference in age, there were no other differences between males and
females. Presence of hypertension and diabetes was comparable between males
and females as was the SSI of scans, disc area and MRSE. The reason for the
peripapillary vessel densities being greater in females, therefore, is unclear and
requires validation in future studies.

A study by Wang et al. evaluated the effect of myopia on the peripapillary and
parafoveal OCTA parameters and found a significant reduction of vessel density in
the peripapillary but not the parafoveal region of high myopia eyes (MRSE of over
-6 D).1> In our study, though MRSE showed a positive association with peripapillary
vessel densities, this association was not statistically significant. Vessel densities
in the parafoveal regions were also not affected by MRSE. Our study, unlike the
study by Wang et al. however did not include high myopic eyes.

The method of vessel density calculation was different in our study compared
to that used in the previous studies.1#16 We used the vessel densities provided
automatically by the software while the previous studies used either a set

threshold decorrelation valuel4 15

or local fractal analysis1® to calculate the
vessel densities. The median vessel density in the parafoveal region in our study
was 50.4%, while the mean was 89.1% in the study by Yu et all% and 26.6% in
the study by Wang et al.1> The mean superficial parafoveal vessel density using
local fractal analysis was 50%,16 very similar to that seen in the present study.
The median vessel density in the peripapillary region in our study was 62.7%,
while the mean vessel density of the emmetropic eyes in the study by Wang et
al was 89.0%.1> Therefore, the method of vessel density estimation should be
considered while analysing the differences in the vessel densities reported in all

these studies.

Vessel densities in most of the regions were lower in subjects with diabetes.
This however was statistically significant only in temporal parafoveal sector. The
decrease in vessel densities in diabetics is probably due to the early capillary
dropouts that occur prior to clinically identifiable diabetic retinopathy. Previous
studies with different imaging modalities have demonstrated the subclinical
capillary dropouts in the perifoveal intercapillary area.2%-23 The decrease in the
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vessel density in the macular region could also be due to the increase in the foveal
avascular zone size seen in diabetics.23-2>

Most of the peripapillary vessel densities were lower, while the macular densities
were higher, in subjects with hypertension. It is well known that hypertension
leads to arteriolar narrowing2® 27 and that the arteriolar and venular narrowing
can precede the development of systemic hypertension.28: 2% This might explain
the decrease in vessel densities seen in the peripapillary regions in hypertensive
individuals. However, the reason for increased vessel density in the macular area
is unclear. It should be noted that the number of subjects with hypertension and
diabetes was small and future studies with larger sample size should evaluate the
relationship between vessel densities and systemic diseases.

SSI of the scans had a significant effect on the vessel densities of all the regions,
with the densities being significantly greater in scans with higher SSI. There is
no consensus on what value constitutes an adequate SSI. Different studies have
used different SSI values, ranging from 30 to 50, as cut-offs for good quality
scans.? 11 12 \We analyzed our data considering 50 as the cut-off for the SSI
value (137 optic disc and 156 macular scans) and found that the results were
similar. SSI still showed a statistically significant association with the vessel
densities of all regions (coefficients: 0.09 to 0.26 for peripapillary and 0.25 to
0.32 for macular sectors). Most of the peripapillary vessel densities were still
significantly greater in females. Reports on the effect of signal strength on the
vessel density measurements of OCTA are sparse. Jia et al in their early work with
OCTA reported that the decorrelation values of OCTA were unaffected by signal
strength.® However, in contrast, we found that of all the relationships evaluated,
the one between the SSI and vessel densities was the most consistent in all the
regions. It is possible that the software doesn’t differentiate between the static
structures and blood vessels efficiently at low SSI scores. Clinicians evaluating
the OCTA scans quantitatively therefore should consider the SSl value of the scan
during interpretation.

There are a few limitations of the study which should be considered. The vessel
density measurements evaluated in this study were the ones automatically
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provided by the software. The software in its current form, does not differentiate
between capillaries and large vessels. The effects of the determinant variables
may be different on vessels of varying caliber. Further advances in the technology
may help to evaluate the capillaries and large vessels separately. OCTA technology
depends on the movement of the blood column to detect the vessels. It will
therefore not record the presence of a vessel if there is no movement of the blood
column or the movement is very slow. Another possible limitation of the current
study was that we did not measure the blood pressure of the subjects or record
their anti-hypertensive or anti-diabetic medications. Although a previous study
has shown no relationship between blood pressure readings and peripapillary
vessel densities,? future studies are needed to evaluate the effect of systemic
diseases and the medications on the OCTA measurements in greater detail. Future
studies should also evaluate the relationship between the vessel densities and
the duration of hypertension.

In conclusion, we found that most of the peripapillary vessel densities were
higher in females compared to males. Hypertension had a varied effect on vessel
densities of different regions. Vessel densities in all the regions were lower in
diabetics. Vessel densities in all the regions were significantly greater in scans
with higher SSI. These determinants of vessel density should be considered while
interpreting the OCTA scans in retinal and ONH diseases.
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Diagnostic ability of OCTA in POAG

ABSTRACT

Purpose: To compare the diagnostic abilities of the vessel densities in optic nerve
head (ONH), peripapillary and macular regions measured using optical coherence
tomography angiography (OCTA) in eyes with primary open angle glaucoma
(POAG), and to evaluate the effect of glaucoma severity (based on the mean
deviation, MD), optic disc size and pre-treatment intraocular pressure (I0OP).

Design: Cross-sectional study

Methods: Seventy-eight eyes of 53 control subjects and 64 eyes of 39 POAG
patients underwent OCTA imaging. Area under receiver operating characteristic
(ROC) curves (AUC) and sensitivities at fixed specificities of vessel densities in
ONH, peripapillary and macular regions were analyzed. ROC regression was used
to evaluate the effect of covariates on the diagnostic abilities.

Results: The AUCs of ONH vessel densities ranged between 0.59 (superonasal
sector) and 0.73 (average inside disc), peripapillary between 0.70 (nasal,
superonasal and temporal) and 0.89 (inferotemporal), and macular between 0.56
(nasal) and 0.64 (temporal). AUC of the average peripapillary vessel density was
significantly better than the average inside disc (p=0.05) and macular (p=0.005)
measurement. MD showed a negative association with the AUCs of the vessel
densities of all regions. Pre-treatment IOP (coefficient: 0.09) showed a significant
(p<0.05) effect on the AUC of ONH vessel density.

Conclusions: Diagnostic ability of the vessel density parameters of OCTA was only
moderate. Macular and inside disc densities had significantly lower diagnostic
abilities in POAG than the peripapillary density. Diagnostic abilities of vessel
densities increased with increasing severity of glaucoma and that of ONH vessel
density with higher pre-treatment IOPs.
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INTRODUCTION

Primary open angle glaucoma (POAG) is a chronic progressive optic neuropathy
resulting from the apoptosis of the retinal ganglion cells (RGC).1 Although the
pathogenic mechanisms leading to retinal ganglion cell death are not fully known,
intraocular pressure (IOP) induced mechanical injury is a major causal factor as
evidenced by the increase in the risk of incident glaucoma and its progression
with higher IOP.2 It has also been proposed that reduced optic nerve head
(ONH) perfusion also plays a role in the pathogenesis of glaucoma.3 4 While
some believe that the reduced blood flow seen in glaucoma is secondary to RGC
death and thereby a reduced need for perfusion,> © others are of the opinion
that the reduced blood flow is the primary event that subsequently leads to
the characteristic structural and functional changes of glaucoma.’ Earlier studies
have measured ONH blood flow using a variety of techniques and have shown
reduction in ONH perfusion in patients with glaucoma. However, each of these
techniques has limitations.8

Optical coherence tomography (OCT) has been used to develop a new, three-
dimensional angiography algorithm called split spectrum amplitude-decorrelation
angiography (SSADA) for imaging the retinal and ONH microcirculation.? Early
studies have shown that the blood flow measurements provided by OCT
angiography (OCTA) are repeatable and reproducible.10-14 Studies with OCTA
have demonstrated reduced ONH and peripapillary perfusion in patients with
glaucoma.10-13. 15 OCTA also evaluates the vascular perfusion in the macular
region. However, there have been no reports on the macular perfusion in patients
with glaucoma. There have not been comparisons to date of the diagnostic
abilities of vessel densities in the ONH, peripapillary and macular regions in
glaucoma. The purpose of this study was to compare the diagnostic abilities of
the vessel density measurements of the ONH, peripapillary and macular regions
on OCTA in eyes with POAG. The secondary objective was to evaluate the effect
of glaucoma severity, optic disc size and the pre-treatment IOP on the diagnostic
abilities of vessel densities.
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METHODS

This was a cross-sectional study conducted at Narayana Nethralaya, a tertiary eye
care center in Bengaluru, South India between September 2015 and March 2016.
The methodology adhered to the tenets of the Declaration of Helsinki for research
involving human subjects. Written informed consent was obtained from all
participants and the study was approved by the Institute’s Ethics Committee.

Participants of the study included control subjects and POAG patients. Control
subjects were either hospital staff or subjects who consulted for a routine eye
examination or a refractive error. Control subjects had no family history of
glaucoma, I0OP<21 mm Hg, normal anterior and posterior segment on clinical
examination by an ophthalmologist and non-glaucomatous optic discs, as assessed
by experts on masked examination of stereoscopic optic disc photographs. POAG
patients had open angles on gonioscopy and glaucomatous changes on optic nerve
head examination (neuroretinal rim narrowing, notching and retinal nerve fiber
layer defects) as documented by glaucoma experts on dilated examination and
confirmed by experts on stereoscopic optic disc photographs. Inclusion criteria for
all participants were age 218 years, corrected distance visual acuity of 20/40 or
better and refractive error within £5 D sphere and +3 D cylinder. Exclusion criteria
were presence of any media opacities that prevented good quality OCT scans, or
any retinal or neurological disease other than glaucoma, which could confound
the evaluation. Eyes with a history of trauma or inflammation were also excluded.
All participants underwent a comprehensive ocular examination, which included a
detailed medical history, corrected distance visual acuity measurement, slit-lamp
biomicroscopy, Goldmann applanation tonometry, gonioscopy, dilated fundus
examination, visual field (VF) examination and OCTA imaging with RTVue-XR SD-
OCT (Optovue Inc., Fremont, CA). Baseline (pre-treatment) IOP, the IOP at which
anti-glaucoma treatment was started, was documented for all POAG eyes.

Stereoscopic optic disc photographs were obtained by trained technicians using
a digital fundus camera (Kowa nonmyd WX, Kowa Company, Ltd., Japan). Each
optic disc photograph was evaluated independently by two glaucoma experts
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(HLR and NKP) in a masked manner to determine the presence of glaucomatous
changes (focal or diffuse neuroretinal rim thinning, localized notching or RNFL
defects). The experts were masked to all the clinical data, visual field data and
the other eye data. Discrepancy in the classification between the two experts
was adjudicated by a third glaucoma expert (ZSP).

VF examination was performed using a Humphrey Field analyzer Il, model 720i
(Zeiss Humphrey Systems, Dublin, CA), with the Swedish interactive threshold
algorithm (SITA) standard 24-2 program. VFs were considered reliable if the
fixation losses were less than 20%, and the false positive and false negative
response rates were less than 15%. VF result was not considered for the definition
of glaucoma or the controls but was used for the grading of glaucoma severity.

OCTA imaging of the optic disc, peripapillary region and macula was performed
using RTVue-XR SD-OCT (AngioVue, v2015.100.0.33). RTVue-XR uses an 840
nm diode laser source, with an A-scan rate of 70 kHz per second. Imaging is
performed using a set of 2 scans; one vertical priority and one horizontal priority
raster volumetric scan. The optic disc scan covers an area of 4.5 x 4.5 mm and
the macular scan was performed using volumetric scans covering 3 x 3 mm. An
orthogonal registration algorithm is used to produce merged 3-dimensional OCT
angiograms.1® The SSADA algorithm compares the consecutive B-scans at the same
location to detect flow using motion contrast.? Vessel densities are calculated
over the entire scan area, i.e. whole enface disc and whole enface macula. Vessel
density is defined as the percentage area occupied by the large vessels and
microvasculature in a particular region. In addition to the whole scan analysis, the
software calculates vessel densities in various layers of the retina and the ONH,
and each scan region is further divided into sectors as described below. An en face
angiogram of the ONH and peripapillary circulation is obtained by the maximum
flow (decorrelation value) projection from the inner limiting membrane (ILM)
to retinal pigment epithelium (RPE). The ONH vessel densities were calculated
from the “nerve head” segment of the ONH angiogram (Figure 1a). This segment
extends from 2000 microns above the internal limiting membrane (ILM) to 150
microns below the ILM. The software automatically fits an ellipse to the optic
disc margin and calculates the average vessel density within the ONH (referred
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to as the inside disc vessel density). It also divides the ONH into 6 sectors based
on the Garway-Heath map and calculates the vessel densities in each ONH sector
(nasal, inferonasal, inferotemporal, superotemporal, superonasal and temporal
sectors) as represented in Figure 1a.17 The peripapillary region is defined as a
0.75 mm-wide elliptical annulus extending from the optic disc boundary (Figure
1b). The peripapillary vessels were analyzed in superficial retinal layers from the
Radial Peripapillary Capillary (RPC) segment. RPC segment extends from the ILM
to the nerve fiber layer. The peripapillary region was also divided into 6 sectors
based on the Garway-Heath map (Figure 1b) and vessel densities for the entire
peripapillary area (average) and each sector were determined.1” Macular vessel
densities analyzed in this study was of the superficial vascular plexus present in
the inner layers of the retina (extending from the internal limiting membrane
to the inner plexiform layer). Macular vessel densities were analyzed over a 1.5
mm-wide parafoveal, circular annulus centered on the macula (Figure 1c). The
parafoveal region was also divided into 4 sectors of 90° each (nasal, inferior,
superior and temporal sectors). Image quality was assessed for all OCTA scans.
Poor quality images with a signal strength index (SSI) less than 35 or images with
residual motion artifacts were excluded from the analysis.

Figure 1. Figure showing the (a) optic nerve head (b) peripapillary and (c) macular 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 (a), peripapillary vessel density over a 0.75 mm-wide elliptical annulus extending
from the optic disc boundary from the radial peripapillary capillary segment (b), and superficial
macular vessel density over a 1.5 mm-wide circular annulus centered on the macula (c).

54



Chapter 4

All subjects also underwent optic disc area measurement on RTVue-XR SD-OCT
using the traditional ONH scan. This scan consists of 12 radial scans 3.4 mm in
length and 6 concentric ring scans ranging from 2.5 to 4.0 mm in diameter all
centered on the optic disc. Retinal pigment epithelium (RPE) tips are automatically
detected by the software and the RPE tips are joined to delineate the optic disc
margin and to calculate the disc area. All the examinations for a particular subject
were performed on the same day.

STATISTICAL ANALYSIS

Descriptive statistics included mean and standard deviation for normally
distributed variables and median and inter-quartile range (IQR) for non-normally
distributed variables. Shapiro-Wilk test was used to test for the normality
distribution of continuous variables. Receiver operating characteristic (ROC)
curves were used to describe the ability of OCTA vessel densities to discriminate
glaucomatous eyes from control eyes. Sensitivities at fixed specificities of 80%
and 95% were determined for all the parameters. To obtain confidence intervals
for area under the ROC curves (AUC) and sensitivities, a bootstrap re-sampling
procedure was used (n = 1000 re-samples). As measurements from both eyes
of the same subject are likely to be correlated, the standard statistical methods
for parameter estimation lead to underestimation of standard errors and to
confidence intervals that are too narrow.18 Therefore, the cluster of data for
the study subject was considered as the units of resampling and bias corrected
standard errors were calculated during all estimations. This procedure has been
used to adjust for the presence of multiple correlated measurements from the
same unit.1% 20 ROC regression modeling technique was used to evaluate the
effect of glaucoma severity, disc size and the pre-treatment IOP on the AUCs and
sensitivities of OCTA parameters in diagnosing glaucoma.21 22

Statistical analyses were performed using commercial software (Stata ver. 13.1;
StataCorp, College Station, TX). A p value of <0.05 was considered statistically
significant.
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RESULTS

One hundred and seventy-one eyes of 102 subjects (86 eyes of 56 subjects
diagnosed as normal and 85 eyes of 46 subjects diagnosed as POAG on clinical
examination) underwent OCTA imaging with SD-OCT. Among these, 19 eyes of
13 patients in which the optic disc classification on stereo photographs was not
glaucomatous optic neuropathy, were excluded. Of the remaining eyes, 10 eyes
with poor disc scans, 15 eyes with poor macular scans and 10 eyes both poor
disc and macular scans were excluded. Final analysis included 132 optic disc
scans and 127 macular scans obtained from 142 eyes of 92 subjects (78 eyes of
53 normal and 64 eyes of 39 POAG subjects). Of the 64 eyes with POAG, 12 eyes
(11 patients) had a “within normal limit” or a “borderline” glaucoma hemifield
test result, or the probability value of pattern standard deviation >5% or both
on VF (preperimetric glaucoma). Half the number of eyes included in the POAG
group had a mean deviation of better than -5 dB on VF. Of the 64 eyes with POAG,
13 eyes were on topical beta blockers, 10 on alpha agonists, 13 on carbonic
anhydrase inhibitors and 41 on prostaglandin analogues (either as a monotherapy
or as components of the combination therapy). Table 1 shows the clinical, VF and
vessel density measurements of all subjects. POAG patients were significantly
older than control subjects. SSI of the optic disc scans was significantly greater
in the control as compared to the POAG patients. AUCs and sensitivities at
fixed specificities of optic disc and peripapillary vessel density parameters were
therefore calculated after adjusting for the difference in age and signal strength
between the control and POAG groups using covariate-adjustment as proposed
by Pepe.23 AUCs and sensitivities at fixed specificities of macular vessel density
parameters were similarly calculated after adjusting for the difference in age.
All the ONH, peripapillary and macular vessel densities were significantly lesser
in the glaucoma compared to the control group. The magnitude of difference in
the median vessel densities between the glaucoma and the control groups was
significantly smaller in the macular region compared to the ONH and peripapillary
regions.
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Table 1. Clinical features, visual field parameters and vessel density measurements of the
participants. All values represent median and interquartile range unless specified.

Control group

POAG group

(78 eyes, 53 subjects) (64 eyes, 39 patients) P
Age (years) 58 (52, 65) 66 (57, 72) 0.01
Gender (male:female) 29:24 28:11 0.10
Sphere (D) 0.5(0,1) 0(-0.75,0.5) 0.02
Cylinder (D) -0.5 (-1, -0.5) -0.75 (-1, -0.25) 0.67
Optic disc area (mm?) 2.30(2.00, 2.58) 2.33(1.98, 2.59) 0.93
Pre-treatment IOP (mm Hg) 16 (14, 18) 19 (16, 24) <0.001
Hypertension (yes:no) 16:37 16:23 0.28
Diabetes mellitus (yes:no) 15:38 9:30 0.57
Mean deviation (dB) -1.1(-3.0,-0.2) -5.3(-9.6, -3.1) <0.001
Pattern standard deviation (dB) 1.7 (1.5, 2.5) 4.7 (2.8,9.2) <0.001
Visual field index (%) 99 (98, 99) 90 (75, 95) <0.001
SSI (Optic disc scan)* 54.2+9.5 50.4+8.2 0.02
Whole enface vessel density (disc scan) 54.4 (51.7, 56.9) 48.0 (42.9, 53.4) <0.001
Inside disc vessel density 47.4 (43.0, 50.4) 40.2 (34.8,47.3) <0.001
Nasal vessel density (%) 48.8 (42.9, 52.5) 41.6 (35.8, 47.6) <0.001
Inferonasal vessel density (%) 51.9 (44.8, 56.7) 47.5 (39.9, 53.8) 0.008
Inferotemporal vessel density (%) 46.2 (41.1, 52.3) 39.7 (33.4, 47.5) <0.001
Superotemporal vessel density (%) 47.6 (41.9, 52.0) 39.5(28.3,47.2) <0.001
Superonasal vessel density (%) 50.1 (42.9, 55.2) 43.7 (37.2,52.1) 0.004
Temporal vessel density (%) 44.5 (39.1, 52.3) 36.2 (28.7, 45.4) <0.001
Average Peripapillary vessel density (%) 62.0 (60.0, 64.4) 55.5 (50.8, 59.5) <0.001
Nasal vessel density (%) 59.7 (57.2,62.1) 56.0 (48.7, 59.6) <0.001
Inferonasal vessel density (%) 63.4 (60.7, 66.5) 55.2 (46.2, 60.6) <0.001
Inferotemporal vessel density (%) 66.0 (63.5, 68.4) 55.5 (44.5, 59.9) <0.001
Superotemporal vessel density (%) 66.6 (64.0, 68.8) 59.4 (53.4, 65.4) <0.001
Superonasal vessel density (%) 62.9 (56.5, 66.1) 55.3(48.7,61.2) <0.001
Temporal vessel density (%) 60.4 (57.9, 64.2) 57.0 (50.6, 60.1) <0.001
SSI (Macula scan)* 62.0+6.9 60.6 + 7.7 0.28
Whole enface vessel density (macula scan) 48.3 (45.9, 50.3) 44.7 (41.8, 47.6) <0.001
Foveal vessel density (%) 25.5(22.9, 27.7) 24.9 (22.3, 27.8) 0.58
Parafoveal vessel density (%) 49.8 (47.7,52.7) 47.5 (44.7, 50.2) <0.001
Nasal vessel density (%) 48.5 (46.7, 51.1) 47.0 (44.1, 48.9) 0.01
Inferior vessel density (%) 51.6 (48.1, 53.9) 48.9 (44.8,51.7) 0.001
Superior vessel density (%) 50.8 (48.2, 53.3) 47.6 (45.0, 52.0) 0.002
Temporal vessel density (%) 49.8 (47.5,52.5) 47.3 (45.0,50.1) 0.001

D: diopter; dB: decibel; IOP: intraocular pressure; SSI: signal strength index; *mean % standard
deviation.
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The AUCs and sensitivities at fixed specificities of the vessel density measurements
to differentiate POAG from control eyes are shown in Table 2. The AUCs of ONH
vessel densities ranged between 0.59 (superonasal sector) and 0.73 (average
inside disc density). Sensitivities at 95% specificity ranged between 11%
(superotemporal sector) and 25% (inside disc density). The AUCs of peripapillary
vessel densities ranged between 0.70 (nasal, superonasal and temporal sector)
and 0.89 (inferotemporal sector), and macular vessel densities between 0.56
(nasal sector) and 0.64 (temporal sector). The sensitivities at 95% specificity of
peripapillary vessel densities ranged between 25% (superonasal sector) and 68%
(inferotemporal sector), and macular vessel densities between 3% (nasal sector)
and 15% (superior sector). The parameters with the highest diagnostic abilities
were the whole enface vessel density of the disc scan (AUC of 0.90) and the
inferotemporal sector peripapillary vessel density (AUC of 0.89). Figure 2 shows
the ROC curves of the vessel density measurements of the inside disc, average
peripapillary and parafoveal regions. AUC of average peripapillary vessel density
was significantly better than that of the inside disc (p=0.05) and the parafoveal
(p=0.005) measurements. AUC of the inside disc vessel density was comparable
to that of the average parafoveal vessel density (p=0.31).

Table 2. Diagnostic ability of vessel density parameters in differentiating open angle glaucoma from
control eyes (figures in parenthesis represent 95% confidence intervals).

Vesseldensity s spechcty . spechty
Whole enface (disc scan) 0.90 (0.81-0.95) 67% (39-84) 82% (62-92)
Inside disc 0.73 (0.61-0.84) 25% (04-52) 57% (39-75)
Nasal 0.70 (0.57-0.80) 22% (04-49) 54% (27-68)
Inferonasal 0.61(0.49-0.72) 13% (03-28) 43% (24-66)
Inferotemporal 0.64 (0.53-0.74) 13% (03-26) 40% (21-56)
Superotemporal 0.71 (0.60-0.81) 11% (02-21) 48% (32-67)
Superonasal 0.59 (0.47-0.70) 16% (04-32) 24% (08-42)
Temporal 0.67 (0.53-0.78) 13% (02-42) 48% (16-67)
Average Peripapillary 0.83 (0.74-0.90) 47% (29-60) 72% (49-86)
Nasal 0.70 (0.56-0.81) 27% (13-40) 52% (31-77)
Inferonasal 0.81(0.73-0.88) 53% (37-73) 67% (49-81)
Inferotemporal 0.89 (0.81-0.94) 68% (45-81) 78% (62-90)

58



Chapter 4

Superotemporal 0.76 (0.66-0.84) 33% (14-45) 58% (41-75)
Superonasal 0.70 (0.59-0.80) 25% (12-41) 50% (30-67)
Temporal 0.70 (0.59-0.80) 28% (05-48) 50% (35-68)
Whole enface (macula scan) 0.69 (0.56-0.79) 20% (02-51) 54% (38-73)
Parafoveal 0.63 (0.48-0.75) 09% (02-28) 34% (12-52)
Nasal 0.56 (0.42-0.69) 03% (01-20) 31% (09-52)
Inferior 0.61 (0.48-0.73) 10% (02-46) 37% (11-52)
Superior 0.63 (0.50-0.74) 15% (05-43) 39% (16-63)
Temporal 0.64 (0.50-0.77) 07% (02-26) 39% (14-64)

AUC: area under the receiver operating characteristic curve.

Sensitivity

1 & — nside disc
& — == Peripapillary

------- Parafovea

1 — Specificity

Figure 2. Receiver operating characteristic curves of inside disc, peripapillary and parafoveal vessel
density measurements. AUC of parafoveal and inside disc vessel densities were significantly lesser
than that of the peripapillary measurements.

Table 3 shows the results of the univariate ROC regression analyses evaluating the
effect of disease severity (based on the mean deviation, MD of VF), optic disc area
and pre-treatment IOP on the diagnostic abilities of the average vessel density
parameters of the three regions. MD had a negative association with the AUCs of
all vessel density parameters. AUCs of vessel densities of all regions increased as
the MD decreased (glaucoma severity increased). Figure 3a shows the effect of
MD on the sensitivities at 95% specificity of the inside disc, average peripapillary
and parafoveal vessel density measurements. Optic disc size had no influence
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on the AUCs of inside disc, peripapillary or the parafoveal measurements. Pre-
treatment IOP had a significant positive relationship with the AUCs of inside disc
vessel density but did not influence the AUCs of peripapillary or the parafoveal
measurements. AUC and sensitivities at fixed specificities of inside disc vessel
density increased significantly in eyes with higher pre-treatment IOPs. Figure 3b
shows the effect of pre-treatment IOP on the sensitivities at 95% specificity of the
inside disc, average peripapillary and parafoveal vessel density measurements.

Table 3. Results of the univariate receiver operating characteristic (ROC) regression models evaluating
the effect of covariates on the area under the ROC curves of the vessel density measurements
inside the optic disc, peripapillary and parafoveal region. Figures represent coefficient with 95%
confidence interval in parenthesis.

Inside disc Peripapillary Parafoveal
Parameter . . .
vessel density vessel density vessel density
Mean deviation -0.06 (-0.13, 0.01) -0.05 (-0.14, 0.02) -0.05 (-0.13, 0.03)
Disc area -0.07 (-1.06, 0.69) -0.18 (-0.62, 0.35) 0.17 (-0.46, 0.80)
Pre-treatment IOP 0.09 (0.04, 0.18)* 0.01 (-0.05, 0.08) 0.01 (-0.04, 0.05)

* - statistically significant (p<0.05). IOP: intraocular pressure; Models evaluating the area under
the ROC curves of inside disc and peripapillary vessel densities were adjusted for the difference in
mean age and signal strength index between the control and glaucoma group. Model evaluating
the area under the ROC curve of parafoveal vessel density was adjusted for the difference in the
age between the control and the glaucoma group.

(a) (b)

Sensitivity at 95% specificity
Sensitivity at 95% specificity

-30 -20 -10 0 10 20 30 40
Mean deviation (dB) Pre—treatment intraocular pressure (dB)

Figure 3. Sensitivity at 95% specificity of inside disc vessel density (solid line), peripapillary vessel
density (dashed line) and parafoveal vessel density (dotted line) according to mean deviation on
visual fields (a), and pre-treatment intraocular pressure (b).
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DISCUSSION

In the current study, a 15% reduction was found in the median inside disc vessel
density in POAG eyes compared to the normal eyes. Previous studies have
reported an ONH vessel density reduction of 10% to 34% in glaucomatous eyes.11
12,15 jia et al also reported that the reduction in ONH vessel density was greater
in the temporal part of the ONH (57%), which is devoid of the major retinal
vessels, compared to the entire ONH (34%).10 In contrast to that reported by
Jia, et al., the ONH vessel density decrease noted in our study in the temporal
sector (19%) was similar to that of the entire ONH. This difference may be related
to the dissimilarity in the definition of the ONH sectors between the 2 studies.
Additionally, the ONH (inside disc) vessel densities in our study (which had a
considerably larger sample size) showed a significant variability ranging from
27% to 60% in normal eyes. The variability was larger when analyzed sector-
wise. This variability in ONH vessel density may be related to the physiological
variations generally seen in the ONH with respect to the disc size, shape, tilt,
position of central retinal vessels, etc. We found an 11% reduction in the average
peripapillary vessel density in glaucomatous eyes (median MD: -5 dB). Study
on the peripapillary vessel density by Liu et al evaluated 12 glaucomatous eyes
(average mean deviation: -6.05 dB) and found a reduction in peripapillary vessel
density of 13% when compared to that in 12 control eyes.13 Our results are
comparable to that by Liu et al. considering the fact that the severity of glaucoma
in our patients was less than that in the study by Liu et al. In fact, 12 of 64 POAG
eyes in our study had normal VF and half the number of POAG eyes had a VF MD
of better than -5 dB. Reduction in the median vessel density noted in different
peripapillary sectors in our study ranged between 6% and 16%.

To the best of our knowledge, there have not been any studies reported that
have evaluated the vessel densities at the macula in glaucomatous eyes. Previous
studies that have quantified the macular vessel densities in normal eyes using
OCTA have used different methods.142425 A recent study used local fractal
analysis to calculate macular vessel densities in normal eyes and reported values
similar to that found in the control group of our study.2> Sector-wise reduction
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in median vessel densities in the parafoveal region noted in our study ranged
between 3% and 6%. The magnitude of difference in the median vessel density
measurements between the glaucoma and the control groups was significantly
smaller in the macular region compared to ONH and peripapillary regions.

On evaluating the ability of vessel densities of the three scanning regions in
differentiating glaucoma eyes from control eyes, the macular and inside disc
vessel densities had significantly lower diagnostic abilities in POAG compared
to the vessel density in the peripapillary regions. To the best of our knowledge,
there also have not been any published reports describing the diagnostic ability
of macular vessel density measurements in glaucoma. Poor diagnostic ability of
the vessel density at the macula, the region with the highest density of RGCs,
probably points towards the fact that the vasculature is not the primary target
in the pathogenesis of glaucoma and the RGC loss is independent of vascular
alterations.

Diagnostic ability of even the best vessel density parameter of the peripapillary
region was only moderate, with an AUC of 0.89 and sensitivity at 95% specificity of
68%. Liu et al evaluated the diagnostic ability of peripapillary vessel density in 12
(9 perimetric and 3 pre-perimetric) glaucoma and 12 normal eyes, and reported
an AUC of 0.94, specificity of 91.7% and sensitivity of 83.3%. The diagnostic ability
estimates of peripapillary vessel density reported in their study were significantly
higher than that found in our study. However, the sample size in the study by Liu
et al was too small to make meaningful comparisons with our study results.

Diagnostic abilities of vessel densities in all regions increased with increasing
severity of glaucoma. However, the 95% Cls of the coefficients for the association
between MD and the AUC included zero. We might have failed to detect a
statistically significant effect of severity on the diagnostic abilities of vessel
densities because our glaucoma group consisted predominantly of preperimetric
and early disease. Similar effect of disease severity has been reported on the
diagnostic ability of ONH vessel density by Wang et al. AUC of ONH vessel density
which was 0.80 in the study by Wang et al when the entire glaucoma group was
included, increased to 0.90 when only eyes with severe glaucoma (MD<-12 dB)
were considered.12

62



Chapter 4

Diagnostic ability of ONH vessel density also increased in eyes with higher
pre-treatment IOP. Pre-treatment I0P did not affect the diagnostic ability of
peripapillary and macular vessel densities. It is generally hypothesized that the
vascular mechanisms contributing to the pathogenesis of glaucoma are not
IOP-independent. IOP related stress and strain are hypothesized to occlude
the capillaries especially in the lamina cribrosa of the ONH.2® The level of I0P
therefore was expected to have a positive influence on the diagnostic abilities of
vessel densities when accounting for the glaucoma severity. On the contrary, if
reduced blood flow was the predominant pathogenic mechanism in POAG eyes
with low pre-treatment IOPs (normal tension glaucoma), then we would have
seen a negative association between IOP and the diagnostic ability of vessel
densities when the glaucoma severity was accounted for. We however noticed a
positive influence of IOP on the diagnostic ability of the ONH vessel densities, but
not of the peripapillary and macular vessel densities. This suggests that the vessel
density decrease in the macular and the peripapillary retinal vessels in glaucoma
might be independent of the IOP levels at which the glaucoma develops. Future
studies should explore and validate this finding.

There are some limitations of the OCTA technology and the study design
which need to be considered while interpreting the results. The vessel density
measurements evaluated in this study were the ones automatically provided by
the software. The software in its current form does not differentiate the changes
in capillaries from that in large vessels. The software also does not provide further
insights into the nature of vascular changes such as attenuation, drop-out, etc.
The technology also doesn’t evaluate the choroidal vasculature. These additional
details would provide a better understanding of the vascular changes in glaucoma.
Another possible limitation of the current study was that we did not measure
the blood pressure of the subjects or record their systemic anti-hypertensive
medication. However, we recorded the history of hypertension and found that
the number of subjects with hypertension was similar between the glaucoma
and the control groups. A previous study also has shown no relationship between
blood pressure readings and peripapillary vessel densities on OCTA.13 POAG
patients were also on different classes of topical anti-glaucoma medications and
these medications could have affected the vessel densities. However, there are
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no reports to date, on the effect of topical anti-glaucoma medications on the
vessel densities. In the same context, the peripapillary vessel densities can also
be affected by parapapillary atrophy (PPA). We did not record the presence of PPA
or its extent in our subjects. Future studies should evaluate the determinants of
ocular perfusion on OCTA in greater detail. Another limitation of the study is the
case-control design, with a clear distinction between glaucoma patients (cases)
defined based on the presence of glaucomatous optic nerve head changes, and
normal subjects (controls) with no suspicious findings of glaucoma. Such a design
has been shown to overestimate the actual diagnostic ability of a test.27-22

In conclusion, we found that the diagnostic ability of even the best vessel density
parameter (inferotemporal sector measurement of the peripapillary region)
was only moderate. Moreover, the macular and inside disc vessel densities had
significantly lower diagnostic abilities in POAG compared to the vessel densities
in the peripapillary region. Diagnostic abilities of vessel densities of all regions
increased with increasing severity of glaucoma. Diagnostic ability of ONH vessel
density increased in eyes with higher pre-treatment IOP.
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ABSTRACT

Purpose: To compare the diagnostic abilities of vessel density measurements
of the optic nerve head (ONH), peripapillary and macular regions on optical
coherence tomography (OCT) angiography in eyes with primary open angle
glaucoma (POAG) with that of the ONH rim area, peripapillary retinal nerve fiber
layer (RNFL) thickness and the macular ganglion cell complex (GCC) thickness
measurements.

Methods: In a cross sectional study, 78 eyes of 50 control subjects and 117 eyes
of 67 POAG patients underwent vessel density and structural measurements
with spectral domain OCT. POAG was diagnosed based on the masked evaluation
of optic disc stereo photographs. Area under receiver operating characteristic
curves (AUC) and sensitivities at fixed specificities of vessel densities in ONH,
peripapillary and macular regions were compared with rim area, RNFL and GCC
thickness.

Results: The AUC (sensitivity at 95% specificity) of average vessel densities
within the ONH, peripapillary and macular region were 0.77 (31%), 0.85 (56%)
and 0.70 (18%) respectively. The same of ONH rim area, average RNFL and GCC
thickness were 0.94 (83%), 0.95 (72%) and 0.93 (62%) respectively. AUCs of
vessel densities were significantly lower (p<0.05) than that of the corresponding
structural measurements. Pre-treatment IOP (coefficient: 0.08) affected (p<0.05)
the AUC of ONH vessel density but not of any other vessel density or structural
measurements.

Conclusions: Diagnostic abilities of ONH, peripapillary and the macular vessel
densities in POAG were significantly lower than ONH rim area, peripapillary RNFL
and macular GCC measurements respectively. At fixed levels of glaucoma severity,
the diagnostic ability of the ONH vessel density was significantly greater in eyes
with higher pre-treatment IOP.
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INTRODUCTION

Optical coherence tomography (OCT) angiography is a new technique of non-
invasively imaging the blood vessels of the optic nerve head (ONH) and retina
in-vivo. Of the multiple algorithms developed to achieve blood vessel delineation
using the OCT platform, split spectrum amplitude-decorrelation angiography
(SSADA) was the first one that was commercially available.! Early studies using
the SSADA algorithm have shown that the vessel density measurements provided
by OCT angiography (OCTA) were repeatable and reproducible.2®

Primary open angle glaucoma (POAG) is a chronic progressive optic neuropathy
resulting from the apoptosis of the retinal ganglion cells (RGC).” Evaluating the
neuroretinal rim area, retinal nerve fiber layer (RNFL) and ganglion cell complex
(GCC) thickness on OCT is used as a surrogate measure in clinical practice to
estimate the amount of RGC loss in POAG. Although increased intraocular pressure
(I0P) is the predominant risk factor for RGC death,® reduced ONH perfusion
has also been proposed to play a role in the pathogenesis of glaucoma.® 10
Studies using the SSADA algorithm of OCTA have demonstrated reduced ONH
and peripapillary vessel densities in patients with glaucoma.2> 11,12 |n addition
to reduced ONH and peripapillary vessel densities, we recently demonstrated
reduced vessel densities in the macula of patients with POAG.13 Previous studies
have compared the diagnostic ability of peripapillary vessel density measurements
of OCTA with the RNFL thickness measurements of OCT.> 12 However, to the
best of our knowledge, there are no studies comparing the diagnostic ability of
inside disc vessel densities with ONH rim area or the macular vessel density with
macular GCC thickness. The purpose of the current study was to compare the
diagnostic abilities of the vessel density measurements of the ONH, peripapillary
and macular regions on OCTA in eyes with POAG with that of the ONH rim area,
peripapillary RNFL thickness and the macular GCC thickness measurements on
OCT. The secondary objective was to evaluate the effect of pre-treatment IOP
on the diagnostic abilities of the vessel densities and structural measurements
of OCT.
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METHODS

This was a prospective, cross-sectional study conducted at Narayana Nethralaya,
a tertiary eye care center in Bengaluru, South India between September 2015 and
July 2016. The methodology adhered to the tenets of the Declaration of Helsinki
for research involving human subjects. Written informed consent was obtained
from all participants and the study was approved by the Ethics Committee of
Narayana Nethralaya (approval number: C/2015/08/04).

Participants of the study included control subjects and POAG patients. Control
subjects were either hospital staff or subjects who consulted for a routine
eye examination or a refractive error. Control subjects had no family history
of glaucoma, IOP<21 mm Hg, open angles on gonioscopy, normal anterior
and posterior segment on clinical examination by an ophthalmologist and
non-glaucomatous optic discs, as assessed by glaucoma experts on masked
examination of stereoscopic optic disc photographs. POAG patients had open
angles on gonioscopy and glaucomatous changes on optic nerve head examination
(neuroretinal rim narrowing, notching and retinal nerve fiber layer defects) as
documented by glaucoma experts on dilated examination and confirmed by
experts on stereoscopic optic disc photographs. Neither pre-treatment IOP,
nor visual field changes were used to define POAG. Inclusion criteria for all
participants were age >18 years, corrected distance visual acuity of 20/40 or
better and refractive error within 5 D sphere and £3 D cylinder. Exclusion criteria
were presence of any media opacities that prevented good quality OCT scans, or
any retinal or neurological disease other than glaucoma, which could confound
the evaluation. Eyes with a history of trauma or inflammation were also excluded.
All participants underwent a comprehensive ocular examination, which included
a detailed medical history, corrected distance visual acuity measurement, slit-
lamp biomicroscopy, Goldmann applanation tonometry, gonioscopy, dilated
fundus examination, visual field (VF) examination and OCT imaging with RTVue-
XR SD-OCT (Optovue Inc., Fremont, CA). In addition to IOP measured on the day
of scanning, the pre-treatment IOP (i.e. the IOP noted on the day of initiating
anti-glaucoma treatment) was documented for all POAG eyes.
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Stereoscopic optic disc photographs were obtained by trained technicians using
a digital fundus camera (Kowa nonmyd WX, Kowa Company, Ltd., Japan). Each
optic disc photograph was evaluated independently by two glaucoma experts
(HLR and NKP) in a masked manner to determine the presence of glaucomatous
changes (focal or diffuse neuroretinal rim thinning, localized notching or RNFL
defects). The experts were masked to all the clinical data, visual field data and
the fellow eye data. Discrepancy in the classification between the two experts
was adjudicated by a third glaucoma expert (ZSP).

VF examination was performed using a Humphrey Field analyzer Il, model 720i
(Zeiss Humphrey Systems, Dublin, CA), with the Swedish interactive threshold
algorithm (SITA) standard 24-2 program. VFs were considered reliable if the fixation
losses were less than 20%, and the false positive and false negative response rates
were less than 15%. VF findings were not used for defining glaucoma or controls
but were considered for the grading of glaucoma severity.

OCTA imaging of the optic disc region and macula was performed using RTVue-XR
SD-OCT (AngioVue, v2015.100.0.33). The procedure of OCTA imaging with RTVue-
XR has been detailed previously.13 In brief, it uses an 840 nm diode laser source,
with an A-scan rate of 70 kHz per second. Imaging is performed using a set of 2
scans; one vertical priority and one horizontal priority raster volumetric scan. The
optic disc scan covers an area of 4.5 x 4.5 mm and the macular scan was performed
using volumetric scans covering 3 x 3 mm. An orthogonal registration algorithm is
used to produce merged 3-dimensional OCT angiograms.14 The SSADA algorithm
compares the consecutive B-scans at the same location to detect flow using
motion contrast, thereby delineating blood vessels.! Vessel density is defined
as the percentage area occupied by the large vessels and microvasculature in a
particular region. Vessel densities are calculated over the entire scan area, i.e.,
whole enface disc and whole enface macula, as well as defined areas within each
scan as described below. In addition, the software calculates vessel densities in
various layers of the retina and the ONH.

In the optic disc scan, the software automatically fits an ellipse to the optic disc
margin and calculates the average vessel density within the ONH (referred to as
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the inside disc vessel density). The peripapillary region is defined as a 0.75 mm-
wide elliptical annulus extending from the optic disc boundary and the average
vessel density with this region is calculated. Both the ONH and the peripapillary
region are divided into 6 sectors based on the Garway-Heath map and the
vessel densities in each sector is calculated (nasal, inferonasal, inferotemporal,
superotemporal, superonasal and temporal sectors).1® In order to compare the
inside disc and peripapillary vessel densities with the rim area and the RNFL
measurements of OCT, the superonasal and superotemporal sectors were
combined together as the superior sector, and the inferonasal and inferotemporal
sectors as the inferior sector. For each scanned region, the software calculates
the vessel densities in various layers of the retina and ONH. For the purpose of
this study, the antero-posterior segment used for each region is as follows. The
ONH vessel densities were calculated from the “nerve head segment” of the
ONH angiogram. This segment extends from 2000 microns above the internal
limiting membrane (ILM) to 150 microns below the ILM. The peripapillary vessel
density was analyzed from the “Radial Peripapillary Capillary (RPC) segment”
which extends from the ILM to the posterior boundary of the nerve fiber layer.
Macular vessel densities were analyzed over a 1.5 mm-wide parafoveal, circular
annulus centered on the macula. The parafoveal region was also divided into 4
sectors of 90° each (nasal, inferior, superior and temporal sectors). Macular vessel
densities analyzed in this study were of the superficial vascular plexus present in
the inner layers of the retina (extending from the internal limiting membrane to
the inner plexiform layer).

All subjects also underwent the traditional ONH, peripapillary RNFL and macular
GCC thickness measurements on RTVue-XR SD-OCT using the ONH and the GCC
scans. These scan protocols have been explained in detail previously.16: 17 All the
examinations for a particular subject were performed on the same day. Image
quality was assessed for all OCTA and OCT scans. Poor quality images, which were
defined as those with a signal strength index (SSI) less than 35 or images with
motion artifacts and segmentation errors were excluded from the analysis. Figure
1 shows the OCTA and the OCT maps of a normal eye and an eye with POAG.
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(a) Nerve head segment (b) RPC segment (c) Macular region (d) RNFL map (¢) GCC map

Figure 1. Nerve head segment (a), radial peripapillary capillary, RPC segment (b) and macular (c)
optical coherence tomography angiography scans of a normal eye (top panel) and an eye with
glaucoma (bottom panel). The figure also shows the retinal nerve fiber layer, RNFL (d) and ganglion
cell complex, GCC (e) maps of the two eyes. Vessel loss in the eye with glaucoma can be noted in
the inferotemporal peripapillary region correlating with the RNFL loss seen on the RNFL map.

STATISTICAL ANALYSIS

Descriptive statistics included mean and standard deviation for normally
distributed variables and median and inter-quartile range (IQR) for non-normally
distributed variables. Shapiro-Wilk test was used to test for the normality
distribution of continuous variables. Normally distributed continuous variables
between the control and the glaucoma groups were compared using t test. Non-
normally distributed continuous variables were compared using Wilcoxon rank
sum test. Percentages were compared using Chi square test. Receiver operating
characteristic (ROC) curves were used to describe the ability of vessel density and
structural measurements of OCT to discriminate glaucomatous eyes from control
eyes. Sensitivities at fixed specificities of 80% and 95% were determined for all
the parameters. To obtain confidence intervals for area under the ROC curves
(AUC) and sensitivities, a bootstrap re-sampling procedure was used (n = 1000
re-samples). As measurements from both eyes of the same subject are likely to
be correlated, the standard statistical methods for parameter estimation can lead
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to underestimation of standard errors and to confidence intervals that are too
narrow.1® Therefore, the cluster of data for the study subject was considered
as the units of resampling and bias corrected standard errors were calculated
during all estimations. This procedure has been used to adjust for the presence
of multiple correlated measurements from the same unit.1® 20 To compare
the AUCs, a Wald statistic, dividing the observed AUC difference by its standard
error, was compared with the standard normal distribution and a p value was
reported. ROC regression modeling technique was used to evaluate the effect
of glaucoma severity and the pre-treatment IOP on the AUCs and sensitivities of
OCT measurements in diagnosing glaucoma.21: 22

Statistical analyses were performed using commercial software (Stata ver. 13.1;
StataCorp, College Station, TX). A two-tailed p value of <0.05 was considered
statistically significant.

RESULTS

Two hundred and twenty-two eyes of 123 subjects (78 eyes of 50 normal and
144 eyes of 73 POAG subjects) underwent vessel density and structural imaging
with OCT. Among these, 25 eyes of 18 POAG patients in which the optic disc
classification on stereo photographs was not glaucomatous optic neuropathy,
were excluded. Of the remaining eyes, 8 eyes with unreliable VF, 19 eyes with
poor OCTA scans of ONH, 25 eyes with poor OCTA scans of macula, 17 eyes with
poor structural scans of ONH and 2 eyes with poor GCC scans were excluded.
Final analysis included vessel density and structural scans from 195 eyes of 117
subjects (78 eyes of 50 normal and 117 eyes of 67 POAG subjects). Of the 117
eyes with POAG, 22 eyes had a “within normal limit” or a “borderline” glaucoma
hemifield test result, and / or the probability value of pattern standard deviation
>5% on VF (preperimetric glaucoma). Table 1 shows the clinical, VF, vessel density
and structural measurements of the included subjects. SSI of the OCTA and
structural scan of ONH were significantly greater in the control subjects compared
to the POAG patients. AUCs and sensitivities at fixed specificities of optic disc and
peripapillary vessel density and structural parameters were therefore calculated
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after adjusting for the difference in signal strength between the control and POAG
groups using covariate-adjustment as proposed by Pepe.23 All the vessel density
and structural measurements were significantly lesser in the glaucoma compared

to the control group.

Table 1. Clinical features, visual field parameters, vessel density and structural measurements of

the participants. All values represent median and interquartile range unless specified.

Control group POAG group
(78 eyes (117 eyes P
50 subjects) 67 patients)
Age (years)* 60.7+8.3 62.8+12.1 0.30
Gender (male:female) 27:23 47:20 0.07
Sphere (D) 0.5(0, 1) 0.0 (-0.75, 0.75) 0.12
Cylinder (D) -0.5(-1,-0.5) -0.75 (-1, -0.5) 0.72
Pseudophakia (n, %) 13 (16.7%) 29 (24.8%) 0.39
Optic disc area (mm?) 2.28(1.93, 2.53) 2.27 (2.01, 2.59) 0.45
Pre-treatment IOP (mm Hg) 20 (18, 24.5)
0P at the scanning visit (mm Hg) 15.5 (14, 18) 16 (14, 19) 0.001
Hypertension (yes:no) 19:31 29:38 0.57
Diabetes mellitus (yes:no) 17:33 20:47 0.63
Mean deviation (dB) -0.9 (-3.5,-0.3) -6.3 (-12.5, -3.5) <0.001
Pattern standard deviation (dB) 1.9(1.5,2.5) 4.8(2.6,9.7) <0.001
Visual field index (%) 99 (97, 99) 88 (69, 95) <0.001
OCTA parameters
SSI (Optic disc scan)* 53.6+8.9 49.6+7.8 0.002
Whole enface vessel density (disc scan, %) 53.9(51.3, 55.5) 45.2 (41.5,48.7) <0.001
Inside disc vessel density (%) 48.1 (44.0, 50.0) 40.1 (34.8, 45.63) <0.001
Nasal vessel density (%) 48.9 (44.1, 52.7) 41.2 (33.6, 47.0) <0.001
Inferior vessel density (%) 48.7 (44.8, 53.3) 43.8 (37.5, 49.5) <0.001
Superior vessel density (%) 49.1(43.4,52.2) 40.8 (33.2, 46.2) <0.001
Temporal vessel density (%) 44.3 (40.4, 50.7) 34.9 (28.8, 43.6) <0.001
Average Peripapillary vessel density (%) 61.9 (59.9, 64.2) 54.4 (49.0, 58.6) <0.001
Nasal vessel density (%) 59.5(57.0, 61.8) 53.2 (46.9,57.4) <0.001
Inferior vessel density (%) 64.7 (62.1, 67.2) 53.9 (45.6, 59.5) <0.001
Superior vessel density (%) 63.6 (60.3, 66.9) 55.2 (49.4, 60.7) <0.001
Temporal vessel density (%) 60.3 (58.0, 63.2) 56.5(51.3, 59.8) <0.001
SSI (Macula scan)* 61.1+6.7 59.9+7.7 0.33
Whole enface vessel density (macula scan, %) 47.1(45.5, 50.1) 43.8 (41.8, 47.0) <0.001
Parafoveal vessel density (%) 49.5 (47.3, 52.3) 46.9 (43.9, 49.4) <0.001
Nasal vessel density (%) 48.3 (46.4,51.1) 45.9 (43.1, 48.8) 0.001
Inferior vessel density (%) 51.0 (48.0, 53.3) 46.6 (43.7,51.1) <0.001
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Superior vessel density (%) 50.3 (48.1, 53.2) 47.5(44.3,51.6) 0.002
Temporal vessel density (%) 49.6 (46.8, 52.5) 46.8 (44.1, 49.7) <0.001
OCT parameters
SSI (ONH scan) 55.2+8.1 49.4+8.3 <0.001
Neuroretinal rim area (mm?) 1.32(1.12,1.51) 0.72 (0.56, 0.88) <0.001
Nasal rim area (mm2) 0.40 (0.34, 0.44) 0.21(0.15, 0.28) <0.001
Inferior rim area (mm?) 0.41(0.33,0.48) 0.16 (0.10, 0.26) <0.001
Superior rim area (mm?) 0.38(0.32,0.48) 0.22(0.17,0.28) <0.001
Temporal rim area (mm?2) 0.12 (0.09, 0.19) 0.09 (0.06, 0.14) <0.001
Average Peripapillary RNFL thickness (um) 100 (93, 105) 79 (70, 85) <0.001
Nasal RNFL thickness (um) 80 (73, 87) 66 (58, 73) <0.001
Inferior RNFL thickness (um) 123 (116, 132) 86 (70, 98) <0.001
Superior RNFL thickness (um) 124 (115, 133) 97 (83, 107) <0.001
Temporal RNFL thickness (um) 71 (66, 79) 63 (57, 69) <0.001
SSI (GCC scan)* 59.1+9.7 58.7+9.5 0.78
Average GCC thickness (um) 95 (91, 102) 79 (72, 85) <0.001
Superior GCC thickness (um) 95 (90, 102) 82 (74, 89) <0.001
Inferior GCC thickness (um) 96 (91, 102) 77 (66, 84) <0.001

POAG: primary open angle glaucoma; D: diopter; dB: decibel; IOP: intraocular pressure; SSI: signal
strength index; ONH: optic nerve head; RNFL: retinal nerve fiber layer; GCC: ganglion cell complex;
*mean + standard deviation.

The AUCs and sensitivities at fixed specificities of the vessel density measurements
to differentiate POAG from control eyes are shown in Table 2. Whole enface vessel
density of the disc scan showed the best AUC and sensitivity at fixed specificity
to diagnose glaucoma. The AUCs and sensitivities at fixed specificities of the
structural measurements to differentiate POAG from control eyes are shown in
Table 3. Average and the inferior quadrant RNFL thickness showed the best AUC
and sensitivity at fixed specificity to diagnose glaucoma. Comparing the diagnostic
abilities region-wise, ONH rim area showed a statistically significantly better
(p<0.001) AUC than the inside disc vessel density, peripapillary RNFL thickness
showed a statistically significantly better (p=0.002) AUC than the peripapillary
vessel density, and macular GCC thickness showed a statistically significantly better
(p<0.001) AUC than the macular vessel density. Figure 2 shows the sensitivity at
95% specificity of the vessel density and structural measurements at different
severities of glaucomatous VF loss. Sensitivities of structural measurements were
better than the vessel densities of the corresponding regions over the whole
range of glaucoma severity.
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Table 2. Diagnostic ability of vessel density parameters of optical coherence tomography angiography
in differentiating open angle glaucoma from control eyes (figures in parenthesis represent 95%

confidence intervals).

Vessel density

AUC

Sensitivity at
95% specificity

Sensitivity at 80%

specificity

Whole enface (disc)
Inside disc
Nasal
Inferior
Superior
Temporal
Average Peripapillary
Nasal
Inferior
Superior
Temporal
Whole enface (macula scan)
Parafoveal
Nasal
Inferior
Superior

Temporal

0.93 (0.88-0.96)
0.77 (0.67-0.86)
0.74 (0.65-0.83)
0.67 (0.57-0.77)
0.73 (0.62-0.81)
0.70 (0.56-0.81)
0.85 (0.78-0.90)
0.78 (0.68-0.85)
0.88 (0.81-0.92)
0.82 (0.73-0.88)
0.68 (0.57-0.77)
0.73 (0.64-0.81)
0.70 (0.61-0.78)
0.65 (0.55-0.74)
0.69 (0.60-0.77)
0.65 (0.55-0.74)
0.67 (0.58-0.76)

75% (48-89)
31% (08-60)
19% (01-41)
25% (06-44)
23% (04-45)
13% (03-53)
56% (39-70)
40% (29-59)
66% (47-83)
52% (35-68)
26% (08-52)
18% (01-40)
10% (03-36)
08% (01-27)
19% (04-41)
15% (03-38)
12% (02-26)

88% (75-95)
58% (36-74)
57% (28-70)
46% (27-61)
47% (28-69)
47% (13-62)
76% (62-87)
62% (46-79)
78% (66-90)
66% (51-77)
45% (28-57)
57% (37-72)
49% (34-64)
50% (28-64)
52% (33-64)
42% (15-60)
42% (18-66)

AUC: area under the receiver operating characteristic curve.

Table 3. Diagnostic ability of structural parameters of optical coherence tomography in differentiating
open angle glaucoma from control eyes (figures in parenthesis represent 95% confidence

intervals).

Vessel density

AUC

Sensitivity at
95% specificity

Sensitivity at
80% specificity

Neuroretinal rim area
Nasal rim area
Inferior rim area
Superior rim area
Temporal rim area
Average RNFL thickness
Nasal RNFL thickness
Inferior RNFL thickness
Superior RNFL thickness

0.94 (0.88-0.98)
0.88 (0.81-0.94)
0.92 (0.85-0.96)
0.89 (0.83-0.94)
0.72 (0.61-0.82)
0.95 (0.91-0.98)
0.83 (0.73-0.90)
0.95 (0.91-0.98)
0.90 (0.83-0.94)

83% (70-95)
58% (38-73)
73% (57-82)
65% (50-83)
26% (09-38)
72% (45-88)
44% (03-65)
84% (72-92)
56% (38-72)

89% (78-97)
79% (63-89)
84% (72-93)
86% (75-95)
52% (34-74)
94% (85-99)
69% (46-86)
90% (81-96)
81% (63-90)
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Temporal RNFL thickness 0.73 (0.63-0.82) 24% (13-46) 51% (26-69)
Average GCC thickness 0.93 (0.88-0.96) 62% (47-83) 87% (75-95)
Superior GCC thickness 0.86 (0.79-0.91) 41% (28-63) 77% (61-88)
Inferior GCC thickness 0.92 (0.87-0.95) 63% (49-74) 86% (70-93)

AUC: area under the receiver operating characteristic curve; RNFL: retinal nerve fiber layer; GCC:
ganglion cell complex.

(a) Optic nerve head (b) Peripapillary region () Macular region

Sensitivity at 95% specificity
Sensitivity at 95% specificity
Sensitivity at 95% specificity

Inside disc vessel density \

Peripapillary vessel density

—— Macular vessel density

— == Neuroretinal rim area — == RNFL thickness — == GCC thickness
° o4 o-
T T T T T T T T T T T T
-30 -20 -10 0 -30 -20 -10 0 -30 -20 -10
Mean deviation (dB) Mean deviation (dB) Mean deviation (dB)

Figure 2. Sensitivity at 95% specificity of (a) optic nerve head vessel density and rim area, (b)
peripapillary vessel density and retinal nerve fiber layer (RNFL) thickness and (c) superficial macular
vessel density and ganglion cell complex (GCC) thickness according to mean deviation on visual
fields.

Table 4 shows the effect of pre-treatment IOP on the diagnostic abilities of vessel
density and structural parameters of the three regions, after adjusting for the
disease severity as determined by the MD of the VF. Pre-treatment IOP had a
significant positive effect on the AUC of inside disc vessel density but not on
any other vessel density or structural measurement. AUC and sensitivities at
fixed specificities of inside disc vessel density increased significantly in eyes with
higher pre-treatment I0Ps. Figure 3 shows the effect of pre-treatment IOP on
the sensitivities at 95% specificity of the inside disc vessel density and rim area
measurements at a MD value of -5 dB.
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Table 4. Results of the multivariate receiver operating characteristic (ROC) regression models
evaluating the effect of mean deviation of visual fields and pre-treatment intraocular pressure (IOP)
on the area under the ROC curves of the vessel density and structural measurements inside the
optic disc, peripapillary and parafoveal region. Figures represent coefficient with 95% confidence

interval in parenthesis.

Parameter

Mean deviation

Pre-treatment IOP

Optic nerve head
Vessel density
Rim area

Peripapillary region
Vessel density
RNFL thickness

Parafoveal region
Vessel density

GCC thickness

-0.06 (-0.12, -0.01)*
-0.04 (-0.12, 0.08)

-0.07 (-0.14, -0.01)*
-0.14 (-0.34, -0.05)*

-0.05 (-0.10, 0.00)*
-0.12 (-0.23, -0.04)*

0.08 (0.03, 0.16)*
0.01 (-0.06, 0.23)

0.02 (-0.02, 0.08)
-0.06 (-0.22, 0.05)

-0.01 (-0.04, 0.04)
-0.01 (-0.07, 0.04)

* - statistically significant (p<0.05). RNFL: retinal nerve fiber layer; GCC: ganglion cell complex.

Sensitivity at 95% specificity

Inside disc vessel density

=== Neuroretinal rim area

T T T
10 20 50

30 40
Pre—treatment IOP (mm Hg)

Figure 3. Sensitivity at 95% specificity of optic nerve head vessel density and rim area according to
the pre-treatment intraocular pressure at a mean deviation on visual fields of -5 dB.

We ran the entire analysis considering one eye of subjects who contributed both
eyes for our earlier analysis and found similar results. When considering the
better eye of the glaucoma patients for analysis (median MD: -4.3 dB), the AUC
of inside disc (0.74), peripapillary (0.82) and parafoveal (0.70) vessel densities
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were significantly lower (p<0.01 for all comparisons) than ONH rim area (0.93),
peripapillary RNFL (0.93) and average GCC thickness (0.89) respectively. When
considering the worse eye of the glaucoma patients for analysis (median MD:
-8.5 dB), the AUC of inside disc (0.78), peripapillary (0.88) and parafoveal (0.74)
vessel densities were similarly significantly lower (p<0.02 for all comparisons)
than ONH rim area (0.93), peripapillary RNFL (0.96) and average GCC thickness
(0.95) respectively.

We also ran the entire analysis considering optic disc changes and VF changes as
the definition of glaucoma (excluding preperimetric glaucoma eyes) and found
similar results. The AUC of inside disc (0.79), peripapillary (0.88) and parafoveal
(0.72) vessel densities were still significantly lower (p<0.01 for all comparisons)
than ONH rim area (0.96), peripapillary RNFL (0.97) and average GCC thickness
(0.96) respectively.

DISCUSSION

In this study, vessel density measurements of OCTA were compared with structural
measurements of the traditional OCT. It was found that the diagnostic abilities
of several OCT parameters (ONH rim area, peripapillary RNFL thickness and the
macular GCC thickness) in POAG were significantly better than the corresponding
vessel densities within each of these regions.

Previous studies have compared the diagnostic ability of peripapillary vessel
density measurements of OCTA with the RNFL thickness measurements of OCT.>
12 However, to the best of our knowledge, there are no studies comparing the
inside disc vessel densities with ONH rim area or the macular vessel densities with
macular GCC thickness. Liu et al evaluated the diagnostic ability of peripapillary
vessel density and average RNFL thicknessin 12 (9 perimetric and 3 pre-perimetric)
glaucoma and 12 normal eyes. AUC, sensitivity and specificity of peripapillary
vessel density (0.94, 83.3% and 91.7% respectively) were found to be comparable
to that of the average RNFL thickness (0.97, 91.7% and 91.7% respectively).®
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Yarmohammadi et al compared the diagnostic ability of peripapillary vessel
density with that of the average RNFL thickness in 124 eyes with POAG (median
MD: -3.9 dB).12 Although the AUC of peripapillary vessel density measurement
(0.83) was less than that of the average RNFL thickness (0.92), this difference
was not statistically significant. Whole enface vessel density of the disc scan
showed the best AUC in their study (AUC: 0.94), similar to that found in our study
(0.93).12 We found slightly greater AUCs of the peripapillary vessel densities and
the RNFL thickness (compared to the results of the study by Yarmohammadi et
all2) owing to eyes with more advanced glaucoma in our cohort (median MD:
-6.3 dB). Additionally, we found that the AUC of average RNFL thickness was
significantly greater than that of the peripapillary vessel density measurement.
Glaucoma in our study was defined solely on the neuroretinal rim and RNFL
changes on clinical examination and stereo photographs of the optic discs. This
may have biased the diagnostic ability of the OCT rim area and RNFL thickness
measurements and could have been the reason for the better diagnostic ability
of structural measurements compared to vessel density measurements. We
therefore ran a separate analysis considering optic disc changes and VF changes
as the definition of glaucoma and found the results to be the same. Also, the
diagnostic ability of macular measurements is less likely to be influenced by the
reference standard. Therefore, the results of our study is likely to represent true
superiority of structural measurements over vessel density measurements for
diagnosing glaucoma. Future studies with functional tests as reference standard
and longitudinal evaluation of suspect eyes are required to validate our results.

As expected, the diagnostic abilities of vessel densities and the structural
measurements increased with increasing severity of glaucoma. This has been

4,13 and with structural measurements.’

reported earlier both with vessel density
We therefore accounted for the severity of disease when evaluating for the
effect of baseline IOP on the diagnostic abilities of vessel density and structural
measurements. If reduced ONH blood supply was the predominant pathogenic
mechanism in POAG eyes with low baseline IOPs (normal tension glaucoma, NTG),
a greater difference in the vessel density values between the glaucoma and the

control groups (and thereby a greater AUC) in these NTG eyes would be expected.
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However, this was not observed. On the contrary, the diagnostic ability of ONH
vessel density increased in eyes with higher baseline IOP. This may imply that the
vascular mechanisms contributing to the pathogenesis of glaucoma are not IOP-
independent. IOP related stress and strain have been hypothesized to occlude
the capillaries especially in the lamina cribrosa of the ONH.24 Although there are
no studies evaluating the effect of baseline IOP on the diagnostic abilities of the
structural and vascular measurements of OCT as done in the current study, two
previous studies have compared the diagnostic abilities of structural parameters
of OCT in NTG (defined as open angle glaucoma eyes with baseline IOP<21 mm
Hg) and POAG (defined as open angle glaucoma eyes with baseline IOP>=21 mm
Hg) patients with comparable glaucoma severity as defined on the VFs. These
studies have found that the diagnostic ability of RNFL thickness and GCC thickness
was greater in POAG compared to NTG.2> 26 Contrary to the results of these
studies, we found no statistically significant effect of the baseline IOP on the
diagnostic abilities of RNFL and GCC thickness.

There are some limitations of the OCTA technology and the study design
which need to be considered while interpreting the results. The vessel density
measurements evaluated in this study were the ones provided by the software
automatically. We therefore could not exactly match the vessel density sectors
with the sectors of the structural parameters for comparison. The OCTA algorithm,
inits current form, includes large vessels along with capillaries in its estimation of
vessel density. The software also does not provide further insights into the nature
of vascular changes such as attenuation, drop-out, etc. The technology also does
not evaluate the choroidal vasculature. These details would provide a better
understanding of the vascular changes in glaucoma. Another possible limitation
of the current study was that we did not measure the blood pressure of the
subjects or record their anti-hypertensive medication. However, we recorded the
history of hypertension and found that the number of subjects with hypertension
was similar in the glaucoma and the control groups. A previous study also has
shown no relationship between blood pressure readings and peripapillary vessel
densities on OCTA.> In the same context, the peripapillary vessel densities can
also be affected by parapapillary atrophy (PPA).2” We did not record the presence
of PPA or its extent in our subjects. Another limitation of the study is the case-
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control design, with a clear distinction between glaucoma patients (cases) defined
based on the presence of glaucomatous optic nerve head changes, and normal
subjects (controls) with no suspicious findings of glaucoma. Such a design has
been shown to overestimate the actual diagnostic ability of a test.28-30

In conclusion, we found that the diagnostic abilities of OCTA vessel density
measurements of the ONH, peripapillary and the macular regions in POAG were
significantly lower than the OCT ONH rim area, peripapillary RNFL thickness
and the macular GCC thickness measurements, respectively. At fixed levels of
glaucoma severity, the diagnostic ability of the OCTA ONH vessel density was
significantly greater in eyes with higher baseline IOP. Baseline IOP did not affect
the diagnostic ability of the other OCTA vessel density or the OCT structural
measurements.
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Peripapillary OCTA in POAG and PACG

ABSTRACT

Aims: To evaluate the diagnostic ability of peripapillary vessel density
measurements on optical coherence tomography angiography (OCTA) in
primary open-angle (POAG) and primary angle-closure glaucoma (PACG), and
to compare these with peripapillary retinal nerve fiber layer (RNFL) thickness
measurements.

Methods: In a cross-sectional study, 48 eyes of 33 healthy control subjects, 63
eyes of 39 POAG patients and 49 eyes of 32 PACG patients underwent OCTA
(RTVue-XR, Optovue Inc., Fremont, CA) and RNFL imaging with spectral domain
OCT. Diagnostic abilities of vessel density and RNFL parameters were evaluated
using area under receiver operating characteristic curves (AUC) and sensitivities
at fixed specificities.

Results: AUCs of peripapillary vessel density ranged between 0.48 for the
temporal sector and 0.88 for inferotemporal sector in POAG. The same in PACG
ranged between 0.57 and 0.86. Sensitivities at 95% specificity ranged from 13% to
70% in POAG, and from 10% to 67% in PACG. AUCs of peripapillary RNFL thickness
ranged between 0.51 for the temporal and 0.91 for inferonasal sector in POAG.
The same in PACG ranged between 0.61 and 0.87. Sensitivities at 95% specificity
ranged from 8% to 68% in POAG, and 2% to 67% in PACG. AUCs of all peripapillary
vessel density measurements were comparable (p>0.05) to the corresponding
RNFL thickness measurements in both POAG and PACG.

Conclusions: Diagnostic ability of peripapillary vessel density parameters of
OCTA, especially the inferotemporal sector measurement, was good in POAG
and PACG. Diagnostic abilities of vessel density measurements were comparable
to RNFL measurements in both POAG and PACG.
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INTRODUCTION

Glaucoma is a chronic progressive optic neuropathy with characteristic optic
disc and retinal nerve fiber layer (RNFL) changes. Although the exact pathogenic
mechanisms of glaucoma are not fully understood, intraocular pressure (IOP)
is @ major causal factor with the risk of incident glaucoma and its progression
increasing with higher 10P.1 It also has been proposed that reduced optic nerve
head (ONH) perfusion is a cause of glaucoma in at least some individuals.? 3
Earlier studies have measured ONH blood flow using a variety of techniques and
have shown reduction in ONH perfusion in patients with glaucoma. However,
each of these techniques have certain limitations.?

Recently, optical coherence tomography (OCT) has been used to develop a three-
dimensional angiography algorithm called split spectrum amplitude-decorrelation
angiography (SSADA) for imaging the ONH microcirculation.® Studies with this
OCT angiography (OCTA) have demonstrated reduced ONH®? and peripapillary1%-
12 yessel density in patients with glaucoma. Most of the previous studies included
patients with primary open-angle glaucoma (POAG) and there are no reports till
date on the utility of peripapillary vessel density parameters of OCTA in eyes
with primary angle-closure glaucoma (PACG). The purpose of this study was to
evaluate the diagnostic ability of the peripapillary vessel density in different
sectors on OCTA in POAG and PACG, and to compare these with peripapillary
RNFL thickness as measured by spectral domain OCT (SD-OCT).

METHODS

This was a cross-sectional study conducted at a tertiary eye care center
between June 2015 and August 2015. The methodology adhered to the tenets
of the Declaration of Helsinki. Written informed consent was obtained from all
participants and the study was approved by the Institute’s Ethics Committee.

Participants of the study included POAG patients, PACG patients and a group of
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control subjects. Control eyes in the study had IOP<21 mm Hg, no family history
of glaucoma, normal anterior and posterior segment on clinical examination
and non-glaucomatous optic discs, as assessed by experts on disc photographs.
Both PACG and POAG patients had optic nerve head changes characteristic of
glaucoma (focal or diffuse neuroretinal rim thinning, localized notching or RNFL
defects). PACG patients had occludable anterior chamber angles in 3 or more
guadrants, with goniosynechiae and IOP> 21 mm Hg at the time of diagnosis.
Anterior chamber angle was examined using an indentation gonioscope and was
considered occludable if the posterior trabecular meshwork was not seen in the
primary position. POAG patients had open angles and IOP> 21 mm Hg at the time
of diagnosis. Inclusion criteria for all participants were age 218 years, corrected
distance visual acuity (CDVA) of 20/40 or better and refractive error within £5 D
sphere and 3 D cylinder. Exclusion criteria were presence of any media opacities,
retinal or neurological disease that could confound the examinations. Eyes with
history of trauma or inflammation were also excluded. All participants underwent a
detailed medical history, CDVA measurement, slit-lamp biomicroscopy, Goldmann
applanation tonometry, gonioscopy, dilated fundus examination, visual field (VF)
examination, stereoscopic optic disc photography, OCTA imaging with RTVue-XR
SDOCT (Optovue Inc., Fremont, CA) and RNFL imaging with Cirrus HD-OCT (Carl
Zeiss Meditec Inc, Dublin, CA). All examinations were performed on the same
day.

Visual field testing

VF examination was performed using a Humphrey Field analyzer Il, model 720i
(Zeiss Humphrey Systems, Dublin, CA), with the Swedish interactive threshold
algorithm (SITA) standard 24-2 program. VFs were considered reliable if the
fixation losses, false positive and false negative response rates were all less than
or equal to 20%.
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Optic disc photography

Stereoscopic optic disc photographs were obtained by trained technicians using a
digital fundus camera (Kowa nonmyd WX, Kowa Company, Ltd., Japan). Each optic
disc photograph was evaluated independently by two of the three experts (HLR,
ZSP and NKP) in a masked manner to determine the presence of glaucomatous
changes. Discrepancies between any two experts were adjudicated by the third
expert.

OCTA examination

OCTA imaging was performed using RTVue-XR SDOCT (AngioVue, v2015.100.0.33)
after pupillary dilatation. RTVue-XR scans the optic disc using an 840 nm diode
laser source, with an A-scan rate of 70 kHz per second. Optic disc imaging is
performed using a set of 2 scans; one vertical priority and one horizontal
priority raster volumetric scan covering 4.5 x 4.5 mm. An orthogonal registration
algorithm is used to produce merged 3-dimensional OCT angiograms.13 The
SSADA algorithm compares the consecutive B-scans at the same location to
detect flow using motion contrast.> The software automatically fits an ellipse
to the optic disc margin. The peripapillary region is defined as a 0.75 mm-wide
elliptical annulus extending from the optic disc boundary (Figure 1). An en face
angiogram of the circulation is obtained by the maximum flow (decorrelation
value) projection from the inner limiting membrane (ILM) to retinal pigment
epithelium (RPE). In this study, the peripapillary vessels were analyzed in the
Radial Peripapillary Capillary (RPC) zone. RPC zone extends from the ILM to the
nerve fiber layer. Peripapillary vessel density was defined as the percentage area
occupied by the large vessels and microvasculature in peripapillary region. The
peripapillary region was divided into 6 sectors based on the Garway-Heath map
(Figure 1).14 Poor quality images with a signal strength index (SSI) less than 40
or images with residual motion artifacts were excluded from the analysis.
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Figure 1. Figure showing the peripapillary sectors where vessel densities are calculated. The
vessel density is calculated over a 0.75 mm-wide elliptical annulus extending from the optic disc
boundary.

RNFL imaging

RNFL thickness measurements were performed with Cirrus HD-OCT (software
version 7.0.1.290) using the Optic Disc Cube 200x200 protocol.1> 16 The 12 clock-
hour RNFL thickness measurements (in the right eye format) were grouped to
closely match the sectors of the OCTA parameters. Clock-hours 8, 9 and 10 were
considered as the temporal sector, 11 as the superotemporal sector, 12 and 1 as
superonasal, 2, 3 and 4 as nasal, 5 and 6 as inferonasal and 7 as inferotemporal
sector. Only good quality scans with signal strength > 6, absence of motion
and blinking artifacts, and absence of segmentation failure were used for the
analysis.

STATISTICAL ANALYSIS

Receiver operating characteristic (ROC) curves and sensitivities at fixed specificities
were used to describe the ability of OCTA and RNFL parameters to discriminate
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glaucomatous eyes from control eyes. To obtain confidence intervals for area
under the ROC curves (AUC) and sensitivities, a bootstrap re-sampling procedure
was used (n = 1000 re-samples). As measurements from both eyes of the same
subject are likely to be correlated, the cluster of data for the study subject was
considered as the unit of resampling and bias corrected standard errors were
calculated. This procedure has been used to adjust for the presence of multiple
correlated measurements from the same unit.1”- 18 ROC regression modeling
technique was used to evaluate the effect of glaucoma severity on the sensitivities
of OCTA and RNFL parameters in diagnosing glaucoma.1?- 20

Statistical analyses were performed using commercial software (Stata ver. 12.1;
StataCorp, College Station, TX). A p value of <0.05 was considered statistically
significant.

RESULTS

Two hundred and twenty eyes of 139 subjects (62 eyes of 43 normal, 90 eyes of
53 POAG and 68 eyes of 43 PACG subjects) underwent OCTA imaging with SD-OCT.
Among these, 60 eyes were excluded due to poor quality OCTA scans (27 eyes),
RNFL scans (5 eyes), unreliable VF (19 eyes) or combinations of these (9 eyes),
leaving 160 eyes (48 eyes of 33 control subjects, 63 eyes of 39 POAG and 49 eyes
of 32 PACG patients) for the analysis. The pairwise agreement between the three
experts for optic disc classification on stereo photographs ranged between 90.5%
and 94.9%. Kappa ranged between 0.80 and 0.92. Twelve eyes each in the POAG
and PACG group had normal VFs (PSD with p>5% and/or within normal limits
or borderline GHT result). Table 1 shows the characteristics of these 3 groups.
POAG and PACG patients were significantly older than control subjects. SSI of
OCTA scans and signal strength of RNFL scans were significantly greater in the
control compared to POAG and PACG subjects. AUCs and sensitivities at fixed
specificities were therefore calculated after adjusting for the difference in age
and signal strength between the groups using covariate-adjustment as proposed
by Pepe.2l All vessel density and RNFL measurements were significantly lesser
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in the glaucoma group. Though the median MD was worse in PACG compared to
POAG eyes, the difference was not statistically significant (p=0.49).

Table 1. Demographic, visual field, vessel density and retinal nerve fiber layer thickness (RNFL)
characteristics of the participants.

Control subjects POAG group PACG group

(48 eyes, 33 (63 eyes, 39 (49 eyes, 32 pl p2
subjects) subjects) subjects)
52 65 64
Age (years) (45, 62) (59, 70) (59, 68) <0.001 0.002
Gender (male:female) 16:17 25:14 14:18 0.18 0.70
0.5 0 0.75
Sphere (D) (0,1.5) (0, 1) (0, 1.5) 0.26 0.59
. -0.5 -0.75 -0.75
Cylinder (D) (:0.75, 0) (-1.25, 0) (-1.25, 0) 0.01 0.10
Intraocular pressure (mm Hg) (131417) (121618) (131518) 0.57 0.37
Lens (phakia:pseudophakia) 46:2 45:18 44:5 0.001 0.26
Hypertension (yes:no) 10:23 10:29 13:19 0.66 0.38
Diabetes mellitus (yes:no) 8:25 15:24 12:20 0.20 0.25
o -1.5 -6.3 -9.2
Mean deviation (dB) (-2.8,0.3) (135, -31) (-16.0,-3.3) <0.001 <0.001
Pattern standard deviation (dB) 1 ;92 2) 3 gé 8) 2 77'131 5) <0.001 <0.001
Visual field index (%) (979999) (648795) (618897) <0.001  <0.001
Signal strength index (OCTA) (536166) (475360) (475357) <0.001 <0.001
Average Peripapillary vessel density (%) (57 go'gz 2) (47 %2'557 5) (48 542.576 7) <0.001  <0.001
58.0 51.2 51.9
H 0
Nasal vessel density (%) (56.6, 61.0) (47.0,57.0)  (46.4, 58.6) <0.001 <0.001
Inferonasal vessel density (%) (59612'24 8) (4613.589 a) (473‘3'519 0) <0.001 <0.001
Inferotemporal vessel density (%) (62%4.666 6) (41‘;9'579 4 (43 22'59 a) <0.001 <0.001
Superotemporal vessel density (%) (59‘(:33.:6.5) (45.%6'652.0) (45.523'559.2) <0.001  <0.001
Superonasal vessel density (%) (56 569.612 5) (46 5:‘L1.588 3) 46 573'20 1) <0.001 0.002
Temporal vessel density (%) (535;9'21 1) (495;5';)9 a) (475;3'5?7 9) 0.008 0.002
Signal strength (ONH cube) (899) (889) (789) 0.01 <0.001
Average Peripapillary RNFL thickness 93 72 70

(um) (86, 99) (60, 78) (64,80) 0001 <0001
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Nasal RNFL thickness (um) (627,21) (586’572) (606,573) <0.001 0.02

Inferonasal RNFL thickness (um) (10;,1;331) (627,992) (63,8100) <0.001 <0.001
I(r;:l;otemporal RNFL thickness (11;,2139) (5563698) (537,24) <0001  <0.001
(S:rz(;rotemporal RNFL thickness (101?135) (63'8?09) (56'8101) <0001  <0.001
Superonasal RNFL thickness (um) (10%}?28) (69%399) (72,8101) <0.001 <0.001
Temporal RNFL thickness (um) (535,965) (465,461) (435’159) 0.01 0.001

dB: decibel; OCTA: optical coherence tomograph angiography; All values are median with inter-
quartile range in parenthesis. P1 represents the p value associated with the comparisons between
control and primary open angle glaucoma (POAG) groups. P2 represents the p value associated with
the comparisons between control and primary angle closure glaucoma (PACG) groups.

The AUCs and sensitivities at fixed specificities of the peripapillary vessel density
and RNFL parameters are shown in Table 2 and 3 respectively. Inferior sector

measurements of both the vessel density and RNFL thickness showed the best
AUCs and sensitivities at fixed specificities in POAG and PACG.

Table 2. Diagnostic ability of peripapillary vessel density and retinal nerve fiber layer parameters
in differentiating primary open angle glaucoma from control eyes (figures in parenthesis represent
95% confidence intervals).

Vessel density RNFL thickness
AUC Sensitivity at  Sensitivity at AUC Sensitivity at ~ Sensitivity at
95% specificity 80% specificity 95% specificity 80% specificity
Average 0.79 43% 67% 0.87 44% 87%
& (0.66-0.91) (18-69) (41-89) (0.74-0.94) (15-73) (61-98)
Nasal 0.74 46% 56% 0.69 08% 40%
(0.59-0.86) (20-65) (30-73) (0.51-0.82) (01-33) (06-75)
Inferonasal 0.77 35% 59% 0.90 68% 86%
(0.63-0.90) (13-62) (34-87) (0.78-0.97) (15-91) (61-96)
Inferotemporal 0.88 70% 79% 0.87 65% 83%
P (0.78-0.94) (50-83) (63-91) (0.78-0.93) (46-81) (69-93)
Superotemporal 0.68 38% 44% 0.70 41% 56%
P P (0.54-0.83) (23-58) (28-61) (0.56-0.82) (18-61) (37-74)
Superonasal 0.72 24% 60% 0.85 44% 81%
P (0.54-0.85) (07-58) (24-78) (0.70-0.94) (06-84) (49-93)
Temporal 0.48 13% 25% 0.51 24% 35%
P (0.33-0.67) (04-41) (07-48) (0.37-0.65) (11-41) (19-55)

AUC: area under the receiver operating characteristic curve.
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Table 3. Diagnostic ability of peripapillary vessel density and retinal nerve fiber layer parameters in
differentiating primary angle closure glaucoma from control eyes (figures in parenthesis represent
95% confidence intervals).

Vessel density RNFL thickness

Sensitivity Sensitivity Sensitivity Sensitivity
AUC at 95% at 80% AUC at 95% at 80%

specificity specificity specificity specificity
Average 0.79 43% 69% 0.86 39% 82%
8 (0.63-0.93) (19-74) (42-93) (0.73-0.93) (04-66) (55-96)
Nasal 0.69 47% 55% 0.61 02% 18%
(0.51-0.83) (26-68) (29-72) (0.44-0.70) (02-04) (03-38)
Inferonasal 0.75 37% 63% 0.83 59% 76%
(0.60-0.89) (16-66) (38-92) (0.70-0.93) (12-84) (51-91)
Inferotemporal 0.86 67% 78% 0.87 67% 82%
P (0.74-0.93) (38-83) (59-91) (0.76-0.94) (36-80) (67-93)
Superotemporal 0.77 51% 59% 0.78 47% 63%
P P (0.63-0.89) (34-73) (37-76) (0.64-0.88) (25-70) (46-83)
Superonasal 0.66 18% 57% 0.80 31% 71%
P (0.46-0.81) (04-56) (21-77) (0.65-0.91) (03-73) (42-88)
Temporal 0.57 10% 35% 0.62 33% 45%
P (0.40-0.73) (02-27) (09-63) (0.49-0.75) (16-54) (25-63)

AUC: area under the receiver operating characteristic curve.

AUCs of the OCTA parameters were comparable (p>0.05) to the corresponding
RNFL thickness parameters both in POAG and PACG groups. Sensitivities at
fixed specificities of most of the OCTA parameters were also comparable to the
corresponding RNFL thickness measurements (overlapping 95% Cls). AUCs and
sensitivities at fixed specificities of OCTA and RNFL thickness measurements in
POAG were comparable to that in PACG (p>0.05 for all comparisons).

ROC regression analysis showed a statistically significant influence of glaucoma
severity (as measured by mean deviation on VF) on the diagnostic abilities of both
peripapillary vessel density and RNFL measurements (p<0.05 for all parameters).
Figure 2 shows the effect of glaucoma severity on the sensitivity at 95% specificity
of the inferotemporal peripapillary vessel density and RNFL measurements in (a)
POAG and (b) PACG. Sensitivities of both the vessel density and RNFL thickness
parameters increased significantly as the severity of glaucoma increased.
Sensitivities of the inferotemporal peripapillary vessel density appeared to be
better in POAG compared to PACG with increasing severity of the disease.
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(a) POAG (b) PACG
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Figure 2. Sensitivity at 95% specificity of inferotemporal sector vessel density and retinal nerve
fiber layer (RNFL) thickness measurements in (a) primary open angle glaucoma and (b) primary
angle closure glaucoma.

We ran the entire analysis considering one eye of subjects who contributed both
eyes for our earlier analysis and found similar results. When considering the
better eye of the glaucoma patients for analysis (median MD: -5.3 dB both in
POAG and PACG group), inferotemporal sector vessel density showed the best
AUC both in POAG (0.87) and PACG (0.86). AUC of inferotemporal RNFL thickness
was 0.86 and 0.85 in POAG and PACG respectively. When considering the worse
eye of the glaucoma patients for analysis (median MD: -6.8 dB in POAG and -11.1
dB in PACG), inferotemporal sector vessel density showed the best AUC both in
POAG (0.92) and PACG (0.87). AUC of inferotemporal RNFL thickness was 0.89
and 0.88 in POAG and PACG respectively. AUCs of the OCTA parameters were
comparable (p>0.05) to the corresponding RNFL thickness parameters both in
POAG and PACG groups.

DISCUSSION

There is limited literature on the diagnostic ability of peripapillary vessel
densities of OCTA in POAG19-12 and none to our knowledge in PACG. Evaluating
12 glaucoma and 12 normal eyes, Liu et al reported a significant reduction of
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peripapillary vessel density in glaucoma eyes. AUC, sensitivity and specificity of
average peripapillary vessel density (0.94, 83.3% and 91.7% respectively) was
comparable to average RNFL thickness (0.97, 91.7% and 91.7% respectively).10
Yarmohammadi et al compared the diagnostic ability of average peripapillary
vessel density and RNFL thickness in 124 eyes with POAG (median MD: -3.9 dB).
The AUC of peripapillary vessel density measurement (0.83) was lesser than that
of the average RNFL thickness (0.92). This difference however was not statistically
significant.1 Diagnostic abilities of average vessel density and RNFL thickness in
POAG in our study were lesser than that reported by Liu et al but similar to that
reported by Yarmohammadi et al. Sector-wise analysis of peripapillary vessel
densities was not performed in both these previous studies.

We evaluated the diagnostic ability of peripapillary vessel density measurements
in PACG and compared them with the RNFL measurements. We found them to be
comparable. We analyzed the diagnostic ability of OCTA parameters separately
in POAG and PACG patients because we hypothesized that the role of blood flow
may not be the same in the pathogenesis of POAG and PACG, and expected the
diagnostic ability of OCTA parameters to be different. However, we found that
the AUCs of OCTA measurements in POAG were comparable to that in PACG. The
severity of glaucoma in terms of mean deviation on VF, was greater in PACG (-9.2
dB) compared to POAG (-6.3 dB) eyes, in spite of it being statistically comparable.
When we accounted for the effect of glaucoma severity on the diagnostic abilities
of OCTA parameters, sensitivity of the inferotemporal peripapillary vessel density
appeared to be better in POAG compared to PACG with increasing severity of
the disease (Figure 2). This may indicate a lower prevalence of ocular perfusion
abnormality in PACG compared to POAG. Future studies should evaluate this
hypothesis.

Although RTVue-XR provides RNFL thickness measurements in addition to vessel
densities, we considered the RNFL thickness parameters from Cirrus HD-OCT
for the analysis because Cirrus HD-OCT provides the RNFL thickness in 12 clock-
hour segments which can be combined into sectors that closely match the vessel
density sectors provided by OCTA. Though a previous study has shown significant
differences between RTVue and Cirrus OCT in RNFL thickness measurement,22
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a study by Leite et al has shown no difference in their diagnostic abilities in
23

glaucoma.
There are a few limitations of the study. Glaucoma patients were significantly
older than control subjects. Though we accounted for this difference during the
calculation of diagnostic accuracies, it would have been ideal to match the groups
during recruitment. The vessel density measurements evaluated in this study
were the ones provided by the software automatically. We therefore could not
exactly match the vessel density and the RNFL sectors for comparison. This may
have affected our results and could also be a reason for the diagnostic ability
of the nasal RNFL sectors to be higher than the temporal sectors. The software
in its current form does not differentiate the changes in capillaries from that in
large vessels. Another possible limitation of the current study was that we did
not measure the blood pressure of the subjects or record their anti-hypertensive
medication. However, previous studies have shown no relationship between
blood pressure readings and peripapillary vessel densities on OCTA.10 Lastly,
the sample size of our study, though was much larger than the previous studies
on OCTA, was still small, as was evidenced by the wide Cls for the AUCs and
sensitivities at fixed specificities.

Our study provides directions to future research with OCTA in glaucoma. Our
study demonstrated that OCTA has the potential to provide useful information
in glaucoma. Though the diagnostic abilities of vessel densities were not better
than the tradition RNFL measurements, combining the information from vessel
density measurements might enhance the diagnostic yield of other standard tests
in glaucoma. Future studies should evaluate this. Being a cross-sectional study,
we were unable to evaluate if vascular changes occur before structural (RNFL)
changes in the development of glaucoma. Future studies should longitudinally
evaluate if vascular changes on OCTA occur earlier than structural or functional
changes in glaucoma. Future studies should also evaluate the utility of this new
modality in detecting glaucoma progression.

In conclusion, the diagnostic abilities of peripapillary vessel density parameters
of OCTA, especially the inferotemporal sector measurement, were good in POAG
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and PACG. Diagnostic abilities of vessel density measurements were comparable
to RNFL thickness measurements both in POAG and PACG.
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OCTA in PAC and PACG

ABSTRACT

Purpose: To evaluate the vessel density measurements of the optic nerve head
(ONH), peripapillary and macular regions on optical coherence tomography (OCT)
angiography in eyes with primary angle closure (PAC) and primary angle closure
glaucoma (PACG), and to compare their diagnostic abilities with the ONH rim
area, peripapillary retinal nerve fiber layer (RNFL) thickness and the macular
ganglion cell complex (GCC) thickness measurements on OCT in PACG.

Design: Cross-sectional study

Methods: Seventy-seven eyes of 50 control subjects, 65 eyes of 45 patients with
PACG, and 31 eyes of 22 PAC patients with a history of high IOP, underwent
imaging with OCT. Area under receiver operating characteristic curves (AUC)
and sensitivities at fixed specificities of vessel densities were compared with
structural measurements.

Results: All the vessel density and structural measurements were significantly
lower (p<0.05) in the PACG compared to the control group. Vessel densities in
the PAC were similar (p>0.05) to that of the controls; the superotemporal RNFL,
however, was significantly thinner in the PAC group (127 pum vs. 135 um, p=0.01).
The AUC and sensitivity at 95% specificity of vessel densities within the ONH
(0.76 & 42%) and macular region (0.69 & 18%) in PACG were significantly lower
(p<0.001) than ONH rim area (0.90 & 77%) and GCC thickness (0.91 & 55%)
respectively. AUC and sensitivity of peripapillary vessel density (0.85 & 53%) were
similar (p=0.25) to RNFL thickness (0.91 & 65%).

Conclusions: These results suggest that structural changes in PACG occur earlier
than the reduction in retinal vessel densities.
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INTRODUCTION

Optical coherence tomography (OCT) angiography is a relatively new technique
of non-invasively imaging the blood vessels of the optic nerve head (ONH) and
retina in-vivo.l Studies have used OCT angiography (OCTA) to demonstrate a
reduction in vessel density within the ONH, the peripapillary retina and the
macula in patients with primary open angle glaucoma (POAG).2-8 Additionally,
we have also shown that the diagnostic ability of vessel density in the ONH region
was significantly greater in POAG eyes with higher pre-treatment intraocular
pressures (I0P).8

However, unlike POAG, there is limited literature on the vessel densities with
OCTA in primary angle closure disease (PACD). A recent systematic review and
meta-analysis of multiple population-based studies has reported that PACD is
a significant problem in South-east Asian countries.? PACD includes eyes with
primary angle closure (PAC) and primary angle closure glaucoma (PACG).10 we
hypothesized that the vessel density reduction in PACG, especially the ONH vessel
densities, may be greater than that reported in POAG, as PACG presents with
higher IOP than POAG. PAC eyes with a history of high IOP and normal optic
nerves and visual fields (VF) also provide a unique opportunity to evaluate the
effect of high IOP on the vessel densities. This is likely to inform whether vessel
density loss is the cause or consequence of neural structure loss. The purpose
of the current study was to evaluate the vessel density measurements of the
ONH, peripapillary and macular regions in eyes with PACD (PACG eyes and PAC
eyes with history of high IOP) using OCTA. In addition, the diagnostic abilities of
the vessel density measurements of the ONH, peripapillary and macular regions
in PACD were compared with that of the ONH rim area, peripapillary retinal
nerve fiber layer (RNFL) thickness and the macular ganglion cell complex (GCC)
thickness measurements on OCT.
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METHODS

This was a prospective, cross-sectional study conducted at Narayana Nethralaya,
a tertiary eye care center in Bengaluru, South India between September 2015
and September 2016. The methodology adhered to the tenets of the Declaration
of Helsinki for research involving human subjects. Written informed consent was
obtained from all participants and the study was approved by the Institute’s
Ethics Committee.

Participants of the study included control subjects and PACD patients. Control
subjects were either hospital staff or subjects who consulted for a routine
eye examination or a refractive error. Control subjects had no family history
of glaucoma, IOP < 21 mm Hg, normal anterior and posterior segments on
clinical examination by an ophthalmologist and non-glaucomatous optic discs,
as assessed by glaucoma experts on masked examination of stereoscopic optic
disc photographs. PACD patients had occludable anterior chamber angles on
gonioscopy (before iridotomy), presence of goniosynechiae, a history of IOP >21
mm Hg, and had undergone laser peripheral iridotomy prior to the OCT imaging.
The anterior chamber angle was examined using an indentation gonioscope
and was considered occludable if, in primary position, the posterior trabecular
meshwork was not seen in 3 or more quadrants.1? PACD eyes were divided into
PAC and PACG groups depending on the optic nerve head appearance. PACG
eyes had glaucomatous changes on optic nerve head examination (focal or
diffuse neuroretinal rim thinning, localized notching or RNFL defects) as graded
by experts on stereoscopic optic disc photographs. PAC eyes had no evidence of
glaucomatous changes on optic disc photographic evaluation.1? Inclusion criteria
for all participants were age >18 years, corrected distance visual acuity of 20/40 or
better and refractive error within £5 D sphere and +3 D cylinder. Exclusion criteria
were presence of any media opacities that prevented good quality OCT scans, or
any retinal or neurological disease other than glaucoma, which could confound
the evaluation. Eyes with a history of trauma or inflammation were also excluded.
All participants underwent a comprehensive ocular examination, which included a
detailed medical history, corrected distance visual acuity measurement, slit-lamp
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biomicroscopy, Goldmann applanation tonometry, gonioscopy, dilated fundus
examination, stereoscopic disc photography, VF examination and OCT imaging
with RTVue-XR SD-OCT (Optovue Inc., Fremont, CA). In addition to IOP measured
on the day of scanning, the pre-treatment IOP (i.e. the highest IOP noted before
initiating treatment) was documented for all PAC and PACG eyes.

Stereoscopic optic disc photographs were obtained by trained technicians using
a digital fundus camera (Kowa nonmyd WX, Kowa Company, Ltd., Japan). Each
optic disc photograph was evaluated independently by two glaucoma experts
(HLR and NKP) in a masked manner to determine the presence of glaucomatous
changes (focal or diffuse neuroretinal rim thinning, localized notching or RNFL
defects). The experts were masked to all the clinical data, visual field data and
the fellow eye data. Discrepancy in the classification between the two experts
was adjudicated by a third glaucoma expert (ZSP).

VF examination was performed using a Humphrey Field analyzer Il, model 720i
(Zeiss Humphrey Systems, Dublin, CA), with the Swedish interactive threshold
algorithm (SITA) standard 24-2 program. VFs were considered reliable if the
fixation losses were less than 20%, and the false positive and false negative
response rates were less than 15%. VF findings were not considered for defining
glaucoma or controls in the primary analysis, but were used for the grading of
glaucoma severity.

OCTA imaging of the optic disc region and macula was performed using RTVue-
XR SD-OCT (AngioVue, v2015.100.0.33). The procedure of OCTA imaging with
RTVue-XR has been detailed previously.8 In brief, it uses an 840 nm diode laser
source, with an A-scan rate of 70 kHz per second. Imaging is performed using a
set of 2 scans; one vertical priority and one horizontal priority raster volumetric
scan. The optic disc scan covers an area of 4.5 x 4.5 mm and the macular scan was
performed using volumetric scans covering 3 x 3 mm. An orthogonal registration
algorithm is used to produce merged 3-dimensional OCT angiograms.1! The
software compares the consecutive B-scans at the same location to detect flow
using motion contrast, thereby delineating blood vessels.! Vessel density is defined
as the percentage area occupied by the large vessels and microvasculature in a
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particular region. Vessel densities are calculated over the entire scan area, i.e.
whole enface disc and whole enface macula, as well as defined areas within each
scan as described below. In addition, the software calculates vessel densities in
various layers of the retina and the ONH.

In the optic disc scan, the software automatically fits an ellipse to the optic
disc margin and calculates the average vessel density within the ONH (referred
to as the inside disc vessel density). The ONH vessel densities are calculated
from the “nerve head segment” of the ONH angiogram. This segment extends
from 2000 microns above the internal limiting membrane (ILM) to 150 microns
below the ILM. The ONH is divided into 6 sectors based on the Garway-Heath
map and the vessel density in each sector is calculated (nasal, inferonasal,
inferotemporal, superotemporal, superonasal and temporal sectors).12 In order
to compare the ONH vessel densities with the rim area of OCT, the superonasal
and superotemporal sectors were combined together as the superior sector, and
the inferonasal and inferotemporal sectors as the inferior sector. In the same
optic disc scan, the peripapillary region is defined as a 0.75 mm-wide elliptical
annulus extending from the optic disc boundary and the average vessel density
within this region is calculated. The peripapillary vessel density was analyzed
from the “Radial Peripapillary Capillary (RPC) segment” which extends from the
ILM to the posterior boundary of the nerve fiber layer. The peripapillary region is
divided into 8 sectors, each of 45 degrees, and peripapillary vessel density in each
sector is reported. The 8 sector measurements of peripapillary vessel density
were compared with the 8 sector measurements of peripapillary RNFL thickness.
Macular vessel densities were analyzed over a 1.5 mm-wide parafoveal, circular
annulus centered on the macula. Macular vessel densities analyzed in this study
were of the superficial vascular plexus present in the inner layers of the retina
(extending from the ILM to the inner plexiform layer). The parafoveal region was
divided into 2 sectors of 180° each (superior and inferior sectors) corresponding
to the superior and inferior sector GCC measurements of OCT.

All subjects also underwent the traditional ONH, peripapillary RNFL and macular
GCC thickness measurements on RTVue-XR SD-OCT using the ONH and the

GCC scans. These scan protocols have been explained in detail previously.13:14
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In brief, the ONH protocol consists of 12 radial scans 3.4 mm in length, and 6
concentric ring scans ranging from 2.5 to 4.0 mm in diameter all centered on the
optic disc. Retinal pigment epithelium (RPE) tips were automatically detected
by the software, which were refined manually by the operator, if needed. The
software delineates the optic disc margin by joining the RPE tips. The optic cup
is automatically defined by the software by fitting a plane 150 microns parallel
to and above a plane that fits the coordinates of the RPE tips. ONH protocol
calculates various parameters that describe the ONH and also generates a polar
RNFL thickness map which is the RNFL thickness measured along a circle 3.45 mm
in diameter centered on the optic disc. The GCC scan consists of one horizontal
line scan 7 mm in length and 15 vertical line scans 7 mm in length and at 0.5 mm
interval centered 1 mm temporal to the fovea. GCC scan measures the inner
retinal thickness which includes the thickness of the nerve fiber layer, ganglion
cell layer and the inner plexiform layer, collectively called the GCC thickness.

All the examinations for a particular subject were performed on the same day.
Image quality was assessed for all OCTA and OCT scans. Poor quality images,
which were defined as those with a signal strength index (SSI) less than 35 or
images with motion artifacts and segmentation errors were excluded from the
analysis.

STATISTICAL ANALYSIS

Descriptive statistics included mean and standard deviation for normally distributed
variables and median and inter-quartile range (IQR) for non-normally distributed
variables. Shapiro-Wilk test was used to test for the normality distribution of
continuous variables. Receiver operating characteristic (ROC) curves were used
to describe the ability of vessel density and structural measurements of OCT to
discriminate PACG eyes from control eyes. Sensitivities at fixed specificities of 80%
and 95% were determined for all the parameters. To obtain confidence intervals
for area under the ROC curves (AUC) and sensitivities, a bootstrap re-sampling
procedure was used (n = 1000 re-samples). As measurements from both eyes
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of the same subject are likely to be correlated, the standard statistical methods
for parameter estimation can lead to underestimation of standard errors and
to confidence intervals that are too narrow.® Therefore, the cluster of data for
the study subject was considered as the unit of resampling and bias corrected
standard errors were calculated during all estimations. This procedure has been
used to adjust for the presence of multiple correlated measurements from the
same unit.1®17 ROC regression modeling technique was used to evaluate the
effect of glaucoma severity, as based on the mean deviation (MD) on VF, on the
AUCs and sensitivities of OCT measurements in diagnosing glaucoma.1812

Statistical analyses were performed using commercial software (Stata ver. 13.1;
StataCorp, College Station, TX). A p value of <0.05 was considered statistically
significant.

RESULTS

One hundred and eighty-five eyes of 124 subjects underwent vessel density and
structural imaging with OCT. Eight eyes in the PACD group, in which the optic disc
could not be graded as either glaucomatous or normal by the glaucoma experts
on stereoscopic photographs (and were graded as “suspect”), were excluded. For
the remaining 177 eyes (78 eyes of 50 normal, 67 eyes of 46 PACG and 32 eyes of
23 PAC subjects), the image quality of all OCT and OCTA scans was assessed and
the number of poor quality scans is shown in Figure 1. Four eyes with poor quality
of both OCT and OCTA scans were excluded from the analysis. Final analysis
included vessel density and structural scans from 173 eyes of 117 subjects (77
eyes of 50 normal, 65 eyes of 45 PACG and 31 eyes of 22 PAC subjects). Of the 65
eyes with PACG, 14 eyes had a “within normal limit” or a “borderline” glaucoma
hemifield test (GHT) result, and / or the probability value of pattern standard
deviation (PSD) >5% on VF (preperimetric glaucoma). Of the 31 eyes with PAC, 5
had an “outside normal limit” GHT result and a probability of PSD<5%. Of the 65
eyes with PACG, 14 eyes were not on any anti-glaucoma medications (as they had
undergone trabeculectomy), 31 eyes were on topical beta blockers, 25 on alpha
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agonists, 24 on carbonic anhydrase inhibitors and 26 on prostaglandin analogues
(either as a monotherapy or as components of the combination therapy). Of the
31 eyes with PAC, 8 eyes were not on any anti-glaucoma medications, 13 eyes
were on topical beta blockers, 9 on alpha agonists, 4 on carbonic anhydrase
inhibitors and 11 on prostaglandin analogues (either as a monotherapy or as
components of the combination therapy). Table 1 shows the clinical, VF, vessel
density and structural measurements of the included subjects. All the vessel
density and structural measurements in the PACG cohort were significantly lower
than the control group. SSI of the ONH scan of OCT was significantly greater
in the control subjects compared to the PACG patients. AUCs and sensitivities
at fixed specificities of rim area and peripapillary RNFL thickness parameters
were therefore calculated after adjusting for the difference in SSI between the
control and PACG groups using covariate-adjustment as proposed by Pepe.20 VF
indices and vessel densities in the PAC eyes were statistically similar to that in
the control eyes and so were the structural OCT measurements except for the
superotemporal RNFL which was significantly thinner in the PAC group.

Poor GCC Poor ONH
scan (3%) scan (9%)

Poor macular
OCTA scan

(29 %)

Poor disc
OCTA scan
(17 %)

Figure 1. Venn diagram showing the number of poor quality images with the optic disc and macular
optical coherence tomography angiography (OCTA) scans and the optic nerve head (ONH) and the
ganglion cell complex (GCC) scans.
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Table 1. Clinical features, visual field parameters, vessel density and structural measurements of
the participants. All values represent median and interquartile range unless specified.

CothroI PAC group PACG group
subjects 1 2
(31 eyes, (65 eyes, P P
(77 eyes, 22 subjects) 45 subjects)
50 subjects) ) !
Age (years)* 60.7+8.3 60.3+7.9 62.0+7.8 0.86 0.44
Gender (male:female) 27:23 7:16 25:21 0.06 0.97
0.5 1 0.75
Sphere (D) ©,1) (0.5, 1.75) (0, 1.5) 0.08 0.43
. -0.5 -0.75 -0.75
Cylinder (D) (-1,-05)  (-0.75,-0.5) (-1,-0.5) 088 06>
Pseudophakia (n, %) 13 (16.7%) 3(9.4%) 10 (14.9%) 0.33 0.78
2.28 2.33 2.31
- di 2
Optic disc area (mm-) (1.93,2.53)  (2.11,2.68) (2.11, 2.52) 018 0.50
I0P at the scanning visit (mm Hg) (141518) (141820) (141720) 0.002 <0.001
Pre-treatment IOP (mm Hg) (232528) (222429)
Hypertension (yes:no) 19:31 7:15 16:29 0.53 0.74
Diabetes mellitus (yes:no) 17:33 6:16 17:28 0.50 0.76
L -0.9 -1.9 -8.2
Mean deviation (dB) (-3.5,0.3) (-3.6,0.8) (-16.0, -4.0) 0.22 <0.001
Pattern standard deviation (dB) 1 512 5) 1 8212 6) 3 06'110 3) 0.34 <0.001
Visual field index (%) (979999) (969899) (568695) 0.26 <0.001
OCTA parameters
SSI (Optic disc scan)* 53.6+8.9 56.3+6.7 51.8+7.6 0.19 0.23
Whole enface vd (disc scan, %) (51533'595 5) (50574'505 1) (391528 8) 0.76 <0.001
48.1 46.5 41.8
) ) o
Inside disc vd (%) (44.0, 50.0) (43.4, 48.0) (34.8, 45.8) 0.26 <0.001
48.9 49.6 44.2
0,
Nasal vd (%) (44.1,52.7)  (42.8,51.5) (36.4, 47.1) 0.63 <0.001
48.7 47.3 43.7
1 0,
Inferior v (%) (44.8,53.3) (438,505  (39.1,50.2) 0.14 <0.001
49.1 49.5 39.7
1 0,
Superior vd (%) (43.4,52.2)  (45.1,537)  (31.9,47.9) 0.46 <0.001
Temporal vd (%) 44.3 40.5 36.9 0.25 <0.001

(40.4,50.7)  (37.4,48.3) (29.6, 43.1)
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61.9 60.0 53.3
i 1 0,
Average Peripapillary vd (%) (59.9, 64.2) (57.4, 62.9) (46.2, 58.7) 0.12 <0.001
62.5 62.3 56.6
()
Upper temporal vd (%) (59.8, 66.9) (58.8, 63.8) (49.1, 63.5) 0.31 <0.001
64.9 64.8 56.9
0,
Superotemporal vd (%) (60.7, 68.0) (60.0, 66.2) (47.3, 62.9) 0.33 <0.001
59.4 57.8 51.8
0
Superonasal vd (%) (53.9, 62.0) (53.8, 60.1) (44.3,57.4) 0.22 <0.001
58.0 58.7 51.8
0,
Upper nasal vd (%) (54.7,61.7)  (55.8,62.0) (45.3, 58.3) 057 <0.001
56.9 57.4 48.9
0,
Lower nasal vd (%) (54.1, 61.0) (54.3,62.7) (42.1, 55.4) 0.47 <0.001
61.2 59.6 54.3
0,
Inferonasal vd (%) (58.8, 64.9) (57.2, 64.0) (47.3,61.0) 0.31 <0.001
63.9 63.8 51.8
()
Inferotemporal vd (%) (61.8, 67.2) (61.8, 67.6) (43, 61.0) 0.97 <0.001
58.1 60.2 55.9
0,
Lower temporal vd (%) (53.9, 62.1) (522, 62.7) (48.0, 60.7) 0.85 <0.001
SSI (Macula scan)* 61.1+6.7 64.4+54 62.5+5.7 0.05 0.25
\Oﬁ')rl"'e enface vd (macula scan, 475+338 47.1+34 441443 0.69 <0.001
0
Parafoveal vd (%)* 49.5+3.9 49.3+35 46.6 £4.6 0.86 <0.001
Superior vd (%)* 49.2+4.4 49.7 +3.7 46.6 £5.0 0.68 0.006
Inferior vd (%)* 49.3+4.7 489+3.7 46.5+4.6 0.72 0.002
OCT parameters
SSI (ONH scan)* 55.2+8.1 54.2+9.7 51.8+8.2 0.59 0.02
1.32 1.40 0.72
: ; 2
Neuroretinal rim area (mm*) (1.12, 1.51) (1.17, 1.56) (0.55, 0.95) 0.43 <0.001
0.40 0.39 0.20
: 2
Nasal rim area (mm?) (0.34,0.44) (0.32, 0.44) (0.11, 0.28) 0.92 <0.001
0.41 0.41 0.18
Inferior rim area (mm#) (0.33,0.48) (0.33,0.48) (0.12,0.31) 0.85 <0.001
0.38 0.41 0.23
o ri 2
Superior rim area (mm?¥) (0.32,0.48) (0.35,0.47) (0.16, 0.29) 0.32 <0.001
0.12 0.16 0.09
: 2
Temporal rim area (mm?¥) (0.09,0.19) (0.12,0.21) (0.05,0.13) 0.05 <0.001
f:r:';’fp'”ary RNFL thickness 100 £ 10 98+8 78+ 14 0.29 <0.001
Upper temporal RNFL (pm)* 76 +11 768 66 + 15 0.68 <0.001
Superotemporal RNFL 135+ 14 127+11 10222 0.01 <0.001

(um)*
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Superonasal RNFL (um)* 112 +22 107 +13 86+20 0.25 <0.001
Upper nasal RNFL (um)* 85+15 85+ 14 67 +14 0.85 <0.001
Lower nasal RNFL (um)* 75+12 769 63 +12 0.75 <0.001
Inferonasal RNFL (um)* 117+ 19 117 +14 85+22 0.95 <0.001
Inferotemporal RNFL (um)* 133+ 16 130+ 16 93+25 0.38 <0.001
Lower temporal RNFL (um)* 67+ 10 66+ 12 60+ 12 0.63 <0.001
SSI (GCC scan)* 59.1+9.7 64.3+9.4 62.0+8.9 0.01 0.07
Average GCC thickness (um)* 96.5+9.4 93.8+7.3 77.9+11.9 0.16 <0.001
(S:r’:Sfor GCC thickness 957482 935+7.8 80.2413.2 0.21 <0.001

Inferior GCC thickness

N 97.3+13.4 941+73 75.7+12.9 0.22 <0.001
(nm)

PAC: primary angle closure; PACG: primary angle closure glaucoma; D: diopter; dB: decibel; IOP:
intraocular pressure; SSI: signal strength index; vd: vessel density; ONH: optic nerve head; RNFL:
retinal nerve fiber layer; GCC: ganglion cell complex; *mean * standard deviation. P! represents
the p value associated with the comparisons between control and PAC groups. P2 represents the
p value associated with the comparisons between control and PACG groups.

The AUCs and sensitivities at fixed specificities of the vessel density measurements
to differentiate PACG from control eyes are shown in Table 2. Whole enface vessel
density of the disc scan and average peripapillary vessel density showed the
best AUC and sensitivity at fixed specificity to diagnose PACG. The AUCs and
sensitivities at fixed specificities of the structural measurements to differentiate
PACG from control eyes are shown in Table 3. Average and the inferior quadrant
measurements of rim area, RNFL and GCC thickness showed the best AUC
and sensitivity at fixed specificity to diagnose PACG. Comparing the diagnostic
abilities region-wise, ONH rim area showed a statistically significantly better
AUC than the inside disc vessel density (p<0.001), and macular GCC thickness
showed a statistically significantly better AUC than the macular vessel density
(p<0.001). AUC of peripapillary RNFL thickness was similar (p=0.25) to that of
the peripapillary vessel density.
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Table 2. Diagnostic ability of vessel density parameters of optical coherence tomography angiography
in differentiating primary angle closure glaucoma from control eyes (figures in parenthesis represent
95% confidence intervals).

Vessel density

AUC

Sensitivity at
95% specificity

Sensitivity at 80%
specificity

Whole enface vd (disc scan)

Inside disc vd

Nasal vd

Inferior vd

Superior vd

Tem

poral vd

Average Peripapillary vd

Upper temporal vd
Superotemporal vd
Superonasal vd
Upper nasal vd
Lower nasal vd
Inferonasal vd
Inferotemporal vd

Lower temporal vd

Whole enface vd (macula scan)

Parafoveal vd

Superior vd

Inferior vd

0.91 (0.84-0.95)
0.76 (0.66-0.85)
0.72 (0.61-0.81)
0.67 (0.56-0.78)
0.74 (0.64-0.83)
0.75 (0.64-0.83)
0.85 (0.78-0.92)
0.72 (0.61-0.82)
0.83 (0.74-0.91)
0.78 (0.68-0.86)
0.73 (0.62-0.83)
0.77 (0.68-0.86)
0.78 (0.66-0.87)
0.84 (0.73-0.92)
0.62 (0.51-0.73)
0.73 (0.61-0.83)
0.69 (0.57-0.80)
0.65 (0.52-0.76)
0.68 (0.57-0.78)

66% (43-83)
42% (03-69)
11% (02-41)
25% (06-54)
26% (13-47)
12% (02-44)
53% (34-69)
41% (26-57)
54% (35-70)
48% (31-65)
35% (17-62)
47% (30-68)
47% (28-61)
60% (47-78)
21% (06-44)
24% (06-45)
18% (02-37)
18% (04-35)
13% (02-32)

79% (66-90)
53% (34-67)
46% (28-67)
51% (32-67)
58% (37-77)
58% (31-76)
76% (55-89)
55% (40-73)
67% (52-82)
57% (40-76)
62% (45-78)
69% (54-81)
59% (39-73)
76% (57-91)
41% (25-59)
53% (26-75)
49% (23-73)
42% (14-65)
31% (12-67)

AUC: area under the receiver operating characteristic curve; vd: vessel density.

Table 3. Diagnostic ability of structural parameters of optical coherence tomography in differentiating
primary angle closure glaucoma from control eyes (figures in parenthesis represent 95% confidence

intervals).

Vessel density

AUC

Sensitivity at
95% specificity

Sensitivity at 80%

specificity

Neuroretinal rim area

Nasal rim area
Inferior rim area
Superior rim area

Temporal rim area

0.90 (0.83-0.95)
0.86 (0.76-0.93)
0.87 (0.80-0.93)
0.86 (0.78-0.92)
0.75 (0.65-0.85)

77% (57-90)
64% (45-79)
61% (48-74)
53% (34-69)
30% (11-43)

88% (78-97)
77% (59-86)
80% (62-91)
80% (65-91)
59% (41-80)
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Peripapillary RNFL thickness 0.91 (0.84-0.95) 65% (46-81) 83% (69-92)
Upper temporal RNFL 0.70 (0.58-0.80) 30% (14-45) 47% (23-61)
Superotemporal RNFL 0.90 (0.83-0.95) 69% (53-85) 81% (66-92)
Superonasal RNFL 0.82 (0.73-0.89) 42% (07-59) 67% (46-84)
Upper nasal RNFL 0.83(0.73-0.89) 39% (02-65) 70% (51-88)
Lower nasal RNFL 0.78 (0.68-0.87) 34% (05-53) 58% (33-81)
Inferonasal RNFL 0.87 (0.78-0.92) 61% (43-77) 73% (53-85)
Inferotemporal RNFL 0.90 (0.82-0.95) 67% (51-88) 84% (69-93)
Lower temporal RNFL 0.66 (0.56-0.78) 19% (08-36) 44% (25-64)

Average GCC thickness 0.91 (0.83-0.95) 55% (38-83) 86% (70-95)
Superior GCC thickness 0.84 (0.75-0.91) 41% (25-64) 77% (56-90)
Inferior GCC thickness 0.91 (0.84-0.96) 63% (46-78) 80% (61-91)

AUC: area under the receiver operating characteristic curve; RNFL: retinal nerve fiber layer; GCC:
ganglion cell complex.

Figure 2 shows the ROC curves of the structural and vessel density measurements
of ONH, peripapillary and macular regions. Figure 3 shows the sensitivity at 95%
specificity of the vessel density and structural measurements at different severities
of glaucomatous VF loss. Sensitivities of structural measurements of the ONH
and macular regions were better than the vessel densities of the corresponding
regions over the whole range of glaucoma severity. Sensitivity of the average
peripapillary vessel density was lesser than that of the RNFL thickness in early
glaucoma.

Sensitivity
Sensitivity
Sensitivity

Parafoveal vd (AUC: 0.69)
=== Average GCC (AUC: 0.91)

Insidedisc vd (AUC: 0.76)
— == Rimarea (AUC: 0.90)

Peripapillary vd (AUC: 0.85)
——— Average RNFL (AUC: 0.91)

0 2 4 6 8 1 0 2 4 6 .8 1 0 2 4 6 8 1
1 — Specificity 1 — Specificity 1 - Specificity

Figure 2. Receiver operating characteristic curves of (a) optic nerve head vessel density (solid line)
and rim area (dotted line), (b) average peripapillary vessel density (solid line) and retinal nerve fiber
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layer thickness (dotted line) and (c) average parafoveal vessel density (solid line) and ganglion cell
complex thickness (dotted line). vd: vessel density; RNFL: retinal nerve fiber layer; GCC: ganglion
cell complex.
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Figure 3. Sensitivity at 95% specificity of (a) optic nerve head vessel density (solid line) and rim
area (dotted line), (b) average peripapillary vessel density (solid line) and retinal nerve fiber layer
thickness (dotted line) and (c) average parafoveal vessel density (solid line) and ganglion cell
complex thickness (dotted line) according to mean deviation on visual fields. vd: vessel density;
RNFL: retinal nerve fiber layer; GCC: ganglion cell complex.

The entire analysis was redone considering one eye of subjects who contributed
both eyes for the earlier analysis and similar results were found. When considering
the better eye of the PACG patients for analysis (median MD: -8.1 dB), the AUC
of inside disc density (0.77) was significantly lesser (p=0.005) than ONH rim area
(0.91), peripapillary vessel density (0.86) was similar (p=0.51) to peripapillary
RNFL thickness (0.89), and parafoveal vessel density (0.64) was significantly lesser
(p=0.002) than the average GCC thickness (0.88). When considering the worse eye
of the glaucoma patients for analysis (median MD: -10.4 dB), the AUC of inside
disc vessel density (0.77) was significantly lesser (p=0.005) than ONH rim area
(0.91), peripapillary vessel density (0.85) was similar (p=0.29) to peripapillary
RNFL thickness (0.90), and parafoveal vessel density (0.70) was significantly lesser
(p<0.001) than the average GCC thickness (0.95).

The entire analysis also was done considering VF changes as the definition of
glaucoma. The analysis included 77 control eyes and 56 glaucoma eyes (14
preperimetric eyes in PACG group were excluded from the glaucoma group here
and 5 eyes in the PAC group that had an “outside normal limit” GHT result and
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a probability of PSD<5% were included in the glaucoma group). AUC of inside
disc vessel density (0.78) was significantly lesser (p=0.02) than ONH rim area
(0.89), peripapillary vessel density (0.88) was similar (p=0.97) to peripapillary
RNFL thickness (0.88), and parafoveal vessel density (0.74) was significantly lesser
(p=0.001) than the average GCC thickness (0.91).

DISCUSSION

The present study compares vessel density measurements in PACD with control
eyes using OCTA. Vessel densities in the ONH, peripapillary and macular regions
on PACG eyes were significantly lower than control eyes. We also compared the
structural and vascular measurements in PAC eyes with a history of high IOP but
a healthy disc on clinical exam, with control eyes. This group of PAC eyes with
high I0OP provided an opportunity to evaluate if the raised 0P first affected the
structural or the vascular measurements. We found that the vessel densities in
all regions of PAC eyes were statistically similar to that of the control eyes while
the peripapillary RNFL in the superotemporal sector was statistically significantly
thinner in the PAC eyes. These results may suggest that high |OP affects the RNFL
measurements earlier than vessel densities. Contrary to this, the observation
of a statistically significantly thinner RNFL in a single sector of PAC eyes could
however be by chance. Longitudinal studies in PAC eyes are required to validate
this finding.

Comparing the diagnostic abilities in PACG, the AUC and sensitivity at high
specificities of ONH rim area and macular GCC thickness were significantly better
than the corresponding vessel densities within each of these regions. Diagnostic
ability of peripapillary RNFL thickness, though greater than the peripapillary
vessel density, was not statistically significant. Unlike POAG, there is limited
literature on the utility of vessel densities of OCTA in PACG. In a recent study, we
compared the diagnostic ability of peripapillary vessel densities of OCTA with
the peripapillary RNFL thickness measurements in PACG eyes and found that the
diagnostic abilities were comparable.2! There are, however, no previous studies
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evaluating the vessel densities of the ONH and the macular regions in PACG
eyes.

An interesting finding of the present study was the variability in the diagnostic
ability of the peripapillary RNFL and vessel density across the different stages
of PACG as shown in Figure 3b. In the early stages of VF loss, the sensitivity
of peripapillary RNFL thickness was better than that of vessel density for fixed
specificities. This reiterates our hypothesis that the vessel density reduction
occurs later than the structural changes in PACG and is likely to be secondary
to the loss of retinal ganglion cells (RGC) and their axons. However, in later
stages of glaucoma (MD on VF between -20 to -30 dB), the diagnostic ability of
peripapillary vessel density appears to be better than that of the peripapillary
RNFL thickness. The limited usefulness of traditional OCT in advanced glaucoma
has been attributed to the floor effect, with the RNFL and GCC thicknesses
showing little change with increasing severity of glaucoma.?2 The vessel density
measurements may be devoid of the floor effect and may be better at detecting
progression in advanced glaucoma. Future work should evaluate the usefulness
of OCTA in advanced glaucoma.

Glaucoma in the current study was defined solely on the neuroretinal rim and
RNFL changes on clinical examination and stereo photographs of the optic discs.
This may have biased the diagnostic ability of structural measurements compared
to vessel density measurements. Hence, a separate analysis was performed
considering VF changes as the definition of glaucoma; the results were the same.
Therefore, these results are likely to represent true superiority of structural
measurements over vessel density measurements for diagnosing glaucoma.

Another possible confounder in the results can be the effect of anti-glaucoma
medications on the vessel density measurements. Though there are no studies
in literature evaluating this using OCTA, a previous meta-analysis has reported
increased ocular blood flow with topical carbonic anhydrase inhibitors.23 It is
therefore possible that the anti-glaucoma medications increase the vessel density
measurements of OCTA independent of the IOP lowering effect. This can reduce
the difference in the vessel density measurements between control and treated
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PACD eyes and thereby the diagnostic abilities. Future studies should evaluate
the effect of different classes of anti-glaucoma medications on the vessel density
measurements of OCTA and account for this while comparing vessel density and
structural measurements in glaucoma.

There are some limitations of the OCTA technology and the study design which
need to be considered while interpreting the results. A significant number
of OCTA scans had to be excluded because of poor quality. Some of the
previous studies have also reported high number of poor quality images with
OCTA®: 24-26 3nd real time tracking is being used currently to reduce artifacts with
OCTA imaging.2’ The OCTA algorithm, in its current form, includes large vessels
along with capillaries in its estimation of vessel density. The software also does not
provide further insights into the nature of vascular changes such as attenuation,
drop-out, etc. The technology also does not evaluate the choroidal vasculature.
These details would provide a better understanding of the vascular changes in
glaucoma. Another possible limitation of the current study was that we did not
measure the blood pressure of the subjects or record their anti-hypertensive
medication. However, we recorded the history of hypertension and found that
the number of subjects with hypertension was similar in the PACD and the control
groups. A previous study also has shown no relationship between blood pressure
readings and peripapillary vessel densities on OCTA.6 The peripapillary vessel
densities can also be affected by parapapillary atrophy (PPA).28 We did not record
the presence of PPA or its extent in our subjects.

In conclusion, the diagnostic abilities of OCTA vessel density measurements
of the ONH and the macular regions in PACG were significantly lower than the
ONH rim area and the macular GCC thickness measurements, respectively, while
that of peripapillary vessel densities were comparable to the peripapillary RNFL
thickness measurements. Vessel density measurements were comparable, while
the superotemporal RNFL thickness was significantly lower in PAC compared to
control eyes. This suggests that the structural changes in PACD occur earlier
than the vessel density reduction seen with OCTA and future studies should
longitudinally evaluate this. Future longitudinal studies should also evaluate the
utility of OCTA in detecting progression.
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Structure-function relationship with peripapillary vessel density in POAG
ABSTRACT

Purpose: To evaluate the sectoral and global structure-structure (vessel density-
retinal nerve fiber layer [RNFL] thickness) and structure-function (vessel density-
visual sensitivity loss) relationships of peripapillary vessel density measurements
on optical coherence tomography angiography (OCTA) in primary open angle
glaucoma (POAG) and to determine if fractional polynomial (FP) models
characterize the relationships better than linear models.

Methods: In a cross-sectional study, structure-structure and structure-function
relationships of peripapillary vessel densities were determined in 227 eyes of
143 subjects (63 control and 164 POAG eyes) who had undergone standard
automated perimetry and OCT testing within 6 months of each other, using linear
and FP models. FP model evaluates the relationship between the dependent
and the best-fitting fractional powers of the independent variable. Strength of
relationship was reported as coefficient of determination (R2).

Results: R? values for structure-structure associations using linear models
(0.53 for superotemporal sector, 0.61 for inferotemporal and 0.53 for average
measurements) were significantly less (p<0.05) than that determined using
FP models (0.57, 0.65 and 0.55 respectively). RZ values for structure-function
associations using linear models (0.35 for superotemporal vessel density-
inferotemporal visual sensitivity loss, 0.49 for inferotemporal vessel density-
superotemporal visual sensitivity loss and 0.39 for average vessel density-average
visual sensitivity loss) were significantly less than that determined using FP
models (0.43, 0.58 and 0.47 respectively).

Conclusions: The inferotemporal peripapillary vessel density showed the strongest
association with the corresponding RNFL thickness and visual sensitivity loss in
the global and sectoral regions studied. The FP models were significantly better
than linear models in describing these relationships.
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INTRODUCTION

Primary open angle glaucoma (POAG) is a chronic progressive optic neuropathy
resulting from the apoptosis of retinal ganglion cells (RGC).1 Although increased
intraocular pressure (IOP) is the predominant risk factor for RGC death,? reduced
ocular perfusion has also been proposed to play a role in the pathogenesis of
glaucoma.® 4 Earlier studies have measured ocular perfusion using a variety of
techniques and have shown a reduction in optic nerve head (ONH) perfusion
in patients with glaucoma. However, each of these techniques has certain
limitations.®

Optical coherence tomography (OCT) angiography non-invasively images the
blood vessels of the ONH and retina in-vivo.® Vessel density measurements
provided by OCT angiography (OCTA) have been reported to be repeatable and
reproducible.”"11 A reduction in vessel densities within the ONH, the peripapillary

region and the macula has been demonstrated in patients with glaucoma using
OCTA.7-1O’ 12,13, 14

Although the diagnostic ability of OCTA in glaucoma has been determined
previously, studies evaluating the relationship of vessel densities of OCTA with
the functional (visual sensitivity) measurements on perimetry (structure-function
relationship) are limited.1% 1516 Two such studies have evaluated the relationship
between the global vessel density measurement (average peripapillary vessel
density) and the global functional measurements (mean deviation and mean
sensitivity) without evaluating the sectors separately.19 1 Since the vessel density
around the disc varies in a similar manner to the retinal nerve fiber layer (RNFL)
thickness, and because glaucoma preferentially affects the poles of the ONH, a
sectoral analysis of vessel density to corresponding visual fields is likely to provide
better information. One study has evaluated the relationship between vascular
structure and visual function in the superotemporal and inferotemporal sectors
by using linear models.1> However, the nature of relationships between vessel
densities and RNFL or visual sensitivity measurements is not yet well established
and linear models may not characterize these relationships adequately.1®
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The purpose of this study was to evaluate the sectoral and global structure-
structure (vessel density-RNFL thickness) and structure-function relationships of
peripapillary vessel density measurements on OCTA in POAG and to determine
whether fractional polynomial models or linear models better characterize these
relationships.

METHODS

This was a prospective, cross-sectional study conducted at Narayana Nethralaya,
a tertiary eye care center in Bengaluru, South India between July 2015 and July
2016. The methodology adhered to the tenets of the Declaration of Helsinki
for research involving human subjects. Written informed consent was obtained
from all participants and the study was approved by the Institute’s Ethics
Committee.

Participants of the study included control subjects and POAG patients. Control
subjects were either patients who consulted for a routine eye examination
or refractive error, or were recruited from the hospital staff. Control subjects
had no family history of glaucoma, IOP<21 mm Hg on Goldmann applanation
tonometry, normal anterior and posterior segment on clinical examination by
an ophthalmologist and non-glaucomatous optic discs, as assessed by glaucoma
experts on masked examination of stereoscopic optic disc photographs. POAG
patients had open anterior chamber angles on gonioscopy and glaucomatous
changes on ONH examination (neuroretinal rim narrowing, notching and retinal
nerve fiber layer defects) as documented by glaucoma experts on dilated
examination and confirmed by experts on stereoscopic optic disc photographs.
Neither pre-treatment IOP, nor visual field changes were used to define POAG.
Inclusion criteria for all participants were age >18 years, corrected distance
visual acuity of 20/40 or better and refractive error within 5 D sphere and +3 D
cylinder. Exclusion criteria were presence of any media opacities that prevented
good quality OCT scans, or any retinal or neurological disease other than
glaucoma, which could confound the evaluation. Eyes with a history of trauma
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or inflammation were also excluded. All participants underwent a comprehensive
ocular examination, which included a detailed medical history, corrected distance
visual acuity measurement, slit-lamp biomicroscopy, Goldmann applanation
tonometry, gonioscopy, dilated fundus examination, stereo-disc photography,
visual field (VF) examination, OCT and OCTA imaging with RTVue-XR SD-OCT
(Optovue Inc., Fremont, CA).

Stereoscopic optic disc photographs were obtained by trained technicians using
a digital fundus camera (Kowa nonmyd WX, Kowa Company, Ltd., Japan). Each
optic disc photograph was evaluated independently by two glaucoma experts
(HLR and NKP) in a masked manner to determine the presence of glaucomatous
changes (focal or diffuse neuroretinal rim thinning, localized notching or RNFL
defects). The experts were masked to all the clinical data, visual field data and
the fellow eye data. Discrepancy in the classification between the two experts
was adjudicated by a third glaucoma expert (ZSP).

VF examination was performed using a Humphrey Field analyzer Il, model 720i
(Zeiss Humphrey Systems, Dublin, CA), with the Swedish interactive threshold
algorithm (SITA) standard 24-2 program. VFs were considered reliable if the fixation
losses were less than 20%, and the false positive and false negative response
rates were less than 15%. VFs were also excluded if the glaucoma hemifield test
reported “generalized reduction of sensitivity”. VF findings were not used for
defining glaucoma or controls. Structure-function relationship was evaluated using
the Garway-Heath map, which divides the VF into 6 sectors (nasal, inferonasal,
inferotemporal, superotemporal, superonasal and temporal sectors).1” Structure-
function relationship was evaluated using the visual sensitivity loss in different
sectors. Visual sensitivity loss in sectors was calculated by first converting the dB
scale values at each test location on the total deviation numerical plot to a linear
scale (reciprocal of Lambert scale) using the following formula.

1 _ 0.1xdB
Lambert (10)

Then values from all test points within a particular sector were averaged. The
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average visual sensitivity loss per sector was used as such in the linear scale and
also converted back to the dB scale for the analysis.

All subjects underwent the peripapillary RNFL thickness measurements on RTVue-
XR SD-OCT using the ONH scan. The ONH scan protocol has been explained in
detail previously.18 19 The peripapillary RNFL is divided into 8 sectors (upper-
temporal, superotemporal, superonasal, upper-nasal, lower-nasal, inferonasal,
inferotemporal and lower-temporal), each of 45 degrees and the thickness in
each of the sector and the overall average is provided.

OCTA imaging of the optic disc region was performed using RTVue-XR SD-OCT
(AngioVue, v2015.100.0.33). The procedure of OCTA imaging with RTVue-XR has
been detailed previously.2® In brief, it uses an 840 nm diode laser source, with
an A-scan rate of 70 kHz per second. Imaging is performed using a set of 2 scans;
one vertical priority and one horizontal priority raster volumetric scan. The optic
disc scan covered an area of 4.5 x 4.5 mm and was centered on the optic disc.
An orthogonal registration algorithm is used to produce merged 3-dimensional
OCT angiograms.20 Vessel density is defined as the percentage area occupied
by the large vessels and microvasculature in a particular region. Vessel densities
are calculated over the entire scan area, i.e., whole enface disc, as well as the
peripapillary regions. The peripapillary region is defined as a 0.75 mm-wide
elliptical annulus extending from the optic disc boundary. The peripapillary
vessel density is analyzed from the “Radial Peripapillary Capillary (RPC) segment”
which extends from the ILM to the posterior boundary of the nerve fiber layer. In
addition to estimation of the average vessel density for the entire peripapillary
region, it is also divided into 6 sectors based on the Garway-Heath map and the
vessel densities in each sector is calculated.l’

Image quality was assessed for all OCT and OCTA scans. Poor quality images,
which were defined as those with a signal strength index (SSI) less than 35 or
images with motion artifacts and segmentation errors were excluded from the
analysis. All the examinations for a particular subject were performed within 6
months of each other.
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In this study, we evaluated the structure-structure and the structure-
function relationships of the vessel densities in the peripapillary region and
its inferotemporal and superotemporal sectors,with the corresponding RNFL
thickness and visual sensitivity.

STATISTICAL ANALYSIS

Descriptive statistics included mean and standard deviation for normally distributed
variables and median and inter-quartile range (IQR) for non-normally distributed
variables. Shapiro-Wilk test was used to test for the normality distribution of
continuous variables.

Structure-structure and structure-function associations were investigated by
using linear (y = ax + b) and fractional polynomial (FP) regression (up to second
degree or two dimensions) between vessel density, RNFL thickness and visual
sensitivity loss measurements. Unlike the linear regression which evaluates
the relationship between the dependent and the independent variable in their
original form, FP regression evaluates the relationship between the dependent
and the best-fitting fractional powers of the independent variable.2! Conventional
polynomial functions such as linear and the quadratic are often used to evaluate
the relationship between dependent and independent variables. However, these
functions are limited in their range of curve shapes. Cubic and higher-order curves
often produce undesirable artifacts such as edge effects and waves. Fractional
polynomials increase the flexibility afforded by the family of conventional
polynomial models by allowing logarithms, non-integer powers and powers to be
repeated.2! As non-positive values are not analysed in FP regression, the visual
sensitivity loss values in decibel scale (which contained negative numbers) were
converted to positive numbers by adding 34 dB uniformly before introduction into
the FP models. Forty-four different FP models (which also included the linear and
the quadratic models) were fit for each relationship and the best fit FP model was
chosen depending on the deviance value. The partial F test was used to compare
the goodness of fit of the linear regression and the best FP regression model. As
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measurements from both eyes of the same subject are likely to be correlated,
clustered sandwich estimator technique was used in the regression models and
the cluster of data for the study subject was considered as the primary sampling
unit when estimating the coefficients and standard errors.22 23 Statistical analyses
were performed using commercial software (Stata ver. 13.1; StataCorp, College
Station, TX). A p value of <0.05 was considered statically significant.

RESULTS

Two hundred and twenty-eight eyes of 143 subjects (64 eyes of 44 control subjects
and 164 eyes of 99 POAG patients) were enrolled into the study. Of these, 26
unreliable VFs, 16 poor quality OCTA scans and 12 poor quality RNFL scans (one
eye had unreliable VF and poor quality OCTA and RNFL scan) were excluded
from the analysis. Table 1 shows the demographic, clinical, vessel density, RNFL
thickness and visual sensitivity parameters of the two groups. POAG patients
were significantly older than control subjects. SSI of the OCTA and OCT scans
were significantly greater in control as compared to the POAG patients. All the
vessel density, RNFL and visual field measurements were significantly worse in
the POAG cohort as compared to the control group.

Table 1. Clinical features, visual field parameters, vessel density and structural measurements of
the participants. All values represent median and interquartile range unless specified.

Control group POAG group
(63 eyes, (164 eyes, P
44 subjects) 99 patients)
54.5 65.6
Age (years) (45.6, 62.8) (58.5, 70.8) <0.001
Gender (male:female) 26:18 68:31 0.26
0.5 0.0
Sphere (D) (0, 1.5) (-0.75, 1.25) 0.19
. -0.5 -0.75
Cylinder (D) (-0.75, 0) (-1, -0.25) 0.04
2 38
1 0,
Pseudophakia (n, %) (3.1%) (23.2%) <0.001
IOP at the scanning visit (mm Hg)* 15.4+25 17.4+4.7 0.13

130



Chapter 8

Hypertension (yes:no) 11:33 34:65 0.27
Diabetes mellitus (yes:no) 11:33 32:67 0.38
OCTA parameters
SSI (Optic disc scan)* 59.7+9.3 513+79 <0.001
55.1 45.9
. . o
Whole enface vessel density (disc scan, %) (53.8,57.1) (42.1, 49.8) <0.001
61.2 53.9
A S
Average Peripapillary vessel density (%) (59.4, 62.7) (48.8, 58.6) <0.001
65.8 52.7
i 0,
Inferotemporal vessel density (%) (63.0, 68.1) (42.1,59.9) <0.001
64.8 58.6
H 0
Superotemporal vessel density (%) (612, 67.9) (50.2, 63.5) <0.001
OCT parameters
59 50
SSI (ONH scan) (54, 68) (44, 57) <0.001
A . 102 79
Average Peripapillary RNFL thickness (um) (97, 105) (70, 85) <0.001
. 134 84
Inferotemporal RNFL thickness (um) (128, 141) (71, 104) <0.001
) 137 104
Superotemporal RNFL thickness (um) (128, 143) (87, 119) <0.001
Visual field parameters
o -1.0 -6.1
Mean deviation (dB) (-2.4,0.0) (12.2,-33) <0.001
. 1.8 5.4 <0.001
Pattern standard deviation (dB) (1.5, 2.2) (3.2,9.8)
99 87
1 1 1 0,
Visual field index (%) (98, 99) (69, 94) <0.001
Inferotemporal visual sensitivity loss (dB scale) 1.0 32 <0.001
P ¥ (-1.7, 0.0) (-5.0,-1.9) :
Inferotemporal visual sensitivity loss (linear scale) 0.8 0> <0.001
P v (0.7,1.0) (0.3,0.6) '
Superotemporal visual sensitivity loss (dB scale) 10 7 <0.001
P P ¥ (-2.1,-0.1) (-11.7,-3.2) :
Superotemporal visual sensitivity loss (linear scale) 0.8 03 <0.001
P P Y (0.6, 1.0) (0.1,0.5) '

POAG: primary open angle glaucoma; D: diopter; dB: decibel; IOP: intraocular pressure; OCT: optical
coherence tomography; OCTA: OCT angiography; SSI: signal strength index; ONH: optic nerve head;
RNFL: retinal nerve fiber layer; *mean + standard deviation.

The results of the univariate linear and FP regression evaluating the relationship
between vessel density and RNFL thickness measurements are summarized in
Table 2. The best FP regression model for the superotemporal structure-structure
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relationship was the one with the term (superotemporal RNFL)™! substituted
for superotemporal RNFL and this model was statistically significantly better
(p<0.001) than the linear regression model. Similarly, the best FP regression
model for the inferotemporal structure-structure relationship contained the
term (inferotemporal RNFL)™-> and this model was statistically significantly
better (p<0.001) than the linear regression model. The best FP regression model
for the relationship between peripapillary average vessel density and RNFL
thickness contained the term (average RNFL)™0-> and this model was statistically
significantly better (p=0.05) than the linear regression model. Figure 1 shows
these relationships graphically. The discordance between the linear and the FP
fits appeared to be greater at the ends of the measurement spectrum of vessel
density and RNFL thickness.

Table 2. Structure-structure association of peripapillary vessel densities with corresponding sector
retinal nerve fiber layer thickness measurements.

Linear model Fractional polynomial model
Sector
R2 (p value) AIC R2 (p value) AIC
Superotemporal 0.53 (<0.001) 1277.7 0.57 (<0.001) 1260.5
Inferotemporal 0.61 (<0.001) 1367.3 0.65 (<0.001) 1349.4
Average 0.53 (<0.001) 1137.9 0.55 (<0.001) 1131.8

R2: coefficient of determination; AIC: Akaike’s information criterion.
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Figure 1. Structure-structure relationship between the vessel density and retinal nerve fiber layer
(RNFL) thickness measurements. Dashed line represents the linear fit and the solid line represents
the fractional polynomial fit. Grey markers represent control subjects and black represent glaucoma
patients.
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The results of the univariate linear and FP regression evaluating the relationship
between vessel density and visual sensitivity loss (in decibel and linear scales)
are summarized in Table 3. The FP regression models were significantly better
(p<0.001) than the linear regression models for all the pairwise relationships. The
relationship between inferotemporal sector vessel density and superotemporal
sector visual sensitivity loss showed the best RZ values. The best FP regression
model for the relationship between inferotemporal vessel density and
superotemporal visual sensitivity loss in decibel scale contained the term
(superotemporal sensitivity loss)3 and the best model for the same relationship
in linear scale contained the term (superotemporal sensitivity Ioss)(l' 2), Figure 2
shows these relationships graphically.

Table 3. Structure-function associations of peripapillary vessel densities with visual sensitivity loss
of the corresponding sector.

Loss of visual sensitivity in decibel scale Loss of visual sensitivity in linear scale

Vessel density Linear model FP model Linear model FP model
Sector 2 2 2 2
R (p AlC R”(p AIC R*(p AIC R (p AIC
value) value) value) value)
0.35 0.43 0.30 0.42
Superotemporal (<0.001) 1275.1 (<0.001) 1256.6 (<0.001) 1273.7 (<0.001) 1241.7
0.49 0.58 0.50 0.59
Inferotemporal (<0.001) 1327.6 (<0.001) 1294.0 (<0.001) 1311.8 (<0.001) 1274.3
0.39 0.47 0.40 0.47
Average (<0.001) 1130.9 (<0.001) 1122.0 (<0.001) 1131.0 (<0.001) 1107.8

FP: Fractional polynomial; R2: coefficient of determination; AIC: Akaike’s information criterion.
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Figure 2.Structure-function relationship between the vessel density measurements and visual
sensitivity loss on decibel scale. Dashed line represents the linear fit and the solid line represents

133



Structure-function relationship with peripapillary vessel density in POAG

the fractional polynomial fit. Grey markers represent control subjects and black represent glaucoma
patients.

The results of the univariate linear and FP regression evaluating the relationship
between RNFL thickness and visual sensitivity loss (in decibel and linear scales)
are summarized in Table 4. The FP regression models were significantly better
(p<0.001) than the linear regression models for all the pairwise relationships. The
relationship between inferotemporal sector RNFL thickness and superotemporal
sector visual sensitivity loss showed the best R? values. The best FP regression
model for the relationship between inferotemporal RNFL thickness and
superotemporal visual sensitivity loss in decibel scale contained the term
(superotemporal sensitivity Ioss)(3' 3) and the best model for the same relationship
in linear scale contained the term (superotemporal sensitivity loss)(* 3). Figure 3
shows these relationships graphically.

Table 4. Structure-function associations of peripapillary retinal nerve fiber layer (RNFL) thickness
with visual sensitivity loss of the corresponding sector.

Loss of visual sensitivity in decibel scale Loss of visual sensitivity in linear scale
Linear model FP model Linear model FP model
RNFL Sector ) ) ) N
R AIC R AIC R AIC R AIC
(p value) (p value) (p value) (p value)
0.37 0.46 0.34 0.46
Superotemporal (<0.001) 1602.6 (<0.001) 1574.3 (<0.001) 1585.5 (<0.001) 1550.8
0.46 0.63 0.58 0.65
Inferotemporal (<0.001) 1698.8 (<0.001) 1632.7 (<0.001) 1630.6 (<0.001) 1600.9
0.42 0.56 0.47 0.53
Average (<0.001) 1385.7 (<0.001) 1359.1 (<0.001) 1362.2 (<0.001) 1343.8

FP: Fractional polynomial; R2: coefficient of determination; Cl: confidence interval; AIC: Akaike’s
information criterion.
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Figure 3. Structure-function relationship between the retinal nerve fiber layer (RNFL) thickness
measurements and visual sensitivity loss on decibel scale. Dashed line represents the linear fit and
the solid line represents the fractional polynomial fit. Grey markers represent control subjects and
black represent glaucoma patients.

We performed a power analysis and found that our study had a power of >85% at
an alpha value of 0.05 to detect the differences in the R? values that were found
between the FP and linear models for all the relationships.

DISCUSSION

There is limited literature on the relationship between peripapillary vessel
density as measured by OCTA and RNFL thickness or visual sensitivity.10: 15, 16
These previous studies evaluated the relationship between the global vessel
density measurement and the global functional measurements!% 18 or have
used linear models to fit the relationships.1% 15 Liu et al, in 12 glaucoma eyes,
reported a correlation coefficient (r) of 0.35 (R2=0.12; p = 0.26) between average
peripapillary vessel density and RNFL thickness, and a r of 0.68 (R2=0.46; p=0.02)
between average peripapillary vessel density and visual field MD.10 Akagi et al,
in a study including 21 normal eyes, 34 POAG eyes without high myopia and 26
POAG eyes with high myopia reported a r of 0.53 (R2=0.28; p<0.001) between
average peripapillary vessel density and average RNFL thickness.1® In the 60
glaucomatous eyes, they reported a r of 0.47 (R2=0.22; p=0.004) between
average peripapillary vessel density and MD and a r of 0.38 (R2=0.14; p=0.003)
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between average RNFL thickness and MD.1> Yarmohammadi et al reported a R?
of 0.53 (p<0.001) between average peripapillary vessel density and average RNFL
thickness, 0.54 (p<0.001) between average peripapillary vessel density and MD
and 0.36 between average RNFL thickness and MD.1® Our results are closer to
the results reported in the study by Yarmohammadi et al. The differences in the
strength of associations between average peripapillary vessel densities and RNFL
thickness or MD seen in these studies can be explained by the differences in the
disease characteristics of the study population and the OCT systems used.

Akagi et al, performed a sectoral analysis of the associations of peripapillary vessel
densities and reported a r of 0.37 (R?=0.14; p=0.001) between superotemporal
vessel density and superotemporal RNFL thickness and ar of 0.75 (R=0.56; p<0.001)
between inferotemporal vessel density and inferotemporal RNFL thickness.1®
They also reported a r of 0.49 (R2=0.24; p<0.001) between superotemporal vessel
density and inferior total deviation values, 0.77 (R2=0.59; p<0.001) between
superotemporal RNFL thickness and inferior total deviation value, 0.59 (R2=0.35;
p<0.001) between inferotemporal vessel density and superior total deviation
value and 0.80 (R2=0.64; p<0.001) between inferotemporal RNFL thickness
and superior total deviation value.1® The structure-function relationships were
stronger with the inferotemporal compared to the superotemporal sector vessel
density and RNFL thickness measurements.1> This is similar to the results found

in our study.

The goodness-of-fit of the structure-function relationships with the traditional
OCT measurements (RNFL thickness and ONH rim area) have been extensively
studied using various methodologies. Garway-Heath et al?* reported that
the visual sensitivity expressed in linear scale defined the structure-function
relationship better than visual sensitivities expressed in a decibel (dB) scale.
Bowd et al?®> showed that a linear fit between structure and function with
visual sensitivity expressed in dB scale was comparable to a logarithmic fit in
describing the structure-function relationship. Hood and Kardon2® showed that
a simple linear model considering function in terms of visual sensitivity loss (total
deviation plot on standard automated perimetry) can adequately describe the
structure-function relationship. In contrast, the nature of the structure-function
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relationships with vessel density measurements of OCTA have not been well
characterised. Yarmohammadi et al therefore compared the structure-function
fits of linear and quadratic models (y = ax% + bx +c) and found that the quadratic
models better represent the relationships. The association between average
peripapillary vessel density and MD had a R? of 0.54 on linear modelling and
0.62 on quadratic modelling. The same between average RNFL thickness and
MD was 0.36 and 0.44 respectively. We used FP models instead of quadratic
models because FP models provide greater range of curve shapes compared to
guadratic fits. We found that the FP regression models provided significantly
stronger structure-structure and structure-function associations compared to the
linear models. FP models provided a stronger association between structure and
function even when the visual sensitivity loss was expressed in linear scale. The
linear model doesn’t provide the strongest association between structure and
function even when both are expressed in the same scale because the relationship
is unlikely to be linear over the whole range of measurements (whole range
of disease severities). This suggests that there is no benefit of using the linear
scale over the dB scale when FP model is used. The polynomial terms were not
similar for relationships between either structure-structure or structure-function
in different sectors. Structure-structure relationship in the superotemporal
sector had (superotemporal RNFL)™1 as the polynomial term while that in the
inferotemporal sector had (inferotemporal RNFL)™0->. Similar findings were noted
with structure-function relationships in different sectors. This suggests that the
fits to the structure-structure and structure-function relationships have different
shapes in different sectors. Evaluating the associations between vessel density and
RNFL thickness, we found that the discordance between the linear and the FP fits
was greater at the ends of the measurement spectrum. The FP fit may represent
reduced variability of vessel density compared to RNFL thickness measurements
in control subjects or a relatively slower reduction in vessel densities in early
stages of glaucoma. FP models evaluating the structure-function relationship
between vessel density and visual sensitivity loss also demonstrated that the
vessel density decrease slows down beyond visual sensitivity loss of -15 dB. This
is similar to the structure-function relationship with RNFL thickness where the
RNFL thickness reaches a base level at visual sensitivity loss of -10 to -15 dB,
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beyond which little change in RNFL thickness is seen.2% 27 However, the scatter of
data points appears to be greater in the relationship between vessel density and
visual sensitivity loss (Figure 2) compared to that between RNFL thickness and
visual sensitivity loss (Figure 3). One possible reason for this can be a variability
in vessel density reduction seen in different subgroups of patients with POAG. A
recent study by Suh et al demonstrated that in eyes with similar visual sensitivity
loss, the decrease in vessel density that was seen in POAG eyes with focal lamina
cribrosa defects was significantly greater than that in POAG eyes without focal
lamina cribrosa defects.28 The decrease in RNFL thickness, however, was found to
be comparable between POAG eyes with and without lamina cribrosa defects.28
Understanding the relationship between structure and function helps us to
better quantify the severity of glaucoma. Understanding the relationships is also
important in detecting progression early. Our results demonstrated that the FP
models were significantly better than linear models in fitting all the structure-
structure and structure-function relationships. FP models, therefore, appear to be
better than other models in bringing out the true relationships between structure
and function. Being cross-sectional in design, our study is however, unable to
provide information on the nature of longitudinal changes in vasculature or RNFL
thickness in normal and glaucoma eyes. Future studies, therefore, should aim
to evaluate the associations of the vascular and neuronal structure over time in
different phenotypes of POAG.

There are some limitations of the OCTA technology and the study design which need
to be considered while interpreting the results. The vessel density measurements
evaluated in this study were provided automatically by the software. The OCTA
algorithm, in its current form, includes large vessels along with capillaries in
its estimation of vessel density. Estimating the capillary density separately may
provide greater information. The superotemporal and inferotemporal vessel
density sectors in our study were not exactly matched with the corresponding
RNFL sectors. This may have affected the results. However, using the Garway-
Heath map provided good correspondence between the vessel density and the
visual field sectors. Also, OCTA measured vessel density is a surrogate for blood
flow but not a true measure of blood flow. Lastly, SSI of the scans is reported to
have a significant association with the vessel densities in normal eyes, with the
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densities being significantly greater in scans with higher $51.2° However, there
is no consensus on what value constitutes an adequate SSI. Different studies
have used different SSI values, ranging from 35 to 50, as cut-offs for good quality
scans.10, 12-14,30 we analyzed our data considering a SSI value of 50 as the cut-
off for good quality scans (136 OCTA and 130 RNFL scans of 55 normal and 99
glaucoma eyes) and found that the results were similar to those with SSI values
above 35. The R? values of all relationships with both linear and FP models were
slightly stronger when scans with a SSI of 250 were analysed. The R2 value of the
FP model for the structure-structure relationship in the inferotemporal sector
was 0.67. The same for the structure-function relationship in the inferotemporal
vessel density sector was 0.67 with the visual sensitivity loss expressed in dB scale
and 0.68 with the visual sensitivity loss expressed in linear scale. The R? value of
the FP model for the structure-function relationship in the inferotemporal RNFL
sector was 0.67 with the visual sensitivity loss expressed in dB scale and 0.69
with the visual sensitivity loss expressed in linear scale.

In conclusion, the inferotemporal peripapillary vessel density showed the
strongest association with the corresponding RNFL thickness and visual sensitivity
loss in the global and sectoral regions studied. The FP models were significantly
better than the linear models in describing these relationships.
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OCTA in POAG eyes with DH

ABSTRACT

Purpose: To compare the vessel density measurements of optic nerve head
(ONH), peripapillary and macular regions in severity-matched primary open
angle glaucoma (POAG) eyes with and without disc hemorrhage (DH) using
optical coherence tomography (OCT) angiography (OCTA), and to compare their
diagnostic abilities with that of the rim area, retinal nerve fiber layer and the
ganglion cell complex thickness measurements on OCT.

Methods: In a cross-sectional study, 66 eyes of 46 control subjects, 34 eyes of
33 POAG patients with DH (median mean deviation, MD: -3.7 dB) and 63 eyes
of 43 POAG patients without DH (median MD: -3.8 dB) underwent imaging with
spectral domain OCT. Area under receiver operating characteristic curves (AUC)
and sensitivities at 90% specificity of vessel density and structural measurements
in POAG eyes with DH were compared with those in POAG eyes without DH.

Results: Most of the vessel density and structural measurements were similar
(p>0.05) in POAG eyes with and without DH. Whole enface vessel density of the
disc scan and inferotemporal peripapillary vessel density showed the best AUC
and sensitivity at 90% specificity both in POAG eyes with DH (0.82, 56% and 0.75,
59%) and without DH (0.91, 73% and 0.83, 67%). AUCs and sensitivities of vessel
density and structural measurements of POAG eyes with and without DH were
statistically similar (p>0.05).

Conclusions: OCTA-measured vessel densities and their diagnostic abilities in
POAG eyes with and without DH were similar. This suggests that the cause of DH
in POAG is unlikely to be vascular abnormality.
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INTRODUCTION

Primary open angle glaucoma (POAG) is a chronic progressive optic neuropathy
resulting from the apoptosis of the retinal ganglion cells (RGC).1 Although
increased intraocular pressure (IOP) is the predominant risk factor for RGC death,?
reduced ONH perfusion has also been proposed to play a role in the pathogenesis
of glaucoma in at least some individuals.3'# Optic disc hemorrhage (DH), which is
strongly associated with the development and progression of glaucoma in major
clinical trials,> 8 is said to be one of the clinical indicator of altered ocular perfusion
as it has been associated with systemic vascular diseases, platelet dysfunction,
primary vascular dysregulation, vasospasm, and dysfunctional autoregulation of
the blood flow to the optic nerve head.? 10 Though the exact pathogenesis of
DH is not fully known, it is proposed to be vascular due to the above mentioned
associations. In contrast, a few studies have proposed mechanical vascular
disruption at the level of the lamina cribrosa, or the margin of optic disc or retinal
nerve fiber layer (RNFL) defect as the cause of DH.11-14

Optical coherence tomography (OCT) angiography is a technique of non-invasively
imaging of the blood vessels of the optic nerve head (ONH) and retina in-vivo.1>
Studies have used OCT angiography (OCTA) to demonstrate a reduction of vessel
density within the ONH, the peripapillary retina and the macula in patients with
POAG.16-22 However, there are no studies to date on the OCTA vessel density
measurements in eyes with DH. We hypothesized that at similar severity of
glaucomatous damage, the vessel density reduction on OCTA in POAG would
be greater in eyes with DH compared to eyes without DH, if the cause of DH is
vascular in origin. The purpose of the current study was to compare the vessel
density measurements of the ONH, peripapillary and macular regions in POAG
eyes with and without DH using OCTA. In addition, the diagnostic abilities of
the vessel density and structural measurements of the ONH, peripapillary and
macular regions on OCT were also compared in POAG eyes with and without
DH.
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METHODS

This was a prospective, cross-sectional study conducted at Narayana Nethralaya,
a tertiary eye care center in Bengaluru, South India between September 2015
and September 2016. The methodology adhered to the tenets of the Declaration
of Helsinki for research involving human subjects. Written informed consent was
obtained from all participants and the study was approved by the Institute’s
Ethics Committee.

Participants of the study included control subjects and POAG patients. Control
subjects were either hospital staff or subjects who consulted for a routine eye
examination or a refractive error. Control subjects had no family history of
glaucoma, IOP £ 21 mm Hg, normal anterior and posterior segments on clinical
examination by an ophthalmologist and non-glaucomatous optic discs, as
assessed by glaucoma experts on masked examination of stereoscopic optic disc
photographs. POAG patients had open angles on gonioscopy and glaucomatous
changes on optic nerve head examination (neuroretinal rim narrowing, notching
and retinal nerve fiber layer defects) as documented by glaucoma experts
on dilated examination and confirmed by experts on stereoscopic optic disc
photographs. POAG patients were divided into two groups; those showing a DH
in either eye and those showing no DH. DH was defined as an isolated splinter-like
or flame-shaped hemorrhage on the optic disc or peripapillary region extending
up to the border of the optic disc. DH was documented on disc photographs
independently by two experts. The presence or absence of DH anytime in the past
(in the DH and no DH groups respectively) was ascertained by going through the
medical charts of all the patients and also previous disc photos when available.
The frequency of clinical examinations of most of the POAG patients, noted from
the medical charts, was 4 to 6 monthly and that of optic disc photography was
yearly. Neither pre-treatment IOP, nor visual field changes were used to define
POAG. Inclusion criteria for all participants were age 218 years, corrected distance
visual acuity of 20/40 or better and refractive error within +5 D sphere and +3 D
cylinder. Exclusion criteria were presence of any media opacities that prevented
good quality OCT scans, or any retinal (including posterior vitreous detachment,
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retinal vein occlusion, diabetic retinopathy) or neurological disease other than
glaucoma, which could confound the evaluations. Eyes with a history of trauma
or inflammation were also excluded. All participants underwent a comprehensive
ocular examination, which included a detailed medical history, corrected distance
visual acuity measurement, slit-lamp biomicroscopy, Goldmann applanation
tonometry, gonioscopy, dilated fundus examination, stereoscopic optic disc
photography, visual field (VF) examination and OCT imaging with RTVue-XR SD-
OCT (Optovue Inc., Fremont, CA). In addition to IOP measured on the day of
scanning, the pre-treatment IOP (i.e. the IOP noted on the day of initiating anti-
glaucoma treatment) was documented for all POAG eyes.

Stereoscopic optic disc photographs were obtained by trained technicians using a
digital fundus camera (Kowa nonmyd WX, Kowa Company, Ltd., Japan). Each optic
disc photograph was evaluated independently by two glaucoma experts (ZSP and
HLR) in a masked manner to determine the presence of glaucomatous changes
(focal or diffuse neuroretinal rim thinning, localized notching or RNFL defects)
and the presence of DH. The experts were masked to all the clinical data, visual
field data and the fellow eye data. Discrepancy in the classification between the
two experts was adjudicated by a third glaucoma expert (NKP).

VF examination was performed using a Humphrey Field analyzer Il, model 720i
(Zeiss Humphrey Systems, Dublin, CA), with the Swedish interactive threshold
algorithm (SITA) standard 24-2 program. VFs were considered reliable if the
fixation losses were less than 20%, and the false positive and false negative
response rates were less than 15%. VF findings were not considered for defining
glaucoma or controls in the primary analysis, but were used for the grading of
glaucoma severity. VF was considered abnormal if the pattern standard deviation
was abnormal at p< 5% and the glaucoma hemifield test was outside normal
limits.

OCTA imaging of the optic disc region and macula was performed using RTVue-XR
SD-OCT (AngioVue, version 2016.1.0.26). The procedure of OCTA imaging with
RTVue-XR has been detailed previously.22 In brief, it uses an 840 nm diode laser
source, with an A-scan rate of 70 kHz per second. Imaging is performed using a
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set of 2 scans; one vertical priority and one horizontal priority raster volumetric
scan. The optic disc scan covers an area of 4.5 x 4.5 mm and the macular scan was
performed using volumetric scans covering 3 x 3 mm. An orthogonal registration
algorithm is used to produce merged 3-dimensional OCT angiograms.23 The
software compares the consecutive B-scans at the same location to detect flow
using motion contrast, thereby delineating blood vessels.1> Vessel density is
defined as the percentage area occupied by the large vessels and microvasculature
in a particular region. Vessel densities are calculated over the entire scan area,
i.e. whole enface disc and whole enface macula, as well as defined areas within
each scan as described below. In addition, the software calculates vessel densities
in various layers of the retina and the ONH.

In the optic disc scan, the software automatically fits an ellipse to the optic disc
margin and calculates the average vessel density within the ONH (referred to as
the inside disc vessel density, Figure 1a). The ONH vessel density is calculated
from the “nerve head segment” of the ONH angiogram. This segment extends
from 2000 microns above the internal limiting membrane (ILM) to 150 microns
below the ILM. In the same optic disc scan, the peripapillary region is defined
as a 0.75 mm-wide elliptical annulus extending from the optic disc boundary
and the average vessel density within this region is calculated (Figure 1b). The
peripapillary vessel density was analyzed from the “Radial Peripapillary Capillary
(RPC) segment” which extends from the ILM to the posterior boundary of the
nerve fiber layer. The peripapillary region is divided into 8 sectors, each of 45
degrees, and peripapillary vessel density in each sector is reported. Macular
vessel densities were analyzed over a 1.5 mm-wide parafoveal, circular annulus
centered on the macula. Macular vessel densities analyzed in this study were of
the superficial vascular plexus present in the inner layers of the retina (extending
from the ILM to the inner plexiform layer, Figure 1c). The parafoveal region was
divided into 2 sectors of 180° each (superior and inferior sectors).
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Figure 1. Figure showing the (a) optic nerve head (b) peripapillary and (c) macular 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 (inner circle on the figure) from the
nerve head segment of the en face angiogram (a), peripapillary vessel density over a 0.75 mm-wide
elliptical annulus extending from the optic disc boundary from the radial peripapillary capillary
segment (b), and superficial macular vessel density over a 1.5 mm-wide circular annulus centered
on the macula (c).

All subjects also underwent the traditional ONH, peripapillary RNFL and macular
GCC thickness measurements on RTVue-XR SD-OCT using the ONH and the GCC
scans. These scan protocols have been explained in detail previously.2% 25 OCT
parameters analysed in the current study were the neuroretinal rim area, average
peripapillary RNFL thickness and the RNFL thickness in 8 sectors corresponding to
the 8 peripapillary vessel density sectors, and the average GCC thickness and the
GCCthickness in the superior and inferior hemispheres. All the examinations for a
particular subject were performed on the same day and all examinations in eyes
with DH were performed when the hemorrhage was present. Image quality was
assessed for all OCTA and OCT scans. Poor quality images, which were defined
as those with a signal strength index (SSI) less than 45 or images with motion
artifacts and segmentation errors were excluded from the analysis.

STATISTICAL ANALYSIS

Descriptive statistics included mean and standard deviation for normally
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distributed variables and median and inter-quartile range (IQR) for non-
normally distributed variables. Shapiro-Wilk test was used to test for the
normality distribution of continuous variables. Continuous parameters between
the groups were compared using t test if normally distributed and Wilcoxon
rank sum test if non-normally distributed. Receiver operating characteristic
(ROC) curves were used to describe the ability of vessel density and structural
measurements of OCT to discriminate POAG eyes with and without DH from
control eyes. Sensitivities at fixed specificities of 90% were determined for all
the parameters. To obtain confidence intervals for area under the ROC curves
(AUC) and sensitivities, a bootstrap re-sampling procedure was used (n = 1000
re-samples). As measurements from both eyes of the same subject are likely to
be correlated, the standard statistical methods for parameter estimation can
lead to underestimation of standard errors and to confidence intervals that are
too narrow.2® Therefore, the cluster of data for the study subject was considered
as the unit of resampling and bias corrected standard errors were calculated
during all estimations. This procedure has been used to adjust for the presence
of multiple correlated measurements from the same unit.2’- 28 Z-test was used to
compare the AUCs of vessel density and structural parameters in POAG eyes with
and without DH.2% 30 ROC regression modeling technique was used to evaluate
the sensitivities of OCT measurements at various severities of glaucoma, as based
on the mean deviation (MD) of VF.31. 32

Statistical analyses were performed using commercial software (Stata ver. 13.1;
StataCorp, College Station, TX). A p value of <0.05 was considered statistically
significant.

RESULTS

One hundred and ninety-eight eyes of 141 subjects (50 control subjects, 35 POAG
patients with DH in either eye and 56 POAG patients without DH) underwent
vascular and structural imaging with OCT. Of these, 7 eyes with unreliable VF and
21 eyes with poor quality of both disc and macular OCTA scans were excluded.
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Additionally, 11 eyes with poor quality disc OCTA scans, 11 eyes with poor quality
macular OCTA scans, 14 eyes with poor quality ONH scans, 16 eyes with poor
quality disc OCTA and ONH scans, 2 eyes with poor quality ONH and GCC scans,
and 6 eyes with poor quality disc OCTA, ONH and GCC scans were also excluded.
Sixty-six eyes of 46 control subjects, 34 eyes of 33 POAG patients with DH and
70 eyes of 46 POAG patients without DH remained for the analysis. Of these, 7
POAG eyes without DH, which were either from patients too young or had greater
severity of VF loss compared to patients with DH, were excluded to match the
two POAG groups for age and glaucoma severity (based on mean deviation of VF).
The final analysis included 130 good quality OCTA disc scans, 152 OCTA macula
scans, 125 ONH scans and 155 GCC scans. The median follow-up noted from
the medical charts of POAG patients with DH was 2.1 years (IQR: 0.3-5.0) and
POAG patients without DH was 0.7 years (0.2-1.8). DH was noted in inferior or
inferotemporal quadrant of optic disc in 20 eyes. As recorded from the medical
charts, DH was noted once during the follow-up in 26 eyes, twice in 5 eyes and
thrice in 3 eyes. Eight POAG eyes with DH (23.5%) and 13 POAG eyes without
DH (20.6%) had a “within normal limit” or a “borderline” glaucoma hemifield
test (GHT) result, and / or the probability value of pattern standard deviation
(PSD) >5% on VF (preperimetric glaucoma). In the DH group, 4 eyes (11.8%)
were not on any anti-glaucoma medications, 14 eyes (41%) were on topical
beta blockers, 8 (23.5%) on alpha agonists, 12 (38.2%) on carbonic anhydrase
inhibitors and 19 (58.8%) on prostaglandin analogues (either as a monotherapy
or as combination therapy) at the time of OCT scanning. In the POAG eyes without
DH, these figures were 9 (14.3%), 14 (22.2%), 14 (22.2%), 13 (20.6%) and 35
(55.6%) respectively. Significantly greater number of POAG eyes with DH were
on beta blockers (p=0.05) and carbonic anhydrase inhibitors (p=0.06) compared
to those without DH. Table 1 shows the clinical, VF, vessel density and structural
measurements of the included subjects. There were significantly more females in
the DH group. IOP at the scanning visit was significantly lower in POAG eyes with
DH compared to POAG eyes without DH group (p=0.003). Pre-treatment IOP was
also lower in POAG eyes with DH compared to that without DH (p=0.09). Most
of the vessel density and structural measurements in the POAG eyes with and
without DH were significantly lower than in the control group. Most of the vessel
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density measurements (except the inferonasal and lower temporal peripapillary
vessel densities) were similar in POAG eyes with and without DH. Most of the
structural measurements (except the neuroretinal rim area, inferonasal RNFL
thickness, average and inferior GCC thickness) were also similar in POAG eyes
with and without DH. Control subjects were significantly younger than the POAG
patients, and the SSI of the ONH scan of OCT was significantly greater in the
control subjects compared to that in POAG patients. AUCs and sensitivities at
fixed specificities were therefore calculated after adjusting for these differences
using covariate-adjustment as proposed by Pepe.33

Table 1. Clinical features, visual field parameters, vessel density and structural measurements of the
participants. All values represent mean + standard deviation unless specified. P value represents the
comparison between primary open angle glaucoma (POAG) eyes with and without disc hemorrhage
(DH).

Corjtrol POAG with POAG without
subjects DH
DH (34 eyes, P
(66 eyes, 33 subjects) (63 eyes,
46 subjects) ) 43 subjects)
59.7 65.6 66.0
*
Age (vears) (53.6,66.1)  (60.3,70.0) (57.2,71.2) 0.93
Gender (male:female) 25:21 11:22 30:13 0.002
0.75 1 0.25
*
Sphere (D) (0, 1.25) (0.25, 1.75) (-0.5, 1.25) 0.06
-0.5 -0.5 -0.75
H *
Cylinder (D) (-1, 0) (-1, -0.25) (-1,-0.25) 0.50
. 9 12 9
Pseudophakia (n, %) (13.6%) (35.3%) (14.3%) 0.02
2.28 2.29 2.23
. . 2 *
Optic disc area (mm?) (1.98,2.57)  (2.03,2.52) (2.01, 2.61) 0.86
0P at the scanning visit (mm Hg) 14926 14.6+3.9 17.4+3.9 0.003
Pre-treatment IOP (mm Hg) 18.6+4.6 21.1+5.38 0.09
Hypertension (yes:no) 16:30 19:14 18:25 0.17
Diabetes mellitus (yes:no) 14:32 15:18 14:29 0.25
-0.8 -3.7 -3.8
. "
Mean deviation (dB) (-3.0,-0.3) (6.3, 2.5) (-7.5,-2.8) 0.90
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Pattern standard deviation (dB)* (1.511'24) (2.;'2.9) (2.:"79.5) 0.90
Visual field index (%)* (989,999) (80?096) (7;096) 0.86
OCTA parameters
SSI (Optic disc scan) 56.0+7.1 54.7+6.3 54.2+5.7 0.73
Y;’Ecc"fczgfa/cf vd 54.0+2.9 48.5+4.6 46.5+5.9 0.14
Inside disc vd (%) 48.2+4.8 43.1+4.8 42.6+6.6 0.73
Average Peripapillary vd (%) 62.1+3.0 57.6+5.5 56.2+6.7 0.39
Upper temporal vd (%) 629+4.6 61.9+5.2 59.5+7.6 0.15
Superotemporal vd (%) 64.9+4.4 58.1+9.2 59.6 +8.3 0.47
Superonasal vd (%) 59.5+5.5 56.7+7.3 549+7.9 0.34
Upper nasal vd (%) 58.2+5.3 55.4+8.8 54.2+7.0 0.53
Lower nasal vd (%) 57.4+4.9 54.4+6.7 54.1+8.2 0.91
Inferonasal vd (%) 62.1+5.0 59.2+79 54.4+8.7 0.02
Inferotemporal vd (%) 64.7+4.0 55.3+11.3 54.7+10.4 0.81
Lower temporal vd (%) 58.6 +4.7 59.4+7.0 55.7+7.4 0.04
SSI (Macula scan) 61.1+6.7 60.7+7.2 61.9+6.0 0.41
:’:’nzocﬁ::z:e (‘,2; 475438 44.6+4.6 448+35 0.87
Parafoveal vd (%) 49.5+3.9 47.1+5.1 47.4+3.7 0.81
Superior vd (%) 49.2+4.4 47.1+5.1 46.6 4.7 0.68
Inferior vd (%) 49.3+4.7 46.9+5.4 46.2+4.2 0.50
OCT parameters
SSI (ONH scan) 57.5+6.4 535+64 54.3+6.3 0.60
Neuroretinal rim area (mm?) 1.35+0.25 0.89+0.21 0.70+£0.20 <0.001
Peripapillary RNFL thickness (um) 1019 82+10 79+11 0.29
Upper temporal RNFL (um) 77 £ 10 68+9 68 + 10 0.98
Superotemporal RNFL (um) 137+ 15 106 £ 24 106 + 19 0.94
Superonasal RNFL (um) 113+22 92 +18 88 +20 0.48
Upper nasal RNFL (um) 85+ 13 7114 7114 0.94
Lower nasal RNFL (um) 76 £11 64 + 10 64 +11 0.88
Inferonasal RNFL (um) 118 £18 95+ 13 83+19 0.006
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Inferotemporal RNFL (um) 135+ 16 97 £ 22 91+26 0.33
Lower temporal RNFL (um) 68 + 10 64+9 63+11 0.68
SSI (GCC scan) 61.8+7.8 62.9+8.0 619+7.1 0.52
Average GCC thickness (um) 96 +8 82+9 78+9 0.05
Superior GCC thickness (um) 95+8 84 +10 82+9 0.26
Inferior GCC thickness (um) 96 +8 81+12 7512 0.03

DH: disc hemorrhage; D: diopter; dB: decibel; IOP: intraocular pressure; OCT: optical coherence
tomography; OCTA: OCT angiography; SSI: signal strength index; vd: vessel density; ONH: optic
nerve head; RNFL: retinal nerve fiber layer; GCC: ganglion cell complex; *median and inter-quartile
range.

The AUCs and sensitivities at 90% specificity of the vessel density measurements
to differentiate POAG eyes with and without DH from control eyes are shown
in Table 2. Whole enface vessel density of the disc scan and inferotemporal
peripapillary vessel density showed the best AUC and sensitivity at 90% specificity
both in POAG eyes with and without DH. AUCs of vessel densities in POAG eyes
with DH were statistically similar (p>0.05) to that in POAG eyes without DH.
The AUCs and sensitivities at 90% specificity of the structural measurements to
differentiate POAG eyes with and without DH from control eyes are shown in
Table 3. Neuroretinal rim area and average RNFL thickness showed the best AUC
and sensitivity at 90% specificity both in POAG eyes with and without DH. AUCs of
structural measurements in POAG eyes with DH were statistically similar (p>0.05)
to that in POAG eyes without DH.

Table 2. Diagnostic ability of vessel density parameters of optical coherence tomography angiography
in differentiating primary open angle glaucoma (POAG) eyes with and without disc hemorrhage
(DH) from control eyes (figures in parenthesis represent 95% confidence intervals).

POAG with DH POAG without DH
Vessel density AUC Sensitivity at 90% AUC Sensitivity at 90%
specificity specificity
. 0.82 56% 0.91 73%
Whole enface vd (disc scan) (0.70-0.93) (27-84) (0.82-0.96) (52-88)
Inside disc vd 077 39% 0.74 43%
(0.65-0.87) 12-63) (0.61-0.85) (23-60)
Average Peripapillary vd 0.74 40% 081 >6%
ge reripapfiary (0.58-0.86) (17-72) (0.72-0.89) (31-77)
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Superotemporal vd 0.71 44% 0.71 41%
P p (0.56-0.84) (19-64) (0.56-0.81) (22-60)
Inferotemporal vd 0.75 59% 0.83 67%
P (0.60-0.87) (38-81) (0.72-0.91) (45-83)
0.67 30% 0.71 35%
Whole enface vd (macula scan) (0.53-0.79) (11-58) (0.61-0.81) (16-60)
parafoveal vd 0.63 30% 0.67 28%
(0.49-0.76) (11-53) (0.57-0.77) (06-47)
Superior vd 0.59 17% 0.65 24%
P (0.45-0.72) (04-33) (0.53-0.75) (06-48)
Inferior vd 0.62 20% 0.71 29%
(0.48-0.74) (07-38) (0.61-0.81) (08-48)

AUC: area under the receiver operating characteristic curve; vd: vessel density.

Table 3. Diagnostic ability of structural parameters of optical coherence tomography in differentiating
primary open angle glaucoma (POAG) eyes with and without disc hemorrhage (DH) from control
eyes (figures in parenthesis represent 95% confidence intervals).

POAG with DH POAG without DH
Vessel density AUC Sensitivity at AUC Sensitivity at 90%
90% specificity specificity
Neuroretinal rim area 093 82% 0.98 1%
(0.83-0.98) (64-97) (0.91-1.00) (74-100)
. _ 0.91 72% 0.95 86%
Peripapillary RNFL thickness (0.79-0.97) (47-90) (0.89-0.99) (68-97)
0.85 67% 0.89 71%
Superotemporal RNFL (0.72-0.94) (41-84) (0.78-0.95) (46-84)
0.91 78% 0.90 79%
Inferotemporal RNFL (0.81-0.97) (58-94) (0.80-0.97) (61-91)
) 0.83 55% 0.91 78%
Average GCC thickness (0.68-0.91) (31-74) (0.83-0.96) (63-94)
. ) 0.76 45% 0.86 62%
Superior GCC thickness (0.61-0.86) (22-66) (0.76-0.93) (39-82)
. _ 0.83 58% 0.91 78%
Inferior GCC thickness (0.70-0.92) (33-79) (0.82-0.96) (64-91)

AUC: area under the receiver operating characteristic curve; RNFL: retinal nerve fiber layer; GCC:
ganglion cell complex.

Figure 2 shows the sensitivity at 90% specificity of the (a) average peripapillary and
(b) parafoveal vessel density measurements at different severities of glaucomatous
VF loss in POAG eyes with and without DH. Figure 3 shows the sensitivity at
90% specificity of the (a) average RNFL and (b) GCC thickness measurements
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at different severities of glaucomatous VF loss in POAG eyes with and without
DH. Sensitivities of vessel density and structural measurements increased with
increasing severity of glaucoma both in POAG eyes with and without DH. Though
the sensitivities of structural parameters seemed to be better in POAG eyes
without DH compared to POAG eyes with DH in early stages of glaucoma, the
differences were statistically insignificant.

(a) Peripapillary vessel density (b) Parafoveal vessel density

Sensitivity at 90% specificity
Sensitivity at 90% specificity

0 -15 R

-9 -6 JQ JG
Mean deviation (dB) Mean deviation (d8)

Figure 2. Sensitivity at 90% specificity of (a) average peripapillary vessel density and (b) average
parafoveal vessel density according to mean deviation on visual fields. Solid lines represent
sensitivity in primary open angle glaucoma eyes with disc hemorrhage and dotted line in primary
open angle glaucoma eyes without disc hemorrhage.

(a) RNFL thickness (b) GCC thickness

Sensitivity at 90% specificity
Sensitivity at 90% specificity

-15 -12 -3 0 -15 -12

9 s 5 6 -
Mean deviation (dB) Mean deviation (dB)

Figure 3. Sensitivity at 90% specificity of (a) average peripapillary retinal nerve fiber layer (RNFL)
thickness and (b) average ganglion cell complex (GCC) thickness according to mean deviation
on visual fields. Solid lines represent sensitivity in primary open angle glaucoma eyes with disc
hemorrhage and dotted line in primary open angle glaucoma eyes without disc hemorrhage.

The entire analysis also was done considering optic disc and VF abnormality as
the definition of glaucoma. The analysis included 26 POAG eyes with DH and 50
age and glaucoma severity matched POAG eyes without DH. Whole enface vessel
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density of disc scan and average peripapillary vessel density showed the best
AUCs in POAG eyes with DH (0.87 and 0.75) and POAG eyes without DH (0.93 and
0.85). Rim area and peripapillary RNFL thickness showed the best AUCs in POAG
eyes with DH (0.94 and 0.91) and POAG eyes without DH (1.00 and 0.96).

The entire analysis also was done considering one random eye per subject and,
optic disc and VF abnormality as the definition of glaucoma. The analysis included
25 POAG eyes with DH (median MD: -4.1 dB) and 33 age and glaucoma severity
matched POAG eyes without DH (median MD: -4.4 dB). Whole enface vessel
density of disc scan and average peripapillary vessel density showed the best
AUCs in POAG eyes with DH (0.86 and 0.75) and POAG eyes without DH (0.93 and
0.86). Rim area and peripapillary RNFL thickness showed the best AUCs in POAG
eyes with DH (0.94 and 0.92) and POAG eyes without DH (1.00 and 0.98).

DISCUSSION

The present study compares OCTA vessel density measurements in POAG eyes
with and without DH. Glaucoma severity, as based on the MD of VF, was matched
between the eyes with and without DH. Most of the vessel densities in the ONH,
peripapillary and macular regions in POAG eyes with DH were similar to that
in eyes without DH. AUCs and sensitivities at 90% specificity of vessel density
parameters in POAG eyes with DH were statistically similar to that in POAG eyes
without DH. These results suggest that vessel density reduction with OCTA in
POAG eyes with DH is not greater than that seen in POAG eyes without DH.

Though glaucoma severity, as based on the MD of VF, was matched between
the POAG eyes with and without DH, ONH rim area, inferonasal RNFL thickness
and macular GCC thickness were significantly less in the POAG eyes without
DH compared to those with DH. AUCs and sensitivities at 90% specificity of
structural parameters in POAG eyes without DH were also greater than that in
POAG eyes with DH, though the differences were not statistically significant. We
also evaluated the sensitivities of vessel density and structural measurements in
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POAG eyes with and without DH separately across the range of glaucoma severity
(Figure 2 and 3). Though the sensitivities of structural parameters seemed to be
better in POAG eyes without DH compared to POAG eyes with DH in early stages
of glaucoma, the differences were statistically insignificant. This most likely shows
that the severity of glaucoma, though matched on VFs, was greater in POAG
eyes without DH, as noted on the structural measurements. However, glaucoma
severity staging systems mostly depend on functional measurements3% 3> and it
is well known that the commonly used structural and functional measurements
do not agree well at any given stage of glaucoma.3®

Major clinical trials have shown DH to be an important risk factor for the
development and progression of glaucoma.>”7 Other prospective longitudinal
studies have also shown a strong association between DH and faster rates of
structural and functional progression in glaucoma.37-3° However, the exact
pathogenesis of DH is still not completely understood. A few studies propose
primary vascular abnormality as the cause for DH.? 10 However, studies evaluating
the ocular blood flow in eyes with DH are sparse. Kurvinen et al used scanning
laser Doppler flowmetry to evaluate changes in peripapillary retinal blood flow at
the time of detection of DH and again 6 months later.*? They found that the mean,
systolic and diastolic flow was decreased at the time of detection of DH and was
significantly increased after DH resorption. They proposed ischemia at the time of
onset of DH and reperfusion subsequently as the reason for these findings. They
also concluded that their results favored the vascular etiology of DH.4C Park et
al. used fluorescein angiography to evaluate blood flow in eyes with DH.#! They
divided the eyes into those with the DH at the border of localized RNFL defects
and those with DH location not related to localized RNFL defects. They found that
DHs occurring at the margins of RNFL defects had accompanying hemodynamic
changes (prolonged arm-retina time and arteriovenous transit time), which were
not apparent in DHs not related to RNFL defects.%! They suggested that some
cases of DH were associated with vascular abnormality while some were not
associated with it. A few studies, on the contrary, have proposed mechanical
vascular disruption at the level of the lamina cribrosa or the margin of optic
disc and RNFL defect as the cause of DH.11- 12 Recent studies have also provided
justification for this by showing a strong association between DH and focal lamina
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cribrosa defects as well as good spatial concordance between the two.13 14
Although there are no studies to date examining the vessel densities using OCTA
in eyes with DH, a recent study by Suh et al evaluated the OCTA vessel densities in
POAG eyes with and without lamina cribrosa defects. They found that in eyes with
similar visual sensitivity loss, the decrease in vessel density in POAG eyes with
focal lamina cribrosa defects was significantly greater than in POAG eyes without
focal lamina cribrosa defects.#2 Because of the strong concordance between DH
and lamina cribrosa defects, this result would suggest that the decrease in vessel
densities in POAG eyes with DH would also be greater than in POAG eyes without
DH. Interestingly, however, the prevalence of DH was similar in the groups with
(4/41) and without (7/41) lamina cribrosa defects in their study.*?

AUCs of structural parameters (rim area, RNFL and GCC thickness) were
significantly greater (p<0.05 for all comparisons) than that of the vessel density
measurements in the ONH, peripapillary and the macular regions both in POAG
eyes with and without DH. This may suggest that structural changes occur before
vessel density changes in POAG. On the contrary, this result can be biased. One
reason is that the definition of glaucoma was based on the neuroretinal rim
and RNFL changes on clinical examination and stereo photographs of the optic
discs. This may have biased the diagnostic abilities in favor of the structural
measurements. Hence, a separate analysis was performed considering VF
changes as the definition of glaucoma and the results were the same. Another
possible reason for this can be the effect of anti-glaucoma medications on the
vessel density measurements. Though there are no systematic reports evaluating
this using OCTA, a previous meta-analysis has reported increased ocular blood
flow with topical carbonic anhydrase inhibitors.43 It is therefore possible that
the anti-glaucoma medications increase the vessel density measurements of
OCTA independent of the IOP lowering effect. This can reduce the difference in
the vessel density measurements between control and treated POAG eyes and
thereby the diagnostic abilities.

There are some limitations of the OCTA technology and the study design which
need to be considered while interpreting the results. The OCTA algorithm, in its
current form, includes large vessels along with capillaries in its estimation of
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vessel density. The software also does not provide further insights into the nature
of vascular changes such as attenuation, drop-out, etc. The technology also does
not evaluate the choroidal vasculature. These details would provide a better
understanding of the vascular changes in glaucoma. Another possible limitation
of the current study was that we did not measure the blood pressure of the
subjects or record their anti-hypertensive medication. However, we recorded the
history of hypertension and found that the number of subjects with hypertension
was similar in the POAG group with and without DH. A previous study also has
shown no relationship between blood pressure readings and peripapillary vessel
densities on OCTA.29 The peripapillary vessel densities can also be affected by
parapapillary atrophy (PPA).** We did not record the presence of PPA or its
extent in our subjects. We also did not match the groups with respect to the
topical anti-glaucoma medication use. Significantly greater number of POAG eyes
with DH were on beta blockers and carbonic anhydrase inhibitors compared to
those without DH. Although there are no studies till date evaluating the effect of
anti-glaucoma medications on the vessel density measurements of OCTA, some
confounding effect of the anti-glaucoma medications on the results cannot be
ruled out. The sample size of our study, especially the group of POAG eyes with
DH, was small. The power of the study to detect statistically significant vessel
density differences between the POAG eyes with and without DH was less than
50% for most OCTA parameters. Lastly, the follow-up duration of POAG patients
was short. Therefore, it is possible that the POAG patients without DH could
have had a DH in the past (when they were not monitored) or during their future
visits. Also, DHs could have occurred between study visits and escaped detection.
Future studies with longer follow-up are needed to validate our results.

In conclusion, there was no difference in the OCTA measured vessel densities in
the ONH, peripapillary and macular regions in POAG eyes with DH compared to
POAG eyes without DH, when the severity of glaucoma was matched for. This
suggests that the cause of DH is more likely to be mechanical vascular disruption
rather than a primary vascular abnormality.
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Chapter 10

GENERAL DISCUSSION

Glaucoma is the leading cause of irreversible blindness in the world. The
exact pathogenesis of glaucoma, however, is not fully understood. Mechanical
(intraocular pressure [IOP] related mechanical damage) and vascular (ischemic
damage due to reduced blood supply) theories are the two commonly proposed
theories to explain its pathogenesis.

The diagnosis of glaucoma in current day practice is based on the assessment
of structural and functional damage at the level of the optic nerve head (ONH).
Evaluating the structural damage on clinical examination (optic nerve examination
on slit lamp biomicroscopy using a high powered convex lens), stereoscopic
optic disc photographs and / or optical coherence tomography (OCT ONH rim
area, retinal nerve fiber layer [RNFL] thickness and ganglion cell complex [GCC]
thickness) are the standard methods employed to diagnose glaucoma. Similarly,
assessing the functional damage on standard automated perimetry is the standard
method employed in clinical practice. However, unlike structural and functional
methods, there are no validated methods to quantify the vascular changes in
glaucoma. Available methods to assess vascular changes were either invasive,
poorly repeatable or not quantifiable and are therefore rarely used in clinical
practice. Recently developed OCT angiography (OCTA) has generated hopes of
filling this void in glaucoma.

The primary purpose of this thesis was to revisit the vascular theory of glaucoma
using OCTA. The thesis also provided an in-depth evaluation of the clinical utility
of OCTA in the most common types of glaucoma seen in clinical practice. Most
of the work was conducted in primary open angle glaucoma (POAG), both high-
pressure OAG and normal-pressure OAG, and in primary angle closure glaucoma
(PACG) subjects.

Our work found that the OCTA-measured vessel densities within the ONH, in
the peripapillary and macular regions were significantly lesser in glaucoma eyes
compared to control eyes (chapters 4-7). Our work also showed that the OCTA-
measured vessel densities were repeatable (Chapter 2). This demonstrated the
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presence of vessel density loss in glaucoma eyes and that OCTA was a useful tool
to precisely quantify the amount of decrease in vessel density.

Next we evaluated if the vessel density decrease in glaucoma was a primary event
or a secondary event (secondary to the death of retinal ganglion cells). For this,
we compared the diagnostic ability of OCTA-measured vessel density with that of
the OCT-measured structural parameters (ONH rim area, RNFL and GCC thickness)
and found that the diagnostic abilities of structural measurements were better
than that of the vessel density measurements both in POAG and PACG (Chapters
5 and 7). We further evaluated the question in primary angle closure (PAC) eyes,
which had high IOP at presentation but normal optic nerves. We found significant
thinning of a few structural measurements in PAC eyes compared to control eyes
but found no difference in the vessel density measurements. This demonstrated
that high 10P affects the structural measurements earlier than the vessel density
measurements. All these findings indirectly point to the fact that the decrease in
OCTA-measured vessel density seen in glaucoma eyes is secondary to structural
damage and not a primary event.

It is generally accepted that the vascular theory of glaucoma is more relevant
in normal-pressure OAG (normal tension glaucoma [NTG] / normal pressure
glaucoma [NPG] / low tension glaucoma [LTG]) than high-pressure OAG. To address
this, we evaluated the effect of pre-treatment (baseline) IOP on the diagnostic
ability of vessel density measurements in glaucoma (Chapters 4 and 5), after
controlling for the disease severity. We found that the pre-treatment IOP was
significantly associated only with the diagnostic ability of vessel density within
the ONH but not with either the peripapillary or the macular vessel densities.
This demonstrated that the OCTA-measured vessel densities decrease was similar
both in high-pressure OAG and NTG. In the same context, we also evaluated the
diagnostic ability of vessel density measurements in POAG with disc hemorrhage
and compared the same in POAG eyes without disc hemorrhage (Chapter 9). Disc
hemorrhage is known to be more common in eyes with NTG. We once again found
that the diagnostic ability of vessel density measurements was similar in POAG
eyes with and without disc hemorrhage. This also demonstrated that the etiology
of disc hemorrhage was unlikely to be a vascular abnormality or that the OCTA
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was not the best technique to investigate this.

Most of work related to the thesis was conducted in a cross-sectional study
design. Conclusive answers to all the above questions need to come from
longitudinal studies. Though this is a limitation, the findings of our thesis give
future directions to longitudinal studies with OCTA. The test-retest repeatability
of OCTA measurements (Chapter 2), though better than that of the previous
technologies (laser Doppler flowmetry, laser speckle flowgraphy), was clinically
large. This has to be considered while evaluating longitudinal changes in vessel
densities for clinically significant change. OCTA-measured vessel densities also
were affected by multiple eye-related, subject-related and OCT technology related
factors (Chapter 3). Most of the peripapillary vessel densities were lower, while
the parafoveal vessel density was higher in subjects with hypertension. Most
of the vessel densities were lower in subjects with diabetes (Chapter 3). Signal
strength of the OCTA scans was found to be consistently associated with the vessel
density measurements and their repeatability (Chapter 2, 3 and 10). Increase
in signal strength was associated with higher vessel density measurements.
These determinants should also be considered while evaluating vessel density
measurements longitudinally for detecting glaucoma progression. In addition to
the factors which we evaluated in the thesis, there could be multiple other factors
that may affect the OCTA measurements. For example, medications taken for
systemic conditions as well as topical anti-glaucoma medications can affect the
OCTA measurements. We however did not evaluate the effect of systemic and
topical medications on the OCTA measurements in our thesis. There is a need for
future studies to evaluate this.

We also noticed some of the limitations of OCTA during the course of the thesis. A
significant proportion of scans obtained for this research was found to be of poor
quality, primarily due to motion artifacts. This may limit the clinical utility of OCTA
imaging in day to day practice. The new generation of devices performing OCTA,
therefore, come with an eye-tracker so as to nullify the effect of eye movements
during scanning. Another limitation of the OCTA software is that both the large
vessels and capillaries are considered together during quantification. It is quite
possible that the vascular changes in glaucoma may be more pronounced in
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capillaries compared to large vessels, or vice-versa. Therefore, there is a need to
evaluate large vessel and capillary changes separately in glaucoma. Also, current
OCTA technology is not able to evaluate the choroidal vasculature accurately
due to projection artifacts; superficial vessels casting a shadow in the choroidal
angiography slabs. These details are important to provide a better understanding
of the vascular changes in glaucoma.

In conclusion, this thesis gives a detailed knowledge on the utility of OCTA in
current day glaucoma practice and provides insights into certain aspects of the
vascular theory of glaucoma evaluated using the OCTA.
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Chapter 11
Relevance of this research

Glaucoma is the leading cause of irreversible blindness world-over, as well
as in my country, India. Based on the results of the population based studies
conducted in different parts of India till now,1> George et al® reported the burden
of glaucoma in India to be 11.2 million. Of these, primary open angle glaucoma
(POAG) was estimated to be 6.48 million and primary angle closure glaucoma
(PACG) was 2.54 million. If we include primary angle closure (PAC) along with
PACG, with the idea of estimating the number of people with primary angle
closure disease (PACD) that require treatment, the number is 6.6 million, similar
to that of POAG.® The clinical course and severity of primary glaucoma is not
uniform across populations. Angle closure glaucoma in India is different from that
seen in other parts of South-east Asia. PACD tends to have a more chronic course
and acute angle closures are relatively rare.” The burden of glaucoma blindness
in India is 1.1 million. PACG on an average produced 2 times the proportion
of bilateral blindness than POAG in India.® Glaucoma, a disease with such a
significant burden on the community, is of great societal significance. Studying
the utility of optical coherence tomograpy angiography (OCTA) in PACD, a disease
with a high prevalence in India, is of significant relevance to us.

In spite of glaucoma being such a significant disease, the exact pathogenesis
of it is not fully understood. Mechanical (IOP related mechanical damage) and
vascular (ischemic damage due to reduced blood supply) theories are the two
commonly proposed theories to explain its pathogenesis. However, the vascular
theory is not studied well because of a lack of simple, non-invasive, accurate and
precise method for studying ocular blood flow. Optical coherence tomography
angiography (OCTA) came with the hope of fulfilling most of the requirements
for an ideal test to evaluate ocular blood flow. Evaluating OCTA therefore was
necessary to determine if it was a useful test to quantify the ocular blood supply
and to contribute to the pathogenesis of glaucoma.

Two crucial steps in the management of glaucoma are to diagnose the disease
early and to prevent disease progression by effective treatment. Early detection
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of glaucoma has received great emphasis as the optic nerve damage from
glaucoma remains irreversible till date. Evaluating rim area, RNFL thickness and
GCC thickness on OCT is one of the preferred method to diagnose glaucoma
early. We sought out to evaluate if the OCTA-measured vessel density was able
to diagnose glaucoma earlier than the structural measurements of OCT. If so, this
could lead to a paradigm shift in the way glaucoma is diagnosed and monitored.
In our cross-sectional analysis, we however found that the OCTA-measured vessel
densities were inferior to OCT-measured structural parameters in diagnosing
glaucoma in early stages.

The primary treatment of glaucoma still revolves around managing the intraocular
pressure (IOP) and IOP still remains a primary outcome measure in evaluating the
efficacy of various treatments. If OCTA is useful in evaluating the vascular changes
in glaucoma, this could possibly open up new ways of evaluating treatment
outcomes.

Target groups

Beneficiaries of the results of this dissertation are the clinicians, academic
researchers and the industry. The essential theme of the entire thesis was to
evaluate the clinical utility of OCTA in glaucoma. The results therefore are straight
away applicable to all clinicians. The take home message from the thesis for
the clinicians is that OCTA evaluates the blood vessels of the superficial retina
precisely. However, the technology still is not equivalent to traditional OCT-
measured structural parameters in diagnosing glaucoma and so the technology
in its current form is not an essential part of the clinical workup of glaucoma
diagnosis. The thesis is also applicable to academic researchers as the results
not only give a comprehensive knowledge about OCTA but also gives directions
to future research with this technology. For researchers evaluating OCTA in
longitudinal studies, the results of the thesis give clear indications of the test-
retest variability and the factors other than glaucoma progression that can affect
a measurement change. For the industry, the thesis provides a factual update
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on the current status of the technology. It demonstrates that there is a definite
need for improvements in the technology before it becomes a part of the day to
day glaucoma care.

Product

Translating the results of the thesis to meaningful products started early
in the course of the research work. The challenges in the currently available
guantification algorithms of OCTA have been mentioned in the earlier chapters.
Briefly, one of the challenges is that the software considers both the large vessels
and capillaries together during quantification. It is quite possible that the vascular
changes in glaucoma may be more pronounced in large vessels compared to
capillaries, or vice-versa. There is a need to evaluate large vessel and capillary
changes separately in glaucoma. We had done some work in this regard and
had used fractal analysis based algorithm to quantify the large and small vessels
of retina separately.® This is an ongoing work. The other important challenge
is that the OCTA technology is now available on the OCT devices of multiple
manufacturers. Cirrus HD-OCT 5000 (Zeiss Meditec, Inc., Dublin, CA, USA) and
Spectralis (Heidelberg Engineering, Heidelberg, Germany) are two SDOCT-based
devices that perform angiography. Triton (Topcon, Tokyo, Japan) is a swept-source
OCT-based device that performs angiography. However, none of these, like Avanti
RTVue-XR (Optovue Inc., Fremont, CA, USA), the device used in the thesis, have
commercially available quantification software. We have therefore developed a
vessel density analysis software that can be used on the images of any of these
devices (device-independent software). This is called “ReVeal” (retinal vessel
evaluation algorithm). The software is in the testing phase and would be available
to the market soon.

Innovativeness of the research

The innovativeness of the thesis is the fact that the research work was conducted
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keeping the clinical perspective in mind so that the results could be translated
directly to the clinics. The other most important aspect was the testing of the
technology in angle closure glaucoma, which to the best of our knowledge, is
not done before. Angle closure glaucoma is a significant problem in India and
the results of our study provide useful information about the utility of OCTA in
Indian population.

Realization

Steps to take the research work of this thesis further is already underway. The
results of the thesis demonstrate that the OCTA technology needs to mature a
lot before it can become an essential part of the glaucoma workup. A significant
proportion of scans obtained for this research was of poor quality, primarily due to
motion artifacts. The new generation of devices performing OCTA therefore come
with an eye-tracker so as to nullify the effect of eye movements during scanning.
Our work in underway to find out if the repeatability and utility of OCTA improves
with the introduction of this eye-tracking technology. The studies related to the
current thesis are predominantly cross-sectional in design. Longitudinal studies to
validate the results of these studies are also ongoing. One of the primary question
that remained unanswered in the thesis was the effect of glaucoma drugs on the
OCTA-measured vessel densities. Studies are also underway to evaluate this.
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Chapter 12

Although glaucoma is the leading cause of irreversible blindness in the world,
the exact pathogenesis of it is not fully understood. Mechanical (intraocular
pressure, 0P, related mechanical damage) and vascular (ischemic damage due
to reduced blood supply) theories are the two commonly proposed theories to
explain its pathogenesis. The primary purpose of this thesis was to revisit the
vascular theory of glaucoma using optical coherence tomography angiography
(OCTA). The thesis also provided an in-depth evaluation of the clinical utility of
OCTA in the most common types of glaucoma seen in clinical practice. Most of
the work here was conducted in primary open angle glaucoma (POAG), which
included both high-pressure OAG and normal-pressure OAG, and in primary angle
closure glaucoma (PACG) subjects.

In Chapter 2, the intra-session repeatability of vessel density measurements of
OCTA was evaluated in normal eyes and eyes with glaucoma separately and the
effect of signal strength index (SSI) of OCTA scans on the repeatability was also
evaluated. Three optic nerve head (ONH) scans each of 65 eyes (30 normal, 35
glaucoma eyes) and 3 macular scans each of 69 eyes (35 normal, 34 glaucoma eyes)
acquired in the same session with OCTA were analysed. Repeatability estimates
of most vessel density measurements were similar in normal and glaucoma
eyes. Vessel densities of both peripapillary and macular regions significantly
increased with increase in SSI of repeat scans. Knowing the test-retest variability
is important to decide the change in vessel density measurements that can be
considered clinically significant. This chapter therefore highlights the change
in vessel densities over follow-up that can be considered significant and also
highlights the importance of incorporating the change in signal strength of the
scans while interpreting the change in vessel density measurements.

In Chapter 3, the effect of subject-related (age, gender, systemic hypertension
and diabetes), eye-related (refractive error, optic disc size) and technology-related
(SSI of the scans) determinants on the peripapillary and macular vessel densities
in normal eyes were evaluated. One hundred and eighty-one normal eyes of
107 subjects (45 men, 62 women, median age: 50 years, range: 18-77 years)
underwent OCTA imaging. We found that age and optic disc size did not affect the
vessel densities of any of the regions. Most of the peripapillary vessel densities
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were higher in females. Most of the peripapillary vessel densities were lower,
while the parafoveal vessel density was higher, in subjects with hypertension.
Most of the vessel densities were lower in subjects with diabetes. SSI showed a
statistically significant positive association with the vessel densities of all regions.
These results should be considered while interpreting the vessel densities in
retinal diseases and glaucoma.

In Chapter 4, the diagnostic ability of the OCTA-measured vessel densities within
the ONH, in the peripapillary and macular regions was evaluated. Also, the effect
of the covariates, such as disease severity and baseline IOP (pre-treatment IOP)
on the diagnostic abilities of vessel densities were evaluated. Seventy-eight eyes
of 53 control subjects and 64 eyes of 39 POAG patients underwent OCTA imaging.
The area under the receiver operating characteristic curves (AUC) of ONH vessel
densities ranged between 0.59 (superonasal sector) and 0.73 (average inside
disc), peripapillary between 0.70 (nasal, superonasal and temporal) and 0.89
(inferotemporal), and macular between 0.56 (nasal) and 0.64 (temporal). AUC of
the average peripapillary vessel density was significantly better than the average
inside disc (p=0.05) and macular (p=0.005) measurement. Diagnostic abilities of
vessel densities increased with increasing severity of glaucoma and that of ONH
vessel density with higher pre-treatment IOPs.

In Chapter 5, the diagnostic abilities of the OCTA-measured vessel densities
within the ONH, in the peripapillary and macular regions in eyes with POAG were
compared with that of the OCT-measured neuroretinal rim area, retinal nerve
fiber layer (RNFL) thickness and macular ganglion cell complex (GCC) thickness
measurements respectively. Seventy-eight eyes of 50 control subjects and 117
eyes of 67 POAG patients underwent vessel density and structural measurements
with spectral domain OCT. The AUC of average vessel densities within the ONH,
peripapillary and macular region were 0.77, 0.85 and 0.70 respectively. The same
of ONH rim area, average RNFL and GCC thickness were 0.94, 0.95 and 0.93
respectively. AUCs of vessel densities were significantly lower (p<0.05) than that
of the corresponding structural measurements.

In Chapter 6, the diagnostic abilities of OCTA-measured peripapillary vessel density

182



Chapter 12

were evaluated in eyes with POAG and primary angle closure glaucoma (PACG).
Also, the diagnostic abilities of peripapillary vessel densities were compared with
RNFL thickness measurements separately in POAG and PACG. Forty-eight eyes of
33 healthy control subjects, 63 eyes of 39 POAG patients and 49 eyes of 32 PACG
patients underwent OCTA and RNFL imaging with spectral domain OCT. AUCs of
peripapillary vessel density ranged between 0.48 for the temporal sector and
0.88 for inferotemporal sector in POAG. The same in PACG ranged between 0.57
and 0.86. AUCs of all peripapillary vessel density measurements were comparable
(p>0.05) to the corresponding RNFL thickness measurements in both POAG and
PACG.

In Chapter 7, a more detailed evaluation of the diagnostic abilities OCTA-measured
vessel densities within the ONH and in the peripapillary and macular regions in
eyes with primary angle closure (PAC, high IOP but normal optic disc and visual
field) and PACG was conducted. The diagnostic abilities were compared against
those of the rim area, RNFL thickness and GCC thickness measurements. Seventy-
seven eyes of 50 control subjects, 65 eyes of 45 patients with PACG, and 31 eyes
of 22 PAC patients with a history of high IOP, underwent imaging with OCT. All
the vessel density and structural measurements were significantly lower in the
PACG compared to the control group. Vessel densities in the PAC were similar to
that of the controls; the superotemporal RNFL, however, was significantly thinner
in the PAC group (127 um vs. 135 um, p=0.01). The AUC and sensitivity at 95%
specificity of vessel densities within the ONH (0.76 & 42%) and macular region
(0.69 & 18%) in PACG were significantly lower than ONH rim area (0.90 & 77%)
and GCC thickness (0.91 & 55%) respectively. AUC and sensitivity of peripapillary
vessel density (0.85 & 53%) were statistically similar to RNFL thickness (0.91 &
65%). These results suggest that structural changes in PACG occur earlier than
the reduction in retinal vessel densities.

In Chapter 8, the sectoral and global structure-structure association between
OCTA-measured peripapillary vessel density and RNFL thickness, and structure-
function association between peripapillary vessel density and visual sensitivity
loss on perimetry in POAG eyes were evaluated. We also evaluated if fractional
polynomial (FP) models characterize the relationships better than linear models.
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Structure-structure and structure-function relationships of peripapillary vessel
densities were determined in 227 eyes of 143 subjects (63 control and 164
POAG eyes). We found that the R? values for structure-structure associations
using linear models (0.53 for superotemporal sector, 0.61 for inferotemporal
and 0.53 for average measurements) were statistically significantly lesser than
that determined using FP models (0.57, 0.65 and 0.55 respectively). R? values
for structure-function associations using linear models (0.35 for superotemporal
vessel density-inferotemporal visual sensitivity loss, 0.49 for inferotemporal
vessel density-superotemporal visual sensitivity loss and 0.39 for average vessel
density-average visual sensitivity loss) also were significantly lesser than that
determined using FP models (0.43, 0.58 and 0.47 respectively). This demonstrated
that FP models were significantly better than linear models in describing these
relationships.

In Chapter 9, the measurements of OCTA-derived vessel densities in POAG eyes
with disc hemorrhage (DH) were compared with that of severity-matched POAG
eyes without DH. Sixty-six eyes of 46 control subjects, 34 eyes of 33 POAG patients
with DH (median mean deviation, MD: -3.7 dB) and 63 eyes of 43 POAG patients
without DH (median MD: -3.8 dB) underwent imaging with spectral domain OCT.
Most of the vessel density and structural measurements were similar (p>0.05)
in POAG eyes with and without DH. Whole enface vessel density of the disc
scan and inferotemporal peripapillary vessel density showed the best AUC and
sensitivity at 90% specificity both in POAG eyes with DH (0.82, 56% and 0.75,
59%) and without DH (0.91, 73% and 0.83, 67%). AUCs and sensitivities of vessel
density and structural measurements of POAG eyes with and without DH were
statistically similar (p>0.05). This suggests that the cause of DH in POAG is unlikely
to be vascular abnormality.

184









Chapter 13

Harsha Rao was born on 13th September 1976 at Shimoga, a town in South
India. He completed his pre-University from DVS Junior College in Shimoga in
1994. He completed his basic medical education (in 1999) and Post-Graduation
in Ophthalmology (in 2005) from Bangalore Medical College, Bangalore. He
subsequently completed his long term fellowship in Glaucoma at L V Prasad Eye
Institute, Hyderabad followed by another long term fellowship in Glaucoma at
the University of California, San Diego. He is currently working as a consultant in
the Department of Glaucoma at Narayana Nethralaya, Bengaluru. He worked as
a Glaucoma consultant at LV Prasad Eye Institute, Hyderabad from 2007 to 2015
before joining Narayana Nethralaya. He had also held the positions of Adjunct
Assistant Professor of Ophthalmology at the School of Medicine and Dentistry,
University of Rochester Medical Center, Rochester, New York between October
2010 and April 2015, and Clinical Instructor at the School of Medicine, Case
Western Reserve University, Cleveland, Ohio between July 2011 and April 2015.

He has published over 100 papers in peer-reviewed scientific journals and has
been an invited speaker at multiple national and international conferences. He
is on the editorial board of multiple journals and is a reviewer for most of the
high impact journals in Ophthalmology. He is a member of the Associate Advisory
Board of World Glaucoma Association.

187



	Table of contents
	Chapter 1 - Introduction
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Chapter 6
	Chapter 7
	Chapter 8
	Chapter 9
	Chapter 10 - Discussion
	Chapter 11 - Valorization addendum
	Chapter 12 - Summary
	Chapter 13 - Curriculum vitae



