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Abstract: Using the OCT platform, we can generate high-resolution data on retinal nerve fiber layer
(RNFL) thickness in a given eye at a large number of angular points defined on a circular coordinate
system. However, insightful characteristics of OCT RNFL data such as its circularity and granularity
generally remain unutilized in its common downstream statistical analyses. We present a new cir-
cular statistical framework that defines an Angular Decay function and thereby provides a direc-
tional representation of an eye in terms of its focused RNFL loss. By applying to a clinical cohort of
Asian Indian eyes, the generated circular data was modeled with a finite mixture of von Mises dis-
tributions, which led to unsupervised identification in different age-groups of 2 recurrent clusters
of glaucomatous eyes with distinct directional signatures of RNFL decay. New indices of global and
local RNFL loss were computed for comparing the structural differences between these glaucoma
clusters across the age-groups.
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Introduction

Progressive optic neuropathies such as glaucoma can cause irreversible blindness,
especially when left untreated or diagnosed late. Glaucoma is a chronic ophthalmic dis-
order characterized by irreversible damage of ganglion cell and retinal nerve fiber layer
(RNFL), progressive neuroretinal rim (NRR) thinning, and excavation of the optic nerve
head (ONH) (1). It is the second-leading cause of blindness worldwide (2). In 2020, an
estimated 80 million individuals worldwide had glaucoma and this number is expected
to increase to over 111 million by 2040 (3). In India, the country that is projected to have
the largest population by then, more than 16 million could be affected by glaucoma and
nearly 1.2 million could be blinded from the disease (4).

Early detection and management hold the key to slowing the progressive loss of vi-
sion and preventing blindness due to glaucoma. Yet, a substantial retinal ganglion cell
loss could occur before the functional visual field loss from glaucoma is detected (5). In
this direction, standard automated perimetry (SAP) has been the gold standard for the
detection and management of glaucoma. It provides valuable information about the stage
of glaucoma, but not useful for detecting small changes, particularly in early glaucoma.
More than 30% of ganglion cell loss is needed before SAP shows the visual field loss (6).
However, the platform of spectral-domain optical coherence tomography (SD-OCT) pro-
vides excellent glaucoma-diagnostic performance and reproducibility (7,8).
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SD-OCT is a non-invasive scanning technology that provides precise, quantitative
measurements of the retinal nerve fiver layer (RNFL), optic nerve head (ONH) parame-
ters, neuro-retinal rim (NRR) area, and macular thickness — objective evaluation of these
parameters have been used to identify glaucomatous structural damage. As used in the
present study, the Cirrus HD-OCT (software version 9.0.0.281; Carl Zeiss Meditec, Dublin,
CA, USA) is a computerized instrument that acquires and analyzes cross-sectional and
three-dimensional tomograms of the eye. Optic Disc Cube 200x200 protocol is used to scan
the ONH and peripapillary area through a 6 mm square grid, which consists of 200 hori-
zontal linear B-scans, and each composed of 200 A-scans.

The most common technique to evaluate RNFL loss from OCT data is peripapillary
RNFL measurement based on the calculation circle. Schuman et al. (9) set the scan circle
to an arbitrary 3.4 mm diameter (Supplementary Fig. 1a). Subsequently, a 3.46 mm scan
circle was set as a standard for glaucoma diagnostic, and all OCT manufacturers adopted
the technique. First, the Cirrus HD-OCT algorithm identifies the center of ONH and then
automatically places a calculation circle of 3.46 mm diameter evenly around it. Then the
system extracts from the data cube 256 A-scan samples and calculates the RNFL thickness
at each point along the path of calculation circle. The RNFL measurements along the cal-
culation or scan circle start from the temporal quadrant at 9 o'clock in a clockwise fashion
for the right eye and for the left eye at 3 o'clock in a counter-clockwise manner in Tem-
poral-Superior-Nasal-Inferior-Temporal (or TSNIT) order (Supplementary Fig. 1b).

Notably, the above approach makes the OCT platform, along with certain other bio-
medical scanning technologies, an ideal example of such generators of data that are in-
dexed along multiple well-defined directions — here, at given angular positions equally-
spaced around a central point. Unlike the analyses of “linear” data that reside as points
on the real line or Euclidean spaces, directional data requires special and altogether dif-
ferent treatment. For instance, a particular direction in two-dimensional plane can be rep-
resented as a point on the circumference of a unit circle, or simply as an angle, but neither
representation is unique, as both depend on the selection of some appropriate “zero-di-
rection” as the reference starting point of measurement, as well as the sense of rotation,
viz., clockwise or anti-clockwise. The unique properties of directional or circular data —
for instance, if one wishes to compare or cluster such scans with a suitable distance meas-
ure — are appropriately addressed by the fields of directional and circular statistics (10—
12).

Traditional OCT analysis often involves a simple division of the circle around ONH
into 4 quadrants (of 90 degrees each) or 12 clock-hours (of 30 degrees each) to index and
record measurements at these angular sections. Past studies on focused analysis of angu-
lar sections of OCT RNFL and NRR data have revealed interesting differences between
healthy and glaucoma subjects (13). In this study, we extend such approaches by allowing
for analysis of data collected at arbitrarily higher angular resolution that divide the circle
(comprising of a total of 360 degrees) into a much larger number (N) of fine sections of
360/N degrees each. While our analytical framework holds in general for any value of N,
here, we generated a circular sequence of N=256 data points, which measures RNFL thick-
ness at every 1.41 degrees, for each OCT sample from a human eye. Such high-resolution
directional measurements, generated via automated processing of standard SD-OCT im-
ages, are ideally suited for application of new and insightful techniques from circular sta-
tistics for focused OCT RNFL data, as we introduce in this study.

In addition to age, on the structural side, biological heterogeneity of ONH pheno-
types, with or without any neuropathy, can also present challenges to clinical decision-
making. Unsupervised learning of the heterogeneity of normative ONH phenotypes in a
given population can provide key insights into the diversity of baselines that may exist
for degenerative neuropathies, and thus, reduce subjectivity in diagnosis (14). Such
knowledge is particularly useful in glaucoma for which different ONH parameters play a
combined role in early detection. For instance, in a non-glaucoma multiethnic cohort of
Asian individuals, the inter-eye RNFL profile was found by OCT to be less symmetric in
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Malays and Indians than that in Chinese eyes (15). Indeed, even the manufacturers of OCT
technology noted racial differences in optic disc area, RNFL thickness, etc., when meas-
ured using their platform (16).

The present study addresses multiple important aims that include design of an ana-
lytical framework that is capable of defining and using a directional measure of RNFL
decay based on OCT data and then applying it for focused detection of structural charac-
teristics in glaucomatous eyes from an Indian population. In this direction, our study
makes several new contributions. First, we used a large clinical cohort of normal Indian
eyes to generate high-resolution OCT RNFL data (as noted above) for each eye. Second,
we built a catalog of empirical cumulative distribution functions of RNFL loss at each of
the N angular points based on the above data for normal eyes stratified by their age and
optic disc size. Third, we developed an analytical framework based on novel applications
of circular statistics to OCT data analysis. This includes specifying a directional represen-
tation of RNFL decay in a given glaucomatous eye relative to its corresponding normal
population. Further, new indices were introduced to measure eye-specific global and local
RNFL decay. To illustrate the utility of circular models, we fit a finite mixture of von Mises
distributions to identify in glaucomatous eyes two separate clusters of directional repre-
sentations of RNFL decay. Finally, these clusters, learned in an unsupervised manner for
three different age-groups, were characterized using their clinical covariates. In the next
section, we describe the Data and Methods, followed by the section on the Results, and
end with Discussion.

Data and Methods

Data: All subjects were selected from a population-based study LVPEIGLEAMS (The
LV Prasad Eye Institute Glaucoma Epidemiology and Molecular Genetic Study) (17). A
total of 3985 healthy eyes of 2225 subjects were included. All subjects were from the rural
community of the state of Andhra Pradesh, India. Written informed consent was obtained
from all subjects to participate in the study, and the ethics and review committee of the
L.V. Prasad Eye Institute reviewed and approved the methodology and was conducted in
strict adherence to the tenets of the Declaration of Helsinki. Healthy eyes were defined as
in the absence of anterior and posterior pathology.

All participants underwent a comprehensive ophthalmic examination which in-
cluded a detailed medical and systemic history, best-corrected visual acuity measure-
ment, slit-lamp photographs (Topcon, Bauer Drive, Oakland, NJ), Goldmann applanation
tonometry (Hagg-streit AT 900, Hagg-streit AG, Switzerland), gonioscopy with a Suss-
man four mirror gonioscope (Volk Optical Inc, Mentor, Ohio, USA), dilated fundus exam-
ination, central corneal thickness (CCT) assessment, Humphrey visual fields (HVF) with
24-2 Swedish Interactive threshold algorithm (SITA; Carl Zeiss Meditec Inc. Dublin, CA),
digital optic disc photography and spectral-domain optical coherence tomography imag-
ing with Cirrus HD-OCT (Carl Zeiss Meditec, Dublin, CA, USA) (18).

Visual fields (VF) were considered if false positive, false negative, and fixation losses
less than 20%, and all the stereophotographs of the optic disc had good quality. The inclu-
sion criteria were age > 40 years, best-corrected visual acuity 20/40 or better, spherical
equivalent (SE): + 6D, good quality stereo optic disc photographs, and no media opacities
(signal Strength > 6). The exclusion criteria were intraocular surgery within the previous
6 months, any retinal (including macular) or neurologic diseases other than glaucoma that
could confound the structural measurements with SD-OCT, RNFL thickness less than 30
um, and the presence of blink and motion artifacts.

To determine glaucomatous eyes, each digital optic disc photograph was evaluated
by three glaucoma specialists independently, and they were masked to the other clinical
findings and the other imaging outcomes of the subjects. Each disc photograph was de-
fined as normal based on the absence of superior and inferior NRR thinning, rim notch,
disc hemorrhage, and RNFL defect. Eyes were excluded from the study if there were any
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discrepancies among the specialists. Finally, from 210 participants, 270 eyes with primary
open-angle glaucoma were included in our analysis.

Zeiss' Cirrus HD-OCT software (version 9.0.0.281; Carl Zeiss Meditec, Dublin, CA,
USA) uses the segmentation algorithm of the OCT software to identify the RNFL and
measures its thickness on the circular peripapillary scan. For each eye (glaucomatous or
normal) that was included in our analysis, the same algorithm was used for obtaining its
RNFL thickness data at N (=256) equally-spaced (360/N=1.41 degrees apart) angular-
points {j;=1,2,...N} in counterclockwise (TSNIT) direction around the circle (0-360 de-
grees).

Angular Decay Calculation: The eyes are first stratified according to different combi-
nations of age and disc size. Three age categories (19): Agel (40-49 years), Age2 (50-59
years), and Age3 (>=60 years), and three optic disc size categories based on OCT disc area
measurements: Small (<1.6 mm2), Average (1.6-2.6 mm?2), and Large (>2.6 mm?2) were
used. Thus, by taking all combinations of age and disc size, each eye (normal or otherwise)
could belong to exactly one of the 3x3=9 possible groups. For each such group G, and for
each angular-point j, we take the set R_(G,j)= {RNFL(i_N,j): normal eye i_N€G} of RNFL
values at the angular point j for every normal eye i_N€G, and compute the empirical (cu-
mulative) distribution function.

. [(eCDF) _(Gj) x)=! (r<x:reR) _(Gj) I/ IR(G)) I.

Each function [(eCDFJ) _(G)j) takes as input an RNFL thickness measurement
RNFL(i_G,j) of a glaucoma eye i_GEG at an angular-point j, and returns the corresponding
quantile value, which lies in the range [0,1] where 0 and 1 correspond respectively to the
lowest and the highest of all RNFL observations at the same angular-point j among the
normal eyes that belong to G.

The Angular Quantile of RNFL data for an eye i€G at an angular-point j is computed
as
e Angular Quantile(i,j)= (eCDF) _(G,j) (RNFL(i,j)).

We note that the above quantile value provides a measure that is relative to all the
RNFL observations made at a particular angular point over the entire population of nor-
mal eyes of the corresponding group. Then the Angular Quantile is computed at each
angular point j, which yields for an eye i€G a circular sequence:

Angular Quantile(i)= {Angular Quantile(i,j);j=1,... N}.

Thus, we define Angular Decay of an eye i€G as the following circular sequence:

Angular Decay (i)= {1-Angular Quantile(i,j);j=1,...N}.

Hence, for a given eye, at any angular-point, Angular Decay admits a value that lies
in the range [0,1]. A higher value of Angular Decay in an eye corresponds to an OCT RNFL
measurement that ranks relatively lower among the RNFL observations in the normal
population.

Directional representation of RNFL decay: Based on the normal RNFL quantile
threshold t, we characterize the Angular Decay values of a given eye in terms of those
that are above versus below 1. Each distinct sequence of contiguous Angular Decay values
exceeding T is defined as a “petal”. Therefore, each petal (denoted by IT) represents an
angular range that shows higher than normal decay. For a given threshold t, we denote
the number of such petals in an eye by v_t. By fixing 1, say, to 0.75, we can drop the suffix
in the above quantity (as well as those measurements defined below for each eye) and
simply refer to it as v.

In particular, we are interested in the “widest” petal (1"*) of an eye, which is the
largest contiguous sequence of Angular Decay values exceeding t. We use an algorithm
to traverse the circle counter-clockwise and at each successive angular-point j=1, 2...N on
the circle of eye i test whether RNFL(j,j) exceeds t. This yields the starting point (0_s) and
the end point (0_t) of each existing petal. The counterclockwise circular interval [0_s, O_t]
defines the angular range of a petal, and the widest petal, i.e., the one with the largest
angular range, is identified as m"*.
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Since for each angular-point j in the range of 7"*, the Angular Decay value is known,
we compute the weighted circular mean (20) of t**where the Angular Decay value atj is
used as the weight w_j € [0,1] for the angle O_j at j. We denote this decay-weighted mean
angle (of the largest contiguous region of the eye with above normal Angular Decay) by
u™*, the quadrant specific inverse of the tangent (see Equation 1.3.5 on page 13 of (12))

o pM= tan(-Dii ((C_Ger™) Kwj sinifoi (0§ 1 1 UZ_(en™™)
o 2 2 )l.

The weighted mean angle allows u** to provide a directional representation of an
eye in terms of its regional concentration of relatively high RNFL loss. If no such region
exists in a given eye for the chosen value of 1, then its u** and n** are denoted by ‘NA’.

For unsupervised identification of clusters of eyes in a given collection with distinct
directional signatures, the angular data (u"*) are fitted with a finite mixture of K univari-
ate von Mises distributions }'_(k=1...K):: (a_k vM(u_k,k_k))] where u_k and k_k are
respectively the (angular) location and the concentration parameters of the kth component
(cluster) of the above mixture whose non-negative proportions {a_k:k=1,...K} add up to
1. The optimal model is selected using the Bayesian Information Criterion (BIC) (21). The
absence of at least 2 distinct clusters in a given collection of eyes can be checked for this
data with a test of circular unimodality (12). The von Mises distribution vM(p,x) has the
probability density function (pdf) f(x | w,x)=expi/o} [(x cosi/o} {(x-pu) ))/2mI_0 (1)) , where
I_0 (k) is the modified Bessel function of the first kind of order 0 (12).

Indices of local and global RNFL loss: We define 2 new indices of RNFL loss in a
given eye. A measure of local RNFL loss in an eye is defined as the proportion of the size
of the angular range of m"* to the entire circle. This local loss index is denoted by A™*.
Further, we also introduce a measure of global RNFL loss in an eye defined by the pro-
portion of the total angular range of all v petals in this eye to the entire circle. This global
loss index is denoted by A.

(w_j cosif}

e A™={Number of points j in the angular range of m**} /N.
e A=y (II=IT_1)MILv

Thus, both measures, A"*and A, take values in the range [0,1], where 0 and 1 repre-
sents respectively the minimal and the maximal RNFL loss in a given eye with respect to
a chosen threshold 1. We note that 0<AM<A<1.

Implementation: The above-mentioned framework, including all its functions for
analysis and visualization, is implemented using the R platform. The R package movMF
was used for fitting a finite mixture of univariate von Mises distributions with EM algo-
rithm to the RNFL decay data represented as a set of angular measurements. For visuali-
zation of the Angular Decay in a given eye, we developed a R program that plots this
function on a circular scale. Against a background blue circle of radius equal to a selected
normal RNFL quantile threshold T, the Angular Decay function is shown as a circular
curve which appears in blue or red when it is below or above t respectively. Each of the
contiguous red sections is a separate petal IT and the widest petal m"* is shown in red.

Number of points j in the angular range of IT}  / N.

Results

We generated high-resolution OCT RNFL data with the help of the image processing
algorithm of the Cirrus HD-OCT software. Thereby, for each eye, a circular sequence of
RNFL thickness data at N=256 equally spaced angular points are obtained for (i) 3985 nor-
mal eyes (from 2225 healthy subjects) and (ii) 270 glaucomatous eyes (from 210 subjects)
belonging to an Asian Indian cohort. The clinical covariates of the cohort are shown in
Table 1. We stratified the cohort in terms of 3 age categories and 3 optic disc size categories
(see Methods) into 3x3=9 groups. Thus, for each normal or glaucomatous eye, its group
was specified.

Table 1. Clinical covariates of the glaucomatous eyes. (Abbreviations: CD = cup to disc, s.d. = stand-
ard deviation, min. = minimum, max. = maximum).
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Variable (unit) mean median s.d. min. max.

RIM AREA (mm”2) 1.09 1.06 0.25 0.49 1.89
DISC AREA (mm”2) 2.28 2.22 0.59 1.23 4.69
AVERAGE CD RATIO 0.7 0.7 0.1 04 0.9
AVERAGE THICKNESS (um) 86.84 87 9.62 54 112
VERTICAL CD RATIO 0.68 0.69 0.1 0.41 0.88
CUP VOLUME (mm*"3) 0.52 0.34 0.49 0.04 3.38
DISK DIAMETER (mm) 1.62 1.6 0.22 1.1 2.4

To determine a statistical reference of the RNFL loss in a glaucomatous eye, we com-
puted (and developed a catalog of) a total of 9x256=2304 direction-specific empirical dis-
tribution functions based on RNFL data from the normal eyes that belong to each of the 9
groups (as defined above) and for N=256 angular-points. The process is illustrated with
an example in Fig. 1. For a group G of normal eyes, the RNFL thickness circular data are
plotted as overlapping curves in Fig. 1(a). In particular, the RNFL measurements of the
eyes in G at two particular (but arbitrarily selected) angular points are marked as sets of
orange and green points. The empirical distribution functions of these 2 sets are shown as
the corresponding orange and green step-functions in Fig. 1(b). Thus, using the cataloged
empirical distribution function at each of the angular points (for G), we can compute the
normal RNFL thickness range for any given quantile (or equivalently, percentile). In Fig.
1(c), for selected quantile values (the 5th, 25th, 50th, and 75th percentiles), the increasing
ranges of RNFL thickness are shown as successive contour curves (in red, yellow, orange,
and green respectively). If the RNFL circular data of any new eye i is overlaid on this
contour plot, it will reveal the precise extent of any overall or focused RNFL loss relative
to the normal RNFL circular distribution of the group that i belongs to.
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Figure 1. The circular OCT RNFL thickness data for normal eyes belonging to a group are overlaid
and shown in plot (a). Two examples of angular points are used to mark the OCT data as sets of
green and orange points. Plot (b) shows the eCDF functions for these two OCT datasets. Plot (c)
shows the ranges of normal RNFL thickness values for different Angular Quantiles. As examples,
the concentric ranges for the 5th, 25th, 50th, and 75th percentiles are shown with red, orange, yellow,
and green contours respectively.

RNFL Angular Quantiles Angular Decay
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Figure 2. The circular OCT RNFL thickness data of a glaucomatous eye is shown as a red curve in
plot (a). For reference, the 75th percentile of normal RNFL thickness is shown with a green curve.
The glaucomatous and normal RNFL data are converted to their respective Angular Quantiles (of
range [0,1]) and shown as the corresponding red and green curves in plot (b). In (c), the comple-
mentary plot of (b) shows the RNFL Angular Decay (of range [0,1]) as red and green curves for the
glaucomatous and normal cases respectively.
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Sample: 1 Sample: 2

(Group: Age 1, Cluster 1) (Group: Age 1, Cluster 2)

1=0.75A=045v =5, u*=113.9°, \* = 0.17 1=0.75A=0.39,v = 3, u* = 280.8°, A* = 0.21
Sample: 3 Sample: 4
(Group: Age 2, Cluster 1) (Group: Age 2, Cluster 2)

N N
1=0.75,A=046,v =4, p* = 134.6°, \* = 0.24 1=0.75,A=043,v =3, p* = 270.1°, * = 0.23
Sample: 5 Sample: 6
(Group: Age 3, Cluster 1) (Group: Age 3, Cluster 2)

Figure 3. For 6 samples of glaucomatous eyes, the RNFL Angular Decay functions are plotted. Each
plot contains a pale blue circle of radius equal to the threshold of decay o set at 0.75. The petals
lying above the pale blue circle are shown as pink curves. The petal with the largest angular range
is marked with a red curve. The weighted circular mean angle of the red petal is shown with a
dashed red line. Various indices computed for each eye are shown below the plot of each sample.
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Figure 4. The BIC values corresponding to different choices of the number of components, K, in the
mixture model of von Mises distributions fitted to circular data from 3 age-groups.


https://doi.org/10.20944/preprints202210.0188.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 October 2022

doi:10.20944/preprints202210.0188.v1

10 of 16

0.005 -

0.004 -

0.003 -

0.002 -

0.001 -

0.000 -

0.005

0.004

0.003

0.002

0.001

0.000

_'LLI.I.I.LI.I.I.ILIL‘I.ILILLILI;I.II.I'I_I_I_

0.005

0.004

0.003

0.002

0.001

0.000



https://doi.org/10.20944/preprints202210.0188.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 October 2022

d0i:10.20944/preprints202210.0188.v1

11 of 16

fLLLLLL g |
0° 150° 300°

Figure 5. The distributions of circular data based on the angular representation of glaucomatous
eyes from 3 age-groups are shown as red histograms in plots (a), (b) and (c). The corresponding
normal distributions are shown as blue histograms. The assignment of the eyes to 2 clusters by the

mixture model is shown as pink and orange points in the rugplot below the histograms. The TSNIT
order of the circular range (0-360 degrees) is shown above the plots.

Aninnovative feature of the present study is its method of calculating Angular Decay
measure as a circular function based on an eye i’s high-resolution OCT RNFL data. It be-
gins with RNFL thickness data of i at a particular angular-point j. Given the group G that
i belongs to, and j, the corresponding empirical distribution function (as described above)
is used as the relevant reference of normal RNFL thickness for calculating the precise
quantile value of the focused RNFL data. This is shown as the red curve in Fig. 2(a)
whereas the green curve, which represents the 75th percentile (or the quantile of 0.75) of
the normal RNFL distribution, serves as a reference. We transform the RNFL data into
their respective Angular Quantiles and plot these as the corresponding red and green

curves in Fig. 2(b). The exact complementary plot of Fig. 2(b), computed as {1-Angular
Quantiles ()}, produces the Angular Decay function that is shown by the analogous red
and green curves in Fig. 2(c).

By taking an arbitrary (but real) eye as an example, its RNFL data and the corre-
sponding Angular Quantile and Angular Decay functions are shown as red curves in Fig.
2(a), 2(b) and 2(c) respectively. As noted above, for comparison, the 75th percentile values
of the corresponding normal RNFL distribution are also marked in the same plots as green
curves. Interestingly, the Angular Decay function at each point of the circle relative to the
normal threshold (t=0.75) as shown in Fig. 2(c) provides a more noticeable and focused
visualization of the overall phenomenon of RNFL loss as compared to the other plots, viz.,
Fig. 2(a) and 2(b). To gain further insights, our framework allows altered settings of the
normal quantile threshold (t) that enable the user to identify subtle local dynamics of

RNFL decay as well as conduct comparative analysis, say, across eyes from different
groups and time-points.
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The more noticeable and distinctive features of an Angular Decay plot is due to the
underlying Decay function that highlights the contiguous regions of RNFL loss. We iden-
tified these regions with a circular tracing algorithm which uses a user-defined quantile
threshold (1) to demarcate the “petals” which are contiguous regions with Decay exceed-
ing 1. Furthermore, we compute insightful characteristics of the petals, and thereby dis-
tinguish the patterns of RNFL Decay in the eye under consideration, using 4 new indices,
which we illustrate using real data in Fig. 3. The Angular Decay functions of 6 glaucoma-
tous eyes are shown in Fig. 3 as examples of our graphical output. For each eye, the se-
lected quantile threshold is shown as a pale blue circle of radius t. The Decay function is
shown as blue or pink curves depending on whether it is below or above t. Each contigu-
ous pink angular segment represents a separate petal (IT). In a given eye, for fixed T, the
total number of petals is denoted by v; and the petal with the largest angular range is
depicted as a red curve and denoted by nt*.

The systematic identification of ** allows us to define an angular representation of
an eye in terms of its largest contiguous segment of above normal RNFL decay. For this
purpose, we compute the weighted circular mean of 7"*, which is, conceptually, the angle
(denoted by u**) around which the RNFL decay within the widest petal of the eye is con-
centrated. The weighting used in the calculation of u"* captures the contribution of the
variations of the shape of m**, which results in a more precise directional representation
of the decay. The angular value of u** for each eye is shown as a dashed red line in the
Angular Decay plots of Fig. 3.

In addition to capturing the directional information, we are also interested to quan-
tify the proportion of decay that is described by t** as it represents the widest petal of an
eye. Thus, we define a measure of local loss of RNFL of an eye, denoted by A", as the
fraction of the circle (of total 360 degrees) that is covered by the angular segment corre-
sponding to m"*. Further, we introduce another index for measuring the global loss of
RNFL for an eye, denoted by A, as the fraction of the circle (of total 360 degrees) that is
covered by the union of the angular segments corresponding to all the petals in an eye.
Here, it may be noted that both the above indices of RNFL loss are determined upon fixing
a quantile threshold (t) on the corresponding normal RNFL distribution. In Fig. 3, below
each eye’s Angular Decay plot, the computed values of its different indices are shown.

The new measures could be used singly or in combination for downstream analysis
of OCT data such as quantitative comparison of samples or mining for various patterns of
RNFL decay. To demonstrate such uses of circular data in OCT analysis, we applied finite
mixture modeling, a popular technique for unsupervised learning of groups or clusters in
a given collection of samples (here, glaucomatous eyes). In particular, we fitted a finite
mixture of univariate von Mises or “circular normal” distributions separately to 3 direc-
tional datasets on u™* values of glaucomatous eyes. First, we partitioned the glaucoma-
tous eyes in the cohort into 3 age-groups: Agel (40-49 years), Age2 (50-59 years), and Age3
(>=60 years). Then, each group’s dataset on u"* was modeled with a mixture of G (=1,
2...5) von Mises distributions with the aim of checking whether there are different clusters
of glaucomatous eyes in these age-groups. Here, G=1 implies a unimodal distribution of
data that does not multiple distinct clusters. The models were fitted using the EM algo-
rithm and the optimal model was selected based on the value of G for which BIC is the
minimum (Fig. 4).

Interestingly, the optimally fitted circular normal mixture models identified 2 clus-
ters (representing G=2 mixture components) of glaucomatous eyes — in all 3 age-groups —
with very distinct directional patterns of RNFL decay (red histograms in Fig. 3). The esti-
mated parameters of the selected models are shown in Table 2. In particular, we note that
the 2 clusters align clearly across the 3 age-groups in terms of their very distinct estimates
of the angular location parameter (1) of the von Mises distribution that was fitted for iden-
tifying each component of the mixture. Relative to the higher RNFL thickness of the nor-
mal eyes in the Superior (S) and Inferior (I) sectors (see the green distribution in Supple-
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mentary Fig. 1(b)), the decay in the glaucomatous eyes is concentrated around these re-
gions (the red “modes” in Fig. 5) for all 3 age-groups. The rugplot at the bottom of the red
histograms in Fig. 5 depicts the membership of the glaucomatous eyes into these 2 clusters
—using pink and orange points — as assigned by the fitted mixture model. In clear contrast
to the glaucomatous eyes, the distributions of angular representation of RNFL data from
the normal eyes of the same age groups appear much less distinctly multimodal in the
blue histograms in Fig. 5.

Table 2. The estimates of the parameters of a 2-component mixture model of von Mises distributions
for 3 age-groups. The Bayesian Information Criterion (BIC) value for each optimal model is shown.

Group Component u (degrees) 1 o BIC
N
M2 e ea own o 00
AS e i s ome 9%

Table 3. The mean values of the clinical covariates of the glaucomatous eyes belonging to the 2
identified clusters in 3 age-groups. (Abbreviation: CD = cup to disc).

Clusterl Cluster2

Variable (unit) Agel Age2 Age3 Agel Age2 Age3

RIM AREA (mm*2) 1.09 1.09 1.13 1.02 1.09 1.05
DISC AREA (mm"?2) 236 247 2.2 2.2 223 214

AVERAGE CD RATIO 072 072  0.68 0.7 0.68 0.7
AVERAGE THICKNESS (um) 87.65 8957 8696 8742 8529 83.16
VERTICAL CD RATIO 068 069 066 069 069 0.69
CUP VOLUME (mm"3) 057  0.66 0.4 062 0.51 0.36
DISK DIAMETER (mm) 1.64 1.7 1.59 1.59 1.58 1.57

For further characterization of the 2 clusters of glaucomatous eyes identified in dif-
ferent age-groups solely by their angular representation of RNFL decay, we studied their
clinical covariates. In Table 3, we note that many of the clinical covariates of the glauco-
matous eyes that belong to these 2 clusters have distinctive mean values. A visual com-
parison of such covariates across the 2 clusters in the 3 age-groups is shown in the boxplots
of Supplementary Fig. 2. For consistency, we used the same pink and orange color scheme
for the corresponding clusters as in Fig. 5. Further, when we compared the values of the
new indices of global (A) and local loss (A"*) of RNFL, we again observed clear differences
in the structural changes across the same clusters in different age-groups. Intriguingly,
whereas the covariates and the global loss index could distinguish between the clusters in
the glaucomatous eyes of the two younger groups, for the oldest group (Age3: 2 60 years),
the distinction is pronounced only when we compared their indices of local RNFL loss
A™*. We note that A™* clearly admits of higher values for the eyes in cluster 2 than those in
cluster 1, which further underscores the utility of directional or focused analysis of OCT
data.

Discussion

The OCT platform has the ability to produce reproducible scans of an eye that could
be read out as a high-resolution sequence of measurements made at a fairly large number
(N=256 in the present study) of evenly spaced angular points defined on a circular coor-
dinate system. However, both of these insightful characteristics of OCT data — its granu-
larity (N) and circularity — generally remain unutilized in its usual downstream statistical
analyses. Indeed, clinical applications may use results that are summarized over a much
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smaller number of angular segments, e.g., 4 quadrants or 12 clock-hours, and then too, the
RNFL values therein are treated not in terms of their directionality but only in terms of
their magnitude. Hence, any comparison of OCT RNFL data, as is often done for patient
classification or comparing across time-points, is generally restricted to the linear scale.

In the present study, we present a new circular statistical framework that used both
the directionality as well as the magnitude of readily available OCT RNFL data. This
framework could be straightforwardly generalized, and applied, to other comparable
types of data, such as OCT NRR, Fundus imaging, etc. In addition, we generate new high-
resolution SD-OCT data to compute focused Angular Decay Functions. These mathemat-
ical functions provide a quantitative measure of RNFL loss relative to the normal popula-
tion at every 1.41 degree in a common circular coordinate system. Moreover, we provide
an algorithm to identify the petals or contiguous regions, defined as precisely specified
angular intervals, at which the RNFL decay in a given eye exceeds a threshold that is
specified with an intuitive quantile (or percentile) of the corresponding normal RNFL em-
pirical distribution.

Importantly, based on the above framework, we introduced two measures of local
and global RNFL decay in a given eye relative to that in the normal eyes. In fact, we com-
bined both the directionality (denoted by an angle) and the magnitude (by a weight) of
the OCT data to define a new quantitative but angular representation of a given eye’s
RNFL decay. The new representation opens up the potential for creative applications of
the rich variety of tests and tools that exist in the fields of directional and circular statistics
for insightful OCT data analysis. We demonstrated this by fitting a mixture of von Mises
(also known as “circular normal”) distributions to the directional data generated in the
present study, which led to unsupervised identification of 2 clusters with distinctive fo-
cused patterns of RNFL decay in 3 different age groups of a cohort of glaucomatous eyes
from the Indian population. Moreover, the new indices of global and local RNFL loss were
effective in capturing the structural differences between these glaucoma clusters.

We emphasize that, to accurately account for the effects of normal variation in RNFL,
ideally, normative databases of healthy eye OCT phenotypes that are large and racially
representative should be developed. However, often such collections of healthy samples
tend to be small or moderately sized, e.g., the normative database of Cirrus HD-OCT plat-
form included just 284 subjects of which the representation of Indians is about 1% (16).
Clearly, this does not adequately reflect the 2020 projections about India which is to be-
come the second in global glaucoma numbers, surpassing Europe (4). In this direction,
our rigorous cataloging of the more than 2300 empirical distribution functions of RNFL
thickness, which takes into account the variations of age and optic disc sizes in the normal
population, not only provides a quantitative reference for the focused angle-specific decay
in the glaucomatous eyes but also addresses the disparity in the form of under-represen-
tation of Indian phenotypes in the common normative OCT databases.

We understand that there are certain limitations of the study. While our adaptation
of the image processing algorithm, as implemented in the standard Cirrus HD-OCT soft-
ware package, for generating the N=256-point circular RNFL data is straightforward, we
understand that such high-resolution data extraction is not common in OCT analysis.
Moreover, the focused and angular measure of the new directional representation of
RNFL loss renders it difficult to conduct a direct comparison with any traditional indices
that are based on the magnitude (but not directionality) of such decay. Finally, we identi-
fied, in 3 different age-groups, 2 recurrent clusters of glaucomatous eyes with very distinct
directional signatures of RNFL decay. In future work, we will provide further characteri-
zation of the clusters with more rigorous investigation that goes beyond the scope of the
present study.

While past studies have used spatial, trigonometric and Fourier analysis on OCT
data, e.g., (22-25), our framework, involving directional or circular data, is methodologi-
cally quite different from those approaches. While our earlier platform CIFU (14) focuses
on the aspects of shapes and curves in OCT NRR data, as in functional data analysis
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(FDA), it does not explicitly address the directional characteristics of OCT data or angular
measurements thereof. We have demonstrated the utility of both the granularity and the
directionality of OCT data and combined these with an angle-based description of pat-
terns that could be studied with innovative downstream analyses. Indeed, processes or
platforms that generate data which are capable of being represented as angular values
(e.g., wind direction, neuronal activity) require altogether different statistical approaches
as compared to usual linear data (10). We think that the new directional representation of
OCT data to capture an eye’s RNFL decay will pave the way for future applications of the
rich methodology of directional and circular statistics (10-12) to eye data analysis.
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