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Abstract

Purpose—To classify the appearance of the optic disc seen on fundus photographs of healthy
subjects and patients with or suspected glaucoma whose diagnosis was based upon visual fields
(VF) and spectral domain optical coherence tomography (sdOCT) results.

Patients and Methods—One eye of 100 patients with or suspected glaucoma and 62 healthy
subjects were prospectively tested with 24-2 and 10-2 VF and macular and disc sdOCT cube
scans. All eyes with or suspected glaucoma had a 24-2 mean deviation (MD) better than —6.0 dB
and an abnormal appearing disc on stereophotographs. The retinal ganglion cell plus inner
plexiform layer (RGC+) from the macular scans and the retinal nerve fiber layer (RNFL) from the
macular and disc scans were segmented and converted to probabilities plots. An eye was
considered “glaucoma” if the sdOCT probability plots showed an abnormality in a region that
corresponded to a defect seen on the 24-2 and/or 10-2 VF total deviation plot. Similarly, an eye
was considered “suspect” only if both the sdOCT and VF plots were normal. Healthy subjects
(normal VFs and sdOCT) were classified as “controls” and used as reference for comparisons.
Glaucoma specialists reviewed the stereophotographs and classified eyes based on the presence of
signs suggestive of glaucomatous optic neuropathy (GON).

Results—The pattern of clinical signs of GON seen on stereophotographs was statistically
different between glaucoma (P<0.001) and suspects (P<0.001) vs. controls and explained up to
68% of the total variance of the diagnosis based upon sdOCT and VFs. Vertical cup-to-disc
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(VCDR)>0.6, focal neuroretinal rim thinning, focal RNFL loss, and violation of the ISNT rule had
the best performance to differentiate glaucoma and suspects from controls. Compared to the
suspect group, glaucoma eyes (abnormal sdOCT and VF tests) were more likely to have
VCDR>0.6 (92 vs. 69%, P=0.003), diffuse rim (53 vs. 9%, P<0.001) and RNFL (61 vs. 26%,
P<0.001) thinning, and beta-zone parapapillary atrophy (68 vs. 17%, P<0.001).

Conclusions—Focal and diffuse signs of glaucoma damage seen on stereophotographs often
match damage shown on VFs and sdOCT. In addition, damage shown on VFs and sdOCT is often
missed during clinical evaluation. Longitudinal studies ought to differentiate focal signs of
glaucoma damage seen on stereophotography from false-positives or very early loss.
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INTRODUCTION

Glaucoma is a progressive optic neuropathy and leading cause of irreversible blindness
worldwide.[1] However, blindness from glaucoma is preventable and early detection and
treatments are the main factors associated with better visual function during patients’
lifespan.[1,2] Nonetheless, studies have shown that despite new advances in glaucoma
diagnosis, rates of blindness today remain excessively high, ranging from 13.5 to 26.5% in
at least one eye in 10 years. [3,4]

Glaucoma diagnosis is based on the evaluation of the structure and function of the optic
nerve, which is typically performed with imaging techniques and perimetry. Optic nerve
head stereophotography and standard automated perimetry (SAP) are the most commonly
used methods in clinical practice, and also the ones considered gold-standard for diagnosis
and follow-up. However, patients can develop structural changes to the optic nerve and
retinal nerve fiber layer (RNFL) before SAP results reveal any significant abnormality. [5-8]
Therefore, the analysis of stereophotographs is widely used as a clinical method for
detection of early glaucoma and progression. [9-11] The main limitations of this technique
are its high intra- and inter- grader variability in interpreting the features of glaucomatous
optic neuropathy (GON), even among specialists. [12—-14] Some of these features of GON
are: focal or diffuse neuroretinal rim thinning, RNFL defects, disc hemorrhage, and beta-
zone parapapillary atrophy (PPA), [15] although clinicians do not always agree regarding the
presence or magnitude of these findings. Objective imaging technologies have thus been
developed to circumvent these limitations; among them, spectral domain optical coherence
tomography (sdOCT) has gained large acceptance among ophthalmologists given its
excellent reproducibility [16] and diagnostic performance [17-19]. The potential utility of
sdOCT as an objective tool to enhance glaucoma diagnosis and minimize glaucoma-related
visual morbidity was recently tested, suggesting a promising role in community based
glaucoma screening.[20]

Notably, the vast majority of studies that assessed the ability of sdOCT to diagnose early
glaucoma employed the clinical evaluation of the optic nerve and RNFL photographs as
reference to determine the balance between sensitivity and specificity of this technology.
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[17-19] Yet, it is possible that the different features used to define GON could influence the
diagnostic performance of these techniques. Given that the optic nerve/ RNFL complex was
deemed abnormal based on clinical findings and sdOCT confirmed these abnormalities in
the majority of cases in these studies, it is reasonable to assume that the two methods are
strongly correlated and represent the same underlying domain (i.e.: glaucoma). To date,
studies have not investigated the opposite scenario: how do clinicians classify the optic disc
when the reference diagnosis is based on abnormal structural and functional tests? In
particular, assuming that the sdOCT and SAP results are abnormal and suggestive of
glaucoma, what are the features of GON and their frequency when described by glaucoma-
trained specialists using stereophotography? We investigated how clinicians classified the
optic discs of patients in which ancillary diagnostic tests were suggestive of glaucoma.

MATERIALS AND METHODS

This study was approved by the institutional review boards of Columbia University and the
New York Eye and Ear Infirmary of Mount Sinai. Participants gave informed, written
consent to participate and the study was performed in accordance with the tenets set forth in
the Declaration of Helsinki and complied with the Health Insurance Portability and
Accountability Act (HIPAA) regulations.

One eye of 100 glaucoma patients or suspects and 62 healthy subjects were prospectively
tested with macular and disc 6mm x 6mm sdOCT cube scans (Topcon Inc., 3D-OCT 2000,
Tokyo), 24-2 and 10-2 SAP tests. To be included, subjects with or suspected glaucoma were
required to have optic disc abnormalities based on clinical evaluation (which included not
only fundus photographs but also intraocular pressure and family history), a mean deviation
on 24-2 SAP better than —6.00 dB, <75 years old, refractive error with spherical equivalent
less —6.00 diopters or better, reliable performance on both visual fields (fixation losses of
33% or better, false positives or false negatives 20% or better), open angles as viewed during
gonioscopic examination and a best-corrected visual acuity equal or better than 20/40. As
inclusion criteria, patients had to be experienced with VF testing for at least 2 years and VF
abnormalities had to be repeatable on two or more examinations. Healthy subjects were
defined based upon normal optic disc appearance, IOP < 22 mmHg, and normal 24-2 and
10-2 VF results. Patients with retinal or neurophthalmologic abnormalities or those with
significant lens opacity were excluded. The mean age of the 100 patients was 54.7 years old
and 51% were women. The average (range) 24-2 SAP MD was —1.76dB (-5.66dB to
+1.9dB). Healthy subjects had a mean age of 55.4 years, 60% were women, and the average
24-2 MD was -0.02dB [-1.0 to 1.5dB]

Definition of Glaucomatous Optic Neuropathy

Fundus stereophotographs were analyzed by two glaucoma specialists (CGDM, PAA)
simultaneously. These graders performed their analysis masked from the results of sdOCT
and SAP tests (to be described further) or any other clinical data. Clinical features were
classified into one or more of the following 12 non-mutually exclusive categories :[15]
vertical cup—to-disc ratio (VCDR) > 0.6; inter-eye VCDR asymmetry > 0.2; small disc with
significant cupping; optic disc pit; focal and diffuse neuroretinal rim thinning; disc
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hemorrhage; beta-zone peripapillary atrophy (bPPA); violation of the “ISNT” rule (i.e:
inferior rim > superior > nasal > temporal); nasal cupping; focal and diffuse RNFL loss.

Definition of Spectral-Domain OCT Abnormalities

The combined retinal ganglion cell and inner plexiform layers (RGC+) of the sdOCT
macular scans and the retinal nerve fiber layer (RNFL) of discs scans were segmented (Fig.
1, second column) using a using a previously validated segmentation algorithm,[21] which
was manually corrected as necessary,[22] down-sampled into an 8 by 8 grid (64 locations),
converted to a thickness map (Fig. 1, third column) and then to a probability map (Fig. 1,
fourth column), after a point by point comparison to control values.[23] Each hemifield was
classified separately and a significant defect on the probability cluster plot was defined as
three abnormal points horizontally or vertically adjacent to each other in the same hemifield,
representing a 2%, 2%, 1% or worse defect for macular cube or 2%, 2%, 5% for disc cube.
These criteria were selected to produce an approximately 5% false positives rate in both
cases.[24] Scans with poor fixation (as indicated by poor B-scan alignment or grossly off-
center scans) and blink artifact (as indicated by missing B-scans) were rejected.

Definition of Visual Field Abnormalities

The 24-2 and 10-2 SAP VFs were obtained with the SITA-Standard Automated Perimetry
strategy (Humphrey VF Analyzer; Carl Zeiss Meditec, Inc., Dublin, CA) and were
performed within 6 months of the OCT. The classification of 24-2 VF and 10-2 VF was also
based upon cluster criteria. Each hemifield was classified separately and considered
abnormal if at least 3 contiguous test points respecting the horizontal midline were abnormal
(at 5%, 5%, 1% or 5%, 2%, 2%) on either total deviation (TD) or pattern deviation (PD)
probability plots.

To minimize false-positives and false-negatives, eyes were classified into three groups:
“suspects” (both OCT and VFs normal in both hemifields); “glaucoma” (both the 24-2 SAP
and disc cube sdOCT and/or both 10-2 SAP and macula cube sdOCT were abnormal in the
same matching hemifield); “controls” (healthy subjects with normal discs, both OCT and
VFs normal in both hemifields); and other (the remaining eyes) as illustrated in Fig. 2. A
similar approach was employed by De Moraes et al.[25] using a combination of structural
and functional tests to diagnose glaucoma. Only the group deemed “glaucoma” (i.e.:
topographically consistent damage in both sdOCT and SAP) and “suspect” (no abnormality
in either test) were analyzed and compared to the “control” group based upon the GON
features described by the specialists (although they reviewed the photos of all 100 patients).

The association between clinical signs of GON and glaucoma vs. suspect vs. control groups
was tested with multivariate regression, which is a technique that estimates a single
regression model with more than one outcome variable. It differs from multiple (or
multivariable) regression in that several dependent variables are jointly regressed on the
same independent variables. Statistical analyses were performed using STATA version 14.0
(StataCorp, College Station, Texas). The alpha level (type I error) was set at 0.05 (two-
tailed).
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As expected, the average mean deviation (MD) of the 38 eyes in the glaucoma group was
poorer (-2.38 dB), than that of the 23 eyes in the suspects group (-0.14dB, P<0.001). Table
1 shows the percent of the eyes with the GON features described by the two graders.

In general, for all 162 eyes, the violation of the “ISNT” rule, VCDR>0.6, focal neuroretinal
rim thinning, and bPPA were the most common features observed on stereophotographs
(44%, 43%, 37%, and 30%, respectively). Notably, the most common features seen in the
control group (i.e.: false-positives) were bPPA (11%), violation of “ISNT” rule (5%), and
VVCDR>0.6 (3%).

The results of the multivariate analysis are shown in Tables 2 and 3. The Breusch-Pagan test
of independence was significant at P<0.001, suggesting the combination of GON features
are highly correlated. The overall combination of clinical features for the suspects (n=23)
and glaucoma (n=38) eyes was statistically different from controls (n=62, P<0.001, Table 2).
Moreover, these GON features explained most of the variance when classifying eyes based
upon VF and OCT results, ranging from 13% for nasal cupping up to 68% for VCDR>0.6.

Most GON features were able to discriminate the glaucoma and suspect groups from the
control group, with exception of bPPA (P=0.517), which was statistically as frequent in
suspects as in controls (Table 3). Compared to eyes in the suspect group, the 38 eyes
classified as glaucoma (sdOCT and SAP abnormal) were more likely to have VCDR > 0.6
(p=0.22; 95% CI=0.07 to 0.37; P=0.003), diffuse rim thinning ($=0.43; 95% CI=0.27 to
0.59; P<0.001), diffuse RNFL loss (=0.34; 95% CI=0.16 to 0.51; P<0.001), bPPA (B=0.51;
95% CI1=0.30 to 0.71; P<0.001), and nasal cupping (p=0.14; 95% CI1=0.01 to 0.29; P=0.037)
on stereophotographs. Interestingly, eyes in the suspect group were more likely to have focal
rim thinning and focal RNFL loss than those classified as glaucoma ($=0.25; 95% CI=0.10
to 0.40; P=0.001 and $=0.21; 95% CI=0.04 to 0.38; P=0.015; respectively).

Ninety-one percent of the 23 eyes classified as suspects (sdOCT and SAP within normal
limits) had a focal neuroretinal rim thinning. All of these eyes had areas of focal thinning in
the inferior sector. Ten eyes (47.6%) of these patients with focal rim thinning also had
thinning in the superior sector. Approximately half (47.6%) of the 21 patients with focal rim
thinning also had focal RNFL loss on stereophotos that matched the location of neuroretinal
rim thinning.

There were three patients with disc hemorrhages; all of them were classified glaucoma. Two
patients had disc hemorrhages in the inferior-temporal sector and one had it in the superior-
temporal sector.

Thirty-nine eyes (39%) had sdOCT and/or SAP abnormalities in non-matching hemifields
(other). Only 6 eyes (15.38%) showed pre-perimetric glaucoma (i.e.: sdOCT cluster criteria
abnormal and SAP VFs within normal limits). Interestingly, 28 eyes (71.8%) of this group
had at least one abnormal SAP hemifield but the sdOCT was normal.
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DISCUSSION

We investigated whether the classification of GON features seen on stereophotography can

differentiate healthy from glaucoma and suspect eyes when glaucoma was defined based on
the presence of abnormal sdOCT and SAP results. We found that a combination of clinical

signs suggestive of GON can accurately identify eyes with abnormal test results.

Our study showed that VCDR>0.6 was one of the most common features observed in both
groups. While it was present in 92% of the eyes classified as glaucoma, it was also present in
70% of the eyes classified as suspects and had a false-positive rate of 3% (among healthy
controls). Even though optic disc cupping is one diagnostic feature of glaucoma, non-
pathological optic disc cupping is common among healthy subjects. There is a high-
variability of optic disc sizes and physiologic cupping among ophthalmologically healthy
subjects.[26] A recent study found that large discs were more likely to be falsely considered
glaucomatous than those with normal or small sizes. [27] One possible reason is that,
assuming the total number of axons in healthy eyes remains relatively constant, larger discs
are expected to have larger VCDR. Therefore, although it is a sensitive indicator of
glaucoma, relying solely on an increased VCDR for glaucoma diagnosis can lead to a high
false-positive rates.

Violation of the “ISNT” rule and focal neuroretinal rim thinning were also observed in most
of the eyes, 84% of those classified as glaucoma, 87% of those classified as suspects, and
5% of controls. Violation of the “ISNT” rule also occurs in large optic disc cups of non-
glaucomatous origin. The clinical observation of focal rim loss caused by glaucoma depends
on the stage of the disease. In fact, we found that signs of focal injury seen on stereophotos
(i.e.: focal rim thinning and RNFL loss) tended to be more common in the suspect group
(with normal SAP and sdOCT) than the glaucoma group (both tests abnormal). Moreover, in
eyes with early glaucomatous damage, the focal rim loss is usually located in the inferior-
temporal and superior-temporal sectors. Eyes with advanced glaucomatous damage can also
show a temporal and nasal thinning, while a complete notch is often related to a focal SAP
defect.[15] It is intriguing that many eyes with apparent focal neuroretinal rim thinning did
not show abnormalities on the combined SAP and sdOCT results. The actual amount of
neuroretinal rim tissue can be difficult to estimate; hence it is possible that these results
reflect either false-positives or pre-clinical defects. Whether these signs represent false-
positive results or signs of early glaucoma missed by diagnostic techniques was not possible
to be tested in our sample and warrant further investigation. To define the rim area clinicians
often rely on the clinical margins of the optic disc. Recent findings suggests that such
margins often do not match the disc margins defined with sdOCT using Bruch’s membrane
opening (BMO) as reference.[28,29] The inability to accurately estimate the BMO on
stereophotos may help explain cases of incongruence between clinical findings and sdOCT
results.

Diffuse neuroretinal rim and RNFL thinning and bPPA were the features that best
differentiated glaucoma from suspect eyes (based on the combination of SAP and sdOCT
findings). Although, bPPA is seen in 15 to 20% of healthy subjects (in our sample this
number was 11%), it is more frequent and wide-ranging in eyes with glaucoma. It is usually
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related to focal rim loss and focal SAP defect. [30] In addition, the enlargement of bPPA has
been suggested to be associated with progressive visual field loss.[31,32]

Although disc hemorrhage was observed in only 3 fundus photographs, all of these eyes
were classified as glaucoma and in 2 of them the disc hemorrhage was located in the
inferior-temporal sector. Optic disc hemorrhage is extremely uncommon in non-
glaucomatous patients, even though it can be related to diabetes, systemic hypertension,
papillitis and other ophthalmic conditions.[33] Disc hemorrhage is most common seen in the
inferior-temporal sector and is usually related to other findings like notches, focal rim defect
or focal RNFL defect. [34] Because accurate disc hemorrhage detection depends upon
follow-up with multiple photographs, and the present study looked at single photographs
performed at the time of OCT and VF testing, this variable was not included in the model.
Nonetheless, it is not surprising that all eyes with disc hemorrhage were classified as having
glaucoma.

Interestingly, the GON parameters related to focal damage were more common in the
suspect than the glaucoma group. There are some possible explanations for this observation.
First, it is likely that the glaucoma group had more diffuse damage (as suggested by their
worse SAP MD value), and hence focal parameters would have a poorer diagnostic ability in
these eyes. Second, the definition of focal rim thinning and its location is extremely
subjective — as discussed above - and false-positive results are likely to occur due to regional
variations in the neuroretinal rim contour, particularly due to differences between clinically
invisible vs. sdOCT detected optic disc margin.[28,29] Finally, small focal defects on the
RNFL or disc may not show up on VF testing, even when using a combination of 24-2 and
10-2 strategies, especially if they fall in the inferior-nasal and superior-nasal sectors of the
disc. This can happen due to their relationship with the location of main blood vessels, low-
density of testing outside the central degrees, and the fact that these defects fall largely
outside the 24-2 test grid.[35] This may help explain, at least in part, why not all eyes with
RNFL defects seen on disc photos or sdOCT had a matching VF abnormality. Future studies
ought to assess better methods to demonstrate functional damage in these eyes.

Our results are in consonance with the study by Jonas et al. [36] in which the authors
evaluated optic disc variables assessed by optic disc photography and compared their
performance to identify patients with RNFL and SAP defects. The authors ranked GON
parameters for detection of glaucomatous optic nerve damage based on their sensitivity and
specificity. Similar to our results, despite using different definition of abnormality, they
found that the vertical cup-to-disc ratio and total neuroretinal rim area loss (here called
diffuse rim loss) were the most valuable optic disc variables for early detection of
glaucomatous optic nerve damage. They also found that the diagnostic power was lower for
rim area defects in the inferior temporal and superior temporal disc sectors (here called focal
rim loss). In addition, the ratios of neuroretinal rim width and rim area comparing various
optic disc sectors with each other, which in our study we defined as break in ISNT rule and
focal rim loss, revealed poor predictive ability.[36]

In sum, the classification of GON features on stereophotographs can differentiate healthy
eyes from those with or suspected glaucoma as defined based upon SAP and sdOCT
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normalities consistent with glaucoma. However, clinicians should be aware that signs of

focal damage on stereophographs (e.g.: neuretinal rim thinning and RNFL loss) could be due

to

normal inter-subject variability and limitations of stereophotography to define the optic

disc margin. Further follow-up of these eyes will help determine if these clinical findings are
indeed false-positives or very early signs of the disease.
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Figurel.

The combined retinal ganglion cell and inner plexiform layers (RGC+) of the OCT macular

scans and the retinal nerve fiber layer (RNFL) of discs scans were segmented using a
computer-assisted manual segmentation technique, down-sampled into 64 pixels and
converted to a thickness map and then to a probability map.
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Example of Normal
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Example of Abnormal
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Figure 2.

Examples of each group: normal (OCT and VVFs normal); abnormal (both the 24-2VVF and
disc cube OCT and/or both 10-2VF and macula cube OCT were abnormal in the same
hemifield).
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Goodness-of-fit statistics for the multivariate regression for differentiating glaucoma and suspects from

Table 2

healthy subjects.

Parameter RMSE | R? P

VCDR > 0.6 0.28 0.68 | <0.0001
Focal neuroretinal rim thinning 0.29 0.63 | <0.0001
Diffuse neuroretinal rim thinning 0.30 0.37 | <0.0001
Beta-zone PPA 0.38 0.31 | <0.0001
Violation of ISNT Rule 0.29 0.65 | <0.0001
Diffuse RNFL loss 0.33 0.24 | <0.0001
Focal RNFL loss 0.30 0.40 | <0.0001
Nasal cupping 0.26 0.13 | 0.0002
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Multivariate regression testing the association between clinical parameters and the classification groups”
glaucoma, suspects, and healthy subjects. Healthy subjects were set as reference.

Table 3

Coefficient P 95% Confidence Interval
VCDR > 0.6
Suspect 0.66 <0.001 0.52 0.79
Glaucoma 0.88 <0.001 0.77 1.00
Focal neuroretinal rim thinning
Suspect 0.91 <0.001 0.77 1.05
Glaucoma 0.65 <0.001 0.53 0.77
Diffuse neuroretinal rim thinning
Suspect 0.08 NA® -0.06 0.23
Glaucoma 0.52 <0.001 0.40 0.65
Beta-zone PPA
Suspect 0.06 0.517 -0.12 0.24
Glaucoma 0.57 <0.001 0.41 0.72
Violation of ISNT Rule
Suspect 0.82 <0.001 0.67 0.96
Glaucoma 0.79 <0.001 0.67 0.91
Diffuse RNFL loss
Suspect 0.26 0.002 0.09 0.42
Glaucoma 0.60 <0.001 0.46 0.74
Focal RNFL loss
Suspect 0.47 <0.001 0.31 0.63
Glaucoma 0.26 <0.001 0.12 0.39
Nasal cupping
Suspect 0.08 NA ™ -0.04 0.21
Glaucoma 0.23 <0.001 0.12 0.34

*
The number of eyes in the suspect and healthy groups was too small for analysis.
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