translational vision science & technology

tvst

Detection of Early Glaucomatous Damage: Performance of
Summary Statistics From Optical Coherence Tomography

and Perimetry

Emmanouil Tsamis', Sol La Bruna®, Ari Leshno?4, Carlos Gustavo De Moraes?, and

Donald Hood"2

! Department of Psychology, Columbia University, New York, NY, USA

2 Bernard and Shirlee Glaucoma Research Lab, Department of Ophthalmology, Columbia University, New York, NY, USA
3 Sackler Faculty of Medicine, Tel Aviv University, Tel Aviv, Israel

4 The Sheba Talpiot Leader Program, Sheba Medical Center Hospital- Tel Hashomer, Ramat Gan, Israel

Correspondence: Donald C. Hood,
Department of Psychology, 406
Schermerhorn Hall, 1190 Amsterdam
Avenue, MC 5501, Columbia
University, New York, NY 10027, USA.
e-mail: dch3@columbia.edu

Received: October 7, 2021
Accepted: March 9, 2022
Published: March 30, 2022

Keywords: glaucoma; glaucoma
posterior segment; optical
coherence tomography; summary
statistics; automated perimetry

Citation: Tsamis E, La Bruna S,
Leshno A, De Moraes CG, Hood D.
Detection of early glaucomatous
damage: Performance of summary
statistics from optical coherence
tomography and perimetry. Transl|
Vis Sci Technol. 2022;11(3):36,
https://doi.org/10.1167/tvst.11.3.36

Purpose: To evaluate the diagnostic performance of optical coherence tomography
(OCT) and visual field (VF) summary statistics (metrics) that are available in OCT and VF
reports.

Methods: OCT disc and macular scans and 24-2 and 10-2 VFs were obtained from 56
healthy control (HC) eyes/participants and 61 eyes/patients with 24-2 mean deviation of
better than -6 dB. All metrics were obtained from OCT radial, circle, and posterior pole
cube scans and 24-2 and 10-2 VFs. Their diagnostic performances were evaluated, in
isolation and in combinations. For specificity, the 56 HC eyes were used. For sensitivity,
40 of the 61 patient eyes were deemed likely glaucomatous based on an automated
topographic method that evaluates structure-function (S5-F) agreement. Any 1 of these
40 eyes not judged as abnormal by any given metric was considered a false negative.

Results: All single OCT and VF metrics misclassified HCs as glaucomatous and missed
likely glaucomatous eyes. The best performing single metric was the temporal inferior
thickness of the 3.5-mm circle scan, with 96% specificity and 83% sensitivity. Combina-
tions of OCT-OCT and OCT-VF metrics markedly improved specificity. A newly proposed
metric that evaluates structure-structure (S-S) agreement at a hemifield level had the
highest accuracy. This S-S metric had 98% specificity and 80% sensitivity.

Conclusions: OCT and VF metrics, single or in combinations, have only moderate sensi-
tivity for eyes with early glaucoma.

Translational Relevance: OCT and VF metrics combinations evaluating S-S or S-F
agreement can be highly specific, which is an important implication for clinical and
research purposes.

ate the optic nerve structure, supplementing optic disc

Introduction

The diagnosis of glaucoma has traditionally relied
on the assessment of the optic disc and the psychophys-
ical testing of the visual field (VF) to identify character-
istic patterns of structural and functional damage. Over
the past 30 or so years, standard automated perime-
try has become the clinical standard for VF testing.!
Likewise, optical coherence tomography (OCT) is
increasingly becoming the primary approach to evalu-
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photography and clinical examination.>”’” Commer-
cially available summary statistics from standard
automated perimetry and OCT reports are commonly
used by clinicians to inform their decision regarding
the presence of glaucomatous optic nerve damage.® 13
Such summary statistics are often reported by the
manufacturers in a color-coded (traffic light) scheme
after a comparison with a normative database. Eventu-
ally, a green summary metric is within normal limits,
yellow indicates borderline (P < 5%), and red is
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outside normal limits (P < 1%). Our focus here is on
summary statistics readily available from commercial
reports and/or those that can be simply calculated from
statistics on these reports. We refer to these available
summary statistics as metrics.

Several studies and clinical trials have attempted
to define and diagnose glaucoma by using OCT and
VF metrics, either in combinations or in isolation.'3" 18
However, there is little or no consensus as to which
is the best approach. For instance, there is evidence
that these metrics can miss clear, often local, glauco-
matous damage, including damage near fixation.*!1°->
In addition, a diagnostic evaluation based solely on
metrics can fail for other reasons, such as segmentation
errors, in the case of OCT, or patient variability with
regard to VFs.2%-263! In contrast, we and others have
argued that it is possible to improve diagnostic perfor-
mance by taking into consideration the topographical
nature of glaucomatous structural damage and/or the
relationship between structural and functional abnor-
malities.!*1%-32:33 Yang et al.,'* for example, reported
on the diagnostic performance when the require-
ment was set for an OCT abnormality to occur in
topographically correspondent sectors of the minimum
rim width (MRW) and the circumpapillary retinal
nerve fiber layer (cpRNFL). Iyer et al.!> presented
3 diagnostic criteria, all of which paired quadrant
OCT cpRFNL metrics with VF metrics; in particu-
lar, the glaucoma hemifield test (GHT) or the pattern
standard deviation (PSD), depending on the chosen
criterion.

It is difficult to evaluate these competing claims
and metrics because the various studies involved
used different inclusion criteria and different reference
standards for defining glaucoma. The main purpose of
the present study was to evaluate the diagnostic perfor-
mance of proposed OCT and VF metrics, which are
readily available in commercial reports and/or easily
calculated from these metrics.

Participants

All data included in this study were collected as
part of an observational, prospective, case-control
study, the Macular Damage in Early Glaucoma and
Progression Study (MAPS) (principal investigator,
C. Gustavo De Moraes; ClinicalTrials.gov Identifier:
NCT02547740). In particular, baseline OCT and 24-
2 and 10-2 VF data were obtained from 117 study
eyes/individuals: 56 healthy controls (HC) and 61
patients. More than 98% of study visits had OCT scans
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and both 24-2 and 10-2 VFs acquired on the same
date. The remaining had a median difference of 4 days
between OCT and VF tests (interquartile range, 2-7
days; range, 1-13 days). All HCs had fundus exami-
nation and VFs within normal limits and an intraoc-
ular pressure of less than 22 mm Hg. The 61 patients’
eyes were classified as glaucoma or glaucoma suspects
based upon the referring glaucoma specialist’s interpre-
tation of functional (24-2 and 10-2 VFs) and structural
(fundus photos, OCT) information, as well as intraoc-
ular pressure and clinical history. Note, however, that
the specialist’s diagnosis was not used for the purposes
of this study. All eyes had a best-corrected visual acuity
of better than 20/40, open angles, and 24-2 mean devia-
tion (MD) of better than —6 dB at the first 2 baseline
visits. Eyes with high myopia (<—6 diopters) and/or
other ocular or systemic conditions that could affect
VF or OCT imaging results (e.g., retinal vein occlusion,
demyelinating disease) were not part of the MAPS
study.

Study procedures followed the tenets of the Decla-
ration of Helsinki and Health Insurance Portability
and Accountability Act and were approved by the
Institutional Review Board of Columbia University.
Written informed consent was obtained from all partic-
ipants.

oCT

All eyes were scanned with the Spectralis
HRA+OCT (Heidelberg Engineering Inc, Heidel-
berg, Germany) following the Glaucoma Module
Premium Edition (GMPE) protocol. As a part of the
GMPE protocol, 24 radial scans were acquired over
the optic disc, and through these radial scans, the
average Bruch’s membrane opening (BMO)-MRW
was measured for a global (G) and 6 sectoral summary
metrics (see Fig. 1A). The manufacturer provides their
confidence (or probability) for abnormality with the
color scheme described above: that is, green for within
normal limits, yellow for borderline (P < 5%), and
red for abnormal (P < 1%). We used these 3 levels,
rather than the actual average thickness values. Next,
3 circumpapillary (circle) OCT scans were obtained
while centered on the disc with diameters 3.5, 4.1, and
4.7 mm. From each circle scan, the average cpRNFL
thickness was measured for the same 7 regions; G and
6 sectors. We used the summary metrics color codes
from the small (3.5 mm) (Fig. 1B) and the large circle
scans (4.7 mm). The GMPE protocol also provides
cube scans of the posterior pole, centered on the fovea
and obtained along an axis from the foveal center to
the BMO center. Again, G and 6 sectoral metrics were
calculated and the usual color codes were extracted
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Figure 1.

Heidelberg Spectralis’ reports for (A) BMO-MRW, (B) circumpapillary RNFL, and (C) retinal ganglion cell. The level of abnormality

from all summary measures shown in the 3 pie charts were exported for the study analysis.

for (1) total retinal, (2) RNFL, (3) ganglion cell layer
(GCL) (Fig. 1C), and (4) inner plexiform layer (IPL)
thicknesses. Note that color codes from total retina
and IPL thickness are not available in US commer-
cial devices, without a special (research) license by
the manufacturer. Segmentation was not corrected

manually so as to be more representative of regular
clinical practice. For convenience, a comprehensive list
of the metrics and their abbreviations is provided in
Supplementary Table S1.

We also included a novel structure-structure
(S-S) metric, which is based on topographical
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Figure 2.

Heidelberg Spectralis’reports for (A) retinal GCL and (B) cpRNFL. Our proposed S-S metric checks for agreement in abnormality at

a hemifield level. An eye is abnormal if either inferior or superior S-S agreement is present. For inferior S-S, the temporal inferior (TI) sector of
the cpRNFL (B, in gray) and either the Tl or the inferior (I) sector of the GCL (A, in gray) need to be abnormal. For superior S-S, the equivalent
sectors from cpRNFL AND at least one from GCL (A and B, in red) need to be abnormal.

agreement between GCL and RNFL abnormalities.?’
For an eye to be abnormal, it had to show both abnor-
mal GCL and RNFL in the superior and/or the inferior
retina. In particular, we defined an abnormal inferior
S-S agreement as (1) an abnormal temporal-inferior
(TI) cpRNFL sector (Fig. 2B, metric highlighted in
dark grey) and (2) an abnormal inferior or an abnor-
mal TI GCL sector (Fig. 2A, metrics highlighted in
dark grey). Here, we abbreviate this inferior S-S agree-
ment as: [Tl AND (Tlger OR Igey)]. Similarly, an
abnormal superior S-S agreement was defined as: an
abnormal temporal-superior cpRNFL sector AND
an abnormal temporal-superior or abnormal superior
GCL sector: [TSgnat AND (TSger OR Sger)] (Figs.
2A and B, metrics highlighted in dark red). Finally,
an abnormal or glaucomatous eye is defined as an eye
that has either abnormal inferior S-S agreement OR
abnormal superior S-S agreement (the S-S metric).

We evaluated the detection performance of each
OCT summary metric in isolation. In addition, we
assessed various combinations of OCT metrics (i.e.,
structural agreement), including our new S-S metric as
well as the combination of metrics described by Yang
et al.'* In particular, we combined small- and large-
circle cpRNFL metrics, cpRNFL, and BMO-MRW
metrics (including the ones suggested by Yang et al.)
and cpRNFL and GCL metrics. For the purpose of
this study, each of the metrics was considered abnor-
mal if its value was at a borderline level (P < 5%) or less.
The results of a similar analysis for a stricter criterion
(i.e., abnormal = outside normal limits; P < 1%) are
provided in Supplementary Tables S2 to S5. In general,
the stricter criterion showed worse performance for all
metrics.

Visual Fields

All eyes underwent VF testing with a Humphrey
Field Analyzer (HFA, Carl Zeiss Meditec, Inc., Dublin,
CA), using the 24-2 and the 10-2 testing patterns
(random order of tests, SITA Standard strategy). From
the 24-2 single field report the significance (P values)
of the MD, and the PSD and the categorization of the
GHT were obtained, while for the 10-2 report the P
values of the MD and PSD were used. VF tests were
excluded if false positive (FP) responses were greater
than 15% or fixation losses were greater than 33%.

Each VF metric alone, as well as all possible
combinations (i.e., function—function, F-F, agreement)
between them, were evaluated. We also estimated
performance measures for the Brusini Glaucoma
Staging System (GSS2), which combines the MD and
PSD values of a given 24-2 VF test and categorizes it
from normal - stage 0 through borderline to stages 1 to
5. Similar to the OCT metrics, we considered border-
line (for GHT and GSS2) and less than 5% (for MDs
and PSDs) results as abnormal.* Note that the GSS2
is not readily available on HFA’s VF reports, but it can
be calculated relatively easily.

Structure-Function Metrics

We also analyzed and estimated the performance
of various combinations of structural-OCT and
functional-VF metrics, that is, structure—function (S—
F) agreement. We evaluated all possible combinations
between G metrics from the cpRNFL and GCL and
the MD and PSD of the 24-2 and 10-2. In addition,
we assessed one of the criteria, described by Iyer et al.,
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which combines sectoral cpRNFL and VF metrics.!?
In particular, we estimated performance measures for
their third criterion, which defines abnormality as
“having matching abnormal OCT quadrant and GHT
abnormalities,” here denoted as matching Q and GHT.
Note that in their study, Iyer et al. used the superior or
inferior quadrant, while Heidelberg’s Spectralis divides
each region into 2 sectors: temporal-superior and
nasal-superior for superior, and TI and nasal-inferior
for inferior. We looked for defect in either one of these
sectors. For example, an abnormal temporal-superior
or an abnormal nasal-superior sector was dealt as an
abnormal superior region. Last, we evaluated combi-
nations of our new S-S metric with the MD and the
PSD of the 24-2 and 10-2 VFs.

Performance Analysis

Specificity was estimated based on the number of
HC eyes that each metric falsely identified as abnor-
mal. These were considered clear FPs. Estimating sensi-
tivity is more complicated owing to a lack of an
accepted reference standard and the absence of a single
test that can confirm the presence of glaucomatous
damage. We defined 40 of the 61 suspect/glaucoma
eyes as likely glaucoma (LG) based on our previ-
ously described method which evaluates the S—F agree-
ment in an automated and objective fashion.*® In brief,
probability and deviation values from the GCL+ and
RNFL measures of a widefield OCT scan were overlaid
by pattern deviation values from the 24-2 and 10-2 VF
tests. When a VF location was abnormal at the 5% level
and the corresponding structural region was abnormal
at the 10% level, then this location was considered as
showing abnormal structure—abnormal function (aS—
aF) agreement. An eye is considered abnormal if the
number of locations with aS—-aF agreement exceeds a
given threshold. We have previously reported on the
high diagnostic performance of this method as well as
its superiority against other commonly used summary
metrics.*® To increase the likelihood that a LG eye is a
true positive, we added 2 additional criteria. First, we
set the minimum number of aS—aF locations required
for an eye to be considered abnormal to 3 aS-aF
locations, instead of the 2 locations as in the origi-
nal study.®> Second, we required a replication; that
1s, 2 consecutive baseline OCT-VF tests had to show
aS-aF agreement, with at least 3 aS-aF locations in
each OCT-VF pair. Forty patient eyes satisfied these
criteria. The average (4 standard deviation) number
of aS-aF locations per eye was 19 + 16 (range, 3-64
locations). The sensitivity of all the metrics was deter-
mined by their identification of these 40 LG eyes as
abnormal.
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Similar data for these OCT and VF metrics, and
their combinations, were collected from the second
baseline date to assess the repeatability of performance
measures. In addition, OCT and VF metrics from both
baseline dates were combined to estimate 95% confi-
dence intervals for specificity, sensitivity, and accuracy
using bootstrapping (resampling with replacement and
1000 iterations). Last, the first and second baseline
OCT and VF data were collected from the same study
eyes using a different commercial OCT instrument
(Topcon Inc., Tokyo, Japan) to assess the reproducibil-
ity of our findings with a different OCT instrument.

OCT and S-S Metrics

In general, OCT metrics, when used in isolation,
miscategorized between 1 and 6 HC eyes as abnormal
(FP) and 7 to 32 of the 40 LG eyes as normal (false
negative). For example, the most commonly used Ggyai
metric, as shown in red in Table 1, had 5 FPs, for a 91%
specificity, although it detected only 28 of the 40 LG
eyes (70%). The best performing single OCT metrics
were the TI region of the cpRNFL (Tlgy,,) and the
GCL (TIgcLr), as shown in bold and dashed under-
line in Table 1. They both had an acceptable speci-
ficity of approximately 95% and the highest specifici-
ties (91% and 87%). However, they still failed to detect
a relatively large number of these LG eyes, with the
Tlgman sector missing 7 (17%) and the Tlgcp missing
10 (25%) LG eyes. The Gy, and sectoral metrics from
the large (4.7 mm) circle scan showed similar levels
of specificity, but sensitivity was markedly decreased
compared with the cpRNFLg,.;, BMO-MRW, and
GCL metrics. The same was true for other metrics
deriving from the posterior pole cube scan, and more
specifically the IPL (i.e., Gipp and sectors) and those
calculated from total retinal thickness (i.e., Gretina and
sectors). For reference, we provide those results in
Supplementary Table S6.

The combination of cpRNFLg,, metrics with
either BMO-MRW or GCL markedly decreased the
number of FPs, improving specificity (Table 2). For
example, the pairing of the G metrics from the
cpRNFL and the BMO-MRW measures ({Ggmai
AND Gpyrw}, highlighted with green in Table 2)
misclassified only 2 HC eyes (i.e., 96% specificity).
Even better, the combination of the TI region from
the same measures ({Tlna AND Tlyrw ), noted with
bold and dashed underline in Table 2) falsely detected
as abnormal only 1 HC eye. However, these combina-
tions markedly reduced sensitivity with only 15 of 40
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Table 1. Performance Measures of Single OCT Metrics

FP TP (Sensitivity) Accuracy

(Specificity %) | (n =40 aS—aF) [(TN +TP)/(56 HCs +

(n =56 HCs) 40 aS—aF)]

CcpRNFL metrics - Small circle scan (3.5mm)
Gemanl | 5(91%) 28 (70%) 82%
Temal | 3 (95%) 16 (40%) 72%
Thman | 2 (96%) 33 (83%) 91%
TSematl | 3 (95%) 21 (53%) 77%
Nemat | 8 (86%) 11 (28%) 62%
Nlgman | 3 (95%) 8 (20%) 64%
NSsman | 5(91%) 9 (23%) 63%
BMO-MRW metrics — radial scans
Gmrw | 4 (93%) 23 (58%) 78%
Tvrw | 1 (98%) 14 (35%) 72%
Thurw | 6 (89%) 29 (73%) 82%
TSvrw | 4 (93%) 19 (48%) 74%
Nvrw | 2 (96%) 16 (40%) 73%
Nivrw | 6 (89%) 22 (55%) 75%
NSwrw | 1 (98%) 20 (50%) 78%
GCL Metrics — Posterior Pole Cube scan

Gec. | 2 (96%) 22 (55%) 79%
lecL 3 (95%) 20 (50%) 76%
Tlea | 3(95%) 30 (75%) 87%
NlgcL 4 (93%) 18 (45%) 73%
SecL 3 (95%) 19 (48%) 75%
TSect | 2 (96%) 20 (50%) 77%
NScc. | 4 (93%) 16 (40%) 71%

FP, false positive; TN, true negative; TP, true positive.

(38%) and 26 of 40 (65%) LG eyes detected by the G
and TI combinations, respectively. The criterion from
Yanget al. ({Any (1gman + Imrw)}, dark red and double
underline in Table 2), which effectively looks for the
same cpRNFL/BMO-MRW agreement in any of the
6 paired sectors instead of just the TI region, correctly
identified 3 more LG eyes, for a total of 29 TPs.!4
However, this improvement in sensitivity (from 65% to
73%) came at the cost of decreased specificity, to 93%
with 4 FPs from the HC group.

The best performing combination of OCT metrics
was our new S—S metric, ({[Inferior S—S] OR [Superior
S-S]}, bottom row in Table 2). It falsely categorized
only 1 HC eye as abnormal, and it detected 32 of the

40 LG eyes (i.e., 80% sensitivity). In general, it had one
of the highest accuracies, at 91%, among the single or
combined OCT metrics.

VF and F-F Metrics

It is well-documented that the variability of
summary metrics in VF testing is high.?’-3¢3% As
shown in Table 3, single and combined VF metrics
performed poorly, mostly by causing an excessive
number of FPs from the HC group.

The combination of VF metrics, such as for example
the PSD measures from the 24-2 and the 10-2 ({PSD»4.,
AND PSDj.,}, bold and dashed underline in Table 3),
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Table 2. Performance Measures of Combinations of OCT Metrics

FP TP Accuracy
(Specificity %) | (Sensitivity) [(TN + TP)/(56HCs +
(n =56 HCs) (n =40 aS—aF) | 40 aS—aF)]

cpRNFL (3.5mm) and BMO-MRW

G AND G 2 (96%) 15 (38%) 72%
small MRW

n_ ANDTI 1(98%) 26 (65%) 84%

TS ANDTS 2 (96%) 12 (30%) 69%
small MRW

Any (1gman+ Lyvpw)’ 4(93%) 29 (73%) 84%

CPRNFL (3.5mm)
S OR inferior Quadrants 3 (95%) 28 (70%) 84%
CPRNFL (3.5mm) and GCL

Gimall AND GGCL 1(98%) 17 (43%) 75%

Tlsma AND (TIGCL OR IGCL) 1(98%) 26 (65%) 84%

[Inferior S-S]

TSeman AND (TSGCL OR SGCL) 1(98%) 17 (43%) 75%

[Superior S-S]

[Inferior S-S1 OR 1(98%) 32 (80%) 91%

[Superior S=S]

FP, false positive; TN, true negative; TP, true positive.
¥¥ang et al.’

Table 3. Performance Measures of 24-2 and 10-2 VF Metrics, in Isolation and in Combinations (i.e., F-F agreement)

FP TP Accuracy
(Specificity %) | (Sensitivity) [(TN + TP)/(56HCs +

(n =56 HCs) (n =40 aS—aF) | 40 aS—aF)]

VF-24-2

GHT 10 (82%) 31 (78%) 80%

MD4 17 (70%) 20 (50%) 62%

PSD24 8 (86%) 30 (75%) 81%
VF-10-2

MD1o 14 (75%) 19 (48%) 64%

PSD1o 4 (93%) 24 (60%) 79%

F-F agreement

GHT AND PSDy4 5(91%) 27 (68%) 81%
GHT OR PSDy4 13 (77%) 34 (85%) 80%
MD24 AND MDyo 14 (75%) 13 (33%) 57%
MD,4 OR MDyg 17 (70%) 26 (65%) 68%
PSD,4 AND PSD;o 3.(95%) 20 (50%) 76%
PSD34 OR PSD1o 9 (84%) 34 (85%) 84%
Brusini GSS2 23 (59%) 31 (78%) 67%

translational vision science & technology

FP, false positive; TN, true negative; TP, true positive.
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Table 4. Performance Measures of Combinations Between OCT-VF Summary Metrics (i.e., S-F agreement)

FP TP Accuracy
(Specificity %) | (Sensitivity %) | [(TN + TP)/(56HCs +
(n =56 HCs) (n =40 aS—aF) | 40 aS-aF)]
S—-F agreement
Gsma AND MD24 1(98%) 17 (43%) 75%
Gsma AND PSD24 1(98%) 22 (49%) 80%
G __AND MD 0 (100%) 10 (25%) 69%
GeL 10
G__ AND PSD 0 (100%) 15 (38%) 74%
GCL 10
[Gsman OR Ggcl] 1(98%) 22 (55%) 80%
AND
[MD_ ORMD_]
24 10°
[Gsman AND GGCL] 0 (100%) 5(13%) 64%
AND
[MD. AND MD_ ]
24 10
[Gsman OR Geal 1(98%) 28 (70%) 87%
AND
[PSD_, ORPSD_ ]
24 10
[Gsman AND GGCL] 0 (100%) 10 (25%) 69%
AND
[PSD_ AND PSD_ ]
24 10
Matching Q AND GHT? 0 (100%) 19 (48%) 78%
OR 0 (100%) 21 (53%) 80%
superior S-S]
AND
[MD. ORMD_]
24 10
OR 0(100%) 26 (65%) 85%
superior S-S
AND
|PSDH OR PSDQ]

FP, false positive; TN, true negative; TP, true positive.
aThird criterion from lyer et al.'®

slightly improved specificity to more acceptable levels
(95%, 3 FPs), although it detected only half of the 40
LG eyes. Finally, the GSS2 (in bold, last row in Table
3), which combines MD and PSD values, from the 24-
2 test, in a nonlinear fashion correctly identified 31 of
the 40 LG eyes, although it had the poorest specificity
(59%) with 23 FPs. 3

S—F Metrics

The combination of structural (OCT) and
functional (VF) metrics presented the highest speci-
ficity (Table 4). For example, asking whether the
{Gsman OR the Ggcr} metrics are abnormal and
seeking confirmation from the {PSDy;, OR PSDy.}
metric (see bold and dashed undereline in Table 4),

yielded only 1 FP (i.e., 98% specificity). Our new S—
S metric combined with the {PSD»4, OR PSDj.,}
metric (last row in Table 4) had a specificity of 100%.
A similarly high specificity was achieved by looking for
matching abnormalities in the {Q and GHT} metric
(third criterion by Iyer et al.; green and double under-
line in Table 4).!° Yet, all of them failed to detect many
of the LG eyes, with only 28 (70%), 26 (65%), and 19
(48%) TPs, respectively.

Repeatability and Reproducibility

Performance measures for all OCT and VF
summary metrics based on the second baseline test
were almost identical to those reported from the first
test. Table 5 shows the specificity, sensitivity and
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Table 5. Performance Measures From 2 different Baseline Test Dates for OCT Spectralis’ Top 3 Best Performing
metrics and Performance Measures From Same Dates for OCT Topcon’s Metrics That Are Similar

[Gsman OR Geal
Tlsman . OaR _A_l\_|D
[Superior S-S]’ [PSD._ORPSD. ]
it Salinintainls 10
Heidelberg Eng. (Spectralis)
First | Second 95% Cl First | Second 95% Cl First | Second 95% Cl
Specificity | 96% 96% 93%-99% | 98% 98% 96%—100% 98% 96% 94%—-100%
Sensitivity | 83% 82% 73%-90% | 80% 82% 76%—89% 70% 73% 62%—81%
Accuracy | 91% | 91% 86%—94% | 91% | 93% 88%—95% 87% 89% 81%—-93%
Topcon Inc.
Inferior Quadrant OaR Matching Q AND GHT®
[Superior S-SI
Specificity | 93% | 93% 88%—96% | 98% | 97% 94%—-100% | 100% 98% | 96%—100%
Sensitivity | 73% | 75% 65%—84% | 78% 78% 74%—85% 55% 58% 48%—64%
Accuracy | 84% | 85% 75%-91% | 89% | 89% 81%—-95% 78% 81% 75%—84%

Cl, confidence interval.

3[Inferior S-S] OR [Superior S-S] for OCT Topcon is based on the Inferior (S) and Superior (S) quadrant, instead of the Tl and

temporal-superior sectors for OCT Heidelberg.
bThird criterion from lyer et al.”

accuracy of the best performing metric in Tables 1, 2,
and 4 for first and second baseline tests.

The analysis of OCT summary metrics based on a
Topcon Inc. instrument, including their pairing with
VF metrics showed similar performance measures and
led to similar conclusions. Table 5 (bottom half) shows
performance measures and their 95% ClIs for the
metrics that are equivalent, but not identical, to the HE
metrics presented on the upper half of the table.

Discussion

Glaucoma specialists routinely examine whether
metrics (summary statistics), provided in OCT and
VF commercial reports, are within or outside normal
limits to inform their decisions regarding the presence
of glaucomatous damage. However, we, among
others, have argued that these summary metrics can
misguide clinicians and falsely categorize HCs and
glaucomatous eyes more often than it is generally
believed.?!-22:30:39-40 However, other recent studies
have proposed new combinations of these metrics
in an attempt to improve their performance.'*13-34
Because different studies use different metrics, inclu-
sion criteria, and reference standards, it is difficult to
reconcile the results of these studies. In the present
study, we evaluated the detection performance of a
wide variety of metrics, based on summary statis-
tics reported in commercially available OCT and VF

reports. In addition, we investigated the effect on these
performance measures when they are grouped, either
based on the same modality (i.e., S-S or function—
function), as well as S-F pairings. Given that any
summary metric, more or less, can succeed in identify-
ing severe, and even moderate, glaucoma, we studied
eyes classified as early glaucoma, based on a 24-2
MD better than —6 dB. To avoid including eyes with
an uncertain diagnosis, we restricted our measure of
sensitivity to 40 eyes classified as LG, based on an
automated and objective method and our measure of
specificity with 56 HC eyes recruited with a normal
intraocular pressure and fundus examination.3*-%3

All Metrics Make Mistakes

All OCT and VF summary metrics, in isolation
and in combinations, failed to detect all 40 LG eyes.
None of the metrics with a specificity of better than
95% had sensitivities of better than 83%. The most
commonly used OCT and VF summary metrics, the
Gigmait, GHT or PSD»y4, not only missed 25% to 30%
of the LG eyes with glaucomatous damage, but they
also falsely classified a relatively high number of HCs
as abnormal (see Tables 1 and 3). Even the newly
proposed summary metrics combining BMO-MRW
and cpRNFL measures or OCT and 24-2 VF, had
sensitivities of less than 80%.!'%!> Our proposed S-S
metric was 1 of 2 metrics with the highest accuracy,
91%, although it too had a modest sensitivity of 80%.
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There are at least 3 factors that limit the accuracy of
OCT summary metrics. First, segmentation algorithms
make mistakes and correcting them is difficult in
general, and typically not feasible in a clinical practice.
In fact, we and others have shown that subtle segmen-
tation errors, which are difficult to detect, are common,
and can lead to false diagnoses from the OCT summary
metrics.*!~* Second, if the scan is not placed properly
on the disc or foveal center it can too lead to false
diagnoses.** Third, early glaucomatous damage often
involves relatively local defects that are missed by
summary statistics, which include regions larger than
these defects.*> A post hoc analysis of the mistakes
based on each summary metric showed that segmen-
tation errors and local damage were the most common
reasons for FPs and false negatives.

The Importance of the Tl Region and Macular
Damage

Interestingly, the other metric with the highest
(91%) accuracy was Tlg,y, the inferior temporal region
of the small circle scan. Note that TI represents only
about 45° of the circle scan and is associated with less
than one-half of the macular region. This is the circum-
papillary region that corresponds to what we have
called the macular vulnerability zone.”’ The relatively
good performance of this single metric, TI, further
highlights how often glaucomatous damage involves
the macula.'’

The Advantage of Topographic Agreement

We have previously discussed the benefits of
seeking topographic agreement either between 2 OCT
measures (i.e., RNFL and macular GCL) or between
structural (OCT) and functional (VF) measures.?>>33
The results of the present study are in agreement. For
example, our new S—S metric and the {Matching Q and
GHT}, an S—-F metric by Iyer et al., correctly classified
all HC eyes (100% specificity).!> As expected, however,
this improvement in specificity came at some cost to
sensitivity, with the S-S metric and the {Matching Q
and GHT} missing 20% and more than 50% of the LG
eyes, respectively.

There was little overlap between the S—S metric and
the {Matching Q and GHT} results. Fourteen LG eyes
were not detected by the {Matching Q and GHT}
metric, but were correctly classified as glaucomatous
by the S-S metric, although 1 LG eye was not detected
by the S-S metric, but was correctly classified by the
{Matching Q and GHT} metric.
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Clinical Relevance

Detection methods that are highly specific are
important for clinical and research purposes, because
they have a lesser likelihood in sending healthy eyes to
the glaucoma clinic or recruiting participants in clinical
trials who do not actually have glaucomatous damage.
Most combinations of OCT and VF metrics achieved
high specificity; they misclassified either none or 1 HC
eye (see Tables 2 and 4). Although the best sensitiv-
ity was only 80% for our new S-S metric and 83% for
TIgman, the eyes missed had relatively early glaucoma.
Thus, these metrics should do considerably better when
screening for moderate and advanced glaucoma. In
fact, because these metrics are based solely on OCT,
they may prove to be useful for screening large numbers
of patients for moderate or advanced glaucomatous
damage.

It is evident, however, from the results of this study
that some eyes with early glaucoma will be missed.
These misses tend to be eyes with defects near fixation
or localized damage (shown on the OCT and/or VF)
and they often show normal (i.e., green) summary
metrics of RNFL or GCL thickness.!” Therefore, any
glaucoma detection method that solely relies on the use
of OCT and/or VF summary metrics will miss these
clinically important defects.

Limitations

The fact that we did not manually correct the
segmentation of OCT circle and radial scans might
have affected the detection performance of OCT
metrics, which could be considered a limitation of
this study. This point is particularly important when
considering the results of this study in comparison to
those presented by Yang et al.'* However, we opted
not to apply any changes to the automated measures
so as to be more representative of the real-life clinical
practice.

Second, the results here should be replicated with a
larger sample and a different site, although the repeat
reliability and the replication with an OCT instrument
from another manufacturer suggests the findings are
robust.

Third, the results of studies such as this one will
be highly dependent on the Reference Standard (RS)
chosen, and there is no generally accepted structure—
function definition of glaucoma. Our RS definition of
LG relied on an automated and objective method that
evaluated S—-F agreement. We chose this RS to ensure
that all LG eyes were highly likely to have glaucoma-
tous damage. In other words, we believe that these
40 LG eyes, and the 56 HCs, should not be missed
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by any metric. It is, however, worth noting that the
reported sensitivity and specificity are highly depen-
dent on our choice of RS, and a less stringent crite-
ria would improve sensitivity, at the cost of decreased
specificity.

Last, our primary study purpose was the evaluation
of OCT and VF metrics that can be accessible to clini-
cians via commercially available OCT and VF reports.
In addition, we included combinations of metrics that
can be easily applied or calculated from these metrics.
As a result, we did not include possible metrics that
are more complicated in their estimation or computa-
tionally intensive. It is unlikely that any metrics, new or
old, will deviate significantly from the general findings
of this study. For example, one VF metric that was
not reported here is a PSD measure of the 12 most-
central points of the 24-2 (C24-2), proposed by Wu et
al.*® In fact, we have previously shown that the C24-
2 metric, like the PSDjy metric, will miss eyes with
central glaucomatous damage, clearly identified in the
total and pattern deviation maps.*’” Another example,
and for an OCT metric, previous studies have shown
that the ganglion cell complex has better repeatabil-
ity as compared with other macular summary metrics
and greater discriminability for both the detection
and progression of glaucomatous damage, especially
in cases with moderate to advanced glaucoma.*s>!
Ganglion cell complex summary metrics were not
calculated in this study because they were not readily
available. It is likely, however, that they would show
similar detection performance with the GCL and
GCL+ metrics.

Conclusions

A detection method that relies solely on the use of
single OCT or VF metrics leads to the misidentification
of some HC eyes as glaucomatous and fails to detect
some eyes with early glaucomatous damage. Combina-
tions of OCT and VF metrics that look for S-S and
S—F agreement can decrease the number of FPs and
be highly specific, which has important implications
for screening purposes. However, the most accurate
combination was a new S-S metric, that seeks agree-
ment between cpRNFL and GCL loss at a hemifield
level, with a specificity of 98%, but a sensitivity of only
80% for eyes with early glaucoma. Last, the detection
issues from all metrics presented in this study argue for
a topographic comparison of abnormal regions on VF
and OCT and careful inspection of actual OCT scan
images.

TVST | March 2022 | Vol. 11 | No. 3 | Article 36 | 11

Acknowledgments

Funded by the National Institutes of Health
(Bethesda, MD, USA), Grants EY-02115 (DCH), EY-
025253 (CGDM) and K99EY 032182 (ET).

Disclosure: E. Tsamis, None; S. La Bruna, None; A.
Leshno, None; C.G. De Moraes, Carl Zeiss Meditec,
Inc. (C); Novartis (C); Heidelberg Engineering (R);
Topcon (F); Galimedix (C); Perfuse Therapeutics (C);
Ora Clinical, Inc. (E); D. Hood, Topcon, Inc. (F, C),
Heidelberg Engineering (F, C), Novartis, Inc. (C)

References

1. Johnson CA. Recent developments in automated
perimetry in glaucoma diagnosis and management.
Curr Opin Ophthalmol. 2002;13:77-84.

2. Sharma P, Sample PA, Zangwill LM, Schuman JS.
Diagnostic tools for glaucoma detection and man-
agement. Surv Ophthalmol. 2008;53:S17-S32.

3. Stein JD, Talwar N, LaVerne AM, Nan B, Lichter
PR. Trends in use of ancillary glaucoma tests for
patients with open-angle glaucoma from 2001 to
2009. Ophthalmology. 2012;119:748-758.

4. Hood DC, Raza AS. On improving the use of OCT
imaging for detecting glaucomatous damage. Br J
Ophthalmol. 2014;98(Suppl 2):1i1-ii9.

5. Chen TC, Hoguet A, Junk AK, et al. Spectral-
domain OCT: helping the clinician diagnose glau-
coma: a report by the American Academy of
Ophthalmology. Ophthalmology. 2018;125:1817—
1827.

6. Geevarghese A, Wollstein G, Ishikawa H, Schu-
man JS. Optical coherence tomography and glau-
coma. Annu Rev Vis Sci. 2021;7:693-726.

7. Vessani RM, Moritz R, Batis L, Zagui RB, Bernar-
doni S, Susanna R. Comparison of quantitative
imaging devices and subjective optic nerve head
assessment by general ophthalmologists to differ-
entiate normal from glaucomatous eyes. J Glau-
coma. 2009;18:253-261.

8. Mwanza JC, Budenz DL. Optical coherence
tomography platforms and parameters for glau-
coma diagnosis and progression. Curr Opin Oph-
thalmol. 2016;27:102-110.

9. Bussel II, Wollstein G, Schuman JS. OCT for glau-
coma diagnosis, screening and detection of glau-
coma progression. Br J Ophthalmol. 2014;98(Suppl
2):1115-119.



translational vision science & technology

Detection of Early Glaucomatous Damage

10.

I1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Kansal V, Armstrong JJ, Pintwala R, Hutnik C.
Optical coherence tomography for glaucoma diag-
nosis: an evidence based meta-analysis. PLoS One.
2018;13:e0190621.

Asman P, Heijl A. Glaucoma hemifield test: auto-
mated visual field evaluation. Arch Ophthalmol.
1992;110:812-819.

Johnson CA, Sample PA, Cioffi GA, Liebmann
JR, Weinreb RN. Structure and function evalua-
tion (SAFE): 1. Criteria for glaucomatous visual
field loss using standard automated perimetry
(SAP) and short wavelength automated perimetry
(SWAP). Am J Ophthalmol. 2002;134:177-185.
Gordon MO, Beiser JA, Brandt JD, et al. The Ocu-
lar Hypertension Treatment Study: baseline factors
that predict the onset of primary open-angle glau-
coma. Arch Ophthalmol. 2002;120:714-720; discus-
sion 829-730.

Yang H, Luo H, Hardin C, et al. Optical coher-
ence tomography structural abnormality detection
in glaucoma using topographically correspondent
rim and retinal nerve fiber layer criteria. Am J Oph-
thalmol. 2020;213:203-216.

Iyer JV, Boland MV, Jefferys J, Quigley H. Defin-
ing glaucomatous optic neuropathy using objective
criteria from structural and functional testing. Br J
Ophthalmol. 2021;105:789-793.

Huang M-L, Chen H-Y, Lin J-C. Rule extrac-
tion for glaucoma detection with summary data
from StratusOCT. Invest Ophthalmol Vis Sci.
2007,48:244-250.

Sanchez-Galeana C, Bowd C, Blumenthal EZ,
Gokhale PA, Zangwill LM, Weinreb RN. Using
optical imaging summary data to detect glaucoma.
Ophthalmology. 2001;108:1812-1818.

Leske MC, Heijl A, Hyman L, Bengtsson B. Early
manifest glaucoma trial: design and baseline data.
Ophthalmology. 1999;106:2144-2153.

Hood DC, Raza AS, de Moraes CGV, Liebmann
JM, Ritch R. Glaucomatous damage of the mac-
ula. Prog Retin Eye Res. 2013;32:1-21.

Hood DC. Improving our understanding, and
detection, of glaucomatous damage: An approach
based upon optical coherence tomography (OCT).
Prog Retin Eye Res. 2017;57:46-75.

Hood DC, De Moraes CG. Four questions for
every clinician diagnosing and monitoring glau-
coma. J Glaucoma. 2018;27:657-664.

Hood DC, De Moraes CG. Challenges to the com-
mon clinical paradigm for diagnosis of glaucoma-
tous damage with OCT and visual fields. Invest
Ophthalmol Vis Sci. 2018;59:788-791.

De Moraes CG, Hood DC, Thenappan A, et al.
24-2 visual fields miss central defects shown on

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

TVST | March 2022 | Vol. 11 | No. 3 | Article 36 | 12

10-2 tests in glaucoma suspects, ocular hyper-
tensives, and early glaucoma. Ophthalmology.
2017;124:1449-1456.

Grillo LM, Wang DL, Ramachandran R, et al. The
24-2 visual field test misses central macular dam-
age confirmed by the 10-2 visual field test and opti-
cal coherence tomography. Trans! Vis Sci Technol.
2016;5:15-15.

Wang DL, Raza AS, de Moraes CG, et al. Central
glaucomatous damage of the macula can be over-
looked by conventional OCT retinal nerve fiber
layer thickness analyses. Trans! Vis Sci Technol.
2015;4:4-4.

Kim NR, Lim H, Kim JH, Rho SS, Secong
GJ, Kim CY. Factors associated with false
positives in retinal nerve fiber layer color
codes from spectral-domain optical coherence
tomography.  Ophthalmology. 2011;118:1774—
1781.

Heijl A, Lindgren A, Lindgren G. Test-retest vari-
ability in glaucomatous visual fields. Am J Ophthal-
mol. 1989;108:130-135.

Mansberger SL, Menda SA, Fortune BA, Gar-
diner SK, Demirel S. Automated segmentation
errors when using optical coherence tomography to
measure retinal nerve fiber layer thickness in glau-
coma. Am J Ophthalmol. 2017;174:1-8.
Nagarkatti-Gude N, Gardiner SK, Fortune B,
Demirel S, Mansberger SL. Optical coherence
tomography segmentation errors of the retinal
nerve fiber layer persist over time. J Glaucoma.
2019;28:368-374.

Kim KE, Jeoung JW, Park KH, Kim DM, Kim
SH. Diagnostic classification of macular ganglion
cell and retinal nerve fiber layer analysis: differen-
tiation of false-positives from glaucoma. Ophthal-
mology. 2015;122:502-510.

Rao HL, Yadav RK, Begum VU, et al. Role of
visual field reliability indices in ruling out glau-
coma. JAMA Ophthalmol. 2015;133:40-44.

Hood DC, Kardon RH. A framework for compar-
ing structural and functional measures of glauco-
matous damage. Prog Retin Eye Res. 2007;26:688—
710.

Hood DC, Tsamis E, Bommakanti NK, et al.
Structure-function agreement is better than com-
monly thought in eyes with early glaucoma. Invest
Ophthalmol Vis Sci. 2019;60:4241-4248.

Brusini P, Filacorda S. Enhanced Glaucoma Stag-
ing System (GSS 2) for classifying functional dam-
age in glaucoma. J Glaucoma. 2006;15:40-46.
Tsamis E, Bommakanti NK, Sun A, Thakoor
KA, De Moraes CG, Hood DC. An auto-
mated method for assessing topographical



translational vision science & technology

Detection of Early Glaucomatous Damage

36.

37.

38.

39.

40.

41.

42.

43.

structure—function agreement in abnormal
glaucomatous regions. Trans! Vis Sci Technol.
2020:9:14-14.

Holmin C, Krakau CET. Variability of glaucoma-
tous visual field defects in computerized perimetry.
Graefes Arch Klin Exp Ophthalmol. 1979;210:235—
250.

Keltner JL, Johnson CA, Quigg JM, et al. Confir-
mation of visual field abnormalities in the Ocular
Hypertension Treatment Study. Arch Ophthalmol.
2000;118:1187-1194.

Keltner JL, Johnson CA, Levine RA, et al
Normal visual field test results following glau-
comatous visual field end points in the Ocular
Hypertension Treatment Study. Arch Ophthalmol.
2005;123:1201-1206.

Sayed MS, Margolis M, Lee RK. Green dis-
ease in optical coherence tomography diagnosis
of glaucoma. Curr Opin Ophthalmol. 2017;28:139—
153.

Leal-Fonseca M, Rebolleda G, Oblanca N,
Moreno-Montaies J, Munoz-Negrete FJ. A com-
parison of false positives in retinal nerve fiber layer,
optic nerve head and macular ganglion cell-inner
plexiform layer from two spectral-domain optical
coherence tomography devices. Graefes Arch Clin
Exp Ophthalmol. 2014;252:321-330.

Eguia MD, Tsamis E, Zemborain ZZ, et al. Rea-
sons why OCT global circumpapillary retinal nerve
fiber layer thickness is a poor measure of glau-
comatous progression. Transl Vis Sci Technol.
2020;9:22-22.

Sun A, Tsamis E, Eguia MD, et al. Global optical
coherence tomography measures for detecting the
progression of glaucoma have fundamental flaws.
Eye. 2021;35:2973-2982.

Mansberger SL, Menda SA, Fortune BA, Gar-
diner SK, Demirel S. Automated segmentation
errors when using optical coherence tomography to
measure retinal nerve fiber layer thickness in glau-
coma. Am J Ophthalmol. 2017;174:1-8.

44.

45.

46.

47.

48.

49.

50.

51.

TVST | March 2022 | Vol. 11 | No. 3 | Article 36 | 13

Cheung CY, Yiu CK, Weinreb RN, et al. Effects
of scan circle displacement in optical coherence
tomography retinal nerve fibre layer thickness mea-
surement: a RNFL modelling study. Eye (Lond).
2009;23:1436-1441.

La Bruna S, Tsamis E, Zemborain ZZ, et al. A
topographic comparison of OCT minimum rim
width (BMO-MRW) and circumpapillary retinal
nerve fiber layer (c(RNFL) thickness measures in
eyes with or suspected glaucoma. J Glaucoma.
2020;29:671-680.

Wu Z, Medeiros FA, Weinreb RN, Zangwill LM.
Performance of the 10-2 and 24-2 visual field tests
for detecting central visual field abnormalities in
glaucoma. Am J Ophthalmol. 2018;196:10-17.
Hood DC, Thenappan AA, Tsamis E, Liebmann
JM, De Moraes CG. An evaluation of a new
24-2 metric for detecting early central glaucoma-
tous damage. Am J Ophthalmol. 2021;223:119—
128.

Arintawati P, Sone T, Akita T, Tanaka J, Kiuchi Y.
The applicability of ganglion cell complex param-
eters determined from SD-OCT images to detect
glaucomatous eyes. J Glaucoma. 2013;22:713—
718.

Tan O, Chopra V, Lu AT, et al. Detection of mac-
ular ganglion cell loss in glaucoma by Fourier-
domain optical coherence tomography. Ophthal-
mology. 2009;116:2305-2314.e2301-2302.

Kim NR, Lee ES, Seong GJ, Kim JH, An HG,
Kim CY. Structure-function relationship and diag-
nostic value of macular ganglion cell complex
measurement using Fourier-domain OCT in glau-
coma. Invest Ophthalmol Vis Sci. 2010;51:4646—
4651.

Mohammadzadeh V, Su E, Rabiolo A, et al.
Ganglion Cell Complex: The Optimal Measure
for Detection of Structural Progression in the
Macula. 4Am J Ophthalmol. 2021;237:71-82,
doi: 10.1016/j.2j0.2021.12.009. Epub ahead of
print. PMID: 34942111.


https://doi.org/10.1016/j.ajo.2021.12.009

