World Glaucoma Association

Diagnosis of
Primary Open Angle
Glaucoma

Robert N. Weinreb, David Garway-Heath, Christopher Leung,

Felipe Medeiros, Jeffrey Liebmann

Consensus Series - 10

Kugler Publications, Amsterdam, The Netherlands



DIAGNOSIS OF PRIMARY OPEN ANGLE GLAUCOMA



Editors

Felipe Medeiros, Jeffrey Liebmann, Robert N. Weinreb, David Garway-Heath,
Christopher Leung (L-R)



DIAGNOSIS OF PRIMARY
OPEN ANGLE GLAUCOMA

The 10th Consensus Report of the

World Glaucoma Association

Editors

Robert N. Weinreb
David Garway-Heath
Christopher Leung
Felipe Medeiros
Jeffrey Liebmann

ars

Kugler Publications/Amsterdam/The Netherlands



ISBN 978-90-6299-262-1

Dirtributors:

For the USA and Canada:

American International Distribution Corporation (AIDC)
P.O. Box 2249

Williston, VT 05495

kug.orders@aidcvt.com

For all other countries:

Kugler Publications

P.O. Box 20538

1001 NM Amsterdam, The Netherlands
www.kuglerpublications.com

© 2017 Kugler Publications, Amsterdam, The Netherlands
All rights reserved. No part of this book may be translated or reproduced in any form by print, photoprint, mi-

crofilm, or any other means without prior written permission of the publisher. Kugler Publications is an imprint
of SPB Academic Publishing bv, P.O. Box 20538, 1001 NM Amsterdam, The Netherlands



This publication is the tenth
of a series on
Consensus reports on Glaucoma
under the auspices of the
World Glaucoma Association







sarIoN@Q 0ARISNS ‘BunaT JaydoisuyD ‘YresH-Aemies) piaeq ‘galulspn "N 14aqoy ‘sol1spa|n adija4 “Yied oH I3 :wonog
[11MBuRZ BPUIT ‘WIS 00AA-381 ‘asem] oxIY ‘epeq uel ‘sBBIAA Asuer ‘siznodo] s11o04 ‘uuewqgal J4ar :dol "sispes] UoI98s X SNsuasuo)

e



Consensus X participants



FACULTY

Consensus Initiative Chair
Robert N. Weinreb, USA

Co-chairs

David Garway-Heath, UK
Christopher Leung, Hong Kong
Felipe Medeiros, USA

Jeffrey Liebmann, USA

Section chairs

Jamie Brandt, USA

Tanuj Dada, India
Gustavo De Moraes, USA
Mingguang He, P.R. China
Aiko lwase, Japan

Jost Jonas, Germany
Tae-Woo Kim, South Korea
Ki Ho Park, South Korea
Fotis Topouzis, Greece
Janey Wiggs, USA

Participants

Andrew, Anderson, Australia
Florent Aptel, France
Makoto Araie, Japan

Ryo Asaoka, Japan

Sanjay Asrani, USA

Tin Aung, Singapore
Augusto Azuaro-Blanco, UK
Eytan Blumenthal, Israel
Rupert Bourne, UK

Chris Bowd, USA

Alain Bron, France

Paulo Brusini, Italy

Joseph Caprioli, USA

Subho Chakrabarthi, India
Jack Cioffi, USA

Anne Louise Coleman, USA
Michael Coote, Australia
Vital Costa, Brazil

David Crabb, USA
Jonathan Crowston, Australia
Barbara Cvenkel, Slovenia
Paulus de Jong, The Netherlands
Crawford Downs, USA
Robert Fechtner, USA
Murray Fingeret, USA

John Flanagan, USA

Brad Fortune, USA

Paul Foster, UK

Panayiota Founti, Greece
Stuart Gardiner, USA

David Garway-Heath, UK
Ronnie George, India
Michael Girard, Singapore
Christopher Girkin, USA
Francisco Javier Gofii, Spain
David Greenfield, USA
Neeru Gupta, Canada

Alon Harris, USA

David Henson, UK

Donald Hood, USA

Aiko Iwase, Japan

Henry D. Jampel, USA
Chris Johnson, USA

Jost Jonas, Germany

Kenji Kashiwagi, Japan

Dan Kiage, Kenya

Tae-Woo Kim, South Korea
Miriam Kolko, Denmark



Michael, Kook, South Korea
Aravind, Krishnadas, India
Rachel Kuchtey, USA

Eun Ji Lee, South Korea
Fabian Lerner, Argentina
Christopher Leung, Hong Kong
Jeffrey Liebmann, USA

Shan Lin, USA

Vijaya Lingam, India
Catherine Liu, Taiwan

Steven Mansberger, USA
Kaweh Mansouri, Switzerland
Keith Martin, UK

Jose Martinez de la Casa, Spain
Chota Matsumoto, Japan
Allison McKendrick, Australia
Andy McNaught, Australia
Felipe Medeiros, USA
Stefano Miglior, Italy

Atsuya Miki, Japan

Sameh Mosaed, USA
Jonathan Myers, USA

Toru Nakazawa, Japan

Vinay Nangia, India

Kouros Nouri-Mahdavi, USA
Sola Olawoye, Nigeria
Augusto Paranhos, Brazil
Sung Chul Park, South Korea
Ki Ho Park, South Korea
Louis R, Pasquale, USA
Shamira Perera, Singapore
Norbert Pfeiffer, Germany
Bruce Prum, USA

Lyne Racette, USA

Pradeep Ramulu, India
Harsha Rao, India

Robert Ritch, USA

Lisandro Sakata, Brazil
Leopold, Schmetterer, Austria
Joel Schuman, USA
Chandra Sekhar, India
Ramanjit Sihoto, India
Arthur Sit, USA

George Spaeth, USA
Ingeborg Stalmans, Belgium
Kyungrim Sung, South Korea
Remo Susanna, Brasil
Akagi Tadamichi, Japan
Andrew, Tatham, UK
Christopher Teng, USA
Clement Tham, Hong Kong
Fotis Topouzis, Greece
Michael, Wall, USA

Ningli Wang, P.R. China

Ya Xing Wang, P.R. China
Roy Wilson, USA

Liang Xu, P.R. China
Xiulan Zhang, P.R. China
Linda Zangwill, USA

Recording Secretaries
Patricia Manalastas, USA
Adeleh Yarmohammadi, USA



Wworld World
Glaucoma |Glaucoma
Association ‘Association

Robert N. Weinreb and Tony Hommer



WGA CONSENSUS SERIES

The Glaucoma Consensus Initiative of the World Glaucoma Association is based
on the idea that the collective wisdom of a group is better than the opinion of a
single expert. Assembling a sufficiently large and sufficiently diverse group of
glaucoma specialists and scientists provides recommendations and insights that
are likely to be superior to those of a single clinician. These recommendations and
insights form the foundation for the Glaucoma Consensus Reports.

World Glaucoma Association World Glaucoma Association

Diagnosis of Childhood Glaucoma
Primary Open Angle

Glaucoma

Consensus Series - 10 Consensus Series - 9

2016 2013

World Glaucoma Association
World Glaucoma Association

Progression of Medical Treatment
Glaucoma of Glaucoma

Consensus Series - 8

Consensus Series 7

2011 2010



World Glaucoma Association

Ocular Blood Flow
in Glaucoma

Consensus Series 6

2009

World Glaucoma Association

Intraocular Pressure

Consensus Series 4

2007

iation of Inter
Glaucoma Societies

Glaucoma Surgery

Open Angle Glaucoma

M Weinre sopathan G Crowsten

Consensus Series 2

2005

World Glaucoma Association

Glaucoma Screening

Consensus Series 5

2008

A iation of Inter
Glaucoma Societies

Angle Closure and
Angle Closure Glaucoma

Consensus Series 3

2006

Association of International
Glaucoma Societies

Glaucoma Diagnosis

Structure and Function

Consensus Series 1

2004






CONTENTS

Preface
Introduction

1. STRUCTURE
Christopher Leung, Linda Zangwill, Tae-Woo Kim

2. VISION FUNCTION
David Garway-Heath, Gustavo De Moreas, Aiko Iwase

3. STRUCTURE AND FUNCTION
Felipe A. Medeiros, Gustavo De Moraes, Ki Ho Park

4. RISK FACTORS (OCULAR)
Felipe A. Medeiros, Mingguang He, James Brandt

5. RISK ASSESSMENT: SYSTEMIC FACTORS
Fotis Topouzis, Janey Wiggs, Panayiota Founti, Jeffrey Liebmann

6. SCREENING
Tanuj Dada, David Friedman, Jost Jonas, Jeffrey Liebmann

Summary of consensus points
Consensus and the World Glaucoma Association

Index of authors

XVii
XiX

21

91

127

161

189

211

221

227






PREFACE

Primary Open-Angle Glaucoma was the topic of the tenth World Glaucoma
Association Consensus meeting.

As with prior meetings, it was a daunting task to seek and obtain consensus on
broad subject matter that ranges from diagnosis, risk profiling and screening of the
disease. As it is unclear how each of us decides how we practice and the evidence
to guide us often is sparse, this consensus, as well as the others, is based not only
on the published literature, but also on expert opinion. Although consensus does
not replace and is not a surrogate for scientific investigation, it does provide con-
siderable value, especially when the desired evidence is lacking.

The goal of this consensus is to provide a foundation for diagnosing and
managing primary open-angle glaucoma and how it can be best done in clinical
practice. Identification of those areas for which we have little evidence and,
therefore, the need for additional research always is a high priority. We hope that
this consensus report will serve as a benchmark of our understanding. However,
this consensus report is intended to be fluid. It is expected that it will be revised
and improved with the emergence of new evidence.

Robert N. Weinreb, Chair
Co-chairs:

David Garway-Heath
Christopher Leung

Felipe A. Medeiros
Jeffrey Liebmann
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INTRODUCTION

The topic for the tenth World Glaucoma Association Consensus is Primary
Open-Angle Glaucoma.

Global experts were invited and assembled by our international co-Chairs,
beginning in November 2015 to participate in the Forum E-Room, a unique
online opportunity to facilitate discussion. Participants then were engaged in
the discussion of six sections to reach consensus on key issues that permeate
various aspects of primary open-angle glaucoma. The results of these thoughtful
discussions then were summarized for each of the sections with preliminary
consensus statements.

The Draft of the Consensus Report, including the preliminary consensus
statements, was distributed to the Societies and Partners for comments prior to
the Consensus Meeting that took place in Seattle on Saturday, April 30, 2016.
At this time, relevant stakeholders engaged in a stimulating, educational, and
thought-provoking session that reviewed and revised the consensus statements.
The Consensus Report then was finalized by Consensus co-Chairs and Editors.

Robert N. Weinreb, Editor
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1. STRUCTURE

Section leader: Christopher Leung

Section co-leaders: Linda Zangwill, Tae-Woo Kim

Contributors: Sanjay Asrani, Crawford Downs, Robert Fechtner, John Flanagan,
Brad Fortune, Micheal Girard, Christopher Girkin, David Greenfield, Donald
Hood, Jost Jonas, Michael Kook, Eun Ji Lee, Felipe A. Medeiros, Atsuya Miki,
Toru Nakazawa, Sung Chul Park, Harsha Rao, Joel Schuman, Kyungrim Sung,
Akagi Tadamichi

Consensus statements

5.

Clinical evaluation and documentation of the optic nerve head is essential for
the diagnosis and the monitoring of glaucoma.

Clinical diagnosis of glaucoma is predicated on the detection of a thinned
retinal nerve fiber layer (RNFL) and narrowed neuroretinal rim.

Comments: These features often are accompanied by deformation of the optic
nerve head (ONH) (cupping).

These features often appear first in the supero- or inferotemporal quadrants.
Although these features are characteristic of POAG, it is important to exclude
non-glaucomatous optic neuropathies.

Detecting progressive glaucomatous RNFL thinning and neuroretinal rim
narrowing are the best currently available gold standards for glaucoma
diagnosis.

Comment: Disease-related damage should be differentiated from age-related
change.

The diagnosis of glaucoma does not always require the detection of visual
field defects with perimetry.

Comments: Perimetric defects that correspond to structural findings increase
the likelihood of glaucoma.

Perimetry is indispensable for documentation and monitoring of functional
decline in glaucoma.

Assessment of the color and the configuration (size and shape) of the neu-

Diagnosis of Primary Open Angle Glaucoma, pp 1-19

Edited by Robert N. Weinreb, David Garway-Heath, Christopher Leung, Felipe Me-
deiros, Jeffrey Liebmann

2016 © Kugler Publications, Amsterdam, The Netherlands



10.

roretinal rim is important to differentiate glaucomatous from non-glaucoma-
tous optic neuropathies.

Comment: A pale rim suggests non-glaucomatous optic neuropathy.
Photography is effective to document glaucomatous optic disc appearance
and nerve fiber layer damage.

Comments: Photography is particularly useful for detecting and documenting
optic disc hemorrhage and rim color.

Stereophotography is particularly useful for documenting optic disc
topography.

Imaging technologies including optical coherence tomography (OCT),
confocal scanning laser ophthalmoscopy (CSLO) and scanning laser
polarimetry (SLP) provide an objective and quantitative approach to detect
and monitor glaucoma.

OCT may be the best currently available digital imaging instrument for
detecting and tracking optic nerve structural damage in glaucoma.

RNFL thickness is the most clinically helpful parameter of the ones currently
available with OCT.

Comments: Macular RGC loss in glaucoma also can be detected by OCT.
RNFL thickness and macular RGC loss are complementary.

Pitfalls of OCT such as artifacts and false segmentation should be considered
when using OCT.

GCIPL thickness (macula): The macula has the highest density of RGCs.

It is difficult in myopic eyes to differentiate those with and without glaucoma.
Comments: In myopic eyes, documented progressive optic neuropathy can be
used to make the differential diagnosis of glaucoma.

Reference databases do not currently include highly myopic eyes and,
therefore, are not appropriate for diagnosing RNFL damage in them.

1.1. Clinical diagnosis of glaucoma

1.1.1. Assessment of the retinal nerve fiber layer and neuroretinal rim

Glaucomatous optic neuropathy is an axonopathy, where damage to the visual
pathway is driven by insult to retinal ganglion cell (RGC) axons as they exit the
eye at the optic nerve head (ONH).}? The lamina cribrosa has been considered
to be the principal site of RGC axonal damage in human glaucoma.®*® Clinical
detection of RGC axonal damage largely consists in red-free retinal nerve fiber
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layer (RNFL) photography and optical coherence tomography (OCT) imaging of
the RNFL.5° While all forms of optic neuropathies exhibit RGC loss and RNFL
thinning, glaucoma is unique in demonstrating also progressive narrowing of the
neuroretinal rim.*** RNFL defects and neuroretinal rim loss are typically located
at the inferotemporal and superotemporal sectors of the ONH. As the RNFL
and the neuroretinal rim are largely composed of the axons of RGCs, detecting
progressive RNFL thinning and neuroretinal rim narrowing has been suggested
to the best available reference standard for glaucoma diagnosis in the 2004 World
Glaucoma Association Consensus meeting.> However, recent evidence suggests
that progressive RNFL thinning and neuroretinal rim narrowing can also be
detected in normal healthy individuals.®®" It has been estimated that the mean
rate of change of average RNFL thickness measured by a spectral-domain OCT
in normal healthy eyes was -0.52 pm/year [95% confidence interval (CI), -0.86
to -0.17], after controlling for covariates.’* Younger individuals were associated
with a faster rate of RNFL thinning. In another study examining progressive
neuroretinal rim narrowing measured by a CSLO, the rate of change of global
neuroretinal rim area was -2.1 mm?/year (95% CI, -4.2 to -0.02) for healthy
subjects of African descent and -2.3 mm?/year (95% ClI, -4.9 to 0.3) for healthy
subjects of European descent.!” In other words, detecting progressive RNFL
thinning and progressive neuroretinal rim narrowing may not necessarily imply
the development or progression of glaucoma. In a prospective study following
150 eyes of 90 glaucoma patients at four-month intervals for a mean of 3.8 years,
50.0%, 30.0% and 27.3% of eyes showed progression by trend analyses of the
inner macular, total macular and circumpapillary RNFL thicknesses, respective-
ly.® After accounting for age-related changes, the proportions of eyes detected
with progression decreased to 20.0%, 16.0% and 26.7%, respectively. Differen-
tiating age-related from disease-related RNFL/ONH changes is relevant to the
diagnosis and monitoring of glaucoma.

1.1.2. Assessment of the lamina cribrosa and the ONH surface

Although objective evaluation of ONH deformation or cupping can be challenging
with slit-lamp or photographic examination of the optic disc, Fourier-domain OCT
(FD-OCT) has facilitated measurements of the deformation of the lamina cribrosa
and the ONH surface.’® Laminar depth is significantly larger in glaucoma patients
with younger age, higher untreated 10P, and lower RNFL thickness as measured
with OCT.? Several studies have linked changes in the appearance of the lamina



cribrosa (focal defects) in OCT images to glaucomatous damage,??® and at least
one study has linked longitudinal change in the peripheral lamina cribrosa to
optic disc hemorrhage.?® Further, persistent reversal of laminar cupping after
trabeculectomy is correlated with reduced rates of glaucoma progression.?” In a
long-term, prospective study, progressive posterior deformation of the anterior
lamina cribrosa surface and the ONH surface was found in glaucoma patients
and the degree of deformation was associated with the mean intraocular pressure
during study follow-up.? These studies underscore the importance of evaluating
the deformation and alteration of ONH and lamina cribrosa for glaucoma
evaluation although measurement of ONH and lamina cribrosa deformation
per se is unlikely to be sufficient to establish a diagnosis of glaucomatous optic
neuropathy.

1.2. Role of perimetry in glaucoma diagnosis

Histological studies have shown that RGC loss is evident in human glaucoma
before visual field sensitivity declines in automated testing.?%% Structural changes
of the ONH and the RNFL detected in clinical examination and/or digital imaging
of the ONH/RNFL often precede detectable changes in the visual field measured
by standard automated white-on-white perimetry and a number of studies
have reported progressive ONH/RNFL changes to be predictive of subsequent
development of visual field loss. Medeiros and colleagues followed 407 glaucoma
suspects—eyeswith a history of IOP > 21 mmHg and/or aglaucomatous appearance
of the optic disc but without visual field defects at the baseline examination — for a
mean of 8.0 years and showed that progressive optic disc changes detected by ste-
reophotographs was 25.8 times (95% confidence interval: 16.0-14.7) more likely
to develop visual field defects during follow-up.® Using the CSLO to measure the
neuroretinal rim area for 328 patients with suspected glaucoma with each patient
having a minimum of five CSLO examinations during a minimum of two years
of follow-up, the authors reported in another study that each 0.01 mm?/year faster
rate of rim area loss was associated with a 2.94 times higher risk of development
of visual field defects.* Chuahan and colleagues imaged the ONH with the
CSLO and standard automated perimetry every six months for 81 open-angle
glaucoma patients over a median of 11.0 years and demonstrated that ONH
surface depression, analyzed with Topographic Change Analysis, is predictive of
subsequent visual field progression.® In a prospective study following 139 prima-
ry-open angle glaucoma patients at ~four-month intervals over five years, Yu and
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colleagues showed that progressive RNFL thinning determined by event-based
(Guided Progression Analysis — GPA) and trend-based (Trend-based Progression
Analysis — TPA) analysis of the RNFL thickness maps captured by the spec-
tral-domain OCT was associated with > five-fold and > eight-fold increases in risk
of subsequent development of visual field progression, respectively.®® Notably, in
the Ocular Hypertension Treatment Study (OHTS) in which primary open-angle
glaucoma end-point was determined by changes in the VF or optic disc, 40 eyes
reached only a visual field end-point (87 eyes reached an optic disc end point).3
Although the OHTS suggests either visual field or optic disc may show the first
evidence of glaucomatous damage, it is worth noting the optic disc end-point was
determined by subjective evaluation of optic disc photographs taken once a year.
As visual field defects can also develop in non-glaucomatous optic neuropathy
and macular diseases, examination of the optic disc and the RNFL is always
necessary to establish a diagnosis of glaucoma.

1.3. How to differentiate glaucomatous from non-glaucomatous optic neu-
ropathies?

The clinical distinction between glaucomatous from non-glaucomatous optic
neuropathies can be subtle and is largely based upon the assessment of the color
and morphology of the neuroretinal rim.*<" A pale neuroretinal rim suggests
optic neuropathy other than glaucoma, whereas progressive neuroretinal rim
narrowing and ONH deformation signifies glaucomatous damage. Neuroretinal
rim pallor was found to be 94% specific for non-glaucomatous optic neuropathy,
whereas focal or diffuse obliteration of the neuroretinal rim was 87% specific for
glaucomatous optic neuropathy.® Rim pallor in excess of cupping was reported
to be 90% specific for non-glaucomatous optic neuropathy in a study including
glaucoma patients with normal intraocular pressure and patients with intracra-
nial mass lesions.®” Glaucomatous optic discs may appear pale in the late stages
because the loss of neuroretinal rim is extensive. The lamina cribrosa is exposed
in advanced glaucoma (light reflected from the lamina cribrosa is whitish),
rendering the optic discs (not neuroretinal rim) pale-looking.

1.4. Imaging technologies for detection of glaucoma

Although optic disc photographs remains important in the evaluation of the ONH,
imaging technologies including OCT, confocal scanning laser ophthalmosco-



py (CSLO) and scanning laser polarimetry (SLP) have provided a quantitative
and objective approach to detect and monitor glaucoma. FD-OCT has gained
popularity over CSLO and SLP because of its higher scan speed, higher image
resolution, and being able to quantify both the RNFL and ONH parameters.
Measurement of the ganglion cell layer and inner plexiform layer thickness is
also feasible with OCT. Although OCT has been reported to have high diagnostic
performance for glaucoma detection,®®“ there are limitations in OCT measure-
ments. RNFL thickness measurements are influenced by the signal-to-noise ratio
of the OCT images.*>* In addition, artifacts including epiretinal membrane,*
retinoschisis,*“8 vitreous opacity,* and false segmentation can lead to errorous
measurements.”® The circumpapillary RNFL thickness is also affected by the
scan circle location*®* and head tilt.* Such pitfalls should be considered when
interpretating OCT measurements.

1.4.1. RNFL thickness

RNFL thickness maps provide visualization and quantitative measurement
RNFL thickness information throughout the peripapillary retina from OCT ONH
volume/cube scans. RNFL thickness deviation maps use reference databases to
provide spatial information on the pattern and probability of ONH RNFL damage.
In contrast to RNFL thickness profile measurements along a circumpapillary
circle (cpRNFL), RNFL deviation maps provide spatial information on the defect
size, shape, and location of RNFL damage. Relying on cpRNFL can miss RNFL
damage that is outside the circumpapillary measurement; RNFL maps overcome
this limitation, and have the advantage of facilitating visualization of the focal
wedge shaped defects.

Several studies show that RNFL thickness deviation maps have higher
diagnostic sensitivity for glaucoma detection at a high level of specificity
compared with circumpapillary RNFL measurements.>2% Specifically, standard-
ized scoring of RNFL thickness deviation maps based on the defect size, shape,
depth, location, and distance from the optic disc had similar sensitivity (95.0%) to
circumpapillary RNFL thickness criteria of one clock-hour outside normal limits
at the 5% level (93.4%), but specificity of the RNFL map was significantly higher
(95.1% vs. 83.3%, P < 0.001).5% One study showed that RNFL deviation maps
area under receiver operating characteristic curve (AUC) performed significantly
better at detecting localized RNFL defects compared with clock-hour circumpap-
illary RNFL thickness (AUC: 0.94 vs. 0.86, respectively®), while another did not
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show a difference between RNFL map evaluated using a qualitative semi-quan-
titative continuous cluster metric and cpRNFL thickness pattern deviation (AUC:
0.74 vs 0.72, respectively).%®

1.4.2. Neuroretinal rim width

Recent improvements in OCT retinal layer segmentation has facilitated the
development of a new neuroretinal rim summary measure, minimimum rim
width (MRW), defined as the miminum distance between Bruch’s membrane
opening (BMO) and the internal limiting membrane (ILM).*® The MRW has been
shown to have better diagnostic accuracy for differentiating between glaucoma
and healthy eyes that standard neuroretinal rim measurements.>”

Evidence suggests that the diagnostic accuracy for glaucoma detection of MRW
is better than neuroretinal area, and similar or better than RNFL thickness.57:62:63
However, results vary by severity of disease and there is some evidence that RNFL
thickness may be more sensitive for detection of early glaucomatous damage.

Itis important to note that in eyes with gamma zone parapapillary atrophy (PPA
in areas of the optic disc without intact Bruch’s membrane), Bruch’s membrane
does not extend to the margin of the optic nerve scleral canal, and that in these
eyes, the distance between the end of Bruch’s membrane and the nearest surface
represents more the thickness of the RNFL than the width of the rim. Many
myopic eyes have gamma zone PPA.%* For this reason, in eyes with parapapillary
gamma zone the MRW should be interpreted with caution.

The angle from the fovea and the center of the optic disc measured as the BMO
center has been shown to affect the MRW and the pattern of RNFL thickness.*"85-67
Correcting for the disc to foveal angle reduces the variability of measures across
eyes and can improve the diagnostic accuracy of these measurements.57:66.67

1.4.3. Ganglion cell and inner plexiform layer thickness at the macula

The macula has the highest density of RGCs. Glaucomatous damage to the
macula is relatively common, and can be measured as loss of the ganglion cell
layer, macular RNFL, and inner plexiform layers.®® Loss of these three layers, in
combination or individually can be measured using OCT. It is most common to
measure the ganglion cell layer (GCL) and inner plexiform layer (IPL) together
as it is often challenging to accurately segment the GCL and IPL separately, and
recent evidence suggests that the diagnostic accuracy of the GCL separately is



similar to that of the combination of the GCL and IPL (GCIPL). Macular damage/
RGC loss can occur relatively early in glaucoma, and can be missed and/or under-
estimated when standard visual tests such as the 24-2 test are utilized.®* It should
be noted that macular scans of the ganglion cell complex are difficult to interpret
in eyes with macula pathology including macular edema, age-related macular
degeneration and other age-related eye diseases that are common co-morbidities
in eyes with glaucoma.

The preponderance of evidence published to date indicates that OCT scans
of the macula have equal or lower diagnostic power for glaucoma detection as
compared to peripapillary (circumpapillary) RNFL thickness profiles. Specifi-
cally, a recent Cochrane review compared the diagnostic accuracy of macular
parameters, specifically the ganglion cell complex (GCC) and ganglion cell
IPL (GCIPL), with the accuracy of RNFL parameters for detecting manifest
glaucoma.” Based on a review of 36 studies, the authors conclude that “RNFL
parameters are still preferable to macular parameters for diagnosing manifest
glaucoma, but the differences are small.” The conclusions are not generalizable to
glaucoma patients with high myopia, tilted discs or other possible co-moribidities.
This is true regardless of which macular retinal layers are measured (the GCL, the
macular RNFL, the GCIPL, etc.). Moreover, obtaining reliable measurements of
RNFL thickness requires review of only two image feature boundaries/segmen-
tations, whereas meaningful macular retinal layer thickness measurements and
thus many more image segmentations to review, an increased burden on patients,
clinic staff and physicians.

Itis important to note that studies comparing macula and RNFL thickness mea-
surements have been based on cpRNFL profiles and not RNFL thickness maps;
cpRNFL profiles that can miss RNFL damage in some eyes that are detectable
on RNFL thickness maps. Moreover, the general metrics used for analyzing cir-
cumpapillary (cp)RNFL thickness and macular thickness (GCC, GCPIL/RGC+
etc.) are not necessarily the most sensitive metric to detect damage. While past
studies have shown little difference in sensitivity/specificity between cpRNFL
and macular measures, there is evidence in some eyes, macular scans will detect
macular damage missed by cpRNFL analysis, while in other eyes macular scans
will miss damage outside the region of the macular scan.5®’ Better metrics that
focus on regions of interest show promise for improving the diagnostic value of
these measures.” In addition, there is evidence that combining data from RNFL
and macula scan can improve glaucoma detection.™

A limitation of all structural measures is that they reach a floor effect at which
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point residual thickness from non-neural tissue contributes to the measurement
and thinning due to glaucoma can no longer be detected. For example, at the
measurement floor, RNFL, thickness from blood vessels and glial cells and not
necessarily neural tissue are contributing to the measurement of RNFL thickness,
and it is no longer diagnostic. GCIPL measurements have a similar problem,
but the floor is reached later in the disease. It should also be noted that there
is significant age-related loss in healthy subjects,®™ so that adjusting for age is
important in the interpretation of structural measures for glaucoma detection.

1.4.4. Lamina cribrosa and ONH surface depth

The lamina cribrosa is a sieve-like structure that provides support to RGC axons
and retinal blood vessels as they exit the eye through the scleral canal to the
retrobulbar cerebrospinal space.* Although the pathophysiology of glaucoma is
not fully understood, there is evidence that remodeling of the lamina cribrosa is
associated with glaucomatous axonal loss such as a RNFL defect, and neuroreti-
nal rim thinning/notching.%7

Moreover, reports have demonstrated significant correlation between
morphologic features of the lamina cribrosa such as depth, thickness, or focal
defects and the severity or progression of glaucoma.®247-8 Until recently,
attenuation of the OCT signal as it penetrates into deep layers has prevented
in-vivo visualization of deep tissues such as the lamina cribrosa. Recent advances
in swept-source (SS) OCT and enhanced depth imaging (EDI) SD-OCT has
provided increased penetration of the OCT signal with visualization and quantifi-
cation of the lamina cribrosa achievable in-vivo in many patients.8385-%

Focal lamina cribrosa defects, often defined as a laminar hole or laminar dis-
insertions violating the normal U- or W-shaped contour of the anterior laminar
surface,?2242692 can be reproducibly detected by qualitative review of SS-OCT and
EDI SD-OCT images. Although detection of focal damage is subjective and time
consuming, good inter-observer reproducibility is achievable using standardized
protocols.”®2 The anterior border of the lamina cribrosa is visible in most eyes,
while the posterior border of the lamina cribrosa is rarely detectable with current
imaging modalities.®

The anterior lamina cribrosa surface depth has been suggested as a robust
quantitative measure of lamina cribrosa remodeling and displacement.®® Anterior
lamina cribrosa surface depth is measured from the BMO to the anterior surface
of lamina cribrosa using manual and semi-automated®® and fully automated
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methods.®” Anterior lamina cribrosa surface depth varies with severity of
disease.®® In addition, the magnitude of laminar remodeling measured as anterior
lamina cribrosa surface depth is greater in younger eyes compared to older eyes,
and varies by race suggesting that its relationship with glaucomatous structural
and functional may show considerable variability across eyes.*® Moreover, there is
consistent evidence that the anterior lamina cribrosa surface depth changes with
IOP. Specifically Lee et al.®® showed that the posterior displacement of the lamina
cribrosa measured was significantly decreased after IOP was lowered after both
medical and surgical interventions. In addition, Belghith et al.®” demonstrated
changes in anterior lamina cribrosa surface depth are strongly associated with
changes in IOP over time.

ONH surface depth changes measured using CSLO have been shown to occur
before RNFL thinning.2¢% ONH surface depth can also be measured using OCT
and has been shown, along with lamina cribrosa surface depth to be displaced
anteriorly as well as posteriorly relative to the BMO and is related to age and
IOP.28

Although there is evidence that the anterior cribrosa surface depth and
ONH surface depth are associated with glaucoma damage, there is insufficient
evidence that these measurements are clinically useful; large-scale studies are
necessary. Additional limitations to using anterior lamina cribrosa surface
depth for glaucoma management include: (1) limited visibility of anterior lamina
cribrosa surface due to insufficient signal penetration, shadowing of retinal blood
vessels and neuroretinal rim tissue obscuring visualization in some patients; (2)
strong association with 0P, race and age; and (3) lack of instrument software for
automated measurement. Limitations of using ONH surface depth for clinical
management of glaucoma include lack of instrument software for automated
measurement and its association with IOP and age.

1.5. Glaucoma diagnosis in eyes with myopia

Detecting RNFL defects, neuroretinal rim loss, and ONH deformation in eyes
with myopia is often challenging in clinical examination. The higher prevalence of
tilted disc and peripapillary atrophy in myopic eyes also renders digitial imaging
technologies less effective to measure the neuroretinal rim configuration and the
RNFL thickness. It has been consistently shown that the specificity for detection
of RNFL abnormalities is low in both time-domain and FD-OCT.**% This is in
part attributed to the fact that myopic eyes exhibit a different spatial distribution
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of the RNFL bundles and that the normative databases of most OCT instruments
do not have reference measurements obtained from eyes with moderate or high
myopia. The inferotemporal and superotemporal RNFL fiber bundles in myopic
eyes often converge towards the macula, rendering the RNFL at the superior and
inferior quadrants relatively thin compared with non-myopic eyes.® A recent
study indicates that the inclusion of a myopic normative database can significantly
improve the specificity of OCT for detection of RNFL abnormalities in eyes with
high myopia without compromising the sensitivity.*” Alternatively, documenting
progressive changes of the RNFL and the neuroretinal rim is also useful to make
the differential diagnosis of glaucoma.

1.6. ONH biomechanics

While I0OP is a major risk factor for glaucoma and IOP-lowering is the only
proven treatment for the disease, the mechanism of glaucomatous optic nerve
injury is not well understood. ONH biomechanics, which are the physical mani-
festations of the IOP force distribution in the tissues, are thought to be important
to glaucoma pathophysiology.®*® However, no studies to date have directly linked
ONH biomechanics to disease in human patients, or elucidated the pathways
through which 10P-induced mechanical strain damages the RGC axons as they
pass through the ONH. The ONH is of particular interest from a biomechanical
perspective because it is a weak spot within an otherwise strong corneo-scleral
envelope. The lamina cribrosa provides structural and functional support to the
RGC axons as they pass from the relatively high-pressure environment in the eye
to a low-pressure region in the retrobulbar cerebrospinal space.? To protect the
RGCs in this unique anatomic region, the lamina cribrosa in higher primates has
developed into a complex structure composed of a three-dimensional (3D) network
of flexible, load-bearing beams of connective tissue that encase the capillaries
feeding the laminar region. The peripapillary sclera provides the mechanical
boundary conditions for the ONH, in that forces and deformation are transmitted
to the lamina cribrosa through its insertion in the scleral canal wall. Hence, the
structural stiffness of the peripapillary sclera influences how the lamina deforms,
and the lamina and sclera act as a structural system to withstand [OP.5108.109
Axoplasmic transport blockade in the ONH has been associated with acute!®!
and chronic 10P elevations,**? which indicates that IOP and its mechanical effects
on the load-bearing tissues, vasculature,**1* and/or cells directly affects axonal
homeostasis.
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Early glaucomatous damage has not been rigorously studied in humans because
human cadaver eyes with well-characterized early damage are rare and definitive
glaucoma diagnosis in patients generally occurs after considerable damage has
occurred. There are several findings in the nonhuman primate (NHP) model of
glaucoma that yield evidence that biomechanical biomarkers may exist, however.
Following moderate experimental IOP elevations in NHPs, the following changes
in ONH and peripapillary scleral connective tissue architecture and material
properties have been described at the onset of confocal scanning laser tomog-
raphy-detected ONH surface change (clinical cupping): (1) enlargement and
elongation of the neural canal;**® (2) posterior deformation and thickening of the
lamina cribrosa;* (3) outward migration of the posterior lamina insertion point
and significant but less pronounced outward migration of the anterior lamina
insertion point;**’ (4) alterations in the elastic and viscoelastic material properties
of the peripapillary sclera’®% These data strongly support the notion that
connective tissue remodeling and new connective tissue synthesis are very active
in this early stage of the neuropathy, which may serve as future imaging-based
biomechanical biomarkers of disease. Furthermore, the lamina cribrosa migrates
posteriorly in the neural canal during glaucomatous progression in NHPs, and
that process starts early in the disease.*’

Ideally, glaucoma diagnostic techniques would identify the majority of patients
that require treatment early in the disease course and rule out glaucoma in suspects
that would not otherwise progress to vision loss. While these studies lend credence
to the notion that ONH biomechanics underlie a significant portion of glaucoma
etiology, the available data do not definitively link ONH biomechanical behavior
to glaucoma pathogenesis and progression. Hence, diagnosis of glaucoma based
on a biomechanical biomarker(s) has yet to be developed and proven in patients.
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Consensus statements

1. Functional testing is essential for the evaluation, staging and monitoring of
glaucoma.

Comment: Standard automated perimetry (SAP) is the reference standard for
all functional testing.

2. Clinical decisions should be made based on reliable visual field tests.
Comments: Visual field defects should be reproducible and/or should be
consistent with the location of the optic nerve defects.

The most important reliability criterion is the false positive rate.

3. Inthe presence of glaucomatous optic neuropathy, a Glaucoma Hemifield Test
(GHT) ‘outside normal limits’ in a reliable visual field indicates that glauco-
matous visual field loss is present.

Comment: For instruments not calculating a GHT, an abnormal (P < 5%)
pattern standard deviation (PSD) or square-root-loss variance (sLV) likely
have similar diagnostic value.

4. When glaucomatous optic neuropathy (GON) is suspected, a GHT criterion
of ‘outside normal limits’ or ‘borderline’ in a reliable visual field increases the
probability that an eye has glaucoma.

Comment: The level of probability for glaucoma depends on the presence
and magnitude of other risk factors for glaucoma (such as raised intraocular
pressure) and the quality of evidence that there is no GON.
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10.

Before a visual field defect can be confirmed as glaucomatous, retinal and
non-glaucomatous optic disc conditions should be excluded by a careful
examination of the retina and optic disc.

Comment: If the pattern of visual field loss suggests a neurological origin,
or if there is incongruity between the pattern of visual field loss and optic
disc and retinal nerve fiber layer appearance, then further investigation is
warranted (e.g., color vision testing, neuroimaging).

Standard white-on-white automated perimetry (SAP), with a fixed testing
matrix covering at least the central 24 degrees, is preferred for the diagnosis
of glaucomatous visual field loss.

Comments: Goldmann size Ill stimuli are conventionally used in most
automated perimeters in clinical practice for glaucoma diagnosis.

For more severe cases size V, increases the dynamic range and reduces
variability of test results.

Using the 10-2 strategy, in addition to the conventional 24-2 Humphrey grid,
can improve the detection of central functional loss.

Threshold algorithms are preferred over supra-threshold algorithms for
glaucoma diagnosis.

Comment: Supra-threshold algorithms can be helpful in cases of unreliable
results from threshold testing algorithms.

Neither short-wavelength automated perimetry (SWAP) nor frequency
doubling technology (FDT) perimetry have superior diagnostic precision to
SAP.

Comments: Patients should be followed consistently with same visual function
test and ideally one with statistical support for recognizing change.

The more diagnostic tests that are performed, the more likely it is that one will
be ‘outside normal limits’, therefore increasing the number of false positive
results.

Patients who are at risk for glaucoma and have normal standard automated
perimetry (SAP) should have their visual function monitored to detect deteri-
oration and hence establish a glaucoma diagnosis.

Comment: The earliest evidence for glaucoma may be functional or structural.
Therefore, both should be measured to ensure that the onset of glaucoma
damage is not overlooked.

Deterioration may be first detected by the glaucoma hemifield test (GHT) (or
summary parameters) or by trend analysis of measurements over time. Which
analysis is most sensitive varies between patients and so both should be done.
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11.

12.

13.

14.

15.

16.

17.

Comments: Progressive functional loss identified by SAP may be a generalized
reduction in visual field sensitivity alone, or focal loss alone, or a combination
of both.

If trend analysis indicates a change in VFI, MD or mean defect, then one
needs to exclude media opacity (e.g., cataract).

There only is weak evidence for the use of functional measurements other
than SAP to detect the earliest signs of deterioration.

Thereisalimitedrole for ERG testing in the routine diagnosis and management
of glaucoma.

Comment: PERG and PhNR testing are not substitutes for standard automated
perimetry (SAP), nor are they substitutes for optical coherence tomography
(OCT) imaging.

The classification of glaucomatous functional damage in stages of increasing
severity is a useful tool in the management of patients affected with chronic
glaucoma.

Comment: Staging provides a summary metric of disease severity which may
guide treatment decisions.

While staging systems may be clinically useful, no current staging system
shows all the information present in a visual field printout.

Comment: For instance, staging systems do not identify the location of
damage.

POAG-related functional impairment affects patients’ ability to perform
daily activities and also their well-being (vision-related quality of life). Worse
vision-related quality of life is associated with greater severity of the disease.
Comment: Vision-related quality of life may be assessed with question-
naires, by performance tasks (e.g., reading), event monitoring (e.g., falls) and
measures of behavior (e.g., GPS trackers).

Understanding how glaucoma and glaucoma treatment affects patients’
quality of life, and how this varies across the severity continuum, can have
practical value in the clinic. It can inform treatment choices and communica-
tion to patients of the implications of disease worsening.

The impact of glaucomatous visual field loss on vision-related function and
quality of life depends on the location of the defect in the field of vision and
the task involved.

Comment: risk of falling, eye-hand coordination and mobility may be most
affected by loss in the inferior hemifield, whereas reading may be more
affected by superior hemifield loss.
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18. Aspects of glaucoma other than visual field loss, such as reduced central
contrast sensitivity and acuity (in more advanced disease), may affect
vision-related function and quality of life.

Comment: Contrast sensitivity is more strongly associated with specific
aspects of reading performance than visual field measures.

2.1. Diagnosis based on Standard Automated Perimetry SAP 24-2
Andrew Anderson, Ryo Asaoka, Paolo Brusini, Joseph Caprioli, Jack Cioffi,
Stuart Gardiner

2.1.1. Diagnostic criteria in the presence of suspected (equivocal) glaucomatous
optic neuropathy (GON)

A variety of diagnostic criteria has been used in the literature for SAP visual
fields, and although some strategies are more common than others, no clear
consensus exists as to the best criterion. The quality of the studies assessing the
performance of diagnostic methods is also variable. Of the five studies assessing
the performance of SAP that met the inclusion criteria of a review by Burr et al.,!
only one study of the five met their criteria for higher quality studies (being Robin
et al.?). Scoring systems, appropriate for research purposes, to establish whether a
visual field defect is present, such as the Advanced Glaucoma Intervention Study
(AGIS) system, are likely too complex and time consuming for use in busy clinical
environments (see section on Scoring systems). The use of simplified methods is
therefore more appropriate.

Attempts to directly compare sensitivity and specificity values for SAP
diagnostic criteria reported in the literature is complicated by the fact that
different studies use different inclusion and exclusion criteria for study par-
ticipants. In particular, the use of criteria that tightly define glaucomatous and
control groups, and excludes participants failing to meet the criteria for either
group, tend to exaggerate the difference between groups and so elevate sensitivity
and specificity estimates;® the magnitude of this elevation is difficult to assess.
In particular, clinical studies typically exclude participants with cataract, other
diseases that may affect visual function, and may have very few participants over
80 years old, yet it is these very people who make up a considerable proportion
of patients seen clinically. The generalizability to clinical practice of such studies
is, therefore, limited. However, assessing the relative performance of methods
within a study is still informative. Katz et al.* performed such an assessment, and
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obtained the following results for those methods that do not require additional
calculation when using the HFA perimeter (Table 1). For comparison, results
obtained using the AGIS classification for identifying a visual field defect (which
seeks clusters of depressed points in three subdivisions of the visual field) are also
included.

Overall, this analysis found little difference between methods, aside from a
trade-off between sensitivity and specificity. Combination of methods (e.g.,
abnormal CPSD or GHT) only slightly increased sensitivity, at the expense of a
lowered specificity. Of note is that the CPSD is no longer a feature of the analysis
provided by SITA visual fields, and that confidence intervals for their sensitivity/
specificity values were not provided. For comparison, Robin et al.? performed a
community-based assessment of glaucoma detection and found the sensitivity and
specificity for glaucoma identification with AGIS scores (score > 1) of 90 and 58,
respectively, giving a positive predictive value of 14% and a negative predictive
value of 99%. This somewhat lower performance than that seen in Table 1 likely
reflects that the well-defined glaucoma and control groups in Katz et al.* may
have resulted in an overestimation of diagnostic performance. That Katz et al.*
used the presence of a visual field defect on manual perimetry in their definition
of glaucoma likely also overestimated the absolute diagnostic performance of
perimetry for detecting glaucoma.

No single index can reliably detect all glaucomatous defects. Asaoka et al.®
compared visual fields from pre-perimetric GON eyes (i.e., not satisfying the
commonly used Anderson-Patella criteria for visual field loss) to healthy eyes and
found significant sensitivity loss was present, particularly in the nasal step and
Bjerrum areas. This suggests it is useful to carefully evaluate the visual field test
result, considering the structural damage and how it likely relates to functional

Table 1. Comparison of different criteria for diagnosing visual field defects on the Humphrey
Field Analyzer, taken from Katz et al.* Only the situation when visual field results are considered
reliable is considered.

Method Sensitivity Specificity
MD, P < 5% 81 92
MD, P < 1% 70 98
CPSD, P < 5% 96 90
CPSD, P< 1% 79 97
GHT (‘outside normal limits’ only) 97 86
GHT (‘outside normal limits’ or borderline) | 99 84
AGIS 96 78
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loss, even in pre-perimetric eyes. Whilst such assessment is likely appropriate
when performed by highly trained glaucoma specialists, it is not clear that such
an assessment will result in a diagnostic performance better — or even comparable
to — that seen by simple statistical indices when performed by eye care clinicians
without specialist glaucoma training.

Recommendation
Overall, when using the HFA, the simplicity of the GHT —both in terms of its plain
language reporting, and that it requires no calculation — recommends its use as the
primary diagnostic index for the presence of a glaucomatous visual field defect in
clinical settings. Where GON is suspected, a GHT criterion of ‘outside normal
limits’ or ‘borderline’ is recommended for providing additional evidence that
aperson has glaucoma,® with ‘outside normal limits’ providing stronger evidence
than ‘borderline’. This criterion is appropriate to maximize sensitivity rather than
specificity, although it is noted that only limited differences were found by Katz
et al.* between GHT criteria (outside normal limits £ borderline). Where GON
is suspected, only a GHT criterion of ‘outside normal limits’ is recommended
for establishing that a visual field defect is present (i.€., a ‘borderline’ result is
insufficient).

In all circumstances it should first be established that the visual field agrees
with additional information. This agreement should be:

i. that any loss in the visual field is in the hemifield predicted by the GON or,
when this is not the case;

ii. that on a subsequent visual field examination, the GHT classification is
confirmed and any loss is in the same hemifield as the original visual field.

The above criteria should only be applied to those visual fields judged to be
reliable, which includes an examination of maps of deviation from normal so that
any irregularities or artifacts can be assessed.

Before a visual field defect can be confirmed as glaucomatous, retinal
conditions should be excluded by a careful examination of the fundus and optic
nerve conditions (e.g., disc drusen) should be excluded by a careful examination
of the optic disc. If the pattern of visual field loss suggests a neurological origin,
or if there is incongruity between the pattern of visual field loss and optic disc and
retinal nerve fiber layer appearance, then further investigation is warranted (e.g.,
color vision testing, neuroimaging).
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For instruments where the GHT or its equivalent is not calculated, an abnormal
(p < 5%) PSD or equivalent (e.g., square root of the loss variance, sLV) will likely
give a similar diagnostic performance based on the findings of Katz et al.* using
the related index CPSD. As above, visual fields must be reliable and defects show
appropriate agreement with other information.

No single index can detect all glaucomatous visual field defects. Whilst
glaucoma specialists performing a visual evaluation of a visual field test result may
have a diagnostic accuracy that exceeds visual field statistical indices, including
that of the GHT recommended above, there is insufficient evidence to establish
that this is the case for eye care clinicians without specialist glaucoma training.

2.1.2. Diagnostic criteria in the absence of glaucomatous optic neuropathy (GON)

Perimetric assessment is important for the diagnosis of glaucoma, even in the
absence of suspected GON. For example, in a population screening in Australia’
49% of those with previously undiagnosed glaucoma had seen an optometrist
or ophthalmologist in the previous year. Almost all previously undiagnosed
cases (97%) had visual field defects. A statistically significant factor separating
previously diagnosed and previously undiagnosed glaucoma was the presence of
a visual field defect, suggesting a bias towards the use of structural information
in clinical diagnosis. Given that perimetry is typically performed if clinically
indicated and that such indications are commonly based on assessments of
structure (e.g., suspicious optic nerve heads), this bias likely reflects, at least in
part, the way in which testing for glaucoma is usually performed, rather than
indicating that structure necessarily provides superior information for diagnosis.
Such a bias towards structure assessment may also exist in the selection of par-
ticipants for research studies evaluating glaucoma diagnostic tests; although a
structure reference is appropriate when evaluating the relative performance of
various perimetric tests, the absolute performance of perimetric tests is likely
underestimated because glaucomatous eyes with abnormal perimetry, but
structural measures within the normal range, are not included.

Recommendation

When GON is not suspected, only a GHT criterion of ‘outside normal limits’ is
recommended for providing evidence that a person has glaucoma (i.e., a classi-
fication of ‘borderline’ is insufficient), in order to minimize false-positive calls?).
Similarly, only a GHT criterion of ‘outside normal limits’ is recommended



28

for establishing that a visual field defect is present. The level of probability
for glaucoma depends on the presence and magnitude of other risk factors for
glaucoma (such as raised intraocular pressure) and the quality of evidence that
there is no GON.

All other recommendations are as given above for when GON is suspected,
including those regarding the need for visual field results to be both reliable and
in agreement with other information. As GON is not suspected, agreement with
optic nerve assessment findings is not possible. Therefore, performance of a
subsequent visual field is mandatory, with agreement established by ensuring the
GHT classification is confirmed and that any loss is in the same hemifield as in
the original visual field.

2.1.3. Criteria in the presence of clinically certain GON

When the presence of GON is clinically certain, it is likely that most clinicians
will have already made a diagnosis of glaucoma on this finding alone. Conse-
quently, criteria regarding the presence or absence of a visual field defect are not
primarily for the diagnosis of glaucoma per se but for whether a significant visual
field defect accompanies the glaucoma.

Recommendation

When GON is clinically certain, only a GHT criterion of ‘outside normal limits’

is recommended for establishing that a visual field defect is also present (i.e.,

a classification of ‘borderline’ is insufficient). A GHT of ‘borderline’ raises the

probability that glaucomatous visual field loss is present, with structure/function

concordance and repeatable defects resulting in higher probability. All other rec-

ommendations are as given above for when GON is suspected, including those

regarding the need for visual field results to be both reliable and in agreement with

other information. This agreement should be:

i. that any loss in the visual field is in the hemifield predicted by the GON or,
when this is not the case;

ii. that on a subsequent visual field examination, the GHT classification is
confirmed and any loss is in the same hemifield as the original visual field.
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2.2. Alternative Standard Automated Perimetry Algorithms
Gustavo de Moraes, Allison Maree Mckendrick

2.2.1. Research Needs

1. Improvements to perimetric test strategies have been proposed based on
computer simulation studies, including changes to stimulus test locations and
thresholding algorithms. These now need validation in clinical practice with
a diversity of patients.

2. The role of customizing visual field test algorithms for individuals (based
on their prior results, anatomical features, or disease status) requires further
research.

3. The ability to incorporate additional test points in the superior macular region
in clinical instrumentation with easy user interface and analysis tools is
required to facilitate evaluation.

4. Given the high test-retest variability for locations with marked visual field
damage (sensitivity < approximately 15 dB), further assessment of the benefits
of attempting to threshold these locations (relative to testing new locations)
is required.

5. Further investigation of the pros and cons of varying the size of visual field
stimuli with eccentricity is required, in particular with respect to maintaining
a constant size relationship with respect to Ricco’s area (the stimulus size that
limits complete spatial summation for any given location). This work requires
consideration of individual differences, including variations to stimulus size
in retinal space that arise due variation in axial length (especially in myopia).

6. Current research suggests that the detection of visual field damage may be
assisted by changing stimulus size, or test pattern location, and that further
benefits could be achieved if such factors varied on an individual patient
basis. Such an approach requires novel analytical methods to be developed
for the subsequent determination of progression of damage, if the visual field
test applied to the patient varies with time.

One of the limitations of standard automated perimetry (SAP) is the increase
in variability of test locations as defects become deeper.® Some of the existing
perimetric testing algorithms are: (1) the Full-Threshold visual field test with 4-2-1
bracketing strategy; (2) the Swedish Interactive Testing Algorithm (SITA)\;° (3)
the German Adaptive Thresholding Estimation;'® and (4) the Zippy Estimation by
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Sequential Testing (ZEST).!* The performance of all these algorithms is limited
by the increase in variability with disease worsening, whilst at the same time they
need to maintain a short test duration so that the reliability is not compromised
by fatigue.2

Detailed experiments of the likelihood of responding to particular stimulus
intensities at a retinal location (measured with frequency-of-seeing (FOS) curves
which are sigmoidal in shape) demonstrate the range of stimulus intensities over
which an observer’s probability of response shifts from being highly likely to
highly unlikely is wider in areas of visual field damage (in other words, predict-
ability of responses to a given stimulus intensity is reduced in areas of visual field
with relative scotoma).® To illustrate, the following is an abridged description of
how the fundamental visual perceptual responses described by the FOS curve
slope influence the probability an individual responds to perimetric stimuli and
therefore perimetric threshold algorithm performance. Automated perimetry
typically uses a 3.5 log unit (35 dB) range of stimulus contrasts to assess function
within the visual field. While an eye is being tested, the algorithm will test and
retest each location many times, either increasing stimulus intensity (if not seen) or
reducing intensity (if seen), with many algorithms (e.g., Full Threshold, or SITA:
Carl Zeiss Meditec, Inc.) using a fixed interval (step size), until it converges to
the threshold sensitivity. Let us consider two hypothetical locations, one initially
tested at 10 dB and another tested at 25 dB. At both of these locations, the patient
does not respond (a ‘not seen’ response). For a location that has a true threshold
of 10 dB (with greater variability: standard deviation of the cumulative Gaussian
used to describe their sigmoidal FOS of 5 dB), if the stimulus is shown at 10 dB,
the subject has a 50% chance of seeing it. If shown 5 dB brighter, at 5 dB (one
standard deviation greater than 10 dB), they have about a 68% chance of seeing
it. At another, more sensitive, location, with a true threshold of 25 dB (and low
variability: a standard deviation of FOS of 1 dB), if the stimulus is shown at 25 dB,
the subject has a 50% chance of seeing it. However, if the same 5 dB increment
is applied (to at stimulus intensity of 20 dB) the subject now has close to a 100%
chance of seeing it. These steps, based upon fixed increments or decrements of
sensitivity (i.e., not taking into account the variability in response probability as
a function of sensitivity), can be problematic as it increases the time to converge
to the threshold sensitivity at that location and increases the chance of erroneous
threshold estimates being returned. As an attempt to overcome this challenge,
Gardiner proposed a variability-adjusted algorithm.* Such an algorithm instead
scales the step-size (increment or decrement of intensity for the next stimulus
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presentation) for each location based on the likely FOS curve standard deviation
(variability of response probability). This likely FOS curve is determined from
previous descriptions of FOS as a function of perimetric sensitivity,® and is
estimated on a trial-by-trial basis depending on the subjects response to a given
stimulus. In short, as the stimulus intensity increases (because the subject has
not seen the stimulus), the step-size of the algorithm also increases to account
for increased response variability in areas of visual field damage. Therefore, the
algorithm should perform more efficiently when measuring locations with low
sensitivities. Added to that, customized algorithms, such as variability-adjusted
algorithms, would spend less time testing areas with sensitivities below 15 dB as
these areas tend to provide less reliable information.®

Another alternative is to modify the stimulus size. Goldmann isopter Il1-4e is
the most widely used stimulus size in automated perimetry and is also used for
legal definitions of blindness. It consists of a target of 0.43 degrees of visual angle
with a luminance of 318 cd/m? (1,000 apostilbs). Perimetric contrast sensitivity
is known to increase with stimulus size in both normal and diseased eyes. It
has been proposed that use of a size V-4e (1.8 degrees of visual angle) stimulus
reduces variability, allowing reliable visual field testing to be performed later
into the disease process.’®® One reason for this is that test-retest variability is
lower in areas with abnormal sensitivity when a size V stimulus is used.’® Also,
size-V stimuli have a greater effective dynamic range than size 111 and have about
twice as many discriminable steps. Regarding the dynamic range, the number
of steps from normal to blind in SAP is determined by the test-retest variability
and the stimulus brightness range. SAP size 11 has four discriminable steps for
progression with a floor around 15-19 dB, below which the reliability of responses
becomes compromised, as previously discussed. Investigators who compared the
dynamic ranges of different tests and stimulus sizes found that SAP size V has
as many as eight discriminable steps for progression and a floor around 4-8 dB.*®
In other words, once patients progress to very low sensitivities with convention-
al SAP size 111, switching to size V could help monitoring changes for a longer
period with sustained reliability.

Inanother study, the investigators found no evidence that use of asize-V stimulus
significantly decreased the lower limit of the reliable stimulus range beyond 15
to 19 dB.X However, using a size-V stimulus resulted in a higher sensitivity at
the same location. For instance, a test location that reached a sensitivity value of
15 dB with size I11 may reveal a sensitivity of 20 dB when tested with a size V
stimulus. This higher sensitivity means that a location will not reach the lower
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limit of reliable testing until later in the disease process, resulting in more reliable
and less variable estimates of sensitivity at damaged visual field locations.

In an ideal scenario, algorithms should automatically make this modification
during testing when an area of very depressed sensitivities is identified (or based
on previous test results). The Heidelberg Edge Perimeter (HEP) allows the use
of a Goldmann size 111 target for the 40 dB to 16 dB range, whereas from 15 dB
to 0 dB, the stimulus size is increased following the Goldmann equation to give
perceptual equivalence. For perimeters which do not employ this algorithm, one
alternative approach could be to alternate stimulus sizes between test days. The
limitation, however, is that progression analyses can only be done by comparing
tests with the same stimulus size; thus, the number of tests available for automated
progression analysis would decrease (or the time of follow-up would need to be
increased).

Alternatively, Khuu and Kalloniatis®® attempted to establish Ricco’s critical
area (Ac) at all visual field testing locations of the 30-2 visual field to identify
Goldmann test sizes that are within or outside complete spatial summation By
doing so, they suggested that it is possible to systematically determine threshold
changes across the visual field locations and further characterize the importance
of testing within the area of complete spatial summation in SAP.

Another method to modify testing algorithms is to increase the density of test
points based upon eccentricity. Once functional damage threatens or affects the
central 10 degrees of the visual field, the 24-2 (or 30-2) grid becomes less able
to detect abnormalities and monitor changes. With a 6-degree distance between
test locations (and 3 degrees from the horizontal and vertical meridians) the total
number of points tested within the central 9 degrees is only 4 (plus the foveal
sensitivity). This relatively small visual field area encompasses approximately
30% of the ganglion cells of the entire retina® and corresponds to over 60% of
the visual cortex.?? By changing the testing strategy to a 10-2 grid, one can now
test 68 test points in the central 10 degrees, each separated by 2 degrees (1 degree
from the horizontal and vertical meridians) and thus better assess the presence
and progression of paracentral damage (Fig. 1).22

This relatively poor sampling of the central field would be of little concern if
glaucoma did not affect the macular region or, for that matter, if initial glauco-
matous damage always occurred outside the central macula region. However, it
has been clear for at least 30 years that early, and even initial, macular defects
occur in some patients.?> More recently, it has been shown that among eyes with
normal 24-2 hemifields, 16% can actually be classified as abnormal when tested
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Fig. 1. Comparison of number and distance between tested locations using the A) 24-2 vs. B) 10-2
grids.

with 10-2 algorithm. Thus, 10-2 testing is useful in patents reporting symptoms
suggesting central visual field loss, those with structural damage that relates ana-
tomically to the central visual field and those with advanced glaucoma and only
central visual field preservation.

Figure 2 depicts an example of how increasing the density of test points with
10-2 improves detection of central damage compared to conventional 24-2
strategy. Despite a total deviation plot with sensitivities between -2 and -5 dB in
the central 24-2 field (top figure), a defect seen in the 10-2 (bottom) of the same
eye, tested on the same day, falls between the locations tested with the conven-
tional grid (6 degrees apart). This defect would have been overlooked if a 10-2
tests had not been performed and the eye would have been classified as normal
or suspect.

Alternatively, it has been shown that adding four points from the 10-2 test
pattern to the 24-2 test pattern significantly improved its ability to detect macular
defects without employing more test points than a single 10-2 test.? In another
study, Chen et al.?” employed data collected with a different visual field test
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Fig. 2. Right eye of a glaucoma patient with 24-2 and 10-2 tests performed on the same day. Total
deviation (left) and greyscale graphs (right). Top: 24-2; the square outlines the central 10 degrees.
Bottom: 10-2: the dots correspond to the locations of the 24-2 test points. The arrow shows a
superior arcuate defect, the limits of which are outlined in red. (Courtesy of Donald C. Hood, PhD.)

pattern (Medmont perimeter, Central Threshold Test) to determine whether the
same additional paracentral test locations are supported as the most informative
regarding the detection of visual field loss. They found that adding a pair of
locations to the superior macular region of the Humphrey 24-2 pattern increases
the number of abnormal locations identified in individuals with glaucoma. Man-
ufacturers should take this into consideration when developing future testing
algorithms, as they can help to detect and monitor central damage while keeping
the same platform (e.g., 24-2 SITA) for analysis of progression of the conventional
54 test locations.

Other approaches to increase the spatial resolution of visual field tests have been
examined, some of which are not yet available for clinical use. For instance, the
Spatially Adaptive Program (SAPRO) tests locations at resolutions of 3.2°, 1.6°,
and 0.8°.2%2° Nonetheless, the long test duration of SAPRO was a major limitation
of this procedure, where 236 presentations were required to examine a 15° field
with a 3.2° grid. The scotoma-oriented perimetry (SCOPE) requires a clinician
to select more points to test within a region of interest, often attributable to the
retinal nerve fiber bundle defect suspected by the examiner. One study found it
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particularly useful to detect loss in the immediate paracentral area, especially the
upper hemifield, in many eyes otherwise deemed to have only mild glaucomatous
visual field loss (Fig. 3).%°

Clearly, adding additional locations to the current 24-2 or 30-2 test patterns
would increase test time. Consequently, it is worth considering whether all the
locations in the 24-2 test pattern are indeed informative. Wang et al.* determined
the positive predictive value of each location in the 24-2 test pattern for the
detection of glaucomatous visual field loss. The authors found that 95% of visual
field defects could be identified with only 30 of the standard 52 test locations,
and that only 43 test locations were required to detect all the visual field defects
in the database. Asaoka et al.®2 have similarly shown that a test grid of only 40
points, chosen to sample the visual field more evenly in the context of the spatial
distribution of retinal nerve fiber layer within the retina, can show an improved
relationship to structural loss relative to the standard grid based pattern.

Another option, still in the experimental phase, is the gradient-orient-
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Fig. 3. Threshold-estimating static perimetry with regional stimulus condensation in the superior
paracentral visual field clearly demarcates a circumscribed paracentral small retinal nerve fiber-re-
lated scotoma corresponding to a previous splinter hemorrhage shown in the (inset) optic disc
photograph (the optic disc is turned upside down). Circles: rectangular 6° x 6° grid. (B) In the
corresponding Humphrey 30-2 visual field, only one pathologic location was detected within the
paracentral nasal superior quadrant.*
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ed automated natural neighbor approach (GOANNA). It begins with a pool of
possible test locations (determined in part by the subset of test locations in the
24-2 pattern with highest predictive value for glaucomatous visual field damage
described above,® and autonomously selects stimulus locations during a visual
field test.® The locations are chosen so regions surrounding scotoma borders
receive increased spatial resolution, without increasing test times. It was shown
to improve precision (degree of test-retest variability) and accuracy (difference
between the true threshold and the measured threshold) of threshold estimates,
while maintaining efficiency (number of presentations) compared with current
approaches.
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2.3. Alternative Perimetry
Christopher Bowd, Francisco Javier Gofii, Chris A. Johnson, Chota Matsumoto

2.3.1. Research Needs

1. High-quality research studies, with the appropriate reference test for the
diagnosis of glaucoma, are required to evaluate the relative diagnostic
precision and accuracy of perimetry tests.

Comment: a structural reference standard, or evidence of progressive damage,
is required for perimetry test comparisons.

2. All perimetry tests exhibit marked between-subject and test-retest variability;
studies evaluating alternative perimetry should address the signal-to-noise
ratio of the tests relative to SAP.

2.3.2. Background

The human eye is able to discriminate certain features associated with light
perception including luminosity, contrast and color, as well as dynamic charac-
teristics such as spatial and temporal changes. Glaucoma may affect any or all of
these at the different stages of the disease. The visual field can be examined with
various methods to test different aspects of visual function. Currently, the most
widely used technique is Standard Automated Perimetry (SAP), but other methods
have been described, mainly for early glaucoma diagnosis, and are referred to as
non-conventional or Alternative Perimetry (AP). These methods aim to detect
functional loss by using a range of chromatic, contrast, static and dynamic stimuli
alone or in combination.

2.3.3. Most common types of AP

1. Short-Wave Automated Perimetry (SWAP)

SWAP is a visual field test procedure that is designed to isolate and measure
the visual pathway mechanisms that are maximally sensitive to short wavelength
(blue) light. This is accomplished by superimposing a large (Goldmann Size
V) short wavelength (blue) target on a bright (100 candelas per meter squared)
yellow background. The bright yellow background decreases the sensitivity of
the middle (green) and long (red) wavelength mechanisms. Several studies have
demonstrated that SWAP is able to detect glaucomatous and neuro-ophthalmo-
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logic visual field loss in eyes with standard white-on-white automated perimetry
(SAP) within normal limits, demonstrates deficits that are larger than for SAP,
and identifies progression earlier than SAP.3*0 Optimal test procedures have
also been determined.”* However, other studies from independent laboratories
have reported that SWAP is not able to detect glaucomatous visual field loss or
progression any better than SAP.42-44

2. Frequency Doubling Technology (FDT) & Humphrey Matrix FDT
Perimetry

The presentation of a low spatial frequency sinusoidal grating (less than two
cycles per degree of visual angle) at a high rate of counterphase alternation
(flicker) of greater than 15 Hertz (cycles per second) produces the appearance
of approximately twice as many light and dark bars than are physically present.
This has resulted in the phenomenon being referred to as the frequency doubling
effect. A device for evaluation of visual field loss produced by glaucoma and other
ocular and neurologic diseases was developed and referred to as the frequency
doubling technology (FDT) perimeter. It presents 10 degree by 10 degree targets
at 19 locations throughout the central 30 degree (radius) visual field that had a
spatial frequency of 0.25 cycles per degree and flickered at 25 Hertz. The contrast
of the targets is altered to determine the minimum contrast needed to detect the
FDT target from a uniform background. A second generation device, known as
the Humphrey Matrix, was subsequently developed that reduced the size of the
targets (5 degrees by 5 degrees) to provide additional features as well as the ability
to test up to 68 locations to allow tests to be performed with the 30-2, 24-2,
10-2 and macula stimulus configurations. To accomplish this, the target’s spatial
frequency was increased to 0.5 cycles per degree and the temporal frequency
was reduced to 18 Hertz. Both devices have normative databases and statistical
analysis packages, and have been reported to be useful in detecting and following
visual field loss from glaucoma and other ocular and neurological diseases.®*
FDT perimetry has similar diagnostic precision as SAP for the identification of
glaucoma.*

3. Flicker Perimetry

Flicker perimetry consists of presentation of a target the luminance of which is
alternated from light to dark for a particular temporal frequency. Currently, there
are four different forms of flicker perimetry: (1) determination of the highest rate
of flicker that can be detected for a high contrast target (Critical flicker frequency
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or CFF); (2) evaluation of the minimum amount of contrast needed to detect
flicker for a specified temporal frequency (temporal modulation perimetry); (3)
measurement of the minimum luminance of a background pedestal to detect a
flickering target superimposed on the background pedestal (luminance pedestal
flicker); and (4) determination of the minimum amount of contrast of a group
of flickering dots 180 degrees out of phase with a larger group of dots (flick-
er-defined form, as performed on the Heidelberg Edge Perimeter [HEP]).5%*
Each of the flicker procedures has its particular advantages and disadvantages,
but all have been shown to be effective in early detection of visual field loss.%
Luminance pedestal flicker can produce confusion for elderly patients with visual
impairment who confuse onset of a steady target versus with perceived flicker,
thereby producing response errors. A comparison of CFF perimetry and temporal
modulation perimetry was performed in a group of glaucoma patients, and it
was found that temporal modulation perimetry has modestly better performance
(greater area under the Receiver Operating Curve for distinguishing healthy
normal controls from glaucoma patients) than CFF perimetry.>? One advantage of
flicker perimetry is that it is not affected by refractive error or optical aberrations
as much as other forms of perimetric testing.>’

4. Flicker-Defined Form Perimetry (Heidelberg Edge Perimetry, HEP)
The method uses a contrast, flicker-defined form stimulus that produces an
illusionary edge perceived at the border of two random dot areas that modulate in
counter-phase at a high temporal frequency of 15 Hz, and an adaptive staircase
thresholding algorithm (ASTA) strategy.>*58-60

HEP dynamic range is lower than SAP.5! Hence this technique is limited to
early glaucoma diagnosis. Learning and fatigue effects have been reported in
healthy subjects.5

Studies performed with ocular hypertensives, glaucoma suspects and early
glaucoma patients have reported that HEP may identify visual field loss in subjects
with normal SAP.5-%* However, such study design does not allow for the detection
of abnormal SAP in subjects with normal HEP. In one report including ocular
hypertensives and glaucoma patients diagnosed only by optic disc appearance,
and healthy subjects required to have normal SAP, HEP results were classified
as abnormal in more glaucoma patients than SAP. Findings support a higher
sensitivity of HEP to detect functional damage than SAP when concurrently
abnormal spectral domain optical coherence tomography (SDOCT) retinal nerve
fiber layer thickness (RNFLT) measurements are found, although specificity was
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not reported.®! In another study, HEP had significant correlations with structural
parameters measured with Heidelberg retinal tomography (HRT) in glaucoma-
tous and healthy eyes.%

HEP sensitivity appears to be comparable to FDT and RNFLT measured with
SDOCT in early glaucoma at a fixed specificity level, according to one study.®

5. Kinetic Perimetry

Kinetic perimetry uses test targets that are fixed in size and luminance. They
are moved from non-seeing areas into seeing portions of the visual field, and the
limits of the visual field are mapped using different size and luminance target
combinations. The Goldmann perimeter is a common device for kinetic perimetry
(note that the original Haag-Streit Goldmann perimeter is no longer being man-
ufactured, but compatible devices are available) and some automated perimeters
have a computer-assisted semi-automated Kinetic program.

The advantages of kinetic perimetry include that (1) the full extent of the visual
field can be tested with the same strategy in a short time; (2) it is useful for mapping
the shape and pattern of visual field defects; (3) it is useful for advanced stages
of diseases and subjects with poor acuity;*® (4) it is acceptable for children,®"®
elderly and unreliable subjects; (5) it may identify peripheral defects in 4-10% of
glaucoma patients with a normal central field;"8 (6) it is useful for assessment of
the quality of vision required for driving.”

The disadvantages of manual kinetic perimetry include that (1) it requires a
highly-trained perimetrist; (2) reproducibility is poor among examiners and insti-
tutions;®® and (3) it does not provide numerical data for comparison.

Recently, computer-assisted semi-automated kinetic perimetry has become
available for Octopus perimeters and several other automated perimeters. Compat-
ibility with the Goldmann perimeter®2 and basic studies for Kinetic approaches,
such as learning and fatigue effects, and the effects of stimulus velocity and target
size and of pupil size, stray light and defocus, have been reported using semi-au-
tomated Kinetic methods.®*® In some automated perimeters, the peripheral visual
field limits that can be tested are not compatible with the original Goldmann
perimeter.

Additional advantages of semi-automated kinetic perimetry are (1) target
speed is exactly controlled by the perimeter; (2) isopter area is automatically
calculated and quantitative analysis is available; (3) age-matched normal values
are provided; (4) the patient’s reaction time is measured to adjust the responses to
obtain more accurate and reproducible results;**¢ and (5) all kinetic procedures
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can be recorded and used for the next examination.

However, there are still limitations of semi-automated Kinetic perimetry.
The results are still dependent on the examiners’ skill. Several computer-based
simulation studies and new, fully automated kinetic algorithms have been
reported.-97° Furthermore, the kinetic approach is a time consuming strategy
especially in the central 30-degree visual field if the detailed shape of a scotoma
is needed. It was reported that a combination of central static perimetry and
peripheral kinetic perimetry appears to be one of the practical approaches to this
issue.99100

6. Motion Perimetry

The ability to detect motion is a prominent attribute of visual function, especially
in the periphery. There are generally two forms of motion perimetry testing that
have been introduced: (1) determination of the minimum displacement of a single
target needed to detection motion (displacement threshold perimetry); and (2)
assessment of the motion or direction of a subset of dots within a larger group of
stationary or randomly moving dots (motion coherence thresholds) .17 Motion
perimetry is a robust visual function that is relatively unaffected by refractive
error, contrast, background luminance and many other factors, which makes it par-
ticularly suitable for clinical testing.’® Motion perimetry is an effective procedure
for glaucoma detection,*% and is a preferred procedure by most patients.

7. Pulsar Perimetry

This method combines contrast and spatial resolution stimuli, either moving or
pulsed. The standard characteristics used in glaucoma diagnosis include white
light, temporal modulation at 30 Hz in phase and counter-phase, namely T30W,
and a tendency oriented perimetry (TOP) strategy.!** The unit of measurement is
the ‘src’, derived from its capacity to measure spatial resolution (sr) and contrast
©.

Pulsar peripheral and central dynamic ranges have been reported as narrower
and comparable to SAP, respectively**1** Fluctuations are lower than SAP.
Learning effects appear to be not significant in patients with previous SAP
experience. 1314

Pulsar perimetry has been focused mainly on the detection of early glauco-
matous functional loss. Studies performed with Pulsar in ocular hypertensives,
glaucoma suspects and early glaucoma patients have suggested this method can
be useful to detect early functional loss.1*>1#
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Pulsar sensitivity has been reported to be better than FDT in early glaucoma
in one study™® and comparable to detect functional loss at a fixed specificity level
than FDT and rarebit perimetry in another study.!?

8. Rarebit Perimetry

Rarebit perimetry is a test procedure that presents small bright (supra-threshold)
targets on a dark background that are displayed on a calibrated computer monitor.
The observer’s task is to determine whether there were zero, one or two dots
that were presented simultaneously on the display screen and to click a mouse
button zero, one or two times to indicate the number of targets seen. A variety
of different patterns is available for evaluation of the central 30-degree radius
visual field or the macular region. By using a combination of various dot config-
urations, Rarebit perimetry attempts to provide fine detail mapping of visual field
detection of the targets by calculating the hit rate for each location tested. It has
been reported to be useful in identifying visual field loss in glaucoma and other
retinal and optic nerve diseases, it can be implemented on any PC, and it may be

useful in identifying heterogeneous or ‘patchy’ visual field loss.?11%

9. Size Threshold Perimetry
The use of the Goldmann perimeter for performing kinetic perimetry was
instrumental in establishing target size as an important variable in visual field
testing. However, with the advent of SAP, the use of a fixed target size (typically
a Goldmann Size III, but sometimes a size V for cases of advanced visual field
loss) became standard. The Heidelberg Edge Perimeter (HEP) varies the target
size according to the visual field eccentricity of the target (large targets for more
peripheral locations),* and recent studies have introduced varying target size as
a means of altering target visibility.!? Recent reports indicate that this procedure
is as effective as conventional SAP testing, and is often preferred by patients as a
diagnostic test procedure.1?

All perimetry tests exhibit marked between-subject and test-retest variability;
studies evaluating alternative perimetry are more informative if the signal-to-
noise ratio of the tests relative to SAP is reported.}?®
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2.4. Progression analysis for diagnosis
Andrew McNaught, Stuart Gardiner, David Garway-Heath

2.4.1. Research needs

Further research would be valuable to identify the optimal statistical analysis of
both structure and function in early glaucoma, probably using novel statistical
approaches, which exploit the valuable information available from both.

2.4.2. Use of SAP to detect functional glaucoma damage

Detection of the earliest functional glaucoma damage in patients at risk of
developing glaucoma is challenging, even in patients with already clear evidence
of structural glaucoma damage. The current standard for the detection of
functional damage is still standard automated perimetry (SAP). The HFA is
now a prevalent device in ophthalmology units: 99% of UK eye departments use
some form of automated perimetry, 78% having the HFA.*?” In a survey of UK
community optometrists,'?® the perimeter most frequently used was either one of
the Henson range of instruments (39%) or the Humphrey Field Analyser (22%).
The HFA is used by both general ophthalmologists, and has been extensively
used in research trials such as AGIS, CIGTS, EMGT, OHTS, as well as the more
recently completed UKGTS trial.**® There has been extensive research confirming
the value of SAP, mainly using the HFA, Octopus, or Henson perimeters, in the
detection, and monitoring, of glaucomatous visual function progression: using
both ‘event’ and ‘trend’ analysis in the analysis of global indices, as well as
point-wise techniques.**

2.4.3. Alternatives to SAP to detect early evidence of deterioration in visual
function

A. Short-wavelength perimetry (SWAP)

This perimetry technique features a blue stimulus on yellow background. The
theoretical advantage underpinning this mode of visual function testing is
the relatively less dense matrix of blue cones serving the central visual field:
this ‘reduced redundancy’ may lead to earlier glaucomatous losses being
detectable using shorter wavelength stimuli. Research work by several groups
has highlighted higher long-term fluctuation than SAP, and probably more of a
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marked confounding effect of cataract. The higher long-term fluctuation char-
acteristic of SWAP theoretically reduces the appeal of SWAP in the detection
of VF progression. Reports have been published which suggest that SWAP is
able to detect glaucomatous progression prior to SAP. More recent work by Van
de Schoot et al.**! has not supported this: in a study of 416 ocular hypertensive
subjects, 24 eyes of 21 subjects showed conversion using SAP. Of these eyes, 22
did not show earlier conversion in SWAP than with SAP. SAP even demonstrat-
ed earlier conversion than SWAP in 15 cases. In only two eyes did SWAP show
earlier conversion by up to 18 months. SAP appears to be at least as sensitive to
functional conversion to glaucoma as SWAP in a large majority of eyes. SWAP is
now considered less valuable for the detection, and monitoring, of glaucomatous
progression.

B. Frequency-doubling technology (FDT) perimetry

This rapid visual function test was designed to exploit the frequency doubling
illusion. Early work has demonstrated a sensitivity of 85%, and a specificity of 90%
for the detection of ‘early glaucoma’ using the HFA as ‘gold-standard’**?> There
has been limited work to ascertain if FDT is suitable for detecting progression.
A recent study by Xin et al.**® enrolled 33 glaucoma patients (55 eyes). The
following tests were performed at two baseline and follow-up exams: FDT, 24-2
HVF, multi-focal visual evoked potentials, optical coherence tomography and ste-
reo-photographs. There was 21.1 (+ 1.8 months) follow-up. For HVF there were
significant changes in MD in eight (14.5%) eyes. For FDT, there were significant
changes in MD in 13 (23.6%) eyes. Only five eyes showed changes in MD for
both HVF and FDT. Each test showed progression in some eyes, but agreement
among tests on which eyes showed progression was poor. In a further study by
Fan et al.,®* in eyes with SAP within normal limits, of patients with OAG, FDT
detected visual field loss in almost two of every three of these eyes and also
predicted to some extent future visual field loss on SAP. However, a study has not
yet been performed looking at the predictive value of SAP in eyes with normal
FDT. A further study by Haymes et al.* compared the prevalence of functional
progression using SAP compared with FDT (C-20/N-30 programs) in 65 patients
who were followed for a median of 3.5 years (median number of examinations,
9). 32 (49%) patients were found to have progressing visual fields with FDT, and
32 (49%) patients with SAP. Only 16 (25%) patients showed progression with
both methods. There is only limited evidence, to date, guiding the use of FDT
perimeter in the early detection of glaucomatous progression. Meira-Freitas et
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al.% showed that the rate of change of FDT PSD was predictive of development
of a repeatable SAP defect among eyes that did not have such a defect at baseline,
even after accounting for the rate of SAP PSD change. They also suggested that
FDT PSD may have started to change sooner than SAP PSD among eyes that
subsequently progressed. However, the FDT Matrix has a more limited number of
possible sensitivity values (15 in total) than SAP, with large gaps between some of
the possibilities. So far, there is no convincing data suggesting a difference in the
ability of the SAP and FDT perimeters to measure progression.

C. Motion sensitivity
Motion sensitivity measures the sensitivity of the patient to a moving stimulus
within the central visual field. Tests of motion, lacking any resolution component,
constitute a ‘hyper-acuity’ test,’* and are more robust to the effects of cataract
and blur.® An early version of the test, which tested a single visual field location,
did show some potential value in the early detection of functional motion defects,
which preceded SAP defects with a sensitivity of 75%, and a specificity of 84%.1%
More recent work has described further development of a multi-location motion
sensitivity test,’® but there is no published work, as yet, describing use in the
monitoring of glaucoma progression.

There is currently insufficient evidence to recommend the use of motion
sensitivity in detecting early visual field progression.

2.4.4. Evidence to support use of progression analysis to detect function loss
prior to standard definitions of SAP functional damage

There is limited evidence exploring the potential for use of progression analysis
of series of SAP results in eyes considered at risk of developing functional loss,
but with no clear evidence of existing visual field loss, using generally accepted
visual field staging systems. It seems reasonable to suggest that if an eye initially
had sensitivities towards the upper end of the (quite wide) normal range, then
progression may be detectable before the sensitivity becomes outside normal limits
by any metric; however empirical evidence to support this proposition is lacking.
Scientific evidence supporting the common clinical practice of simply observing
the patient who is suspected of having glaucoma, (perhaps with risk factors, for
example, relatively high 0P, and a family history), but with equivocal structural
measurements, over time, to see if any evidence of progressive (functional) glau-
comatous damage can be established, would be useful to support this practice in
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those many cases of diagnostic uncertainty.

Two principal patient groups have been studied, which might reasonably be
expected to be at enhanced risk of visual field loss appearing, even if the initial
functional measurements fall within normal limits. The groups comprise ocular
hypertensive patients, and also patients with normal tension glaucoma (NTG)
considered at particular risk of developing visual field damage, i.e., the initially
normal fellow eyes of eyes with clear evidence of NTG in the fellow eye.

2.4.4.1. Ocular hypertensive patients (OHT)

A key study by Demirel et al.}® examining data from the Ocular Hypertension
Treatment Study (OHTS), considered the rate of decay in HFA mean deviation
(MD) across the participants in the OHTS study, broken down into groups defined
by the eventual clinical outcome, i.e., whether the eye developed a trial endpoint,
whether that endpoint was defined by visual field defect development with or
without a structural endpoint, and whether that patient was in the intervention or
non-intervention group. The mean and median rate of MD decay in the subgroups
Is summarized in Table 1 (reproduced from the original report): interestingly, but
perhaps not surprisingly, the rate of MD decay was faster in the subgroup that
eventually developed a visual field conversion endpoint, and more rapid yet in
the subgroup that developed both visual field and structural endpoints. Another
interesting finding was that in those eyes that developed any study endpoint (visual
field or structure) that signaled conversion to glaucoma, there was no significant
difference in the MD decay rate between those that were treated and those who
were in the non-intervention group.

Quoting from the authors: ‘Perhaps, the most striking finding from this study
was that the mean MDR in eyes with ocular hypertension, including those that
converted to POAG, was slow (—0.08 dB/y). At this rate it would take approxi-
mately three decades for a visual field to progress from the normal mean (MD
= 0 dB) to the 5th percentile of a healthy reference group (MD = —2.2 dB).” This
is an important observation, in that, if one was to use rate of MD decay in OHT
patients as a key indicator of impending development of a visual field defect which
would satisfy most definitions of damage, the fact that the rate of loss is quite
slow (when compared with the rate of loss found in other studies in glaucoma,
e.g., EMGT), might suggest that regression analysis of MD might not be of great
clinical utility as an ‘early warning sign’ in OHT. However, MDR was significant-
ly worse in those eyes that reached an endpoint (mean -0.26 dB/yr) than in those
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Table 2. Rates of change of Mean deviation (MDR) in dB/yr for different categories of eyes.

OHTS Classification N (eyes) Rate of 95% CL Mean | 2.5% | 97%
MD decay | about mean
(dBl/year)
mean
All eyes 2609 -0.08 -0.08 --0.07 |-0.5 -0.52 | 0.19
No POAG endpoint 2250 -0.05 -0.05--0.04 [-0.04 |-0.35 |0.20
All POAG (optic disc and/ | 359 -0.26 030--022 | -017 4131 o1
or VF change
POAG due to VF change |74 -0.29 -0.36--0.22 |-0.22 |-121 |0.07
only
POAG due to optic disc 158 -.012 -0.15--0.09 [-0.09 |-0.60 |0.13
change only
POAG due to either VF 232 -0.17 -0.20--0.14 |-0.12 |0.90 0.13
OR optic disc change
POAG due to both VF 127 -0.42 -0.50--0.34 | -0.27 |-1.98 |0.05
AND optic disc change
Randomized to 1302 -0.08 -0.10--0.07 | -0.05 |-0.55 |0.19
observation in OHTS
phase 1
Randomized to treatment | 1307 -0.07 -0.08--0.06 | -0.05 |[-0.46 |0.19
in OHTS phase 1

CI = Confidence interval; POAG = Primary open-angle glaucoma; VF = Visual field.

that did not (mean -0.05 dB/yr), suggesting that, while on average MD does not
change quickly, it may be useful for early identification of rapid progression. In
conclusion, as the authors argue convincingly in the manuscript, since the earliest
visual field defects are often, but not always, focal defects, the use of MD may not
be the most efficient use of the available visual field data: MD is especially good
at detecting a general fall in field sensitivity, but is less good at detecting focal
losses, which, by definition, will have little impact on the global index that is MD.

Addressing this point, a similar study, also using data from OHTS, by Artes et
al.* compared change probability analysis of MD decay versus similar analysis
of pattern standard deviation (PSD) decay in visual field data from 3088 eyes
of 1570 subjects who were enrolled in the OHTS. The authors also looked at
cross-sectional criteria for field progression, including the Glaucoma Hemifield
Test (GHT). The authors found that both cross-sectional and longitudinal analyses
of PSD were more conservative than analyses of MD, with a three- to five-fold
lower incidence of progression, whether measured using a cross-sectional, or
trend technique. Further work addressing early losses appearing in glaucoma
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suspects needs to be sensitive to both an overall decline in field sensitivity, as well
as focal field defects.

2.4.4.2. Initially functionally normal fellow eyes in NTG patients

There has been a small number of reports describing the natural history of
functional progression in the initially functionally normal fellow eyes of patients
with confirmed NTG in the other eye. One of the earliest reports was by Baez
et al.,*> who described the use of motion sensitivity testing to attempt to detect
focal functional loss prior to SAP abnormality. The motion sensitivity test showed
modest power to predict the subsequent development of a focal SAP defect in
initially functionally normal fellow eyes of NTG patients. An interesting
observation was the likelihood of visual field defect development in these initially
normal NTG fellow eyes: ‘In 22 of the 51 eyes (43%) with normal visual fields at
presentation, field deterioration occurred at one or more Humphrey locations
within a mean of 1.7 (SD 1.6) years.’

A much lower rate of visual field defect development was reported by Cho et
al.* in a similar study of initially normal NTG fellow eyes, namely 6%: ‘Among
six patients (12%) who had developed either RNFL defect or NRR notching, only
three patients (6%) developed VF loss in 1.81, 3.09, and 9.27 years.’

Finally, a study by Membrey et al.}*? demonstrated that 36.4% of initially
functionally normal NTG fellow eyes developed visual field progression using
point-wise linear regression analysis.

2.4.5. Discussion

Thereiscurrently onlyasmall evidence base to inform the usefulness of progression
analysis of SAP measurements to attempt to anticipate the development of a visual
field defect in an eye with an initially normal SAP result. SAP analysis techniques,
which could be used to deliver this potentially clinically useful tool, would have
to be sensitive to the development of both generalized and focal sensitivity loss.
Simply undertaking regression analysis of MD may not capture the earliest
progression of focal visual field loss. However, Artes et al.** showed that if focal
field loss alone is sought, the sensitivity for detecting early functional loss is much
lower, as some subjects converting from OHT to glaucoma will have general
reduction in visual field sensitivity as the sole functional indicator of conversion.
The evidence from NTG fellow eyes is less conclusive, but the evidence that is
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available suggests, in any case, that the risk of visual field defect appearance is
anything between 43%,° over approximately two years follow-up) and 6%,
over nine years), though this wide range no doubt also reflects differences in the
definition of visual field loss between studies.

The clinical need to reliably anticipate the development of the patients first
visual field defect is arguable: if the visual field results are equivocal, the clinician
always has complementary evidence from the structural measurements, i.e., the
presence or absence of ONH or RNFL damage. However, a study by Strouthidis
et al* in a different study of OHT subjects, examining both functional and
structural progression (using neuro-retinal rim are) showed, quoting from the
authors: ‘A relatively high frequency of detected disease progression was observed
with either method, with progression by VF occurring at least as frequently
as progression by RA. Poor agreement between RA and VF progression was
observed regardless of the specificity of the progression criteria. The results
indicate that, in patients with ocular hypertension, monitoring of both VF and
optic disc is necessary, as agreement between optic disc and VF progression is
the exception rather than the rule’.

2.4.6. Conclusion

In clinical practice, considering the patient with OHT, with, by definition, normal
visual fields, or the NTG patient with obvious glaucoma damage in the fellow eye,
the presence of clinically certain structural damage in the eye with an apparently
normal visual field might usually suggest the need for treatment. Detection of
functional progression should be sufficient evidence to diagnose glaucoma, even
if the visual field remains within normal limits (especially if the field was initially
towards the high end of the normal range); but it is not a necessary criterion,
since methods to detect progression are not yet sufficiently sensitive and accurate.
Nonetheless, further research into developing better methods to fully utilize the
rich data available in a long series of even apparently normal (if analyzed in
isolation) SAP results, in concert with the structural measures, from a patient
with risk factors for eventual functional damage would seem worthwhile.
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2.5. Electrophysiology
Donald Hood, Carlos Gustavo De Moraes, Brad Fortune

2.5.1. Research Needs

1. Studies are needed to elucidate the source and mechanisms of reversible
aspects of functional loss measured by PERG and PhNR testing.

2. Studies are needed to determine the extent to which PERG and PhNR signals
depend on intact glial cell function in the retina and optic nerve head (i.e., can
PERG and PhNR abnormalities be considered strictly a reflection of retinal
ganglion cell function or are they also influenced independently by change in
glial cell physiology?).

3. Further studies are needed to determine more precisely the positive (and
negative) predictive value of PERG and PhNR testing for subsequent glaucoma
progression and whether there is a value added to the current standard combi-
nations of visual field testing and OCT imaging.

2.5.2. Pattern Electroretinogram (PERG)

The pattern electroretinogram (PERG) is the most well-established ERG technique
for studying glaucoma (for reviews of PERG historical background and utility for
glaucoma diagnosis see references 144-149).

The results of two recently published PERG studies serve well to characterize
the potential utility of the PERG for glaucoma management. The first of these
studies, by Banitt and colleagues,* evaluated longitudinal rates of change for
peripapillary retinal nerve fiber layer (RNFL) thickness and PERG amplitude in
glaucoma suspects. They found that the glaucoma suspect eyes with the smallest
baseline PERG amplitude (< 50% of its age-adjusted normative value) had the
fastest rate of RNFL thickness decline over the subsequent five years.’*® Banitt et
al. concluded that a glaucoma suspect with a severely reduced PERG indicates a
need for “closer monitoring or treatment as he or she will have a higher rate of
RNFL thinning.”

The second recently published noteworthy study was by Bode et al. who found
that the PERG “detected glaucoma patients 4 years before visual field changes
occurred, with a sensitivity/specificity of 75%/76%.”*%! Another interesting finding
from their study was that the predictive capacity of PERG for eventual conversion
from normal to glaucomatous visual field damage “was roughly constant from
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conversion to 4 years before conversion, fitting with the view that PERG changes
occur early and then saturate, thus rendering the PERG a poor biomarker for
monitoring advanced disease.” Although the outcome measure in the Bode et
al. study was visual field conversion, their result has a similar implication to the
observation by Banitt et al.*° In particular, RNFL thickness does not exhibit loss
until PERG amplitude is severely reduced. The results of both studies imply that
PERG amplitude cannot decline much further beyond initial detectable loss and
would thus not be useful for monitoring moderate-to-advanced glaucoma.

The evidence from this pair of studies suggest that the PERG may be most
beneficial as an adjunct in the diagnosis and management of glaucoma suspects
(with normal or near normal visual fields and/or RNFL thickness) by helping to
stratify risk: for those suspect eyes with a severely reduced PERG (and no other
evidence of outer retinal dysfunction), it may be prudent to increase frequency of
follow-up and/or initiate therapy.

One important caveat is that the PERG, like any test of RGC function, depends
on a cascade of intact outer retinal signals, so without a focal macular ERG
or multifocal ERG to evaluate specifically the macular cone and cone bipolar
responses, the PERG alone is not a specific assay of RGC function; the PERG will
yield abnormal findings in patients with middle and outer retinal damage. This
is important as most glaucoma patients are older and may exhibit concomitant
age-related decline of outer retinal function too. In addition, as the PERG is a small
signal, it is prone to interference from environmental noise and blinking artifact.
Although it is independent of patient motor and cognitive skills (unlike perimetry),
it still requires careful control of fixation, refraction, and stimulus distance and is
best performed under the supervision of an electrophysiologist that has expertise
with PERG recordings. Yet, even under ideal recording conditions, there can be
substantial inter-individual variability of PERG amplitude and overlap between
healthy and glaucomatous eyes.’*%? Thus the PERG is likely to offer high positive
predictive value, but not necessarily high negative predictive value.

2.5.3. Photopic Negative Response (PhNR)

The PhNR is a slow negative component that manifests after the b-wave of the
cone driven full-field ERG, as first characterized by Viswanathan et al.’***** Like
the PERG, the PhNR is dependent on intact RGC responses, which in turn also
depend on intact feed-forward responses of cone photoreceptor and cone bipolar
neurons.’*%4 Since the PhNR is elicited by a uniform full-field stimulus, in
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contrast to the PERG, it is not as critically dependent on accurate refraction, clear
optics or exquisite fixation control, which is potentially advantageous for clinical
testing. Another distinct advantage over the PERG is that the PhNR enables simul-
taneous assessment of distal retinal function (cone photoreceptor and cone bipolar
cell responses) from the same recording. However, the reliability and diagnostic
efficacy of the PhNR are likely improved by recording with dilated pupils, unlike
the PERG, which is a disadvantage for clinical testing. Because the PhNR is also
a newer technique than PERG, there is even less consensus on the best protocol
to use for glaucoma in terms of stimulus characteristics (intensity and chromatic-
ity) and signal analysis (amplitude measurement details). An excellent review of
PhNR clinical applications was published by Machida in 2012.*

Since the review by Machida in 2012, several other PhNR studies relevant
to glaucoma have been published. For example, Niyadurupola and collegues'
demonstrated improvement in the PANR amplitude within one to two months of
IOP lowering by standard clinical therapy for glaucoma. In contrast, eyes that did
not achieve significant IOP reduction (< 25% reduction) did not have any change
in PhNR amplitude over the same period.

More recently, Machida and colleagues®™’ used a focal stimulation technique to
evaluate regional variation within the macula of the relationship between A-wave,
B-wave and PhNR amplitudes and the thickness of the ganglion cell complex
measured by spectral domain optical coherence tomography (SD-OCT) in
glaucoma. They found that the PANR was more prominent in the central macular
ERG responses (15 degrees) as compared with responses elicited by annular
stimuli around the macula (15-30 degrees). Further, Machida et al.**" found
that PhNR amplitudes were well correlated with the thickness of the ganglion
cell complex within the central macula, but only weakly correlated outside of
the central macula. However, one aspect of their data that the investigators did
not mention is the fact that there was much more overlap between open-angle
glaucoma and healthy eyes for PnNR amplitude (and PhNR/b-wave amplitude
ratio) than there was for the ganglion cell complex measured by SD-OCT. This
means that the diagnostic utility of the PhNR is substantially lower than OCT
measurements of ganglion cell complex thickness (a fast and completely non-in-
vasive test). In fact, in their paper, there were very few examples of glaucoma
eyes with a normal ganglion cell complex thickness but abnormal focal PhNR
amplitude.

In general, concerning the value of the ERG to the clinician faced with
glaucoma diagnosis and management, we believe there is a very limited role.
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This role includes objective assessment of RGC function, limited to the central
macula in early stages of glaucoma (including suspects). In such cases, with or
without subjective complaints of vision impairment, a markedly reduced PERG
or PhNR (preferably focal or multifocal for the central 15 degrees) is indicative
of RGC dysfunction and warrants careful follow-up and potentially therapeutic
intervention, especially when accompanied by evidence of structural loss (such
as thinning of the macular inner retinal layers, reduction of peripapillary RNFL
thickness, progressive optic disc changes and/or splinter hemorrhages). In
this regard, the PERG and PhNR may serve to help stratify risk for glaucoma
progression, no doubt an important consideration. The converging evidence that
PERG and PhNR measurements may also reveal some reversible aspect of glau-
comatous dysfunction has important implications; future studies will hopefully
uncover the source and mechanism of these effects.

2.5.4. Multifocal Visual Evoked Potential (mfVEP)

The mfVEP is far superior to any form of ERG for objective topographic
assessment of vision function in glaucoma.’*®¢* However, it should be noted that,
in general, the diagnostic accuracy of mfVEP is about the same as psychophysical
perimetry.1s8-163 Even though false-positive results are inherent of any diagnostic
technique, previous reports of the mfVVEP technique have shown approximately
a 3% rate,’®* as well as fairly good sensitivity and specificity compared with other
technologies.

Given its objective nature, the mf\VVEP technique could be valuable in catego-
rizing subjects with unreliable, unconfirmed or excessively variable SAP field
defects. Fortune et al.’®! found that the classification by mfVEP and SAP results
agreed in 75—-81% of early glaucomatous eyes. A more detailed comparison reveals
that the mfVVEP will often detect scotomata that are missed by 24-2 perimetry,
but seen using a 10-2 test pattern, since the mfVEP stimulus typically has a high
density of test locations within the central 10 degrees. One study found that, in
eyes with normal-tension glaucoma, the mfVEP confirmed 92% of the central
scotomata seen on SAP. Moreover, the mfVVEP showed central abnormalities in
44% of the eyes with apparently preserved central function on SAP.%2 On one
hand, some of these abnormalities could be false-positive results due to poor
fixation or low signal-to-noise during mfVEP testing. On the other hand, eyes
with normal-tension glaucoma tend to present with central defects more often
than eyes with high-tension glaucoma,'® so it is possible that the mfVVEP has a
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better sensitivity to detect central abnormalities. In contrast, the mfVEP may miss
defects in the upper hemifield that manifest as arcuate defects by 24-2 perimetry,
largely because of the anatomical configuration of primary visual cortex relative
to the position of the surface electrodes used for recording.

The objective nature of the technique offers an advantage over psychophysi-
cal tests of visual function. In glaucoma suspects or ocular hypertensives with
unreliable or inconclusive SAP results, a normal mfVEP result can help rule out
functional damage and thus have a strong effect on clinical decisions. Conversely,
an abnormal mfVEP result could be considered a true finding, particularly when
corroborated by topographically matched optic nerve findings (i.e., optic disc
photography or OCT).
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2.6. Staging algorithms
Paolo Brusini, Remo Susanna Jr, David Crabb, Ryo Asaoka

The classification of glaucomatous VF defect severity is an important issue for
several reasons, which include: having consistent criteria when perimetry is used
to define glaucoma damage severity, providing a reference for deciding treatment
intensity on the basis of disease severity, describing VF results in a short and
simple format, and providing a common language in clinical and research
settings. Several classification methods have been proposed in the past, using
both standard automated perimetry (SAP) and some non-conventional perimetric
techniques such as Frequency Doubling Technology. A review on this topic has
been published some years ago in Survey Ophthalmology.’®® In this review, all the
methods available at that time are reported and critically discussed.

Among the methods discussed, only four are currently widely used to stage the
visual field damage severity:
1. The Hodapp-Anderson-Parrish and (H-A-P) classification,® based on
two criteria: (@) the overall extent of damage, which is calculated from both
the MD value and the number of defective points in the Humphrey Statpac-2
pattern deviation probability map of the 30-2 full threshold test; and (b) the defect
proximity to the fixation point. The defect extent is summarized in three classes
(early, moderate, and advanced) (Table 3).

Table 3. The Hodapp-Anderson-Parrish classification.

EARLY DEFECT:

e« MD<-6dB

e <25% p < 5% points and < 10 p < 1% points (pattern deviation)
e no point < 15 dB within the central 5°

MODERATE DEFECT:

e MD<-12dB

e <50% p < 5% points and < 20 p < 1% points

e no 0dB point within the central 5°

e only a hemifield with one point < 15 dB within the central 5°

ADVANCED DEFECT:

. MD >-12 dB

e >50% p < 5% points or > 20 p < 1% points

e some 0 dB points within the central 5°

e some < 15 dB points in both hemifields within the central 5°
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2. The Advanced Glaucoma Intervention Study (AGIS) visual field defect
score,'®® based on both the number and depth of adjacent depressed test locations
in various sub-divisions of the visual field (Fig. 4). The AGIS score is calculated
looking at the total deviation plot of the Statpac 2 single field analysis (24-2
threshold test). Visual field scores, ranging between 0 and 20, are divided in five
stages. The Collaborative Initial Glaucoma Treatment Trial (CIGTS) proposed in
1999 a similar classification method.'*®

AGIS SCORE: 0-20 points (5 stages)

Upper
Hemifield

Temporal

e S 5|5 s | 2 7 ) Blindspot

Lower ' ' j
Hemifield gl P Y

Fig. 4. Advanced Glaucoma Intervention Study scoring template.

3. The Bascom-Palmer Visual Field Staging System, proposed by Mills et al.
in 2006,"° which takes into consideration the MD and CPSD/PSD values, the
number of disturbed points in the pattern probability map, the presence or not of a
very depressed point near fixation, and the GHT result (for stage 1) (Table 4). This
method, which appears to be an enhanced version of the H-A-P classification, is
detailed, but is too time-consuming to be used in a clinical setting.

4. The Glaucoma Staging System (GSS) version 1 and 2, introduced by Brusini
in 1996 and 2006,"*12 respectively, which uses the MD and the CPSD/CLV (or
CLV/LV) values on a Cartesian coordinate diagram (Fig. 5). This graph allows the
user to simultaneously know the disease severity (classified in six stages), and the
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Table 4: The Bascom-Palmer Visual Field Staging System.

Stage 0: No or minimal defect/ocular hypertension
Does not meet any criteria for stage 1.

Stage 1: Early defect

MD > -6.00 dB and at least one of the following:

A. On pattern deviation plot, there exists a cluster of 3 or more points in an expected location
of the visual field depressed below the 5% level, at least 1 of which is depressed below the
1% level

B. Corrected pattern standard deviation/pattern standard deviation significant P < 0.05

C. Glaucoma hemifield test “Outside Normal Limits”

Stage 2: Moderate defect

MD of -6.01 to -12.00 dB and at least one of the following:

A. On pattern deviation plot, greater than or equal to 25% but fewer than 50% of points
depressed below the 5% level, and greater than or equal to 15% but fewer than 25% of
points depressed below the 1%

B. Atleast 1 point within central 5° with sensitivity of <15 dB but, no point within central 5°
with sensitivity of < 0 dB

C. Only I hemifield containing a point with sensitivity < 15 dB within 5° of fixation

Stage 3: Advanced defect

MD of -12.01 dB to -20.00 dB and at least one of the following:

A. On pattern deviation plot, greater than or equal to 50% but fewer than 75% of points
depressed below the 5% level and greater than or equal to 25% but fewer than 50% of
points depressed below 1% level

B. Any point within central 5° with sensitivity of <0 dB

C. Both hemifields containing a point(s) with sensitivity < 15 dB within 5° of fixation

Stage 4: Severe defect

MD of -20.00 dB and at least one of the following:

A. On pattern deviation plot, greater than or equal to 75% of points depressed below the 5%
level and greater than or equal to 50% of points depressed below 1% level

B. At least 50% of points within central 5° with sensitivity of <0 dB

C. Both hemifields containing greater than 50% of points with sensitivity < 15 dB within 5
degrees of fixation

Stage 5: End-stage disease
Unable to perform Humphrey visual fiels in “worst eye” attributable to central scotoma
or “worst eye” visual acuity of 20/200 or worse attributable to primary open-angle
glaucoma. “Best eye” may be any stage.

defect type (generalized, mixed, or localized), defined by the intersection of the
two values. A-special software is also available for an automated classification of
defects.

In the last eight years some other systems have been introduced, including the
University of Sdo Paulo Glaucoma Visual Field Staging System (USP-GVFSS),
proposed by Susanna and Vessani in 2009,'® and the Modified Glaucoma Staging
System, by Hirashawa et al.*"

The USP-GVFSS uses the Humphrey Visual Field Index (VFI) and the pattern
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Fig. 5. The Glaucoma Staging System (GSS) version 2.

deviation map in order to characterize the functional loss into three stages (early,
moderate and severe VF defect). The abnormality criteria for defining a visual
field defect are the same as previously proposed by H-A-P (2). The location of
visual field defects (outside or inside the central 10 degrees), the involvement of
one or both hemifields, and the connection of defects with the blind spot are also
taken into consideration (Fig. 6).

The Modified GSS classifies glaucomatous visual field defects into six stages
based on the VFI value only (stage 1 = or > 82%; stage 2 ranging from 63% and
81%; stage 3 ranging from 43% and 62%; stage 4 ranging from 23% and 42%;
stage 5 = or < 22%)).

Considering the large number of staging methods proposed, the choice
regarding which method is best naturally depends on the purpose it intends to
serve: quick and easy in a routine clinical setting, standardized and precise in
scientific multicenter research studies. Two studies have recently faced this topic:
(1) Hamzah JC et al.*® evaluated 33 different staging methods taking into con-
sideration several parameters shown in Table 5, where the five systems with the
highest score are compared; (2) Ng et al.”® reported a comparison among the
AGIS scoring system, the Mills et al. staging system* and the GSS 2 (called here
eGSS). The authors conclude that “Of the systems examined in this study, eGSS
may be the better choice for its ease of use for both clinicians and researcher.”
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Classification Early VF defect Vode ! Severe VF defect (S)
Higher than 91% >78% and <91% <78%

VFI: 96%
Visual field loss outside the

10 central degrees

One hemifield involved

Mot connected to
the blind spot

Ees/ 10+ /1A

Of course, no method currently used is perfect. Moreover, one must also keep
in mind that perimetry, in itself, is a subjective psychophysical testing method,
and thus any classification system that is based on this type of data can never be
completely accurate and reproducible.

Table 6, modified from the Survey Ophthalmology review previously citedl
by updating by adding new staging systems, can be used as a practical and easy
guide to help in the decision making process as to what method is best suited for
different needs. The table ranks some of the currently used methods according
to the following headings: (1) Name of the staging system; (2) Number of stages
utilized; (3) Diagnostic ability for (a) detecting glaucoma defects; (b) defining
severity staging; (c) defect type characterization; (d) progression monitoring;
(e) disability severity assessment; (4) User-friendliness; (5) Standardization;
(6) Widespread use; and (7) Number of references found in literature (PubMed
source).

Binocular visual field examination has also sometimes been used in order
to weight the amount of functional loss. Gandolfo et al. attempted to quantify
the amount of visual field loss for medico-legal and insurance purposes.’” The
method uses 100 points, in which the areas located centrally and inferiorly are
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given greater importance. Binocular visual fields can be scored and quantified
with a custom test (‘Visual field percent’ or VF%) using Humphrey perimeters.
The score is based on one hundred tested points within 60 degrees of the visual
field using a three-zone screening strategy. The total number of points with a
relative or absolute defect are considered in the final score calculation. This
method is currently being used in Italy to assess disability caused by visual field
constrictions.

Other published papers on the same topic are cited in the references 178-180.

In conclusion, a widespread standardized classification method to stage glau-
comatous severity and defect type could be advantageous in both the field of
research and in daily clinical practice, and thus emphasis should be placed in
achieving this goal and standardizing these procedures on an international level.

Table 5. The five visual field staging systems with the highest score assessed by the quality
assessment tool.

Visual Field Brusini CIGTS

Stageing System | GSS2 VFSS MD VFSS ég;i)VFSS 8;:;))0SMART
(VFSS) (1996&2006) | (1998)

Spectrum 3 2 2 3 3
of glaucoma

covered

Influenced 2 1 1 1 1
by ocular

co-morbidities

Staging of one or | 1 2 1 1 1
both eyes

Comprehensible

Inter-observer

reliability

Test reset 2 3 0 3 1
reliability

Responsiveness | 3 2 2 3 3
Time to stage 3 3 3 2 3
Available format | 2 2 3 2 3
Training needed | 2 3 3 1 2
Level of 3 3 3 3 3
expertise

Adaptability 3 1 3 1 1
Total score 29 28 27 26 26
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2.7. Quality of life
Pradeep Ramulu, Makoto Araie, Aiko Iwase, Augusto Azuara Blanco, David
Crabb

2.7.1. Research needs

1. Measures which evaluate overall quality of life, as well as specific aspects of
functionality/quality of life, that might be addressed rehabilitation services
are required. ldeally, these would be studied in the context of clinical trials
to rehabilitate persons with functional deficiencies or poor quality of life as a
result of glaucoma-related visual damage.

2. In general, more studies are needed relating glaucomatous vision loss, and
the effects of glaucoma treatment, on every day activities. In particular,
prospective studies of falls and fractures in glaucoma patients are needed
and studies of the difficulties patients have in extreme lighting conditions and
adjusting to differences in lighting.

3. More research is needed on how being given a diagnosis of glaucoma affects
quality of life and how quality of life may be altered by patient education and
interactions with the treating physician and team.

4. Questionnaires specifically directed towards the side effects of glaucoma
treatment have not been well-developed, and are an important area of future
work so that we may learn to choose the best treatments of glaucoma.

5. More studies are needed to understand how function/quality of life changes
over time, and how it relates to the rate of change in visual measures such as
visual field measures.

6. More studies are required to determine whether treatment effects, such
as medication usage and/or the use of medication preservatives, may be
responsible for quality of life defects in glaucoma.

7. More studies are required examining the impact of early glaucoma on quality
of life in order to determine when the impact of glaucoma-related vision loss
begins.

2.7.2. Quality of life (QoL)
2.7.2.1. Background

Glaucoma is one of the leading causes of visual loss worldwide, with roughly
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60 million people suffering from this disease in 2010, and 112 million people
expected to have the disease by 2040.1%:1%2 Primary open-angle glaucoma (POAG),
with or without abnormally increased intraocular pressure (IOP), accounts for
most of the glaucoma cases,®? and is associated with worsening of function in the
visual field (VF) — predominantly outside the central VF (although central loss
may be overlooked), but eventually involving the central VF, contrast sensitivity
(CS) and visual acuity (VA).

2.7.2.2. Why is it important to define the impact of disease on the person?

A. Clinical decision-making
Our ability to relate to what patients are feeling, and understand how glaucoma
and glaucoma treatment affects their quality of life (QoL), can have practical
value in the clinic. First, it can help us understand their current struggles, and
determine if they would benefit from low vision and/or orientation and mobility
services to aid with common difficulties such as reading or ambulation. It can also
help us gauge their fitness to drive, though regulations for such activities vary
greatly.!83184

Understanding how function and QoL differ across the spectrum of glaucoma
can also help us communicate to patients the implications of disease worsening.
All glaucoma treatments involve some degree of cost and/or risk, and it is
important to balance these costs and risks with the personal impact that glaucoma
progression would be expected to have on the patient.

B. Clinical trials of therapies

Evaluating the impact of treatment and disease on the individual is increasingly
becoming a requirement if one is to seek approval for new glaucoma treatments.
Indeed, agencies such as the United States Food and Drug Administration now
require that a patient-centered outcome be used when seeking approval of an
IOP-lowering device. As such, measures which capture the functional impact
of disease on the individual, and which also help us understand the impact of
glaucoma treatments (surgical and non-surgical), will become increasingly
necessary with regards to product development.

C. Clinical trials of rehabilitation techniques
Unlike treatments designed to lower 0P, the exclusive goal of visual rehabilitation
services is to increase function using a patient’s existing vision. To evaluate the
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effectiveness of such strategies, measures which evaluate overall quality of life,
as well as specific aspects of functionality/quality of life that might be addressed
by these services (i.e., reading, mobility), are required. Unfortunately, very little
literature and study has been devoted to the rehabilitation of glaucoma patients,
and this is an important area for future work.

D. Advocacy for funding/care
POAG-related functional impairment affects patients’ ability to perform daily
activities and also their well-being; in other words, it alters patients’ vision-re-
lated QoL (VRQoL).*¥5%8 Since clinically adopted surrogate measures of visual
function such as VA, CS and VF performance fall short in adequately assessing
the impact of POAG on the VRQoL perceived by patients, the impact of POAG on
patients’ VRQoL has been mainly studied by self-report questionnaires developed
to assess several aspects of patients’ health status.’®® POAG is often called ‘the
silent thief of sight’, because typically no symptoms are experienced in the early
stage of this disease.’®® Recent studies, including one large-scale epidemiological
studies, have suggested that patients with even mild unilateral VF damage may
experience an abnormal VRQoL, even if they are unaware that they suffer from
glaucoma; furthermore, worse VRQoL scores and function are associated with
greater severity of the disease 1922

The benefits of our services, as well as the tools and treatments we use, is based
on the impact of glaucoma on the person, and the ability of our treatment to delay,
prevent, or reverse this impact. As such, a clear delineation of glaucoma’s impact
on the person is an important prerequisite for advocacy work to gain research
funding for new treatments, and healthcare dollars to provide appropriate clinical
services.

2.7.2.3. What measures of vision best relate to QoL?

A. Visual field testing

Visual field testing is, aside from visual acuity, the most common test of vision
obtained in glaucoma patients, and many VF testing algorithms have been spe-
cifically designed to evaluate for the presence and/or severity of VF damage that
would be consistent with glaucoma. As such, most papers evaluating functional-
ity and/or VRQoL relate VF damage to the outcome of interest. Specifically, most
papers will relate function and/or VRQoL to the stage of glaucoma severity (i.e.,
categorical measures) or continuous measures such as VF mean deviation. Newer
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research has focused on more specific questions, such as whether it is important
to integrate VF tests from right and left eyes, and whether the location of VF loss
is important for understanding function or VRQoL.
a. Integrated VFs versus monocular VF tests
The relationship of VRQoL to location and extent of VF damage is of clinical
relevance. For patients with asymmetric degrees of VF loss between the eyes, VF
performance in the less damaged eyes is more likely to have a stronger correlation
with VRQoL ,185188.191.196.203-208 g]though some studies suggested that the eyes with
more advanced damage might have a stronger impact on the VRQoL.2°%?! These
inconsistent results may be partly attributed to the difference in the stage of POAG
of the patients involved, the fact that the impact of VA and VF were independent-
ly studied for the better and worse eye, or that the analytic approach could not
completely overcome the problem of multi-collinearity between VA and VF.2*4 A
stronger correlation between VF loss in the less damaged eye and VRQoL makes
sense, since a less damaged eyes would compensate for damage in fellow eyes
with more VF loss. For this reason, it has been suggested that binocular visual
field representing real-life situations of patients should be used in studying the
impact of VF on VRQoL 1822215 Since it is difficult to perform ‘true’ binocular
VF tests, the ‘true’ binocular VF is often approximated by integrating the results
of monocular VF test results (integrated binocular VF, IBVF); these closely agree
with the ‘true’ binocular VF.#¢

However, the added benefit of using the binocular VF, as opposed to monocular
VF tests, to understand function and/or VRQoL remains uncertain. While
measures of severity can differ between the IBVF and the better-eye VF mean
deviation,?” one study suggested that these differences are typically small and do
not affect conclusions about whether, and to what extent, VF damage is associated
with functional/VVRQoL outcomes.?®® Furthermore, the lack of functional impact
suggested by the IBVF is likely to be inaccurate in ‘hemifield slide’ cases, such
as bi-temporal defects, which would have a normal, or nearly normal, IBVF. On
the other hand, there are several attractive features of the IBVF. Using the IBVF
allows us to have a consistent longitudinal measure given that the better-eye may
change over time. Additionally, if one is to evaluate location of VF loss, it may be
more important to look at location of the IBVF as compared to location of a single
eye (which may not be congruous with the location of VF loss in the contralateral
eye).
b. Location information regarding VFs
A clear difference in the impact on VRQoL has been reported between the inferior



66

and superior hemifield, i.e., inferior hemifield damage in the IBVF shows a
stronger correlation than superior damage with respect to questionnaire-assessed
VRQoL, general vision, risk of falling, eye-hand co-ordination or mobility, while
superior hemifield damage is more likely to interfere with near activities including
reading.206207.211.218-220 Fyrthermore central VVF, especially inferior central VF is
reportedly strongly associated with questionnaire-assessed VRQoL 188211221222
A challenge in studying the importance of location is accounting for the strong
correlation between VF loss in different regions, as well as a need to account for
the fact that most VF loss first occurs superiorly and peripherally, while inferior
and central VVF loss more often occurs in the context of already-existing superior
and peripheral damage.

Additionally, most research has focused exclusively on VF loss in the central
24-30 degrees, and the relative impact of more peripheral VF loss (> 30 degrees
from fixation) in glaucoma is largely unknown, though population-based studies
have suggested that more peripheral VF loss may be more important than central
loss with respect to specific outcomes such as falls.??

In studying the correlation between VRQoL measures and specific regions of
VF damage, multiple regression models may not completely overcome problems
caused by a strong inter-correlation of VF sensitivities among neighboring VF
subfields (multi-collinearity).?** It has been suggested that a machine-learning
method such as the Random Forest algorithm, which is robust to inter-correlation
among explanatory variables,??®> may be more appropriate approach.??

B. Contrast sensitivity

Contrast sensitivity has largely been overlooked as a measure of disease severity
which impacts function and VRQoL. However, numerous studies have shown
strong associations between function/VVRQoL and CS.1%5:22722° |n some cases, such
as in specific aspects of reading, CS is more strongly associated with outcomes
than VF measures.?° Moreover, patients often describe complaints related to
contrast (fogginess, blurring) in addition to difficulties more attributable to VF
loss (i.e., missing regions of vision).z! Finally, one must consider that \VF tests are
nothing more than a CS test in which contrast threshold between the stimulus and
background is measured at multiple locations.

C. Other measures (color, stereo vision)
Glaucoma has also been noted to affect other aspects of vision such as color
vision and stereo acuity,?22** although the functional implications of this loss is
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not well described. Of note, impairment of some activities (i.e., prehension), not
typically associated with glaucoma, worsen with worse stereo acuity.?** However,
most VRQoL questionnaires ask questions which relate to activities involving
peripheral vision, as opposed to questions which might capture color vision defi-
ciencies or poor stereo acuity. While glaucoma may indeed affect these aspects
of vision, it does not do so to the extent that non-glaucomatous optic neuropathy
affects color vision or that amblyopia affects stereo acuity.?®®* Viewed from this
perspective, the relevance of these visual measures to functionality and/or VRQoL
may be secondary.

2.7.2.4. In what ways can the impact of the disease on the person be quantified?

A. Questionnaires
QoL is a subjective notion, and can only be assessed by asking questions of
the patient. As such, it is a central element to quantifying the impact of disease
on the person. Indeed, several questionnaires have been created to evaluated
QoL in glaucoma, and these various questionnaires have been reviewed in the
literature.?® When measuring VRQOL, it is essential to account for other patient
features which may affect many of the same domains as glaucoma, including,
depression, comorbid illness, and cognitive decline. Such adjustment is particu-
larly important when studying patients with early disease, in whom factors other
than glaucoma may influence their QoL more than glaucoma.?®

Reporting bias may also be influential and important to consider when assessing
QoL outcomes, particularly when individuals may be motivated to exaggerate or
minimize their disability (i.e., motor vehicle accidents). Indeed, in prior work,
poor agreement has been noted between self-reported and state-reported accident
rates amongst older drivers.?¥ With regards to physical activity, self-reported
measures have been shown to be much less associated with external markers
(BMI, triglycerides, blood sugar, skinfold thickness) as have objective measures
of activity.?®

An additional question regarding questionnaires is whether to use a general
health questionnaire (i.e., the SF-36), a vision-specific questionnaire (i.e., the
NEI-VFQ), or a glaucoma-specific questionnaire (i.e., the GQL-15).2%24° Each
has its relative benefits and drawbacks. General health questionnaires have occa-
sionally not shown a significant association between glaucoma and QoL,?*® while
strong associations have been noted with vision and glaucoma-specific question-
naires.?*® One downside of more specific questionnaires is that they preclude a
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comparison of glaucoma’s impact to that of other diseases. One final option is to
use questionnaires to examine specific aspects of QoL, i.e., fear of falling,*92%
which are shared between glaucoma and other diseases.

B. Tests of performance

QoL cannot be directly captured by tests of functional performance, although
these tests can quantify aspects of disability which are relevance to function and
well-being. Functional performance measures are typically done in the clinic,
and involve direct observation and quantification of task performance. Some have
combined several performance tests into a single instrument, such as the five-item
‘Assessment of Function Related to Vision’ (AFREV) developed by Spaeth and
colleagues.?

Clinic-based measures of task performance are easily standardized, and are less
subject to measurement variability/error than subjective assessments. Additional-
ly, these measures can yield significant mechanistic insight into why glaucoma
patients have difficulty reading, fall more often, and either quit driving or drive
with a higher rate of accidents. As such, they can help understand deficits and
guide the field towards intelligent strategies for rehabilitation.

Though task performance is most often evaluated in clinic, prior work from the
Salisbury Eye Evaluation found a strong correlation between tasks performance
measures (e.g., reading speed) derived from home and clinic testing.22 Thus, clin-
ic-based assessments are likely to be a reasonable approximation of real-world
task performance.

C. Event monitoring

An important cause of QoL defects in glaucoma are serious events that can injure,
impair, or even kill patients, including falls, fractures, and automobile accidents.
Unlike VRQoL or task performance, these events are generally not well captured
by questionnaires, and cannot be evaluated in the clinic. Strategies to catch these
rare events include prospective data collection (i.e., to quantify fall rates), or
access of public records in an unbiased sample (to determine rates of fractures or
automobile accidents).

D. Behavioral measures

Decreased QoL may result in less engagement in the world, i.e., differences in
real-world behavior. With mobile heath tracking devices such as GPS trackers and
accelerometers, behavioral changes associated with glaucoma, i.e., restriction of
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physical activity or travel outside the home, can be more easily quantified.
2.7.2.5. Quality of life related to the disease

A. Reading

Reading difficulty can cause a substantial reduction in VRQoL and is the primary
reason for patients with visual impairment to seek low-vision care.?* The relation-
ship between reading difficulty and central VA is established.?** Although it may
be assumed that reading is less likely to be affected in diseases such as POAG,
where peripheral loss predominates, but central VA usually remains normal,*® an
early study suggested that a significant proportion of glaucoma patients perceive
reading difficulty.*® Studies using questionnaires have suggested that specific
areas in the central VF are significantly associated with patients’ perceived
reading difficulty.??%” Recent studies, adopting tests more specific to assessment
of reading difficulty, have shown that worse mean deviation (MD) value in the
less damaged eye and worse binocular contrast sensitivity were associated with
slower reading speed and greater reading difficulty in glaucoma patients, partic-
ularly when reading was done silently for prolonged periods.1%1%:21 Recent work
has also shown that specific text features, such as longer words, less common
words, or words found at the end of the line, are read slower by individuals with
worse glaucoma damage, as judged by worse contrast sensitivity. These findings
suggest specific mechanisms behind reading impairment in glaucoma. A research
group has looked directly at eye movements while reading in glaucoma; although
this approach is attractive, surprisingly, it did not identify clear, specific problems
producing slower reading in glaucoma.#

B. Activity

Glaucoma patients have been noted to significantly restrict their physical
activity, with one cross sectional study demonstrating a 17% decrement in mod-
erate-to-vigorous physical activity with each 5 dB decrement in better-eye VF
mean deviation.*** Glaucoma patients with greater levels of VF damage are also
less likely to leave their home, with bilateral glaucoma patients demonstrating a
1.82-fold higher odds of not leaving their home on a given day as compared to
control subjects without VF loss from glaucoma.?*® Of note, medications may
account for some of this disability, with patients using alpha-adrenergic agents
demonstrating an 4.4-fold higher odds of not leaving their home on a given day —
an impact greater than the disease itself.?#°



70

C. Driving

Involvement in a motor-vehicle collision (MVC) can affect QoL, but previous
studies have reported somewhat conflicting results regarding the relationship
between involvement in MVC and regions of VF damage. One study, using a
driving simulator system, reported a stronger correlation of MVC with inferior
central hemifield damage in a driving simulator,?®® while another study suggested
the superior hemifield is most important for safe driving.®! One patient report-
based study could not identify a significant association between POAG patients’
central binocular VF damage with MVCs,?? while another MVC record-based
study suggested a greater association of inferior hemifield damage with MVC.%3
The impact of glaucoma damage on driving safety may well be understated, as
many individuals with glaucoma stop driving, leaving fewer dangerous drivers
on the road.?42%

D. Falls and balance

Several studies have demonstrated worse balance in glaucoma, as judged by
standing tests of balance or measures of postural sway.?*®%° Poor balance, in turn,
may produce higher fall rates amongst glaucoma patients, although the literature
has shown contradictory results in this area. Evaluation of prior falls, using ret-
rospective data collection methods, has shown fall rates that are worse at greater
levels of damage, and which are as much as four times higher than controls.?°
However, retrospective evaluation of falls is largely discounted in the geriatrics
literature.?®® Only one study has prospectively evaluated falls in glaucoma
patients, and found a mild association between the fall rates and the degree of
inferior VF loss.?8

E. Prehension

A single study compared reaching and grasping characteristics between a sample
of individuals with and without glaucoma, and found longer delays in movement
onset and overall movement time in the glaucoma subjects, suggesting tenta-
tiveness when reaching for objects.?* Movement onset and movement time also
worsened with greater disease severity, as judged by the degree of VF loss and
stereo acuity (which was worse in the glaucoma subjects as compared to controls).
Grasp characteristics did not differ across groups, demonstrating that glaucoma
subjects could complete the task correctly, albeit more slowly, and perhaps with a
need for greater attention.
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F. Environmental difficulties

A limited number of studies have examined changes in function with changes
in lighting, though this is an important area for future research given that some
of the most common complaints in glaucoma patients revolve around difficulties
with tasks done at the extremes of lighting (i.e., very bright or very dim lights).4

G. Utility

Utility analysis is another means (besides questionnaires yielding VRQoL scores)
to measure the impact of a health state.?s? Utility analysis provides physicians
with a simple number representing the value that a patient attaches to a particular
health state, e.g., glaucoma. The utility values (UVs), ranging from 0.0 (death) to
1.0 (perfect health), indicate how patients feel about how well they can perform
activities of daily life. Among several techniques of eliciting preferences in the
utility assessment, TTO (Time Trade-Off) has been reported to be more sensitive
than others to change in vision and visual functioning associated with glaucoma
progression,®®® as well as being easier to understand.?+25 A lower UV using the
TTO approach indicates that the patient is more willing to exchange a certain
amount of life in return for perfect health (i.e., full visual function in cases of
glaucoma). For example, a UV of 0.50 for a glaucoma patient indicates that the
patient is willing to give up 50% of his/her remaining life span in return to perfect
full visual function. The UVs reported for glaucoma patients ranged from 0.66
to 0.94, while patients with milder damage tended to report higher UVs, and vice
Versa'200,266-268

H. Changes in QoL with disease progression

In many POAG eyes, VF loss slowly progresses in spite of maintaining the IOP
within normal range.?® The association between the rate of VF loss progression
and VRQoL is likely to be of clinical relevance, though only a limited number
of studies has examined this association. It has been reported that the rate of
change in IBVF sensitivity or binocular retinal nerve fiber layer thickness is
associated with change in VRQoL measures.?°2’2 In a longitudinal study, the rate
of change in the inferior central VF sensitivity showed the strongest correlation
with longitudinal change in VRQoL measures.?”® Of note, patients with greater
baseline VF damage also demonstrate greater changes in VRQoL.?”® No studies
have examined how changes in vision and/or severity of baseline visual measures
relate to hazardous events, behavior, or measures of functional ability.
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2.7.2.6. Impact of glaucoma diagnosis on QoL

Patients’ perceptions of their VRQoL are likely to be influenced by their physician
interactions. Indeed, it is possible that QoL decreases simply with the diagnosis of
glaucoma. For example, in the CIGTS study, many patients described symptoms
consistent with ocular surface disease and specifically attributed these symptoms
to their glaucoma despite the fact they were treatment naive.®” It is important that
further work investigate not only how individuals are affected by the diagnosis of
glaucoma, but also how their VRQoL is altered by the message put forth by their
treating physician.

2.7.2.7. Impact of treatment of QoL

A. Medical treatment

Not only visual impairment caused by the disease, but also medical and/or surgical
therapies for the disease can influence the QoL of glaucoma patients. Arora et al.
reported that three months after the initiation of treatment, questionnaire-assessed
QoL of newly-diagnosed glaucoma patients significantly worsened compared to
that before the initiation of therapy, especially in those with the use of more than
two topical medications.’® In a randomized controlled trial, absence or delay of
treatment (topical betaxolol and laser trabeculoplasty) was suggested to have no
significant impact on the QoL of newly-diagnosed glaucoma patients three and six
years after randomization.?” Patients’ satisfaction with eye drops was influenced
by subjective convenience, ease of administration, satisfaction with frequency of
instillation and gender.?”> Worsening of QoL associated with topical anti-glauco-
ma eye drop use was mainly attributed to ocular surface disorders.?’¢2® Other
factors reported to be associated with QoL in medically treated glaucoma patients
were local side effects, such as burning sensation or pain,?”® and adherence to the
medication.?

Factors reported to be related to ocular surface disorders in medically
treated glaucoma patients include prolonged use of topical medication, age,
more advanced stage of the disease, and exposure to the preservative benzal-
konium chloride (BAK).?'"28.282 |n accordance with the above reports, fewer
ocular surface disorders and better QoL has been reported for patients receiving
BAK-free eye drops;?284 patients switched from monotherapies or combination
therapies to the fixed combination of two anti-glaucoma agents reported improved
QoL, probably because of more satisfaction with the frequency of instillation
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and decreased exposure to BAK.%5 Questionnaires specifically directed towards
the side effects of glaucoma treatment have not been well-developed, and are an
important area of future work so that we may learn to choose the best treatments
of glaucoma. Indeed, prior work has demonstrated that questionnaires such as
the Ocular Surface and Dry Eye Index (OSDI) can falsely associated topical
glaucoma therapy with ocular surface disease by incorporating questions that
are likely affected by glaucoma-related visual damage as opposed to topical
therapy.?® However, studies examining patients currently on topical therapy are
likely to underestimate the impact of therapy on the individual, as they are likely
to exclude individuals intolerant to medications and misclassify the impact of
topical therapy in patients non-compliant due to medication side effects. More
studies evaluating how QoL changes with the initiation of medical treatment,
particularly treatment with preserved eye drops, are needed.

B. Surgical treatment

In a randomized, controlled trial, assignment to medical treatment or surgical
treatment (trabeculectomy) group was not associated with any marked difference
in the QoL, although patients having surgical intervention reported more local eye
symptoms.?” On the other hand, a cross sectional study reported that glaucoma
surgery had a negative impact on QoL compared with medical treatment, but only
in the early stage of the disease.?®® Laser trabeculoplasty, commonly accompanied
with a history of medical treatment, reportedly had a negative impact on QoL
(worse decline in mental well-being).2®° Canaloplasty may be associated with less
QoL impairment and higher patient satisfaction compared with trabeculectomy.?*
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Consensus statements

1. In glaucoma, there is a continuous relationship between standard structural
and functional (dB for visual field) measurements, which appears nonlinear
with current methods of testing and conventional scaling of metrics.
Comment: When both are transformed into linear scales, then a linear rela-
tionship between structure and function can be observed.

2. Current structural and functional measurement methods show considerable
variability.

3. Visual field test locations are spatially related to regions on the optic nerve
head, peripapillary retina and macular area.

Comment: Understanding these spatial relationships can be useful for the
diagnosis of glaucoma.

4. With current technology, detection of structural defects generally precedes
detectable functional defects in glaucoma patients while functional defects
can precede structural defects in some patients.

Comment: Structural tests based on the comparison to the normative data
tend to show a statistically significant glaucomatous change earlier compared
to the functional tests because of a greater variability in functional tests.

5. The likelihood of the diagnosis of glaucoma is increased through corrobora-
tion of abnormal structural and functional tests.

Comment: The likelihood of the diagnosis of glaucoma is increased further
if there is progressive change or if additional risk factors are present, such as
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raised intraocular pressure.

When available, OCT (or an alternative imaging modality) and disc
photographs with acceptable quality at baseline should be performed, against
which accurate detection of change can be made.

Comments: Disc photography is a useful adjunct for detecting hemorrhages
and pallor, and also for assessing change compared with future clinical exam-
inations.

Disc hemorrhages can only be seen on clinical examinations and disc
photographs.

As yet there is no widely-accepted method of combining the results of
structural and functional tests.

Comment: Several proposed methods for combining structural and/or
functional measurements offer advantages over traditional parameters and
continue to be investigated.

Physicians should be aware of false-positive tests and over-diagnosing
glaucoma, which are more likely when using a large number of diagnostic
tests.

Comment: Although using multiple parameters may increase overall
diagnostic sensitivity, the chance will also increase of falsely labeling a
change significant.

3.1. Structure and function relationship in glaucoma: How is structural
damage related to functional loss in glaucoma? Summary of current
structure-function models in glaucoma

a.

b.

Current proposed models linking structure and function in glaucoma
Harwerth et al.’s model:* VF threshold sensitivity vs. RGC density;
The Hood-Kardon model? (simple linear model);
The ‘Hockey-Stick’ model: changing slope of SF relationship as a function
of eccentricity;
e Drasdo et al.’s model:®
o The bipartite model linking RGC density to VF sensitivity;
o also addresses the displacement of the RGCs within the central macula
as pertains correspondence with the central VVF test locations.
Factors affecting precision of the structure function relationships
e Measurement variability for both structural and functional measures;
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e Scale of measurements: Linear for structural, logarithmic for functional
measures;

Range of glaucoma severity;

Non-neural elements of the RNFL, neuroretinal rim or macular measures;
Relationship between axon number and RNFL thickness;

Variations in relationship of the disc anatomy versus foveal location:
variability in the ONH entry point for a given visual field location: 20-30
degrees variation;

e Averaging dilutes a lot of localized loss; also, the averaging within
structure and function is not uniform and some structural regions match
wider clusters of VF and vice versa; this includes unevenness of sampling
for the 24-2 grid.

c. Other confounding psychophysical factors
e Ricco’s area and spatial summation;
e Cortical pooling.
d. Macular structure-function relationships: What is different?
e. The RGC count as a unifying link between structure and function.

3.1.1. Introduction

Glaucoma is an optic neuropathy characterized by typical changes on optic nerve
head and retinal nerve fiber layer (RNFL). These structural changes usually lead
to functional losses, often assessed in glaucoma with visual field examination.
Both structural and functional changes result from a common pathophysiologi-
cal process, namely loss of retinal ganglion cells (RGC) and their axons.* Struc-
ture-function relationships are central to what clinicians do day in and day out
managing glaucoma patients. At a basic level, such correlations have enabled
us to better understand the course of glaucoma and its pathogenesis. As more
sophisticated diagnostic techniques have emerged, correlating the structural
findings with the outcomes of functional tests such as perimetry have made it
possible to diagnose glaucoma sooner or detect signs of glaucoma with more
confidence. Much has been discussed in the glaucoma literature about whether
signs of structural damage precede functional evidence of glaucomatous injury
to retinal ganglion cells. Early publications suggested that there is a significant
amount of redundancy with regard to the RGC in the human eye and therefore up
to 40% of retinal ganglion cells could be lost before signs of damage are observed
on standard achromatic perimetry,® a technique that remains the current gold
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standard for detection of functional loss in glaucoma patients.

An important histological study on which this observation was based included
a very small number of eyes.® It is a common clinical observation that signs of
structural damage at the level of the optic nerve head (ONH), RNFL, or macula
can be established before definitive signs of visual field loss are observed on
standard automated perimetry (SAP).5" The reverse is also occasionally true, i.e.,
signs of VF loss can manifest before definitive signs of damage can be observed
in glaucoma. For example in the European Glaucoma Prevention Study, more
eyes developed VF loss as the earliest sign of glaucoma.® However, it is possible
that some of these eyes from EGPS already had structural glaucomatous damage
not detected by the subjective assessment of disc stereo-photographs. The
structure and function relationship seems to be mostly nonlinear especially in
early glaucoma where minimal signs of functional damage, as assessed by SAP,
are expected to be present before a sizable proportion of the RGCs have already
been lost.

Based on many recent studies, it is now understood that the apparent non-linear
relationship seen between structural and functional signs of glaucoma is probably
a manifestation of the different scaling units of structural and functional tests as
well as the different variability of the two types of measures. For example, while
perimetric assessment is usually performed with logarithmic units, structural
parameters are usually given in linear units. When perimetric sensitivities are
averaged in linear units the relation with rim area becomes more linear.® While
no significant relationship has been reported between structural and functional
outcomes in normal subjects, when the visual field sensitivity is expressed in
linear units (1/L) instead of dB units, a direct linear relationship has been seen in
both experimental glaucoma in monkeys'® and humans.® Below we will discuss
various models that have been suggested for describing structure function rela-
tionships in glaucoma.

3.1.2. Current proposed models linking structure and function in glaucoma
3.1.2.1. Harwerth et al.’s model: VF threshold sensitivity vs. RGC density
Studies by Harwerth et al.! have uniquely contributed to our understanding of SF
relationships by correlating histological RGC counts with visual field sensitivities

(expressed in linear 1/L units) both derived from experimental glaucoma induced
in monkeys.! The investigators demonstrated a linear relationship between the
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RGC count and visual field sensitivity in the central retina. Interestingly, the slope
of this correlation increased as a function of eccentricity. The latter finding is
likely a function of the changing distribution of the RGCs in the central macula.
This points to a proportional relationship between the two measures with a certain
percentage of RGC loss corresponding to a similar percentage of VF sensitivity
loss. This is consistent with the two-stage mode as introduced by Swanson et al.*
The latter posits that if both RGC loss and perimetric sensitivities are expressed
in percent loss, the relationship will be linear at least for spatial filters in the
range of 0.5-2 cycles/degrees are involved; however the slope of the linear rela-
tionship varies as a function of distance from fixation. This finding may be one of
the explanations for the bipartite model as described by Drasdo and colleagues.'?
Alternatively, the relationship between size of the Goldmann 11l stimulus with
Ricco’s critical area could explain this change in slope. The critical area is the
size of the area within the retina where spatial summation is complete. Ricco’s
area is smaller than the stimulus size 111 area more centrally, where as it becomes
larger as more and more peripheral locations are tested. For stimulus areas larger
than the critical area (such as stimulus size I11 centrally), sensitivity changes less
and therefore, the slope for the correlation of RGC density or thickness and VF
sensitivity is shallower. Pan and Swanson have recently suggested that detection
of the target by multiple cortical spatial filters could explain this relationship as
well .2

3.1.2.2. The Hood-Kardon model (simple linear model)

The Hood-Kardon model essentially is based on the premise that structural
measures, most notably RNFL, consist of a neural component, mostly RGC
axons, and a non-neural component consisting of glial tissues, blood vessels and
other connective tissue elements. As glaucoma advances, the neural component
of the RNFL thins out while the non-neural component remains stable and could
actually increase in thickness. This assumption had also been previously modeled
by Harwerth et al.! It defines a dynamic range for the SF relationship where the
relationship between structural and functional measures is linear, when visual
field data is expressed on a linear scale, a finding similar to those of Harwerth
et al.! In this model, structural measures asymptotically tend towards their floor
of measurements around when about 90% of the visual function has originally
been lost (i.e., around -10 dB); from this point on, the structural measures are so
thin and there is significant noise in the segmentation that monitoring structural
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measures such as RNFL would become very difficult.

3.1.2.3. The ‘Hockey-Stick’ model: changing slope of SF relationship as a
function of eccentricity

This model takes into account that the relationship between sensitivity and
ganglion cell receptive fields density is linear, but varies according to eccentricity
(slope of 1 at greater eccentricities and a slope of 0.16 in the macula). Overall, a
two-line or ‘Hockey-Stick’ fit gives a reasonable fit to the data, and it resembles the
spatial summation curves which predicted a shallower slope for test locations near
fixation and a steeper slope peripherally. The change in slope may be explained
by the relationship between the size of Goldmann 111 stimulus in relation to the
critical area (Ricco’s area). For stimulus area larger than Ricco’s area, which is
the case in the central 15 degrees, sensitivity changes less. Although probability
summation of neural detectors is the most accepted explanation, the detection
of the stimulus by multiple cortical spatial filters may also be considered as an
alternative explanation.*

Drasdo et al’s model:®* The bipartite model linking RGC density to VF
sensitivity also addresses the displacement of the RGCs within the central
macula as pertains correspondence with the central VF test locations. Drasdo
and colleagues used histological data on lateral displacement of RCG bodies
from foveal cones to develop an improved map of normal ganglion cell density
within the central visual field. They proposed a model relating ganglion cell
receptive fields densities to perimetric sensitivities. This model has linear contrast
sensitivity linearly related to ganglion cell densities for perimetric values of 0 to
29 dB, then becomes non-linear at higher sensitivities. This nonlinear part of the
model predicts a shallower structure-function slope in the macula area, and an
increase in slope in the peripheral retina.

3.1.3. Factors affecting the structure-function relationships

As both structural and functional changes result from a common pathophysio-
logical process (loss of RGC somas and axons), it would be expected that both
would be related to one another over the course of disease. However, the current
structural and functional measurement methods show considerable variability,
acquire measurements in different scales, and are susceptible to limitations that
result in a suboptimal assessment of this relationship, which is dependent on the
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severity of the disease and the location being tested.

Automated imaging devices are often used for structural assessment (ONH,
RNFL, macula), aiming to quantify rim area (mm?), RNFL thickness (microns),
or various inner retinal thickness measures (microns). These represent linear
metrics of measurements, and should be linearly related to RGC density. Standard
automated perimetry (SAP) uses a constant size stimulus at all test locations, and
VF sensitivity is obtained in logarithmic units (decibels — dB). The dB is relative
to a reference level (luminance of the stimulus vs. background luminance), and it
is used to express a ratio rather than an absolute value. Thus, dB is a non-linear
measure, and a change of 3 dB represents a doubling or halving of light intensity.
When dB increments are plotted against a linear scale, it shows that dB increments
at different levels of intensity represent very different sized increments on a linear
scale. For example, a 2-dB decrease from 38 to 36 dB is ten-fold greater change
in linear units than the same dB change at a sensitivity of 28 dB. The different
units of measurements for structural and functional parameters are confounding
factors when assessing structure-function relationship. There is strong evidence
based on experimental and clinical studies that transforming dB to linear scale
results in a clearer linear relationship between structure and function measure-
ments. Nevertheless, it is important to understand that the logarithmic scale
compresses the range of losses in early stages, while expanding the range in later
stages. Although a linearization of the visual field data suggests that functional
changes may occur at early stages of disease process, the simple linearization may
not yield improvement in the detection of early functional losses because SAP
data is originally acquired using staircase procedures based on logarithmic scale
(decibels). Thus, current implementations of SAP are not effective in detecting
small amounts of RGC loss in early stages of disease. On the other hand, by
expanding the range of the scale at later stages, SAP may be more sensitive to small
RGC loss that do not seem to produce detectable changes in RNFL thickness.”

Visual field measurements show significant between-subject variability.
Perimetric indices have normal ranges that cover a substantial portion of linear
scale. In addition, visual field assessment is a psychophysical evaluation that
shows considerable test-retest variability. For perimetry with size 111, test-retest
variability of perimetric sensitivity in damaged areas of the visual field can span
the entire dynamic range of the perimeter. These combined sources of variability
affecting functional measurements confound structure-function relationship, par-
ticularly in the assessment of glaucomatous change over time. The determination
of visual field sensitivity is dependent on the stimulus area (spatial summation),
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as when small areas of retina are stimulated, the area of the retina stimulated
is linearly related to the visual sensitivity (Ricco’s law). One caveat is that this
small area (Ricco’s area) varies according to the location of the retina being
stimulated (eccentricity), whereas within 15° from fixation this area is smaller
than the Goldmann size I11 stimulus used on SAP. In addition, cortical pooling
of ganglion cell responses can be characterized in terms of multiple spatial
mechanisms or multiple cortical detectors with peak responses at different
spatial frequency. A decline in ganglion cells density reduces the sensitivity of
higher frequency cortical spatial mechanism mediating detection in normal eyes.
Cortical pooling analysis demonstrates that this reduction in sensitivity of higher
frequency mechanisms would result in a linear decline in sensitivity with decline
in ganglion cell density. Thus, the sensitivity to the size 111 stimulus may decline
with modest amount of ganglion cell loss, with a shallower slope in the central
visual field when compared to a steeper slope at the periphery.**

Another confounding source is the concept of ‘ganglion cell dysfunction’
(rather than death). In some situations, RGC may become dysfunctional leading
to a functional deficit response at that time, which may or may not be reversible.
In this situation, measured functional abnormalities may exceed functional
impairment predicted from structural measurement alone. Electrophysiological
studies showed that a reversible reduction of PERG amplitude could be induced
by elevating intraocular pressure'® and that IOP reduction can result in functional
improvement. Psychophysical evidence of RGC dysfunction is consistent with
shrinkage of dendritic fields.” Structural measurements Iso show significant
between-subject variability. Ganglion cell number in normal human eyes varies
by a factor of two across individuals, and structural indices have consider-
ably wide normal ranges.** Although test-retest variability is low, it can further
enlarge the between-subject variability. The test-retest variability may be due
to operator, instrument, or patient-related causes, and some locations may show
wider measurement variability in some imaging modalities (i.e., OCT RNFL at
temporal and nasal quadrants). The variability in structural (and functional) mea-
surements makes the true extent of damage difficult to ascertain, which represent
a relevant confounding source for the assessment of structure-function relation-
ship over time.

Although imaging measurements of neuroretinal rim and RNFL thickness
are related to RGC loss, these structural measurements include non-neural
elements such as glial tissue and blood vessels. In eyes in which visual function
drops to zero, anatomical measures have a residual non-neural component that
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can be considered substantial even in blind eyes (35-55 microns for peripapil-
lary RNFL).28% There are uncertainties concerning the extent of the non-neural
components of the RNFL, and how these may be affected by age and disease
severity. Axon diameter and density vary around the optic nerve head circumfer-
ence, which implies that the number of axons according to RNFL thickness varies
around the ONH circumference, and this relationship may be affected by age. The
residual non-neural component seems to be smaller in the neuroretinal rim than
RNFL, but the morphology of ONH varies considerably between individuals and
rim measurements may be affected by biomechanical changes of peripapillary
sclera and lamina cribrosa.

The spatial structure-function relationship requires knowledge about the
anatomical correspondence of neuroretinal rim, or peripapillary RNFL, to the
visual field test locations. Garway-Heath et al. proposed one of the most utilized
structure-function maps.® These authors and others have observed that the position
of the ONH relative to the fovea, disc size, and axial length were the most important
factors influencing the trajectory of RNFL bundles.?® Also, there appears to be a
considerable variability around the ONH entry point for a given VF location,
spanning 20-30 degrees.? Moreover, the location of the temporal raphe may also
vary among individuals, considerably affecting the spatial structure-function cor-
respondence. In fact, these various sources of between-subject variability likely
represent a major cause of imprecision in the evaluation of spatial structure-func-
tion relationship. Adaptation of the spatial correspondence map to include factors
that help explain individual variation in the correspondence of retinal locations to
peripapillary RNFL sectors and temporal raphe location would further improve
spatial structure-function associations.*

3.1.4. Future directions

Combining structure-function testing improves the diagnostic ability to detect
glaucoma and glaucoma progression. Structure and function measurement
methods have several confounding factors that preclude a better integration of
both tests results. Attempts to improve the assessment of this complex relation-
ship would include improvements of structural tests technology, adaptations of
visual field tests, and better approaches for combining the information provided
by both tests.

Ideally, rapidly evolving imaging technology may allow a quantitative
assessment of RCG nuclei in vivo, permitting direct comparison with retinal
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sensitivity. Visual field test points in conventional 24-2 grid could then be modified
to better represent the distribution of RGCs, and also, the stimulus size could be
‘scaled’ by estimates of RGC receptive field density across the central 30 degrees.

Meanwhile, Medeiros et al.*>?? recently proposed a new method to estimate
rates of RGC loss in glaucoma by combining structural and functional measure-
ments. Estimates of RGC count were obtained from functional and structural
tests data (SAP and OCT, respectively). RGC count estimated from SAP data
accounted for eccentricity of each tested point, and considered cell density to be
uniform over an area of retina corresponding to an area of 6 x 6 degrees of visual
field space that separates test locations in SAP. RGC count estimated from OCT
data accounted for the effect of aging in the axonal density and the effect of disease
severity on the relationship between the neuronal and non-neuronal components
of the RNFL thickness as obtained by OCT. Then, a weighted average of both
RGC estimates were obtained based on the severity of disease (as assessed by MD
values), whereas in early disease, OCT-derived RGC estimates have greater weight
than those obtained by SAP; and in advanced disease, SAP estimates will carry
greater weight than those obtained from OCT. The age-related loss of estimated
RGC loss was calculated from data obtained in 52 healthy eyes followed-up lon-
gitudinally for 4.0 (x 0.7) years. The authors of this study observed that the rate of
RGC loss estimated by this model performed better than either isolated structural
or functional measures for detecting progressive glaucomatous change.

3.2. Structure and function topographical maps:
Which one should we rely on?

3.2.1. Introduction

Both structural and functional assessments are used widely for the diagnosis and
management of glaucoma. The most commonly used functional assessment is
visual field testing, which typically estimates sensitivity to visual stimuli (most
commonly small circular luminance increments) that are sampled at a series of
locations across the central approximately 30 degrees of visual field. Structural
assessments are varied, but typically include assessment of the optic nerve head
via photography or optical coherence tomography (OCT), OCT measurement
of retinal nerve fiber layer thickness measurement in the peripapillary area,
and OCT assessment of the thickness of various retinal layers in the macular
region. In order to compare the outcomes of functional assessments to structural
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assessments, a mapping schema between the two is required. Here we discuss
current mapping schema that are used for the purpose of enabling registration
between functional and structural assays. We will discuss the two mapping
challenges that are currently most important for glaucoma: (1) mapping from
points in visual field space to the likely angle of insertion of the relevant RGC
axons on the optic nerve head; and (2) mapping from points in visual field space
to retinal ganglion cell complex thickness in the macular region. Other sections
will discuss how to combine measures of structure and function.

3.2.2. Mapping between visual field space and the relevant sector on the optic
nerve head

3.2.2.1. The methods used to derive maps

Several approaches have been used to derive maps between visual field space and
the optic nerve head. The most commonly used methods have been: (1) visual
inspection/tracing of retinal nerve fiber bundles (or the absence of RNFL bundles
in eyes with glaucoma) related to overlaid maps of visual field test locations
(for example: see refs. 9, 21 and 23) (2) computational models incorporating
knowledge of ocular;?2* (3) statistical approaches investigating the strength
of correlations between locations in visual field space and anatomical damage
at the ONH;?2 and (4) combinations of the above.??® The results of all these
modelling approaches yield similar results for the ‘average’ eye. Each approach
has limitations. For example, visual inspection of photographs is limited by image
quality and has been shown to have limited reproducabillity even when conducted
by experienced clinicians® and computational modelling requires the incorpora-
tion of a range of assumptions that may not hold for individual eyes. Nevertheless,
there is relatively strong agreement in the mapping produced by all approaches as
would be expected by the reasonably consistent basic features of ocular anatomy.

3.2.2.2. ‘One size fits all’ versus ‘one size fits one’

The usage of such structure function maps within clinical instrumentation and
analysis currently uses a ‘one size fits all” approach, where the map provided is
for the ‘average person’. A commonly-used approach incorporates the map of
Garway-Heath et al.® (2000) that maps the 24-2 visual field to six sectors on the
optic disc. Such mapping schema provide useful estimates of an approximate area
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of the optic disc that is likely to be anatomically linked to the specific location
of the visual field, and have proven clinically useful for coarse scale analysis
of functional and structural data both within a research and clinical setting. An
alternate mapping schema is utilized by the Octopus perimeter which maps to
a more specific optic nerve head location in its ‘polar plot’. For rapid clinical
inspection of the mapping relationship between visual field space and the optic
disc, these mapping schema are useful.

It is important to note that the ‘population average’ map will not be accurate
for individuals with atypical anatomical parameters. It is now recognized that the
spatial location of the optic disc relative to the fovea can vary markedly between
individuals.®® For example, while the average angular offset ONH relative to
the fovea is about three degrees vertically displaced, this can vary within the
population by approximately 20 degrees.®** Recent advances in OCT technology
and adaptive optics methods, have enabled direct imaging of the temporal
raphe®3 The temporal raphe is not strictly horizontal in some people.®*** While
further large datasets are required to fully appreciate the relationship between
the temporal raphe positioning and other anatomical parameters, early data on
small datasets suggests a moderate relationship between the angle of the ONH
and fovea, and the angle between the temporal raphe and the fovea.®>* There is
insufficient data currently to establish the interplay between these factors and
axial length, however it is expected that myopia will also impact on the accuracy
of mapping between structure and function. Because the temporal raphe is key
for dividing the retinal nerve fibers from the superior and inferior portions of the
optic disc, individual differences in the position of the temporal raphe predict
large differences in mapping for visual field locations placed close to the midline
in the nasal visual field. Indeed locations close to the midline can map to the
opposite ONH hemifield than traditionally considered depending on the position
of the temporal raphe.

3.2.2.3. Future applications

Future clinical mapping schema should: (1) consider individual differences in
anatomical parameters for visualization of the relationship between structure and
function; and (2) enable the choice of custom sectors or regions of interest within
the ONH/visual field rather than a fixed sector approach. Current computational
models exist that can incorporate individual anatomical features such as: axial
length, raphe position, ONH position relative to the fovea (for example see ref.
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24). Validating such approaches is complex because there is no ‘gold standard’,
nevertheless the current approach is to validate against maps derived by visual
inspection.?® This approach has shown that the discordance between the model
and hand-tracing was less than the discordance in tracing between different
observers.?® Notably, because it is already well established that current mapping
approaches yield similar results for the ‘average eye’, the challenge is to validate
such models for eyes with atypical anatomical features. The use of fixed large optic
disc sectors for mapping limits the fidelity with which structure-function analysis
can be conducted, but minimizes errors that arise from incorrect mapping if
sectors are highly localized. Previous work suggests that the accuracy with which
visual field locations can be mapped to the ONH is within + 15 degrees® with
current techniques, hence benefits may be derived by reducing the sector sizes
from those used in most current commercially available clinical equipment (four
or six sectors). The ability to choose custom sectors for individual patients to map
localized regions of structure to function is feasible with modelling approaches
%36 hut is yet to be implemented within commercial instrumentation and therefore
the potential clinical benefit to glaucoma diagnosis is yet to be firmly established.

3.2.3. Mapping from points in visual field space to retinal ganglion cell complex
thickness in the macular region

Anatomically in the fovea, ganglion cell bodies are spatially displaced from their
corresponding photoreceptors. This is relevant for structure-function mapping in
the macular region because it creates a small spatial offset between the location of
the photoreceptors that detect the centrally tested visual field locations (for example
using the 10-2 test grid) and the location of expected corresponding RGC loss. The
typical size of this displacement as a function of retinal eccentricity has been studied
by several groups®3"3 and has recently been incorporated into processes for struc-
ture-function analysis in the macular region in glaucoma.* Hood and co-authors
report improved concordance between structural and functional measures in
the macula post applying displacement of the visual field locations according to
anatomical estimates of Henle fiber length.*®* A clinical schema for applying such
information to combined reports of OCT and visual field data in the macular region
is described in Hood & Raza.*® Because substantial differences in foveal shape
exist between individuals with normal macular anatomy,* it has been proposed that
customization of the required displacement may yield even more accurate mapping
between structure and function in the macular region.*? Such work is currently
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within the research domain with substantial additional empirical work required to
ascertain whether there is indeed clinical utility in such an approach.

3.3. Detecting glaucoma by structural versus functional tests. Does
structural damage precede detectable functional loss? What is the evidence?

3.3.1. Statement of aim

Clinicians generally believe that structural damage precedes functional defects
in glaucoma. The goal of this section is to review the basis and evidence for this
belief.

Estimates of the accuracy of structural or functional tests to detect glaucoma
depend on the reference standard used.**#* Unfortunately, there is no single gold
standard reference test for the detection of glaucoma. Studies evaluating the
structural tests use functional tests as the reference standard while the studies
evaluating functional tests use structural assessment as the reference standard.
It is therefore difficult to compare the ability of structural and functional
tests to detect glaucoma directly. An indirect way of comparing the ability of
structural and functional tests to detect glaucoma is to compare the sensitivity
and specificity of the criterion used to define glaucoma in the published
literature. Sample et al. evaluated the sensitivity of various vision function
tests to identify glaucoma (using progressive glaucomatous optic neuropathy
on serial photographs as the reference standard) and found them to have a
sensitivity of 50-65% at a specificity level of 80%.% The sensitivity levels were
much lower at a specificity level of 90%. This meant that 35-50% of subjects
with glaucomatous optic neuropathy (as detected by subjective optic disc photo-
graphic assessment) had no detectable vision function loss. Most of the studies
evaluating the diagnostic ability of structural tests (imaging methods, spectral
domain OCT being the most popular method currently) have used visual fields
and the presence of glaucomatous optic neuropathy as the reference standard for
glaucoma. Studies evaluating the diagnostic ability of SD-OCT (using visual
fields alone as the reference standard) have reported sensitivities between
60-80% at a specificity level of 80%.4*8 This meant that 20-40% of subjects
with repeatable perimetric defects had no detectable structural abnormality on
SD-OCT.

It is often believed that structural changes occur before functional changes in
glaucoma, based on the work by Quigley et al.>*° and Sommer et al.*® A recent
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study supported this by showing that eyes eventually developing glaucoma-
tous VF defect had significantly lower RNFL thickness compared to healthy
eyes up to eight years before the development of glaucomatous VF defect.*
However, multiple studies have demonstrated contradicting results. Malik et al.
analyzed the data from the studies by Quigley et al. and showed that many eyes
with normal retinal ganglion cell (RGC) counts had abnormal mean deviation
(MD) on automated perimetry.*® Three eyes had RGC counts greater than 100%
with MD worse than -5 dB. Large clinical trials in eyes with ocular hyperten-
sion and early glaucoma have shown that functional changes can precede optic
nerve head changes in a significant number of patients.®253 It should be noted,
however, that it is possible that structural assessment was based on subjective
evaluation of disc photos. It is possible that many of these eyes already had
structural damage at baseline. Histological data from monkey eyes also has
shown that perimetric defects can be present in very early stages of glaucoma,
and a sensitivity loss of greater than 5 dB can be present for minimal amounts
of ganglion cell loss.*® Whether structural or functional change occurs first also
depends on the chosen endpoints and how they are measured. Also some dis-
agreement might be always expected due to the asynchronous temporal rela-
tionship between retinal ganglion cell functional and structural decline in the
glaucomatous process.* The concept of ‘ganglion cell dysfunction’ (rather than
death) has been proposed to explain why, in some patients, perimetric defects
precede identifiable structural changes. In early stages of ganglion cell insult,
cells may become dysfunctional, leading to a reduction in visual field sensitivity,
so that ‘measured structure’ may not be representative of functioning ganglion
cell or axonal number.*

In spite of the above equivocal evidence, there is no contradicting the fact
that retinal nerve fiber layer abnormalities (either on photographs or on imaging
methods) are present in many cases with normal visual fields. The reasons for
this finding are elaborately explained in a few previous reports.24*% In clinical
practice, when we are interested in finding out which test will show statistical-
ly significant glaucomatous damage first, then the answer depends upon the
relative variability in the test measurements of structure and function among
normal eyes. A test with a larger standard deviation among normal eyes, all else
being equal, would require a larger change to reach statistical significance than
would a test with a smaller standard deviation. It has been debated whether much
of the apparently earlier change in structure derives from greater variability in
field test data.
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3.4. How should clinicians follow glaucoma suspects over time with
structural and functional tests?

3.4.1. Statement of aim

This summary aims to discuss general guidelines on how to monitor patients
with suspected glaucoma using current commercially available technologies.
The present summary will not address the sensitivity and specificity of structural
vs. functional tests, which is the topic of another summary discussion within
this section. For the same reason, the issue of disagreement between technolo-
gies will not be discussed here. The underlying assumption of this summary is
that glaucoma is best diagnosed based upon conclusive abnormalities seen on
functional AND/OR structural tests.

Patients are often deemed ‘glaucoma suspects’ when structural or functional
tests do not provide conclusive information regarding the presence (or absence) of
glaucomatous (or ‘glaucoma-like’) abnormalities. Some clinicians and researchers
advocate that patients can be deemed suspects either due to suspicious optic discs
(based either on appearance and/or imaging), visual fields falling in the gray zone
of being neither normal nor abnormal, or elevated intraocular pressure (ocular
hypertension). This summary will include this broader definition of glaucoma
suspects and the statements proposed herewith may be applicable to both cases.
Moreover, glaucoma suspects can be further stratified based on their risk of
glaucoma onset. For ocular hypertensives, objective risk models are available to
estimate their five-year risk of conversion to primary open-angle glaucoma. Such
feature is not yet available for suspects based on disc appearance. Nonetheless,
clinicians can stratify these patients based on known risk factors for glaucoma
development and progression, such as race, family history, age, central corneal
thickness, and findings from objective imaging technologies.

Since glaucoma is by definition a progressive disease, following-up glaucoma
suspects over time with structural and functional tests will provide conclusive
information about the presence (or absence, so far) of glaucomatous damage. In
addition, all structural and functional diagnostic tests have inherent limitations,
one of which is their imperfect repeatability, even when reliability and quality
indices are adequate. For instance, a patient may be deemed a ‘suspect’ based
upon a given test result during a baseline assessment. Upon repeated testing some
weeks later, the repeat test on the same modality may now demonstrate more
conclusive signs of glaucomatous damage not attributed to progression, but rather
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to variability (or learning effect) known to exist for that modality.

A recipe for following glaucoma suspects should provide guidance on: which
clinical and auxiliary tests should be performed, at what intervals, should these
intervals be kept constant in years to come, should follow-up continue indefinitely
in those who have not converted (yet?).

Therefore, the answer to *how clinicians should follow glaucoma suspects over
time with structural and functional tests’ depends upon two main factors: (1) the
speed (rate of change) of deterioration; (2) the test-retest variability of the technol-
ogies available in their clinical setting; and (3) their estimated risk of glaucoma
development, whether based on objective or subjective methods as described
above.

In consonance with the 8" consensus of the WGA on glaucoma progression,
“corroboration of glaucomatous progression [or onset] through the use of more
than one test may provide more effective and more rapid detection of glaucoma-
tous progression [or onset] than repeated confirmation of change using a single
modality.” This statement addresses the first part of the question this summary
aims to discuss. Note that, although we introduced the term ‘onset’ to the original
WGA statement, that same document supports that conversion from normality
to glaucoma also involves progressive changes due to the same underlying
mechanism, that is, death of retinal ganglion cells (RGC).

For simplicity, we herewith assume that static perimetry (i.e., standard
automated perimetry, SAP) is the most widely available and accepted functional
test, whereas optic disc photography (with or without adjunctive imaging tech-
nologies) is the structural counterpart. Since patients with ocular hypertension
have normal SAP and disc photography results, which minimizes classification
bias that would come from using either test to define a suspect, follow-up of these
patients provide valuable insight on the frequency SAP and disc photography can
detect early glaucomatous damage. In the Ocular Hypertension Treatment Study
(OHTS), a similar number of participants were classified as having converted
to primary open-angle glaucoma based on disc photos and SAP. Therefore, our
second statement adds to the first one that, SAP and disc photography should be
repeated over time in patients with suspected glaucoma.

Although frequency doubling technology (FDT) has been shown useful to
diagnose glaucoma, there is currently no data suggesting that it can replace SAP
or even that it should be performed alongside SAP when both techniques are
available. The same principles can be applied to electrophysiological tests, such
as multifocal visual evoked potentials (mfVVEP) and pattern electroretinogram for
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glaucoma (PERGLA). Despite their more objective assessment of visual function
and ability to detect damage sometimes before SAP, these tests can be used when
following glaucoma suspects as an adjunct to SAP as a means to provide a func-
tion-function corroboration (also in consonance with the 8" consensus statement
above). If available, these adjunctive functional tests could be alternated with
SAP during follow up of glaucoma suspects.

Optical coherence tomography (OCT), is currently the most widely employed,
commercially-available adjunctive structural test to monitor suspects over
time. Its performance to detect glaucoma, as well as other adjunctive structural
technologies, is discussed elsewhere in this section. Some patients may reveal
significant structural abnormalities consistent with glaucoma before functional
defects. The objective nature of OCT may also reveal abnormalities overlooked
on optic disc photography. Similarly to the discussion above on functional tests,
if available, OCT could be alternated with optic disc photography during follow
up of glaucoma suspects.

3.4.2. Frequency of testing

The test-retest variability of the techniques described above should be considered
when defining how frequently they should be performed over time in glaucoma
suspects. One should keep in mind that this variability has an inherent component
but also depends on patient-related factors. Some patient-related components
include: disease severity, clarity of media, and cooperativeness during the test.
As far as severity, glaucoma suspects by definition have normal or almost-nor-
mal test results and thus are assumed to have lower short- as well as long-term
variability. For the remaining components, we will assume optimal for simplifi-
cation purposes.

Assuming that at least two baseline tests with acceptable reliability indices
were initially performed, the frequency of repeated testing will depend upon the
disease progression and the test variability, as discussed above. The recommen-
dations by Chauhan et al.*® on measuring rates of visual field change in glaucoma
provide some insight that can be extrapolated (with caution) when monitoring
visual field changes in glaucoma suspects. Assuming a low degree of variability
in this population, a frequency of two 24-2 SAP examinations per year would
allow the detection of moderately to rapidly deteriorating visual field MD (-0.5 to
-2.0 dB/yr) in up to five years of follow-up with a power of 80%. For slowly deteri-
orating fields (-0.25 dB/yr), the same can be achieved in 6.5 years. Although these
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recommendations are based on averaged pooled data, we believe they provide
a robust estimate for the purpose of this summary. These recommendations are
also based on a global visual field index (MD), which despite not providing focal
information, has the advantage of being less variable over time. Recommenda-
tions based on focal changes are not yet available and would need to take into
account its inherent larger variability — although a much larger number of VF
locations could be analyzed. For the moment, we propose that performing two
visual field examinations per year should not have an onerous impact on patients
(nor insurer) and could provide a high degree of certainty to detect conversion
from suspected to glaucomatous visual fields among high-risk patients during the
course of a five-year follow-up period.

Regarding disc photography, one key limitation is its subjective nature between
and within graders over time. There are currently no studies addressing the
optimal frequency of testing to detect conversion from a normal/suspicious disc
to a conclusively abnormal one. Aside from the increased chances of detecting
disc hemorrhages upon very frequent photography, structural changes detectable
by the human eye are often subtle and very slow in glaucoma. A recommendation
on the frequency of disc photographs in glaucoma suspects should therefore take
into account the balance between how onerous it is to patients and how long it
would take to identify minimally-detectable changes. One alternative is to try and
extrapolate this choice on the frequency of visual field test, for which more data
exist. By performing one disc photograph per year, clinicians should be able to
confront their impression while looking at two disc photographs with a sequence
of at least two repeatable (or confirmatory) visual field examinations.

OCT has a number of advantages over disc photography and visual field testing,
namely its more objective nature and lower test-retest variability. These features
give them a theoretical advantage to detect conversion from normal/suspects to
glaucoma. They can help not only by providing structure-function corroboration,
but also structure-structure corroboration with optic photographs. With a smaller
test-retest variability and the possibility to confront with other functional and
structural tests, ancillary structural tests could be performed once a year, possibly
six months after disc photography and concomitant to one of the visual field tests.

Although in clinical practice clinicians have become increasingly more
dependent on OCT compared the disc photographs for diagnosis and monitoring
of glaucoma, the latter still provides fundamental information in a clinical setting.
One important issue is disc hemorrhage detection, as OCT cannot detect it yet.
Another issue are the nerve fiber layer defects seen on photographs which can be



110

compared with OCT results to detect abnormality or detect progression. Further,
we may miss retinal abnormalities or other optic neuropathies which may mimic
glaucomatous changes if optic disc photographies are not performed.

3.5. Changes in perimetry to incorporate structural information
3.5.1. Statement of aim

While both functional and structural information are considered to diagnose
glaucoma, perimetric and imaging methods have largely been developed inde-
pendently of each other. There may, however, be a benefit to using structural
information to inform visual field testing. The goal of this section is to review
perimetric approaches that incorporate structural information.

3.5.1.1. Advantages of presenting structural and functional information together

Hood et al.5” developed a customized one-page report containing key features
of optical coherent tomography (OCT) scans and visual field information. They
suggest that an advantage of such report includes the ease of looking for topo-
graphical consistency between structural and functional parameters. Furthermore,
the direct comparison of the topography of visual field and OCT abnormalities
may lead to the detection of subtle damage that may otherwise be ignored. Struc-
ture-function reports that include information from the OCT macular cube scans
can lead to the detection of glaucomatous damage to the macula. Including a
large scan image on the report allows for the detection of algorithm errors and
structural abnormalities. Hood et al.*” showed excellent inter-individual repeat-
ability between two report specialists (individuals experienced in analyzing
OCT and VF results) and also excellent diagnostic ability compared to glaucoma
specialists.

Presenting RNFL thickness plot in the NSTIN format instead of the TSNIT
format. Hood et al.>" suggested that presenting RNFL information in the NSTIN
format makes it easier to relate thinning on the RNFL plot to central defects on
the visual field.

Commercially available perimetric outputs that include structural
information. Combined structural and functional information are included on
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some commercially available devices. The advantages of this include increased
availability of structure-function reports to a large number of clinicians and the
usefulness of the reports for patient education.

The Polar Analysis. This analysis is available on the OCTOPUS perimeters
(Haag-Streit, Switzerland) and provides a graphical representation of the rela-
tionship between structural and functional results. The pattern of locations tested
using the G test was selected based on the anatomical distribution of the retinal
nerve fiber layer bundle. The Polar Analysis plots the visual field results obtained
at each location in their corresponding location along the optic disc. The length of
the bars represents the magnitude of the defect. Green bars represent visual field
locations that have significantly better results while red bars represent visual field
locations that have significantly worse results than age-matched controls. This
graphical representation allows clinicians to quickly assess the correspondence
between the visual field results and structure.

Cluster Analysis. This analysis is available on the OCTOPUS perimeters (Haag-
Streit, Switzerland) and provides a graphical representation of the relationship
between structural and functional results. In the Cluster Analysis, visual field
locations corresponding to the same retinal nerve fiber layer (RNFL) bundle are
averaged to provide a mean defect for each of ten clusters.

The Heidelberg Edge Perimeter (HEP). This perimeter performs standards
automated perimetry and also flicker-defined form perimetry. The HEYEX
software allows the integration of the visual field results with optic nerve head
and RNFL information obtained with the Heidelberg HRT and Spectralis devices.
This integration allows for a combined analysis of structural and functional
status, with all information presented on a single report generated by the HEYEX
software.

3.5.1.2. Fundus-guided perimetry (often referred to as microperimetry) may be
useful for glaucoma diagnosis, but requires an adequate understanding of the
structure-function mapping

Fundus-guided perimetry allows for an assessment of visual function under direct
observation of the fundus. With this type of perimetry, visual function can be
tested at specific structural loci with possibly reduced test-retest variability in
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the positioning of the stimulus on the retina. Fundus-guided perimetry has been
shown to be useful in the assessment of visual function in macular diseases and is
of value as a functional outcome measure in clinical trials of geographic atrophy.
Fundus-guided perimetry may have role in glaucoma but it requires an adequate
understanding of structure-function mapping in order to accurately predict areas of
interest to test. An important difference between macular diseases and glaucoma
is the degree of spatial congruence between the affected area of the retina and
the associated location of dysfunction in visual function. Whereas there is high
congruence in retinal diseases, this is not the case for glaucoma. Nevertheless, the
fixation tracking technology associated with fundus-guided perimetry may prove
useful for perimetric testing in glaucoma to minimize the effects of small eye
movements on test-retest variability, even if the specific locations of the stimulus
presentation are not chosen on an individualized basis (i.e., the test is not truly
‘fundus-guided’).

Currently, fundus-guided perimetry can be performed using the following
commercially available devices: the Nidek Microperimeters58 (Nidek Technol-
ogies Srl., Padua, Italy), Macular Integrity Assessment (MAIA)59 (CenterVue,
Padova, Italy), and Compass®® (CenterVue, Padova, Italy).

Increasing the number of test points in areas where structural defects are
present may be useful to diagnose glaucoma. There is a trade-off between the
time needed to perform a perimetric test and the number of locations that can be
assessed. This places a limit on the spatial resolution of perimetry, or in other
words, the number of visual field locations that can be assessed. Some evidence
suggests that it may be useful to identify areas of the visual field that should be
tested with a more densely packed grid based on structural information.

Increasing the number of test points in the macula may be useful to diagnose
glaucoma. Hood et al. have shown the presence of visual loss in the macula in
patients with glaucoma.®! They showed that if retinal ganglion cell displacement is
accounted for, a direct comparison between retinal nerve fiber layer and visual field
defects is possible. These macular defects in visual function were identified using
the 10-2 test. While performing the 10-2 in addition to the 24-2 test may provide
useful diagnostic information, this is not practical from a clinical standpoint.
Ehrlich et al. therefore modified the 24-2 test to include some points from the
10-2.%2 They noted the following advantages to modifying the 24-2 test instead of
developing a new test: (1) a 24-2 report could be generated to allow longitudinal;



3. Structure & Function 113

follow-up; (2) the 10-2 normative data is already collected and could be used; (3)
the results of the additional 10-2 locations in the modified test pattern could be
compared directly to the same locations in the 10-2 test. Higher sensitivity at a
fixed specificity of 85% was observed even when only four addition 10-2 points
were added to the 24-2 test pattern.’? Chen et al. also showed that testing two
additional locations in the superior macula can improve the detection of glaucoma
using the test pattern available on the Medmont perimeter.5

On the Octopus perimeter, the pattern used in the G test has a larger number of
central points compared to the HFA 24-2 test. The pattern of the G test is based
on the retinal nerve fiber bundles and contains has a higher density of point in the
central area to detect foveal and para-central defects.

Using structural information to identify regions to test with a dense test grid.
In different patients, glaucoma is first detected by either the presence of structural
abnormalities, the presence of functional loss, or by both simultaneously.2%4 In
patients where a structural abnormality is detected before functional loss, it may
be valuable to monitor the area of the visual field that corresponds to the area
of structural defect. Customized tests could be used to test a smaller area of the
visual field with a denser grid. This could result in the detection of very early
visual loss. While no normative data would be available for such tests, patients
could serve as their own baseline in longitudinal follow-up. Algorithms, such as
the experimental scotoma-oriented perimetry (SCOPE)® or the gradient-orient-
ed automated natural neighbor approach (GOANNA)® could be developed and
automated provide a higher density assessment of relevant visual field areas.

Research on improving perimetry using structural information may lead
to clinical perimetric methods that will improve glaucoma diagnosis in the
future. There are a number of approaches that have been, and continue to be,
explored in the academic setting. These approaches, while promising, currently
have a fairly limited evidence base and are not currently ready for implementation
in clinical settings. Some of these approaches are described below.

Biasing the prior of a Bayesian test procedure based on structure. Denniss
et al.®” have explored the ability of using patient-specific prior information such
as structural damage to improve perimetric procedures. In the structure-zippy
estimation by sequential testing (SZEST), they biased the prior of a Bayesian
procedure with information from structural imaging using computer simulations.
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They found that seeding a Bayesian perimetric procedure with patient-specific
prior structural information reduced test-retest variability and the number of pre-
sentation needed when the prior information predicts sensitivity within approxi-
mately + 9 dB.

Using structure to initiate a combined screening-threshold procedure.
Ganeshrao et al.®® developed the Structure Estimation of Minimum Uncertainty
(SEMU), a perimetric test strategy that uses structural information to determine
the choice of stimuli. In this approach, they used RNFL thickness data to predict
visual field sensitivity. This prediction is used to set suprathreshold levels that
then alter a prior probability distribution of the final test output. On average, they
showed that using RNFL information to guide stimulus placement in a perimetric
test procedure maintains accuracy, improves precision, and decreases test duration
for patients with less than 15% of false positive errors.

Using structure to predict current visual fields. Zhu et al.® used RNFL thickness
information to predict visual function. In a training set, the structure-function
relationship was characterized using the radial basis function customized under
a Bayesian framework (BRBF). The BRBF allowed visual field sensitivity to be
predicted from RNFL thickness measurements.

Combining structural parameters to predict visual field loss. Sugimoto et al.”
developed a machine learning classifier using the Random Forest algorithm to
predict the presence of visual field damage in glaucoma suspects based on OCT
measurements. They showed that using the Random Forest decision tree classifier
resulted in higher areas under the receiver operating curves compared to those
derived from any single OCT parameter and a simple decision tree method.

Reducing variability in visual field testing using filters that combine
functional and structural test results. Deng et al.”* showed that filtering can
reduce variability about trends in longitudinal sequences of visual field data and
that it can improve the accuracy of predicting the next test result.

Developing visual field testing grids based on structural information. Asaoka
et al.”? developed a visual field test pattern that is centered on the optic disc
instead of the fovea. The structure-function field (SFF) had fewer test locations
and showed stronger structure-function correlations compared to the 24-2.
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3.6. Combining structural and functional measurements
3.6.1. Statement of aim

This section aims to examine current methods of combining results from structural
and functional tests and appraise their ability to diagnose glaucoma. The section
also addresses whether combining measurements may offer improvements over
traditional parameters for assessing glaucoma progression.

3.6.2. Definition

The diagnosis of glaucoma is based on detection of characteristic structural
changes to the optic nerve head (ONH) and retinal nerve fiber layer (RNFL),
which are associated with functional losses, typically measured using standard
automated perimetry (SAP). Although both structural and functional changes
result from the common pathophysiological process of retinal ganglion cell loss,
several large clinical studies have shown the earliest sign of glaucoma may be
either an abnormality of structure or function, and that with currently available
testing methods, simultaneous detection of change in structural and functional
tests seems to occur infrequently.8¢4® Consequently, assessment of both structure
and function is important for early glaucoma diagnosis.

A difficulty lies in how best to integrate the results of structural and functional
tests. At present, the clinician intuitively combines information from both
domains, and attempts to correlate change in optic nerve and RNFL to changes
in the visual field. If change is seen in both structure and function it is reassuring,
however, difficulty may arise when there is disagreement between tests.

Although structural and functional changes ultimately reflect loss of retinal
ganglion cells, some disagreement is to be expected as they have different
measurement scales and variability. For example, SAP uses a logarithmic decibel
scale, which compresses data in the early stages of disease, whereas structural
measurements are presented using a linear scale. Disagreement between structure
and function (and indeed between different structural measures) is also more
likely with the increasing array of devices and metrics used to quantify glauco-
matous changes. This increases the likelihood of declaring a change significant
that has actually occurred by chance. Statistical methods to combine structural
and functional measurements have the potential to reduce the impact of some of
these problems.
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3.6.3. Appraisal of current methods

Several approaches have been proposed to combine results from structural and
functional tests to improve detection of glaucoma and glaucoma progression.

3.6.3.1. Method #1: Bayesian methods

Bayesian statistics provide an objective, quantitative method that allows different
sources of information to be pooled.” They are based on the concept that prior
information can be used to modify posterior beliefs using a formula known
as Baye’s theorem.” Using Bayesian statistics, information obtained from one
type of test (e.g., OCT) can provide a prior probability of disease (or of disease
progression) that can be used to influence conclusions obtained from another test
(e.0., SAP). For example, a change in visual field that may be deemed statistically
insignificant on its own may be considered significant after taking into account
structural changes in the same eye. The method can also be applied to rates of
change over time. Several investigators have explored combining information
from structural and functional tests in glaucoma using Bayesian methods.™ """
Medeiros et al. used a Bayesian model to classify eyes as progressing or
non-progressing using combined information from SAP and average RNFL
thickness measurements from scanning laser polarimetry (SLP).”” The combined
approach identified a greater number of eyes as progressing compared to ordinary
least squares regression methods used by software of commercially available
visual field and OCT devices. Sensitivity of the method to detect progression
was also tested in a group of eyes classified as progressing on optic disc ste-
reo-photographs, achieving a sensitivity of 74% compared to only 37% using the
ordinary least squares regression. The Bayesian method had excellent specificity,
correctly identify 100% of 29 healthy eyes as not progressing. In a subsequent
work, Russell et al. found that measurements of neuroretinal rim area from CSLO
could be used to improve the estimate of rate of change in visual field over time in
patients with ocular hypertension.™ The rate of change in rim area was calculated
using linear regression and the slope of change used as a ‘prior’ to inform the
rate of change in SAP mean sensitivity using Bayesian linear regression. The
Bayesian method was better able to predict future change in SAP compared to the
trend analysis of SAP measurements alone. However, a limitation of this method
is that the differences in measurement scales between CSLO and SAP needed to
be overcome by transforming the CSLO data using a scaling factor derived from
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the same patient sample, introducing a possible source of error.” Medeiros et al.
also used a Bayesian joint regression model to combine information from CSLO
and SAP in patients with glaucoma. The Bayesian slopes of change over time
were more accurate predictors of future visual field than conventional ordinary
least squares regression of the isolated measures.”

Advantages

Advantages of Bayesian methods are that they provide a means for correlation
between tests to be formally taken into account. This can help deal with conflicting
results and provide confirmation of change when results are in agreement. On the
other hand they also reduce the chances of a type-1 error, i.e., the probability of
declaring a change significant that has actually occurred by chance. Bayesian
methods also reduce the problems of the variability inherent in all testing
modalities. Variability increases the number of tests needed to accurately identify
change. For example, some eyes with relatively fast rates of visual field loss may
be declared non-progressing by conventional ordinary least squares regression
due to variability of the test. In statistical terms this would be evident from the
large standard error of the regression slope. In such circumstances, more mea-
surements would be needed to accurately determine the rate of change, which
would result in increased time and financial costs for the clinician and patient
and potentially delay recognition of true change. By combining information from
different tests it is possible to reduce the effect of variability in the individual
tests. Bayesian methods also allow information regarding risk factors such as 0P
and CCT to be incorporated.”

Limitations

A limitation of Bayesian methods is that they do not overcome all of the difficul-
ties of different measurement scales of structural and functional tests. When used
to examine rates of change over time, methods described to date, also assume a
linear rate of change in both domains. Functional changes are probably not linear
given the logarithmic scale of SAP and the effects of spatial summation in the
retina.*"
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3.6.3.2. Method #2: Transforming structural and function measurements to find
a common domain

Several approaches have been described that attempt to overcome the difficul-
ties of measurement scale when combining information from structural and
functional tests and express results in the same domain.?¢™ For example, Zhu
et al. developed a method of predicting visual field sensitivity from structural
measurements using a type of neural network.®® Others have transformed visual
field sensitivities in decibels to a linear scale.'™ It is possible that transforming
structural or functional measurements to a common domain might be useful for
subsequent Bayesian analyses, however, the purpose of these studies has been
primarily to examine the relationship between structural and functional tests and
not to combine the results in a single model. The use of these methods to explore
the relationship between structure and function is discussed elsewhere in this
consensus statement.

3.6.3.3. Method #3: Combined structure-function index

The combined structure-function index (CSFI) has been proposed by Medeiros
and colleagues as a method of combining results from structural and functional
tests.?? The CSFI is an estimate of the percentage of retinal ganglion cells lost
compared to that expected for an age-matched healthy eye, i.e., an eye with a
CSFI of 25% would have an estimated retinal ganglion cell count 25% less than
that expected for age.

The estimate of retinal ganglion cells is derived from structural and functional
tests using a series of formulas originally derived from studies of experimental
glaucoma in monkeys but subsequently validated in human clinical cohorts.?2?
The models relate SAP sensitivity measurements to histological numbers of retinal
ganglion cells as a function of retinal eccentricity with the experimental results
then translated to human clinical perimetry.! The formulas allow retinal ganglion
cell numbers to be estimated from perimetric threshold sensitivity values. The
relationship between OCT RNFL thickness and histological retinal ganglion cell
counts was also examined, and taking into account the effect of disease severity
on neuronal and non-neuronal constituents of the RNFL, formulas were developed
for estimating numbers of retinal ganglion cell axons from OCT.

The ability to estimate retinal ganglion cell numbers from OCT and SAP
provides a common unit for combining structural and functional information.
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The CSFI combines estimates using a weighting to account for the differences
in performance of OCT and SAP at different stages of disease, assigning greater
importance to OCT in early disease and SAP in moderate to advanced disease,
where there is a floor in structural measurements.*>*°

The CSFI has shown good ability to differentiate glaucomatous and healthy
eyes, performing better than isolated measures of structure and function.?? In a
study of 333 glaucomatous and 165 healthy eyes, the CSFI achieved an area under
the receiver operating curve (AROC) of 0.94, which was significantly better than
OCT RNFL thickness (AROC = 0.92, P = 0.008), SAP MD (AROC =0.88, P <
0.001) and SAP VFI (AUC = 0.89, P < 0.001).22 A subgroup analysis of 38 eyes
with pre-perimetric glaucoma, defined by progressive optic disc changes on ste-
reo-photographs, showed the CSFI to maintain good ability to differentiate health
and disease with an AROC of 0.85. The CSFI also performed well and better
than OCT to stage disease severity. It was also shown to be useful for predicting
glaucoma (repeatable abnormal visual fields or progressive optic disc changes)
in glaucoma suspects, performing better than isolated structural or functional
measurements.”

Advantages

A potential advantage of the CSFI is that by incorporating a weighting for disease
severity it can draw on the differing strengths of structural and functional tests at
different stages of the disease process. Estimation of retinal ganglion cell numbers
is also an intuitive unit for expressing severity of glaucomatous damage.

Limitations

The CSFI has potential limitations, such as the fact that the combined estimates
of retinal ganglion cell count have not been validated using human clinical data.
However, it should be noted that this might be irrelevant in the context of applying
the index for diagnosis and assessment of disease progression. In fact, there is
considerable disagreement between RNFL thickness measurements given by
different OCT devices and histological RNFL thickness measurements and this
does not preclude the use of OCT in clinical practice.
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Consensus statements

1. Although POAG may develop at any IOP, there is strong evidence supporting

higher mean intraocular pressure during follow-up as a risk factor for
development and progression of glaucomatous damage.

Comments: There is insufficient evidence and further studies are needed
to elucidate which IOP parameter(s) (mean, peak and/or fluctuation, area
under IOP curve, etc.)) is most important in determining risk of glaucoma
development or progression.

There is insufficient evidence implicating IOP fluctuations as an independent
risk factor for glaucoma development or progression.

Low ocular perfusion pressure (OPP) (the difference between systemic blood
pressure and intraocular pressure) is associated with increased prevalence of
open-angle glaucoma in cross-sectional studies.

Comments: The value of OPP monitoring in daily clinical practice is not
established.

Due to the intrinsic relationship between OPP and IOP, it is difficult to establish
an independent contribution of OPP as a risk factor for the development of
glaucoma.

There is insufficient evidence supporting the role of provocative tests, such as
the water-drinking test, as providing independent contribution to assess risk
of glaucoma development and progression.

Comment: Prospective longitudinal studies are necessary to clarify whether
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the water-drinking provocative test can provide additional information over
office-based IOP measurements in establishing risk of glaucoma development
or progression.

There is strong evidence supporting the role of central corneal thickness
(CCT) as an important predictive factor for glaucoma development in ocular
hypertensives and glaucoma suspects. Baseline CCT measurements should
be obtained in patients suspected of having glaucoma.

Comments: Algorithms to correct IOP based on CCT measurements are not
recommended for routine use in clinical practice.

There is insufficient evidence to conclude whether or not CCT is a true
independent risk factor for glaucoma development or progression, or whether
its effect is related to a tonometric artifact.

There is no evidence that serial CCT measurements have value in clinical
evaluation glaucoma.

There is strong evidence implicating lower corneal hysteresis as a risk factor
for glaucoma development and progression.

Comments: There is insufficient evidence about the mechanisms by which
corneal hysteresis is associated with risk of glaucoma progression.

Existing evidence suggests that individuals with myopia have an increased
risk of developing open angle glaucoma, with the risk being greater for people
with high myopia.

Comments: Diagnosis of glaucoma among myopic eyes can be challenging.
Confirmed evidence of glaucomatous progression from a well-defined
baseline is important for a correct diagnosis in many myopic individuals.
Disc hemorrhage is associated with increased risk of developing glaucoma
and it is a marker for glaucomatous progression.

Comment: Consideration of treatment escalation or closer follow-up should
be given for patients presenting with optic disc hemorrhages.

Predictive models (risk calculators) may provide objective assessment of
individual risk and their use should be considered in patients suspected of
having glaucoma.

Comment: Current validated risk calculators apply only to OHT patients.
Moreover, they do not include all known risk factors.
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4.1. Intraocular Pressure (I0OP)

Intraocular pressure (IOP) has been consistently demonstrated to be associated
with development and progression of glaucoma. Below we summarize some of the
evidence currently available with regard to 10OP parameters and risk of glaucoma
development and progression.

4.1.1. Mean IOP as a risk factor for glaucoma development

There is strong evidence from several clinical trials to support higher mean I0P
as a risk factor for development of glaucoma, as well as for progression of disease
in individuals with manifest glaucoma. In the OHTS, EGPS, EMGT, AGIS, the
Canadian Glaucoma Study, DIGS and UKGTS each mmHg of increased mean
IOP was associated with an increased risk for progression of 10-25%.

The Ocular Hypertension Treatment Study (OHTS) has provided strong
evidence with regard to the role of IOP as a risk factor for development of
glaucoma. In the OHTS, 1636 ocular hypertensive patients were randomized to
either observation or treatment and followed for a median time of 72 months.
Ocular hypertension was defined based on the presence of qualifying [OP between
24 mmHg and 32 mmHg in one eye and between 21 mmHg and 32 mmHg in
the other eye, gonioscopically open angles, normal visual fields and normal
optic discs.! Participants randomized to medication began treatment to achieve
a target 1OP of 24 mmHg or less and a minimum of 20% reduction in IOP from
the average of the qualifying IOP and IOP at the baseline randomization visit. At
baseline, mean I0P was 24.9 + 2.6 mmHg and 24.9 £ 2.7 mmHg in the treated
and observation groups, respectively. The average 10P reduction in the treated
group was 22.5% + 9.9% compared to 4.0% + 11.6% in the observation group.
At 60 months, the cumulative probability of developing POAG was 4.4% in the
medication group compared to 9.5% in the observation group, which translates
into a 54% relative reduction in the risk of developing POAG with treatment. In
the analysis of baseline predictive factors for development of POAG, 1 mmHg
higher baseline IOP was associated with a 10% higher risk of developing POAG
during follow-up, after adjustment for other predictive factors in a multivariate
model.? For this calculation, baseline IOP was calculated from four to six baseline
IOP measurements per eye.

The European Glaucoma Prevention Study (EGPS)® was also designed to
investigate whether the onset of POAG can be prevented or delayed in ocular
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hypertensive patients by medical hypotensive therapy. Inclusion criteria for the
EGPS were similar to the OHTS, requiring participants to have normal visual
fields and normal optic discs at baseline. However, qualifying IOP had to be
between 22 mmHg and 29 mmHg in at least one eye on two consecutive mea-
surements taken at least two hours apart. There was no mention with regards
to the 10OP in the other eye in the study protocol.* The EGPS randomized 1081
patients to treatment with dorzolamide or placebo, with a planned follow-up of
five years. However, only 64% of patients randomized to dorzolamide and 75%
of the patients randomized to placebo completed the study. Mean IOP at baseline
was 23.4 mmHg and 23.5 mmHg in the dorzolamide and placebo groups, respec-
tively. Mean IOP reduction at five years was 22.1% in the dorzolamide group and
18.7% in the placebo group. At the completion of the study, there was no statis-
tically significant difference in the cumulative probability of developing POAG
between patients randomized to dorzolamide versus placebo (13.4% versus 14.1%,
respectively; HR = 0.86; 95% ClI: 0.58-1.26).

Several reasons have been proposed to explain the conflicting results between
the OHTS and EGPS including regression to the mean effects, lack of target 1OP
and selective loss to follow-up.>® However, despite the fact that the EGPS could
not find significant differences between dorzolamide and placebo groups on the
rate of POAG development, its results are compatible with higher 10P being a risk
factor for POAG incidence. A 1 mmHg higher baseline IOP was associated with
18% higher risk of developing POAG (HR = 1.18; 95% CI: 1.06 — 1.31; P = 0.002)
in a multivariable model containing age, presence of cardiovascular disease, CCT
and presence of pseudoexfoliation.’

In the pooled analysis of the OHTS and EGPS control groups (1319 patients
followed without treatment), 1 mmHg higher baseline IOP was associated with
9% higher risk of developing POAG (HR = 1.09; 95% CI: 1.03 to 1.17), after
adjustment for other predictive factors.® It is important to note that even for this
pooled analysis, the 95% confidence interval was still relatively large, ranging
from 1.03 to 1.17. That is, each 1 mmHg increased IOP could be associated with
3% increased risk up to 17% increased risk.

In the results from the Diagnostic Innovations in Glaucoma Study (DIGS),
a non-randomized longitudinal prospective observational study, each 1 mmHg
higher mean IOP was associated with a 17% increased risk of converting from
ocular hypertension to glaucoma, in a multivariable model adjusting for other
factors (HR =1.17; 95% ClI: 1.05-1.30).°

The Early Manifest Glaucoma Trial (EMGT)® was designed specifically
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to evaluate the effect of 10P-lowering treatment on progression of glaucoma.
The EMGT enrolled 255 newly diagnosed, previously untreated, open-angle
glaucoma patients who had reproducible visual field defects at baseline (median
MD = -4 dB). Patients with advanced visual field loss or IOP greater than 30
mmHg at baseline were excluded. Patients were randomized to 360° trabecu-
loplasty plus betaxolol versus no treatment. Eyes stayed in their allocation arms
unless significant progression occurred. If the IOP in treated eyes exceeded 25
mmHg at two consecutive follow-ups or 35 mmHg in control eyes, latanoprost was
added. Patients were followed for a median of six years, with excellent retention.
Baseline IOP in treated and untreated groups were 20.6 + 4.1 mmHg and 20.9 =
4.1 mmHg, respectively. Mean IOP reduction was 25% in the treated group, with
no changes in the control group. At study closure, the proportion of patients who
developed progression was significantly larger in the control versus the treatment
group (62% versus 45%, respectively; HR = 0.60; 95% CI: 0.42 — 0.84; P = 0.003).
Differences between treated and untreated patients remained when results were
stratified by baseline IOP level (< 21 mmHg or > 21 mmHg), degree of visual field
damage, age or presence of exfoliation.

In the analysis of predictive factors for progression of glaucoma in the EMGT,
each 1 mmHg higher baseline 10P increased the risk of progression by 5% (HR
= 1.05; 95% CI: 1.01-1.10)."* Also, each 1 mmHg IOP decrease with treatment
(baseline 10P minus three-month follow-up IOP) was associated with a 10%
reduction in the chance of progression (HR = 0.90; 95% CI: 0.86 — 0.94; P <
0.001). When the mean IOP over all follow-up visits was analyzed, each 1 mmHg
mean I0OP was associated with 13% higher risk of progression (HR = 1.13; 95%
Cl: 1.07-1.19; P < 0.001). Results were consistent in multivariate models adjusting
for other risk factors.

The Collaborative Normal Tension Glaucoma Study (CNTGS)* enrolled
230 patients with unilateral or bilateral normal tension glaucoma characterized
by glaucomatous cupping and a defined type of visual field defect and a median
IOP of 20 mmHg or less in ten baseline measurements (with no recorded IOP
above 24 mmHg).1? Eyes were randomized to no treatment or to have IOP reduced
by 30% by medical or surgical intervention. Mean IOP at baseline was 16.9 + 2.1
mmHg and 16.1 + 2.3 mmHg in the treated and control groups, respectively. Mean
IOP during follow-up was 10.6 + 2.7 mmHg and 16.0 + 2.1 mmHg, respectively.
Significantly fewer eyes progressed in the treated group versus the control group
(12% versus 35%).

In an analysis of risk factors associated with progression in the CNTGS,
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however, the untreated baseline median intraocular pressure was not signifi-
cantly related to the rate of progression. According to the CNTGS authors,® this
discrepancy could be potentially explained by the fact that the rate of progression
could be related not to the absolute level of 0P, but to the amount by which the
IOP exceeds the damage threshold of a particular individual. The amount of excess
could be unrelated to the presenting baseline IOP in NTG patients. Therapeutic
lowering of the pressure would reduce the IOP relative to the damage threshold
and slow the rate of progression.

Other prospective clinical trials have also provided evidence that IOP is a risk
factor for glaucoma progression. However, it is important to note that these trials
were not originally designed to specifically address the relationship between IOP
reduction and glaucoma progression. The Advanced Glaucoma Intervention
Study (AGIS)* was a long-term study designed to evaluate the clinical course
of medically uncontrolled OAG by two surgical treatment sequences. Of 591
patients, 789 eyes were randomized to a treatment sequence of (1) argon laser
trabeculoplasty, trabeculectomy and trabeculectomy (ATT); or (2) trabeculecto-
my, argon laser trabeculoplasty and trabeculectomy (TAA). To be eligible for the
AGIS, eyes had to meet specific criteria consisting of combinations of uncon-
trolled IOP with medications, glaucomatous visual field defect and/or optic disc
damage. During follow-up, surgical interventions were supplemented by medical
therapy with the goal of reducing IOP to less than 18 mmHg. One of the AGIS
reports* examined the relationship between control of IOP and visual field deteri-
oration. In the so-called Associative Analysis, eyes were divided according to the
percent of visits for which the eye presented 10P less than 18 mmHg. Eyes were
assigned to one of four categories: 100% (group A), 75% to less than 100% (group
B), 50% to less than 75% (group C) and 0 to less than 50% (group D). The mean
IOP over the six years of follow-up was 12.3 mmHg in group A, 14.7 mmHg in
group B, 16.9 mmHg in group C and 20.2 mmHg in group D. Eyes in group A
had mean changes from baseline in visual field defect score close to zero. Patients
in groups B, C and D had progressively more changes in visual field compared
to group A. At 7 years of follow-up, eyes in group D had an estimated worsening
of 1.93 (95% CI: 0.82-3.05) units of visual field defect score compared to eyes in
group A, after adjustment for potentially confounding covariates.

In the analysis of predictive factors for progression of visual field loss in the
AGIS, each 1 mmHg higher mean IOP level at the first 18 months of follow-up
was associated with a 0.10 increase in visual field defect score during the rest of
follow-up (P = 0.002), after adjusting for race, assigned intervention sequence,
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age, diabetes, gender, reference IOP and reference visual field defect score.**

It is important to note that although AGIS results support a relationship
between 10P and rate of glaucoma progression, the secondary analyses described
above involved non-randomized groups that had potentially imbalanced covariate
values. However, results were consistent even after adjustment for potentially
confounding covariates using statistical methods.

The Collaborative Initial Glaucoma Treatment Study (CIGTS)*® randomized
607 patients with newly diagnosed OAG to medical versus surgical treatment.
Each patient was assigned a target IOP that was a function of baseline IOP and a
reference visual field, so that patients with more severe disease were required to
have more IOP lowering. Average MD of baseline visual fields was -5 dB. Patients
assigned to the medical arm were treated with IOP-lowering treatments at the
discretion of the treating physician, whereas patients assigned to the surgical arm
underwent trabeculectomy (with 5-FU at the discretion of the surgeon). Average
baseline 10Ps were 27 mmHg and 28 mmHg in the surgical and medical group,
respectively. IOP was reduced, on average, by approximately 48% and 35% in
the surgical and medical group, respectively. Visual fields were graded using a
defined protocol (increasing scores reflecting increasing VF loss and ranging
from 0 to 20). Both groups had, on average, minimal changes in visual field scores
over time. Repeated measures analysis of variance modeling adjusting for visual
field score at baseline, age, race, gender and diagnosis showed that initial surgery
resulted in 0.36 unit worse visual field score than initial medical treatment (P =
0.003); however, when the influence of cataract was included in the model, the
difference decrease to 0.28 units (P = 0.07). The greater lowering of mean IOP
in the surgically treated group apparently was of no further benefit in CIGTS
patients. However, a subsequent analysis of longer-term results did reveal a better
outcome for the surgical group in a subset of subjects with a greater degree of
initial visual field loss.’®

When contrasted to the EMGT, however, results from the CIGTS seemto indicate
that a substantial reduction of IOP decreases the rate of glaucoma progression.
Both studies included patients with relatively early glaucoma at baseline (average
MD was -4dB in EMGT and -5dB in CIGTS), although different methods were
used to assess visual field progression. In the medically treated patients in the
CIGTS an IOP reduction of approximately 35% resulted in no net visual field loss,
whereas in the EMGT, an average I0OP reduction of 25% resulted in 45% of the
patients developing visual field loss over time. Whereas in the CIGTS, medical
treatment was aggressive to reduce the IOP to the target level, a fixed treatment
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protocol was used in the EMGT. The mean £ SD IOP reduction from baseline
IOP in the EMGT was -4.5 = 3.4 mmHg, that is, assuming a normal distribu-
tion, approximately 25% of the patients had IOP reduction less than 2 mmHg
with treatment and approximately 35% had IOP reduction less than 3 mmHg. The
suboptimal 10P reduction in many patients is likely to be related to the high rate
of visual field progression in the EMGT.

The United Kingdom Glaucoma Treatment Study was the first prospective
randomized placebo-controlled clinical trial to evaluate the efficacy of intraocular
pressure reduction in preventing glaucoma progression. In the UKGTS, 516
individuals were enrolled between Dec 1, 2006, and March 16, 2010. Baseline
mean intraocular pressure was 19.6 mmHg (SD 4.6) in patients randomized to
the latanoprost group and 20.1 mmHg (4.8) in the control group. At 24 months
of follow-up, mean reduction in intraocular pressure was 3.8 mmHg (4.0) in the
latanoprost group compared to 0.9 mmHg (3.8) in the placebo group. Visual field
preservation was significantly longer in the latanoprost group compared to the
placebo group, with an adjusted hazard ratio (HR) 0.44 (95% CI 0.28-0.69; p
= 0.0003). When risk per 1 mmHg IOP reduction is calculated, each 1 mmHg
higher mean IOP translated into approximately 24% greater risk.

4.1.2. IOP fluctuations as a risk factor for glaucoma

IOP is a dynamic parameter with a circadian rhythm and spontaneous changes.
Although variations in 10P are commonly noticed, they are not well character-
ized and are often underappreciated in the management of glaucoma patients.
These variations are the result of complex interactions between external stimuli
and intrinsic biological IOP rhythm. IOP fluctuations of as much as 4-5 mmHg
in healthy individuals and, substantially higher, in some glaucoma patients have
been reported.

Despite several reports regarding the clinical relevance of IOP fluctuation in
POAG, as of today there are limited and generally inconsistent results concerning
the actual risk for the onset or progression of POAG associated with either 24
hour fluctuation or long-term variability.”” This is in part related to difficulties in
continuously assessing 10P over time.
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4.1.2.1. Long-term IOP variation as a risk factor for glaucoma

The EGPS did not find long-term IOP variation to be significantly associated with
the risk of conversion from ocular hypertension to glaucoma. Long-term IOP
variation was also calculated as the standard deviation of mean IOP over time. In
the univariate analysis long-term IOP fluctuation had a HR = 0.87 per 1 mmHg
higher; 95% CI: 0.70-1.09; p = 0.23). In the multivariate model, adjusting by
inter-current factors such as disc hemorrhage, diabetes, systemic hypertension,
systemic diuretics, systemic ACE inhibitors, treatment arm and all the baseline
predictive factors (age, CCT, PSD, vertical c/d ratio, vertical c/d ratio asymmetry),
mean IOP was significantly associated with glaucoma conversion (adjusted HR =
1.12 per 1 mmHg higher; 95% CI: 1.03 to 1.22; p = 0.007).%8

A report from the DIGS by Medeiros et al.’® involved 126 ocular hypertensive
patients followed for an average time of seven years. They did not find long-term
IOP variation to be significantly associated with the risk of conversion from ocular
hypertension to glaucoma. All patients in the study had high intraocular pressure
(> 22 mmHg), normal optic discs and normal visual fields at baseline. Conversion
to glaucoma was defined based on the development of repeatable visual field loss
or progressive change to the optic disc as evaluated by stereophotographs. Forty
eyes of 31 subjects developed POAG during follow-up. Long-term IOP variation
was calculated as the standard deviation of IOP measurements over time. In a
multivariate model adjusting for age, CCT, PSD, vertical cup/disc ratio and mean
IOP, long-term IOP variation was not significantly associated with glaucoma
conversion (adjusted HR = 1.08 per 1 mmHg higher; 95% CI: 0.79 to 1.48; P =
0.620). Mean [OP was significantly associated with glaucoma conversion (adjusted
HR = 1.20 per 1 mmHg higher; 95% CI: 1.06 to 1.36; P = 0.005).

In the Malmé Ocular Hypertension Study, Bengtsson and Heijl?® followed
high-risk ocular hypertensive patients for ten years as part of a prospective inves-
tigation in order to compare the rates of development of glaucomatous visual field
loss in patients treated with timolol compared to placebo. Patients were followed
every three months with Goldmann tonometry measurements obtained at 8:00 am,
11:30 am and 3:30 pm. No association was found between parameters measuring
long-term IOP variation and the risk of glaucoma development.

As part of the EMGT, Bengtsson et al.?* did not find long-term IOP variation
to be associated with visual field progression. The definition of long-term IOP
variation was also based on the standard deviation of IOP measurements over time.
However, IOP measurements were only included up to the date of progression (for
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progressors) or last follow-up visit (for non-progressors). The analysis involved
255 patients with a median follow-up time of eight years. Mean long-term IOP
fluctuations were 2.02 mmHg and 1.78 mmHg in patients who progressed and in
patients who did not progressed, respectively. In a multivariate Cox regression
model, IOP variation was not a significant risk factor for progression (adjusted
HR = 1.0; 95% ClI: 0.81-1.24; P = 0.999). The model adjusted for mean 10P, age,
baseline IOP, presence of exfoliation, severity of visual field loss at baseline and
whether one or both eyes were eligible for the study. Mean IOP was significantly
associated with risk of progressive visual field loss. Each 1 mmHg higher mean
IOP was associated with 11% increase in risk. Similar results were identified
when treated and control patients were analyzed separately.

In a post-hoc analysis of AGIS data, Nouri-Mahdavi et al.?? found that long-term
IOP fluctuations were a statistically significant risk factor associated with visual
field progression. Long-term IOP variation was calculated as the standard
deviation of all available 10P measurements during follow-up, after the initial
surgical procedure. In a multivariate logistic regression model, each 1 mmHg
higher IOP SD was associated with 31% higher odds of developing progression.
According to the study, eyes with an IOP SD < 3 mmHg remained stable over time,
whereas eyes with an IOP SD > 3 mmHg demonstrated significant progression.
Several factors have been proposed to explain the different results with regards to
the role of IOP fluctuation in the EMGT and the AGIS,Y including different study
designs, different populations and different outcome criteria. Although both
studies calculated long-term IOP variation as the standard deviation of measure-
ments over time, the AGIS calculations of 10OP variation included measurements
obtained after progression had occurred, whereas in the EMGT, measurements
were obtained only up to the study endpoint. After progression occurred, it is
possible that treatment would have been intensified and resulted in further IOP
lowering and a consequent increase in 10OP variation. This could have resulted in
spurious positive relationship between IOP fluctuation and risk of progression in
the AGIS investigation. In fact, when the EMGT data was re-analyzed including
post-progression IOP measurements in the calculation of fluctuation, the authors
also found IOP fluctuation to be related to progressive visual field damage.? A
subsequently published reanalysis of the AGIS data by Caprioli and Coleman
removing IOP data after progression found that IOP fluctuation was associated
with risk of progression in patients with low, but not in those with high pressure.

In designing or evaluating studies of the relationship between IOP fluctuation
and risk of glaucoma development and progression, it is important to recognize
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that variation is usually correlated with the level of mean 10P. Eyes with higher
mean IOP tend to have higher variation. Therefore, when developing multivar-
iate models to investigate the risk attributable to long-term IOP variation, it is
important to adjust for mean 10P level.

4.1.2.2. Role of 24-hour IOP fluctuation as a risk factor for glaucoma

One prospective study assessed the relationship of same-day IOP fluctuations
on risk of glaucoma progression.? Although this study suggested that IOP fluc-
tuations are an independent risk factor for glaucoma, it used home tonometry
to assess IOP fluctuations during the day, which can be a potentially unreliable
method.?* On the contrary, several retrospective studies have reported conflicting
results.?>2 Bergea et al.? studied the long-term effects of primary laser trabecu-
loplasty vs. pilocarpine eyedrops in 76 patients with newly diagnosed open-angle
glaucoma. Patients were followed for up to 24 months. They obtained up to 12
diurnal IOP curves for each patient and evaluated the predictive value of six IOP
parameters. They demonstrated improved preservation of visual fields in patients
with smaller IOP fluctuations. However, they did not adjust for the confounding
effects of follow-up mean IOP and follow-up IOP range simultaneously in the
same model. Collaer et al.® reviewed the records of 93 consecutive glaucoma
patients who underwent sequential office [OP measurements (every hour from 7
am to 5 pm on a single day). The authors found that 35% of progressing patients
had an IOP range greater than 5 mmHg and concluded that the IOP range may
be more important than 10P peak. Jonas et al.?® studied the effect of 24-h 10P
(five measurements) on glaucoma progression in a large group of patients with
glaucoma and ocular hypertension. They suggested that it was the absolute IOP
itself rather than its fluctuation that had the most significant effect on glaucoma
progression. This study was limited by its design (registry study) and use of
different antiglaucoma drugs with various 10P-lowering effects. Choi et al.?
performed a retrospective chart review to evaluate the effect of 24-h IOP fluctu-
ations in 113 patients with so-called ‘normal-tension glaucoma’. Measurements
were taken every two hours in a hospital setting. They found that both fluctua-
tions in IOP and ocular perfusion pressure were related to worsening of glaucoma
on both functional and structural tests. The strength of this study was the fact that
patients had no previous or current use of antiglaucoma medications to confound
the results.

Table 1 provides a summary of these studies. Differences in study design,
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Table 1. Summary of studies evaluating the effect of IOP fluctuations as a risk factor for glaucoma
for glaucoma development and progression.

Studies
(year)

Design

Population

10P
measurement

Limitations

In support of IOP fluctuations as a risk factor

CIGTS, 2011  Retrospective subset Newly Every 3 months  Retrospective;
analysis; N = 578 detected until last visit SD used as
participants glaucoma surrogate for

fluctuation

AGIS, 2008 Retrospective subset Advanced 3 months after Retrospective;
analysis; N =301 eyes  glaucoma intervention; SD used as

every 6 months  surrogate for

thereafter fluctuation;
Only IOPs after
surgery and
until evidence of
progression used

Choi et al., Retrospective chart POAG (NTG) 24-h IOP (every Retrospective

20077 review; N = 113 eyes 2-3 hours)

Collaer etal., Retrospective chart POAG DTC (hourly 7 Retrospective

2005% review;N = 185 eyes amto 5 pm)

Asrani etal.,,  Prospective; N = 105 OAG 24-h I0P Home

2000% eyes monitoring by

patients

Against IOP fluctuations as a risk factor

DIGS, 2008  Subset analysis; N = Untreated Annual SD used as
252 eyes ocular surrogate for

hypertension fluctuation

EMGT, 2007  Retrospective subset Newly 3 months after Retrospective;
analysis; N =255 eyes  detected assignment SD used as

untreated to treatment surrogate for
glaucoma to time of fluctuation
progression or
last visit
Malmdo Retrospective subset Ocular DTC (8 am, Few IOP
OHTS, 2005  analysis; N = 90 eyes hypertension ~ 11:30 am and measurements
3:30 pm); every  during the day
3 months
Jonas et al., Registry study; N =855 POAG Minimum of 2 Retrospective;
2007 eyes DTCs (5pm,9  Patients on
pm, midnight, 7 different
am and noon) antiglaucoma
medications
Bergeaetal.,, Retrospective analysis; Newly DTC (3 Retrospective
19992 N = 82 eyes detected measurements)
POAG every 3 months
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definitions, data analysis, and study populations may explain these apparently
contradictory findings. Singh and Sit provided additional explanation for these
discrepancies.? They suggested that the percentage of 0P variability would be a
better measure of glaucoma risk than absolute change. Use of standard deviation
of the mean IOP as a surrogate for variability (as in previously mentioned studies)
captures only absolute changes and may underestimate the risk at low IOPs and
overestimate the risk at higher IOPs.

It should be emphasized that the prognostic value of 24-h IOP fluctuations has
never been evaluated in properly designed longitudinal studies. As described
above, the few available studies are limited by the use of imperfect surrogates for
the 24-h IOP variations.

4.2. Provocative Testing

The search for a clinically-useful provocative test in glaucoma, analogous to a
cardiac stress test or glucose tolerance test, has been sought for many decades.
Ideally, such a test would identify those individuals at highest risk of developing
glaucoma or progressing. Both steroid and water-drinking tests were first
introduced in the 1950s and 1960s. The steroid provocative test has proven to be
of limited value in screening patients for glaucoma. The ability of IOP response to
a topically-applied synthetic steroid to predict the development of glaucomatous
visual field loss was not as good as the predictive power of a multivariate model
that included patient age, race, baseline IOP, baseline outflow facility, baseline
cup/disk ratio, and systemic hypertension. At the present time, steroid provocative
testing has been abandoned. There is also insufficient evidence supporting the
role of postural and Ibopamine tests, as providing independent contribution to
assess risk of glaucoma development and progression.

The water-drinking test (WDT) is a stress test that indirectly assesses the
outflow capacity and has been proposed as the test to estimate IOP peaks not
identified during office hours, as well as the instability of the outflow system of
the eye. Previous studies have shown significant correlations between IOP peaks
observed during the WDT and those measured during office visits or on modified
diurnal tension curves.®2 De Moraes et al.*® reported results on 22 patients with
newly-diagnosed glaucoma who were started on ocular hypotensive medication
and had a WDT at the beginning of follow-up. Patients were then followed for
eight visits during a follow-up period ranging from six to 12 months. The IOP
peak during the WDT was compared to the I0P peak detected during longitudi-
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nal office visits. The two peaks were significantly correlated (Spearman’s rho =
0.76; P <0.001). The 95% confidence limits of agreement (office peak IOP — WDT
peak 10P) ranged from -5.6 mmHg to 1.8 mmHg.*

The WDT has also been used to assess the effect of hypotensive drugs in
glaucoma as well as to compare the effectiveness of surgical versus medical
treatment in lowering IOP.3% |n a study enrolling patients with apparently
well-controlled IOP during office visits, elevations of IOP after the WDT were
significantly higher in those who were receiving medications compared to those
who had undergone trabeculectomy (average increase of 40% versus 13%, respec-
tively). This finding seems to suggest that the WDT may be able to uncover IOP
peaks that are not detected during office visit. In fact, previous studies have
suggested that WDT responses may be associated with glaucoma progression.-4
A study by Susanna and colleagues® followed 76 eyes of patients with open-angle
glaucoma for an average of 26 months with an average of 4.6 visual field tests.
Mean baseline MD of included eyes was approximately -9 dB. Twenty-eight
(36.8%) of the eyes had visual field progression during follow-up according to the
criteria used by the authors. The mean peak IOP detected during the WDT was
16.8 mmHg in progressing eyes versus 14.9 mmHg in non-progressing eyes, for a
mean difference of 1.9 mmHg. Interestingly, among eyes that reached visual field
progression, 25% showed IOP greater than 21 mmHg during the WDT versus
only 4.2% in the stable group. Interestingly, a study published by Armaly and
colleagues several decades ago also found that the response to the WDT was a
risk factor for development of visual field defect in a large group of over 5,000
subjects of having the disease followed over time.*

Studies evaluating the reproducibility of the WDT have shown excellent repro-
ducibility of the peak 10P during the test among treated and untreated glaucoma
patients.**“2 In patients who underwent the WDT at close intervals without changes
in therapy, differences in 10P peaks during the WDT were within 2 mmHg in
almost 90% of cases.

In summary, there is evidence that the WDT could potentially serve as a
‘stress’ test indirectly investigating the ability of the outflow system of the eye in
handling pressure elevations.®384445 Good correlation has been shown between
peak IOP from the WDT and those acquired during office visits in the long-term.
As the WDT can be performed quickly in the office, it could potentially serve
as a surrogate measure indicative of 10P control. Further studies are necessary
to clarify the additional benefit of the WDT over IOP measurements performed
during clinic visits, i.e., whether the peak IOP obtained during the WDT adds
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significant value in predicting clinically relevant outcomes in glaucoma in
addition to (and not only compared to) longitudinal office-based IOP measure-
ments. In addition, standardization of testing protocols in relation to volume of
water necessary according to body weight, need for fasting, number and timing
of IOP measurements, is necessary.

4.3. Ocular Perfusion Pressure

As described above, different clinical and epidemiological studies have demon-
strated a strong correlation between the level of intraocular pressure and the
prevalence and incidence of glaucomatous damage. Glaucoma occurs in eyes with
‘normal’ IOP (the range of IOP found in 95% of eyes without disease), but with
increasing frequency as the IOP increases, without a clearly defined cut-off level
below which the eye is safe and above which the eye is certain to be harmed.
The occurrence of glaucomatous damage therefore seems to depend on the sus-
ceptibility of an individual optic nerve head (ONH) structure to a given level
of I0OP.647 The existence of patients who develop glaucoma or have progressive
disease despite low levels of IOP may suggest contributing pathogenic factors
other than IOP. Abnormal ocular blood flow physiology and large variation of
ocular perfusion pressure (IOP in relation to BP) are among the suggested risk
factors for the damage to the ONH structure in glaucoma.?"4¢-5

Ocular perfusion pressure is the driving force for the blood circulation in the
eye and is defined as the difference between the mean arterial blood pressure
(MAP) and venous pressure. The venous pressure in the eye should be marginally
higher than the intraocular pressure (IOP) for the vein to maintain an open lumen
for blood circulation. Therefore, the perfusion pressure for intraocular vessels is
often estimated as the mean ophthalmic arterial pressure (arbitrarily defined as
2/3 the brachial arterial pressure) minus the venous pressure, which is approxi-
mately the IOP. The mean ocular perfusion pressure (MOPP) is estimated from
the mean brachial arterial pressure and 10OP with the formula:®

MOPP = 2/3[DBP + 1/3 (SBP - DBP)] - IOP

where DBP and SBP are the brachial diastolic and systolic blood pressures respec-
tively.

IOP and BP and, therefore, MOPP have physiologic circadian variations, but
the peaks and troughs in circadian IOP and BP do not necessarily occur simul-



142

taneously. In fact, there are times during the day such as early hours of morning
during which high IOP coincides with relatively low BP and results in low ocular
perfusion pressure.®*In healthy individuals, the ocular blood flow is autoregulat-
ed through the change in the resistance of vessels to keep the tissue blood flow and
metabolic activity stable, thus preserving the integrity of the tissue in the face of
changes in MOPP.*? It has been demonstrated that those with perfusion pressure
lower than 50 mmHg are at a greater risk for OAG and at 30 mmHg the risk is
four times greater.*%

Several population-based studies have demonstrated the association between
low perfusion pressure and risk of glaucoma. The results of the Baltimore Eye
Survey indicated that lower perfusion pressure was strongly associated with an
increased prevalence of POAG, and that POAG was associated with an alteration
in factors related to ocular blood flow and a breakdown of autoregulation.®® The
Baltimore Eye Survey also found that systemic hypertension was protective in
early glaucoma, possibly due to an increase in ocular perfusion pressure. However,
late in hypertension, the risk of glaucoma was increased and it was suggested that
vascular sclerosis reduced blood flow despite an elevated blood pressure.® The
Barbados study® found that lower perfusion pressure at baseline increased the
adjusted relative risk of OAG approximately three folds, and the Egna-Neumarkt
Study®* and the Proyecto VER® demonstrated that reduced diastolic perfusion
pressure was an important risk factor for POAG.

It is important to emphasize that statistical analysis has difficulty determining
whether OPP is an independent risk factor for glaucoma because intraocular
pressure measurements are actually included in the formula used to calculate
OPP. Therefore, unless an independent method is used to measure OPP, it is not
possible currently to completely separate the effect of OPP from that of IOP.%®

4.4. Corneal Thickness
4.4.1. How important is CCT as a risk factor?

Goldmann and Schmidt first discussed the influence of variations in corneal
thickness and scleral rigidity on applanation tonometry.*® Ehlers et al. reported
that the Goldmann tonometer provided accurate readings only when the CCT
was 0.52 mm; they calculated that applanation tonometry overestimated or under-
estimated IOP by approximately 5 mmHg for every 0.070 mm of deviation in
corneal thickness.®* Whitacre et al. reported that thin corneas may resultin a 4- to
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9-mmHg underestimation of IOP, and thick corneas may result in overestimation
of the I0P by 6.8 mmHg.®

A large population based study of South Indian population by Vijaya et al.
reported that a 100 um increase in CCT was associated with a 1.96 mmHg increase
in intraocular pressure in the rural population, and with 2.45 mmHg for every 100
pm in the urban population.®

In the Ocular Hypertension Treatment Study (OHTS), a low CCT value was
identified as a risk factor for conversion of patients with ocular hypertension
to POAG.2 In OHTS, the authors divided the entire sample into three approxi-
mately equal-sized groups of thin (< 555 pum), intermediate (556-588 um) and
thick corneas (> 588 um) and computed the multivariate hazard ratio for the
development of POAG. Compared with participants with the thickest corneas,
participants with intermediate central corneal measurements had a hazard ratio of
1.7, and participants with the thinnest central corneal measurements had a hazard
ratio of 3.4.

Findings from various reports suggest that the presence of a thin cornea is
linked not only to the development of glaucoma among patients with OHT, but
also to the severity of disease in OHT and POAG.2%4+¢" In OHT and OAG, a thin
cornea was found out to be more strongly associated with disease severity than
IOP.257 Herndon et al. demonstrated that CCT was more strongly associated with
the disease severity (mean deviation-MD on visual field and cup : disc-C:D ratio)
as compared to 10P and age.®” For every 10 um increase in CCT, MD improved
by 0.34 db and vertical C:D ratio decreased by 0.008.%

4.4.2. Is CCT a truly independent (not only statistically independent) risk factor
for glaucoma development?

The Ocular Hypertension Treatment Study (OHTS) showed that central corneal
thickness (CCT) was a significant predictor of which patients with ocular hyper-
tension are at higher risk for converting to glaucoma. In a multivariable model
including age, baseline intraocular pressure (measured by Goldmann tonometer),
optic disc topography (cup/disc ratio) and visual field (pattern standard deviation),
CCT retained its statistical significance as a predictor of glaucoma development,
with a hazard ratio of 1.82 for each 40 um thinner CCT. The results of this
report have been mistakenly interpreted by some as demonstrating that CCT
is an independent risk factor for the development of glaucoma. As Goldmann
applanation tonometry (GAT) measurements ultimately depend on CCT, it is



144

impossible in the original model to completely disentangle the effects of both. For
example, consider two patients with the same baseline GAT 10P of 24 mmHg,
but with corneal thicknesses of 520 um and 560 um. The adjusted hazard ratio for
CCT in the OHTS multivariable model would tell us that the risk for developing
glaucoma for the one with the thin cornea would be 82% higher. However, it is
impossible to determine, from the original analysis, whether the increased risk
is due to a true independent effect of corneal thickness per se, or simply due to
the effect of CCT on GAT measurement error. In fact, using a correction formula
proposed by Ehlers et al, the patient with the thinner cornea would have ‘corrected’
IOP close to the measured value of 24 mmHg. In contrast, the ‘corrected’ IOP
would be 2.8 mmHg lower at approximately 21 mmHg for the patient with the
thicker cornea. So, the increased risk could ultimately be due just to the fact that
the first patient actually has a higher ‘true’ [OP. On the other hand, some authors
have suggested that the predictive effect of CCT is not fully accounted for by its
induced GAT measurement error, but rather that there is a possible association
between corneal thickness and structural measures possibly related to glaucoma
risk, such as scleral or lamina cribrosa thickness.

Lesk et al. investigated changes in optic nerve head topography and blood
flow after therapeutic intraocular pressure reduction and correlated them with
central corneal thickness.®® Lamina cribrosa compliance was estimated using
scanning confocal laser tomography by examining the position of the base of
the cup relative to the retinal surface after intraocular pressure (IOP) changes.
They suggested that patients with OHT and POAG with thin central corneas
have greater forward displacement of the base of the cup, a surrogate marker for
lamina cribrosa position, following 10P reduction than their cohorts with thicker
central corneas. Patients with thin central corneas also seem to have smaller
improvements in neuroretinal rim blood flow after IOP reduction than patients
with thicker central corneas. These results suggest that a thin central cornea may
be a marker for physiological differences in the biomechanical properties of the
lamina cribrosa. In other words, it may be that a thin central cornea is connected
to a thin sclera, which, in turn, is connected to a thin lamina.®®

Brandt et al. attempted to shed light on this issue. They evaluated whether
the OHTS prediction model could be improved by correcting IOP for CCT
using previously published formulas. The rationale of the authors was that if the
influence of CCT on GAT fully explains the role of CCT as a predictive factor,
than inclusion of CCT-corrected IOP values in the model would cause CCT to
become non-significant. They showed that models with CCT-corrected IOP did not
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perform better than the original model, as evaluated by c-statistics and calibration
chi-squares. Additionally, CCT remained a statistically significant predictor in
the multivariable model including CCT-corrected IOP. Based on these results, the
authors concluded that the influence of corneal thickness as a prognostic factor
for POAG is not entirely from its effect on IOP measurement error, but rather
that CCT is a biomarker for structural and physical factors involved in the patho-
genesis of glaucoma. However, a close analysis of the data actually suggested a
decrease in the predictive ability of CCT when CCT-corrected IOP values were
included in the model. The hazard ratios for CCT decreased from 1.84 in the
original model to 1.38 in the model which included 10P corrected by the Ehlers
formula, for example. More importantly, it is likely that correction formulas dot
not fully capture the corneal-induced error on tonometric measurement. It has
been shown that other factors besides corneal thickness may influence tonometric
readings, such as corneal elasticity and viscoelasticity, and the correction formulas
do not fully take into account these factors. The only way to fully evaluate
the independent role of CCT as a prognostic factor would be to include in the
predictive model IOP measurements obtained by a perfectly cornea-independent
tonometer. In the reanalysis of OHTS data, the predictive abilities were similar
between the original OHTS model including CCT and the models which did not
include CCT, but only CCT-corrected 10P. This could actually imply that CCT is
relatively unimportant for the final predictive ability of the multivariable model,
as long as one includes CCT-corrected 10P.

The conclusion that CCT is a true independent risk factor for glaucoma is not
validated at this time and requires further investigations.

4.4.3. Should 10P measurements be corrected by CCT?

Studies indicate that patients with NTG have a thinner CCT than do patients with
POAG or normal individuals. Underestimation of the 10P in patients with POAG
who have thin corneas may lead to a misdiagnosis of NTG, while overestimation
of the IOP in normal subjects who have thick corneas may lead to a misdiagnosis
of OHT.%"

A few CCT-based correction formulae have been developed, however, their
use in general is not recommended in clinical practice. In a masked, prospective
clinical trial, Kohlhaas M et al.”2 examined 125 eyes of 125 patients scheduled for
cataract surgery and cannulated the anterior chamber before surgery. Intraocular
pressure (IOP) was set to 20, 35, and 50 mmHg in a closed system by means



146

of a water column. After measuring thickness, the IOP was measured with an
applanation tonometer and a correlation was developed between CCT and IOP
measured by GAT. The association between I0OP reading and CCT was shown
in the ‘Dresdner correction table’ (Table 2), which illustrates an approximate-
ly 1-mm Hg correction for every 25-um deviation from a CCT of 550 um. The
correction values were positive as thickness decreased and negative as thickness
increased.

Table 2. Dresdner correction Table showing the dependence of the applanation 1OP reading on
CCT.

CCT, pm Correction value, nm Hg
475 +3.19
500 +2.13
525 +1.07
550 +0.02
575 -1.04
600 -2.10
625 -316
650 -4.21
675 -5.27
700 -6.33

CCT = central corneal thickness; IOP = intraocular pressure

Another study, by Doughty et al.”®, suggested the correction for eyes with
chronic glaucoma should be 2 or 3 mmHg for a 0.05-mm difference in CCT from
0.535 mm.

Recently, a few studies have indicated conflicting results on the use of CCT
based correction formulae for IOP measurement by GAT. A retrospective analysis
by Park et al.” evaluated the usefulness of the CCT-based correction formulae for
stratified CCT groups, with intraocular pressure from the Pascal dynamic contour
tonometer (PDCT) as the reference standard. They concluded that adjusting 10P
using CCT-based formulae resulted in poorer agreement with PDCT IOP when
compared with unadjusted GAT IOP. Thus, there is a risk of creating clinically
significant error after adjustment of GAT IOP with CCT-based correction
formulae, especially in thicker corneas. This study suggested that although CCT
may be useful in population analyses, CCT based correction formulae should not
be applied to individuals.
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A meta-analysis of possible association between CCT and IOP measures of 133
data sets revealed a statistically significant correlation; a 10% difference in CCT
would result in a 3.4 £ 0.9 mmHg difference in IOP (P < 0.001, r = 0.419).” The
observed phenomenon was much smaller for eyes designated as healthy (1.1 £ 0.6
mmHg for a 10% difference in CCT, P = 0.023, r = 0.331). For eyes with chronic
diseases, the change was 2.5 + 1.1 mmHg for a 10% difference in CCT (P = 0.005,
r = 0.450), whereas a substantial but highly variable association was seen for eyes
with acute onset disease (approximately 10.0 £ 3.1 mmHg for a 10% difference
in CCT, P =0.004, r = 0.623).” Another cross sectional observation study of 130
eyes with CCT < 500 microns showed that a greater underestimation of 10P by
GAT was observed in Glaucomatous eyes (POAG, NTG) as compared to eyes
without any glaucomatous damage (OHT, normal eyes).” these studies indicate
that applying a same generalized formula for IOP correction based on CCT for
normal as well as glaucomatous individuals may be incorrect.

Although many different correction formulas exist, they are unlikely to take into
acount all of the influence of cornal properties on tonometric artifact. Therefore,
their use os generally not recommended. In clinical practice, it is generally more
useful to think of cornas as thin, average or thick and their associated risks.

4.4.4. How should one measure and interpret CCT? Do measurements need to be
repeated during follow-up?

The impact of CCT on applanation tonometry of healthy eyes is unlikely to
achieve clinical significance, but for corneas of eyes with glaucoma, pachymetry
should be performed if the tonometry reveals 10P readings that are borderline
or unusual. The meta-analysis confirms that, for these eyes, low CCT values
can result in low tonometry readings and high CCT values can result in elevated
tonometry readings.” It is unknown whether this same correction should be spe-
cifically applied to the elderly, especially in non-whites.”

The accurate measurement of CCT is important not only for individual patient
care, in permitting more precise estimations of 0P, but also for clinical studies,
in assuring a more reliable classification of subjects.” Measurement of the central
corneal thickness aid the ophthalmologist in making a correct diagnosis and in
better management of glaucoma and the glaucoma suspects, especially when their
corneal thickness differs markedly from the normal thickness.™

However, clinicians who care for patients with glaucoma are used to managing
glaucoma based on GAT IOP. Hence, it is arguable that knowing central corneal
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thickness (CCT) does not necessarily help with decision making for an individual
patient. If we can show, in an individual patient, that progression is occurring by
robust structural or functional means, or both, then clearly the IOP needs to be
lowered, regardless of the measurement performed and bias or error that may be
included in that measurement.

To conclude, patients with POAG, OHT or NTG or glaucoma suspects should
undergo ultrasound pachymetry at baseline examination for correct diagnosis.
Thin CCT should be interpreted as a risk factor for development and progression
for glaucoma. Consideration about more aggressive treatment and closer follow-up
should be given to this patients. Repetition of CCT measurement on follow-ups is
usually not recommended.

4.5. Corneal Hysteresis

Corneal hysteresis (CH) is a measure of the viscoelastic damping properties of
the cornea, which can be estimated by analyzing the ability of the cornea to resist
deformation induced by a pulse of air. CH may be evaluated in vivo using the
Ocular Response Analyzer (ORA,; Reichert Ophthalmic Instruments Inc, Depew,
New York, USA), a device that delivers a metered air pulse to the cornea, while
monitoring resulting changes in corneal curvature using a detector system.
Biomechanical studies in non-human primates with experimental glaucoma
have shown that IOP elevation results in displacement of the lamina cribrosa and
expansion of the scleral canal. These changes are thought to contribute to glau-
comatous retinal ganglion cell loss as a result of mechanical pressure on retinal
ganglion cell axons passing through the lamina pores. Hysteresis is a physical
property related to the ability of connective tissues to dampen pressure changes.
As the cornea and sclera are contiguous parts of the corneo-scleral envelope,
formed from continuous extracellular matrix, deformability of the cornea and
sclera are likely to be closely related. Thus, measures of CH could be indicative
of susceptibility of the optic nerve head to IOP-induced biomechanical changes.
High CH has been found in a clinical study of human eyes to be associated with
greater posterior displacement of the optic nerve head on acute 10P elevation. In
contrast, low CH as been associated with increased risk of glaucoma progres-
sion.”®® A possible explanation for these observations is that the optic nerve head
of eyes with high CH may be more able to compensate for raised 10P. In contrast,
the lamina and peripapillary sclera of eyes with lower CH would be less able
to dampen IOP changes, potentially exposing retinal ganglion cells to greater
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mechanical strain with IOP elevation.

Several investigators have found an association between CH and optic nerve
head morphology changes. Eyes with lower CH have been found to have larger
cup-to-disc ratio and deeper cup, independently of IOP.” Cross-sectional studies
have also shown that patients with glaucoma have lower CH values than healthy
subjects and patients with bilateral asymmetric disease have lower CH in the
eye with more severe damage.® Patients with lower CH are also at higher risk
of progressive visual field loss™®"® and progressive loss of the retinal nerve fiber
layer.8! In a prospective longitudinal study, Medeiros and colleagues™ showed
eyes with lower CH to have faster rates of visual field loss than those with higher
CH; CH accounted for three times as much of progression as CCT in this study.
This suggests that CH might be an important factor to consider in the assessment

of the risk of progression in patients with glaucoma.
4.6. Myopia

A meta-analysis based on 11 population-based cross-sectional studies indicates
that individuals with any myopia have approximately double the risk of developing
open angle glaucoma in comparison with individuals without myopia. The pooled
ORs were 2.46 (95%CI: 1.93-3.15) for high myopia (< -3D) and 1.77 (95%CI:
1.41-2.23) for low myopia (up to -3D).%2 Clinical case-control studies tend to report
a higher OR but may be subject to selection bias.®®* A population-based longitu-
dinal study reported an association between high myopia and incident OAG with
an hazard ratio of 2.31 (95%ClI: 1.19-4.49) but this association was not found in
low myopia.

Diagnosing glaucoma in the people with myopia, in particular high myopia,
is challenging because they may share similar visual field changes and assessing
cup-to-disc ratio and other glaucomatous disc change can be extremely difficult.
This problem could lead to either under-diagnosis or over-diagnosis of glaucoma.
Some methods based on imaging technologies such as OCT have been introduced
to better differentiate glaucoma and myopia using the ganglion cell complex and
its ratio to macular outer retinal thickness. As OAG produces progressive optic
disc damage, glaucomatous progression is needed to confirm the diagnosis and
therefore longitudinal observation from an established, well-defined baseline is
important to achieve correct diagnosis.

Myopic eyes, and highly myopic especially, have a longer globe, thinner
lamina cribosa and thinner scleral wall. They are perhaps more susceptible to



150

IOP elevation, structural collapse and having postoperative complications such
as hypotony after filtration surgery. Post-LASIK eyes would create difficulties for
IOP measurement and subsequent treatment.

4.7. Optic Disc Hemorrhages

Disc hemorrhage is rare in a healthy population (<0.2%) and is a sign of glaucoma
progression. In eyes of individuals suspected of having glaucoma, results from the
Ocular Hypertension Treatment Study (OHTS) study suggested that the presence
of disc hemorrhage would indicate a six times increased risk of developing
glaucoma.®

4.8. Predictive Models (Risk Calculators)

Although the information on individual risk factors may already help clinicians
in management decisions, it is frequently difficult to integrate the information on
the several risk factors and provide a global assessment for a particular patient.
In that situation, predictive models or risk calculators may benefit clinicians in
providing a more objective assessment of risk. Mansberger et al.®” performed a
survey of ophthalmologists to estimate their ability to predict the risk of glaucoma
development in ocular hypertensive patients.#” Ophthalmologists had the benefit
of an oral review and written handouts summarizing the OHTS results. They
found that ophthalmologists tended to underestimate the risk when compared to
the actual risk found by a risk calculator. Ophthalmologists also had a large range
of predictions, sometimes differing from the actual risk by 40%, illustrating the
need for a more standardized method for risk assessment.

The development of predictive models (or risk calculators) involves use of
statistical methods to develop models for prediction of outcome using one or more
explanatory variables. Mansberger proposed the first calculator to estimate risk
of developing glaucoma, based on analysis of the OHTS results.® Subsequently,
Medeiros and colleagues published in 2005 the results on the development of the
first validated risk calculator to assess the risk of an ocular hypertensive patient to
develop glaucoma.® The risk calculator was derived based on the results published
by the OHTS2% and incorporated the variables that were described by that study
as being significantly associated with the risk of developing glaucoma over time.
The risk calculator was designed to estimate the chance of an ocular hypertensive
patient to develop glaucoma if left untreated for five years. To simplify the use of
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the risk calculator, a point system and an electronic version of the calculator were
made available for clinicians.

A predictive model that is derived from a particular dataset is not guaranteed
to work on a different group of patients. In fact, the performance of regression
models (or risk calculators) used as diagnostic or prediction tools is generally
better on the dataset on which the model has been constructed (derivation set)
compared to the performance of the same model on new data. Therefore, before
risk calculators can be successfully incorporated into clinical practice they need
to be validated on different populations. By validation we mean establishing that
the risk calculator works satisfactorily for patients other than those from whose
data the model was derived. Along with the steps involved in the development of
the risk calculator, the results of its validation on an independent population of
126 patients with ocular hypertension were also presented.’

Several steps were taken to validate the OHTS-derived model. In the first step,
the importance of the prognostic variables that had been previously identified by
the OHTS study was evaluated on the new data set. All the variables had similar
performance, except for diabetes mellitus, which was not significantly associated
with the risk of developing glaucoma. Subsequently, the predictive performance
of the model was investigated on the new data set. The ability of the OHTS-de-
rived risk calculator to discriminate subjects who developed glaucoma from those
who did not was reasonably good with a c-index of approximately 0.7. The c-index
is a measure of the discriminating ability of a model (similar to the area under the
Receiver Operating Characteristic [ROC] curve) and a c-index of 0.7 indicates
that, in approximately 70% of the cases, the model allocated a higher predicted
probability for a subject who actually developed glaucoma than for a subject who
did not. The closer the c-index gets to 1, the better the discriminating ability of the
model. The values of c-index found for the OHTS-derived risk calculator when
applied to the independent cohort were similar to those found when risk models
such as the Framingham coronary prediction scores are used to predict coronary
heart disease events.®® D’Agostino et al. reported c-indexes ranging from 0.63
to 0.83 when the Framingham functions were applied to six different cohorts of
patients.*

The OHTS-derivedrisk calculator also had agood calibration when applied to the
independent dataset. Checking calibration is another important step in validating
a predictive model. A reliable or well-calibrated model will give predicted prob-
abilities that agree numerically with the actual outcomes. For example, let us
consider a group of 100 ocular hypertensive patients. If the model assigns an



152

average probability of 12% for conversion to glaucoma for this group of subjects,
it is expected that approximately 12 subjects will convert to glaucoma over time.
That is, for a well-calibrated model, the predicted probabilities of conversion to
glaucoma will agree closely with the observed probabilities of conversion. The
OHTS-derived risk calculator performed well on the independent data set. For
patients in whom the model predicted a high chance of converting to glaucoma,
there was a high observed conversion rate; whereas for patients in whom the
model predicted a low conversion rate, there was a low observed conversion rate.

In 2007, OHTS and EGPS investigators published results of the development
and validation of a risk calculator for glaucoma based on the analysis of the
combined OHTS/EGPS dataset.® The results were similar to the predictive model
published in 2005, and the risk calculator contained the five variables significantly
associated with the risk of glaucoma conversion: age, IOP, CCT, PSD and vertical
cup/disc ratio. The risk model from the pooled OHTS/EGPS sample of over 1,100
ocular hypertension patients demonstrated excellent fit with a c-statistic of 0.74
and good calibration. The OHTS/EGPS risk calculator is available on the web at
http://ohtswustl.edu/risk.

4.8.1. Predictive models for glaucoma progression

Estimation of the risk of patients with existing glaucoma of developing progressive
damage over time is at least as important as estimating the risk of unaffected
patient developing glaucoma. The development of predictive models for glaucoma
progression could use the same principles as those used to develop and validate
models for glaucoma development. Initially, longitudinal studies that followed
patients with glaucoma would have to be reviewed to identify risk factors
associated with progressive disease.

Several studies have investigated the risk factors for progression in patients
with established glaucomatous damage. The Early Manifest Glaucoma Trial
(EMGT)® was designed specifically to evaluate the effect of IOP-lowering
treatment on progression of glaucoma. The EMGT enrolled 255 newly diagnosed,
previously untreated, open-angle glaucoma patients who had reproducible visual
field defects at baseline. Patients with advanced visual field loss or IOP greater
than 30 mmHg at baseline were excluded. Patients were randomized to 360° tra-
beculoplasty plus betaxolol versus no treatment. Eyes stayed in their allocation
arms unless significant progression occurred. If the IOP in treated eyes exceeded
25 mmHg at two consecutive follow-ups or 35 mmHg in control eyes, latanoprost



4. Risk Factors (ocular) 153

was added. Patients were followed for a median of six years, with excellent
retention. Baseline IOP in treated and untreated groups were 20.6 £ 4.1 mmHg
and 20.9 + 4.1 mmHg, respectively. Mean IOP reduction was 25% in the treated
group, with no changes in the control group. At study closure, the proportion of
patients who developed progression was significantly larger in the control versus
the treatment group (62% versus 45%, respectively; HR = 0.60; 95% CI: 0.42 —
0.84; P = 0.003). Differences between treated and untreated patients remained
when results were stratified by baseline IOP level (< 21 mmHg or > 21 mmHg),
degree of visual field damage, age or presence of exfoliation.

Besides IOP, several other risk factors were identified by the EMGT as signifi-
cantly associated with the risk of glaucoma progression: older age, exfoliation,
presence of bilateral disease and worse mean deviation on the baseline visual
fields. Recently, the EMGT also published results on the long-term follow-up
of the original cohort and concluded that thinner central corneal thickness and
decreased ocular perfusion pressure were also associated with higher risk of
visual field progression over time.

A predictive model could theoretically be developed based on the results from
the EMGT incorporating all the risk factors found to be significantly associated
with progressive disease. Such a model would be helpful in estimating which
glaucoma patients are at higher risk for developing progressive loss of visual
function. It is important to emphasize that any predictive model developed on
the basis of the EMGT or other studies evaluating risk factors for glaucoma
progression would have to be validated on an independent population of patients,
as described above for the risk calculators in ocular hypertension.

4.8.2. Limitations of predictive models

The use of predictive models in clinical practice has several limitations. Predictive
models are based on restricted populations of patients that were selected based
on strict inclusion and exclusion criteria and that may not be representative of
all patients seen at everyday clinical settings. Use of these models should be
restricted to those patients who are similar to the ones included in the studies
used to develop and/or validate it. It is also important to emphasize that although
predictive models can provide a more objective evaluation of risk, their use does
not replace the judgment of a clinician when making management decisions. For
example, current risk calculators to estimate risk of glaucoma development do not
include important information to guide treatment such as medical health status
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and life expectancy, patient’s willingness to treatment, costs of medications and
overall effect of treatment on quality of life. Also, it is important to emphasize
that current risk calculators for glaucoma have been designed to estimate the risk
of development of the earliest signs of disease, which do not necessarily have an
impact on the quality of vision of the patient. Finally, as more evidence regarding
risk factors for disease development and progression accumulates, newer and
better refined predictive models will be developed that should replace current
existing ones.
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Consensus statements

1. Primary open-angle glaucoma (POAG) occurs at all ages, and the incidence
and prevalence accelerates with age.

2. Populations with the highest incidence and prevalence of POAG have African
ancestry.

Comment: Due to the earlier age of disease onset, the average duration of
POAG may be greatest in individuals of African ancestry.

3. Hispanics may have higher incidence and prevalence of POAG than individuals
of European ancestry (non-Hispanic whites).

4. Older age is a risk factor for glaucoma onset and progression.

5. Although an increased prevalence of POAG in men has been reported, there
is not enough evidence to support an association of POAG risk with male
gender.

6. Lower socioeconomic status may be associated with later presentation of
POAG.

7. First-degree relatives of POAG patients are at higher risk for glaucoma.

8. Although genetic association studies have revealed multiple associated loci
for POAG, there is little value for routine genetic testing to diagnose or predict
the development of glaucoma at the current time.

9. There is consistent, but weak, positive association between diastolic blood
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5.1.

pressure and IOP and between systolic blood pressure and IOP in popula-
tion-based studies.

Lower blood pressure (BP) and ocular perfusion pressure are associated with
higher glaucoma prevalence and incidence across all racial groups.
Comment: It is not known whether ocular perfusion pressure (OPP ) is an
independent risk factor for glaucoma due to the fact that IOP is intrinsically
used in the calculation as performed with current methods.

The relationships between diastolic blood pressure, systolic blood pressure,
systemic hypotension or systemic hypertension, and POAG are inconsistent.
The relationship between treatment of systemic hypertension and the
development of POAG remains unclear.

Comment: There are data suggesting that some patients being treated for
systemic hypertension may be at greater risk for development of POAG.

The role of nocturnal systemic hypotension in the development of glaucoma
is not known.

The evidence that obstructive sleep apnea is a risk factor for open-angle
glaucoma (OAG) is weak and warrants further study.

Diabetes mellitus likely increases the risk for glaucoma onset.

There is insufficient evidence to determine if thyroid disease is associated
with glaucoma.

Although there is some evidence that reduction of estrogen production
in post-menopausal women increases glaucoma risk, there is insufficient
evidence for hormonal replacement.

Specific topics for discussion

5.1.1. Age, gender, race/ethnicity, socioeconomic status
Rupert Bourne, M.R. Wilson, Robert Ritch, R Sihota, J. Myers, K. Mansouri

5.1.1.1. Age

Prevalence of primary open-angle glaucoma (POAG) is highly correlated with
age as demonstrated by many population-based studies worldwide*® A recent
meta-analysis of 53 population-based studies (140,500 individuals) reported an
odds ratio (OR) of POAG prevalence of 1.73 (95% ClI, 1.63-1.82) for each decade
increase in age, after adjusting for gender, habitation type, response rate and year
of study conducted.'” The trend of POAG prevalence with age increment also
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differed by region, for example people in Oceania and North America had higher
OR of POAG per decade age increment compared with other regions. Across
ethnicity, although the prevalence of POAG was highest in people of African
ancestry at all ages, Hispanics and people of European ancestry showed a steeper
increase in POAG prevalence with age with higher ORs of POAG per decade
increase in age compared with African ancestry and Asians.
Several population-based studies have quantified the increase in incidence of
glaucoma with age. The Rotterdam Study reported a five-year risk of development
of probable glaucoma to rise from 1% at age of 60 years to approximately 3% at
the age of 80 years. Bilateral OAG was five times more likely to be observed
after than before the age of 75 years.® In another five-year follow-up study, the
Melbourne Vision Impairment Project reported the incidence of probable and
definite OAG increasing from 0.2% of participants aged 40 to 49 years to 5.4% of
participants aged 80 years and older.”® Age-specific-incidence in those of African
ancestry is much higher (e.g., the Barbados Eye Study reported an increase in
incidence of definite POAG over four years from 1.2% at ages 40 to 49 years
to 4.2% at ages of 70 years or more,?® while after nine years, these values were
from 2.2% and 7.9%, respectively?). By combining nine population-based survey
cross-sectional datasets that used standardized definitions for glaucoma, Broman
et al. were able to use mean deviation of automated visual field tests on these par-
ticipants to model the age of onset of glaucoma in these populations.?? Probability
of incident POAG rose with age in all ethnicities in a greater than linear fashion,
with the highest incidence in African-derived persons but differences by ethnicity
narrowed in older age groups. However, average progression rate did not consis-
tently either worsen or improve with age in the various ethnicities studied.
Age is an important risk factor for conversion of ocular hypertension to POAG,
with the risk of conversion increasing by 26% per decade reported in the Ocular
Hypertension Treatment Study (OHTS) and the European Glaucoma Prevention
Study.z

Age is also a significant risk factor for progression of POAG as demonstrat-
ed in several clinical trials. In the Advanced Glaucoma Intervention Study, risk
of progression increased by 30% for every five-year increment in age®* and the
Collaborative Initial Glaucoma Treatment Study, risk increased by 35% for each
decade.? In patients aged 68 years or older in the Early Manifest Glaucoma Trial
there was a 51% increased risk of progression compared to younger participants.?®
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5.1.1.2. Gender

Gender has been inconsistently associated with OAG prevalence, yet two
meta-analyses of population-based glaucoma studies have reported higher
prevalence of POAG in men than in women, Tham et al. reporting an OR of 1.36
(OR, 1.36; 95% CI, 1.23-1.52) after adjusting for age, habitation type, response
rate, and year of study conducted,” and Rudnicka et al. reporting an OR of 1.37
(95% Cl, 1.22-1.53).7" Incidence of glaucoma was reported by the Barbados Eye
Study to be higher in men than women (2.7% vs 1.9%).20 By combining popula-
tion-based datasets, a study by Broman et al. reported no significant difference in
progression rates between men and women.?2

5.1.1.3. Race/ethnicity

A recent meta-analysis of 53 population-based glaucoma studies demonstrated
the variation in prevalence of glaucoma across geographic regions and ethnic
groups.t’” In those aged 40-80 years people of African ancestry had the highest
prevalence of glaucoma (6.11%; 95% CI, 3.83-9.13) and POAG (5.40%; 95% ClI,
3.17-8.27), while Asians had the highest prevalence of primary angle-closure
glaucoma (PACG) (1.20%; 95% Cl, 0.46-2.55).

As mentioned previously, the probability of incident POAG rises with age in all
ethnicities in a greater than linear fashion, with the highest incidence in African-
-derived persons but differences by ethnicity narrow in older age groups.?? In
the same study using cross-sectional data, average duration of glaucoma since
age of onset of POAG was shown to vary between ethnic groups, highest for
African derived populations (15.4 years; 95% CI: 14.6-15.9), similar durations
for European and Hispanic populations (13.1 years; 95% CI, 12.2-13.8 years and
13.0 years; 95% Cl, 12.1-13.6 years, respectively) and shortest duration in Chinese
(20.5 years; 95% CI, 8.8-12.6 years). The longer average duration of disease in
African-derived persons is an important factor driving the greater progression
and morbidity of POAG in this racial group. Broman et al. demonstrated that
despite having a shorter life expectancy, African-derived persons have OAG for
up to 2.3 years longer than European-derived persons.?? This is a result of higher
incidence of disease at an earlier age and probably other factors such as differential
access to care and acceptance of and response to treatment. Average individual
progression rate in the worse eye was not significantly different among the four
ethnic groups but was numerically lowest among European-derived persons (1.12
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dB/y) and highest among Chinese persons (1.56 dB/y). These progression rates
calculated from population-based data are more rapid than those reported in clin-
ic-based studies such as clinical trials (e.g., Early Manifest Glaucoma Trial where
untreated subjects showed a progression rate in MD of 0.6-0.8 dB/year?®).

The unilateral blindness rate due to POAG has been reported as highest in Afri-
can-derived and Chinese persons, compared with European and Hispanics.?? In
the OHTS study, African-Americans had a higher incidence of POAG measured
as the cumulative proportion of ocular hypertensives converting to POAG at 13
years.?® This racial difference was no longer significant when accounting for the
larger baseline cup/disc ratios and thinner central corneas of this racial group in
the analysis.

5.1.1.4. Socioeconomic status

The detection of POAG in most societies is a result of opportunistic case detection
and therefore detection of early to moderate cases of asymptomatic glaucoma is
reliant on ocular examinations of sufficient regularity and quality. Socioeconomic
status has been shown to be positively correlated with knowledge of glaucoma
and its treatment and in a Dutch study, the lowest socioeconomic group required
a greater need for information on public assistance and practical aspects of
glaucoma and more often expected that glaucoma damage could be repaired.*®
Lack of awareness was a major risk for late presentation in an Australian study,
rather than the lack of access to care.®® Additionally, socioeconomic status may
affect eye care service utilization and healthcare seeking behavior and therefore
the chance to identify asymptomatic glaucoma.®> A recent study involving a
nationwide healthcare database in Taiwan found that subjects who lived in urban
areas or had more healthcare utilization were more likely to be diagnosed with
glaucoma. Socioeconomic status in this study affected the diagnosis of POAG
and PACG in different ways; subjects with lower socioeconomic status were
more likely to be diagnosed as PACG, while those with higher socioeconom-
ic status were more likely to be diagnosed as POAG.** Other population-based
studies have cited lack of eye care visits as the major risk factor for undiagnosed
POAG.3*% Subjects with higher socioeconomic status may more frequently access
eye care because of regular preventive eye care visits or increased prevalence of
myopia and associated retinopathy necessitating glasses prescription and fundus
examination, whereupon glaucoma may be detected. Meta-analyses of popula-
tion-based studies have detected increased prevalence of POAG in urban areas,
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which may be related to a higher prevalence of myopia, or alternatively easier and
more access to healthcare in urban settings.t’

Although some studies have suggested no link between deprivation and severity
of glaucoma at presentation,® several hospital-based studies have reported low
socioeconomic status to be a risk factor for advanced glaucoma at presentation.-*
It is unclear whether the advanced disease at diagnosis in subjects with low socio-
economic status is the result of delayed diagnosis due to reduced accessibility and
use of eye care facility or increased susceptibility.

5.1.1.5. Genetics

5.1.1.5.1. Genetic risk factors for POAG

Familial linkage studies have implicated chromosomal regions and genes showing
significant linkage with POAG (such as Myocilin) and congenital glaucoma (such
as CYP1BL1). These genes show Mendelian inheritance with very strong disease
penetrance, as opposed to the associated loci seen for sporadic glaucoma.

To date, genetic association studies have revealed multiple robustly associated
loci for sporadic POAG. The spectrum of POAG loci are unexpectedly broad,
implicating genes such as CDKN2B-AS for predominantly normal pressure
glaucoma, CAV1-CAV2, TMCOL, and ABCAL for high pressure glaucoma, as
well as more recent findings such as AFAP1, GAS7, TXNRD2, and ATXN2 for
POAG. GWAS studies have also identified genes associated with quantitative traits
associated with POAG, such intraocular pressure (IOP), central cornea thickness
and optic disc size. Unexpectedly, the number of genetic loci shared between
the 10P and POAG phenotype is limited (CAV1-CAV2, TMCO1, ABCAL, and
GAST), suggesting that POAG susceptibility is not solely underlined by increases
in 10P alone.

From a genetic perspective, POAG is also associated with some systemic
diseases with strong Mendelian inheritance such as Marfan syndrome and osteo-
genesis imperfect.

Moving forward, it is likely that the disease allelic spectrum could overlap
between the familial (earlier onset) and sporadic forms (later onset) of glaucoma.
The successful description of such an overlap will extend our understanding
on disease biology and pathogenesis for glaucoma and could unveil potential
therapeutic targets.
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Table 1. POAG genetic loci identified from genome wide association studies (GWAS).

Pmeta =1.76 x 10

Gene Index SNP | Effect | Odds Ratio (OR, Reference

allele p value)
CAV1/2 14236601 | A gnfe?i':ggfoo 100 ;gloofjgiffson etal,
CDKN2B-ASL | rsd977756 | A gg;aff% 1o Burdon et al., 2011
SIX1/SIX6 110483727 | A Snf;alfgjmxmﬂ Wiggs et al., 2012
TMCO1 rs4656461 | G Sﬁ;alfgfl 100 Burdon et al., 2011
8022 rs284489 G gﬁ;ggggxmm Wiggs et al., 2012
ABCA1 rs2472493 | G }?2;1-:3; 010 Gharakani et al., 2014%
AFAP1 rs4619890 | G Siejalfgfo o Gharakani et al., 2014
GAST7 rs9913991 | A I?i;;f;éxlo_g Hysi et al., 20144
GMDS rs11969985 | G 192;151717 . Gharakani et al., 20144
PMM2 rs3785176 G }(’)i;alfé,'lg 1os Chen et al., 2014%
TGFBR3-CDC7 | rs1192415 | G grie?i'igi.eo 100 Li etal., 2015%
TXNRD?2 R T (F?gejaoji.los ‘1o Bailey et al., 20164
ATXN2 rs7137828 | T Sﬁefalfé’,n \io Bailey et al., 2016*"
EOXC1 r$2745572 A OR =117, Bailey et al., 20164
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Table 2. POAG Loci/genes identified from familial linkage analysis studies.

Locus Region Trait Population | Identified | Reference
POAG
genes
GLC1A | 1g21-q24 POAG | Multiple MYOC Stone et al., 19974
GLC1B 2cen-gl13 POAG Caucasian None Stoilova et al., 1996
GLC1C 3g21-g24 POAG | American None Wirtz et al., 1997%°
GLC1D | 8g23 POAG | American None Trifan et al., 1998%
GLCI1E 10p14-p15 POAG Multiple OPTN Rezaie et al., 2002%
GLCIF 70935-036 POAG | American ASB10 Pasutto et al., 2012%
GLC1G 5022.1 POAG Multiple WDR36 Monemi et al., 2005
GLCIH | 2p15-pl6 POAG | Caucasian None Suriyapperuma et al.,
2007%
GLC1 15g11-g13 POAG | American None Woodroffe et al., 2006%
GLCL 9qg22 POAG | American None Wiggs et al., 2004%"
GLCIK | 20p12 POAG | American None Wiggs et al., 2004%"
GLC1L 3p21-22 POAG | Australian None Sherwin et al., 2009%
GLCIM | 5g22.1-g32 | JOAG Chinese None Fan et al., 2007%°
GLCIN | 15¢22-24 JOAG Chinese None Aragon-Martin et al.,
2008¢%°
GLC10 19913 POAG Caucasian, | NTF4 Pasutto et al., 20095
Asian
GLC1P 12914 NTG/ | American None Fingert et al., 2011%
CODA
GLC1Q | 4g35.1- | POAG | Caucasian None Porter et al., 2011%
q35.2
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Table 3. Primary congenital glaucoma loci/genes identified from familial linkage analysis studies.

Locus Region Trait | Population | Identified Reference

genes
GLC3A 2p21 PCG Multiple CYP1B1 Stoilov et al., 1997%
GLC3B 1p36 PCG | Turkish None Akarsu et al., 1996%
GLC3C 14924 PCG | Multiple LTBP2 Narooie-Nejad et al., 2009%

5.1.2. Cardiovascular system
Louis Pasquale, Florent Aptel, Alon Harris, Panayiota Founti, Michael Kook,
Ingeborg Stalmans

5.1.2.1. Systolic and diastolic blood pressure

A. Hypertension

Overall, the relation between systemic hypertension (HTN) and primary
open-angle glaucoma (POAG) varies from null to adverse as described in
two meta-analytical papers that provide a comprehensive overview of worked
published up to 2012.5"%% One study not captured in these meta-analytical works
actually found an inverse relation between (HTN) and open-angle glaucoma
(OAG).%° Collectively the papers that constitute these meta-analyses vary con-
siderably in terms of how IOP and BP were measured, how HTN and POAG
were defined, study design and covariate adjustment. Nonetheless, there is robust
evidence for a positive association between increases in systolic BP and increases
in IOP and between increases in diastolic BP and IOP — these associations are
consistent across both cross-sectional and longitudinal studies. Overall, a 10
mmHg increase in systolic BP was associated with a 0.26 mmHg increase in
IOP and a 5 mmHg increase in diastolic BP was associated with a 0.17 mmHg
increase in IOP in pooled analyses. Yet, the relation between systemic HTN and
POAG is not straightforward and suffers from a lack of longitudinal data. Overall,
a modest adverse relation between systemic hypertension and POAG was noted
in cross-sectional (pooled RR = 1.24; 95% CI: 1.06-1.44; n = 15 studies) but not
in case-control studies (pooled RR = 1.08; 95% CI: 0.92-1.28; n = 9 studies) or
longitudinal studies (pooled RR = 1.05; 95% CI: 0.69-1.59; n = 2 studies). In terms
of dosage of BP, pooled analyses revealed that for every 10 mmHg increase in
systolic BP there was a 1% increased risk of POAG (95% CI: 1.00-1.03) but the
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results for diastolic BP were not statistically significant (pooled RR = 1.02; 95%
ClI: 0.99-1.04). Results from two studies found no association between systemic
HTN and the normal tension variant of POAG where the predominate known 10P
measurements are < 22 mmHg (pooled RR = 0.94; 95% ClI: 0.56-1.59).

In a prospective study of female and male health professionals that post-dates
the meta-analytical literature syntheses, there was a positive association between
repeated self-reported measures of BP and incident POAG, whereby every 5
mmHg rise in mean arterial pressure was associated with a 5% increased risk of
disease in a multivariable model (OR = 1.05; 95% ClI: 1.10-1.09). Yet in the same
population, self-reported untreated HTN was not a risk factor for POAG (OR =
1.03; 95% CI: 0.88-1.21)."°

Overall, while higher BPs are associated with higher 10P, there may be a
modest association between systemic HTN and POAG, particularly the high-ten-
sion variant. When 16 studies with considerable homogeneity were considered,
the pooled RR of the high-tension variant of POAG was 1.22 (95% CI: 1.08-1.37).
Among 60 studies with substantial heterogeneity, the pooled RR of POAG overall
was 1.16 (95% CI: 1.05-1.28).

B. Treatment of systemic hypertension

It is possible that treatment of systemic HTN could modify the risk of POAG.
In considering this matter one must account for the type of BP treatment (diet,
drugs, type of drugs) and effectiveness of treatment. In the European Glaucoma
Prevention Study, a placebo-controlled trial of dorzolamide 2% bid versus placebo
for the treatment of ocular hypertension, diuretic use was a strong inter-current
risk factor for the conversion to POAG.™ In the Blue Mountains Eye Study, HTN
that was treated but still regarded as uncontrolled (systolic BP > 160 mmHg or
diastolic BP > 95 mmHg despite treatment) was a strong risk factor for OAG,
while untreated HTN (BP > 160/95 mmHg) only showed a non-significant trend
in the same direction (multivariate adjusted OR = 1.35; 95% CI: 0.75- 2.46).”% In
the Egna-Neumarkt study, where HTN was adversely associated with POAG (OR
= 1.7, 95% CI: 1.0-2.9), taking antihypertensive medications was not significant-
ly associated with risk POAG risk (OR=1.3; 95% CI: 0.8-2.3).” In the Nurses’
Health Study and Health Professionals Follow-up Study, treatment of HTN with
diuretics, or with other drugs was not related to incident POAG.” Similarly, in the
Thessaloniki Eye Study pharmacological treatment of systemic hypertension was
not associated with POAG (OR = 1.20; 95% CI: 0.75-1.91). However, when the
association of POAG with diastolic OPP was examined in those with and without
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antihypertensive treatment (stratifying the analysis by perfusion pressure status),
the association was confirmed only in subjects who were using antihypertensive
treatment (OR = 0.78 per 10 mmHg; 95% CI:0.62-0.97, P = .028). These findings
closely relate to those from a previous Thessaloniki Eye Study report.® Based
on the above, antihypertensive treatment was not an independent risk factor for
glaucoma in the Thessaloniki Eye Study; however, low diastolic OPP as a result
of antihypertensive treatment was associated with increased risk of POAG. Thus,
there is some evidence that treatment for systemic hypertension may be a modifier
in the association between BP and glaucoma, and OPP and glaucoma.

Cup-disc ratio is a structural optic nerve parameter that represents an important
glaucoma-related trait. In the Thessaloniki Eye Study, a diastolic BP < 90 mmHg
that resulted from antihypertensive therapy was associated with increased
cupping assessed by Heidelberg Retinal Tomography among non-glaucomatous
subjects.” Currently, based on available data, how the treatment of HTN impacts
the development of POAG remains unclear.

C. Hypotension

BP tends to undergo a physiologic dip at night, but there are limited data comparing
these nocturnal dips between POAG patients and controls. For example, one study
that included 38 POAG patients, 46 normal-tension glaucoma patients and 11
controls, found more nocturnal dips in BP in glaucoma patients, but this finding
was limited to 36 glaucoma patients with progressive visual field loss vs. the
stable glaucoma patients.”® Another clinic-based study from Malaysia found lower
night time systolic BP (124.4 + 19 mmHg vs. 131.8 + 15.9 mm Hg; p = 0.01) and
lower night time diastolic BP (73.3 £ 8.6 mmHg vs 76.2 + 8.3 mmHg; p=0.05) in
72 NTG patients versus 55 controls using a model adjusting for age and presence
of HTN.”” While low BP is widely touted as a risk factor for POAG, particularly
in cases where 10P at presentation is not high, the evidence for this statement is
scarce. The Barbados Eye Study failed to find an adverse relation between systolic
BP < 110 mmHg or diastolic BP < 71 mmHg (multivariate OR = 1.3; 95% CI:
0.7-2.4) and incident OAG compared to a systolic BP > 153 mmHg or diastolic
BP > 90 mmHg.”® The Singapore Eye Study represents one of the few studies that
provide a statistically significant adverse association between low BP and POAG.
Compared to the highest quartile of diastolic BP, the lowest quartile of diastolic
BP was adversely associated with POAG (OR = 1.71; 95% CI: 1.04-2.96).%° In
the Early Manifest Glaucoma Trial, a randomized clinical trial of topical beta
blocker treatment plus laser trabeculoplasty versus observation in relation to OAG
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disease progression, lower systolic BP (< 125 mmHg) was associated with lower
risk of progression (Hazards Ratio = 0.46; 95% ClI, 0.21-1.02) but this result was
not statistically significant.26 It should be mentioned that OAG in this study also
included exfoliation glaucoma patients.

In total five studies have evaluated diurnal and nocturnal systolic and diastolic
BP variation in POAG patients with progressive versus stable visual field defects.
None of these studies were masked and the designation of visual field stability was
made retrospectively. A meta-analysis of these studies found no differences in
systolic or diastolic BP during the day or during the night in POAG patients with
progressive versus stable visual fields.”” However, the pooled OR of worsening
visual field loss among POAG patients with nocturnal dips of systolic or diastolic
BP > 10% was 3.32 (95% CI: 1.84-6.00) and 2.09 (95% ClI: 1.20-3.04), respectively.

The evidence for increased incidence of nocturnal dips in BP in POAG versus
controls is lacking and, overall, the evidence that lower BP contributes to POAG
is surprisingly weak.

5.1.2.2. Ocular perfusion pressure

Intuitively it seems logical that a measure of BP minus IOP would be an indicator
of the perfusion pressure at the optic nerve head. Various parameters of ocular
perfusion pressure are:

o Systolic ocular perfusion pressure (OPP) = systolic BP — IOP
» Diastolic OPP = Diastolic BP - IOP
e Mean OPP = (Diastolic BP + 1/3 (Systolic BP — Diastolic BP)) — IOP

The first population-based study to show a strong inverse relation between OPP
and POAG was the Baltimore Eye Study.®’ These findings have been reproduced
in other studies,®*™ including a study using incident POAG cases.”® Moreover,
post-hoc analyses of two randomized clinical trials indicated that lower OPP was
associated with OAG disease progression.?® Given that the relation between BP
and POAG is complex but there is a positive trend toward higher BP and POAG,
one must wonder if the relation between lower OPP and POAG is driven mostly
by higher IOP. Along these lines, in the Rotterdam Eye Study, the inverse relation
between mean OPP and incident POAG became insignificant after adjustment
for IOP.82 Alternatively, since glaucomatous optic neuropathy occurs across the
spectrum of both IOP and BP in POAG, the concept of OPP playing an important
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role in POAG may be of central importance. Finally, the real ocular perfusion
is modulated by the functionality of the autoregulatory system and not merely
by a simple mathematical distillation of BP and IOP data. In fact, Khawaja
and colleagues have argued that when the relation between OPP and POAG is
unadjusted for 10P, the effect of IOP predominates, and when such adjustment
is performed, the resulting model reflects the relation between BP and POAG.®
They have suggested that it is time to abandon using parameters like BP-IOP
with or without adjustment for IOP as a surrogate for OPP in glaucoma research.
Currently, there is insufficient evidence that consideration should be given to
ocular perfusion pressure during clinical care of subjects with glaucoma.

5.1.2.3. Vascular dysregulation

Alltissue beds require an autoregulatory mechanism that allows for proper delivery
of nutrients in the face of varying perfusion pressures and metabolic activity.
Vascular dysregulation can be broadly defined as the inability to regulate blood
flow at an appropriate level to meet the local physiological needs within a tissue
bed. There is considerable evidence from multiple sources that blood flow is dys-
regulated in POAG. An inability to regulate blood flow in POAG has been demon-
strated in various ocular vascular beds, including the choroidal vasculature,®&
the optic nerve head circulation,®® retinal vessels,®°° and perifoveal capillaries®
using a variety of experimental paradigms. The autoregulatory abnormalities
detected occurred in both the high-tension and normal-tension variant of POAG
and extends outside ocular tissue. For example, Quill and colleagues found that
digital blood flow responses to either hot or cold stimuli were reduced compared
to age-matched controls.®? These findings are consistent with work by Gasser and
Flamer, who found that nailfold capillary blood velocity was more likely to come
to a complete standstill after cold provocation in NTG patients.*®

5.1.2.4. Nailbed capillary

The nailbed contains elongated, inverted U-shaped capillaries that are easily
visualized with inexpensive microscopic techniques. Nailfold capillary
microscopy may provide alternative insights into systemic vascular dysregulation
and hint at the type of microvascular abnormalities that might occur in the optic
nerve head capillary bed, which is far more intricate and more challenging to
assess. Two cross-sectional studies showed morphological abnormalities (nailbed
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hemorrhages and large avascular zones) in POAG patients with history of normal
and high IOP using multivariable analysis.*#% A multisite US study was unable to
find a relation between nailfold capillary morphological abnormality and POAG
disease severity. No longitudinal studies of nailfold capillary morphological
change and glaucoma are available at this time. Therefore, it is unclear whether
nailfold capillary abnormality might be a vascular biomarker specific to POAG.

5.1.2.5. Sleep apnea

In obstructive sleep apnea (OSA) repetitive partial or complete upper airway
obstruction during sleep produces markedly reduced oxygen saturation levels.
Ocular diseases where relations to OSA are suspected include floppy eyelid
syndrome, keratoconus, non-arteritic ischemic optic neuropathy and glaucoma.
Some studies that have evaluated OAS and glaucoma did not specify the type
of glaucoma analyzed. Two small case-control studies found significant adverse
associations between OSA and OAG.%" In contrast, a large cohort study derived
from a de-identified database did not find any relation between OSA and OAG.% A
meta-analysis of these studies did not find an association between sleep apnea and
OAG (pooled OR = 1.01; 95% CI: 0.97-1.04).°° Snoring is felt to be a surrogate of
OSA and in the Beijing Eye Study this attribute was not associated with OAG 1%
In assessing OSA and OAG one must also account for the effect of continuous
positive airway pressure (CPAP), which on one hand may raise IOP101 but on the
other may improve blood oxygen levels during sleep. It should be noted that when
‘glaucoma’ overall® or nerve fiber layer thickness'®? is considered as the outcome,
a fairly robust adverse relation with OSA is reported in pooled analyses. This
suggests that there are glaucoma subtypes for which OSA plays an important role
in the generation of glaucomatous damage.

5.1.3. Endocrine System
Jonathan G. Crowston, Sameh Mosaed, Arthur J. Sit

The endocrine system can have a significant effect on intraocular pressure and
glaucoma. The effect of glucocorticoids on IOP is very well characterized and
will not be discussed in this section. However, multiple other hormones have been
suggested as either protective or risk factors for the development of glaucoma.

5.1.3.1. Diabetes and glaucoma®*t2
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Numerous studies investigating the relationship between open-angle glaucoma
(OAG) and diabetes mellitus have resulted in conflicting results. However, many
of these studies have relied on patient self-reporting of either the glaucoma or
the diabetes diagnosis, and did not always distinguish between POAG and NVG.
More recent studies with clearer definitions of glaucoma and diabetes seem to
indicate that diabetes increases the risk of glaucoma. Also, there may be an effect
from diabetes on corneal biomechanical properties, impacting the accuracy of IOP
measurements. Taken together, there does seem to be more evidence supporting
a correlation between diabetes and POAG, although this is a weaker association
than some of the other well-established risk factors such as family history, age,
and IOP. In a recent meta-analysis of 47 studies including 2,981,342 individuals
from 16 countries, diabetes, diabetes duration, and fasting glucose levels were
associated with a significantly increased risk of glaucoma, and diabetes and
fasting glucose levels were associated with slightly higher 10P. However, there
was substantial heterogeneity in the methods and quality of the original studies.
Further studies are needed to determine the magnitude and significance of this
association.

5.1.3.2. Thyroid system and glaucoma 3

Thyroid orbitopathy is associated with elevation of IOP consequent to mechanical
forces exerted by stiff and enlarged extraocular muscles. This can lead to transient
IOP elevation with eye movement, in particular up-gaze. Chronic IOP elevation
can result from elevated episcleral venous pressure.r** A number of population
studies have revealed a weak but positive association between OAG and thyroid
disease. Relative risk ratios generally show a weak association, but the number
of glaucoma and thyroid patients in these studies is generally low while thyroid
disease diagnosis is often based on self-reported history.**4!5 |n a retrospec-
tive follow-up study of 257 hypothyroidism patients and 2056 controls, hypothy-
roidism patients were found to have a 1.78-fold (95% confidence interval [CI],
1.04-3.06) greater risk of developing OAG than the comparison cohort, after
adjusting for age, gender, monthly income, urbanization level, and comorbid
medical disorders. This association remained significant in untreated hypothy-
roidism patients (adjusted hazard ratio [HR], 2.37; 95% Cl, 1.10-5.09) and became
statistically nonsignificant in patients treated with levothyroxine (adjusted HR,
1.73; 95% Cl, 0.89-3.38). Further studies are needed to determine the association
of thyroid disease with glaucoma risk.
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5.1.3.3. Sex hormones and glaucomat'’-12?

The effect of sex hormones on IOP and glaucoma has been investigated in
numerous epidemiologic studies. Most of this work has focused on the effect in
post-menopausal women. Current evidence suggests that the reduction of estrogen
in post-menopausal women increases the risk of developing glaucoma. Hormone
replacement therapy may reduce 10P and the risk of glaucoma in post-menopausal
women. However, bilateral oophorectomy may also increase the risk of glaucoma
if performed at an early age, but estrogen replacement does not appear to decrease
the risk. In contrast, there is some evidence that the use of oral contraceptives may
result in an increased risk of glaucoma. In a cross-sectional study of 3406 female
participants from the 2005 to 2008 National Health and Nutrition Examination
Survey, those with > three years of oral contraceptive use had greater odds (odds
ratio, 1.94; 95% confidence interval, 1.22-3.07) of self-reported glaucoma or
ocular hypertension.

5.1.3.4. Other hormones'?324

Other hormones including erythropoietin and vasopressin have been found in
elevated levels in the aqueous humor of glaucoma patients, and may have acute
effects on 10OP. However, there is currently a lack of clinical or epidemiologic
evidence to support a role for these hormones in glaucoma pathogenesis.

5.1.4. CNS

Based on the anatomy of the optic nerve head with the optic nerve being
surrounded by optic nerve meninges and imbedded into the orbital cerebrospi-
nal fluid (CSF), it is apparent that the orbital cerebrospinal fluid pressure (CSFP)
is a major determinant of the trans-lamina cribrosa pressure difference.?>% |t
has also been suggested that it is the trans-lamina cribrosa pressure difference,
and not the transcorneal pressure difference (which is measured by tonometry),
which is the primary pressure parameter in the physiology and pathophysiolo-
gy of the optic nerve head. In view of the so called normal-pressure-glaucoma,
it may be seductive to assume that in these patients the orbital CSFP may be
abnormally low, so that in the presence of a normal IOP the trans-lamina cribrosa
pressure difference is elevated. Clinical pilot studies and experimental monkey
studies have corroborated this hypothesis.’?"12 Some patients with normal-pres-
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sure glaucoma, as compared to patients with high-pressure glaucoma and as
compared to a control group, showed abnormally low lumbar CSFP measure-
ments.*?” In experimental studies, the lowering of CSFP in monkeys resulted in
the development of optic nerve damage.'?® However, it remained unclear whether
the observed damage was typical glaucomatous optic neuropathy. The fact that
normal-pressure glaucoma is 10P-related could explain why the appearance of
the optic nerve head in patients with high-pressure glaucoma and in patients
with normal-pressure glaucoma can be strikingly similar. Conversely, the optic
nerve head morphology shows marked differences between patients with vascular
induced non-glaucomatous optic nerve damage and patients with normal-pressure
glaucoma. Considering the orbital CSFP into the physiology of the optic nerve
head could also explain that the 10OP is allowed to increase in supine position
since simultaneously the CSFP elevates.!? It has remained unclear whether time
associated parameters in the trans-lamina relationship between IOP and orbital
CSFP may also be of importance.*® Experimental studies have suggested that
the pressure wave coming from the heart first arrives in the CSFP and then in the
eye. It could indicate that the trans-lamina cribrosa pressure difference undulates
within a pulse cycle. It may theoretically be of importance to allow the retrograde
axoplasmic flow to enter the eye. If indeed the trans-lamina cribrosa pressure
difference physiologically undulates, any change in timing could lead to a patho-
logical situation, even if the pressures on both sides of the lamina cribrosa are
normal. Another aspect is the blood perfusion inside the lamina cribrosa. If the
pressure on both sides of the lamina cribrosa is elevated so that the trans-lamina
cribrosa pressure difference is normal, the increased pressure tissue in the lamina
cribrosa could lead to a compression of the blood capillaries within the lamina
cribrosa and to an impediment of blood perfusion.

In summary, there is some evidence that the trans-lamina cribrosa pressure
differences (IOP minus orbital cerebrospinal fluid pressure) may contribute
to optic nerve pathology. However, there is insufficient evidence to determine
whether low orbital cerebrospinal fluid pressure is a risk factor for the development
of POAG.

5.1.5. Nutritional Status

Alternative approaches to treatment of glaucoma and their understanding are
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presently an area of growing activity. Nutritional status as a contributing factor to
the development of glaucoma, factor in its progression, and, therefore, a potentially
important aspect in an approach to its treatment, represents a wide range of topics.
These include diet and its consequences, including obesity, starvation, inadequate
nutrition, anti-oxidant status, and its role in affecting risk factors, particularly
cardiovascular ones, such as blood pressure, body mass index, and deficiencies or
excesses of specific compounds, both foods and perhaps specific toxic elements
including trace metals. One could add under this category vitamins, supplements,
and lifestyle aspects, such as smoking, alcohol, stress, and exercise, all of which
may influence the disease at some level. This short review will emphasize diet and
nutrition and their contributing features.

A higher dietary intake of nitrates and green leafy vegetables was associated
with a 20% to 30% lower risk of POAG, and 40-50% lower risk for cases
involving early paracentral visual field loss,®** for which ocular vascular dysreg-
ulation has been implicated.’*213® A higher intake of certain fruits and vegetables
high in vitamins A and C and carotenoids was suggested to be associated with a
decreased likelihood of glaucoma in African-American women.'®

Dietary deficiency of omega-3 fatty acids has been reported to cause retinal
ganglion cell dysfunction in a mouse model.** In the Rotterdam Study, a low
intake of retinol equivalents (carotenoids and polyphenolic flavonoids present
in green tea and coffee) and thiamine and a higher intake of magnesium were
associated were associated with an increased risk of OAG.**®* A high ratio of
omega-3 to omega-6 fatty acids was associated with high-tension but not nor-
mal-tension glaucoma.’® Similar findings were reported in another study, the
authors suggesting that a diet low in omega-6 was the causative factor.}® Low
consumption of fatty fish or walnuts and a higher frequency of heavy smoking
was associated with POAG in another study.** Other reports include associations
between glaucoma and vitamin D deficiency,*® calcium and iron intake,** and
selenium 142

Exfoliation syndrome has been positively associated with greater coffee
consumption,™ and a lower risk associated with total folate intake.!** Elevated
homocysteine levels in exfoliation syndrome have been described in numerous
publications.

Oxidative stress is related to some extent to diet, so it would be interesting
to sort out which factors underlie oxidative stress. The incidence of glaucoma
increases with age. A study done two decades ago reported that the degree of
oxidative stress was lower in healthy centenarians than in subjects aged 70-99
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years, while levels of vitamin C and E were greater. Smoking and alcohol intake
and caloric intake were significantly lower in centenarians, while the percentage
of protein obtained from vegetables was significantly greater® A voluminous
literature has developed over the ensuing time, mostly substantiating the value of
these findings applied to various population groups.

A steadily growing literature suggests that mitochondrial dysfunction is a con-
tributing factor to retinal ganglion cell death in glaucoma. Oxidative stress is a
common manifestation of mitochondrial dysfunction and has been implicated in
the neurodegenerative process (see reference 146 for an early review as a basis
for subsequent studies). Mitochondrial function decreases with age and increased
vulnerability to other neurodegenerative disorders also increases with age. An
impaired capacity to handle oxidative stress and mitochondrial dysfunction may
play a key role in predisposing to neuronal cell death in age-related neurode-
generative diseases and emerging therapies aimed at optimizing mitochondrial
function represent potential new clinical approaches to slowing retinal ganglion
cell loss in glaucoma (see references 147-149 for more recent reviews).

In summary, there is a great body of evidence relative to anti-oxidants, anti-in-
flammatory agents, and mitochondrial protectants in slowing neurodegenerative
processes. Much work has been done in vitro and in animal models, and less in
humans, particularly definitive trials. How these in turn translate into the effects
of diet, nutrition, and lifestyle have been still less elucidated. Further work in
this area in the area of glaucomatous neurodegeneration is needed. Based on the
current state of knowledge, an association between nutrition and the development
of glaucoma or the progression of glaucoma has not been established.
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Consensus statements

1. Glaucoma is the leading cause of irreversible blindness worldwide.
Comment: In some countries, as many as 90% of glaucoma patients remain
undiagnosed.

2. Screening everyone for glaucoma is an ideal proposition, but it is not logis-
tically feasible. It would also result in an unacceptably high number of
individuals with a false-positive diagnosis of glaucoma.

Comment: To be effective, screening programs should select participants at
substantial risk for glaucoma.

3. The cost-effectiveness of screening for POAG alone has not been demonstrat-

ed.
Comment: Cost-effectiveness for glaucoma may be enhanced when done with
other ocular conditions that cause visual impairment, including uncorrected
refractive error, cataract, diabetic retinopathy, and age-related macular degen-
eration.

4. First-degree relatives of individuals with POAG and those with significant
risk factors should be examined.

6.1. The magnitude of the problem

Glaucoma is an acquired and progressive optic neuropathy with characteristic
optic nerve damage and eventual visual field changes. Individuals with glaucoma
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are usually asymptomatic until late in the disease process and it is possible to
either slow down or prevent the progression of vision loss if detected early by
adequate treatment. Therefore, glaucoma detection for the general population is
desirable. In 2010, 2.1 million people were blind (6.6%), and 4.2 million were
visually impaired (2.2%) from glaucoma out of the 32.4 million blind and 191
million vision impaired people globally.1 From 1990 to 2010, the number of blind
or visually impaired due to glaucoma increased by 0.8 million or 62% and by 2.3
million or 83%, respectively due to the aging of the global population. Age-stan-
dardized global prevalence of glaucoma related blindness and medium to severe
visual impairment in adults aged 50+ years decreased from 0.2% in 1990 to 0.1%
in 2010, and increased from 0.2% to 0.3%, respectively. The percentage of global
blindness and medium to severe visual impairment caused by glaucoma increased
between 1990 and 2010 from 4.4% (4.0,5.1) to 6.6%, and from 1.2% (1.1,1.5) to
2.2% (2.0, 2.8), respectively. Currently it is estimated that nearly 70 million people
are affected by glaucoma. Age-standardized prevalence of glaucoma related
blindness and moderate and severe vision impairment did not differ markedly
between world regions nor between women (0.1% and 0.3%) and men (0.1% and
0.3%, respectively).!

The prevalence and geographic variations in glaucoma have been studied
extensively. Close to half of cases of POAG in the most developed countries with
glaucoma remain undiagnosed, and over 90% are undiagnosed in many less
developed countries.? Recent studies have shown that even in developed nations
like Korea and Japan nearly 90% of glaucoma patients are undiagnosed.®* About
10% of all individuals with glaucoma are estimated to be blind in one or both
eyes.® Therefore, glaucoma has significant public health and economic conse-
quences for society, making it a critical public health problem.

6.2. Distinction between primary open- and closed-angle glaucoma
6.2.1. Primary open-angle glaucoma (POAG)

Primary open-angle glaucoma (POAGQG) is characterized by an anterior chamber
angle open on gonioscopy with a visible trabecular meshwork for the entire cir-
cumference of the angle.® For those with POAG and high intraocular pressure
(IOP), the obstruction to aqueous outflow may be located on the anterior chamber
side of the trabecular meshwork, in the trabeculum, in Schlemm’s canal or further
along the aqueous drainage system. With prolonged high pressure, the retinal
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ganglion cells and their axons are injured and lost resulting in gradual vision loss.
In cases of very high IOP vision loss can be rapid. POAG may also develop in eyes
with IOP in the statistically normal range and is sometimes referred to as normal
pressure or normal tension glaucoma.

6.2.2. Primary angle-closure glaucoma (PACG)

Primary angle-closure glaucoma (PACG) is characterized by closure of the anterior
chamber angle on gonioscopy where the trabecular meshwork is not visible due to
irido-trabecular adhesions or attachments.” It can present acutely with high 1OP.
In this situation, known as an acute angle closure attack (AAC), the angle between
the cornea and iris closes abruptly causing a dramatic and immediate decrease in
outflow of aqueous humor from the eye. It is a medical emergency manifested
by acutely increased IOP. The majority of PACG occurs less abruptly without
symptoms. 10P gradually increases due to long-term contact of the iris with the
outflow pathway resulting in decreased outflow from the eye, elevated IOP, and
subsequent loss of retinal ganglion cells and ultimately, vision loss. While the
two main types of glaucoma, POAG and PACG have different mechanisms; the
resulting glaucomatous optic neuropathy is similar. In this section we are limiting
our discussion to POAG.

6.3. Screening defined

Wilson and Jungner proposed a set of criteria for appraising the validity of a
screening programme:®

1. The condition sought should be an important health problem.

2. There must be an accepted and effective treatment for patients with the
disease, which must be more effective at preventing morbidity when
initiated in the early, asymptomatic stage than when begun in the later,
symptomatic stages.

3. Facilities for diagnosis and treatment should be available.

4. There must be an appropriate, acceptable, and reasonably accurate
screening test.

5. The natural history of the condition, including development from latent to
manifest disease, should be adequately understood.

6. The cost of case finding (including diagnosis and treatment of patients
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diagnosed) should be economically balanced in relation to possible
expenditure on medical care as a whole.

7. Characteristics of glaucoma which make it suitable for screening are:

8a. It is a common disease and a leading cause of blindness;

8b. The detectable preclinical phase is long;

8c. Early treatment is advantageous;

8d. Diagnostic tests are non-invasive and preventing blindness has a large
beneficial effect on quality of life.

Screening has many definitions, but we will use the following three common
approaches as screening for this document:

1. Stand-alone public health initiatives specifically focused on the detection
of glaucoma (e.g., screening the entire population by going out to the
community)

2. Screening for glaucoma by primary health workers (e.g., as part of an array
of simple tests that focus on visual acuity and other aspects of eye health)

3. Screening for glaucoma by primary eye care professionals, commonly
called ‘case detection’ or ‘opportunistic case detection’, which may or may
not be part of a targeted eye care delivery program.®

Screening can occur in isolation (as part of a focused evaluation for glaucoma) or
as part of a comprehensive evaluation for eye diseases. It is the consensus of this
group that screening for glaucoma requires an extensive evaluation and therefore
should include testing for other eye diseases such as cataract, diabetic retinopathy,
age related macular degeneration (AMD) and refractive error. As compared to a
macular disease or any disease affecting the optical pathway of the eye, glaucoma
has the disadvantage that subjective symptoms in the form of visual impairment
occur late in the disease.

6.4. Screening for glaucoma
6.4.1. Detection threshold
Glaucoma has a long latency phase, in which glaucomatous optic nerve damage

has started but the disease remains asymptomatic and difficult to detect. The
detection threshold for glaucoma is defined as the point at which glaucomatous
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optic nerve damage can be accurately determined by diagnostic testing. Charac-
teristic findings in glaucoma, but not pathognomonic or specific for glaucoma,
include increased cupping of the optic nerve head, asymmetry in the amount of
cupping between eyes, focal notching of the neuroretinal rim, loss of nerve fiber
tissue around the optic nerve, and optic disc hemorrhages. The detection of early
glaucomatous optic nerve damage is challenging. In terms of visual field testing,
considerable glaucomatous optic nerve damage can occur before the threshold
of detection is reached. It has been reported that 25%-40% of axons can be lost
before white-on-white automated perimetry will show an abnormality.** Such
changes can be detected through direct observation as well as using imaging tech-
nologies. Newer imaging technologies permit earlier diagnosis and earlier identi-
fication of progression.*?

6.4.2. Current screening practice

Even in some developed countries, more than 50% of prevalent POAG is
undetected.’*' Because vision loss is typically gradual over many years, patients
do not recognize that they have lost vision until glaucoma is advanced (at which
point the optic nerve is severely damaged and vision loss is permanent). Screening
for glaucoma is mainly done at the time of routine eye examinations and not in
the community. Therefore, those with glaucoma who do not undergo routine eye
exams are at high risk of remaining undiagnosed until vision loss is severe.

Studies to prove that screening for glaucoma preserves visual function would
take over a decade to carry out, and the highest level of evidence supporting
screening for glaucoma may therefore be impossible to obtain. However, there is
strong evidence that lowering IOP prevents loss of ganglion cells and preserves
the visual field.”® It is essential to identify populations at a higher risk for the
development of glaucoma and concentrate resources on this group.

6.5. Whom to screen

Given the fact that most screening devices have specificity below 90% when
maintaining high sensitivity, the relatively low prevalence of POAG in the general
population would lead to a high ratio of falsely positive diagnosed individuals to
truly positively diagnosed individuals if the current diagnostic tests were applied
universally. Strategies for screening for glaucoma will depend on multiple factors
including: (a) socioeconomic environment; (b) prevalence of glaucoma in specific
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populations; (c) high-risk groups in the population; (d) populations with specific
characteristics (e.g., Japanese and Koreans present mostly with low IOP); and ()
stage of the disease in target population to be screened/detected.

In order to improve the cost/benefit equation, and to specifically increase the
benefit/harm ratio for screening for glaucoma, it is better to target resources
towards those with higher risk for glaucoma.'®

6.6. Risk factors for POAG

Glaucoma is a complex multifactorial group of diseases. Most risk factors for
the development of glaucoma are also risk factors for its progression. For
screening purposes it is unrealistic to implement testing for glaucoma cases in
all populations, as the prevalence is very low in certain age groups, resulting in
a waste of resources and posing individuals tested falsely positive for the disease
at risk for the side effects of the therapy. It is important to select participants at
substantial risk in order for screening programs to be effective. The main risk
factors identified for glaucoma are as follows:

6.6.1. Intraocular pressure (I0P)

Intraocular pressure (IOP) is a causal risk factor for glaucoma,’” even though
about 40-75% of newly-diagnosed POAG cases in population-based studies are
characterized by normal 10OP levels.®® IOP varies across populations and therefore
screening cutoffs likely will vary based on the populations being studied.
The Ocular Hypertension Treatment Study (OHTS) found that the cumulative
probability of developing glaucoma after five years with untreated ocular hyper-
tension (OHT) was 9.5 %.2° In another study, residents of Olmsted County with
diagnosed OHT or glaucoma were followed for a mean of 15 + 8 years. The patients
who were treated for OHT had a 4% 20-year cumulative probability of bilateral
blindness and a 14% 20-year cumulative probability of unilateral blindness. Risk
of OHT to functional blindness has been reported to be 2.6 % over 15 years.?°

Individuals detected with OHT at screenings that do not have glaucoma and are
not started on 1OP-lowering therapy will require regular follow-up.
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6.6.2. Myopia

The association between refractive error and glaucoma has been the subject
of many clinical trials and population-based studies.??> Most have found
that moderate to high myopia is associated with increased risk of POAG,?
low-tension glaucoma,?2¢ and OHT.%:2” Notably, no association between myopia
and incident POAG was found in the OHTS in an ethnically mixed population
of Americans.? A recent report based on the National Health and Nutrition and
Examination Survey (NHANES) found a correlation of increasing myopia with
visual fields defects that could be consistent with glaucoma.?

In Asian populations, myopia is generally more common and the incidence is
increasing. The Beijing Eye Study from China, found a significant relationship
between POAG and high myopia worse than -6D.%° A population-based study in
Singapore Malays (SIMES) showed an association between moderate or higher
myopia (worse than -4D) and POAG. Persons with moderate or higher myopia
had an almost three times higher risk of POAG compared to emmetropes. It was
suggested that axial myopia rather than other factors (e.g., corneal curvature or
lenticular changes) might be the main biometric constituent that underlies risk for
POAG.® In a recent study involving over 13,000 participants conducted by the
Korean Ophthalmological Society, male gender and myopia were significantly
associated with POAG.*

Myopia is not only a risk factor for glaucoma but also a confounder that
complicates diagnosis because it presents with structural changes that can pro-
gressively lead to glaucomatous-appearing VF defects.** Myopic refractive error
and longer axial lengths impact retinal nerve fiber layer (RNFL) and macular
thickness measurements due to the optical projection artefact of the scanning
area. Non-glaucomatous myopic eyes tend to have thinner RNFL and macular
parameters that are falsely classified as abnormal by OCT.*

6.6.3. Age

Population-based studies consistently show an exponential rise in the prevalence
and incidence rates with increasing age. In the Barbados Eye Study and the
Rotterdam study, there was a 4% and a 6% increased risk of developing POAG
with each year of age increase, respectively.® In the Visual Impairment Project
in Australia, subjects aged 70-79 years at baseline had a 12-fold increased five-year
risk of developing POAG compared to subjects aged 40-49 years old.*
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6.6.4. Race

In general, the prevalence of POAG is highest in West Africa-derived populations;
intermediate in non-Hispanic Whites, Hispanics, and southern Asian populations
(Singapore Chinese, Indian); and lowest in northern Asian populations.® Rates
among older Hispanics are almost as high as among African Americans in the
US. However, in the Baltimore Eye Survey, the prevalence of POAG in African
Americans was four times greater than that in non-Hispanic Whites.*® This
difference in POAG prevalence between African Americans and non-Hispan-
ic Whites has been corroborated in other population-based cohorts of African
Americans and non-Hispanic Whites.

6.6.5. Genetic factors

Family history of glaucoma is an important risk factor. Having a first-degree
relative with glaucoma has been consistently associated with an increased risk
for POAG in prevalence surveys, and it is estimated that siblings of affected
individuals have nearly an eight-fold risk of POAG when compared to siblings of
unaffected individuals.®* The risk for POAG may be stronger when the affected
relative is a sibling rather than a parent or child.*> The genetic underpinnings of
the disease may vary according to race/ethnic group. Common glaucoma sus-
ceptibility alleles that are seen in Caucasians at the genome-wide level include
CDKN2B-AS1, TMCO1, CAV1/CAV2, chromosome 8g22 intergenic region, and
SIX1/SIX6.% However, these loci appear to have weaker associations with POAG
in African Americans.*

6.6.6. Other risk factors

Other systemic risk factors, including hypertension,® diabetes,*® migraine,* cere-
brospinal fluid pressure,*® thyroid disorders,* sleep apnea,® and infectious and
autoimmune diseases®*? have also been associated with POAG. The strength of
the association of these risk factors is modest, and their role in glaucoma prediction
or screening is uncertain.

6.6.7. Low predictive value of currently established glaucoma risk factors

Our current understanding of glaucoma risk factors does not allow for accurate
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predictive equations for glaucoma risk based on risk factors.>® In combination
with the limited specificity of current screening techniques, this can result in low
positive predictive value of glaucoma screening and an unacceptable rate of false
positive referrals. Screening of high-risk populations with a higher prevalence of
disease can reduce the false positive rate.>

6.7. When to start screening

Screening frequency and location depend on healthcare resources available and
on known risk factors. With a high-risk profile, yearly examinations may be
advisable while with a low risk profile, examinations every five years may be
advisable for individuals younger than 70 years and one to two years for those
over 70 years as prevalence increases.*¢

There is controversy regarding the influence of age on the cost effectiveness
of glaucoma screening. Although Gottlieb et al.>” suggested that the cost per year
of vision saved was lowest in the group aged 55-70 years and that communi-
ty-based screening targeted at people aged 70 years or more was not cost-effec-
tive, Hernandez et al.,’® Boivin et al.>® and Vaahtoranta-Lehtonen et al.®° found
that glaucoma screening becomes more effective with increasing age. Studies
evaluating influence of age on cost effectiveness of screening should also consider
combined screening including other diseases in target beyond glaucoma (e.g.,
cataract and AMD). Combined screening would likely increase cost effectiveness.
The earlier glaucoma is detected, i.e., the younger the age at which glaucoma is
screened for, the lower is the corresponding disability-adjusted life years (DALY).
The older the age at which glaucoma is screened for, the lower is the ratio of
falsely positive diagnosed individuals to truly positively diagnosed individuals,
since the prevalence of glaucoma increases with older age.®

6.8. What tests to use for screening

Ideally, a screening test for glaucoma should be safe, easy to administer and
interpret, portable, quick, acceptable to the people who are tested, able to obtain
results in the majority of tested individuals and sufficiently valid to distinguish
between those who do and those who do not have glaucoma.®? Screening requires
a test with a high specificity while diagnosis requires a test with a high sensitivity.
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6.8.1. Tonometry

Intraocular pressure is a key risk factor for and cause of POAG. There are a number
of devices both contact and noncontact that can be used to measure 10P that
need varying degrees of training to use. There are also a number of factors that
influence IOP measurements such as central corneal thickness, corneal curvature
and corneal hysteresis. There is no single cutoff value of IOP that provides an
acceptable balance between specificity and sensitivity. IOP as measured by
noncontact tonometry, was found to be an insensitive test for detecting glaucoma
(sensitivity 22.1%, specificity 78.1%63). IOP alone has poor predictive value for
detecting glaucoma since most population-based studies have found that close to
half of all POAG occurs at ‘normal’ IOP and in some countries in Asia, nearly
all POAG occurs at low I0P.54+% That said, very high IOP frequently leads to
vision loss and measuring IOP during screening visits makes sense and should be
performed to detect the small minority with high IOP since measuring IOP is low
cost and can be done rapidly.

6.8.2. Optic nerve evaluation
6.8.2.1. Clinical evaluation

Examination of the optic nerve by individuals screening in the community is
not recommended. Optic disc evaluation is difficult to teach and if not done on
a regular basis the skill of assessment is lost. Furthermore, there is tremendous
variability in optic nerve assessment across providers.5”%¢ Optic nerve evaluation
during an eye exam should be standard and this is one potentially effective way
to identify possible cases of glaucoma in an ‘opportunistic’ fashion. Confirma-
tory testing is easier to perform in these settings. Optic disc changes are found
in glaucoma, but there is morphological variability in the normal optic disc and
no single disc parameter cut off is diagnostic of disease. Large cup:disc ratio
(CDR) can be diagnostic (> 0.9 is rarely not glaucoma), but selecting such a large
CDR will miss many cases.® Clinical evaluation of the optic disc for glaucoma-
tous damage has better diagnostic ability in the hands of a specialist limiting its
application in glaucoma screening programs. Fundus photographs provide a good
alternative approach where the optic discs can be assessed and graded for disease
by trained personnel (not necessarily ophthalmologists).”
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6.8.2.2. Optic disc photography

Obtaining good quality photographs using a non-mydriatic camera in older
populations can be challenging and testability rates can be reduced by cataract
or corneal opacity.”™ Taking dilated optic disc photographs carries the risk of
medication related side effects and the small but relevant risk of a mydriatic
induced acute primary angle closure in populations with a high risk prevalence of
angle closure disease.”

Six studies of optic disc photography with five using a common criterion of
a vertical cup-to-disc ratio greater than 0.59 to greater than or equal to 0.7 have
shown a range of sensitivity from 65 to 77% and the range of specificity from 59
to 98%."

Automated optic nerve analysis would be helpful for screening programs but
currently no systems are available that are sufficiently robust to use in screening
programs.

6.8.2.3. Optic nerve imaging with devices

Scanning Laser Tomography: Heidelberg Retinal Tomograph (HRT) is the only
device in the market that uses confocal laser scanning of the retina to assess for
glaucoma. Healey et al.” reported on the diagnostic accuracy of HRT Il to detect
OAG in the ten-year follow-up examination of the Blue Mountains (Australia) Eye
Study. Sensitivity and specificity based on an abnormal Moorfields Regression
Analysis (MRA) was reported to be 46% and 91%, respectively. Saito et al.
evaluated the ability of different classification programs of the HRT to distinguish
eyes with glaucoma from eyes without glaucoma in the Tajimi (Japan) Eye Study.”
The sensitivity and specificity of MRA to detect glaucoma was 39% and 96%,
respectively. The results from these two studies predict that a screening program
of 10,000 individuals from a general population with a 2% prevalence of OAG
would detect only 80-90 out of the 200 affected, and overall glaucoma on 390-880
normal individuals. Therefore, using the HRT as a screening tool result would
result in the referral of too many normal individuals for evaluation and miss over
half of those with glaucoma.”

Scanning Laser Polarimetry (SLP): This is based on the birefringent properties
of the RNFL. When polarized light passes through the RNFL it suffers retardation
proportional to the thickness of the RNFL. It is affected by the birefringent
properties of other ocular structures such as the cornea and the lens.”
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Optical Coherence Tomography (OCT): OCT measures reflectance from the
retina using a 840 nm light source. The resolution of OCT imaging has dramat-
ically improved from the time domain (TD) machines to the spectral domain
(SD) instruments. The current spectral-domain (SD) OCT technology collects
up to 55,000 A-scans per second with an axial resolution of 5 pm — a 100-fold
improvement over the earlier-generation TD-OCT. Optic nerve head and nerve
fiber layer imaging devices allow for simplified screening since the devices
frequently can image through an undilated pupil and have automated software to
grade the images. However, there are significant cost issues as well as challenges
in transporting these devices for outreach screening programs (although portable
versions are being developed). Changes in hardware and software over time
necessitate repeat validations of the screening effectiveness of the devices.”® All
the devices are affected by cataract to some extent and this has the potential to
limit their utility in populations with significant numbers of visually significant
cataract.

Li and coworkers have shown that screening for glaucoma in a communi-
ty-based high-risk population with TD-OCT resulted in moderate sensitivity
and high specificity for definitive glaucoma suggesting that the device does not
have adequate sensitivity to be used alone but may have utility in excluding
subjects from further evaluation.77 OCT currently lacks the necessary diagnostic
performance for general population glaucoma screening.

However, SD-OCT has been reported to have higher sensitivity than TD-OCT
in glaucoma screening and may have potential for early detection in a high-risk
population.™

6.8.2.4. Perimetry

Testing of the peripheral visual field can detect vision loss from glaucomatous
optic neuropathy. Testing of the visual field can be performed with easily portable
devices and efforts are being made to develop tablet-based tests.”

Standard Achromatic Perimetry (SAP): Assessing visual fields using the
‘reference standard’ SAP can be difficult as the reliability of a single measurement
may be low; several consistent measurements are needed to establish the presence
of defects.

Full-threshold programs are not useful for screening because of the time
needed for testing. Scoring Algorithms, such as the Swedish interactive threshold
algorithm (SITA) with the Humphrey Field Analyzer(HFA), are faster, but
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portability of the machine remains an issue. Suprathreshold screening at a limited
number of points may be faster yet, but none of the major visual field instruments
have distinguished themselves as particularly useful for screening using this
method.

Frequency Doubling Perimetry (FDP): FDP uses a stimulus with a high
temporal and low spatial frequency to detect visual field defects. It is a portable
and easy-to-administer test that does not require specialized testing conditions.
The test in screening mode generally takes less than two minutes per eye. The
C-20-1 screening test exhibits low sensitivity for the detection of mild loss but
high sensitivity for advanced field loss relative to Program 24-2 and the SITA Fast
algorithm of the HFA. Sensitivity can be increased by use of the C-20-5 screening
protocol. The C-20-5 screening test presents targets at a contrast level that 95% of
healthy age-matched subjects would be expected to detect. Screening studies have
reported sensitivity and specificity to range from about 80 to 100%, depending on
the criteria used and subjects screened.”

More recently, Francis et al. assessed various parameters in the Los Angeles
Latino Eye Study (LALES) both individually and in combination with three
historical high-risk parameters — age greater than 65 years, a family history of
glaucoma and diabetes.t! The AUROC for vertical cup to disc ratio was 0.895
for the high-risk group and 0.9 for the entire population, for IOP correspond-
ing AUROC was 0.668 and 0.705. The AUROC for MD and PSD on visual field
testing were 0.835 each for any high-risk group. The corresponding AUROC for
the entire population was 0.865. The addition of a historical risk factor did not
appear to improve diagnostic ability of any of the tests evaluated.

A Cochrane review in 2015 assessed the diagnostic accuracy of HRT, OCT
and GDx for diagnosing glaucoma by detecting ONH and RNFL damage and
reported that the Nerve Fiber Indicator (NFI) among the GDx parameters yielded
the highest accuracy for this device (estimate, 95% confidence interval (CI))
(sensitivity: 0.67, 0.55 to 0.77; specificity: 0.94, 0.92 to 0.95). For HRT measures,
the vertical CDR (sensitivity: 0.72, 0.60 to 0.68; specificity: 0.94, 0.92 to 0.95) was
similar to other parameters. With OCT, the average RNFL retinal thickness and
inferior RNFL thickness were similar (0.72, 0.65 to 0.77; specificity: 0.93, 0.92
to 0.95).82 The review specifically did not include population-based studies — this
is likely to bias the diagnostic ability since the participant profile in clinic-based
studies may differ from those in the general population. There are few studies
that report the use of the spectral domain OCT as a screening tool in a population.



202

6.8.2.5. Genetic testing

A number of genetic loci associated with POAG have been identified. Some such
as the GLN368 Stop mutation in the Myocilin gene ‘cause disease’ while others,
such as Chromosome 7qg31 risk allele (rs4236601A), contribute to the overall risk
for developing disease.®® However, while the presence of the MYOC mutation is
associated with a 90% probability of developing glaucoma these ‘disease causing’
mutations account for a small proportion (less than 5%) of those with POAG. This
low prevalence of 3-5% of the mutation in most populations reduces its utility
as a screening test. Differences in the mutation profile between Caucasians and
African American POAG patients again make it unlikely that a common set of

Table 1. Summary of Sensitivity, Specificity and DOR and mean interpretable range for Tests
Included in the HSROC Meta-analysis Models (adapted from Ervin” and Mowatt et al &%)

Number Common Sensitivity | Specificity | DOR Mean %
Test of Cutoff % % interpretable
Studies (95% Crl) | (95% Crl) | (95% Crl) | tests (range)
Ophthalmoscopy | 5 VCDR >0.7 | 60(34-82) | 94 (76-99) | 26 (6-110) | 98 (86-100)
Optic disc
ohotography 6 VCDR>0.6 |73(61-83) |89 (50-99) |22 (3-148) | 85(73-100)
RNFL Diffuse and/
4 or localized | 75 (46-92) | 88 (53-98) | 23 (4-124) | 80
photography defect
>1
Borderline
HRT I 3 or outside 86 (55-97) | 89 (66-98) | 51 (11-246) | 94 (91-97)
normal limits
1 Abnormal 181
FDTC-20-1 3 point 92 (65-99) | 94 (73-99) (25-2139) 97 (87-99)
1 Abnormal 10
FDT C-20-5 5 point 78 (19-99) | 75 (57-87) (0.7-249) 92 (86-98)
OKP 4 ; é?r?t“”ma' 86 (29-100) | 90 (79-96) | 58 (4-1585) | 97 (94-98)
SAP > 3 Points
suprathreshold 9 missing 71 (51-86) | 85 (73-93) | 14 (6-34) | 81 (60-100)
SAPthreshold | 5 >A(33'S SCOTe | g5 (65-97) | 80 (55-93) | 30 (6-159) | 99 (91-100)
10P > 21
GAT 9 mmHg 46 (22-71) | 95(89-97) | 15 (4-49) | (90-100)
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genetic markers could be used across different populations/ethnicities. The risk
allele Chromosome 7q31 risk allele (rs4236601A) is commoner in both the POAG
(28.7%) and non-glaucomatous controls (22.8%) and associated with a -modest
increase in risk of POAG (Odds ratio: 1.36).2* Both the low prevalence of disease
causing mutations and the modest risk associated with more prevalent mutations
limit the roles of genetic testing in screening for POAG.

Tests that measure contrast sensitivity, motion sensitivity, scotopic function,
peripheral acuity, and other functions have been evaluated for glaucoma screening,
but the results have been disappointing.®

6.9. Is glaucoma screening cost-effective?

Combining the tests mentioned in previous section and defining a positive screen
as either test meeting the criterion of positivity can increase sensitivity. However,
such an approach would lead to a concomitant loss of specificity because a non-dis-
eased person would have two opportunities to produce a false-positive result.
Such an approach may be desirable in a-clinic setting, but it is not justifiable from
a cost-effective perspective for most population screening.

Vaahtoranta-Lehtonen et al.®® modeled the cost effectiveness and cost utility
of a screening program for glaucoma, in those aged 50-79, finding that one year
of avoided visual disability was 32,000 euro, while the cost of one QALY gained
by screening was estimated at 9,000 euro. Of interest, the cost of screening a
population of 1 million was estimated at 30 million euro, producing 3,360
incremental QALY and 930 avoided years of disability for a total of 701 persons.

Burr et al.®® in a systematic review concluded that general screening of the
population at any age is not cost-effective, while selectively screening of
groups with higher prevalence (such as family history, black ethnicity) might
be worthwhile. Including less specific risk factors such as myopia and diabetes
reduced the prevalence of POAG to the point that screening was not deemed
cost-effective.

6.10. Does early detection of undiagnosed glaucoma matter?

The EMGT study, demonstrated that in a mixture of known cases and cases
identified through screening, randomization into treatment vs. no treatment, led
to a significant difference in the worsening of visual fields with those receiving
treatment having better outcomes.?® Similarly, in the United Kingdom Glaucoma
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Treatment Study, those untreated developed worse visual fields than those treated.
These large prospective RCTs provide convincing evidence that the combination
of identifying and treating glaucoma cases, at least in a strict clinical trial setting,
did make a difference in glaucoma progression, although it did not address the
issue of preventing blindness, nor differences in quality of life. Likewise, the
Collaborative Normal Tension Glaucoma Study (CNTGS) demonstrated that
treatment slowed progression in this subset of patients."

6.11. Tele-ophthalmology and glaucoma

Tele-ophthalmology mostly adopts the store-and-forward method, followed by
interactive services and remote monitoring methods. The majority of the current
tele-ophthalmology services concentrate on patient screening and appropriate
referral to experts. Glaucoma management increasingly involves use of devices
that are perceived to be ‘telemedicine-friendly’. Automated perimetry, tonometry,
corneal pachymetry, imaging of the optic disc, nerve fiber layer and anterior
segment, may all generate digital outputs that can be transferred electronically
and viewed remotely.®

A systematic review by Thomas et al. reported that tele-glaucoma is less
sensitive (pooled sensitivity 83.2% [95% CI: 77%-88.1%] and more specific
(pooled specificity 79% [95% CI: 66.8%-87.6%] than face-to-face clinical
examination in detecting glaucoma.*

Wright et al described tele-glaucoma services in the UK supervised by a
glaucoma specialist.®® This is the largest tele-glaucoma study reported so far
(24,257 patients). The mobile tele-team consisted of optometrists, technicians,
diagnostic equipment, and support tools. There was good agreement (87%)
between the optometrist and specialist, with a moderate k value of 0.69. Of all
those who were screened, only 0.054% were found to be at high risk by the
specialist but were missed by optometrist.

6.12. Does screening reduce glaucoma related blindness and disability?

No data exist on this topic, and at present there are no active prospective studies
registered to test this. A study of this nature might require more than a decade
before any conclusive results could be found. In fact, Burr et al. studied this topic
and concluded that a glaucoma screening trial in the UK is unlikely to be the best
use of research resources.*
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6.13. Conclusion

Issues such as the lack of a gold standard for glaucoma diagnosis, the difference
in prevalence of disease in various populations, the challenge of performing
screening in the general population, the cost of screening equipment and trained
personnel, and the difficulties of providing access to the health care system to
the screened patients, make screening for POAG a difficult undertaking in the
present environment. Current consensus supports active case detection during
eye evaluations and case finding among first degree relatives of known individuals
with POAG. Improvements in screening technology or combined eye screening
could lead to recommendations for broader screening of the population in the
future.
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SUMMARY CONSENSUS POINTS

Section 1 - Structure

1. Clinical evaluation and documentation of the optic nerve head is essential for
the diagnosis and the monitoring of glaucoma.

2. Clinical diagnosis of glaucoma is predicated on the detection of a thinned
retinal nerve fiber layer (RNFL) and narrowed neuroretinal rim.

Comments: These features often are accompanied by deformation of the optic
nerve head (ONH) (cupping).

These features often appear first in the supero- or inferotemporal quadrants.
Although these features are characteristic of POAG, it is important to exclude
non-glaucomatous optic neuropathies.

3. Detecting progressive glaucomatous RNFL thinning and neuroretinal rim
narrowing are the best currently available gold standards for glaucoma
diagnosis.

Comment: Disease-related damage should be differentiated from age-related
change.

4. The diagnosis of glaucoma does not always require the detection of visual field
defects with perimetry.

Comments: Perimetric defects that correspond to structural findings increase
the likelihood of glaucoma.

Perimetry is indispensable for documentation and monitoring of functional
decline in glaucoma.

5. Assessment of the color and the configuration (size and shape) of the neuroret-
inal rim is important to differentiate glaucomatous from non-glaucomatous
optic neuropathies.

Comment: A pale rim suggests non-glaucomatous optic neuropathy.

6. Photography is effective to document glaucomatous optic disc appearance and
nerve fiber layer damage.

Comments: Photography is particularly useful for detecting and documenting
optic disc hemorrhage and rim color.

Stereophotography is particularly useful for documenting optic disc
topography.

7. Imaging technologies including optical coherence tomography (OCT), confocal
scanning laser ophthalmoscopy (CSLO) and scanning laser polarimetry (SLP)
provide an objective and quantitative approach to detect and monitor glaucoma.
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10.

OCT may be the best currently available digital imaging instrument for
detecting and tracking optic nerve structural damage in glaucoma.

RNFL thickness is the most clinically helpful parameter of the ones currently
available with OCT.

Comments: Macular RGC loss in glaucoma also can be detected by OCT.
RNFL thickness and macular RGC loss are complementary.

Pitfalls of OCT such as artifacts and false segmentation should be considered
when using OCT.

GCIPL thickness (macula): The macula has the highest density of RGCs.

It is difficult in myopic eyes to differentiate those with and without glaucoma.
Comments: In myopic eyes, documented progressive optic neuropathy can be
used to make the differential diagnosis of glaucoma.

Reference databases do not currently include highly myopic eyes and,
therefore, are not appropriate for diagnosing RNFL damage in them.

Section 2- Vision function

1

4.

Functional testing is essential for the evaluation, staging and monitoring of
glaucoma

Comment: Standard automated perimetry (SAP) is the reference standard for
all functional testing.

Clinical decisions should be made based on reliable visual field tests.
Comments: Visual field defects should be reproducible and/or should be
consistent with the location of the optic nerve defects.

The most important reliability criterion is the false positive rate.

In the presence of glaucomatous optic neuropathy, a Glaucoma Hemifield Test
(GHT) ‘outside normal limits’ in a reliable visual field indicates that glauco-
matous visual field loss is present.

Comment: For instruments not calculating a GHT, an abnormal (P < 5%)
pattern standard deviation (PSD) or square-root-loss variance (sLV) likely
have similar diagnostic value.

When glaucomatous optic neuropathy (GON) is suspected, a GHT criterion
of ‘outside normal limits’ or ‘borderline’ in a reliable visual field increases the
probability that an eye has glaucoma.

Comment: The level of probability for glaucoma depends on the presence
and magnitude of other risk factors for glaucoma (such as raised intraocular
pressure) and the quality of evidence that there is no GON.
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10.

Before a visual field defect can be confirmed as glaucomatous, retinal and
non-glaucomatous optic disc conditions should be excluded by a careful
examination of the retina and optic disc.

Comment: If the pattern of visual field loss suggests a neurological origin,
or if there is incongruity between the pattern of visual field loss and optic
disc and retinal nerve fiber layer appearance, then further investigation is
warranted (e.g., color vision testing, neuroimaging).

Standard white-on-white automated perimetry (SAP), with a fixed testing
matrix covering at least the central 24 degrees, is preferred for the diagnosis
of glaucomatous visual field loss.

Comments: Goldmann size Ill stimuli are conventionally used in most
automated perimeters in clinical practice for glaucoma diagnosis.

For more severe cases size V, increases the dynamic range and reduces
variability of test results.

Using the 10-2 strategy, in addition to the conventional 24-2 Humphrey grid,
can improve the detection of central functional loss

Threshold algorithms are preferred over supra-threshold algorithms for
glaucoma diagnosis.

Comment: Supra-threshold algorithms can be helpful in cases of unreliable
results from threshold testing algorithms.

Neither short-wavelength automated perimetry (SWAP) nor frequency
doubling technology (FDT) perimetry have superior diagnostic precision to
SAP.

Comments: Patients should be followed consistently with same visual function
test and ideally one with statistical support for recognizing change.

The more diagnostic tests that are performed, the more likely it is that one will
be ‘outside normal limits’, therefore increasing the number of false positive
results.

Patients who are at risk for glaucoma and have normal standard automated
perimetry (SAP) should have their visual function monitored to detect deteri-
oration and hence establish a glaucoma diagnosis.

Comment: The earliest evidence for glaucoma may be functional or structural.
Therefore, both should be measured to ensure that the onset of glaucoma
damage is not overlooked.

Deterioration may be first detected by the glaucoma hemifield test (GHT) (or
summary parameters) or by trend analysis of measurements over time. Which
analysis is most sensitive varies between patients and so both should be done.
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11.

12.

13.

14.

15.

16.

17.

Comments: Progressive functional loss identified by SAP may be a generalized
reduction in visual field sensitivity alone, or focal loss alone, or a combination
of both.

If trend analysis indicates a change in VFI, MD or mean defect, then one
needs to exclude media opacity (e.g., cataract).

There only is weak evidence for the use of functional measurements other
than SAP to detect the earliest signs of deterioration.

Thereisalimitedrole for ERG testing in the routine diagnosis and management
of glaucoma.

Comment: PERG and PhNR testing are not substitutes for standard automated
perimetry (SAP), nor are they substitutes for optical coherence tomography
(OCT) imaging.

The classification of glaucomatous functional damage in stages of increasing
severity is a useful tool in the management of patients affected with chronic
glaucoma.

Comment: Staging provides a summary metric of disease severity which may
guide treatment decisions.

While staging systems may be clinically useful, no current staging system
shows all the information present in a visual field printout.

Comment: For instance, staging systems do not identify the location of
damage.

POAG-related functional impairment affects patients’ ability to perform
daily activities and also their well-being (vision-related quality of life). Worse
vision-related quality of life is associated with greater severity of the disease.
Comment: Vision-related quality of life may be assessed with question-
naires, by performance tasks (e.g., reading), event monitoring (e.g., falls) and
measures of behavior (e.g., GPS trackers).

Understanding how glaucoma and glaucoma treatment affects patients’
quality of life, and how this varies across the severity continuum, can have
practical value in the clinic. It can inform treatment choices and communica-
tion to patients of the implications of disease worsening.

The impact of glaucomatous visual field loss on vision-related function and
quality of life depends on the location of the defect in the field of vision and
the task involved.

Comment: risk of falling, eye-hand coordination and mobility may be most
affected by loss in the inferior hemifield, whereas reading may be more
affected by superior hemifield loss.
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18. Aspects of glaucoma other than visual field loss, such as reduced central
contrast sensitivity and acuity (in more advanced disease), may affect
vision-related function and quality of life.

Comment: Contrast sensitivity is more strongly associated with specific
aspects of reading performance than visual field measures.

Section 3 - Structure and function

1. In glaucoma, there is a continuous relationship between standard structural
and functional (dB for visual field) measurements, which appears nonlinear
with current methods of testing and conventional scaling of metrics.
Comment: When both are transformed into linear scales, then a linear relation-
ship between structure and function can be observed.

2. Current structural and functional measurement methods show considerable
variability.

3. Visual field test locations are spatially related to regions on the optic nerve
head, peripapillary retina and macular area.

Comment: Understanding these spatial relationships can be useful for the
diagnosis of glaucoma.

4. With current technology, detection of structural defects generally precedes
detectable functional defects in glaucoma patients while functional defects can
precede structural defects in some patients.

Comment: Structural tests based on the comparison to the normative data tend
to show a statistically significant glaucomatous change earlier compared to the
functional tests because of a greater variability in functional tests.

5. The likelihood of the diagnosis of glaucoma is increased through corrobora-
tion of abnormal structural and functional tests.

Comment: The likelihood of the diagnosis of glaucoma is increased further
if there is progressive change or if additional risk factors are present, such as
raised intraocular pressure.

6. When available, OCT (or an alternative imaging modality) and disc
photographs with acceptable quality at baseline should be performed, against
which accurate detection of change can be made.

Comments: Disc photography is a useful adjunct for detecting hemorrhages
and pallor, and also for assessing change compared with future clinical exam-
inations.

Disc hemorrhages can only be seen on clinical examinations and disc photographs.
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7.

As yet there is no widely-accepted method of combining the results of structural
and functional tests.

Comment: Several proposed methods for combining structural and/or
functional measurements offer advantages over traditional parameters and
continue to be investigated.

Physicians should be aware of false-positive tests and over-diagnosing
glaucoma, which are more likely when using a large number of diagnostic
tests.

Comment: Although using multiple parameters may increase overall diagnostic
sensitivity, the chance will also increase of falsely labeling a change significant.

Section 4 - Risk factors (ocular)

1

Although POAG may develop at any IOP, there is strong evidence supporting
higher mean intraocular pressure during follow-up as a risk factor for
development and progression of glaucomatous damage.

Comments: There is insufficient evidence and further studies are needed
to elucidate which IOP parameter(s) (mean, peak and/or fluctuation, area
under IOP curve, etc.) is most important in determining risk of glaucoma
development or progression.

There is insufficient evidence implicating IOP fluctuations as an independent
risk factor for glaucoma development or progression.

Low ocular perfusion pressure (OPP) (the difference between systemic blood
pressure and intraocular pressure) is associated with increased prevalence of
open-angle glaucoma in cross-sectional studies.

Comments: The value of OPP monitoring in daily clinical practice is not
established.

Due to the intrinsic relationship between OPP and IOP, it is difficult to establish
an independent contribution of OPP as a risk factor for the development of
glaucoma.

There is insufficient evidence supporting the role of provocative tests, such as
the water-drinking test, as providing independent contribution to assess risk
of glaucoma development and progression.

Comment: Prospective longitudinal studies are necessary to clarify whether
the water-drinking provocative test can provide additional information over
office-based IOP measurements in establishing risk of glaucoma development
or progression.
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4. There is strong evidence supporting the role of central corneal thickness
(CCT) as an important predictive factor for glaucoma development in ocular
hypertensives and glaucoma suspects. Baseline CCT measurements should
be obtained in patients suspected of having glaucoma.

Comments: Algorithms to correct IOP based on CCT measurements are not
recommended for routine use in clinical practice.

There is insufficient evidence to conclude whether or not CCT is a true
independent risk factor for glaucoma development or progression, or whether
its effect is related to a tonometric artifact.

There is no evidence that serial CCT measurements have value in clinical
evaluation glaucoma.

5. There is strong evidence implicating lower corneal hysteresis as a risk factor
for glaucoma development and progression.

Comments: There is insufficient evidence about the mechanisms by which
corneal hysteresis is associated with risk of glaucoma progression.

6. Existing evidence suggests that individuals with myopia have an increased
risk of developing open angle glaucoma, with the risk being greater for people
with high myopia.

Comments: Diagnosis of glaucoma among myopic eyes can be challenging.
Confirmed evidence of glaucomatous progression from a well-defined
baseline is important for a correct diagnosis in many myopic individuals.

7. Disc hemorrhage is associated with increased risk of developing glaucoma
and it is a marker for glaucomatous progression.

Comment: Consideration of treatment escalation or closer follow-up should
be given for patients presenting with optic disc hemorrhages.

8. Predictive models (risk calculators) may provide objective assessment of
individual risk and their use should be considered in patients suspected of
having glaucoma.

Comment: Current validated risk calculators apply only to OHT patients.
Moreover, they do not include all known risk factors.

Section 5 - Risk assessment

1. Primary open-angle glaucoma (POAG) occurs at all ages, and the incidence
and prevalence accelerates with age.

2. Populations with the highest incidence and prevalence of POAG have African
ancestry.
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11.

12.

13.

14.

15.
16.

17.

Comment: Due to the earlier age of disease onset, the average duration of
POAG may be greatest in individuals of African ancestry.

Hispanics may have higher incidence and prevalence of POAG than individuals
of European ancestry (non-Hispanic whites).

Older age is a risk factor for glaucoma onset and progression.

Although an increased prevalence of POAG in men has been reported, there is
not enough evidence to support an association of POAG risk with male gender.
Lower socioeconomic status may be associated with later presentation of
POAG.

First-degree relatives of POAG patients are at higher risk for glaucoma.
Although genetic association studies have revealed multiple associated loci for
POAG, there is little value for routine genetic testing to diagnose or predict the
development of glaucoma at the current time.

There is consistent, but weak, positive association between diastolic blood
pressure and IOP and between systolic blood pressure and IOP in popula-
tion-based studies.

Lower blood pressure (BP) and ocular perfusion pressure are associated with
higher glaucoma prevalence and incidence across all racial groups.

Comment: It is not known whether ocular perfusion pressure (OPP ) is an
independent risk factor for glaucoma due to the fact that 10P is intrinsically
used in the calculation as performed with current methods.

The relationships between diastolic blood pressure, systolic blood pressure,
systemic hypotension or systemic hypertension, and POAG are inconsistent.
The relationship between treatment of systemic hypertension and the
development of POAG remains unclear.

Comment: There are data suggesting that some patients being treated for
systemic hypertension may be at greater risk for development of POAG.

The role of nocturnal systemic hypotension in the development of glaucoma
is not known.

The evidence that obstructive sleep apnea is a risk factor for open-angle
glaucoma (OAG) is weak and warrants further study.

Diabetes mellitus likely increases the risk for glaucoma onset.

There is insufficient evidence to determine if thyroid disease is associated with
glaucoma.

Although there is some evidence that reduction of estrogen production in
post-menopausal women increases glaucoma risk, there is insufficient evidence
for hormonal replacement.
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Section 6 - Screening

1. Glaucoma is the leading cause of irreversible blindness worldwide.
Comment: In some countries, as many as 90% of glaucoma patients remain
undiagnosed.

2. Screening everyone for glaucoma is an ideal proposition, but it is not logis-
tically feasible. It would also result in an unacceptably high number of
individuals with a false-positive diagnosis of glaucoma.

Comment: To be effective, screening programs should select participants at
substantial risk for glaucoma.

3. The cost-effectiveness of screening for POAG alone has not been demonstrat-

ed.
Comment: Cost-effectiveness for glaucoma may be enhanced when done with
other ocular conditions that cause visual impairment, including uncorrected
refractive error, cataract, diabetic retinopathy, and age-related macular degen-
eration.

4. First-degree relatives of individuals with POAG and those with significant
risk factors should be examined.
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CONSENSUS AND THE WORLD GLAUCOMA
ASSOCIATION

As providing education is one the core goals of the WGA, IGR is one of the
key pillars of the WGA Educational activities. Below we provide you with an
overview of the WGA purpose, core values and goals.

WGA core purpose
To eliminate glaucoma-related disability worldwide.
WGA core values

The leadership and member societies of WGA are committed to acting consistent-

ly with the following values:

* Responsibility (Accountability) — to each other, to member societies, to the
larger global glaucoma community, to the patient and to the public.

e Consensus — open communication, inclusion of diverse viewpoints, and the
aspiration to achieve practical consensus before acting.

e Collegiality and Mutual Respect.

» Best Care and Service — advancing the best care available to glaucoma
patients worldwide.



WGA strategic goals

1. Education: The WGA will be an important source of education for ophthal-
mologists and other healthcare providers related to glaucoma.

2. WGC: The WGC will be the best glaucoma meeting in the world.

3. Public Awareness and Recognition of Glaucoma: Public awareness and
recognition of glaucoma will increase.

4. Impact in Developing Countries: The resources of the global glaucoma
community—including individuals, member societies, industry, governments,
NGOs and patients—will be integrated and leveraged to enhance glaucoma
care, particularly in developing countries.

5. Technology: The WGA will use information/communication technologies as
a key tool in achieving its goals.

6. Organization: The WGA will be financially sound and organized to lead the
glaucoma community.

More information about WGA is available via www.worldglaucoma.org
WGA contact details:

WGA Executive Office
Schipluidenlaan 4

1062 HE Amsterdam

The Netherlands

T: +31 20 679 3411

E: info@worldglaucoma.org
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