Structural and Functional Progression in the Early Manifest Glaucoma Trial.
Öhnell, HannaMaria; Heijl, Anders; Brenner, Lena; Anderson, Harald; Bengtsson, Boel
Published in:
Ophthalmology
DOI:
10.1016/j.ophtha.2016.01.039
2016

Document Version:
Peer reviewed version (aka post-print)
Link to publication

Citation for published version (APA):
Öhnell, H., Heijl, A., Brenner, L., Anderson, H., & Bengtsson, B. (2016). Structural and Functional Progression in
the Early Manifest Glaucoma Trial. Ophthalmology, 123(6), 1173-1180.
https://doi.org/10.1016/j.ophtha.2016.01.039
Total number of authors:
5

General rights
Unless other specific re-use rights are stated the following general rights apply:
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors
and/or other copyright owners and it is a condition of accessing publications that users recognise and abide by the
legal requirements associated with these rights.
• Users may download and print one copy of any publication from the public portal for the purpose of private study
or research.
• You may not further distribute the material or use it for any profit-making activity or commercial gain
• You may freely distribute the URL identifying the publication in the public portal
Read more about Creative commons licenses: https://creativecommons.org/licenses/
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove
access to the work immediately and investigate your claim.
L
UNDUNI
VERS
I
TY
PO Box117
22100L
und
+46462220000

HHS Public Access
Author manuscript
Author Manuscript

Ophthalmology. Author manuscript.

Structural and functional progression in the Early Manifest
Glaucoma Trial
Öhnell HannaMaria, MD1, Heijl Anders, MD, PhD1, Brenner Lena, MD2, Harald Anderson,
PhD3, and Bengtsson Boel, PhD1

Author Manuscript

1Department

of Clinical Sciences in Malmö, Ophthalmology, Lund University, Sweden

2Helsingborg

university hospital, Helsingborg, Lund University, Sweden

3Department

of Clinical Sciences Lund, Cancer epidemiology, Lund University, Sweden

Abstract
Objective—To elucidate the temporal relationship between detection of glaucomatous optic disc
progression, as assessed by fundus photography, and visual field progression.
Design—Prospective, randomized, longitudinal trial.
Subjects—Three hundred and six study eyes with manifest glaucoma with field loss and 192
fellow eyes without any field defect at the start of the trial, of a total of 249 subjects included in
the Early Manifest Glaucoma Trial (EMGT) were assessed.
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Methods—Evaluation of visual field progression and optic disc progression during an 8-year
follow-up period. Three graders independently assessed optic disc progression in optic disc
photographs. Visual field progression was assessed using glaucoma change probability maps and
the EMGT progression criterion.
Main outcome measures—Time to detection of visual field progression and optic disc
progression.
Results—Among study eyes with manifest glaucoma, progression was detected in the visual
field first in 163 eyes (52%), in the optic disc first in 39 eyes (12%) and in 1 eye (0%) it was found
simultaneously with both modalities.
Among fellow eyes with normal fields, progression was detected in the visual field first in 28 eyes
(15%), in the optic disc first in 34 eyes (18%) and in 1 eye (1%) it occurred simultaneously.
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Conclusion—In eyes with manifest glaucoma, progression in the visual field was detected first
more than four times as often as progression in the optic disc. Among fellow eyes without visual
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field loss at baseline, progression was detected first as frequently in the optic disc as in the visual
field.

Introduction
Glaucomatous progression can be observed as increasing functional loss in a series of visual
fields or as increasing structural change in the optic nerve head or in the retinal nerve fiber
layer. The relationship between structural and functional findings has been the object of
many scientific papers.1–13 A common, but not unanimous, contemporary opinion is that
glaucomatous structural changes are detected more commonly early in the disease while
functional progression is seen more commonly at later stages of the disease, although there
is variation among patients as to which of the two appears first.14–17
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This temporal relationship is relevant in order to be able to make appropriate decisions on
when and how to use available instrumentation to diagnose, or how to decide when to treat
or to change treatment in patients during different stages of the disease.
In the Early Manifest Glaucoma Trial (EMGT), glaucoma patients were followed using
computerized perimetry and optic disc photography over long periods of follow-up; the
present analysis includes prospective data collected during up to 11 years. Thus, the EMGT
offers an unusual opportunity to study the temporal relationship between structural and
functional findings using regular fundus photography and visual field testing throughout the
study.
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The aim of the present paper is to elucidate the temporal relationship between optic disc
progression and visual field progression among patients in EMGT, and to compare the
results obtained in study eyes, that had visual field defects at the beginning of the trial, and
fellow eyes lacking such loss at study inception.

Method
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As detailed in previous reports,18 the EMGT (National institutes of Health
ClinicalTrials.gov identifier NTC00000132. Date of registration: September 23, 1999)
included 255 glaucoma patients aged 50 to 79 years at the time of study enrollment. Patients
included in the study were mainly recruited from a large population-based screening and
were equally randomized either to treatment with argon laser trabeculoplasty plus betaxolol
(Betoptic®, Alcon, Fort Worth, Texas), or to no treatment until progression was observed.
Participants were followed every 3 months for the first four years. Thereafter, some of the
patients were seen every 6 months but the vast majority continued follow-up with 3-month
intervals.
The study was conducted according to the tenets of the Declaration of Helsinki, and
approved by the Ethics Committee of the University of Lund, Sweden, and also by the
Committee on Research Involving Human Subjects of the State University of New York at
Stony Brook. All patients provided informed consent.
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Eligibility criteria for inclusion in the EMGT included the presence of reproducible
glaucomatous visual field defects as determined by the Glaucoma Hemifield Test (GHT) of
the Humphrey perimeter (Carl Zeiss Meditec, Dublin, CA.).
Monoscopic fundus photographs were obtained at baseline and at the month 3 and month 6
visits, and every six months thereafter. Visual fields were obtained at each study visit.
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The EMGT criterion for visual field progression was applied,18 i.e. progression was
determined to be definite only if three or more of the same test locations showed statistically
significant progression in three consecutive visual fields, compared to baseline. The method
of assessment was Glaucoma Change Probability Maps.19 The date of the last of the three
visual fields showing progression was defined as the date of progression. All patients
showing visual field progression were subsequently evaluated to rule out alternative
explanations for the observed progression. Also, if the three or more test locations did not
indicate change in the subsequent visual fields, it was not considered true progression.
We evaluated all disc photographs that had been obtained between the time of each patient’s
first three-month visit and the year 2005, when our camera technique changed. All evaluated
photographs were obtained through a dilated pupil, using a modified 30° Zeiss fundus
camera and Kodachrome 64 film. Baseline images were defined to be the photographs taken
at the three-month visit, rather than those of the pre-randomization baseline visit, in order to
avoid inclusion of any possible immediate changes in optic disc configuration caused by the
introduction of pressure-lowering treatment.20, 21 Photographs obtained with the new
camera technique used after 2005 were not evaluated, because this would have prevented
masking of the temporal order of the images.
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All studied photographs were digitized, and three disc readers, two experienced (A.H., B.B)
and one more recently trained, (H.M.O) independently evaluated each optic disc while
masked as to the temporal order and to all other patient data. AH and BB are senior
scientists with long experience in optic disc interpretation, including teaching and
performing longitudinal studies on optic disc topography and comparisons with perimetric
data.22, 23 HMO is a resident who has been working with this study for two years together
with the senior authors. During this time period, HMO has had frequent opportunity to work
with optic disc reading together with one or both of the senior authors. At an early stage,
HMO went through an internet-based training course for the appraisal of optic disc
progression prior to assessment of the eyes in the study. 24 High quality computer screens
were used in the assessment where disc readers had the ability to magnify photographs to
desired size. Progression was mainly recognized as changes in the course of small vessels on
the optic disc surface. Increasing pallor, peripapillary atrophy or optic disc hemorrhages
were not considered proof of optic disc progression. A random sample of optic discs thus
determined to have progressed is presented in Fig. 1 (available at http://
www.aaojournal.org).
Photo evaluation was done in the following order:
1.

We looked for progression in pairs of fundus photographs, in which one photo
came from the three-month visit and the second photo was the last available
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photograph of reasonable quality. The two photographs were masked as to
temporal order and presented for evaluation in randomized order with study eyes
and fellow eyes intermingled. One-fifth of the evaluated photo pairs were control
pairs, in which two separate fundus photographs of study eyes obtained on the
same date were used.
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2.

One disc reader (H.M.O) thereafter studied all full-sequences of photographs of all
eyes to rule out that optic disc progressions had been missed in the pair-analysis.

3.

If an eye was judged to have progressed and the temporal order was correctly
determined, we evaluated the whole series of that patient’s photographs sorted in
chronological order, and the date of the first photograph where progression could
be seen was recorded. Progression had to be sustainable throughout the series
unless the earliest photograph showing progression also was the one that had
originally shown progression in step 1.

4.

Any disagreement among readers was settled through consensus, both regarding the
existence of progression and the date of progression.

The same three disc readers evaluated the three-month photographs of fellow eyes in order
to assess whether or not the optic nerves were glaucomatous. Fundus photographs from
study-eligible glaucoma eyes were mixed randomly with fellow eyes. These eyes were
classified as having pre-perimetric glaucoma when an optic disc hemorrhage was present or
the disc showed convincing signs of glaucomatous damage, e.g., a clear notch or increased
excavation and rim thinning.
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In further analyses, fellow eyes were divided in three groups: 1) eyes with normal
intraocular pressure and no signs of glaucoma in their optic discs or visual fields, 2) eyes
with ocular hypertension, and 3) eyes designated as having pre-perimetric glaucoma because
of abnormal optic discs or disc hemorrhages.
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To compute inter-rater agreement among the disc readers, Cohen’s kappa values and
prevalence adjusted, bias adjusted kappa (PABAK) were calculated.25 The arithmetic mean
was used for both measures of inter-rater agreement.26, 27 Cumulative incidence functions
were calculated for the competing events; visual field progression first, optic disc
progression first, and death occurring within six months from the last available follow-up in
patients without progression.28 Some patients had both eyes included as study eyes. To
determine 95% confidence intervals for the various cumulative incidences at 96 months
(median follow-up time) a bootstrap technique was used with 1000 repetitions and patient as
cluster.29 The conditional probability for visual field progression or optic disc progression to
occur first, given that a progression has occurred, was calculated, with 95% confidence
intervals. For study eyes robust 95% confidence intervals were determined with patient as
cluster variable.30 Statistical analyses were performed using the Statistical Package for the
Social Sciences (IBM Corp. released 2013. IBM statistics for Macintosh, version 22.0.
Armonk, NY: IBM Corp.) and Stata (StataCorp. 2015. Stata: Release 14. Statistical
Software. College Station, TX: StataCorp LP.)
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Results
The 255 glaucoma patients included in the EMGT had a median age of 68 years at baseline,
66% were female. Twelve eyes of 6 patients were excluded because follow-up was too short
to be able to reach progression according to the criteria used in EMGT. That is to say, we
were unable to include eyes having fewer than two fundus photographs and/or fewer than
three visual fields obtained after baseline.
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Of the 498 eyes analyzed, 306 had manifest glaucoma and 192 eyes were defined as fellow
eyes, i.e., eyes without visual field defects at baseline. Of the 192 fellow eyes, 116 (60%)
had seemingly normal discs and normal intraocular pressure, 39 (20%) were ocular
hypertensive eyes (intraocular pressure >21 mmHg) and 37 (19%) were classified in the
present analysis as having pre-perimetric glaucoma, four of those on the basis of an optic
disc hemorrhage only.
Median follow-up time was 96 months (8 years) with a minimum of 9 months and a
maximum of 132 months, for both study and fellow eyes. The median value of perimetric
mean deviation (MD) at baseline was −4.0 dB for study eyes and −0.6 dB for fellow eyes.
The median intraocular pressure at the three-month visit was 17 mmHg for study eyes and
19 mmHg for fellow eyes.
Inter-rater agreement calculations resulted in a Light’s kappa (arithmetic mean of Cohen’s
kappa) of 0.487 and the arithmetic mean of the prevalence adjusted and bias adjusted kappa
(PABAK) was 0.636, considered to represent substantial agreement.31
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The disc readers did not mark any of the control pairs as “progression” but erroneously
marked progression in the wrong temporal order in 9 of the 498 disc pairs. When assessing
full series of photographs the three readers individually changed “progression” to “no
progression” in 29 cases, 14 cases and 13 cases respectively, as the change first seen in the
disc pairs was not judged to have been sustained in subsequent photographs and could thus
have been a result of shifts in parallax. The disc reader assessing all full-sequence
photographs found two more progressions, not detected in the pair analysis.
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Among all study eyes, visual field progression was detected first more than four times as
often as disc progression, Table 1. Three eyes showing non-glaucomatous visual field
progression were marked as “no visual field progression” in our analysis; one had developed
homonymous hemianopia caused by a stroke, and in the other two eyes, observed visual
field progressions were not sustained. The conditional probability, given that a progression
occurred, that the first type of progression to be detected in the visual field was 81% (95%
CI 74.6% – 85.6%) and 19% for the optic disc (95% CI 14.4% – 25.4%). The difference is
thus statistically significant since confidence intervals do not include the value 50%. The
cumulative incidence at month 96 for visual field progression first was 54% (95% CI
48.1%– 59.7%) and for optic disc progression first 12% (95% CI 8.6%– 15.7%). The
cumulative incidence for death before progression at the same month was 5% (95% CI
2.4%– 8.3%), Fig 2. Twenty-five percent of study eyes showed progression in both the
visual field and the optic disc, and among these 66% showed progression first in the visual
field and 32% in the optic disc, Table 2.
Ophthalmology. Author manuscript.
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Among fellow eyes the proportion of eyes where detection of progression was noted first
with either of the two modalities was similar, Table 1. Another two fellow eyes showing
non-glaucomatous visual field progression were not considered to have glaucomatous visual
field progression in our analysis; one was the fellow eye of the hemianopic stroke patient
mentioned earlier, and in another eye, progression was not sustained. The conditional
probability for a progression to be detected in the visual field first was 45% (95% CI 33.0%–
57.9%) and 55% for the optic disc (95% CI 42.1%– 67.0%), thus not a statistically
significant difference. The cumulative incidence for visual field progression at month 96
was 14% (95% CI 9.6%– 19.7%) and for optic disc progression 18% (95% CI 12.3%–
23.5%). The cumulative incidence for death at month 96 was 6% (95% CI 3.1%– 9.9%), Fig
3. Seventeen fellow eyes (9%) showed progression in both modalities and among these
progression was detected first in the visual field in 41% of eyes and in the optic disc in 53%,
Table 2.
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There was no statistically significant difference between the conditional probability of optic
disc progression first and visual field progression first in neither of the three subgroups of
fellow eyes: eyes having normal optic discs and also normal intraocular pressure, eyes with
intraocular pressures above 21 mmHg, and eyes having pre-perimetric glaucoma. Thus the
conditional probability for optic disc progression to occur first for apparently normal eyes
was 52% (95% CI 31.0%– 72.6%), for ocular hypertensive eyes it was 72% (95% CI
45.3%– 89.0%) and for pre-perimetric fellow eyes it was 43% (95% CI 22.6%– 65.8%). The
cumulative incidences are shown in figure 4.

Discussion
Author Manuscript

The EMGT was a randomized, controlled, prospective study with long follow-up and
regular documentation of both optic disc and visual field status. Long-term studies are
necessary to make temporal comparisons of structural and functional detection of
progression. Because fellow eyes were examined according to the same protocol used for
study eyes, it was possible to compare patterns of detection of progression in glaucomatous
eyes with those found in eyes having normal fields at baseline. Our results describe the first
type of progression detected during follow-up. In EMGT it was possible to change treatment
after progression, and therefore, any possible progression in the other modality after this
point could theoretically be postponed. Thus no further analyses after the first type of
progression could be performed.
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In eyes with manifest glaucoma, visual field progression was detected first more than four
times as often as optic disc progression with a conditional probability of 81%, while in
fellow eyes without visual field loss at baseline, the two types of progression were noted
first with similar frequency and no statistically significant difference in conditional
probability. When dividing fellow eyes into three subgroups, i.e., apparently normal eyes,
eyes with ocular hypertension and eyes with pre-perimetric glaucoma, there was no clear
trend towards either modality to detect progression being more important in any of these
subgroups.

Ophthalmology. Author manuscript.

HannaMaria et al.

Page 7

Author Manuscript
Author Manuscript

We used side-by-side comparison of fundus photographs for assessment of optic disc
progression. The quality of the photographs was mostly good, but still identification of
discrete changes was sometimes difficult, as noted also in other studies.32–38 In the present
study, three disc readers assessed optic disc progression independently, and in a masked
fashion. We did not include pallor in our assessment for progression, because colors
recorded photographically can change with, e.g., different exposure, cataract development
and cataract extraction. We also chose to disregard changes in peripapillary atrophy.
Presence of optic disc hemorrhages was not defined to be indicative of progression.
Inspection of the course of small and large vessels in the optic disc was very thorough
though, and even minute changes in the course of a vessel were regarded as signs of
progression if they were sustained in later photographs. Such signs could consist of, e.g., a
sharper or deeper bend over the disc rim, a bend over the rim occurring closer to the disc
margin, or a smaller distance between two adjacent vessels. The initial pair-assessment
strived for high sensitivity to minimize the risk of missing optic disc progressions. An
indication of this is the relatively high number of changes from “progression” to “no
progression” among disc readers when viewing the full series of photographs. A random
selection of twelve eyes that were judged as showing disc progressions is displayed in Fig 1
(available at http://www.aaojournal.org), to give an indication of our criteria for indicating
such change. We cannot rule out that very small optic disc changes are due to ageing but it
would be unlikely that ageing would produce such localized changes. All three readers
missed some progressions; therefore kappa values did not show perfect agreement. In cases
of disagreement among readers, consensus was reached in a separate session. Such rigorous
examinations of fundus photographs would not be realistic in standard clinical care.
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Automated imaging techniques with built in computerized interpretation tools are, of course,
free from subjectivity, but these devices were not available when EMGT started. A number
of studies have reported that the diagnostic accuracy of some automated imaging techniques
is similar to that of glaucoma experts.38–42 The evidence of the role of imaging devices to
predict visual field loss is conflicting. Several studies with up to eleven years of follow up
showed promising ability to predict visual field loss among glaucoma suspects, 43–48 and
possibly also in glaucoma patients, 49 while several other studies reported rather poor
predictive ability2, 3, 9, 12, but none with follow up longer than six years. There are also
indications that the agreement between visual field progression and progression in optic disc
photographs may be better than that between optic disc photographs and automated imaging
results.4 Monoscopic photographs was the method available to us, and is commonly used in
clinical practice. While stereoscopic photographs often are regarded as the “gold standard”,
stereoscopic classification has not shown any convincing advantage as compared with
monoscopic classification in the ability to assess glaucoma likelihood.50, 51
In an earlier paper about progression in eyes included in the EMGT we reported that almost
all progression was first seen in the visual fields.52 At that time optic disc progression
analyses came from a dedicated optic disc reading center, where technicians based their
judgments on flicker chronoscopy,53 and patients had been followed for an average of 6
years. EMGT’s optic disc reading center was closed on the basis of these findings by the
Data Safety and Monitoring Committee, since it was clear that perimetric findings had been
much more important for study outcomes. The average follow-up time for the current report
Ophthalmology. Author manuscript.

HannaMaria et al.

Page 8

Author Manuscript

was 8 years, and we used a different technique for analyzing the photographs. In the first
EMGT report only one study eye per subject was included, while all study eyes were
included in the current report. These differences may explain the differences in results.
Different methods used for detecting structural or functional progression have different
sensitivities and specificities. Differences in study population (ocular hypertensives,
glaucomas, and mixtures thereof) also affect results, as do follow-up time, and criteria for
optic disc and visual field progression. The percentage of progression detected depends
strongly on how long patients have been followed, and any temporal relationship can easily
be missed if trials have relatively short follow-up times.
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In our study, the EMGT criterion for visual field progression was applied, where the last of
the three visual field test defined the date of progression. Concerning date of optic disc
progression, the first photograph were progression could be detected was defined as date of
progression. Still, we noted substantially more progressions first in the visual field among
study eyes.
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To the best of our knowledge there are few longitudinal studies on the temporal relationship
between structural and functional detection of progression in glaucoma. In one study
glaucoma patients’ time to detection of progression was found to be the same for Heidelberg
retina tomograph (HRT) imaging as it was for visual field testing, but more progressions
were noted with the HRT in total.2 That study also reported an 81% concordance between
progressions found through HRT and optic disc photography. Our findings are similar to
those presented in a study from 1996 that found visual field progression considerably more
often than disc progression in eyes with manifest glaucoma.5 They are also in agreement
with those of the Collaborative Normal-Tension Glaucoma Study (CNTGS), which reported
25% detection of either optic disc or perimetric progression during the study, with 2.9%
only in the optic disc.54
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Among our fellow eyes with no visual field defects at baseline, we found approximately the
same number of progressions first in fields and discs. The majority of these eyes seemed
healthy at start, while 19% were considered to have pre-perimetric glaucoma based on disc
appearance, and 20% had ocular hypertension. This, therefore, is a mixed group and
progression results are not quite comparable to studies on patients with ocular hypertension.
They are also fellow eyes to glaucoma eyes and thus one could expect a higher level of
conversion to glaucoma.55 The high proportion of fellow eyes appearing normal could be
attributable to the fact that patients were recruited through a population-based screening and
thus picked up at an earlier stage of glaucoma than an average glaucoma patient in clinical
practice. In the Ocular Hypertension Treatment Study (OHTS) after 72 months, conversion
to glaucoma had been seen in the optic disc first in 55% of eyes, versus 35% in the visual
field. 10 % of progressions were detected simultaneously in both modalities.6 In a later
OHTS report with 8 years of follow-up 41% showed visual field progression before optic
disc progression, and 29% showed progression in the optic disc first among those who had
both types of progression.7 Medeiros and co-workers found that out of the glaucoma
suspects showing progressive damage during follow up of eight years, 75% had progressive
optic disc damage, and 74% had visual field damage but only half overlapped and had both
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types of progression. A temporal advantage to the finding of optic disc progression was
described.56 In the European Glaucoma Prevention Study8 the results were the opposite;
conversion to glaucoma was more commonly seen in the visual fields than in optic disc
photographs, 60% and 40% respectively. In the Malmö ocular hypertension study57
progression was detected in 14 out of 131 eyes with ocular hypertension after a mean
follow-up time of 40 months. In 12 of these eyes progression was detected both in the disc
and the visual field, in 9 of these 12 eyes progression was noted in the disc first. But it
should be noted that the perimetric technique used in that study was less advanced than
present techniques and tools for interpretation.58
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When analyzing the different subgroups of fellow eyes, the group with apparently normal
eyes without raised intraocular pressure or glaucomatous optic discs developed somewhat
less optic disc and visual field progression, as expected. There was no significant difference
in the proportion of visual field versus optic disc progression found in these eyes - an
argument against the notion that structural changes are regularly seen before visual field
abnormalities in the earliest stage of glaucoma.
It is important to distinguish between detection of progression and actual progression. We
know that actual progression over the course of a day or a month, e.g. loss of a single
ganglion cell, is too small for us to detect using present techniques. Our ability to detect
either structural or functional progression is completely dependent upon the present state of
the art, the methods used, the amount of time since the baseline examination, the
interpretation criteria applied, and sometimes the skill and diligence of the practitioner.
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In summary, visual field progression was noted first considerably more often than change in
the optic disc in glaucomatous eyes with field loss. On the other hand, fellow eyes without
visual field loss at baseline showed structural and functional changes first with similar
frequency.
The current results indicate that when visual field loss already is present, perimetry will find
progression more frequently. We examined fellow eyes consisting of a mixture of ocular
hypertensive eyes, eyes with pre-perimetric glaucoma and apparently normal eyes, and
among these, perimetry and optic disc photography had similar abilities to detect
progression.
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Our results suggest that if health care resources are limited then standard automated
perimetry is preferable to optic disc photography for detection of progression in eyes with
manifest glaucoma, while in eyes without field loss both modalities should be of similar
value.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Acknowledgments
Financial support: This study was supported by the Swedish Research Council K98-27X and the National Eye
Institute, Bethesda, Maryland, grants no U10-EY10260 and U10EY10261 and the Järnhardt Foundation. The

Ophthalmology. Author manuscript.

HannaMaria et al.

Page 10

Author Manuscript

National Eye Institute and the Swedish Research Council participated in the design of the Early Manifest Glaucoma
Trial. The other sponsor had no role in the design or conduct of this research.

References

Author Manuscript
Author Manuscript
Author Manuscript

1. Caprioli J, Prum B, Zeyen T. Comparison of methods to evaluate the optic nerve head and nerve
fiber layer for glaucomatous change. Am J Ophthalmol. 1996; 121:659–67. [PubMed: 8644809]
2. Chauhan BC, McCormick TA, Nicolela MT, et al. Optic disc and visual field changes in a
prospective longitudinal study of patients with glaucoma. Comparison of scanning laser tomography
with conventional perimetry and optic disc photography. Arch Ophthalmol. 2001; 119:1492–99.
[PubMed: 11594950]
3. Leung CKS, Liu S, Weinreb RN, et al. Evaluation of retinal nerve fiber layer progression in
glaucoma. A prospective analysis with neuroretinal rim and visual field progression. Ophthalmol.
2011; 118:1551–7.
4. Banegas SA, Antón A, Morilla-Grasa A, et al. Agreement among spectral-domain optical coherence
tomography, standard automated perimetry and stereophotography in the detection of glaucoma
progression. Invest Ophthalmol Vis Sci. 2015; 56:1253–60. [PubMed: 25626965]
5. Miglior S, Brigatti L, Lonati C, et al. Correlation between the progression of optic disc and visual
field changes in glaucoma. Curr Eye res. 1996; 15:145–9. [PubMed: 8670722]
6. Kass MA, Heuer DK, Higginbotham EJ, et al. The ocular hypertension treatment study. A
randomized trial determines that topical ocular hypotensive medication delays or prevents the onset
of primary open-angle glaucoma. Arch Ophthalmol. 2002; 120:701–13. [PubMed: 12049574]
7. Keltner JL, Johnson CA, Anderson DR, et al. The association between glaucomatous visual fields
and optic nerve head features in the ocular hypertension treatment study. Ophthalmol. 2006;
113:1603–12.
8. The European Glaucoma Prevention Study Group. Results from the European Glaucoma Prevention
Study. Ophthalmol. 2005; 112:366–75.
9. Artes PH, Chauhan BC. Longitudinal changes in the visual field and optic disc in glaucoma. Progr
Retin Eye Res. 2005; 24:333–54.
10. Odberg T, Riise D. Early diagnosis of glaucoma. The value of successive stereophotography of the
optic disc. Acta ophthalmol. 1985; 63:257–63.
11. Pederson JE, Anderson DR. The mode of progressive disc cupping in ocular hypertension and
glaucoma. Arch ophthalmol. 1980; 98:490–5. [PubMed: 7362506]
12. Strouthidis NG, Scott A, Peter NM, Garway-Heath DF. Optic disc and visual field progression in
ocular hypertensive subjects: Detection rates, specificity, and agreement. Invest Ophthalmol Vis
Sci. 2006; 47:2904–10. [PubMed: 16799032]
13. Johnson CA, Sample PA, Zangwill LM, et al. Structure and function evaluation (SAFE): II.
Comparison of optic disk and visual field characteristics. Am J Ophthalmol. 2003; 135:148–54.
[PubMed: 12566017]
14. Malik R, Swanson WH, Garway-Heath DF. ‘Structure-function relationship’ in glaucoma: past
thinking and current concepts. Clin experiment ophthalmol. 2012; 40:369–80. [PubMed:
22339936]
15. Hood DC, Kardon RH. A framework for comparing structural and functional measures of
glaucomatous damage. Prog Retin Eye Res. 2007; 26:688–710.
16. Medeiros, FA.; de Moraes, G.; Chauhan, BC., et al. Structure and function. In: Weinreb, RN.;
Garway-Heath, DF.; Leung, C., et al., editors. Progression of glaucoma. Consensus series- 8.
World Glaucoma Association; Amsterdam, The Netherlands: Kugler publications; 2011. p. 91-9.
17. Harwerth RS, Wheat JL, Fredette MJ, Anderson DR. Linking structure and function in glaucoma.
Prog Retin Eye Res. 2010; 29:249–71. [PubMed: 20226873]
18. Leske MC, Heijl A, Hyman L, Bengtsson B. the Early Manifest Glaucoma Trial group. Early
Manifest Glaucoma Trial. Design and baseline data. Ophthalmol. 1999; 106:2144–53.
19. Bengtsson B, Lindgren A, Heijl A, et al. Perimetric probability maps to separate change caused by
glaucoma from that caused by cataract. Acta Ophthalmol Scand. 1997; 75:184–8. [PubMed:
9197570]

Ophthalmology. Author manuscript.

HannaMaria et al.

Page 11

Author Manuscript
Author Manuscript
Author Manuscript
Author Manuscript

20. Tan JCH, Hitchings RA. Reversal of disc cupping after intraocular pressure reduction in
topographic image series. J Glaucoma. 2004; 13:351–5.
21. Prata TS, Lima VC, de Moraes CG, et al. Factors associated with topographic changes of the optic
nerve head induced by acute intraocular pressure reduction in glaucoma patients. Eye. 2011;
25:201–7. [PubMed: 21127505]
22. Heijl A, Bengtsson B. Diagnosis of early glaucoma with flicker comparisons of serial disc
photographs. Invest Ophthalmol Vis Sci. 1989; 30:2376–84. [PubMed: 2807794]
23. Heijl A. Frequent disc photography and computerized perimetry in eyes with optic disc
haemorrhage. Acta ophthalmol. 1986; 64:274–81.
24. Zeyen, T. Online training course for the evaluation of serial optic disc stereo photos. Hoox, Gent,
publishers; 2011–04. Available from: http://www.egodap.be
25. Byrt T, Bishop J, Carlin JB. Bias, prevalence and kappa. J Clin Epidemiol. 1993; 46:423–9.
[PubMed: 8501467]
26. Light RJ. Measures of response agreement for qualitative data: some generalizations and
alternatives. Psychol Bull. 1971; 76:365–77.
27. Hallgren KA. Computing inter-rater reliability for observational data: an overview and tutorial.
Tutor Quant Methods Psychol. 2012; 8:23–34. [PubMed: 22833776]
28. Marubini, E.; Valsecchi, MG. Analysing survival data from clinical trials and observational
studies. Chichester: John Wiley & sons Ltd; 2004. Competing risks; p. 335-44.
29. Efron B, Tibshirani RJ. Bootstrap methods for standard errors, confidence intervals, and other
measures of statistical accuracy. Stat sci. 1986; 1:54–77.
30. Williams RL. A note on robust variance estimation for cluster-correlated data. Biometrics. 2000;
56:645–6. [PubMed: 10877330]
31. Landis JR, Koch GG. The measurement of observer agreement for categorical data. Biometrics.
1977; 33:159–74. [PubMed: 843571]
32. Parrish RK, Schiffman JC, Feuer WJ, et al. Test-retest reproducibility of optic disk deterioration
detected from stereophotographs by masked graders. Am J Ophthalmol. 2005; 140:762–4.
[PubMed: 16226544]
33. Azuara-Blanco A, Katz LJ, Spaeth GL, et al. Clinical agreement among glaucoma experts in the
detection of glaucomatous changes of the optic disk using simultaneous stereoscopic photographs.
Am J Ophthalmol. 2003; 136:949–50. [PubMed: 14597063]
34. Reus NJ, Lemij HG, Garway-Heath DF, et al. Clinical assessment of stereoscopic optic disc
photographs for glaucoma: The European Optic Disc Assessment Trial. Ophthalmol. 2010;
117:717–23.
35. Jampel HD, Friedman D, Quigley H, et al. Agreement among glaucoma specialists in assessing
progressive disc changes from photographs in open-angle glaucoma patients. Am J Ophthalmol.
2009; 147:39–44. [PubMed: 18790472]
36. The European Glaucoma Prevention Study Group. Reproducibility of evaluation of optic disc
change for glaucoma with stereo optic disc photographs. Ophthalmol. 2003; 110:340–4.
37. O’Leary N, Crabb DP, Mansberger SL, et al. Glaucomatous progression in series of stereoscopic
photographs and Heidelberg retina tomograph images. Arch Ophthalmol. 2010; 128:560–8.
[PubMed: 20457976]
38. Greaney MJ, Hoffman DC, Garway-Heath DF, et al. Comparison of optic nerve imaging methods
to distinguish normal eyes from those with glaucoma. Invest Ophthalmol Vis Sci. 2002; 43:140–5.
[PubMed: 11773024]
39. Andersson S, Heijl A, Bengtsson B. Optic disc classification by the Heidelberg retina tomograph
and by physicians with varying experience of glaucoma. Eye. 2011; 25:1401–7. [PubMed:
21836629]
40. Reus NJ, de Graaf M, Lemij HG. Accuracy of GDx VCC, HRT I, and clinical assessment of
stereoscopic optic nerve head photographs for diagnosing glaucoma. Br J Ophthalmol. 2007;
91:313–8. [PubMed: 17035283]
41. DeLeón-Ortega JE, Arthur SN, McGwin G Jr, et al. Discrimination between glaucomatous and
nonglaucomatous eyes using quantitative imaging devices and subjective optic nerve head
assessment. Invest Ophthalmol Vis Sci. 2006; 47:3374–80. [PubMed: 16877405]
Ophthalmology. Author manuscript.

HannaMaria et al.

Page 12

Author Manuscript
Author Manuscript
Author Manuscript

42. Wollstein G, Garway-Heath DF, Fontana L, Hitchings RA. Identifying early glaucomatous
changes. Comparison between expert clinical assessment of optic disc photographs and confocal
scanning ophthalmoscopy. Opthalmol. 2000; 107:2272–7.
43. Heeg GP, Jansonius NM. The Groningen longitudinal glaucoma study III. The predictive value of
frequency-doubling perimetry and GDx nerve fibre analyser test results for the development of
glaucomatous visual field loss. Eye. 2009; 23:1647–52. [PubMed: 19011607]
44. Mohammadi K, Bowd C, Weinreb R, et al. Retinal nerve fiber layer thickness measurements with
scanning laser polarimetry predict glaucomatous visual field loss. Am J ophthalmol. 2004;
138:592–601. [PubMed: 15488786]
45. Medeiros FA, Lisboa R, Zangwill L, et al. Evaluation of progressive neuroretinal rim loss as a
surrogate end point for development of visual field loss in glaucoma. Ophthalmol. 2014; 121:100–
9.
46. Larossa JM, Polo V, Ferreras A, et al. Predictive value of confocal scanning laser for the onset of
visual field loss in glaucoma suspects. Ophthalmol. 2012; 119:1558–62.
47. Weinreb RN, Zangwill LM, Jain S, et al. Predicting the onset of glaucoma: the confocal scanning
laser ophthalmoscopy ancillary study to the Ocular Hypertension Treatment Study. Ophthalmol.
2010; 117:1674–83.
48. Schrems-Hoesl LM, Schrems WA, Laemmer R, et al. Confocal laser scanning tomography to
predict visual field conversion in patients with ocular hypertension and early glaucoma. J
Glaucoma. 2014; 00:000–000.
49. Chauhan BC, Nicolela MT, Artes PH. Incidence and rates of visual field progression after
longitudinally measured optic disc change in glaucoma. Ophthalmol. 2009; 116:2110–8.
50. Chan HHL, Ni Ong D, Kong YXG, O’Neill EC, Pandav SS, Coote MA, et al. Glaucomatous optic
neuropathy evaluation (GONE) project: the effect of monoscopic versus stereoscopic viewing
conditions on optic nerve evaluation. Am J Ophthalmol. 2014; 157:936–44.
51. Varma R, Steinmann WC, Scott IU. Expert agreement in evaluating the optic disc for glaucoma.
Ophthalmol. 1992; 99:215–21.
52. Heijl A, Leske C, Bengtsson B, et al. Reduction of intraocular pressure and glaucoma progression.
Arch Ophthalmol. 2002; 120:1268–79. [PubMed: 12365904]
53. Bengtsson B, Krakau CET. Flicker comparison of fundus photographs. A technical note. Acta
Ophthalmol. 1979; 57:503–6.
54. Collaborative Normal-tension Glaucoma Study Group. Comparison of glaucomatous progression
between untreated patients with normal-tension glaucoma and patients with therapeutically
reduced intraocular pressures. Am J Ophthalmol. 1998; 126:487–97. [PubMed: 9780093]
55. Susanna R, Drance SM, Douglas GR. The visual prognosis of the fellow eye in uniocular chronic
open-angle glaucoma. Br J Ophthalmol. 1978; 62:327–9. [PubMed: 656359]
56. Medeiros FA, Alencar LM, Zangwill LM, Bowd C, Sample PA, Weinreb RN. Prediction of
functional loss in glaucoma from progressive optic disc damage. Arch Ophthalmol. 2009;
127:1250–6. [PubMed: 19822839]
57. Heijl A, Bengtsson B. Long-term effects of timolol therapy in ocular hypertension: a doublemasked, randomised trial. Graefes Arch Clin Exp Ophthalmol. 2000; 238:877–83. [PubMed:
11148810]
58. Heijl A, Bengtsson B. Diagnosis of Early Glaucoma with Flicker Comparisons of Serial Disc
Photographs. Invest ophthalmol Vis Sci. 1989; 30:2376–84. [PubMed: 2807794]

Author Manuscript
Ophthalmology. Author manuscript.

HannaMaria et al.

Page 13

Author Manuscript
Author Manuscript

Fig. 2.

Study eyes: Cumulative incidence for visual field and optic disc progression to be detected
first for the 306 study eyes, that all had manifest glaucoma with visual field loss. Visual
field progression was considerably more common to be detected first. Death occurring
within 6 months from the last visit where any progression had not been detected is shown as
competing risk. The row below the x-axis denotes the number of eyes still at risk.
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Fig. 3.

Fellow eyes: Cumulative incidence for visual field and optic disc progression to be detected
first for 192 fellow eyes with no visual field defects at baseline. Visual field and optic disc
progression occurred first with similar frequencies. There was no statistically significant
difference. Death occurring within 6 months from the last visit where any progression had
not been detected is shown as competing risk. The row below the x-axis denotes the number
of eyes still at risk.
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Fellow eyes, apparently normal (4a), Fellow eyes with ocular hypertension (4b), Fellow
eyes, pre-perimetric (4c): Cumulative incidence for visual field and optic disc progression to
be detected first for 116 fellow eyes without disc changes or raised intraocular pressure,
(4a), for 39 ocular hypertensive fellow eyes, (4b) and for 37 fellow eyes with pre-perimetric
glaucoma, (4c). Fewer progressions were seen in apparently normal fellow eyes without
raised intraocular pressure or optic disc changes (4a), than in eyes with optic disc signs or
elevated intraocular pressure. There was no statistically significant difference for the
cumulative incidence between the two modalities for any of the three subgroups. Death
occurring within 6 months from the last visit where any progression had not been detected is
shown as competing risk. The row below the x-axis in each figure denotes the number of
eyes still at risk.
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Type of progression detected first in all eyes.
Optic disc progression (%)

Visual field progression (%)

Study eyes

39 (12%)

163 (52%)

1 (0%)

Fellow eyes

34 (18%)

28 (15%)

1 (1%)

Normal appearing fellow eyes

12 (10%)

11 (10%)

1 (1%)

Ocular hypertensive fellow eyes

13 (33%)

5 (13%)

0

Pre perimetric fellow eyes

9 (24%)

12 (32%)

0
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Simultaneous progression in visual
field and optic disc (%)
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Table 2
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Type of progression detected first in eyes with progression in both modalities.
Optic disc progression (%)

Visual field progression (%)

Simultaneous progression in visual field and optic disc
(%)

Study eyes

25 (32%)

51 (66%)

1 (1%)

Fellow eyes

9 (53%)

7 (41%)

1 (6%)
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