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encounter technical limitations in advanced cases that can delay detection of true progression. New technologies and methods to analyze longitudinal data may prove helpful
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for monitoring patients with advanced glaucoma and reduce the burdens of the disease.

glaucoma

ª 2016 Elsevier Inc. All rights reserved.

visual fields
imaging
severity
progression

1.

Introduction

The main goal of glaucoma therapy is to halt or slow the loss
of visual function and to preserve quality of life.130,131 With
acceleration of retinal ganglion cell apoptosis from individuals
with no vision impairment to statutory blindness, glaucoma
follows a continuum, with detection occurring at any point
along it. Given the importance of early detection as a means to
prevent visual impairment and blindness,90,99,110 there have
been concerted efforts during recent decades to develop

technologies aimed at helping clinicians detect mild to moderate disease with improved sensitivity and specificity.
Modern technologies such as standard achromatic perimetry (SAP), optic disc photography, and optical coherence
tomography (OCT), for instance, are now valuable tools to
diagnose glaucoma and monitor changes among patients with
mild to moderate disease. For monitoring patients with
advanced glaucoma, these technologies have only limited
usefulness. From a public health perspective, these limitations are concerning because a clinician’s ability to monitor
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and treat advanced glaucoma is highly compromised at the
stages when the risk of blindness is greatest. We review the
challenges for accurate monitoring of advanced glaucoma and
propose some methods to overcome or mitigate them.

2.

Definition of advanced glaucoma

There is currently no consensus on a glaucoma classification
based on severity. Although SAP is known to have a relatively
low sensitivity to detect early glaucomatous damage,49,50,92,107
most classification criteria use this technology using a 30-2 or
24-2 strategy to define severity once measurable functional
loss exists.10,85
Although structural damage of the optic nerve (glaucomatous optic neuropathy) often can be detected before SAP
functional impairment, there are numerous advantages of
using SAP results to rank glaucoma severity, despite its limitations. Global metrics derived from this technology, such as
mean deviation (MD) and visual field index, are statistically
correlated with measures of vision-related quality of life,
despite the wide distribution of residuals of tested
models.72,87,123 Moreover, studies have shown that this correlation may not be linear, showing poor correlation in early
visual field loss, but becoming more linear and significant in
advanced disease (Fig. 1). For example, in later stages of
glaucoma, a 1-dB change in the 24-2 MD is associated with
approximately 1 unit change in the composite score of the
National
Eye
Institute
Visual
Function
Questionnairee25.72,87,114 Of note, this relationship tends to be
stronger in better than worse seeing eyes.
As an alternative to SAP, recent studies have shown that
OCT-measured retinal nerve fiber layer (RNFL) thinning is also
correlated with worsening of National Eye Institute Visual
Function Questionnairee25 scores.38,44 When using longitudinal data, each 1-mm/year loss of RNFL thickness was associated with a decrease of 1.3 units per year in National Eye
Institute Visual Function Questionnairee25 scores.38 Nevertheless, to date, there is no glaucoma severity classification
system that uses OCT RNFL as its main metric. One of the
potential reasons is the poor performance of OCT (and other

objective imaging technologies) in discriminating moderate
from severe stages of the disease, in part due to the floor effect.75,79,135 Another advantage of using SAP results to define
glaucoma severity is that many randomized clinical trials
investigating the effect of treatment in glaucoma and ocular
hypertension use SAP (alone or in combination with structural
evaluation) as the main outcome measure.3,54,65,83 Therefore,
our current understanding of the relationship between intraocular pressure lowering and glaucoma onset or progression
translates to the effect of each mm Hg intraocular pressure
reduction on the development or progression of visual field
loss. The same concept holds when comparing the results of
clinical trials assessing different types of intervention on
glaucoma outcomes.
In October, 2011, the American Academy of Ophthalmology
reported a new International Classification of Diseasese9/10
codes that allow staging of glaucoma into mild, moderate, and
severe disease based on the analysis of the visual field
printout of the patient’s worse seeing eye (Table 1). Given the
great variability in costs of care and resource utilization
among glaucoma patients, such a unified classification system
may soon be used to establish value-based modifiers.26
One limitation of the International Classification of Diseases system is that it lacks details on how loss is defined.
Most researchers and clinicians define “loss” based on how
age-corrected sensitivities fall within the normative database
distribution in total or pattern deviation plots. In this review
we define advanced glaucoma based on the visual field staging
system described by Hoddap, Parrish, and Anderson criteria
using 30-2 SAP and extended to the 24-2 strategy (Table 2).45
Based on the Hoddap, Parrish, and Anderson criteria,
advanced glaucomatous visual fields have 1) an MD worse
than 12 dB, 2) at least 50% of the points depressed at P < 5%
(i.e. falling within the lowest fifth percentile of a Gaussian
distribution of healthy controls) or 20% at P < 1% in the (corrected) pattern deviation plot, 3) at least 1 point in the central
5 with a sensitivity of 0 dB, or 4) points within the central 5
with sensitivity <15 dB in both hemifields. Note that 2
remarkable features of these criteria are the use of an objective, continuous variable (MD) and the extent of damage to the
central field. These criteria are based on reliable visual field

Fig. 1 e Linear regression plot of NEI-VFQ-25 composite scores and visual field loss (mean deviation scores in decibels) in
worse and better seeing eyes.71 NEI-VFQ [ National Eye Institute Visual Function Questionnaire.

s u r v e y o f o p h t h a l m o l o g y 6 1 ( 2 0 1 6 ) 5 9 7 e6 1 5

Table 1 e International Classification of Diseases (ICD) 9/
10 codes for glaucoma staging system reported by the
Academy Coding Executive26
(1) Mild, no visual field loss on white-on-white perimetry.
365.XX (type of glaucoma)
365.71
(2) Moderate, visual field loss in 1 hemisphere only and not within 5
degrees of fixation.
365.XX (type of glaucoma)
365.72
(3) Severe, with visual field loss within 5 degrees of fixation.
365.XX (type of glaucoma)
365.73
(4) Severe, with VF loss in both hemispheres.
365.XX (type of glaucoma)
365.73

tests, in patients without significant media opacities, who
have overcome the initial artifacts from the learning effect.
Henceforth, the term advanced glaucoma denotes eyes in
which the conditions aforementioned are met, unless otherwise specified. In addition, eyes with significant visual
impairment (or blind) in which visual field testing is not
possible or applicable are also included in this classification
group.

3.

Why is this group important?

Vision loss from glaucoma affects a broad array of daily
activities,30,81,89,94e96 has a negative impact on mental health
status,106,129,136 and is associated with increased morbidity
and mortality.40,43,60,66 In general, the more advanced the level
of visual field damage, the greater the impact in the aforementioned quality of life descriptors. Moreover, resource utilization and direct medical costs of glaucoma management
increase with worsening disease severity.27,63,118 In the USA,
the direct costs from ophthalmology visits, glaucoma surgeries, and medication use increase with severity, based on
the Hoddap, Parrish, and Anderson criteria.63 In 2005, average
direct cost of treatment ranged from $623 per patient per year

for glaucoma suspects or early glaucoma to $2,511 per patient
per year for patients with advanced disease (Fig. 2).63
Therefore, from a cost-effectiveness perspective, it seems
more intuitive to focus on early detection and treatment.
Indeed, best-practice recommendations and advances in imaging technologies may help explain the reduction in the
incidence of blindness from glaucoma observed in the past
years.70 Notwithstanding these encouraging trends, the 10year incidence of blindness from open-angle glaucoma alone
exceeds 5.5 per 1,00,000 in the USA70 For each new blind patient, there are about a 10 times greater number with
advanced glaucoma based on our definition. Precise estimates
of the number of patients with advanced glaucoma are not
available in the UK because a large proportion are undiagnosed. Between 10% and 39% of patients with glaucoma present with advanced disease in at least one eye.57 In a cohort of
secondary careetreated glaucoma, 93% of those with baseline
MD worse than 10 dB progressed over a median of 6 years.58
To date, the Advanced Glaucoma Intervention Study is the
only randomized clinical trial focused exclusively on monitoring and management of advanced glaucoma.24 The trial
was designed to study the long-term clinical course and
prognosis and the comparative outcomes of 2 sequences of
surgical treatments. Toward these goals, 591 patients were
enrolled at 11 clinical centers between 1988 and 1992. Eyes
were randomly assigned to 1 of 2 sequences of surgical
treatments. One began with argon laser trabeculoplasty, followed by trabeculectomy if argon laser trabeculoplasty failed
to control the disease, and by a second trabeculectomy,
should the first trabeculectomy fail. The other sequence began
with trabeculectomy, followed by argon laser trabeculoplasty
should the trabeculectomy fail, and by a second trabeculectomy should argon laser trabeculoplasty fail. Although the
Advanced Glaucoma Intervention Study publications brought
important and novel information to improve our understanding of glaucoma (particularly late-stage disease), the
treatment and diagnostic modalities available at its conception differ significantly from those used today. For instance,
the treatment sequences described in the trial are not
commonly used now. Prostaglandin analogues have become
the drugs of choice to treat eyes with advanced disease, given
their substantial and sustained lowering of intraocular

Table 2 e Hoddap-Parrish-Anderson criteria of visual field severity in glaucoma45
Criteria for early defect:
 mean deviation no worse than 6 dB on pattern deviation plot;
 <25% of points depressed less than the 5% level and <15% of points depressed less than the 1% level;
 no point within central 5 with sensitivity <15 dB.

Criteria for moderate defect:





mean deviation worse than 6 dB but no worse than 12 dB on pattern deviation plot;
<50% of points depressed less than the 5% level and <25% of points depressed less than the 1% level;
no point within central 5 with sensitivity < 0 dB;
only 1 hemifield containing a point with sensitivity <15 dB within 5 of fixation.

Criteria for severe defect:
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mean deviation worse than 12 dB on pattern deviation plot,
>50% of points depressed less than the 5% level or >25% of points depressed below the 1% level;
any point within central 5 with sensitivity  0 dB;
both hemifields containing point(s) with sensitivity <15 dB within 5 of fixation.

600

s u r v e y o f o p h t h a l m o l o g y 6 1 ( 2 0 1 6 ) 5 9 7 e6 1 5

Fig. 2 e Total annual direct cost of glaucoma treatment per
patient by stage. (Modified from the study by Lee and
colleagues.63)
pressure.59,69 Although visual fields were used as the main
outcome measure for the Advanced Glaucoma Intervention
Study, its progression criteria2 are not now routinely used.
Imaging technologies such as spectral-domain optical coherence tomography (SD-OCT) were not available at the time of
the study but are now widely used; SD-OCT has demonstrated
utility to monitor progression.1,39
Because of reasons discussed in the following, patients
with advanced glaucoma may need more frequent follow-up
visits, closer intraocular pressure monitoring with lower
target pressures, more frequent visual field testing, and more
often undergo incisional surgery. In addition, given the irreversible nature of glaucoma and an ever increasing life expectancy, advanced disease significantly affects quality of life
for a prolonged time in many patients.

areas with less severe loss. For instance, the SAP test-retest
variability is narrow (w3 dB) with thresholds near 30 dB but
broadens considerably with lower thresholds, ranging over
nearly 15 dB at locations with baseline values near 10 dB.
Overall, SAP sensitivity accounts for approximately 40% of the
variance of test-retest variability (Fig. 3).4
One factor that limits the useful dynamic range of perimetry (i.e. the range of disease severities over which useful
measurements can be obtained) is noise in the neurovisual
system. The responses of retinal ganglion cells (RGCs) increase approximately linearly with stimulus contrast at low
contrasts. At high contrasts, they show response saturation,
and their spike rate no longer increases beyond an asymptotic
maximum.53,111 In addition to variability, clinical visual field
testing may be unreliable when test locations have sensitivity
below about 15e19 dB.34 These sensitivities correspond to
high-contrast stimuli, at which point there is a reduction in
the asymptotic maximum response probability of retinal
ganglion cells. Hence, the probability of detecting perimetric
stimuli may not increase indefinitely as contrast increases
beyond the 15-dB level (Fig. 4). This means that, for a given
visual field test location, once it reaches sensitivities equal or
less than 15 dB, it becomes impossible to determine confidently whether progression to 10 dB (or even 5 dB) is indeed
real without extensive repeat testing.
From a different perspective, locations with sensitivities of
5 dB, for example, may be indistinguishable from locations
with 14 dB, and so these locations could be considered as
being effectively the same. If this is true, it would imply that

4.
Identification of progression in advanced
glaucoma
4.1.

Visual field testing

SAP remains the clinical standard for assessment of visual
function in glaucoma. Nonetheless, the test-retest variability
is substantial and is known to increase with the level of
damage.4,7,41 Therefore, repeated testing is needed in all patients, but particularly when determining progression in eyes
with advanced glaucoma.32,55,61 In a cohort of normal-tension
glaucoma patients, using criteria for progression requiring 1
repeat test confirming previous changes, there were falsepositive determinations of progression 57% of the time.104 By
raising the requirement for deterioration and by repeating the
sequence of testing once more, the rate of false positives
declined to 2%. Such variability of visual field sensitivity may
delay detection and treatment of progressive glaucoma,
which may have devastating consequences for those who
already have advanced disease.

4.1.1.

Areas of low sensitivity

Not only is the entire visual field output more variable with
disease progression, but localized areas with more depressed
sensitivities have greater variability compared to adjacent

Fig. 3 e Test-retest estimates of SAP. Data points show the
fifth and 95th percentiles of the distribution of retest
estimates, stratified by mean threshold at baseline. Smooth
curves were fitted through the data points by locally
weighted regression to approximate the 90% test-retest
intervals (solid lines). Note that at 15-dB baseline mean
threshold sensitivity, the repeat (follow-up) measure can
range between 5 and 24 dB. (Modified from the study by
Artes and colleagues.4)
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any change in the threshold on repetition is more likely due to
chance than progression. Repeated testing (say test “N” in a
sequence of “n” tests) to confirm any changes in this range
would consequently be meaningless, as it is merely increasing
the confidence that the sensitivity at test N-1 is indeed between 0 dB and 15 dB (a very wide range). This information is
not helpful in determining if that location progressed significantly. This is different from repeating at test N because a
location with sensitivity above 20 dB at test N-2, for instance,
decreased to 16 dB at test N-1. Therefore, the general recommendation of repeating visual field tests to increase our confidence of progression32,55,61 should rather be customized to
the location or cluster in which progression is being suspected. Repeating an examination simply because a cluster
with depressed sensitivities worsened, while the remaining
visual field is unchanged, increases costs to patients and the
system and could increase the risk of escalating therapy
unnecessarily.
One needs to be cautious with such limits of reliable
stimulus range, which can vary between locations according
to eccentricity and presence of media opacities. Central or
paracentral visual field locations may have a limit less than
15 dB given its greater RGC density and less light scatter. In
addition, the lower limit of the reliable stimulus range may be
decreased in eyes with cataract or other causes of media
opacity because of more substantial light scatter; however,
overall, among eyes with clear media and for most test locations in the 24-2 strategy, the concepts discussed previously
help to tailor how to optimize the repeated visual field
testing.34
Before new algorithms become available for clinical use,
clinicians can still apply the principles above to optimize the
detection of visual field change. For instance, the Humphrey
Glaucoma Progression Analysis (GPA, Carl Zeiss Meditec,
Inc., Dublin, CA, USA) provides an automated identification

Fig. 4 e Sensitivities at each location measured using the
Method of Constant Stimuli plotted against the mean of the
last 2 sensitivities measured in clinic using perimetry.
Around 15e19 dB (shaded area), the spread of the data
increases markedly, and perimetry tends to overestimate
the sensitivity by a seemingly random amount. (Modified
from the study by Gardiner and colleagues.34)
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of progression at each test location based on their known
test-retest variability. When a test location progresses
beyond the lower fifth percentile of its test-retest variability
(which obviously depends on its severity), the output flags
that location with a symbol. Our recommendation is to always look back at the threshold sensitivity of that (those)
location(s) in the baseline test. Areas with low sensitivity
(<15 dB), particularly those farther from fixation, should not
be given the same importance as paracentral locations with
better sensitivities. On repeated testing, if the GPA confirms
change in the same location on 3 consecutive tests, this information is still less relevant if the baseline sensitivity was
very low. Although the GPA progression criteria have a high
specificity, within-patient sources of variability should be
taken into account in clinical practice as they can lead to
false-positive results.5
Should we then ignore areas of severe damage when
monitoring progression? No, the identification of such areas
remains important, and there are methods to better use their
information (see section on OCT imaging in the following).
Glaucomatous visual fields progress in 3 main ways: 1)
development of a new defect; 2) expansion of an existing
defect; 3) and depression of an existing defect (often a combination of [2] and [3]). When only visual fields are available,
one useful approach is to scrutinize adjacent test locations
with better sensitivities. Figure 5 depicts a visual field output
of an eye with advanced glaucoma in 2009 (MD ¼ 7.76 dB
with central damage).
In the baseline examinations, note that the test locations in
the inferonasal sector (red squares) show numerous points
with low sensitivities and probabilities (P < 0.5%). Monitoring
changes in these locations is difficult and unreliable, as discussed previously. When test locations are too depressed to
measure for progression, an X sign is shown (arrow), which
then makes it impossible to determine the statistical limits of
significant change. Nonetheless, the adjacent locations (yellow rectangle) show sensitivities within the limits of reliable
stimulus range. Monitoring changes in these locations not
only decreases the number of points to be compared at each
follow-up visit but also may provide more accurate information on disease progression.
One alternative to dealing with the increase in variability of
visual fields with progressing disease is to take into account
this nonstationary variance when performing trend-based
analysis. In contrast to commonly used ordinary linear
regression models, which assume normally distributed errors
and homoscedasticity (i.e. variance around the regression line
is the same throughout time). One described approach that
incorporates nonstationary variability modeled with nonGaussian distributions has been shown to detect visual field
progression significantly earlier than conventional methods
at matched false-positive rates, particularly in short-time
series.137
Another proposed method to overcome the challenge of
detecting progression in areas with severe damage is to
modify the existing SAP testing algorithms.31 A variabilityadjusted algorithm has been developed, but is yet not
commercially available. The following is an abridged
description of how currently available algorithms work, such
as SITA-SAP (Carl Zeiss Meditec, Inc., Dublin, CA, USA).
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Fig. 5 e 24-2 SITA-SAP result of a patient’s eye with severe functional loss.

Automated perimetry uses a 3.5 log unit (35 dB) range of
stimulus strength to assess function within the visual field.
Although an eye is being tested, the algorithm will test and
retest each location many times until it converges to the
threshold sensitivity. Let us consider 2 hypothetical locations,
one initially tested at 20 dB and another at 30 dB, and in both
cases, the patient saw the stimulus. The next step of the algorithm would be to test each location with dimmer stimuli,
using approximately the same step size. In the example
mentioned previously, let us consider 25 and 35 dB. In the case

of the 35-dB location, the probability the patient will see the
stimulus is smaller than the 25 dB because of 1) reduced
stimulus intensity and 2) smaller variability. A variabilityadjusted algorithm will instead test each location based on
the variability (standard deviation) of each location’s first
response, reducing the influence of the known increase in
variability that occurs at damaged visual field locations.
Therefore, they can potentially increase the speed the algorithm converges to the threshold sensitivity and may increase
the efficient when measuring low sensitivities. Added to that,
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customized algorithms such as variability-adjusted algorithms would spend less time testing areas with sensitivities
less than 15 dB as these areas tend to provide less reliable
information.31

4.1.2.

Stimulus size

The Goldmann size III is the most widely used stimulus size in
automated perimetry and is also used for legal definitions of
blindness. The III4e consists of a 4-mm2 target of with a
luminance of 318 cd/m2 (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 V4e (64 mm2) stimulus reduces variability, allowing reliable visual field testing to be performed later into the disease
process.126e128
One reason for this is that test-retest variability is lowest in
areas with abnormal sensitivity using a size V stimulus.126 In
addition, size V stimuli have a greater effective dynamic range
than size III 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 III has 4
discriminable steps for progression with a floor around
15e19 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 8 discriminable
steps for progression and a floor around 4e8 dB.128 In other
words, once patients progress to low sensitivities with conventional SAP size III, switching to size V could help monitoring changes for a longer period with sustained reliability.
In another study, the investigators found no evidence that
use of a size V stimulus significantly decreased the lower limit
of the reliable stimulus range beyond 15e19 dB33; 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 III may reveal a sensitivity
of 20 dB when tested with a size V stimulus (Fig. 6). This higher
sensitivity means that a location will not reach the lower 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.
Therefore, both studies agree that switching to size V may
help monitor progression of points with low sensitivity.
Ideally, algorithms should automatically make this modification during testing when an area of very depressed sensitivities is identified (or based on previous tests). 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, otherwise the frequency of
follow-up will need to be increased.

4.1.3.

10-2 strategy

Once functional damage threatens or affects the central 10
degrees of the visual field, the 24-2 or 30-2 stimuli grid becomes less able to detect abnormalities and monitor changes.
With a 6-degree distance between test locations and 3 from

Fig. 6 e The contrasts (dB) that would give 50% response
probability for each stimulus size, based on the fitted
frequency-of-seeing curves, at each location tested. The
solid line gives the difference between the stimulus sizes.33

the horizontal and vertical meridians, the total number of
points tested within the central 9 is 4 (plus the foveal sensitivity). This relatively small area of visual encompasses
approximately 30% of all retinal ganglion cells17 and corresponds to over 60% of the area of the visual cortex.103 By
changing the testing strategy to a 10-2 grid, one can now test
68 test points in the central 10 , each separated by 2 and 1
from the horizontal and vertical meridians and thus better
assess the presence and progression of paracentral damage
(Fig. 7).97,119
Glaucoma damage can affect the central field with either
severe peripheral loss extending to fixation or the presence of
early central defects with minimal peripheral loss. The Hoddap, Parrish, and Anderson criteria consider the latter
advanced glaucoma if significant loss exists within the central
5 , regardless of the status of the remaining field.45 This is in
part because of the significant impact of central visual field
loss (and corresponding area in the visual cortex) on visionrelated quality of life.16,82,100
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 glaucomatous damage always
occurred outside the central macular region; however, it has
been clear for at least 30 years that early, and even initial,
macular defects occur in some patients.42 Furthermore, over
50% of eyes with mild to moderate glaucoma have defects
within the central 3 .102 More recently, it has been shown
that among eyes with normal 24-2 hemifields, 16% can actually be classified as abnormal when tested with 10-2
algorithm.119
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Fig. 7 e Comparison of number and distance between tested locations using the A: 24-2 versus B: 10-2 grids.

Figure 8 depicts an example of how increasing the sensitivity 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), defect seen in the 10-2 (bottom) of
the same eye tested on the same day falls between the points
tested with the conventional grid (6 apart). This defect would
have been overlooked if a 10-2 tests had not been performed
and the eye would have been classified as early glaucoma.
Given the aforementioned limitations of using 24-2 tests to
detect central damage, one can also predict similar challenges
to monitor progression of damage. When evaluating patients
followed with both strategies for 5 years, significantly more
progressing eyes were detected in 10-2 than in 24-2 analyses
(48% vs. 22%. P ¼ 0.007). This difference was even more significant when looking only at the central 10 degrees of the 24-2
tests (48% vs. 8% eyes, P < 0.001).88 Another study found that
the median rate of MD change was 0.19 dB/year on 24e2 and
0.26 dB/year on 10-2 fields followed for 9 years. This difference was more significant in the subanalysis of eyes with
baseline MD worse than 12 dB.97
The Humphrey GPA does not yet have a progression analysis using 10-2. Nonetheless, investigators have recently
described alternative methods to detect and measure rates of
progression using this strategy.18,23 Alternatively, it has been
shown that adding 4 points from the 10-2 test pattern to the
24-2 test pattern significantly improves its ability to detect

macular defects without using more test points than a single
10-2 test.25 Manufacturers 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 (24-2 SITA) for analysis of progression of the conventional 54 test locations.
For patients with severe central field loss even on 10-2
testing, an alternative to help monitoring progression is to
change the stimulus size from size III to V. The same principles and limitations described previously for 24-2 also apply
here (Fig. 9). The goal is to be able obtain less variable estimates of visual field sensitivity (i.e. within the effective dynamic range) and extend the time span with more reliable
measurements.
We recommend performing 10-2 visual fields in all patients
with advanced glaucoma. During follow-up, a combination of
24-2 and 10-2 tests should be performed as close to one
another as scheduling permits. If not possible or cost effective,
these 2 strategies could be alternated during follow-up.
Similarly to what we discussed regarding switching to size V
stimuli, the main disadvantage here is that longer follow-up
will be needed to achieve a sufficiently large number of tests.

4.2.

Optic disc photography

Despite its subjective nature and modest interobserver
repeatability,48 optic disc photographydparticularly with
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Fig. 8 e Right eye of a glaucoma patient with 24-2 and 10-2 tests performed on the same day total deviation (left) and gray
scale graphs (right). Top: 24-2; the black square outlines the central 10 . Bottom: 10-2: the red dots correspond to the locations
where the 24-2 points would fall. The red arrow shows a superior arcuate defect, the limits of which are outlined in red.
(Courtesy of Donald C. Hood, PhD.)

stereoscopic color photosdis widely used to diagnose glaucoma and detect progression. In fact, the diagnostic performance of new imaging technologies has been defined using
optic disc evaluation by expert raters as a reference
standard.67,73,76,78
Diagnosing glaucoma with disc photography in patients
with advanced disease does not pose as a challenge for most
clinicians. Nevertheless, change can be difficult to detect once
significant amounts of neuroretinal rim tissue and peripapillary nerve fibers have been lost.20 With little or no tissue left,
detection of change becomes compromised. Herewith, we
describe methods to optimize detection of optic disc progression even in severe cases.

4.2.1.

Disc hemorrhages

Disc hemorrhages have been consistently shown in clinical
trials and longitudinal studies to be one of the most important

predictors of glaucoma progression.11,15,19,51,65 Two main
factors that influence their detection rate are 1) obtaining
optic disc documentation with fundus photography (as
opposed to relying solely on clinical examination)11 and 2)
frequency of optic disc photography.6 Disc hemorrhages are
transient; therefore, frequent assessment of the optic nerve
head increases their likelihood of detection.122
The incidence of disc hemorrhage is also affected by the
type of glaucoma and its severity.122 Because they result from
bleeding within or around the optic nerve head and this
vasculature should be supplying some existing neural tissue,
disc hemorrhages tend to occur at or near areas of remaining
neuroretinal tissue.22,51 Therefore, disc hemorrhage incidence
follows a modal distribution. They are rare in healthy eyes,
have a peak incidence in early to moderate damage, and
become rare again in severe cases.51,122 In eyes with MD worse
than 12 dB, the amount of residual neuroretinal tissue can
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Fig. 9 e Changing from stimulus size III to V on 10-2 tests can increase the time span of more reliable visual field tests to
monitor progression.

vary considerably, and disc hemorrhage detection plays an
important role to predict future progression. Although not all
eyes with a disc hemorrhage progress,91 its detection can be
used as a surrogate measure of past and/or future progression
in many patients. Because observing disc hemorrhages is
technically easier than detecting changes in the nerve fiber
layer or neuroretinal rim using photography when there is
little left, hemorrhages turn out to be one of the few options in
advanced disease to monitor progression with disc photography. Figure 10 shows examples of eyes with advanced
glaucoma, significant loss of neuroretinal rim tissue and nerve
fibers, but in which disc hemorrhage detection was still
possible and could be an indicator of future progression and
active neurodegeneration. In such cases, closer monitoring or
escalation in therapy may be needed, despite highly variable
visual fields results.
Studies have suggested that disc hemorrhages may not
only be predictors of future visual field progression, but also
signs of pre-existing structural and functional deterioration in

spatially consistent areas.14,22 In one study, the visual field MD
slope of progression before and after disc hemorrhage were
0.6 and 1.0 dB/year, respectively (P ¼ 0.01). When looking
only at the visual field sectors matching the incident hemorrhage, the mean rate of progression points before and after
detection were 2.0 and 3.7 dB/year, respectively (P < 0.01).
The visual field sector with the fastest progression rate predicted the location of the future disc hemorrhage in 85% of
cases. After the detection of hemorrhage, the same visual field
sector maintained the fastest progression rate in almost all
eyes (92%). When the matching visual field sector was severely
depressed, progression tended to occur in the adjacent sector
where sensitivities were better.22 (Please see our discussion
mentioned previously on monitoring visual field areas with
severe loss and the example depicted in Fig. 5).

4.2.2.

Beta-zone parapapillary atrophy

Beta-zone parapapillary atrophy (bPPA) can be seen in healthy
eyes (20%), but its prevalence is higher in glaucoma (65%) and

Fig. 10 e Disc hemorrhages in eyes with advanced glaucoma (arrows). Left: flame-shaped hemorrhage in the superiortemporal region extending to the parapapillary nerve fibers. Middle: blush-like hemorrhage in the inferior region within the
neuroretinal rim. Right: dot-like hemorrhage in the superior region (12 o’clock). Note that the residual neural tissue is
minimal in all cases.113
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increases with severity.52 Studies in ocular hypertensive93,117
and glaucoma eyes with wide spectrum of damage62,116 have
shown that bPPA presence and width are risk factors for
future progression. Similarly to disc hemorrhages, the region
of largest bPPA area predicts the location of future most rapid
visual field progression.115
In eyes with severe glaucoma, monitoring changes in
bPPA width may aid in detecting progression. Optic disc and
visual field progression are statistically more frequent in
glaucomatous eyes with bPPA enlargement (75% and 54%,
respectively) than in the group without (26% and 11%,
respectively, P < 0.01). An increase of bPPA width explained
about 12% of the variance in optic disc progression121 (Fig. 11).
Notwithstanding this small explained variance, which does
not support relying exclusively on bPPA enlargement to
define progression, its observation should increase suspicion
and may help interpret other inconclusive signs of progression from visual fields or OCT, for example. Studies investigating the relationship between bPPA enlargement and visual
field change in moderate to severe glaucoma are also
warranted.
Moreover, precise methods to detect change over time
should be repeatable. When comparing changes in neuroretinal rim versus bPPA in patients followed for an average of
3 years, bPPA measurements were the most reproducible.120

4.2.3.

Automated alternation flicker

Evaluation of optic disc photography is highly subjective and
thus subject to poor interobserver repeatability.48 This poses
a major challenge to detection of progressive glaucoma,
particularly in severe cases. Although the use of flicker
chronoscopy for the longitudinal evaluation of glaucomatous
change in serial optic nerve photographs is long described,36
a new technique, automated alternation flicker, facilitates
the detection of progressive optic disc change.112,113,124 The
original technique of alternation flicker involved manual
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alignment and alternation of serial disc photographs (e.g.
using 2 overlapping projectors to display sequential images
onto a screen). Although labor intensive, this approach
permitted discerning structural optic nerve changes over
time. Automated alternation flicker, however, uses software
that automatically aligns 2 images by identifying vascular
intersections or other salient image features, superimposing
the photos at a subpixel level after global transformations
(e.g. rotation and magnification), and alternating the images
at a user-dictated frequency. This technique has been
recently coupled with stereo view of images for better
assessment of changes.112
Automated alternation flicker technique helps detect
small changes in optic nerve structures which would otherwise be missed without alternating meticulously aligned
images.112 In optic nerves with little residual neural tissue,
such minuscule changes can be the only available means to
assess structural progression using photography (Fig. 12). In
addition, the detection of disc hemorrhages113 and bPPA
enlargement124 are optimized with this technique. Nevertheless, longitudinal studies are needed to test the association between disc changes using the flicker technique and
future visual field and/or structural progression in advanced
glaucoma.

4.3.
Optical coherence tomography and other imaging
technologies
The development and improvement of objective imaging
technologies for structural evaluation in glaucoma have
played a key role in diagnosis and detection of progression.
OCT has stood out because of its high resolution and wide use
in research and practice. Newer versions using SD-OCT technology have a faster image acquisition speed and provide
images with histological resolution that have been useful
for diagnosis37 and monitoring progression.1 Its excellent test-

Fig. 11 e Left: baseline optic disc photograph taken in 2004 of patient with primary open-angle glaucoma. Right: follow-up
photograph of the same patient in 2013. Note the beta-zone PPA enlargement despite severe baseline structural damage.
PPA [ parapapillary atrophy.
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Fig. 12 e Flicker images of this artwork is available in the Supplementary data.12

retest repeatability when measuring peripapillary RNFL125 and
macular ganglion cell layer thicknesses56 in glaucomatous
eyes makes this technology potentially powerful to detect
progression in eyes with severe disease, particularly in areas
of remaining retinal ganglion cells and RNFL, as long as a floor
effect has not been reached.
According to the linear model47 describing the relationship between structure (OCT RNFL) and function (perimetric
age-corrected sensitivities) in glaucoma, structural (microns)
and functional (dB) loss are approximately linear in the range
between 3 and 10 dB. More recently, a different model was
tested using SD-OCT and visual fields to estimate the number
of retinal ganglion cells.77 For MD values less negative than
3 dB, there is poor correlation between SD-OCT and visual
fields that is in large due to high variability in RNFL thickness
among healthy and early glaucomatous eyes, likely owing to
some level of redundancy. On the other extreme, with MD
values more negative than 20 dB, there is high variability in

Fig. 13 e Relationship between mean deviation (MD) and
estimated retinal ganglion cell (RGC) counts.77 The dashed
lines depict the range between L3 and L10 dB, in which
the relationship is approximately linear.

visual field sensitivities in addition to a “floor effect” reached
with both structure and function technologies (Fig. 13). Of
note, throughout the whole spectrum, the correlation should
not be deemed linear as visual field sensitivities are
measured in dB (logarithmic) and OCTs in micron (linear
scale).
For SD-OCT RNFL thickness, the floor is reached at values
ranging between 50 to 60 microns, which correspond to the
intercept in the linear model.47 It remains unclear whether
that residual value corresponds to nerve fibers beyond the
resolution limits of the technology or to nonneural tissue
(e.g., glial cells). Regardless of its nature, at such level of
damage (i.e. worse than 10 dB on average), measuring progression becomes challenging even with OCT. This may be
true when assessing both global (average) peripapillary and
local (clock-hours) RNFL thickness changes. (Note: the cutoff
values discussed here are based on the global visual field
[MD] or a single abnormal hemifield. One should consider
that the opposite, less affected hemifield can still be present
early to moderate damage). In addition, the segmentation
algorithm that defines each of the retinal layers is more likely
to fail and hence provide unrealistically high or low measurements that can complicate the interpretation of its
results.
As it relates to local changes, another limitation is that
sectorial measurements are subject to spatial averaging; that
is, if within a sector there is significant nerve fiber thinning,
but the surrounding tissue is within normal limits or borderline relative to the normative database, the average of that
sector will be skewed toward thicker measurements. As a
result, if one relies only on the statistical output of the device,
extremely localized defects may be missed despite their
clinical importance. Nevertheless, we should be cautious
regarding the trade-off between ability to detect localized
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defects versus variability. Although we may be able to detect
small localized changes when scrutinizing small sectors, the
local variability could be too high to a point that the ability to
detect progression becomes limited.
Different ways to overcome these limitations have been
proposed. One such method is to assess changes in the
macular region. Because the macula contains the highest
density of RGCs in the retina,17 measurements in this area
tend to be thicker relative to peripapillary RNFL, even in
advanced disease. Therefore, algorithm failures are less likely
to occur and a “floor effect” will be noted only in late stages.
This hypothesis, however, warrants further testing, particularly as it relates to understanding the relative effect of losing
1 micron/year of peripapillary RNFL versus macular RGC
thickness. In one study investigating rates of macular thinning over time between stable and progressing eyes with
baseline MD worse than 10 dB, the progression rate as
revealed by average macular thickness was significantly
different between the 2 groups (2.22 vs. 5.12 mm/year,
respectively, P ¼ 0.039).109
Other groups have suggested that combining SD-OCT and
visual field information aids in the detection of progression in
all stages of glaucoma. As seen in Fig. 13, it is intuitive that
structural tests would do better to monitor changes in early
glaucoma, whereas functional tests may be more helpful in
moderate to late stages. By weighing the role of each technology depending on the level of damage, investigators have
developed a new combined structure-function index that can
be used for severity classification and monitoring of progression while minimizing the limitations of each technology.68,75
The combined structure-function index represents an estimate of the percentage of RGCs lost compared to age-matched
healthy subjects. Figure 14 depicts an example of 2 eyes with
advanced glaucoma (A and B). Both eyes had identical measurements of RNFL thickness of 56 mm, despite widely
different degrees of visual field loss. One eye had an MD of
13.33 dB (A) and the other one had an MD of 24.47 dB (B).
The combined structure-function index showed clearly
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different results for the 2 eyes, with values of 74% for A and
91% for B.
In addition, Bayesian statistical models that incorporate
measurements obtained from structural tests to visual fields
improve the accuracy to measure rates of progression.68,74,80,98,134 Using RNFL measurements derived from
scanning laser polarimetry, the Bayesian method identified a
significantly higher proportion of glaucomatous eyes as
having progressed when compared with a conventional
methods (22.7% vs. 12.8%; P < 0.001), while having a specificity of 100% in healthy eyes.74 In the future, this approach
may provide more accurate detection of changes when visual
fields or SD-OCT results have decreased performance if used
alone. Nonetheless, these resources are not yet available for
commercial use. Today, clinicians can improve their accuracy in detecting progression in advanced cases by following
patients with a combination of structural and functional tests
and using the information from one when the other provides
inconclusive results. For instance, if a cluster of points in the
nasal part of the visual field shows changes that were not
deemed significant using the GPA, but the OCT shows thinning in the corresponding inferior-temporal sector, the
probability that the observed change in visual field may in
fact be a real one increases. Moreover, when assessing progression of OCT sectors that have reached the “floor” (or close
to it), the focus should now be on the adjacent sectors with
relatively healthier RNFL and their corresponding visual field
location.
Recent studies have suggested the potential usefulness of
a new generation of imaging devices to monitor progression
in eyes with severe structural loss. Adaptive optics scanning
light ophthalmoscopy has been shown to aid in the assessment of areas of severe nerve fiber loss beyond the limits of
SD-OCT. When imaging retinal areas in which the SD-OCT
revealed minimal to no residual nerve fibers, investigators
showed that nerve fiber bundles may still be preserved and
help explain residual visual field sensitivities.13 Fig. 15 depicts examples of 2 patients with advanced glaucoma in

Fig. 14 e Eyes with advanced glaucoma with similar SD-OCT RNFL thickness despite different visual field MD values. The
CSFI provides more realistic estimates of severity in each case when compared to each test used alone. CSFI [ combined
structure-function index; MD [ mean deviation; RNFL [ retinal nerve fiber layer; SD-OCT [ spectral-domain optical
coherence tomography. (Modified from the study by Medeiros and colleagues.75)
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Fig. 15 e Left and right images: A: 10-2 total deviation plots of patients with advanced glaucoma due to central field defect. B:
SD-OCT vertical line scan on the macula. C: AO-SLO images for the same region aligned with the SD-OCT scan using the
blood vessels as indicated by the red arrows. DeG: Enlarged portions of the AO-SLO images. Scale bars: B, C: 200 mm; DeG:
100 mm. AO-SLO [ adaptive optics scanning light ophthalmoscopy; SD-OCT [ spectral-domain optical coherence
tomography. (Courtesy Dr. Donald C. Hood.)

which the SD-OCT RNFL scans shows no residual RNFL.
Adaptive optics scanning light ophthalmoscopy, however,
shows healthy nerve fiber bundles running through areas of
SD-OCT “absolute thinning.” On repeated scanning of the
same location during follow-up, one can identify monitor
changes in these remaining bundles that could explain progression on 10-2 locations adjacent to the deep arcuate
scotomata.
Although adaptive optics scanning light ophthalmoscopy
technology is commercially available, image acquisition time
is currently impractical for large-scale use in clinical practice
(up to 1 hour to image 1 eye). In addition, image processing
often requires hours for alignment and adjusting for the depth
of each scan (up to 10 hours each).

4.4.

Alternative methods

Electrophysiological tests offer the potential for objective
assessment of visual function.21,132 Although multifocal visual evoked potentials may detect early glaucomatous
damage,28 they have limited usefulness for monitoring
progression.133 Hood and colleagues46 have suggested that
the loss in the amplitude of the signal in the monocular
multifocal visual evoked potentials should be linear with
SAP field loss; however, by the time the field has lost 10 dB,
the SNR is very low. They also concluded that the multifocal
visual evoked potential technique has limited ability to
detect progression. Although SAP can detect a local change
that extends to 30 dB, the multifocal visual evoked potentials (on average) cannot follow a local defect of more
than 6 dB on SAP.46 The pattern electroretinogram for

glaucoma may be useful in detect early glaucoma,9 sometimes even before significant abnormalities are detected
with SAP.8 Despite its good test-retest variability when a
wide range of MD values are pooled together,29 little is
known regarding its applicability in advanced glaucoma and
detection of progression. These limitations also hold for
other electrophysiologic tests, such as isolated-check VEP
and mfERG.
In spite of lack to scientific support, subjective measures of
vision quality are often useful to monitor progression in severe glaucoma. Patients with severe functional impairment
often complain about fluctuation in their vision within and
between days. It is impossible to objectively measure these
changes and differentiate from other causes (e.g. the relationship between glycemic levels and macular edema or lens
power; dry eye syndrome). If these changes exceed the normal
fluctuation often described by the patient or they directly
affect specific functions (e.g. “I was able to read now I can’t”; “I
can no longer navigate in the house alone”), then they are
more likely to be the result of progressive glaucomatous
damage.
One method to evaluate these changes more objectively is
to perform a more detailed assessment of best corrected visual acuity at follow-up visits. A fluctuation of 2 lines in the
Snellen chart is expected in eyes with best corrected visual
acuity worse than 20/50.35,64 Therefore, when it exceeds 2
lines, the level of suspicion should increase.
For patients with end-stage glaucoma who can no longer
undergo automated visual field testing, kinetic perimetry
(Goldmann) may be an option to monitor changes in the residual field outside 30 (often in the temporal field). In cases of
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advanced visual field loss, kinetic perimetry could be valuable
when compared to static perimetry. For instance, edges of
visual field defects can be more sharply demarcated and
monitored with this technique. In addition, fixation can be
more easily controlled, and fatigue is much less pronounced
with this more interactive examination procedure.101 When
kinetic perimetry is not available, confrontation visual field
examination can also be performed for a more gross
evaluation.
Amsler grids have long been used in ophthalmology to
detect abnormalities in central visual function that SAP and
visual acuity testing may overlook, namely metamorphospia.105 Although not traditionally used in glaucoma,
Amsler grids could potentially detect central functional
damage from glaucoma, the presence of which alone
changes the classification of an eye from mild or moderate to
advanced if consistent with SAP results (see Table 1). One
study showed that Amsler grid had a sensitivity of 40% in
eyes with 10-2 MD better than 6 dB, 58% in eyes with 10-2
MD between 12 and 6 dB, and 92% in eyes with 10-2 MD
worse than 12 dB.108 Others have developed a 3D computerautomated threshold Amsler grid test that demonstrated visual field abnormalities characteristic of glaucoma in glaucoma suspects84 and patients with established disease.86
Future studies ought to investigate how this technique
could be used when monitoring progression in eyes with
advanced glaucoma.

5.

Conclusions

The socioeconomic burden from glaucoma increases
significantly as disease progresses. In addition, all diagnostic methods used to monitor glaucomatous changes
become more challenging and less reliable in the late stages
of the disease. Knowing the limitations of each technology
is the first step to improve our ability to detect progression.
A number of resources, most of which are available for
clinicians today, can be used to overcome these limitations
and prevent progression to blindness. There are scarce data
on how to enhance clinicians’ ability to detect true progression in eyes with advanced glaucoma. Although some
insight from the related literature may aid in this task, the
present recommendations ought to be tested in longitudinal
studies.
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