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Abstract
Purpose—To evaluate the use of global indices summarizing the current status of a patient’s
visual field as predictors of their future rate of change.

Methods—Ninety-five subjects with early or suspected glaucoma were studied, of whom 50
exhibited glaucomatous optic neuropathy (GON) at baseline. Subjects underwent seven annual
visual field tests. Results from the first test in the sequence were used to predict their subsequent
rate of change. Two global indices were considered: mean deviation (MD) and pattern standard
deviation (PSD).

Results—Using multiple linear regression, baseline MD predicted subsequent slope of MD
significantly better than baseline PSD predicted subsequent slope of PSD (p = 0.017). Using
multiple logistic regression, a worse initial MD was predictive of being in the worst tertile for
subsequent change in MD (pseudo-R2 = 0.33 for subjects with GON at baseline and 0.31 for those
without). Worse initial PSD was not predictive of being in the worst tertile for subsequent change
in PSD (pseudo-R2 = 0.09 with GON at baseline, 0.10 without).

Conclusions—Among patients with otherwise similar clinical profiles, a worse visual field at
baseline, as measured by the global index MD, is predictive of a more rapid future rate of change.
This should be taken into account when clinical decisions are made concerning management of
patients who already have some visual field damage at presentation.
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The aim of glaucoma management is to protect a patient’s visual function and maintain their
vision-related quality of life. Consequently, predicting whether a patient’s vision will
deteriorate rapidly or remain relatively stable is a critical part of this endeavor. Although
glaucoma is commonly diagnosed and followed up based on a combination of tonometric,
structural, and functional tests, the most important issue for patients is loss of their visual
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function. It has been estimated that within their lifetime, 15% of patients with glaucoma will
have visual fields that are so badly damaged that they can no longer be monitored with
standard automated perimetry (SAP),1 with associated consequences for their quality of life.
It is desirable to identify these patients as early as possible so that appropriate management
strategies can be implemented. Deriving better predictive models of glaucomatous
progression is also a key aim for future clinical trials of glaucoma medications.2 However,
predicting the rate of functional change for a subject remains challenging. Subjects may
progress in very different manners based on their physiology and glaucomatous pathology.
In addition, the currently available testing methods such as SAP suffer from high variability.

Various factors have been reported to be associated with an increased probability of future
progression and/or the rate of future progression. These include higher intraocular pressure
(IOP),3–6 IOP fluctuation,4,7 increased age,1,3–6 and having certain racial backgrounds1,5,8

(although some of these factors have been disputed).6,8,9 It could be posited that patients
who already display functional loss indicative of glaucoma are more likely to have a rapid
rate of progression in the future, as there is a decreased probability that they have a “false
positive” diagnosis and do not have glaucoma. It may also be expected that patients whose
disease has already progressed to a stage where functional loss is clinically detectable would
be more likely to progress further. However, empirical evidence for the predictability of
future change based on the current visual field is weak, and estimates of the predictive value
of initial perimetry vary. In the Early Manifest Glaucoma Treatment (EMGT) trial, mean
deviation (MD) at baseline was found to be significantly associated with the probability of
progression (hazard ratio 1.58, p = 0.01)3; the effects of other visual field indices were not
reported. In the Ocular Hypertension Treatment Study (OHTS),5 baseline pattern standard
deviation (PSD) was found to have significant predictive value for reaching a primary open-
angle glaucoma endpoint, but baseline MD was not. In the Collaborative Normal-Tension
Glaucoma Study (CNTGS),8 baseline MD was not found to be predictive of future
progression. Similarly, in the Advanced Glaucoma Intervention Study (AGIS),3 baseline
visual field status (field score) was not found to be predictive of future progression. Each of
these studies had different inclusion and exclusion criteria, making it difficult to generalize
their conclusions. In particular, the AGIS cohort had more severe glaucoma at baseline than
the other studies cited above.

The majority of work to date, including the clinical studies cited above, has sought to
classify subjects as “glaucoma/normal” or as “stable/progressing.” However, in a clinical
situation, it is also desirable to determine the likely rate of progression.10 The management
strategies for subjects with ocular hypertension, stable glaucoma, or slowly progressing
glaucoma could be similar, with the exception perhaps of follow-up intervals. However, a
rapidly progressing subject would likely require a more aggressive management strategy,
possibly including an earlier move to laser or incisional surgery, to prevent a significant
reduction in vision-related quality of life and/or eventual visual disability.

The current study has two aims. First, in view of the equivocal findings from different
studies, we seek to determine the extent to which summary measures from one SAP test
could be used to predict which subjects with early or suspected glaucoma are most likely to
undergo a rapid subsequent rate of functional change. Second, we seek to determine which
of the currently available global indices of the visual field provide the best means to monitor
and predict future rapid progression.
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METHODS
Data

Data for this study were obtained from an ongoing longitudinal investigation of progression
in subjects with early and suspected glaucoma at Devers Eye Institute in Portland, Oregon.
The study adheres to the tenets of the Declaration of Helsinki and complies with the Health
Insurance Portability and Accountability Act of 1996, and the protocol was approved by the
Institutional Review Board at Legacy Health. Each subject provided their informed consent,
after having the risks and benefits of participation explained to them.

Subjects were tested annually with a variety of structural and functional tests.11,12 For nearly
all cases, testing took place within 1 month of the same date each year. At study entry,
subjects had either a clinical diagnosis of early glaucoma or ocular hypertension (untreated
IOP ≥22 mmHg) plus one or more additional possible risk factors for glaucoma (e.g., age
>70 years, systemic hypertension, diet-controlled diabetes, peripheral vasospasm, African
ancestry, or selfreported family history of glaucoma) and/or previously diagnosed
glaucomatous optic neuropathy (GON) or suspicious optic nerve head appearance (cup-disc
ratio asymmetry >0.2, neuroretinal rim notching or narrowing, and disc hemorrhage).11,12

Subjects with other diseases or taking medications known to affect the visual field or who
had undergone ocular surgery (except for uncomplicated cataract surgery) were excluded.
To avoid bias when evaluating the use of visual field parameters, the status of the subject’s
visual field was not a criterion for inclusion in the study, except that subjects with visual
acuity worse than 20/40 in either eye or with SAP MD worse than −6 dB at enrollment were
excluded to remove subjects with advanced glaucoma.

SAP visual field tests were performed using a Humphrey Field Analyzer II13 (Carl Zeiss
Meditec, Dublin, CA), using the 24-2 testing pattern, SITA standard algorithm,14 and
conventional test procedures. During testing, an optimal full aperture lens correction was
placed before the tested eye, while the fellow eye was occluded with a translucent eye patch.
All subjects had previously undergone at least one visual field test to determine eligibility
before study entry, and many had performed multiple previous tests. Unreliable fields
(>33% fixation losses or >15% false positives) were repeated if possible and otherwise
excluded from analysis. In addition, stereo-optic nerve head photographs (3-Dx; NIDEK,
Gamagori, Japan) taken at the initial visit were evaluated by two masked experienced
clinicians to determine whether they exhibited GON, with adjudication by a third clinician
in case of disagreement.15 This was recorded along with age at baseline, IOP at baseline
measured using Goldmann Applanation Tonometry (Haag-Streit, Bern, Switzerland) with
the subject seated at a slitlamp, and treatment status (whether the patient had been prescribed
and claimed to be taking IOP-lowering medication). Visual acuity was measured at each
visit after autorefraction with a Humphrey Automated Refractor, with results reported using
Snellen notation converted to logMAR equivalent.

For inclusion in this study, subjects were required to have performed visual field tests at
seven or more annual visits (i.e., covering approximately a 6-year period). All such subjects
were included. If results from more than seven annual visual field tests were available, data
from the seven most recent were used. To enrich the sample with a wider range of disease
severities and rates of progression, and hence make the conclusions more generalizable, the
most rapidly changing eye of each subject was chosen as detailed below. In total, 95 subjects
satisfied these entry criteria. These were split for analysis into two cohorts: 50 subjects
exhibiting GON at baseline (who are therefore more likely to have already developed
glaucoma) and 45 subjects with an optic nerve head appearance that was considered within
normal limits at baseline (who are assumed to have either very early glaucoma or high-risk
ocular hypertension). Splitting the data in this way, rather than using GON status as an
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additional predictor, allows findings from one group to be evaluated in an independent
dataset at a different stage of the disease process.

Global Indices
Two summary measures of the visual field were used.

1. Mean deviation (MD): The amount of loss, defined at each test location as the
difference between the measured sensitivity and the age-matched normal
sensitivity, averaged over the entire visual field.16

2. Pattern standard deviation (PSD): This provides a measure of localized loss and is
based on the difference at each test location between the measured sensitivity and
the sensitivity that would be expected if the visual field corresponded with the
normal hill of vision but with the same average sensitivity.

For each index, “subsequent slope” was defined as the slope of a linear regression of that
index against time, based on fields 2 to 7 of the series. These slopes for MD and PSD will be
referred to as SlMD and SlPSD, respectively, and give measures of the rate of functional
change. The aim of the analyses in this study is to predict these subsequent slopes based on
the values of the global indices at baseline, i.e., using field 1 of the series to predict the
change during the interval from field 2 to field 7. Although the implicit assumption that the
indices decline linearly over time is debatable (and is unlikely to be true in subjects with
more severe glaucoma than those included in this study, especially for PSD), the assumption
is the same for both indices, and so there is no resultant meaningful bias in the results. Note
that the value of the index at baseline should not be included when determining the rate of
subsequent change, because that would cause a systematic bias in the results when using its
value to predict the subsequent slope. For consistency, the most rapidly changing eye for
each subject that was used for this study was defined as being the eye exhibiting the most
rapid rate of change in MD (i.e., the eye with the lowest value of SlMD was used).

Parametric Analyses
Linear regression was used to predict SlMD using the initial value of MD plus IOP, treatment
status, and age (all measured at baseline). Stepwise backward elimination was used to
exclude predictors at each stage, so as to maximize the adjusted R2 of the final model. The
baseline value of the index being considered as a predictor was not eligible for elimination
from the regression during this process. Of the 95 subjects in the two cohorts, three had
missing IOP readings at baseline and, so, were excluded from this analysis. Once backward
elimination had been completed, the adjusted R2 value for the final model was recorded, as a
measure of how well the index predicts SlMD after accounting for the other factors. The

adjusted R2 is defined as , where R2 is the square of the Pearson
correlation coefficient, n is the sample size, and p is the number of predictors in the model.
It is used in preference to the standard R2 because it penalizes over-fitting of the model by
uninformative predictors. This was then repeated using PSD as the predictor index instead of
MD and then using both MD and PSD individually to predict the slope SlPSD. These
analyses were performed on the GON and non-GON cohorts separately.

To determine whether there were statistically significant differences among the models, the
ability of PSD to predict both its own subsequent slope and the subsequent slope of MD was
tested against the equivalent correlation for MD predicting its own subsequent slope. The
correlations between the actual subsequent slope and that predicted by each model for each
subject were calculated and compared. This comparison was done using the Z2* test
statistic, which follows an asymptotic standard normal distribution, N(0,1), under the null
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hypothesis that the two correlations are equal.17 Although this reduces the power of the test
to detect a difference when compared with using the simple Z statistic, it is more valid
because it accounts for the fact that the correlations come from data drawn from the same
subjects.

Nonparametric Analyses
Second, it was sought to compare the indices in terms of their ability to predict that which
subjects would progress most rapidly in the future (the most crucial to identify in a clinical
situation). To do this, the baseline values of MD and PSD were used to predict whether a
subject would be in the worst tertile of subsequent rate of change. This analysis also negates
a potential problem of the parametric analysis above; although it is desirable to predict the
actual subsequent slope, doing so relies on assumptions about the relation between the
predictor and the outcome. In the above analysis, it is implicitly assumed not only that the
error term in the regression is normally distributed (which is a reasonable assumption in this
case when averaging over a number of test locations, due to the central limit theorem) but
also that there is a linear relation between the predictor and outcome, as opposed to a
logarithmic or some other relation.

For each index in turn, the subjects were divided into tertiles based on their subsequent rate
of progression (as defined by Slxx for an index xx). Tertiles were chosen over other potential
divisions of the data to ensure a sufficient number of subjects being placed in each group.18

Logistic regression was performed to predict whether a subject would be in the worst tertile
for subsequent rate of change. As before, potential predictors included in the model were the
baseline values of each index, age, IOP, and treatment status. When the predictor is the
baseline value of index Ind, the probability of a subject being in the worst tertile for
subsequent rate of change based on the multivariate analysis is given by:

Stepwise backward elimination was used to minimize the Akaike information criterion.19

Nagelkerke’s coefficient of determination (a pseudo-R2 index for use in binomial logistic
regression) was used to assess the strength of the association in the final model.20 A
regression technique is preferred over receiver-operating characteristic analyses, because
using the area under an receiver-operating characteristic curve as the measure of
predictability gives equal weight to all sensitivities and specificities, despite the fact that
only decision criteria with high specificity are useful clinically due to the relatively low
prevalence of rapid glaucomatous progression.

To ensure that effects were truly caused by glaucomatous progression rather than
development of cataract (which would also adversely affect MD), visual acuity was
analyzed. The acuity at baseline and the rate of change of acuity over the subsequent six
tests (as obtained by linear regression of the logMAR equivalent acuity over time) were
compared between subjects inside and outside the worst tertile as defined by SlMD, for both
the GON and non-GON cohorts, using the Wilcoxon rank sum test.

RESULTS
Table 1 compares subjects in the tertiles as defined by their rate of change of MD (i.e.,
SlMD). For each variable shown, the median value within each of the tertiles is given,
followed by the p value of a Wilcoxon rank sum test comparison between subjects within
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and outside the worst tertile. In the GON cohort, subjects in the worst tertile for subsequent
change tended to be older (note that this is accounted for in the subsequent multiple
regression analyses as age is one of the predictors used). There was no difference between
tertiles for either the baseline visual acuity or (more importantly when assessing
progression) the rate of change of visual acuity. Note that when Snellen fraction is used for
visual acuity, the same conclusions are obtained (indeed, the p values for the comparisons of
baseline visual acuities are unchanged because a nonparametric test was used). This finding
makes it unlikely that the results below showing the predictability of change in MD are due
to developing cataracts.

Table 2 shows results of the parametric analyses for each combination of the predictor index
and the index used for subsequent slope. In the GON cohort, with the baseline index value
as the sole predictor, the two models predicting SlPSD both showed significantly worse fits
than the model using MD to predict SlMD (for MD as the predictor, p = 0.037; for PSD, p =
0.017). Fig. 1 shows plots of the baseline value against subsequent change in the same
index, for both indices.

Each index was used in turn as a predictor in a logistic regression model, to predict whether
a subject will be in the worst tertile for subsequent change (as defined by SlMD and SlPSD in
turn), for both cohorts. Values of SlMD in the worst tertile ranged from −2.16 dB/yr to −0.44
dB/yr in the GON cohort and from −0.92 dB/yr to −0.27 dB/yr in the non-GON cohort.
Table 3 shows the effect size (odds ratios, giving the multiplicative effect on the probability
of being in the worst tertile for subsequent change when MD or PSD is increased by 1 dB)
and goodness of fit (pseudo-R2 values) for these models. As before, MD is more predictable
than PSD. The only odds ratio whose 95% confidence interval did not include unity
(indicating a significant predictive effect with p < 5%) occurred when MD was used to
predict tertiles of SlMD in the GON cohort. In the non-GON cohort, PSD performed slightly
better as a predictor of SlMD than MD. Even though this latter finding did not reach
significance, it would conform to the hypothesis that PSD may be useful for detecting the
very earliest glaucomatous damage whereas MD may be better for following up the progress
of existing damage.

DISCUSSION
Identifying patients who are most likely to undergo rapid progression is a key aim for
clinicians and researchers.10 The findings in this study indicate that subjects with worse
baseline visual field (by either MD or PSD) are likely to undergo more rapid subsequent loss
of function, presumably caused by glaucomatous progression. This agrees with the findings
of the EMGT study,3 whose population was similar to our GON cohort, and the OHTS,5

whose population was more similar to our non-GON cohort, but differs from results of
CNTGS8 and AGIS3 studies, whose populations consisted of subjects with normal tension
glaucoma and advanced glaucoma, respectively. The visual field provides additional
prognostic information that is not available from examination of the optic disc alone.
Although GON at baseline was predictive of the rate of future functional change when
participants with and without GON were combined (p = 0.02 when performing linear
regression to predict SlMD with GON status as the sole predictor), MD performed notably
better as a predictor. Comparing models using the Z2* test statistic as before, GON status
was a worse predictor of SlMD than MD (p = 0.016) or PSD (p = 0.045). We would suggest
that examination of optic nerve head photographs in isolation might not be sufficient when
assessing patients with early stage glaucoma. It should be noted that this patient population
consisted of subjects with early glaucomatous damage or risk factors for development of
glaucoma and that our findings may not be generalizable to patients with more advanced
glaucoma.
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The subjects in this study had a clinical diagnosis of early glaucoma or were high-risk ocular
hypertensives with either GON or at least one additional possible risk factor for glaucoma.
In a previous study of this subject group, using liberal criteria for the definition of glaucoma
(repeatable GON and/or progressive GON and/or a visual field defect consistent with
glaucomatous damage), 84% of the subjects were found to have glaucoma in at least one
eye.21 More stringent criteria would obviously reduce this percentage. Therefore, it is
possible that the reason for our findings is that the visual field indices are simply separating
those subjects with glaucoma, who are more likely to suffer progressive change, from
subjects who only have ocular hypertension and, so, may never develop glaucoma and will
only change at the normal age-related rate. However, this is exactly the problem often faced
by clinicians: namely determining whether a patient with elevated IOP and other risk factors
for glaucoma is likely to progress rapidly, without definitive knowledge of whether they
truly have glaucoma. The fact that our conclusions extend to predicting the future functional
change of subjects who already exhibit GON strengthens this motivation. We believe that
this makes the conclusions highly relevant both to clinicians and researchers, even if they
may not yet be generalizable to subjects with moderate or advanced disease.

Mean sensitivity, a simple arithmetic mean of the sensitivity values at each of the 52 visual
field locations (excluding the blind spot) in the 24-2 field, was also considered as an
alternative to MD or PSD. In some of the analyses, mean sensitivity performed slightly
better for predicting change than MD, although the improvement was not statistically
significant. This may indicate that the age-correction implicit in the calculation of MD is
imperfect.22 One reason for this could be that age-related decline occurs at substantially
different rates even in normal/healthy eyes. A range of rates of change of MD over time
among normal control subjects has been reported,23 although most results regarding age-
related changes have been based on cross-sectional rather than longitudinal data24,25 with
few longitudinal studies having been carried out in normal subjects.26

PSD was significantly less predictable than MD and may also be a poorer predictor of
subsequent change (although this difference was not found to be significant based on our
data). The comparison between MD and PSD is consistent with a previous report that pattern
deviation analysis may underestimate progression,23 although that study did not look at MD
and PSD directly. Although indices based on pattern deviation such as PSD and the recently
released visual field index27 detect localized visual field defects, they do not detect the
generalized loss of sensitivity that is also observed in glaucoma28,29 and have been found to
perform no better than MD at detecting and predicting progression.30 A further possible
explanation is that the PSD is a measure of the spread of sensitivity values in the field, rather
than an average (as with MD), and such measurements may be more affected by
measurement noise.

IOP and treatment status (i.e., whether the subject had been prescribed IOP-lowering
therapy) were rarely found to be predictive of the future rate of functional change in the
regression models. This would seem to be in contrast with the principal results of previous
clinical studies,31 performed on subjects with similar levels of damage at baseline. However,
this finding needs to be considered with caution. No protocol was in place that dictated how
the subjects in this study were to be treated based on study results, with all treatment
decisions left to the subject’s physician (who was provided with a copy of all test results
collected in this study). Perhaps more importantly, IOP measurement is variable both
diurnally and over longer periods of time, and so a single measurement of IOP, as in the data
used in this study, may not capture enough information to provide much predictive power.
Also, it has been suggested that fluctuation in IOP is a better predictor of glaucomatous
change than the mean IOP over the same time period,4 although this is disputed.9 Adequate
data to address this hypothesis is not available in our testing protocol. The issue may not be
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resolved until more continuous modes of IOP monitoring such as IOP telemetry become
available.32 Although we would posit that these findings demonstrate that our main
conclusions are not artifacts caused by IOP-related factors differing among subjects, it
should not be inferred from our results that lowering IOP does not favorably affect the future
rate of progression. Similarly, the nonsignificance of treatment status does not take into
account the fact that because treatment decisions were left to their clinician, management
strategies were not consistent across subjects or the fact the issue of the compliance among
those participants. The variety of treatment regimens between subjects makes it impractical
to make useful assertions about the effect of particular treatments or management strategies.

One possible explanation for the results could be that the predictors are identifying subjects
with early cataract and that the subsequent decrease in MD is due to worsening of their
cataract.27 However, there was no evidence of any difference between tertiles in the rate of
change of Snellen visual acuity over years 2 to 7, the period in which visual field change
was measured. Although it cannot be ruled out, this makes it less likely that cataract
progression, rather than glaucomatous progression, is responsible for the findings.

The second, nonparametric analysis in this study does not try to predict the actual rate of
change but instead to predict which tertile of rate of change the subject fell into. Because of
the variability inherent in perimetry, predicting the actual rate of change (for example, by
using a linear regression model as in this study) is more challenging and involves making
assumptions about the course of the disease, which may or may not be valid. Although
methods are available to reduce the variability using spatial filtering,33,34 this filter was
designed to not to affect the global measure of mean sensitivity. Temporal filtering35 may be
more useful in this regard, although the techniques have not yet been sufficiently developed.
Therefore, accurately predicting the actual rate of change instead of seeking to classify
subjects into groups with differing likelihoods of undergoing rapid progression would
require a larger sample size and more frequent testing to counteract the variability inherent
in the clinical tests currently being used. Indeed, performing three tests per year has been
recommended for early clinical identification of those subjects undergoing the most rapid
progression.36 Currently, we only have data available from series of seven tests, without
reducing the sample size to an extent where we feel that useful conclusions cannot reliably
be drawn. Collecting and analyzing such data are certainly a desirable aim for the future,
along with (as always in clinical research) validating these results in an independent dataset
and extending the analyses to subjects with more advanced glaucomatous damage.

The principal conclusion to be drawn from this study is that a worse visual field at baseline,
as measured by the global indices MD or PSD, is predictive of a more rapid future rate of
change among subjects with early or suspected glaucoma, especially among subjects who
already exhibit GON. This should be taken into account when clinical decisions are made
concerning management of patients who already have some visual field damage at
presentation.
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FIGURE 1.
The subsequent rate of change over years 2 to 7 of the sequence (in dB/yr), plotted against
baseline value in year 1 (in dB), for each of the global indices considered in this study.
Shading of the data points indicates whether the subject was considered to have GON at
their initial visit.
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TABLE 1

Descriptive statistics for subjects in each tertile of subsequent change, as defined by rate of change of MD
over years 2–7

Worst tertile Middle tertile Best tertile
Comparison

p

Baseline MD (dB) −0.59 (1.82) 0.31 (1.09) 0.92 (1.79) 0.029 (0.991)

Baseline PSD (dB) 5.77 (5.82) 5.89 (5.35) 5.82 (5.81) 0.688 (0.116)

Rate of change of MD (SlMD; dB/yr) −0.64 (−0.42) −0.35 (−0.19) −0.12 (−0.07) <0.001 (<0.001)

Age (yr) 66 (55) 55 (56) 56 (53) 0.006 (0.372)

IOP (mm Hg) 18.5 (21.0) 18.5 (21.0) 20.0 (20.0) 0.881 (0.234)

LogMAR equivalent baseline visual acuity 0.051 (0.009) −0.035 (−0.044) −0.009 (0.021) 0.050 (0.349)

Rate of change of visual acuity (logMAR/yr) 0.002 (0.002) 0.006 (0.003) 0.003 (0.002) 0.701 (0.971)

Values given are the median among subjects falling into each tertile, followed by the p value of a comparison between subjects in the worst tertile
and the remainder of the subjects in the dataset. For baseline visual acuity and change in visual acuity, to distinguish between tertiles when a large
proportion of subjects have logMAR acuity of zero, means are reported rather than medians. In each cell, the upper number is the result for the
GON cohort, and the number in brackets is the equivalent result for the non-GON cohort.
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TABLE 2

Results of parametric analyses

Predictor

Outcome MD PSD

GON cohort SlMD 0.143 0.131

SlPSD 0.084 0.088

Non-GON cohort SlMD 0.166 0.154

SlPSD 0.018 −0.011

The table shows the adjusted R2 values obtained when using the baseline value of each global index to predict the subsequent slopes of each of the
two indices using a linear regression model, accounting for other factors using backward-elimination regression model as outlined in Methods
section. Results are reported for both cohorts, as indicated.
Slxx, the subsequent slope of index xx over tests 2–7 of the series.
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