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Abstract

Purpose—To present and evaluate a new method of estimating rates of retinal ganglion cell
(RGC) loss in glaucoma by combining structural and functional measurements.

Design—Observational cohort study

Methods—The study included 213 eyes of 213 glaucoma patients followed for an average of
4.5+0.8 years with standard automated perimetry (SAP) visual fields and optical coherence
tomography (OCT). A control group of 33 eyes of 33 glaucoma patients had repeated tests over a
short period of time to test the specificity of the method. An additional group of 52 eyes from 52
healthy subjects followed for an average of 4.0+0.7 years was used to estimate age-related losses
of RGCs. Estimates of RGC counts were obtained from SAP and OCT and a weighted average
was used to obtain a final estimate of the number of RGCs for each eye. The rate of RGC loss was
calculated for each eye using linear regression. Progression was defined by a statistically
significant slope faster than the age-expected loss of RGCs.

Results—From the 213 eyes, 47 (22.1%) showed rates of RGC loss that were faster than the age-
expected decline. A larger proportion of glaucomatous eyes showed progression based on rates of
RGC loss than based on isolated parameters from SAP (8.5%) or OCT (14.6%; P<0.01), while
maintaining similar specificities in the stable group.
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Conclusion—The rate of RGC loss estimated from combining structure and function performed
better than either isolated structural or functional measures for detecting progressive glaucomatous
damage.

INTRODUCTION

Glaucoma is an optic neuropathy characterized by progressive neuroretinal rim thinning,
excavation of the optic nerve head, and loss of the retinal nerve fibers.! These structural
changes are usually accompanied by functional losses, which may ultimately result in
significant decrease in vision-related quality of life. Although both the characteristic
structural and functional changes seen in the disease are ultimately related to the
pathological loss of retinal ganglion cell (RGC) somas and axons, the measurements of
structural and functional change are somewhat variable and have an imperfect relationship
to one another, both for recognizing damage and for detecting disease progression over time.
Standard automated perimetry (SAP) remains the usual method for monitoring functional
changes in the disease. However, patients may present structural changes in the optic nerve
or retinal nerve fiber layer (RNFL) before changes are detected with SAP.2-10 On the other
hand, several patients show evidence of functional deterioration without measurable changes
in currently available structural tests.>611

The imperfect relationship between structural and functional measurements of the disease
seem to be largely derived from the different algorithms and measurement scales, as well as
the different variability characteristics of the tests commonly used to assess structural and
functional losses. In fact, Harwerth and colleagues'? demonstrated that structural and
functional tests are in agreement as long as one uses appropriate measurement scales for
neural and sensitivity losses and considers factors such as the effect of aging and
eccentricity on estimates of neural losses. In a series of investigations, they demonstrated
that estimates of RGC losses obtained from clinical perimetry agreed closely with estimates
of RGC losses obtained from RNFL assessment by optical coherence tomography (OCT).12
The results of their model provided a common domain for expressing results of structural
and functional tests, i.e., the estimates of RGC losses, opening the possibility of combining
these different tests to improve the reliability and accuracy of estimates of the amount of
neural losses in glaucoma.

In the current study, we combine measurements of structural and functional tests to provide
an estimate of the rate of RGC loss in glaucoma patients followed over time. We show that
the calculated estimates of the rate of RGC loss performed significantly better than isolated
measures of structure or of function to detect disease progression over time.

METHODS

This was an observational study. Participants from this study were included in two
prospective longitudinal studies designed to evaluate optic nerve structure and visual
function in glaucoma (the African Descent and Glaucoma Evaluation Study [ADAGES] and
the Diagnostic Innovations in Glaucoma Study [DIGS]). The 3-site ADAGES collaboration
includes the Hamilton Glaucoma Center at the Department of Ophthalmology, University of
California-San Diego (UCSD) (data coordinating center), the New York Eye and Ear
Infirmary and the Department of Ophthalmology, University of Alabama, Birmingham
(UAB). Although the DIGS includes only patients recruited at UCSD, the protocols of the
two studies are identical. Methodological details have been described previously.13

At each visit during follow-up, subjects underwent a comprehensive ophthalmologic
examination including review of medical history, best-corrected visual acuity, slit-lamp
biomicroscopy, intraocular pressure (IOP) measurement, gonioscopy, dilated fundoscopic
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examination, stereoscopic optic disc photography, and automated perimetry using Swedish
Interactive Threshold Algorithm (SITA Standard 24-2). Only subjects with open angles on
gonioscopy were included. Subjects were excluded if they presented with a best-corrected
visual acuity less than 20/40, spherical refraction outside + 5.0 diopters and/or cylinder
correction outside 3.0 diopters, or any other ocular or systemic disease that could affect the
optic nerve or the visual field.

The study included 3 groups of participants. The main study group was composed of 213
eyes of 213 glaucoma patients from the DIGS/ADAGES cohort followed for an average of
4.5 + 0.8 years. Eyes were classified as glaucomatous if they had evidence of glaucomatous
optic neuropathy based on masked grading of optic disc stereophotographs and/or repeatable
abnormal visual field test results on the baseline visit. Glaucomatous optic neuropathy was
diagnosed based on the presence of neuroretinal rim thinning, excavation or retinal nerve
fiber layer defects. Abnormal visual field was defined as a pattern standard deviation (PSD)
outside of the 95% normal confidence limits, or a Glaucoma Hemifield Test result outside
normal limits. All eyes were followed at approximately annual intervals with SAP and OCT
testing and were required to have a minimum of 5 SAP and 5 OCTs during follow-up.

A control group of 33 eyes from 33 stable glaucoma patients was used to evaluate the
specificity of our method. This set consisted of eyes with 5 serial visual fields and OCT
exams collected under an IRB approved protocol within a maximum period of eight weeks
from individuals seen at the Department of Ophthalmology, University of Miami Miller
School of Medicine. All participating subjects were fully informed, and each signed a
consent form. All participants had previous experience with visual field testing. Each eye
also had to have evidence of glaucoma at baseline based on ocular examination and the
presence of repeated visual field loss as defined above. Mean MD and PSD values at the
first visit were —7.4dB and 8.4dB. There was a wide range of disease severity in these eyes,
with MD values ranging from —30.43dB to 0.91dB. The assumption was made that the
disease was not progressing in these eyes over such a short time, and that any change noted
would be due to the variability in the visual fields or OCT measurements in stable glaucoma.
Therefore, the order of testing would be exchangeable and a permutation technique was used
to provide a larger dataset to evaluate specificity. We generated all possible permutations of
the order of the tests so that 3960 different sequences were obtained. For evaluation of rates
of change in these eyes, the visits were annualized.

An additional group of 52 eyes from 52 healthy subjects followed for an average of 4.0 + 0.7
years was used to evaluate the effect of aging on the rate of RGC loss. All eyes were
followed at approximately annual intervals with SAP and OCT testing and had an average of
4.4 + 0.6 tests acquired during follow-up. These subjects were recruited from the general
population and were required to have a normal ophthalmologic examination, IOP below
22mmHg in both eyes and normal visual field tests. Normal visual fields were defined as
MD and PSD with P greater than 0.05 and GHT within normal limits.

Visual Field Testing

All patients underwent SAP testing using SITA-standard 24-2 strategy less than 6 months
apart from imaging. All visual fields were evaluated by the UCSD Visual Field Assessment
Center (VisFACT).1 Visual fields with more than 33% fixation losses or false-negative
errors, or more than 15% false-positive errors were excluded. The only exception was the
inclusion of visual fields with false-negative errors of more than 33% when the field showed
advanced disease (MD lower than —12dB).1° Visual fields exhibiting a learning effect (i.e.,
initial tests showing consistent improvement on visual field indexes) were also excluded.
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Visual fields were further reviewed for the following artifacts: lid and rim artifacts, fatigue
effects, inappropriate fixation, evidence that the visual field results were due to a disease
other than glaucoma (such as homonymous hemianopia), and inattention. The VisFACT
requested repeats of unreliable visual field test results, and these were obtained whenever
possible.

Optical Coherence Tomography

Subjects underwent ocular imaging with dilated pupils using the optical coherence
tomograph StratusOCT ™ (Carl Zeiss Meditec, Dublin, CA).16 Quality assessment of Stratus
OCT scans was evaluated by an experienced examiner masked to the subject’s results of the
other tests. Good quality scans had to have focused images from the ocular fundus, signal
strength greater than 7 and presence of a centered circular ring around the optic disc. The
fast RNFL algorithm was used to obtain RNFL thickness measurements with Stratus OCT.
Three images were acquired from each subject, with each image consisting of 256 A-scans
along a 3.4mm-diameter circular ring around the optic disc. The average parapapillary
RNFL thickness (360° measure) was automatically calculated by the software and used in
the study. RNFL scans were also evaluated as to the adequacy of the algorithm for detection
of the RNFL. Only scans without overt algorithm failure in detecting the retinal borders
were included in the study.

Combined Structure and Function Estimate of RGC Counts

The development of the combined structure and function estimate of RGC counts was based
on previous work by Harwerth and colleagues*12 on the development and validation of a
model linking structure and function in glaucoma. Based on experimental studies in
monkeys, the authors first derived an empirical model relating sensitivity measurements in
SAP to histological RGC counts as a function of retinal eccentricities. The experimental
results were then translated to clinical perimetry in humans. The following formulas were
proposed to estimate the number of RGC somas in an area of the retina corresponding to a
specific SAP test field location at eccentricity ec with sensitivity sin dB:

m=[0.054*(ec*1.32)]+0.9
b=[—1.5*(ec*1.32)]—14.8

ge={[(s—1)=b]/m} +4.7
SAPrgc=3"10"(gl*0.1)

In the above formulas, mand b represent the slope and intercept, respectively, of the linear
function relating ganglion cell quantity (gc) in dB to the visual field sensitivity (s) in dB at a
given eccentricity. To account for the total number of ganglion cells in an area of the retina,
the cell density derived from each perimetry measurement was considered to be uniform
over an area of retina corresponding to an area of 6x6 degrees of visual space that separates
test locations in SAP. By applying the above formulas, a SAP-derived estimate of the total
number of RGCs (SAPrgc) was obtained by adding the estimates from all locations in the
visual field. The structural part of the model consisted in estimating the number of RGC
axons from RNFL thickness measurements obtained by optical coherence tomography. The
model took into account the effect of aging in the axonal density and the effect of disease
severity on the relationship between the neuronal and non-neuronal components of the
RNFL thickness estimates obtained by OCT. To derive the total number of RGC axons from
the global RNFL thickness measurement obtained by OCT (OCTrgc), we applied the
following formulas:
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d=(—0.007*age)+1.4
c=(—0.26*MD)+0.12
a=average RNFL thickness*10.87*d
OCTrge=10" {[log(a)*10]—c}

In the above formulas, d corresponds to the axonal density (axons/um?2) and cis a correction
factor for the severity of disease to take into account remodeling of the RNFL axonal and
non-axonal composition. The average RNFL thickness corresponds to the 360° measure
automatically calculated by the OCT software. These calculations provide an estimate of the
number of RGCs from two sources, one functional and one structural, and a strong
relationship was demonstrated between the two estimates in external validation cohorts.12
However, although Harwerth et al2 proposed a model linking structure and function, no
attempt was made to obtain a combined estimate derived from structural and functional tests
that could be clinically used to stage glaucoma severity and detect change over time. We
developed such a combined measure by averaging the estimates of RGC numbers obtained
from SAP and from OCT, but weighting according to severity of disease. Because clinical
perimetry and imaging tests accuracies are inversely related to disease severity, we used a
weighted scale that combined the estimates of RGC numbers from both tests:

Combined RGC count=(1+MD/30)*OCTrgc+(—MD/30)*SAPrgc

The weights were chosen to reflect the inverse relationship with disease severity of SAP and
OCT estimates, along the scale of MD values ranging from 0 to —30dB. Therefore, in early
disease, the OCT-derived RGC estimates will have greater weight than those obtained by
SAP. In contrast, in advanced disease, SAP estimates will carry greater weight than those
obtained from OCT.

After the combined estimates of RGC number were obtained, a linear mixed effects modell’
was run to evaluate the effect of aging on RGC loss in the 52 healthy eyes followed
longitudinally. The purpose was to calculate the effect of normal aging on the rate of RGC
loss so that glaucomatous progression would be considered to occur if the rate of RGC loss
was greater than the expected age-related loss. The linear mixed effects model showed a
significant effect of age on the number of RGCs over time with a loss of 7877 RGCs per 1
year older (P<0.001). For each eye, we obtained the slope of change using ordinary least
squares (OLS) linear regression of the combined RGC counts over time. An eye was
considered to have progressed if the slope of RGC loss was significantly faster than the age-
expected decline of RGC counts with P<0.05.

Slopes were also calculated for the raw values of OCT average thickness and for the SAP
visual field index (VFI) provided by the Humphrey perimeter (Carl-Zeiss Meditec, Inc.,
Dublin, CA). 18 The VFI represents the percent of normal age-corrected visual function and
is the method currently used for calculating rates of progression in the Humphrey visual
field printout. Details of the calculation of the VFI have been described elsewhere. 18 The
VFI can range from 100% (normal visual field) to 0% (perimetrically blind field).
Progression by OCT average thickness or by VFI was defined based on the presence of a
statistically significant negative slope with P<0.05.

All statistical analyses were performed with commercially available software (Stata version
12; StataCorp, College Station, TX). Cluster-correlated robust estimates of variance were
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used to adjust for correlated data when necessary.1® The alpha level (type | error) was set at
0.05.

The main study group was composed of 213 eyes with mean age of 60 £ 11 years at
baseline. Average MD and PSD values of the baseline visual field test were —2.51dB and
3.34dB. Average baseline RNFL thickness was 88um (£15um). These eyes had a wide
range of disease severities at baseline with MD values ranging from —20.1dB to 2.14dB. A
median number of 5 pairs of SAP and OCT tests were available during follow-up for these
eyes, ranging from 5 to 8.

There was a strong correlation between RGC estimates obtained from SAP and OCT data
for all exams from the 213 eyes included in the study group (r = 0.80; P<0.001) (Figure 1).
Figure 2 shows a histogram of calculated RGC numbers combining structural and functional
tests at the baseline visit for these eyes. The mean number of RGCs was 765745 (+ 270029)
at baseline which was significantly lower than the mean number of RGCs in the 52 healthy
eyes (1123504 + 172667; P<0.001).

From the 213 eyes, 47 (22.1%) showed statistically significant rates of RGC loss that were
faster than the age-expected decline. The mean rate of RGC loss in these eyes was —33369
cells/year (range: —8332 cells/year to —80636 cells/year). There was no statistically
significant difference between mean baseline RGC counts for progressing versus non-
progressing eyes (797229 vs. 758527; P=0.377). We estimated a percent rate of RGC loss by
dividing the calculated rate of RGC loss by the baseline RGC count. The mean percent rate
of RGC loss was —4.4%/year for the 47 progressing eyes, ranging from —1.4%/year to
—8.9%lyear.

The VFI was able to detect progression in only 18 (8.5%) of the 213 eyes whereas the OCT
parameter average RNFL thickness detected progression in 31 eyes (14.6%). Figure 3 shows
a proportional Venn diagram with the number of eyes detected as progressing by each
method. Figure 4 shows an example of an eye with significant rate of RGC loss which also
progressed by VFI and OCT average thickness.

Thirty-six eyes had progression detected by the rate of RGC loss but not by the VFI. These
eyes had a mean rate of RGC loss of —32310 cells/year. Seven eyes had progression detected
by the VFI but not by the rate of RGC loss. These eyes had a rate of RGC loss of only
—-3393 cells/year. A comparison between these two groups also revealed that eyes
progressing only by the rate of RGC loss had significantly faster rates of structural change
than those progressing only by VFI as measured by OCT average RNFL thickness
(—1.89uml/year versus 0.37um/year, respectively; P=0.002). Figure 5 shows an example of
an eye detected as progressing according to the estimated rate of RGC loss but not by the
VFI.

Twenty-six eyes had progression detected by the rate of RGC loss but not by OCT average
thickness, whereas 10 eyes had progression detected by OCT average thickness but not by
the rate of RGC loss. The former group had a mean rate of RGC loss of —32486 cells/year
versus —7539 cells/year in the latter. A comparison between these two groups also revealed
that eyes progressing only by the rate of RGC loss had significantly faster rates of functional
change than those progressing only by OCT as measured by the VFI (-0.65%/year versus
0.55%/year; P = 0.003). Figure 6 shows an example of an eye detected as progressing
according to the estimated rate of RGC loss but not by the OCT parameter average
thickness.

Am J Ophthalmol. Author manuscript; available in PMC 2013 November 01.
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Evaluation of Specificity

Specificity for detection of change was evaluated in the 3960 sequences of tests generated
from the 33 eyes of the stable data. The rate of RGC loss was statistically significant in 203
(5%) of the 3960 sequences resulting in specificity of 95%. The OCT parameter average
thickness detected change in 199 sequences (specificity of 95%) and the VVFI detected
change in 174 sequences (specificity of 96%).

We compared the proportions of eyes from the main study group that were detected as
progressing by each method at the matched specificities. The proportion progressing by rates
of RGC loss was larger than that progressing only by OCT average thickness (22.1% vs.
14.6%; P=0.01) and by VFI (22.1% vs. 8.5%; P<0.001).

DISCUSSION

In the current study, we demonstrated that the evaluation of rates of neuronal loss based on
estimates of RGC counts combining structure and function was able to detect a larger
number of glaucomatous eyes as progressing compared to the use of isolated measures of
SAP or OCT, while maintaining comparable specificity in a group of stable eyes. To our
knowledge this is the first study to develop and evaluate the ability of a single measure of
RGC count combining structure and function for detection of glaucoma progression.

Several studies have shown that considerable disagreement is present when different
structural and functional tests are used to detect disease progression.’~2:11.20.21 More
specifically, SAP seems to be relatively insensitive to detect change in early stages of the
disease, whereas structural assessment by imaging instruments seem to perform relatively
worse at advanced stages of damage. The disagreement between structure and function,
however, seems to be largely derived from the different algorithms and measurement scales
of the tests commonly used to assess losses. In fact, Harwerth and colleagues!?
demonstrated a strong correlation between structural and functional tests when appropriate
measurement scales for neural and sensitivity losses were used. Our present results agree
with those previously published by Harwerth et al, as shown by the strong linear relationship
between RGC estimates obtained from SAP and OCT data. The linear relationship suggests
that the lack of sensitivity of SAP for detection of progression in early disease is most likely
not the result of true structural changes occurring in the absence of functional losses, but is
rather related to the logarithmic scale used for SAP sensitivity measurements. Such result
has also been suggested by other authors.322 The logarithmic scale compresses the range of
losses in early stages of the disease while expanding the range in later stages. In principle,
this could suggest that a simple linearization of SAP data could improve detection of early
losses. However, this is usually not the case.23 As SAP data is originally acquired using
staircase procedures based on a logarithmic scale (dB), SAP is not good at estimating small
amounts of ganglion cell losses at early stages of the disease. In contrast, by expanding the
range of the scale at later stages, SAP might be more sensitive to small changes in the
number of RGCs which do not seem to produce detectable changes in RNFL thickness. This
highlights the need for a combined approach using structure and function to detect disease
progression.24-26 The ability to express results of functional and structural tests in the same
domain opens the possibility of combining the information from the two tests to increase the
precision of RGC estimates, as performed in our study. By combining the estimates, one
increases the precision of the final estimate of neuronal losses to better detect change over
time. However, instead of simply averaging the two estimates, we used a weighting scheme
based on MD values. This was done in order to take into consideration differences in
performance of SAP and imaging tests at different stages of the disease for the reasons
described above.

Am J Ophthalmol. Author manuscript; available in PMC 2013 November 01.
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Our estimates of RGC losses detected a significantly larger number of glaucomatous eyes as
progressing compared to isolated measures of structure and of function, despite having the
same specificity in the stable data. It detected the majority of eyes progressing by VFI or
OCT. However, some disagreement was seen among the different methods as seen on Figure
3. Interestingly, 36 eyes had progression detected by rates of RGC loss but not by the VFI,
whereas 7 eyes had progression detected by the VFI but not by the rate of RGC loss. A
comparison between these two groups revealed that eyes progressing only by rates of RGC
loss had concomitant evidence of structural change, whereas in eyes progressing only by
VFI no such evidence was present. It should be noted that at 95% specificity, approximately
10 of the 213 eyes would be expected to show significant slopes just by chance. In the
absence of supportive concomitant structural changes, it is likely that the 7 eyes showing
progression by the VVFI but not by rates of RGC loss could represent just false positives.
Similarly, eyes progressing only based on the rates of RGC loss had significantly faster rates
of functional change than those progressing only by OCT as measured by the VFI. The
presence of concomitant structural and functional change in eyes progressing by rates of
RGC loss provides stronger support suggesting that these eyes represented true progressors
compared to those progressing only by VVFI or by OCT. Twenty-one eyes had progression by
rates of RGC loss but neither by VFI nor by OCT average thickness. These eyes had a mean
rate of RGC loss of —31009 cells/year. The mean rates of VFI and OCT average thickness
change were —0.51%/year and —0.98um/year, respectively. It is likely that the amount of
change in these eyes was not enough to declare progression based only on the results of the
structural or the functional test. However, the combination of measurements from both tests
allowed detection of significant change in these eyes. It is also important to note that no eye
was detected as progressing by VFI and OCT average thickness, but not by the calculated
rate of RGC loss, as shown on Figure 3.

Clinicians are frequently faced with the task of integrating results from structural and
functional testing to detect glaucoma progression. This is done routinely as they attempt to
correlate changes in their examinations of the optic nerve to those occurring in the visual
field, so that if changes over time are seen in both methods, they are more reassuring to
indicate true deterioration. However, clinicians are frequently uncertain about how to
interpret apparently conflicting results coming from different tests. Also, the use of many
different tests can increase the chance of a type | error, i.e., declaring as significant a change
that actually has occurred by chance. In fact, if we had declared progression based on the
presence of significant change on either SAP VVFI or OCT average thickness, the specificity
in the stable dataset would have decreased to 90.7%. That is, from the 213 eyes,
approximately 20 eyes would be expected to be false positives. By providing a single index
of RGC loss combining structural and functional information, we are able to better control
type I error. In fact, by setting the alpha to 0.05 to declare the slope of RGC loss as
statistically significant, we were able to maintain a specificity of 95%, as demonstrated in
the stable group. In addition, we also required that the slopes of RGC loss had to be faster
than the age-expected RGC losses for an eye to be considered progressing. This may also
represent an additional advantage of our method compared to detection of change based on
raw indexes such as OCT average thickness, for example, especially when a large series of
tests is being evaluated over a long period of time.

An ideal method for detection of glaucomatous progression should not only give an
indication of whether the eye or the patient is likely showing progression, but also needs to
give an estimate of the rate of deterioration. Although most glaucoma patients will show
some evidence of progression if followed long enough, the rate of deterioration can be
highly variable among them.10.27-30 While most patients progress relatively slowly, others
have aggressive disease with fast deterioration which can eventually result in blindness or
substantial impairment unless appropriate interventions take place. The proposed index
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allows estimation of the rate of RGC loss over time from structural and functional
measurements and has an intuitive meaning which should facilitate the interpretation of rates
of change by clinicians. From the 47 eyes detected as progressing by rates of RGC loss, 14
(30%) had rates faster than —5%/year. In principle, these eyes could be considered fast
progressors, as their rate of progression would result in 50% loss of their RGCs from the
baseline value in a 10-year period. It is important to emphasize, however, that when
assessing the clinical relevance of an estimated rate of RGC loss, clinicians also need to
consider other factors, such as life expectancy and the patient’s expectations with regard to
treatment.

We used the VFI to evaluate rates of visual field loss using standard automated perimetry.
This index has been incorporated into the Guided Progression Analysis (GPA) software and
is the current method used to analyze rates of visual field loss with the Humphrey
perimeters. A recent study, however, has suggested that the reliance of the VVFI on pattern
deviation probability maps may cause a ceiling effect that may reduce its sensitivity to
change in eyes with early damage.3! Therefore, we have also analyzed rates of visual field
loss using the parameter MD. For a specificity of 95% in the stable group, only 16 (7.5%) of
the 213 eyes had progression based on rates of MD change, a number significantly lower
than that found using combined estimates of RGC loss (P<0.001).

We have previously combined structural and functional measurements for detection of
glaucoma progression using Bayesian methodology.24 The Bayesian approach provided an
effective method of combining results of different tests to improve estimates of rate of
progression and also incorporate risk factors for detection of change. Compared to the
Bayesian method, the current approach has the potential advantage of using a single estimate
of RGC counts obtained from structural and functional tests which potentially facilitates
clinical interpretation. However, the Bayesian approach provides the flexibility of
combining multiple different tests including structural measurements derived by other
imaging technologies such as confocal scanning laser ophthalmoscopy or scanning laser
polarimetry and function-specific perimetric tests. Although the principles outlined in our
study could in theory be applied to these other tests, the specific methods for translating
measurements to RGC counts have not yet been established. It should be noted, however,
that a combination of the two methodologies should be possible, such as incorporating risk
factors to improve estimation of rates of RGC loss, but the benefits of such approach would
have to be evaluated on an independent sample of patients.

Our study has limitations. We used empirically-derived formulas to estimate the number of
RGCs from SAP and OCT data. Although these estimates have been validated in histologic
studies in monkeys and also applied to multiple external cohorts in humans,12 such
validation was not based on direct histologic RGC counts in humans. However, this
limitation applies to most measurements obtained in clinical practice from imaging devices
and other instruments. In our study, we clearly showed a benefit of our method in detecting
glaucoma progression and even though a full histologic validation is not available at this
time, this should not preclude its utility in clinical practice. It is interesting to note that
despite absence of histologic validation, the age-related loss of RGCs (7877 RGCs per year)
found in our study was very similar to that found in previous histologic studies in humans.32
It is possible that other weighting schemes for combination of SAP and OCT estimates of
RGC counts could perform better than the one proposed in our study. When we performed
an analysis using a simple average of RGC counts from SAP and OCT without weighting,
the method detected progression in only 28 eyes compared to 47 eyes for our proposed
weighting scheme, at similar specificities. When the weighting system was based on antilog
MD values, the performance was also inferior, detecting only 28 eyes as progressing for
similar specificity. Further studies should evaluate other methods of combining SAP and
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OCT estimates of RGC loss and test them on independent populations. In addition, further
developments in perimetry and imaging techniques may potentially improve estimates of
RGC counts obtained by these instruments leading to improved detection of change.33

We used OCT measurements based on the time-domain version of this technology. The use
of spectral-domain OCT (SDOCT) has resulted in faster and more reproducible scans
compared to time-domain OCT.34 In a previous cross-sectional study, we developed a
combined index of RGC count which used SDOCT measurements along with SAP results.
The index performed better than isolated measures of structure and function to stage disease
severity.23 However, due to the relatively recent introduction of SDOCT, longitudinal data
was not available to perform the current study using this technology. Another potential
limitation of our study is that we used only global measures of visual function and structural
damage. A sectorial analysis may provide a better representation of localized damage and
improved detection of progression. However, sectorial information will be more variable
and not necessarily better for monitoring changes over time. Further studies should evaluate
whether a combination of sectorial structure and function data could improve detection of
glaucomatous change.

In conclusion, an index estimating the rate of RGC loss combining structure and function
performed better than isolated structural and functional measures for detecting progressive
glaucomatous damage. The use of such index may improve detection of change in clinical
practice and in trials evaluating disease progression.
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Figure 1.

Scatterplot illustrating the relationship between estimates of the number of retinal ganglion
cells (RGC) obtained by standard automated perimetry (SAP) and optical coherence
tomography (OCT).
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Figure 2.
Histogram of the estimates of baseline retinal ganglion cell (RGC) number combining
structure and function measurements in the 213 eyes of the study group.
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Figure 3.

Proportional Venn diagram illustrating the number of eyes detected as progressing according
to the rates of retinal ganglion cell (RGC) loss, optical coherence tomography (OCT)
average thickness parameter and standard automated perimetry visual field index (VFI).
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Slope: -2.0%/year P<0.05
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Eye detected as having progression during follow-up according to the rate of retinal
ganglion cell (RGC) loss with a slope of -51761 cells/year (P<0.05). The eye also had
progression according to the Visual Field Index (VFI) with slope of —2.0%/year and the
optical coherence tomography parameter average thickness (slope of —2.8um/year).
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Figureb5.

Eye detected as progressing by the rate of retinal ganglion cell loss with a slope of —45567
cells/year (P<0.05), but not by the Visual Field Index. The eye had early glaucomatous
damage and showed progressive neuroretinal rim thinning as seen on the optic disc
stereophotographs. The optical coherence tomography parameter average thickness showed
a statistically significant slope of —=3.2um/year.
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Figure®6.

Eye detected as progressing by the rate of retinal ganglion cell (RGC) loss with a slope of
-15397 cells/year (P<0.05), but not by the optical coherence tomography average thickness
parameter. The eye had advanced visual field loss and a statistically significant slope of
change with the Visual Field Index (—2.3%/year).
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