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Purrosk. To investigate the effect of average intraocular pressure (IOP) on the true rate of
glaucoma progression (RoP) in the United Kingdom Glaucoma Treatment Study (UKGTS).

Mernops. UKGTS participants were randomized to placebo or Latanoprost drops and
monitored for up to two years with visual field tests (VF, 24-2 SITA standard), IOP
measurements, and optic nerve imaging. We included eyes with at least three
structural or functional assessments (VF with <15% false-positive errors). Structural tests
measured rim area (RA) with Heidelberg retina tomography (HRT) and average
peripapillary retinal nerve fiber layer (pRNFL) thickness with optical coherence
tomography (OCT). One eye of 436 patients (222 on Latanoprost) was analyzed. A
Bayesian hierarchical model estimated the true RoP of VF and structural metrics, and their
correlations, using sign-reversed multivariable exponential distribution. RA and pRNFL
measurements were converted to a dB scale, matching the VF metric (mean deviation
[MD]). The effect of average IOP on the true RoPs was estimated.

Resutrs. True RoP at the mean average IOP (17 mm Hg) was faster (P < 0.001) for VF-MD
(—0.59 [—0.73, —0.48] dB/year) than HRT-RA (—0.05 [—0.07, —0.03] dB/year) and OCT-
pRNFL (—0.08 [—0.11, —0.06] dB/year). The proportional acceleration of RoP per mm Hg
increase was, however, not significantly different (smallest P = 0.15). Accounting for the
structural floor-effect largely eliminated the differences in RoPs (smallest P = 0.25).

Concrusions. VF appeared to deteriorate at a faster rate than structural measurements.
However, this could be explained by the floor-effect from nonfunctional tissue. IOP
induced a similar acceleration in RoP per mm Hg increase.

Keywords: glaucoma, progression, intraocular pressure, structure-function, visual field

laucoma is a progressive optic neuropathy character-

ized by loss of visual field (VF) and associated struc-
tural changes of the optic nerve head (ONH). Elevated
intraocular pressure (IOP) remains, at present, the only
modifiable risk factor for the development and progression
of glaucoma.!™* IOP is therefore the main target of thera-
peutic intervention.

There is strong evidence that reducing IOP is effective
in slowing glaucoma progression."? In the United Kingdom
Glaucoma Treatment Study (UKGTS),' patients treated with
latanoprost had a significantly lower risk of showing VF
deterioration compared to the placebo arm. Despite this,
many of the untreated patients (74%) did not reach the
progression endpoint, whereas 15% of the treated patients
progressed despite treatment.

Understanding the relationship between IOP and disease
progression is made difficult by several factors. Part of
the uncertainty is likely due to variable interindividual
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susceptibility to IOP. However, a large contribution comes
from measurement imprecision. IOP is measured sparsely
during clinical appointments, making it difficult to estimate
the true pressure profile, even when dense phasing proto-
cols are used.>® On the other hand, biomarkers of glau-
coma progression, such as standard automated perimetry
and imaging-derived metrics for ONH structure, are affected
by noise, which confounds the estimation of the true rate of
progression (RoP).

We have recently shown that it is possible, with some
assumptions, to deconvolve the distribution of true VF RoPs
from the observed distribution of rates contaminated by
noise and learning,” using a hierarchical Bayesian model.
The model can be reformulated to quantify the effect of
specific variables, such as the IOP, on the distribution of true
RoPs. This offers a more direct insight into the mechanism
of glaucoma progression. In this work, we extend the model
to quantify the effect of IOP on true glaucoma progression
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using both structural and VF measurements over time in
patients from the UKGTS. The structural and functional
measurements are modeled as a joint multivariable outcome,
allowing the model to estimate the correlation between their
true RoPs.

METHODS

The UKGTS was a two-arm, double-blinded, randomized
clinical trial in which patients were allocated to receiv-
ing IOP-lowering drops (latanoprost) or placebo drops.!
Patients were followed-up for up to two years at regular
intervals with VF tests, ONH imaging, and IOP measure-
ments. Visits were planned at zero, two, four, seven, 10,
13, 16, 18, 20, 22, and 24 months. The study recruited 516
patients (258 in the treated arm). The main outcome of the
trial was the risk of VF progression from baseline using a
set of predetermined criteria, based on the Guided Progres-
sion Analysis.! Details of the IOP, imaging, and VF tests
are reported below. For both structural and VF tests, we
only retained series that had at least three visits over at
least six months. Note that eyes did not need to have suffi-
cient samples for all metrics to be included. When both eyes
were available, we selected the eye with worse baseline MD,
following the prespecified statistical analysis plan.!

VF Tests

VF tests were planned at each visit using a Humphrey Field
Analyzer (Carl Zeiss Meditec, Dublin, CA, USA), 24-2 pattern,
and a SITA-Standard thresholding strategy.! The test was
repeated twice at zero, two, 16, 18, and 24 months, for a
total of 16 planned tests over the duration of the trial. For
this analysis, we only included tests with a false-positive
error rate <15%.!° We used the mean deviation (MD) for
this analysis.

Optic Nerve Head Imaging

Imaging with the Heidelberg retina tomograph (HRT;
Heidelberg Engineering, Heidelberg, Germany) was planned
for all patients. This imaging technique uses infrared light
to perform a tomographic reconstruction of the retina and
ONH surface. The reconstructed surface is then analyzed
to derive metrics related to loss of neuronal tissue in the
nerve.!»1? The most commonly used metric is the rim area
(RA), which quantifies the area occupied by the neuro-retinal
rim within the disc in an axial projection of the scan (in
mm?).

Time domain optical coherence tomography (OCT) imag-
ing was also performed for a subset of patients in centers
where the device was available (Stratus; Carl Zeiss Meditec).
This imaging technique uses infrared interferometry to
obtain tomographic reconstructions of the reflectance of
different retinal structures. Different layers can then be
segmented and measured. The Stratus quantifies the circum-
papillary thickness profile of the retinal nerve fiber layer
(RNFL) at a fixed distance from the ONH center (3.46 mm
radius). For the main analysis, we took the average of
this peripapillary RNFL (pRFNL) thickness provided by the
device.

Because many consecutive HRT and OCT scans were
taken by the technician at each visit, these repeats were
averaged to improve the quality of the measurement. Note
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that these consecutive same-visit measurements exhibited
very high correlation and could not be used as independent
observations because this greatly affected the estimation of
the noise component in the hierarchical model (see later).

IOP Measurements

IOP was measured at each visit using Goldmann applanation
tonometry (GAT). At the first and final visit, a diurnal IOP
curve was measured with GAT (every two hours, from 9 AM
to 5 PM). For this analysis, we computed the average IOP
for each eye. The diurnal values were collapsed into a single
mean value before averaging across different visits.

Progression Modeling

Base Model. The Bayesian hierarchical model used to
estimate the distribution of true RoPs has been described
in detail previously.” The framework is the same as standard
Gaussian hierarchical models (or linear mixed effect models,
LMMs). Briefly, the model has two levels in the hierarchy, the
population level and the patient level (assuming one eye per
patient). The model estimates the intercept and slope of the
change of a chosen index, such as the MD, over time. The
patient level intercepts and slopes are modeled as samples
from a random effect distribution, the parameters of which
are estimated at the population level.

In our model, we assume that the indexes used to moni-
tor glaucoma can only remain stable or become worse over
time. A sign-reversed exponential distribution adequately
describes the linear slopes obtained under this assump-
tion, with a single parameter. We have described how the
observed distribution would be contaminated by the distri-
bution of measurement imprecision (noise).” In the case
of linear regression, this corresponds to a Gaussian distri-
bution, with the standard deviation (SD) corresponding to
the standard error of the slope. The resulting distribution
is an exponentially-modified Gaussian (exGaussian) (i.e.,
the convolution of the Gaussian noise component and the
underlying exponential distribution). In a Bayesian frame-
work, the exGaussian distribution can be simply obtained by
drawing samples from the exponential and Gaussian distri-
butions and summing them to obtain the observed patient-
level slopes. We have also shown that for VF MD, the mean
of the noise distribution can capture the effect of learning
(i.e., improvement in performance over time).

It is important to note that the true RoP for an individ-
ual eye cannot be estimated. This is because each observed
RoP is calculated as the sum of a random draw from the
exponential distribution of true rates and a random draw
from the Gaussian noise distribution. Although the popu-
lation (average) parameters for these distributions can be
estimated, there are infinite pairs of random values that can
result in the same observed RoP for an individual eye.

Extension to Multivariate Outcome. For our anal-
ysis, we extended the model to simultaneously esti-
mate progression of HRT-RA, OCT-pRNFL and VF-MD. To
compare these metrics on the same scale, rim area and
pRNFL were converted into a decibel scale (i.e., 10*log;o[rim
area] and 10 x logo[pRNFL]). For individual metrics, the
same hierarchical model can be used to estimate the
exponential distribution of true RoPs of structural metrics.
Because no learning is expected for structural metrics, the
mean of the noise distribution was constrained to be zero
for the HRT-RA and OCT-pRNFL RoPs. This assumption



Investigative Ophthalmology & Visual Science

Pressure-Progression Relationship in UKGTS

IOVS | January 2025 | Vol.66 | No. 1 | Article32 | 3

VF HRT OoCT
[ ] -1.25 - 125
[ ]
-1.00 204 - 100
) -0.75 7 L] -75
~ §. — . o
[ om )
g 2 g 18-‘.\.~— Z
] M
= § o i o -
[0 ~ zZ famp)
a 0503 & 50 E
c 3 o é/
© N
(] p—
E 16_
-0.25 144 - 25
05 10 15 20 05 10 15 2.0 05 10 15 2.0

Time (years)

Time (years)

Time (years)

Average GAT: 12.1 mm Hg

Ficure 1. Example of fitting results for one eye. The blue lines represent the estimated trend for the observed rate of progression (random
effect predictions). The data points are all reported in the dB scale used for the analysis. For the rim area and the mRFNL, the linear scale is
reported as a secondary axis on the right. The vertical axes have been scaled to cover the same range of 8 dB, allowing a direct comparison

of the slopes.

was verified by inspecting the plots of the residuals of
simple linear regressions over time for the three metrics (see
Supplementary Figure S1).

Medeiros et al.'> showed how the RoPs of the structural
and VF metrics can be modeled jointly with a multivari-
ate normal distribution for the random effects. The same
reasoning can be applied to modeling the distribution of true
RoPs. However, there is no straightforward way to model the
correlation between multiple exponential distributions via
a multivariate equivalent. One common approach is to use
normal copula functions.'* With normal copulas, the corre-
lation is modeled through a standard multivariate normal
distribution. This distribution produces correlated samples,
the marginal distributions of which are all standard normals
(mean = 0, SD = 1). The marginals can then be converted
into cumulative probability scores and then remapped to any
arbitrary distribution, such as the exponential distributions
of interest. This preserves the rank correlation between the
copula marginal distributions and the target distributions.
An example with simulated data is shown in Supplemen-
tary Figure S2. Note that the parameters for the exponen-
tial distributions can be estimated as in the univariate case.
The correlation coefficients are the only free parameter for
the normal copula, because its variances are set to one and
its means are set to zero. The same process was followed
for modeling the intercept. In this case, however, we used a
simple multivariate normal distribution. We have shown that
the distribution for the intercept could be approximated by
an exGaussian.? However, this choice did not greatly affect
the estimates of the slopes while adding complexity to the
model.

One important aspect to note is that the joint modeling of
the slopes does not require that the different measurements
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be taken at the same visit. Moreover, it does not require
that all patients have sufficient data for all metrics, because
Bayesian computations can draw samples from the poste-
rior distributions for missing data. Therefore all eyes with a
sufficient number of valid tests/visits for at least one of the
test (VE, HRT or OCT) were included in the final sample.
An example of the fitting results for one eye (random effect
predictions) from one of the models is shown in Figure 1.

Effect of Intraocular Pressure. The model allows
the estimation of the effect of different factors on the
predicted mean of the exponential distribution of true RoPs,
such as treatment arm in the UKGTS or the effect of IOP
across the range of IOP values (Fig. 2). In this analysis, we
modeled these effects by having the mean of the exponen-
tial distribution continuously change following a log-normal
regression model. This ensures positive values for the mean
(a requirement for the model). For IOP, the model would
simply be

log(u) = Bo + B * IOP

where u is the sign-reversed mean of the exponential distri-
bution of true RoPs. A similar model can be used to study the
effect of the treatment arm assignment in the trial, instead
of the IOP. The noise component of the slope was modeled
independently for each type of measurement and was not
related to IOP or arm assignment. The model for the inter-
cept was identical but without a logarithmic link function
for the mean. For fitting, IOP was centered on the average
value and normalized by dividing by its standard deviation.
In Figure 2, the IOP model prediction is superimposed to
slopes estimates from simple linear regressions for the indi-
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Ficure 2. Effect of Goldmann IOP on the RoP of the VF-MD, HRT rim area, and OCT average pRNFL. Note that the HRT and OCT metrics
are also converted to a dB scale for these calculations. The equations for the predicted mean of true RoPs (p) are reported in the graphs.
The observed RoP for VF-MD is different from the true RoP because of learning (see Table 2). The panel on the right shows a comparison
of the IOP effect on the mean true RoP in log-scale, used for fitting the exponential component of the model. The dots represent simple

linear regression rates in dB scale, color coded for the study arm.

vidual eyes. Note that the model cannot quantify the true
RoP for each eye.’ In the tables, the effect of IOP is reported
as a proportional (percentage) effect on the original scale of
true RoP (in dB).

Supplementary Analyses. Additional analyses were
performed to quantify the effect of specific scaling and
mapping aspects that could have impacted the results.

Arithmetic Mean for VF. The MD is a weighted average
of total deviation values® (i.e., a weighted geometric mean
of age and eccentricity corrected values). In contrast, the dB
values for the structural metrics were calculated by taking
the logarithm of the arithmetic mean of the linear values.
Supplementary analyses were conducted by taking the loga-
rithm of the mean of the anti-logged sensitivity values in
the test, MLS = 10*log;o (mean linear sensitivity). Sensitiv-
ity was divided by 10 prior to anti-logging, to invert the dB
calculation.

Structural Floor Effect. Structural measurements suffer
from a floor effect, whereby nonneural and neural nonfunc-
tional tissue offset the minimum value for the structural
metrics. This means that even for very advanced disease,
the measured thickness will be far from 0. This can intro-
duce distortions when taking the logarithm. For example,
a change from 100 pm to 70 pm would translate to a
logyo difference of 0.15 (30% reduction). However, quan-
tifying the actual change would require subtracting the
floor, 45 um in some reports,'® from both measurements
before performing the calculation. This would translate to
a difference in log; scale of 0.34 (54%). Therefore a dB
rate for structure is expected to be slower without consid-
ering the floor. We performed a supplementary analysis to

Downloaded from iovs.arvojournals.org on 02/03/2025

estimate the magnitude of this effect. A precise calcula-
tion would, however, require estimating a personalized floor
to be subtracted before taking the logarithm. We instead
used an approximation by quantifying the average floor
for each metric as the average OCT-pRNFL thickness and
HRT-RA for measurements corresponding to VF tests with
a mean total deviation <—15 dB, within a time window
of +3 months. Some eyes with advanced damage would
however have structural measurements below this average
floor. To avoid negative values, a different floor was calcu-
lated for each one of these eyes as the 90% of the small-
est value in the series. The IOP model was fitted with
these floor-corrected measurements, using both MD or MLS
(see above).

Matched Structure-Function Mapping. For our analysis,
we focused on global metrics of structural and functional
damage. However, the structural metrics quantify the tissue
around the whole circumference of the ONH. In contrast,
the central retina is overrepresented in the 24-2 VF test. We
performed supplementary analyses to estimate the impact
of this discrepancy. We have fitted the IOP model using data
from the central VF clusters (Garway-Heath clusters 2, 3 and
4; i.e., superior-paracentral, macular, and inferior paracen-
tral), the average OCT-pRNFL thickness for clock-hours 7 to
11 (in right eye orientation; i.e., the temporal RNFL) and the
sum of the rim-areas of the inferior-temporal, temporal and
superior-temporal nerve sectors from the HRT. The VF data
were modeled using either a simple average of the sensi-
tivity values corresponding to the central clusters (a surro-
gate of MD) or the MLS (see above) for the same locations.
Floor-corrected calculations were also performed, recalcu-
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Latanoprost P

VF-MD
Baseline (dB)

True RoP (dB/year)
Learning (dB/year)

HRT-RA
Baseline (dB)

True RoP (dB/year)

OCT-pRNFL
Baseline (dB)

True RoP (dB/year)

Correlation coefficient (True RoP)
VF-HRT, estimate [95% credible interval]
VF-OCT, estimate [95% credible interval]
HRT-OCT, estimate [95% credible interval]

—3.924 [—4.332, —3.499]
—0.778 [-0.971, —0.628]

—0.433 [-0.678, —0.173]
—0.068 [—0.104, —0.042]

18.638 [18.517, 18.779]
—0.089 [—0.134, —0.059]

—3.795 [—4.211, —3.402] 0.659
—0.507 [—0.652, —0.384] 0.004
0.591 [0.472, 0.707] <0.001"
—0.775 [-1.012, —0.531] 0.051
—0.025 [-0.079, —0.007] 0.105
18.702 [18.575, 18.827] 0.501
—0.086 [—0.119, —0.059] 0.881

0.608 [0.186, 0.927]
0.656 [0.387, 0.967]
0.614 [0.087, 0.985]

the distribution of slopes for each arm.
“For difference from 0 dB/year.

Baseline at

17 mm Hg (dB) (dB) per mm Hg

Change in Baseline

The baseline represents the estimated mean value when time = 0. The true RoP is the predicted mean of the exponential component of

TaBLe 3. Model Estimates for the Effect of Intraocular Pressure on the True RoP

True RoP at
17 mm Hg (dB/Year)

% Change in

RoP per mm Hg Learning (dB/Year)

Correlation Coefficient (True RoP)

VF-HRT 0.35 [-0.17, 0.85]
VF-OCT 0.63 [0.26, 0.95]
HRT-OCT 0.42 [—0.14, 0.90]

VF-MD —3.86 [—4.14, —3.56] —0.02 [—0.08, 0.05]
HRT-RA —0.61 [-0.78, —0.44] —0.03 [—0.07, 0.02]
OCT-pRNFL 18.67 [18.58, 18.76]  —0.03 [—0.05, —0.01]

—0.59 [-0.73, —0.48]
—0.05 [—0.07, —0.03]
—0.08 [-0.11, —0.06]

7.38 [4.10, 10.97] 0.57 [0.45, 0.69]
13.21 [5.43, 21.73] —
8.07 [2.29, 13.85] —

there was a positive correlation for the true RoP between
VF-MD, HRT-RA and OCT-pRNFL (Table 3). Interestingly,
the percentage change in true RoP per mm Hg was simi-
lar for all three metrics (smallest P = 0.15 for pairwise
comparisons).

A second version of the model was also estimated, setting
the learning effect for VF-MD to 0 dB/year, as for the struc-
tural metrics. This was done to compare the average differ-
ence in RoP between VF-MD and structural metrics under
different model designs. With this version of the model, the
estimated true RoP at the average IOP was similar and not
significantly different between VF-MD and structural tests,
but the proportional effect of IOP was much faster for VF-
MD (Supplementary Table S1).

An additional version of the model was tested, to take into
account potential differences in the IOP effect between the
two arms of the trial (with the use of interactions). There was
no significant difference in the effect of IOP between eyes in
the placebo or latanoprost arm (Supplementary Table S2).

Supplementary Analyses

The numerical results of these analyses are reported in
detail as supplementary material. Fitting the model using
MLS instead of MD as a VF metric led to a slower esti-
mate of VF RoP at the average IOP (—0.28 [—0.38, —0.20]
dB/year, Supplementary Table S3), which was, however, still
significantly faster than the structural metrics (P < 0.001).
Similar results were obtained by restricting the analysis to
the temporal ONH (nasal VF), as shown in Supplementary
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The baseline represents the estimated mean value when time = 0; this was also allowed to vary by average IOP.

Tables S4 and S5, with the MS still showing a significantly
faster RoP compared to structure (largest P = 0.007 for pair-
wise comparisons).

A substantially faster RoP for the structural metrics was
instead obtained after compensating for the floor effect. The
average floor was 0.70 mm? for HRT-RA and 51.4 pm for
OCT-pRNFL. The VF RoP was still significantly faster than
the structural metrics (largest p = 0.002) when using MD
(Supplementary Table S6). However, all parameters become
very similar, and not significantly different (smallest p =
0.25 for pairwise comparisons) when performing the calcu-
lations with MLS (Supplementary Table S7). This result is
also shown in Figure 3. Similar results were obtained when
analyzing the temporal ONH and MLS for the nasal VF
(Supplementary Table S8). In this case, the average floor was
0.22 mm? for HRT-RA and 46 pm for OCT-pRNFL.

DISCUSSION

In this work, we used a Bayesian hierarchical model to
estimate the effect of the average IOP on the true rate of
functional and structural progression in glaucoma. Estimat-
ing the effect on the true RoP allows a more direct inter-
pretation of the results, because it reduces the confound-
ing effect of measurement noise and learning for functional
metrics. The distribution of true RoPs was assumed to follow
a sign-reversed (negative) exponential distribution, follow-
ing previous work.? The noise and learning effect were
modeled by a Gaussian distribution. We modeled the corre-
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Ficure 3. Effect of Goldmann IOP on the RoP of the visual field mean linear sensitivity (in dB scale) and on the floor-compensated HRT
rim area and OCT average pRNFL, also converted to a dB scale. The equations for the predicted mean of true RoPs (n) are reported in the
graphs. The observed RoP for VF-MD is different from the true RoP because of learning. The panel on the right shows a comparison of the
IOP effect on the mean true RoP in log-scale, used for fitting the exponential component of the model. The dots represent simple linear

regression rates in dB scale, color coded for the study arm.

lations among the exponential distributions of true RoPs for
VF and structural metrics, while maintaining independence
for the noise distributions. The mean of the noise distribu-
tion modeled the learning effect for VE”:?° This is particu-
larly relevant for data from UKGTS because all the patients
were recently diagnosed at the time of enrolment and there-
fore relatively naive to VF testing.! In our analysis, we trans-
formed the structural metrics into a dB scale to improve
the comparability of the different metrics and their change
over time. This was preferred over a linearization of the
MD to align with previous implementations of the Bayesian
model’ and to prevent the amplification of noise that would
derive from exponentiating a metric measured in a loga-
rithmic scale. Decibel transformation of structural metrics
has been used in previous work on structure-function corre-
lations.?!?2 It has the advantage of describing the thin-
ning of neural tissue in terms of proportional change. This
has been suggested as a better way to describe axonal
loss from glaucoma or aging.?! Harwerth et al.*? reported
an OCT-pRNFL thinning of 0.27%/year, corresponding to
0.3 pm/year. Percentage change can be derived from our
results as (1098 Rat/10 _ 1) * 100. For the OCT-pRNFL thick-
ness at the average IOP, the true dB RoP was —0.08 dB/year.
This corresponds to 1.86%/year, seven times faster than the
proportional loss from normal aging. The average linear RoP
in our cohort, calculated with a linear mixed model, was
—1.59 [—1.98, —1.20] uym/year, more than five times the aver-
age linear loss from aging.

The VF-MD was the only metric able to identify a signif-
icant difference between the two arms of the trial (Table
1). We also found that the functional progression measured
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with MD was faster than structural progression, despite
a generally moderate correlation among their true RoP
(Tables 2, 3). There are various explanations for this result.
Previous evidence by Gardiner et al.® has shown that
true functional progression precedes structural changes
measured by spectral-domain OCT. Intuitively, this can
be explained by the fact that retinal ganglion cells and
their axons, as they are damaged by glaucoma, become
dysfunctional before their death and subsequent efferocy-
tosis.”> However, this intuitive picture would inevitably be
confounded by a mixture of axonal death and dysfunction
and might not fully explain our findings.

One potential source of disagreement comes from the
fact that VF metrics mainly capture the functional response
of the central-temporal retina, whereas 360° structural
measurements around the ONH would be influenced by
axons from the entire retina. We have addressed this
issue in our supplementary analyses (Supplementary Tables
S4, S5) by fitting the IOP with data from the temporal
ONH and the nasal VF (i.e., by matching the structure-
function topography). This, however, did not explain the
differences observed between structural and functional
RoPs.

The discrepancy between structural and functional RoPs
might also be partially explained by the scaling differences
derived from using the geometric mean (i.e., mean of logo-
values) to calculate MD (a weighted average of age- and
eccentricity-corrected total deviation values!®) as opposed
to the logarithm of the mean of linear uncorrected values,
used for structure. We addressed this by fitting the model
using the MLS for VF (Supplementary Table S3). The MLS
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RoP was slower but still significantly faster than the struc-
tural metrics.

The most likely explanation for our findings is that our
analysis, despite matching the scale by transforming all
metrics into a logarithmic dB measure, does not directly
address the differences in effective dynamic range. As previ-
ously explained, structural metrics would be affected by a
measurement floor introduced by the presence of dysfunc-
tional and nonfunctional tissue, which would become more
and more relevant as the disease progresses.'®?* In linear
scale, the floor-effect is not expected to be large for initial
glaucoma damage and for a follow-up limited to two years.”
However, this can affect the quantification of percentage
loss in neural tissue at any level of damage (see Meth-
ods), because the structural floor offsets the assumed zero-
value when taking the logarithm of the structural measure-
ments. This is supported by our supplementary analyses,
reported in Supplementary Tables S6, S7 and S8 and Figure
3, which show that floor-compensated structural metrics
have RoPs that are similar to MLS. Taken together, these
results indicate that loss of structure and function are
likely to happen at a similar rate in response to IOP
in glaucoma, when appropriate scaling and measurements
floor are considered. One limitation of this analysis is that
we could not calculate a personalized floor for individ-
ual eyes in the analysis, relying instead on a combination
of average floor-effect estimates and the minimum values
for eyes below the average floor (see Methods). Future
research will focus on obtaining personalized estimates
of the structural floor which would allow a more precise
estimation of the effective dynamic range of structural
metrics.

We also recommend caution in the interpretation of the
results for the structural metrics, because the data collected
during the UKGTS relied on now superseded imaging tech-
nology. This is particularly relevant for the model used for
this analysis, which aims to distinguish the true RoP from
the noise. This problem can be interpreted as an attempt to
“deconvolve” the distribution of true RoPs from the distri-
bution of noise. Deconvolution is generally an ill-posed
problem because it can be impossible to solve when the
true signal is overwhelmed by a large amount of noise.
These findings will therefore need confirmation from stud-
ies employing more accurate measurements from modern
imaging modalities, such as spectral-domain OCT. Another
possibility would be to use super-resolution algorithms
to improve the image quality of the data from UKGTS.?
Such an approach has shown to be effective in improv-
ing the statistical power of measurements obtained from
Stratus OCT images?® and its application will be the objec-
tive of future work. It should, however, be noted that data
from UKGTS provide the rare opportunity to investigate
the effect of IOP on structural and functional progression
in a cohort that is not contaminated by treatment esca-
lation. This is unlikely to be the case in more modern
trials or clinical dataset because of ethical concerns, making
our results an important contribution to the understand-
ing of the mechanisms of disease progression. Moreover,
most of the seminal work on structure-function relation-
ship in glaucoma was based on data from TD-OCT,'® mean-
ing that our results can be directly compared with previous
literature.

The percentage change in true RoP per mm Hg was very
similar and not significantly different between the functional
and structural metrics (Fig. 2; Table 3), indicating a similar
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proportional acceleration of the RoP per unit increase in
pressure. It is interesting to note that we could not find any
significant difference in the effect of GAT IOP on the true
RoP between the two arms of the trial, indicating that most
of the treatment effect was explained by the measured differ-
ence in IOP (Supplementary Table S2). However, it should
be noted that the point estimates, especially for the effect of
IOP on VF-MD progression, were substantially different in
magnitude. This might point to a lack of power in identify-
ing a differential effect rather than a true lack of difference.
Analyses with larger datasets might be able to elucidate this
aspect further.

We also evaluated the effect of specific implementations
of the model. In fact, in our main analysis, we improved
stability of the fitting by assuming no learning effect for the
structural metrics. This has the advantage of maximizing the
chance of measuring the true RoP from noisy data, such as
those provided by the HRT or the Stratus OCT. However,
this additional free parameter for the MD model can effec-
tively act as a bias, positive in the case of learning. This
could have, in turn, forced a more negative mean for the
exponentially distributed true RoP. Implementing learning
for the structural metrics led to unstable fitting results that
did not achieve convergence. Setting the learning for VF-MD
to zero, as for the structural metrics, resulted in a similar RoP
for VF-MD and structural tests at the mean average IOP, but
a much larger proportional effect of IOP on the VF-MD RoP
(Supplementary Table S1). Although assuming no perimetric
learning for naive patients is likely incorrect, this change in
the results should be borne in mind when generalizing the
finding of this study. Additional insight might come from
analyzing structural data obtained through better imaging
and longer VF series, in which the effect of learning could
be removed by eliminating earlier tests.”%°

In our analysis, similarly to previous investigations,
we have summarized the effect of IOP by taking its aver-
age value over the entire follow-up period. However, IOP
varies over time and its average might not fully capture the
effect of IOP on progression. Other authors have proposed
approaches to model IOP as a time-varying covariate.?® This
would substantially increase the complexity of the model,
and would require assumptions on the time lag between IOP
variation and effect on progression. Some authors have spec-
ulated that fluctuations in IOP might have, on their own, an
impact on progression.?®3! In contrast, a recent investiga-
tion by Rabiolo et al.*? using these same data from UKGTS
showed that IOP fluctuations have no significant effect on
the RoP, once the effect of average IOP is taken into account.
Similar results were obtained in the Early Manifest Glaucoma
Trial.3® Differently from clinical practice and other random-
ized clinical trials, IOP in the UKGTS was not managed to
achieve a target pressure.! This means that drastic changes
in IOP are unlikely to occur as a result of reactive clini-
cal management. Future work will focus on integrating the
effect of dynamic changes in IOP for cohorts where larger
changes in pressure are more likely to occur.3*3

By construction, our model predicts an exponential accel-
eration of the RoP with increasing average IOP, producing a
curvilinear relationship (Fig. 2). Such a relationship has been
described by Medeiros et al.?” Their cohort contained exam-
ples of more extreme cases with high IOPs and fast RoPs,
which would be useful to test the predictions of our model.
Figure 4 shows our prediction for the observed RoP (the
same as the dashed line in Fig. 2) overlaid on the original
plot from Medeiros et al.?” Our model not only appears to

19,27
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Ficure 4. The prediction for the observed rate of visual field progression obtained from our model, fitted to the UKGTS cohort, overlaid

on the data from Medeiros et al.?”

describe their observations but also offers a good prediction
of the extreme cases beyond the range of IOPs in the UKGTS
cohort (99th percentile for GAT: 28 mm Hg). Note that this
result was achieved without requiring additional parameters
in the model, such as the quadratic term used by Medeiros
et al.”’

Clearly, the spread of the observations around the
predicted mean is large. Additional work will need to focus
on refining the predictive ability of these models, possi-
bly with the integration of other clinical, demographic, and
genetic data or by modeling pointwise data. However, it
should be kept in mind that, in the exponential distribu-
tion assumed for the true RoP, the expected standard devi-
ation is equal to its mean. Other distributions such as a
log-Normal or a Gamma, might be required to decouple the
estimated variance from the predicted mean. These would,
however, require the estimation of an additional parameter.
The exponential distribution was chosen for the true RoPs
because of its simplicity, stability during fitting and because
we could not find evidence supporting more complex distri-
butions when testing this model in a larger dataset of long
VF test series®. However, this could, again, be a consequence
of perimetric noise compromising the identification (decon-
volution) of a more accurate distribution to describe the true
RoPs. It is not excluded that the estimation of such a distri-
bution will only be achieved when more precise tests will
become available to monitor progression or by constrain-
ing the model with additional information about individual
patients.

In conclusion, our results show that a joint model can
be used to estimate the true RoPs of structural and func-
tional metrics and their correlation in glaucoma patients,
as well as their relationship with the average IOP. Func-
tional progression appeared faster than structural progres-
sion. This disagreement likely derives from the effect of
measurement floor in structural metrics, which appears to
introduce fundamental differences in the relative magnitude
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of structural and functional changes. However, limitations
of the modeling approach and especially of the precision of
the imaging methods used to collect structural data should
also be borne in mind when considering this disagreement.
Additional studies should focus on elucidating this rela-
tionship further by evaluating patients with a wider range
of IOP, longer follow-up time and more precise structural
measurements with personalized estimates of their structural
measurement floor.

Acknowledgments

Supported by Glaucoma UK (2023 Royal College of Ophthalmol-
ogists/Glaucoma UK research grant). Supported in part, by the
National Institute for Health & Care Research (NIHR) Biomedi-
cal Research Centre at Moorfields Eye Hospital NHS Foundation
Trust and UCL Institute of Ophthalmology (DGH). The views
expressed are those of the authors and not necessarily those of
the NHS, the NIHR or the Department of Health. DGH’s chair at
UCL is supported by funding from Glaucoma UK.

Disclosure: G. Montesano, CenterVue-iCare (C); Alcon (C);
Relayer, LtD (O), Omikron (C), Thea (C); A. Rabiolo, None;
G. Ometto, Relayer, LtD (O); Alcon (C); D.P. Crabb, ANSWERS
(P), T4 (P); Allergan (C), Apellis (C), Roche (C), Thea (C), Santen
(F); D.F. Garway-Heath, Topcon (F); Carl Zeiss Meditec (C),
CenterVue-iCare (C), Heidelberg Engineering (F), Moorfields
MDT (P), ANSWERS (P), T4 (P), Visual Field Sensitivity Testing
(P), Omikron (C)

References

1. Garway-Heath DF, Crabb DP, Bunce C, et al. Latanoprost for
open-angle glaucoma (UKGTS): a randomised, multicentre,
placebo-controlled trial. Lancet. 2015;385:1295-1304.

2. Heijl A, Leske MC, Bengtsson B, et al. Reduction of
intraocular pressure and glaucoma progression: results
from the Early Manifest Glaucoma Trial. Arch Opbthalmol.
2002;120:1268-1279.



Investigative Ophthalmology & Visual Science

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Pressure-Progression Relationship in UKGTS

Kim JH, Rabiolo A, Morales E, et al. Risk factors for fast
visual field progression in glaucoma. Am J Ophbthalmol.
2019;207:268-278.

. De Moraes CG, Juthani VJ, Liebmann JM, et al. Risk factors

for visual field progression in treated glaucoma. Arch
Opbthalmol. 2011;129:562-568.

. Aptel F, Lesoin A, Chiquet C, Aryal-Charles N, Noel C,

Romanet JP. Long-term reproducibility of diurnal intraoc-
ular pressure patterns in patients with glaucoma. Ophthal-
mology. 2014;121:1998-2003.

. Realini T, Weinreb RN, Wisniewski S. Short-term repeatabil-

ity of diurnal intraocular pressure patterns in glaucomatous
individuals. Ophtbalmology. 2011;118:47-51.

. Realini T, Weinreb RN, Wisniewski SR. Diurnal intraoc-

ular pressure patterns are not repeatable in the short
term in healthy individuals. Opbthalmology. 2010;117:1700—
1704.

. Hatanaka M, Babic M, Susanna R, Jr. Reproducibility of

the mean, fluctuation, and IOP peak in the diurnal tension
curve. J Glaucoma. 2013;22:390-392.

. Montesano G, Crabb DP, Wright DM, Rabiolo A, Ometto G,

Garway-Heath DF. Estimating the distribution of true rates
of visual field progression in glaucoma. Transl Vis Sci Tech-
nol. 2024;13:15.

Yohannan J, Wang J, Brown ], et al. Evidence-based crite-
ria for assessment of visual field reliability. Ophthalmology.
2017;124:1612-1620.

Asaoka R, Strouthidis NG, Kappou V, Gardiner SK, Garway-
Heath DF. HRT-3 Moorfields reference plane: effect on rim
area repeatability and identification of progression. Br J
Opbthalmol. 2009;93:1510-1513.

Poli A, Strouthidis NG, Ho TA, Garway-Heath DF. Analy-
sis of HRT images: comparison of reference planes. Invest
Ophthalmol Vis Sci. 2008;49:3970-3975.

Medeiros FA, Leite MT, Zangwill LM, Weinreb RN. Combin-
ing structural and functional measurements to improve
detection of glaucoma progression using Bayesian hier-
archical models. Invest Opbthalmol Vis Sci. 2011;52:5794—
5803.

Nelsen RB. An Introduction to Copulas. Berlin: Springer;
1999.

Sample PA, Dannheim F, Artes PH, et al. Imaging and
Perimetry Society standards and guidelines. Optom Vis Sci.
2011;88:4-7.

Hood DC, Kardon RH. A framework for comparing struc-
tural and functional measures of glaucomatous damage.
Prog Retin Eye Res. 2007;26:688-710.

Makowski D, Ben-Shachar MS, Chen SHA, Ludecke D.
Indices of effect existence and significance in the bayesian
framework. Front Psychol. 2019;10:2767.

Montesano G, Ometto G, King A, Garway-Heath DF, Crabb
DP. Two-year visual field outcomes of the Treatment
of Advanced Glaucoma Study (TAGS). Am J Ophbthalmol.
2023;246:42-50.

Montesano G, Ometto G, Ahmed IIK, et al. Five-Year Visual
Field Outcomes of the HORIZON Trial. Am J Ophthalmol.
2023;251:143-155.

Gardiner SK, Demirel S, Johnson CA. Is there evidence for
continued learning over multiple years in perimetry? Optom
Vis Sci. 2008;85:1043-1048.

Downloaded from iovs.arvojournals.org on 02/03/2025

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

IOVS | January 2025 | Vol.66 | No. 1 | Article 32 | 10

Harwerth RS, Wheat JL, Fredette MJ, Anderson DR. Link-
ing structure and function in glaucoma. Prog Retin Eye Res.
2010;29:249-271.

Harwerth RS, Wheat JL, Rangaswamy NV. Age-related losses
of retinal ganglion cells and axons. Invest Ophthalmol Vis
Sci. 2008;49:4437-4443.

Gardiner SK, Mansberger SL, Fortune B. Time lag between
functional change and loss of retinal nerve fiber layer in
glaucoma. Invest Ophthalmol Vis Sci. 2020;61:5.

Montesano G, Redmond T, Mulholland PJ, et al. Spatial
summation in the glaucomatous macula: a link with retinal
ganglion cell damage. Invest Ophthalmol Vis Sci. 2023;64:
30.

Tomita R, Rawlyk B, Sharpe GP, et al. Progressive changes
in the neuroretinal rim and retinal nerve fiber layer in glau-
coma: impact of baseline values and floor effects. Ophthal-
mology. 2024;131:700-707.

Lazaridis G, Lorenzi M, Mohamed-Noriega J, et al. OCT
signal enhancement with deep learning. Opbthalmol Glau-
coma. 2021;4:295-304.

Medeiros FA, Zangwill LM, Mansouri K, Lisboa R, Tafreshi
A, Weinreb RN. Incorporating risk factors to improve the
assessment of rates of glaucomatous progression. Invest
Ophbthalmol Vis Sci. 2012;53:2199-2207.

Musch DC, Gillespie BW, Niziol LM, Lichter PR, Varma R,
Group CS. Intraocular pressure control and long-term visual
field loss in the Collaborative Initial Glaucoma Treatment
Study. Opbthalmology. 2011;118:1766-1773.

Lee PP, Walt JW, Rosenblatt LC, Siegartel LR, Stern LS,
Glaucoma Care Study G. Association between intraocular
pressure variation and glaucoma progression: data from a
United States chart review. Am J Opbthalmol. 2007;144:901—
907.

Caprioli J, Coleman AL. Intraocular pressure fluctuation a
risk factor for visual field progression at low intraocular
pressures in the advanced glaucoma intervention study.
Opbthalmology. 2008;115:1123-1129.e1123.

Nouri-Mahdavi K, Hoffman D, Coleman AL, et al. Predic-
tive factors for glaucomatous visual field progression in
the Advanced Glaucoma Intervention Study. Opbthalmol-
ogy. 2004;111:1627-1635.

Rabiolo A, Montesano G, Crabb DP, Garway-Heath DF,
United Kingdom Glaucoma Treatment Study I. Rela-
tionship between Intraocular Pressure Fluctuation and
Visual Field Progression Rates in the United Kingdom
Glaucoma Treatment Study. Ophthalmology. 2024;131:902—
913.

Bengtsson B, Leske MC, Hyman L, Heijl A, Early Manifest
Glaucoma Trial G. Fluctuation of intraocular pressure and
glaucoma progression in the early manifest glaucoma trial.
Opbthalmology. 2007;114:205-209.

Gazzard G, Konstantakopoulou E, Garway-Heath D, et al.
Selective laser trabeculoplasty versus eye drops for first-
line treatment of ocular hypertension and glaucoma
(LiGHT): a multicentre randomised controlled trial. Lancet.
2019;393:1505-1516.

King AJ, Hudson J, Azuara-Blanco A, et al. Evaluating
primary treatment for people with advanced glaucoma: five-
year results of the Treatment of Advanced Glaucoma Study.
Opbthalmology. 2024;131:759-770.



