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PURPOSE. To determine whether aging modifies the effect of intraocular pressure (IOP)
on progressive glaucomatous retinal nerve fiber layer (RNFL) thinning over time.

METHODS. This was a retrospective cohort study involving patients with glaucoma or
suspected of having glaucoma who were followed over time from the Duke Glau-
coma Registry. Rates of RNFL loss from spectral-domain optical coherence tomography
(SD-OCT) were used to assess disease progression. Generalized estimating equations
with robust sandwich variance estimators were used to investigate the effects of the
interaction of age at baseline and mean IOP on rates of RNFL loss over time. Models
were adjusted for gender, race, diagnosis, central corneal thickness, follow-up time, and
baseline disease severity.

RESULTS. The study included 85,475 IOP measurements and 60,026 SD-OCT tests of
14,739 eyes of 7814 patients. Eyes had a mean follow-up time of 3.5 ± 1.9 years. The
average rate of change in RNFL thickness was –0.70 μm/year (95% confidence interval,
–0.72 to –0.67). There was a significant interaction between age and mean IOP and the
rate of RNFL loss (P = 0.001), with older eyes having significantly faster rates of RNFL
loss than younger ones for the same level of IOP. The effect of IOP on rates of change
was greater in the inferior and superior regions of the optic disc.

CONCLUSIONS. Age is a significant modifier of the relationship between IOP and glauco-
matous loss in RNFL thickness over time. Older patients may be more susceptible to
glaucomatous progression than younger patients at the same level of IOP.

Keywords: glaucoma, optical coherence tomography, age, intraocular pressure, retinal
nerve fiber layer

Glaucoma is the leading cause of irreversible blindness
and is estimated to affect approximately 80 million

people worldwide.1 Although reducing intraocular pressure
(IOP) helps to decrease the risk of the onset and progres-
sion of glaucomatous disease,2–6 many eyes with relatively
low IOP continue to progress while others with high IOP
levels never develop damage.7–11 Aging plays an important
role in glaucoma, as the prevalence of glaucoma increases
exponentially with age.12,13 However, the pathophysiology
underlying increasing age as a risk factor for glaucoma
is not well understood. Interestingly, the increased preva-
lence of glaucoma in older individuals does not seem to be
explained solely by an increased prevalence of high IOP
with aging.6,14,15 This suggests that aging may increase the
vulnerability of the optic nerve to IOP-related damage, ulti-
mately resulting in loss of retinal ganglion cells (RGCs). This
age-related increased vulnerability to neural injury has also
been observed in other neurodegenerative disorders, such
as Alzheimer’s disease and Parkinson’s disease, and may be

related to mitochondrial dysfunction and impaired capacity
to handle oxidative stress, among other factors.16–21

If aging increases susceptibility to glaucoma damage as
shown in experimental studies, then one would expect that
the relationship between RGC loss and IOP would be greater
for older patients compared to younger ones. However, clin-
ical studies to date have not adequately investigated the
interaction between age and IOP and its effect on glaucoma
progression, probably because producing reliable estimates
for such an interaction requires a large quantity of data from
a heterogeneous population with a wide range of ages. Such
data are not typically available from clinical trials, which
have limited sample sizes with specific inclusion and exclu-
sion criteria that can be quite restrictive.

In the present study, we investigated the hypothesis that
older age is associated with an increased susceptibility to
IOP damage by evaluating the interaction effects between
age and IOP on the rate of retinal nerve fiber layer (RNFL)
thinning. We used a large cohort of glaucoma and suspected
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glaucoma patients extracted from an electronic health record
(EHR) database in order to obtain precise estimates of the
interaction effects.

METHODS

This was a retrospective cohort study of patients from the
Duke Glaucoma Registry, an EHR database developed by
the Vision, Imaging, and Performance Laboratory.22 The
database contained clinical information from baseline and
follow-up visits, including patient diagnostic and proce-
dure codes, medical history, best-corrected visual acuity,
slit-lamp biomicroscopy, IOP measurement using Goldmann
applanation tonometry (GAT; Haag-Streit, Konig, Switzer-
land), central corneal thickness (CCT), gonioscopy, ophthal-
moscopy examination, stereoscopic optic disc photographs,
and the results of all Spectralis SD-OCT (Heidelberg Engi-
neering, Heidelberg, Germany) scans from adults 18 years or
older with glaucoma or suspected glaucoma diagnoses who
were evaluated at the Duke Eye Center or its satellite clin-
ics between January 2009 and September 2019. The Duke
University Institutional Review Board approved this study
with a waiver of informed consent due to the retrospective
nature of this work. All methods adhered to the tenets of
the Declaration of Helsinki for research involving human
subjects and were conducted in accordance with regulations
of the Health Insurance Portability and Accountability Act.

Participant Selection

Patients were included in the study if they had glaucoma
or suspicion of glaucoma was suspected based on Inter-
national Classification of Diseases (ICD) codes at baseline.
All tests and visits from all available subjects in the Duke
Glaucoma Registry at the time of the analysis were used
for this study. Data for eyes were censored after the first
occurrence of any diagnosis of retinal detachment, retinal
or malignant choroidal tumors, non-glaucomatous disorders
of the optic nerve and visual pathways, uveitis, and venous
or arterial retinal occlusion according to ICD codes. In addi-
tion, tests performed after treatment with panretinal photo-
coagulation according to Current Procedural Terminology
(CPT) codes were also excluded. Tests were further censored
after any filtration procedure (i.e., trabeculectomy or tube
shunt surgery) that occurred during follow-up. ICD and CPT
codes used for inclusion and exclusion in the study have
been described in detail previously.11 Finally, subjects were
required to have at least two valid SD-OCT scans (see below)
and two IOP measures with GAT on different days over a
minimum follow-up period of 6 months.

Assessment of Glaucoma Progression

Rates of glaucoma progression were evaluated by changes in
global and sectorial average SD-OCT RNFL thicknesses over
time. We opted to use a structural metric in this work, as
attempts to study this relationship with perimetry, an indi-
rect measurement of neural damage, could be confounded
by the subjective nature of the test and by nonlinearities
in translating RGC loss to visual sensitivity thresholds (see
Discussion section).23–26

Peripapillary RNFL thickness measurements were
obtained from 12° (for single circle scans) or comparable
3.45-mm-diameter circle scans (for scans from the Heidel-

berg Engineering Glaucoma Module Premium Edition)
acquired using the Spectralis SD-OCT, as described in
detail previously.27 The global average was calculated
as the average thickness of all 768 points distributed
equidistantly around the optic nerve head. Sectorial RNFL
thicknesses were calculated using the averages of the points
in each quadrant (i.e., superior, inferior, temporal, and
nasal quadrants, as provided by the built-in software). We
also calculated the average RNFL thickness within smaller
sectors, representing each clock hour around the optic disc
(i.e., 12 sectors of 30° each). Tests were acquired using the
latest available software version at the time of the scan and
exported using the latest available version at the time of the
analysis (Heidelberg Engineering Heyex, software version
6.8).

Only good-quality scans were included in the analyses.
A good-quality scan was defined as a test with a quality
score of 15 or greater. Furthermore, because a manual review
of all tests was impractical, scans that had average global
RNFL thickness measurements with implausible values (i.e.,
lower than 20 and greater than 150 μm) were considered to
be of low quality and were excluded. Those cutoffs repre-
sent measurements above the higher range of reported RNFL
thicknesses for normal controls and below the lower range
for glaucoma subjects28–30 and may indicate the presence of
acquisition or segmentation errors in the presence of other-
wise good-quality scores.31 From the total of 136,322 eligible
circle scans from the database (i.e., after exclusions for ICD
and CPT codes), 6337 tests (4.6%) were excluded due to low-
quality scores, and 1678 tests (1.2%) were further excluded
due to implausible average RNFL thickness values. When
more than one good-quality test was available for the same
date, the mean global RNFL thickness of all tests from that
date was used in the analysis. Remaining tests were excluded
when eyes had less than 6 months of follow-up or due to the
unavailability of complete IOP or CCT data. The baseline
characteristics and demographics were drawn from the date
when the first valid SD-OCT test for each eye was performed.

Data Analyses

Generalized estimating equation (GEE) models were used to
estimate the effect of age and IOP, as well as their interaction,
on rates of RNFL thickness change over time. For each eye,
IOP was summarized as the average IOP across follow-up
visits. Multivariable models were adjusted for gender, race,
glaucoma diagnosis, CCT, follow-up time, and baseline RNFL
thickness. The GEEs assumed a Gaussian variance and iden-
tity link, with a robust sandwich variance estimator and an
exchangeable correlation to account for repeated measures
at the eye level. The GEE models properly account for longi-
tudinal correlation (i.e., dependencies within eyes) and yield
unbiased population estimates.32,33

To summarize the impact of age and IOP on rates of RNFL
change, predicted RNFL trajectories were presented across
levels of IOP (between 6 and 30 mm Hg) and age (40, 60,
and 80 years old) using the multivariable GEE. To calculate
the trajectories, mean values were assumed for the remain-
ing clinical characteristics. Trajectories are presented with
95% confidence intervals (CIs) using the robust covariance
estimate. This visualization technique allows for the nonlin-
ear interaction between age and IOP to be easily interpreted.
We also present rates of RNFL change across age and IOP
levels. Again, these were determined using the multivari-
able GEE and fixing the remaining clinical characteristics
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at their mean values. To interpret the rates at different levels
of IOP and age, we used contour plots, which allow for the
nonlinear relationship to be visualized. The average rate of
RNFL thickness loss was subtracted from the predicted rate
of change for each given age and mean IOP, so that results
can be interpreted as either protective (green color, or slower
rates of change) or harmful (warmer colors, or faster rates
of change). To account for variability, each contour plot has
a corresponding plot of standard errors, obtained from the
robust covariance estimate.

Finally, we present polar plots for the visualization of the
rates of change in RNFL thickness in each sector around the
optic disc (i.e., clock hour). The average rates of change for
each sector were similarly derived from multivariable GEE
models, as described above, using longitudinal RNFL thick-
ness in each clock hour as our outcome.

All statistical analyses were completed in Stata 16 (Stata-
Corp LLC, College Station, TX) within the Protected Analytics
Computing Environment, a highly protected virtual network
space developed by Duke University for analysis of identifi-
able protected health information.

RESULTS

This study included 14,739 eyes of 7814 patients and a total
of 60,026 SD-OCT tests acquired over 55,969 SD-OCT visits.
The average age ± SD of subjects at baseline was 65.3 ±
13.1 years (range, 18–98 years) and eyes had a mean ± SD
follow-up time of 3.5 ± 1.9 years (range, 0.5–9.5 years),
with a mean number of 3.8 ± 1.7 SD-OCT visits, ranging
from 2 to 14. The dataset had a total of 85,475 valid visits
where IOP was measured with GAT, with an average of 5.8
± 3.6 visits per patient. Of these patients, 4482 were female
(57.4%) and 2230 were self-identified as black or African
American (28.6%). According to ICD codes from the baseline
visit, 47.4% of the eyes were classified as glaucoma suspect,
30.5% as primary open-angle glaucoma, and 22.1% as
“other” glaucoma types. The unadjusted mean rate of change
for global RNFL thickness in the overall population was
–0.70 μm/year (95% CI, –0.72 to –0.67). Table 1 details the
demographic and clinical characteristics of the eyes included
in the study according to their baseline diagnoses.

Table 2 shows the results of the GEE model investiga-
tion of the effect of each potential predictive factor on rates
of global RNFL thickness change. In univariable analyses,
both higher mean IOP during follow-up and older age were
significantly associated with faster rates of global RNFL loss.
However, an important interaction effect was seen between
IOP and age, as shown in the multivariable model. For older
eyes, the impact of higher IOP was significantly greater on
rates of change than in younger eyes (β = –0.010 μm/year
per each 1 mm Hg higher IOP and 10 years older at baseline;
95% CI, –0.018 to –0.005; P < 0.001), even after adjusting for
other variables. Thicker baseline RNFL, diagnosis at baseline,
and longer follow-up time were also significantly associated
with rates of global RNFL thickness change.

Trajectories of global RNFL thickness across time are
presented across levels of average IOP and age in Figure 1.
For these predictions, all other independent variables in the
model were set to their means in the sample (e.g., 82 μm
of RNFL at baseline and mean CCT value of 550 μm). It
can be seen that older eyes had significantly faster rates of
change than younger eyes for the same level of IOP. If shar-
ing the same clinical characteristics, an 80-year-old patient
with an average IOP of 18 mm Hg would have a significantly

TABLE 1. Demographics and Clinical Characteristics of Subjects
Included in the Study

Characteristic Overall

Subject-specific
Number of patients, n 7814
Age, y

Mean ± SD 65.3 ± 13.1
Median (IQR) 66.6 (57.8–74.1)

Sex, female, n (%) 4482 (57.4)
Race, n (%)

White or Caucasian 4802 (61.5)
Black or African American 2230 (28.5)
Other 782 (10.0)

Eye-specific
Number of eyes, n 14,739
Years of follow-up, mean ± SD 3.5 ± 1.9
CCT, μm, mean ± SD 549.5 ± 41.8
Diagnosis at baseline, n (%)

Glaucoma suspect 6986 (47.4)
Primary open-angle glaucoma 4492 (30.5)
Other 3261 (22.1)

SD-OCT (60,026 tests over 55,969 visits)
Number of visits 55,969
Number of visits per eye, mean ± SD (range) 3.8 ± 1.7 (2–14)
Baseline global RNFL thickness, μm

Mean ± SD 82.4 ± 17.0
Median (IQR) 84.0 (72.0–94.0)

Baseline mean SD-OCT quality
Mean ± SD 24.6 ± 4.3
Median (IQR) 25.0 (22.0–28.0)

IOP
Number of visits 85,475
Number of visits per eye, mean ± SD (range) 5.8 ± 3.6 (2–34)
During follow-up, mm Hg

Average, mean ± SD 16.1 ± 3.5
Peak, mean ± SD 19.4 ± 5.5

IQR, interquartile range.

FIGURE 1. Trajectories of changes in RNFL thickness over time
across levels of IOP for 40-, 60-, and 80-year-old average subjects
from the whole sample. Other covariates were set to their mean
values. Capped spikes indicate 95% CIs.

faster rate of RNFL loss than a 40-year-old patient (–0.92 vs.
–0.61 μm/year, respectively; 95% CI of difference, –0.43 to
–0.20). This effect increased constantly with higher values
of IOP.

Figure 2 shows a contour plot illustrating the interaction
effects between mean IOP and baseline age on the rate of
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TABLE 2. Individual and Multivariable Models of the Effect of Each Clinical Characteristic on the Rate of Change of SD-OCT RNFL Thickness
Over Time

Individual Effects Over Time

Univariable Models Multivariable Model

Characteristic Coefficient P Coefficient P

Diagnosis
Glaucoma suspect 0 (base) – 0 (base) –
Primary open-angle glaucoma –0.109 <0.001 –0.266 <0.001
Other –0.270 <0.001 –0.377 <0.001

Age at baseline, per 10 y older –0.025 0.025 0.111 0.025
Sex, female 0.040 0.132 0.080 0.003
Race, black or African American –0.005 0.862 –0.024 0.442
Years of follow-up –0.020 0.003 –0.022 0.001
Baseline mean global RNFL thickness, per 10 μm thicker –0.071 <0.001 –0.091 <0.001
CCT, per SD (40 μm) thinner 0.008 0.604 0.038 0.006
Average IOP during follow-up, per 1 mm Hg higher –0.049 <0.001 0.013 0.519
Interaction term (age at baseline and average IOP during follow-up) – – –0.010 0.001

Boldface indicates statistical significance (P < 0.05).

FIGURE 2. Contour plot showing the effect of the interaction
between mean IOP and age on rates of RNFL thickness change over
time. Readers can examine the x-axis values to estimate the influ-
ence of average IOP (y-axis) on the rates of RNFL thickness change
over different age groups. The average rate of RNFL thickness loss
(–0.70 μm/year) was subtracted from the predicted rate of change
for each given age and mean IOP, so the results can be interpreted
as either protective (green, or slower rates of change) or harmful
(warmer colors, or faster rates of change) in relation to the average
rate of change of the sample.

global RNFL thickness change. Readers are encouraged to
examine the x-axis values for age at baseline to estimate the
influence of average IOP (y-axis) on the rates of RNFL thick-
ness change. Warmer colors represent faster rates of global
RNFL loss over time (in μm/year). The predictions have
also been adjusted for the confounding factors described in
the previous paragraph, and all covariates were set to their
means (see above). One can note that, with increasing age,
contours become progressively thinner; therefore, for an
older individual 80 years of age at baseline, small increases
in mean IOP during follow-up can lead to a fast shift toward
warmer contours (i.e., a faster rate of RNFL loss). In contrast,
younger patients may be able to withstand wider ranges of
IOP while maintaining similar rates (i.e., same contours) of
RNFL loss. The corresponding standard error plot (Supple-
mentary Fig. S1) indicates a minimal amount of uncertainty

FIGURE 3. Effect of the interaction term (baseline age and average
IOP during follow-up) on the rates of peripapillary RNFL thickness
change for each sector. Coefficients were derived from multivariable
models adjusted for gender, race, glaucoma diagnosis, CCT, follow-
up time, and baseline RNFL thickness in each sector. Asterisk indi-
cates statistical significance (P < 0.05). Sectors start at the temporal
cardinal point as 0° (clock hour 9), proceeding clockwise around
the optic disc in 30° steps, correlating to the report of the Spectralis
SD-OCT. INF, inferior; NAS, nasal; SUP, superior; TMP, temporal.

across the whole region. Supplementary Figure S2 shows
similar contour plots for subjects divided according to base-
line diagnoses. The overall interaction between age and IOP
can still be seen in each plot.

Similar multivariable GEE models were derived for RNFL
thickness in each 30° sector around the optic disc. The
effects of the interaction of age at baseline and mean IOP
during follow-up on the rates of RNFL change for each sector
are presented in Figure 3. The resulting rates of change are
represented in Figure 4 as polar plots, with clock hours 3,
6, 9, and 12 representing the nasal, inferior, temporal, and
superior cardinal points, respectively. Points farther from the
center represent faster rates of RNFL loss on that sector. It
can be seen that the impact of IOP was significantly greater
in older eyes compared to younger ones and that the effect
was markedly greater in the inferior and superior sectors of
the optic nerve. Additional contour plots for the interaction
effects of mean IOP and age on the rate of RNFL thickness
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FIGURE 4. Polar plots illustrating the estimated rates of change in RNFL thickness according to the sectors around the optic disc for subjects
40 and 80 years of age and different levels of average IOP during follow-up. It can be seen that the impact of IOP was significantly greater
in older eyes compared to younger ones and that the effect was markedly greater in the inferior and superior sectors of the optic nerve, in
terms of both absolute loss (μm/year) (A) and percentage of loss from the baseline thickness (%/year) (B) for each sector.

change in each quadrant are shown in Supplementary
Figure S3.

DISCUSSION

In this study, we used a large cohort of eyes undergoing
routine clinical care to investigate the hypothesis that age
would act as a modifier of the impact of IOP on glaucoma
progression. Our study included subjects between the ages
of 18 and 98 years at baseline who were followed for up to
9.5 years. We observed that, at similar IOP levels, older eyes
showed faster rates of RNFL loss than younger eyes. These
findings corroborate previous experimental work suggest-
ing that aging may increase the vulnerability of the optic
nerve to IOP-related damage.34 They also suggest that older
patients may require tighter levels of IOP control to prevent
disease progression.

Increasing age and elevated IOP are the most well-
characterized risk factors for glaucoma development and
progression, but thus far they have mostly been analyzed
independently, with the effect of their interaction on glau-
coma progression not being fully explored. In this study, we
used statistical models to allow an interaction term between
age and IOP and demonstrated that subjects with older age
had increased susceptibility to progressive glaucomatous
RNFL thinning at the same level of IOP compared to younger
subjects with otherwise similar characteristics. The nonlin-
ear effects of this interaction were visualized in the contour
plots of Figure 2 and Supplementary Figure S2. Take, for

example, a 40-year old “average” glaucoma patient from
the sample with a mean IOP of 12 mm Hg during follow-
up. The expected rate of RNFL thickness change for this
subject would be –0.43 μm/year (95% CI, –0.52 to –0.35),
which would be similar to that of an 80-year-old patient
with similar clinical characteristics (–0.49 μm/year; 95% CI,
–0.56 to –0.43). However, for an IOP of 24 mm Hg, the
40-year-old patient would have a rate of RNFL loss of
–0.78 μm/year, but the 80-year-old patient would progress
at a rate of –1.34 μm/year, or 72% faster. These differences
would, of course, accumulate over time if the levels of IOP
were to persist.

The increased susceptibility to IOP effects with aging,
as found in our study, helps to explain several clinical
and experimental observations. For example, it is note-
worthy that cases of “normal tension glaucoma” seem less
frequent in younger age groups, whereas glaucoma is more
commonly seen with relatively lower pressure in older
individuals compared to younger ones.35,36 Epidemiological
studies have also suggested that the increased prevalence
of glaucoma with aging cannot be fully explained by an
increased prevalence of high IOP in older age, suggesting
that an increased susceptibility to glaucoma damage must
somehow occur with aging.12,13,37 Experimental models have
corroborated this. Steinhart and colleagues34 observed that
older mice are significantly more likely to lose RGCs in
experimental glaucoma than younger mice with similar IOP
levels. Our findings support these observations by showing
that older eyes present significantly faster rates of RNFL
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thickness loss for a given level of IOP compared to younger
ones and hence would be at increased risk for the develop-
ment and progression of glaucoma. Glaucoma also shares
several characteristics in the pathogenesis of the disease
that are common to other neurodegenerative disorders of
aging,38 such as selective loss of a single neuronal cell popu-
lation, similar mechanisms of neuronal cell death,39 and
mitochondrial dysfunction.40,41 It should be noted that our
work was not able to address or isolate other potential expla-
nations for an increased susceptibility to optic nerve damage
with aging, such as vascular effects or changes in the biome-
chanics of the optic nerve head and adjacent tissues, for
example.19,42–44 In fact, the age-related susceptibility of the
optic nerve to glaucoma damage is likely to be multifactorial.

We also investigated the interaction between IOP and age
and the loss of RNFL thickness at different sectors around
the optic disc. The impact of IOP on both absolute and
percentual rates of RNFL loss was greater on the inferior and
superior sectors, which is in agreement with the expected
pattern of RNFL and neuroretinal rim loss in glaucoma.45

In fact, Quigley et al.16 observed regional differences in the
structure of the lamina cribrosa in the superior and inferior
poles compared to the nasal and temporal poles using elec-
tron microscopy. In particular, the superior and inferior parts
of the lamina have a combination of larger pore openings—
through which RNFL bundles and blood vessels pass—and
thinner supporting sheets of connective tissue. In the situ-
ation of increased IOP, pores in those regions would be
more easily distorted and structures passing through could
be more susceptible to damage. Although it is possible that
the faster rates of change in the superior and inferior regions
may reflect a better capacity of SD-OCT to detect damage at
these locations, such a simplistic explanation does not seem
to fully account for the different patterns of RNFL rates of
change across age and IOP observed in this study.

It could be argued that some eyes in our cohort may
not have had enough tests to assess progression over time;
however, excluding eyes with fewer tests could potentially
bias the results by removing eyes that may have had fast
progression over a short period of time. As we were inter-
ested in population effects, rather than individual estimates
of rates of change, including all eyes with available follow-
up data improved the accuracy and precision of the esti-
mates and avoided such unwarranted biases. To demonstrate
this, we repeated the analysis in a subsample of eyes with
five or more SD-OCT visits during follow-up (Supplementary
Fig. S4). The overall predictions of the effect of the interac-
tion of age and IOP on the rates of change remained essen-
tially unchanged, but the uncertainty in the predictions was
actually higher.

In this study, RNFL thickness was used as a surrogate
measure for RGC loss in glaucoma. Assessment of RNFL thin-
ning with SD-OCT represents an objective metric of neural
loss that is widely used in clinical practice, and it has been
shown to be predictive of future visual field loss and decline
in quality of life.46–50 It is likely, however, that such a surro-
gate is not perfect. In fact, animal models have shown that
RGC loss may precede RNFL thinning, so that RNFL thinning
may actually represent a late stage of the RGC degeneration
process.51 There may also be additional effects of age and
IOP on other constituent tissues of the optic nerve head and
adjacent areas that may influence the rate of RGC loss in
glaucoma. It is also not clear whether analyses with other
structural parameters, such as neuroretinal rim, could show
different results, and this deserves further investigation.52,53

Importantly, the alternative use of functional metrics such as
SAP would provide additional challenges to the evaluation
of the relationship of interest in our study. Although it is
clear that preservation of visual function is the primary goal
of glaucoma management, assessment of how IOP impacts
neural loss in glaucoma using SAP may be confounded by
the subjective nature of perimetry, as well as by nonlin-
earities in translating RGC loss to visual sensitivity thresh-
olds.23–26 In that regard, structural measurements from SD-
OCT seem a more suitable tool for studying the relationship
among IOP, age, and progressive neural loss in glaucoma.

Due to the large sample size of this study, we were able
to develop precise estimates of the interaction between age
and IOP and the progression of glaucoma; however, this
study is not without limitations. IOP was considered to be
the sole mediator of the effect of different treatments on the
rate of progressive RNFL loss, but it is possible that different
forms of treatment may affect rates of progression by addi-
tional mechanisms. Addressing the effect of each individual
treatment on progression and its interaction with age would
be impossible given the retrospective nature of our data
and limitations of EHR data, along with the impossibility
of assessing patient adherence. In addition, certain forms of
treatment, such as topical prostaglandin analogs, have been
shown to affect corneal biomechanics which may artifactu-
ally affect IOP measurement, although this effect seems to
be of small clinical relevance.54 As such, our findings should
be interpreted based on the variables that were ultimately
used in the analyses, using caution to avoid unwarranted
generalizations.

It should also be noted that given that the EHR dataset
was drawn from a single institution and a majority of the
patients self-identified as Caucasian, the results might not
be generalizable to different populations. It is possible that
the interaction of age and IOP may differ, for example, in
African Americans, as they have been shown to develop
glaucoma earlier and have more aggressive disease.55,56 Of
note, African American race was not significantly associ-
ated with faster rates of change in either the univariable
or multivariable models in our sample. Also, the three-way
interaction term among race, IOP, and age was not statis-
tically significant (P = 0.177). Future studies with more
racially diverse populations should provide better estimates
for other specific groups. Finally, because coding for glau-
coma diagnosis was done by the attending physicians with-
out following prespecified guidelines, it is possible that eyes
classified as suspects may have had glaucomatous damage
and eyes with glaucoma may have received this diagno-
sis based on previous history, without necessarily having
confirmed optic nerve damage.

In conclusion, our study found that age was a signifi-
cant effect modifier of the relationship between IOP and
glaucomatous loss in RNFL thickness over time, suggesting
that older patients may be more susceptible to glaucomatous
progression than younger patients at the same level of IOP.
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