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Impact of Their Presence and Extent on Local Rod Function
in Age-Related Macular Degeneration
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Purpose: To understand the spatial relationship between local rod-mediated visual function and reticular
pseudodrusen (RPD) in eyes with large drusen.

Design: Retrospective cross-sectional study.

Participants: One eye with large drusen (>125 pm) each from 91 individuals with intermediate age-related
macular degeneration, with and without RPD.

Methods: All participants underwent dark adaptation testing using a dark-adapted chromatic perimeter,
where visual sensitivities were measured over 30 minutes of dark adaptation after photobleach. The rod intercept
time (RIT; a measure of dynamic rod function) and pointwise sensitivity difference (PWSD; a relative measure of
rod- compared with cone-mediated function) was determined at multiple retinal locations, and their association
with the overall (central 20° x 20° region) and local (2° diameter region centered on the location tested) extent of
RPD and drusen (quantified using multimodal imaging) was examined.

Main Outcome Measures: Association between overall and local extent of RPD and drusen with RIT and
PWSD at each retinal location tested.

Results: In a multivariable analysis, delayed RIT was associated with an increasing overall (P < 0.001), but
not local (P = 0.884), extent of RPD. In contrast, the increasing local (P < 0.001), but not overall (P = 0.475),
extent of drusen was associated with delayed RIT. Furthermore, only an increasing overall extent of RPD (P <
0.001) was associated with reduced PWSD (or worse rod compared with cone function), but not the local extent
of RPD and drusen, or overall extent of drusen (P > 0.344).

Conclusions: Local rod-mediated function was associated with the overall, rather than local, extent of RPD
in eyes with large drusen, suggesting that there may be widespread pathologic changes in eyes with RPD that
account for this.

Financial Disclosure(s): Proprietary or commercial disclosure may be found in the Footnotes and Disclo-
sures at the end of this article. Ophthalmology Science 2024;4:100551 © 2024 by the American Academy of
Ophthalmology. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

Reticular pseudodrusen (RPD), or subretinal drusenoid de-
posits, are seen on OCT imaging as distinctive subretinal ac-
cumulations located above the retinal pigment epithelium and
are increasingly recognized as an important phenotype of age-
related macular degeneration (AMD).! Studies have regorted
RPD as a risk factor for late AMD development’ ~ and
faster rate of geographic atrophy lesion growth.”” Indeed, the
presence of RPD in eyes with large drusen was also a
significant treatment effect modifier in a post hoc analysis of
a randomized controlled trial of a novel subthreshold
nanosecond laser to slow intermediate AMD progression.” In
that study, a beneficial treatment effect was observed in eyes
without RPD, whereas eyes with RPD showed worse
treatment outcomes.”® Histologic and clinical studies have
also indicated that photoreceptors’ > and the retinal
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pigment epithelium’ seem more abnormal in regions with
RPD than those without.

With respect to the pathophysiology of RPD, numerous
studies have reported that the presence of RPD is associated
with impaired dark adaptation (i.e., delayed recovery of
visual sensitivity under scotopic conditions after a photo-
bleach)'*'® and dark-adapted visual sensitivities (under
scotopic conditions, after a sPeciﬁc period of dark adapta-
tion, without photobleach)'®'’ when compared with
similarly staged AMD eyes without RPD. Such
impairments in dark adaptation and dark-adapted visual
sensitivities have been reported to be present above and
beyond the impairments that are already seen in eyes with
large drusen and without RPD. !> !%16 However, it remains
to be clearly established whether impaired dark adaptation
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is spatially correlated with the distribution of the RPD
lesions, or if such impairments occur more broadly within
the retina of eyes with RPD. Our recent study suggested
that although regions with RPD demonstrated impaired
mesopic visual sen51t1v1t8/ (primarily reflecting cone-
mediated visual function’” ?%), these impairments were
more strongly associated with the total extent of RPD than
their extent in the region tested.”

These findings indicate that there may be widespread
pathogenic changes in eyes with RPD. This study thus
aimed to characterize the spatial relationship between rod-
mediated visual dysfunction and RPD in eyes with large
drusen.

Methods

This is a retrospective, cross-sectional study that included 1 eye
with large drusen from each participant with intermediate AMD
enrolled in observational studies of AMD at the Centre for Eye
Research Australia (CERA). These studies were approved by the
local institutional review board and were conducted according to
the International Conference on Harmonization Guidelines for
Good Clinical Practice and the tenets of the Declaration of Hel-
sinki. All participants provided written informed consent before
enrollment in these studies.

Participants and Procedures

This study included 1 eye from participants aged >50 years with
>1 large drusen (>125 pm) and without any signs of late AMD
defined on multimodal imaging. Late AMD was defined by the
presence of the following: (1) exudative neovascular AMD (based
on evidence of fluid on OCT imaging confirmed by changes seen
on fluorescein and/or indocyanine green angiography as appro-
priate), (2) color fundus photography-defined geographlc atrophy,
or (3) OCT-defined nascent geographic atrophy’* or more
progressed forms of OCT atrophy. All included eyes had a best
corrected visual acuity of 20/40 or better and had completed dark
adaptation testing. Individuals who had undergone an
experimental intervention for AMD (such as nanosecond laser) in
either eye, or any other ocular disease that could compromise
visual function or the assessment of the retina, were excluded
from this study.

Assessment of Rod-Mediated Function

Rod-mediated function was evaluated using a dark-adapted chro-
matic Ipenmeter (DACP; Medmont Pty Ltd), as described previ-
ously."™'* In brief, dark adaptation testing was performed
monocularly after pupil dilation (requiring a minimum pupil size
of 7 mm) and with correction of refractive error for a viewing
distance of 30 cm. Testing was performed on the eye with worse
visual acuity, with the fellow eye patched in a completely dark
room using a Goldmann Size V stimulus (1.73° diameter).
Fixation was monitored manually throughout testing with an
infrared camera by the examiner, who encouraged the participant
to maintain fixation when fixation drifts were observed.

Full-field flash bleaching of approximately 20% of the rod
photopigments (with pupil size of 8-mm diameter)*® was performed
with a customized Ganzfeld light source™® (~ 6.3 log Td sec) before
visual sensitivity measurements. Testing commenced with cyan (505
nm) stimuli. Each perimetric test lasted approximately 1 minute. To
examine rod function recovery, multiple perimetric tests (range
11—-14 tests) were performed within 30 minutes of
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photobleaching, and participants were given time to rest between
tests. A single perimetric examination with red (625 nm) stimuli
was performed at the end of the cyan test.

Dark adaptation testing was performed using 1 of 3 stimulus
patterns (as this was a retrospective study that included DACP
testing data from different studies conducted at CERA) as shown in
Figure 1. Grids A, B,”” and C'**® consisted of 12, 16, and 14 test
locations, respectively, with 8, 16, and 12 respective test locations
falling within the central 20° x 20° region where the OCT volume
scan was acquired. Only data for test locations that fell within this
region were included in the analysis for this study because the
pathologic features of interest (RPD and drusen extent) were
only quantified in this region.

Rod-mediated visual function was assessed using rod intercept
time (RIT).'"** At each test location, the RIT was calculated by
fitting an exponential decay function (a dark adaptation curve) to
visual sensitivity thresholds for the cyan stimuli to determine the
recovery of rod sensitivity after photobleaching (Fig 2).>° The
RIT was defined as the time required for visual sensitivity to the
cyan stimuli to reach a rod criterion level of —3 log units of
stimulus intensity (Fig 2). For test points that did not reach the
rod criterion level within 30 minutes, a RIT of 30 minutes was
assigned. Rod-mediated function was also assessed using the 2-
color perimetry technique.'* The pointwise sensitivity difference
(PWSD) between the thresholds for the last tests with the cyan
and red stimuli was calculated to provide a relative measure of
rod- compared with cone-mediated visual function, whereby a
smaller PWSD indicates a larger degree of rod than cone
impairment. ™

Image Acquisition, Grading, and Analysis

All participants underwent multimodal imaging of the retina,
including color fundus photography using the Canon CR6-45NM
camera (Canon) and combined near-infrared reflectance (NIR)
and OCT imaging using the Spectralis HRA+OCT device (Hei-
delberg Engineering). OCT volume scans covered a 20° x 20°
region centered on the fovea and, depending on the study protocol
(as this was a retrospective study), consisted of either 49 horizontal
B-scans with 25 frames averaged per B-scan or 97 horizontal B-
scans with 16 frames averaged per B-scan, all with 1024 A-scans
per B-scan. A 30° x 30° NIR image of resolution 1536 x 1536
pixels was simultaneously captured with the OCT volume scan.

Color fundus photographs were graded for the presence of large
drusen (>125 pm) and pigmentary abnormalities within 2-disc
diameters of the fovea. Combined OCT and NIR images were
graded for the presence of RPD, which was considered present if
there were >5 definite lesions on >2 B-scans on OCT imaging that
corresponded with definite lesions seen on NIR imaging. The
grading of RPD was performed by 2 experienced graders (H.K. and
L.A.B.H.), and any disagreements in grading were adjudicated by a
senior medical retina specialist (R.H.G.). All 3 graders were
masked to the results of the dark adaptation testing. The 2-
dimensional area of RPD on NIR imaging was then annotated by
an experienced grader (H.K.) using a custom software program
(Cross-Modality Annotation Software [XMAS]; CERA)’
outlining the region(s) where the lesions were visible on both
NIR and OCT imaging; an example of the annotations is shown
in Figure 1 in which RPD extent is outlined. All annotations
were then reviewed by a senior medical retina specialist (R.H.G.)
with any disagreements resolved by open adjudication, and the
annotations were revised based on consensus. OCT volume scans
were used to calculate drusen volume using a convolutional
neural network-based approach, as described previously.*

The local RPD area and drusen volume within a 2° diameter
region centered on each retinal location used in dark adaptation



Kumar et al -+ RPD and Dark Adaptation in AMD

s

Grid A

Grid B

Grid C

Figure 1. Annotation of reticular pseudodrusen (RPD) and stimulus patterns used for dark adaptation testing in this study. A, Example of how the extent of
RPD was annotated (white overlay) within a 20° x 20° region where the OCT volume scan was acquired (green box), shown on the near-infrared
reflectance (NIR), based on characteristic features seen on both modalities. Exemplary B-scans are shown in B and C; their locations correspond to the
superior and inferior dashed lines respectively in A, with the former showing a B-scan where RPD was present throughout, and the latter showing RPD
present only nasally (note also that some prominent drusen are also visible in the center of this B-scan). D, Three different stimulus patterns used for dark
adaptation testing are shown, with the 20° x 20° region of the central macula shown (where OCT imaging was performed; green box), and only test
locations within this region were included in the analyses of this study (as only these locations had corresponding RPD annotation data). Horizontal and

vertical grid lines at 2° intervals are also shown.

testing were measured. In addition, overall RPD extent in the
20° x 20° OCT volume scan was calculated. Reticular pseudo-
drusen area and drusen volume measurements were square-root
and cube-root transformed, respectively, to eliminate
heteroskedasticity.

Statistical Analysis

The analyses in this study included all eyes with large drusen, with or
without RPD, to examine the association between the presence,
extent, and spatial correspondence of RPD and local RIT. A multi-
variable linear mixed model was first used to examine the association
between the presence and local extent of RPD (i.e., the RPD area
within the 2° diameter region centered on a DACP test location) and
local drusen volume with RIT, adjusted for the potential confounders
of age, 4pi}gmentary abnormalities, and eccentricity of the test loca-
tion.”>'*'¥ Correlations between test locations within an eye were
adjusted by specific random intercepts at the eye level. A second
multivariable linear mixed model including both the local and
overall extent of RPD and drusen was used to examine whether the
overall extent of either of these features were associated with RIT.
This facilitated an analysis to understand if the local and/or global
extent of each type of pathology was independently associated with
RIT. Both analyses were repeated for PWSD, the other relative
measure of rod- compared with cone-mediated visual function. Sta-
tistical analyses were performed using Stata software version 16.1
(StataCorp).

Results

A total of 91 eyes of 91 participants with an average age of
70 £ 8 years (range, 51—86 years) were included in this
study. The median drusen volume in the 20° x 20° OCT
volume scan region of the eyes included was 0.25 mm?’
(interquartile range = 0.09—0.44 mm®). Reticular pseudo-
drusen and pigmentary abnormalities were present in 20
(22%) and 49 (54%) eyes, respectively. Among eyes with
RPD, the median area of RPD in the 20° x 20° OCT scan
region was 19.2 mm? (interquartile range = 8.6—24.4 mm?).
A total of 52 (57%), 22 (24%), and 17 (19%) eyes under-
went dark adaptation testing with grids A, B, and C,
respectively (Fig 1; consisting of 8, 16, and 12 stimuli that
fell within the central 20° x 20° region), resulting in a total
of 972 test locations analyzed in this study. Note that 37
(41%) of the eyes included in this study were part of
studies that have been published previously.' >’

Association between RPD, Drusen, and Dark
Adaptation Parameters

In the first multivariable model, the RIT at each tested
location was significantly delayed (i.e., indicative of worse
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Figure 2. Example of a dark adaptation curve derived from visual sensi-
tivity thresholds measured with cyan (505 nm) stimuli (indicated by blue
filled markers), which were fitted with an exponential decay function
(black line). The rod intercept time (RIT; time for visual sensitivity to the
cyan stimuli to reach —3 log units of stimulus intensity) is indicated by the
single-headed arrow, and the pointwise sensitivity difference (PWSD; dif-
ference in the last threshold estimates with the cyan [blue circular marker]

and red [625 nm] stimuli) red circular marker is indicated by the double-
headed arrow.

rod-mediated visual function) in eyes with RPD based on
the overall presence of RPD and increasing drusen extent at
the location tested (P < 0.001 for both) but not the local
RPD extent (P = 0.596; Table 1).

In the second multivariable model, the overall extent of
RPD and local extent of drusen were significantly associated
with local RIT (P < 0.001), but the local extent of RPD and
the overall extent of drusen were not (P > 0.600; Table 1).

For the outcome of PWSD, the first model showed that
the overall presence of RPD (P < 0.001), but not the local
extent of RPD or drusen (P > 0.407), was associated with a
smaller sensitivity difference (indicative of a greater degree
of rod- than cone-mediated visual function impairment;
Table 2). The second model showed that the PWSD was
significantly smaller with an increasing overall RPD extent
(P < 0.001) but not the local extent of RPD or local or
overall extent of drusen (P > 0.373; Table 2).

Discussion

In this study, we observed in eyes with large drusen from
individuals with intermediate AMD that local reductions in
rod-mediated visual function based on the RIT were asso-
ciated with an increasing overall extent of RPD within the
central 20° x 20° region, rather than the local extent of
RPD. In contrast, our analysis showed that it was an
increasing local, rather than overall, extent of drusen that
was associated with worsening RIT. These findings suggest
that the extent of RPD may be an indicator of diffuse
pathologic changes in the macula.

4
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Table 1. Association between Reticular Pseudodrusen (RPD),
Drusen and Rod Intercept Time (RIT; Measured in mins) at Each
Location Tested

Coefficient (95% CI) P-Value

Model 1:
Overall RPD presence (yes)
Local RPD extent (per mm*)

9.6 (6.6 to 12.6) <0.001
0.7 (-1.8 t0 3.1) 0.596

Local drusen volume (per mm') 0.9 (0.6 to 1.3) <0.001
Model 2:

Local RPD extent (per mm*) 0.2 (-2.3 to 2.6) 0.884
Overall RPD extent (per mm*) 2.5 (1.8 t0 3.2) <0.001
Local drusen volume (per mm') 0.9 (0.6 to 1.3) <0.001
Overall drusen volume (per mm') -0.2 (-0.7 to0 0.3) 0.475

*Square root transformed.

TCube root transformed; all models 1 and 2 were adjusted for age, presence
of pigmentary abnormalities in the eye, and eccentricity of the test
location.

In this study, we first performed a conventional analysis
of whether the presence of RPD in the central 20° x 20°
region and the increasing local extent of RPD and drusen
were associated with delayed RIT. This analysis showed
that the presence of RPD in eyes with large drusen is
associated with worse dark adaptation than eyes with large
drusen alone, consistent with previous studies that have
reported %reater delays in RIT for eyes with RPD than those
without."” ' This analysis also showed that the local extent
of drusen was independently associated with worsening
RIT, which is consistent with the findings from Sevilla
et al,'”” who similarly observed a significant association
between the local retinal pigment epithelium—drusen com-
plex volume and worsening local RIT. These findings are
also consistent with the study by Lains et al,'” who reported
a significant difference in RIT at a single test location based
on the presence of drusen at that location tested. However,
we did not find an independent association between the
local extent of RPD and worsening RIT after accounting
for the overall presence of RPD and local drusen volume.

We undertook a second analysis that included both the
overall and local extent of RPD and drusen in the same
multivariable model to understand their associations with
RIT. This analysis uniquely demonstrated that local RIT
was significantly associated with the overall, rather than
local, extent of RPD. The opposite was observed for drusen,
where the increasing local (but not overall) extent was
associated with worse RIT. This spatially correspondent
structure—function association was similarly observed by
Lains et al,15 who reported a significant difference in RIT
based on the presence of drusen at the single location
tested but not on the overall presence of drusen in an eye.
These findings are consistent with those of our recent
study evaluating mesopic visual sensitivities using
microperimetry (which primarily reflects cone-mediated
visual functionzo*zz), where it was observed that the over-
all, rather than the local, extent of RPD was most associated
with function loss.”

Although RIT provides a direct measure of rod photo-
receptor function, this study also evaluated PWSD, which
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Table 2. Association between Reticular Pseudodrusen (RPD),
Drusen and Pointwise Sensitivity Difference between the Cyan
(505 nm) and Red (625 nm) Stimuli (Measured in Decibels [dB])
at Each Location Tested

Coefficient (95% CI) P-Value

Model 1:

Overall RPD presence (yes) -8.2 (-10.1 to -6.3) <10.001
Local RPD extent (per mm*) -0.2 (-2.9 to 2.6) 0.914
Local drusen volume (per mm') 0.2 (-0.3 t0 0.6) 0.479
Model 2:

Local RPD extent (per mm*) 1.4 (-1.5 t0 4.2) 0.344
Overall RPD extent (per mm*) -2.2 (-2.6 to -1.8) <0.001
Local drusen volume (per mm') 0.1 (-0.3 to 0.6) 0.548
Overall drusen volume (per mm') 0.1 (-0.2 to 0.4) 0.453

*Square root transformed.

fCube root transformed; all models 1 and 2 were adjusted for age, presence
of pigmentary abnormalities in the eye, and eccentricity of the test
location.

provides a relative measure of rod- compared with cone-
mediated photoreceptor function based on the visual sensi-
tivity difference to the cyan and red stimuli at a 30-minute
criterion time. A reduction in sensitivity difference would
indicate greater rod dysfunction than cone function (the
latter of which could either be normal or abnormal). In
contrast to the findings based on the RIT, we observed in the
second analysis (that included both the overall and local
extent of RPD and drusen) that only the increasing overall
extent of RPD was significantly associated with reduced
PWSD. Within the context of previous findings indicating
that the presence of RPD is also associated with cone-
mediated visual sensitivity deficits,”"* 7 this suggests
that an increasing overall extent of RPD—but not local
drusen extent—appears to have a preferential impact on
local rod-mediated visual sensitivity.

The findings in this study, and those of our previous
study,” indicate that there may be diffuse pathogenic
changes occurring in eyes with RPD. The notion of a
generalized pathogenic change is supported by our
previous histopathologic examination of an eye with RPD,
where we observed widespread retinal stress as indicated
by the upregulation of an intermediate filament for gliosis
throughout the retina (glial fibrillary acidic protein).’
Further research is needed to identify drivers of these
diffuse pathogenic changes, which may provide further
insights into the underlying pathogenesis of RPD. Such
work could include further investigations into whether
changes in other structural parameters seen on OCT
imaging—such as those related to the photoreceptors’’ *
and choroid'”'**'—could account for these observations.

Strengths of this study include the topographic evaluation
of dark adaptation using the DACP, a device with a suffi-
cient dynamic range for this task,”” enabling the evaluation
of local structure—function associations. Other strengths
include the relatively large size of the cohort evaluated,
rigorous phenotyping of the participants included in this
study, careful en face quantification of RPD using

multimodal imaging that was verified by a senior retinal
specialist, and the comprehensive adjustments for potential
confounders of visual function.

Limitations of this study include the inclusion of only
eyes with large drusen, and thus, the generalizability of
these findings to earlier stages of AMD is unknown.
Another limitation of this study is the use of a perimeter
where fundus tracking was not available, meaning that
variations in the retinal locations from fixation drifts during
testing could not be accounted for and that the retinal lo-
cations sampled by the stimuli were estimated, rather than
directly visualized. Nonetheless, we were still able to find a
significant relationship between local RIT and local drusen
volume, suggesting that the lack of fundus tracking did not
prohibit the assessment of structure—function associations
in this study. Such a local structure—function relationship
was also observed in the study by Lains et al'” as described
previously, using a device that also did not have fundus
tracking. Note that there is currently no commercially
available fundus-tracked perimeter with a sufficient dy-
namic range to topographically assess dark adaption.”’ In
addition, during testing, the fixation was monitored
manually and not with the Heijl—Krakau method typically
used with standard automated perimetry, which is also not
performed with another commercially available device for
measuring dark adaptation at a single test location.'” "’
However, a recent study showed that fixation losses based
on the Heijl—Krakau method had little impact on testing
reliability,’* and the absence of fixation monitoring with
this strategy also did not prohibit the finding of a
significant local structure—function relationship, as
described here. A further limitation was the use of 3
different stimulus patterns in the evaluation of RIT and
PWSD in study eyes, because this was a retrospective study
that included all those who underwent DACP testing across
different previous studies at our center. However, note that
the findings of this study remain unchanged when evalu-
ating only the 8 stimulus locations that were consistent
across all 3 stimulus patterns (data not shown). Finally, the
assessment and quantification of RPD was based on sub-
jective grading, which we have recently shown does not
exhibit near-perfect interreader agreement.* This study also
only quantified the extent of RPD present in the central
20° x 20° region where the OCT volume scan was
acquired, and it is possible that quantifying the extent of
RPD present in a larger field of view (such as through
using widefield OCT imaging) may result in different
observations for the association between total RPD extent
and local rod function. This requires further investigation
in future studies.

In conclusion, this study demonstrated that local rod-
mediated visual function is significantly associated with
the overall, rather than the local, extent of RPD in eyes
with large drusen from individuals with intermediate
AMD. This is in contrast to the impact of drusen, where the
converse was true. These findings suggest that there are
likely to be diffuse pathogenic changes in eyes with RPD
that account for variations in local rod-mediated visual
sensitivity.
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