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Abstract

Purpose: To investigate the natural history of dark adaptation (DA) function as measured by
the change in rod intercept time (RIT) over 4 years and to correlate RIT change with age-related
macular degeneration (AMD) severity.

Design: Longitudinal, single-center, observational study.
Participants: A total of 77 participants aged =50 years with a range of AMD severities.

Methods: Participants each contributing a single study eye to the analysis were assigned into
person-based AMD severity groups based on fundus characteristics (drusen, pigmentary changes,
late AMD, and subretinal drusenoid deposits [SDDs]). The DA function was assessed in study
eyes at baseline and 3,6, 12, 18, 24, 36, and 48 months. Mean change in DA function over time
was calculated using the slope of linear regression fits of longitudinal RIT data. Patient-reported
responses on a Low Luminance Questionnaire (LLQ) were obtained at baseline and yearly.
Nonparametric statistical testing was performed on all comparisons.

Main Outcome Measure: The RIT, defined as the time taken after a photobleach for visual
sensitivity to recover detection of a 5x10~2 cd/m? stimulus (a decrease of 3 log units), was
monitored in study eyes over 4 years, and the mean rate of change was computed.

Results: Longitudinal analysis of 65 study eyes followed on the standard testing protocol

(mean age, 71+9.3 years; 49% were female) revealed that higher rates of RIT prolongation

were correlated with AMD severity group assignment at baseline (P = 0.026) and with severity
group assignments at year 4 (P=0.0011). Study eyes that developed SDD during follow-up
demonstrated higher rates of RIT prolongation relative to those that did not (£ < 0.0001). Overall,
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higher rates of RIT prolongation were significantly correlated with greater 4-year decreases in
LLQ scores (total mean score, £=0.0032).

Conclusions: Longitudinal decline in DA function, which correlated with patient-reported
functional deficits, was accelerated in eyes with greater AMD severity and especially in eyes
with SDD both at baseline and at 4 years. The RIT prolongation as a measure of changing DA
function may be a functional outcome measure in AMD clinical studies.

Methods

Age-related macular degeneration (AMD) is a major cause of blindness in the elderly
worldwide, projected to affect as many as 196 million people by 2020 and 288 million
people by 2040.1 With this global burden, there is great impetus for investigating new
therapies. However, because of the slowly progressive nature of the disease, the currently
used outcomes of vision acuity loss and progression to late AMD require veiy long and large
clinical trials. End point development reflecting disease progression over earlier stages could
potentially increase the feasibility of clinical trials and allow for the identification of eyes
with more severe cell dysfunction within early and intermediate categories of AMD.

Visual acuity has long been used as the primary end point for clinical trials in AMD.2
However, it has limitations as a functional outcome because it is generally stable in the
earlier stages of the disease.2 Additionally, in some cases of late AMD with noncentral
geographic atrophy, visual acuity can be spared. Night vision, however, is often affected
earlier in the disease process.*=® As such, rod-mediated dark adaptation (DA) has the
potential to be a functional biomarker for AMD progression.3./-11

We, and other investigators, have shown in cross-sectional analyses that impaired DA is
associated with increasing AMD severity and presence of reticular pseudodrusen (RPD),11
now more generally referred to as “subrclinal drusenoid deposits” (SDD).3:8:9.12-19 Thijs
result implies that DA functioning worsens over time in eyes with AMD. In addition, a
recent report on eyes with intermediate AMD finds that on average, DA functioning worsens
over a 2-year follow-up.20 The purpose of this study is to report on 4-year longitudinal

DA data in participants with a range of AMD severities and investigate whether changes in
DA correlate with AMD disease severity. Information about the change of DA parameters
over time will be useful in understanding disease pathogenesis and necessary to gauge its
plausibility as a functional outcome measure for monitoring AMD progression.

Study Population

Participants included adults aged 50 years and older both with and without AMD recruited
from the eye clinic at the National Eye Institute, National Institutes of Health. Bethesda,
Maryland, between May 2011 and January 2014. Patients were excluded for (1) late AMD
(defined as central geographic atrophy [GA] or choroidal neovascularization [CNV]) in both
eyes at baseline visit; (2) any other active ocular or macular disease that may confound the
progression of AMD (i.e., glaucoma, diabetic retinopathy, Stargardt disease); (3) a condition
preventing compliance with the study assessment; (4) cataract surgery within 3 months
before enrollment; (5) history of vitamin A deficiency; (6) high oral intake of vitamin A
palmitate supplement (= 10 000 international units per day); and (7) active liver disease
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or history of liver disease. Study eyes were required to have a best-correctcd visual acuity
(BCVA) of 20/100 or better.

The study was approved by the Institutional Review Board of the National Institutes of
Health, and the tenets of the Declaration of Helsinki were followed. The study is registered
on clinicaltrials.gov (identifier NCT01352975). All participants provided informed consent
after the nature and possible consequences of the study were explained.

Examination and Imaging

All participants underwent a complete ophthalmoscopic examination, including
measurement of BCVA with the Early Treatment Diabetic Retinopathy Study chart,
measurement of intraocular pressure, slit-lamp examination, and dilated fundus examination.
Presence of AMD features (drusen, pigmentary change, pigment epithelial detachment,
CNV, central geographic atrophy) and other ocular findings (e.g., phakic status) were
documented. Color fundus photographs (50 degrees) and fundus autofluorescencc (FAF) (50
degrees, excitation wavelength 575 nm) images were acquired with the TRC-50DX retinal
camera (Topcon Medical Systems, Tokyo, Japan). Infrared reflectance (IR), FAF images

(30 degrees, excitation wavelength 488 nm), and spectral-domain (SD) OCT scans were
acquired with the Heidelberg Spcctralis (Heidelberg Engineering, Heidelberg, Germany).
Each set of SD OCT scans consisted of 37 B-scans, each of which comprised 24 averaged
scans, obtained within a 30° x 15° rectangle centered on the fovea with the Automated Real
Time Averaging mode set to 25 images averaged and a minimum scan quality measure of

20 decibels or greater with most scans ranging from 30 to 40 decibels. In addition, enhanced
depth imaging OCT scans were acquired for improved visualization of the choroid in a
single horizontal scan centered at the fovea obtained over a distance of 30° consisting of 100
averaged scans.

Assessment of Subretinal Drusenoid Deposits

To identify study eyes with SDD, masked grading of color photographs, FAF, and IR images
obtained at baseline and year 4 visits was performed. Originally, SDDs, which we had
previously referred to as RPD lesions,!! were described on color fundus photographs as
“round, oval, or slightly elongated and lobulatcd yellowish spots with ill-defined edges, 125
to 250 um...in size” and an “interlacing network with intervening spaces of background
color of 125 um” that had enhanced visibility in blue light.2! Other studies have reported
improved sensitivity and specificity with IR and FAF imaging, especially for detecting
SDD present in the perifovea.?2 Subretinal drusenoid deposits on IR imaging have been
defined as hyporeflectant lesions against a background of mild hyperreflectance,?3 and on
FAF imaging, they are defined as hypofluorescent lesions against a background of mildly
elevated autofluorcscence.24:25

Subretinal drusenoid deposits were recorded as being present if =2 of 3 graders (C.A.C.,
T.K,, K.G.C.) identified a >1 disc area of a typical appearance of SDD on en face
imaging?1-2 and if those areas on SD OCT revealed hyperreflective material between the
retinal pigment epithelium (RPE) and the photoreceptor ellipsoid zone.26
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Study Eye Categorization

Participants were separated into groups based on their fundus grading at baseline, which
was reassessed at year 2 and year 4. After identifying eyes with SDD (which we previously
described and called RPD1) and placing them in a separate group, the remaining eyes were
grouped according to increasing order of AMD severity. We based our severity groupings on
the presence of large drusen (=125 um in diameter), late AMD, or both. The control group,
Group 0, consisted of participants without any large drusen or late AMD (CNV or central
geographic atrophy) in either eye. Group 1 consisted of participants with large drusen in 1
eye only and no late AMD in either eye. Group 2 included participants with large drusen in
both eyes without any late AMD. Group 3 included participants with large drusen in 1 eye
and late AMD in the other eye (central geographic atrophy or CNV).

Age-Related Eye Disease Study Severity Scale Grading

In addition to the severity groups described, we also use the 9-step Age-Related Eye Disease
Study (AREDS) Severity Scale?’ to grade AMD severity. Color fundus images of study
eyes obtained at baseline, 2 years, and 4 years were presented at random to graders masked
to participant identification/information, and a consensus AREDS 9-step severity scale step
grade (defined as the grade demonstrating agreement between >2 of 4 graders [C.A.C.,
JA.A., K.G.C., C.P]) was obtained for each study eye image. We used the AMD severity
grades at baseline, 4 years, and the change in AMD severity grade over 4 years in our
analyses with changes in DA testing.

Dark Adaptation Testing

Dark adaptation was measured using a prototype of the AdaptDx dark adaptometer
(MacuLogix, Hummelstown, PA). Each participant had only 1 study eye assigned to undergo
DA testing. In participants without any large drusen, either eye could be designated the
study eye. In participants with large drusen in 1 eye only, the eye with large drusen was

the study eye. In participants with large drusen bilaterally, either eye was designated as

the study eye. In participants with late AMD in 1 eye, the nonadvanccd eye was the study
eye. Details about the testing procedure have been documented by Jackson and Edwards.12
In brief, after dilation of the study eye and while the participant was asked to focus on a
fixation light, a photoflash producing an 82% focal bleach centered at 5° on the inferior
visual meridian was performed (termed “standard protocol™). Threshold measurements were
made at the same location with a 1.7° diameter, 500-nm wavelength circular test spot using
a 3-down/I-up modified staircase threshold estimate procedure. The initial stimulus intensity
was 5 cd/m2. Threshold measurements were continued until the patient’s visual sensitivity
recovered to be able to detect a dimmer stimulus intensity of 5 x 1073 cd/m? (a decrease of 3
log units) or until a maximum test duration of 40 minutes was reached, whichever occurred
first. The time to this event was defined as the rod intercept time (RIT). A measurement
used in previous DA studies,8 the RIT corresponds to the time to reach a threshold within
the second component of rod-mediated DA and is estimated by linear interpolation of the
sensitivity responses. Tests that did not reach this threshold by 40 minutes were reported

as “no rod intercept” by the machine and were conservatively defined to have an RIT of

40 minutes. Participants who reached this test ceiling were transitioned to a modified DA
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protocol at subsequent study visits and followed over time with reduced flash intensity
equivalent to 76% focal bleach centered on a more eccentric location of 12° on the inferior
visual meridian (termed “modified protocol”).8:28 The modified protocol used the same
methodology of staircase threshold estimates continuing until the same target threshold was
reached.

Low Luminance Questionnaire

The Low Luminance Questionnaire (LLQ) is a 32-item questionnaire designed to assess
the degree of difficulty experienced by participants at night and in other low light
environments.29 As previously described, each item is scored on a scale of 0 to 100, with

0 representing the greatest difficulty and 100 representing the least. Items are assigned to

1 of 6 subscalcs: dim lighting, driving, emotional distress, extreme lighting, mobility, and
peripheral vision. Item scores are averaged to give 1 score per subscalc. Each subscale is
then weighted by number of items and averaged to yield a total mean LLQ score.30 The
questionnaire was administered before DA testing by a staff member masked to participants
DA testing performance.

Follow-up Testing

Participants

Patients were followed for a 4-year study period with study visits occurring at baseline and
3, 6,12, 18, 24, 36, and 48 months. A +3-week window was permitted for each visit. The
DA was measured in the study eye at every visit. Medical and ophthalmic history including
concomitant medication information and ocular adverse events were also collected at every
visit. Visual acuity measurements were conducted for both eyes at every visit with manifest
refractions for BCVA done every 12 months and during visits in which a visual acuity
change in excess of 10 Early Treatment Diabetic Retinopathy Study letters was observed.
A complete ophthalmic examination including slit-lamp, dilated fundus examination, and
intraocular pressure measurement was performed at every visit. Administration of the LLQ
was conducted yearly. Color fundus photographs, FAF, IR images, and SD OCT scans were
also obtained yearly.

Of 111 participants who enrolled in the study over 4 years ago, 77 participants had data

to contribute to the 4-year analyses. Of the 34 participants who did not have 4-year data,
11 progressed to advanced disease in the study eye (central geographic atrophy or CNV),
2 were lost to follow-up, 3 missed the 4-year visit, 3 died, 4 withdrew from the study, 3
were unable to perform the testing, and 8 had cataract extraction and intraocular lens (CE/
IOL) placement in their study eye (Fig S1, available at www.aaojournal.org). We excluded
the 8 participants who underwent CE/IOL placement in their study eye because we noted
large changes in RIT across the study visits just preceding and after cataract extraction that
exceeded the RIT change rates measured for the time intervals before or after the surgical
intervention. Although lens effects on DA measurements arc thought to be small, our data
suggested that lens removal may have confounded the RIT measurements, prompting us to
exclude them in the analyses. Changes in RIT spanning the CE/IOL surgery in study eyes
are listed in Table S1 (available at www.aaojournal.org).
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Of the 77 participants analyzed, 65 had testing on the standard 5° DA testing protocol (82%
focal bleach, test spot at 5°) throughout the 4 years of follow-up (Baseline Group 0 [n =
341, Group 1 [n =9], Group 2 [n = 161, Group 3 [n = 5], Group SDD [n = 1]). These
participants constituted the primary analysis performed. Twelve other participants reached
the test ceiling at baseline on the standard testing protocol and were followed longitudinally
on the modified reduced bleach 12° protocol (Baseline Group 0 [n = 0], Group 1 [n = 1],
Group 2 [n = 1], Group 3 [n = 3], Group SDD [n = 7]). These participants were analyzed
separately in a secondary analysis.

Longitudinal Rod Intercept Time Analyses

Our primary objective was to report on the change in measures of DA over time. We
computed the average rate of change of RIT (termed “slope RIT”) for each study eye by
performing linear regressions on all available time points (baseline, 1 week, and 3, 6, 12,
18, 24, 36, and 48 months) obtained using the same AdaptDx testing protocol (i.e., standard
or modified) (Fig 1). Only eyes that completed the 4-year visit and had RIT measurements
from at least 5 study visits on a single AdaptDx testing protocol were included in the
analyses.

Statistical Analysis

Results

All data were analyzed using honparamctric statistics computed with GraphPad Prism 7.0
for Windows (GraphPad Software, La Jolla, CA). Continuous variables were analyzed with
the Mann-Whitney test and Kruskal-Wallis test for 2 variables and more than 2 variables,
respectively. For all tests, < 0.05 was considered statistically significant.

Participant Demographics

A total of 65 participants (age range, 50-91 years) followed on the standard testing protocol
were included in the primary analyses. This study population was predominantly (91%)
white, and 49% of the participants were female. There were no statistically significant
differences between the AMD severity groups in terms of age or gender (Table 1). Mean age
of these participants was 71 £9.2 years.

Baseline ocular characteristics (e.g., BCVA and pseudophakic status) were also recorded
by AMD severity group (Table 2). No statistically significant difference was observed for
BCVA (P=0.054), phakic status (P = 0.18), subfoveal choroidal thickness (£ = 0.70), or
contrast sensitivity (P= 0.87).

Change in Visual Activity over 4 Years

We examined the change in BCVA over the 4 years of follow-up and observed small

but statistically significant changes across all eyes with a mean of 1.8 letters lost (95%
confidence interval, —3 to —0.57). Analysis of vision change across AMD groups revealed
that the change in acuity was mostly in Group 0 and not significantly different than 0 in

the other AMD groups (mean ABCVA: Group 0, —2.9+4.6 letters; Group 1, —2.2+4.0 letters;
Group 2, —0.063+5.7 letters; Group 3, +0.2+5.9 letters; A= 0.087).
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Change in Dark Adaptation over 4 Years

We compared RIT measurements on the standard testing protocol for individual study eyes
at baseline and at 4 years in Figure 2. Eyes with baseline RITs of <15 minutes tended to
have relatively similar RITs at 4 years, whereas eyes with longer baseline RITs had a higher
prevalence of prolonged RITs at 4 years. Figure 2 shows that eyes with shorter RITs fall
close to the line, whereas eyes with longer RITs at baseline have points that depart from the
diagonal and lie below the diagonal line. These results indicate that DA function in study
eyes tended to be stable or otherwise decrease over 4 years.

Slope Rod Intercept Time and Age-Related Macular Degeneration Severity

To examine the rate of change in DA over the 4 years, we computed the “slope RIT”

(Fig 1) on the standard testing protocol for each study eye. Mean slope RIT for eyes

across all AMD severity groups (n = 65) was +0.92 minutcs/year (95% confidence interval,
0.67-1.17), demonstrating a general prolongation of RIT over time (P < 0.0001). Slope
RIT was not correlated with the change in BCVA in study eyes (P= 0.98). Slope RIT,
however, increased with greater AMD severity; mean RITs for eyes in each severity group
increased progressively with group stage as ascertained at baseline (Group 0, 0.67+0.83
minutes/year; Group 1, 0.72+0.87 minutcs/year; Group 2, 1.1 + 1.2 minutes/year; Group 3,
2.2+£1.0 minutes/year (Fig 3A), with that for Group 3 being statistically greater than that for
Group 0 (P=0.026).

Slope RIT and baseline AMD severity were also correlated when study eyes were graded
using an alternative 9-step AREDS severity scale?’ for which the 9 individual step grades
were grouped based on the risk of progression to late AMD?2” (Step 1 [no AMD], 0.68+1.0
minutes/year; Steps 2-3, 0.67+0.72 minutes/year; Steps 4-5, 1.3+1.1 minutes/year; Steps 6—
9, 1.1 +1.5 minutes/year) (Fig 3B). Mean slope RIT for eyes in steps 4-9 was significantly
greater than that for eyes in steps 1-3) (P = 0.038). Six of the 7 eyes with SDD at baseline
reached the test ceiling on the standard protocol and were followed on the modified testing
protocol.

Assessment of Change in Dark Adaptation Using 4-Year Grading

Wec also investigated how the rate of change in DA over the 4 years as measured by slope
RIT correlated with the AMD severity of study eyes at the 4-year time point. Fundus
imaging taken at 4 years was used to recategorize study eyes into 4-year AMD severity
groups.

Of 65 study eyes, the grading of 4-year images identified 16 eyes that met the criteria

for SDD; 6 were followed on the standard protocol and 10 reached the test ceiling on the
standard protocol, and so were followed on the modified testing protocol. Slope RIT was
also found to increase with AMD severity using grading of 4-year fundus images (Group

0, 0.45+0.59 minutes/year; Group 1, 0.83+0.70 minutes/year; Group 2,0.92+0.92 minutes/
year; Group 3, 1.4+1.4 minutes/year). In addition, eyes in the SDD category at 4 years
demonstrated the greatest mean slope RIT (2.8+0.89 minutes/year), which was significantly
greater than that for Group 0 eyes (P=0.0011) (Fig 4A). Study eyes were also recategorized
using 4-year images and the 9-step AREDS severity scale, and similar associations between
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slope RIT and AMD severity were observed (Step 1, 0.45+0.63 minutcs/year; Steps 2-3,
0.66+0.76 minutes/year; Steps 4-5, 0.60+0.68 minutes/year; Steps 6-9, 1.6+1.2 minutes/
year; Group SDD, 2.8+0.80 minutes/year; 2= 0.0003) (Fig 4B).

Assessment of Fundus Change on the Age-Related Eye Disease Study Severity Scale

We also investigated whether eyes that progressed in AMD severity during the study as
defined by longitudinal fundus grading on the 9-step AREDS scale exhibited greater rates of
DA decline. We compared AMD severity grades in study eyes at baseline and 4 years and
categorized eyes into separate groups: eyes that remained unchanged or decreased in step
score (n = 37), eyes that increased by only 1 step (n = 15), eyes that increased by =2 steps

(n =7), and eyes that developed new-onset SDD (n = 5). Table 3 shows the mean slope RITs
for each of these groups. Eyes demonstrating =2 AREDS step scale change had higher mean
slope RITs (0.85 min/year) compared with those demonstrating an unchanged or decreased
step score (0.60 min/year), but the difference was not statistically significant (P= 0.17),
although the number of eyes with =2 AREDS step scale change is small (n = 7). Eyes
developing new-onset SDD (4 eyes with baseline AREDS severity step scale 4 and 1 eye
with baseline AREDS severity step scale 1) had the highest mean slope RIT (2.9 min/year),
which was significantly greater when compared with the other groups (analysis of variance,
P=0.0027) (Table 3). Because eyes that develop new-onset SDD had different baseline
AMD severity grades, we investigated whether these eyes that developed SDD (highlighted
in blue in Fig 3) had different mean slope RITs from eyes with similar baseline fundus
grading but did not develop SDD. We found that eyes that developed SDD demonstrated

a significantly greater mean slope RIT than eyes that had a comparable AMD severity but
that did not develop SDD (£ < 0.0001, Tables 3 and 4). Eyes that developed SDD also
demonstrated greater baseline RITs compared with eyes with comparable AMD severity but
that did not develop SDD (~=0.0001) (Table 4).

Assessment of Low Luminance Questionnaire Scores and Dark Adaptation

Our previous analysis demonstrated that across participants, those with worse DA measures
(longer RIT) reported lower scores on an LLQ.3! In the setting of our 4-year longitudinal
study, we investigated the within-person association of decrements in DA testing (measured
as slope RIT) and changes in patient-reported outcomes over the 4 years (measured as
change in LLQ scores). Considering all 65 participants in the primary analysis as a group,
we found that the changes in the overall weighted LLQ score, as well as changes in separate
LLQ scores in 4 of 6 subscalcs (driving, dint lighting, mobility, and peripheral vision) were
negatively and significantly correlated with slope RIT (Table 5).

Examining Eyes with Subretinal Drusenoid Deposits that Reached the Test Ceiling at

Baseline

Of the 77 participants in the study, 12 had reached the test ceiling on the standard DA testing
protocol at baseline. Because histologic studies have shown the earliest and maximum rod
involvement occurring at 1.5 to 10 degrees from the fovea in AMD,28 in cases of severe
dysfunction we tested points more eccentric to the fovea to sample an area of retina with
less severe rod involvement. Eyes that reached the ceiling on the standard test were followed
longitudinally on a modified testing protocol that uses a less intense bleach and tests at a
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point farther from the fovea (12°) to obtain a quantifiable RIT within the 40-minute duration
test limit. Testing with the modified protocol also demonstrated progression of RIT with
time and as RITs obtained on this protocol cannot be directly compared with those obtained
on the standard protocol, these values arc denoted with the qualifier “modified.” Of these 12
study eyes, 7 had SDD present at baseline and demonstrated a mean modified slope RIT of
2.83 minutes/year, and 3 study eyes developed SDD by 4 years and had a mean modified
slope RIT of 1.4 minutes/year. Overall, the high slope RIT observed in eyes with SDD on
the modified protocol is consistent with the results of eyes followed on the standard testing
protocol and indicate that eyes with severe deficits in DA (i.e., that reach the test ceiling

on the standard protocol) continue to decline in function with time. Additionally, although
the number of eyes analyzed was small, it is interesting to note that the eyes with SDD
identified at baseline have a higher mean modified slope RIT than eyes that do not have
SDD at baseline but develop them over the course of the study.

Discussion

Our longitudinal data demonstrate that DA, as measured by RIT, exhibits significant change
over 4 years among AMD eyes and SDD eyes despite stable visual acuity. Using the rate

of change in DA as measured by RIT over at least 5 time points during a 4-year follow-up
period among a study population with a wide spectrum of AMD severity, we demonstrate
that the measure of DA kinetics over time provides an outcome variable that captures
physiologic changes that occur in the context of AMD disease. Furthermore, we demonstrate
that eyes with a higher grade of AMD severity have a faster rale of decline in DA measures.

We excluded 8 study eyes from our analysis because they underwent cataract extraction
and interocular lens placement (CE/IOL) during their study participation. We were unable
to exclude the effects of lens removal on the study outcome because we observed large
intervals of change in RIT over short time spans in study visits spanning CE/IOL (Table S1,
available at www.aaojournal.org). The impact of lens replacement on RIT might have 2 or
more different effects on DA. If the cataractous lens reduced the intensity of the 500 nm
wavelength stimulus test spot, then we would expect replacement with the IOL to increase
sensitivity of detection of the test spot; therefore, with all else being constant, the RIT
would be expected to decrease after CE/IOL. If, however, the cataractous lens reduced the
amount of bleaching light that reached the retina, we would expect that after CE/IOL, more
bleaching light would reach the retina leading to an effectively greater bleach and therefore
longer time for recovery, that is, longer RIT. Examination of the lime points immediately
after the CE/IOL demonstrated that eyes had a significant prolongation in RIT in all cases,
supporting the hypothesis that cataract replacement caused an effectively greater bleaching
of the retina. Because cataract extraction appears to confound the assessment of disease
progression on RIT, we excluded these 8 study eyes in our analyses.

Across this study, we have observed that eyes with SDD demonstrate impaired DA at
baseline, demonstrated by longer RIT.11 and a greater worsening of this impairment over
time, demonstrated by high slope RITs, compared with eyes with AMD or age-controlled
eyes. Although SDD has been identified as a risk factor for progression to late AMD,
especially GA,32-41 our data suggest that SDD is a biomarker that identifies eyes that not
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only have deficits in DA but also have high rates of functional decline in DA. Because
the definition of SDD is based on imaging changes that can be missed, either because

the assessment is difficult or the changes are transient, it is also possible that eyes that
“developed” SDD during the study or even eyes classified as not having SDD would have
been defined to have SDD if there was a more sensitive way to assess it.

Several pieces of data give biologic plausibility to SDD having a role in affecting DA.

Eyes with SDD have coexisting pathologies in the photoreceptors, subretinal space, RPE
cells, and choroid. Anatomically, eyes with SDD have a predominance of the deposits in
the perifovea, a region of the retina where there is a high density of rods.1’ Histopathologic
study of eyes with these lesions confirms their localization to the subretinal space and

notes altered photoreceptor morphology in the photoreceptors abutting the SDD, including
shortened outer segments.1” In vivo imaging studies, using OCT, demonstrate a thinner outer
nuclear layer thickness accompanying regions with SDD, indicating that SDD coexists with
areas of altered photoreceptor integrity.18 Furthermore, in vivo studies of eyes with SDD,
using adaptive optics, confirm the subretinal localization of the deposits and demonstrate
an altered photoreceptor reflectivity in the involved areas.*? Studies of the retinoid cycle*3
demonstrate that key steps of retinoid processing involve soluble proteins, enzymes, and
other extracellular matrix components that are found in the inter-photoreceptor matrix.
Relevant to DA, the transport of Vitamin A to the RPE occurs with transport from the
choriocapillaris across the Bruch’s-RPE complex where RPE converts the retinoid to the
active 11-cis-retinaldehyde.1044 It is then through the inter-photoreceptor matrix that cis
retinal is transported from the RPE cell to the photoreceptor outer segment where it enters
into the visual cycle and through which trans retinol returns from the outer segments of

the photoreceptor back to the RPE.#3 Pathologic structures in the RPE-Bruch’s complex
portion and in the subretinal space, such as SDD, could interfere with these dynamics

and affect DA. Even beyond the abnormalities in the morphology of the photoreceptors

and alterations to the subretinal space, eyes with SDD also demonstrate abnormalities to
the RPE cells, with RPE degeneration observed beneath certain SDD lesions.*> These
alterations in the RPE could have direct effects on the visual cycle and on the integrity of the
photoreceptors. Finally, the observations that subfoveal choroidal thickness is significantly
reduced in eyes with SDD also may play a role in rod function.11:4647 Further studies are
needed to determine the exact mechanisms and order of events that contribute to this DA
impairment, but studying longitudinal changes of SDDs over time may better elucidate the
association between SDD and DA.

An important question remains as to the utility of DA as an outcome variable in future
clinical trials of AMD. At baseline, our study showed that impaired DA is associated with
AMD severity and presence of SDDs.1! We have also demonstrated the repeatability of the
psychophysical test repeated at 2 separate sittings in this aged population as being 0.02+2.26
minutes.1! Many cross-sectional studies38.12-14 support a correlation between impaired DA
and AMD. However, few longitudinal studies exist examining DA changes over time. A
small study first suggested that a minority of eyes with AMD demonstrated a worsening

in DA over 12 months.9 A larger 3-year longitudinal study, limited to the study of normal
aged eyes graded to be step 1 on the 9-step AREDS severity scale, concluded delayed DA at
baseline was associated with development of AMD at 3 years.10 A 2-year study by Owsley
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et al20 reported on 23 eyes with intermediate AMD and measurable RTFs2C and reported
an average RIT change of 2.55 minutes/year (5.1 minutes over 24 months),*8 which is in
the range of change we observe in our eyes that were graded to have AREDS severity
step scores 6 to 9. The authors present data demonstrating that eyes with an RIT less than
15 minutes tend to change little over time compared with RITs greater than 15 minutes,20
which is also a finding in this study (Fig 2).

Our study adds considerably to the literature because it includes eyes with a wide spectrum
of AMD disease, uses multiple modalities to define AMD and SDD, and assesses RIT
changes longitudinally with multiple measurements over a 4-year follow-up period. Our
longitudinal data demonstrate significant change over 4 years in DA among eyes with

AMD and SDD in the setting of stable visual acuity. Interim analysis at 24 months

echoes this result (Table S2, available at www.aaojournal.org). The significant correlation
we observed between LLQ scores and rate of RIT progression indicate that these findings
are not only statistically significant but also clinically important. We remain optimistic

that measurements of DA will provide a useful outcome measure of visual function and
AMD progression, especially in certain phenotypes. However, although this may be a useful
outcome measure, the progression rates are generally slow, meaning that clinical trials using
this as an outcome will likely still require years of follow-up. Although continued follow-up
of our population and others will provide further insight into the natural history of DA
changes among these eyes, larger multicenter studies may ultimately be necessary to further
validate its use in interventional trials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Representative dark adaptation (DA) raw data for an individual participant at baseline and
4 years (/eff). All rod intercept time (RIT) values measured at study visits over 4 years are
plotted, and the slope of the linear regression performed defines “slope RIT” (righi). This
measure (slope RIT) is used to represent the rate of change in RIT of a given study eye.
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Figure 2.
Scatterplot of study eyes followed on the standard 5° dark adaptation (DA) protocol. 7he

aashed line represents the test ceiling of rod intercept time (RIT) = 40 minutes. Points in
the pink shaded region represent study eyes that have worsening of DA function at 4 years
compared with baseline. Points with greater baseline RIT are farther from the diagonal
demonstrating greater prolongation compared with eyes with lower baseline RITs.
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Figure 3.
A, Scatterplot showing mean slope rod intercept time (RIT) + standard deviation (SD)

measured on the standard dark adaptation (DA) protocol by baseline age-related macular
degeneration (AMD) groups. Blue points highlighted represent eyes that transition to
subretinal drusenoid deposit (SDD) at 4 years. Group SDD not shown because n = 1. **P<
0.05 for comparisons with Group 0. B, Scatterplot showing mean slope RIT + SD measured
on the standard DA protocol by baseline 9-scale Age-Related Eye Disease Study (AREDS)
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severity step scores. Blue points highlighted represent eyes that transition to SDD at 4 years.
Group SDD not shown because n = 1.
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Figure 4.
A, Scatterplot showing mean slope rod intercept time (RIT) + SD measured on the standard

dark adaptation (DA) protocol by 4-year age-related macular degeneration (AMD) groups.
$One Patient included in group suhretinal drusenoid deposit (SDD) at 4 years had SDD

at baseline hut was not shown in Figure 3A. *£< 0.05 for comparisons with group SDD.
** P < 0.05 for comparisons with Group 0. B, Scatterplot showing mean slope RIT + SD
measured on the standard DA protocol by 4-year groupings using the 9-scale AREDS
severity step score. $One patient included in group SDD at 4 years had SDD at baseline but
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was not shown in Figure 3B. *£< 0.05 for comparisons with group SDD. **P < 0.05 for
comparisons with Step 1.
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Table 5.

Univariate Linear Regression P Values between Change in Low Luminance Questionnaire Score Categories
(4-Year Baseline) and Slope Rod Intercept Time on Standard 5° Dark Adaptation Protocol

LLQ Score Category P Value

Dim Lighting 0.016%
Driving 00019
Emotional Distress 0.11
Extreme Lighting 0.14
Mobility 0.0062 %
Peripheral Vision 0.032%

Total mean LLQ score  ( gg32*

LLQ = Low Luminance Questionnaire.

*
Statistically significant at 2 value < 0.05.
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