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Abstract

Purpose: Quantification of dark adaptation (DA) response using the conventional rod-intercept
time (RIT) requires very long testing time and may not be measurable in the presence of
impairments due to disease such as age related macular degeneration (AMD). The goal of this
study was to investigate the advantages of using area under the DA curve (AUDAC) as an
alternative to the conventional parameters to quantify DA response.

Methods: Data on 136 eyes (AMD: 98, normal controls: 38) from an ongoing longitudinal

study on AMD was used. DA was measured using the AdaptDx 20-minute protocol. AUDAC was
computed from the raw DA characteristic curve at different time points, including 6.5 minutes and
20 minutes (default). Presence of AMD in the given eye was predicted using a logistic regression
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model within leave-one-out cross-validation framework, with DA response as the predictor while
adjusting for age and gender. The DA response variable was either the AUDAC values computed
at 6.5 minutes (AUDACS.5) or at 20 minutes (AUDAC?20) cut-off, or the conventional RIT.

Results: AUDACS.5 was strongly correlated with AUDAC20 (R = 0.925, p < 0.001). The
accuracy of predicting AMD presence using AUDAC?20 was 76%, compared to 79% when using
RIT, the current gold standard. Additionally, when limiting AUDAC calculation to 6.5-minutes
cut-off, the predictive accuracy of AUDACS6.5 was 80%.

Conclusions: AUDAC can be a valuable measure to quantify the overall DA response and can
potentially facilitate shorter testing duration while maintaining diagnostic accuracy.

Introduction

Dark adaptation (DA) is known to be adversely affected in age-related macular degeneration
(AMD).1-6 Recent studies have provided evidence that DA can aid in early detection

and monitoring of visual function in AMD patients.”- 8 Psychophysical DA measurement
typically results in a characteristic curve that plots retinal sensitivity over time in the

dark, and the quantification of the DA response is typically performed by extracting key
parameters from the DA characteristics such as time to rod-cone break, rod recovery rate,
cone sensitivity threshold, and rod sensitivity threshold.%-11

While these traditional DA parameters help understand specific aspects of the DA response,
they are not straightforward to derive — for example requiring non-linear regression,12
particularly in the context of using DA measurement as a clinical test. Contemporary DA
instruments such as AdaptDx (MacuLogix, Harrisburg, PA) use rod intercept time (RIT) as
the outcome measure, which is defined as the time required for the sensitivity to recover

by 3 log units. RIT is relatively simpler to derive from the raw data and easier to interpret,
with longer times indicating DA impairments. However, it is not possible to determine a
valid RIT value in eyes where the sensitivity fails to recover to the preset threshold within
the duration of the testing protocol. This scenario is frequently encountered when measuring
AMD patients and previous studies have reported that a substantial number of AMD eyes
fail to record valid RIT values within the testing time bounds.>: & 13 This makes longitudinal
follow up of the DA function particularly challenging with RIT as the response measure.

The limitation of RIT as a DA response measure can be addressed, to some extent, by using
the area under the DA curve (AUDAC). This is because AUDAC is well-suited to quantify
the variation in the underlying DA curves, even in cases where the eyes fail to record valid
RIT values for the given testing protocol. For a given measurement protocol, the DA curves
are bounded in time and sensitivity threshold. So, the % of area covered by the DA curve
can be compared between subjects. Thus, AUDAC can be an alternative way to quantify DA
response.

The concept of area under the curve is extensively used in statistics and machine learning.1
However, computing area under the dark adaptation curve as a way to quantify DA
response has not been investigated in detail. While it was briefly discussed in the context

of evaluation of a mobile application for DA measurement,15 that work did not provide
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an in-depth analysis of AUDAC over a large data set of DA curves belonging to AMD
patients and controls. This work evaluates the utility of AUDAC to quantify DA response.
We also investigate the effect of computing AUDAC over shorter DA testing durations on
the diagnostic sensitivity and specificity, with the ultimate goal of extracting meaningful
information from the DA response measured over shorter duration testing protocols.

Acquisition of DA data

The DA data were collected as part of a prospective, longitudinal, observational study

on AMD. Detailed study procedures including exclusion criteria have been previously
described.13 The study followed the tenets of the Declaration of Helsinki, and was approved
by the Partners Institutional Review Board (identifier: 00006221). All included participants
provided written informed consent.

The original study had a cross-sectional design and DA measurements were obtained in
136 eyes of 78 patients (58 AMD patient and 20 control patients). For a subset of these
subjects (42 eyes of 27 subjects) 3 year follow up data was also obtained. The study
participants included AMD patients and controls above age 50 without any retinal disease.
Subjects underwent comprehensive eye exam and individuals with any other confounding
eye/vitreoretinal conditions were excluded. AMD was diagnosed and graded using color
fundus photos and the AREDS 2 grading scale.16: 17

Dark adaptation testing

Dark adaptation testing was done with dilated eyes (= 6 mm) using the standard 20 minute
test protocol of the AdaptDx® dark adaptometer.18 Both eyes, if fitting the study criteria,
were tested separately for a given individual. The test spot was 5° inferior to fixation. The
test session ended if the sensitivity threshold of 3 log unit was crossed or the test time
reached 20 minutes. The machine estimated the rod-intercept time (RIT), which was the
time required for the sensitivity to reach the 3 log unit threshold within the 20 minutes of
testing duration, failing which, RIT value of 20 was assigned by the device. The raw DA
characteristics, RIT values, and the fixation error data were exported for analysis. Eyes with
total fixation error > 30% were not considered for analysis.

Computation of AUDAC

Based on the raw DA characteristics of each eye, the AUDAC was calculated using standard
trapezoid method® with respect to the 3.0 log unit sensitivity threshold. It covered the
region under the DA curve from the start of the DA test (time = 0, sensitivity threshold

= 0) till the time when sensitivity threshold of 3.0 log units was achieved (Figure 1A).

Data points on the DA curve that were associated with fixation errors were excluded from
AUDAC computation. Linear interpolation was used to determine the precise time when the
curve crossed the 3.0 log unit sensitivity threshold, failing which, the entire testing time limit
was considered for AUDAC calculation. The area thus computed was normalized by the
preset testing bounds along the time and sensitivity axes. Larger AUDAC values indicated
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DA impairments that could be due to delays in recovery of sensitivity, elevated sensitivity
thresholds, or both.

The default testing bounds along time axes were from 0 to 20 minutes, as per the protocol
time limit. However, we also explored AUDAC computation for shorter time bounds —
reducing the test termination time from the default 20 minute limit to as low as 3.5 minutes,
at 0.5 minute intervals. The bounds along the sensitivity axis remained the same throughout
(0 to 3.0 log units). Therefore, for a given DA characteristics curve, we could obtain multiple
AUDAC values corresponding to different stopping times. To understand how shortening the
DA timeline affects AUDAC and its ability to summarize the overall DA response, we chose
AUDAC calculated at 6.5 minute time limit (denoted by AUDAC 6.5) for comparison with
AUDAC calculated at 20 minute limit (AUDAC 20) and the original RIT value generated

by AdaptDx machine. The AUDAC at 6.5 minute time limit was chosen among various
potential time endpoints for further detailed analysis because it represents the RIT threshold
for normal DA as set in the AdaptDx protocol.

Statistical Analysis

Our first goal was to determine whether the AUDAC can reliably quantify the DA response,
which was done by examining the relationship between AUDAC and the existing DA
outcome measure (RIT). Here, the relationship of RIT with AUDAC20 and AUDACG6.5 was
investigated with a linear and log-linear model, respectively.

The second goal was to explore the relationship between AUDAC values computed

at shorter testing times and those obtained for the default 20 minute time limit. For

this analysis, we determined the Pearson correlation coefficient between AUDACS6.5 and
AUDAC20.

Our third goal was to investigate the ability of AUDAC, particularly AUDACS.5, to reliably
track DA changes in a tested eye between baseline and 3 year follow up measurements. We
then evaluated the ability of AUDAC to predict RIT values for eyes that failed to record a
valid RIT value, based on the relationship between AUDAC and RIT for eyes with RIT < 20
minutes.

We also investigated the effectiveness of different DA response measures, including RIT,
AUDAC20, and AUDACS.5, in predicting AMD presence (binary outcome — yes/no).

A logistic regression model was used with DA response as the predictor, using either
AUDACS6.5, AUDAC?20, or RIT values, and adjusting for age and gender. Prediction

was done in the framework of leave one out cross validation (LOOCV)?° and prediction
accuracy, sensitivity, and specificity using different DA response variables were compared.

Finally, the consistency of the trends in DA changes over time (difference between baseline
and 3 year) with different DA response measurements were examined via 2x2 tables. We
computed the degree of agreement (Cohen’s «x) in the direction of 3 year DA changes
between AUDACG6.5, AUDAC20, and RIT to determine whether shortening of the testing
time affected the ability to deduce changes over time in the DA response.
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Despite having measured DA in both eyes of a large number of the participants, statistical
analysis was performed by treating DA response in each eye as independent we are more
interested in evaluating and comparing different metrics of DA response for the given eye
instead of associating between-subject factors with the DA response. Statistical analysis was
done with R and p-values < 0.05 were considered statistically significant.

Baseline DA data was available for 136 eyes of 78 individuals, including AMD patients and
controls (Table 1).

Relationship between AUDAC and RIT

Relationship between AUDAC and RIT was evaluated in eyes with RIT < 20 minutes
(n=101). The distribution of AUDAC20 and RIT were long tailed and deviated from
normality (AUDAC?20: median = 0.063, iqr = 0.054, minimum = 0.029, maximum = 0.244;
RIT: median = 5.83, igr = 6.42, minimum = 2.21, maximum = 19.69). AUDAC20 had a
strong linear relationship with RIT values (Figure 1B) in eyes with RIT < 20 minutes (p =
86, p < 0.001, R = 0.87). A large variation in the AUDAC values were seen for eyes with
RIT = 20 minutes (n = 35, median = 0.276, igr = 0.091, minimum = 0.146, maximum =
0.55), as the underlying shapes of the DA characteristics were different in these eyes (Figure
1C). The distribution of AUDAC6.5 was not normal (median = 0.204, igr = 0.11, minimum
= 0.09, maximum = 0.417). Also, unlike AUDAC20, the relationship between AUDAC6.5
and RIT was described by a log-linear model (8 = 6.48, p < 0.001, R? = 0.72), where
log(RIT) was linearly associated with AUDACS6.5 (Figure 1D).

AUDAC values for shorter DA test times

AUDAC values at shorter DA test times were strongly correlated with AUDAC20

for the baseline data (Figure 2A). At the lowest sampled stopping time limit of 3.5

minutes, the Pearson correlation coefficient with AUDAC20 was 0.83, which indicates

a strong correlation between AUDAC20 and AUDAC calculated at 3.5 minute limit.

The correlation coefficient between AUDAC6.5 and AUDAC20 was 0.92. The correlation
between AUDAC20 and AUDACS.5 was also strong in different subject groups (Figure 2B).

Prediction using AUDAC

Out of 136 eyes, 35 failed to record a valid RIT value within 20 minutes, so presumably
their true RIT values were greater than 20 minutes. With AUDAC?20 as the predictor, and
using a linear model established earlier with 101 eyes with RIT < 20 minutes, the projected
RIT values were > 20 minutes for 33 out of 35 eyes (median = 24.13, igr = 7.85, minimum =
12.97, maximum = 47.76). With AUDACS.5 as the predictor, and using the log-linear model,
the projected RIT values were > 20 minutes for 12 out of 35 eyes (median = 16.15, igr =
12.2, minimum = 5.1, maximum = 98.09).

Prediction of AMD presence in an eye based on the DA response was validated with respect
to the clinical diagnosis of AMD vs. Control in 136 eyes (98 AMD, 38 Controls). The
accuracy rates (correctly predicting AMD presence) using RIT, AUDAC20, and AUDAC6.5
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were 78.7%, 76.4%, and 80.1%, respectively (Figure 3). It should be noted that the 78.7%
prediction accuracy for RIT was based on our logistic regression model. Instead, if the
AdaptDx threshold value for RIT of 6.5 minutes (normal DA if RIT < 6.5 minutes) was used
to predict AMD presence, the accuracy was slightly lower at 77.9%. Also, when using the
RIT cutoff of 6.5 minutes, the test was less sensitive and more specific.

Within-eye DA changes over time

Ability of AUDAC to track changes in the DA response over time was evaluated with the 3
year follow up data for 42 eyes of 27 individuals, of which 29 were AMD and 13 controls,
at baseline. At 3 year, 5 of the baseline control subjects had developed AMD, and 4 AMD
patients had progressed to subsequent stages. At baseline, 11 eyes did not achieve a valid
RIT value within 20 minutes of testing and therefore changes in their RIT values at 3 year
were not available. On the other hand, changes in AUDAC over 3 year could be computed
for all 42 eyes.

There was a good agreement in the direction of DA changes over 3 years between
AUDAC20 and AUDACS.5, followed by AUDAC20 and RIT and AUDACS6.5 and RIT
(Figure 4). When comparing AUDAC20 and AUDACS6.5, the 3 year change was consistent
for 36 out of 42 eyes (87%), with Cohen’s x = 0.61 (p < 0.001). Lower, but significant
consistency between RIT and AUDAC20 (agreement = 77%, x = 0.47, p = 0.009), and RIT
and AUDACS.5 (agreement = 74%, x = 0.34, p = 0.04) was seen for 3y changes in the DA
response.

Discussion

In this work, we investigated the utility of AUDAC as a DA response measure and for

the first time showed that: 1) AUDAC had strong association with RIT, 2) AUDAC values
computed for shorter DA test times were correlated with AUDAC computed at the 20
minute default stopping time, 3) AUDAC computed for shorter DA testing times could track
longitudinal changes in DA , and 4) AUDAC was able to predict with high sensitivity other
parameters of DA response (RIT) and the presence of AMD in a given eye.

These results have 2 main implications. First, AUDAC is a reliable way to quantify DA
response, which is particularly relevant for eyes that reach the test ceiling RIT value at
baseline. With AUDAC it is possible to obtain a quantifiable measurement of their DA
response and to evaluate their progression over time. Therefore, using AUDAC can facilitate
easier longitudinal follow up of DA changes in retinal disease such as AMD with impaired
DA where current RIT measurements can reach a ceiling value. Second, using AUDAC

as the measure of DA response, we can potentially reduce the DA testing time without
losing essential information, particularly diagnostic sensitivity. Thus, with AUDAC as the
outcome, we can measure DA over a shorter duration and still obtain a reliable measure of
the DA response that is similar to what would be obtained from an extended testing protocol.
Shortening of the DA testing time could improve the feasibility of DA testing for patients
and clinicians, who currently tend to view it as tedious, labor intensive, and burdensome test
procedure.

Br J Ophthalmol. Author manuscript; available in PMC 2023 October 01.
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It should be noted that shorter testing protocols do exist (for example AdpatDx 6.5 minute
short duration protocol),2! but they are primarily intended for screening purposes and not
for long-term follow up of DA response. In fact, previous DA studies involving AMD
patients used 20 minute or 40 minute measurement protocols, and even that was sometimes
not sufficient to record a valid RIT value in many eyes.> 8: 13 One possible alternative to
improve the chances of expediting recovery of sensitivity in AMD patients is to move the
test spot away from the center and toward the periphery of macula, such that moving the
test spot from 5° to 12° allowed recovery in intermediate AMD patients within 20 minutes.22
On the other hand, AUDAC value from the same short duration protocol (6.5 minutes) and
measured at the same eccentricity of 5° not only offers higher diagnostic sensitivity than
RIT, but can also reliably track changes in the dark adaptation response over time.

Measurement of DA in eyes diagnosed with AMD can aid in understanding the effects

of retinal changes on photoreceptor functioning.2=* 7 With AUDAC, we can extract the
underlying variations in the shapes of the DA curves that convey information about delays
and impairments in the DA response. In that sense, the measure of AUDAC summarizes
changes in the DA curve along both the time and sensitivity axes. Also, AUDAC is
relatively simple to calculate as it does not require non-linear curve fitting, or any other
kind of parameter estimation processes. Given that DA responses tend to be noisy or highly
impaired, particularly in AMD patients, estimation of the traditional DA parameters can
become challenging. With AUDAC, we can directly use the raw data obtained from the
measurements, and therefore even highly impaired DA characteristics can be quantified with
relative ease.

There are a few limitations of AUDAC based on the data presented in this paper. One
drawback of reducing overall testing time is that it leads to the apparent loss of information,
which can affect how various other parameters of the DA response characteristics are
predicted using AUDAC. For example, using AUDAC computed from full 20 minute test
time was better at predicting RIT values than with AUDACG6.5. Another limitation of
AUDAC is that there is an upper limit to how much variation we can see between eyes

that fail to reach the RIT criterion. This is because AUDAC is bounded by the time and
sensitivity limits of the underlying protocol. The analysis was done by treating each eye as
independent, and in future correlation between the two eyes of the same participants will be
included in the statistical analysis involving AUDAC as more data become available. Finally,
utility of AUDAC was so far evaluated based on DA measured with the AdaptDx instrument
only, so further investigations are needed about the broad applicability of AUDAC as the DA
response metric. RIT has been used as an outcome measure in the Medmont dark-adapted
chromatic perimeter (Medmont Ltd International, Victoria, Australia),23 and therefore it is
possible that the findings presented in this paper might also be applicable to this device.

In conclusion, AUDAC can represent a useful measurement of DA response measure and
may allow shortening of the DA testing time without significantly compromising the elicited
information. Furthermore, it can be a valuable tool for tracking changes in DA response over
time in patients whose DA response cannot be measured using conventional parameters.
AUDAC can be a widely applicable DA response measure allowing faster measurement that
can potentially impact clinical practice and clinical trial endpoints.
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Synopsis

Using area under the dark adaptation curve as the response measure can help addresses
the challenges in quantification of the dark adaptation function when it is highly
impaired, and lead to potential measurement efficiencies.
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Figure 1:
Relationship between AUDAC and RIT. (a) AUDAC can be visualized as the shaded region

under the DA curves. In the top curve, the sensitivity recovers faster and a RIT value of 3.9
minutes is recorded. In the bottom curve, the sensitivity does not recover to the RIT criterion
within 20 minutes of test duration. AUDAC can quantify DA response in both cases, and
larger AUDAC can be indicative of DA impairments. (b) Scatter plot of AUDAC20 vs. RIT.
The linear model is fitted to the eyes that recorded RIT < 20 minutes (cyan +). Eyes failing
to record a valid RIT (n=35) were assigned a value of 20 (shown in red +) and there is a
large variation in their AUDAC values. (c) The DA characteristic curves for the 35 eyes with
RIT = 20 minutes. A wide variation can be seen the shapes of the characteristics, which
result in varying AUDAC values despite all have RIT = 20 minutes. (d) Scatter plot of
AUDACS.5 vs. RIT, with a log-linear model (log(rit) ~ audac6.5) fitted to the eyes with RIT
< 20 minutes. The regression line is shown after taking an exponential of the fit.
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AUDAC at 20 min. limit

Relationship between AUDAC20 and AUDAC values at shorter stopping time limits. (a) Plot
of correlation coefficients with AUDAC20 with different AUDAC values corresponding to
different stopping time limits (plotted in the x axis). The minimum correlation coefficient is
for 3.5 minute stopping time limit, which still indicates a strong correlation. (b) Correlation
between AUDAC20 and AUDACS.5 for different AMD stages and control subjects. All

groups show strong correlation.

Br J Ophthalmol. Author manuscript; available in PMC 2023 October 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Pundlik et al.

RIT (raw values)

g AMD Control
©

% AMD 87 18
=~ Control 11 20

Sensitivity: 87/98 = 0.888

Specificity: 20/38 = 0.526
Accuracy: 107/136 = 0.787

AUDAC20
o AMD Control
:;ﬁ AMD 86 20
- | Control 12 18

Sensitivity: 86/98 = 0.878

Specificity: 18/38 = 0.473
Accuracy: 104/136 = 0.764

Figure 3:
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AMD Control
AMD 75 7/
Control 23 31

Sensitivity: 75/98 = 0.765
Specificity: 31/38 = 0.816
Accuracy: 106/136 = 0.779

AUDAC6.5

Predicted

AMD Control
AMD 90 19
Control 8 19

Sensitivity: 90/98 = 0.918

Specificity: 19/38 = 0.500
Accuracy: 109/136 = 0.801

Detection of AMD presence using the DA response quantified with either RIT, AUDAC20,
or AUDACSG.5. Also, shown is the 2x2 table for the 6.5 minutes RIT threshold for AMD
detection (as per AdaptDx protocol specifications). Similar accuracy levels are seen for all
variables, indicating that AUDACSG.5 is doing no worse than conventional measure of RIT

for detecting AMD in a given eye.
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Figure 4:
2x2 tables showing the number of eyes where the DA response measures increased or

decreased at 3 year relative to the baseline values. The diagonal elements show the number
of agreements and off-diagonal elements show disagreement between the two quantities
being compared. Here, agreement means that the difference in the DA response between
baseline and 3 year follow up was in the same direction (positive or negative) for the two
measures being compared. (Left) AUDAC6.5 and AUDAC?20 values both increased at 3 year
relative to baseline in 29 eyes, and both decreased in 7 eyes (87% agreement). In 6 eyes,
the two measures trended in the opposite direction (off-diagonal elements). (Center) RIT
values and AUDAC?20 values increased at 3 year for 18 eyes and decreased for 6 eyes. In

7 eyes, the changes in RIT and AUDAC20 were not consistent. Only eyes with RIT < 20
minutes at baseline were considered for this table (n=31). (c) AUDACS6.5 and RIT values
both increased at 3 year for 19 eyes, both decreased in 4 eyes, and trended in opposite
direction for 8 eyes.
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Table 1:

Details of the subject population from which baseline DA data were collected.

Page 15

RIT avg. + std. AUDAC?20 avg. + std.
Subject Eyes Avg. age + Female 2:: iyzeg F .
categories subj. std. (years eyes (% ; or eyes or eyes
9 (subj.) i ) yes (%) (%) RIT<20 Overall RIT <20 Overall
min. min.
0072+
Early AMD 22 67.0+96 14 (63) 0 6.24+323 | 6.24+323 o 0.072 +0.04
Intermediate 1112 + 0.118 +
s 63 69.4 5.1 35 (56) 27 (43) i 14934568 o 019+0.1
Late AMD 13 68.6+ 5.1 11 (85) 7(64) | 1112633 | 15802617 [ O7t2* | 02732017
All AMD 98 (58) 68.7+6.4 60 (61) 3435 | 944498 | 13112645 [ O0%F | 0174012
Controls 38 (20) 66.1+7.7 16 (42) 13" | 508:25 | 5484346 | 0.06 +0.03 | 0.065 + 0.04
0.086 +
Overall 136 (78) 68.0 6.9 76 (56) 3526) | 784xa72 | 10972671 [ OO0 | 01432012

*
Classified as control based on AREDS 2 color fundus photo classification. However this patient showed OCT abnormalities and hyperreflectivity
of hyporeflective bands around ellipsoid zone which could explain his delayed DA parameters.
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