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Purpose: To report the 1-year progression of visual impairment on psychophysical tests of visual function in
patients with early and intermediate age-related macular degeneration (AMD).

Design: Prospective, observational study.
Participants: Patients with early and intermediate AMD were enrolled from the existing population at the

Duke Eye Center, and healthy age-matched control participants were recruited from family members or friends of
the AMD patients and from the Duke Optometry and Comprehensive Eye Clinics.

Methods: Patients and control participants recruited during the baseline study were assessed at both 6 and
12 months after the initial study visit. Measurements of visual function included best-corrected visual acuity
(BCVA), low-luminance visual acuity (LLVA), low-luminance deficit (LLD), microperimetry percent-reduced
threshold (PRT), microperimetry average threshold (AT), and cone contrast tests (CCTs).

Main Outcome Measures: Changes in BCVA, LLVA, LLD, microperimetry PRT, microperimetry AT, and CCT
results from baseline to 6 months and to 12 months were assessed.

Results: Eighty-five patients completed the 12-month examination (19 control participants, 27 early AMD
patients, and 39 intermediate AMD patients). Longitudinal analysis detected significant changes from baseline
within each group in microperimetry PRT and AT and in the intermediate AMD group only for BCVA and CCT
results (P < 0.05).

Conclusions: Microperimetry and CCT are able to detect functional changes resulting from progression of
dry AMD within a period as short as 12 months. These functional markers may be useful end points in future
clinical trials that assess the effect of potential treatments for AMD. Ophthalmology Retina 2019;-:1e12 ª 2019
by the American Academy of Ophthalmology
Age-related macular degeneration (AMD) is the leading
cause of blindness in Americans 60 years of age or older1

and is projected to affect 196 million people worldwide
by 2020.2 Individuals with AMD are classified into early,
intermediate, or advanced AMD stages based on the Age-
Related Eye Disease Study (AREDS) classification.3 Age-
Related Eye Disease Study vitamins have been shown to
slow progression to advanced AMD,3,4 and the advent of
antievascular endothelial growth factor medications has led
to substantial progress in the treatment of exudative, or wet,
AMD characterized by choroidal neovascularization. How-
ever, no definitive or curative therapies currently exist for
nonexudative or dry early to severe AMD, which affects
most patients with AMD.

To develop potential therapeutics to treat dry AMD, end
points to monitor progression of disease are necessary,
particularly to allow for earlier detection and treatment.
Although the rapidly progressive course of exudative AMD
can be monitored with changes in best-corrected visual
acuity (BCVA), this standard clinical end point used in most
� 2019 by the American Academy of Ophthalmology
Published by Elsevier Inc.
ophthalmic clinical trials is not a sensitive measure for vi-
sual changes occurring during the slower and earlier course
of dry AMD.5 There is a need for the identification of
sensitive functional end points with regulatory acceptance
that can detect a clinically meaningful change in early to
intermediate dry AMD in a reasonable time frame. End
points that meet these needs are necessary for the
development of potential treatments for dry AMD.

Previous studies offer insight into potential functional end
points that may be used to monitor the natural history of dry
AMD as well as potential changes resulting from in-
terventions performed in clinical trials. Many patients with
dryAMD report difficultywith vision in dim lighting.6e8 This
is thought to be caused by impaired function in the rod system
that may result in impaired scotopic vision and delayed dark
adaptation.9 In all stages of AMD, histopathologic analysis
has demonstrated that the rod photoreceptors degenerate
earlier than cones.10,11 Thus, measures that capture rod
dysfunction may be useful functional markers of disease
progression in dry AMD. In addition to functional visual
1https://doi.org/10.1016/j.oret.2019.03.010
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changes in dim lighting and dark adaptation, loss of cones
involved in blue color contrast sensitivity also has been re-
ported.12 Thus, psychophysical tests that monitor such rod-
mediated functional deficits in a sensitive manner may
prove useful as future clinical trial end points across the
different stages of AMD over time.13e15

In this prospective, longitudinal, observational natural
history study, we aimed to characterize the progression of
early and intermediate dry AMDover 1 year using a variety of
psychophysical tests that we believed would be able to cap-
ture progression of visual function deficits in dry AMD, such
as low-luminance visual acuity (LLVA), mesopic micro-
perimetry, and the cone contrast test (CCT). We previously
showed that these tests are able to distinguish between early,
intermediate AMD and normal control participants in both a
pilot study of 30 patients13 as well as a cross-sectional base-
line study of 101 patients.16 Thus, these measures not only
may be able to distinguish early dry AMD stages but also
may have the potential to detect their progression. The
hypothesis in the current study was that patients with
intermediate dry AMD would show a significantly greater
decline in performance on specific psychophysical tests of
visual function than age-matched control participants after 6
months and 1 year of longitudinal follow-up.

Methods

The participants recruited during the baseline study16 were
followed up and assessed at both 6 and 12 months after the
initial study visit. As described previously by Cocce et al,16 the
patients with early and intermediate AMD were enrolled from
the existing population at the Duke Eye Center, and healthy age-
matched control participants were recruited from family members
or friends of the AMD patients and from the Duke Optometry and
Comprehensive Eye Clinics. Written informed consent was
obtained from all participants. The study (ClinicalTrials.gov
identifier, NCT01822873) was approved by the Duke University
Health System institutional review board and was conducted in
accordance with Good Clinical Practice using the guidance docu-
ments and practices offered by the International Conference on
Harmonization of Technical Requirements for Registration of
Pharmaceuticals for Human Use (ICH) or applicable international
regulatory authority laws, regulations, and guidelines. All research
adhered to the tenents of the Declaration of Helsinki. Participants
were compensated $20 per visit and were reimbursed for parking
costs during the study visit.

A baseline evaluation was performed when the participants
were enrolled, and participants were classified as healthy control
participants (AREDS category 1), patients with early AMD
(AREDS category 2), or patients with intermediate AMD (AREDS
category 3).3 Control participants showed fewer than 5 small
drusen measuring less than 63 mm and otherwise no signs of
AMD in either eye. Early AMD participants were characterized
by showing multiple small drusen measuring 63 to 124 mm in
diameter, retinal pigment epithelium (RPE) abnormalities, or
both. Intermediate AMD participants showed extensive
intermediate drusen and least 1 large drusen of more than 125
mm.3 Participants meeting the following criteria for advanced
AMD were excluded: any geographic atrophy of the RPE and
choriocapillaris, neovascular maculopathy, detachment of the
sensory retina or RPE, retinal hard exudates, subretinal or sub-
RPE fibrovascular proliferation, or a disciform scar in either eye.
2

After the baseline evaluation, follow-up assessments for each
participant were performed at approximately 6 and 12 months (�2
months) based on the standard-of-care clinic visits for AMD
participants.17

At each visit, participants were imaged with stereo color fundus
photography (Zeiss FF 450 Plus IR; Carl ZeissMeditec, Inc, Dublin,
CA), fundus autofluorescence (Spectralis 3 mode; Heidelberg
Engineering GmbH, Heidelberg, Germany),15 and spectral-domain
OCT (Spectralis 6-mode; Heidelberg Engineering, Franklin, MA,
US). Ophthalmologists (EML, SWC, LV, AH) performed clinical
examinations, and amedical retinal specialist (EML) evaluated color
fundus photographs for the extent of pigmentary changes and drusen
size. Study participant demographics, ocular and medical history,
and full ophthalmic examination results also were recorded.

The following psychophysical tests of visual function that had
been performed at baseline, as previously described by Cocce et al,16

were repeated at the 6- and 12-month visits in the following order:
BCVA; LLVA; CCT for red, green, and blue cones; and mesopic
microperimetry. Best-corrected visual acuity, assessed using an
Early Treatment in Diabetic Retinopathy Study chart (85 cd/m2;
Good-Lite, Elgin, IL), was reported as the number of letters read.18,19

Low-luminance visual acuity was assessed by having participants
read the Early Treatment in Diabetic Retinopathy Study chart
through a 2.0-log neutral density filter that reduces luminance by
100-fold.20 Low-luminance deficit (LLD) was defined as the dif-
ference between BCVA and LLVA in Early Treatment in Diabetic
Retinopathy Study letters. The CCT (Innova Systems, Burr Ridge,
IL) assessed for deficits in cone color discrimination13 by requiring
participants to distinguish colored letters that were detectable by a
single cone type (long-, medium-, or short-wavelength photorecep-
tors for red, green, and blue colors, respectively) on a gray back-
ground. Letters were shown in decreasing steps of color contrast to
determine the threshold for distinguishing color. The CCT results
were scored on a normalized 100-point scale, with 90% to 100%
representing normal cone function and scores of less than 75%
representing color deficiency. This allowed the assessment of the
function of each of the different cone types. Participants then un-
derwent dilation with tropicamide 1% and phenylephrine 2.5% for
mesopic microperimetry testing (Macular Integrity Assessment;
CenterVue, San Jose, CA), during which retinal sensitivity was
assessed using the standard 37 loci, 10� (37-10) Macular Integrity
Assessment grid. Microperimetry results were reported as percent
reduced threshold (PRT), defined as the percentage of abnormal
retinal sensitivity thresholds less than 25 dB, and as average
threshold (AT), defined as the average of retinal sensitivity values
from all loci tested.

All statistical analyses were performed using SAS software
version 9.4 (SAS Institute, Inc, Cary, NC). Before the start of the
study, we determined the necessary sample size using standard
LLVA values in letters from all the 3 groups that were obtained in
our pilot study13 for a 2-sample t test with an a level of 0.05 and
80% power. The resulting sample size was inflated by 5% to ac-
count for the use of the nonparametric Wilcoxon rank-sum test in
the analysis and potential participant attrition at 12 months of up to
20%. The resulting necessary sample size was approximately 13 to
25 in the control group, 25 to 57 in the early group, and 13 to 57 in
the intermediate group. The number of participants subsequently
enrolled in each group matched the planned sample size deter-
mined by the power calculation. Data collected from case report
forms were entered into the Research Electronic Data Capture
database by certified data entry analysts from the Duke Office of
Clinical Research.

Cross-sectional analyses of the psychophysical test results from
the 6- and 12-month study visits were performed for the normal
control, early AMD, and intermediate AMD groups. An overall P
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value comparing the 3 groups was calculated, and correction for
multiple comparisons for each variable was applied with a Bon-
ferroni test (adjusted a level of P ¼ 0.025 for the P value overall,
and adjusted a level of P ¼ 0.0167 for the pairwise comparisons).
Furthermore, because of the exploratory, observational nature of
this study, we also compared the groups in a pairwise fashion using
the nonparametric Wilcoxon rank-sum test to detect any potential
associations of interest, especially between the intermediate AMD
and normal control groups and between intermediate and early
AMD groups, with the expectation that these exploratory analyses
will be reassessed and confirmed in a future larger study.21e23

Longitudinal analyses of the change from baseline to 12 months
within each group were performed using Wilcoxon signed-rank
tests. Comparisons between groups of the change from baseline
to 12 months for results from each psychophysical test were
assessed using the Wilcoxon rank-sum test. To assess for possible
progression of dry AMD more than would be expected because of
normal aging on each psychophysical test, the mean plus twice the
standard deviation of the normal control group at baseline was
computed as a cut point. The Fisher exact test was used to assess
the significance of the difference among groups with respect to
proportions exceeding the cut points.
Results

A total of 85 participants (19 normal control participants, 27
early AMD patients, and 39 intermediate AMD patients) enrolled
at baseline and completed the 12-month study visit (Table 1).
Four of the 19 study eyes in the control group showed fewer
than 5 drusen less than 65 mm at baseline. All 85 participants
underwent a dilated fundus examination along with assessment
of BCVA, LLVA, and LLD during the baseline and 12-month
visit. Of the 85 participants, 78 participants completed the
microperimetry testing, and 83 participants completed cone
contrast testing at the 12-month visit.

Cross-sectional disease classification of participants was
confirmed using structural assessments (dilated fundus examina-
tion, color fundus photography, and spectral-domain OCT), none
Table 1. Participant Demographics

Variable
Normal Control

Group
Early Age-Related M

Gr

Age (yrs)
No. 19 2
Mean (SD) 71.8 (7.2) 72.7
Minimum, median, maximum 61. 74, 81 58, 7

Gender, no. (%)
Male 13 (68) 16
Female 6 (32) 11

Race, no. (%)
White 19 (100) 27
Black 0
Native Hawaiian or Pacific

Islander
0

Ethnicity, no. (%)
Not Hispanic or Latino 18 (95) 22
Hispanic or Latino 0 1
Unknown/not reported 1 (5) 3

SD ¼ standard deviation.
of which showed obvious progression at the 12-month visit.
Overall, the results of cross-sectional analysis of the psychophys-
ical test results were similar from baseline to the 12-month visit,
with a few exceptions: microperimetry PRT and AT showed sig-
nificant differences at 6 and 12 months between the intermediate
AMD group as compared with the control and early AMD groups;
LLVA and LLD showed significant difference at 12 months be-
tween the intermediate AMD and control groups, and CCT red and
blue were significantly different at 12 months for the early versus
the intermediate AMD groups. Best-corrected visual acuity did not
differ significantly between the groups at the baseline, 6-month,
and 12-month follow-up visits (P > 0.0167; Table 2), and LLVA
and LLD were unrevealing as well, with the exception of LLVA
and LLD at 12 months for control versus intermediate AMD.
None of the tests displayed significant differences between the
early AMD versus control group at any of the visits. Significant
differences between the intermediate and early AMD groups
were detected in microperimetry PRT and AT results at 6 and 12
months and for the red and blue CCT results at 12 months
(P < 0.0167).

Longitudinal analyses of the visual function tests were per-
formed to evaluate for significant changes from baseline to 12
months within each of the control, early AMD, and intermediate
AMD groups. The intermediate AMD group demonstrated a sta-
tistically significant decline in some of the visual function mea-
sures over the first year as assessed by several psychophysical tests
(Tables 2, 3, and 4): BCVA (Fig 1); microperimetry PRT and AT
(Fig 2); and CCT red, green, and blue (Fig 3; P < 0.05 for all
metrics) showed a significant worsening compared with baseline,
whereas LLVA and LLD did not decline significantly from
baseline to 12 months. In the univariate analyses, changes from
baseline to 12 months for BCVA (P ¼ 0.021), microperimetry
AT (P ¼ 0.047), CCT red (P ¼ 0.012), and CCT blue (P ¼
0.019) in the intermediate AMD group were significantly larger
compared with those in the early AMD group. Compared with
the change observed over 12 months in the normal control
group, the intermediate AMD group showed a significantly
at the 1-Year Follow-up Visit

acular Degeneration
oup

Intermediate Age-Related Macular Degeneration
Group

7 39
(8.4) 70.8 (6.7)
2, 90 51, 70, 82

(59) 26 (67)
(41) 13 (33)

(100) 37 (95)
0 1 (3)
0 1 (3)

(85) 37 (95)
(4) 0
(12) 2 (5)

3



Table 2. Cross-sectional Analysis at the 6- and 12-Month Visits for the Normal Control, Early Age-Related Macular Degeneration, and Intermediate Age-Related Macular
Degeneration Groups for Best-Corrected Visual Acuity, Low-Luminance Visual Acuity, and Low-Luminance Deficit

Test
Normal Control

Group

Early Age-Related
Macular Degeneration

Group

Intermediate Age-Related
Macular Degeneration

Group
Overall
P Value

Normal Control vs.
Early Age-Related Macular

Degeneration Groups

Normal Control vs.
Intermediate Age-Related

Macular Degeneration Groups

Early vs. Intermediate
Age-Related Macular
Degeneration Groups

BCVA
Baseline

No. 19 27 39
Mean (SD) 83.5 (4.5) 81.4 (5.4) 81.4 (5.8) 0.400 0.223 0.230 0.927
Minimum, median, maximum 73, 83, 90 69, 82, 90 64, 83, 92

6 mos
No. 17 27 37
Mean (SD) 84.0 (5.7) 80.4 (5.1) 81.1 (6.4) 0.072 0.020 0.078 0.668
Minimum, median, maximum 73, 85, 95 72, 81, 91 67, 81, 95

12 mos
No. 19 27 39
Mean (SD) 82.2 (5.5) 82.4 (4.9) 79.8 (7.7) 0.299 0.671 0.242 0.180
Minimum, median, maximum 68, 84, 89 71, 82, 90 54, 80, 91

LLVA
Baseline

No. 19 27 39
Mean (SD) 72.1 (4.8) 70.8 (6.6) 68.0 (7.5) 0.134 0.531 0.045 0.249
Minimum, median, maximum 63, 73, 80 60, 70, 83 41, 70, 80

6 mos
No. 17 27 37
Mean (SD) 71.5 (8.9) 70.8 (6.0) 67.4 (11.2) 0.173 0.426 0.095 0.208
Minimum, median, maximum 47, 73, 82 56, 71, 82 16, 69, 81

12 mos
No. 19 27 39
Mean (SD) 73.0 (5.6) 70.4 (6.4) 65.8 (10.2) 0.018 0.282 0.008 0.069
Minimum, median, maximum 63, 72, 84 55, 71, 82 28, 67, 80

LLD
Baseline

No. 19 27 39
Mean (SD) 11.4 (3.2) 10.6 (4.2) 13.4 (6.1) 0.147 0.453 0.262 0.065
Minimum, median, maximum 7, 11, 17 4, 11, 20 4, 12, 34

6 mos
No. 17 27 37
Mean (SD) 12.5 (8.5) 9.6 (5.1) 13.7 (9.5) 0.110 0.460 0.277 0.042
Minimum, median, maximum 5, 10, 42 �3, 10, 19 3, 12, 64

12 mos
No. 19 27 39
Mean (SD) 9.2 (4.5) 12.0 (2.8) 14.0 (5.3) 0.003 0.027 0.002 0.062
Minimum, median, maximum �2, 9, 16 7, 11, 20 4, 14, 26

BCVA ¼ best-corrected visual acuity; LLD ¼ low-luminance deficit; LLVA ¼ low-luminance visual acuity; SD ¼ standard deviation.
Data are units of BCVA, LLVA, and LLD are Early Treatment in Diabetic Retinopathy Study letters. P values for pairwise comparisons between groups were performed using the Wilcoxon rank-sum test.
Bold values denote statistical significance.
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Table 3. Cross-sectional Analysis at the 6- and 12-Month Visits for Normal Control, Early Age-Related Macular Degeneration, and Intermediate Age-Related Macular Degeneration
Groups for Microperimetry Percent Reduced Threshold and Average Threshold

Test
Normal
Control

Early Age-Related
Macular Degeneration

Group

Intermediate Age-Related
Macular Degeneration

Group
Overall
P Value

Normal Control vs.
Early Age-Related

Macular Degeneration
Groupsy

Normal Control vs.
Intermediate Age-Related
Macular Degeneration

Groupsy

Early vs. Intermediate
Age-Related Macular
Degeneration Groupsy

MP PRT (%)
Baseline

No. 18 25 35
Mean (SD) 16.96 (26.59) 23.56 (27.00) 41.78 (34.44) 0.005 0.242 0.003 0.028
Minimum, median, maximum 0.0, 2.7, 94.6 0.0, 21.6, 97.3 0.0, 37.8, 100.0

6 mos
No. 17 23 32
Mean (SD) 24.8 (29.3) 32.3 (23.0) 57.2 (34.0) 0.001 0.138 0.001 0.009
Minimum, median, maximum 0.0, 10.8, 100.0 2.7, 29.7, 91.9 2.7, 70.3, 100.0

12 mos
No. 18 25 35
Mean (SD) 30.6 (30.1) 33.5 (27.8) 67.0 (31.4) <0.001 0.639 <0.001 <0.001
Minimum, median, maximum 0.0, 23.0, 100.0 0.0, 29.7, 94.6 5.4, 81.1, 100.0

MP AT (dB)
Baseline

No. 18 25 35
Mean (SD) 26.90 (3.80) 26.85 (2.49) 25.30 (3.07) 0.028 0.382 0.019 0.049
Minimum, median, maximum 14.4, 27.7, 31.3 21.3, 26.4, 31.0 17.9, 25.2, 30.1

6 mos
No. 17 23 32
Mean (SD) 25.4 (3.8) 25.8 (1.6) 23.5 (2.9) 0.001 0.245 0.003 0.002
Minimum, median, maximum 14.4, 26.9, 28.1 22.5, 25.8, 28.9 14.1, 23.1, 28.1

12 mos
No. 18 25 35
Mean (SD) 25.4 (3.5) 25.5 (2.1) 22.3 (4.1) <0.001 0.232 <0.001 <0.001
Minimum, median, maximum 13.5, 26.7, 28.5 19.8, 25.9, 28.7 9.4, 22.5, 27.9

AT ¼ average threshold; MP ¼ microperimetry; PRT ¼ percent reduced threshold; SD ¼ standard deviation.
Bold numbers denote statistical significance.
yP values for pairwise comparisons between groups were performed using the Wilcoxon rank-sum test.
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Table 4. Cross-sectional Analysis at the 6- and 12-Month Visits for Normal Control, Early Age-Related Macular Degeneration, and Intermediate Age-Related Macular Degeneration
Groups for Cone Contrast Tests of Red, Green, and Blue Cones

Test
Normal Control

Group

Early Age-Related
Macular Degeneration

Group

Intermediate Age-Related
Macular Degeneration

Group
Overall
P Value

Normal Control vs.
Early Age-Related Macular

Degeneration Groupy

Normal Control vs.
Intermediate Age-Related

Macular Degeneration Groupy

Early vs. Intermediate
Age-Related Macular
Degeneration Groupy

CCT red (%)
Baseline

No. 18 27 38
Mean (SD) 70.28 (20.40) 65.56 (11.29) 56.71 (18.43) 0.011 0.100 0.005 0.095
Minimum, median, maximum 5, 70, 95 50, 70, 90 10, 60, 85

6 mos
No. 16 25 35
Mean (SD) 71.9 (23.4) 64.6 (17.3) 55.7 (21.3) 0.002 0.028 <0.001 0.084
Minimum, median, maximum 0, 80, 90 10, 65, 90 0, 55, 90

12 mos
No. 18 27 38
Mean (SD) 62.8 (18.3) 64.3 (8.7) 48.4 (22.5) <0.001 0.704 0.004 0.001
Minimum, median, maximum 0, 67.5, 90 50, 60, 85 0, 55, 75

CCT green (%)
Baseline

No. 18 27 38
Mean (SD) 80.00 (9.07) 71.85 (12.57) 59.34 (23.71) <0.001 0.021 <0.001 0.056
Minimum, median, maximum 60, 80, 95 30, 75, 90 0, 70, 90

6 mos
No. 16 25 35
Mean (SD) 77.5 (13.4) 71.0 (16.8) 58.9 (29.0) 0.085 0.280 0.037 0.200
Minimum, median, maximum 50, 80, 100 35, 75, 95 0, 65, 95

12 mos
No. 18 27 38
Mean (SD) 73.3 (13.9) 68.2 (13.0) 52.6 (26.7) 0.009 0.188 0.008 0.033
Minimum, median, maximum 50, 75, 100 30, 70, 90 0, 57.5, 90

CCT blue (%)
Baseline

No. 18 27 38
Mean (SD) 84.44 (15.14) 76.11 (16.54) 66.97 (23.32) 0.008 0.072 0.003 0.137
Minimum, median, maximum 50, 90, 100 45, 75, 100 0, 70, 100

6 mos
No. 16 25 35
Mean (SD) 80.0 (16.8) 74.0 (18.5) 68.0 (23.0) 0.154 0.280 0.062 0.346
Minimum, median, maximum 45, 90, 95 30, 75, 95 15, 70, 100

12 mos
No. 18 27 38
Mean (SD) 79.4 (18.1) 75.4 (19.9) 55.5 (26.8) 0.001 0.514 0.002 0.004
Minimum, median, maximum 30, 82.5, 100 35, 80, 100 5, 50, 100

CCT ¼ cone contrast test; SD ¼ standard deviation.
Bold values denote statistical significance.
yP values for pairwise comparisons between groups were performed using the Wilcoxon rank-sum test.
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Figure 1. Box-and-whisker plots showing longitudinal progression of best-corrected visual acuity (BCVA), low-luminance visual acuity (LLVA), and low-
luminance deficit (LLD) at baseline, 6 months, and 12 months for the normal control, early age-related macular degeneration (AMD), and intermediate
AMD participants. Low-luminance visual acuity was reported as the number of Early Treatment Diabetic Retinopathy (ETDRS) letters the participant could
read through a 2.0-log neutral density filter. Low-luminance deficit was calculated as the difference in the number of ETDRS letters the participant was able
to read under standard conditions (BCVA) and through the neutral density filter (LLVA). P values are calculated to assess for significant changes between
baseline and 12 months within each group using the Wilcoxon signed-rank test.

Hsu et al � Dry AMD 12-Month Visual Function Change
greater change in microperimetry AT from baseline to 12 months
(P ¼ 0.029), thus emphasizing the robustness of the change
observed in microperimetry.

For the normal control and early AMD groups, no significant
changes were observed between baseline and 12 months for
BCVA, LLVA, LLD, and CCT red and blue (P > 0.0167; Tables 2
and 3). For all the groups, microperimetry PRT and AT were
significantly different between baseline and 12 months (P <
0.0167; Table 4), with the exception that microperimetry PRT
did not change for the early AMD participants (P ¼ 0.125).
Additionally, the change in LLD from baseline to 12 months
was significantly greater for the early AMD group than the
normal control group (P ¼ 0.037).

To characterize further the progression in each of the 3 groups
(control, early AMD, and intermediate AMD) from baseline to 12
months, we calculated the proportion of participants from each
group that showed results outside the range of 95% of the normal
values, defined as more than 2 standard deviations plus the mean of
baseline normal control values (Table 5). The proportion of
intermediate AMD participants who showed results out of this
7



Figure 2. Box-and-whisker plot (top) and line graph (bottom) showing longitudinal progression of microperimetry percent reduced threshold (PRT) and
average threshold (AT) at baseline, 6 months, and 12 months for the normal control, early age-related macular degeneration (AMD), and intermediate
AMD participants. Percent reduced threshold is defined as the percentage of abnormal retinal sensitivity thresholds less than 25 dB, and AT is the average of
retinal sensitivity values from all loci tested. P values are calculated to assess for significant changes between baseline and 12 months within each group using
the Wilcoxon signed-rank test. LLD ¼ low-luminance deficit; LLVA ¼ low-luminance visual acuity.

Ophthalmology Retina Volume -, Number -, Month 2019
normal range was significantly greater than the proportion of
normal control participants for both LLD and microperimetry
PRT (P < 0.0167; Table 6).
Discussion

Individuals affected by dry AMD currently lack effective
treatment options to halt or reverse the course of this
prevalent degenerative disease definitively, which becomes
disabling in the advanced stages. This partly stems from a
8

paucity of sensitive functional end points that can be used in
clinical trials to assess disease progression in a short period
and to intervene in the early stages. In this natural history
study, we compared the results of several psychophysical
measures of visual function at 6 months and 1 year between
early and intermediate AMD participants and normal age-
matched control participants, and we documented the lon-
gitudinal changes in these measures over the study period.
Overall, the data show that, although AMD progression is
slow and the AREDS staging for the individual patients did
not change significantly, mesopic microperimetry and CCT



Figure 3. Box-and-whisker plots showing longitudinal progression of cone contrast test (CCT) results for red, green, and blue cones at baseline, 6 months,
and 12 months for the normal control, early age-related macular degeneration (AMD), and intermediate AMD participants. The CCT results were scored on
a 100-point scale, with 90% to 100% representing normal cone function and scores of less than 75% representing color deficiency. P values are calculated to
assess for significant changes between baseline and 12 months within each group using the Wilcoxon signed-rank test.

Hsu et al � Dry AMD 12-Month Visual Function Change
are able to detect functional changes because of progression
of dry AMD within a period as short as 12 months. Thus,
this is a strong argument for inclusion of functional mea-
sures in addition to structural assessments of disease pro-
gression in intermediate AMD.

In this work, we demonstrated at 6 and 12 months that
functional measures in cross-sectional analyses can distin-
guish between intermediate AMD and control participants
as well as between intermediate AMD and early AMD
disease stages. Microperimetry PRT, a metric that illustrates
the percentage of loci with abnormal retinal sensitivity over
the entire area tested, may be the most robust indication of
progression of AMD, because it showed a significant
decline in function across all 3 disease groups and time
points (Fig 2). As expected, the progression of the
intermediate AMD group was most pronounced and
statistically robust in microperimetry PRT, because
significant changes were seen in both methods of
statistical analysis. In a cross-sectional analysis, Wu et al15

demonstrated significant differences for BCVA, LLVA,
and microperimetry for all AMD groups except AREDS
stage 2 or early AMD relative to control participants.
They subsequently reported that eyes with intermediate
AMD demonstrate a statistically significant decline in
mesopic microperimetry mean pointwise sensitivity over a
12-month follow-up period (mean, �0.42 dB; standard er-
ror, 0.12 dB; P< 0.001) but that LLVA and BCVA do not
change significantly.14 Similarly, Vujosevic et al24 found
that mean retinal sensitivity decreased over 6 years in eyes
with AREDS 2 and 3 disease (mean, e10.8 dB; standard
deviation 9.2; P ¼ 0.0028). In our study, we observed a
decline in microperimetry mean pointwise sensitivity, also
termed average threshold, of e3.0 dB (standard deviation,
3.3 dB; P < 0.001). Although the direction of the change
in microperimetry is similar across these 3 studies, the
magnitude differs slightly between the studies. Disparities
in the magnitude could be related to variation in the level
of severity and visual impairment in intermediate AMD
patients at baseline or to differences in the testing
technique, grid used, and length of follow-up. For
example, Wu et al used a customized grid pattern for
Macular Integrity Assessment that tested points in locations
different than the 10� standard grid pattern used in our
study, and Vujosevic et al followed up patients for a much
longer period (i.e., 6 years).

Although none of the participants in our study showed
evidence of progression on clinical dilated fundus exami-
nation, the longitudinal changes observed in microperimetry
and CCT among participants with intermediate or early
AMD, or both, suggest that these psychophysical tests may
detect subclinical progression in individuals with dry AMD.
The fact that we noted significant declines in BCVA for the
intermediate AMD group within a 12-month window un-
derscores the importance of timely therapeutic intervention
in intermediate AMD. The psychophysical metrics of
BCVA and CCT also can be used to monitor the stability of
the disease in patients with early AMD, because no signif-
icant changes and moreover no improvements were appre-
ciated in this subgroup over the 12-month study period.
Given the sensitive nature of microperimetry,15 it is possible
that the decline in visual function observed in the normal
control participants for microperimetry AT from baseline
to 12 months may be evidence of subclinical progression
to dry AMD. Longer follow-up in this study and other
longitudinal natural history studies are needed to assess
whether these changes in visual function on microperimetry
in fact do precede structural changes on examination. The
CCT results of all cone types (red, green, and blue) also
consistently differentiated between the normal control and
intermediate AMD groups at baseline and 12 months and
showed significant longitudinal changes at 12 months within
the intermediate AMD group. To our knowledge, our study
is the most comprehensive longitudinal study to date to
evaluate a range of psychophysical tests in early and inter-
mediate AMD participants, using CCT in addition to LLVA
and microperimetry tests. To our knowledge, to date, this
study is the only one to assess longitudinal changes in CCT
in early intermediate AMD patients.

This study has limitations that may impact the interpre-
tation of our results. First, the necessary sample size was
based on a pilot study13 that focused on detecting the
difference in LLVA between groups and used a smaller
9



Table 5. Longitudinal Changes from Baseline to 1 Year within Group for Normal Control, Early Age-Related Macular Degeneration, and
Intermediate Age-Related Macular Degeneration Patients

Test
Normal Control

Group
Early Age-Related Macular

Degeneration Group
Intermediate Age-Related Macular

Degeneration Group

BCVA
No. 19 27 39
Mean (SD) e1.3 (5.2) 1.0 (4.7) e1.6 (6.8)
Minimum, median, maximum e15.0, e2.0, 6.0 e9.0, 1.0, 15.0 e15.0, e3.0, 25.0
P value 0.497 0.420 0.033

LLVA
No. 19 27 39
Mean (SD) 0.9 (5.1) e0.4 (5.6) e2.2 (7.5)
Minimum, median, maximum e12.0, 2.0, 8.0 e16.0, 0.0, 9.0 e24.0, e1.0, 12.0
P value 0.336 0.937 0.098

LLD
No. 19 27 39
Mean (SD) e2.2 (5.8) 1.4 (5.4) 0.6 (7.1)
Minimum, median, maximum e16.0, e2.0, 9.0 e8.0, 1.0, 13.0 e14.0, 0.0, 15.0
P value 0.135 0.232 0.563

Microperimetry PRT (%)
No. 18 25 35
Mean (SD) 13.7 (20.5) 10.0 (35.0) 25.2 (27.4)
Minimum, median, maximum e18.9, 8.1, 62.2 e75.7, 8.1, 73.0 e18.9, 18.9, 94.6
P value 0.003 0.125 <0.001

Microperimetry AT (dB)
No. 18 25 35
Mean (SD) e1.5 (1.7) e1.4 (2.7) e3.0 (3.3)
Minimum, median, maximum e4.5, e0.9, 1.2 e6.1, e2.1, 4.6 e18.5, e2.6, 1.2
P value 0.002 0.017 <0.001

CCT (%)
Red

No. 18 27 38
Mean (SD) e7.5 (17.8) e1.3 (11.0) e8.3 (12.7)
Minimum, median, maximum e40.0, e5.0, 20.0 e30.0, 0.0, 25.0 e45.0, e10.0, 20.0
P value 0.104 0.619 <0.001

Green
No. 18 27 38
Mean (SD) e6.7 (11.4) e3.7 (10.1) e6.7 (15.1)
Minimum, median, maximum e35.0, e5.0, 15.0 e30.0, e5.0, 20.0 e50.0, e5.0, 20.0
P value 0.019 0.068 0.011

Blue
No. 18 27 38
Mean (SD) e5.0 (13.6) e0.7 (17.4) e11.5 (15.4)
Minimum, median, maximum e30.0, e5.0, 25.0 e35.0, 0.0, 40.0 e45.0, e10.0, 30.0
P value 0.148 0.802 <0.001

AT ¼ average threshold; BCVA ¼ best-corrected visual acuity; CCT ¼ cone contrast test; LLD ¼ low-luminance deficit; LLVA ¼ low-luminance visual
acuity; PRT ¼ percent reduced threshold; SD ¼ standard deviation.
P values are calculated to assess for significant change within each group over 1 year using the Wilcoxon signed-rank test.
Bold values denote statistical significance.
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number of control participants and AMD patients, even
though the study population was very similar to the
current larger study. Second, some participants were
unable or unwilling to complete parts of the study, such
as the microperimetry tests, because of the need for pupil
dilation or because of time constraints. For the 6-month
visit, several participants elected not to return or to com-
plete all of the tests; this resulted in a smaller sample size
that likely decreased the ability to detect potential differ-
ences between groups at this visit. Furthermore, to under-
stand the reliability of predicting the changes assessed over
time, testeretest reliability of the functional measurements
will require rigorous assessment before serving as clinical
10
trial end points. Continued longitudinal analysis of the
groups at future time points will be necessary to confirm
persistent changes between and within groups over time, as
well as to provide additional important insights into the
natural course of visual impairment in dry AMD. Further-
more, it is important to recognize the distinction between
statistical and clinical significance. Although the observed
changes in microperimetry over the 12-month period were
small and subclinical, they represent a statistically signifi-
cant decline in retinal sensitivity that may become more
clinically significant as patients are followed up over a
longer period. If microperimetry is able to detect early
alterations in visual function before the patient appreciates a



Table 6. Percentage of Participants at 1 Year Whose Results Were Greater Than the Mean Plus 2 Standard Deviations of the Normal
Control Values at Baseline for Each of the Psychophysical Tests: Best-Corrected Visual Acuity, Low-Luminance Visual Acuity, Low-
Luminance Deficit, Microperimetry Percent-Reduced Threshold and Average Threshold, and Cone Contrast Test for Red, Blue, and

Green Cones

Test
Normal Control

Group
Early Age-Related Macular

Degeneration Group
Intermediate Age-Related Macular

Degeneration Group P Value*

BCVA � 92.48 0 0 0 d
LLVA � 81.65 1 (5%) 1 (4%) 0 0.328
LLD � 17.74 0 1 (4%) 11 (28%) 0.011
Microperimetry PRT � 70.15 2 (11%) 3 (12%) 21 (60%) 0.001
Microperimetry AT � 34.51 0 0 0 d
CCT
Red � 111.08 0 0 0 d
Green � 98.15 1 (6%) 0 0 0.321
Blue � 114.72 0 0 0 d

AT ¼ average threshold; BCVA ¼ best-corrected visual acuity; CCT ¼ cone contrast test; LLD ¼ low-luminance deficit; LLVA ¼ low-luminance visual
acuity; PRT ¼ percent reduced threshold; d ¼ P values not calculated.
Bold values denote statistical significance.
*Calculated to assess for significant differences between the normal and intermediate AMD groups using the Fisher exact test of difference in proportions.
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subjective change, interventions may be targeted better to-
ward the prevention of disease progression and resulting
subjective visual dysfunction.

Future analyses over an additional 12 months of longi-
tudinal follow-up in this study will explore the relationship
between structure and function in AMD over time by
correlating psychophysical test results with findings on OCT
such as geographic atrophy, RPE drusen complex,25

photoreceptor layer thickness, and hyperreflective foci
overlying drusen.26 This either may confirm that
functional impairment proceeds the current structural
grading or may aid in the search for morphologic changes
of finer granularity that predict functional impairment and
progression in AMD. Suggestions of possible changes in
function preceding changes in structure arise in our results
that showed significant decline in visual function in the
control and intermediate AMD groups as measured on
microperimetry PRT and AT but without any observed
changes on dilated fundus examinations or examination of
retinal images. Additionally, longitudinal changes on the
macular pigment optical density test, a measure of the
macular carotenoid pigments lutein and zeaxanthin that are
thought to be protective factors in AMD,27,28 should be
correlated to the progression of visual impairment on tests of
visual function explored in our study. In the future, these
psychophysical tests should be evaluated in participants
with genetically subtyped AMD to allow possibly early
identification of patients at risk for disease progression.

In summary, the natural progression of disease in patients
with intermediate AMD differs from those of normal aging
control participants and early AMD. Our study investigated
functional markers that could be sensitive to diagnosing
disease stage as well as monitoring disease progression in
the shortest length of time possible. Of the psychophysical
tests of visual function, microperimetry and sensitive tests of
cone function such as the CCT may be the most likely end
points to deliver on this goal. Further follow-up of our co-
horts is needed to verify these findings over longer periods.
The 1-year results of this study provide foundational
knowledge that should be built on by ongoing long-term
studies of AMD. Such sensitive psychophysical tests may
represent useful end points for future clinical trials of po-
tential therapies for dry AMD, particularly as we seek to
intervene as soon as possible in the early stages of disease.
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