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ARTICLE

Simple Vision Function Tests that Distinguish Eyes with Early to Intermediate 
Age-related Macular Degeneration
Lori A. Lotta, Marilyn E. Schnecka, Gunilla Haegerstrom-Portnoya,b, Susan Hewletta,b, Natalie Stepien-Bernabea, 
Bonnie M. Gauerc, Ali Zaidid, Arthur D. Fue, and John A. Brabyna

aSmith-Kettlewell Eye Research Institute, San Francisco, CA, USA; bSchool of Optometry, University of California Berkeley, Berkeley, CA, USA; 
cOD, MS, LLC, Roseburg, OR, USA; dPacific Eye Associates, San Francisco, CA, USA; eWest Coast Retina Medical Group, San Francisco, CA, USA

ABSTRACT
Purpose: To present and compare baseline vision findings in eyes with early age-related macular 
degeneration (E-AMD), intermediate AMD (I-AMD), and age-similar participants with normal aging 
changes to the retina (No-AMD).
Methods: Two hundred and thirty-seven eyes of 125 individuals (66.4% female, mean age 
75.3 years) were tested monocularly using several simple, rapid psychophysical tests: high contrast 
visual acuity, low contrast visual acuity at reduced luminance, contrast sensitivity, shape discrimina-
tion hyperacuity, colour vision, reading rate, and glare recovery. Retinal status was determined 
using colour fundus photographs that were graded according to the Beckman Initiative for Macular 
Research Classification Committee scale. Logistic regression analyses with generalized estimating 
equations were used to assess the association between each vision variable and AMD category, 
while taking into account the correlation between the two eyes.
Results: Three vision measures (contrast sensitivity [CS], shape discrimination hyperacuity [SDH], 
and colour discrimination [DesatCCS]) were significantly and independently associated with inter-
mediate AMD. Relative Risk Ratios (RRR), 95% Confidence Intervals (in parentheses), beta coeffi-
cients, and significance (p) for the I-AMD vs. No-AMD model are: CS: RRR = 6.5 (1.91–22.0), 
beta = 1.87, p < .01; SDH: RRR = 2.34 (1.24–4.44), beta = 0.85, p < .001; DesatCCS: RRR = 1.43 
(1.22–1.68), beta = 0.36, p < .001. Performance on these measures was significantly poorer for 
participants with I-AMD vs. No-AMD.
Conclusions: Simple screening tests distinguish eyes with intermediate AMD from eyes with less 
severe AMD or normal aging changes. This suggests that these vision measures may be significant 
predictors of which participants will go on to develop advanced AMD.
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Introduction

Age-related macular degeneration (AMD) is the leading 
cause of vision loss and blindness among the elderly in 
developed countries.1–3 The population is aging; by 
2030, over 20% of the United States population is 
expected to be 65 years or older,4 and the number of 
people with AMD is expected to increase to 3.66 million 
by the year 2030.5

Fortunately, only a fraction of those with the early 
stages of AMD goes on to develop one of the advanced 
forms of the disease, central geographic atrophy (GA) or 
choroidal neovascularization (CNV), which is often 
associated with severe visual impairment. Current treat-
ments, including anti-VEGF therapies, target the late 
form of the disease, CNV, and improve visual acuity, 
but rarely to normal levels and the improvement in 
acuity resulting from treatment is often relatively short- 

lived.6–8 There are no treatments for GA currently avail-
able, but several clinical trials have been carried out or 
are underway (for a review, see Sacconi et al.9) 
Identification of those eyes that are likely to progress 
to advanced stages has important implications for both 
clinical care and clinical trials of new treatments aimed 
at earlier intervention. Numerous genetic loci, environ-
mental factors, and demographic characteristics, as well 
as fundus signs (e.g., drusen and pigment changes), have 
been identified as risk factors predictive of progression 
to advanced disease10-12 and several strong predictive 
models incorporating these factors have been 
proposed.12-14 The ongoing longitudinal study, of 
which this report contains baseline findings, addresses 
the value of vision measures as predictors of late-stage 
disease. The addition of functional measures may 
strengthen predictive models.
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Numerous aspects of vision function have been 
reported to be impaired in the early to intermediate 
stages of AMD (for reviews, see Lovie-Kitchin & 
Feigl15 and Hogg & Chakravarthy16). These vision func-
tion deficits include decreased contrast sensitivity,17-19 

deficits in colour vision,20-25 reduced sensitivity to mid- 
frequency flicker,26 impaired photostress recovery,27,28 

delayed cone and rod dark adaptation and elevated final 
thresholds,24,25,29,30 impaired shape discrimination 
hyperacuity,31 orientation discrimination,32 and loss of 
function at reduced luminance.33,34 There is much inter-
est in identifying which, if any, of these is predictive of 
advancement to late-stage disease in eyes with early- 
stage AMD. A number of longitudinal studies have 
identified psychophysical measures that may be predic-
tive of future progression to advanced disease (e.g., 
foveal flicker sensitivity,35 dark-adapted sensitivity,36 

dark adaptation and S-cone thresholds,37 delayed 
photostress recovery,38 and flicker perimetry39). Yet, 
none of these measures has been adopted broadly, per-
haps because many of the measures are time-consuming 
or require sophisticated equipment, making them poorly 
suited for clinical use or as screening tests.

Toward the goal of identifying practical vision func-
tion measures that are predictive of progression to 
advanced AMD, a test battery was administered to 
three groups (normally aging eyes, eyes with early 
AMD, and eyes with intermediate AMD) that are 
being followed longitudinally. Together the tests assess 
multiple dimensions of vision. Here, we present and 
compare the baseline vision functions of the three 
groups.

Materials and methods

Participants

Participants were recruited from several sources: 
Referrals from two retina practices in San Francisco, an 
optometry practice in Roseburg, Oregon, and qualified 
participants from our earlier Smith-Kettlewell Institute 
(SKI) study of vision in aging.40

Exclusion criteria included eye conditions other than 
early to intermediate AMD in study eyes (e.g., amblyo-
pia, corneal scarring, etc.), prior eye surgeries (except 
uncomplicated cataract surgery), visual impairment 
(visual acuity worse than 20/40, >0.30 logMAR), or 
cognitive impairment (as defined by the Mini-Mental 
State Exam [MMSE], score <25).41 Cataract (history of 
surgery or current cataract) was not an exclusion criter-
ion, unless it resulted in acuity worse than 20/40.

Participants included in this report were 125 indivi-
duals aged 55.0–95.9 with a mean age of 75.3 years (SD 

10.8). The sample was predominantly Caucasian 
(93.6%), the mean level of education was 16.2 years 
(SD 2.8), and 66.4% were female.

AMD classification

Colour fundus photographs were used to determine 
retinal status and were graded according to the five- 
level clinical classification system proposed by the 
Beckman Initiative for Macular Research Classification 
Committee.42 Fundus characteristics were assessed 
within two disc diameters of the fovea. In the Beckman 
Classification system, the first level, “No apparent aging 
changes” is defined as the absence of both drusen and 
AMD pigment abnormalities. “Normal aging changes” 
include only small drusen (≤63 µm) and no AMD pig-
mentary abnormalities. “Early AMD” (E-AMD) is 
defined as the presence of medium drusen (>63 µm 
and ≤125 µm) and no AMD pigmentary abnormalities. 
“Intermediate AMD” (I-AMD) consists of large drusen 
(>125 µm) without or with AMD pigmentary abnorm-
alities, or medium drusen with AMD pigmentary 
abnormalities. “Late AMD” is defined as CNV and/or 
any GA, and these eyes were excluded from the study 
sample.

Procedure
Following the completion of written informed con-

sent, the MMSE41 was used to screen for cognitive 
impairment. Two individuals with an MMSE score of 
<25 were excluded on this basis.

A questionnaire was then verbally administered to 
each participant, covering visual conditions (cataract, 
glaucoma, AMD), medical conditions (hypertension, 
high cholesterol, cancer, heart condition, diabetes, 
stroke, arthritis, anxiety, depression, or medication for 
any of the above conditions), and smoking status 
(Never, Prior, Current [along with additional details to 
calculate pack years]). Self-reported eye conditions were 
confirmed by eye records and the examinations com-
pleted by our collaborating eye professionals.

Refraction was carried out by an on-site optometrist, 
and trial frames were used to provide optimum correc-
tion for the 40 cm test distance. Each eye was tested 
monocularly, and the eye tested first was randomly 
selected.

The test battery consisted of eight psychophysical 
measures. High contrast acuity at near was assessed 
using the high contrast chart (SKL) of the SKILL 
Card,43 a near logMAR acuity chart that contains black 
letters on a white (150 cd/m2) background. Low contrast 
(14% Weber contrast) logMAR acuity at reduced lumi-
nance was measured under the same test illumination 
using the dark chart (SKD) of the SKILL Card, which 
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contains dark letters on a grey background reducing the 
luminance of the chart to 15 cd/m2. For both acuity 
measures, scoring was letter by letter and the subject 
was required to name letters until 3 of 5 letters on a line 
were misidentified.

Contrast sensitivity under photopic (CS: 150 cd/m2) 
and low photopic (CS_low lumin: 4.5 cd/m2) luminance 
conditions was measured using MARS charts44 pre-
sented at 40 cm. CS_low lumin was measured by having 
the participant hold NoIR U23 filter glasses (4% trans-
mission) over the trial frames, while reading a different 
version of the MARS chart. Testing continued until the 
participant made two consecutive errors.

Shape discrimination hyperacuity (SDH), the ability 
to identify radial deformation (of circles), was measured 
using the method of Wang et al.,31,45 presented on 
an iPod. Thresholds were determined using a 
three-alternative forced-choice (3AFC) procedure. 
Participants were given one practice threshold measure, 
followed by two thresholds for each eye. If the two test 
thresholds differed by ≥0.30 log units, an additional 
measure was done. The mean of the two (or three) test 
thresholds was used.

Colour vision was assessed using the Adams desatu-
rated D-1546,47under illuminant C. Acolour confusion 
score (DesatCCS) was calculated after the method of 
Bowman48 with a perfect arrangement having a score of 
zero. Colour defect type (red-green, blue-yellow, or non-
selective) was determined according to the vector analysis 
of Vingrys and King-Smith.49 Confusion angles between 
−25 and 25 were considered red-green (R/G) defects. 
Confusion angles between −70 and −100 and between 70 
and 100 were considered blue-yellow (B/Y; tritan) defects. 
Defects with angles not falling within these zones were 
considered nonselective. Two males with hereditary R/G 
colour anomaly were excluded from the analyses.

The International Reading Speed Test (IReST),50 each 
version of which contains a paragraph of meaningful 
text, was used to assess reading speed. Three different 
print sizes were used for this study (1 M, 1.25 M, and 
1.6 M, which are equivalent to 0.40, 0.50, and 0.60 
logMAR, respectively). This was done to ensure that all 
participants would be tested with a text size that was at 
least 0.30 logMAR larger than their measured high con-
trast acuity (i.e., their acuity reserve was ≥0.30 
logMAR).51,52 Subjects read aloud, were tape-recorded 
for scoring, and were timed with a stopwatch. Errors and 
omissions were counted and subtracted from the total 
word count to compute the corrected reading rate in 
words/minute. Two female participants who reported 
a history of dyslexia were excluded from the analyses.

Glare recovery (retinal photostress) was measured as 
the time required to identify all three letters of the triplet 

on the MARS card that was 0.20 (0.16–0.24) log units 
above the measured threshold following one-minute 
adaptation to a large uniform field of 3600 cd/m2. 
Unlike cone dark adaptation, glare recovery typically 
occurs over seconds, not minutes, and does not require 
absolute darkness for testing. This makes it a much 
faster and more practical measure.

The research reported here followed the tenets of the 
Declaration of Helsinki. Written informed consent and 
HIPAA authorization were obtained from all partici-
pants after explanation of the nature and possible con-
sequences of the study. The research was approved by 
the Smith-Kettlewell Eye Research Institute Institutional 
Review Board.

Data analysis

Each participant was assigned an identification number, 
and de-identified data were entered in a Filemaker Pro 
10 database. The data were transferred to STATA/SE 
13.1 for Macintosh OSX and R Version 3.4.4 for 
Windows for all statistical analyses. Prior to analyses, 
data were “cleaned” (i.e., listings were generated for all 
data to check for errors and outliers, and corrections 
were made where necessary).

One-way analyses of variance (ANOVAs) were used 
to assess the differences across AMD Category in con-
tinuous participant characteristics (i.e., age, MMSE, 
years of education, smoking [pack years calculated 
from self-report]). Chi2 analyses were used to assess 
differences across AMD Category in categorical vari-
ables (i.e., sex [M/F], self-reported medical condition 
[Y/N: hypertension, elevated cholesterol, heart disease, 
diabetes, cancer, stroke, arthritis], or medication for the 
medical condition [Y/N]).

Cumulative proportion distributions were plotted for 
No-AMD, E-AMD, and I-AMD for each of the eight 
vision variables (See Figures 1 and 2). To facilitate com-
parisons across vision measures, all measures were 
plotted as log units.

Given the nature of the dataset (i.e., three AMD 
categories: No-AMD, E-AMD, and I-AMD), and the 
use of correlated data (i.e., data from both eyes for 
most participants), multinomial logistic regression ana-
lyses with generalized estimating equations (GEE)53,54 is 
the appropriate statistical analysis. This allows assess-
ment of the association between each vision variable and 
AMD category, while taking into account the correlation 
between the two eyes.55,56 STATA/SE does not support 
this type of analysis, so the multinomial logistic regres-
sion with GEE analyses was conducted with the 
multGEE package for R.57 Statistical significance was 
p < .05 (two-tailed).
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Results

Table 1 presents a summary of the fundus character-
istics of the 237 eyes (of N = 125 participants) included 
in this study. As used in the present paper, the No- 
AMD category includes 56 eyes of 33 individuals from 
the first two categories of the Beckman Classification 
system. Of these, 35.7% had no drusen, 17.9% had few 
(<7) small drusen centrally, and the remainder (46.4%) 
had multiple small central drusen. The sample also 
included 57 eyes of 40 individuals with E-AMD by 
the Beckman Classification system. Of the eyes classi-
fied as E-AMD, the majority (56.1%) had only 1 central 
medium (along with multiple small) drusen; in an 
additional 17.5% of E-AMD eyes, medium drusen, 
were outside the central one disc diameter of the 
fovea. Only 26.3% had multiple central medium dru-
sen. There were 124 eyes (of 75 individuals) classified 
as I-AMD. Of these, a minority (42.8%) had pigmen-
tary abnormalities: pigment changes associated with 
large drusen in 34.7% and medium drusen in 8.1% of 
eyes with I-AMD. An additional 42.7% had multiple 
large central drusen without pigmentary changes. The 
remainder had only one large druse centrally (8.1%) or 

large drusen only outside the central one disc diameter 
of the fovea (6.5% of I-AMD eyes).

For most participants (n = 89, 71.2%), both eyes were 
classified in the same AMD category. Twenty-three par-
ticipants (18.4%) were mixed (No-AMD in one eye, 
E-AMD in the other [n = 6]; No-AMD in one eye, 
I-AMD in the other [n = 3]; E-AMD in one eye, 
I-AMD in the other [n = 14]). For the remaining 
10.4% (n = 13), only one eye was included because the 
fellow eye did not qualify: (n = 4 I-AMD eyes had Late 
AMD [2 CNV, 2 GA] in the fellow eye, [n = 3] had 
I-AMD in the fellow eye but did not meet the 20/40 
acuity criterion, and [n = 6] were excluded due to a non- 
retinal condition [e.g., amblyopia, corneal scarring, cat-
aract surgery complication] in the fellow eye).

Table 2 presents the demographic data for partici-
pants in the No-AMD, E-AMD, and I-AMD categories. 
No statistically significant differences between AMD 
categories were found for any of the characteristics in 
Table 2 (age: p = .28, sex: p = .21, MMSE: p = .86; years of 
education: p = .16). Table 2 also presents means, stan-
dard deviations, and ranges for each of the vision mea-
sures for eyes with No-AMD, E-AMD, and I-AMD.

Figure 1. Cumulative proportion distributions for SKL (panel A), SKD (panel B), CS (panel C), and CS_low lumin (panel D) for eyes 
categorized as No-AMD (thin black line), E-AMD (thick grey line) and I-AMD (thick black line). Data are plotted with poorer performance 
to the right along the abscissa. All scales are in log units and x-axes span 1.6 log units. Abbreviations: SKL = SKILL Light: high contrast 
near acuity; SKD = SKILL Dark: low contrast, low luminance near acuity; CS = contrast sensitivity at high luminance; CS_low 
lumin = contrast sensitivity at low photopic luminance.
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No significant differences were observed for any of 
the other person variables assessed (results not 
shown), which included one continuous variable 
(pack-years smoked, p = .57) and several dichoto-
mous variables (self-reported variables [ever smoked, 
elevated cholesterol, heart disease, diabetes, cancer, 
stroke, arthritis, anxiety or depression, or taking 
medication for any of these conditions]). Chi2 testing 

of the dichotomous measures yielded p values that 
were >0.10 in all cases, ranging from 0.19 (self-report 
of taking medication for anxiety or depression) to 
0.99 (self-reported arthritis).

Each panel of Figures 1 and 2 presents the cumulative 
proportion distributions for one vision measure for the 
three groups: No-AMD eyes (thin black line), E-AMD 
eyes (thick gray lines), and I-AMD eyes (thick black 

Figure 2. Cumulative proportion distributions for SDH (panel A), DesatCCS (panel B), IReST (panel C), and Glare Recovery (panel D) for 
No-AMD (thin black line), E-AMD (thick grey line), and I-AMD (thick black line). Data are plotted with poorer performance to the right 
along the abscissa. All scales are in log units and x-axes span 1.6 log units. For DesatCCS, IReST, and Glare Recovery, the displayed range 
of non-log values is noted in the lower right corner of each panel. Abbreviations: SDH = shape discrimination hyperacuity; 
DesatCCS = desaturated D-15 color confusion score; IReST = International Reading Speed Test.

Table 1. Fundus Characteristics of the 237 Eyes of 125 People Included in the Baseline (BL) Sample.

AMD Category Fundus Characteristics Number of Eyes
% Eyes 

Total % Eyes by AMD Category

No-AMD % No-AMD
(56 eyes of No drusen 20 8.4% 35.7%
33 people) <7 small central drusen 10 4.2% 17.9%

Many (7+) small central drusen 26 11.0% 46.4%
E-AMD % E-AMD
(57 eyes of Medium non-central drusen plus multiple small drusen 10 4.2% 17.5%
40 people) 1 medium central druse plus multiple small drusen 32 13.5% 56.1%

Multiple medium central drusen 15 6.3% 26.3%
I-AMD % I-AMD
(124 eyes of Large non-central drusen plus multiple small drusen 8 3.4% 6.5%
75 people) 1 large central druse plus multiple small drusen 10 4.2% 8.1%

Multiple large central drusen, no pigmentary changes 53 22.4% 42.7%
Medium drusen with pigmentary changes 10 4.2% 8.1%
Large drusen with pigmentary changes 43 18.1% 34.7%
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lines). In each panel, data are plotted so that poorer 
performance is to the right along the abscissa. All scales 
are in log units and all x-axes span 1.6 log units, facil-
itating comparisons of the degree of separation between 
the groups across the different vision measures.

Since high contrast acuity ≥0.30 logMAR (worse 
than 20/40 Snellen equivalent) was an exclusion fac-
tor in the current study, it is not surprising that large 
differences are not seen in the SKL distributions 
(Figure 1A). Even so, there is a clear separation 
between the I-AMD distribution (thick black line) 
and both No-AMD and E-AMD distributions (thin 
black line and thick gray lines, respectively).

For low contrast, low luminance acuity (SKD: 
Figure 1B), contrast sensitivity under conditions of 
high and low luminance (CS and CS_low lumin: 
Figure 1(C,D)), and shape discrimination hyperacuity 
(SDH: Figure 2A), there is a great deal of overlap 
between No-AMD and E-AMD, but I-AMD shows 
considerable separation from the other two groups.

The same is true for the DesatCCS (Figure 2B), but 
some separation between the No-AMD and E-AMD 
distributions becomes apparent for logCCS scores >1.2 
(i.e., raw CCS ≥ 16). Note that the calculation of confu-
sion angle to determine the type of colour vision defect 
becomes invalid for small errors (low CCS values). We 
have in the past used a CCS ≥ 30 as a cut-off for failure 
when calculating confusion angles.58 Of the 80 eyes with 
CCS ≥ 30, 78.8% (n = 63) were classified as I-AMD, 
15.0% (n = 12) were E-AMD, and 6.3% (n = 5) were No- 
AMD. Thus, 50.8% of I-AMD, 21.1% of E-AMD, and 
8.9% of No-AMD eyes had DesatCCS ≥30.

No R/G defects were found for any of the included 
eyes. For the I-AMD group, 87.3% of eyes (n = 55) with 
defects had B/Y defects, and 12.7% (n = 8) were non-
selective. For E-AMD eyes, B/Y defects were found in 

58.3% (n = 7), and 41.7% (n = 5) were nonselective. For 
No-AMD eyes with CCS ≥ 30, B/Y defects were found in 
60% (n = 5) and nonselective defects in 40% (n = 3).

Cumulative proportion distributions for reading rate 
(IReST: Figure 2C) and glare recovery Figure 2D show 
much greater degree of overlap of the three AMD groups 
than other vision measures.

Figures 1 and 2 illustrate two general findings. The 
first is that there is considerable overlap in the distribu-
tions of data from the No-AMD eyes and E-AMD eyes 
for all measures. However, for several measures, the 
range of the E-AMD group extends to poorer perfor-
mance (i.e., further to the right) than that of the No- 
AMD group.

A second general finding is that the data from the 
I-AMD group are displaced to the right (i.e., toward 
poorer performance), relative to the other two groups, 
though the best performance in this group is generally 
comparable to that of the No-AMD and E-AMD groups. 
In contrast, the worst performance of the I-AMD group 
is poorer than that of the other two groups on all mea-
sures except high contrast acuity (which was an inclu-
sion criterion and thus had the lower bound set). For 
measures other than high contrast acuity, the range of 
values for the I-AMD group is larger than that of the 
other two groups, indicating that there is more variation 
among I-AMD eyes.

To determine whether the apparent differences 
between I-AMD vs. E-AMD and I-AMD vs. No-AMD 
are significant, while taking into account the correlation 
between the two eyes, multinomial logistic regression 
analysis with GEE was conducted. I-AMD is the refer-
ence category (outcome variable) for all analyses, and 
predictor variables include age (per decade), sex 
(female), cataract surgery (no), and the eight continuous 
vision variables.

Table 2. Baseline Demographic and Vision Measure Summary for AMD Categories.
No-AMD E-AMD I-AMD

Demographics n ppts = 33 40 75
Age (years) 73.6 (10.5)[56–90] 74.1 (12.1) [55–94] 76.7 (10.3) [55–95]
Sex (% female) 69.7% 80.0% 64.0%
MMSE Score 28.2 (1.5) [26–30] 28.3 (1.6) [25–30] 28.4 (1.6) [25–30]
Education Level (years) 16.0 (2.4) [12–23] 15.4 (3.1) [10–22] 16.5 (3.0) [10–24]
Vision Measures n eyes = 56 57 124
SKL (logMAR) 0.05 (0.10) [−0.20–0.26] 0.03 (0.09) [−0.14–0.30] 0.09 (0.11) [−0.12 − 0.3]
SKD (logMAR) 0.59 (0.16) [0.30–0.92] 0.56 (0.16) [0.18–1.08] 0.70 (0.22) [0.24–1.4]
CS (log units) 1.72 (0.09) [1.40–1.80] 1.73 (0.08) [1.40–1.80] 1.62 (0.14) [1.20 − 1.80]
CS_low lumin (log) 1.47 (0.16) [1.04 − 1.68] 1.43 (0.18) [0.96–1.76] 1.32 (0.24) [0.40–1.80]
SDH (logMAR) −0.69 (0.14) [−0.94 – −0.33] −0.66 (0.17) [−1.06 – −0.23] −0.54 (0.22) [−0.99–0.17]
DesatCCS (log CCS) 1.06 (0.29) [0.70–1.79] 1.08 (0.37) [0.70–2.03] 1.43 (0.46) [0.70–2.19]
IReST (log words per minute) 2.27 (0.07) [2.15–2.49] 2.23 (0.07) [2.03–2.35] 2.22 (0.10) [1.84–2.40]
Glare Recovery (log seconds) 0.98 (0.24) [0.48–1.36] 1.01 (0.26) [0.52–1.56] 1.05 (0.26) [0.58–1.71]

Abbreviations: MMSE = Mini Mental State Exam Score; n = number; ppts = participants; SKL = SKILL Light: high contrast near acuity; SKD = SKILL Dark: low 
contrast, low luminance near acuity; CS = contrast sensitivity at high luminance; CS_low lumin = contrast sensitivity at low photopic luminance; SDH = shape 
discrimination hyperacuity; DesatCCS = desaturated D-15 color confusion score; IReST = International Reading Speed Test. Except where noted, values indicate 
means, standard deviations in parentheses, and ranges in square brackets.

6 L. A. LOTT ET AL.



All vision variables were expressed in log units, and 
divided by 0.30 (a factor of 2), to put the analyses in 
meaningful and comparable units. Furthermore, several 
vision variables were transformed so that higher log 
values indicated better vision on all measures (i.e., 
SKL, SKD, SDH, DesatCCS, and Glare Recovery were 
multiplied by −1). Given that I-AMD was the reference 
category, relative risk ratios (RRRs) with confidence 
intervals >1.0 would indicate poorer vision in I-AMD 
than No-AMD or E-AMD groups.

Multinomial logistic regression with GEE (both 
unadjusted and adjusted for age and sex) was calculated 
for all eye-specific variables (i.e., eight continuous vision 
measures and one categorical variable: whether or not 
the eye had undergone cataract surgery). Due to multi-
collinearity (several of the vision measures assessed are 
significantly correlated), variance inflation factors 
(VIFs) were examined, and vision variables with VIF > 
2.5 were excluded from the multivariable analysis.59 

Age, sex, and all statistically significant variables (with 
VIF < 2.5) were included in the multivariable model.

Tables 3 and 4 present the results of the multinomial 
logistic regression with GEE analysis for I-AMD vs. 
E-AMD, and for I-AMD vs. No-AMD, respectively. 
Age, sex, cataract surgery, and Glare Recovery were 
not significantly associated with I-AMD group member-
ship for any of the models.

Column Aof each table presents the univariate unad-
justed results. For I-AMD vs. E-AMD (Table 3), high 
contrast acuity (SKL), low contrast, low luminance 
acuity (SKD), contrast sensitivity at high and low lumi-
nance (CS and CS_low lumin), shape discrimination 
hyperacuity (SDH) and colour discrimination 
(DesatCCS) were statistically significant. For I-AMD 
vs. No-AMD (Table 4), CS, CS_low lumin, SDH, 
DesatCCS, and IReST reading rate were statistically 
significant.

Although age and sex were not statistically signifi-
cant, separate analyses were repeated on the predictor 
variables, controlling for age and sex (see column B of 
Tables 3 and 4). Not surprisingly, the pattern of results is 
the same for the individual variables in these models. 

Table 4. Multinomial Logistic Regression with General Estimating Equation (GEE) Analysis of the Association between Vision Variables 
for I-AMD vs. No-AMD.

A. Univariate Unadjusted B. Adjusted for Age and Sex C. Multivariable Model

I-AMD vs. No-AMD RRR 95% CI RRR 95% CI RRR 95% CI

Age (per decade) 0.82 (0.57–1.18) – – 0.72 (0.46–1.13)
Sex (categ, Female) 1.14 (0.47–2.79) – – 1.01 (0.38–2.67)
Cat Surg (categ, No) 2.79 (0.94–8.22) 2.80 (0.86–9.15) – –
SKL (0.3 logMAR) 0.80 (0.34–1.80) 0.82 (0.40–1.69) 0.35 (0.15–0.85)*
SKD (0.3 logMAR) 1.52 (0.99–2.33) 1.44 (0.96–2.18) – –
CS (0.3 log) 5.77 (2.32–14.4)*** 6.31 (2.47–16.1)*** 6.48 (1.91–22.0)**
CS_low lum (0.3 log) 1.90 (1.28–2.84)** 1.94 (1.31–2.87)** – –
SDH (0.3 logMAR) 2.25 (1.29–3.92)** 2.21 (1.25–3.93)** 2.34 (1.24–4.44)***
DesatCCS (0.3 log) 1.45 (1.25–1.69)*** 1.44 (1.24–1.67)*** 1.43 (1.22–1.68)***
IReST (0.3 log) 9.01 (2.70–30.1)*** 8.48 (2.67–27.2)*** 4.64 (1.25–17.2)*
GlareRec (0.3 log) 1.05 (0.77–1.44) 1.02 (0.76–1.37) – –

RRR = relative risk ratio, CI = confidence interval. Significance Values: * p < .05, ** p < .01, ***p < .001 
I-AMD is the reference category. Model A: Individual variables (unadjusted); Model B: Individual variables adjusted only for age and sex; Model C: Includes SKL, 
CS, SDH, DesatCCS, IReST, Age and Sex.

Table 3. Multinomial Logistic Regression with General Estimating Equation (GEE) Analysis of the Association between Vision Variables 
for I-AMD vs. E-AMD.

A. Univariate Unadjusted B. Adjusted for Age and Sex C. Multivariable Model

I-AMD vs. E-AMD RRR 95% CI RRR 95% CI RRR 95% CI

Age (per decade) 1.06 (0.70–1.60) – – 0.76 (0.50–1.15)
Sex (categ, Female) 2.10 (0.87–5.22) – – 1.69 (0.67–4.27)
Cat Surg (categ, No) 1.33 (0.57–3.11) 1.17 (0.42–3.32) – –
SKL (0.3 logMAR) 3.52 (1.44–8.58)** 3.87 (1.37–11.0)* 1.56 (0.43–5.64)
SKD (0.3 logMAR) 2.53 (1.54–4.15)*** 2.56 (1.45–4.51)** – –
CS (0.3 log) 9.25 (3.83–22.4)** 9.62 (3.79–24.4)*** 5.61 (1.78–17.7)**
CS_low lum (0.3 log) 1.84 (1.24–2.72)** 1.78 (1.12–2.82)* – –
SDH (0.3 logMAR) 2.21 (1.31–3.71)** 2.13 (1.27–3.57)** 1.82 (1.04–3.21)*
DesatCCS (0.3 log) 2.81 (1.10–7.20)*** 1.49 (1.19–1.87)** 1.45 (1.12–1.88)**
IReST (0.3 logCRR) 1.51 (0.53–4.30) 1.26 (0.42–3.76) 0.75 (0.20–2.76)
GlareRec (0.3 logsec) 0.98 (0.67–1.42) 0.93 (0.64–1.36) – –

RRR = relative risk ratio, CI = confidence interval. Significance Values: * p < .05, ** p < .01, ***p < .001 
I-AMD is the reference category. Model A: Individual variables (unadjusted); Model B: Individual variables adjusted only for age and sex; Model C: Includes SKL, 
CS, SDH, DesatCCS, IReST, Age and Sex.
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Controlling for age and sex did not change the results 
from the univariate analyses.

As expected, multicollinearity was a concern for the 
multivariable analysis. In particular, three variables with 
variance inflation factors (VIFs) >2.5 (SKD = 3.36, 
CS = 2.54, and CS_low lumin = 3.09) made it necessary 
to exclude correlated measures. CS was more highly 
associated with I-AMD in the age- and sex-adjusted 
models, so SKD and CS_low lumin were excluded 
from the multivariable model.

Column C of Tables 3 and 4 presents the multivari-
able model of the multinomial logistic regression with 
GEE analysis for I-AMD vs. E-AMD and I-AMD vs. No- 
AMD, respectively. In both multivariable models, age, 
sex, and all variables associated with I-AMD status at 
p < .05 (and excluding SKD and CS_low lumin, due to 
multicollinearity) were included in the multivariable 
model. For I-AMD vs. E-AMD, CS, SDH, and 
DesatCCS were the only statistically significant variables 
(Table 3, Column C). For I-AMD vs. No-AMD, these 
variables along with SKL and IReST were significant 
(Table 4, Column C).

Interestingly, in the l-AMD vs. No-AMD multivari-
able model whereas the relationship between IReST 
and I-AMD is in the expected direction (i.e., I-AMD 
participants had slower reading times than No-AMD), 
the association for high contrast acuity (SKL) was in 
the opposite direction in the multivariable statistical 
model. That is, when the model contained BOTH 
IReST and SKL, the coefficient associated with SKL 
suggests BETTER acuity in I-AMD than No-AMD 
participants. This is likely due to the fact that the 
IReST text size depended on acuity. In order to main-
tain acceptable acuity reserve,51,52 participants with 
poorer high contrast acuity were tested with larger 
print size IReST charts than those with better acuity. 
For I-AMD, only 62.1% were tested with the smallest 
size IReST (1.0 M, or 0.4 logMAR), whereas 81.0% of 
the No-AMD participants (and 87.7% of E-AMD) were 
tested with this text size.

I-AMD individuals who have slightly reduced acuity 
read more slowly than those with better acuity, even 
though the text is scaled to provide adequate acuity 
reserve. On the other hand, No-AMD participants with 
slightly reduced acuity appear able to take advantage of 
the increased text size and read at least as fast as those 
with better acuity. The dependence of reading speed on 
acuity is in different directions for the two groups.

This was investigated further by performing Wald 
Test for Nested GEE models (to determine whether the 
inclusion of the SKL X IReST interaction term signifi-
cantly improved in the statistical model). Although the 
inclusion of the SKL X IReST interaction did not 

significantly improve model, the interaction term 
approached statistical significance (Wald Statistic = 
5.34, p = .07). Furthermore, in a model that included 
age, sex, SKL, CS, SDH, DesatCCS, IReST, and the SKL 
X IReST interaction term, SKL, and the interaction term 
were no longer statistically significant, leaving only CS, 
SDH, DesatCCS, and IReST.

Discussion

The goal of the study, for which we report the baseline 
findings here, is to identify tests that are both sensitive 
indicators of vision function in the earliest stages of 
AMD and predictors of disease progression. Tests were 
selected to be suitable for use in a clinical setting (i.e., 
rapid, easy to administer reliably, and not require expen-
sive or large equipment, nor a special laboratory-like 
setting for measurement). To that end, several clinically 
practical vision tests were used to assess and compare 
function in eyes with No-AMD, E-AMD, and I-AMD, as 
defined by the Beckmann Classification system.42

The majority of participants in the current study 
tended to be at the mild end of the E-AMD and I-AMD 
classifications. Only a minority (26%) of the E-AMD eyes 
had multiple medium drusen in the central one disc 
diameter of the fovea. Only 35% of our I-AMD eyes had 
both large drusen and pigment abnormalities. Eyes with 
both large drusen and pigment abnormalities are at 
greater risk of progression to the advanced AMD than 
those with large drusen alone.42 Furthermore, we have 
reported that large drusen and pigmentary changes are 
associated with poorer visual function than large drusen 
alone on some of the non-standard tests used here.60

The vision measures were selected, in part, on the 
basis of their reported sensitivity to the “early” stage 
AMD, but note the considerable overlap of the No- 
AMD and E-AMD distributions in each panel of 
Figures 1 and 2. The apparent inconsistency between 
this and earlier studies lies in the differences in termi-
nology and definitions of “early AMD”, with many of 
the earlier reports having included in this category eyes 
that would be classified as “intermediate AMD” by the 
Beckman Classification system.42 For example, Midena 
et al.28 reported reduced contrast sensitivity across 
a range of spatial frequencies in “early AMD”. 
However, many eyes in that study had characteristics 
consistent with AMD more advanced than the definition 
of E-AMD eyes used here, including focal hyperpigmen-
tation in the study eye and GA of the fellow eye. Kleiner 
et al.18 excluded eyes with any fundus changes other 
than drusen, and reported decreased contrast sensitivity 
in early AMD. Nevertheless, many participants had ret-
inal changes, including CNV and previous laser surgery 
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in the fellow eye that had been excluded from the study. 
Late AMD in the fellow eye (as opposed to early or 
intermediate AMD in both eyes) is associated with 
poorer function in early AMD eyes.25

Feigl et al.23 report significant differences in contrast 
sensitivity (Pelli-Robson Chart), colour vision assessed 
with the Lanthony Desaturated D-15, and SKILL score 
between “early AMD” and eyes without AMD. However, 
their early AMD group also included eyes that would be 
classified as I-AMD by the current definition. In con-
trast, Owsley et al.30 who defined early AMD as the 
grade of 2, 3, or 4 in the 9-step AREDS system61 and 
thus included individuals with large drusen or pigment 
changes, found no differences in contrast sensitivity 
between that group and participants with normal macu-
lar health (defined as drusen <125 micron). Maynard 
et al.34 report reduced contrast sensitivity at mesopic, 
but not photopic, luminance in a group that included 13 
early and eight intermediate AMD eyes; it is not known 
to what extent the latter group contributed to the finding 
of the difference between AMD and control eyes. Thus, 
whereas alterations in a variety of vision functions in 
eyes with early AMD have been reported, the definition 
of early AMD used in those studies has typically 
included eyes that would be classified as more severe 
by the Beckman Classification42 used here.

Eyes classified as I-AMD by the Beckmann 
Classification system42 had significantly poorer function 
on many vision measures than E-AMD or No-AMD eyes. 
These findings are consistent with previous reports based 
on eyes with similar retinal AMD characteristics, as noted 
above. The impairment in colour vision in I-AMD found 
in the present study is consistent with the findings of 
Collins and Brown62 who showed that eyes with pigmen-
tary abnormalities and “any number of hard drusen” 
performed worse on the Farnsworth desaturated D-15 
than eyes classified as normal. Consistent with the current 
results, those authors did not find a significant difference 
in glare recovery time between these two groups. 
Dimitrov et al.24 reported delayed glare recovery, but 
their “early AMD” study included some eyes with AMD 
more advanced than the I-AMD group in the present 
study. Further, their acuity criterion was less stringent, 
including eyes with acuity as poor as 20/60, and 29.6% of 
the study eyes had late AMD in the fellow eye.

CS, DesatCCS, and SDH remain in and are significant 
contributors to the multivariable associative models for 
both I-AMD vs. E-AMD and I-AMD vs. No-AMD. As 
noted in Table 3, CS showed the strongest association 
with I-AMD, but the wider 95% confidence interval 
indicates less precision in this predictor variable than 
either DesatCCS or SDH. The fact that the three mea-
sures were all significant independent predictors in the 

multivariable models suggests that they are measuring 
different mechanisms, and perhaps reflect different sorts 
of pathology.

The vast majority (87.3%) of the defects identified by 
the desaturated D-15 in I-AMD participants were tritan 
(B/Y) defects, consistent with earlier reports in the early 
stages of AMD. This is not surprising given the known 
vulnerability of the S-cone system to retinal disease 
including AMD.63 On the other hand, S-cones comprise 
only a small percentage of all cones and fine spatial 
vision, including the shape discrimination hyperacuity 
measure45 used here, is largely mediated by the other 
two cone classes, the M- and L-cones, which comprise 
95% of cones. It has been suggested that optimal perfor-
mance on the SDH test involves global pooling of infor-
mation over a large area,64-67 which would be impacted 
by the inhomogeneity of retinal morphology in I-AMD.

The current version of the commercial SDH test 
(MyVisionTrak®) is a four-alternative forced-choice 
(4AFC) test, whereas that version was not available at 
the time this study began. However, Ku et al.68 com-
pared the performance of N = 160 normal participants 
on the 3AFC vs. 4AFC versions of the SDH, and found 
no significant differences in threshold obtained or test 
usability or preference.

The reading test (IReST) used in this study showed 
a significant association in the I-AMD vs. No-AMD GEE 
model, but not for I-AMD vs. E-AMD. As was the case 
for CS, the wider confidence intervals for IReST in the 
I-AMD vs. No-AMD analysis suggests less precision 
than other vision variables. Additionally, the test, as 
conducted here, requires more preparation work on 
the part of the clinician (i.e., ensuring that text size 
used for each patient provides an adequate acuity 
reserve), recording reading performance for later analy-
sis (or scoring and timing “on the fly”, which would be 
more prone to errors). Although IReST reading may be 
useful in research on I-AMD, as a quick, clinical test, it is 
likely impractical.

In summary, CS, SDH, and the DesatCCS are simple, 
rapid clinically feasible tests that show good sensitivity 
to I-AMD. These tests likely require global processes, 
and thus pooling of retinal signals across the retina, 
which may contribute to their sensitivity. Although 
these measures are significantly associated with I-AMD 
status, it remains to be seen whether they can predict 
which participants will develop advanced AMD.
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