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Abstract

Purpose Subjects with bilateral central vision loss (CVL) use
a retinal region called the preferred retinal locus (PRL) for
performing various visual tasks. We probed the fixation PRL
in individuals with bilateral macular disease, including age-
related macular degeneration (AMD) and Stargardt discase
(STGD), for localized sensitivity deficits.

Methods Three letter words at the critical print size were pre-
sented in the NIDEK MP-1 microperimeter to determine the
fixation PRL and its radial retinal eccentricity from the resid-
ual fovea in 29 subjects with bilateral CVL. Fixation stability
was defined as the median bivariate contour ellipse area
(BCEA) from 3 fixation assessments. A standard 10-2 grid
(68 locations, 2° apart) was used to determine central retinal
sensitivity for Goldmann size II test spots. Baseline and
follow-up supra-threshold screening of the fixation PRL for
localized sensitivity deficits was performed using high density
(0.2° or 0.3° apart) 0 dB Goldmann size II test spots. Custom
MATLAB code and a dual bootstrapping algorithm were used
to register test-spot locations from the baseline and follow-up
tests. Locations where the 0 dB test spots were not seen on
either test were labeled as micro-scotomas (MSs).
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Results Median BCEA correlated poorly with the radial ec-
centricity of the fixation PRL. Mean (£SD) sensitivity around
the PRL from 10-2 testing was 4.93 + 4.73 dB. The average
percentage of MSs was similar for patients with AMD
(25.4%), STGD (20.3%), and other etiologies of CVL
(27.1%).

Conclusions The fixation PRL in subjects with bilateral CVL
frequently includes local regions of sensitivity loss.

Keywords Micro-perimetry - Central vision loss - Macular
degeneration - Preferred retinal locus (PRL) - Micro-scotomas

Introduction

Age-related macular degeneration (AMD) is among the most
common cause of permanent visual impairment in developed
countries such as the USA, accounting for more than 54% of
all vision loss in the white population [1]. Juvenile macular
degeneration (JMD), a term that includes conditions such as
Stargardt disease (STGD), fundus flavimaculatus, etc., is sim-
ilar in pathophysiology to the dry type of AMD, in that a
gradual vision loss results from pigment epithelial changes
and photo-receptor degeneration and/or loss. Most patients
with central vision loss (CVL) develop a non-central retinal
locus for fixation, referred to as the ‘Preferred Retinal Locus’
(PRL) [2, 3]. Although the PRL is outside the central area of
obvious retinal damage, it can be surrounded by regions of
reduced sensitivity, perhaps due to changes associated with
macular degeneration [4—6]. Retinal degeneration in pa-
tients with AMD is not restricted to the macula but is usu-
ally more widespread, and it is now known that even
normal-appearing retinal regions can have deficits in visual
functions such as dark adaptation, spatial contrast sensitiv-
ity and flicker sensitivity [5, 7, 8].
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The location of the PRL varies a lot among subjects and
primarily depends on the scotoma size and shape [9]. Shima
etal. [10] reported that the location of the PRL in a group of 15
subjects with AMD did not coincide with the retinal location
of highest sensitivity. Rohrschneider et al. [11] documented
that a patch of viable retina exists between the PRL and the
central area of degeneration in patients with JMD. In a study
by Verdina et al. [12], the PRL in majority of the subjects with
STGD was located at a significant distance from the observ-
able edge of the macular atrophy. In contrast, the PRL in
patients with AMD is located invariably near the edge of the
central scotoma, and shifts more peripherally as the degener-
ation engulfs greater regions of central retina [13]. In their
study of 825 patients with low vision, Fletcher et al. found
that roughly 1 in 6 patients have their PRL surrounded by
dense scotomas, constraining the usefulness of the PRL for
many visual tasks [9, 14].

Micro-perimeters have been used increasingly in the re-
cent past to assess a variety of retinal conditions, including
macular degeneration. Because much of the inherent fixa-
tion insstability of eyes with CVL can be compensated by
the instrument, the results are expected to be more reliable
and accurate than those of conventional perimetry [15].
Several groups investigated sensitivity in eyes with macular
degeneration over retinal regions with pigmentary changes,
drusen [16], flecks [12] and abnormal autofluorescence, but
the crucial region around the PRL has not received suffi-
cient attention [5, 17-20]. In this study, we investigate
whether regions of reduced sensitivity, which we designate
as micro-scotomas (MSs), occur at the fixation PRL in sub-
jects with bilateral CVL. Our protocol differs from the rare-
bit vision test employed by Winther & Frisen [21], which
presents briefly flashed (150 ms) bright micro-dots (dia.
~0.5") at random locations and records the percentage of
dots seen but not their retinal locations. Identification and
mapping of MSs near the PRL of subjects with bilateral
CVL is expected to benefit visual rehabilitation, as patients
can be trained to use an area of non-central retina [10] with
few or no MSs as the PRL for essential visual tasks such as
reading and facial recognition.

Methods

Twenty-nine subjects (age: 17-89 years, mean + SD:
57 + 21 years, 16 females) with bilateral central vision loss
due to conditions such as AMD, STGD, Cone/Cone-rod dys-
trophy, Macular holes etc. and with best corrected visual acu-
ity in the better eye better than 20/400, were recruited from the
Center for Sight Enhancement at the University Eye Institute,
University of Houston. Subjects with nystagmus and/or head
tremors, or other ocular co-morbidities such as glaucoma or
diabetic retinopathy, were excluded. The study protocol was
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reviewed by the Committee for the Protection of Human
Subjects at the University of Houston and all subjects provid-
ed written informed consent (or, for subjects who were mi-
nors, assent along with parental consent) before participating.
The research followed the tenets of the Declaration of
Helsinki.

All the outcome measures reported in this study are for
the eye with better best-corrected distance visual acuity or
for the subject’s preferred eye (determined as the eye that
the subject did not close when asked to close one eye) if
acuity in the two eyes was equal. During testing, the non-
tested eye was occluded with an eye patch. A Nidek MP-1
microperimeter (Software Version: 1.7, Nidek Inc., Padova,
Italy) was used both to assess fixation and for visual-field
testing. Testing required two study visits and was done after
pupillary dilation using 1% Tropicamide and/or 2.5%
Phenylephrine. The two study visits were at least one week
(range: 1-28 weeks) apart.

Visual testing — Visit 1
a) Fixation

The fixation PRL for a 3-letter word approximately sized at
each subject’s critical print size (based on the outcome of
reading assessment done using handheld MN Read Acuity
Charts [22]) was assessed using a Nidek MP-1
microperimeter. We do not report the reading outcome here
but, briefly, the critical print size was estimated as the smallest
print size that the subject could read with maximum speed
[23]. Subjects were instructed to use their preferred eye and
viewing location to fixate on the central letter of a 3-letter
word (See Fig. 1) while ensuring that the whole word
remained visible. The word was in dark Courier font, present-
ed on the uniform white background of the MP-1’s LCD dis-
play (1.27 cd/m?).

The size of the displayed letters was limited by the pixel
resolution of the MP-1’s LCD screen (6.5”, 640 x 480 pixels
[15]). For instance, a 20/200 (MAR = 10/, letter height 50")
should be ~8.74 pixels high (using ~10.48 pixel/deg. conver-
sion factor). However, in the MP-1 display, it was rounded to
be 9 pixels and the actual logMAR acuity was 20/206
(MAR = 10.3", letter height 51.5"). The actual sizes of the
words displayed are listed in the Supplementary Table. At
the start of fixation testing, a reference fundus image was
captured by the built-in IR-sensitive camera (768 x 576 pixels,

° = 15.19 pixels) of the MP-1. The examiner then selected a
feature-rich region of interest (ROIL, 128 x 128 pixels), such as
a blood vessel crossing or part of the disc or atrophic margin
on the frozen reference image. The ROI was tracked at a
sampling rate of 25 Hz (40 ms) during fixation testing.
Fixation was usually recorded for a duration of approximately
30 s (Range: 1255 Seconds). Three assessments of fixation
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Fig. 1 Fixation and 10-2 Testing. Fixation testing (images on the left) to
determine the fixation PRL and 10-2 perimetric testing (images on the
right) for subject S3 with STGD (top) and for subject S23 with AMD
(bottom). Note that in the left image, the word is flipped vertically (in the

were obtained successively and the fixation files were
exported to compute the bivariate contour ellipse area
(BCEA). The latter was calculated, after filtering outliers (£3
SD, to eliminate spurious data points from periods just before
and after blinks), using the formula [24]:

BCEA = 1X?0,0,+/(1-p?)

BCEA (1SD) was computed offline using a custom MATLAB
(R2007a/R2014a - MathWorks, Natick, MA) program. Each
subject’s median BCEA from the three successive fixation
tests and the retinal region corresponding to this contour ellip-
se were used to perform sensitivity screening on the second
study visit.

Marking the location of the PRL During fixation testing, a
transparent plastic sheet was placed over the output dis-
play screen of the MP-1 to a) trace the retinal features
such as blood vessels and the margins of the optic disc
and/or atrophic macula and b) mark the approximate
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retinal view, the word would be inverted) to illustrate the field view. Scale
bars are provided in the top left corner of each panel. Letter height was
approximately equal to the critical print size, which was 1.3 logMAR (20/
400) and 0.8 logMAR (20/125) in S3 and S23 respectively

boundaries and center of the fixation PRL. The latter
was usually done during the last leg of fixation testing.
This transparency was used during the second study visit
to help center the test grid at the location of the PRL. The
repeatability of positioning the test array using the trans-
parency was assessed by placing a 9 x 9 test grid, 6 times
at an IR image location designated as the fixation PRL.
Based on the transparencies with the PRL marking of 4
subjects with CVL (S18, S19, S22 and S28), the grids
were centered on a standard IR image that was captured
with the lens cap on and without positioning any subject
in front of eyepiece. The average of the SDs of the X and
Y locations of the center of the grid was: ~ 1.1 IR-image
pixels (range: 0.52—1.64), corresponding to £4.31 arc min.

Eccentricity of the PRL The distance of the center of the
PRL with the median BCEA from the center of the optic
disc was measured using the overlay grid option of the MP-
1. The MP-1 overlays a circular grid centered on the PRL
center, and the two authors marked the mutually agreed
location of the optic disc center on the MP-1’s computer
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display. The vertical and horizontal distances from the
marked disc center to the center of the PRL were then mea-
sured with a ruler. Using reported normative values of the
foveal center from the center of the optic disc (15.5° tem-
poral and 1.5° inferior from the optic disc center, (according
to Rohrschneider [25]) along with the Pythagorean the-
orem, the radial eccentricity of the PRL from presumed
foveal location was calculated in degrees.

b) Assessment of the Central Visual Field

After fixation testing, central retinal sensitivity in the
better (test) eye was assessed using a standard Humphrey
10-2 grid (68 points, 2° apart, 4-2-1 thresholding).
Goldmann size II spots (squares of nominal side 13 arc
min or 2 x 2 LCD pixels) with a luminance ranging from
0 to 20 dB (127 to 2.54 cd/m?) were presented on a white
background of 1.27 cd/mz, while subjects maintained fixa-
tion on a 1-3° red cross target. Testing began after the sub-
ject had adapted for at least 15 min to the dimly lit exami-
nation room, as in previous studies [26, 27]. A retinal ROI
rich in details with a ROI index of at least 2.5 (range: 2.5—
8.0) was chosen from an IR image that was frozen during
fixation with the previously determined PRL. The MP-1
automatically centers the 10-2 test grid based on the sub-
ject’s fixation locus during the initial few seconds (25 s) of
field testing. Consequently, the center of the test grid may
not coincide exactly with the fixation PRL that was docu-
mented during fixation testing (See Fig. 1).

Visual testing — Visit 2
¢) Supra-threshold Sensitivity Screening (STSS)

Fixation testing was repeated at the start of visit 2, to com-
pare with the location of the fixation PRL that was determined
on visit 1. The landmarks recorded on the plastic transparency
during visit 1 were used as a guide to assess whether the
fixation PRL changed during the follow-up period. No notice-
able change occurred in any of the subjects in our sample.
Custom MATLAB code was used to design the target grid
used to sample sensitivity at the fixation PRL (number of
locations range: 23-94). The sampling density (nominally
0.2 or 0.3 deg. center-to-center) and size of the bivariate con-
tour ellipse (1 or 2 SD) sampled were chosen to minimize the
total test duration (usually ~15 min) and, hence, avoid fatigue.
Thus, the STSS grid for each subject was unique. The grid
pattern was designed using the ‘pattern editor’ option of the
MP-1 and the luminance of the test spots was set to 0 dB. The
grid was manually positioned to overlay the fixation PRL,
using the landmarks from visit 1 as a guide.

A custom grid of Goldmann size II targets (maximum
Lgpot = 127 cd/m?, Lgg = 1.27 c¢d/m?) with a center-to-
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center spacing of either nominally 12 or 18 arc min (0.2
or 0.3 deg) was used for the baseline STSS (See Fig. 2).
Immediately following the baseline test on the same day, a
follow-up test using the same target grid was performed.
The MP-1 uses examiner-selected ROIs to automatically
register the IR image pairs from the initial and follow-up
testing. Following this IR-to-IR image registration, the MP-
1 automatically placed the STSS grid at the same retinal
location as during the initial test. The registration accuracy
of'the MP-1 for follow-up testing was evaluated and report-
ed previously [28] to be within ~2 pixels in subjects with
CVL. Sensitivity testing with the MP-1 includes catch trials
for false positives by projecting 0 dB stimuli once every
minute onto the center of the optic disc, designated during
set up by the operator (range of total number of catch tri-
als = 5-15). The number of false positive responses in our
subjects was always <2. Because we used only 0 dB targets
to perform STSS, testing for false negative responses was
not possible.

We designate the regions within the PRL at which test spots
were consistently not detected as micro-scotomas’ (MSs) a) as
the Goldmann size II spots we employed are half the diameter
of the conventional size III (26 arc min) spots and b) because
of the high sampling density that was used. For comparison,
peripheral retinal locations (eccentricity range: 2—8°) were
screened for MSs in a cohort of 8 subjects (age range: 27—
71) with normal vision using a high-density grid of 0 dB test
spots.

Image registration: IR-MP-1 images The IR test images
were registered offline to minimize the small errors inher-
ent in the MP-1’s proprietary image registration. A
Generalized Dual Boot strap — Iterative Closest Point
(GDB-ICP [29]) algorithm registered the retinal locations
of the first and second supra-threshold screening grids
during baseline and follow-up testing. The accuracy of
the algorithm-based registration was confirmed visually
by observing minimum flicker when the two fundus im-
ages were alternated rapidly. The 2-D affine coefficients
returned by the GDB-ICP algorithm were used to trans-
form and re-plot the locations of the test points during
follow-up testing onto the baseline IR image (see
Figure 2 — zoomed IR images). A rectangular overlap
region (based on the Mean + 2SD of the previously re-
ported IR image registration errors [28]) of ~37 x 22 arc
min or 8 x 5 IR image pixels, was drawn around each
prospective MS (0 dB test spot not seen) that was identi-
fied during baseline testing. A prospective MS detected
during follow-up testing was considered to overlap with a
baseline scotoma if the follow-up scotoma fell within this
rectangular region of overlap. Only overlapping locations
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Fig. 2 Supra-threshold screening of the Fixation PRL. Results of supra-
threshold screening of the fixation PRL in S3 (STGD, top, N = 73) and
subject S23 (AMD, bottom, N = 77). The customized screening grid was
centered on the fixation PRL (left image). The grid (on the right) was re-
plotted after offline image registration (to minimize MP-1’s image
registration errors) using MATLAB. Note the different scale bars in the
top left corners. Black filled squares are the locations of test spots not

at which the 0-dB stimulus was not seen on both baseline
and follow-up tests are reported here as MSs.

MS Repeatabilty

detected on test 1, shown along with 8 x 5 pixel overlap regions - dashed
lines) and the thick black squares are the locations of test spots not
detected on test 2. MS location counts, defined as the overlapping
retinal locations at which a test spot was detected on neither test 1 nor
test 2, were 7 and 6 for S3 and S23, whereas definite nonMS location
counts, defined as overlapping retinal locations at which the test spot was
detected on both test 1 and test 2, were 10 and 2

Repeatability of the STSS results was assessed using the
following expression:

_ Count of test locations with MSs (0 dB target not detected on both tests)

x 100%

Count of test locations with 0 dB target not detected on Test 1

This expression indicates the percentage of target locations
not detected on screening test 1 that also were not detected
(within registration accuracy) on screening test 2.

d) Screening the worse eye

A screening test (6 x 6° grid, 36 locations 1° apart) with
0 dB Goldmann size II spots was performed to confirm the
presence of CVL in the non-tested (worse) eye. This screening
test, along with the 10-2 testing (Visit 1) described above,

confirmed that all our subjects had a region of ‘absolute’
central-retinal scotoma in both the non-preferred and the pre-
ferred eyes.

Results

Three fixation assessments were done successively in each
subject, and the median bivariate contour ellipse area (68%
BCEA) averaged 1.26 + 1.41 deg? (mean + SD, Range: 0.2—
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7.8 deg®). The BCEAs were not significantly different be-
tween subjects with AMD vs. STGD (t (20) = 0.80,
p = 0.44); AMD vs. Other CVL (t (15) = —0.30, p = 0.77)
or STGD vs. Other CVL (t (17) = —0.85, p = 0.41). The
average (+ SD) radial eccentricity of the fixation PRL from
the assumed foveal location was 4.06 + 2.68° (Range: 0.3—
10.15 deg). The radial eccentricities were not significantly
different between subjects with AMD vs. STGD (t
(20) = —=1.19, p = 0.25); AMD vs. Other CVL (t
(15) = =0.93, p = 0.37) or STGD vs. Other CVL (t
(17)=-0.11, p=0.91). The median BCEA correlated poor-
ly with the radial eccentricity of the fixation PRL (r = +
0.231, p = 0.114, see supplementary Fig. S1). No signifi-
cant correlation exists between PRL eccentricity and BCEA
for AMD (r = +0.524, p = 0.060), STGD (r = —0.131,
p = 0.343) or for subjects with other types of CVL (r = +
0.266, p = 0.283).

Across subjects, the average (=SD) of the median (4-6
locations) sensitivity around the fixation PRL from 10-2
testing using the MP-1 was 4.93 +4.73 dB. On average, 51
locations (Range: 23-94, see Table 1) around the fixation
PRL were screened for MSs. The number of locations that
had MSs and the number of nonMS locations varied wide-
ly across subjects. Except for a few subjects who had
roughly similar numbers of MS and nonMS locations
(e.g.: S3, S12), most of our subjects had a highly unequal
distribution of MS and nonMS locations. The %MSs had a
moderate correlation with the median sensitivity around
fixation PRL, determined during earlier 10-2 testing
(r = —=0.605, p = 0.00051, see supplementary Fig. S2).
For the 23 subjects who failed to detect one or more targets
on the baseline screening test, the median value of MS
repeatability was 93.6% (interquartile range = 73.2% —
100%). The four subjects (1 AMD, 3 STGD) whose values
of MS repeatability were in the lowest quartile failed to
detect between 3 and 7 targets on screening test 1.
Therefore, the calculation of MS repeatability for these 4
subjects is based on relatively small numbers of data
points.

Using the same criterion as applied to the subjects with
CVL, only one of the 8 subjects with normal vision exhibited
a peripheral MS (i.e., 1 of the 492 total locations screened).
This lends more credence to the finding of MSs at the PRL of
CVL subjects. It is noteworthy that the prevalence of one or
more MSs within the PRL was similar for the subjects with
AMD (8/10), STGD (10/12) and subjects with other forms of
CVL (4/7). Moreover, the average percentage of MSs was
similar across the 3 groups with CVL (AMD: 25.4%,
Stargardt disease: 20.3%, other CVL: 27.1%). The percent-
ages of MSs were not significantly different between AMD vs
STGD (t (20) = 0.42, p = 0.68); AMD vs Other CVL (t
(15) = =0.13, p = 0.90) or STGD vs Other CVL (t
(17) =-0.52, p = 0.61).
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Discussion

Fixation stability assessed using BCEA had a poor and insig-
nificant correlation with the eccentricity of the PRL. This is
perhaps due to the diverse nature of the subjects, with varying
duration of central vision loss in our study, and concurs with
other reports of poor correlation in the literature [2, 30].
Interestingly, some studies [24, 31-33] report a significant
correlation between the PRL eccentricity and fixation stability,
so the relationship is still unclear. The range of BCEA values
reported here is similar to other studies of patients with CVL
[27, 32, 34, 35]. As speculated previously by others, it is
plausible that the duration and stability over time of the
CVL has a bearing on the fixational stability [30, 36]. It should
be noted that this study was not intended to understand the
development of PRL or the course of functional changes at the
PRL during disease. The follow-up times we report are only to
inform that there was a time gap between 10-2 testing and the
STSS. However, it is worth noting that a shift in PRL location
during the follow-up period was not observed in any of our
subjects.

We report here the novel finding that micro-scotomas
occur frequently within the PRL of subjects with CVL.
Within our cohort of 29 subjects, 7 exhibited no MSs,
whereas the remaining 22 subjects were determined to have
MSs at an average of ~25% of the sampled PRL locations
(based on our overlap criterion, 1 of the 23 subjects who
failed to detect targets on the initial screening test was de-
termined to have no MSs). The distribution of percentages
of MSs was very similar across the three subject cohorts
with CVL. Because several reports [2, 24, 36] suggested
that the PRL in AMD usually is located at the atrophic
margin, we anticipated that the AMD cohort would have a
higher percentage of MSs than, for example, subjects with
Stargardt disease. We did not attempt to demarcate the
edges of the atrophic regions in our subjects, as such de-
marcation can be difficult in non-AMD subjects where the
atrophic margins are not very conspicuous. However, using
the locations of the absolute central scotomas identified
during 10-2 testing as an indicator of the atrophic margin,
9 of the 10 AMD subjects had the PRL at the edge of the
atrophic area, whereas only 4 of the 12 subjects with
Stargardt disease located their PRL adjacent to the atrophic
margin. Imaging modalities such as fundus auto-
fluorescence imaging or optical coherence tomography
might have provided better localization of the subjects’
atrophic margins. Although AMD and STGD differ in
terms of clinical presentation and pathophysiology, eventu-
ally photoreceptor damage occurs in both conditions.
Regardless of the differences in clinical presentation be-
tween these two conditions, we assume that the MSs we
identified at our subjects’ PRLs are indicative of underlying
photoreceptor damage. It would be of interest to screen the
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Table 1  Results of Supra-threshold Screening
Subject Code Diagnosis Follow- up CPS BCEA Radial Median Locations % MS
Time (MN Read) (1SD) Eccentricity Sensitivity near PRL Screened
(Weeks) (logMAR) (degz) (deg) (dB) Count

s1# AMD 20.1 0.7 0.20 0.30 0 28 0
S2 AMD 1.4 0.8 2.31 2.98 2.5 67 9.0
S3 STGD 24 1.3 1.31 3.73 12.5 73 9.6
S4 STGD 2.0 1 0.57 5.50 8 50 6.0
S5 # CRD 6.3 1.15 0.85 5.52 10 67 0
S6 STGD 7.9 0.95 0.34 5.07 8 33 3.0
s7* PM 4.0 1.2 1.01 10.15 5 37 0
S8 CRD 1.0 0.8 0.25 0.94 0 41 61.0
S9 STGD 1.0 1.1 1.16 7.06 0 37 59.5
S10 AMD 7.6 1.15 0.66 7.85 0 55 10.9
S11 MH 2.6 1.22 0.82 1.76 8.5 29 41.4
S12 STGD 10.0 1.25 1.10 8.93 10 36 13.9
S14* STGD 1.0 1.1 0.30 5.60 14.5 23 0
S15 STGD 7.7 1.27 0.46 3.53 13 41 49
S16 AMD 33 14 1.12 0.65 0 33 75.8
S18 STGD 27.7 1.07 1.97 2.06 8.5 57 1.8
S19# AMD 23 1.1 2.58 8.38 6.5 67 0
S20 PM 4.7 1 7.78 6.71 8 94 36.2
S22 STGD 13.6 1.3 2.07 4.00 0 57 77.2
S23 AMD 7.1 0.8 1.05 3.00 5.5 77 7.8
S25 MMD 1.0 1.2 0.41 5.59 0 37 51.4
S26 STGD 4.1 1.07 0.89 2.00 0 62 62.9
S27 AMD 2.0 1.15 0.45 1.12 2 39 333
S28 AMD 53 1.175 0.76 1.12 0 62 46.7
S29 AMD 1.0 0.85 0.98 2.50 0 73 67.1
s30* STGD 4.7 1.2 0.97 4.03 3 31 0
S31 STGD 23 0.875 0.48 2.06 2.5 44 4.6
S32 AMD 0.9 1.175 1.96 4.12 4 62 32
S33# CD 0.1 0.95 1.86 1.58 11 56 0

Average 53 1.08 1.26 4.06 493 50.62 23.69

SD 6.1 0.18 1.41 2.68 473 17.71 27.22

Results from the sensitivity screening test at the fixation PRL. The fourth column reports the critical print size (CPS, letter height in logMAR obtained
from MNREAD testing) of the words used for fixation testing. The seventh column reports the median sensitivity of the 4 to 6 test points located around
the PRL, from 10-2 testing using nominal Goldmann size II spots and a 4-2-1 thresholding strategy

The subject codes for the seven subjects (2 AMD, 2 with Stargardt disease [STGD], and 3 with other etiologies of central vision loss) who were found to
have no MSs are identified by underlining and a hash (#) mark. Interestingly, no MSs were identified during supra-threshold screening for subject S1,
whose median sensitivity around PRL during 10-2 testing was 0. This is because the number of missed targets in the first supra-threshold screening test
was 0. Thus, although S1 failed to detect 6 targets during supra-threshold screening test 2, the number of overlapping missed targets was 0. (Codes for
other etiologies of CVL: CRD = cone rod dystrophy, CD = cone dystrophy, PM = Plaquenil maculopathy, MH = macular hole, MMD = myopic macular

degeneration). Also, refer to Supplementary Table for actual acuity values that MP-1 can display

PRL in subjects with recent onset CVL to determine if MSs
exist even at the time the PRL is being established.

One explanation for the apparently similar mean percentages
of MSs in the three cohorts we tested is that our region-of-overlap
criterion for undetected target locations on the initial and follow-
up STSS tests was excessively large, and that some of the MSs
classified based on overlapping missed test locations were not
necessarily overlapping. In other words, we might have over-
estimated the percentages of MSs in some subjects. In seven
subjects (3 AMD, 3 STGD, 1 with macular hole) all the tested
locations within the PRL exhibited MSs. On the other hand, two
of the subjects with AMD, two of the subjects with STGD and
two subjects with other etiologies of CVL had no identified MS

locations within the PRL. Despite the fact that most of the sub-
jects (8 of 12 in our study) with STGD adopt a PRL that is remote
from the margin of the atrophic macula, the high prevalence of
MSs in these subjects leads us to conclude that retinal function at
the PRL is abnormal in the majority of subjects with STGD [6].

Limitations of the study All the assessments performed in
this study were monocular and so may not reflect the real-
world situation of our subjects, which is almost always binoc-
ular. Although both the scanning laser ophthalmoscope (SLO)
and commercially available micro-perimeters are monocular
instruments, an optical attachment to a SLO was demonstrated
to be effective in imaging both eyes simultaneously [37]. The
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location of the PRL, which can differ across tasks, [38] has
been estimated to be at corresponding retinal locations in the
two eyes of subjects with CVL [39]. Weicek, Jackson & Bex,
[40] reported a binocular micro-perimetry system employing
eye tracking and stereo shutter glasses that reliably mapped
the location of simulated scotomas in normally-sighted sub-
jects. With these new technologies, it will be of interest to
explore functional changes at the binocular PRL. On a differ-
ent note, although our measure of MS repeatability indicates
good internal consistency, we did not follow our subjects over
time. To know if MSs at the fixation PRL are stable and
replicable over time, a future study would need to probe the
fixation PRL over multiple testing visits. Nevertheless, our
study provides one of the first pieces of evidence for local
functional changes at the fixation PRL in patients with central
vision loss.

Conclusions

The PRL for fixation in subjects with macular degeneration
(AMD, Stargardt disease and subjects with other etiologies of
central vision loss) frequently includes local regions of sensi-
tivity loss, or MSs. Probing the PRL and the region surround-
ing the PRL, including the margin of the central atrophic re-
gion, has the potential to provide useful information about
patients’ current visual capabilities and limitations, to improve
the monitoring of treatments and interventions, especially in
patients with wet AMD, and to assist in the selection and
training of an appropriate eccentric viewing locus.
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