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Abstract

Purpose—To investigate psychophysical thresholds in Stargardt disease with the full-field
stimulus test (FST).

Methods—YVisual acuity (VA), spectral-domain optical coherence tomography (SD-OCT), full-
field electroretinogram (ERG), and FST measurements were made in one eye of 24 patients with
Stargardt disease. Dark-adapted rod FST thresholds were measured with short-wavelength stimuli,
and cone FST thresholds were obtained from the cone plateau phase of dark adaptation using long-
wavelength stimuli. Correlation coefficients were calculated for FST thresholds versus macular
thickness, VA and ERG amplitudes.

Results—Stargardt patient FST cone thresholds correlated significantly with VA, macular
thickness, and ERG cone-response amplitudes (all P<0.01). The patients’ FST rod thresholds
correlated with ERG rod-response amplitudes (P<0.01), but not macular thickness (P=0.05). All
Stargardt disease patients with flecks confined to the macula and most of the patients with flecks
extending outside of the macula had normal FST thresholds. All patients with extramacular
atrophic changes had elevated FST cone thresholds and most had elevated FST rod thresholds.

Conclusion—FST rod and cone threshold elevation in Stargardt disease patients correlated well
with measures of structure and function, as well as ophthalmoscopic retinal appearance. FST
appears to be a useful tool for assessing rod and cone function in Stargardt disease.

Background

Stargardt disease is the most common juvenile onset hereditary macular dystrophy.1-2
Mutations in the ABCA4 gene are responsible for the autosomal recessive form of the
disease.® Mutations of ABCA4 can also cause cone dystrophy, cone-rod dystrophy#, and
more rarely retinitis pigmentosa phenotypes.>:6

Stargardt disease is ophthalmoscopically characterized by yellow or creamy white fundus
flecks and macular degeneration. Most patients with Stargardt disease experience
progressive central visual loss by the second or third decades of life, although later onset is
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not uncommon.” Snellen visual acuity (VA) often stabilizes around 20/200 (1.0 logMAR),
but further visual acuity loss is possible in cases where diffuse retinal degeneration
occurs.8-11

Various systems of categorization have been devised for patients with Stargardt disease.
Two such systems include categorization by “stage” based on fundus appearance,1213 and
by “group” based on electroretinogram (ERG) signals.1# Longitudinal studies have shown
that the full-field ERG may have prognostic value in Stargardt disease.15-16

Another full-field measure of visual function is the full-field stimulus test (FST), which
provides a psychophysical test of luminance threshold.17-18 As opposed to the focal stimuli
used in traditional static and kinetic visual field perimetry, the FST utilizes a brief full-field
(ganzfeld) flash. Subjects are typically fully dark-adapted, after which the full-field flash
stimuli are presented. Short and long wavelength stimuli can be used to determine whether
the thresholds are rod-mediated, cone-mediated, or a combination of both, which is
particularly useful for patients with retinal disease. Cone-mediated responses can be elicited
with the addition of either a bleach-recovery dark adaptation protocoll”-1° or a background
light.1® The thresholds measured with the FST are thought to be mediated by the most
sensitive part of the visual field. Roman et al.1” demonstrated a strong correlation (r>0.95)
between the most sensitive area of the visual field based on static perimetry and FST-based
sensitivity in a cohort of more than 100 subjects with a variety of retinal diseases.

An advantage of the FST is that accurate fixation is not critical, given the full-field nature of
the stimulus. In fact, the FST was primarily designed for testing patients with severe retinal
degenerations such as Leber congenital amaurosis who often have nystagmus and difficulty
with steady fixation.}” The FST has been found to be useful in other diffuse retinal diseases,
such as retinitis pigmentosa2? and cone-rod dystrophy.21 A group of thirteen patients with
Stargardt disease was tested with two-color dark adapted FST, but their results were
reported as part of a larger group of macular dystrophy patients.1’ The purpose of the
present study was to evaluate the relationships among cone and rod mediated FST
thresholds, retinal thickness as determined by spectral-domain optical coherence
tomography (SD-OCT), and full-field ERG amplitudes measured under scotopic and
photopic conditions, all of which are commonly used indices of either visual function or
retinal structure in Stargardt disease.

Twenty-four patients with Stargardt disease (age range 21-52, mean 37.3, standard deviation
(SD) 10.0 years) participated in the study. Nineteen patients had at least two known disease-
causing variants of the ABCA4 gene, four patients had only one known disease causing
variant, and one patient was the affected sibling of three affected patients with known
mutations. None of the Stargardt disease patients had any other known ophthalmic condition
or medical condition that would be expected to affect the testing results, and none were
taking any medication that would be expected to affect the testing results. Stargardt disease
patients were categorized by fundus appearance as Stage 1 (flecks confined to the macula,
n=7), Stage 2 (flecks also outside the macula, n=6), or Stage 3 (resorbed flecks, n=10), or
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Stage 4 (extensive atrophy extending outside the macula, n=1).12 Some Stage 3 and 4
patients lack visible fundus flecks, and therefore the diagnosis of Stargardt disease in those
cases was based partly on the presence of fundus flecks observed on prior exams at our
clinic.

Stargardt disease patients were also categorized by group according to rod and cone results
on FST testing. This categorization is based on an ERG group categorization proposed by
Lois et al. (2001).14 Our FST groups are as follows: FST Group 1 (normal rod and cone FST
thresholds), FST Group 2 (elevated cone and normal rod FST thresholds), and FST Group 3
(elevated cone and rod FST thresholds).

Best-corrected visual acuity of each eye was tested with ETDRS acuity charts, and the eye
with better visual acuity was selected for further testing. If acuity in the two eyes was the
same, then the patient's subjectively preferred eye was tested. The selected eye was tested
with SDOCT, full-field ERG, and FST. This eye was dilated with 1.0% tropicamide and
2.5% phenylephrine, and was monitored to ensure consistent dilation throughout testing with
FST and ERG procedures.

A SD-OCT 3D Retinal Topography protocol was tested on all Stargardt disease patients
with the Optos Spectral OCT SLO (Optos, Dunfermline, Scotland; OCT SLO formerly
OPKO/QOTI). The total average thickness (macular thickness) was measured as the average
retinal thickness within 3 mm of the foveal center.

Full-field ERGs were obtained with Burian-Allen contact lens electrodes under both dark
adapted (scotopic) and light adapted (photopic) conditions with the Diagnosys
ColorDome™ (Diagnosys LLC, Lowell, MA). ERG testing conformed to the ISCEV
standard, with the exception that a blue stimulus (instead of achromatic) was used for the
scotopic dim single flash, and the light adapted achromatic single flash stimulus was 4.5 cd-
s/m? (instead of 3.0 cd-s/m?). Each patient was dark adapted for at least 30 minutes prior to
scotopic testing with the rod-isolating dim blue single flash 0.005 cd-s/m? stimulus. After at
least 7 minutes adapting to a 30 cd/m? 6500K white background, subjects were tested with
an achromatic cone-isolating flash of 4.5 cd-s/m2. Further testing at 10 minutes with the
same stimulus was performed only if amplitudes continued to rise during further light
adaptation. After 10 minutes of light adaptation subjects were tested with a 32-Hz 3.0 cd-
s/m? flicker stimulus. B-wave amplitudes from single-flash ERGs and trough-to-peak
amplitudes from flicker ERGs were used in statistical analysis. The ERG lower limit of
normal was based on 90% tolerance limits with 90% coverage of the normal population
(which provides limits close to the range of normal subjects).22 This statistical approach was
employed to account for our range of normal ERG amplitudes, which are not normally
distributed. Two of the Stargardt disease patients did not undergo ERG testing.

For dark adapted FST, we began with the protocol described by Klein and Birch (2009),
using the Diagnosys Espion3, ColorDome™, and a button box (Diagnosys LLC, Lowell,
MA\).2 The software to run the FST protocol on the Diagnosys Espion3 can be obtained
from Diagnosys LLC. The Diagnosys FST stimuli have been shown to provide reliable and
repeatable dark adapted thresholds in patients with retinal degenerations.1821 Subjects were
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dark adapted for 30 minutes prior to testing. The subject was provided a button box with two
buttons (green and red), with textured tape placed on the green button.2 The light stimuli
were presented simultaneously with an audible signal, and the subject was instructed to
press the green (taped) button if they saw a light anywhere in the ColorDome, or press the
red button if they saw no light. The first stimulus was 6500K achromatic (white), tested
three times (results not reported here). Long-wavelength (red) and short-wavelength (blue)
stimuli were similarly tested three times apiece (each test is run automatically by the Espion
software), subsequent to the white stimulus tests. Dark adapted thresholds were assumed to
be rod mediated if threshold was at least 2.2 log units lower for the blue stimulus than for
the red stimulus, based on findings by Roman et al.18 and Park et al.24 that under rod
mediated conditions, threshold for the blue and red stimuli generated by the ColorDome
differed by approximately 2.3 log units.

After the dark adapted FST testing, subjects underwent 5 minutes of a full-field bleach (3.1
log cd/m? 6500K achromatic full-field), which bleached approximately 67% of rhodopsin.23
Following the bleach, a dark adaptation protocol was tested using the red and blue full-field
stimuli. We assumed that red stimulus thresholds were mediated by cones if the differences
between red and blue responses were less than 2.2 log units (photopic cd-s/m?). A cone
threshold was measured as the average response to red stimuli during the cone plateau,
which occurred between 5 and 10 minutes post-bleach. An example result from our FST
dark adaptation testing with red and blue stimuli is shown in Figure 1.

Ten visually normal subjects (age range 21-51 years, mean 35.0, SD 9.7) also underwent the
FST with the same protocol. The mean age of the control subjects did not differ significantly
from that of the patients (P=0.54).

The Diagnosys FST software generates psychometric functions relating percent detected to
stimulus intensity, which are fit with a two parameter Weibull function to determine
threshold.?! FST results were expressed in decibels where zero dB = 0.1 cd-s/m?. Partial
Pearson correlation coefficients were calculated for comparisons of FST thresholds to other
tests (logMAR visual acuity, SD-OCT macular thickness, and ERG amplitudes), after
controlling for the effect of age. Significance of correlation coefficients at P<0.01 was
determined by the Bonferroni correction method.

This project was approved by an Institutional Review Board of the University of Illinois at
Chicago and in compliance with the Declaration of Helsinki.

For all subjects (visually normal or Stargardt disease), dark adapted FST blue stimulus
thresholds were at least 22 dB (2.2 log) lower than dark adapted FST red stimulus thresholds
(photopic units), indicating rod mediation of dark adapted thresholds for both stimuli. For
the ten visually normal subjects, FST mean rod threshold was -69.8 dB (SD 2.5) and mean
cone threshold (measured from the red stimulus cone plateau) was -27.7 dB (SD 1.5).

The 24 Stargardt disease patients’ visual acuities, FST rod and cone thresholds, and known
ABCA4 mutations are listed in Table 1. The FST cone thresholds for the Stargardt disease
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patients correlated significantly with logMAR VA (r=0.67, P<0.001) (Figure 2A) and SD-
OCT macular thickness (r=-0.65, P=0.002) (Figure 2B). The two patients with the most
advanced disease had poor SD-OCT volume scans that could not be properly segmented,
and a third patient did not undergo SD-OCT testing. Those three Stargardt disease patients
were not included in the SD-OCT analysis. Stargardt patient FST cone thresholds also
correlated with both ERG light-adapted single flash b-wave amplitude (r=-0.79, P<0.001)
(Figure 2C) and ERG light-adapted 32-Hz flicker amplitude (r=-0.78, P<0.001) (Figure 2D).
Stargardt patient FST rod thresholds weakly correlated with both SD-OCT macular
thickness (r=-0.45, P=0.045) (Figure 3A), failing to meet statistical significance of P<0.01.
On the other hand, Stargardt patient FST rod thresholds correlated well with ERG dark-
adapted blue single flash b-wave amplitudes (r=-0.71, P<0.001) (Figure 3B).

Figure 4 shows that for Stage 1 patients, FST rod thresholds (mean -69.7 dB, SD 1.2) and
cone thresholds (mean -27.6 dB, SD 1.6) were all within 2 SD of the normal mean. For
Stage 2 patients, FST rod thresholds (mean -69.2 dB, SD 4.2) and cone thresholds (mean
-26.2 dB, SD 3.6) clustered mostly in the normal range, but the Stage 2 patients’ FST
thresholds ranged from normal to 6.7 dB above the normal mean (rod or cone) due to two
Stage 2 subjects with elevated FST thresholds. For Stage 3 patients, rod thresholds (mean
-62.6 dB, SD 5.9) ranged from normal to 17.8 dB above the normal mean, whereas Stage 3
cone thresholds (mean -20.9 dB, SD 2.2) were all elevated by at least 4.4 dB above the
normal mean. The single Stage 4 patient's rod and cone FST thresholds were both elevated
at -51 dB and -18 dB, respectively.

Figure 5 shows the correspondence between FST-based groups and ERG-based groups
described by Lois et al.14 All FST Group 1 Stargardt disease patients who underwent ERG
(n=10) had normal ERG dark adapted dim blue single flash (rod) b-wave amplitudes, and all
but one FST Group 1 Stargardt disease patient had normal cone ERG amplitudes (light
adapted single flash b-wave and 32-Hz trough-to-peak). Three out of four FST Group 2
patients who underwent ERG testing had normal dark adapted (rod) b-wave amplitudes. All
four of these FST Group 2 patients had sub-normal photopic single-flash b-wave amplitude,
and three out of the four had sub-normal 32-Hz flicker trough-to-peak amplitude. Of the
eight FST Group 3 Stargardt disease patients, all but one had sub-normal dark adapted (rod)
b-wave amplitude, and all eight had sub-normal cone ERG amplitudes.

Discussion

The FST has been primarily used for testing visual function in patients with severe retinal
degenerations. It may also be useful as an efficient measure of visual function in patients
with less severe retinal dystrophies who have difficulty fixating during other tests of visual
function, such as visual field testing, microperimetry, or Goldmann-Weekers dark
adaptometry. The large dynamic range of the FST permits testing of thresholds in the super-
normal and severely elevated ranges without either ceiling or floor effects. A theoretical
floor effect is possible for our cone plateau measurements if cone thresholds are elevated
greatly in the presence of relatively normal rod thresholds. This limitation is simply a
function of the fact that rods would mediate thresholds even after exposure to a bleaching
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light if cones are non-functional and is not a limitation of the testing procedure or
instrumentation.

In all of our visually normal and Stargardt disease subjects, the dark adapted thresholds were
rod mediated, based on the differences in response to long- and short-wavelength stimuli.
Since rods may contribute to red stimulus thresholds under dark adapted conditions, either a
dark adaptation protocol or a background light must be used to measure cone thresholds in
normal subjects and Stargardt disease patients. With the addition of a dark adaptation
protocol to FST, we were able to measure cone mediated full field thresholds during the
cone plateau phase with a long wavelength stimulus, as described by previous
investigators.17:19

Perhaps not surprisingly, the FST rod and cone thresholds were within 2 SD of the normal
mean in all seven cases where fundus flecks and retinal degeneration were clinically
confined to the macula (Stage 1). In many Stage 1 Stargardt disease patients, and some
Stage 2 patients, both fixation and macular sensitivity can be less impaired, lessening the
utility of FST in favor of conventional perimetry or microperimetry.

In Stage 2 cases (n=6), where fundus flecks are visible outside the macula, but retinal
degeneration is primarily confined to the macula, we found mixed results for rod and cone
FST thresholds. Most Stage 2 patients had normal rod and cone FST thresholds, but two of
our six Stage 2 patients had elevation of either cone threshold only or both cone and rod
thresholds.

Stage 3 patients (n=11), as well as our single Stage 4 patient, all had elevated cone
thresholds, and most had elevated rod thresholds. Even in some Stage 3 Stargardt disease
patients, dark adapted FST thresholds, which are rod mediated, can be within normal limits.

Although the stimuli used in FST and ERG are similar, the results of the two tests have
different meanings.17:18.19 Fyll-field ERG amplitudes are summed (integrated) responses
from the entire retina. FST, on the other hand, is a threshold response that is assumed to be
mediated by the most sensitive part of the visual field.1” In spite of these differences
between ERG and FST, we found that FST may be a reasonable psychophysical correlate of
ERG signals in Stargardt disease. Stargardt disease patients with reduced cone and rod ERG
amplitudes are considered to have diffuse photoreceptor dysfunction.16 It is therefore logical
that the “best” area of the retina that detects the FST stimulus at threshold will still be
reduced in sensitivity, accounting for the correlation between FST and ERG results. On the
other hand, diffuse retinal degeneration alone may not explain reduced sensitivity on FST or
reduced amplitudes on ERG. For a thorough discussion of central scotoma (macular lesion)
size versus diffuse photoreceptor degeneration in ABCA4-related retinal degenerations, see
Cideciyan et al. (2009).11 Given the complexity of comparing FST to ERG, it is a little
surprising that the two procedures correlated as well as they did in our study.

A limitation of this study is that it does not provide longitudinal data to demonstrate whether
FST has predictive value. However, longitudinal studies of Stargardt disease progression
have demonstrated that full field ERG at a baseline exam has prognostic value. In a
retrospective study, Zahid et al. (2013) found that lower amplitude baseline ERG predicted
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more rapid scotoma enlargement and ERG reduction.1® Fujinami et al. (2013) found that
lower amplitude baseline ERG predicted greater ERG deterioration; however, Fujinami et al.
did not find a correlation between baseline ERG and Snellen visual acuity loss.16 The
authors of both studies suggest that ERG could be used for patient selection in clinical trials,
and Fujinami et al. suggest that ERG could be used in monitoring patients in such trials.15:16

Cideciyan et al. (2009) showed that Stargardt disease patients with reduced extramacular
sensitivity on dark adapted static perimetry tend to progress to further vision loss.11 On the
other hand, Stargardt disease patients with normal extramacular visual field sensitivity
tended to maintain that normal extramacular sensitivity at follow-up several years later.
Given the strong correlation found between static visual field sensitivity and FST shown by
Roman et al. (2005),17 our notion that elevated FST threshold may be predictive of further
vision loss in Stargardt disease is consistent with the findings of Cideciyan et al. (2009).11

The correlation of FST rod and cone thresholds with tests of retinal structure and function
suggest that the FST could be a useful psychophysical test in clinical trials for patient
selection, natural history of visual sensitivity loss, and measuring rod and cone sensitivity
change during treatment in patients with Stargardt disease.
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Figure 1.
Example FST thresholds to red (triangles) and blue (squares) stimuli during dark adaptation

after a 5 minute bleach (3.1 log cd/m? achromatic 6500K full-field) in a patient with Stage 1
Stargardt disease. Note the cone plateau with the red stimulus 5-10 minutes post bleach,
from which the FST cone threshold is calculated. Normal ranges (+/- 2 standard deviations)
are shown for the red stimulus cone final threshold (cone plateau, light red band) and blue
stimulus rod final threshold (light blue band). In this example from patient, the thresholds
fall well within those ranges. Note that rod dark adapted thresholds used in this study were
obtained prior to the bleaching light in all subjects. The remainder of the dark adaptation
curve after the cone plateau is shown here as a demonstration only. For the FST zero dB =
0.1 cd-s/m2.
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For Stargardt disease patients, FST cone plateau to a red stimulus (cone threshold)
correlated well with A) logMAR visual acuity (r=0.67, P<0.001), and B) SD-OCT total
macular thickness (r=-0.65, P=0.002). Stronger FST cone threshold correlations are found
with C) light adapted single-flash ERG (r=-0.78, P<0.001), and D) light adapted 32-Hz
flicker ERG (r=-0.78, P<0.001). For the FST zero dB = 0.1 cd-s/m2.
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Figure 3.

For Stargardt disease patients, FST dark adapted thresholds to a blue stimulus (rod-
mediated) weakly correlated with A) OCT total macular thickness (r=-0.45, P=0.05), failing
to reach statistical significance of P<0.01. Stronger FST rod threshold correlation is found
with B) Scotopic dark adapted single flash dim blue stimulus b-wave (r=-0.71, P<0.001).

For FST zero dB = 0.1 cd-s/m?.
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Figure 4.
Stargardt disease patients are categorized by fundus appearance (Stages 1-4), plotting cone

threshold (FST cone plateau) vs. rod threshold (FST dark adapted blue stimulus). Note zero
dB in this figure is the mean threshold of ten normal subjects on both axes. Vertical and
horizontal dotted lines represent 2 standard deviations above the normal mean for rod and
cone thresholds, respectively. FST Group 1 (n=11) patient thresholds fall within 2 SD of the
normal mean for both rod and cone FST. FST Group 2 patient thresholds (n=5) fall well
outside the normal range for cones, but within 2 SD of the normal mean for rods. FST Group
3 (n=8) patient thresholds are all elevated by at least 5 dB above the normal mean (outside
the normal range) for both rod and cone FST.
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Figure5.
With few exceptions, FST groups correspond to ERG-based groups described by Lois et

al.,}* where in both systems Group 1 has normal rod and cone (thresholds or signals), Group
2 has normal rods and dysfunctional cones, and Group 3 has dysfunctional rods and cones.
Dark-adapted dim blue single flash (rod mediated) ERG amplitudes, light adapted single
flash b-wave ERG amplitudes, and ERG light adapted 32-Hz flicker amplitudes are plotted
by FST group. Dotted lines represent lower limit of normal ERG amplitudes.
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