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Abstract

Purpose—To evaluate dark-adapted retinal sensitivity in patients with Stargardt disease
(STGD1) using a modified MP-1 microperimeter (MP-1S) and to compare the sensitivity loss with
structural changes observed by spectral-domain optical coherence tomography (SD-OCT) and
confocal scanning laser ophthalmoscope (cSLO) infrared imaging.

Methods—Twelve STGD1 patients and 10 normally sighted controls participated. Dark-adapted
mean sensitivity (MS) was obtained using a MP-1S. Additionally, MS percent difference between
the patients and the controls was obtained. Sensitivity results were superimposed on cSLO
infrared images and compared with corresponding SD-OCT scans.

Results—Dark-adapted MS£SD was 8.34+1.54 dB for the controls and 3.68+1.74 dB for
STGD1(p<0.001). There was a significant reduction in MS of 24.0% in STGD1. Sensitivity
reductions were observed in areas that showed changes on cSLO infrared images and on SD-OCT,
including disorganizational loss of the retinal pigment epithelium, and abnormal photoreceptor
inner-segment ellipsoid (1Se) and external limiting membrane reflectance band.

Conclusions—With topographical accuracy, dark-adapted sensitivity measurements can be
made in STGD1 and normal controls with the MP-1S. Sensitivity loss is associated with structural
changes. This finding can be useful for the determination of optimal areas for potential
improvement of retinal function in Stargardt patients.
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Introduction

Stargardt disease (STGD1, OMIM #248200), first described in 1909 by Karl Stargardt,  is
the most common form of juvenile-onset hereditary macular dystrophy, with a prevalence of
1:10,000 in the United States and a carrier frequency of about 2%. 2 It is generally a slowly
progressive disease with various phenotypic characteristics and different disease stages. It is
most often characterized by central vision loss within the first decades of life that often
progresses to the level of legal blindness. 2 The hallmark of the disease is the presence of
yellowish-white flecks, either limited to the macular region or scattered within the posterior
pole, and to a lesser extent, in the mid-peripheral retina. 1.4

It is accepted that in patients with macular degeneration, rod sensitivity losses begin earlier
and progress more rapidly than cone sensitivity losses based on anatomical and functional
measurements. >~/ The greatest losses in rod function occur in the parafoveal region, which
extends from 3.5 to 10 degrees from the fovea, which is where rod density is high.8 Rod
losses have been studied in STGD1 patients with conventional computerized threshold
perimetry in a single pilot study that showed rod loss to progress more rapidly than cone
losses.?

Progress toward therapy for retinal dystrophies is accelerating and clinical trials with the use
of novel pharmaceuticals, gene-augmentation therapy, and stem cells are ongoing or
planned. Some future therapies are expected to affect rod function, thus making rod-
photoreceptor-mediated vision worth measuring to determine the efficacy as well as safety.
Recently the MP-1 microperimeter has been modified to perform dark-adapted perimetry.10
Conventional computerized threshold perimetry measurements rely upon the assumption of
foveal fixation, which is lost in the majority of STGD1 patients. An advantage of the MP-1
microperimeter is that it allows a direct view of the fundus image while performing
threshold perimetry and accounts for eye movements.1! In the current study we evaluated
the usefulness of MP-1S measurements for testing dark-adapted retinal sensitivity in
Stargardt patients and compared these findings with structural changes observed by spectral-
domain optical coherence tomography (SD-OCT) and confocal scanning laser
ophthalmoscope (cSLO) infrared imaging.

Patient and methods

The study included 12 STGD1 patients (mean age 33.4 = 9.2 yrs) and 10 normally sighted
controls (mean age 36.3 £ 15.1 yrs). Patients were diagnosed with Stargardt disease based
on the characteristic clinical fundus appearance, clinical history, and genetic analysis (on all
but two patients for whom genetic results are pending). The inclusion criteria included
STGDL1 patients stage | (typically characterized by a localized atrophic appearing foveal
lesion surrounded by parafoveal or perifoveal flecks) or 1l (characterized by retinal flecks
throughout the posterior pole, anterior to the vascular arcades and/or nasal to the optic
disc), 1213 and best-corrected Snellen visual acuity (BCVA) between 20/20 and 20/200.
Patients were excluded if they had a refractive error greater than +6.0 diopters spherical or
+2.0 diopters cylindrical, SD-OCT scans of poor quality, evidence of concurrent disease
other than STGD1, such as glaucoma, media opacity, uveitis, history of intraocular surgery,
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neurologic diseases, diabetes. Patients’ demographics, genetics and clinical characteristics
are shown in Table 1. All subjects were tested at The Pangere Center for Hereditary Retinal
Diseases at The Chicago Lighthouse for People Who Are Blind or Visually Impaired from
August 2011 to March 2012. They underwent a comprehensive ophthalmic examination,
including visual acuity measurement, refraction, slit-lamp biomicroscopy examination,
intraocular pressure measurement with Goldmann tonometry, and dilated direct and indirect
fundus examination.

The tenets of the Declaration of Helsinki were followed, and all subjects gave written
informed consent after a full explanation of the procedures was provided. Consent
procedures were approved by an Institutional Review Board at the University of Illinois at
Chicago.

All individuals were scanned using a Spectralis HRA+OCT unit (Heidelberg Engineering,
Vista, CA) with the eye-tracking feature. The instrument allows for simultaneous recording
of cSLO and SD-OCT images.2* A minimum standardized imaging protocol was performed
in the better-seeing eye of all subjects, which included acquisition of near-infrared
reflectance (A= 830nm, field of view 30° x 30°, image resolution 768 x 768 pixels) and
simultaneous SD-OCT scanning using a second, independent pair of scanning mirrors (A
=870 nm, scan depth 1.8 mm, digital depth resolution approximately 3.5 micron per pixel).1®
Because 2 independent pairs of scanning mirrors are used, eye movements are registered and
corrected automatically. This allows for pixel-to-pixel correlation of cSLO and SD-OCT
findings. A 9-mm line scan along the horizontal meridian, and centered on the fovea, was
obtained as an average of 100 scans. The scan from the better-seeing eye of each patient was
analyzed.

Dark-adapted microperimetry was performed after 45 minutes of dark adaptation in a
darkened room. Microperimetry was repeated twice.

For the first microperimetry test (reference test), cSLO and SD-OCT scans were imported
and registered with the MP1-S infrared-fundus image by an automated macular registration,
which allowed for precise alignment of the test grid at the fovea. The second test, was
performed 5 minutes after the reference test, with the follow-up function of the instrument,
in order to test accurately the same points as the reference test. For our measurements a
modified MP-1 microperimeter was used to measure dark-adapted thresholds.1% A 2 log unit
neutral density filter and a short-pass filter (150%cutoff =500 nm “blue”, Edmund Optics
NT52532) were added to the optical path of the instrument. Dark-adapted mean retinal
sensitivity (MS) was obtained by using a 37-point grid covering 14° centered on the
anatomical fovea, based on SD-OCT scan (1°=300 microns, thus 14° =4200 microns, which
encompasses the macular area). Stimulus size was a Goldmann IV and a 4-2 strategy was
used. The total examination time and the total effective time (defined as the time it took for
the MP1-S to track the fundus and project the point) were recorded for each patient.
Examinations longer than 15 minutes were excluded because of their variability from patient
fatigue. Pupils were dilated with tropicamide 1% and phenylephrine 2.5%. The non-tested
eye was patched with an eye cover during the test. An auto-tracking system calculated the
horizontal and vertical shifts in fixation relative to a reference. The MP-1S software includes
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an automated tracking system to correct for eye movements. During the examination, eye
movements were detected by image acquisition at a rate of 25 frames per second. A
computer then calculated the shift between the reference image and the real-time fundus
image with the stimulus position on the display corrected according to the actual location of
the fundus.

At the conclusion of the examination, the perimetric findings were overlaid onto the cSLO
fundus images. The stimulus intensity (the luminance difference between the stimulus and
background) ranged from 0.0025 to 0.25 cd/m?, a range of 20 dB. Stimulus duration was
40ms. All subjects were exposed to at least ten test spots before the beginning of the
examination, to familiarize them with the instrument and minimize the effects of learning on
the performance. The test commenced after 45 minutes of dark-adaptation. A super-
threshold stimulus was projected onto the blind spot by the machine to monitor false-
positive responses. The location of the blind spot was manually identified by the examiner
(SS & MAG) before the beginning of the examination as the region over the optic nerve.
Any test that produced a false positive was excluded. The spherical equivalent of the patient
was added to adjust the clarity of the fixation target and stimuli.

For the spatial assessment of retinal morphological changes, both cSLO and SD-OCT scans
were studied simultaneously side by side. This analysis included topographic distribution
and signal characteristics of the retinal layers on en face cSLO images over the posterior
pole. Fundus reflectivity in cSLO infrared images was defined as hyper-reflective when it
appeared qualitatively increased in comparison to controls, as hypo-reflective when it
appeared qualitatively decreased in comparison to controls and normally-reflective when it
appeared of similar intensity to the controls. Microstructural changes on SD-OCT scans at
the retinal pigment epithelium (RPE) reflectance band and photoreceptor cell layers, as well
as the inner retinal layers, were evaluated. For the former, individual bands below the
hyporeflective band of the outer nuclear layer were analyzed according to Spaide et al6: (1)
a thin hyperreflective band presumed to correspond to the Maller cell junctional complexes
of the external limiting membrane, (2) a slightly thicker hyperreflective band corresponding
to the inner segment ellipsoid (I1Se) band, previously called the inner segment/outer segment
border; (3) a thin, only occasionally visible-hyperreflective band presumably corresponding
to outer segment/RPE interdigitations, and (4) a broad hyperreflective band that is thought to
represent the RPE, Bruch’s membrane, and possibly the choriocapillaris.

Data were analyzed and reported as a mean and SD. Student’s t- test was used for statistical
comparisons, with the statistical significance level set to 0.05. Sensitivity was slightly (1.86
dB), but significantly (p < 0.05), greater for the first measurement compared to the second,
an effect likely attributable to fatigue. Given that the values from the two tests were highly
correlated (r = 0.87, p < 0.05), the values for the two measurements were averaged and all
additional analyses were based on this average. However, we also performed the analyses
separately and determined that basing analyses on either the first or second measurement
instead of the average did not affect any of the conclusions. The mean sensitivity values
(dB) for the patients and controls were converted to the percentage difference: (MScq/m?
controls — MScqm? patients)/((MSgqm? controls + MS.qm? patients)/2) x 100.
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The Snellen BCVA for the visually normal subjects was 20/20 or better in all examined
eyes, whereas the range was 20/20 to 20/200 for the Stargardt patients (Table 1). In STGD
patients, ophthalmoscopic lesions were consistent with stage | (small hypopigmented lesion
within the fovea with a perifoveal ring of flecks) in all but one patient, who demonstrated
more extensive fundus flecks and stage 11 disease. 12 A foveal scotopic scotoma of 2 log
units was identified in visually normal controls on all tests. Figure 1 shows the MP-1S plots
for a visually normal control and three representative Stargardt patients. MP-1S
measurements indicated that the scotoma was coincident with the foveal centre in all
subjects. Mean rod sensitivity+ SD was 8.34+1.55 dB for the normal controls and 3.68+1.74
dB for the Stargardt patients. The difference between the patients and controls was
statistically significant (p<0.001). The mean sensitivity values (dB) for the patients and
controls were converted to the percentage difference. For comparisons based on the
percentage difference, there was also a statistically significant reduction in mean rod
sensitivity, on average 24.0%, for the Stargardt patients compared to the normal controls
(p<0.001).

When sensitivity reductions were observed, loss or thinning of the retinal pigment epithelial
reflectance band (RPE) on SD-OCT and cSLO infrared images as well as disorganizational
loss of the inner segment ellipsoid (1Se),® and external limiting membrane structures on SD-
OCT examination were also observed (Figure 1).

All patients exhibited an altered reflectivity on cSLO infrared images, consisting of a
normally-reflective region within the fovea surrounded hyporeflectivity In three patients
(patient 4, 5 and 8) a patchy area of hyper-reflectivity could be observed on ¢cSLO infrared
images. In this area SD-OCT showed transverse loss of the 1Se, ELM and RPE thinning,
exteding beyond the central hyper-reflective area. MP1S responsed superimposed on were
found to be 0 dB or non-detectable in the central hyper-reflective area, indicating the
presence of a large dense scotoma.

Nonetheless, in some cases scotopic sensitivity loss was observed in the absence of
structural changes on SD-OCT and cSLO.

Discussion

The pace of clinical trials in Stargardt disease has been accelerating over the last few years
(NCT01367444, NCT01345006, www.clinicaltrials.gov) and several more trials are
anticipated. The consequences of visual dysfunction resulting from macular lesions are
extremely important to patients’ daily living. Measurement of visual function with
estabilished methods (e.g. conventional perimetry) remains challenging with Stargardt
patients, in fact, the majority of patients have macular lesions that includes foveal
degeneration and poor fixation behaviour that complicates the measurement of macular
function with conventional perimetry. Retina-tracking microperimetry, is instead
independent of the location and stability of fixation because it uses an eye-tracker to obtain
psychophysical thresholds and so far has assured accurate correspondence between retinal
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structures and visual function. 11.17 BCVA assessment, although typically used as the gold
standard for assessing visual function, is insufficient to fully characterize visual impairment
because it is not a specific measure of the photoreceptor function. From a clinical
perspective, the assessment of photoreceptor function is a pivotal outcome measure during a
trial, regardless of the treatment strategy.

It is the dysfunction and death of photoreceptors that accounts for the vision loss associated
with retinal dystrophies. Therefore, photorecetor health, assessed functionally in a living
patient, is the most direct bioassay of the significance of changes in the RPE/Bruch’s
membrane complex. Degenerative changes in the ISe layer may not be evident by standard
imaging techniques, such as SD-OCT and cSLO, until later stages of Stargardt disease. The
small cone-dominated fovea, only 0.8 mm (2.75°) in diameter, is surrounded by a rod-
dominated parafovea. 18 In young adults, rods outnumber cones in the macula by 9:1. In the
entire eye, rods outhumber cones 20:1, so the macula can be considered cone-enriched but
not cone-dominated.®

The fact that in some cases scotopic sensitivity loss was observed in the absence of
structural changes on SD-OCT and c¢SLO could indicate that photoreceptor dysfunction and
early stage degeneration can occur before structural changes are observed with these two
methodologies. Our data support the hypothesis that tests of rod function will permit
detection of early dysfunction. Probably, as in the normal aging process,8 in STGD1
patients the rod numbers at a precise location decrease with the pathological process, but the
outer segments of individual remaining rods produce a compensatory hypertrophy that
explains why the I1Se may appear normal in SD-OCT in the prensence of a reduction of
dark-adapted function. Rod photoreceptors not only serve as an early indicator of impeding
cone dysfunction, but they also contribute in important ways to daily visual behavior. An
early intervention may not only rescue degenerating rods, but also indirectly contribute to
the preservation of cones, since rods produce a diffusable substance essential for cone
survival.19

To the best of our knowledge this is the first study of dark-adapted sensitivity with MP1S in
STGD1 patients. Crossland et al. first introduced the instrument in 201110 and Birch et al.
studied rod sensitivity in patients with cone dystrophy and retinitis pigmentosa.2° In this
study we found that the use of a MP-1S can adequately measure dark-adapted retinal
sensitivity in visually normal controls and STGD1 patients. Those with Stargardt disease
showed a significant loss in scotopic mean retinal sensitivity compared to normally sighted
controls that was associated with structural changes of the retina.

In both STGD1 patients and normal controls we did not find a large range in retinal
sensitivity values, likely due to the low dynamic stimulus range of the MP-1S LCD display,
that operates over only a 2 log unit luminance range. As a consequence, some subjects (for
example Stargardt patient 5, table 1) were able to identify the dimmest stimulus that can be
presented with the MP-1S (shown as filled green square in Figure 1), meaning that dimmer
stimuli would have been required in order to accurately measure sensitivity. Future
measurement devices will need to extend the dynamic range of the microperimeter.
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Nonetheless, the currently modified MP-1S microperimeter can depict, with topographical
accuracy, changes in scotopic sensitivity in Stargardt patients.

Macular retina is consistently involved is all stages of Stargardt dystrophies and AMD and
new technologies of cross-sectional imaging, autofluorescence, infrared fundus imaging and
adaptive optics are providing detailed information on the anatomical/structural changes
occurring at the level of photoreceptors and the RPE of the macular region. 21 The novel
findings of this study have wide-reaching application in the diagnosis of retinal disease and
the monitoring of disease progression. Restoration of vision is the ultimate goal of research
on retinal degeneration and gene therapy is a promising field of research. However, in gene
therapy, the rate of success depends on the amount of photoreceptors still preserved. The
ability to identify and target retinal locations with retained photoreceptors function is a
prerequisite for successful gene therapy, hence MP1S can be useful for the determination of
the most optimal areas for future treatment and provide valuable information on the natural
history for scotopic visual loss in patients with Stargardt disease and other related retinal
diseases.
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Figure 1.
Dark-adapted fundus related perimetry superimposed on the cSLO image and corresponding

SD-OCT of a normally sighted subject (A) and Stargardt patients (B,C,D).

Numbers represent sensitivity (dB) at each point tested and colors classify sensitivity (bright
green shows best function, deep red shows poorest function).

The green arrow indicates the direction of the SD-OCT scan included directly below. ‘The
red circle indicates the fixation target.

(A) Horizontal SD-OCT scan through the macula shows normal retinal structure and
thickness. Scotopic mean retinal sensitivity was 11 dB. Fixation was predominantly central
and stable.

(B) SD-OCT shows thinning of the RPE, loss of the ISe and thinning of the outer nuclear
layer (ONL). Scotopic mean retinal sensitivity was 4.7 dB. Fixation was predominantly
eccentric, located in the superior hemiretinal region, and “relatively unstable.”

(C) Disorganizational loss of the 1Se and external limiting membrane on SD-OCT correlates
with loss of retinal sensivitity. Scotopic sensitivity was 5.2 dB, while fixation was
predominantly eccentric, located in the superior hemiretinal region, and “relatively
unstable.”

(D) RPE thinning and 1Se loss with foveal sparing on the SD-OCT. Retinal sensitivity was
3.6 dB, fixation was “poor central” and “relatively unstable.
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Figure 2.
¢SLO infrared images (A,C) and corresponding SD-OCT scans (B,D) of patient 3 (A,B) and

patient 6 (C,D). The white arrows indicate the direction of the SD-OCT scans. SD-OCT
show ISe disorganization in the fovea with normal appearing outer nuclear layer and RPE
layers, and normal ISe outside the foveola. The numbers in the box show dark-adapted
sensivity results (expressed in dB) corresponding to those areas. Scotopic sensitivity 10ss
(4,5,6 dB) was observed in the absence of structural changes on SD-OCT and cSLO (B,D).
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