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RETINAL DISORDERS
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Abstract

Purpose The purpose of our study was to investigate morpho-
functional features of the preferred retinal location (PRL) and
the transition zone (TZ) in a series of patients with recessive
Stargardt disease (STGD1).

Methods Fifty-two STGDI patients with at least one ABCA4
mutation, atrophy of the central macula (MA) and an eccentric
PRL were recruited for the study. Microperimetry, fundus au-
tofluorescence (FAF), spectral-domain optical coherence to-
mography (SD-OCT) were performed. The location and sta-
bility of the PRL along with the associated FAF pattern and
visual sensitivities were determined and compared to the un-
derlying retinal structure.

Results The mean visual sensitivity of the PRLs for the 52
eyes was 10.76 +/- 3.70 dB. For the majority of eyes, PRLs
were associated with intact ellipsoid zone (EZ) bands and
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qualitatively normal FAF patterns. In 17 eyes (32.7%) the
eccentric PRL was located at the edge of the MA. In 35 eyes
(67.3%) it was located at varying distances from the border of
the MA with a TZ between the PRL and the MA. The TZ was
associated with decreased sensitivity values (5.92 +/- 4.69 dB)
compared to PRLs (p<0.05), with absence/disruption of the
EZ band and abnormal FAF patterns (hyper or hypo-
autofluorescence).

Conclusions In STGD1 eccentric PRLs are located away
from the border of MA and associated with intact EZ bands
and normal FAF. The TZ is characterized by structural and
functional abnormalities. The results of multimodal imaging
of the PRL and TZ suggest a possible sequence of retinal and
functional changes with disease progression that may help in
the planning of future therapies; RPE dysfunction appears to
be the primary event leading to photoreceptor degeneration
and then to RPE loss.

Keywords Fundus autofluorescence - Fundus
flavimaculatus - Eccentric fixation - Microperimetry -
Preferred retinal location - SD-OCT - Stargardt disease

Introduction

Stargardt disease is a common form of juvenile macular de-
generation characterized by the presence of progressive loss of
central visual function [1-4]. It is generally an autosomal re-
cessive disorder with mutations in the ABCA4 gene. This gene
codes for an ATP-binding cassette located in the photoreceptor
outer segment and its impairment causes an abnormal degra-
dation of visual cycle by-products leading to a diffuse accu-
mulation of metabolites (lipofuscin, bisretinoids) within reti-
nal pigment epithelium (RPE) with consequent RPE and pho-
toreceptor degeneration [5—7].
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Atrophy at the posterior pole is characteristic of advanced
stages of STGD1 and, with increased disease severity and/or
disease duration, this can extend beyond the central macula.
Due to this macular atrophy (MA), STGDI patients develop ec-
centric and unstable fixation; they adopt a preferred retinal locus
(PRL) located in a relatively spared area of the retina [8—12].

The existence of the non-foveal or eccentric PRLs in
STGD1 has been known for many years, but the exact se-
quence of the retinal degenerative processes contributing to
its development and location still remains unclear [13, 14].
Patients with age-related macular disease (AMD) usually de-
velop an eccentric PRL that is typically located at the edge of
the MA in an area of relatively healthy retina [15] and some
authors hypothesize that different cortical adaptation mecha-
nisms may be active in AMD and juvenile forms of macular
degeneration [11]. In STGDI, the eccentric PRL is often lo-
cated some distance from the superior edge or border of the
area of atrophy [10] and the existence of a TZ, between
healthy and severely affected retina, has been described [16].

The purpose of this study was to use multimodal imaging
techniques, SD-OCT, SW-FAF and microperimetry to evalu-
ate the PRL and the TZ in a group of patients with STGD1. A
comparison of the results of these functional and structural
tests should improve our understanding of the rationale behind
the choice of the PRL for fixation in STGD]1 patients and
provide insight into the mechanism of disease progression.

Methods

Patients diagnosed with STGD1, BCVA >=20/400 in the bet-
ter eye, with a central macular atrophic area (MA) and an
eccentric PRL were recruited at the Eye Clinic of Florence
(Italy) and at the Edward S. Harkness Eye Institute of
Columbia Medical Center in New York City (NY).

The medical records and results of imaging studies of 52
eyes of 52 consecutive patients were retrospectively reviewed
according to the guidelines of the local Ethical Committees at
the Florence Hospital and Columbia University. For each pa-
tient the eye with more stable fixation was selected for analy-
sis. All procedures were in accordance with ethical standards
of the institutional and/or national research committee and
with the 1964 Helsinki Declaration and its later amendments
or comparable ethical standards. For this type of study, formal
consent was not required.

Criteria for the STGDI1 phenotype included the following:
appearance of the disease in the first or second decade of life;
bilateral progressive central vision loss; macular atrophy/
dystrophy; normal caliber of retinal vessels; and absence of
pigmented bone spicules.

Fifty patients carried two ABCA4 pathogenic mutations; in
two patients only one ABCA4 pathogenic mutation was
detected.
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At the time of their examination, all tested eyes of patients
were found to be phenotypically categorized as either stage 1
(19 eyes, 36.5%), 2 (ten eyes, 19.2%), 3(15 eyes, 28.9%) or 4
(eight eyes, 15.4%) of the clinical disease spectrum of STGD1
as defined by Fishman et al. [17].

Patients were excluded from the study if they had refractive
errors exceeding +/- 5D, significant cataract, other ocular dis-
eases, and were > 69 years of age. In addition none of the
study patients had a family history of other inherited retinal
or systemic disorders. All patients underwent a complete oph-
thalmic examination with BCVA determination, color fundus
photography, microperimetry, FAF and SD-OCT.

Microperimetry was performed with the MP-1 (Nidek
Technologies, Padova, Italy) following pupil dilation (0.5%
tropicamide and 2.5% phenylephrine) and 20 minutes of ad-
aptation to dim room illumination). A 10-2 pattern with 68
locations was used to determine visual sensitivity in the cen-
tral macular area. “white” test lights (stimulus size Goldmann
III, 200 ms in duration) were presented on a dim “white”
background (1.27 cd/m?) using a 4-2 procedure. The patient
was asked to maintain fixation on a 2° red fixation cross dur-
ing the test. The non-tested eye was occluded. Fixation stabil-
ity was quantified in terms of the bivariate contour ellipse area
(BCEA) as previously described [18]. We recorded the
BCEAs encompassing 68.2% (BCEA68) and 99%
(BCEA99) of fixation points. We defined the PRL with refer-
ence to the fovea as superior (from 45°-135° superior) nasal
(from 315°-45°), temporal (135°-225°) or inferior (225°-
315°). PRL location was expressed in degrees from the esti-
mated foveal position defined by specific vascular landmarks
on retinography. The distance in degrees was calculated based
on the known distance between each test location on the MP-1
sensitivity map. We defined PRL “at the edge of MA” if the
PRL was located <1° from the MA and as “away from the
edge of MA” if the PRL was located >1° from the MA.

Visual sensitivity in the PRL was defined as the average of
the sensitivity values of all the test locations included within
the BCEAG68. The TZ was defined as the retinal area located
between the inferior boundary of the BCEAG68 ellipse and the
upper boundary of the dark lesion identified by FAF (see
Fig. 1 and Fig. 2). Visual sensitivity in the TZ was obtained
by calculating the average sensitivity of all the MP-1 test
points located in that area.

FAF imaging was performed with a confocal scanning laser
ophthalmoscope (Heidelberg Retina Angiograph 2 or Spectralis
HRA+OCT; Heidelberg Engineering, Dossenheim, Germany)
using a 30° field of view at a resolution of 1536 x 1536 pixels.
An optically pumped solid-state laser (488 nm) was used for
excitation and a 495 nm barrier filter was used to modulate the
blue argon excitation light. Standard procedure was followed for
the acquisition of FAF images, including focus of the retinal
image in the infrared reflection mode at 820 nm, sensitivity
adjustment at 488 nm, and acquisition of nine single 30° x
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Fig. 1 Examples of PRLs - dis-
tance from the fovea

Fig. 2 Patient n.34. a) FAF
image with fixation (BCEA), the
yellow line indicates the OCT
scan, the downward pointing
arrow indicates the direction of
the OCT scan. b) FAF with
superimposed microperimetry
results ¢) SD-OCT scan. The
lower panel is at a higher magni-
fication and shows the different
areas at the border of MA. TZ=
transition zone; EZ= ellipsoid
zone band: (+) presence, (+/-)
disruption, (-) absence.
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30°. The nine single images were computationally averaged to
produce a single frame with improved signal-to-noise ratio.
Three FAF patterns were identified: N=normal; ABN= hetero-
geneous pattern of hypo/hyper autofluorescence with or without
definite flecks; DARK= RPE atrophy. FAF imaging was always
performed after microperimetry to avoid the possible effect of
light adaptation on measures of visual sensitivity. The 30° FAF
images were imported into the NAVIS software in the MP-1
system and overlaid on the MP-1 results using retinal vessel
bifurcation as registration landmarks. FAF in the PRL region
was assessed by analyzing the FAF pattern within the ellipse
area of the BCEAG68. In the TZ, it was assessed by analyzing the
pattern located between the inferior boundary of the BCEA68
and the adjacent border of MA.

SD-OCT was performed in all patients in the retinal areas
evaluated with the MP-1. Spectralis HRA+OCT (Heidelberg
Engineering GmbH, Germany) was used in 16 patients at
Columbia University and Topcon 3D-OCT 1000 (Topcon
Inc., Paramus, New Jersey, USA) in 36 patients at Florence
Eye Clinic. Both instruments allow for simultaneous OCT
scans and fundus photograph and subsequent image superim-
position. The acquisition protocol consisted of a macular cube
512 x 128 scan pattern in which a 6.0 x 6.0 mm region of the
retina was scanned (a total of 65.536 sampled points) within a
scan time of 2.4 seconds and a raster vertical line which passed
simultaneously through the PRL, the TZ and the central MA.
The precise location and orientation of each scan were deter-
mined using the simultaneous OCT grey-scale fundus images.
The ellipsoid zone (EZ) band was identified on the OCT scans
and classified as: present (well defined), disrupted (poorly
defined or disorganized), or absent (complete absence of EZ
band). MA was defined on SD-OCT as an abrupt transition
from hypo- to hyper-reflective area in the choriocapillaris just
under the RPE line. The classification of the EZ band in the
region of the PRL was determined by analyzing the vertical
line scan that passed through the center of fixation and includ-
ed the area of BCEA68. In the TZ it was assessed by analyzing
the vertical line scan included between the internal border of
BCEAG68 and the adjacent border of the atrophic area identi-
fied by FAF (MA) using the macular cube and the vertical line
scans. Each OCT scan was independently evaluated by three
different observers (TV, TB and AS). In cases of disagreement
among the observers, the opinion of the senior observer (AS)
was considered.

Genetic analysis

For the STGD1 patients, all coding exons, including intron-
exon boundaries of the ABCA4 gene (NM_000350) were se-
quenced. PCR amplification was prepared using the Core
System-Robotic Station (Beckman Coulter, USA) using 50 to
100 ng of genomic DNA in 50 mmol/L KCI, 10 mmol /L Tris-
HCI, pH 8.3, 5 mmol/L MgCl2, 200 pumol/L dNTPs, and 0.5
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umol/L for each primer set. AmpliTAq DNA polymerase (1
Unit of AmpliTAq Gold Applied Biosystems Foster City, KA,
USA) was added for each 25 pl reaction. PCR was performed
by a multiblock MWG PCR System; cycling parameters for
the reactions were optimized for each exon: 95°C for 13 min
and then 30 cycles of 95°C for 1 min; 64 °C for 1 min; 72°C for
51 min (for which 64°C is the primer annealing temperature)
with a final extension of 72°C for 10 min. PCR products were
purified by the Biomek NX station (Beckman Coulter). PCR
products were processed by the Core System-Robotic Station
and amplicons were sequenced on the 3730 DNA Analyzer
(ABI Foster City, CA). The sequences were assembled and
analyzed using SeqScape software ABI Foster City, CA.

Statistical analysis

Univariate and multivariate linear regression were used to
investigate correlation between different morphological and
functional factors using Stata 13.1 software (StataCorp,
College Station, TX).

Results

Fifty-two patients (17 males and 35 females, 36 eyes from the
Eye Clinic in Florence and 16 eyes from the Department of
Ophthalmology, Columbia University Medical Center, New
York) with STGD1 and ABCA4 mutations were included in
the study. The average age was 36.08 +/- 13.63 (range 13-69
yr1s.). Mean BCVA was 0.84 +/- 0.32 logMAR (range 0.1 to
1.3 logMAR). The demographics and clinical findings of the
patients are summarized in Table 1 and the genetic character-
istic in Table 2.

Morphological and functional features of the PRL

The eccentric PRL was superior to the fovea in 45 eyes
(86.5%), nasal in five (9.6%), and temporal in two (3.8%).
None of the eccentric PRLs were inferior to the fovea.

Regarding the stability of fixation, the mean BCEA68 val-
ue was 9.74 +/- 7.39°2 (range 0.3 to 27.5) and the mean
BCEA99 value was 42.27 +/- 35.67 °2 (range 1.3 to 132.4).

On average, the eccentric PRL was 6.50° +/- 2.63 (range
1°-13°) from the fovea (see Fig 1). The mean sensitivity for
the 52 PRLs was 10.76 +/- 3.70 dB (range from 3.8 to 18.3
dB). In 33 eyes (63.5%) the PRL region was associated with
an “intact” EZ band with a mean sensitivity 12.62 +/- 2.88 dB.
In 19 eyes (36.5%) it was associated with a “disrupted” EZ
band and a mean sensitivity of 7.52 +/- 2.58 dB. Qualitatively,
FAF in the PRL region appeared to be normal in 38 cases
(73.1%); 33 of these eyes had intact EZ bands. For the remain-
ing 14 eyes (26.9%) FAF in the PRL region showed an ab-
normal pattern, either hypoAF or hyperAF.
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Table1 Demographic data of the

52 patients with phenotype, Patient Age Eye Phenotype BCVA PRL PRL (°) BCEA 68.2% TZ (°)

BCVA, PRL, eccentric ellipse

area (BCEA) and the presence or 1 27 OS 1 0.8 sup 10 12,5 7

not of a transition zone (TZ) with 2 64 0s 3 1.3 nas 7 7.8 no

the distance in degrees from the 3 45 0s 3 1.3 sup 7 5 no

MA 4 43 OD 3 1.1 sup 6 6,0 no
5 24 oD 2 1 temp 7 14,9 6
6 46 OD 3 1 sup 6 3,7 no
7 43 (O 4 0.5 sup 1 0,3 no
8 39 oD 3 1.3 sup 9 24,7 6
9 22 0os 1 0.7 sup 4 2,6 2
10 37 (0N 4 1 sup 11 14,7 9,5
11 39 OD 1 1 temp 6 15,2 no
12 29 (0N 2 0.7 sup 13 10,5 11
13 40 0os 2 1 sup 11 19,8 9
14 36 (O 2 0.9 sup 4 8.8 no
15 69 oD 3 0.9 sup 9 18,4 no
16 27 oS 4 1 sup 12 21,1 8
17 46 oS 3 1 nas 7 25,5 5
18 39 oS 1 0.7 sup 4 6,6 no
19 40 (ON] 4 1.3 nas 5 19 no
20 42 oD 4 1.3 sup 10 27,5 5
21 22 oD 1 0.9 sup 4 11,7 no
22 40 OD 1 0.7 sup 5 1,8 4
23 30 0os 2 0.7 nas 8 4,7 7
24 19 oS 3 0.8 sup 9 10 5
25 30 OD 3 1 sup 6 18,3 no
26 23 (0N 2 0.8 sup 4 10,2 4
27 32 0os 4 0.7 sup 6 43 4
28 35 oS 1 0.8 sup 5 39 3
29 27 oD 1 0.8 sup 6 32 4
30 49 (o 3 1.3 sup 6 15,1 no
31 13 oS 3 1 sup 5 1,8 3
32 65 oD 1 1.1 sup 6 4,7 no
33 21 oS 4 0.9 sup 7 3,1 4
34 27 oD 1 0.4 sup 8 22,8 6
35 38 oD 1 0.7 sup 4 35 3
36 23 0os 2 0.8 sup 5 6,9 2,5
37 33 (0N 1 0.4 sup 6 487 2
38 38 oD 1 1 sup 5 8,65 5
39 31 oS 1 0.1 sup 6 8,83 5
40 26 oD 2 1.3 sup 7 8,92 6
41 58 oS 2 0.6 sup 7 2,88 2
42 47 (0N 2 0.6 sup 5 5,62 3,5
43 26 oS 4 1 nas 9 8,5 3
44 64 oD 1 0.9 sup 7 27,38 2
45 34 0os 3 0.7 sup 4 2,16 1
46 17 oD 1 1 sup 1 1,5 no
47 28 oD 1 1.3 sup 7 7,98 3
48 67 oD 3 0.3 sup 6 4,87 no
49 20 oD 1 0.9 sup 1 2,93 no
50 17 oD 1 0.6 sup 4 6,09 2,0
51 46 oD 3 1 sup 10 9,52 35
52 33 oD 3 1.3 sup 10 4,46 75

For 17 eyes (32.7%) the eccentric PRL area was located at
the edge of the macular atrophy identified by FAF. In 35 of the
52 eyes (67.3%) the eccentric PRL area was 4.59° +/- 2.36
(range 1.5° to 9.5°) away from the edge of MA identified on
FAF. A retinal area, located between the PRL and MA, was
identified and defined as the TZ. The results are summarized
in Table 3.

Using Spearman correlation coefficients, we found that
poor BCVA was associated with increased BCEA68 (r=0.36,

p=0.010) and BCEA99 (r=0.39, p=0.005) values and de-
creased PRL sensitivity (r= -0.42, p=0.002). As expected,
BCEA increased with increasing eccentricity (#=0.54 and
r=0.51 for BCEA68 and BCEA99, respectively, p<0.001 in
both cases). In the PRL area, a disrupted EZ band was asso-
ciated with poorer BCVA (0.184 logMAR, p=0.020) and de-
creased sensitivity (5 dB, p<0.001). Abnormal FAF was cor-
related with decreased sensitivity (-3 dB, p=0.002), but not
with BCVA (0.060 logMAR, p=0.457).
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Table 2 Genetic data of patients

Morphological and functional features of TZ

Of'the 35 eyes with a TZ, this was associated with an “intact” EZ
band in eight eyes, with a “disrupted” EZ band in 16 eyes, and
with “absence” ofthe EZband in 11 eyes. Mean retinal sensitivity

@ Springer

Patient  allele 1 allele 2
1 ¢.2791G>A (p.Val931Met) c.4234C>T (p.GIn1412%)
2 ¢.2791G>A (p.Val931Met) ¢.3322C>T (p.Argl108Cys)
3 ¢.5417G>A (p.Ser1806Asn) ¢.5882G>A (p.Gly1961Glu)
4 ¢.5417G>A (p.Ser1806Asn) ¢.5882G>A (p.Gly1961Glu)
5 c.4667+1G>A (p.?) ¢.5512C>A (p.His1838Asn)
6 c.4793C>A (p.Alal598Asp) c.4793C>A (p.Alal598Asp)
7 ¢.2461T>A (p.Trp821Arg) c.571445G>A (p.?)
8 ¢.634C>T (p.Arg212Cys) ¢.3056C>T (p.Thr1019Met
9 ¢.514G>A (p.Gly172Ser) ¢.5882G>A (p.Gly1961Glu)
10 ¢.982G>T (p.Glu328*) c.571445G>A (p.?)
11 ¢.5882G>A (p.Gly1961Glu) ¢.6282+1G>C (p.?)
12 ¢.3233G>A (p.Gly1078Glu) ¢.5882G>A (p.Gly1961Glu)
13 ¢.2345G>A (p. Trp782%) ¢.6320G>A (p.Arg2107His)
14 ¢.203C>T (p.Pro68Leu) [c.4450C>T (p.Pro1484Ser);c.5882G>A
(p.Gly1961Glu)]
15 ¢.4297G>A (p.Vall433lle) ¢.4297G>A (p.Vall433lle)
16 ¢.3531C>A (p.Cysl177%) c.4793C>A (p.Alal598Asp)
17 ¢.247_250dup (p.Ser84Thrfs*16) ¢.5087G>A (p.Serl 696Asn)
18 ¢.5882G>A (p.Gly1961Glu) ¢.3531C>A (p.Cysl177%)
19 c.4437G>A (p.Trpl479%) ¢.6419T>A (p.Leu2140GIn)
20 c.4437G>A (p.Trpl479%) ¢.6419T>A (p.Leu2140GIn)
21 ¢.2461T>A (p.Trp821Arg) ¢.3323G>A [(p.Argl108His);c.4297G>A
(p.Vall433lle)]
22 ¢.634C>T (p.Arg212Cys) ¢.5087G>A (p.Serl 696Asn)
23 ¢.768G>T p.=(p.Val256Val) c.571445G>A (p.?)
24 ¢.3322C>T (p.Argl1108Cys) WT
25 ¢.3970del (p.Alal324Argfs*65) ¢.5882G>A (p.Gly1961Glu)
26 ¢.4383G>C (p.Trpl461*) ¢.5929G>A (p.Gly1977Ser)
27 ¢.2461T>A (Trp821Arg) c.571445G>A (p.?)
28 ¢.3933G>A (p.Gly978Asp) ¢.5882G>A (p.Gly1961Glu)
29 ¢.2519T>G (p.Met840Arg) ¢.5882G>A (p.Gly1961Glu)
30 c.1245C>A (p.Asn415Lys) ¢.5882G>A (p.Gly1961Glu)
31 c.343 381delinsGGACAA (p.Asnll15_ p.[c.1622T>C (p.Leu541Pro);c.3113C>T
Thr127delinsGlyGln) (p.Alal038Val)]
32 ¢.571-2A>T (p.?) ¢.5882G>A (p.Gly1961Glu)
33 ¢.5018+2T>C (p.?) ¢.5898+5del (p.?)
34 ¢.6537del (p.Pro2180Leufs*3) WT
35 ¢.3531C>A (p.Cysl177%) ¢.5882G>A (p.Gly1961Glu)
36 ¢.634C>T (p.Arg212Cys) ¢.3056C>T (p.T1hr019Met)
37 ¢.5882G>A (p.Gly1961Glu) c.2382+1G>A (p.?)
38 ¢.6320G>A (p.Arg2107His) ¢.3523-1G>A (p.?)
39 ¢.5882G>A (p.Gly1961Glu) ¢.6229C>T (p.Arg2077Trp)
40 ¢.4139C>T (p.Prol1380Leu) c.4139C>T (p.Pro1380Leu)
41 ¢.4139C>T (p.Prol1380Leu) ¢.5087G>A (p.Serl696Asn)
42 ¢.318T>G (p.Tyrl06*) ¢.2588G>C (p.Gly863Ala)
43 ¢.2552G>A (p.Gly851Asp) ¢.6079C>T (p.Leu2027Phe)
44 ¢.5882G>A (p.Gly1961Glu) ¢.5882G>A (p.Gly1961Glu)
45 ¢.5882G>A (p.Gly1961Glu) ¢.5882G>A (p.Gly1961Glu)
46 p.[c.1622T>C (p.Leu541Pro);c.3113C>T ¢.5882G>A (p.Gly1961Glu)
(p-Alal038Val)]
47 ¢.5882G>A (p.Gly1961Glu) ¢.6005+1G>T (p.?)
48 ¢.5882G>A (p.Gly1961Glu) ¢.5882G>A (p.Gly1961Glu)
49 ¢.1622T>C (p.Leu541Pro) ¢.5882G>A (p.Gly1961Glu)
50 ¢.1622T>C (p.Leu541Pro) ¢.5882G>A (p.Gly1961Glu)
51 p.[c.1622T>C (p.Leu541Pro);c.3113C>T
(p.Alal038Val)]
52 ¢.5882G>A (p.Gly1961Glu) ¢.2160+584A>G (p.?)

within the TZ was significantly decreased (mean value 5.92 +/-
4.69 dB) compared to sensitivity in the PRL area (p<0.05).
Specifically, in eyes with intact EZ bands we found a mean sen-
sitivity of 11.034/-4.65dB, compared to 6.31+/- 3.41dB when the
EZ band was disrupted, and 1.65+/- 1.79dB when it was absent
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Table 3 Mean values of BCEA,
BCVA and Visual Sensitivity in
the two different groups of

Fixation at the edge of
MA (17/52 eyes)

Fixation far from the edge of
MA (35/52 eyes)

fixation. MA= Macular Atrophy
Eccentricity from MA

Fixation (BCEA68)
Visual Acuity (BCVA)
Visual Sensitivity

4.67 +/- 2.38°

10.17 +/- 7.95°2
0.85 +/- 0.27 logMar
11.35 +/- 3.80dB

None

8.85 +/- 6.22°2

0.97 +/- 0.28 logMAR
9.54 +/-3.26dB

(Fig. 6). With the exception of four eyes the FAF pattern in the TZ
was abnormal; it was either hyper- or hypo-autofluorescent. In
addition flecks were observed in the TZ in 15 of these eyes and
they extended from the RPE and through the EZ band (see
Fig. 5¢). Results are shown in Table 3 and Table 4.

We also analysed data categorizing patients into the four
phenotype sub-groups based on fundus appearance and inter-
estingly we found that stage 1 patients had better sensitivity
(13.34+/- 2.52 db) and better stability of fixation (8.05+/-
6.07°2) that those in stage 2 (respectively, 11.07+/- 3.06 db
and 10.83+/- 5.08°2) stage 3 (9.28+/- 2.80 db and 12.45+/-
8.19°2) or stage 4 (6.98+/- 3.37 db and 12.86+/- 9.86°2).

Discussion

In this study a multimodal analysis of the PRL and the TZ areas
has been performed in a group of STGDI patients. Our results
show that, for the majority of eyes, the eccentric PRL was as-
sociated with relatively preserved visual sensitivity, the presence
of an intact EZ band and qualitatively normal FAF. In addition,
it was located outside the border of central MA as previously
reported by other authors [8—10]. In these cases we observed a
TZ between the PRL and the central atrophic area; this area was
associated with morphological and functional abnormalities that
extended beyond the limit of the dark atrophic lesion identified
by FAF imaging. This is in agreement with previous findings
[17, 19] in STGD and suggests the presence of subclinical al-
terations affecting apparently non-atrophic retinal areas. In a
previous study Reinhard et al. [20] found a weak correlation
between the eccentricity of the PRL and fixation stability: the

Table 4 OCT, SW-FAF and MP-1 values in the PRL and in the TZ
(when present)

PRL area (52/52 eyes) TZ area (35/52 eyes)

EZ present 33(63.5%) 8(15.6%)
EZ disrupted 19(36.5%) 16(50%)
EZ absent 0 11(34.4%)
FAF normal 38(73.1%) 4(11.4%)
FAF abnormal 14(26.9%) 31(88.6%)

Visual Sensitivity

10.76 +/- 3.70 dB

5.92 +/- 4.69 dB

Bolded data are the most important findings

eccentricity of PRL was correlated with more unstable fixation.
In addition visual acuity showed a statistically significant posi-
tive correlation with the fixation locus.

In our investigation we found that PRLs located outside the
border of the MA, although exhibiting more unstable fixation,
were associated with better BCVAs and visual sensitivity
values than PRLs located at the border of the MA. The latter,
despite being associated with more stable fixation, had de-
creased BCVAs and visual sensitivity values. The implications
of these findings are that for STGDI1 patients a PRL outside
the border of the atrophic central area would result in im-
proved visual function. This is in contrast to reports of the
PRL being located closer to the central atrophic area in
AMD patients [11]. One possible explanation for this differ-
ence between the two diseases is the age of the patients.
STGD1 patients are generally younger than AMD patients,
the visual system may have greater plasticity, and through
experience the patients may learn to use a relatively healthier
retinal area as their PRL. Moreover disease progression is
slower and is usually symmetric in both eyes. The existence
of multiple PRLs has also been investigated in the past and
some authors concluded that they might be an expression of
an unstable transitional stage of patients who developed mac-
ular disease recently as in AMD. For most STGD patients,
keeping several PRL seems to be an unfavorable strategy to
solve one task [20]. In our study we did not find any patient
with more than one PRL.

We also investigated the correlation between EZ band in-
tegrity, visual sensitivity and FAF in the PRL area and in the
TZ to better clarify the physiopathology of retinal degenera-
tion in STGD1. We already know that RPE atrophy in the
macula is characteristic of this disease; it is commonly as-
sumed that in STGD1 there is an accumulation of lipofuscin
within the RPE leading to RPE loss and to a degeneration of
the photoreceptors [4] but there is controversy as to whether
photoreceptor loss/dysfunction occurs before or after the RPE
is affected; investigators have questioned whether RPE atro-
phy precedes or follows photoreceptor cell loss in STGD1 [19,
21-24].

Based on a comparison of SD-OCT and FAF results,
Gomes et al. [19] hypothesized that photoreceptor loss oc-
curred before RPE loss. The authors suggested that photore-
ceptors may be affected earlier than RPE atrophic changes as
detected by short wavelength FAF, as the measurement of the
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diameter of hypoautofluorescent area on FAF was less than
the extent of the EZ loss observed on SD-OCT. Our multi-
modal analysis showing the presence of structural and func-
tional abnormalities, e.g., disruption of the EZ band, de-
creased visual sensitivity and altered FAF affecting apparently
non-atrophic retinal areas, is in agreement with the above
hypothesis.

It has also been suggested that, in the mildest cases of
STGD1, results were consistent with changes in the photore-
ceptor layer occurring simultaneously with the development
of abnormalities in the RPE layer. This hypothesis is based on
a recent study [25] that compared structural changes observed
with polarization-sensitive OCT to those visible on short
wavelength (SW) FAF. Nevertheless, a contribution to SW-
FAF from degenerating photoreceptor cells in the advancing
front of atrophy could explain why the size of the area of
hypoautofluorescence (atrophy) can be underestimated in
SW-FAF as compared to NIR-FAF images and why the diam-
eter of the area of absent SW-FAF inadequately reflects the
spatial extent of photoreceptor cell abnormalities visualized in
SD-OCT images.

Fig. 3 Patient n.28
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Lastly, in a recent study by Sparrow et al. [7] that evaluated
retinal flecks on SW and NIR-FAF, the authors indicated that
the "bright" SW-FAF signal from flecks likely originates from
augmented lipofuscin formation in degenerating photorecep-
tor cells impaired by the failure of RPE confirming that RPE
alterations precede photoreceptor cell degeneration in
STGDI1.

In our study the sequence and nature of structural changes
observed spatially across the TZ at one specific time (time of
OCT acquisition) suggests a specific pattern of progression of
the disease. However, the reader should be reminded that this is
based on observations on different retinas (from different patients)
at one time point; ideally the proposed pattern of progression
should be based on a prospective analysis of retinal changes over-
time. We suggest that, initially, the accumulation of toxic metab-
olites causes RPE dysfunction that is associated with surviving
photoreceptors. At this stage FAF is abnormal (RPE altered but
still functioning) visual sensitivity is relatively good and there is
preservation of the EZ band (Figs. 2, 3, 4 and 5). The location of
the eccentric PRL may be associated with this area. This stage is
followed by photoreceptor damage; further changes in FAF, loss
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and/or disruption of the EZ band (i.e., loss of photoreceptors), and
decreased visual sensitivity. PRLs are rarely associated with this
area. Finally, in the last stages of the disease, RPE cell death
occurs: there is “hypoAF”, the EZ band is absent and sensitivity
non-recordable. This stage is represented by central MA (Fig. 6).

Through this multimodal analysis, the results of our study
suggest that RPE changes appear to be the primary event
leading to photoreceptor degeneration and then to RPE loss.
The proposed sequence of structural and functional changes
presented above provides a possible model for disease pro-
gression, and could aid in determining the potential efficacy of
new therapies. In fact, gene therapy could be helpful in pre-
serving retina in the first stages of the degenerative process
when RPE dysfunction occurs but photoreceptors are still
present. Other strategies such as “stem cells” or “retinal
transplantation” could be helpful in restoring visual function
in retinal areas at a more advanced stage of the disease
process.

Fig. 4 Patient n.25

An intact EZ band is an important indicator of rod and cone
function and in our study we have related the appearance and
integrity of the EZ band on SD-OCT directly to localized
measures of visual function obtained with the MP-1. Our
study confirms that SD-OCT provides more information re-
garding the stage and nature of the disease process than FAF
analysis in STGD, as previously found [22, 26]: even when
FAF appears to be altered, the presence of an intact EZ band
can be used to differentiate between an area that would re-
spond better to gene therapy from one that would not be ame-
nable to treatment.

Our study has some limitations: it is a retrospective cross-
sectional study, not a prospective longitudinal study: it is
based on observations on different retinas (from different pa-
tients) at one time point. Moreover, we did not include NIR-
FAF imaging. Lastly, it is also possible that different pheno-
typic subtypes of STGD1 based on full-field ERG results may
have influenced our results. As we had limited full-field ERG
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Fig. 5 Patient n.32 with PRL
near to the MA with a retinal fleck
in the TZ

data on our patients, we could not classify them based on the
three phenotypic groups proposed by Lois et al. [27], so we
cannot draw any conclusions regarding the influence of these
three phenotypic subtypes on our results.

10 15 20
L L 1

sensitivity at transition zone (Db)
5

ABSENT DISRUPTED INTACT

Fig. 6 Visual sensitivity at transition zone compared to integrity of the EZ band
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In conclusion, in STGD1 patients the PRLs are located in
“healthier” retinal areas, away from the border of MA and are
associated with relatively good visual sensitivity, a preserved
EZ band and qualitatively normal or slightly altered FAF. The
TZ, when present, shows an abnormal FAF pattern associated
with changes in the EZ band and decreased visual sensitivity.
Morphological and functional retinal abnormalities extend be-
yond the limits of the atrophic lesion identified by FAF; the
area of EZ band loss is more extensive than that of RPE atro-
phy identified by the hypoAF pattern. Thus, our study hypoth-
esizes a sequence of retinal and functional changes with dis-
ease progression that may help in the planning of future ther-
apies. RPE dysfunction seems to be the primary event that
leads to a photoreceptors loss and then to RPE loss.

A correlation of functional and structural (MP-1, SD-OCT,
FAF) data may help clarify the physiopathological mechanisms
underlying STDG1 and improve the management of this dis-
ease. Further studies are needed to clarify and define the role of
multimodal imaging for monitoring the progression of the dis-
ease and its response to future therapeutic interventions.
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