~ TABLE 1. Glinical Data and Molecular Genetic Status of 59 Patients With Stargard Disease (Continued)

Age (y) logMAR VA
Pt Onset (y) =i FU BL FU Vatiants ldentified”
52 11 31 42 1.8/1.3 2.0/2.0 p-Argt108His
53 5 32 43 2.0/2.0 2.0/2.0 ¢.5461-10 T>C / p.Cys2180Tyr
54 5 32 43 2.0/2.0 2.0/2.0 ¢.5461-10 T>C / p.Cys2150Tyr
55 7 36 47 1.3/1.3 3.0/1.3 ¢.5461-10 TC / 0.Cys2150Tyr
56 13 39 50 1.25/1.56 3.0/3.0 ND
57 23 42 52 1.56/1.0 1.0/1.0 p.Leu747Cysis*787
58 40 43 54 0.18/0.18 0.78/0.78 ND
58 23 54 65 0.78/1.0 1.0/1.0 plle156val

BL == baseli ine; FU = follow- -up; logMAR =
“Putative novel changes are showii'in bold.

logarithm of m[nlmal angle of reso!ution ND == not detected Pt == patient; VA == visual acuity.

TABLE 2. Distribution of Electrophysiologic Gfog‘ps at
Baseline and at Follow-up in Stargardt Disease

- X Etectrophysiologic Group™ at Follow-up®
Elsctrophysiologic Group®

at Baseling® Group 1 Group 2 Group 3
Group 1 (n =27, 6} 21 3(3) 33
Group 2 (n =17, 11) 2(3) 8(8)
Group 3 (n = 15, 15) 15 (15)
Total {n == 58, 32) 21 12 (8) 6 (26)

*Patients were classified into 3 groups based on electrophys-
iologic findings; Group 1 had dysfunction cohﬁned tothe macula;
Group 2 had macular and generalized cone system dysfunction;
C—rou had macular and both ceneral;zed cone and rod system

dysfunction.

"Numbeérs in bold show the numbers of patients who, demon-
ot rated electrophysiologic ev:dence of deterioration. An ampli-
tude reduction - of ~over 50% ~in -any - electrophysiologic
component -and/or & peak time shift of ‘over 3 ms for the
light-adapted 30 Hz electroretinogram or dark-adapted 11.0
electroz’eﬁnogram a-wave were considered evidence of signifi-
cant electrophysiologic deterioration. : :

respective electrophysiologic traces appear in Figure 2.
Patient 17 showed no ERG group transition (Group 1 at
haseline and Group | at follow-up). ERG transition from
Group 2 to Group 3, with clinically significant ERC dete-
rioration, was demonstrated in Patient 42. Patient 53 was
in ERG Group 3 at baseline and had evidence of clinically
significant ERG deterioration.

s ELECTROPHYSIOLOGIC FINDINGS: The electrophysio-
logic findings are summarized in Supplemental Table 4
{available at A]JO.com). PERG P50 components were unde-
tectable (93%, 51/55) or moderately reduced (7%, 4/55;
Patients 16, 24, 42, and 55) at baseline, in keeping with
severe or moduately severe macular dysfunction; and were

undetectable in 53 individuals (96%, 53/55) or moderately
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recuced in 2 patients (4%, 2/55; Patients 16 and 24) at
follow-up. There were no available PERG data hoth at base-
line and at follow-up in 2 subjects (Patients 7 and 23), and no
available baseline PERGs in 2 further individuals (Patients
45 and 46), who had undetectable PERGs at follow-up.

Complete ERG dara sets were available ar haseline and
follow-up, with few exceptions (S‘rppiunenta? Table 4).
The dark-adapted 0.01 and dark-adapted 11.0 ERGs were
abnormal in 11 and 15 patients (20%, 11/54 and 25%, 15/
59), respectively, at baseline, and in 22 and 24 subjects
(36%, 22/59 and 41%, 24/59), respectively, ar follow-up.
All those with abnormal dark-adapred 0.01 ERGs had
abnormal light-adapted 30 Hz and light-adapted 3.0 ERGs.
Three out of 4 patients (Patients 53-56) with undetectable
dark-adapted 0.01 responses at follow-up had undetectable
light-adapted ERGs at baseline and at follow-up.

Light-adapted 30 Hz and light-adapted 3.0 ERGs were
abnormal in 29 and 26 patients (49%, 70/ 59, and 45%, 26/
58), respectively, at baseline; and in 38 and 36 subjects
(64%, 38/59 and 61%, 36/59), respectively, at follow-up.
An abnormal light-adapted 3.0 ERG was the only baseline
ERG abnormality in 2 patients (Patients 29 and 41}; isolated
light-adapted 30 Hz ERG abnormality occurred in another 4
subjects (Patients 28, 30, 42, and 48). All 6 of these patients
showed abnormal responses in both light-adapred test
follow-up. Isolated light-adapted 30 Hz ERG abnormality
occurred in another 2 patients at follow-up.

Four out of 5 sibships were concordant (the same ERG
group) both at baseline and at follow-up (Patients 11 and
14; 40 and 42; 45 and 46; 53-55). Two siblings from 1
family had discordant ERG groups, with 1
3 at haseline and follow-up and the other sibling in Group
2 at baseline and follow-up (Patients 47 and 29)
(Supplemental Table 4).

The clinical features of each baseline group are summa-
rized in Table 3 and Figure 3. There was a statistically signif-
icant difference between Groups 1 and 3 and between
Groups 2 and 3 in terms of onset of disease {(Supplemental
Table 5, available at AJO.com).

at

sibling in Group

There was also

U



BLE 3, CI mcal Fea‘cures Assocxated WlthEle t phySIologxc
: (‘roup n

oup. at Base ine, Electrophystolog:c Deteri ora’aon and Genotype

9 Patrents VV h S’targardt stease

Median logMAR

Median Age Visual Acuily
Median Age of
Onset (y} BL FL BL FL

Baseline electrophysiologic group Group 1 (n = 27) 24.9 34.4 450 0.78 1.00
Group 2 (n = 17) 20.4 29.6 394 1.00 1.00

Group 3 {n = 15} 14.0 291  40.3 1.25 1.30

Evidence of clinically significant Stable (n = 27) 23.4 33.5 43.8 0.78 1.00
electrophysiclogic deterioration® Significant deterioration (n == 32) 18.7 30.1 408 1.00 1.19
Genotype grouping” Genotype A (n == 19) 17.6 326 421 1.08 .38
Genotype B (n = 10) 22.3 357 48.2 0.84 0.94

Genotype C (n = 18) 20.0 27.86 384 0.0 1.20

Genotype D (n = 12) 26.1 32.7 435 0.69 1.19

Total {n = 59) 20.8 31.7 422 0.93 1.22

BL baselne Fles follow-up, IogMAR

loganthm of mxmmal angle of resolution.

“The subset without evidence.of significant dn’cenorat:on is described as “Stable.”
PEach patient was classn‘red into 4 mutually exclusive genotype groups on the basis of the molecular analysis: (A) patients with at least 1 nuil
variant, (B) subjects with 2 or more non-null variants, (C) individuals with 1. non-null variant, and (D) patients with no detectable variants.

a statistically significant difference in logMAR VA between
Groups 1 and 3 and berween Groups 2 and 3. Nostatistically
significant difference was seen between groups with respect
to age at baseline, duration of disease, and follow-up
interval. Mean yearly electrophysiologic progression within
each baseline ERG group with respect to dark-adapted 11.0
a-wave and light-adapted 30 Hz is summarized in Table 4
and Figure 3.
difference hetween Groups 1 and 3 and hetween Groups 2
and 3 in terms of yvearly amplitude reduction of dark-
adepred 11.0 a-wave (Supplemental Table 5). There was
also a statistically significant difference in light-adapted
30 Hz vearly peak time shift berween Groups 1 and 3. No
significant difference was seen between groups with respect
o amplitude reduction in light-adapted 30 Hz.

Thirty-two patients showed evidence of clinically signif-
electrophysiologic  deterioration (Table 2 and
Supplemental Table 4). Twenty-onc subjects showed
a greater than 50% amplitude reduction and 26 patients
had more than a 3 ms peak time shift {(Supplemental
Table 4). The clinical findings were u)mpared between
the subset of patients with evidence of ERG progression
and those without (stable ERG) (Table 3 and Figure 4).
There was a statistically significant difference between
s in terms of age of onset and logMAR VA at
bascline (Supplemental Ta and Figure 4). There
were no statistically significant differences between the 2
subsets with respect to age at baseline, duration of discase,
interval of follow-up, and reduction in logMAR VA
(Supplemental Table 5 and Figure 4).

There was clinically significant deterioration of ERG
parameters in 22% (6/27) of patients in ERG Group 1,
65% (11/17) in Group 2, and 100% (15/15) in Group 3

Statistical analysis revealed a significant

icant

the 2 subs

‘sf =
e 3

(Table 2). Patients with a Group 1 ERG phenotype both
S yp!
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at baseline and at follow-up did not show significant elec-
trophysiologic deterioration (78%, 21/27), with the Group
1 subjects (22%, 6/27) who did show ERG progression all
moving to either Group 2 or Group 3 in equal proportions.
Mean vearly electrophysiologic progr
between patients with and without
ERG deterioration {Table 4 and Figure 4). Sraristical anal-
ysis revealed a significant difference in terms of both ampli-
tude reduction and peak time shift
a-wave (Supplemental Table 5 and Figure 4). There was
also a statistically significant difference in light-adapted
30 Hz peak time shift. No significant difference was seen
with respect to rate of amplitude reduction in light-
adapted 30 Hz (Supplemental Table 5).

sion was CO}]‘L}?":TL"@C}

clinically significant

of dark-adapted 11.0

e MOLECULAR GENETICS: Likely disease-causing variants
in ABCA4 were detected in 47 out of 59 patients, with 2
or more variants identified in 22 patients and 1 variant in
25 subjects (Table 1 and Supplemental Table 6, available
at AJO.com). Nineteen patients had at least 1 null variant,
10 subjects had 2 or more non-null variants, 18 individuals
were identified with 1 non-null variant, and 12 patients had
no detectable variants. Detailed results, including in silico
analysis to assist in the prediction of pathogenicity of the
variants, are shown in Supplemental Table 7 (available
at AJO.com).

Thirty-eight different variants were found in 47 }‘aumr\
11 null mutations with 3 predicted o affect sphcmu and 27
non-null variants (Supplemental Tables 6 and 7). Eighteen
patients harbored at least 1 null variant, with a single subject
having 2 null mutations. Thirty-two of these 38 variants have
been previously reported and 6 are putative novel mutations:
(1) c1317CG> A, p Tepd39%, (2) c.2103C> A, p.Val675lle,
(3) ¢2239delC, p.leuT47Cysls*787, (4) c.4363C>T,

]
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FIGURE 1. Fundus photographs of 3 representative cases of Stargardt disease (Patients 17, 42, and 53) at baseline and at follow-up
depicting change over time, with the electrophysiologic group at each time point annotated. (Top) Color fundus photographs of
Patient 17 showing macular atrophy surrounded by flecks at baseline (left) and severe well-defined macular atrophy surrounded
by atrophic flecks at follow-up (right). Neither electrophysiologic group transition (Group 1 both at baseline and at follow-up)
nor clinically significant electrophysiologic deterioration was observed in Patient 17. (Middle) Patient 42 had foveal mottling
surrounded by confluent flecks at baseline (left) and multiple areas of macular atrophy at follow-up {right}. Electrophysiologic tran-
sition from Group 2 to 3, with clinically significant electrophysiologic deterioration, was observed in Patient 42. {Bottom) Patient 53
had multiple areas of macular atrophy with mild pigmentation at baseline (left) and more marked macular atrophy and pigmentation at
follow-up (right). Patient 53 was in Group 3 at baseline and experienced clinically significant electrophysiologic deterioration.

p.Cys1455Arg, (5) ¢4519G>A, p.Glyl507Arg, and (6)
¢.5516T>C, p.Phel839Ser (Supplemerital Tables 6 and 7).
Ar least 1 variant was identified in 22 parients (81%, 22/27)
in ERG Group 1 at baseline, 12 (71%, 12/17) in Group Z,
and 13 (87%, 13/15) in. Group 3. At least 1 null variant was
found in 8 patients (30%, 8/27) in ERG Group 1 at baseline,

ac

2
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7/15) in Group 3

4 (24%, 4/17) in Group 2, and 7 {(47%
‘ lem , available

(Supplemental T
at AJO.com).

° GENOTYPE-PHENOTYPECORRELATIONS: Clinical features
at baseline and electrophysiologic progression in dark-adapted
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FIGURE 2. Full-field electroretinograms and pattern electroretinograms at baseline and at follow-up from the 3 representative cases of
Stargardt disease illustrated in Figure 1 (Patients 17, 42, and 53). Patient 17 demonstrates undetectable pattern electroretinogram
(PERG) and normal full-field electroretinograms (ERG) both at bascline (Top row) and at follow-up (Second row), consistent with
ERG Group 1 both at baseline and at follow-up. Patient 42 has undetectable PERG and abnormal responses in light-adapted (LA)
3.0, while responses in darle-adapted (DA) 0.01, DA 11.0, and LA 30 Hz are normal at baseline (Third row). At follow-up, all the
components of the ERGs are abnormal (Fourth row). Patient 42 demonstrates transition from ERG Group 2 to Group 3, with clinically
significant electrophysiologic deterioration observed in rod-derived ERGs. Patient 53 at baseline shows undetectable responses for
PERG, LA 30 Hz, and LA 3.0, with abnormal but detectable DA 0.01 and DA 11.0 responses (Fifth row), consistent with ERG Group 3.
At follow-up there is only residual ERG activity in the DA 11.0 ERG, representing marked deterioration (Sixth row). (Bottom row)

Normal traces are shown for comparison.
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FIGURE 3. A comparison of selected clinical features and electrophysiologic findings associated with each electrophysiologic group
at baseline in Stargardt discase, showing significant differences in age of onset, visual acuity at baseline, and electrophvysiologic para-
meters between groups. Age of onset (Top left), age at baseline (Top right), logMAR visual acuity at baseline (Middle left), logMAR
visual acuity reduction (Middle right), amplitude reduction per vear in the a-wave of the dark-adapted (DA) 11.0 electroretinogram
(ERG) (Bottom left), and peak time shift per year in the light-adapted 30 Hz flicker ERG (Bottom right) for the 3 electrophysiologic
groups. The boxes show the median and 25% and 75% confidence intervals (lower and upper quartiles). The whiskers extend to what
could be considered the 95% confidence interval. Crosses represent values outside the 95% confidence interval. P values obtained
with the Mann-Whitney U test are shown for the parameters in which the Kruskal-Wallis test revealed significant differences.
logMAR = logarithm of minimal angle of resolution.

11.0 a-wave and light-adapted 30 Hz of each genotype group although patients with 2 or more non-null variants (genotype
are sumimarized in Tables 3 and 4. There was no statistically | B group) less frequently had rod ERG involvement (Table 5
significant association identified between the severity of | and Supplemental Figure 1).

genotype and the extent of electrophysiologic dysfunction The distribution of patients with clinically significant
on the basis of baseline ERG grouping (y = —0.126), electrophysiologic deterioration in each genotype group is
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FIGURE 4. A comparison of the clinical findings and electrophysiologic data in Stargardt disease, between the subset of patients with
evidence of electroretinogram progression and those without (stable electroretinogram), showing a significant difference in age of
onset, visual acuity at baseline, and electrophysiologic parameters between subsets. Age of onset {Top left}, age at baseline {Top
right), logMAR visual acuity at baseline (Middle left), logMAR visual acuity reduction (Middle right), amplitude reduction per
year in the a-wave of the dark-adapted 11.0 electroretinogram (ERG) (Bottom left), and peak time shift per year in light-adapted
30 Hz flicker ERG (Bottom right) for 2 subsets of Stargardt disease (those with and without clinically significant electrophvsiologic
deterioration). The subset with evidence of clinically significant ERG deterioration is labeled “SD” and the subset without deterio-
ration is labeled “Stable.” The boxes show the median and 25% and 75% confidence intervals (lower and upper quartiles). The whis-
kers extend to what could be considered the 95% confidence interval. Crosses represent values outside the 95% confidence interval.
P values obtained with the Mann-Whitney U test are shown. logMAR = logarithm of minimal angle of resolution.
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TABLE 4. Yeariy Changp in Dark Adapted Bnght Flash E!eotrophyszologxc Responses and Ltgh’vAdap;ed 30 Hz Fhoker Responses
Wxth Respeci io Elect; ophys;ologuc Group at Baseime Electrophys;ologrc Dﬂtenorataon and Genotype G:oup in 52 Subjects With
Stargardt Di sease

Dari-Adapted 11.0 A-wave

Light-Adapted 30 Hz

Amplituds Percentage Peak Time Shift Ampiitude Reduction Percantage Reduction Peak Time Shift
Reduction (nV/y} Reduction {%7y) {ms/y) {uV7y) (Y0ry) 3
Group 1 (n= 27) 5.5 1.7 0.10 2.7 2.2
Group 2 (n = 17) 4.5 1.5 0.08 1.1 1.7
Group 3 (0 = 15) 4.9 3.6 0.18 1.5 3.1
Stable (n = 27) 3.9 1.2 0.04 2.2 1.8
Electrophysiologic 6.0 2.9 0.18 1.7 2.7
Deterioration (n = 32)
Genotype A (n = 19) 6.5 3.0 0.14 23 3.0 0.23
Genotype B (n = 10) 2.3 0.5 -0.01 1.4 0.9 0.12
Genotype C (n = 18) 5.4 2.1 0.16 2.4 3.4 0.33
Genotype D (h = 12) 4.3 2.4 0.08 1.1 0.9 -0.04
Total (n == 59) 5.1 2.1 0.11 1.9 23 0.19

Dark-adapted 11.0 = da?k—adapted bright flash electroretinogram {flash intensity 11 .O‘éahdela seconds (cd-s)/m?); Light-adapted 30 Hz =
- light-adapted 30 Hz flicker electroretinogram {flash intensity 3.0.cd-s/m?), :
A yearly amplitude reduction and a yearly percentage reduction wers calculated by dividing the amp&itude reduction or the perceniage

dnndmg by the ;o!!ow-up tirne.

TABLE 5. Distribu‘don of the 4 Genotype Groups With
Respect to Electrophysiolegic Group at Baseline and
Electrophysiclogic Deterioration in Stargardt Disease

Geno’rype Genotype Genociype Genotype

A B c D
Group 1 (n = 27) 8 5 9 5
Group 2 (N =17) 4 4 4 5
Group 3 {n = 15) 7 1 5 2
Stable (n = 27) 6 9 7 5
Electrophysiologic 13 1 1 7

deterioration (i = 32)

Total (n = 59 19 10 18 12

“The subset without evidence of significant deterioration is
described as. “Stable.”

shown in Table 5 and Supplemental Figure 2 (available at
AJO.com). Statistical analysis revealed a significant differ-
ence between genotype groups A and B and between geno-
tYpe groups £ And Cin terms of age of onset. There was also
statistically significant difference between genotype
UIOLPS A and B with respect to yearly amplitude reduction
of dark-adapted 11.0 a-wave and light-adapted 30 Hz yearly
peak time shift (Supplemental Table 5). No statistically
significant difference was seen between genotype groups
and the other ERG parameters {Supplemental Table 5).
Interestingly, 8 of the 9 patients harboring the variant
¢.5461-10 T>C (Patients 5, 25, 36, 39, 48, 50, 53-55)
had clinically significant ERG progression. All 3 unrelated
patients (1, 5, and 31) harboring p.Arg943GIn also had

a
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p.Gly863Ala, suggesting linkage disequilibrium of these
2 substitutions, with none of these subjects having clini-
cally significant ERG deterioration.

JISCUSSION

THISREPORT ADDRESSES LONGITUDINAL CHANGES IN CLIN-
ical and electrophysxoiog‘.c teatures of Srargardt disease in
a large, well-characterized cohort of patients, with 1 or
both likely disease-cavsing ABCA4 alleles identified in
80% of subjects (47/59). The findings confirm the prog-
nostic value of ERG suggested by earlier cross-sectional
data and are relevant to the design of future clinical trials.

Approximately one-fifth of Group 1 patients (dvsfunc-
tion confined to the macula) progressed to either Group
2 or Group 3 {generalized retinal dysfunction} over

7% of sub

a mean time period of 10.5 vears, whereas 47 bjects
with Group 2 ERG at baseline changed to Group 3 over the
same time period. Overall, there was ummeﬂ s significant
electrophysiologic deterioration in 54% of f all patients
(32/59), with progression in 22% (6/27) of Group 1
subjects, 65% (11/17) of Group 2, and 100% (15/13) of
Group 3. These ERG
normal age-related ERG decline.”® Thus all patients with
initial rod involvement {Group 3) demonstrated clinically
significant electrophysiologic deterioration, but only 22%
of the patients with normal ERGs (Group |
showed clinically significant progression.
A transition in ERG group w
all 14 also meeting the criteria for clinically significant

changes far exceed estimares of

) ar baseline

as seen in 14 patients, with

o)
Yool



electrophysiologic  deterioration. The 3 patients who
progressed from Group 1 to Group 2 had abnormal light-
adapted 30 Hz ERGs withcut any abnormalities in light-
adapted 3.0 ERGs; the 30 Hz flicker ERG is known to be
a more sensitive indicator of altered cone function than
the single-flash photopic ERG. In contrast, both cone full-
field ERGs were abnormal in the 3 patients who progressed
from Group 1 to Group 3. All 6 patients had a >3 ms peak
time shift over time; careful ohservation of the light-adapted
30 Hz ERGs is important in monitoring Stargardt disease
patients with normal ERCs. All bur 1 patient with abnor-
malities in dark-adapted 0.01 or datk-adapted 11.0 had
abnormal cone responses, suggesting thar generalized cone
system dysfunction precedes generalized rod system dysfunc-
tion, as has previously been demonstrated.’

All 5 patients with undetectable cone responses at
follow-up had a >50% amplitude reduction in dark-
adapted 11.0 during follow-up. Four patients still had
residual responses in dark-adapted 11.0 at follow-up and
1 patient had residual responses in dark-adapted 11.0 at
baseline, which became undetectable at follow-up. These
findings lend further support to the belief that generalized
cone system function is abolished before generalized rod
system loss, and that the amplitude of dark-adapted 11.0
responses may he helpful in assessing residual retinal func-
tion in cases with very severe retinal dysfunction.

The clinical characteristics of each ERG group showed
a statistically significant difference between Groups 1 and
3 and Groups 2 and 3 in terms of age of onset, in keeping
with the original cross-sectional data, with a younger age
of onset associated with more generalized retinal dysfunc-
tion.”" There was also a statistically significant difference
in logMAR VA between Groups 1 and 3 and Groups 2
and 3, with worse VA associated with increasingly severe
generalized retinal dysfunction, as has been previously
proposed.’® No statistically significant differences were
observed between groups with respect to other parameters,

including age at baseline, duration of disease, and interval
of follow-up. In addirion, the age of onset was earlier in
subjects who had clinically significant ERG progression
compared to those who did not meet criteria for clinically
significant deterioration, further supporting the likelihood

that age of onset in Stargardt disease is of prognostic value.’
For ease of comparison berween groups, a linear longitu-
dinal relationship has been assumed and the rate of change
expressed in terms of yearly amplitude reduction, yearly
percentage reduction, and yearly peak time shift. This study
has not examined the linearity of change between baseline
and follow-up testing; a prospective study with additional,
more frequent time point sampling will help address this
pertinent guestion. It is likely that progression will be
linear in some individuals and nonlinear in others, in
keeping with the commonplace phenotypic heterogeneity
of inherited rerinal disorders.

ABCA4 mutations were originally reported in patients
with autosomal recessive Stargardt disease but shortly

12 AMERICAN JOURNAL OF OPHTHALMOLOGY

in association with cone
dystrophy, cone-rod dystrophy, and “retinitis pigmentosa,”
with a genotype-phenotype relationship having been
proposed. 011720244043 11y e present cohort, 82% of
patients {(22/27) in ERG Group 1 at baseline, 70% (12/
17) in Group 2, and 87% (13/15) in Group 3 harbored ar
least 1 ABCA4 variant.

A likely disease-causing ABCA4 variant was identified
in 47 out of 59 patients, with 6 putative novel mutations
detected. There was no statistically significant association
identified between the category of genotype and the extent
unction on the basis of ERG
group, although patients with 2 or more non-null variants
{genotype B group) less frequently had rod ERG involve-
ment. A statistically significant greater percentage of
patients with null variants (genotype A group) (68%,
13/19) had ERG deterioration, in comparison with patients
harboring 2 or more non-null variants (10%, 1/10), with
the majority thercfore having a stable ERG (90%, 9/10).
There was also a statistically significant difference between
genotype groups A and B with respect to yearly amplitude
reduction of dark-adapted 11.0 a-wave and light-adapted
30 Hz yearly peak time shift. There are several factors
that may account for the relative lack of more clearly
demonstrable genotype-phenotype correlations, including
the relatively small sample size, the fact that only 1
disease-causing allele was identified in most cases, and
the vast allelic heterogeneity of ABCA4. However, one
particular variant {¢.5461-10T>C) was found to be associ-
ated with electrophysiologic progression. This mutation
has been previously reported to be associated with severe
disease in both the homozygous and compound heterozy-
“% suggesting that it may be a marker for
more severe disease, which is likely to show clinically
significant progression.

Co-inheritance of p.Arg943GIn and p.Gly863Ala has
been previously reported,** with p.Arg943Gin thought
to be a benign polymorphism®® and p.Gly863Ala
believed to be associated with milder phenotypes,™*
although there has been a single report of a severe
phenotype  associated with p.Gly863Ala  in  the

homozyeous configuration.™ Only 2 our of § patients

harboring p.Gly863Ala in the present series had evidence
of ERG progression, suggesting this variant is indeed likely
to be associated with milder disease.

The longitudinal study described herein has identified
that a patient’s allocation to an individual ERG group, as
proposed in the original cross-sectional study, may change
over time—a conclusion thar could not be made previously
because of the inherent limitations of a cross-sectional
survey. The rate of progression between groups and within
groups has been determined, and age of onset and, to a lesser
extent, visual acuity may predict the degree of eventual
generalized retinal dysfunction andfor progression. It is
important that only 20% of those patients with initially
normal full-field ERGs showed evidence of progression

thereafter were identified

of electrophysiologic ¢

gous states,

B a0



over a 10-vear period, compared to 100% of those with an
initial rod system ERG abnormality. These data assist the
- counseling of the patient in relation to visual prognosis

and may inform the des

ign, patient selection, and moni-

toring of current and future clinical trials for ABCA4-
related retinopathy.
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SUPPLEMENTAL FIGURE 1. The association between
genotype group and electrophysiologic group at baseline in
59 patients with Stargardt disease, showing that patients with
2 or more null variants {(genotype group A) more frequently
had generalized rod involvement (electrophvsiologic group 3).

14.e2 AMERICAN JOURNAL OF OPHTHALMOLOGY




i Electrophysiological
deterioration

Genofype \ Genotype Gevnofypg( Geno‘typ‘ey
group A groupB  groupC  groupD
(n=19)  (n=10) (n=18) (n=12)

SUPPLEMENTAL FIGURE 2. The association between geno-
type group and presence or absence of clinically significant
electrophysiologic deterioration, showing that patients with
Stargardt disease harboring 2 or more non-null variants (geno-
type group B) more frequently have stable electrophysiologic
function over time compared with those with more severe muta-
tions {genotype group A).
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 SUPPLEMENTAL TABLE 1. }

'th%eti'hcgrépﬁg n Yodng -

Dark-Adapted 11.0 Light-Adapted 3.0

Dark-Adapted 0.01 A-wave B-wave

Light-Adapted 30 Hz A-wave B-wave
Amplitude Peak Time Amplitude Peak Time Amplitude Peak Time Amplitude Peak Time Amplitude Peak Time Amplitude Peak Time
V) (ms) (ny) (ms} (% (ms) V) {ms) (] (ms) (V) {ms)
Age group 135-455 84-107 250-470 7-14  320-755 39-56 70-200  23-27 30-80 12-15  95-285  27-32

(<50 years old)

. Dar k»ddapted 0.01 = dark«adapted dlm ﬂash electroret nogram w;th ﬂash lntensﬁy : 1 ;candela second (cd c)/m Dax k—adamed'
11,0 dark—adapted bﬂght ﬂash electroretmogram \mth ﬂash mtensﬁy 11.0cd: s/m Lxght—ada ted 30 H ight- adaptea 30 Hz ﬂxckei elecvo—
retinogram with flash mtensf(y 3.0 cd-s/m’ L:ght—adapted 3.0 fxgh’t—adapted 2Hz eiectroretmogram with flash intensity 3.0 od-s/m?.
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 SUPPLEMENTAL TABLE 2. Normal Ranges for Full-field Electrorstinography in Older Adults

Dark-Adapted 11.0 Light-Adaptad 3.0

Dark-Adapted 0.01 A-vrave B-wave Light-Adapied 80 Hz A-wave B-wave

Amplitude Peak Time Amplitude Peak Time Amplitude Peak Time Amplitude Peak Time Amplitude Peak Time Amplitude Peak Time

Age group 30-320 76-117  105-495 10-16 235-665 36-57 50-145 22-29 15-80 12-186 90-220 25-32
{250 years old)

i Dai’k;adapté& 0;01 = dark—adapted dim flash e!é‘ctrbreti‘no‘gram:\/ﬁth ﬂash intenéity 0.01 candela ‘s‘econd (cd-s}/mz;' Dark—édapted
- 11.0 = dark-adapted bright flash electroretinogram withflash intensity 11 ned -s/m?; Light-adapted 30 Hz =ight-adapted 30 Hz flicker electro-
retinogram with flash intensity 3.0 od s/m?; Light-adapiéd 3.0 = light-adapted 2 Hz electroretinogram with flash intehsity 3.0 cd-s/mP.
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Primer

Seguence (5-3")

Annaaling Temperaiure (C)

Exon 2 forward GTGTCTGCTCTGGTTACGTITTC 51
Exon 2 reverse CCTTTTGTCTAGAAAGATCTTGGG

Exen 5 forward TCCAATCGACTCTGGCTGTT 64
Exon 5 reverse AGAGATCATGGGGCACAACC

Exon 8 forward CCAGCATGGAGTTGAATGAGAC 63
Exon 9 reverse TAAGTGGACTCTTGCGTTTCCTC

Exon 10 forward TTAGATTCTGTCAGCCCAGGAAG 83
Exon 10 reverse ACCAAGTGGGGTCACTGACTTT

Exen 15 forward AGAGAGCCCTTTAGGGCAGAAT 63
Exon 15 reverse GTTTCCTTGGAAGGGTCCGTAG

Exon 17 forward AACTGCGGTAAGGTAGGATAGGG 83
Exon 17 reverse GACCACCTTTCACAAGTTGCTG

Exon 30 forward GCCTAGGGATTITGTCAGCAACT 63
Exen 30 reverse ACTAAACCAAACTCCCTGCACC

Exon 38 forward CCAGTTCACACACATCACCTCAG 63
Exon 38 reverse ATGAGTGCCACTTTCTTICCTCC

Excn 3¢ forward GTGCTGTCCTGTGAGAGCATCTG 64
Exon 39 reverse GAGGATTAGGGTGCCTCTGTTTC

Exon 43 forward CCCGTGTCAACTGGGACTTAG 63
£xon 43 reverse ATAGTAGGGTGGCTCTGAGGCC

Exon 44 forward GCATTTCTGAAGCCAAATAGGAGA 63
Exon 44 reverse GTGCATTCTCTTGGAGATGAGAAA

Exon 46-47 forward TCTTTACTCTTGGATCCACCTCCT 63

Exon 46-47 reverse GTGTTCTCCATTGACACTTGGAAG
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SUPPLEMENTAL TABLE 4, Detailed! Electrophysiclogic Findings of 59 Patients With Stargardt Disease: Electrophysiclogic Group, Elsctrophysiologic Deterioration, and Assessment of
Each Component of Full-field Electroretinography

Selected Eye for

Elactrophysiologic Group

Electrophysiotogic Daterioration

Dark-Adapted 0.01 (R/L)

Dark-Adapted 11.0 (R/L)

Light-Adapted 30 Hz {R/L)

Light-Adapted 3.0 (R/L)

Pt Data Analysis BL U YasiNo  Amplitude Reduction  Paak Time Shift al. FU BL FU 8L FU BL FU
1 R 1 1 - - — N/N N/N N/N N/N N/N N/N N/N N/N
2 L 1 1 — - —_ N/N N/N N/N N/N N/N N/N N/N N/N
3 L 1 1 - - - N/N N/N /N N/N N/ N/N N/N N/N
4 R 1 1 - - — N/N N/N N/N N/N N/N N/N N/N N/N
5 L 1 1 - — - N/N N/N N/N N/N N/N N/N N/N N/N
6 R 1 1 - - — N/N N/N N/N N/N N/N N/N N/N N/N
7 L 1 1 — - - N/N N/N N/N N/N N/N N/N N/N N/N
8 L 1 1 — — — N/N N/N N/N N/N N/N N/N N/N N/N
9 R 1 1 - - — N/N N/N N/N N/N N/N N/N N/N N/NA

10 R 1 1 - - — N/N N/N N/N N/N N/N N/N N/N N/N

11 R 1 1 —_ - — N/N N/N N/N N/N /N /N N/N N/N

12 L 1 1 — - ~ N/N N/N N/N N/N N/N N/N N/N N/N

13 L 1 1 — - — N/N N/N N/N N/N NA/N NA/N N/N N/N

14 L 1 1 - - - N/N N/N N/N N/N N/N N/N N/N N/N

15 R 1 1 - — - N/N N/N N/N N/N /N N/N N/N N/N

16 R 1 1 — - — N/N N/N N/N N/N N/N N/N N/N N/N

17 L 1 1 - - - N/N N/N N/N N/N N/N N/N N/N N/N

18 L 1 1 — - — N/N N/N N/N N/N N/N N/N NA/N NA/N

19 L 1 1 — - - N/N N/N N/N N/N N/N N/N N/N N/N

20 R 1 1 — - - N/N N/N N/N N/N N/N N/N N/N N/N

21 L 1 1 — - — NA/NA N/N N/N N/N N/N N/N N/N N/N

22 R 1 2 bt - I N/N N/N N/N N/N N/N A/A N/N AA

23 L 1 2 e - I5d N/N N/N N/N N/N N/N A/A N/N N/N

24 R 1 2 e — v N/N N/N N/N N/N N/N A/A /N N/N

25 R 1 3 = v 1 N/N N/A N/N N/A N/N AJA N/N A/A

26 L 1 3 I — 1ot N/N N/N N/N AJA N/N AIA N/N AA

27 L 1 3 124 1~ P N/N AJA N/N N/N N/N A/A N/N AA

28 R 2 2 - - - N/N N/N N/N N/N AZA ASA N/N AIA

29 R 2 2 1 o P N/N N/N N/N N/N N/N AA AZA A/A

30 L 2 2 — - - N/N N/N N/N N/N AA AA N/N AA

31 L 2 2 — - — N/N N/N N/N N/N A/A AA A/A AA

32 R 2 2 - - — NA/NA N/N N/N N/N AZA AA A/A A/A

33 L 2 2 e -~ 74 N/N N/N N/N N/N A/A AA NA/NA A/A

34 R 2 2 - — — N/N N/N N/N N/N AZA A/A A/A AA

35 R 2 2 — — — N/N N/N N/N N/N AFA AZA AIA AJA

36 L 2 2 - 1 - N/N N/N N/N N/N AZA ASA AJA AA

Continusd on next page
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SUPPLEMENTAL TABLE 4. Detailed Elecirophysiologic Findings of 59 Patients With Stargardt Disease: Electrophysiologic Group, Electrophysiologic Deterioration, and Assés‘sment of
Each Component of Full-field Electroretinography (Cortinued) ) :

Selected Eye for Electrophysiologic Group Electrophysiologic Daterioration Dark-Adapted 0.01 (R/L) Dark-Adapted 11.0 (R/L) Light-Adapted 30 Mz {(R/L) Light-Adapted 3.0 (/L)
bt Data Analysis BL FuU Yas/No  Amplitude Peduction  Peak Time Shift BL FU BL FU BL FU BL FU
37 L 2 3 54 1 1 /N N/N N/N AJA AA A/A A/A AJA
38 L 2 3 e 1 1ot N/N A/A N/N A/A AA AIA A/A AA
39 R 2 3 st ~ e N/N NA/NA N/N AA AA AA AA A/A
40 L 2 3 Pl 1 1 N/N AA N/N A/A N/N AA AJA AA
4 R 2 3 2 — 1 N/N AA N/N A/A N/N AA N/A A/A
42 L 2 3 P P - N/N AJA N/N AA AA AIA N/N AA
43 L 2 3 e ! - N/N A/A N/N AA A/A AIA AA AA
44 R 2 3 P 1 1 N/N A/A N/N AJA A/A A/A A/A AA
45 R 3 3 1 I e NA/NA A/A AA A/A A/A AIA A/A A/A
%’ 46 L 3 3 P -~ 74 NA/NA N/N A/A AA AA AZA A/A AA
2 47 R 3 3 1 — o NA/NA A/A A/A AA AA AA AIA AA
; 48 R 3 3 P P - N/N A/A N/A AA A/A AJA N/N AA
~,_;; 49 L 3 3 1 b I AA AA AA AA A/A AA A/A AA
= 50 R 3 3 1 ot ot AIA AJA ANA  NA AA AA AA AA
Z 51 R 3 3 I - I A/A A/A AA AA A/A AIA A/A AA
N 52 L 3 3 P Lt %4 AJA AA AA AA A/A AA A/A A/ND
= 53 L 3 3 e 1% P ANA ND/ND AA AJA ND/ND ND/ND ND/ND ND/ND
Q 54 R 3 3 et P %4 A/A ND/ND A/A AA ND/ND ND/ND ND/ND ND/ND
E 55 L 3 3 P 124 - AA ND/ND AA A/A AIA ND/ND A/A ND/ND
§2 56 R 3 3 et I - AA ND/ND AA ND/ND ND/ND ND/ND ND/ND ND/ND
% 57 L 3 3 w0 1t 1 AA A/A A/A AA AZA AIA AA AA
o 58 L 3 3 1w — P2y A/A AA ANA AA AJA AA AA A/A
2 59 L 3 3 o o e AA AA NA  AA N/A AA N/A AA
7w yes; — = no; A = Abriormal; BL = baseline; Dark-adapted 0.01 = dark-adapted dim flash electroretinogram with flash intensity 0.01 candéla second (cd “s)/m?; Dark—'ad‘apted' 11.0 = dé\\‘k—'

acapted bright flash electroretinogram with flash intensity 11.0 ¢d-s/m?; FU = follow-up; L= léft; Light-adapted 30 Hz = light-adapted 30 Hz ficker electroretinogram with flash intensity 3.0 cd- s/m?;
Light-adapted 3.0 = light-adapted 2 Hz electroretinogram with flagh intensity 3.0 cd-s/m®; N = normal; NA = not available; ND = not-detestable; Pt = patient; R = tight; VA = visual acuity. -







 SUPPLEMENTAL TABLE

Electrophysiologic Group T

ransition and A
| Diséase.

BCA4 Variants® Identified in 59 Patients With Stargardt

Electrophysiologic

Scresning Method (Yes/Noy

Pt Group (BL/FU) Genotype Group  NMumber of Variants Exon Nucleotide Substitution Amino Acid Change S8CP APEX D8
1 171 A 3 <] c.768 G>T p.Val256Val/ Splice site » e -
17 ©.2588 5»C p.Gly863Ala I 2 -
19 c.2828 G>A p.Arg943Gin - v -
2 i/1 C 1 29 c.4328 G>A p.Arg1443His - I -
3 171 A 3 10 cIBI7TG>A p. Trp43s* - 1% 124
17 c.2588 G>>C p.Gly863Ala - 74 Pd
43 c.5808 C>T p.Leul1870Phe — » 1
4 171 C 1 44 c.6079 C>T p.Leu2027Phe — »” -
5 1/1 A 3 17 c.2588 G>C p.Gly863Ala - 154 -
19 €.2828 G=A p.Arg943Gin — v —
Int. 38 ¢.5461-10 T=»C Spfice site — 5 =
8 1/ C 1 28 c4138 C>T p.Pro1380Leu — w —
7 171 D 0 I — -
8 171 B 2 10 c.1253 T7=C p.Phed18Ser P — »*
44 c.6078 C»T p.Leu2027Phe 1% - I
g 171 A 2 Int. 28 ¢.425345 G>T Splice site I e -
30 c4510 G>A p.GlyiB07Arg - - I
10 1/ B 2 30 c.4469 G>A p.Cys1490Tyr —_ P2 1w
44 ©.6089 G»A p.Arg2030Gin — %4 »
11 171 D 0 - 2 —
12 /1 s} 1 3 c.286 A>C 0.Asn96HIs I - -
13 171 A 1 30 c.4537_4538insC  p.Gly1513Profs*1554 - » —
14 1/1 D 0 P — —
15 /1 C 1 46 c.6320 G>A p.Arg2107His » - —
18 171 D 0 - i -
7 171 [} 1 3 c.161 G»A p.Cys84Tyr P - -
18 171 B 2 28 c.4139 C>T p.Pro1380Leu — e —
42 c.5882 G>A p.Gly1961Giu - 4 —
19 171 C 1 22 ©.3322 C>T p.Arg1108Cys %4 — —
20 171 A 2 i0 c.i317G>A p.Trp439* - w 1%
17 €.2588 G:>C p.Gly863Ala - 1 »
21 11 B 3 5 c. 466 A>G . lle156 Val o - I
30 c.4363C>T p. Cysi1455Arg v — s
3% c.5516 T>C p. Phe18388er e - v
22 (WAl C 1 48 c.6320 G:»A p.Arg2107His - i -
23 P/ C 1 17 c.2588 G»C p.Gly863Ala - I’ -
24 1/t A 1 35 4956 TG p.Tyr1652* - P -
25 174 A 1 Int. 38 ¢.5461-10T>C Splice site — %4 -
26 171 D 0 % - -
27 WAl A 1 22 €.3211_3212insGT  p.Ser1071Cysfs* 1084 - I -
28 LAl A 2 9 c.1222 C>T p.Arg408” v - 1
i4 c.2023G>A p.Vals75le I — b
28 W/ o} 1 47 c.6448 G>A p.Cys2150Tyr - — o
30 w/ D 0 - 23 -
31 Al B 3 17 €.2588G>C p.Gly863Ala 2 - —
22 ¢.3322 C>T p.Arg1108Cys I —_ —
18 c.2828 G>A p.Arg943GIn » - -
32 /1 B 2 14 c.1957 C>T P.Arg653Cys - 124 -
44 c.6089 G»A p.Arg2030GIn — 1 -
33 /i D 0 e — -
34 i/ B 2 17 c.2588 G»C p.Gly8B83Ala e - -
22 €.3259 G>A p.Glu1087Lys v - —
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