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Abstract: Reported growth rates (GR) of atrophic lesions in Stargardt disease (STGD1) vary widely.
In the present study, we report the longitudinal natural history of patients with confirmed bial-
lelic ABCA4 mutations from five genotype groups: c.6079C>T, c.[2588G>C;5603A>T], c.3113C>T,
c.5882G>A and c.5603A>T. Fundus autofluorescence (AF) 30◦ × 30◦ images were manually seg-
mented for boundaries of definitely decreased autofluorescence (DDAF). The primary outcome was
the effective radius GR across five genotype groups. The age of DDAF formation in each eye was
calculated using the x-intercept of the DDAF effective radius against age. Discordance between
age at DDAF formation and symptom onset was compared. A total of 75 eyes from 39 STGD1
patients (17 male [44%]; mean ± SD age 45 ± 19 years; range 21–86) were recruited. Patients with
c.3113C>T or c.6079C>T had a significantly faster effective radius GR at 0.17 mm/year (95% CI 0.12
to 0.22; p < 0.001 and 0.14 to 0.21; p < 0.001) respectively, as compared to those patients harbouring
c.5882G>A at 0.06 mm/year (95% CI 0.03–0.09), respectively. Future clinical trial design should
consider the effect of genotype on the effective radius GR and the timing of DDAF formation relative
to symptom onset.

Keywords: Stargardt disease; ABCA4; fundus autofluorescence; growth rate; natural history study

1. Introduction

Stargardt disease (STGD1, OMIM#248200) is one of the most common monogenic
inherited retinal diseases [1,2]. The growth rate (GR) of retinal pigment epithelial atrophy,
known as definitely decreased autofluorescence (DDAF), is a widely accepted clinical trial
endpoint [3]. Variable DDAF GRs have been attributed to their dependence on baseline
lesion size [4]. Square root area (SRA) transformation, however, eliminates this depen-
dence and allows linear modelling of GR [5]. A meta-analysis of seven studies showed
a bimodal distribution in the effective radius GR peaking at 0.029 and 0.110 mm/year
(overall mean of 0.104 mm/year), suggesting two potential subpopulations related to
genetic heterogeneity [6]. We recently reported genotype-dependent variation in DDAF GR
using ultra-widefield (UWF) AF, where patients harbouring mild or hypomorphic variants
showed a significantly slower SRA GR as compared to those with biallelic severe variants
or those with one intermediate and one severe variant in trans [3]. Herein we expand
on this work by evaluating the effective radius GR in five genotype-specific cohorts to
elucidate the basis of this bimodal distribution in GR.
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2. Materials and Methods
2.1. Study Design

Data were collected retrospectively and prospectively from June 2011 to August 2021.
Informed consent was obtained prior to recruitment, and patients were assessed for six
months. Sex, age at enrolment and symptom onset were recorded. Patients generally
presented within 1-2 years of developing a central scotoma, distortion or paracentral visual
loss. Therefore, any error in recall is likely to be less than 2 years. DNA was collected by
the Australian Inherited Retinal Disease Registry and DNA Bank and analysed by Molec-
ular Vision Laboratory, Oregon, US [7]. Patients with c.6079C>T, c.[2588G>C;5603A>T],
c.3113C>T, c.5882G>A or c.5603A>T (allele 1) in trans with pathogenic or likely pathogenic,
intermediate to severe ABCA4 alleles (allele 2) who had two or more DDAF measurements
were included. These 5 variants (allele 1) were assigned mild or intermediate severities
based on published clinical data or in vitro assays [8–10].

2.2. Ethical Approval

We adhered to the tenets of the Declaration of Helsinki, and ethics was obtained
from the Human Ethics Office of Research Enterprise, the University of Western Australia
(RA/4/1/7916, 2021/ET000151).

2.3. Imaging Procedures and Outcome Measures

For imaging procedures, first, 30◦ × 30◦ field short-wavelength AF images were
captured (HRA2, Heidelberg Engineering, Heidelberg, Germany), and the DDAF boundary
was outlined (R.C.H.J. and F.K.C.) using Heidelberg ExplorerTM. DDAF was defined as a
region of darkness of at least 90% of that pertaining to the optic disc area. The area was
transformed to an effective radius by

√
(area/π). Serial measurements of the effective

radius were plotted against time for linear regression to derive the slope (radius GR) and
the x-intercept (age at DDAF formation) for each eye. The times at first or second eye
DDAF formation relative to the age at symptom onset (∆T1 or ∆T2) were calculated.

2.4. Statistical Analysis

Mixed model analysis of variance (ANOVA) assessed differences in radius GR (mm/year)
between the left and right eye across 5 genotypes via the eye×genotype interaction. The main
effects were investigated if the interaction effect was not significant. Paired sample t-tests
were performed to determine if differences between symptom onset and age at first or second
eye DDAF formation (∆T1 or ∆T2) were significant. One-way ANOVA determined if there
was a difference in ∆T1 and ∆T2 across the 5 genotypes. The least significant difference (LSD)
post hoc test assessed pairwise differences. Modelling results were summarised by the mean,
standard error (SE) and 95% confidence intervals (CI). Significance was assumed if p < 0.05.
All analyses were performed with IBM SPSS version 27.

3. Results

Seventy-five eyes from 39 patients (17 male [44%]; mean±SD age 45 ± 19 years; range
21–86) were followed for a mean ± SD of 4.6 ± 3.1 years. Supplementary Table S1 shows
the baseline characteristics, DDAF area, radius and GR by genotype group. A summary of
our cohort’s ABCA4 variants and their respective severities is shown in Supplementary
Table S2. No significant eye×genotype interaction (p = 0.128) was observed from the mixed
ANOVA, nor were there significant differences in radius GR between the right and left eye
(p = 0.478). Significant differences in the mean radius GR amongst genotypes were noted
(p < 0.001). The mean radius GR (both eyes) across the five genotypes is shown in Table 1.
Figure 1 illustrates post hoc results in which the radius GR of genotype c.6079C>T was
significantly greater than all other groups except c.3113C>T.
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Table 1. Summary statistics of radius growth rate (mm/year) and time difference between atrophy formation and symptom
onset by genotype.

Genotype N Radius Growth Rate
(mm / Year)

∆T1 Mean ± SE (95% CI)
(Years)

∆T2 Mean ± SE
(Years)

Mean ± SE (95% CI) Mean ± SE (95% CI) Mean ± SE (95% CI)

c.[2588G>C;5603A>T] 4 0.10 ± 0.02 (0.05, 0.15) −2.1 ± 3.5 † (−46.7, 42.5) −1.6 ± 3.8 † (−49.4, 46.2)

c.3113C>T 4 0.17 ± 0.02 (0.12, 0.22) 2.0 ± 4.1 (−11.0, 15.0) 4.3 ± 4.0 (−8.3, 16.9)

c.5603A>T 11 0.09 ± 0.01 (0.06, 0.12) −8.7 ± 4.2 ‡ (−18.2, 0.6) 0.5 ± 3.2 ‡ (−6.9, 7.8)

c.5882G>A 11 0.06 ± 0.01 (0.03, 0.09) 1.1 ± 3.5 ‡ (−6.8, 8.9) 4.9 ± 3.4 ‡ (−2.8, 12.6)

c.6079C>T 9 0.17 ± 0.02 (0.14, 0.21) 5.4 ± 0.9 (3.3, 7.4) 8.1 ± 1.5 (4.7, 11.6)

SE = Standard Error; CI = confidence Interval. ∆T1 = age at predicted DDAF onset in the first eye—age at symptom onset. ∆T2 = age
at predicted DDAF onset in the second eye—age at symptom onset. A negative/positive value for ∆T indicates DDAF formation prior
to/after symptom onset. † Two subjects were excluded due to lack of symptoms and only one eye had DDAF measurements. ‡ One subject
was excluded due to lack of DDAF measurements in both eyes.
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DDAF formation by 5.4 and 1.1 years in the first eye, respectively (Table 1). Notably, no 
significant differences in ΔT2 were noted across the five genotypes (p = 0.368). 

Figure 1. Post hoc results across the five genotype groups in which effective radius growth rates of
genotypes c.6079C>T and c.3113C>T were significantly greater than the other groups.

Overall mean ± SD ∆T1 and ∆T2 were −0.39 ± 10.56 (p = 0.821) and 3.97 ± 8.74
(p = 0.008) years respectively. Significant differences in ∆T1 were observed among the
five genotype groups (p = 0.049). For c.5603A>T, first eye DDAF formation developed
8.7 years before, whilst second eye DDAF formation occurred 0.5 years after the onset of
symptoms (Figure 2). The reverse trend was generally true for the other genotypes, with
c.6079C>T (p = 0.004) and c.5882G>A (p = 0.033) showing symptom onset preceding DDAF
formation by 5.4 and 1.1 years in the first eye, respectively (Table 1). Notably, no significant
differences in ∆T2 were noted across the five genotypes (p = 0.368).
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Figure 2. Significant differences in time differences from age at symptom onset to age at (A) first or (B) second eye
DDAF formation (∆T1 or ∆T2) were observed among the five genotype groups. For c.5603A>T, first eye DDAF formation
developed 8.7 years prior to symptom onset, whilst in the second eye, DDAF formation occurred at around the same time as
symptom onset. Conversely, the first and second eye DDAF formation developed 5.4 and 8.1 years after onset of symptoms
in c.6079C>T.

4. Discussion

A meta-analysis by Shen et al. revealed a non-Gaussian distribution of effective radius
GR in pooled data from 228 eyes, which they attributed to two Gaussian curves despite
three peaks on the histogram [6]. We observed c.6079C>T and c.3113C>T groups to exhibit
a similar radius GR of 0.17 mm/year in contrast to three other variants with radius GRs of
0.06–0.10 mm/year. This was based on linear regression with a mean of 4.4 ± 1.5 visits in
contrast to only two visits in the meta-analysis. A retrospective cohort of 28 patients by
Cicinelli et al. found genotype was not associated with DDAF lesion growth [11]. However,
only two genotype groups—(1) one null variant or (2) with two missense variants—were
considered, and they did not calculate effective radius GR to control for baseline lesion size.

Our study sheds light on conflicting functional assessments for c.[2588G>C;5603A>T]
and c.3113C>T. Consistent with our results for radius GR, Curtis et al. assigned c.[2588G>C;
5603A>T] as a mild complex variant with a relatively high level of expression and basal
ATPase activity [9]. Sun et al. demonstrated intermediate and mild impairment of basal
ATPase activity in c.2588G>C (simplex) through the two protein products Gly863Ala
and Gly863del, respectively [11]. However, they did not assess the combined effect of
p.[Gly863Ala, Gly863del; Asn1868Ile]. Despite the severity of this complex variant be-
ing assigned as intermediate based on functional [10] (electroretinography) and struc-
tural [12] (UWF imaging) assessments, we observed a significantly lower radius GR for
c.[2588G>C;5603A>T] as compared to c.6079C>T [3,10]. Therefore, we suggest the severity
of the c.[2588G>C;5603A>T] variant is more similar to c.5603A>T than c.6079C>T. Con-
troversy remains regarding the severity of c.3113C>T. Garces et al. reported reduced
expression (70% wild type) levels and a lower level of retinal binding activity [13]. Zhang
et al. showed c.3113C>T had reduced basal ATPase activity but minimal impact on confor-
mation and stability of ABCA4 [14]. However, we found an unexpectedly greater radius GR
in c.3113C>T, similar to c.6079C>T. The discordance between DDAF GR and variant severi-
ties, as determined by molecular assays, UWF imaging and ERG, suggests a differential
effect of ABCA4 variants on RPE and photoreceptor survival.

Shen et al. applied a horizontal translation factor to the mean baseline and final
effective radius to derive age at atrophy onset [6]. They demonstrated age at symptom onset
was similar to DDAF onset at a study-level. Their approach was criticised given patients
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with DDAF may be asymptomatic, whilst those with symptoms may not have evidence
of atrophy [15]. Although we showed symptom onset coincided with the predicted age
of DDAF formation in the first eye overall, symptom onset was delayed by 8 years in
c.5603A>T in contrast to c.6079C>T, where symptom onset occurred 5 years prior to
DDAF formation. This is consistent with c.5603A>T manifesting a distinct phenotype
of foveal sparing atrophy and c.6079C>T presenting with cone dystrophy. Given age
at onset of symptoms is subject to recall bias and is dependent on the extent of foveal
involvement, the approach by Shen et al. may be useful particularly in those patients with
long-standing disease.

Limitations include a small sample size and retrospective design. Significantly lower
numbers of follow-up were obtained for certain genotypes. DDAF area was not adjusted for
axial length, and this may have led to minor measurement errors. The effect of the second
allele in those carrying c.[2588G>C;5603A>T], c.3113C>T or c.6079C>T may contribute to
variability in the age of DDAF formation or its GR. However, most of these subjects (88%)
had a second allele that has been previously classified as severe in their effect on ABCA4
function (Supplementary Table S2). Although the measurement of the DDAF area may
serve as one objective endpoint, further studies are required to determine its correlation
with other structural and functional measures such as OCT macular volume analysis [16]
and microperimetry [17]. Finally, we were unable to obtain visual acuity measurements at
the estimated age of first and second eye atrophy onset to examine the relationship between
atrophy formation and visual acuity change.

Genotype plays a significant role in determining the effective radius GR with an almost
three-fold difference in lesion growth. DDAF formation preceded symptom onset in those
harbouring the hypomorphic ABCA4 variant c.5603A>T, whilst patients harbouring the
c.6079C>T variant did not develop DDAF until years later. Future clinical trial sample size
calculation should consider the effect of genotype heterogeneity. A trial inclusion criterion
that sets a minimum DDAF size may generate bias in the case-mix of recruited subjects
given the impact of genotype on the timing of DDAF formation relative to symptom onset.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/genes12121981/s1, Table S1: Comparison of atrophy area by genotype group. Table S2:
Summary of genetic variants and their severities.

Author Contributions: Conceptualization, R.C.H.J. and F.K.C.; methodology, R.C.H.J., F.K.C. and
J.L.; software, J.L.; formal analysis, F.K.C. and J.L.; investigation, R.C.H.J. and F.K.C.; resources, F.K.C.
and J.N.D.R.; data curation, R.C.H.J. and F.K.C.; writing—original draft preparation, F.K.C., R.C.H.J.,
J.L. and J.A.T.; writing—review and editing, R.C.H.J., F.K.C., J.L., J.A.T., J.N.D.R., T.M.L., T.L.M.,
I.J.C. and I.L.M.; visualization, R.C.H.J. and J.L.; supervision, F.K.C.; project administration, R.C.H.J.,
F.K.C., J.L., J.A.T., J.N.D.R., T.M.L., T.L.M., I.J.C. and I.L.M. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the National Health & Medical Research Council of Aus-
tralia (project and fellowship grant no.: GNT1116360 (F.K.C.), GNT1188694 (F.K.C.), GNT1054712
(F.K.C.) and MRF1142962 (F.K.C.). The study is sponsored by the Macular Disease Foundation Aus-
tralia (F.K.C.), the McCusker Charitable Foundation (F.K.C., R.C.H.J.), Miocevich Retina Fellowship
(R.C.H.J.) and Retina Australia (J.A.T., T.M.L., J.N.D.R., T.L.M.), an independent medical research
institute and not-for-profit company.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Human Ethics Office of Research Enterprise, the
University of Western Australia (RA/4/1/7916, 2021/ET000151) and Sir Charles Gairdner Hospital
Human Research Ethics Committee (2001-053).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study. Written informed consent has been obtained from the patient(s) to publish this paper.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/genes12121981/s1
https://www.mdpi.com/article/10.3390/genes12121981/s1


Genes 2021, 12, 1981 6 of 6

References
1. Heath Jeffery, R.C.; Mukhtar, S.A.; McAllister, I.L.; Morgan, W.H.; Mackey, D.A.; Chen, F.K. Inherited retinal diseases are the

most common cause of blindness in the working-age population in Australia. Ophthalmic Genet. 2021, 42, 431–439. [CrossRef]
[PubMed]

2. Runhart, E.H.; Dhooge, P.; Meester-Smoor, M.; Pas, J.; Pott, J.W.R.; van Leeuwen, R.; Kroes, H.Y.; Bergen, A.A.; Jong-Hesse, Y.;
Thiadens, A.A.; et al. Stargardt disease: Monitoring incidence and diagnostic trends in the Netherlands using a nationwide
disease registry. Acta Ophthalmol. 2021. online ahead of print. [CrossRef]

3. Heath Jeffery, R.C.; Thompson, J.A.; Lo, J.; Lamey, T.M.; McLaren, T.L.; McAllister, I.L.; Mackey, D.A.; Constable, I.J.; De Roach,
J.N.; Chen, F.K. Atrophy Expansion Rates in Stargardt Disease Using Ultra-Widefield Fundus Autofluorescence. Ophthalmol. Sci.
2021, 1, 100005. [CrossRef]

4. Heath Jeffery, R.C.; Chen, F.K. Stargardt disease: Multimodal imaging: A review. Clin. Exp. Ophthalmol. 2021, 49, 498–515.
[CrossRef]

5. Feuer, W.J.; Yehoshua, Z.; Gregori, G.; Penha, F.M.; Chew, E.Y.; Ferris, F.; Clemons, T.E.; Lindblad, A.S.; Rosenfeld, P.J. Square
Root Transformation of Geographic Atrophy Area Measurements to Eliminate Dependence of Growth Rates on Baseline Lesion
Measurements: A Reanalysis of Age-Related Eye Disease Study Report No. 26. JAMA Ophthalmol. 2013, 131, 110–111. [CrossRef]

6. Shen, L.L.; Sun, M.; Grossetta Nardini, H.K.; Del Priore, L.V. Natural History of Autosomal Recessive Stargardt Disease in
Untreated Eyes: A Systematic Review and Meta-analysis of Study- and Individual-Level Data. Ophthalmology 2019, 126, 1288–1296.
[CrossRef] [PubMed]

7. De Roach, J.N.; McLaren, T.L.; Paterson, R.L.; O’Brien, E.C.; Hoffmann, L.; Mackey, D.A.; Hewitt, A.W.; Lamey, T.M. Establishment
and evolution of the Australian Inherited Retinal Disease Register and DNA Bank. Clin. Exp. Ophthalmol. 2013, 41, 476–483.
[CrossRef] [PubMed]

8. Cremers, F.P.; Lee, W.; Collin, R.W.; Allikmets, R. Clinical spectrum, genetic complexity and therapeutic approaches for retinal
disease caused by ABCA4 mutations. Prog. Retin. Eye Res. 2020, 79, 100861. [CrossRef] [PubMed]

9. Curtis, S.B.; Molday, L.L.; Garces, F.A.; Molday, R.S. Functional analysis and classification of homozygous and hypomorphic
ABCA4 variants associated with Stargardt macular degeneration. Hum. Mutat. 2020, 41, 1944–1956. [CrossRef] [PubMed]

10. Fakin, A.; Robson, A.; Chiang, J.; Fujinami, K.; Moore, A.T.; Michaelides, M.; Holder, G.E.; Webster, A.R. The Effect on
Retinal Structure and Function of 15 Specific ABCA4 Mutations: A Detailed Examination of 82 Hemizygous Patients. Investig.
Opthalmology Vis. Sci. 2016, 57, 5963–5973. [CrossRef]

11. Sun, H.; Smallwood, P.M.; Nathans, J. Biochemical defects in ABCR protein variants associated with human retinopathies. Nat.
Genet. 2000, 26, 242–246. [CrossRef]

12. Heath Jeffery, R.C.; Thompson, J.A.; Lamey, T.M.; McLaren, T.L.; McAllister, I.L.; Constable, I.J.; Chen, F.K. Classifying ABCA4 mu-
tation severity using age-dependent ultra-widefield fundus autofluorescence-derived total lesion size. Retina 2021, 41, 2578–2588,
Online Ahead of Print. [CrossRef]

13. Garces, F.; Jiang, K.; Molday, L.L.; Stöhr, H.; Weber, B.H.; Lyons, C.J.; Maberley, D.; Molday, R.S. Correlating the Expression and
Functional Activity of ABCA4 Disease Variants With the Phenotype of Patients With Stargardt Disease. Investig. Ophthalmol. Vis.
Sci. 2018, 59, 2305–2315. [CrossRef]

14. Zhang, N.; Tsybovsky, Y.; Kolesnikov, A.V.; Rozanowska, M.; Swider, M.; Schwartz, S.B.; Stone, E.M.; Palczewska, G.; Maeda, A.;
Kefalov, V.; et al. Protein misfolding and the pathogenesis of ABCA4-associated retinal degenerations. Hum. Mol. Genet. 2015,
24, 3220–3237. [CrossRef]

15. Kong, X.; Strauss, R.W.; Munoz, B.; West, S.; Cheetham, J.; Scholl, H.P.N. Re: Shen et al.: Natural history of autosomal recessive
Stargardt disease in untreated eyes: A systematic review and meta-analysis of study and individual level data (Ophthalmology.
2019;126:1288–1296). Ophthalmology 2020, 127, e28–e29. [CrossRef]

16. Kugelman, J.; Alonso-Caneiro, D.; Chen, Y.; Arunachalam, S.; Huang, D.; Vallis, N.; Collins, M.J.; Chen, F.K. Retinal Boundary
Segmentation in Stargardt Disease Optical Coherence Tomography Images Using Automated Deep Learning. Transl. Vis. Sci.
Technol. 2020, 9, 12. [CrossRef] [PubMed]

17. Chen, F.K.; Patel, P.J.; Webster, A.R.; Coffey, P.J.; Tufail, A.; Da Cruz, L. Nidek MP1 is able to detect subtle decline in function in
inherited and age-related atrophic macular disease with stable visual acuity. Retina 2011, 31, 371–379. [CrossRef]

http://doi.org/10.1080/13816810.2021.1913610
http://www.ncbi.nlm.nih.gov/pubmed/33939573
http://doi.org/10.1111/aos.14996
http://doi.org/10.1016/j.xops.2021.100005
http://doi.org/10.1111/ceo.13947
http://doi.org/10.1001/jamaophthalmol.2013.572
http://doi.org/10.1016/j.ophtha.2019.05.015
http://www.ncbi.nlm.nih.gov/pubmed/31227323
http://doi.org/10.1111/ceo.12020
http://www.ncbi.nlm.nih.gov/pubmed/23078154
http://doi.org/10.1016/j.preteyeres.2020.100861
http://www.ncbi.nlm.nih.gov/pubmed/32278709
http://doi.org/10.1002/humu.24100
http://www.ncbi.nlm.nih.gov/pubmed/32845050
http://doi.org/10.1167/iovs.16-20446
http://doi.org/10.1038/79994
http://doi.org/10.1097/IAE.0000000000003227
http://doi.org/10.1167/iovs.17-23364
http://doi.org/10.1093/hmg/ddv073
http://doi.org/10.1016/j.ophtha.2020.01.044
http://doi.org/10.1167/tvst.9.11.12
http://www.ncbi.nlm.nih.gov/pubmed/33133774
http://doi.org/10.1097/IAE.0b013e3181e46af3

	Introduction 
	Materials and Methods 
	Study Design 
	Ethical Approval 
	Imaging Procedures and Outcome Measures 
	Statistical Analysis 

	Results 
	Discussion 
	References

