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ABSTRACT
Background: Mutations in the splicing factor pre-messenger RNA processing factor 31 (PRPF31) gene 
cause autosomal dominant retinitis pigmentosa 11 (RP11) through a haplo-insufficiency mechanism. We 
describe the phenotype and progression of microperimetry and autofluorescence endpoints in an 
Indigenous Australian RP11 family.
Patients and Methods: Ophthalmic examination, optical coherence tomography, fundus autofluores-
cence and microperimetry were performed at baseline and every 6–12 months. Baseline and annual 
change in best-corrected visual acuity (BCVA), microperimetry mean sensitivity (MS) and number of 
scotoma loci, residual ellipsoid zone (EZ) span and hyperautofluorescent ring (HAR) area were reported. 
Next-generation and Sanger sequencing were performed in available members.
Results: 12 affected members from three generations were examined. Mean (SD, range) age at onset of 
symptoms was 11 (4.5, 4–19) years. MS declined steadily from the third decade and EZ span and HAR area 
declined rapidly during the second decade. Serial microperimetry showed negligible change in MS over 
2–3 years. However, mean EZ span, near-infrared and short-wavelength HAR area reduction was 203 
(6.4%) µm/year, 1.8 (8.7%) mm2/year and 1.1 (8.6%) mm2/year, respectively. Genetic testing was per-
formed on 11 affected and 10 asymptomatic members and PRPF31 c.1205 C > A (p.Ser402Ter) mutation 
was detected in all affected and two asymptomatic members (non-penetrant carriers).
Conclusions: Our findings suggest that in the studied cohort, the optimal window for therapeutic 
intervention is the second decade of life and residual EZ span and HAR area can be considered as efficacy 
outcome measures. Further studies on larger samples with different PRPF31 mutations and longer follow- 
up duration are recommended.
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Introduction

Rapid advances in the treatment of retinitis pigmentosa 
(RP) have prompted an urgent need for feasible and reliable 
efficacy outcome measures for use in RP clinical trials (1). 
Whilst cross-sectional studies may provide data on the 
feasibility of various clinical tests in RP, a natural history 
study is necessary to identify the most suitable trial end-
points at various stages of the disease. It is widely recog-
nised that there is significant variation in the natural 
history between various genetic causes of RP. More recent 
studies have also shown significant inter- and intra-familial 
phenotypic variations even amongst patients with the same 
mutation (2–4). The precursor mRNA processing factor 31 
(PRPF31)-associated RP (also known as RP11) is one exam-
ple of this variability in phenotype (5,6).

The precursor messenger RNA splicing factor, PRPF31, is 
encoded by the PRPF31 gene, which is located on chromosome 
19q13.4 (7). Mutations in PRPF31 are known to cause RP11 

and are implicated in up to 10% of autosomal dominant RP 
(adRP) (8–14). Previous clinical case series of PRPF31- 
associated RP consistently reported phenotypic variations 
that ranged from non-penetrance to severe early-onset disease 
(15–18). Age at onset of symptoms varied from early childhood 
(19) to late adulthood (5) in different families with different 
mutations. In addition, patients from the same family had 
different ages at onset of symptoms (5). These observations 
support the haploinsufficiency hypothesis in which the severity 
of RP depends on the expression level of the normal PRPF31 
allele inherited from the non-carrier parent (20). Despite the 
large number of reported cases, there are only two longitudinal 
studies describing the clinical course of PRPF31-associated RP 
(5,6). Hafler and colleagues studied the annual rate of decline 
in peripheral visual field area measured by Goldmann perime-
try (V4e) and full-field electroretinography (ERG) 30-Hz 
flicker amplitude in 26 patients with PRPF31-associated RP 
and found 7% and 9% decline per year, respectively (6). The 
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variability in progression rate was attributed to genetic factors 
and inter-test variability (6). More recently, Kiser and collea-
gues reported a comparable annual rate of loss in Goldmann 
V4e peripheral visual field area (8%) and cone ERG b-wave 
amplitude (7%) in 26 patients (from 13 families) with PRPF31 
mutations (5). In addition to this functional endpoint, they also 
reported a 5.4% per year rate of reduction in the area of 
residual photoreceptor inner segment ellipsoid zone (EZ) in 
eight unrelated patients (5). However, neither study reported 
the change in other commonly used endpoint measures in RP 
trials such as the ring area on fundus autofluorescence (FAF) or 
microperimetry retinal sensitivity parameters. Both FAF and 
microperimetry have been shown to reliably map out the pre-
served central island of vision in RP (21,22). Furthermore, both 
studies described North American patients with PRPF31- 
associated RP and, to the best of our knowledge, there has 
been no clinical description of RP or RP11 and its natural 
history in the Indigenous Australian population.

Herein, we report clinical characteristics and disease pro-
gression as measured by functional tests and multimodal ima-
ging in three generations of an Indigenous Australian family 
with PRPF31-associated adRP.

Methods

All individuals in this study were participants in the Australian 
Inherited Retinal Disease Registry & DNA Bank (AIRDR), 
a national Registry for IRD research approved by Sir Charles 
Gairdner Hospital Human Research Ethics Committee 
(Human Ethics Approval Number 2001–053). These indivi-
duals were also monitored for disease progression rate pro-
spectively as participants in the Western Australian Retinal 
Degeneration (WARD) cohort study, approved by the 
Human Ethics Committee of the Office of Research 
Enterprise, The University of Western Australia (RA/4/1/ 
7916). Informed consent was obtained from each participant 
and these studies were conducted in accordance with the tenets 
of the Declaration of Helsinki.

Clinical assessment

All available family members underwent comprehensive rou-
tine ophthalmic assessment including detailed medical and 
ocular history, best-corrected distance visual acuity (BCVA), 
complete slit lamp eye examination, functional assessment and 
structural multimodal retinal imaging (see below).

A clinical diagnosis of RP was made based on history of 
impaired night vision, funduscopic findings of attenuated ret-
inal vessels, bone spicules and retinal atrophy, and the observa-
tion of a profound reduction in dark-adapted full-field ERG 
response if available.

Functional endpoint measures

BCVA was measured using the Early Treatment Diabetic 
Retinopathy Study (ETDRS) chart at 4 and 1 m distance. For 
patients who were unable to read the ETDRS chart, ability to 
count fingers, perceive hand motions and perception of light 
were used to describe visual acuity. Standard 24–2 (52 test loci, 

III-white stimulus) automated perimetry was performed using 
the Humphrey Field Analyzer (HFA-II 750, Carl Zeiss Meditec 
GmbH, Germany) and visual field mean deviation (MD) values 
were recorded.

Baseline and follow-up fundus-controlled microperimetry 
(Macular Integrity Assessment, MAIA, Centervue, Padova, 
Italy) were performed using the large 10–2 (68 test loci) and 
the small radial (37 test loci, 37 R) grid patterns to map the 
retinal sensitivity profile within the macular (central 20° field) 
and foveal (central 6° field) regions, respectively (Figure S1). 
Goldman III achromatic stimuli with stimulus duration of 
200 ms were presented on a dim white background (1.27 cd/ 
m2) one at a time. The dynamic range of the differential 
stimulus luminance is 0.08 to 317.04 cd/m2, which corresponds 
to sensitivity values of 36 to 0 dB. Test strategy was 4–2 stair-
case for both grids. All follow-up testing used the same baseline 
reference test to ensure registration of same test loci. The 
average retinal sensitivity of the test grid (mean sensitivity, 
MS) and the number of loci classified as a dense scotoma 
(sensitivity <0 dB) or scotoma (sensitivity <25 dB) were 
recorded. MS and number of loci with scotoma or dense 
scotoma were used to measure disease progression.

Full-field electroretinography (ERG; RETIport 3.2, Roland 
Consult, Brandenburg, Germany or in-house custom built) 
was recorded in accordance with International Society for 
Clinical Electrophysiology of Vision (ISCEV) standards (23).

Structural endpoint measures

Serial wide-field colour imaging (P200Tx and California, Optos 
plc, Dunfermline, UK) were performed to document the sever-
ity of retinal pigmentation.

Spectral-domain optical coherence tomography (SD-OCT, 
Spectralis OCT2, Heidelberg Engineering, Heidelberg, 
Germany) was performed on all patients using a horizontal 
line scan (100 frames averaged) and a raster volume scan 
covering the central 30°×25° area (9 frames average per line 
scan, 61 lines per cube). The foveal-centered horizontal line 
scans were used for EZ span measurement as described pre-
viously (24). Nasal and temporal EZ limits were determined 
manually by two trained graders (DR and JC) and adjudicated 
by a retinal specialist (FKC). Automated segmentation of the 
internal limiting membrane and the Bruch’s membrane was 
performed by the HEYEX software (version 1.9.14.0) and 
manually adjusted if necessary, particularly in regions affected 
by epiretinal membrane or retinal pigment epithelial atrophy. 
The ETDRS mask was manually centered at the foveal dip by 
visualizing the OCT line scan that cuts through the foveal 
centre. Total macular volume (TMV) calculated by the 
HEYEX software were recorded.

Short-wavelength (excitation λ = 488 nm) and near-infrared 
(excitation λ = 787 nm) fundus autofluorescence (AF, HRA2, 
Heidelberg Engineering, Heidelberg, Germany) were per-
formed in all patients, capturing the central 30° and 55° of 
retina. To optimize image quality, the fundus near-infrared 
reflectance image was set in focus and then refocused inward 
after switching to the “FA mode” (short-wavelength autofluor-
escence). This refocus is adjusted according to retinal vessel 
clarity and 100 frames were averaged to maximize contrast. 
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Sensitivity was adjusted to avoid over exposure during the 
averaging process. For near-infrared autofluorescence, the 
“ICGA mode” (near-infrared autofluorescence) was used and 
the camera head refocused outward to enhance vessel land-
mark contrast. The image was optimized after averaging 100 
frames whilst balancing between inadequate and too much 
sensitivity to allow continuous fundus tracking. Both short- 
wavelength AF (SW-AF) and near-infrared AF (NI-AF) images 
were examined for the presence of a hyperautofluorescent ring 
(HAR) and the outer boundaries of this HAR were manually 
delineated in the 30° images by two trained graders (DR and 
JC). The maximum horizontal and vertical diameters and the 
area of the HAR were measured using ImageJ (v1.48, National 
Institute of Health, USA).

DNA analysis and pathogenicity assessment

DNA samples were sourced, processed and stored as detailed 
previously (25). DNA from two affected family members was 
analysed using the next-generation sequencing (NGS) RD 
SmartPanel (26) version 1 and version 5, respectively, and con-
firmed by Sanger sequencing (Casey Eye Institute, CEI Molecular 
Diagnostics Laboratory, Portland, OR, USA). Cascade testing of 
family members was analysed by Sanger sequencing, performed at 
CEI, the Australian Genome Research Facility (AGRF; Perth, WA, 
Australia) or in-house at the Lions Eye Institute using forward (5ʹ- 
GGGCCTGGTCGCTGA-3ʹ) and reverse (3ʹ-GGGGAGGTA 
CCTGGAGTGG-5ʹ) primers. For SmartPanel analysis, all exons 
and flanking intronic regions were sequenced. Nucleotide one 
corresponds to the A of the start codon, ATG. The OMIM 
accession numbers/gene reference sequences utilised are 
#600138; NM_ 015629.3.

Variants are described in accordance with Human 
Genome Variation Society recommendations (27). 
Pathogenicity was assessed using Mutation Taster (28) 
with information sought from LOVD, ClinVar, dbSNP, 
HGMD, Exome Sequencing Project, gnomAD (29), and 
the scientific literature. Pathogenicity was interpreted in 
accordance with current guidelines proposed by the 
American College of Medical Genetics an Genomics and 
the Association for Molecular Pathology (30), and Jarvik 
and Browning (31).

Statistical analysis

Data were recorded in Statistical Package for the Social 
Sciences (SPSS) version 23 (SPSS/IBM, Inc., Chicago, IL, 
USA). The baseline inter-eye visual acuity difference was less 
than 15 ETDRS letters in all patients except one patient who 
had an old traumatic full-thickness macular hole in the left eye. 
Hence, the right eyes were included in quantitative measure-
ments and statistical analyses. Data distribution was examined 
visually for normality and data were presented as mean, stan-
dard deviation (SD) and range. The annual decay rate of each 
endpoint measure was calculated using linear regression for 
each study eye. The mean, SD and range for the slopes for each 
endpoint measure across subjects were reported. The indivi-
dual annualized relative changes were calculated as 
a percentage of the baseline value for each endpoint. 
A second method for calculating the annual rate of EZ length 
decline was used by combining dataset across patients. The EZ 
length was log transformed and plotted against age using data 
from all subjects with measurements available. Linear regres-
sion was performed and the antilog of the gradient was used to 
derive the overall percentage decline per year for the cohort.

Results

The extended family was divided into three main branches (II:3 
is branch A, II:5 is branch B and II:6 is branch C). Twelve 
affected and six unaffected members were examined with mul-
timodal imaging (Figure 1). Those with disease were invited to 
return for serial multimodal imaging and automated perimetry 
at 6–12 monthly intervals as a part of the WARD cohort 
study (N = 12).

Baseline features in affected family members

Baseline clinical assessment of the 12 available affected mem-
bers was conducted at a mean (SD, range) age of 31 (13, 14–55) 
years. Based on self-reported history, the mean (SD, range) age 
at onset of symptoms was 10.8 (4.5, 4–19) years (Table 1).

BCVA at baseline was hand motion in two patients and the 
remaining ten had a mean (SD, range) BCVA of 58 (14, 
36–75) ETDRS letters (Snellen equivalent of 20/80, 20/200- 
20/40) in the right eye at a mean (SD) age of 28 (11) years. 

Figure 1. Pedigree of the family showing the autosomal dominant inheritance pattern. Three affected branches of the family are labelled a, b and c. Two non-penetrant 
carriers (II:5 and IV:10) were found in branch B.

OPHTHALMIC GENETICS 3



Five patients (10 eyes) had cataract and two of these under-
went bilateral sequential cataract extraction and intraocular 
lens implantation during the follow-up period. Fundus exam-
ination showed variable degrees of intraretinal pigmentation 
in patients older than 20 years (n = 9). The degree of retinal 
pigmentation was different in affected family members at 
similar ages (Figure S2). Optic disc drusen was seen in three 
family members (II:3, III:2 and III:5) and clinically visible 
cystoid macula oedema (CMO) was seen in two younger 
family members (IV:8 and III:12). One patient (II:6) had an 
old traumatic full-thickness macula hole in the left eye and 
two patients (III:1 and III:6) had lamellar macular defects 
(Table 1).

Humphrey visual field (24–2) in ten patients (mean [SD] 
age = 30 [11] years) showed an average (SD, range) MD of 
−23.3 (6.6, −14.6 to −33.5) dB. Residual central visual field was 
present in most patients (Figure S3) and the MD was lowest in the 
older members of the family (Figure S4). For example, the ranges 
of MD were −14.6 to −26.8 dB and −20.3 to −33.5 dB in family 
members aged 18–21 and 35–38 years, respectively (Table S1).

Microperimetry was performed in 10 patients at baseline 
(Table S1). The large (10–2) test grid (central 20° field) was 
used in eight patients (mean [SD] age = 28 [12] years). The 
average (SD, range) MS and the number of scotoma were 10.1 
(8.2, 0.0–22.9) dB and 60.8 (9.8, 43–68) loci, respectively. Six 
(75%) of the eight patients had dense scotoma noted on the 
10–2 test; all aged >20 years. The 37 R test (central 6° field) was 
used in nine patients (mean [SD] age = 31 [11] years). The 
average (SD, range) microperimetry MS and the number of 
scotoma were 19.4 (6.8, 6.5–29.2) dB and 25.8 (13.8, 0–37) loci, 
respectively. Dense scotoma was found in only two of the nine 
patients (22%), both aged >40 years. Microperimetry MS was 
lower and the number of scotomatous loci was greater in older 
family members (Figure 2). Retinal sensitivity was <25 dB in all 
10–2 test loci in all patients aged >30 years. The number of 
scotomatous loci ranged between 0 and 37 in 37 R grid and 
between 43 and 68 in 10–2 grid.

ERG was performed in only four cases and it demonstrated 
profound reduction in dark- and light-adapted responses in 
older affected members while variable residual light-adapted 
responses were found in the younger members of the family 
(Figure S5; Table S1).

In addition to the two family members with clinically visible 
CMO, there were six with intraretinal cysts seen only on OCT. 
Seven had some degree of bilateral epiretinal membrane on 
OCT scans with two of these accompanied by lamellar macular 
defect and one with full-thickness macular hole from trauma 
(Figure S6). The EZ was clearly visible bilaterally at baseline in 
six (mean [SD] age = 22 [7] years) of 12 patients (50%), and the 
mean (SD, range) EZ span was 2932 (1838, 1130–5248) µm 
(Table S2). The mean (SD, range) TMV was 7.8 (1.4, 
6.1–11.1) mm3.

A typical HAR was visible in seven (58%) and three (25%) of 
12 patients using the NI-AF and SW-AF modality, respectively. 
The HAR was difficult to detect in those aged >30 years and 
was absent in all affected family members aged >40 years 
(Figure 3). In patient IV:8, an irregular HAR was observed in 
NI-AF while it was not visible in SW-AF image (Figure 3a). 
Cross-sectional comparison between age-similar affected indi-
viduals revealed significant variations in BCVA, MD, MS, EZ 
span and HAR areas (Table S1 and S2). Eleven affected mem-
bers returned for follow-up assessment of disease progression 
rates.

Disease progression in affected family members

Longitudinal BCVA data were available in 11 family members 
over a mean (SD) interval of 3.4 (1.7) years between the first 
and the final assessment (Table 2). Although there was an 
overall decline of BCVA with increasing age across the cohort, 
it was highly variable in each patient (Figure 4a,b). The mean 
(SD, range) change in BCVA in nine family members (exclud-
ing the two eyes with hand-motion-only vision) was +0.5 (2.4, 
−2.3 to +5.6) letters per year during follow-up. Neither cataract 

Table 1. Demographic and clinical characteristics of mutation carrying family members (N = 14, including 12 affected and 2 non-penetrant carriers).

ID Age (y)* Sex Onset (y) FU (y)

BCVA (ETDRS score)† Lens Status Fundus Features on OCT

RE LE RE LE ODD CMO Others

IV:10‡ 10 M NA 1.0 80 (20/25) 75 (20/32) Clear Clear
IV:8 14 M 10 3.3 56 (20/80) 57 (20/80) Clear Clear severe (BE)
III:12 16 M 12 2.2 69 (20/40) 64 (20/50) Clear Clear severe (BE)
IV:7 19 M 13 1.8 71 (20/40) 75 (20/32) Clear Clear mild (LE)
IV:6 21 F 4 0.8 73 (20/40) 70 (20/40) Clear Clear mild (BE)
III:6 27 M 7 5.2 45 (20/125) 55 (20/80) mild PSC mild PSC mild (BE) LMD (LE), mild ERM (BE)
III:5 31 M 10 2.7 60 (20/63) 65 (20/50) mild PSC Clear LE mild ERM (BE)
III:4 31 F 6 5.0 75 (20/32) 75 (20/32) Clear Clear mild ERM (BE)
III:3 33 F 6 5.1 36 (20/200) 50 (20/100) ASC, PSC ASC, PSC mild (BE)
III:2 38 M 19 1.9 HM HM Clear Clear BE mild (RE) mild ERM (BE)
III:1 42 F 14 0 60 (20/63) 60 (20/63) Clear Clear mild (RE) LMD (RE), mild (BE)
II:6 50 M 14 5.0 39 (20/160) HM mild PSC mild PSC TFMH (LE), mild ERM (BE)
II:5‡ 54 F NA 1.5 84 (20/20) 85 (20/20) Clear Clear BRVO (BE)
II:3 55 M 15 4.8 HM HM ASC, PSC ASC, PSC BE mild ERM (RE) severe ERM (LE)

*Age at baseline examination. †Snellen equivalents are shown in parentheses. ‡Non-penetrant carrier, asymptomatic. 
ASC = anterior subcapsular cataract; BCVA = best-corrected visual acuity; BE = both eyes; BRVO = branch retinal vein occlusion; CMO = cystoid macular oedema; 

ERM = epiretinal membrane; FU = follow-up duration; HM = hand motion; LE = left eye; LMD = lamellar macular defect; NA = not applicable; OCT = optical coherence 
tomography; ODD = optic disc drusen; RE = right eye; PSC = posterior subcapsular cataract; TFMH = traumatic full-thickness macular hole.
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surgery (II:3, III:3) nor treating CMO (IV:8, III:12) with oral 
acetazolamide had any impact on their BCVA.

Serial microperimetry using the large (10–2) test grid (cen-
tral 20° field) was available in four family members over a mean 
(SD) follow-up interval of 2.7 (0.6) years (Table 2). The MS and 
the number of scotomatous loci changed by an average (SD, 
range) of −0.17 (1.3, −1.8 to +1.2) dB and 1.1 (2.0, 0–4.1) loci 
per year. Five family members had serial microperimetry using 
the 37 R test (central 6° field) over a mean (SD) follow-up 
interval of 3.1 (1.0) years (Table 2). The MS and the number of 
scotomatous loci changed by an average (SD, range) of +0.10 
(0.9, −1.2 to +1.1) dB and +0.2 (0.2, 0–0.4) loci per year 
(Figure 4c–f).

Serial SD-OCT scans were available in 11 affected patients 
(mean [SD] follow up = 3.4 [1.7] years). In patients without 
significant CMO or ERM in the right eye (n = 6; II:6, III:3, III:4, 
III:5, IV:6 and IV:7), TMV remained relatively stable during 
a mean (SD) follow-up period of 3.0 (1.8) years (Figure 5a). In 
half of all affected family members (12 eyes of six patients), the EZ 
line was indistinct or absent. Longitudinal data of clearly visible 

residual EZ span were available for the remaining six patients 
(mean [SD] follow up = 2.6 [1.4] years). The mean (SD, range) 
absolute and relative change in EZ span were −203 (221, −14 to 
−587) µm and −5.7 (3.7, −1.2 to −11.5) % per year, respectively 
(Table 3). The most rapid reduction in EZ span was in a 14-year- 
old subject (IV:8) whilst the most stable was in a 31-year-old 
subject (III:4) (Table 3 and Figure 5b). An example of EZ change 
over 26-month in a 16-year-old subject (III:12) is shown in 
Figure 6. Using log transformation on the combined dataset 
(n = 6, 19 measurements, age range: 14 to 36 years), the estimated 
rate of change in EZ span was −8.25% and −7.64% in right and left 
eyes (Figure S7).

Serial NI-AF images also revealed a reduction in HAR 
horizontal and vertical diameters and area in six patients with 
longitudinal data (mean [SD] follow-up = 2.5 [1.2] years 
(Figure 5c–e). The NI-AF HAR area declined at an average 
(SD, range) rate of 1.8 (2.7, 0.0 to 6.6) mm2 or 7.5 (6.7, 0.2 to 
16.3) % per year (Table 3). The decline was most rapid during 
the second decade of life (Figure 5e) and was usually accom-
panied by severe CMO. Serial SW-AF images showed 

Figure 2. Retinal sensitivity map using 10–2 and 37 R MAIA in affected patients at baseline. Sensitivity scale bar (dB) is shown on the right. Note that dense scotoma 
(sensitivity below 0 dB) appeared after 20 years in 10–2 grid (e-f) and after 40 years in 37 R grid (O-P) test. MS = mean sensitivity.
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a reduction in HAR area in three patients with longitudinal 
data over a mean (SD) follow up of 1.6 (0.7) years. The average 
(SD, range) decline in SW-AF HAR area was 1.1 (1.2, 0.2 to 
2.4) mm2 or 8.1 (4.5, 2.9 to 10.7) % per year (Figure 5f; Table 3).

Genetic analysis and pathogenicity assessment

In total, 21 family members (including 11 symptomatic and 
10 asymptomatic) contributed DNA and were genetically 
analysed. A heterozygous nonsense mutation in exon 12 of 
PRPF31 (c.1205 C > A; p.Ser402Ter) was detected in the 
DNA of 13 family members, co-segregating with RP in 11 
symptomatic members and displaying non-penetrance in 
two asymptomatic members (Figure 1). This nonsense var-
iant is considered pathogenic for RP11 due to the premature 
termination codon and potential for nonsense-mediated 
decay, absence of the variant from variant databases 

including the Exome Sequencing Project and gnomAD 
(32), and the presence of sufficient informative meioses 
within the pedigree to substantiate strong evidence of patho-
genicity (31). Other variants found using two independent 
NGS panels in two affected members (III:2 and III:6) were 
predicted to be either non-pathogenic or non-relevant 
(Table S3).

Clinical characteristics of non-penetrant cases

Two mutation carriers (aged 10 years; IV:10, and 55 years; II:5) 
did not have symptoms or signs of RP based on clinical exam-
ination by a retina specialist (FKC) and multimodal imaging 
(Table 1; Figure S8). One non-penetrant case (II:5) had full- 
field ERG demonstrating normal rod and cone responses 
(Figure S5). This patient also had bilateral branch retinal vein 
occlusions without macular involvement.

Figure 3. Short-wavelength (left) and near-infrared (right) autofluorescence (AF) patterns of patients at different ages, comparing those at the same age range. Patient 
IV:8 (a) had a non-specific hyperautofluorescence region on short-wavelength AF imaging and an irregular ring on near-infrared AF imaging. In general, ring structures 
are easier to visualize on near-infrared excitation.
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Discussion

This is the first detailed description of the clinical course of 
RP11 in an Indigenous Australian family of 12 penetrant and 
two non-penetrant members carrying the PRPF31 c.1205 C > A 
nonsense mutation. Although there was significant variation in 
the severity of RP in those of similar ages, the onset of symp-
toms in all affected members was within the first two decades of 
life. Standard multimodal imaging and visual field assessment 
using the Humphrey or MAIA devices were feasible in most 
patients. There was significant inter-individual variation in 
progression rates but in general, the most rapid decline 
occurred during the second decade of life.

Haploinsufficiency and non-penetrance

PRPF31 is the causative gene in up to 10% of adRP cases 
(11,33). Nearly 90% of PRPF31 mutations are predicted to 
result in null alleles (34), supporting haploinsufficiency as the 
predominant disease mechanism. The nonsense mutation in 
this pedigree results in the introduction of a premature termi-
nation codon (PTC) (p.Ser402Ter) into the PRPF31 transcript 
and is predicted to result in haploinsufficiency due to non-
sense-mediated mRNA decay (NMD), as has been demon-
strated in vitro previously for other PTC-encoding PRPF31 
mRNA transcripts (35). Although this mutation was initially 
reported in a French population (36), the clinical features have 
not been described.

Incomplete penetrance occurs in the majority of RP11 
families reported (33). The rate of non-penetrance was 
reported between 9–38% in previous studies on different popu-
lations (12,18,37,38). Similar to our 10 years old subject 
(IV:10), there has been a previous report of a non-penetrant 
PRPF31 mutation carrier aged 9 years old (5). However, these 
younger cases may develop symptoms and signs of RP later in 
their life. Age of onset of symptoms was reported from birth to 
late adulthood in different families with PRPF31 mutation 
(15,19,39), with occasional reports of symptom onset beyond 
60 years of age (5). Furthermore, age at onset of symptoms may 
vary widely (up to 20 years) within the same family (5,39,40), 
cautioning the clinical diagnosis of non-penetrance in a young 
asymptomatic carrier. Adding to the clinical dilemma is the 
lack of consensus regarding the definition of non-penetrance as 
some papers reported abnormal ERG or dark adaptation in 
cases that were labeled as non-penetrant (12,38).

Baseline clinical features

Visual acuity in our patients falls within the ranges reported 
previously in members of families with other PRPF31 muta-
tions (40–42). Our observation of large variability of visual 
acuity in patients of similar age has also been reported in 
other PRPF31 adRP families (18,37). Factors such as macular 
oedema, cataract and foveal atrophy due to RP progression are 
likely to contribute to the variations within the same age group 
(39,43). Similarly, Humphrey field test showed significant var-
iation in the residual central visual field span and mean devia-
tion irrespective of the patients’ age. This was not unexpected 
given the previous findings in Goldmann visual field test in Ta
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Figure 4. Baseline and follow-up measurements of best-corrected visual acuity (a and b), mean sensitivity (c and d) and number of scotomatous loci (e and f) in affected 
members. Visual acuity did not change significantly in each patient during the follow up period (a and b). Microperimetry mean sensitivity declined with increasing age 
across the cohort, which appeared to be linear in 37 R grid (c) and exponential in 10–2 grid (d). The number of scotomatous loci reached a ceiling of 37 in the 37 R grid 
from the age of 40 years (e). Similarly, the number of scotomatous loci reached a ceiling of 68 in the 10–2 grid from the age of 30 years (f). MS = mean sensitivity. Each 
symbol represents measurement(s) of one patient as shown in the right-bottom corner.
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Figure 5. Baseline and follow-up measurement(s) of structural endpoints in affected members. Total macular volume (a) showed high variability, especially in patients 
with cystoid macular oedema (III:12 and IV:8). Ellipsoid zone (EZ) span (b) and the horizontal diameter (c), vertical diameter (d) and area (e) of the near-infrared 
autofluorescence (NI-AF) hyperautofluorescent ring appeared to decline exponentially, with the greatest rate in the second decade of life. A similar pattern was 
observed in short-wavelength autofluorescence (SW-AF) in three patients (f). HD = horizontal diameter; VD = vertical diameter.Plots A-F show structural endpoints 
versus age in affected members. Each symbol represents measurement(s) of one patient as shown in the right-bottom corner.
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other families with PRPF31-associated RP (40,42). Using the 
MAIA microperimeter, which provides a higher sampling fre-
quency within the central 6°-20° region, we demonstrated the 
dependence of retinal sensitivity profile on the size of testing 
grid. Whilst the 10–2 grid mean sensitivity and number of 
scotomatous loci can be considered as potential markers of 
disease progression in patients younger than 20-years-old, the 
37 R mean sensitivity might be used as a safety endpoint. Of 
interest, the 10–2 mean sensitivity was not altered by CMO 
(44), indicating that early stages of CMO, commonly seen in 
younger patients, may not be an important determinant of 
macular sensitivity in RP patients. However, since there is no 
similar report on microperimetry findings in patients with 
RP11, we recommend further investigation on this potentially 
useful outcome measure in future RP11 natural history studies.

We noted the frequent occurrence of macular complications 
such as CMO (predominantly younger members) and ERM 
(predominantly older members) in SD-OCT, which has pre-
viously been reported in other PRPF31 families (17,18,39,45). 
The EZ was undetectable in both eyes of five patients (all above 
30 years of age) and was ambiguous in all scans of both eyes of 
a 27-year-old patient (III:6). Nevertheless, preservation of cen-
tral EZ in patients older than 50 years has been reported in 
PRPF31 (5), USH2A (4) and RHO–associated adRP (46). 
A HAR may be visible in 58–94% of RP patients using SW- 
AF imaging (21,47). The occurrence and pattern of the HAR 
may vary depending on the underlying gene (48) and probably 
the stage of disease and the imaging modality. Since the bound-
aries of HAR are compatible with the boundaries of healthy 
retina in other functional and structural measures (49), it is 
postulated that the HAR represents the junction between dis-
eased and healthy retina and can be used as a marker of disease 
progression. Although SW-AF and NI-AF modalities study 
different molecules within RPE cells (lipofuscin and melanin, 
respectively), they are highly concordant in dimensions of the 
detected HAR in RP patients (50). We detected a HAR in 58% 
and 25% of patients using the NI-AF and SW-AF, respectively. 
While we did not observe HAR in our patients older than 
40 years, there are reports of typical HAR in patients above 
50–60 years with other types of RP (4,21,46,51). Based on this 
observation, we recommend the use of NI-AF rather than SW- 
AF as a clinical trials endpoint given the higher rate of HAR 
detection and ease of boundary delineation with NI-AF ima-
ging. The variation in structural and functional outcomes in 
patients of the same age can be attributed to the expression 
level of the normal allele (34,43) or, more likely, the inner 
retinal damage from chronic and untreated CMO.

Natural disease progression

Our longitudinal analysis revealed minimal change in BCVA 
and microperimetry MS and the number of scotomatous 
loci in both grids over 2–3 years of follow-up. The rate of 
BCVA loss in previous studies on PRPF31 patients was only 
0.44%-2% per year (5,6). In addition, visual acuity corre-
lated poorly with age and duration of disease (5). The lack 
of a measureable progression using MS may be due to the 
significant test–retest variability of MAIA in retinal diseases 
(52). There is no report on microperimetry progression in Ta
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PRPF31 patients. Two separate longitudinal studies in unse-
lected RP patients reported a mean and central sensitivity 
decline of 0.30 and 0.88 dB per year, respectively, using the 
Nidek MP-1 (53,54). However, these studies did not report 
the genetic diagnosis in their cohorts. Unlike our micro-
perimetry findings, disease progression has been measured 
using residual visual field area in Goldmann kinetic perime-
try and full-field ERG cone amplitude in two longitudinal 
studies on PRPF31-associated RP. The annual rate of disease 
progression using these endpoints was 7–8% and 7–9%, 
respectively (5,6). Based on our results, we recommend 
a longer follow-up study up to 5 years to measure the 
decline in macular or foveal MS using trend analysis.

We found a mean reduction of 203 µm per year (an average of 
5.7% relative to baseline measure) in the residual EZ span. This 
loss was greatest in patients aged <20 years (up to 11.5% in one 
subject). The annual rate of EZ loss in patients with RP has been 
reported to range from 4.2%-5.2%, which is slightly lower than the 
rate from pooled data of 7.6% to 8.3% in our cohort (55–57). In 
the only published report on the longitudinal change of residual 
EZ in PRPF31-associated RP, Kiser and colleagues found a 5.4% 
per year decline in residual EZ area in 8 patients (5). However, in 
contrast to our study, their patients had different PRPF31 muta-
tions and they did not report the mean age and follow-up duration 
of patients enrolled in their EZ measurement sub-study. In our 
cohort, the NI-AF and SW-AF HAR area decreased by 7.5% and 
8.1% per year, respectively. Longitudinal changes of HAR in 

patients with PRPF31-associated RP have not been reported. 
Studies on patients with RPGR and PDE6-associated RP showed 
that SW-AF HAR area declines at annual rates of 10.7% and 7.1%, 
respectively (58,59). There was significant inter-individual and 
intra-individual variation in the rate of HAR constriction (58,60).

Limitations

Although we reported the detailed structural and functional 
characteristics including some novel features (i.e. FAF and 
microperimetry) in a large PRPF31-adRP family, our study 
has several limitations. First, we only reported a relatively 
small number of patients in the one family. Additional 
families with other mutations and wild-type PRPF31 allele 
expression levels may have different onset age and progres-
sion rates. Second, a mean follow-up duration of only 
3 years was inadequate for detecting meaningful decline, 
especially in BCVA and microperimetry parameters. Third, 
our microperimetry results should be interpreted with cau-
tion due to the inherent high variability and we did not 
specifically estimate the test–retest variability in our patient 
cohort (52,61). We observed an increase in mean sensitivity 
in the 6° and 20° test grids in two out of five and one out of 
four patients, respectively, during the follow-up period. This 
improvement in retinal function is an indication of the 
significance of learning effect in masking disease progres-
sion and the need for a longer follow-up period to detect 

Figure 6. Fovea-centred spectral-domain optical coherence tomography at baseline (a) and after 11 (b) and 26 (c) months in a 16-year-old patient (III:12) shows 
a 656 µm decrease in the residual ellipsoid zone (EZ) span over the 26-month period. All scans were taken from the same location and aligned vertically. Vertical white 
lines represent the location of EZ endings at baseline. White arrows show the location of EZ endings on follow-up scans. Magnified views of the transition zone are 
shown on the left and right side. Scale bars = 200 µm.
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functional decline. Fourth, a large proportion of patients 
had advanced disease; thus, EZ and HAR could not be 
measured for disease progression. We did not investigate 
other methods of structural assessment such as outer 
nuclear layer thickness and volume measurement in eyes 
that had lost EZ.

Conclusions

In summary, we described an Indigenous Australian family with 
the PRPF31 c.1205 C > A mutation causing adRP, with early 
onset in those who developed symptoms, and non-penetrance. 
The affected members showed a rapid structural disease pro-
gression in the second decade of life leading to complete loss of 
EZ and HAR and significant loss of vision by the age of 40. This 
study supports the value of early rescue treatment in RP11 and 
provides evidence of intrafamilial phenotypic variation. The 
optimal window for therapeutic intervention is the second dec-
ade of life. Further investigations are needed to explore the role 
of other genetic and environmental factors in the natural course 
of PRPF31-associated RP and to define the best treatment trial 
endpoints at various stages of the disease.
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