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ABSTRACT 

Retinitis pigmentosa (RP) comprises a heterogenous group of inherited retinal diseases 

characterized by progressive photoreceptor degeneration. Although there is no definitive 

treatment for RP, attempts to halt disease progression using gene-based therapy techniques 

have led to promising outcomes in some forms of RP. Appropriate selection of functional and 

structural trial endpoints is essential for translating laboratory advances into routine clinical 

care. This thesis evaluates the role of adaptive optics imaging in early detection of RP 

progression, and the value of multimodal retinal imaging and microperimetry in three 

common forms of RP. Our research demonstrated: 1) a discordance between the adaptive 

optics image centre and the foveal pit centre with implications for cone density analysis in 

healthy and RP eyes; 2) improved ability to detect disease progression by using cone density 

compared to conventional structural endpoint (ellipsoid zone span); 3) natural history of 

RP11 can be categorized into non-penetrant, childhood-onset and adult-onset based on 

history and multimodal retinal imaging; 4) microperimetry 10-2 mean sensitivity, ellipsoid 

zone span and hyperautofluorescent ring area are potential endpoints in RP11 clinical trials; 

5) relative retinal central thinning and paracentral thickening may be used as structural 

endpoint in CRB1-retinopathy; and 6) cone density and pointwise retinal sensitivity defects 

reveal localized retinal abnormalities in female RPGR mutation carriers. In conclusion, this 

thesis provides novel insights into the utilization of the adaptive optics imaging in RP trials 

and highlights genotype-specific endpoints in common forms of RP. Methods and results 

presented in this thesis encourage further research in this field and can be used in upcoming 

clinical trials. 
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CHAPTER 1: INTRODUCTION 

1.1. Background 

Inherited retinal disease (IRD) comprises a wide range of retinal dystrophies that are the 

leading cause of visual disability in the working-age population in Australia.1 Retinitis 

pigmentosa (RP) is the most common form of IRD, affecting 1 in 3000–4000 individuals.2 

Although there is no gender, race, or geographic predominance for RP, certain mutations may 

be more prevalent in some populations.3,4  

RP is characterized by progressive centripetal degeneration of rods followed by cone 

photoreceptors (i.e., rod cone dystrophy; RCD).5 Clinically, it presents with nyctalopia 

(decreased night vision) of variable age of onset and progressive constriction of the 

peripheral visual field. Eventually, most patients experience some degrees of central visual 

loss leading to legal blindness.6 Visual acuity may also be threatened by common ocular co-

morbidities associated with RP, including cataract with zonular insufficiency, glaucoma, and 

macular complications such as cystoid macular oedema (CMO) and epiretinal membrane 

(ERM).7  

All forms of mendelian and many forms of non-mendelian inheritance patterns have 

been reported in RP families.8 Depending on the studied population, autosomal recessive 

(AR), autosomal dominant (AD) and X-linked (XL) RP comprise 20–40%, 20–30%, and 10–

20% of RP families, respectively. Among families with a confirmed genetic diagnosis, 

USH2A, RHO, and RPGR contribute to the most cases of ARRP, ADRP and XLRP, 

respectively.9 Phenotype and natural history may vary between families with the same 

causative gene10 and even between family members with the same causative mutation.11  

 Current therapeutic strategies can be classified into photoreceptor rescue (or 

neuroprotective) treatments (e.g., gene therapy and vitamin/protein supplementation) and 

vision restoration (e.g., artificial prostheses, cell-based therapy, and optogenetics).12 To date, 

only one gene-based treatment has been approved for the treatment of RPE65-associated 

retinopathy13 and several gene-based therapies are under investigation.14,15 Choosing 

appropriate functional and structural endpoints is a crucial step in designing the clinical trials. 

Since the underlying gene/mutation determine the phenotype and natural history, gene- or 

mutation-specific trial endpoints may be necessary for designing future clinical trials.12 
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Quantification of the rate of disease progression is essential for tracking the natural 

history of the disease, exploring the interaction between genetic and environmental factors in 

disease progression and defining outcome measures for evaluating the efficacy of therapeutic 

intervention in clinical trials. An ideal outcome measure should be a validated, quantifiable, 

repeatable, and feasible method with high sensitivity to detect early changes depending on the 

nature of disease, intervention and study design.16 There are multiple sources for 

measurement errors in all functional and structural tests. Patient-related factors (e.g., learning 

effect, fatigue, poor concentration/cooperation) are the major source of variations in 

subjective tests such as perimetry.17 Although electroretinography (ERG) can quantify retinal 

function objectively, it is highly susceptible to technical variations and requires centre-based 

validation.18 Also, ERG tends to be non-recordable (flat tracings) in a subset of patients at the 

time of presentation. Intra- and inter-observer measurement differences are the main 

limitation of structural endpoints. Although rigorous efforts in using artificial intelligence for 

analysing retinal images have resulted in promising outcomes, further optimization is 

required.19  

Various terminologies have been used to describe measurement inaccuracies in 

functional and structural tests. Repeatability (test-retest reliability) is defined as the variation 

in repeated measurements performed on the same patient with identical conditions (i.e., 

instrument, method, operator, etc.), in the absence of systematic bias between measurements. 

The retest may be conducted in the same session (intrasession/intravisit)20 or days to months 

after the initial test (intersession/intervisit).21,22 Repeatability can be expressed as standard 

deviation (SD) of within-subject differences, or coefficient of repeatability (CoR), which is 

derived from the formula: 1.96×√2×within-subject SD.23 If measurement errors are normally 

distributed and not proportional to the magnitude of the measurement, 95% of the differences 

between pairs of measurements are expected to fall within the boundary set by the CoR.24 The 

quotient between the CoR divided by the annual rate of change has been used to derive time 

to reach the limit of significant change in USH2A patients.22 When interpreting CoR, it should 

be considered that CoR in a given sample cannot be extrapolated to other samples as factors 

such as age, stage of the disease and genotype may affect the CoR.23 Coefficient of variability 

is another common index used, defined as the percentage of quotient between the SD of 

measurement errors divided by the mean of the measurements. This parameter is in the 

situation where variability is proportional to the magnitude of the measurement. In another 

study, a greater than 2 SD difference with the normal average was used as a criterion for 
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defining significant change.25 In addition, 95% limit of agreement and interclass correlation 

coefficient were used to measure intra- and inter-observer agreements in measuring 

functional and structural endpoints.26 

In the next two sub-chapters, the roles of clinical techniques used in RP disease 

monitoring are discussed and examples of their use in RP are presented. 

  

1.2. Techniques of monitoring disease progression: current state-of-the-art  

1.2.1. Visual Field Testing 

1.2.1.1. Kinetic Perimetry 

Kinetic perimetry is used for mapping the extent and area of functional retina. Goldmann 

perimetry (Goldmann perimeter, Haag-Streit, Bern, Switzerland) is the conventional method 

for visual field assessment which relies on manual techniques for delivering the stimuli and 

calculating the visual field area which may cause multiple potential sources of variation.27,28 

Coefficient of repeatability of Goldmann visual field area using III4e and V4e targets in 

patients with RP were reported to be 23.7% and 19.2%–32.8%, respectively.29 Studies with 

manual Goldmann kinetic perimetry showed a mean of 4.6%–17% per year decline of the 

visual field area in patients with RP, with a mean residual VF half-life value of approximately 

7 years.30-33 Using annual rate of decline (9.4%) and test-retest variability, Calzetti and 

colleagues estimated that approximately 4.3 years is required to detect a significant change in 

visual field area using Goldmann perimetry in patients with USH2A.22 Semi-automated 

kinetic perimetry (SKP) allows standardization and automated quantification of the visual 

field area and it has substituted for manual perimetry in many eye care facilities and clinical 

trials.34-36 Octopus 101 and 900 (Haag-Streit, Bern, Switzerland), HFA 750i and HFA3 (Carl 

Zeiss Meditec, Jena, Germany), Twinfield 2 (OCULUS, Oculus Inc., Wetzlar, Germany) and 

Kowa AP-7000 Isopter (Kowa Inc., Nagoya, Japan) are some available SKP devices with 

different specifications.37,38 Octopus 900 has been extensively investigated and seems to best 

correlate with GVF results.37,39 Using Octopus 101, the rate of visual field area decline in RP 

was significant using I4e isopter area (13% decline over 2 years) but not using V4e (2%) and 

III4e (3%) isopters.40  
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1.2.1.2. Standard Automated Perimetry 

Standard automated perimetry (SAP) is a method of static perimetry that uses white stimulus 

on white background and provides retinal differential light sensitivity at different locations 

and its deviation from normal values. Humphrey field analyser (HFA, Carl Zeiss Meditec, 

Jena, Germany) is the most widely used and studied automated perimeter (Figure 1.1).  

Figure 1.1. Printout of the HFA II-i 740 24-2 test shows normal sensitivity threshold (A), 
greyscale pattern (B) total deviation (C) and pattern deviation (D) in a 33-year-old healthy 
subject. Mean deviation (MD), highlighted with red rectangle (E), is the most used index in 
RP progression studies. Probability plot symbols are defined in section F.  
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Total point score, mean sensitivity, mean deviation (MD; Figure 1.2), macular 

sensitivity, foveal sensitivity and the number of scotoma loci have been used in RP trials.41-44 

 

Figure 1.2. HFA greyscale pattern and mean deviation (MD) in 4 patients with different 
stages of RP. (A) very mild superior peripheral field defect with mild MD loss in patient with 
early-stage RP. (B) Peripheral ring scotoma and severe MD loss in patient with early macular 
involvement. (C) Dense scotoma with central island of vision (also known as tunnel vision) 
limited to central 10° in a patient with macular involvement, but fovea is spared. (D) Total 
scotoma and profound MD loss in a patient with late-stage (advanced) RP. 

 

Using FASTPAC 30-2 test, the mean intersession sensitivity difference in patients 

with RP was +0.26 dB for stimulus size III, which was greatest at regions with sensitivities 

around 10 dB.45 In addition, short-term test-retest variability was higher in patients with RP 

compared with normal subjects regardless of sensitivity.46 HFA 30-2 and 10-2 mean 

sensitivity was correlated with photoreceptor layer thickness and central retinal artery blood 

flow in patients with RP.47-49 Also, HFA 10-2 MD was a reliable predictor of disease 
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duration50, whilst MD of foveal locations may be useful in monitoring patients with advanced 

disease.51 In a longitudinal study on patients with RP and choroideremia, the HVF 10-2 MD 

declined significantly in nearly 50% of patients ranging from -0.7 dB to -2.0 dB per year over 

3.5 years follow-up.52 However, the rate of HVF 10-2 MD decline was -0.46 dB and -0.47 dB 

in two other reports on larger number of patients and longer follow-ups.44,53  

Compass (CenterVue, Padova, Italy) is a new perimeter with similar features to HFA, 

with the exception that it has a 25-Hz retinal landmark tracker (high resolution confocal 

retinoscope) which allows active readjustment of the stimuli positions to compensate eye 

movements.54 Retinal sensitivity in central 30°, 20° and 10° can be tested using Compass. 

While sensitivities are comparable with HFA, Compass offers lower test-retest variability, 

evaluation of fixation and stereoscopic colour fundus photography.55 However, it is yet to be 

validated in patients with retinal dystrophies, including RP. 

1.2.1.3. Microperimetry 

Microperimetry (also known as fundus-driven perimetry and fundus-controlled perimetry) 

provides macular sensitivities with simultaneous fundus image showing the location and 

morphology of the tested area. Compared to the conventional static perimetry, 

microperimetry provides mapping of retinal sensitivity in the macular region and is able to 

map the position of the preferred retinal locus (PRL) on the retinal image and derive various 

measures of fixation stability. More importantly, microperimeters use a real-time eye tracking 

system to compensate for eye movements during the test and ensure accurate localization of 

the stimuli.56 Mean sensitivity (MS), point-wise sensitivity (PWS) and number of scotoma 

loci as well as fixation behaviour are potential outcome measures of microperimetry 

investigated in clinical trials.57 Microperimetry was used for assessing the central retinal 

function and fixation behaviour as well as structure-function correlation in patients with 

RP.58-61 Retinal sensitivity, visual field area and fixation stability was significantly altered in 

patients with RP as compared to healthy controls.60  

Macular Integrity Assessment (MAIA; CenterVue, Padova, Italy) device evaluates 

mixed rod and cone responses in mesopic conditions.62 Typically, Goldman III achromatic 

stimuli with stimulus duration of 200 ms are presented on a dim white background (1.27 

cd/m2). The dynamic range of the differential stimulus luminance is 0.08 to 317.04 cd/m2, 

which corresponds to sensitivity threshold of 36 to 0 dB and is presented using a 4-2 staircase 

strategy. Different test grids can be used to evaluate macular and foveal functions, with the 
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option to design custom grids. The 10-2 test grid that spans 18° of the central macula is the 

most popular grid for assessing macular function in patients with RP. Examples of MAIA 10-

2 printout in a normal subject (Figure 1.3) and sensitivity maps in patients with RP (Figure 

1.4) are shown. 

Figure 1.3. Printout of MAIA 10-2 test in a 21-year-old healthy subject. (A) Fundus image 
taken by scanning laser ophthalmoscope (SLO) camera. (B) The location of stimulated retinal 
area shown on the fundus image. (C) Extrapolated retinal sensitivity map. (D) Average 
retinal sensitivity. (E–H) Fixation stability and variation indices. 
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Figure 1.4. Examples of MAIA 10-2 test in 6 patients with RP shows different patterns of 
sensitivity maps, decline in mean sensitivity (MS) and increased number of scotoma loci at 
different stages of disease (A–F).  

 

MP-1 (Nidek Technologies, Padova, Italy) is another microperimeter which has been 

used in various retinal disorders, including RP. The main difference between the MP-1 and 

the MAIA is narrower range of stimulus intensity, which is 0 to 20 dB in MP-1. A newer 

version of Nidek microperimeter (MP-3, Nidek, Gamagori, Japan) uses a wider range of 

stimulus intensity (0 to 34 dB) to measure macular sensitivity. 

There are limited data on test-retest variability of microperimetry in patients with RP. 

Coefficient of repeatability of MAIA 10-2 MS in 15 patients with RPGR-related XLRP was 

reported as 1.30 dB.63 Furthermore, the coefficient of repeatability for individual point 

sensitivity was 6 dB.63 Using MP-1 10-2 test in patients with macular disease (including 11 

patients with IRD), the coefficient of repeatability of MS and individual point sensitivity 

were 1.81 dB and 5.56 dB, respectively.64 MP-1 mean sensitivity (central 2° and 10°) in 

conjunction with Humphrey visual field mean deviation have been used in a randomized 

clinical trial (RCT) to assess the efficacy of topical isopropyl unoprostone (IU; a metabolite 

of prostaglandin F2α) on the central retinal function in patients with RP.65 In this study, mean 

sensitivity of the central 4 points was the only outcome measure that showed a significant 
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difference between high-dose IU and placebo groups. In another study using MP-1 10-2 grid 

in patients with RP, mean sensitivity, central sensitivity (central 5°) and paracentral 

sensitivity (5°–10°) decreased by 0.5, 0.7 and 0.4 dB per year, which was statistically 

significant.66  

1.2.1.4. Dark-adapted Chromatic Perimetry 

Dark-adapted chromatic perimetry (DACP) is the most popular method for differential 

measurement of rod and cone sensitivities. In a fully dark-adapted eye, rods and cones have 

the highest sensitivity to blue-green (approximately 505 nm) and red (approximately 650 nm) 

stimuli, respectively. Chromatic perimetry can be applied to both kinetic and static perimeters 

a well as microperimetry by modifying commercially available devices.67-71 More recently, 

McGuigan and colleagues utilized unmodified HFA-750i to measure rod and cone 

sensitivities.72 The Medmont perimeter (Medmont, Victoria, Australia) is a commercially 

available automated DAC perimeter. Although this device can measure rod and cone 

sensitivities in widefield area, its major limitation is inability to perform light-adapted 

perimetry, which is still the standard method for visual field assessment.73,74 Scotopic MAIA 

(S-MAIA, CenterVue, Padova, Italy) is a commercially available two colour (red and cyan) 

microperimeter that can record rod- and cone-mediated sensitivity under dark-adapted 

conditions.75 

1.2.2. Electroretinography 

Electroretinography (ERG) is an electrophysiology test that provides objective information 

regarding the function of different retinal cells and visual cycles. Since 1989, the 

International Society for Clinical Electrophysiology of Vision (ISCEV) periodically releases 

the standard protocols of retinal electrophysiology.18 

1.2.2.1. Full-field ERG 

Various parameters of full-field ERG (ffERG) response components such as peak time and 

amplitude have been studied extensively as outcome measures in natural history and clinical 

trials in RP patients.30,36,70,76,77 While b-wave amplitude is the most common ERG endpoint in 

patients with RP, a-wave amplitude can provide a direct measure of photoreceptor activity 

and may be useful in these patients.78 The intervisit variability of b-wave amplitude ranged 

from 25–110% and the criteria for significant decrease in normal subjects was 45–55% and 

46–51% for light- and dark-adapted single flash responses, respectively.21,70,79 In another 

study in patients with RP, the threshold for significant decrease in b-wave maximum 
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amplitude for dark-adapted and light-adapted single-flash and light-adapted 30-Hz flicker 

stimuli were 23–35%, 30–44% and 17–22%, respectively.80  

1.2.2.2. Focal and multifocal ERG 

In contrast to ffERG which reflects the sum of photoreceptor driven electrical activity in the 

entire retina, focal ERG (fERG) measures localized electrophysiologic function at specific 

retinal locations. Evaluating multiple loci using multifocal ERG (mfERG) creates a map that 

shows the topographic pattern of cone- and rod-derived amplitude and peak time comparable 

with fERG results.81-84 The amplitude of scotopic and photopic mfERG response in patients 

with RP was significantly decreased in central and pericentral rings compared to age-matched 

controls.85 mfERG might be useful in evaluating the retinal function in advanced disease with 

non-recordable ffERG, subclinical cases or carriers with normal ffERG and in distinguishing 

visual field defects attributable to retinal pathologies from those related to neurologic 

disorders in patients affected by both conditions.86-88 The annual rate of central cone ERG 

amplitude decay in patients with RP was reported to be between 5–10%.30,89,90 The mean 

annual loss of mfERG amplitude in rings 3–5 was 6–10%, while the peak time remained 

stable.33 There was a good correlation between the mfERG ring 5 amplitude and mixed cone-

rod, cone and 30-Hz flicker response amplitudes of ffERG. In addition, in advanced cases 

with undetectable ffERG responses, significant mfERG responses might be present.33 

 Table 1.1 summarizes test-retest variability, annual decay rate and time to reach the 

limit of significant change for selected functional endpoints. 
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Table 1.1. Variability and progression rates using functional endpoints. 

Test Endpoint Variability 
Annual decay 

rate (%) 

Time to 

change
§
 (y) 

Diagnosis
ref

 

BCVA NR 2.0  RP89 

NR 0.4  PRPF3191 

NR 2.0  PRPF3192 

NR 1.6  RHO93 

NR 1.8  RHO94 

0.08* [logMAR] 2.5 7.2 USH2A22 

NR 2.6  USH2A93 

NR 4.0  RPGR93 

GVF  I4e area  NR 13.0†  RP40 

NR 8.4  PRPF3191 

III4e area NR 3.0†  RP40 

NR 14.5  RP33 

NR 8.1  PRPF3191 

V4e area NR 2.6  RHO94 

NR 2.9  RHO93 

NR 6.9  PRPF3192 

NR 8.0  PRPF3191 

NR 7.0  USH2A93 

0.18* [log10] 9.4 4.3 USH2A22 

NR 4.7  RPGR93 

SAP 10-2 MD (dB) NR 5.8  RP53 

NR 11.8  RP44 

S4 (dB) NR 1.8  RP44 

S12 (dB) NR 2.0  RP 

MP-1 10-2  MS (dB) NR 8.8  RP66  

MP-1 10-2  CS (5°) (dB) NR 8.2  RP66  

MP-1 10-2  PS (5–10°) (dB) NR 22.2  RP66 

Static DACP Rod field area 0.12* [log10] 18.3 1.4 USH2A22 

 Rod field HW 0.09* [log10] 10.9 1.8 USH2A22 

Static LA Cone field area 0.13* [log10] 9.9 2.8 USH2A22 

 Cone field HW 0.05* [log10] 3.6 3.3 USH2A22 

ffERG  Cone amplitude 

(µv) 

NR 7.3  PRPF3191 

 NR 9.2  PRPF3192 

 NR 7.7  RHO93 

 NR 8.7  RHO94 

 NR 13.2  USH2A93 

 NR 7.1  RPGR93 

fERG Cone amplitude 

(µv) 

NR 5.6  RP90 

NR 6–10  RP33 

§Time to reach the limit of significant change *95% coefficient of repeatability †Semi-
automated (Octopus 101). NR= not reported; GVF = Goldmann visual field; SAP = standard 
automated perimetry; MD = mean deviation; S4 = central 4 points sensitivity; S12 = central 
12 points sensitivity; MS = mean sensitivity; CS = central sensitivity; PS = paracentral 
sensitivity; DACP = dark-adapted chromatic perimetry; HW = horizontal width; LA = light-
adapted; ffERG = full-field electroretinography; fERG = focal electroretinography. 
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1.2.3. Optical Coherence Tomography 

Assessment of the retinal architecture and its changes using spectral-domain optical 

coherence tomography (SD-OCT) provides reliable, repeatable and quantitative measures that 

can be used as markers of disease progression or efficacy of intervention in retinal 

disorders.95 Studies showed that the reflective bands observed in OCT and the histologic 

structure of the retina are highly concordant (Figure 1.5).96 The observed OCT features of 

outer retinal atrophy in RP is consistent with the known pathophysiology of photoreceptor 

degeneration in most genetic subtypes of this disease. The so-called ellipsoid zone (EZ) band, 

which corresponds to the photoreceptor inner segment ellipsoid (ISe), is the most widely 

studied OCT parameter in RP. However, alterations in other retinal structures may 

accompany outer retinal changes.97 

Figure 1.5. SD-OCT shows normal retinal structure in fovea-centred B-scan (A). Retinal layers 
are labelled in (B). Panel B is the magnified view of the yellow rectangle in (A). ILM = internal 
limiting membrane, RNFL = retinal nerve fibre layer, RGC = retinal ganglion cell layer, IPL = 
inner plexiform layer, INL = inner nuclear layer, OPL = outer plexiform layer, ONL = outer 
nuclear layer, ELM = external limiting membrane, EZ = ellipsoid zone, IZ = interdigitating 
zone, RPE = retinal pigment epithelium. 

 

1.2.3.1. Ellipsoid Zone Band  

It is widely accepted that EZ band contracts centripetally in RP and the reduction in its 

boundary limits is well correlated with disease progression.25,98 Conventionally, the EZ 

ending is defined as the point at which EZ band merges with the RPE/Bruch’s membrane 

(RPE/BM) band, with the two becoming indistinguishable.98 Residual EZ band width and 
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height at the foveal plane can be manually measured in horizontal and vertical directions by 

marking the EZ endings and measuring the distance between the two endings (Figure 1.6A) 

with high intragrader and intergrader agreements.98,99 Measuring the residual EZ area might 

be a better option than EZ length for tracking EZ changes. Residual EZ area can be measured 

on OCT volume scans in two ways. The first, is by marking the EZ endings on every B-scan 

and interpolating between them to demarcate the EZ area and the second is by delineating EZ 

borders on en face image (Figure 1.6C). For the first method, EZ endings on each B-scan can 

be marked on co-registered infrared (IR) image and then the area can be measured on IR 

image using the manufacturer provided or external software.100,101 

Figure 1.6. Residual ellipsoid zone (EZ) in a patient with RP. (A&B) Horizontal EZ span is 
measured as the distance between the nasal and the temporal EZ endings (yellow arrows) 
on a horizontal fovea-centred B-scan. EZ area can be calculated using horizontal and vertical 
spans (assuming that the residual EZ is a perfect oval). (C) A more accurate method for 
measuring the EZ area is creating an en face map, which requires dense raster volume scan. 
The horizontal and vertical spans and EZ area can be measured. The number of B-scans and 
scanning field were 61-slice 30° × 25° for (A) and 97-slice 15° × 10° for (B&C). 

 

A longitudinal study on 81 patients with RP over 3 years showed a mean horizontal 

EZ loss of 140 µm (5.2%) per year with a test-retest variability of 74 µm.102 The annual rate 

of EZ area loss was 0.64 mm2 in patients with XLRP.101 In the second method, en face images 

at the level of EZ are generated by defining the inner and outer slabs on proximal end of the 

RPE (pRPE) and external limiting membrane, respectively. The resultant image will show the 

area at which the EZ is present with a variably different contrast compared to its background, 
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which can be used to demarcate the EZ boundaries and measure its area. Using this technique 

in patients with adRP, the EZ area decline rate was 0.27 mm2 (13%) over one year.103  

1.2.3.2. Other OCT Parameters 

Total receptor (from outer plexiform layer to RPE/BM band, including both), outer nuclear 

layer (ONL) and photoreceptor outer segment (between EZ band and proximal RPE) 

thicknesses were reduced in RP patients compared with healthy controls and correlated with 

disease progression in several studies.25,101,104,105 Decrease in OS and ONL thicknesses and 

eventual disappearance of OS are the initial signs of RP on the SD-OCT.106,107 Inner retinal 

layers maintain their gross integrity, but their thicknesses might change with disease 

progression.104,108-110 Manual segmentation is the current gold-standard method with excellent 

reliability and reproducibility111, however it is extremely time-consuming especially if 

volume scans are required. Although default software provided by manufacturers can do 

automatic segmentation, they usually fail to demarcate retinal layers properly in the presence 

of significant pathologies.110,112 Hence, accuracy of automatic segmentation should be 

evaluated and revised if necessary.104 More recently, deep learning algorithms have been 

developed to measure the EZ area in en face images of patients with choroideremia113 and to 

derive EZ defect area from A- and B-scans of patients with macular telangiectasia19 with 

comparable results to manual method. 

1.2.4. Fundus autofluorescence 

Fundus autofluorescence (AF) is a natural phenomenon in which the retinal fluorophores emit 

range of wavelengths upon light excitation. Lipofuscin is constituted by the undegradable, 

oxidized components of photoreceptor outer segments in phagolysosomes that accumulate 

within RPE cells of ageing retina.114 The wavelength of the emitted light from lipofuscin 

autofluorescence ranges from 480–800 nm with the most efficient exciting wavelength range 

of 430–600 nm.114 The normal pattern of this short-wavelength AF (SW-AF) appears as 

macular hyper AF with a central hypo AF area due to blockage by overlying lutein and 

zeaxanthin-enriched cone photoreceptors.115 More recently, melanin, another important ocular 

fluorophore, has been visualized using longer wavelength (787 nm) excitation.116 The 

resultant near-infrared fluorescence, which was correlated strongly with near-infrared 

reflectance, has been attributed to the melanin in RPE cells and choroid and was shown to be 

true near-infrared autofluorescence (NI-AF).117 In contrast to SW-AF, the normal pattern of 
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NI-AF consists of central hyper AF (corresponding to the hypo AF area in SW-AF), which is 

due to higher content of melanin in central RPE cells (Figure 1.7).116 

AF can be imaged using ultra-widefield (UWF) fundus cameras that capture up to 

200° (approximately 80% of the entire retina) in a single image in less than 0.5 sec.118 It 

provides information about peripheral AF patterns in patients with RP, such as peripheral 

hypo AF areas that were correlated with peripheral scotomas seen in Goldmann perimetry 

and might be predictive of disease duration.119,120 Optos® California (Optos plc, Dunfermline, 

UK) is a popular UWF fundus camera that uses confocal scanning laser ophthalmoscope 

(cSLO) to produce high-resolution (14–20 µm/pixel) images with different modalities. In 

Optos, a green laser (520 nm) is used for the AF mode and the normal pattern is a macular 

hyper AF with central hypo AF and peripheral background AF (Figure 1.7A). Spectralis® 

(Heidelberg Engineering, Heidelberg, Germany) is another cSLO-based retinal camera which 

is used for en face fundus imaging besides SD-OCT. Excitation wavelength and barrier filter 

are 488 nm and 500 nm for the SW-AF (Figure 1.7B) and 787 nm and 800 nm for the NI-AF 

(Figure 1.7C) imaging. Using automatic real-time (ART) mode, variable number of scans can 

be averaged to increase signal-to-noise ratio. Spectralis provides a lateral resolution of 5–6 

µm/pixel and offers 30°, 55°, and 102° scanning fields which can be used for quantitative 

assessment of AF in patients with RP and other retinal diseases. 

Figure 1.7. Patterns of normal autofluorescence (AF) on different imaging modalities in a 
healthy subject. (A) Ultra-widefield AF taken by Optos camera shows macular hyper AF with 
central hypo AF. (B) Short-wavelength AF (30°) taken by Spectralis cSLO camera shows 
similar pattern to Optos AF, but with higher resolution. (C) Near-infrared AF (30°) taken by 
the Spectralis cSLO camera shows macular and peripheral background AF and central hyper 
AF (C). The wavelength of the emitted light in three modalities is 532 nm (green laser), 488 
nm (blue laser), and 787 nm (near-infrared laser), respectively. 
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Abnormal SW-AF is present in up to 94% of patients with RP and the most common 

pattern is hyperautofluorescent ring (HAR) that surrounds a central area of normal AF 

(Figure 1.8).121 However, other patterns have been reported frequently in these patients.122,123 

It has been shown that the boundaries of the HAR are well correlated with other structural 

and functional markers of the transition zone between healthy and diseased retina.124-126 

Hence, serial measurements of the HAR dimensions and area can provide objective evidence 

on the rate of disease progression in patients with RP.127 Additionally, the autofluorescence 

pattern may be suggestive of underlying gene or mutation.128,129  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8. Examples of HAR on UWF AF (left), 55° SW-AF (middle) and 55° NI-AF (right) in 3 
patients with RP. (A) Large irregular HAR incorporating optic disc and indistinct temporal 
border in a 19-year-old patient. Note that the temporal side of the HAR lies outside the 55° 
SW-AF and NI-AF. (B) Horizontal oval HAR with central hypo AR on Optos and SW-AF and 
central hyper AR on NI-AF. (C) Horizontal oval HAR within a macular hyper AF area on all 
modalities. 
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In SW-AF, both inner (internal) and outer (external) HAR borders (boundaries) can 

be used to measure ring dimensions (Figure 1.9). Although automated techniques such as 

spatial extraction software showed good repeatability in mapping the HAR and quantitative 

serial measurement of its dimensions130, conventional manual marking of ring/arc borders 

using in-built measurement tool is still the standard method for measuring FAF. Even though 

the inner border is more correlated with other structural and functional parameters59,106, 

measuring the external boundary is more popular since it is more distinct and sharper than the 

inner border.127 

In a cohort of patients with RP, the mean external horizontal and vertical dimensions 

of the SW-AF HAR was reported to decrease by 2.47% and 2.12%, 4.1% and 6.05% and 

7.85% and 6.97% at 12, 24 and 36-month follow-up, respectively.127 Other authors reported 

the annual rate of horizontal and vertical SW-AF HAR diameter in patients with RP to be 149 

± 15 µm and 120 ± 14 µm, respectively.102 The annual rate of SW-AF HAR area, horizontal 

diameter and vertical diameter decline in patients with RPGR-associated RP was 10.65%, 

5.46% and 6.29%, respectively.131 A slower annual decline rate of ring area (7.1%), 

horizontal diameter (3.9%) and vertical diameter (4.8%) was reported in patients with PDE6-

associated RP.132 

The typical pattern of NI-AF in RP is a dense HAR with a less intense hyper AF in its 

centre and visible choroidal vasculature outside the HAR (Figure 1.8).133 The interobserver 

ICC of all measurements with NI-AF was equal or better than SW-AF, which might be due to 

the higher contrast between the ring and the background in NI-AF image (Figures 1.8 and 

1.9).26 Although the HAR area measured with the two techniques was comparable, the SW-

AF ring border showed better correlation with OCT EZ band endings compared to NI-AF 

ring border (Figure 1.9).26  

There was no significant difference between the two methods in annual rate of 

decrease of ring area, horizontal diameter and vertical diameter in patients with RP.134 

Considering the high correlation between NI-AF and SW-AF, and recognizing the higher 

patient discomfort and concerns regarding short-wavelength light, it has been suggested that 

NI-AF might be a good alternative to SW-AF for monitoring disease progression in patients 

with RP.134 
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Figure 1.9. Dimensions of HAR on SW-AF (A) and NI-AF (B) compared with reconstructed en 
face residual EZ map (C) in a 39-year-old patient with RP. Inner (cyan) and outer (red) 
horizontal and vertical ring diameters and ring area were similar between SW-AF (A) and NI-
AF (B). Diameters and area of the EZ (green) were smaller than the outer ring 
measurements, but greater than the inner ring measurements (C). 

 

Table 1.2 summarizes test-retest variability, annual decay rate and time to reach the 

limit of significant change for selected structural endpoints. 
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Table 1.2. Reliability/variability and progression rates using structural endpoints. 

Modality Endpoint 
Reliability/ 

variability 

Annual decay 

rate (%) 

Time to 

change
§
 (y) 

Diagnosis
ref

 

SD-OCT  EZ area >0.99† 13.0  RP103 

NR 5.4  PRPF3191 

EZ HD NR 4.2  RP135 

>0.99† 4.9  RP136 

>0.99† 5.2  RP102 

NR 6.5  RP127 

0.98† 8.0  RP66  

NR 3.4  ADRP98 

0.99† 5.0  RHO 

0.68* [deg] 4.5 2.3 USH2A22 

0.98† 5.9  PDE6132 

176*‡ [µm] 7.0 0.7‡ XLRP25 

NR 9.6  XLRP98 

EZ VD NR 4.2  ADRP98 

NR 9.2  XLRP98 

ONL HD 1.89* [deg] 2.3 4.0 USH2A22 

SW-AF  HAR area NR 9.2  RP134 

0.92† 10.0  RP66  

0.99† 5.8  RHO137 

0.92† 7.1  PDE6132 

1.00** [mm2] 10.6 0.7‡ RPGR131 

HAR HD NR 2.6  RP127 

>0.99† 3.6  RP102 

>0.99† 4.1  RP136 

NR 5.4  RP134 

0.94† 5.8  RP66 

0.99† 3.0  RHO137 

0.91† 3.9  PDE6132 

298** [µm] 5.5 1.4‡ RPGR131 

HAR VD NR 2.3  RP127 

>0.99† 3.9  RP102 

>0.99† 4.0  RP136 

NR 5.3  RP134 

0.99† 4.2  RHO137 

0.95† 4.8  PDE6132 

278** [µm] 6.3 1.3‡ RPGR131 

NI-AF  HAR area NR 10.1  RP134 

0.05* [log10] 3.5 3.0 USH2A22 

HAR HD NR 5.1  RP134 

HAR VD NR 5.8  RP134 
§Time to reach the limit of significant change †Interclass correlation *95% coefficient of 
repeatability ‡calculated based on original data **intraobserver 95% coefficient of 
repeatability. NR = not reported; SD-OCT = spectral-domain optical coherence tomography; 
EZ = ellipsoid zone; HD = horizontal diameter; VD = vertical diameter; ONL = outer nuclear 
layer; SW-AF = short-wavelength autofluorescence; NI-AF = near-infrared autofluorescence. 
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1.3. Techniques of monitoring disease progression: future insights 

1.3.1. Adaptive optics imaging 

Adaptive optics (AO) refers to the method of eliminating higher order aberrations to improve 

the efficiency of optical imaging systems (Figure 1.10). Incorporation of the AO technology 

into ophthalmic devices has led to development of non-invasive ultra-high-resolution imaging 

of retinal cells and vessels in living human eye. The key components of conventional AO 

devices are a detector of ocular aberration using a wave-front sensor and a deformable mirror 

to compensate the ocular aberration within the wavefront along the optical path. Hence, the 

efficiency of an AO system is determined by the sensitivity of the wave-front detector and the 

adaptability of the deformable mirror. As this technology is changing fast, future AO devices 

might be free of sensor and/or compensator owing to development of advanced 

computational models.138 Ophthalmic devices that use AO technology include the fundus 

camera, SLO and OCT. While fundus camera and SLO benefit from AO to produce en face 

images with transverse resolution of approximately 2 µm, adaptive optics OCT (AO-OCT) 

improves the axial resolution of OCT scans, which can provide high-resolution three-

dimensional images.139  

Figure 1.10. Comparison of 
the magnified infrared 
reflectance (IR) image taken 
by SLO camera (A&B) with AO 
image taken by rtx1 AO 
camera (C). Panel B shows the 
magnified and contrast 
enhanced view of the red 
rectangle in (A). AO imaging of 
the same area reveals cone 
cells that can be analysed 
using manual or automated 
techniques. The wavelength of 
the laser used in IR and AO 
image was 820 nm and 850 
nm, respectively.  
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The first commercially available AO fundus camera (rtx1, Imagine Eyes, Orsay, 

France) illuminates a small region of the retina and captures 40 images from a 4° × 4° field 

over 4 seconds (9.5 frames per second). Since the acquisition time for a single image is in 

millisecond range, fine ocular movements do not affect the image quality. Artifact-free 

images are aligned and blended using in-built software to increase the signal-to-noise ratio. 

The processed image is a magnified high-resolution image of cone photoreceptors or retinal 

vessels depending on the focus plane.140 Images from two or more adjacent fields may be 

captured and montaged to create a map of cone mosaic or retinal vasculature. The major 

drawback of this adaptive optics flood-illuminated ophthalmoscopy (AO-FIO) is that light 

scattered from adjacent structures may reduce the contrast of the image (axial resolution is 

about 300 µm). In addition, although the theoretical resolution of AO-FIO is 1.5 µm, the 

resolution is not high enough to visualize small cones located within the central 2° of the 

fovea as well as rod photoreceptors. In addition, measurements might be affected by the large 

number of intervening rods beyond 6° from the fovea. Hence, the usefulness of AO-FIO is 

generally limited to eccentricities between 2° to 5°141, although cones might be visualized at 

closer than 200 µm from fovea and rods might be faintly visible in ideal conditions.142 

In confocal AO SLO (cAOSLO), small regions (approximately 1.5 degrees square) of 

the retina are illuminated at each time and backscattered lights are detected at the same plane 

as the illumination. Hence, cAOSLO produces images with higher contrast compared to AO-

FIO and permits visualization of rods and foveal cones with a transverse and axial resolution 

of about 2.5 µm and 100 µm, respectively. However, due to the small scanning field, a larger 

number of scans are required to obtain cone mosaic that makes the test time taking and 

creating montages more challenging.139 While both AO-FIO and cAOSLO rely on reflectivity 

of the photoreceptor outer segments (which depends on their intact structure and waveguide 

properties) for visualization, non-confocal split-detector AOSLO resolves cone inner segment 

independent of reflectivity/waveguiding. Hence, split detector AOSLO can show cones 

without time and morphology dependent reflectivity changes. However, it is unable to resolve 

rods.143 

AO-OCT provides excellent axial and transverse resolution (approximately 2 µm in 

both directions). However, a high-speed A-scan rate (at least 360 kHz) is required to scan a 

small area of the retina (approximately 1° × 1°) in one second.144 Hence, the volume data 

acquisition time is too long, which may reduce image quality due to eye movements.145 

Another drawback of AO-OCT is its inability to detect fluorescent signals.146 
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Using the commercial device (rtx1) and software (AODetect) and manual correction 

by two independent graders, the intrasession repeatability and intersession reproducibility of 

all cone parameters were excellent in normal population. Additionally, the inter-operator and 

intergrader ICC was greater than 95% for cone density and spacing.147 Another study showed 

decreasing intergrader variability with increasing retinal eccentricity (ranging from 4.6% at 

2° to 2.5% at 6°). The AODetect underestimated cone density at a mean of 6% compared to 

manual corrected, which was greater (around 10%) closer to the fovea.148 Compared to 

manual counting using ImageJ, there was good intrasession repeatability and 8.7% 

overestimation by AODetect 149 Inter-observer variability of manually corrected automatic 

cone counting was 1.4±3.5% and 0.4±5.1% (mean±SD) at 2° and 5°, respectively.150 A non-

significant short-term and inter-ocular difference in cone density has been reported in normal 

subjects and Inter-observer agreement was 0.57.151 Cone density might show higher inter-

individual and intra-individual eccentricity dependent variability compared to spacing and 

hexagonality, Hence, a combination of these parameters is preferable to report the AO 

images.152 Using rtx1 and AODetect in normal eyes, the average RC of cone density at 3° 

eccentricity was 10.3% for a sample size of 100 µm  × 100 µm, which was better than 50 µm 

× 50 µm and 250 µm × 250 µm samples.153 Hence, sampling size and orientation play an 

important role in interpreting AO images and should be standardized.154 In a study on patients 

with resolved central serous chorioretinopathy, cone density was remarkably decreased 

compared to normal eyes, but it increased significantly 12 months after resolution.155 In 

another study, authors reported regeneration of cone cells 12 months after successful retinal 

detachment repair (scleral buckling) using rtx1 AO camera. The intragrader and intergrader 

ICC were 0.93 and 0.89, respectively.156 However, none of these longitudinal studies 

considered short-term variability and strategies for cone matching. 

In contrast to FIO, currently there is no commercially available AO device or software 

using SLO technology. Using a custom-built AOSLO device and cone detection software, the 

inter-observer ICCs for cone density and hexagonal Voronoi domain was 0.955 and 0.811 for 

normal eyes (N = 12) and 0.0980 and 0.697 for eyes with RP (N = 14), respectively.157 Short-

term intervisit difference of cone spacing using cAOSLO was less than 0.01 in two patients 

with IRD. However, these data were not sufficient for statistical analysis.158 Tanna and 

colleagues investigated the reliability (the ratio of variance attributed to image to the total 

variance) and repeatability (the ratio of variance attributed to both subject and grader to the 

total variance) of confocal and split-detector AOSLO modalities in measurement of cone 
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density in patients with Stargardt disease and RPGR-associated retinopathy. The 

reliability/repeatability for confocal and split-detector AOSLO was 67.9%/71.2% and 

95.9%/97.3%, respectively for Stargardt disease, and 22.1%/63.2% and 88.5%/94.5%, 

respectively, for RPGR-associated RP.159 The reliability of both modalities, especially 

cAOSLO, decreases with increasing eccentricity, probably due to presence of rods.160 In 

another study focused on cAOSLO derived cone spacing, ICC for interobserver agreement 

was 0.838 and 0.892 in normal and affected eyes, respectively. The ICC for inter-visit 

correlation was greater than 0.869 in both groups.161 In addition, cone density was highly 

correlated between two different AOSLO devices (average inter-instrument ICC was 0.931–

0.975).162  

Gale and colleagues reported AO-FIO findings in 39 patients with RP using rtx1 

camera and described four stages of cones.163 Imaging could be successfully done in 75% of 

RP patients with VA ≥ 20/200. Cataract, corneal scarring, media opacity, poor fixation and 

severely degenerated outer retina were associated with unsuccessful imaging. They observed 

a normal cone mosaic (healthy cones) in areas with normal EZ band and internal to the SW-

AF HAR. At wider eccentricities with loss of EZ band and thinned ONL on SD-OCT, 

hyporeflective blurred cones (stressed/dying cones) were noted on AO imaging. With 

increasing eccentricity, a mixture of hypo and hyperreflective spots with irregular spacing 

(photoreceptor cellular debris) was observed along with further thinning of the ONL. In areas 

of complete ONL loss, there were sparse hyporeflective spots and no visible cones (RPE 

pigmentation).163 Using the rtx1 camera, a significant decrease in foveal cone density has 

been reported in two patients with RP.164 Examples of cone mosaic in a healthy eye and 

patients with RP are shown in Figure 1.11. 
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Figure 1.11. Automated 
detection of cones (red dots) 
with manual adjustment (green 
dots) shows normal cone mosaic 
with eccentricity-dependent 
decline in cone density and 
increase in cone spacing (top 
row). Patients may reveal mild 
perifoveal mosaic alteration 
(second row), parafoveal and 
perifoveal alteration (third row), 
severe parafoveal and perifoveal 
alteration (bottom row), and 
complete loss of cones in 
advanced stages (not shown 
here). 

 

 

 

 

 

 

Using cAOSLO in patients with RP, many authors reported significant loss of cones 

in the central retina in locations with normal ONL, EZ and FAF.165,166 Cone spacing was 

significantly increased in IRD patients and was correlated with visual acuity, foveal 

sensitivity and mfERG.158 In another study on RP patients with preserved central vision, 

cAOSLO imaging showed only one out of 14 eyes with normal cone mosaic, while 10 eyes 

had irregular mosaic with large dark patches. Cone density and percent of hexagonal Voronoi 

domain was significantly different with normal eyes. Reduced cone density was correlated 

with thinner ONL and photoreceptor layers.157 cAOSLO in locations with normal EZ and 

interdigitating zone showed significant decrease of cone density in patients with Usher 

syndrome compared with patients with RP.167 Longitudinal study on three patients (2 RP and 

1 Usher) showed significant decline in cone density (9.1% per year) in sham-treated eyes 

compared with eyes treated with ciliary neurotrophic factor (CNTF). Similar changes were 

observed in OCT but not visual acuity, visual field, and ERG.168  
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A major drawback of the adaptive optics flood-illuminated ophthalmoscopy (AO-

FIO) is that light scattered from adjacent structures may reduce the contrast of the image. In 

addition, although the theoretical resolution of AO-FIO is 1.5 µm, the resolution is not high 

enough to visualize small cones located within the central 2° of the fovea as well as rod 

photoreceptors. The usefulness of AO-FIO is generally limited to eccentricities between 2° to 

5°.141 In confocal AOSLO (cAOSLO), small regions (approximately 1.5°) of the retina are 

illuminated at each time and backscattered lights are detected at the same plane as the 

illumination. Hence, cAOSLO produces images with higher contrast compared with AO-FIO 

and permits visualization of rods and foveal cones. However, due to the small scanning field, 

a larger number of scans are required to obtain a cone mosaic that makes the test time 

consuming and creating montages more challenging.139 Another challenge with interpreting 

AO images is definition and detection of cones. Even in normal eyes, cone counting may not 

be possible in nearly 50% of samples due to inadequate image quality. Custom-developed 

software showed a range of 11% undercounting to 14% over counting compared to manual 

correction.169 Furthermore, it might be affected by sampling method and montaging.169,170 In 

addition, photoreceptor degeneration and subsequent retinal remodelling in RP makes cone 

detection more challenging.163 On the other hand, although it has been shown that the 

interdigitating zone contributes substantially to cone reflectance 171, there is no histologic 

confirmation of the origin of the reflecting bodies in AO images. Finally, the quality of AO 

images is highly vulnerable to cataract, CMO and fixation instability that are common in 

patents with RP. 

1.3.2. Optical Coherence Tomography Angiography 

Optical coherence tomography angiography (OCT-A) is a non-invasive tool for quantitative 

assessment of retinal vasculature and blood flow. Recent studies on patients with RP showed 

decreased perfusion of the optic nerve head and the macula even in patients with normal 

visual acuity and the flow density was correlated with functional and structural parameters.172-

176 In a retrospective longitudinal study (mean follow-up 1.3 years), perfusion density at 

superficial capillary plexus (SCP) was strongly correlated with EZ line while the foveal 

avascular zone (FAZ) area at deep capillary plexus (DCT) was strongly correlated with visual 

acuity.173 Although OCT-A is a promising tool for monitoring disease progression in 

RP173,177, further studies are required to assess its variability and reliability. 
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1.3.3. Fluorescence Lifetime Imaging Ophthalmoscopy 

In contrast to conventional AF that measures the intensity of autofluorescence, fluorescence 

lifetime imaging ophthalmoscopy (FLIO) provides additional information regarding the 

decay time of the emitted autofluorescence and is largely independent of fluorophore 

concentration.178,179 Using a modified cSLO device (HRA2, Heidelberg Engineering, 

Heidelberg, Germany) and software (HEYEX, Heidelberg Engineering, Heidelberg, 

Germany) and an integrated lifetime calculation software (SPCImage, Becker&Hickl, Berlin, 

Germany), patterns of autofluorescence lifetime of both short and long spectral channels (also 

called short component and long component, respectively) in normal individuals and a range 

of retinal disorders have been described.178 In patients with RP, fluorescence lifetime was 

prolonged in areas of photoreceptor atrophy with preserved RPE. In addition, in areas with 

atrophy of both photoreceptors and RPE, it was even longer. Of more interest, in the central 

fovea with preserved EZ, the fluorescence lifetime was slightly (but statistically significantly) 

longer than the aged-matched healthy controls. The central fluorescence lifetime was 

negatively correlated with visual acuity and EZ span.180 Like conventional AF, ring-shaped 

patterns may be observed in FLIO in the central macula with preserved retinal structure and 

function.180,181 This ring-shaped pattern may show variations that indicate underlying genetic 

diagnosis.181 Whether FLIO is a helpful tool for monitoring RP progression remains to be 

determined in longitudinal studies. 

1.3.4. Omnifield Resolution Perimetry 

Omnifield resolution automated perimetry (ORP, Sinclair Technologies, Media, PA) uses 

Landolt C to measure logarithm of minimum angle of resolution (logMAR) best-corrected 

visual acuity (BCVA) at fixation as well as various locations throughout the central 20° of the 

visual field. An interactive algorithm is applied to adjust the size of the Landolt C to 

determine the threshold of the letter size below which the patient can no longer correctly 

respond. Digital reporting includes the central acuity; the BA6 (the best BCVA at any 

intercept within 6° of fixation); the global macular acuity (GMA, or the average acuity from 

all intercepts weighted inversely from fixation), and the visual area (the area under the curve 

plotting thresholded BCVA versus intercept area), giving the area of various levels of 

measurable BCVA.182 Although this device has been approved by United States’ FDA and 

used in a trial on patients with RP, there are limited data on its reliability and repeatability in 

the literature.  
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1.3.5. Silent Substitution Stimulation 

Silent substitution stimulation (SSS) is a technique to stimulate a subtype of photoreceptors 

without changing the stimulation of other subtypes (i.e., silent photoreceptors). The SSS 

technique has been applied to both electrophysiological and psychophysical studies for 

differential measurement of rods, three classes of cones and intrinsically photosensitive 

ganglion cells (ipGCs).183,184 A fundus-controlled silent substitution technique has been 

described for monitoring the location of the stimulation.185 Even though SSS has been used 

for assessing rod and cone functions differentially along with elimination of prolonged 

adaptation186, it is limited by overlapping measurements and a lack of standardization as well 

as variability and reliability studies. 

1.3.6. Retinal Oximetry 

Retinal oximetry is a non-invasive method of measuring oxygen concentration in retinal 

arterioles and venules. Retinal vessel oxygen concentration can be estimated using the ratio 

of oxy- and deoxyhemoglobin (optical density ratio; ODR), which is an indirect measure of 

oxygen concentration.187 Retinal images at two wavelengths are captured simultaneously 

either by a modified fundus camera (Oxymap T1 oximeter, Oxymap ehf., Reykjavik, Iceland 

and Imedos, Jena, Germany), SLO (Optomap 200Tx, Optos plc., Dunfermline, Scotland, UK) 

or a cAOSLO system (non-commercial).188-190 Retinal vessel oxygen saturation has been 

implicated in several ocular diseases including RP.191 Retinal oximetry showed increased 

oxygen saturation and decreased vessel diameter in patients with RP compared with healthy 

controls, probably secondary to retinal atrophy and decreased metabolism.192 These changes 

may be correlated with retinal structure and function. Hence, retinal oximetry may serve as a 

reliable marker of disease duration and severity in RP.193-196 In addition, RP patients with 

clinical macular oedema had significantly higher oxygen saturation levels and lower vessel 

calibre compared with patients without macular oedema. Based on these findings, the authors 

suggested that the presence of macular oedema indicates the severity of metabolic 

dysfunction in patients with RP.197 However, most studies to date have been cross-sectional, 

and prospective longitudinal studies are required to validate the clinical use of retinal 

oximetry.191 
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1.4. Aims and objectives 

1.4.1. Utilizing adaptive optics imaging in retinitis pigmentosa 

Introduction of AO in clinical ophthalmology facilitated photoreceptor imaging in living 

human retinae. Although evaluation of photoreceptor mosaic by AO retinal camera can 

provide a sensitive measure for structural RP progression, it’s use in current clinical trials is 

limited by multiple factors. AO cameras have limited application in the presence of cataract 

and macular oedema, which are quite common findings in patients with RP. In addition, 

although commercial camera and software are available, there is no standard protocol for 

imaging and image analysis in these patients. Furthermore, there are limited data on 

variability and longitudinal changes of cone metrics in RP using different devices. Another 

limitation is the lack of a standard definition for disease-related abnormality versus poor 

image quality. Differentiation between these two entities may be challenging even for 

experienced graders. Despite the aforementioned limitations, AO imaging is gaining 

popularity as a structural endpoint in RP clinical trials. However, imaging protocols and 

image analysis methods remain to be standardized. 

 The camera used in the present study is a flood-illumination ophthalmoscope that is 

the only commercially available AO retinal camera. Using commercial camera and software 

makes it possible to compare results obtained from different centres and standardize imaging 

and image analysis protocols for clinical trials. In this project, four aspects of utilizing AO 

imaging in RP were investigated:  

1) Role of foveal centre determination methods in accurate localization of retinal 
eccentricities and cone metric analysis in healthy eyes and eyes with RCD. (Chapter 2) 

2) Variability of cone metrics measured on overlapping image frames taken in the same 
session in healthy eyes and eyes with RCD. (Chapter 3) 

3) Longitudinal changes of cone metrics compared with a state-of-the-art structural 
endpoint (SD-OCT residual EZ span) in patients with RCD. (Chapter 3) 

4) Cone mosaic features of patients with different types of RP and X-linked female carriers. 
(Chapters 6 and 7, other co-authored papers) 
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1.4.2. Exploration of genotype-phenotype correlations and genotype-specific trial 

endpoints  

Unlike conventional tests such as ERG, Goldmann perimetry and SD-OCT that have been 

extensively investigated in patients with RP, there are limited studies using newer tests like 

microperimetry, AF and AO imaging in different forms of RP. Preliminary reports have 

proved usefulness of the new techniques as RP trial endpoints. However, such data are very 

limited and complementary investigations are required. For instance, there has been no 

previous report on microperimetry and AF endpoints in patients with PRPF31-associated RP 

(RP11) in the literature, which is one of the most common forms of ADRP. In addition, most 

of the previous studies that used microperimetry or AO imaging were either case reports or 

have recruited patients with mixed genetic diagnosis.  

The major criteria for selecting genes for this study included: 

1) Availability of a reasonable number of affected patients recruited in Western Australian 
Retinal Degeneration (WARD) cohort, and 

2) Prove of potential for gene therapy either theoretically or through laboratory and/or 
clinical evidence, and 

3) Unexplored phenotype spectrum or features using new techniques, or 

4) Lack of standard and validated genotype-specific trial endpoints 

Based on these criteria, three genes (each representing one of the major inheritance 

patterns) were selected: 

1) PRPF31: The most common form of ADRP in the WARD database, including a large 

Indigenous family with more than 12 affected members. Under investigation in laboratory for 

possible gene therapy. Very limited data on natural history of disease progression using SD-

OCT and no longitudinal AF and microperimetry report. 

2) CRB1: The second most common form of ARRP in the WARD database. Under 

investigation in laboratory for possible gene therapy. Unexplored phenotype spectrum using 

microperimetry and AO imaging. No standard SD-OCT trial endpoint. 

3) RPGR carrier status: The most common form of X-linked carrier status. More than 20 

confirmed XLRP carriers in the WARD database. Potential candidates for gene therapy as 

may develop progressive retinal dystrophy. Gene therapy for RPGR XLRP in affected males 

already under investigation in clinical trial. Phenotype has not been explored using 

microperimetry and AO imaging.    
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CHAPTER 2: STANDARDIZING ADAPTIVE OPTICS IMAGING 

This chapter has been adapted from a manuscript titled “Impact of Reference Centre Choice 

on Adaptive Optics Imaging Cone Mosaic Analysis”. The manuscript has been submitted to 

a peer-reviewed journal and reviewed by three reviewers. The revised version is included in 

the thesis. The list of authors is as follows: Danial Roshandel, Danuta M. Sampson, David 

A. Mackey, and Fred K Chen. 

* Presented orally at the 2nd International i2Eye Meeting (Online), October 13–15, 2021. 

* The text has undergone minor edits to maintain consistency with other chapters. 
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2.1. Abstract 

Purpose: Foveal centre marking is a key step in retinal image analysis. We investigated the 

discordance between the adaptive optics (AO) montage centre (AMC) and the foveal pit 

centre (FPC) and its implications for cone mosaic analysis using commercial flood-

illumination AO camera.  

Methods: Thirty eyes of 30 individuals (including 15 healthy and 15 patients with rod cone 

dystrophy) were included. Spectral-domain optical coherence tomography was used to 

determine the FPC, and flood-illumination AO imaging was performed with overlapping 

image frames to create an AO montage. AMC was determined through averaging the 0,0 

coordinates in the four paracentral overlapping AO image frames. Cone mosaic 

measurements at various retinal eccentricities were compared between corresponding retinal 

loci relative to AMC or FPC.  

Results: AMCs were located temporally to the FPCs in 14/15 eyes in both groups. There was 

a significant AMC-FPC discordance between the healthy and the diseased eyes (0.85° and 

0.33°, respectively; P < 0.05). The distance from AMC and FPC (in degrees) was a 

significant determinant of the cone density (β estimate = 218 cells/deg2/deg; 95% CI, 107–

330; P < 0.001) and inter-cone distance (β estimate = 0.28 arcmin/deg; 95% CI, 0.15–0.40; P 

< 0.001), after adjustment for age, sex, axial length, spherical equivalent, eccentricity, and 

disease status.  

Conclusions: There is a significant mismatch between AMC and FPC in healthy eyes which 

may be modified by disease process such as rod cone dystrophy. Further studies are 

warranted to determine the clinical significance of AMC-FPC discordance as a source of 

disagreement in cone mosaic analysis using AO imaging.  
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2.2. Introduction 

Accurate localization of the region of interest (ROI) is a crucial step in retinal image analysis. 

Foveal pit centre (FPC) as determined using optical coherence tomography (OCT) has been 

used widely as the reference point for assigning ROIs within the macula.198 However, most en 

face imaging modalities do not provide landmarks to allow precise localization of the FPC.  

In the healthy eye, it is often incorrectly assumed that the retinal locus used by the patient for 

staring at the internal fixation target to maintain eye stability during the test coincide with the 

FPC. It is well-recognized that there is intrinsic physiologic instability in the eye position, 

also known as fixational eye movement, during retinal imaging or microperimetry 

characterized by a series of slow drifts and corrective microsaccades.199 The region 

encompassing 95% of fixation points used during a fixation task has been quantified by the 

bivariate contour ellipse area (BCEA) and its centroid termed preferred retinal locus (PRL).200 

Given the greatest diameter of the BCEA used during microperimetry can vary from 0.6° to 

1.8° in healthy controls across different age groups201, it is not surprising that there is a 

potential for significant disparity between the PRL and FPC.202 Hence, relying on the PRL 

during retinal imaging instead of the FPC for defining retinal eccentricity may result in 

inaccurate measurement at specific ROI. 

AO imaging is a powerful tool for studying photoreceptor packing and distribution in 

human retina. Cone density and spacing derived from AO scanning laser ophthalmoscope 

(AOSLO)203 and flood-illumination ophthalmoscope (AO FIO)148 are comparable to 

histologic findings.148 Distance from the FPC has been the strongest determinant of cone 

density and spacing in normal eyes.152 In addition, cones were more densely packed along the 

horizontal meridian compared to the vertical meridian.148 Definitions used to define the foveal 

centre include the fixation point169,204, the location of peak cone density205, the centre of the 

iso-density ellipse (the ellipse that connects locations with the same cone density)148,206 and 

anatomical centre of the foveal pit.170 AO cameras (including the rtx1, Imagine Eyes, Orsay, 

France) often select the first retinal fixation locus used during an AO imaging session as the 

reference coordinate (x,y) of (0,0) for assigning retinal eccentricity within the single image 

frame. We recently demonstrated that foveal centre determined by co-registration between 

spectral-domain optical coherence tomography (SD-OCT) B-scan and infrared (IR) fundus 

image may not coincide with the (0,0) locus of the AO image frame acquired on the 

rtx1device in healthy individuals.207 This disparity may result in inaccurate and inconsistent 

localization of the ROI and cone mosaic measurements using the coordinates provided by the 
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device. Given clinical trials (www.ClinicalTrials.gov) are already using AO imaging for 

studying the natural history of cone photoreceptors degeneration such as rod cone dystrophy 

(e.g. NCT03349242, NCT00254605, and NCT01866371), there is an unmet clinical need to 

examine the disparity in location between the FPC and the AO montage centre (AMC) and its 

impact on AO image analysis.  

In this study, we analysed the discordance between the AMC and the FPC in healthy 

eyes and eyes with rod cone dystrophy (RCD) and its impact on cone mosaic analysis using a 

commercial AO FIO retinal camera and its integrated analysis software.  

  

2.3. Methods 

2.3.1. Participants 

Anonymized images from healthy subjects and patients with RCD were selected from 

participants enrolled into two prospective studies: the Distortion Scotoma Assessment (DSA) 

study and the Western Australian Retinal Degeneration (WARD) study. The study protocols 

for both studies were approved by the Human Ethics Committee of the Office of Research 

Enterprise, The University of Western Australia (RA/4/1/7226, RA/4/1/7916, 

2021/ET000151, and 2021/ET000895) and adhered to the tenets of the Declaration of 

Helsinki. Informed written consent was obtained from all participants.  

Subjects from the DSA and WARD studies with AO images were included if they 

were age 18 years or older and had stable foveal fixation. Patients with best-corrected visual 

acuity (BCVA) equal to or better than 20/40 and clinical and electrophysiological diagnosis 

of RCD were enrolled. Inclusion criteria for healthy subjects were normal ocular examination 

and no history of ocular disease. Exclusion criteria for both groups were history of ocular 

surgery, significant cataract or other media opacity, nystagmus, significant cystoid macular 

oedema or epiretinal membrane, and history of using systemic medications with known 

photoreceptor toxicity. Ocular health and diagnosis of RCD were confirmed by an 

experienced inherited retinal disease specialist (author F.K.C.). 

2.3.2. Clinical evaluations and imaging protocols 

All subjects underwent complete ophthalmic examination including BCVA, slit lamp bio-

microscopy with Goldmann applanation tonometry (Haag-Streit AG, Koeniz, Switzerland) 

and dilated fundus examination. Autorefraction (Ark1, Auto Ref/ Keratometer; Nidek, 

http://www.clinicaltrials.gov/
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Gamagori, Japan) and optical biometry (IOL Master; Carl Zeiss Meditec, Inc., Dublin, CA, 

United States) were performed to measure the spherical equivalent (SE) and the axial length 

(AL), respectively.  

Microperimetry (MAcular Integrity Assessment; MAIA, CenterVue, Padova, Italy) 

was performed using 4-2 staircase strategy and 10-2 grid pattern. The test was performed 

with pupils fully dilated, after the patient accustomed to the darkness of the testing room for 5 

minutes and before retinal imaging were performed. Mean sensitivity and fixation parameters 

including the BCEA 63% and BCEA 95%, P1 and P2 were recorded. P1 and P2 represent the 

percentage of fixation points that fall within the central 1° and 2°, respectively. Fixation was 

considered stable if P1 > 75% and relatively stable if P1 < 75% and P2 > 75%.  

For SD-OCT (Spectralis, Heidelberg Engineering, Heidelberg, Germany), patients 

were instructed to fixate on the internal fixation target whilst foveal-centred macular volume 

scans (30° × 25° scan field, 61 horizontal B-scans separated by 130 µm, equivalent to 

approximately 0.4°) were taken. The residual ellipsoid zone span and area of the 

hyperautofluorescent ring in RCD patients were measured using HEYEX software (version 

1.9.14.0, Heidelberg Engineering, Heidelberg, Germany) as described before.11 Briefly, the 

ellipsoid zone span was measured on foveal B-scan as the distance between the nasal and 

temporal endings of the ellipsoid zone. Outer border of the hyperautofluorescent ring was 

demarcated and its area was reported.  

AO imaging (rtx1; Imagine Eyes, Orsay, France) was performed with pupil dilation, 

under dim light condition and without dark adaptation. The photoreceptor module of 

manufacturer software (AO Image version 3.0) was used for image acquisition. The focus 

plane was set to +40 µm to +100 µm (corresponding to 40–100 µm above the retinal pigment 

epithelium; RPE). Subjects were instructed to fixate on the internal cross hair fixation target 

and the fixation was monitored by the operator using the live pupil centration view provided 

in the software (Figure 2.1). Alignment between the fixation target and the camera indicator 

was confirmed by experienced observers throughout the experiment. In each acquisition, 40 

images were captured during 4 seconds (10 frames per second) which were aligned and 

averaged using the internal software to increase the signal-to-noise ratio. Twelve 4°×4° image 

frames with a 2°×4° region overlap with the adjacent frame, covering the central 5°, were 

taken from each eye. The fixation coordinates (x,y) for the 12 image frames were as follows: 

1N,+1; 1N,-1; 1T,+1; 1T,-1; 3N,+1; 3N,-1; 3T,+1; 3T-1; 1N,+3; 1N,-3; 1T,+3; 1T,-3, where 
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N is nasal and T is temporal for the x-axis or the horizontal coordinate. Individual AO images 

were stitched and merged using the MosaicJ plugin for ImageJ (Laboratory for Optical and 

Computational Instrumentation, Madison, WI, USA) to create a widefield montage. 

Figure 2.1. User interface of the AO image software version 3.0. The white arrow shows the 
corneal light reflex that is used as a reference for the centration and monitoring of the 
fixation target (green cross; yellow arrow). The red arrows show the coordinates of the 
image frame centre (red dot). The cyan arrow shows the focus plane. 
 

2.3.3. Assigning AO montage centre and foveal pit centre 

To determine the AMC, first the (0,0) coordinate of each image frame was identified and 

marked (as a square box) by the onboard software in the four central AO images that 

incorporated the foveal centre in the image frame (Figure 2.2A–D). These four central image 

frames were inspected, and the eye was excluded if there was a notable (> 0.2°) disparity in 

the (0,0) locus between any of the four image frames after alignment and superimposition 

using Adobe Photoshop CC 2015 (Adobe Systems, Inc., San Jose, CA, USA). The centre of 

the four (0,0) markings was found on the AO montage and the horizontal and vertical average 

position of these four loci was assigned as the AMC (Figure 2.2E).  
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Figure 2.2. Location of the 0,0 coordinate was marked on four overlapping paracentral 
image frames by the AODetect software (A–D). The image frames were superimposed (E) 
and the average centre of the four markings was assigned as the AO montage centre or 
AMC (E, white triangle). 

 

To locate the FPC, the fovea-centred SD-OCT B-scan and the accompanying IR 

image was used for marking the FPC centre along the vertical meridian (Figure 2.3A). 

Horizontal foveal centre was defined as the centre of the retinal region without inner retinal 

layers (Figure 2.3B) and the central point was found and marked on the IR fundus image 

using the manufacturer software (HEYEX version 1.9.14.0, Heidelberg Engineering, 

Heidelberg, Germany). 
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Figure 2.3. Foveal pit centre 
was localized and marked on 
the co-registered retinal 
infrared image and 
horizontal foveal B-scan. (A) 
The fovea-centred B-scan 
(green horizontal line) was 
used to determine the 
vertical centre. (B) The inner 
retinal-free area (delineated 
by the vertical yellow lines) 
was divided into two equal 
parts (white lines) and its 
centre (vertical orange line) 
was used to determine the 
horizontal centre. The 
intersection between the 
vertical and the horizontal 
central lines was marked as 
the foveal pit centre on the 
en face image (white dot in 
panel A). 
 

 

 

The AO montage with marked AMC was superimposed on the FPC-marked IR image 

by matching the large vessels using Adobe Photoshop. The FPC was marked on the AO 

montage which already had the AMC marked (Figure 2.4). Alignments were confirmed by a 

senior author (FKC) who was masked to the diagnoses, and adjusted if required. It has been 

shown that montage creation does not affect the coordinates of the image frame centre (less 

than 4% displacement)206 and cone density is comparable using montage-derived and gaze-

directed coordinates.170 The distance between the AMC and the FPC on the x and y axes was 

measured in pixels and converted to angular units adjusted to axial length (Figure 2.4).  
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Figure 2.4. The AO montage with marked AO montage centre (pink) was superimposed on 
the foveal pit centre-marked (yellow) infrared retinal image. Horizontal and vertical 
distances between the AO montage centre and the foveal pit centre were measured and 
reported. 
 

 

To examine the disparity between the AMC and the PRL derived from MAIA 10-2 

microperimetry, MAIA fundus sensitivity maps were superimposed on the AMC marked AO 

montage in selected participants (N = 5) to illustrate the relationships between the AMC, PRL 

and FPC.  
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2.3.4. Cone mosaic analysis 

Commercial software (AODetect version 3.0, Imagine Eyes, Orsay, France) was used for 

cone detection, segmentation and packing analysis. Analyses were performed at 2° and 4° 

eccentricities in four directions (i.e., nasal, superior, temporal, and inferior), relative to both 

AMC and FPC separately (Figure 2.5).  

Figure 2.4. AO montage centre (blue dot) and foveal pit centre (red dot) were used to 
localize corresponding regions of interest (squares) along the four retinal meridians. 
 

The total number of images obtained at 2° and 4° locations were 4 and 2 images, 

respectively. Image quality was assessed by the author D.R. based on clarity of cone mosaic. 

ROIs with a clearly visible cone mosaic were included in the final image analysis and those 

with missing cone mosaic within any portion of the ROI were excluded. Cones were marked 

automatically in an 80 × 80 µm window and adjusted manually by an experienced AO grader 

(author D.R.). Cone mosaic parameters including cone density and inter-cone distance were 

calculated and reported in linear (cells/mm2 and µm, respectively) and angular (cells/deg2 and 

arcmin, respectively) units (Figure 2.6).  
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Figure 2.6. (A) Printout of the AODetect software version 3.0 showing the results of the 
analyses performed on the region of interest (ROI) on 4 overlapping image frames covering 
the ROI (marked as Image frame 1-4). Cones were marked either automatically (red) or 
manually (green) (B) and segmentation was performed by the software (C). Cone mosaic 
parameters (including cone density) in the 4 image frames are reported in angular (D) and 
linear (E) units. Panels B-E show the enlarged view and results of the Image frame 1 in panel 
A. For each ROI, the results obtained from the image frame with the best image quality (i.e., 
highest cone density value) was included in the final statistical analysis. 
 

For each ROI, the sampling window was placed at closest location that was free from 

large vessels. If the ROI was captured by two or more overlapping image frames, the image 

frame with the highest image quality (as determined by the author D.R.) was selected and all 

measurements were performed on the same image frame. The angular and linear cone density 

and inter-cone distance values were recorded and used for subsequent statistical analyses.  
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2.3.5. Statistical analysis 

Data were recorded in Statistical Package for the Social Sciences (SPSS) version 23 

(SPSS/IBM, Inc., Chicago, IL, USA) and appropriate statistics applied after testing for 

normality. Visual acuities were converted to logarithm of minimum angle of resolution 

(logMAR) units. Only right eye data were used for statistical analysis. Shapiro-Wilk test for 

normality showed non-normal distribution of all variables. Hence, nonparametric tests were 

used for analysing mean differences between independent and related samples. Specifically, 

the Mann-Whitney U test was used to compare mean baseline characteristics and foveal 

discordance between the control and patient groups and the Wilcoxon Signed-Rank test was 

used to compare mean cone density and inter-cone distance between meridians and 

eccentricities using AMC versus FPC in the same eyes. In addition, general linear model 

multiple regression analysis was performed to assess the contribution of different factors to 

the AMC-FPC discordance and cone mosaic measurements. A p-value less than 0.05 were 

considered statistically significant with Bonferroni adjustment for multiple statistical 

comparisons. 
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2.4. Results 

Thirty subjects (16 females) were enrolled, including 15 healthy controls and 15 patients with 

RCD (Table 2.1).  

Table 2.1. Clinical characteristics of patients with rod cone dystrophy. 

ID Onset age  

(y) 

Inheritance Genotype HAR area  

(mm2) 

EZ span  

(µm) 

16 14a Simplex USH2A 7.57 3135 

17 AS AD PRPF31 NM ND 

18 AS AD RHO - ND 

19 ECa Simplex Inconclusive 9.58 3895 

20 22a Simplex - 2.80 1707 

21 16a AR USH2A 6.14 2872 

22 25a AD RP9 NM ND 

23 12a Simplex - 3.70 1912 

24 10a AD HK1 2.30 1583 

25 24a AR USH2A 7.16 3254 

26 34b Simplex Inconclusive 4.55 2022 

27 38c Simplex HGSNAT 7.81 3025 

28 25a Simplex ARHGEF18 5.95 2839 

29 20a AR - 1.31 1200 

30 AS AD RP1 NM 6608 
aNyctalopia bDecreased vision cVisual field constriction 
AS = asymptomatic; AD = autosomal dominant; AR = autosomal recessive; EC = early 
childhood; EZ = ellipsoid zone; HAR = hyperautofluorescent ring; ND = no defect; NM = not 
measurable due to poorly defined borders; WT = wild-type. 
 

The mean (SD, range) age was 43 (16, 18–65) years. There was no significant 

difference in the mean fixation parameters between the patient and control groups. Mean 

BCVA and mean sensitivity were significantly higher in the control group compared with the 

patient group (Table 2.2). Ellipsoid zone defect and hyperautofluorescent ring were detected 

in 12 and 11 RCD patients, respectively. The mean (SD, range) of residual ellipsoid zone 

span and hyperautofluorescent ring area in the patient group were 2838 (1436, 1200–6608) 

µm and 5.4 (2.6, 1.3–9.6) mm2, respectively. 
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Table 2.2. Demographic and clinical characteristics of participants. 

Group ID Sex 
Age 

(y) 

SE 

(D) 

AL 

(mm) 

BCEA (deg2) 

63% ; 95% 

P1 ; P2 

(%) 

MS 

(dB) 

BCVA 

(logMAR) 

H
ea

lt
h

y
 

1 M 21 -4.75 25.4 0.3 ; 1.0 99 ; 100 30.0 -0.08 

2 M 22 0.0 23.75 0.1 ; 0.3 100 ; 100 29.1 -0.02 

3 F 25 -3.25 24.88 3.4 ; 10.1 82 ; 94 25.1 0.06 

4 M 29 -0.50 23.40 0.4 ; 1.2 98 ; 100 26.1 -0.18 

5 M 44 0.125 25.01 0.8 ; 2.3 94 ; 98 29.2 -0.20 

6 M 52 -0.125 23.99 1.0 ; 2.9 93 ; 99 26.0 -0.20 

7 F 53 1.25 23.95 1.0 ; 2.9 93 ; 100 28.8 -0.16 

8 F 54 0.0 24.45 1.7 ; 5.2 86 ; 98 28.6 -0.16 

9 F 54 0.50 24.80 1.3 ; 4.0 91 ; 97 24.5 -0.02 

10 M 58 0.875 23.63 0.4 ; 1.2 99 ; 100 26.1 -0.10 

11 M 58 -3.25 23.99 0.4 ; 1.2 99 ; 100 28.5 -0.06 

12 F 62 -1.375 23.83 2.7 ; 8.0 79 ; 95 27.3 -0.08 

13 F 62 0.75 23.16 0.3 ; 0.8 99 ; 100 28.8 -0.20 

14 F 64 -0.25 23.08 2.9 ; 8.8 77 ; 94 24.6 -0.10 

15 F 65 2.00 23.09 0.6 ; 1.7 97 ; 100 29.3 -0.18 

Mean 

(SD) 

48 

(16) 

-0.53 

(1.87) 

24.03 

(0.73) 

1.2 ; 3.4 

(1.2 ; 3.2) 

92 ; 98 

(8; 2) 

27.5 

(1.9) 

-0.12 

(0.08) 

D
is

e
a
se

 

16 M 18 0.25 23.48 0.6 ; 1.9 96 ; 99 11.8 0.00 

17 M 19 3.25 22.54 2.8 ; 8.3 80 ; 94 29.8 0.04 

18 M 21 -1.25 24.33 0.5 ; 1.4 98 ; 100 26.1 0.12 

19 M 24 -0.50 23.80 0.7 ; 2.0 97 ; 99 12.4 0.32 

20 M 24 -1.50 23.57 0.6 ; 1.9 96 ; 100 2.3 0.20 

21 M 30 -2.25 23.45 0.1 ; 0.3 100 ; 100 7.0 -0.02 

22 F 37 -0.25 22.31 0.2 ; 0.6 100 ; 100 23.5 -0.08 

23 F 38 -0.50 22.85 2.3 ; 6.9 89; 96 15.5 0.00 

24 F 40 -0.75 22.56 6.7 ; 20.2 74 ; 89 NA 0.10 

25 M 40 1.00 22.50 0.7 ; 2.1 98 ; 100 12.4 0.02 

26 F 43 -8.25 27.71 0.4 ; 1.1 100 ; 100 13.8 -0.06 

27 F 47 0.75 22.46 0.2 ; 0.6 99 ; 100 16.2 0.02 

28 F 56 -0.50 23.80 2.1 ; 6.3 85 ; 96 13.6 0.00 

29 F 57 3.00 21.84 19.5 ; 58.5 4 ; 75 0.6 0.10 

30 F 62 1.75 22.68 0.3 ; 0.9 99 ; 100 25.7 -0.02 

Mean 

(SD) 

37* 

(14) 

-0.38 

(2.68) 

23.32* 

(1.40) 

2.5 ; 7.5 

(5.0 ; 15.0) 

88; 99 

(25; 7) 

15.1* 

(8.7) 

0.05* 

(0.10) 

AL = axial length; BCEA 63% and 95% = the area of the bivariate contour ellipse 
encompassing 63% and 95% of the fixation points; BCVA = best-corrected visual acuity; deg 
= degree; logMAR = logarithm of minimum angle of resolution; MS = mean sensitivity; P1 

and P2 = percentage of fixation points within central 1° and 2°, respectively; SD = standard 

deviation; SE = spherical equivalent. *Significant compared with control group, P < 0.05. 
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2.4.1. Discordance between the AO montage centre and the foveal pit centre 

None of the imaged eyes showed > 0.2° disparity in the (0,0) coordinate between the four 

central image frames. AMC was located temporal to the FPC in 14/15 cases in both groups 

(Table 2.3). The mean (SD, range) of horizontal disparity between the AMC and the FPC in 

the control and patient groups were 0.85° (0.58°, 0° to 1.54°) and 0.33° (0.30°, 0.34° to 

1.09°), respectively (0.03). The temporal displacement of the AMC was greater than 1.0° in 

8/15 controls and only 1/15 patients (Table 2.3 and Figure 2.7).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.7. Location of the AO montage centres in relation to the foveal pit centre (white 
dot) in healthy subjects (orange) and RCD patients (green). Note the temporal deviation of 
the AO montage centre which is more prominent in healthy subjects. 
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Table 2.3. Misalignment between AO montage centre and foveal pit centre. 
Group ID X-axis* (deg) Y-axis* (deg) Distance† (deg) Rotation‡ (deg) 

H
ea

lt
h

y
 

1 -1.16 0.00 1.16 0.33 

2 -1.39 0.12 1.41 0.13 

3 -1.51 0.02 1.51 0.90 

4 -0.39 -0.14 0.41 1.37 

5 -0.11 0.09 0.12 0.68 

6 -1.54 0.19 1.57 -1.28 

7 -1.21 -0.10 1.22 -0.30 

8 -1.38 0.18 1.42 0.70 

9 0.00 0.58 0.34 -0.50 

10 -0.19 0.86 0.93 1.10 

11 -0.47 .032 0.57 -0.50 

12 -0.25 0.12 0.26 1.97 

13 -1.43 0.01 1.43 -0.40 

14 -0.54 -0.90 1.35 2.35 

15 -1.25 -0.01 1.25 0.00 

Mean (SD) -0.85 (0.58) 0.09 (0.38) 1.00 (0.51) 0.44 (1.00) 

D
is

e
a
se

 

16 -0.46 -0.01 0.46 0.30 

17 -0.37 0.45 0.57 1.20 

18 -0.26 -0.18 0.30 -0.37 

19 -0.58 0.01 0.58 0.55 

20 -0.21 0.78 0.82 -0.96 

21 -1.09 0.23 1.00 0.30 

22 0.34 -0.15 0.37 0.17 

23 -0.25 0.41 0.42 0.41 

24 -0.41 0.51 0.67 -4.10 

25 -0.31 -0.02 0.31 -1.38 

26 -0.21 0.32 0.31 1.88 

27 -0.52 0.28 0.60 2.36 

28 -0.27 0.14 0.29 0.00 

29 -0.19 0.20 0.23 1.30 

30 -0.17 -0.01 0.17 0.92 

Mean (SD) -0.33** (0.30) 0.20 (0.27) 0.48** (0.26) 0.17 (1.54) 

*Negative values indicate temporal (X-axis) and inferior (Y-axis) displacement of the AO 
montage centre (AMC). †Absolute distance between the AMC and the FPC. ‡Rotation of the 
AO montage in relation to the infrared fundus image. Negative values indicate counter 
clockwise rotation and vice versa. deg = degree; SD = standard deviation. **Significant 
compared with control group, P < 0.05. 
 
 

 

 

 

 

 

 

 

 



 

46 

 

Using multivariate regression analysis, disease status (healthy versus disease) was the 

only factor that significantly contributed to the horizontal AMC-FPC disparity (β estimate = 

0.98°; 95% CI, 0.20–1.76; P = 0.017) and overall AMC-FPC disparity (β estimate = 1.00°; 

95% CI, 0.30–1.70; P = 0.008). There was no significant relationship between the other 

factors such as age, sex, AL, SE, BCVA, mean sensitivity and fixation parameters and foveal 

disparity. Also, rotational, and vertical AMC-FPC disparities were not related to any of the 

factors, including disease status (Table 2.4). In addition, there was no significant correlation 

between the AMC-FPC offset and age, sex, fixation parameters, BCVA and mean sensitivity 

within each group. BCVA in controls with AMC-FPC offset greater than 1° was not 

statistically different to those with an offset less than 1°. Ellipsoid zone span and 

hyperautofluorescent ring area were not correlated with horizontal, vertical, or overall AMC-

FPC discordance in the patient group. 

 
Table 2.4. Determinants of the horizontal discordance between the AO montage centre and 
the foveal pit centre. 
Factors β-estimate CI-lower CI-upper p-value 

Intercept 11.29 -15.39 37.97 0.383 

Age [years] 0.17 -0.01 0.04 0.122 

Sex [M/F] 0.00 -0.94 0.94 0.998 

BCEA63% [deg2] -5.22 -14.31 3.87 0.241 

BCEA95% [deg2] 1.70 -1.37 4.78 0.258 

P1 [%] 0.2 -0.11 0.16 0.730 

P2 [%] -0.17 -0.51 0.17 0.307 

BCVA [logMAR] 1.12 -1.65 3.90 0.403 

MS [dB] 0.02 -0.03 0.06 0.486 

Healthy/Disease -0.98 -1.76 -0.20 0.017 

M = male; F = female; BCEA = bivariate contour ellipse area; P1 and P2 = percentage of 
fixation points within central 1° and 2°; BCVA = best-corrected visual acuity; MS = mean 
sensitivity. 
 

MAIA-derived PRL was located approximately 0.15° (9 arcmin) away from the FPC 

in all examined eyes (N = 5), regardless of the location of the AMC. Figure 2.8 shows the 

proximity of the MAIA-derived PRL to the FPC in two cases with a 0.1° and a 1.2° AMC-

FPC offset. 
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Figure 2.8. Examples of MAIA printouts overlayed on AO+IR image marked for AO montage 
centre (green dot) and foveal pit centre (red dot) in two healthy subjects. (A) MAIA-derived 
PRLs are located close to the foveal pit centre despite the large deviation of the AO montage 
centre in patient 1. (B) Close alignment between the foveal pit centre and the MAIA-derived 
PRLs in patient 5 with small deviation of the AO montage centre from the foveal pit centre.  

 

2.4.2. Impact of foveal location on cone mosaic analysis 

Cone mosaic analysis was available in 12/15 control subjects and 15/15 patients. In total, 24 

ROIs were excluded due poor quality (N = 21) or absence of cone mosaic within portions of 

the AO imaging area (N = 3). Multiple regression analysis revealed that distance from AMC 

or FPC was the most significantly determinant of cone density and inter-cone distance 

measurements, after adjustment for age, sex, SE, AL, eccentricity, and disease status (Table 

2.5). 

Table 2.5. Determinants of the cone density (CD) and inter-cone distance (ICD) adjusted for 
age, sex, axial length, spherical equivalent, disease status and eccentricity. 
Parameter Factors β-estimate CI-lower CI-upper p-value 

CD 

(cell/deg2) 

Rotation [deg] 2.6 -28.2 33.5 0.866 

X-axis distance [deg] 272 173 371 < 0.001 

Y-axis distance [deg] 259 113 406 0.001 

Overall distance [deg] 218 107 330 < 0.001 

ICD 

(arcmin) 

Rotation [deg] 0.02 -0.03 0.06 0.492 

X-axis distance [deg] 0.28 0.15 0.40 < 0.001 

Y-axis distance [deg] 0.21 0.45 0.91 0.028 

Overall distance [deg] 0.22 0.07 0.36 0.003 

CI = confidence interval; deg = degree. 
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Pairwise analysis showed no significant differences in cone metrics between any of 

the corresponding ROIs between the AMC and the FPC referencing methods (Table 2.6 and 

2.7; Figure 2.9). 

Table 2.6. Average cone density (cells/deg2) using AO montage centre and foveal pit centre 
as reference at 2° and 4° eccentricities along 4 meridians. 

Group Meridian 
2°  4° 

AMC FPC p-value  AMC FPC p-value 

H
ea

lt
h

y
 

Nasal 1702 1819 0.575  1733 1525 0.051 

Temporal 1881 1754 0.059  1289 1466 0.008 

     P-value 0.059 0.695   0.003 0.594  

Superior 1763 1865 0.071  1227 1233 0.875 

Inferior 1780 1754 0.695  1195 1212 0.424 

     P-value 0.530 0.814   0.937 0.657  

Mean 1785 1813 0.071  1353 1351 0.775 

D
is

ea
se

 

Nasal 1250 937 0.013  773 600 0.541 

Temporal 1547 1487 0.733  871 859 0.861 

     P-value 0.030 0.016   0.155 0.060 0.424 

Superior 1168 1044 0.397  603 547 0.929 

Inferior 1165 1002 0.039  696 649 0.248 

     P-value 0.778 0.388   0.239 0.169  

Mean 1287 1130 0.013  737 665 0.223 

AMC = AO montage centre; FPC = foveal pit centre. 
Bonferroni correction of α=0.05 to 32 comparisons is set at 0.0016 
 

 

Table 2.7. Average inter-cone distance (arcmin) using AO montage centre and foveal pit 
centre as reference at 2° and 4° eccentricities along 4 meridians. 

Group Meridian 
2°  4° 

AMC FPC p-value  AMC FPC p-value 

H
ea

lt
h

y
 

Nasal 1.62 1.57 0.441  1.61 1.70 0.137 

Temporal 1.54 1.60 0.090  1.85 1.74 0.006 

     P-value 0.059 0.695   0.003 0.483  

Superior 1.58 1.54 0.107  1.90 1.90 0.753 

Inferior 1.58 1.59 0.894  1.96 1.88 0.533 

     P-value 0.556 0.229   0.695 0.929  

Mean 1.58 1.57 1.000  1.83 1.81 0.476 

D
is

ea
se

 

Nasal 1.99 2.43 0.034  2.29 2.37 0.889 

Temporal 1.71 1.82 0.477  2.34 2.25 0.906 

     P-value 0.018 0.050   0.445 0.128  

Superior 2.19 2.16 0.916  2.87 2.55 0.610 

Inferior 2.10 2.10 0.155  2.46 2.34 0.386 

     P-value 0.875 0.625   0.374 0.139  

Mean 1.99 2.11 0.024  2.48 2.37 0.909 

AMC = AO montage centre; FPC = foveal pit centre. 
Bonferroni correction of α=0.05 to 32 comparisons is set at 0.0016 
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Figure 2.9. Examples of cone density (CD) analysis at temporal 4° in a healthy subject and 
nasal 2° in a patient with rod cone dystrophy (RCD) using AO montage centre (AMC; blue) 
and foveal pit centre (FPC; orange) as reference point. (A) Using the AMC as reference 
resulted in increased foveal distance and decreased cone density at temporal 4°. (B) Using 
FPC as reference resulted in decreased foveal distance and increased cone density. Note 
that in cases with large discordance, using AMC results in the nasal 2° ROI falling closer to 
the foveal centre in which the camera has limited resolution for visualizing cones. T = 
temporal, N = nasal, - = inferior. 
 

2.5. Discussion 

The relationship between the PRL and anatomical foveal landmarks has been 

investigated using various devices and methods. Putnam and colleagues for the first time 

reported a less than 50 µm (equivalent to approximately 0.15°) deviation of the PRL from the 

location of peak cone density, with no directional predominance, using the Rochester AO 

ophthalmoscope in three healthy subjects aged between 22–30 years old.208 Wilk and 

colleagues examined the relationship between the AOSLO-derived PRL and anatomical 

foveal parameters including the foveal avascular zone (FAZ) centre, FPC and locus of peak 

cone density. The mean (range) distance between PRL and FPC was 80 µm (7.2–177 µm), 

which is approximately equivalent to 0.27° (0.02°–0.59°).202 More recently, Reiniger and 

colleagues used an AOSLO camera in conjunction with small flashing (3 Hz) light and 

reported a systematic naso-superior offset of the PRL from the locus of peak cone density. 
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They found an average of 5 arcmin distance, which was mirrored in the fellow eye.209 A 

similar distance without a consistent direction was reported by other authors.210,211 

We reported a consistent temporal deviation of the AMC that was markedly greater 

than the PRL shift from the FPC reported previously. This difference can be explained by the 

different methods that were used. AMC was determined using a commercial flood-

illumination AO camera, which has a relatively low frame capture rate (10 frames per 

second) compared with AOSLO-based methods. For example, Reiniger et al.209 and Bowers 

et al.199 used AOSLO cameras that captured 30 and 960 frames per second, respectively. 

AMC was derived from the average of the four separate (0,0) coordinates marked by the 

device using the raw image with the best image quality (according to the manufacturer). The 

(0,0) locus for each AO image is only one of many retinal loci used by the subject for gazing 

at the fixation target during the 4 seconds of AO image acquisition. In contrast, PRL is 

estimated based on the centre of the all of the fixation points used during the entire duration 

of the MAIA 10-2 test. Hence, it is not surprising that AMC derived from AO image 

acquisition is different from the PRL derived from microperimetry. Another important 

difference is the choice of anatomical landmark. The locus of the peak cone density that was 

used by most previous reports may not coincide with other anatomical landmarks, including 

FPC that was used in the present study.208 We recommend caution when comparing our 

findings with previous reports as these results may differ with the use of a different AO 

camera, fixation target, software and imaging protocol. 

 Displacement of the AMC relative to the FPC has seldom been studied in 

generalized retinal dystrophies such as RCD which retains good foveal function. In the 

present study, patients with RCD showed a significantly smaller AMC-FPC discordance, 

compared with the healthy individuals. This difference was independent of potential 

confounding factors such as fixation parameters, visual acuity, and macular sensitivity. Due 

to the small sample size, the effect of age on the proximity between the AMC and the FPC 

could not be ruled out. Increased visualization of foveal cones in flood-illumination AO 

imaging in patients with RCD has been reported in previous studies.158,163 Although this 

phenomenon was attributed to the photoreceptor loss and increased cone spacing163,204, the 

underlying mechanism remains unexplained. Furthermore, the functional implications of 

increased cone visibility have not been explored. We propose that progressive centripetal 

photoreceptor degeneration may push the AMC towards the FPC. Alternatively, 

compensatory hypersensitivity of the residual central cones may explain the deviation of the 
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AMC towards the FPC centre, which is farthest from the transitional zone. A comparison 

between the rod- and cone-specific residual visual fields and their correlation with the AMC-

FPC discordance may further elucidate the underlying mechanism. 

Several authors have used PRL or AMC as the reference for retinal eccentricity and 

cone mosaic analysis169,212,213 However, this method has been questioned by other 

authors.170,204 In addition to the offset from the anatomical centre, intersession variations in 

AMC and PRL positions214 may alter follow-up ROI localization and affect longitudinal 

analysis. Although our study did not reveal significant deviations in healthy subjects or 

patients with RCD with respect to the two types of reference chosen, the sample size may be 

too small to detect the small discrepancies from the shift in reference loci. The clinical 

significance of any differences in cone metrics arising from the use of alternative reference 

coordinates also need to be evaluated in the context of inter-observer variability (4%)148, and 

the test-retest variability in both healthy and diseased eyes.204,215 We recommend careful 

alignment of the AO montage with a FPC-marked en face fundus image derived from 

registered SD-OCT scan to ensure precise and reproducible localization of the eccentricities 

and ROIs. 

The main limitation of our study was the lack of data on other fixation properties such 

as ocular dominance, eccentric fixation and microtropia. This information may explain the 

deviation of the AMC from the FPC at least in some cases. In addition, bilateral imaging 

along with determination of the ocular dominance may provide useful information regarding 

the symmetry and the impact of ocular dominance on AMC location in relation to the FPC. 

Localization of the PRL could be improved by using higher quality of the MAIA sensitivity 

map on a fundus image. This was a significant limitation in our study since precise alignment 

of the MAIA fundus image with the other imaging modalities was not feasible in all cases 

due to poor image quality related to over or under exposure of the fundus image, defocus, and 

blurriness. Finally, the device had not been calibrated by the manufacturer since initial 

installation. However, the optical misalignment between the fixation target and the coordinate 

displayed on the AO image is only up to 8 arcmin which is insignificant compared to the 

disparity found between AMC and FPC. 
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2.6. Conclusions 

AMC was located (on average) 0.85° temporal to the FPC in normal eyes but this did not 

result in a significant difference in cone mosaic measurements using the flood-illumination 

AO camera. The disparity between AMC and FPC was reduced in RCD patient cohort. These 

findings warrant further investigations using larger samples to clarify the relevance of the 

AMC-FPC disparity in cone mosaic measurement disagreement and its change in retinal 

pathologies.  
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CHAPTER 3: CONE METRICS AS STRUCTURAL ENDPOINTS IN 

ROD CONE DYSTROPHY 

This chapter has been adapted from a published paper titled “Short-term parafoveal cone 

loss despite preserved ellipsoid zone in rod cone dystrophy”.215 

 

*Presented orally at the 2nd International i2Eye Meeting (Online), October 13 – 15, 2021. 

*Presented as ePoster at the European Society of Retina Specialists (EURetina) Annual 

Meeting (Online), September 9–12, 2021.  

*The text has undergone minor edits to maintain consistency with other chapters. 
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3.1. Abstract 

Purpose: Rod cone dystrophy (RCD) is characterized by centripetal loss of rod followed by 

cone photoreceptors. In this prospective, observational cohort, we used flood-illumination 

adaptive optics (AO) imaging to investigate parafoveal cone loss in regions with preserved 

ellipsoid zone (EZ) in patients with RCD.  

Methods: Eight patients with RCD and 10 age-matched healthy controls underwent spectral-

domain optical coherence tomography and AO imaging. The RCD cohort underwent a 

follow-up examination after 6 months. Cone density (CD) and inter-cone distance (ICD) 

measurements were performed at 2° temporal from the fovea. Baseline CD and ICD values 

were compared between the control and patient groups and longitudinal changes were 

calculated in the patient group. Residual EZ span in patients was measured in horizontal 

foveal B-scan. 

Results: There was no significant difference in the baseline CD (2094 versus 1750 cells/deg2, 

respectively, P = 0.09) and ICD (1.46 versus 1.62 arcmin, respectively, P = 0.08) between the 

control and patient groups. Mean CD declined by 198 cells/deg2 (-11.3%, P < 0.01) and mean 

ICD increased by 0.09 arcmin (+5.6%, P = 0.01) at the 6-month follow-up in the patient 

group. Mean baseline and follow-up residual EZ span in the 6 patients with EZ defect was 

3189 µm and 3065 µm, respectively (-3.9%, P = 0.08). 

Conclusions: AO imaging detected significant parafoveal cone loss over 6-month follow-up 

even in regions with preserved EZ. Further studies to refine AO imaging protocol and 

validate cone metrics as a structural endpoint in early RCD are warranted. 
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3.2. Introduction 

Rod cone dystrophy (RCD) is the most common form of inherited retinal disease (IRD) and 

is characterized by generalized and progressive rod photoreceptor cell loss followed by cone 

photoreceptor dysfunction and degeneration. Functional and structural endpoints have been 

used for estimating the disease progression rate in natural history studies11 and interventional 

clinical trials.14 Thickness and span of the outer retinal layers have been widely used as 

structural endpoints in RCD trials.101 The reduction in the length of the residual ellipsoid zone 

(EZ) span on spectral-domain optical coherence tomography (SD-OCT) has been shown to be 

a reliable measure of disease progression and it correlates with retinal function decline.25,98 

EZ span and area decline at a rate of approximately 4–10% and up to 13% per year, 

respectively, in patients with various types of RCD.98,103,135 Therefore, a clinically meaningful 

change in the EZ span may be detected over a period of 1–2 years.22,25 However, EZ span as 

an endpoint is not feasible in early-stage RCD when the transitional zone is outside the 

imaging field.  

 Adaptive optics (AO) retinal imaging is a relatively new technology that enables in 

vivo imaging of the cone photoreceptors. The rtx1TM (Imagine Eyes, Orsay, France) is a 

flood-illuminated ophthalmoscope (FIO) and the only commercially available AO retinal 

camera. Compared to the custom-built AO scanning laser ophthalmoscopes (AOSLO), rtx1 

has a wider imaging field with lower axial and transverse resolution.139 Both techniques, FIO 

and SLO, have been used to measure cone density (CD) and inter-cone distance (ICD) at 

different retinal eccentricities in normal individuals140,148,216 and a range of retinal 

pathologies, including RCD.158,159,163 In patients with RCD, a normal cone mosaic may be 

observed within the area of preserved EZ, which progresses to an irregular cone mosaic with 

decreased CD and increased ICD in outside the transition zone where there is outer retinal 

atrophy.163 Using the rtx1 camera, a profound reduction in CD and increase in ICD at the 

transitional zone between preserved and degenerated outer retinal layers was reported in two 

patients with RCD compared with five healthy subjects.164 Gale et al. studied the repeatability 

of CD measurements using rtx1 camera in 10 patients with RCD caused by diverse genetic 

mutations. The coefficient of repeatability (CoR; defined as the threshold below which the 

test-retest difference lies 95% of the time if there was no difference) of CD at 2°–5° 

eccentricities ranged between 2464–3514 cells/mm2, which was comparable to their age-

matched healthy controls investigated in a previous study.169,204 However, Gale’s study was 

limited by the localization of the foveal centre based on the preferred retinal locus (PRL). In 
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addition, they used custom software for automated cone detection without manual 

adjustment, which may overestimate CD by falsely detecting debris as cones.204 Therefore, it 

remains to be determined if the rtx1 AO camera can detect change in CD and ICD in 

parafoveal regions that are yet to be invaded by the transitional zone.  

Therefore, the aim of this prospective proof-of-concept study was to investigate the 

ability of rtx1 AO imaging to detect parafoveal CD and ICD changes in areas with preserved 

EZ within a 6-month interval in patients with RCD. 

 

3.3. Methods 

3.3.1. Participants 

Patients were recruited prospectively for multimodal imaging as part of the Western 

Australian Retinal Degeneration (WARD) study. Inclusion criteria for selection of AO 

images for analysis in this study were patients with RCD who were aged 18–65 years, with 

stable foveal fixation, best-corrected visual acuity (BCVA) equal to or better than 20/40 and 

two set of AO images acquired 6 months apart with sufficient image quality for cone 

counting. Exclusion criteria included history of ocular surgery, co-existing retinal disease, 

significant cataract or other media opacity, nystagmus, cystoid macular oedema (CMO), 

epiretinal membrane (ERM) and a history of using systemic medications with known 

photoreceptor toxicity. An experienced inherited retinal disease specialist (author F.K.C.) 

confirmed clinical diagnosis of RCD in all patients based on history, examination, and 

electroretinography (ERG). Healthy controls aged 18–65 years with normal BCVA and 

ocular examination were also recruited prospectively using the same imaging protocol. The 

study protocol was approved by the Human Ethics Committee of the Office of Research 

Enterprise, The University of Western Australia (RA/4/1/7916, 2021/ET000151 and 

RA/4/1/7226) and adhered to the tenets of the Declaration of Helsinki. Informed written 

consent was obtained from all participants. 

3.3.2. Clinical evaluation 

All patients underwent comprehensive eye examination including visual acuity testing, slit-

lamp examination, Goldmann applanation tonometry and dilated fundus examination. BCVA 

was measured using early treatment diabetic retinopathy study (ETDRS) chart at 4m distance 

using the standard protocol217 and both ETDRS letter score and Snellen equivalent are 

reported. Autorefraction (Ark1, Auto Ref/ Keratometer; Nidek, Gamagori, Japan) and optical 
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biometry (IOL Master; Carl Zeiss Meditec, Inc., Dublin, CA, United States) were performed 

at baseline visit. Ultra-widefield (UWF) colour fundus photography and green-light 

autofluorescence (AF) imaging (California, Optos plc., Dunfermline, United Kingdom), and 

short-wavelength (excitation λ=488 nm) and near-infrared (excitation λ=887 nm) fundus 

autofluorescence imaging (AF, HRA2, Heidelberg Engineering, Heidelberg, Germany) were 

performed in the patient group at baseline examination. SD-OCT (Spectralis, Heidelberg 

Engineering, Heidelberg, Germany), and AO-FIO imaging (rtx1; Imagine Eyes, Orsay, 

France) were performed at baseline in both groups and after 6 months in the patient group. 

For all participants, only the right eye was enrolled in this study. 

3.3.3. Imaging protocols and localization 

Fovea-centred macular volumetric scans (30° × 25° scan field, 61 horizontal B-scans 

separated by 130 µm) and accompanying high-resolution infrared (IR) image were used for 

marking the anatomical foveal centre defined as the centre of the foveal pit using the 

manufacturer software (HEYEX version 1.9.14.0, Heidelberg Engineering, Heidelberg, 

Germany) in all eyes (Figure 3.1A–C). This fovea-marked IR image was used for locating the 

foveal centre on AO image montage (see below). In addition, horizontal EZ span was 

measured on the foveal B-scan using the measurement tool provided in the HEYEX software. 

EZ endings were marked by two experienced observers (1 masked) and adjusted by a retina 

specialist (masked) if there was a disagreement between the two observers. 

AO imaging was performed after pupil dilation using 1% tropicamide and 2.5% 

phenylephrine eye drops. All imaging sessions were performed under dim light condition 

without dark adaptation. Manufacturer software (AOImage version 3.0) was used for image 

acquisition and photoreceptor mode was selected. The focus plane was set to +40 µm to +100 

µm (corresponding to 40–100 µm above the retinal pigment epithelium; RPE). A series of 4° 

× 4° images with 2° overlap, covering the central 5°, were taken of each eye at each 

examination (Figure 3.1D). Each 4° × 4° image frame is reconstructed from up to 40 images 

that are aligned and averaged using the internal software to increase the signal-to-noise ratio. 

Final images were exported and stitched together using the MosaicJ plug in for ImageJ 

(Laboratory for Optical and Computational Instrumentation, Madison, WI, USA) (Figure 

3.1E-F). The resultant AO montage was overlaid on the centre-marked IR image by matching 

the large vessels using Adobe Photoshop CC 2015 (Adobe Systems, Inc., San Jose, CA, 

USA) and the centre of AO montage was marked (Figure 3.1G). 
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Figure 3.1. Vertical (A) and horizontal (B) centres of the high-resolution IR image were 
located using the HEYEX software, and the foveal centre was marked on the IR image (C). 
The AO imaging protocol included 12 overlapping 4° × 4° image frames covering the central 
10° (D). Fovea, region of interest (ROI), and X, Y coordinates (degrees from the fovea) of the 
four overlapping image frames are shown. The pink area (6° × 6°) shows the area covered by 
the four overlapping image frames and the green area (2° × 2°) shows the area shared by 
these image frames. The ROI (80 µm × 80 µm) was located on the horizontal meridian, 2° 
temporal to the fovea. Individual AO image frames (E) were stitched together to create an 
AO montage (F). The AO montage was overlaid on the centre-marked IR image and the 
foveal centre was marked on the AO montage (G). The same procedure was performed for 
the analysed AO images to create cone density maps (H-J). The colour code for the density 
map is shown in (J). T = temporal; + = superior; - = inferior. 
 

We performed cone analysis at 2° eccentricity, at which the peak CD was reported 

using rtx1 camera.141 Also, the EZ was intact and a cone mosaic could be detected in all 

patients at temporal 2° location in our cohort. The region of interest (ROI; 2° temporal) was 

shared by four temporal image frames with approximately equal distance to the image centre 

(Figure 3.2). The temporal 2° was found and marked on the centre-marked AO montage and 

used for image analysis and cone counting (see below). Follow-up imaging was performed 

using similar protocol. The same ROI was marked on follow-up examination after alignment 

using the internal software followed by careful manual adjustment. All images were visually 

examined to ensure accurate alignment and adequate image quality. Images with undetectable 

cone mosaic or notable mosaic distortion compared to other corresponding image frames 

were excluded from the final analysis. 
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Figure 3.2. Location of the ROI on the AO montage overlaid on the IR image. The red spot 
shows the foveal centre, and the yellow box shows the approximate location of the ROI (2° 
temporal to the foveal centre along the horizontal meridian). Green dots show the centre of 
each of the four image frames. Note that the distance of the ROI from the image frame 
centres is approximately the same for all image frames although there is a mild rotation in 
the AO image compared with the background infrared image. Magnified images on the left 
side represent the cone mosaic and precise alignment of the ROI (located within the yellow 
box) in the overlapping image frames. Green boxes show the dimensions of the sampling 
window (80 µm × 80 µm). T = temporal, + = superior, - = inferior.  
 

3.3.4. Image analysis and cone counting 

All image analyses and cone counting were performed using AODetect version 3.0 (Imagine 

Eyes, Orsay, France), which is a MATLAB-based automated cone detection and analysis 

software with the option of manual adjustment. Cones were marked in an 80×80 µm window 

and cone mosaic parameters including CD and ICD were calculated and reported in metric 

(cells/mm2 and µm) and angular (cells/deg2 and arcmin) units (Figure 3.3). Metric values 

were calculated and adjusted to the axial length of each patient. For each eye, the ROI was 

located on the first recorded baseline image frame in the AODetect software and sampling 
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window was placed on the closest location that was free from large vessels. The same 

location was found on the other three image frames of the same imaging session and all 

image frames of the follow-up examination. Since the image frames were overlapping, the 

ROI was captured four times by four partially overlapping image frames. All measurements 

were performed at the same ROI (i.e., 2° temporal to the fovea) on the four image frames. 

After running the image analysis by the software, marked cones were double-checked and 

adjusted if required by an experienced grader (author D.R.). The angular and metric CD and 

ICD values were recorded and used for subsequent statistical analyses.  

 

Figure 3.3. Printout of the AODetect software version 3.0 (A) showing results of the analyses 
performed on the region of interest (ROI) on 4 overlapping image frames covering the ROI 
(marked as Tile 1-4). Cones were marked either automatically (red) or manually (green) (B) 
and segmentation was performed by the software (C).  Cone mosaic parameters (including 
cone density) in the 4 image frames are reported in angular (D) and metric (E) units. Panels 
B-E show the enlarged view and results of the Tile 1 in (A).  
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Data obtained from the two image frames with the highest CD and lowest ICD values 

were used to calculate intra-session CoR. Inter-session CoR in the patient group was 

calculated using values obtained from the same image frame coordinates with 6 months 

interval. The image frame with the highest CD and lowest ICD value was used for comparing 

baseline mean CD and ICD between the control and patient groups. Also, the highest CD and 

lowest ICD value from both visits was used for longitudinal analysis in the patient group. In 

addition, we used the older version of AODetect software (version 0.1-beta) that enables 

segmentation and analysis of the whole 4°×4° image frame and created a montage of the cone 

density heat map in a healthy control (Figure 3.1H-J) and selected patients. Although the heat 

map generated using this method can be useful for detecting patterns of cone loss, this 

analysis was not used for CD measurements as the sampling window was extremely large.  

3.3.5. Statistical analysis 

Visual acuities were converted to logarithm of minimum angle of resolution (logMAR) units 

for statistical analysis. All data were recorded in Statistical Package for the Social Sciences 

(SPSS) version 23 (SPSS/IBM, Inc., Chicago, IL, USA) and appropriate statistics applied 

after testing for normality. Shapiro-Wilk test for normality showed normal distribution of 

baseline CD and ICD in all image frames in both groups as well as in the follow-up 

examination of the patient group. Hence, independent samples t-test was used to compare 

mean baseline CD and ICD between control and patient groups and paired samples t-test was 

used to compare mean CD and ICD at 6 months with baseline. CoR of CD and ICD was 

calculated as previously described.218 Briefly, average within-subject variance was calculated 

and the square root of the average variance, which is equal to within-subject standard 

deviation (Sw), was multiplied by 2.77 (𝑑𝑒𝑟𝑖𝑣𝑒𝑑 𝑓𝑟𝑜𝑚 1.96 × √2) . Confidence intervals 

(CIs) of CoR was calculated as follows: 95% CI = 1.96×Sw/ (√2𝑛(𝑚 − 1)), where n is the 

number of subjects and m is the number of observations. Bland-Altman plots were used to 

determine the relationships between test-retest differences and mean values for both CD and 

ICD. P-values of less than 0.05 were considered statistically significant. 
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3.4. Results 

3.4.1. Patient characteristics 

We evaluated 220 patients with IRDs for eligibility for this study. Among 153 patients with 

RCD, 122 were excluded from the study for meeting one or more exclusion criteria. AO 

imaging was performed in the remaining 31 patients, among which 17 were excluded due to 

lack of follow-up imaging and 6 were excluded due to follow-up interval longer than 6 

months (Figure 3.4).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4. Patient enrolment flow chart. AO imaging was not performed in 122/153 (80%) 
patients with rod cone dystrophy due to one or more exclusion criteria. 
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 Eight patients with RCD (3 males) with successful baseline AO imaging and at least 

6-month follow-up were enrolled in the final analysis. The mean ± SD (range) of age at 

baseline examination was 39 ± 12 (20–55) years. Two patients were asymptomatic and the 

age of onset of symptoms in the remaining 6 patients was 23 ± 11 (10–38) years (Table 3.1). 

There was no significant difference in age, spherical equivalent (SE) and axial length (AL) 

between the patient and control groups (Table 3.2). EZ constriction was detected in 6 patients 

with a baseline residual span of 3189 ± 1416 (1392–5558) µm. The nasal and temporal ends 

of the EZ line extended beyond the imaging field in the remaining 2 patients. Ultra-widefield 

AF showed a complete or incomplete macular hyperautofluorescent ring (HAR) in 6 patients 

(Figure 3.5). 

 
Table 3.1. Demographics and baseline clinical features of the eight patients. 

ID Sex Age (y) Onset (y) BCVA* SE (D) AL (mm) Lens Inheritance 

1 M 20 AS 79 (20/25) -1.25 24.33 Clear AD 

2 M 38 24a 84 (20/20) +1.00 22.50 Clear AR 

3 F 55 20a 80 (20/25) +3.00 21.84 Mild PSCC AR 

4 F 37 AS 85 (20/20) -2.00 24.07 Clear AR 

5 F 42 34b 88 (20/20) -8.25 27.71 Clear Simplex 

6 F 49 10b 80 (20/25) +0.50 23.69 Clear Simplex 

7 M 22 14a 69 (20/40) -0.50 23.80 Mild PSCC Simplex 

8 F 46 38b 84 (20/20) +0.75 22.46 Clear Simplex 

a Nyctalopia, bVisual field constriction 
* Early treatment diabetic retinopathy study (ETDRS) letters at 4m. Snellen equivalents are 
shown in parentheses. 
AD = autosomal dominant; AR = autosomal recessive; AS = asymptomatic; AL = axial length; 
BCVA = best-corrected visual acuity; PSCC = posterior subcapsular cataract; RP = retinitis 
pigmentosa; SE = spherical equivalent. 
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Table 3.2. Mean, standard deviation and range of baseline clinical features in the control 
and patient groups. 
  Control (N = 10) Patient (N = 8) P-value* 

Gender  

 

M:F 5:5 

 

3:5 - 

Age (y) Mean ± SD 

Range 

37 ± 13 

21 to 54 

39 ± 12 

20 to 55 

0.72 

SE (D) Mean ± SD 

Range 

-0.86 ± 1.79 

+1.25 to -4.75 

-0.84 ± 3.36 

+3.00 to -8.25 

0.99 

AL (mm) Mean ± SD 

Range 

24.17 ± 0.78 

22.86 to 25.40 

23.80 ± 1.81 

21.84 to 27.71 

0.60 

BCVA 

(LogMAR) 

Mean ± SD 

Range 

-0.16 ± 0.09 

-0.24 to 0.06 

0.08 ± 0.12 

-0.06 to 0.32 

< 0.01 

* Independent samples t-test. 
AL = axial length; D = dioptre; SD = standard deviation; SE = spherical equivalent. 
 

 

 

 

Figure 3.5. Ultra-widefield autofluorescence imaging in the right eye of 8 patients with rod 
cone dystrophy (RCD). A macular hyperautofluorescent ring was observed in all patients, 
except patient 1 (A) and patient 4 (D).  
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3.4.2. Repeatability 

All image frames with adequate image quality were analysed and CD and ICD values were 

recorded. Two patients had only 2 available image frames at the 6-month follow-up. Overall, 

4/40 (10%) images in the control group and 5/28 (18%) and 2/28 (7%) images in the patient 

group at baseline and the 6-month follow-up, respectively, were discarded due to inadequate 

image quality (Figure 3.6).  

 Figure 3.6. Image frames with inadequate image quality at the location of the region of 
interest (ROI) compared with an image frame with good image quality at the same ROI. 
Yellow boxes represent the sampling window. 
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At least 2 good-quality images were available for all eyes. Intra-session CoR of CD 

was 239 cells/deg2 (2940 cells/mm2) in the control group, 468 cells/deg2 (5649 cells/mm2) in 

the patient group at baseline and 521 cells/deg2 (6377 cells/mm2) at the 6-month follow-up 

(Table 3.3). Inter-session CoR of CD in the patient group was 560 cells/deg2 (6654 

cells/mm2).  

 
Table 3.3. Mean, standard deviation (SD) and range of cone density (CD) and intra-session 
coefficient of repeatability (CoR) in control and patient groups in angular and metric units. 
 

Control (N = 10) 
 Patient (N = 8) 

  Baseline 6-month 

Mean CD*  

cells/deg2 (cells/mm2) 

Mean 2044 (24122)  1661 (20601) 1468 (18320) 

SD 173 (3203)  496 (6886) 513 (7039) 

Min 1830 (20182)  1120 (10809) 901 (8311) 

Max 2309 (28770)  2306 (27983) 2110 (25315) 

Test-retest difference* 

cells/deg2 (cells/mm2) 

Mean 38 (438)  84 (980) 96 (1290) 

SD 122 (1513) 239 (2900) 265 (3196) 

Min 1 (14) 25 (221) 5 (60) 

Max 228 (2867) 578 (6839) 593 (7028) 

CoR cells/deg2  

(cells/mm2) 

239 (2940)  468 (5649) 521 (6377) 

CoR 95% CI cells/deg2  

(cells/mm2) 

±37 (±465)  ±83 (±999) ±92 (±1128) 

* Measurement using the two image frames with the highest CD. 
CD = cone density; CI = confidence interval; CoR = coefficient of repeatability; SD = standard 
deviation. 
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Intra-session CoR of ICD was 0.07 arcmin (0.35 µm) in the control group, 0.28 

arcmin (1.37 µm) in the patient group at baseline and 0.59 arcmin (2.89 µm) at the 6-month 

follow-up. Inter-session CoR of ICD in the patient group was 0.50 arcmin (2.40 µm). Details 

of CoR of ICD are shown in Table 3.4. The Bland-Altman plot showed no significant 

relationship between intra-session (Figure 3.7A and 3.7B) and inter-session (Figure 3.8A and 

3.8B) test-retest differences and mean CD or ICD in the control and patient groups. 

 

Table 3.4. Mean, SD, and range of inter-cone distance (ICD) and intra-session coefficient of 
repeatability (CoR) in control and patient groups in angular and metric units. 
 

Control (N = 10) 
 Patient (N = 8) 

  Baseline 6-month 

Mean ICD*  

arcmin (µm) 

Mean 1.47 (7.16)  1.67 (8.01) 1.80 (8.64) 

SD 0.06 (0.47)  0.24 (1.49) 0.32 (1.93) 

Min 1.38 (6.53)  1.39 (6.62) 1.44 (6.93) 

Max 1.53 (7.80)  1.94 (10.62) 2.27 (11.66) 

Test-retest difference* 

arcmin (µm) 

Mean -0.01 (-0.06)  -0.05 (-0.25) -0.08 (-0.37) 

SD 0.04 (0.18) 0.15 (0.70) 0.31 (1.53) 

Min -0.07 (-0.33) -0.38 (-1.83) -0.78 (-3.76) 

Max 0.04 (0.19) 0.06 (0.29) 0.27 (1.53) 

CoR  

arcmin (µm) 

0.07 (0.35)  0.28 (1.37) 0.59 (2.89) 

CoR 95% CI  

arcmin (µm) 

±0.01 (±0.05)  ±0.05 

(±0.24) 

±0.10 

(±0.51) 
* Measurement using the two image frames with the lowest ICD. 
arcmin = minutes of arc; ICD = inter-cone distance; CI = confidence interval; CoR = 
coefficient of repeatability; SD = standard deviation. 
 

  



 

68 

 

Figure 3.7. Bland-Altman plots show no relationship between intra-session test-retest 
difference and mean cone density (CD; A) and inter-cone distance (ICD; B) in the control and 
patient groups. In each eye, the two highest values from the same session were analysed. 
For each group, the middle, upper and lower lines represent mean, +2SD and -2SD of the 
test-retest differences. 
 
 
 

Figure 3.8. Bland-Altman plot shows no relationship between the inter-session test-retest 
difference and mean values for both cone density (CD; A) and inter-cone distance (ICD; B). 
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3.4.3. Patterns of cone loss  

The baseline mean parafoveal CD in patient group was lower than that in the control group, 

but this difference was not statistically significant (1750 cells/deg2 versus 2094 cells/deg2, 

P=0.09). CD was more than 2 SD less than the mean of control group in 4 patients, including 

1 patient with no EZ defect (Table 3.5). The baseline mean ICD in the control and patient 

groups was 1.46 and 1.62 arcmin, respectively (P = 0.08). Details of individual ICD are 

presented in Table 4.6.  

A topographic map of the cone mosaic revealed different cone-loss patterns, including 

severe perifoveal cone loss, and preserved temporal parafoveal cone mosaic (Figure 3.9A), 

severe generalized cone loss in a patient with ARRP (Figure 3.9B), and mild perifoveal cone 

loss with preserved parafoveal cone mosaic in the patient with ADRP (Figure 3.10A). Severe 

cone loss was observed even in areas with normal EZ (Figure 3.9A and B). 

Figure 3.9. Macular SD-OCT (top), near-infrared autofluorescence (NI-AF; bottom left) and 
cone density (CD) map overlaid on short-wavelength autofluorescence (SW-AF; bottom 
right) in two patients with RP. (A) Severe generalized cone loss with only preserved 
temporal cone mosaic in patient 8. (B) Severe perifoveal cone loss in patient 3 with 
autosomal recessive retinitis pigmentosa (ARRP). Ellipsoid zone appeared normal in areas 
with severe cone loss in both patients. Yellow arrows show the span of the ellipsoid zone, 
which was beyond the imaging field in patient 3 (B). Scales of OCT, SW-AF and CD are 
shown. 
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Table 3.5. Individual baseline and follow-up ellipsoid zone (EZ) span and cone density (CD) in the patient group. 

ID 
EZ span (µm)  CD* cells/deg2 (cells/mm2) 

Baseline 6 months Change Relative change (%)  Baseline 6 months Change Relative change (%) 

1 ND ND - -  2306 (26681) 2112 (24436) -194 (-2245) -8.4 (8.4)  

2 3275 3143 -132 -4.0  1912 (26216) 1738 (23828) -174 (-2388) -9.1 (9.1)  

3 1392 1365 -27 -1.9  1236 (18074) 1194 (17469) -42 (-605) -3.4 (3.3)  

4 ND ND - -  1616 (19135) 1198 (14193) -418 (-4942) -25.9 (25.8)  

5 2192 2146 -46 -2.1  1248 (10919) 1055 (9227) -193 (-1692) -15.5 (15.5)  

6 5558 5171 -387 -7.0  1220 (14953) 1040 (12746) -180 (-2207) -14.8 (14.8)  

7 3604 3575 -29 -0.8  2378 (28859) 2101 (25493) -277 (-3366) -11.7 (11.7)  

8 3113 2990 -123 -3.9  2084 (28676) 1982 (27276) -102 (-1400) -4.9 (4.9)  

Mean 3189 3065 -124 -3.9  1750 (21689) 1552† (19333†) -198 (-2356) -11.3 (10.9)  

SD 1416 1299 137 9.7  486 (6830) 478 (6790) 113 (1318) 23.2 (19.3) 

ND: No defect within the SD-OCT horizontal B-scan imaging field (30°). 
* Highest CD among the 4 overlapping image frames. 
† Statistically significant compared with baseline (paired samples t-test P < 0.01). 
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Table 3.6. Individual baseline and follow-up inter-cone distance (ICD) in the patient group. 

ID 
ICD* arcmin (µm) 

Baseline 6 months Change Relative change (%) 

1 1.37 (6.73) 1.44 (7.07) 0.07 (0.34) 5.1 (5.1) 

2 1.52 (6.82) 1.58 (7.13) 0.06 (0.31) 3.9 (4.5) 

3 1.87 (8.14) 1.87 (8.13) 0.00 (-0.01) 0.0 (-0.1) 

4 1.66 (8.04) 1.88 (9.11) 0.22 (1.07) 13.2 (13.3) 

5 1.87 (10.55) 1.93 (10.98) 0.06 (0.43) 3.2 (4.1) 

6 1.88 (8.96) 2.07 (9.86) 0.19 (0.90) 10.1 (10.0) 

7 1.36 (6.50) 1.45 (6.92) 0.09 (0.42) 6.6 (6.5) 

8 1.46 (6.56) 1.49 (6.68) 0.03 (0.12) 2.1 (1.8) 

Mean 1.62 (7.79) 1.71 (8.23) 0.09† (0.45†) 5.5 (5.6) 

SD 0.23 (1.43) 0.25 (1.59) 0.08 (0.37) 4.4 (4.3) 
* Lowest ICD among the 4 overlapping image frames. 
† Statistically significant compared with baseline (paired samples t-test P < 0.05). 
arcmin = minutes of arc; ICD = cone density; SD = standard deviation. 
 

4.3.4. Longitudinal cone density measurement 

None of the patients developed new cataract, CMO or ERM during the follow-up period and 

the mild cataract in patients 3 and 7 remained stable. Also, none of the patients developed 

ocular surface abnormality or pupil dilation defect at the follow-up examination. A trend 

toward decreasing CD over the 6 months follow-up was observed in all patients (Figure 3.10 

and Figure 3.11). 

Mean CD declined from 1750 cells/deg2 (21689 cells/mm2) at baseline to 1552 

cells/deg2 (19333 cells/mm2) at the 6-month follow-up (-198 cells/deg2 or -11.3%; -2356 

cells/mm2 or -10.9%), which was statistically significant (P < 0.01 for both cells/deg2 and 

cells/mm2) (Table 3.5). ICD increased in 7 patients and remained unchanged in the remaining 

patient. Mean ICD increased from 1.62 arcmin (7.79 µm) at baseline to 1.71 arcmin (8.23 

µm) at the 6-month follow-up (0.09 arcmin or 5.5%; 0.45 µm or 5.6%), which was 

statistically significant (P = 0.01 for both arcmin and µm) (Table 3.6). Although EZ span 

declined in all patients with visible EZ endings (N = 6), the mean EZ decline at 6 months’ 

follow-up was not statistically significant (3189 µm versus 3065 µm, -3.9%, P = 0.08). Also, 

there was no significant difference between baseline and follow-up BCVA (logMAR) in the 

patient group (0.08 versus 0.03, P = 0.08). Of interest, the two asymptomatic patients with no 

EZ defect revealed 8.4% and 25.9% loss of parafoveal CD at the 6-month follow-up (Table 

3.5). 
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Figure 3.10. Example of baseline (A) and follow-up (B) CD map and analysis of region of 
interest (ROI) in four overlapping image frames in patient 1 with autosomal dominant 
retinitis pigmentosa (ADRP). There was an overall decline in parafoveal CD on the CD map at 
the 6-month follow-up (B) compared with baseline (A). Red boxes indicate the approximate 
location of the ROI. The bottom section shows a magnified image of the analysed sampling 
window on each image frame, CD (cells/deg2) (top line), and image frame centration 
coordinates (bottom line), showing a decline in CD at the 6-month follow-up (B) compared 
with baseline (A).  
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Figure 3.11. (A) CD declined between baseline and the 6-month follow-up. (B) Scatterplot of 
CD in control subjects superimposed on patients’ baseline and follow-up measurements 
shows inter-individual variations across five decades of age range. 
 

3.5. Discussion 

Despite extensive investigations of cone mosaic changes in patients with IRDs using AO-

SLO and AO-FIO163,219,220, repeatability and test-retest variability of these techniques have 

been addressed in few studies.159,161,167 In the only repeatability study using rtx1 in patients 

with RP, the inter-session CoR of CD at 2° eccentricity was 3514 cells/mm2.204 In that report, 

AO image centre was used as the foveal centre, which may differ from the actual anatomical 

foveal centre and subsequently result in inaccurate localization of the ROI. In addition, they 

used fully automated cone analysis software without manual adjustment, which may result in 

overestimation of CD.204 We found higher CoR values in patients with RCD. Unlike the 

aforementioned study, we aligned AO montage with SD-OCT for better localization of the 

ROI and adjusted cone markings manually to minimize software errors in cone detection. In 

addition, we included ICD in our study, which supported a higher CoR in the patient group. 

The greater CoR observed in our patient group might be explained by differences in the 

imaging and image analysis protocols, criteria for exclusion of poor-quality images and 

severity of disease in the studied sample. In addition, at least part of the intra-session 

variation in CD observed in our study may be due to the use of overlapping image frames 

with different fixation coordinates, which may induce variation in cone visualization through 

changes in wave-guiding properties. To overcome this limitation, we included the two image 
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frames with the highest CD values and included ICD to minimize the rate and the impact of 

missing cones due to poor image quality and/or non-wave-guiding. 

 The resolution of AO-FIO is insufficient to visualize foveal cones within the central 

2° diameter and rods throughout the retina. In addition, cone visualization might be affected 

by the densely packed intervening rods beyond 6° from the fovea. Hence, the usefulness of 

AO-FIO is generally limited to eccentricities between 2° to 5°.141 Another limitation of the 

FIO technique is that image contrast may be compromised by light scattered from other 

retinal structures and choroid, especially at longer wavelengths.138 This limitation can be 

overcome in non-commercial AO instruments by using split-detector (non-confocal) AOSLO, 

which resolves cone inner segments independent of reflectivity/waveguiding.143 

We observed a significant parafoveal cone loss in RCD patients, irrespective of the 

inheritance pattern and SD-OCT EZ span. We described different patterns of cone loss, 

which may be correlated with specific genes in future studies on a larger and more diverse 

patient cohort. Identification and classification of patterns of parafoveal cone loss (e.g., 

presence of viable cones in atrophied outer retinal areas163) may have implications for 

genotype-phenotype correlation and treatment opportunities. To the best of our knowledge, 

longitudinal changes in cone mosaic using AO-FIO in patients with RP have not been 

investigated previously. Talcott and colleagues reported a 9% to 24% reduction in CD over 2-

year follow-up in three eyes of three patients with RCD.168 In this proof-of-concept study, we 

reported a significant change in parafoveal CD and ICD at 6 months, suggesting a potential to 

shorten RCD clinical trials if this endpoint is used as the primary outcome. This contrasts 

with the use of SD-OCT EZ span, where a follow-up of at least 12 months was required to 

reach a significant change.22 The clinical relevance of our findings is dampened by the 

inconsistency in the acquisition of high AO image quality and the time-consuming process of 

semi-automated cone counting at matching retinal locations. Furthermore, there is still only 

limited information on how the changes in cone wave-guiding properties due to disease 

progression can be differentiated from physiological fluctuations over time.221 Future studies 

are necessary to determine if the changes we observed at 6 months are predictive of eventual 

loss of EZ, retinal thickness, retinal sensitivity and ultimately quality of life. Improved AO 

design and software capability are essential for overcoming the practical limitations imposed 

by ocular surface abnormalities (e.g., dry eye disease), media opacity (e.g., cataract), inner 

retinal abnormality (e.g., CMO or ERM) and poor fixation.  
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Residual EZ span/area and thickness of the outer nuclear or photoreceptor layer have 

been used as structural outcome measures for monitoring the progression of RCD. Although 

SD-OCT is a feasible and reliable test for assessing the outer retinal structures, the resolution 

is not high enough to visualize individual photoreceptors. In addition, EZ span and layer 

thicknesses may not reveal subtle changes in patients with early-stage disease, as we 

demonstrated in two out of eight patients in our cohort. Gale et al.163 described cone mosaic 

changes using FIO in relation to SD-OCT findings in patients with RP and found normal 

cone mosaic in areas with preserved outer retinal layers. However, they did not perform 

quantitative cone mosaic analysis.163 In our study, parafoveal CD was lower than that in the 

control group, irrespective of the EZ span. In addition, a notable decline in CD was observed 

in the two patients with no attenuation of the EZ band within the imaging field. These 

findings suggest potential application of AO imaging in detecting ultrastructural 

abnormalities in RCD, before these abnormalities become evident on SD-OCT. Future 

studies should incorporate dense raster volume scan over a larger field of view to enable en 

face reconstruction of the EZ band for calculation of EZ areas. In addition, we have not 

measured EZ reflectivity and thickness, which may reveal EZ attenuation prior to its 

shortening. Correlation among CD, ICD and EZ integrity at the same retinal location may 

provide further insight into the utility of AO imaging in detecting disease progression. 

A major limitation of our study was the lack of intra-session repeated imaging at the 

same fixation coordinates to calculate short-term test-retest variability. We showed that a 6-

month interval may be too long for the purpose of estimating co-efficient of repeatability, as 

CD and ICD showed significant change from the baseline. We showed that a 6-month 

interval may be too long for this purpose, as CD and ICD showed significant differences with 

baseline. Instead, we analysed four overlapping image frames and used the highest CD and 

the lowest ICD values for between-group comparisons and progression analysis. In addition, 

we analysed cone mosaic on a single ROI, which may reduce the validity of our findings. 

More importantly, a large proportion of patients enrolled were not given the opportunity to 

have AO imaging or were excluded from the study due to low BCVA, significant cataract or 

history of cataract surgery, inner retinal abnormalities (i.e., CMO and ERM), poor fixation or 

a combination of these. Hence, our study design does not answer the question of whether AO 

imaging is useful clinically as a routine technique for monitoring RCD. Finally, our findings 

are limited by the small sample size and heterogeneous genotype and phenotypes. The 

progression data will be more useful and reliable using a genetically homogeneous sample. 
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This was a proof-of-concept study to assess the capability of AO imaging in early detection 

of disease progression, rather than a definitive study that provides an estimate of cone loss 

rate using AO imaging. The latter will require multiple imaging sessions and longer follow-

up duration in a genetically homogeneous sample. Our study emphasizes the usefulness of 

AO imaging in future RP trials. Future studies to address the feasibility and utility of AO 

imaging will require a prospective design that includes patients with the same genotype, 

preferably in the early stages of the disease to ensure continuity in linking changes in wave-

guiding properties of the cones with gross changes in SD-OCT and microperimetry. 

 

3.6. Conclusions 

We report, for the first time, longitudinal parafoveal CD and ICD changes assessed using a 

commercial AO-FIO camera and software in patients with RCD. We have highlighted 

concerns regarding using montage images to analyse cone mosaic parameters in ROIs shared 

by image frames centred at different coordinates. We also showed that parafoveal CD and 

ICD may be used as potential structural endpoints in eligible patients, especially those with 

early-stage disease who have not developed complications such as cataract and severe outer 

retinal atrophy. The use of AO imaging may be limited to natural history studies in early-

stage RP at this stage. However, evolution of photoreceptor rescue strategies that facilitate 

early intervention may expand the use of AO imaging to clinical trials in the future. Further 

studies are required to validate our results by studying the test-retest variability of serial CD 

and ICD measurements. 
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CHAPTER 4: PRPF31-ASSOCIATED RETINOPATHY – PHENOTYPE 

VARIATIONS 

This chapter has been adapted from a published paper titled “Clinical Evidence for the 

Importance of the Wild-Type PRPF31 Allele in the Phenotypic Expression of RP11”.10 

 

*Presented as ePoster at the Association for Research in Vision and Ophthalmology (ARVO) 

Annual Meeting (Online), May 1–7, 2021. 

*The text has undergone minor edits to maintain consistency with the other chapters. 
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4.1. Abstract 

Background: PRPF31-associated retinopathy (RP11) is a common form of autosomal 

dominant retinitis pigmentosa (adRP) that exhibits wide variation in phenotype ranging from 

non-penetrance to early-onset RP. Herein, we report inter-familial and intra-familial variation 

in the natural history of RP11 using multimodal imaging and microperimetry.  

Methods: Patients were recruited prospectively. The age of symptom onset, best-corrected 

visual acuity, microperimetry mean sensitivity (MS), residual ellipsoid zone span and 

hyperautofluorescent ring area were recorded. Genotyping was performed using targeted 

next-generation and Sanger sequencing and copy number variant analysis.  

Results: PRPF31 mutations were found in 14 individuals from seven unrelated families. 

Four disease patterns were observed: (A) childhood onset with rapid progression (N = 4), (B) 

adult-onset with rapid progression (N = 4), (C) adult-onset with slow progression (N = 4) and 

(D) non-penetrance (N = 2). Four different patterns were observed in a family harbouring 

c.267del; patterns B, C and D were observed in a family with c.772_773delins16 and patterns 

A, B and C were observed in 3 unrelated individuals with large deletions.  

Conclusions: Our findings suggest that the RP11 phenotype may be related to the wild-type 

PRPF31 allele rather than the type of mutation. Further studies that correlate in vitro wild-

type PRPF31 allele expression level with the disease patterns are required to investigate this 

association. 
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4.2. Introduction 

Autosomal dominant retinitis pigmentosa (adRP) with incomplete penetrance or variable 

phenotypic expression was first described in the late 1960s222 and has since been linked to 

genetic variations at multiple genomic loci. The sixth locus to be associated with adRP was 

found on chromosome 19q.223-225 This locus was mapped to 19q13.4 (RP11) and found to 

contain the human homologue of the yeast pre-mRNA splicing gene, Pre-mRNA Processing 

Factor 31 (OMIM: #606419, prp31, known as PRPF31).226 Mutations in the PRPF31 gene 

account for up to 10% of adRP.227,228 Designated RP11 (OMIM: #600138), this rod-cone 

dystrophy (RCD) usually presents in the teenage years but the age of onset may vary widely 

between and within families.229,230 In addition, non-penetrance has been reported in many 

RP11 families.231-233 It is widely accepted that haploinsufficiency is the underlying mechanism 

of retinal degeneration caused by the PRPF31 mutation where expressivity of the normal 

allele determines the phenotype.234-236 Augmentation of PRPF31 expression by the normal 

allele in PRPF31+/− induced pluripotent stem cell (iPSC)-derived retinal pigment epithelium 

(RPE) was shown to restore structure and function of the RPE in an in vitro study.237 

However, significant inter-individual variation in the natural history of RP11 may pose 

significant challenges in the design of future PRPF31 therapeutic trials. 

In addition to variant haploinsufficiency, an underlying mechanism in approximately 

90% of RP11 families236, a recent study showed that the PRPF31 p.A216P missense mutation  

can lead to aggregation of wild-type and truncated protein in a mouse model238, 

demonstrating a dominant-negative mechanism for this particular genotype. Moreover, 

Wheway et al. reported a significant correlation between the age of symptom onset and the 

type of PRPF31 mutation and postulated that a dominant-negative mechanism and/or 

hypomorphic allele may lead to late-onset disease.239 In the latter study, age of symptom 

onset was 8–12 years, 20–24 years and around 27 years in patients with 

nonsense/frameshift/indel variants, large deletions/splice variants and in-frame  

duplications/insertions/missense variants, respectively. Thus, the authors concluded that the 

type of PRPF31 mutation predicts phenotypic severity highlighting the importance of a non-

haploinsufficiency mechanism.239  

Previous studies have shown an exponential decline in Goldmann residual visual field 

area, full-field electroretinography (ERG) cone amplitude and spectral-domain optical 

coherence tomography (SD-OCT) ellipsoid zone (EZ) area.91,92 However there were no 
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reports on individualized progression rates or cross-sectional inter-individual variations in 

patients of a similar age92 or disease duration.91 The natural history of RP11 can be highly 

variable among patients of the same family regardless of their age of onset and disease 

duration.11 We previously found the span of the residual EZ and area of the 

hyperautofluorescent ring (HAR) to be potential structural endpoints for future clinical 

trials.11 However, that report was limited to a single pedigree. 

Herein, we report multimodal imaging and microperimetry findings in seven 

unrelated RP11 families to explore the genotype-phenotype correlation and natural disease 

progression. 

 

4.3. Methods 

4.3.1. Participants 

Patients were recruited from the Western Australian Retinal Degeneration (WARD) study, a 

prospective observational cohort study. Existing imaging data prior to enrolment were also 

collected for analysis. Diagnosis of RP was made by an inherited retinal disease specialist 

(FKC) based on history, retinal findings, and ERG. Genetic diagnosis was established 

through the Australian Inherited Retinal Disease Registry and DNA Bank (AIRDR). The 

study protocol was approved by the Institutional Review Board of the University of Western 

Australia (RA/4/1/7916, 2021/ET000151) and Sir Charles Gairdner Hospital Human 

Research Ethics Committee (approval number 2001-053). Written informed consent was 

obtained from all participants and the study adhered to principles of the declaration of 

Helsinki. 

4.3.2. Clinical assessment 

Functional and structural assessments were performed using a protocol previously 

described.11 Best-corrected visual acuity (BCVA) was measured using the Early Treatment 

Diabetic Retinopathy Study (ETDRS) chart at 4 m. Snellen equivalents were reported where 

appropriate. For patients who were unable to read the ETDRS chart, their ability to count 

fingers (CF), perceive hand motions (HM) or perception of light (PL) were recorded. 

Standard automated perimetry (24-2 pattern, 54 test loci, III-white stimulus, stimulus 

intensity range 0–40 dB) was performed using the Humphrey Field Analyzer (HFA-II 750, 

Carl Zeiss Meditec GmbH, Jena, Germany). HFA 24-2 mean deviation (MD), which is 
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calculated based on the normative values provided on the device, was recorded. Baseline and 

follow-up microperimetry (Macular Integrity Assessment, MAIA, CenterVue Padova, Italy) 

with a stimulus intensity range of 0–35 dB were performed. The large 10-2 (68 test loci) and 

the small radial (37 test loci, 37R) grid patterns were used to map the retinal sensitivity 

profile within the macular (central 20◦ field) and foveal (central 6◦ field) regions, respectively 

(Figure 4.1).  

Figure 4.1. Patterns of microperimetry testing with macular integrity assessment (MAIA). (A) 
small grid containing 37 radially distributed (37R) test loci spanning 6° of central macula, (B) 
large grid containing 68 test loci spanning approximately 20° of central macula. 

 

Retinal sensitivity was defined as normal (≥ 26 dB), scotoma (0–25 dB) or dense 

scotoma (< 0 dB), according to the manufacturers’ recommendation. The average retinal 

sensitivity of the test grid (mean sensitivity; MS) and the number of seeing loci defined as 

threshold ≥ 0 dB were recorded. Full-field 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.18 

Serial ultra-widefield (UWF) colour and autofluorescence imaging (P200Tx and 

California, Optos plc, Dunfermline, UK) were performed to document the severity of 

intraretinal pigmentation and loss of normal fundus autofluorescence. 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, 130 µm separation). Nasal and 
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temporal ellipsoid zone (EZ) limits were determined manually on the fovea-centred 

horizontal line scans for EZ span measurement. Short-wavelength (excitation λ = 488 nm) 

and near-infrared (excitation λ = 787 nm) fundus autofluorescence (AF, HRA2, Heidelberg 

Engineering) were performed in all patients, capturing the central 30◦ and 55◦ of retina. 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. The area of the HAR was measured with in-built software (HEYEX 

v1.9.14.0, Heidelberg Engineering).  

4.3.3. DNA analysis and pathogenicity assessment 

Genomic DNA samples were collected, processed and stored as previously described.240 

Genomic DNA was analysed using disease-specific next generation sequencing panels241 

covering all exons and flanking intronic regions and relevant deep-intronic regions of target 

genes, and copy number variant analysis or Array CGH, as detailed in Table 4.1. 

Identified candidate mutations were confirmed in probands and family members by 

Sanger sequencing or TaqMan qPCR. Genetic testing was performed by Molecular Vision 

Laboratory (Hillsboro, OR, USA), Casey Eye Institute (Portland, OR. USA), or the 

Australian Genome Research Facility (Perth, Australia). Sequencing results were aligned to 

the reference sequence NM_015629.3, with nucleotide position 1 corresponding to the A of 

the ATG translation initiation codon. Variant nomenclature is reported in accordance with the 

recommendations of the Human Genome Variation Society250 and pathogenicity was assessed 

as described previously251 and interpreted according to the joint guidelines of the American  

College of Medical Genetics and Genomics and the Association for Molecular Pathology 

(ACMG/AMP)252 and associated literature.253-256 

4.3.4. Statistical analysis 

Data were recorded in Statistical Package for the Social Sciences (SPSS) version 23 

(SPSS/IBM, Inc., Chicago, IL, USA). Data distribution was examined visually for normality 

and student’s t-test was used to calculate mean (SD) of quantitative parameters. Annual 

change of each endpoint was calculated using linear regression analysis and absolute (β 

estimate) and relative (percent of baseline) values were reported. Only the right eye 

progression data were presented, unless otherwise specified. 
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Table 4.1. Detection and classification of variants detected in RP11 families. 
AIRDR 

Ped ID 

WARD 

study ID 

Testing methodology PRPF31 Variant ACMG 

classification 

Ref 

0255 1313  Targeted Sanger Seq c.267del 

p.(Glu89Aspfs*11) 

(nonsense-mediated mRNA decay 

predicted) 

Pathogenic 242 

1477 Targeted Sanger Seq 

1150  

 

RD NGS Panel v1 (131 genes) 

1651  Targeted Sanger Seq 

1506 Targeted Sanger Seq 

1332 Targeted Sanger Seq 

3200 1816 Targeted Sanger Seq c.772_773delins16 

(ins CAACATGCAACATCAT) 

p.(Thr258Glnfs*68) 

(nonsense-mediated mRNA decay 

predicted) 

Pathogenic 243 

1757 Targeted Sanger Seq 

1681 MVL Vision Panel v2 (577 genes) + CNV 

analysis 

0244 1473 MVL Vision Panel v1 

(537 genes) 

c.-9+1G>T / p.?  

(Functional evidence of truncated protein) 

Pathogenic 228,244 

2097 1708 RD NGS Panel v4 (183 genes) c.527+1G>T / p.(Gly176fs*186) 

Functional evidence of truncated protein 

Pathogenic 

 

91,245-

247 

0213 1705 Array CGH analysis Exon 2-3 del / c.(?_1)_(238+1_239-1)del 

(no-go mRNA decay expected) 

Likely pathogenic 248,249 

0725 1164 MVL Vision Panel v2 (577 genes)  

+ CNV analysis 

Exon 2-8 del 

c.(-9+1_-8-1)_(855+1_856-1)del 

p.? (no-go mRNA decay expected) 

VUS Novel 

0155 1175 Array CGH analysis Exon 9-14del / c.(855+1_?)del 

p.? (non-stop mRNA decay expected) 

VUS Novel 

CNV = copy number variant; NGS = next-generation sequencing; RD = retinal dystrophy; VUS = variants of uncertain significance. 
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4.4. Results 

A total of 14 mutation carriers from seven unrelated RP11 families were enrolled in this 

study (Figure 4.2). The spectrum of mutations and phenotypes were summarized in Table 4.2.  

 

Figure 4.2. Pedigrees of the autosomal dominant retinitis pigmentosa families diagnosed 
with PRPF31-associated retinopathy. Patients enrolled in the present study are marked with 
WARD study ID. Squares = male; circles = female; filled shapes = affected.  
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Table 4.2. Demographics and baseline clinical characteristics of PRPF31 mutation carriers including penetrant (N = 12) and non-penetrant (N = 
2) 

AIRDR 

Pedigree ID 

WARD 

Study ID 

Age 

(y) * 
Sex 

Onset 

(y) ** 

BCVA (ETDRS) *** Lens § 
Mutation Phenotype 

RE LE RE LE 

0255 1332 29 F 20 68 (20/50) 68 (20/50) PSCC + PSCC + c.267del B 

1506 34 F 25 84 (20/20) 74 (20/32) Clear Clear c.267del C 

1651 † 41 M - 92 (20/16) 92 (20/16) Clear Clear c.267del D 

1150 48 F 6 45 (20/125) 62 (20/63) IOL (44) IOL (43) c.267del A 

1477 61 M 49 50 (20/100) 42 (20/160) IOL (NA) IOL (NA) c.267del B 

1313 81 F 6 CF CF IOL (56) IOL (54) c.267del A 

3200 1681 16 F 16 83 (20/25) 85 (20/20) Clear Clear c.772_773delins16 B 

1757 18 M - 84 (20/20) 83 (20/25) Clear Clear c.772_773delins16 C 

1816 † 56 M - NA NA Clear Clear c.772_773delins16 D 

0244 1473 63 M 18 HM ‡ 35 (20/200) NSC + NSC + c.-9+1G>T C 

2097 1708 70 F 3 CF CF IOL (56) IOL (56) c.527+1G>T A 

0213 1705 62 F 26 35 (20/200) 64 (20/50) IOL (56) IOL (51) Exon 2–3del B 

0725 1164 61 F 35 70 (20/40) 70 (20/40) IOL (58) IOL (58) Exon 2–8del C 

0155 1175 35 M 4 59 (20/63) 64 (20/50) PSCC + PSCC + Exon 9–14del A 

*Age at baseline imaging **patient-reported age of onset of symptoms ***Snellen equivalents are shown in parentheses § Patients’ age 
(years) at the time of cataract extraction are shown in parentheses †non-penetrant carrier ‡History of penetrating keratoplasty due to 
keratoconus.  

BCVA = best-corrected visual acuity; CF = counting fingers; ETDRS = Early Treatment Diabetic Retinopathy Study; HM = hand motion; IOL = 
intraocular lens; LE = left eye; NA = not available; NSC = nuclear sclerosing cataract; PSCC = posterior subcapsular cataract; RE = right eye. A = 
early-onset with rapid progression; B = adult-onset with rapid progression; C = adult-onset with slow progression; D = non-penetrant carrier. 
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Two unrelated cases (1651, 1816) did not show any symptoms and/or signs of RP at 

their last examination and were subsequently labelled as non-penetrant carriers (NPCs) 

(Figure 4.3). 

Figure 4.3. UWF colour fundus photograph (left), autofluorescence imaging (middle) and 
macular SD-OCT were unremarkable in NPCs with c.267del (A) and c.772_773delins16 (B). 

 

4.4.1. DNA analysis and pathogenicity assessment 

Genetic testing revealed five previously reported mutations and two novel variants (Table 

4.1). A nonsense-mediated mRNA decay (NMD) mechanism was predicted for the 

previously reported c.267del242 and c.772_773delins16243 mutations. The splice site variants 

have been shown to result in production of truncated proteins.244-246 We also detected large 

deletions in three families, including two novel variants that were classified as variants of 

uncertain significance (VUS) according to the ACMG/AMP criteria. The previously reported 

(Exon 2–3 deletion)248,249 and one of the novel (Exon 2–8 deletion) variants would remove 

the start codon (start-loss variants), hence they are expected to cause no-go mRNA decay. 

Similarly, the third large deletion (Exon 4–19 deletion) excludes the last six exons including 

the stop codon (stop-loss variant), and would be expected to cause non-stop mRNA decay.257 

4.4.2. Baseline clinical features 

4.4.2.1. Small deletion/deletion-insertion 

A small deletion or deletion-insertion was detected in two families. The proband of the 

family with the c.267del mutation (Figure 4.2A) showed advanced RP with severe macular 

involvement and a BCVA of CF at the time of baseline imaging (Figure 4.4). She had a 

history of nyctalopia from 6 years of age, progressing towards severe peripheral vision loss 

and profound visual impairment by the age of 60.  
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Figure 4.4. Manual kinetic perimetry of patient 1313 with childhood-onset retinitis 
pigmentosa shows severe constriction of the peripheral visual field reduced to less than 10° 
using V4e target (blue lines) in the right (A) and left (B) eyes at age 60 years. Extensive 
chorioretinal atrophy and retinal pigmentation were detected on ultra-widefield fundus 
photograph (C) and autofluorescence imaging (D), as well as macular spectral-domain 
optical coherence tomography (E). 

 

The proband’s daughter also developed symptoms of RP at 6 years of age. Baseline 

imaging showed widespread pigmentation and loss of AF, a small central hyper AF island 

and widespread atrophy of the RPE and outer retina in both eyes (Figure 4.5C). The 

Humphrey visual field (HVF) test showed peripheral visual field loss in both eyes (Figure 

4.6B). Foveal MS was 4.7 dB and 9.4 dB in the right and left eyes, respectively (Figure 

4.6C). The proband’s son was diagnosed with RP at age 49. Extensive loss of normal AF 

with a small central hyper AF island was noted on NI-AF imaging in both eyes, whilst SD-

OCT showed intraretinal fluid and severe EZ atrophy (EZ span = 1505 µm) in the right eye 

and intraretinal fluid with a residual EZ line spanning 2529 µm in the left eye (Figure 4.5D). 

HVF demonstrated bilateral visual field constriction with a small central island of vision 

(Figure 4.6A). His two daughters carried the mutation and showed typical signs and 

symptoms of RP in the third decade. Whilst the older sister had a large HAR and EZ line with 

normal foveal structure (Figure 4.5B), the younger sister had a small area of central hyper 

AF, severe EZ atrophy and cystoid macular oedema (CMO) in both eyes (Figure 4.5A). 
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 Figure 4.5. Ultra-widefield (A&D) and 55◦ short-wavelength (B&C) autofluorescence 
imaging and spectral-domain optical coherence tomography of 4 affected members of 
family 0255. Panels (A&B) show 2 siblings with adult-onset disease. The younger sister (A) 
shows a more severe phenotype compared to the older sibling (B), despite similar duration 
of symptoms. The patient with childhood-onset disease (C) presented with complete 
disappearance of the ellipsoid zone (EZ) at age 48 years, whilst her sibling with adult-onset 
disease retained a greater than 2500 µm EZ span in the left eye at age 61 years (D). Green 
arrowheads show nasal and temporal EZ endings. Bilateral increased autofluorescence 
signal in the optic nerve heads in Panels (C&D) is due to the use of green excitation induced 
autofluorescence and brightness adjustment to improve contrast. 
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Microperimetry of the older sister showed peripheral macular sensitivity loss (MS 

19.1 dB and 17.8 dB in the right and left eyes, respectively) (Figure 4.6D) and normal foveal 

sensitivity (MS 29.1 and 28.2 in the right and left eyes, respectively) (Figure 4.6E). The 

proband’s nephew carried the same mutation but had no signs or symptoms of RP at age 41 

(Figure 4.3A). 

Figure 4.6. Available perimetry tests in 
members of family 0255 with c.267del. 
Humphrey 24-2 visual field test showed severe 
generalized depression and dense peripheral 
scotoma with small central island in patients 
1477 (A) and 1150 (B), both diagnosed as RP 
with rapid progression. Foveal (37R) 
microperimetry showed residual foveal 
sensitivity in both eyes of patient 1150 (C). The 
scotoma detected on foveal microperimetry in 
both eyes is compatible with the scotoma 
observed in Humphrey 24-2 test (B and C). 
Patient 1506 with adult-onset disease with 
slow progression revealed substantial residual 
macular function (D) and normal foveal 
sensitivity (E) in both eyes. The colour codes of 
microperimetry sensitivities in dB unit are 
shown at the bottom of the panel E. 
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Variant c.772_773delins16 was found in one family (Figure 4.2B) including two 

affected siblings and their NPC father (Figure 4.3B). The older sibling was asymptomatic and 

showed normal foveal and macular MS (Figure 4.7L&M), large HAR only detectable on 

UWF imaging (Figure 4.7O–Q) and loss of the peripheral EZ on widefield SD-OCT (Figure 

4.7R&S), whilst the younger sibling demonstrated reduced macular MS (Figure 4.7C), 

constricted macular HAR (Figure 4.7F–H) and shortened EZ in both eyes (Figure 4.7I). Both 

siblings had features of RCD on full-field ERG (Figure 4.7A&J). 

Figure 4.7. Functional and structural 
findings in two siblings with 
c.772_773delins16. The younger 
sibling presented with profoundly 
reduced rod response and minimal 
cone response in ffERG (A), 
constricted visual field in 24-2 
Humphrey test (B), reduced macular 
sensitivity in 10-2 MAIA (C) and 
normal foveal sensitivity in 37R 
MAIA (D). Bone spicule pigmentation 
with greater density at nasal side 
was noted on UWF colour 
photograph (E) and a typical macular 
hyperautofluorescence ring (HAR) 
was observed on UWF AF (F), SW-AF 
(G) and NI-AF (H). However, the 
borders of HAR could be delineated 
only on NI-AF (H). SD-OCT showed 
shortening of the EZ (I). The 
asymptomatic older sibling showed 
similar ffERG findings (J), but 
Humphrey field (K) and 
microperimetry (L&M) indices were 
less severely affected. Although 
retinal pigmentation was not 
detected (N), a large HAR 
incorporating the optic disc was 
observed on UWF AF (O). Although 
the HAR was visible on both SW-AF 
(P) and NI-AF (Q), the temporal 

border fell beyond the 55◦ imaging field. EZ appeared normal on horizontal SD-OCT scan (R), 
however, borders of the EZ were detectable on vertical widefield SD-OCT (S). Arrows show 
the position and direction of the B-scans. Arrowheads indicate borders of preserved EZ. 
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4.4.2.2. Splice site mutations 

A splice site mutation was found in two unrelated families (Figure 4.2C&D). One patient 

with c.-9+1G>T mutation had a history of nyctalopia from the age of 18 and had undergone a 

right penetrating keratoplasty (PK) for the management of advanced keratoconus at 26 years. 

SD-OCT showed a large (4500 µm) residual EZ line in both eyes at 61 years. In addition, a 

large macular HAR and preserved central visual field were observed in the left eye (Figure 

4.8A). The second patient carried the c.527+1G>T mutation and was diagnosed with RP at 3 

years. Baseline multimodal imaging at 70 years revealed end-stage RP with myopic features 

in both eyes (Figure 4.8B).  

4.4.2.3. Large deletions 

Three large deletions were identified in three unrelated families (Figure 4.2E–G). Patient 

1705 presented with a history of nyctalopia from 26 years of age. Multimodal imaging at 62 

years revealed widespread retinal atrophy with a small central island of preserved outer 

retinal structures and partially preserved foveal function in both eyes (Figure 4.8C). Genetic 

testing revealed exon 2–3 deletion. Patient 1164 reported peripheral visual field loss from 35 

years. Baseline evaluations demonstrated a well-preserved BCVA and foveal sensitivity on 

37R MAIA (right and left MS = 23.3 dB and 23.5 dB, respectively) and a dense perifoveal 

scotoma on 10-2 MAIA at 61 years. The residual EZ span and NI-AF HAR area in the right 

eye were 3553 µm and 9.5 mm2, respectively (Figure 4.8D). A heterozygous deletion of 

exons 2–8 was detected in this patient. Patient 1175 was diagnosed with RP at 4 years and 

presented to our clinic with severely diminished macular function at 35 years. A small EZ 

line (1014 µm) and HAR (2.1 mm2) were detected in the right eye (Figure 4.8E). Genetic 

analysis revealed heterozygous deletion of exons 9–14.  
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Figure 4.8. Ultra-widefield autofluorescence (UWF AF) and spectral-domain optical 
coherence tomography findings in patients with splice site mutations (A&B) and large 
deletions (C–E). Whilst patient 1473 revealed a large hyperautofluorescent ring (HAR) and 
wide ellipsoid zone (EZ) span (A), patient 1708 showed extensive loss of normal 
autofluorescence and barely detectable EZ (B). Similarly, patients with large deletions 
revealed wide variation, including no HAR and small EZ (C) at age 62 years, large HAR and EZ 
at age 61 years (D) and small HAR and EZ at age 35 years (E). Yellow arrowheads show nasal 
and temporal EZ endings. 

 

Table 4.3 summarizes baseline HVF 24–2 MD, macular and foveal MS, and number 

of seeing loci. SD-OCT and SLO AF imaging were performed in 12 and 9 patients, 

respectively. EZ line was detected in 9/12 patients (16 eyes), while HAR was detected in 6/9 

patients (10 eyes) using NI-AF and 5/9 patients (eight eyes) using SW-AF (Table 4.4). 
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Table 4.3. Baseline functional measures in individuals carrying different mutations. 

Mutation ID 

HVF 24-2  MAIA 10-2  MAIA 37R 

Age 

(y) 

RE MD 

(dB) 

LE MD 

(dB) 
 

Age 

(y) 

RE MS 

(dB) 

LE MS 

(dB) 

RE SL 

(n) 

LE SL 

(n) 
 

Age 

(y) 

RE MS 

(dB) 

LE MS 

(dB) 

RE SL 

(n) 

LE SL 

(n) 

c.267del 1332 - - -  - - - - -  - - - - - 

1506 - - -  34 19.1 17.8 68 68  34 29.1 28.2 37 37 

1150 44 -26.9 -26.7  - - - - -  49 4.7 9.4 32 35 

1477 61 -30.3 -30.5  - - - - -  - - - - - 

1313 - - -  - - - - -  - - - - - 

c.772_773delins16 1681 16 -12.0 -15.5  16 19.8 20.0 68 65  16 28.4 25.8 37 37 

1757 18 -3.7 -2.6  19 29.8 29.9 68 68  19 30.9 31.0 37 37 

c.-9+1G>T 1473 52 -28.41 -24.12  - - - - -  - - - - - 

c.527+1G>T 1708 - - -  - - - - -  - - - - - 

Exon 2-3del 1705 - - -  - - - - -  62 8.2 9.8 28 30 

Exon 2-8del 1164 61 -28.1 -28.1  61 8.5 7.2 43 43  61 23.3 23.5 37 37 

Exon 9-14del 1175 38 -27.6 -28.0  35 1.4 0 22 15  35 15.2 8.5 34 31 

HVF = Humphrey visual field; LE = left eye; MD = mean deviation; MS = mean sensitivity; RE = right eye; SL = seeing loci. 
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Table 4.4. Baseline structural measures in individuals carrying different mutations. 

Mutation ID 
Single line scan EZ length (µm)  NIAF HAR area (mm2)  SWAF HAR area (mm2) 

Age (y) RE LE  Age (y) RE LE  Age (y) RE LE 

c.267del 1332 29 2220 2554  - - -  - - - 

1506 34 4368 3967  34 14.3 12.1  34 16.1 13.1 

1150 44 0 0  51 0 0  51 0 0 

1477 61 1505* 2529*  - - -  - - - 

1313 81 0 0  - - -  - - - 

c.772_773delins16 1681 16 4219 4428  16 14.2 15.2  16 NM‡ NM‡ 

1757 18 NM** NM**  18 NM** NM**  18 NM** NM** 

c.-9+1G>T 1473 63 4945† 4112  69 0† 5.5  69 0† 6.0 

c.527+1G>T 1708 70 0 0  70 0 0  70 0 0 

Exon 2-3del 1705 62 0 753  62 0 0  62 0 0 

Exon 2-8del 1164 61 3553 3395  61 9.5 8.3  61 10.8 9.2 

Exon 9-14del 1175 35 1014* 0  35 2.1 0  35 2.6 0 
*Attenuated and interrupted EZ line **Boundaries fell beyond imaging field †Distorted image due to post-penetrating keratoplasty high 
irregular astigmatism ‡Borders very blurred. 
EZ = ellipsoid zone; HAR = hyperautofluorescent ring; LE = left eye; NI-AF = near-infrared autofluorescence; NM = not measurable; RE = right 
eye; SW-AF = short-wavelength autofluorescence. 
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4.4.3. Natural history of disease progression 

Serial macular and foveal MS, residual EZ span, and NI-AF HAR area measurements were 

available in a number of patients with different mutations (Tables 4.5 and 4.6). Exceptions 

included patient 1473, who had poor image quality in the right eye due to irregular 

astigmatism post-PK and patient 1705 who had no detectable EZ line in the right eye at 

baseline imaging. A statistically significant decline in foveal MS (0.4 dB/year decline over 

4.8 years) was observed only in the patient with the exon 9–14 deletion (patient 1175). Both 

patients with c.772_773delins16 showed more than 2 dB/year increase in foveal and macular 

MS, though the follow-up period was equal to or less than 12 months (Table 4.5 and Figure 

4.9). EZ span and HAR area showed statistically significant decline with age in all patients 

with more than 2 years of follow-up. The range of absolute (or relative) rate of decline in the 

EZ span and HAR area was 65–174 µm (or 2.0–6.4%) and 0.2–0.6 mm2 (or 2.1–9.5%), 

respectively. Of interest, patient 1164 with exon 2–8 deletion showed a lower EZ span and 

HAR area decline as compared to patient 1175 with exon 9–14 deletion (Table 4.6 and Figure 

4.10). Figure 4.11 depicts the baseline and longitudinal foveal and macular MS, EZ span and 

HAR area plotted against age for the whole cohort. 
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Figure 4.9. Serial 10-2 (macular) and 37R (foveal) MAIA in 2 patients with large deletions 

show short-term variation and long-term stability. Interestingly, the 61-year-old patient with 

adult-onset disease (A) had remarkably greater foveal and macular function compared to 

the 35-year-old patient with childhood-onset disease (B). Mean sensitivities are shown on 

bottom-right corner of each image. 
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Table 4.5. Longitudinal changes in MAIA 10-2 and 37R mean sensitivity. 

Mutation ID Eye 

 MAIA 10-2 MS (dB)  MAIA 37R MS (dB) 

 
Exams 

(n) 

Baseline 

age (y) 

FU 

(y) 
Baseline Final 

Slope 

(dB/y) 

Change 

(%/y) 
 

Exams 

(n) 

Baseline 

age (y) 

FU 

(y) 
Baseline Final 

Slope 

(dB/y) 

Change 

(%/y) 

c.772_773delins16 1681 RE  3 16 1.0 19.8 22.0 +2.2 +11.1  3 16 1.0 28.4 30.5 +2.1 +7.4 

1757 RE  2 19 0.5 29.8 30.9 +2.2 +7.4  2 19 0.5 30.9 32.6 +3.4 +11.0 

Exon 2-8del 1164 RE  7 61 4.3 8.5 10.2 +0.4 +4.7  7 61 4.3 23.3 25.0 +0.4 +1.7 

Exon 9-14del 1175 RE  9 35 4.8 1.4 4.0 +0.4* +28.6  9 35 4.8 15.2 13.3 -0.4* -2.6 

* Significant at P < 0.05 (linear regression analysis). 
FU = follow-up duration; MS = mean sensitivity; RE = right eye. 
 

 

 

 

 
 
Table 4.6. Longitudinal changes in residual EZ span and NI-AF HAR area. 

Mutation ID Eye 

 EZ span (µm)  NIAF HAR area (mm2) 

 
Exams 

(n) 

Baseline 

age (y) 

FU 

(y) 
Baseline Final 

Slope 

(µm/y) 

Change 

(%/year) 
 

Exams 

(n) 

Baseline 

age (y) 

FU 

(y) 
Baseline Final 

Slope 

(mm2/y) 

Change 

(%/year) 

c.772_773delins16 1681 RE  4 16 1.5 4519 4308 -142 -3.1  4 16 1.5 14.6 13.7 -0.3 -2.1 

c.-9+1G>T 1473 LE  13 63 8.9 4112 2555 -174* -4.2  6 69 2.6 5.5 4.5 -0.4* -7.2 

Exon 2-3del 1705 LE  2 62 1.1 753 632 -112 -14.9  - - - - - - - 

Exon 2-8del 1164 RE  9 61 4.5 3553 3252 -72* -2.0  9 61 4.5 9.5 7.1 -0.6* -6.3 

Exon 9-14del 1175 RE  9 35 4.9 1014 764 -65* -6.4  9 35 4.9 2.1 1.2 -0.2* -9.5 

* Significant at P < 0.05 (linear regression analysis). 
EZ = ellipsoid zone; FU = follow-up duration; HAR = hyperautofluorescent ring; LE = left eye; NI-AF = near infrared autofluorescence; RE = right 
eye. 
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Figure 4.10. Structural disease progression using near-infrared autofluorescence (NI-AF) 
imaging and spectral-domain optical coherence tomography (SD-OCT) in 3 patients with 
adult-onset disease. The asymptomatic patient showed stable hyperautofluorescent ring 
(HAR) and ellipsoid zone (EZ) extent over 1.5 years’ follow-up (A&B). Since EZ endings were 
detectable only on vertical widefield SD-OCT and HAR temporal border fell beyond the 
imaging field, measurements were not reported. In contrast, patients 1473 (C&D) and 1164 
(E&F), both with large deletions, showed variable rates of disease progression on both NI-AF 
and SD-OCT. *The baseline NI-AF imaging in patient 1473 was performed at age 69 years.  
Yellow arrowheads show nasal and temporal EZ endings. 
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Figure 4.11. Scatterplots showing 10–2 (macular) and 37R (foveal) MAIA mean sensitivity 
(MS), spectral-domain optical coherence tomography (SD-OCT) ellipsoid zone (EZ) span and 
near-infrared autofluorescence (NI-AF) hyperautofluorescent ring (HAR) area against age in 
all available patients, including serial measurement in some patients. Colours of markers 
indicate genotype groups including small deletion and deletion/insertion (Blue), splice site 
mutations (Green) and large deletions (Red). An overall decline of macular (A) and foveal (B) 
MS with increasing age was noted in the whole cohort. However, both methods showed 
short-term variations in individual patients. Both EZ span (C) and HAR area (D) showed age-
dependent decline in those with available serial measurements. However, substantial 
variation was noted between patients and genotypes. 
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4.4.4. Phenotype patterns 

Based on the age of symptom onset and multimodal imaging findings, four patterns of 

disease were identified including: (A) childhood onset with rapid progression (N = 4), (B) 

adult-onset with rapid progression (N = 4), (C) adult-onset with slow progression (N = 4), and 

(D) non-penetrance (N = 2). Patients in group A had no or barely detectable EZ with a BCVA 

of 20/50 or worse and MS less than 2 dB by 50 years (patients 1150 and 1175) or CF by 80 

years (patients 1313 and 1708). Patients in group B presented with a reduced EZ span of 

4000 µm by age 17 (patient 1681), 3000 µm by age 29 (patient 1332), 2500 µm by age 60 

(patient 1477) and 750 µm by age 70 (patient 1708). Group C (N = 4) revealed either a mild 

asymptomatic phenotype (normal MS and large EZ and HAR) at age 18 (patient 1757) or a 

residual EZ span greater than 3500 µm and MS 8–19 dB by age 34–63 (patients 1506, 1473 

and 1164). All phenotypes were observed in our family with the c.267del variant, phenotypes 

B, C and D were observed with the c.772_773delins16 variant and phenotypes A, B and C 

were observed in three unrelated patients with large deletions. Table 4.7 summarizes the 

number of patients allocated to each phenotype pattern. 

 

Table 4.7. Allocation of patients to phenotype categories. 
Mutation class Phenotype A Phenotype B Phenotype C Phenotype D Total 

Small deletion or 

deletion/insertion 
2 3 2 2 9 

Splice site mutations 1 0 1 0 2 

Large deletions 1 1 1 0 3 

Total 4 4 4 2 14 

Phenotype A = early-onset with rapid progression; phenotype B = adult-onset with rapid 
progression; phenotype C = adult-onset with slow progression; phenotype D = non-
penetrant carrier. 

 

4.5. Discussion 

This study characterizes RP11 patterns of disease using multimodal retinal imaging in seven 

unrelated adRP families with different classes of PRPF31 mutations and suggests that RP11 

phenotype can be classified into early- or late-onset and slow or rapid progression. Such 

classification may be useful in future genotype-phenotype correlation and natural history 

studies, as well as RP11 clinical trials. We demonstrated variations in phenotypic expression 

and the natural history of the disease both within and between families, irrespective of the 

type of mutation. This phenotypic variability observed suggests variations in expression from 
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the unaffected allele, rather than the mutated allele, influences the clinical presentation and 

severity of RP11. Although pathogenicity of the novel large deletions is not assured, it is 

likely that they result in start-loss and stop-loss variants which would be expected to undergo 

no-go or non-stop mRNA decay. However, due to the possibility of alternative splicing, we 

cannot rule out production of alternative transcripts. Further in vitro studies are required to 

explore the exact effect of these multi-exon deletions at the level of mRNA and protein, as 

well as PRPF31 function. 

4.5.1. RP11 phenotype varies in patients with identical or similar mutations 

A bimodal phenotype that included both asymptomatic (non-penetrant) and symptomatic 

RP11 patients was initially reported.224 Further studies later revealed a spectrum of age of 

onset, BCVA and residual peripheral visual field in symptomatic patients.229,258-261 This age 

range was reported in cohorts with different PRPF31 mutations91,247 as well as within 

members of the same family.262 In the present study, age of symptom onset was 3–49 years 

across the cohort, 6–49 years in patients from one family carrying the c.267del mutation and 

4–35 years in patients with large deletions, showing a remarkable variation both between and 

within families. Using multimodal imaging, we observed variations in 2 families with more 

than one affected member (Figures 4.5 and 4.7). Interestingly, patient 1757 showed signs of 

RP whilst remaining asymptomatic. The EZ atrophy and HAR were best visualized using 

UWF FAF and OCT (Figure 4.7). This finding emphasizes the utility of widefield imaging 

for the diagnosis of early-stage disease in asymptomatic family members. In addition, 3 

unrelated patients with large deletions showed significant differences in their functional and 

structural findings (Figure 4.8). Kiser et al. reported an exponential age-dependent decline in 

EZ area in a cohort of 15 patients, eight of whom had serial measurements, with different 

PRPF31 mutations. Although they did not report individual data for each patient, scatterplots 

revealed a large variation in EZ area between patients around 50 and 60 years old.91 We have 

previously reported variations in the EZ span in 12 patients from a single large family and 

found remarkable differences between patients of a similar age11, which is in agreement with 

our present study. However, variation in multimodal imaging endpoints in RP11 families 

with different mutations was not investigated previously. 

4.5.2. RP11 progression may not follow a first-order exponential curve 

Kiser et al. proposed a similar course of disease progression once the degenerative process 

begins at a “critical age”, probably secondary to an environmental trigger.91 This “one-hit” 
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model of cell death in neuronal degeneration was proposed by Clarke et al. based on different 

retinal degeneration mouse models.263 According to this theory, the rate of cell death follows 

an exponential curve rather than a sigmoid curve. However, the relatively stable retinal 

structure and function during the 12 months’ follow-up in patient 1757, despite rapid disease 

progression in his sibling of a similar age, contradicts this “one-hit” model for RP11. In 

addition, we reported a rapid disease progression in 3 60-year-old patients (patients 1473, 

1705 and 1164) decades after their disease onset, providing further evidence against this 

model. However, patient-reported age of onset may not be a reliable indicator of actual onset 

and the duration of the degenerative process.91 More likely, retinal damage in these patients 

progressed enough to produce symptoms at the reported age of onset. Hence, it is possible 

that the degenerating process slowed or even paused at some point or followed a sigmoidal 

curve rather than exponential. Longer follow-up with larger cohorts is required to fully 

explore the disease course and validity of the “one-hit” model of RP11. 

4.5.3. Implication of wild-type vs. mutant allele in RP11 phenotype 

Although approximately 90% of PRPF31 mutations have been predicted to result in null 

alleles through a nonsense-mediated mRNA decay (NMD) mechanism236, the penetrance of 

the retinal phenotype may depend on the expressivity of the wild-type allele.234-236 Expression 

of PRPF31 is continuous and highly variable in the general population, with a five-fold 

change between the lowest and the highest expression levels reported in lymphoblastic cell 

lines.264 Hence, coinheritance of a mutant null allele in combination with a highly expressive 

functional PRPF31 allele could result in an expression level that is adequate for retinal 

function, while coinheritance of a null allele and a functional allele with low expressivity 

could result in expression levels falling to below the critical threshold required for retinal 

maintenance, leading to photoreceptor degeneration.234,235,264 Expression of the normal allele 

in asymptomatic (non-penetrant) carriers was up to two-fold higher than affected patients.234-

236 This may explain variations in penetrance amongst patients within the same family and 

highlights the role of the unaffected allele in determining the phenotype. Multiple cis- and 

trans-acting factors such as CNOT3265,266 and minisatellite repeat (MSR) elements267 regulate 

the expression of PRPF31. CNOT3 binds to PRPF31 core promoter and downregulates its 

expression, whilst inhibition of CNOT3 upregulates PRPF31 expression.265,267 These findings 

suggest that epistatic factors have a role in PRPF31 expression by the wild-type allele and 

should be considered in future investigations. In our cohort, MSR1 genotyping in three 

sibling pairs from family 0255 (1477 and 1150; 1506 and 1332) and family 3200 (1757 and 
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1681) who had different phenotypic presentations showed a 3/3 genotype in all of them.268 

Additionally, Wheway et al. proposed that some PRPF31 mutations may influence the age of 

diagnosis by exerting a dominant negative effect in conjunction with haploinsufficiency. For 

instance, patients with large-scale deletions have the latest age of diagnosis (due to 

haploinsufficiency). The authors postulated that in some cases an additional dominant 

negative mechanism may be involved, caused by a mutant protein either containing amino 

acid changes, or alternatively spliced, or prematurely truncated due to frameshift/nonsense 

mutations in the terminal exon or the C-terminal portion of the penultimate exon, resulting in 

earlier diagnosis.239 To date, the only PRPF31 mutation with a confirmed dominant negative 

effect is a missense variant reported in the Prpf31p.A216P/+ mouse model.238 Although all of the 

mutations observed in our study are predicted to cause loss of function, functional 

characterization is still required to confirm these predictions. The intra-familial variation we 

observed may provide a clue as to the role of the wild-type allele, in determining the natural 

history of the disease. 

4.5.4. Limitations 

Uncertainty about the pathogenicity and functional consequences of the novel large multi-

exon deletions is a potential limitation of our study. Pathogenicity assessment was hindered 

due to the novel nature of the variants and lack of identified deletion breakpoints, and their 

absence from databases of healthy individuals was not considered as population data for large 

deletions may not be detected by the sequencing methodology. In addition, we reported the 

clinical presentation of seven different mutations in 5 families; however, follow-up 

examinations were not always available in many of the cases. Another limitation of our study 

was the lack of patients with juvenile-onset disease between 7–16 years old. Hence, our 

suggested classification only applies to the studied sample and cannot be extrapolated to all 

RP11 patients. In addition, the follow-up duration was not long enough in most of our 

patients to show the natural course of the disease using different endpoints. Finally, we did 

not evaluate the impact of environmental factors and potential modifier gene, and gene-

environment interactions in the phenotype and natural history of the disease. 
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4.6. Conclusions 

The RP11 phenotype and progression rate may vary not only in patients with different classes 

of mutations, but also in those with a similar mutation class or even the same mutation. Our 

results provide novel clinical evidence supporting a strong correlation between the wild-type 

allele rather than the mutated allele, determining the phenotype using multimodal imaging. 

The use of larger cohorts and long-term natural history data may help to define inclusion and 

exclusion criteria and the optimal window for therapeutic intervention based on disease onset 

and progression rates. In addition, gene expression and functional studies may provide 

additional information regarding the relationships between mutant and wild-type alleles and 

their role in the phenotypic expression of RP11. We recommend further investigation of 

tissue PRPF31 levels using patient-derived retinal tissue269 that may provide additional clues 

towards a better understanding of these relationships and finding potential therapeutic targets. 
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CHAPTER 5: PRPF31-ASSOCIATED RETINOPATHY – TRIAL 

ENDPOINTS 

This chapter has been adapted from a published paper titled “Exploring microperimetry and 

autofluorescence endpoints for monitoring disease progression in PRPF31-associated 

retinopathy”.11 

 

*Presented as Poster at Science on the Swan (SOTS) Conference, June 5–7, 2019. 

*The text has undergone minor edits to maintain consistency with the other chapters. 
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5.1. 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 

autofluorescence 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 performed 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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5.2. 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.270 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 endpoints at various stages 

of the disease. It is widely recognized 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.22,271,272 The precursor mRNA processing factor 31 (PRPF31)-associated RP (also 

known as RP11) is one example of this variability in phenotype.91,92  

The precursor messenger RNA splicing factor, PRPF31, is encoded by the PRPF31 

gene, which is located on chromosome 19q13.4.226 Mutations in PRPF31 are known to cause 

RP11 and are implicated in up to 10% of autosomal dominant RP (adRP).227,232,273-277 

Previous clinical case series of PRPF31-associated RP consistently reported phenotypic 

variations that ranged from non-penetrance to severe early-onset disease.224,229,258,278 Age at 

onset of symptoms varied from early childhood279 to late adulthood91 in different families 

with different mutations. In addition, patients from the same family had different ages at 

onset of symptoms.91 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.261 Despite the large number of reported cases, there are only two 

longitudinal studies describing the clinical course of PRPF31-associated RP.91,92 Hafler and 

colleagues studied the annual rate of decline in peripheral visual field area measured by 

Goldmann perimetry (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.92 The variability in progression rate was attributed to genetic factors and inter-

test variability.92 More recently, Kiser and colleagues 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.91 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.91 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 
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preserved central island of vision in RP.121,280 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 progression as measured by 

functional tests and multimodal imaging in three generations of an Indigenous Australian 

family with PRPF31-associated adRP. 

 

5.3. 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 individuals were also monitored for disease progression rate 

prospectively 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.  

5.3.1. Clinical assessment  

All available family members underwent comprehensive routine 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 retinal vessels, bone spicules and retinal atrophy, 

and the observation of a profound reduction in dark-adapted full-field ERG response if 

available. 

5.3.2. 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 
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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 5.1). 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 staircase 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.  

Figure 5.1. Patterns of microperimetry testing with macular integrity assessment (MAIA). (A) 
small grid containing 37 radially distributed (37R) test loci spanning 6° of central macula, (B) 
large grid containing 68 test loci spanning approximately 20° of central macula. 
 

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.18 
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5.3.3. Structural endpoint measures 

Serial widefield colour imaging (P200Tx and California, Optos plc, Dunfermline, UK) were 

performed to document the severity 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 fovea-centred horizontal line scans were used for EZ span 

measurement as described previously.99 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 centred 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 

performed 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 autofluorescence). This refocus 

is adjusted according to retinal vessel clarity and 100 frames were averaged to maximize 

contrast. 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 landmark 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 (authors D.R. and J.C.). The maximum horizontal and vertical 

diameters and the area of the HAR were measured using ImageJ (v1.48, National Institute of 

Health, USA). 
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5.3.4. DNA analysis and pathogenicity assessment 

DNA samples were sourced, processed and stored as detailed previously.240 DNA from two 

affected family members was analysed using the next-generation sequencing (NGS) RD 

SmartPanel241 version 1 and version 5, respectively, and confirmed 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-

GGGGAGGTACCTGGAGTGG-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 utilized are #600138; NM_ 

015629.3.  

Variants are described in accordance with Human Genome Variation Society 

recommendations.250 Pathogenicity was assessed using Mutation Taster281 with information 

sought from LOVD, ClinVar, dbSNP, HGMD, Exome Sequencing Project, gnomAD282, and 

the scientific literature. Pathogenicity was interpreted in accordance with current guidelines 

proposed by the American College of Medical Genetics and Genomics and the Association 

for Molecular Pathology252, and Jarvik and Browning.253 

5.3.5. Statistical analysis 

Data were recorded in Statistical Package for the Social Sciences (SPSS) version 23 

(SPSS/IBM, Inc., Chicago, IL, USA). For all patients, the right eyes were included in 

quantitative measurements and statistical analyses. Data distribution was examined visually 

for normality and data were presented as mean, standard 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 individual 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 regression was performed, and the antilog of the gradient was used to derive 

the overall percentage decline per year for the cohort. 
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5.4. 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 

multimodal imaging (Figure 5.2). 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). 

5.4.1. Baseline features in affected family members 

Baseline clinical assessment of the 12 available affected members 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 5.1). 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. Five patients (10 eyes) had cataract and two of these underwent 

bilateral sequential cataract extraction and intraocular lens implantation during the follow-up 

period. Fundus examination 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 5.3). 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 5.1). 
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Figure 5.2. 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. Squares = male; circles = female; filled shapes = affected. 
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Table 5.1. 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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Figure 5.3. Wide-field Optos colour 
fundus photograph of patients at 
different ages showing variation in 
the degree of retinal pigmentation. 
Dense bone-spicule pigmentation in 
a 21-year-old mildly affected patient 
(B) and paucity of pigments in a 40 
y/o severely affected patient (F) 
indicates poor correlation between 
retinal pigmentation and disease 
stage. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 5.4) and the MD was lowest in the older members of the 

family (Figure 5.5). 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 5.2).  
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Figure 5.4. Standard 
automated perimetry 
(24-2 test pattern with 
Goldmann size III 
stimulus) of affected 
patients at different 
ages shows wide 
variation in residual 
central visual field and 
mean deviations. 
Notable differences 
between patients at 
similar age were 
observed. LE = left 
eye; RE = right eye; 
MD = mean deviation. 
 

 

 

 

 

Figure 5.5. Baseline Humphrey 
visual field mean deviation in 
affected family members. 
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Table 5.2. Functional measures in affected family members across different age groups at baseline. 

Subject ID 

HVF 24-2 MD (dB) MAIA 10-2 MS (dB) MAIA 37R MS (dB) FF-ERG 30 Hz flicker amplitude (µV) 

Age RE LE Age RE LE Age RE LE Age RE LE 

IV:8 18 -14.6 -15.8 15 22.9 22.8 18 24.1 23.6 15 15.1 13.4 

III:12 18 -19.3 -17.9 16 20.3 20.8 - - - - - - 

IV:7 19 -16.6 -18.2 21 10.3 9.7 21 25.2 24.3 - - - 

IV:6 21 -26.8 -26.3 22 12.1 11.4 22 29.2 27.8 - - - 

III:6 32 -17.5 -19.4 28 5.6 5.2 28 17.5 17.1 27 7.2 6.9 

III:5 33 -27.9 -30.1 34 2.1 0.5 31 19.4 20.4 - - - 

III:4 35 -20.3 -23.2 - - - 32 22.3 23.8 - - - 

III:3 37 -28.0 -27.7 35 7.2 5.5 34 16.5 20.1 33 3.1 2.1 

III:2  38 -33.5 -33.5 - - - - - - - - - 

III:1 - - - - - - 42 14.3 18.6 - - - 

II:6* 50 -29.9 -31.9 51 0 - 51 6.5 - 50 0.0 0.0 

II:3 - - - - - - - - - - - - 

FF-ERG = full-field electroretinography; HVF = Humphrey visual field; HM = hand motion; LE = left eye; MAIA = macular integrity assessment 
microperimetry; MD = mean deviation; MS = mean sensitivity; RE = right eye. *Left eye old traumatic full-thickness macular hole. 
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Microperimetry was performed in 10 patients at baseline (Table 5.2). 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 scotomatous loci 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 loci were 19.4 (6.8, 6.5–29.2) dB and 25.8 (13.8, 0–37) loci, 

respectively. Dense scotomatous 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 5.6). 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.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6. Retinal sensitivity map using 10-2 and 37R 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 37R grid (O–P) test. MS = 
mean sensitivity.  
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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 5.7; Table 5.2).  

Figure 5.7. Right eye full-field electroretinography shows residual cone response in a 15-
year-old affected member (IV:8) and almost flat ERG in 27- and 50-year-old affected 
members. The non-penetrant carrier (II:5) showed rod and cone responses at age 37 years 
comparable to the age-matched normal healthy control (bottom panel). DA= dark-adapted; 
LA= light-adapted responses. 0.01 and 3.0 are flash strength values in cd.s/m2. 
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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 5.8). 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 5.3). The mean (SD, 

range) TMV was 7.8 (1.4, 6.1–11.1) mm3.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.8. Foveal line optical coherence tomography of affected members showing a range 
of macular complications. In the teenage (< 20-year-old) family members (A–C) clinical 
cystoid macular oedema (A&B) was common. In the young adult members aged 20 to 40 
years (D–I), subclinical macular oedema (E&H) was common and epiretinal membrane 
became more prevalent with age (I). Ellipsoid zone was lost by the mid-30s (H–L). In those 
family members > 40 years of age (J–L), lamellar macular hole complicating previous cystoid 
macular oedema was observed (J). 
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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 5.8). In 

patient IV:8, an irregular HAR was observed in NI-AF while it was not visible in SW-AF 

image (Figure 5.9A). Cross-sectional comparison between age-similar affected individuals 

revealed significant variations in BCVA, MD, MS, EZ span and HAR areas (Table 5.2 and 

5.3). Eleven affected members returned for follow-up assessment of disease progression 

rates. 

Figure 5.9. 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. 



 

122 

 

Table 5.3. Structural measures in affected family members across different age groups at baseline. 

Subject ID 
EZ length (µm) TMV (mm3) NI-HAR area (mm2) SW-HAR area (mm2) 

Age RE LE Age RE LE Age RE LE Age RE LE 

IV:8† 14 5101 5830 14 9.3 9.4 15 40.4 39.5 15 NM NM 

III:12† 16 5248 5420 16 9.2 9.4 16 23.2 23.1 16 22.7 23.5 

IV:7 19 2498 2510 19 7.5 7.7 19 5.2 5.3 19 5.9 5.0 

IV:6 21 2462 2374 21 7.1 7.1 21 5.1 4.9 21 5.9 5.1 

III:6 27 NM NM 27 7.4 7.2 28 2.3 2.2 29 NM NM 

III:5 31 1130 905 31 6.1 6.2 34 1.6 2.0 31 NM NM 

III:4 31 1153 1525 31 6.3 6.3 32 2.3 2.1 31 NM NM 

III:3 33 0 0 33 7.9 7.9 34 0 0 34 0 0 

III:2  38 0 0 38 11.1 10.9 38 0 0 38 0 0 

III:1 42 0 0 42 6.8 6.8 42 0 0 42 0 0 

II:6* 50 0 0 50 7.0 NA 50 0 0 50 0 0 

II:3 55 0 0 55 7.9 10 - - - - - - 
†Bilateral severe cystoid macular oedema. *Left eye old traumatic full-thickness macular hole. 
EZ = ellipsoid zone; LE = left eye; NA = not available; NI-HAR = near-infrared hyperautofluorescent ring; NM = not measurable; RE = right eye; 
SW-HAR= short-wavelength hyperautofluorescent ring; TMV = total macular volume. 
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5.4.2. 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 5.4.). Although there was an 

overall decline of BCVA with increasing age across the cohort, it was highly variable in each 

patient (Figure 5.10A–B). The mean (SD, range) change in BCVA in nine family members 

(excluding 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 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 (central 20° field) was available 

in four family members over a mean (SD) follow-up interval of 2.7 (0.6) years (Table 5.4). 

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 5.4). 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 

5.10C–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 5.11A).  

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 5.5). The most rapid reduction in EZ span was in a 

14-yearold subject (IV:8) whilst the most stable was in a 31-year-old subject (III:4) (Table 

5.5 and Figure 5.11B). An example of EZ change over 26-month in a 16-year-old subject 

(III:12) is shown in Figure 5.12. 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 5.13).  
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Table 5.4. Longitudinal changes in visual acuity and 10-2 and 37R MAIA mean sensitivity (MS) in affected family members. 
 Visual acuity (ETDRS score) MAIA 37R MS (dB) MAIA 10-2 MS (dB) 

ID 

Exams 

(n) 

Baseline 

age (y) 

FU 

(y) 

Baseline 

VA 

Slope 

(letter/y) 

Relative 

change 

(%) 

Exams 

(n) 

Baseline 

age (y) 

FU 

(y) 

Baseline 

MS 

Slope 

(dB/y) 

Relative 

change 

(%) 

Exams 

(n) 

Baseline 

age (y) 

FU 

(y) 

Baseline 

MS 

Slope 

(dB/y) 

Relative 

change 

(%) 

IV:8 3 14 3.3 56 -2.3 -4.2 - - - - - - 2 15 2.3 22.9 -0.6 -2.7 

III:12 5 16 3.0 69 +2.4 +3.5 - - - - - - 4 16 2.2 20.3 -1.8 -9.1 

IV:7 2 19 1.8 71 -1.1 -1.6 - - - - - - - - - - - - 

IV:6 2 21 0.8 73 0.0 0.0 - - - - - - - - - - - - 

III:6 6 27 5.2 45 -0.3 -0.6 5 28 3.8 17.5 +0.1 +0.8 5 28 2.8 5.6 +1.2 +20.7 

III:5 3 31 2.7 60 +5.6 +9.4 2 31 2.7 19.4 -1.2 -6.0 - - - - - - 

III:4 4 31 5.0 75 -1.2 -1.6 3 32 4.0 22.3 -0.1 -0.6 - - - - - - 

III:3 8 33 5.1 36 +1.0 +2.9 3 34 1.6 16.5 +1.1 +6.9 - - - - - - 

II:6 8 50 5.0 39 0.0 0.0 5 51 3.4 6.5 +0.6 +8.5 3 51 3.4 0 +0.6 -* 

Mean 4.6 26.9 3.5 58.2 +0.5 +0.9 3.6 35.2 3.1 16.4 +0.1 +1.9 3.5 27.5 2.7 12.2 -0.2 +3.0 

SD 2.4 11.1 1.6 15.1 2.4 3.9 1.3 9.1 1.0 5.1 0.9 5.9 1.3 16.7 0.7 11.1 1.3 15.7 

*Percentage not applicable due to baseline value of 0.  
FU = follow-up duration; SD = standard deviation. 
 
 
Table 5.5. Longitudinal changes in residual ellipsoid zone span and area of the hyperautofluorescent ring in near-infrared and short-
wavelength autofluorescence. 

 EZ span (µm) NI-AF HAR area (mm2) SW-AF HAR area (mm2) 

ID Exams 

(n) 

Baseline 

age (y) 

FU 

(y) 

Baseline 

span 

Slope 

(µm/y) 

Relative 

change 

(%) 

Exams 

(n) 

Baseline 

age (y) 

FU 

(y) 

Baseline 

area 

Slope 

(mm2/y) 

Relative 

change 

(%) 

Exams 

(n) 

Baseline 

age (y) 

FU 

(y) 

Baseline 

area 

Slope 

(mm2/y) 

Relative 

change 

(%) 

IV:8 3 14 3.2 5101 -587 -11.5 2 15 2.3 40.4 -6.6 -16.3 - - - - - - 

III:12 5 16 2.2 5248 -339 -6.5 4 16 2.2 23.2 -3.5 -15.3 4 16 2.2 22.7 -2.4 -10.7 

IV:7 2 19 1.8 2498 -51 -2.1 2 19 1.8 5.2 0.0 -0.2 2 19 1.8 5.9 -0.2 -2.9 

IV:6 2 21 0.8 2462 -143 -5.8 2 21 0.8 5.1 -0.3 -4.9 2 21 0.8 5.9 -0.6 -10.7 

III:6 - - - - - - 3 28 3.7 2.3 -0.1 -4.7 - - - - - - 

III:5 3 31 2.7 1130 -81 -7.2 - - - - - - - - - - - - 

III:4 4 31 5.0 1153 -14 -1.2 3 32 4 2.3 -0.1 -3.4 - - - - - - 

Mean 3.2 22.0 2.6 2932 -203 -5.7 2.7 22.4 2.5 13.1 -1.8 -7.5 2.7 18.7 1.6 11.5 -1.1 -8.1 

SD 1.2 7.4 1.4 1838 221 3.7 0.8 6.6 1.2 15.5 2.7 6.7 1.2 2.5 0.7 9.7 1.2 4.5 

EZ = ellipsoid zone; FU = follow-up duration; HAR = hyperautofluorescent ring; NI-AF = near-infrared autofluorescence; SD = standard 
deviation; SW-AF = short-wavelength autofluorescence.  
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Figure 5.10. Baseline and follow-up measurements of best-corrected visual acuity (A&B), 
mean sensitivity (C&D) and number of scotomatous loci (E&F) in affected members. Visual 
acuity did not change significantly in each patient during the follow-up period (A&B). 
Microperimetry mean sensitivity declined with increasing age across the cohort, which 
appeared to be linear in 37R grid (C) and exponential in 10-2 grid (D). The number of 
scotomatous loci reached a ceiling of 37 in the 37R 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 5.11. 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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Figure 5.12. 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 bar = 200 
µm. 
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Figure 5.13. (A) Ellipsoid Zone (EZ) span measurements from 6 subjects (age 14 to 36 years) 
were plotted against their age at the time of measurements. (B) Predicted EZ span using 
exponential formula derived from loge transformation as seen in (C).  
 

A total of 19 EZ measurements per eye was loge transformed and plotted against age of the 

patient at the time of EZ measurement. The slope, k, derived from this plot is used to 

calculate predicted percentage change in EZ using the formula: 

 

% change = ek – 1 

 

where e = is Eulers’ number; -2.71828 and k = gradient of the slope in log transformed plot. 

For right eye, the percentage change in EZ span is -8.25% per year whilst for left eye, the 

percentage change is -7.64% per year (Figure 5.13). 

 

 

A B 

C 
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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 5.11C–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 5.4). The decline was most 

rapid during the second decade of life (Figure 5.11E) and was usually accompanied by severe 

CMO. Serial SW-AF images showed 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 5.11F; Table 5.4).  

5.4.3. 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 5.2). This nonsense variant 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 

gnomAD252, and the presence of sufficient informative meiosis within the pedigree to 

substantiate strong evidence of pathogenicity.253 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 5.5). 
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Table 5.5. Other variants detected by next-generation sequencing in two affected members. 

Gene Variant (c.DNA) CEI Classification MAF, homozyg III:6* III:2† 
Reason for exclusion‡ 

1 2 3 

ABCA4 
NM_000350.2 
Complex homozygous 

c.3608G>A Reported 0.000315 WT HET ✓  ✓ 

c.5584+33C>T VUS 0.000018,Homo=0 HOM WT ✓   

c.5898+20C>T VUS-ClinVar LB 0.000043,Homo=0 HOM WT ✓   

ADAM9 
NM_003816.2 

c.2148C>T VUS-silent absent WT HET ✓  ✓ 

ALMS1 
NM_015120.4 

c.9917C>T Prob Dam absent WT HET ✓ ✓  

c.9925C>G Prob Dam absent WT HET ✓ ✓  
B9D2 
NM_030578.3 

c.483C>T VUS-silent 0.000004 WT HET NT ✓ ✓ 

BBS7 
NM_176824.2 

c.601+6C>G VUS absent WT HET ✓ ✓ ✓ 

C1QTNF5 
NM_015645.3 

c.110C>T Prob Dam absent HET WT ✓ ✓  

CLN3 
NM_000086.2 

c.45G>A VUS-silent 0.002147 WT HET NT ✓ ✓ 

CLN6 
NM_017882.2 

c.543-31G>A VUS absent WT HET NT ✓ ✓ 

CNGA3 
NM_001298.2 

c.1705C>T Prob Dam 0.000011 WT HET ✓ ✓ ✓ 

CNGB1 
NM_001297.4 

c.2370-19C>T VUS 0.000248 WT HET ✓  ✓ 

DHX38 
NM_014003.3 

c.3662C>T Prob Dam 0.001253 WT HET ✓ ✓ ✓ 

GPR125 
(ADGRA3) 
NM_145290.3 

c.546-33C>A VUS 0.000047,Homo=0 HET WT ✓   

c.866C>T Pred benign* 0.001671,Homo=1 HET WT ✓   

GPR179 
NM_001004334.2 

c.1686C>T VUS-silent 0.000008 WT HET ✓ ✓ ✓ 

GRN 
NM_002087.2 

c.503G>A Prob Dam absent WT HET NT ✓  

IFT140 
NM_014714.3 

c.4208G>A Prob Dam* 0.000153,Homo=0 WT HET ✓   

c.4214G>A Prob Dam* 0.000081,Homo=0 WT HET ✓   
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LCA5 
NM_001122769.2 

c.191-5T>A VUS absent WT HET ✓ ✓ ✓ 

MYO7A 
NM_000260.3 

c.6281A>G Prob Dam absent HET WT ✓ ✓ ✓ 

NPHP1 
NM_000272.3 

c.1123-19T>A VUS absent WT HET ✓ ✓ ✓ 

NR2E3 
NM_014249.3 

c.1124C>T 
Pro375Leu 

Prob Dam ? WT HET ✓   

PDZD7 
NM_001195263.1 

c.719+27C>T VUS 0.000079 HET WT ✓ ✓  

c.2366G>A VUS absent HET WT ✓ ✓  
PHYH 
NM_006214.3 

c.734G>A Poss Dam 0.007867 WT HET ✓ ✓ ✓ 

PRPF8 
NM_006445.3 

c.1668G>C VUS-silent 0.000008 WT HET ✓   

RP1 
NM_006269.1 

c.708A>C Prob Dam absent WT HET ✓   

RP1L1 
NM_178857.5 

c.5202G>C VUS-silent absent WT HET ✓  ✓ 

SPATA7 
NM_018418.4 
Probably separate alleles 

c.860T>G Prob Dam¶ 
 

absent HET WT ✓   

c.1386G>A VUS-silent 
Poss splice change 

absent HET WT ✓   

TCTN3 
NM_015631.5 

c.889-40C>T VUS 0.00002 WT HET NT ✓ ✓ 

TMEM216 
NM_001173991.2 

c.-28G>T VUS 0.000031 WT HOM NT ✓  

USH2A 
NM_206933.2  
Separate alleles 

c.6515T>C Poss Dam/Benign absent WT HET ✓   
c.8272G>C Prob Dam 0.000004,Homo=0 WT HET ✓   

*154 gene V1. †211 gene V5.  
‡1 = does not segregate with disease, 2 = not consistent with the phenotype, 3 = gene associated with recessive condition and only 1 variant 
detected.  
¶Conflicting predictions.  
CEI = Casey Eye Institute; NT = not tested; WT = wild type; HET = heterozygote; HOM = homozygote, VUS = variant of unknown significance.  
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5.3.4. 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 examination by a retina specialist (author F.K.C.) and 

multimodal imaging (Table 5.2; Figure 5.14). One non-penetrant case (II:5) had full-field 

ERG demonstrating normal rod and cone responses (Figure 5.7). This patient also had 

bilateral branch retinal vein occlusions without macular involvement. 

Figure 5.14. Colour fundus photograph, widefield fundus autofluorescence (FAF) and 
macular spectral-domain optical coherence tomography (SD-OCT) of two non-penetrant 
carriers showing normal findings. LE = left eye; RE = right eye. 
 

5.5. 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 symptoms in all affected members was within the 

first two decades of life. Standard multimodal imaging and visual field assessment using the 
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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.  

5.5.1. Haploinsufficiency and non-penetrance 

PRPF31 is the causative gene in up to 10% of adRP cases.227,228 Nearly 90% of PRPF31 

mutations are predicted to result in null alleles236, supporting haploinsufficiency as the 

predominant disease mechanism. The nonsense mutation in this pedigree results in the 

introduction of a premature termination codon (PTC) (p.Ser402Ter) into the PRPF31 

transcript and is predicted to result in haploinsufficiency due to nonsense-mediated mRNA 

decay (NMD), as has been demonstrated in vitro previously for other PTC-encoding PRPF31 

mRNA transcripts.260 Although this mutation was initially reported in a French population283, 

the clinical features have not been described.  

Incomplete penetrance occurs in the majority of RP11 families reported.228 The rate of 

non-penetrance was reported between 9–38% in previous studies on different populations.231-

233,258 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.91 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 mutation229,230,279, with 

occasional reports of symptom onset beyond 60 years of age.91 Furthermore, age at onset of 

symptoms may vary widely (up to 20 years) within the same family91,230,262, 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 labelled as non-penetrant.232,233 

5.5.2. Baseline clinical features 

Visual acuity in our patients falls within the ranges reported previously in members of 

families with other PRPF31 mutations.259,262,284 Our observation of large variability of visual 

acuity in patients of similar age has also been reported in other PRPF31 adRP families.231,258 

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.230,285 Similarly, Humphrey field test 

showed significant variation in the residual central visual field span and mean deviation 

irrespective of the patients’ age. This was not unexpected given the previous findings in 

Goldmann visual field test in other families with PRPF31-associated RP.259,262 Using the 
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MAIA microperimeter, which provides a higher sampling frequency 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 CMO60, 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 previously been reported in other PRPF31 families.224,230,258,286 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 central EZ 

in patients older than 50 years has been reported in PRPF3191, USH2A22 and RHO-associated 

adRP.137 A HAR may be visible in 58–94% of RP patients using SW-AF imaging.121,287 The 

occurrence and pattern of the HAR may vary depending on the underlying gene129 and 

probably the stage of disease and the imaging modality. Since the boundaries of HAR are 

compatible with the boundaries of healthy retina in other functional and structural 

measures123, it is postulated that the HAR represents the junction between diseased 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.26 

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.22,121,124,137 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 

imaging. The variation in structural and functional outcomes in patients of the same age can 

be attributed to the expression level of the normal allele236,285 or, more likely, the inner retinal 

damage from chronic and untreated CMO.  
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5.5.3. 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.91,92 In addition, visual 

acuity correlated poorly with age and duration of disease.91 The lack of a measurable 

progression using MS may be due to the significant test–retest variability of MAIA in retinal 

diseases.288 There is no report on microperimetry progression in PRPF31 patients. Two 

separate longitudinal studies in unselected RP patients reported a mean and central sensitivity 

decline of 0.30 and 0.88 dB per year, respectively, using the Nidek MP-1.66,289 However, 

these studies did not report the genetic diagnosis in their cohorts. Unlike our microperimetry 

findings, disease progression has been measured using residual visual field area in Goldmann 

kinetic perimetry 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.91,92 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.102,135,136 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.91 However, in contrast to our study, their patients had different 

PRPF31 mutations 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.131,132 There was significant inter-individual and intra-individual variation 

in the rate of HAR constriction.131,290 

5.5.4. 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 
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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 progression 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 

caution due to the inherent high variability and we did not specifically estimate the test–retest 

variability in our patient cohort.288,291 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 progression and the need for a longer follow-up period to 

detect 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. 

 

5.6. 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 progression 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 decade 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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CHAPTER 6: CRB1-ASSOCIATED RETINOPATHY 

This chapter has been adapted from a published paper titled “Multimodal retinal imaging 

and microperimetry reveal a novel phenotype and potential trial endpoints in CRB1-

associated retinopathies”.292 

 

*Presented as ePoster at Human Genetics Society of Australasia (HGSA) Conference 

(Online), November 24–25, 2020. 

*The text has undergone minor edits to maintain consistency with other chapters. 
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6.1. Abstract 

Purpose: Biallelic crumbs cell polarity complex component 1 (CRB1) mutations can present 

as Leber congenital amaurosis (LCA), retinitis pigmentosa (RP), or cystic maculopathy. This 

study reports a novel phenotype of asymptomatic fenestrated slit maculopathy (AFSM) and 

examines macular volume profile and microperimetry as clinical trial endpoints in CRB1-

associated retinopathies. 

Methods: Twelve patients from nine families with CRB1 mutation were recruited. Ultra-

widefield (UWF) colour fundus photography and autofluorescence (AF), spectral-domain 

optical coherence tomography (SD-OCT), microperimetry, and adaptive optics (AO) imaging 

were performed. Macular volume profiles were compared with age-matched healthy controls. 

Genotyping was performed using APEX genotyping microarrays, targeted next-generation 

sequencing, and Sanger sequencing. 

Results: We identified one patient with LCA, five patients with RP, and four patients with 

macular dystrophy (MD) with biallelic CRB1 mutations. Two siblings with compound 

heterozygote genotype (c.[2843G>A]; [498_506del]) had AFSM characterized by localized 

outer retinal disruption on SD-OCT and parafoveal cone loss on AO imaging despite normal 

fundus appearance, visual acuity, and foveal sensitivity. UWF AF demonstrated preserved 

para-arteriolar retinal pigment epithelium (PPRPE) in all patients with RP. Microperimetry 

documented preserved central retinal function in six patients. The ratio of perifoveal-to-

foveal retinal volume was greater than controls in 89% (8/9) of patients with RP or MD, 

whereas central subfield and total macular volume were outside normal limits in 67% (6/9). 

Conclusions: AO imaging was helpful in detecting parafoveal cone loss in asymptomatic 

patients. Macular volume and sensitivity can be used as structural and functional endpoints 

for trials on CRB1-associated RP and MD.  
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6.2. Introduction 

Crumbs cell polarity complex component 1 (CRB1; OMIM: #604210) is a transmembrane 

protein, located within the subapical region of human photoreceptors that plays a critical role 

in retinal development, structure, and function.293,294 Biallelic mutations in CRB1 have been 

implicated in 3% to 9% of autosomal recessive retinitis pigmentosa (arRP), including retinitis 

pigmentosa 12 (RP12; OMIM: #600105)295 and 7% to 17% of Leber congenital amaurosis 

(LCA), also known as LCA8 (OMIM: #613835).251,296 Maculopathy with or without foveal 

schisis is a more recently recognized phenotype associated with CRB1 mutations.297-302 Given 

gene therapy for CRB1-associated retinopathy is already underway in an animal model303, it is 

timely to examine the various imaging biomarkers that could be considered in future CRB1 

treatment trials. 

CRB1-associated retinitis pigmentosa (CRB1-RP) has been associated with coarse 

retinal lamination, thick retina, preserved para-arteriolar retinal pigment epithelium (PPRPE), 

hypermetropia, cystoid macular oedema (CMO), and retinal telangiectasia with Coat’s-like 

reaction.30413 For example, the likelihood of detecting CRB1 mutation in patients with RP is 

higher among those presenting with PPRPE (66%–74%) or retinal telangiectasia (31%–

53%).296 Jacobson and colleagues reported abnormal parafoveal retinal thickening in eight 

patients with CRB1-associated LCA or early-onset severe RP.305 Their study used low 

resolution time-domain optical coherence tomography (OCT) cross section images without 

thickness mapping and only a relatively small number of healthy control subjects were 

recruited (N = 3). In a cohort of 55 patients with CRB1-RP, Talib et al. reported perifoveal 

retinal thickening in 82% (9/11) of patients and PPRPE in 26% (13/50) and 33% (3/9) of 

patients on widefield colour composite fundus photographs and fundus autofluorescence 

(FAF) imaging, respectively.306 Although these cases were followed for 15.4 years, adaptive 

optics (AO) imaging and microperimetry data were not presented. Whereas universal 

functional markers, such as full-field stimulus and pupillography, may be used as trial 

endpoint in patients with late-stage RP caused by CRB1 mutations307, they may not be useful 

in patients with early-stage RP or maculopathy. Hence, more localized functional tests are 

required for monitoring disease progression in patients with the latter manifestation of CRB1, 

which is gaining recognition as an important differential diagnosis of inherited isolated cystic 

maculopathy. CRB1-associated maculopathy is typically associated with a 9-bp deletion in 

exon 2300-302, with few exceptions.298,299 Unlike CRB1-RP, patients with maculopathy can be 

myopic299 and have a well-developed retinal structure.298 The hallmark of CRB1-maculopathy 



 

140 

 

in OCT is early-onset schitic/cystoid maculopathy, which resolves during several years to 

decades leading to severe macular atrophy.301,302 However, none of the previous studies 

quantified the retinal  sensitivity and macular volume parameters. In addition, there has been 

no report of a patient with biallelic CRB1 mutation with normal visual acuity and no apparent 

macular architectural change. 

In the present study, we use multimodal retinal imaging and microperimetry to 

characterize structural and functional changes in CRB1-associated LCA, RP, and 

maculopathy. In addition, we describe a previously unreported phenotype of asymptomatic 

fenestrated slit maculopathy. 

 

6.3. Methods 

6.3.1. Subjects 

The participants in this case series were enrolled as part of the Western Australia Retinal 

Degeneration (WARD) Study. Genetic diagnosis was established through the Australian 

Inherited Retinal Disease Registry and DNA Bank. The study protocol adhered to the tenets 

of the Declaration of Helsinki and ethics approval was obtained from the Human Ethics 

Committee of the Office of Research Enterprise, The University of Western Australia 

(RA/4/1/7916), and Sir Charles Gairdner Hospital Human Research Ethics Committee 

(approval number 2001–053). Written informed consent was obtained from the participants 

prior to inclusion in the study. 

6.3.2. Study Protocol and clinical assessment 

Diagnosis of inherited retinal disease (IRD) was confirmed by an experienced retinal 

specialist based on history and clinical examination and/or electroretinography (ERG). 

Clinical assessment involved obtaining a full medical and ocular history, best-corrected 

visual acuity (BCVA), and dilated fundus examination. ERG was recorded in accordance 

with International Society for Clinical Electrophysiology of Vision (ISCEV) standards.18 

Assessment of visual fields was undertaken using microperimetry (Macular Integrity 

Assessment [MAIA] perimeter; CenterVue, Padova, Italy). The large 10-2 (68 test loci) and 

the small radial (37 test loci, 37R) grid patterns were used to map the retinal sensitivity 

profile within the macular (central 20 degrees field) and foveal (central 6° field) regions, 

respectively (Figure 6.1A&B). 
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Figure 6.1. Patterns of microperimetry testing with macular integrity assessment (MAIA) 
using small grid containing 37 radially distributed (37R) test loci spanning 6° of central 
macula (A) and large grid containing 68 test loci spanning approximately 20° of central 
macula (B). Standard early treatment diabetic retinopathy study (ETDRS) grid used for 
calculating macular volume profiles (C). Central subfield (CS), average inner ring (IN, IS, IT, 
II), average outer ring (ON, OS, OT, OI) and total macular volumes were measured for all 
patients and used for calculating other parameters. Adaptive optics imaging cone mosaic 
montage overlayed on infrared retinal image shows regions of interest used for cone mosaic 
analyses (D). CS = central subfield; IN = inner nasal; IS = inner superior; IT = inner temporal; II 
= inner inferior; ON = outer nasal; OS = outer superior; OT = outer temporal; OI = outer 
inferior. 
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Detailed multimodal imaging was performed in all cases, including ultra-widefield 

colour fundus photography and green-light fundus autofluorescence (California; Optos plc., 

Dunfermline, UK) and spectral domain optical coherence tomography (SD-OCT, Spectralis; 

Heidelberg Engineering, Heidelberg, Germany). Fovea-centered macular volume scans were 

performed in a 30° × 25° area covering the early treatment diabetic retinopathy study 

(ETDRS) 1 mm, 3 mm, and 6 mm grid pattern (Figure 6.1C). Volume scans consisted of 61 

horizontal B-scans separated by approximately 130 µm between each scan. Inner limiting 

membrane and Bruch’s membrane were segmented automatically using the manufacturer 

software (HEYEX version 1.9.14.0; Heidelberg Engineering) and adjusted manually by a 

trained ophthalmologist (author D.R.) in cases with segmentation error. A dense raster 15° × 

10° volume scan (97 slices, 30 µm intervals) was performed in cases with central residual 

island of vision to visualize the en face reflectance map of the interdigitating zone (IZ). 

Autofluorescence (AF) imaging was performed using a scanning laser ophthalmoscope 

(Spectralis HRA2; Heidelberg Engineering) with short-wavelength AF (SW-AF; λ = 488 nm) 

and near-infrared AF (NI-AF; λ = 787 nm) modalities. Flood-illumination AO retinal 

imaging using rtx1 AO camera (Imagine Eyes, Orsay, France) was performed in selected 

patients (N = 3) with fixation ability and without cataract and CMO. Multiple overlapping 4° 

× 4° images covering the central 6° were taken at the photoreceptor level. Individual image 

frames were stitched together using i2k Retina software (DualAlign LLC, Clifton Park, NY, 

USA) and overlayed on high-resolution IR + OCT image. The location of the fovea was 

marked on the montaged AO image of each eye. 

To compare SD-OCT macular volume measurements in a normal population, 80 

control subjects were grouped into three age categories: 20 to 40 years (N = 19), 41 to 60 

years (N = 36), and 61 to 75 years (N = 25). Mean and standard deviations of macular volume 

indices were calculated for each age subgroup (Table 6.1).  
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Table 6.1. Macular volume parameters in healthy subjects within different age groups. 

Age brackets 20–40 41–60 61–75 Total 

Number 

Mean (SD) Age 

19 

29.4 (6.8) 

36 

50.0 (5.7) 

25 

65.7 (3.5) 

80 

50.0 (14.4) 

CSV (mm3) 

 

Mean (SD) 

Range 

0.21 (0.02) 

0.18–0.25 

0.22 (0.02) 

0.19–0.25 

0.21 (0.02) 

0.17–0.27 

0.22 (0.02) 

0.17–0.27 

TMV (mm3) 
Mean (SD) 

Range 

8.54 (0.31) 

8.11–9.05 

8.68 (0.31) 

7.79–9.28 

8.33 (0.35) 

7.68–9.05 

8.53 (0.35) 

7.68–9.28 

IRV (mm3) 
Mean (SD) 

Range 

0.53 (0.02) 

0.50–0.56 

0.53 (0.03) 

0.41–0.57 

0.52 (0.02) 

0.49–0.56 

0.53 (0.02) 

0.41–0.57 

ORV (mm3) 
Mean (SD) 

Range 

1.55 (0.06) 

1.47–1.66 

1.57 (0.06) 

1.38–1.70 

1.51 (0.07) 

1.38–1.65 

1.55 (0.07) 

1.38–1.70 

TMV/CSV 
Mean (SD) 

Range 

40.98 (3.30) 

34.92–46.11 

39.86 (2.84) 

31.16–46.21 

39.23 (3.51) 

31.52–45.82 

39.93 (3.19) 

31.16–46.21 

IRV/CSV 
Mean (SD) 

Range 

2.56 (0.22) 

2.16–2.92 

2.46 (0.16) 

1.97–2.73 

2.46 (0.21) 

2.03–2.85 

2.48 (0.19) 

1.97–2.92 

ORV/CSV 
Mean (SD) 

Range 

7.44 (0.63) 

6.32–8.38 

7.24 (0.58) 

5.50–8.59 

7.09 (0.66) 

5.61–8.34 

7.24 (0.62) 

5.50–8.59 

CSV = central subfield volume; IRV = inner ring volume; ORV = outer ring volume; SD = 
standard deviation; TMV = total macular volume.  
 

6.3.3. Outcome measures 

BCVA was measured using the ETDRS chart and recorded as ETDRS letter score and 

converted to Snellen equivalents. Microperimetry point-wise sensitivity (PWS) was classified 

into normal sensitivity (≥ 25 dB), relative scotoma (0–24 dB), or absolute scotoma (< 0 dB). 

Mean retinal sensitivity (MS), number of scotomatous loci and number of seeing loci 

(sensitivity ≥ 0 dB) were reported for both the small radial and 10-2 grids. 

The ETDRS grid (6 mm diameter) central subfield volume (CSV; 1 mm diameter), 

total macular volume (TMV), and average volume of the inner and outer ETDRS rings at four 

quadrants were recorded for each OCT volume scan. In addition, ratio of the TMV, outer ring 

volume (ORV) and inner ring volume (IRV) to CSV were calculated. AO images were 

analysed using AODetect version 3.0 (Imagine Eyes). Cone density (CD) was measured at 

2°, 3°, and 4° along 4 meridional directions (Figure 6.1D) and angular values (cell/deg2) were 

reported. Patients’ CD values were compared with normal rtx1 ranges (average ± 2 SD) 

reported by Legras and colleagues.148 In addition, previously validated custom software308 was 

used for semi-automated segmentation of AO montages to create a parafoveal cone density 

map. 
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6.3.4. Genotyping and pathogenicity assessment 

Genomic DNA samples were collected, processed, and stored as previously described.240 

Genomic DNA was analysed using the APEX ARRP microarray (Asper Biotech, Estonia), 

bidirectional Sanger sequencing (Macrogen, Seoul, South Korea, or Asper Biotech), or 

various next-generation sequencing (NGS) panels241, and confirmed by Sanger sequencing 

(Casey Eye Institute, CEI Molecular Diagnostics Laboratory, Portland, OR, USA, or 

Molecular Vision Laboratory, Hillsboro, 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 at the Lions Eye Institute (Table 6.2). 

Table 6.2. Genotyping methods used for affected individuals. 
Pedigree 

ID 

Subject 

ID 

Testing methodology 

0306 II:1 LCA NGS Panel_19 genes and targeted Sanger sequencing (CEI) 

II:3 Targeted Sanger sequencing (CEI) 

0058 II:1 Asper ARRP Array (Asper Biotech) and targeted Sanger sequencing 

(AGRF) 

II:2 Targeted Sanger sequencing (AGRF) 

0432 II:4 Asper ARRP Array (Asper Biotech) and targeted Sanger sequencing (MVL) 

0264 II:1 Vision Panel v2+CNV Analysis and targeted Sanger sequencing (MVL) 

2118 II:1 Vision Panel v1 and targeted Sanger sequencing (MVL) 

0116 II:3 Targeted Sanger sequencing (CEI) 

II:4 RD NGS Panel_131 genes and targeted Sanger sequencing (CEI) 

0625 II:1 Sanger sequencing of CRB1 & USH2A (Asper Biotech) and CRB1 

sequencing (Macrogen) 

0237 II:2 Vision Panel v1 and targeted Sanger sequencing (MVL) 

2647 II:2 Targeted Sanger sequencing (External analysis) 

II:3 RD NGS Panel_259 genes and targeted Sanger sequencing (CEI) 

II:4 Targeted Sanger sequencing (External analysis) 

AGRF = Australian Genome Research Facility; ARRP = autosomal recessive retinitis 
pigmentosa; CEI = Casey Eye Institute; CNV = copy number variation; External analysis = 
results provided by another laboratory; LCA = Leber congenital amaurosis; MVL = Molecular 
Vision Laboratory; NGS = next-generation sequencing; RD = retinal dystrophy.  
 

Variants are described in accordance with Human Genome Variation Society 

recommendations.250 Pathogenicity was assessed using M-CAP309, REVEL310, Mutation 

Taster281,  PolyPhen2311, SIFT, SIFT Indel312, VEST Indel313, and the Alamut Visual Splicing 

Suite, with information sought from LOVD, ClinVar, dbSNP, HGMD314, Exome Sequencing 

Project, and gnomAD.282 Pathogenicity was interpreted in accordance with current guidelines 

proposed by the American College of Medical Genetics and Genomics and the Association 

for Molecular Pathology252, and associated literature.253,256 
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6.3.5. Statistical analysis 

Data were recorded in Statistical Package for the Social Sciences (SPSS) version 23 

(SPSS/IBM, Inc., Chicago, IL, USA) and appropriate statistics applied after testing for 

normality. Quantitative data are presented as the mean (SD, range) and categorical data are 

presented as absolute numbers (%). For the macular volume parameters, the average and SD 

of the age-matched healthy subjects were calculated and values above or below 2 SD were 

considered significant. Z-scores of the patients’ macular volume measurements were 

calculated as ([patient value – normal average]/SD). Rates of annual change in macular 

volume parameters were calculated using linear regression analysis and beta estimates were 

reported. Only right eye data were included in all statistical analyses. 

 

6.4. Results 

6.4.1. Patients  

Twelve patients (5 male patients and 7 female patients) from nine Caucasian Australian 

families were recruited (Figure 6.2). Patients were denoted by pedigree number and 

generation:individual. Mean age (SD, range) at baseline examination was 35 (16, 11–68) 

years. The mean (SD, range) age at onset of symptoms was 9 (7, 0–21) years. Demographics, 

clinical characteristics, and genotype are summarized in Table 6.3.  

6.4.2. Spectrum of phenotypes 

Based on the pattern of retinal involvement on ultra-widefield FAF, patients were categorized 

into two groups, namely pan-retinopathy or maculopathy. Pan-retinopathy was further 

categorized into LCA and RP according to the age of onset and ocular findings. Maculopathy 

was categorized into macular dystrophy (MD) and asymptomatic fenestrated slit maculopathy 

(AFSM) based on symptoms and multimodal imaging findings. Using this classification, we 

had one patient with LCA, five patients with RP, four patients with MD, and two patients 

with AFSM (Figure 6.3). Of note, patients 2647/II:3 and II:4 who were diagnosed with MD 

and AFSM, respectively, were di-zygotic twins. 
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Figure 6.2. Pedigrees of families with CRB1-associated Leber congenital amaurosis (A), 
retinitis pigmentosa (B–E), and maculopathy (F–I). A novel phenotype (asymptomatic 
fenestrated slit maculopathy) was observed in two siblings (II:2 and II:4) of family 2647 (I), 
whilst the other sibling (II:3) had typical macular dystrophy. Squares = male; circles = female; 
filled shapes = affected. 
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Table 6.3. Demographics, baseline clinical characteristics and genotypes of 12 patients with CRB1-associated retinopathy. 

Pedigree 

ID 

Subject 

ID 
Sex 

Onset 

(y) 

Age 

(y) 

BCVA MRSE (D) AL (mm) Lens 
Allele 1 Allele 2 Phenotype 

RE LE RE LE RE LE RE LE 

0306 II:3 F Birth 28 CF CF -0.50 -1.00 - - CC CC c.2843G>A c.1793del LCA 

0058 II:1 F 21 47 PL PL -2.25 -2.00 22.1 22.1 PSC PSC c.1892A>G c.2548G>A RP 

 II:2 M 18 45 PL PL +0.50 -0.50 23.4 23.4 IOL IOL    

0432 II:4 F 8 48 20/200 20/250 +4.00 +3.50 21.6 21.5 NSC NSC c.4005+1G>A c.2850_2855del  

0264 II:1 M Birth 29 20/80 20/250 +4.00 +6.75 - - Clear PSC c.2401A>T c.2290C>T  

2118 II:1 M 5 11 20/40 20/32 +5.50 +5.00 20.0 20.1 Clear Clear c.2555T>C c.3014A>T  

0116 II:3 F 8 68 HM HM -0.50 -0.25 21.9 22.1 IOL IOL c.2688T>A c.498_506del MD 

0625 II:1 F 10 47 20/125 CF -0.50 -0.50 22.5 22.6 Clear NSC c.2843G>A c.652+5G>C  

0237 II:2 F 11 30 20/40 20/63 -1.00 -0.75 - - NSC NSC c.3718T>A c.498_506del  

2647 II:3 M EC 23 20/40 20/250 -2.00 -2.50 24.2 24.4 Clear Clear c.2843G>A c.498_506del  

 II:2 M AS 26 20/20 20/16 -2.50 -3.00 25.7 25.6 Clear Clear c.2843G>A c.498_506del AFSM 

 II:4 F AS 23 20/20 20/20 -0.25 0.00 24.3 24.3 Clear Clear    

AL = axial length; AFSM = asymptomatic fenestrated slit maculopathy; AS = asymptomatic; BCVA = best-corrected visual acuity; CC = cortical 
cataract; CF = counting fingers; D = dioptre; EC = early childhood; F = female; HM = hand motion; IOL = intraocular lens; LCA = Leber congenital 
amaurosis; LE = left eye; M = male; MD = macular dystrophy; MRSE = manifest refraction spherical equivalent; NSC = nuclear sclerosing 
cataract; PL = perception of light; PSC = posterior subcapsular cataract; RE = right eye; RP = retinitis pigmentosa. 
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Figure 6.3. Ultra-widefield colour fundus photograph and autofluorescence (AF) imaging 
show diffuse nummular pigmentation and complete loss of normal AF in patient with Leber 
congenital amaurosis (A) and midperipheral bone-spicule pigmentation and 
hypoautofluorescence with central preservation of retinal pigment epithelium in patients 
with retinitis pigmentosa (RP) phenotype (B–F). Note that preserved para-arteriolar RPE 
(PPRPE) is best visualized in AF imaging in all RP patients (B–F). Maculopathy presented with 
extensive macular atrophy incorporating the optic disc (G–H) with some residual temporal 
macular autofluorescence (H), or localized superotemporal hypoautofluorescence 
surrounded by hyperautofluorescent area (I), or normal fundus appearance and a macular 
hyperautofluorescent ring in AF (J) in patients with macular dystrophy, or unremarkable 
fundus and AF in two patients with asymptomatic fenestrated slit maculopathy (K–L). Mild 
loss of normal macular hyperautofluorescence and incomplete hyperautofluorescent ring 
may be noted in patient 2647/II:2 (K). Note that patients 2647/II:3 (J) and 2647/II:4 (L) are 
di-zygotic twins with different presentations. 
 

6.4.3. Central retinal function in symptomatic patients 

Patients Foveal and/or macular function was evaluated using microperimetry in 6 out of 10 

symptomatic patients with severe outer retinal atrophy (3 RP and 3 MD). Serial 

microperimetry was available in 2 patients with RP (0432/II:4 and 2118/II:1) and 2 patients 

with MD (0625/II:1 and 0237/II:2; Figure 6.4).  
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Figure 6.4. Microperimetry showed residual foveal and/or macular function in patients with 
retinitis pigmentosa (RP) (A–H) and macular dystrophy (MD) (I–P). Central retinal function 
was recorded despite very low visual acuity (20/250) in the left eye of a 48y/o patient with 
advanced RP at baseline (A–B), which declined after 4 years (C–D). The 29y/o RP patient 
showed greater foveal MS and number of seeing loci (E). A good baseline macular sensitivity 
with persistent improvement during a 3-year period was observed in the 11y/o RP patient 
(F–H). The 43y/o patient with advanced MD who presented with extensive macular atrophy 
responded only to stimuli presented at the central 2° (I–J). Follow-up examinations showed 
stable function over a 4-year period (K–L). Patient 0237/II:2 presented with localized 
superotemporal scotoma in 10-2 test corresponding to the atrophic area, which progressed 
over 4 years follow-up (M–O). The youngest patient with MD responded to all 68 presented 
10-2 test loci with mild central depression (P). MS = mean sensitivity, SL = number of seeing 
loci. Colour coding of threshold values is shown on the right side. 
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Patient 0432/II:4, 48 years old, with RP, responded to 25/37 foveal stimuli and the 

foveal MS was 6.5 dB, whereas her BCVA was 20/250 (Figure 6.4A). After 4 years, the 

number of foveal seeing loci and foveal MS reduced to 20/37 loci and 4.9 dB, respectively 

(Figure 6.4C). The foveal sensitivity and number of seeing loci were 12.2 dB and 32/37, 

respectively, in the 29-year-old patient with RP (Figure 6.4E). Patient 2118/II:1, 11 years old 

with RP, had a baseline macular seeing loci count and MS of 31 and 4.6 dB, respectively 

(Figure 6.4F). Follow-up examinations revealed persistent improvement in macular 

sensitivity over a 3-year period (Figure 6.4G&H). Patient 0625/II:1 with advanced MD (47 

years old) had a BCVA of 20/125 in her better eye (right eye) and could see only 3 stimuli on 

foveal grid with a mean sensitivity of 0.2 dB at baseline, which remained stable after 4 years 

(Figure 6.4J–L). An unusual microperimetry pattern was observed in patient 0237/II:2 

characterized by a localized superotemporal scotoma on the 10-2 grid. Follow-up 

examination after 3 and 4 years showed enlargement of the scotoma and significant decrease 

in macular MS (Figure 6.4M–O).  

Only two patients with MD underwent ERG testing where patient 0237/II:2 showed a 

normal rod and subnormal cone response in full-field ERG and patient 2647/II:3 had features 

on multifocal and pattern ERG suggestive of macular dysfunction.  

6.4.4. Fundus autofluorescence and SD-OCT in symptomatic patients 

Ultra-widefield AF showed diffuse hypoautofluorescence in patients with pan-retinopathy 

and highlighted PPRPE and a variable-sized central island of preserved retinal pigment 

epithelium (RPE) in all patients with RP phenotype, regardless of age and disease severity 

(Figure 6.3B–F and Figure 6.5A–E). SD-OCT over the PPRPE showed remnants of outer 

retinal and RPE structures blocking choroidal transmission of light (Figure 6.5F). Patients 

with MD revealed either extensive macular hypoautofluorescence incorporating the optic disc 

in patients 0116/II:3 (68 years old) and 0625/II:1 (47 years old), localized superotemporal 

hypoautofluorescence in patient 0237/II:2 (30 years old) or macular hyperautofluorescent 

ring in patient 2647/II:3 (23 years old; Figure 6.3G–J). 
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Figure 6.5. Preserved para-arteriolar retinal pigment epithelium (PPRPE) was detected on 
ultra-widefield colour fundus photograph and autofluorescence (AF) in all patients with 
retinitis pigmentosa (red arrowheads in panels A–E). AF was more efficient in visualising 
PPRPE. Cross-section OCT B-scan over the PPRPE showed preservation of the outer retinal 
layers and retinal pigment epithelium (F). The green line in panel E shows the position of the 
OCT B-scan showed in panel F. 
 

Macular SD-OCT showed coarse retinal lamination in patients with RP and diffuse 

outer retinal atrophy in all patients (Figure 6.6). Although remnants of photoreceptor layer 

were detected in all patients, an EZ line was visible only in 1 patient with 

RP and 3 patients with MD (Figure 6.6E, H, I, and J). Bilateral cystoid maculopathy was 

observed in baseline OCT of patient 0237/II:2 and retrospective OCTs of patient 2647/II:3. 

Serial macular OCT revealed resolution of cystoid spaces and progressive outer retinal 

atrophy in both patients (Figure 6.7). In addition, mild cystoid change was detected in three 

patients with RP phenotype (Figure 6.6B, C, F). 
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Figure 6.6. Baseline macular SD-OCT of patients with Leber congenital amaurosis (A), 
retinitis pigmentosa (RP) (B–F) and maculopathy (G–L) demonstrates abnormal retinal 
lamination in patients with generalized dystrophy (A–F) and advanced macular dystrophy 
(MD) (G–H). Increased inner retinal thickness and outer retinal atrophy was observed in all 
symptomatic patients (A–J). A visible ellipsoid zone (EZ) was detected in one RP (E) and 
three MD (H–J) patients (yellow arrows). Cystoid maculopathy was observed in patient 
0237/II:2 (I) and mild cystoid change was detected in patients 0058/II:1 (B) and 2647/II:3 (J). 
The two patients with asymptomatic slit foveal maculopathy revealed unremarkable 
findings (K–L). 
 

 

6.4.5. Macular Volume Profile 

Baseline macular volume scan was available for 11 patients. None of the patients (including 

those with CMO in retrospective OCT scans) had cystoid maculopathy at the time of baseline 

imaging for the macular volume study and during follow-up phase. CSV was significantly 

lower than age-matched healthy controls in three of five patients with RP and three of 

four patients with MD, whereas TMV and ORV were significantly higher in four of five 

patients with RP and lower in two of four patients with MD. The ratio of TMV/CSV and 

ORV/CSV was higher than control group in four of five patients with RP and four of four 

patients with MD (8/9 symptomatic patients), with greater Z-scores for ORV/CSV. All 

macular volume parameters were within normal ranges in the two patients with AFSM (Table 

6.4).  

 

 

 

 

 



 

153 

 

Figure 6.7. Natural history 
of cystoid maculopathy in 
two patients with macular 
dystrophy. Serial SD-OCT in 
patient 0237/II:2 (A–G) 
showing severe cystoid 
maculopathy at baseline 
(A) and gradual resolution 
of the intraretinal fluid (B–

D), followed by progressive 
outer retinal atrophy and 
perifoveal thickening (D–

G). Similar pattern was 
observed in patient 
2647/II:3 as documented in 
retrospective time-domain 
OCT (H–K) and SD-OCT (L–

N). Serial imaging in both 
patients revealed 
progressive attenuation 
and shortening of the 
ellipsoid zone (EZ). 
However, the span of the 
residual EZ was not 
measurable due to severe 
macular oedema. 
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Table 6.4. Baseline macular volume profile in patients compared with age-matched healthy controls. Z-scores are shown in parentheses. 

Phenotype Patient ID Age (y) CSV (mm3) TMV (mm3) IRV (mm3) ORV (mm3) TMV/CSV IRV/CSV ORV/CSV 

RP 0058/II:1 47 0.20 

(-1.0) 

11.16* 

(+9.5) 

0.60* 

(+2.3) 

2.14* 

(+9.5) 

55.80* 

(+5.6) 

3.00* 

(+3.4) 

10.69* 

(+5.9) 

 0058/II:2 45 0.16† 

(-3.0) 

9.50* 

(+2.7) 

0.53 

(0.0) 

1.78* 

(+3.5) 

59.37* 

(+6.9) 

3.28* 

(+5.3) 

11.09* 

(+6.7) 

 0432/II:4 48 0.16† 

(-3.0) 

8.72 

(+0.2) 

0.48 

(-1.7) 

1.67 

(+1.7) 

54.50* 

(+5.2) 

2.97* 

(+3.2) 

10.41* 

(+5.5) 

 0264/II:1 29 0.21 

(0.0) 

9.18* 

(+2.1) 

0.52 

(-0.5) 

1.72* 

(+2.8) 

43.71 

(+0.8) 

2.49 

(-0.3) 

8.18 

(+1.2) 

 2118/II:1 11 0.15† 

(-3.0) 

10.07* 

(+4.9) 

0.56 

(+1.5) 

1.92* 

(+6.2) 

67.13* 

(+7.9) 

3.73* 

(+5.3) 

12.80* 

(+8.5) 

MD 0116/II:3 68 0.05† 

(-8.0) 

5.48† 

(-8.1) 

0.25† 

(-13.5) 

1.11† 

(-5.7) 

109.60* 

(+20.0) 

4.90* 

(+11.6) 

22.25* 

(+23.0) 

 0625/II:1 43 0.12† 

(-5.0) 

8.45 

(-0.7) 

0.44† 

(-3.0) 

1.65 

(+1.3) 

70.42* 

(+10.8) 

3.65* 

(+7.4) 

13.71* 

(+11.2) 

 0237/II:2 35 0.17 

(-2.0) 

8.35 

(-0.6) 

0.49 

(-2.0) 

1.56 

(+0.2) 

49.12* 

(+2.5) 

2.88 

(+1.5) 

9.15* 

(+2.7) 

 2647/II:3 23 0.13† 

(-4.0) 

7.87† 

(-2.2) 

0.45† 

(-4.0) 

1.40† 

(-2.5) 

60.54* 

(+5.9) 

3.46* 

(+4.1) 

11.44* 

(+6.3) 

AFSM 2647/II:2 26 0.19 

(-1.0) 

8.55 

(0.0) 

0.52 

(-0.5) 

1.57 

(+0.3) 

45.00 

(+1.2) 

2.75 

(+0.9) 

8.24 

(+1.3) 

 2647/II:4 23 0.21 

(0.0) 

9.02 

(+1.5) 

0.57 

(+2.0) 

1.64 

(+1.5) 

42.95 

(+0.6) 

2.69 

(+0.6) 

7.80 

(+0.6) 
* More than 2 SD greater than average of healthy controls. † More than 2 SD smaller than average of healthy controls. 
AFSM = asymptomatic fenestrated slit maculopathy; CSV = central subfield volume; IRV = inner ring volume; MD = macular dystrophy; ORV = 
outer ring volume; RP = retinitis pigmentosa; TMV = total macular volume. 
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Longitudinal macular volume data were available in 10 patients (8 symptomatic and 2 

asymptomatic) with a mean (SD, range) follow-up duration of 3.7 (1.9, 1.2–7.2) years. CSV 

declined at a rate of 0.002 to 0.004 mm3 per year in 5 patients (3 RP and 2 MD) aged 35 

years or above and increased at a rate of 0.003 to 0.006 mm3 per year in 3 patients (2 RP and 

1 MD) aged below 30 years. Conversely, TMV/CSV, IRV/CSV, and ORV/CSV increased in 

patients aged 35 years and above and declined in symptomatic patients aged below 30 years. 

This age-dependent pattern was not detected in TMV, IRV, and ORV change (Table 6.5). 

Plotting volume measurements against age highlighted this age-dependent pattern, which was 

more prominent for TMV/CSV (Figure 6.8A–C). Longitudinal change in OCT B-scan and 

macular volume profile in a 48-year-old patient with RP with more than 7 years follow-up is 

shown in Figure 6.8D and 5E. Interestingly, despite significant decline in both CSV and 

TMV with increasing age, TMV/CSV ratio showed a significant increase (Figure 6.8, Table 

6.5). 

Figure 6.8. Longitudinal changes in central subfield volume (CSV), total macular volume 
(TMV) and TMV/CSV ratio in 8 patients (5 with retinitis pigmentosa and 3 with macular 
dystrophy) are shown in panels A, B and C, respectively. CSV increased in patients below 30 
(N = 3) and declined in patients above 30 (N = 5) with increasing age (A). TMV/CSV 
demonstrated a similar pattern, but in the opposite direction (C). An example of cross-
section B-scan of patient 0432/II:4 at baseline and after 8 years follow-up is presented (D), 
beside volume and thickness change map (E). Central 1 mm, 3 mm and 6 mm boundaries on 
B-scans are marked using yellow, blue, and green vertical lines, respectively. Despite notable 
decline in CSV (-0.03 mm3) and TMV (-0.86 mm3), the ratio of TMV/CSV increased by 6.02 
(E). 
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Table 6.5. Annual changes in macular volume parameters in 8 symptomatic and 2 asymptomatic patients.  
 

Phenotype ID 

Baseline 

age (y) 

# 

Exam 

FU 

(y) 

Annual change 

CSV 

(mm3) 

TMV 

(mm3) 

IRV 

(mm3) 

ORV 

(mm3) TMV/CSV IRV/CSV ORV/CSV 

RP 0058/II:1 47 6 4.6 -0.002 +0.013 -0.004* +0.007* +0.684 +0.099 +0.260 

 0058/II:2 45 4 3.5 -0.003 -0.006 +0.004 +0.003 +1.233 +0.013 +0.157 

 0432/II:4 48 10 7.2 -0.004* -0.130* -0.008* -0.024* +0.738* +0.032 +0.151* 

 0264/II:1 29 5 6.3 +0.006 -0.044 -0.001 -0.011 -1.303 -0.068 -0.255 

 2118/II:1 11 4 3.0 +0.003 +0.026 0.000 +0.007* -1.027 -0.070 -0.191 

MD 0625/II:1 43 6 2.7 -0.003 -0.084* -0.005* -0.015 +1.005 +0.042 +0.206 

 0237/II:2 35 4 3.9 -0.004 -0.013 -0.003 +0.001 +1.258 +0.059 +0.254 

 2647/II:3 23 2 2.4 +0.004 +0.122 +0.030 -0.002 -0.951 +0.107 -0.360 

AFSM 2647/II:2 26 2 2.4 0 +0.029 +0.002 +0.007 +0.152 +0.011 +0.038 

 2647/II:4 23 2 1.2 0 +0.125 +0.008 +0.023 +0.255 +0.040 +0.109 

* Statistically significant at P < 0.05. AFSM = asymptomatic fenestrated slit maculopathy; CSV = central subfield volume; FU = follow-up 
duration; IRV = inner retinal volume; MD = macular dystrophy; ORV = outer retinal volume; RP = retinitis pigmentosa; TMV = total macular 
volume. 
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6.4.6. Multimodal imaging in AFSM 

Both patients with AFSM had normal BCVA, fundus appearance, and foveal sensitivity 

(Figure 6.9A&F). However, NI-AF imaging revealed a horizontal linear 

hypoautofluorescence marking (Figure 6.9C&H) and corresponding attenuation of the 

subfoveal EZ and IZ on vertical dense raster SD-OCT scan in both patients, which was more 

evident on en face EZ map (Figure 6.9D, E, I, and J).  

Figure 6.9. Microperimetry 
and multimodal imaging in 
the two patients with 
asymptomatic fenestrated 
slit maculopathy (AFSM). 
Both patients had 20/20 or 
better visual acuity and 
normal foveal sensitivity 
(A&F). Near-infrared 
autofluorescence (NI-AF) 
revealed a horizontal slit-
like hypoautofluorescent 
line (red arrows) in both 
patients (B–C and G–H). 
Vertical dense raster SD-
OCT imaging through the 
hypoautofluorescent 
lesion (green lines in 
panels C and H) 
demonstrated attenuated 
ellipsoid zone (EZ) and 
interdigitating zone (IZ) 
beneath the fovea (D and 
I, yellow arrows). 
Reconstructed en face EZ 
map highlighted the slit-
like EZ defect (red arrows) 
in both patients (E&J). 
There is a minor vessel 
misalignment between EZ 

en face reconstructions and background infrared image in panel E, which is not expected to 
affect the morphology of the EZ defect. Normal OCT (K) and en face EZ map (L) using the 
same protocol in an age-matched healthy control is presented for comparison. 
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AO cone density map showed moderate cone loss in the parafoveal region, which was 

more pronounced in the older sibling (Figure 6.10A). Quantitative analysis of AO images 

showed low CD at 2° eccentricity on all meridians in both patients with AFSM and 3° and 4° 

eccentricities on inferior and superior meridians in the older sibling (2647/II:2), as compared 

with normal ranges (Figure 6.10B, Table 6.6).  

Figure 6.10. Adaptive optics 
(AO) imaging findings in 
three siblings from family 
2647 at same age range. 
Panel A shows cone density 
map and examples of cone 
mosaic imaging at 2° 
eccentricity in patients with 
asymptomatic fenestrated 
slit maculopathy (AFSM) and 
macular dystrophy (MD) 
compared with a healthy 
subject. Density map showed 
moderate perifoveal cone 
loss in AFSM (second and 
third rows) and severe 
generalized cone loss in MD 
(bottom row). The colour 
code in the bottom row 
shows cone density (×103 

cells/deg2). Central 2.0° 
(vertical) - 2.5° (horizontal) is 
blocked due to lack of 
resolution to resolve foveal 
cones. Varying degrees of 
cone loss was observed in 
superior and inferior 
locations in AFSM and all 
locations in MD. Panel B 
shows cone density at 2°, 3° 

and 4° eccentricities in four meridional directions. Patient with MD had either no or few 
visible cones in most locations. Both patients with AFSM had lower cone density at 2° 
location on all meridians. Additionally, patient II:2 had low cone density at all superior and 
inferior locations. The grey zone shows ±2SD of normal CD values reported by Legras et al.148 
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Table 6.6. Cone density (cell/deg2) in right eyes of four members of the family 2647, 
including 1 healthy, 2 AFSM and 1 MD. 

Meridian Eccentricity 
2674/II:1 

(27y/o, healthy) 

2647/II:2 

(26y/o, AFSM) 

2647/II:4 

(23y/o, AFSM) 

2674/II:3 

(23y/o, MD) 

Nasal 2° 2044 1925 1752 1066 

3° 1771 1845 1695 0 

4° 1410 1716 1607 0 

Mean (SD) 1742 (318) 1829 (105) 1685 (73) 355 (615) 

Superior 2° 1955 1457 1369 548 

3° 1422 1296 1339 114 

4° 1284 1062 1257 146 

Mean (SD) 1554 (354) 1272 (199) 1322 (58.0) 269 (242) 

Temporal 2° 2144 2008 1903 0 

3° 1752 1795 1749 0 

4° 1355 1252 1519 0 

Mean (SD) 1750 (395) 1685 (390) 1724 (193) 0 

Inferior 2° 1831 727 1745 175 

3° 1249 700 1469 501 

4° 1154 296 1225 72 

Mean (SD) 1411 (367) 574 (241) 1480 (260) 249 (224) 

Mean (SD) 2° 1994 (133) 1529 (584) 1692 (227) 447 (472) 

Mean (SD) 3° 1549 (256) 1409 (534) 1563 (192) 154 (238) 

Mean (SD) 4° 1301 (111) 1082 (591) 1402 (190) 55 (70) 

Mean (SD) total 1531 (470) 1340 (553) 1552 (222) 219 (328) 

AFSM = asymptomatic fenestrated slit maculopathy; MD = macular dystrophy; SD = 
standard deviation.  
 

 

6.4.7. Genetic analysis  

Genetic analyses identified 14 different CRB1 variants in this cohort (Supplementary Fig. 

S4), including 6 missense variants, 2 in-frame deletions, 2 nonsense variants, 2 splice 

site/near splice site variants, 1 frameshifting variant, and 1 substitution variant resulting in an 

in-frame exon deletion.315 Of these, 11 were reported variants, including 1 hypomorphic 

variant, and the remaining 3 were novel. Of these, 13 were assessed as likely pathogenic or 

pathogenic and 1 was a novel variant of uncertain significance (Table 6.7).  
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Table 6.7. Predicted coding and protein effect and classification of the CRB1 variants detected in this cohort. 
Nucleotide 

change 

Predicted protein 

change 

Predicted coding 

effect 
Classification Reference(s) 

c.498_506del p.(Ile167_Gly169del) In-frame deletion Pathogenic 

(hypomorph) 

295,297,300-302,316-320 

c.652+5G>C p.? Aberrant splicing Likely pathogenic novel 

c.1793del p.(Pro598Hisfs*23) Frameshift Pathogenic 251 

c.1892A>G p.(Gly391_Arg709del) In-frame exon 6 

deletion 

Pathogenic 306,315,321,322 

c.2290C>T p.(Arg764Cys) Missense Pathogenic 295,297,301,305,306,323-341 

c.2401A>T p.(Lys801*) Nonsense Pathogenic 295,305,323,325,327,330,335,339,341-347 

c.2548G>A p.(Gly850Ser) Missense Pathogenic 301,304,315,339,341,348-351 

c.2555T>C p.(Ile852Thr) Missense Pathogenic 323,343,352-356 

c.2688T>A p.(Cys896*) Nonsense Pathogenic 295,317,327,335,341,344,346,347,354,357,358 

c.2843G>A p.(Cys948Tyr) Missense Pathogenic 295,304,306,320,322,323,326-

328,331,333,335,340,341,358-366 

c.2850_2855del p.(Asn951_Ala952del) In-frame deletion Likely pathogenic novel 

c.3014A>T p.(Asp1005Val) Missense Pathogenic 136,181,295,335,338,367 

c.3718T>A p.(Cys1240Ser) Missense VUS novel 

c.4005+1G>A p.? Aberrant splicing Pathogenic 295,327,346,354 

VUS = variant of unknown significance 
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6.5. Discussion 

Pathogenic variants in CRB1 result in a wide spectrum of inherited retinal diseases ranging 

from LCA and adult-onset RP to maculopathy.297,304 Accurate monitoring of disease 

progression has been hampered by the significant functional and structural damage already 

present at the time of diagnosis in most patients.307 Based on widefield FAF, we observed two 

broad CRB1 phenotypes: a pan-retinopathy and a maculopathy. We noted that all patients 

with RP had clearly visible PPRPE on widefield FAF. In both pan-retinopathy and 

maculopathy groups, we were able to quantify foveal sensitivity and the unique macular 

volume profile even in advanced stages of the disease. Furthermore, we report compound 

heterozygous mutations in CRB1 that resulted in both an MD and a previously undescribed 

phenotype of AFSM within the same family. We also report three novel mutations, including 

a splicing variant (c.652+5G>C) in one patient with MD, which is predicted to cause aberrant 

splicing and is likely pathogenic.  

6.5.1. Microperimetry: a potential functional endpoint in CRB1-retinopathy  

Feasibility of microperimetry was previously shown in one patient with advanced CRB1-

maculopathy using MP1 microperimeter (Nidek Technologies, Padova, Italy).298 The patient 

in this study was a 45-year-old woman who carried compound heterozygous CRB1 

mutations, c.[3991C>T];[4142C>T]. Using 10-2 grid, the patient could respond to only 2 

parafoveal stimuli in the better eye at baseline, which reduced to 1 stimulus after 5 years.298 

We expand these findings to a larger sample of patients with CRB1 with varying disease 

phenotypes and severities and using the two MAIA grid patterns and report a wide range of 

residual retinal sensitivities and progression patterns (Figure 6.4). We also demonstrate 

functional disease progression using both foveal (6°) and macular (10-2) grids, although 

stable or improving function were also detected. For instance, we observed increasing MS 

and number of seeing loci in our 11-year-old patient with RP (Figure 6.4G&H), which may 

be explained by lower sensitivity and higher variability of MAIA microperimetry in 

children.368 Taken altogether, we suggest that microperimetry should be considered as a 

feasible method for documenting and monitoring residual retinal function in patients with 

CRB1-retinopathy.  
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6.5.2. Ultra-widefield FAF enhances visualization of PPRPE in all patients with CRB1-

RP  

Although PPRPE in RP was described 4 decades ago for the first time369, its pathophysiologic 

mechanisms and clinical relevance are yet to be explored. It has been proposed that release of 

a permeable factor from retinal arterioles prevents degeneration of surrounding structures.369 

Whereas PPRPE was initially linked to CRB1340, genetic analysis may fail to detect a  

mutation in CRB1 in up to one third of patients with PPRPE.339,340 In addition, there are 

reports of CRB1-RP without PPRPE370, indicating that PPRPE is neither pathognomonic nor 

mandatory for diagnosing CRB1-RP.  

The pan-retinal phenotype demonstrated bilateral PPRPE on ultra-widefield FAF in 

all our patients with RP. This feature was less prominent on colour fundus photographs, 

particularly in those with less advanced disease. Studies that reported CRB1-RP without 

PPRPE either relied on fundus examination alone306,370 or included patients with LCA.305,341 

Moreover, no other gene has been linked to RP with PPRPE so far, indicating that a thorough 

genetic analysis may unveil CRB1 mutation. Further studies are required to investigate the 

sensitivity and specificity of PPRPE for CRB1 mutation. However, given the finding that 

PPRPE can increase the likelihood of CRB1 mutations to up to 74%295,339, we recommend the 

use of ultra-widefield FAF imaging in all patients diagnosed with autosomal recessive RP to 

look for this specific sign.  

6.5.3. Perifoveal-to-foveal volume ratio: a potential structural endpoint in CRB1-

retinopathy  

Perifoveal retinal thickening has been one of the most consistent findings in CRB1-associated 

retinopathies.271,305,306 Jacobson and colleagues reported significant perifoveal retinal 

thickening in eight patients with CRB1-LCA/early-onset RP, whereas the retina was thinner 

compared with normal controls in two patients with RPE65 and one patient with GUCY2D. 

They used time-domain OCT (Zeiss Humphrey Instruments, Dublin, CA, USA) to measure 

cross-sectional retinal thickness in a single B-scan.305 Using time-domain Topcon 3D OCT-

1000 (Topcon Medical Systems, Tokyo, Japan), perifoveal retinal thickening was observed in 

77% (10/13)271 and 82% (9/11)306 of patients with CRB1-RP. In addition, increased central 

subfield retinal thickness (CRT) was noted in 36% (4/11)306 and 62% (8/13) of patients.271 

Both CRT and perifoveal thickness showed an age-dependent decrease, which was attributed 

to resolution of macular oedema or development of atrophy in the outer retinal layers with 
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increasing age.271 Unlike all of the aforementioned studies that report time-domain OCT 

thickness results in LCA/RP, we report for the first time the detailed macular volume profile 

using the higher resolution SD-OCT in patients with both RP and maculopathy. We also 

introduce novel OCT parameters, TMV/CSV, and ORV/CSV that are increased in 89% (8/9) 

of patients with symptomatic CRB1-retinopathy. We propose that perifoveal-to-foveal 

volume ratio highlights relative foveal thinning and perifoveal inner retinal thickening, even 

if both values are within normal ranges. However, the implications of this marker in 

genotype-phenotype correlation remain to be explored in larger patient cohorts, including 

patients with other genetic diagnoses.  

Longitudinal analysis of macular volume parameters revealed a biphasic pattern in 

CSV and TMV/CSV, but not in TMV and ORV. None of our patients had significant macular 

oedema at the time of baseline imaging for the macular volume study and during follow-up 

phase. Hence, in contrast to previous reports of macular thickness change with increasing 

age271, it is unlikely that our observation was confounded by macular oedema. We 

hypothesize that continued foveal gliosis after initial resolution of CMO may be responsible 

for increasing CSV until the early to mid-30s. After this phase, progressive foveal thinning 

results in decreasing CSV and increasing TMV/CSV and ORV/CSV with increasing age. 

Hence, CSV and TMV/CSV (but not TMV or ORV) might be considered as surrogate 

structural endpoints in CRB1 clinical trials, especially in late-stage disease. However, these 

speculations need to be investigated in larger populations with longer follow-ups and be 

correlated with histology.  

6.5.4. Asymptomatic fenestrated slit maculopathy: a novel CRB1-maculopathy 

phenotype  

We detected the common c.498_506del mutation in 3 out of 4 families. This is an in-frame 

deletion in exon 2, which was classified as a hypomorphic allele and was reported most 

frequently in association with CRB1-associated maculopathy301, as well as in 6 of 43 CRB1- 

associated LCA/RP families, including 1 homozygous and 5 heterozygous.295 The remaining 

family (0625) was diagnosed with compound heterozygous mutations, including the novel 

c.652+5G>C mutation, which is predicted to cause aberrant splicing and is likely pathogenic, 

and the previously reported c.2843G>A, which is a pathogenic missense mutation.304 

Regardless of causative mutation, the typical natural history of CRB1-associated MD 

comprises childhood or juvenile-onset cystoid maculopathy followed by progressive macular 
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atrophy and vision loss.298-302 Cystoid maculopathy can develop at ages as early as 8 years 

old301 to as late as mid-40s302, and central atrophy can occur between the second300 and the 

fifth302 decades of life. Clinical presentation of our symptomatic cases was comparable to 

those described in previous reports. In addition, we add long-term natural history of cystoid 

maculopathy using serial OCT in two patients (Figure 6.6), one of them (0237/II:2) reported 

as isolated foveal retinoschisis prior to genotyping.371 

In addition to patients with typical CRB1-associated MD, we described 2 

asymptomatic cases, who were siblings of a patient with typical MD, carrying biallelic 

c.498_506del and c.2843G>A variants with only subtle outer retinal changes. This novel 

AFSM phenotype, which was characterized by AO and microperimetry, has not been 

previously reported. In a series of 7 cases with the c.498_506del allele, 3 patients (including 

one homozygous) were asymptomatic at the time of presentation (10–30 years old), however, 

their visual acuity, OCT, and FAF were grossly abnormal.301 Conversely, our patients with 

AFSM displayed normal visual acuity and unremarkable OCT findings in the second decade 

of life. Long-term follow-up will unveil whether this new phenotype remains structurally 

stable (i.e., forme fruste state) or a preclinical stage that will evolve into MD as manifested 

by their sibling with the same variants. The clinical manifestation of AFSM may resemble 

occult macular dystrophy (OMD), a hereditary macular dystrophy characterized by foveal 

dysfunction despite normal fundus appearance. The most common genetic abnormality in 

OMD families has been the RP1L1 mutation with autosomal dominant inheritance. 

Furthermore, patients with OMD usually present with reduced visual acuity and central 

macular dysfunction372,373 which are not features found in our AFSM cases.  

6.5.5. Limitations  

Our study was limited by a lack of ERG data. This would be useful in those patients with 

asymptomatic maculopathy. A baseline multifocal and pattern ERG could be helpful for 

detecting subclinical functional abnormalities in patients with normal visual acuity and foveal 

sensitivity. In addition, we have not provided long-term data for the novel AFSM phenotype 

described.  
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6.6. Conclusions 

We showed that PPRPE is best visualized with ultra-widefield FAF imaging in patients with 

CRB1-RP. Microperimetry may be useful in monitoring foveal function in moderate macular 

dystrophy cases given our observation of preserved foveal sensitivity. We found the macular 

volume profile, especially the ratio of perifoveal-to-foveal retinal volume, may be used as a 

surrogate structural outcome measure in both pan-retinopathy and maculopathy phenotypes 

even in the advanced cases. AFSM may represent a forme fruste state or preclinical stage of 

CRB1-associated MD. Longer term studies are required to validate the utility of 

microperimetry and macular volume profile in measuring disease progression rate.  

Recognition of AFSM phenotype provides an opportunity for examining disease modifying 

genes or early intervention to prevent cystoid maculopathy.  
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CHAPTER 7: RPGR-ASSOCIATED RETINOPATHY IN FEMALE 

CARRIERS 

This chapter has been adapted from a manuscript titled “Adaptive Optics Imaging and 

Microperimetry Findings in Female Carriers of RPGR ORF15 Mutations”. The manuscript 

has been submitted to a peer-reviewed journal. The list of authors is as follows: 

Danial Roshandel, Tina M. Lamey, Jason Charng, Rachael C. Heath Jeffery, Terri L. 

McLaren, Jennifer A. Thompson, John N. De Roach, Samuel McLenachan, David A. 

Mackey, Fred K. Chen 

 

* An abstract of this manuscript has been accepted for ePoster presentation at the Association 

for Research in Vision and Ophthalmology (ARVO) Annual Meeting (Online), May 11–12, 

2022. 

* The text has undergone minor edits to maintain consistency with other chapters. 
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7.1. Abstract 

Purpose: Female carriers of heterozygous RPGR mutations manifest a range of structural and 

functional abnormalities. In this retrospective observational study, localized changes in cone 

density and retinal sensitivity in RPGR ORF15 mutation carriers were examined. 

Methods: Adaptive optics (AO) imaging (rtx1 AO camera) and microperimetry (macular 

integrity assessment; MAIA) were performed in female carriers of RPGR ORF15 mutations. 

Cone density (CD) at 1.4° (4 loci/eye) and 3.2° (8 loci/eye) from the foveal centre, and point-

wise sensitivity (PWS) at 68 loci spanning the central 20° (the 10-2 test grid) were measured. 

Data of one eye were included in final analysis. Normality of measured values was defined 

against age-matched healthy controls: normal (< 1 SD from normal average), moderate defect 

(1–2 SD from normal average) and severe defect (> 2 SD from normal average). 

Results: AO and microperimetry data were available in 8 and 12 patients, respectively. CD at 

1.4° and 3.2° eccentricities showed severe defect in at least 2 locations in 4/8 and 5/8 

patients, respectively. Severe PWS defect at 1.4° and 3.2° eccentricities was observed in at 

least 2 locations in 3/12 and 4/12 patients, respectively. Overall, PWS was normal in 66% of 

loci with severe CD defect within the 3.2° eccentricity across the cohort. 

Conclusions: AO imaging and microperimetry detected localized defects in cone mosaic and 

retinal sensitivity in RPGR mutation carriers. Severe cone loss in locations with normal PWS 

within the parafoveal region supports early structural damage in RPGR mutation carriers and 

warrants further investigation. 
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7.2. Introduction 

Retinitis pigmentosa GTPase regulator (RPGR) is a major component of the photoreceptor 

connecting cilium and outer segment and it plays a crucial role in cellular trafficking and disc 

morphogenesis.374 Two main protein isoforms are encoded by the RPGR gene (MIM# 

312610), located on chromosomal region Xp11.375 Of the two main human RPGR isoforms, 

one is encoded by a 19-exon transcript and is constitutively expressed (RPGRConst). The other 

is encoded by a transcript that shares coding exons 1–14 attached to a partially retained intron 

15 (also known as open reading frame 15; ORF15) isoform (RPGRORF15), which is highly 

expressed in photoreceptors.376 Mutations in RPGR account for approximately 6% of 

inherited retinal diseases (IRDs), 60-90% of X-linked retinitis pigmentosa (RP) and 10–15% 

of male subjects with simplex RP.375,377-379 Mutations in ORF15 are responsible for 

approximately 70% of RPGR-related RPs and 11% of all RPs.380 The  RPGR- retinopathy is 

associated with variable phenotypes including rod cone dystrophy (RCD/RP),  cone rod 

dystrophy (CORD) and cone dystrophy (COD) in both affected males and carrier 

females.381,382 RPGR-RP (also known as retinitis pigmentosa 3; RP3; MIM# 300029) is 

characterized by severe early onset retinal dystrophy in affected males and variable 

phenotypic expression in female carriers.383 Given the frequency of RPGR mutations amongst 

IRDs, this gene is an important cause of blindness in the working-age population.1 

Female carriers of RPGR mutations usually present with mild phenotypes, although 

severe retinal dystrophy has been observed in approximately 23% of carriers.381,384 The 

classic clinical sign of the carrier status is a tapetal-like reflex (TLR) in fundus examination 

and imaging. However, TLR is not a consistent or a pathognomonic sign of RPGR carrier 

status. In addition, visibility of the TLR varies between different modalities and the standard 

method for documenting the TLR remains to be determined.385 Spectral-domain optical 

coherence tomography (SD-OCT) frequently shows thinning of the outer retinal layers, whilst 

ellipsoid zone (EZ) shortening and cystoid macular oedema (CMO) are uncommon, unlike 

other types of RP.382,383,385 In addition, abnormal retinal function as detected by 

electroretinography and Goldmann visual field test, was identified in 80–100% of RPGR 

mutation carriers.382,383 However, there are limited data on localized cone mosaic and retinal 

sensitivity parameters. 

We have previously shown that adaptive optics flood-illumination ophthalmoscopy 

(AO-FIO) can be used for diagnosing retinal dystrophy in asymptomatic patients and 
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detecting disease progression in early-stage RP with preserved EZ.215,292 There are no reports 

of AO-FIO findings in female RPGR carriers. In one study using an alternative imaging 

technique, adaptive optics scanning laser ophthalmoscopy (AOSLO) in female RPGR carriers 

(N = 4) revealed cone density (CD) of  > 1 standard deviation (SD) lower than the normal 

average at 0.5 mm eccentricity and not at 1.5 mm eccentricity.386 In that study, cone counting 

was performed manually and longitudinal data were not available. Microperimetry features of 

RPGR carriers have been seldom reported. Using the Nidek MP-1 microperimeter, the 10-2 

grid mean sensitivity was lower than healthy controls in 5/5 female carriers of RPGR 

mutations.385 However, localized retinal sensitivity variation was not reported. Furthermore, 

the MP-1 (0–20 dB) has a narrower range of stimulus intensity than the Macular Integrity 

Assessment (MAIA) and MP-3 microperimetry (0–35 dB) resulting in ceiling and floor 

artefacts.  

Herein, we report for the first time localized structural and functional characteristics 

of female carriers of RFGR ORF15 mutations using commercial AO-FIO retinal camera and 

MAIA microperimetry, respectively. 

 

7.3. Methods 

7.3.1. Participants 

Patients were recruited retrospectively as part of the Western Australian Retinal Degeneration 

(WARD) cohort, which is a prospective observational study. Age-matched healthy controls 

(all female) were recruited retrospectively either from the WARD study or from another 

prospective study (The Distortion Scotoma Assessment Study) as control group for the 

adaptive optics and microperimetry cohorts. Inclusion criteria for the control group were age 

18–65 years old, normal visual acuity, normal ocular examination and no history of ocular 

disease or surgery and systemic disease or medication with ocular side effects. The study 

protocol was approved by the Human Ethics Committee of the Office of Research Enterprise, 

The University of Western Australia (RA/4/1/7226, RA/4/1/7916, 2021/ET000151, and 

2021/ET000895) and Sir Charles Gairdner Hospital Human Research Ethics Committee 

(approval number 2001-053) and adhered to the tenets of the Declaration of Helsinki. Written 

informed consent was obtained from the participants prior to inclusion in the study. Diagnosis 

of RGPR carrier phenotype was confirmed by an experienced inherited retinal disease 

specialist (author F.K.C.) based on family history, clinical examination, and ocular imaging 
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and/or electrophysiology. Genetic diagnosis was established through the Australian Inherited 

Retinal Disease Registry and DNA Bank. 

7.3.2. Clinical evaluations and multimodal retinal imaging 

Complete ophthalmic examination including best-corrected visual acuity (BCVA), slit-lamp 

biomicroscopy of the anterior segment, dilated fundus examination and Goldmann 

applanation tonometry were performed in all subjects. BCVA was measured using the early 

treatment diabetic retinopathy study (ETDRS) chart and recorded as ETDRS letter score and 

converted to Snellen equivalents. Automated refraction and keratometry (Ark1, Auto Ref/ 

Keratometer; Nidek, Gamagori, Japan), and biometry (IOL Master; Carl Zeiss Meditec, Inc., 

Dublin, CA, United States) were performed. 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.18  

Ultra-widefield (UWF) pseudo-colour and green-light autofluorescence (AF) imaging 

were performed by Optos camera (California, Optos plc., Dunfermline, UK). Infrared 

reflectance (IR) and fovea-centred macular spectral domain optical coherence tomography 

(SD-OCT, Spectralis, Heidelberg Engineering, Heidelberg, Germany) volume scans were 

performed. SD-OCT volume scans were obtained from a 30°×25° area consisted of 61 

horizontal B-scans separated by approximately 130 µm between each scan. Fundus 

autofluorescence (FAF) imaging was performed using a scanning laser ophthalmoscope 

(Spectralis HRA2, Heidelberg Engineering, Heidelberg, Germany) with short-wavelength 

(SW-AF; λ = 488 nm) and near-infrared (NI-AF; λ = 887 nm) modalities. UWF AF, IR, SW-

AF and NI-AF images were graded for the presence or absence of the TLR, and SD-OCT 

fovea-centred B-scans were graded for ellipsoid zone (EZ) defect by two trained observers 

(authors D.R. (unmasked) and R.C.H.J. (masked)) and arbitrated by a senior retina specialist 

(author F.K.C.) who was masked to patient IDs. 

7.3.3. Adaptive optics imaging 

Exclusion criteria for AO imaging for patients and controls were BCVA < 20/40, significant 

cataract or other media opacity, nystagmus, significant cystoid macular oedema or epiretinal 

membrane, manifest refraction spherical equivalent (SE) > -6.0 D or cylinder > 4 D, history 

of ocular disease (except XLRP carrier status for the patient group) or surgery, and history of 

using systemic medications with known photoreceptor toxicity. AO imaging was performed 

using the rtx1 camera (Imagine Eyes, Orsay, France) in 11 patients with the protocol 
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described before.215 Briefly, 12–16 overlapping 4°×4° images cantered 2° apart covering the 

central 6°, focused at the photoreceptor outer segment level were taken. Individual images 

were stitched together using MosaicJ plugin for ImageJ (Laboratory for Optical and 

Computational Instrumentation, Madison, WI, USA) and overlaid on high-resolution 

IR+OCT image (Figure 7.1A). The location of the fovea was marked on the montaged AO 

image of each eye. AO images were analysed using AODetect v3.0 (Imagine Eyes, Orsay, 

France). Cone density (CD) was measured at 1.4° and 3.2° (Figure 7.2) and angular values 

(cells/deg2) were reported. 

 

 

 

 

 

 

 

Figure 7.1. Superimposition of adaptive optics image montage (A) and density map (B) on 
30° infrared reflectance image. The green and yellow dots in panel A represent locations of 
the fixation point and the foveal pit centre, respectively. Due to the limitation of rtx1 
camera in visualising foveal cones, the central 2° of the density maps has been covered (B). 

Figure 7.2. Locations of cone density (CD) and 
pointwise sensitivity (PWS) measurements. 
Solid circles show the locations of MAIA 10-2 
grid (N = 68 locations). CD measurement was 
performed on solid points located within the 
dotted area. Horizontal and vertical axes 
show the distance to foveal centre (for CD) or 
preferred retinal locus (for PWS) in degree 
units. Each location was assigned a horizontal 
(“T” for temporal and “N” for nasal) and a 
vertical (“+” superior and “–” inferior) 
coordinate. For example, 1T, +1 represents 1° 
temporal and 1° superior. Unfilled circle 
located at the centre represents (0,0) 
coordinate. 
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Patients’ CD values were compared with 10 age-matched healthy subjects (Table 7.1) 

imaged with the same device analysed using the same software. Also, older version of 

AODetect software (version 1.0) was used for automated segmentation of AO montages to 

create a parafoveal cone density map (Figure 7.1B). Since the older version does not provide 

manual adjustment and used an extra-large sampling window, it was not used for quantitative 

measurements. 

 

Table 7.1. Characteristics of patients and controls recruited in adaptive optics and 
microperimetry cohorts. 

 AO cohort  MAIA cohort 

Control 

(N = 10) 

Patient 

(N = 8) 

P-value  Control 

(N = 25) 

Patient 

(N = 12) 

P-value 

Gender (M:F) 5:5 0:8 -  19:6 0:12 - 

Eye (R:L) 10:0 10:0 -  17:8 8:4 - 

Age (y) Mean 

SD 

Min 

Max 

36 

13 

21 

54 

33 

12 

20 

56 

0.62  38 

10 

21 

54 

36 

14 

20 

63 

0.64 

SE* (D) Mean 

SD 

Min 

Max 

-0.66 

1.37 

-3.25 

+1.25 

-0.46 

1.12 

-2.00 

+1.00 

0.75  -1.40 

2.08 

-5.00 

+1.25 

-1.28 

1.85 

-4.50 

+1.00 

0.88 

AL† (mm) Mean 

SD 

Min 

Max 

23.88 

0.83 

22.40 

25.01 

22.99 

0.71 

22.21 

23.97 

0.06  24.42 

0.63 

23.40 

25.40 

23.44 

1.03 

22.21 

25.17 

0.05 

AO = adaptive optics; SD = standard deviation; SE = spherical equivalent; AL = axial length. 
*SE was available in all controls and 7 patients of AO cohort and 16 controls and 10 patients 
of MAIA cohort. 
†AL was available in all controls and 6 patients of AO cohort and 12 controls and 7 patients 
of MAIA cohort.   
**Seven controls were enrolled in both AO and MAIA cohorts. 
 

7.3.4. Microperimetry 

Microperimetry was performed by the Macular Integrity Assessment (MAIA) device 

(CenterVue, Padova, Italy). Exclusion criteria for the MAIA cohort for patient and control 

groups were ocular or central nervous system disease with impact on visual field (except 

XLRP carrier status in the patient group), fixation inability and SE > -8.0 D. Goldman III 

achromatic stimuli with stimulus duration of 200 ms were presented with a 4-2 staircase 

strategy on a dim white background (1.27 cd/m2) one at a time. The range of the stimulus 

luminance was 0.08 to 317.04 cd/m2, which corresponds to 36 to 0 dB sensitivity values. 
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Locations at which the patient did not respond to the brightest stimulus were assigned as -1. 

The 10-2 grid (68 test loci) was used to map the retinal sensitivity profile within the central 

20° field (Figure 7.2). Point-wise sensitivity (PWS) was classified into normal sensitivity (≥ 

25 dB), relative scotoma (0–24 dB) or absolute scotoma (< 0 dB). Mean sensitivity (MS), 

number of loci with moderate and severe defect were reported. Patient PWS values were 

compared with 25 age-matched healthy subjects (Table 7.1). In addition, fixation parameters 

including bivariate contour ellipse area 63% and 95% (BCEA 63% and BCEA 95%, 

respectively), P1 and P2 (percentage of fixation points that fall within the central 1° and 2°, 

respectively) were recorded. Fixation was considered stable if P1 > 75% and relatively stable 

if P1 < 75% and P2 > 75%. 

7.3.5. Genetic analysis and variant classification 

Genomic DNA was extracted from peripheral blood and stored as previously described.240  As 

part of a broader study, causative familial variants were identified following genetic analysis 

of a large cohort of affected males clinically diagnosed with X-linked RP and their family 

members. DNA from related carrier females in the present study, was analysed by targeted 

Sanger sequencing of familial variants, alone or in addition to targeted next-generation 

sequencing (NGS) of coding, and flanking intronic, regions of X-linked RP genes, RP2 and 

RPGR (including the ORF15 region), or of only the ORF15 region.387 NGS was performed by 

the Casey Eye Institute Molecular Diagnostics Laboratory (Portland, OR) or the Molecular 

Vision Laboratory (MVL, Hillsboro, OR).  Targeted Sanger sequencing was performed by 

MVL or the Australian Genome Research Facility (Perth, WA). Sequences were aligned to 

the RPGRORF15 reference sequence NM_001034853.1, with nucleotide 1 corresponding to the 

A of the start codon ATG and described in accordance with the recommendations of the 

Human Genome Variation Society.250 Variant pathogenicity was assessed as previously 

described251 and interpreted according to the American College of Medical Genetics and 

Genomics/Association for Molecular Pathology joint guidelines252 and associated 

literature.253-256 

7.3.6. Statistical analysis 

Data were recorded in Statistical Package for the Social Sciences (SPSS) version 23 

(SPSS/IBM, Inc., Chicago, IL, USA). For each patient, the right eye, or the eye with better 

BCVA (if > 10 ETDRS letters inter-eye difference) was selected for AO image and 

microperimetry analysis. Mean and SD of healthy control group were calculated. 
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Measurements of individual patients were categorized into normal (within 1 SD of normal 

average), moderate defect (1–2 SD from normal average) and severe defect (> 2 SD from 

normal average). 

 

7.4. Results 

7.4.1. Patients 

Twenty-one female carriers from 14 unrelated families were enrolled (Table 7.2). A causative 

RPGR variant was identified for each of the 11 genetically analysed pedigrees from this 

cohort (Table 7.3).  In total, 15 females are genetically confirmed carriers, while an additional 

two females from one family were not analysed and are considered possible carriers. A total 

of 9 different variants, comprised of seven deletions and two duplications, were identified. 

Amongst these, seven are previously reported and two are novel. All RPGR variants 

identified in this cohort are found within the ORF15 region (RPGR transcript, 

NM_001034853.1) encoding the protein isoform RPGRORF15. Each variant is expected to 

result in a frameshift and premature termination of the coding sequence and has been 

classified as either Pathogenic or Likely Pathogenic (ACMG).  

The mean (SD, range) of patients’ age at the time of baseline imaging was 34 (15, 14–

63) years old. Demographic and clinical characteristics of the control groups for the AO and 

MAIA cohorts are summarized in Table 7.1. Eleven patients reported visual symptoms 

(including nyctalopia and/or decreased vision) and the onset age ranged between early 

childhood and 30 years old. BCVA was ≥ 80 ETDRS letters (Snellen equivalent 20/25) in at 

least one eye in 15/21 patients. A greater than 10 letters difference between the two eyes was 

observed in 7/21 patients. Manifest refraction spherical equivalent (SE) was available in 14 

patients and showed moderate myopia (SE -3.0 to -6.0 D) in 4 eyes of 3 patients and severe 

myopia (SE < -6.0 D) in 5 eyes of 4 patients. Anisometropia of greater than 3 D was 

observed in 4 patients (Table 7.2). Fundus examination revealed bilateral TLR in all patients 

and peripheral bone spicule pigmentation in 6/21 patients (11 eyes). 
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Table 7.2. Demographics and baseline clinical characteristics in female carriers. 

Family Patient 
Age 

(y) 

Onset 

(y) 

BCVA*  SE (D) 
Lens Cohort 

RE LE  RE LE 

1 1 63 30a CF 69 (20/40)  -1.50 -0.50 Mild NSC BE MP 

2 2 36 AS 90 (20/16) 90 (20/16)  -0.50 -0.75 Clear Both 

3 3 28 AS 89 (20/16) 86 (20/20)  NA NA Clear Both 

4 52 AS 84 (20/20) 85 (20/20)  -0.50 -1.00 Clear None 

4 5 25 AS 94 (20/12) 90 (20/16)  +0.25 +0.75 Clear Both 

6 26 AS 77 (20/32) 84 (20/20)  -1.50 -1.50 Clear Both 

7 28 28a 85 (20/20) 80 (20/25)  Plano -0.75 Clear Both 

5 8 49 NA 60 (20/63) 74 (20/32)  -11.25 -4.50 Mild NSC BE MP 

9 33 AS 87 (20/20) 90 (20/16)  +1.00 +1.00 Clear Both 

10 32 AS 63 (20/63) 80 (20/25)  -5.00 -3.75 Clear MP 

6 11 21 20a 61 (20/63) 81 (20/25)  NA NA Clear MP 

12 20 20a 65 (20/50) 55 (20/80)  NA NA Clear Both 

7 13 56 AS 84 (20/20) 85 (20/20)  -2.00 -2.00 Mild NSC BE Both 

8 14 32 AS 89 (20/16) 68 (20/50)  NA NA Clear None 

9 15 20 NA 73 (20/40) 52 (20/100)  NA NA Clear None 

10 16 17 15a 82 (20/25) 75 (20/32)  +0.25 +0.75 Clear None 

11 17 26 AS 80 (20/25) 80 (20/25)  NA NA Clear None 

12 18 21 ECb 65 (20/50) 75 (20/32)  NA NA Clear None 

13 19 14 AS 80 (20/25) 72 (20/40)  -2.50 -7.75 Clear None 

20 47 NA NA NA  NA NA NA None 

14 21 54 30a 87 (20/20) 44 (20/125)  -4.75 -16.75 Clear None 
a nyctalopia b decreased vision 
* Early Treatment Diabetic Retinopathy Study (ETDRS) letters. Snellen equivalents are shown in parentheses. 
AS = asymptomatic; BCVA = best-corrected visual acuity; BE = both eyes; CF = counting fingers; EC = early childhood; LE = left eye; MP = 
microperimetry; NA = data not available; NSC = nuclear sclerosing cataract; RE = right eye. 
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Table 7.3. RPGR mutations detected in the cohort. 
Family Allele  Pathogenicity (ACMG) Protein Reference 

1 c.2405_2406del Pathogenic (ii) p.(Glu802Glyfs*32) 246,380,388-396 

2, 7 c.2426_2427del Pathogenic (ii) p.(Glu809Glyfs*25) 380,388,390,392 

3 c.2442_2445del Pathogenic (ii) p.(Gly817Lysfs*2) 380,388,391,397-399 

4 c.2635del Pathogenic (ii) p.(Glu879Lysfs*210) 387 

5 c.2045_2046dup Likely Pathogenic (ii) p.(Arg683Valfs*15) Novel 

6, 8 c.2625dup Pathogenic (ii) p.(Gly876Argfs*203) 378,380 

9 NA - - - 

10 c.2257_2260del Pathogenic (iii-a) p.(Gly753Lysfs*61) 382,391,396,400 

11 c.2236_2237del Pathogenic (ii) p.(Glu746Argfs*23) 380,395,401,402 

12 NA - - - 

13 NA - - - 

14 c.2280del Likely Pathogenic (ii) p.(Glu762Lysfs*53) Novel 

* Possible carrier of causative familial variant based on retinal examination and imaging; not confirmed genetically.  
NGS = next-generation sequencing; CEI = Casey Eye Institute; AGRF = Australian Genome Research Facility; GSWA = Genetic Services of 
Western Australia; MVL = Molecular Vision Laboratory; NA = genetic analysis not available. 
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7.4.2. Multimodal retinal imaging 

UWF AF imaging revealed bilateral symmetric radiating macular hyperautofluorescence 

(HAF) compatible with the TLR in all but one patient. The TLR was observed in at least one 

eye in IR, NI-AF, and SW-AF in 19/20, 14/18, and 15/18 patients, respectively (Figure 7.3). 

Figure 7.3. Ultra-widefield (UWF) green laser autofluorescence (AF), infrared reflectance 
(IR), short-wavelength AF (SW-AF) and near-infrared AF (NI-AF) imaging shows variable 
visualization of the tapetal-like reflex (TLR) in 4 patients. 

Horizontal extent of EZ spanned beyond the SD-OCT scanning field (30° or 

approximately 9 mm) in both eyes of 12 patients. The patient with the most severe phenotype 

(patient 1) revealed no visible EZ in the right eye and a central island of residual EZ in the 

left eye. Temporal and/or nasal ending of the EZ band was detected in 11 eyes of 8 patients, 

which was bilateral in 3 patients (Figure 7.4).  
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Figure 7.4. SD-OCT in a patient with bilateral normal ellipsoid zone (EZ) span (patient 1; A) 
and patients 6 (B), 8 (C), 11 (D), 14 (E) and 15 (F) with unilateral or bilateral EZ shortening. In 
the 3 patients with unilateral EZ loss (C, D, F) visual acuity was > 10 ETDRS letters worse in 
the eye with EZ defect compared with the contralateral eye. Arrows show the boundaries of 
the EZ. 

Full-field ERG was available in 5 patients and showed RCD in patient 6, CORD in 

patient 11, mild rod dysfunction and normal cone function in patient 12, and rod and cone 

dysfunction in patients 16 and 17. Table 7.4 summarizes the multimodal imaging and ERG 

characteristics of individual patients. 
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Table 7.4. Baseline multimodal imaging and ERG findings in 21 patients.  

Family Patient BSP 
TLR 

EZ loss ffERG 
UWF AF IR  NI-AF SW-AF 

1 1 + + + - + BE NA 

2 2 - + + + + - NA 

3 3 - + + + + - NA 

4 - + + + + - NA 

4 5 - + - + + - RCD 

6 + + - + + BE N NA 

7 - + + + + - NA 

5 8 - + + + + RE T NA 

9 - + + + + - NA 

10 - + + + + - NA 

6 11 - + + + + RE T CORD 

12 - + - + + - Mild rod dysfunction,  

normal cone function 

7 13 - + + + + - NA 

8 14 + + NA NA + BE N&T NA 

9 15 + + + + + LE N&T NA 

10 16 - + + + + - Rod and cone dysfunction 

11 17 - + + NA + - Rod and cone dysfunction 

12 18 - + + NA + - NA 

13 19 - + + + + - NA 

20 - + + + + - NA 

14 21 + + + + + - NA 

BE = both eyes; BSP = bone spicule pigmentation; CORD = cone rod dystrophy; EZ = ellipsoid 
zone; ffERG = full-field electroretinography; IR = infrared reflectance; LE + left eye; NA = not 
available; NI-AF = near-infrared autofluorescence; RCD = rod cone dystrophy; SW-AF = short-
wavelength autofluorescence; TLR = tapetal-like reflex; UWF AF = ultra-widefield 
autofluorescence. 
 
 
7.4.3. Adaptive optics imaging 

AO imaging was performed in 11 patients. Three patients were excluded from CD analysis 

due to either high astigmatism (patients 8 and 10) limiting image quality or advanced outer 

retinal atrophy (patient 1). The mean (SD, range) age, SE, and AL of the remaining 8 patients 

was 33 (12, 20 to 56) years, -0.46 (1.12, -2.00 to +1.00) D, and 22.99 (0.71, 22.21 to 23.97) 

mm, respectively. CD map revealed decreased parafoveal and perifoveal CD in all patients 

(Figure 7.5). 
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Figure 7.5. Cone density maps show perifoveal cone loss in patients 5 (D) and 9 (G), 
perifoveal and parafoveal cone loss in patients 2 (B), 3 (C), 7 (F) and 13 (I) and severe cone 
loss in patients 6 (E) and 12 (H). 

CD was > 1 SD and > 2 SD below normal average in ≥ 2 locations in 8/8 and 6/8 

patients, respectively (Figure 7.6). Mean CD at 1.4° eccentricity was > 2 SD below the 

normal average in 4/8 patients (Table 7.5). There was a notable variation in CD defect 

between three siblings from family 4 (Figure 7.6C–E).  

Figure 7.6. Cone density (CD) at various locations compared with normal average. CD was > 
2 SD below normal average in at least 2 locations in 6/8 patients (A, B, D, E, G and H). Three 
siblings from family 4 (C–E) showed notable variation in CD defect despite similar age range 
(25–28 y/o). N = nasal; T = temporal; S = superior; I = inferior. 
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Table 7.5. Cone density (CD) in individual patients at various locations in comparison with mean and standard deviation in 10 age-matched 
healthy controls. 

Locus 
Healthy control  Patient 

Mean -1 SD -2 SD  2 3 5 6 7 9 12 13 

1N, +1 1910 1779 1667  1726 1692 2258 1124 1701 2193 420 2139 

1T, +1 2022 1901 1781  1741 1719 1932 1211 1511 1718 696 1973 

1T, -1 2005 1889 1773  1816 1282 2115 1280 1533 2175 178 1714 

1N, -1 2004 1891 1777  1999 1891 1978 1137 1877 1864 791 1894 

Mean 1983 1861 1739  1821 1646 2071 1188 1656 1988 521 1930 

3N, +1 1614 1463 1312  1301 1316 1772 943 1455 1809 170 1572 

1N, +3 1436 1292 1149  1187 1348 1476 1105 932 1556 191 781 

1T, +3 1402 1255 1107  1352 1267 1165 923 1274 1334 822 1451 

3T, +1 1689 1536 1382  1222 1497 1452 969 958 1333 674 738 

3T, -1 1614 1389 1163  1329 1490 1613 907 1192 1609 527 836 

1T, -3 1322 1198 1075  1353 1257 1431 1274 1542 1383 297 1246 

1N, -3 1355 1203 1051  1398 1216 1231 1143 1177 1476 708 1325 

3N, -1 1549 1430 1311  1419 1298 1647 1119 1648 1548 697 1272 

Mean 1502 1306 1111  1320 1336 1473 1048 1272 1506 511 1153 

Total Mean 1657 1371 1086  1487 1439 1673 1095 1400 1667 514 1412 

SD = standard deviation. 
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7.4.4. Microperimetry 

10-2 MAIA was performed in 12 patients with mean (SD, range) age, SE, and AL of patients 

was 36 (14, 20 to 63) years, -1.28 (1.85, -4.50 to +1.00) D, and 23.44 (1.03, 22.21 to 25.17) 

mm, respectively. All patients had stable fixation (P1 and P2 > 75%) and BCEA 95% was 

within 1 SD of the normal average (Table 7.6). MS was > 1 SD below the normal average in 

7/12 cases (Table 7.7). Absolute scotoma was recorded in only 2/12 patients. Normal 

sensitivity was recorded in all locations in 2 other patients and more than half of the locations 

in the remaining 8 patients (Figure 7.7).  

 

 Figure 7.7. Retinal sensitivity map using the 10-2 MAIA test grid in 12 patients. Absolute 
scotoma was observed in only 2 patents (A and J). Pointwise sensitivity (PWS) was normal at 
all test locations in patients 2 (B) and 11 (H). The remaining 8 patients (C–G, I, K and L) 
showed relative scotoma in 2–34/68 points and no absolute scotoma. MS = mean 
sensitivity, RS = relative scotoma, AS = absolute scotoma. 

  



 

183 

 

Table 7.6. Fixation parameters in 12 patients in comparison with mean and standard deviation in 25 age-matched healthy controls. 
Fixation 

parameter 

Control  Patient 

Mean -1 SD -2 SD  1 2 3 5 6 7 8 9 10 11 12 13 

P1 (%) 89.4 74.7 60.1  97 100 81 100 99 89 88 85 89 96 100 77 

P2 (%) 96.8 91.4 86.0  100 100 92 100 100 93 93 91 98 99 100 93 

BCEA 63% 1.5 3.4 5.2  0.6 0.1 3.3 0.1 0.3 3.8 3.5 4.8 1.3 0.8 0.1 2.6 

BCEA 95% 6.4 15.8 25.2  5.3 0.4 9.8 0.8 1.0 11.5 10.5 14.4 3.9 2.4 0.4 7.9 

BCEA 63% and 95% = the area of the bivariate contour ellipse encompassing 63% and 95% of the fixation points; P1 and P2 = percentage of 
fixation points within central 1° and 2°, respectively; SD = standard deviation. 
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Table 7.7. Pointwise sensitivity at 68 locations of MAIA 10-2 test grid in 12 patients in comparison with 25 age-matched healthy controls. 

Locus 
Healthy control  Patient 

Mean -1 SD -2 SD  1 2 3 5 6 7 8 9 10 11 12 13 

1N, +1 28.7 25.9 23.2  -1 28 24 30 27 23 25 34 28 0 27 27 

1T, +1 28.6 26.1 23.6  -1 28 26 31 25 29 27 28 24 11 27 27 

1T, -1 28.9 27.3 25.8  6 30 26 29 27 27 25 30 30 15 27 29 

1N, -1 29.1 27.3 25.6  0 30 26 28 29 25 27 30 24 3 29 27 

3N, +1 28.7 26.8 24.9  -1 30 26 30 27 27 27 30 30 -1 27 27 

3N, +3 28.7 26.2 23.8  -1 32 30 30 27 23 27 28 28 2 23 29 

1N, +3 28.7 27.3 25.9  -1 30 22 29 27 23 27 32 28 -1 29 29 

1T, +3 28.4 25.9 23.4  -1 28 26 29 25 27 27 30 30 4 25 27 

3T, +3 28.8 26.2 23.6  -1 36 26 29 25 23 27 28 26 9 27 27 

3T, +1 28.3 26.1 24.0  -1 30 26 29 27 23 27 30 28 25 29 29 

3T, -1 28.6 26.1 23.7  14 30 24 29 27 27 29 30 30 11 29 29 

3T, -3 28.1 26.3 24.4  -1 28 26 27 25 25 25 26 28 11 27 27 

1T, -3 27.8 26.0 24.1  -1 30 24 27 25 23 25 28 26 3 29 27 

1N, -3 28.0 26.0 24.0  -1 30 28 27 23 23 21 26 30 5 29 27 

3N, -3 28.4 26.6 24.8  -1 28 26 28 25 25 25 32 26 0 29 27 

3N, -1 28.8 26.6 24.4  -1 30 24 28 29 23 25 32 30 2 25 27 

5N, +1 28.5 25.9 23.2  -1 32 26 28 25 21 27 34 32 -1 29 25 

5N, +3 28.1 26.3 24.5  -1 28 26 28 27 27 27 30 30 -1 25 27 

5N, +5 27.0 24.5 22.1  -1 28 24 30 25 25 25 30 28 -1 21 27 

3N, +5 28.0 26.1 24.3  -1 30 24 29 25 25 25 32 26 -1 27 27 

1N, +5 27.7 25.9 24.1  -1 30 24 27 25 27 27 30 30 8 25 29 

1T, +5 28.2 26.6 25.1  -1 30 26 29 25 25 25 28 28 -1 29 29 

3T, +5 27.7 25.7 23.7  -1 28 24 29 25 23 25 28 30 -1 25 27 

5T, +5 27.6 26.1 24.5  -1 28 24 27 29 15 27 28 28 0 27 29 

5T, +3 28.0 25.5 22.9  -1 28 26 27 23 23 29 28 28 13 29 29 

5T, +1 28.2 26.4 24.7  -1 30 26 31 25 25 29 30 26 9 29 29 

Continued next page 
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Table 7.7. Continued. 

Locus 
Healthy control  Patient 

Mean -1 SD -2 SD  1 2 3 5 6 7 8 9 10 11 12 13 

5T, -1 27.8 26.0 24.3  -1 28 26 29 25 25 27 30 30 21 27 27 

5T, -3 27.2 25.2 23.3  4 28 26 23 23 25 27 30 28 23 27 29 

5T, -5 27.2 25.2 23.1  -1 30 26 29 23 25 25 30 26 7 27 27 

3T, -5 27.4 25.5 23.5  -1 28 30 25 23 29 23 30 28 11 27 27 

1T, -5 28.3 26.1 23.8  -1 28 26 27 27 29 25 28 28 17 29 27 

1N, -5 27.8 25.9 24.0  -1 30 26 27 25 27 23 30 28 -1 25 25 

3N, -5 27.0 25.0 23.0  -1 30 26 29 27 25 25 28 28 -1 23 29 

5N, -5 27.4 25.4 23.3  -1 28 24 28 23 23 27 28 28 -1 23 29 

5N, -3 27.6 25.7 23.9  15 28 26 30 25 27 27 32 30 -1 27 25 

5N, -1 28.6 26.3 24.0  15 28 26 34 29 27 27 32 30 1 27 29 

7N, +1 28.0 26.0 23.9  -1 28 24 28 23 23 27 30 26 -1 27 23 

7N, +3 27.8 26.0 24.3  -1 26 24 28 27 23 27 30 28 -1 25 27 

7N, +5 27.5 25.5 23.6  -1 28 24 28 23 25 27 30 34 -1 25 23 

5N, +7 27.4 25.3 23.2  -1 28 26 29 23 19 25 26 28 -1 25 25 

3N, +7 27.4 25.7 24.0  -1 28 26 27 23 23 25 30 30 -1 27 27 

1N, +7 27.8 25.7 23.7  -1 30 26 27 23 23 27 28 30 -1 23 27 

1T, +7 27.8 24.9 22.1  -1 30 26 27 23 23 27 30 30 -1 25 27 

3T, +7 27.4 25.4 23.4  -1 28 26 27 25 23 23 28 30 -1 23 27 

5T, +7 27.3 25.4 23.5  -1 28 24 27 23 23 25 26 28 0 25 27 

7T, +5 27.1 25.2 23.4  -1 28 26 25 23 23 27 28 26 -1 27 27 

7T, +3 27.5 26.0 24.4  -1 30 28 27 25 23 25 28 28 3 27 27 

7T, +1 27.7 25.7 23.7  4 26 24 27 27 27 27 28 30 13 27 29 

7T, -1 28.0 26.4 24.7  -1 28 26 27 23 27 27 28 30 27 29 29 

7T, -3 27.3 25.3 23.4  -1 30 24 27 23 21 25 32 28 19 23 27 

7T, -5 26.9 24.7 22.5  -1 28 24 27 25 25 27 30 34 -1 27 27 

5T, -7 27.4 25.4 23.4  -1 28 26 27 21 19 23 26 28 -1 29 27 

3T, -7 27.1 24.8 22.5  -1 28 22 27 19 23 23 28 26 -1 27 23 

1T, -7 27.8 26.4 25.0  -1 28 26 27 23 25 23 32 28 -1 27 27 

Continued next page 
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Table 7.7. Continued. 

Locus 
Healthy control  Patient 

Mean -1 SD -2 SD  1 2 3 5 6 7 8 9 10 11 12 13 

1N, -7 26.5 22.3 18.1  -1 28 26 23 19 23 25 28 26 -1 27 27 

3N, -7 27.2 25.3 23.4  -1 28 24 25 17 23 21 30 24 -1 27 27 

5N, -7 27.0 24.7 22.3  -1 26 24 27 17 25 23 28 24 -1 23 27 

7N, -5 27.1 25.0 22.9  -1 28 24 28 23 25 27 28 30 -1 23 25 

7N, -3 27.4 24.7 22.1  -1 28 24 28 25 23 27 30 26 -1 21 23 

7N, -1 27.4 25.7 24.0  -1 28 26 28 25 23 27 28 30 -1 25 25 

9N, +1 26.9 25.3 23.7  -1 26 26 28 23 25 27 26 26 -1 25 25 

1N, +9 26.9 24.5 22.2  -1 30 26 29 25 23 25 28 28 -1 19 27 

1T, +9 27.4 25.2 23.0  -1 30 26 27 23 25 27 32 30 -1 25 27 

9T, +1 27.4 25.2 23.0  -1 30 24 27 23 21 27 30 24 7 25 27 

9T, -1 28.1 25.8 23.6  -1 28 26 25 23 23 27 28 28 21 29 27 

1T, -9 27.0 25.0 23.0  -1 28 24 27 21 23 25 30 26 -1 25 27 

1N, -9 25.9 22.2 18.5  -1 28 26 25 17 25 25 28 22 -1 27 25 

9N, -1 27.4 25.4 23.4  -1 30 26 28 21 25 25 30 28 -1 27 23 

Average PWS in each Eccentricity 

1, 1 28.8 26.6 24.5  -1 29.0 25.5 29.5 27.0 26.0 26.0 30.5 26.5 7.3 27.5 27.5 

3, 1 28.4 26.3 24.3  -1 29.8 25.0 28.5 26.3 24.5 26.0 29.8 29.0 6.0 27.8 27.8 

3, 3 28.5 26.3 24.1  -1 31.0 27.0 28.5 25.5 24.0 26.0 28.5 27.0 5.5 26.5 27.5 

5, 1 28.1 26.1 24.1  -1 29.5 25.8 29.0 25.8 25.8 26.3 30.3 29.0 6.6 27.5 27.5 

5, 3 27.6 25.6 23.6  -1 28.5 26.0 27.5 24.8 25.5 26.0 29.8 28.5 5.3 26.3 27.5 

5, 5 27.3 25.3 23.2  -1 28.5 24.5 28.5 25.0 22.0 26.0 29.0 27.5 1.3 24.5 28.0 

7, 1 27.6 25.2 22.8  -1 28.3 25.5 26.8 23.3 24.3 26.3 29.0 28.8 4.3 26.3 26.8 

7, 3 27.4 25.4 23.4  -1 28.3 24.8 27.0 23.0 22.8 24.5 29.5 27.5 2.0 25.0 26.0 

7, 5 27.2 25.2 23.1  -1 27.8 24.8 27.3 22.3 23.0 25.5 27.8 29.0 -1 25.5 26.0 

9, 1 27.1 24.7 22.3  -1 28.8 25.5 27.0 22.0 23.8 26.0 29.0 26.5 2.8 25.3 26.0 

MS 27.7 26.3 24.8  0.0 28.8 25.4 27.8 24.2 24.2 25.8 29.3 28.1 3.9 26.2 26.9 

MS = mean sensitivity; PWS = pointwise sensitivity; SD = standard deviation.  



 

187 

 

PWS was > 2 SD below mean of controls in 68/68 locations in patient 1 (Figure 7.8A) 

and 66/68 locations in patient 11 (Figure 7.8J). Like CD, PWS showed notable variation 

between 3 siblings from family 4 (Figure 7.8D–F). Of note, patient 12 with severe CD defect 

at all locations revealed normal PWS in 42/68 MAIA locations, including 9/12 locations 

within 3.2° eccentricity (Figure 7.8K). 

 

Figure 7.8. Retinal sensitivity defect in 10-2 MAIA microperimetry in 12 patients. Pointwise 
sensitivity (PWS) was > 2 SD below normal average in 68/68 locations in patient 1, 63 years 
old (A) and 66/68 locations in patient 11, 21 years old (J). PWS was within 1 SD in 68/68 
locations in patient 2 (B) and 67/68 locations in patient 9 (H). Two asymptomatic carriers 
(C&E) revealed moderate and severe defect at multiple locations. Three siblings from family 
4 (D–F) and two siblings from family 6 (J&K) showed notable variation in PWS defect. Patient 
13, 56 years old (L) showed normal sensitivity in 57/68 locations and moderate or severe 
defect in 11 nasal locations. All eyes are transposed to a right eye. N = nasal, T = temporal, S 
= superior, I = inferior. 
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7.5. Discussion 

TLR has been the most consistent clinical finding in female carriers of RPGR and RP2 

mutations.383,384 In one study, 24/60 carriers showed TLR on fundus examination, with no 

significant correlation with presence of symptoms and retinal pigmentation. Normal fundus 

appearance was reported in 17% of cases.382 FAF showed radial HAF in 26/40 (65%) 

patients, among whom 15/26 (58%) did not show TLR on fundoscopy or fundus 

photography.382 In another study, radial HAF on FAF was reported in 63% and normal fundus 

examination in 11% of eyes.383 Despite evidence that supports a relationship between the 

TLR and retinal structure403 and function385,404, the clinical importance is limited since TLR 

was not associated with disease severity382 and long-term longitudinal studies showed no 

change over time.403,405 Visibility and extension of the TLR varies depending on the imaging 

modality.385 UWF AF imaging has been shown to  be the most effective method for 

visualizing the TLR in carriers in whom colour fundus photograph did not show a TLR.406 In 

another study on 10 patients with XLRP, TLR was best visualized using 488 nm reflectance 

imaging, whilst it was more diffuse on 488 nm AF imaging.385 We detected a TLR on fundus 

examination in all cases; however, it was not visible on pseudo colour, IR, and NI-AF 

imaging in some eyes. UWF AF and SW-AF could detect the reflex in all eyes. EZ on SD-

OCT showed defect in 7 eyes of 5 patients. A previous study showed preservation of all 

retinal layers in 22/47 (47%) patients and varying degrees of outer retinal atrophy in 25/47 

(53%) patients.382 Another study showed intact EZ band in the central 30° (9 mm) in 9/10 X-

linked carriers, with no correlation between the TLR and SD-OCT features.385 We observed a 

high rate for high myopia and anisometropia in our cohort which support the correlation 

between myopia and severity of disease phenotype.383 

AO imaging provided evidence of cone mosaic defects in asymptomatic RP patients 

who had no signs of retinal structural defect on SD-OCT and FAF.215,292 RPGR carrier status 

is an example of retinal dystrophies associated with normal retinal structure.382,385 Kalitzeos 

and colleagues reported a significant (29.4%) reduction of cone density in TLR areas 

compared to areas unaffected by TLR using AOSLO in 7 RPGR mutation carriers.403 They 

also found that cone inner segments were larger, cone outer segments were dimmer and rod 

outer segments were brighter in TLR areas compared to non-TLR areas. Reflectivity of 

photoreceptor outer segments did not change over 5 and 10 months in 2 cases.403  However, 

they did not report CD values in comparison with healthy controls. Pyo and colleagues 

reported CD values at 0.5 mm, 1.0 mm, and 1.5 mm from the foveal centre in 5 female XLRP 
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carriers (4 genetically confirmed RPGR mutation) using AOSLO camera.386 All patients in 

their study had normal visual acuity, normal EZ band on macular SD-OCT and a visible TLR 

on near-infrared reflectance and FAF. They reported significant (> 1 SD) reduction in CD at 

0.5 mm eccentricity in 4/5 patients, compared with age-matched healthy controls. CD at 1.5 

mm eccentricity was within 1 SD of normal average in all patients.386 We found a greater than 

1 SD reduction at 1.4 and 3.2 in 5/8 and 4/8 patients respectively, which is consistent with 

Pyo et al., where 0.5 mm and 1.0 mm are approximately equivalent to angular distances of 

1.5° and 3.0°, respectively. Both studies used custom software with manual cone detection. 

There are only a few reports on microperimetry findings in RPGR carriers. Genead 

and colleagues used Spectral OCT/SLO system (Version 2.2, OPKO instrumentations/OTI, 

Miami, Florida, USA) to measure PWS at 40 loci within the central 12° in 3 XLRP carriers 

(unknown genetic diagnosis). They found patches of subnormal PWS over the areas with 

TLR in all cases, despite normal EZ span and retinal layer thicknesses in the posterior pole.404 

Acton and colleagues observed notable reduction in 10-2 grid mean sensitivity using MP-1 

microperimeter (Nidek Technologies, Padova, Italy) in 9/10 XLRP carriers, including 5/5 

genetically confirmed RPGR carriers. There was a relative sensitivity reduction in the inferior 

macula compared with superior macula. However, this was not correlated with TLR areas 

and such asymmetry was also observed in healthy controls.385 More recently, Salvetti and 

colleagues reported generalized bilateral PWS loss on 10-2 MAIA in a 21-year-old female 

RPGR carrier with severe “male pattern” phenotype. The mean sensitivity in the right and left 

eyes were 4.9 dB and 6.6 dB, respectively, and the scotoma was deeper at peripheral test 

loci.407 In our cohort, although the mean sensitivity showed severe defect only in 

symptomatic patients, 9/12 patients (including 5 asymptomatic) showed moderate or severe 

defect in ≥ 10 locations. 

A novel finding in our cohort was the variation in CD and retinal sensitivity in the 3 

siblings of family 4. Intrafamilial variation of RPGR carrier phenotype has been reported 

frequently382 and attributed to the variation in X chromosome inactivation (XCI) pattern.408 In 

addition, inter-eye and within eye asymmetry in functional and structural involvement in 

female RPGR carriers may indicate variable localized XCI.409,410 Although genomic DNA 

analysis can identify individual XCI ratio, ocular tissue analysis is required to confirm 

localized XCI variations.  

A major limitation of our study was lack of ERG in all patients, which could help 

determining carrier phenotype (i.e., RCD, CORD or COD) and its correlation with CD and 



 

190 

 

PWS. In addition, the small sample size, especially for the control group, may have resulted 

in large SD and consequently underestimation of CD and PWS defects. 

 

7.6. Conclusions 

Our findings support a potential role for AO imaging and microperimetry in assessing 

localized retinal structure and function in carriers of RPGR mutations. Although TLR may be 

the earliest and most consistent clinical finding, it was not useful for longitudinal assessment 

of disease progression in previous reports. Furthermore, SD-OCT and FAF might not detect 

structural abnormalities in these patients. Hence, CD and PWS may help characterize early 

structural and functional defects and monitor disease progression in RPGR mutation carriers. 

Longitudinal analysis of CD and PWS in these patients is recommended. 

 

  



 

191 

 

CHAPTER 8: CONCLUSION 

8.1. Utilizing adaptive optics imaging in retinitis pigmentosa 

For the first time, novel aspects of the role of adaptive optics (AO) imaging in retinitis 

pigmentosa (RP) have been revealed in this thesis. Our findings support three potential roles 

for AO imaging in RP. First, loss of photoreceptors may be an early finding in asymptomatic 

patients who have minimal signs of RP in other functional and structural tests.292 In other 

words, AO imaging may be more sensitive than conventional techniques such as SD-OCT in 

detecting subtle structural damage and diagnosing early-stage RP. Second, cone metrics 

along with microperimetry were useful for assessing structure-function correlations in normal 

subjects207 and carriers of X-linked RP (Chapter 7), at a cellular level. Third, we showed for 

the first time in a proof-of-concept study that cone metrics are more sensitive than ellipsoid 

zone span in detecting structural disease progression over 6 months in RCD.215 We concluded 

that cone metrics should be considered as structural endpoint for measuring disease 

progression and efficacy of interventions in future RP clinical trials. 

 Although photoreceptor imaging can provide invaluable information regarding the 

phenotype and natural history, multiple factors should be considered when using AO imaging 

as a trial end point in RP. The most important is the frequent ocular co-morbidities in RP 

patients such as cataract and inner retinal abnormalities which may limit the quality of AO 

images. In addition, patients with low vision or poor fixation, and those with a history of 

cataract surgery are challenging to image using an AO device. In our cohort, 80% of patients 

met one or more exclusion criteria and were not eligible for AO imaging.215 In addition, 

flood-illumination cameras (including the camera used in our cohort) cannot visualize rods 

and foveal cones and image quality reduces at retinal eccentricities beyond 6° from the foveal 

centre.170 Although scanning laser ophthalmoscope AO cameras can resolve rods and foveal 

cones in a very small area of the retina, the lengthy process of multiple frame acquisition in 

the macular region and the extensive montage required make this technology less practical in 

the clinical setting. 

Apart from the inherent limitations that depend on the AO technology and optical 

properties of the devices, the use of AO imaging in retinal pathologies requires further 

validation and standardization. Grading image quality and differentiation of low-quality 

images due to optical reasons from pathology-related mosaic disruption is a major challenge 
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based on our observations.411 Although an experienced observer can differentiate these two 

entities in most instances, mild optical distortions may not be detected and can be attributed 

to retinal pathology.215 Hence, we caution interpretation of cone metrics in the presence of 

mild optical barriers, such as cataract, astigmatism, or inner retinal pathologies, that allow 

photoreceptor imaging with fairly good quality but might affect the results. Imaging and 

image analysis protocol might affect cone metrics in multiple ways (see Chapter 2 for brief 

review). Our research adds novel potential sources of error in cone mosaic analysis using rtx1 

camera and its associated commercial cone analysis software. First, we showed that accurate 

determination of foveal centre plays an indispensable role in assigning retinal eccentricities 

and cone metric measurements. We recommended that the foveal pit centre rather than the 

fixation point should be used as a marker for distance from the foveal centre (Chapter 2). 

Second, we highlighted that overlapping images that cover the region of interest but were 

taken with different fixation coordinates may vary significantly in terms of image quality and 

cone metrics. We suggested that all images that cover the region of interest should be 

inspected and the image with the highest quality should be used for final analysis.215 

Overall, recognizing the aforementioned limitations and considerations, AO imaging 

remains a viable and potentially useful tool for monitoring disease progression in RP. For the 

first time, we showed that the progression of RCD can be detected using cone metrics over 6 

months. Our finding suggests that using cone metrics as structural endpoint can reduce the 

time required for evaluating efficacy of neuroprotective strategies in halting disease 

progression in RCD. More interestingly, we demonstrated that AO imaging can detect disease 

progression in patients without a detectable defect in the ellipsoid zone on SD-OCT 215 Upon 

further validation, AO imaging can revolutionize structural outcome measures used in future 

clinical trials on RP. 
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8.2. Role of genotype-specific outcome measures in retinitis pigmentosa 

Defining sensitive and reliable functional and structural outcome measures is an essential step 

in designing natural history studies and clinical trials for RP.16 Historically, phenotype and 

inheritance pattern were the main categorization criteria in reporting natural history of RP, 

and patients with unknown or mixed genetic diagnoses were pooled together.30,70,412-415 

Although this approach has been used in some recent studies66, there has been a trend towards 

using genotype-specific outcome measures over the past decade for multiple reasons. First, 

the proportion of RP families with a confirmed genetic diagnosis has dramatically increased 

due to the recent advances in genotyping techniques.416 Second, phenotype and natural history 

varies widely among different genes and sometimes among different mutations in the same 

gene. Hence, the choice of outcome measure may depend on age of onset, progression rate, 

co-morbidities, primary cone involvement, and retained function and structure at the time of 

presentation. Third, the growing number of candidate drugs for gene- or mutation-specific 

treatments necessitates developing outcome measures specific to the relevant gene or 

mutation.13,14 Our research further highlighted the critical role of genotype-specific outcome 

measures and revealed novel candidates in the studied genes as summarized below. 

8.2.1. PRPF31-associated retinopathy 

PRPF31 is the most common cause of ADRP in the WARD cohort. This gene was of special 

interest since our centre is collaborating in developing and testing a gene-based treatment for 

this disease. We suggested for the first time a classification system for the phenotype and 

natural history of PRPF31-associated retinopathy (RP11) based on multimodal imaging 

findings.10 Upon validation, this classification can be used for defining inclusion criteria for 

future clinical trial on RP11. Disease progression of RP11 has been measured using 

Goldmann perimetry, ERG and ellipsoid zone area.91,92 We added ellipsoid zone span, 

hyperautofluorescent ring area and microperimetry 10-2 grid mean sensitivity and number of 

scotoma loci as potential outcome measures for future RP11 trials.11 We also demonstrated 

high frequency of cataract and macular complications such as CMO and ERM in RP11, that 

should be considered during clinical trial design. This information can be extremely helpful 

for testing the efficacy of the Western Australian-developed treatment, in which patients of 

the studied cohort are candidates for the clinical trial. 
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8.2.2. CRB1-associated retinopathy 

CRB1 is a common cause of autosomal recessive retinal dystrophy among WARD patients 

and was shown to be amenable to gene therapy.417 Previous studies have failed to find 

functional or structural endpoints in patient with CRB1-associated retinopathies. We have 

shown that microperimetry was useful to for evaluating the retinal function in these 

patients.292 A more recent study supported our findings in a longitudinal study and concluded 

that microperimetry was the only useful endpoint for monitoring the progression of disease in 

CRB-1 associated retinopathies. Yet, they failed to find a structural endpoint using SD-OCT 

and fundus autofluorescence over a 2-year follow-up period in their cohort.418 Inner retinal 

thickening besides outer retinal thinning is a known sign of CRB1-associated retinopathy. 

However, previous studies showed controversial results using conventional SD-OCT 

parameters. Our detailed analysis of SD-OCT parameters and indices revealed that the ratio 

of perifoveal to foveal retinal volume was helpful in diagnosing retinal thickening in CRB1-

associated retinopathy and should be investigated as a potential structural endpoint for this 

disease. Although we were able to detect meaningful longitudinal changes using this novel 

index, it requires further validation in larger cohorts before it can be recommended as a trial 

endpoint. Furthermore, we used AO imaging for the first time to characterize a novel CRB1 

phenotype, the asymptomatic fenestrated slit maculopathy.292  

8.2.3. RPGR carrier status 

RPGR mutations comprise the majority of female XLRP carriers. Gene therapy for RPGR-

XLRP has shown promising results in male patients14 and female carriers with severe or 

progressive retinal involvement may be candidates for gene therapy. However, potential 

functional and structural endpoints in female RPGR carriers are yet to be explored. In 

addition to the previously reported features of the carrier status observed on fundus 

photograph, autofluorescence imaging and SD-OCT, we examined their microperimetry and 

AO features for the first time (see Chapter 7). Both microperimetry and AO imaging revealed 

localized alteration in the carriers compared with healthy controls. Of interest, significant 

cone loss was observed in locations with normal retinal sensitivity. More importantly, cone 

loss and reduced sensitivity were detected in asymptomatic carriers with normal vision and 

grossly normal SD-OCT. Although we did not perform longitudinal analysis in our cohort, 

our findings might support a potential role for AO imaging and microperimetry as structural 

and functional endpoints in female RPGR carriers. Especially, RPGR carriers are good 



 

195 

 

candidates for AO imaging since they usually do not develop early-onset cataract or inner 

retinal abnormalities (i.e., CMO and ERM) and only occasionally have nystagmus. In our 

cohort, high-quality AO image could be obtained in 9/11 (82%) patients. The remaining 

patients had high astigmatism (N = 1) and severe male-pattern phenotype (N = 1). We highly 

recommend using AO imaging and microperimetry in longitudinal studies on female RPGR 

carriers for further exploration of their role as potential endpoints in possible future clinical 

trials.  

 

8.3. Limitations 

Recruitment of sufficient number of patients with rare genetic disorder within a short time 

frame is a major challenge in prospective clinical studies. The number of patients diagnosed 

with a specific form of RP is limited. Some patients present with advanced retinal dystrophy, 

leaving limited options for tracking functional and structural disease progression. 

Furthermore, the frequency of comorbidities (e.g., cataract, nystagmus, and inner retinal 

abnormalities) that compromises the quality of AO images is relatively high in the RP cohort. 

Small sample size was one of the main limitations of this research. Indeed, 

considering the incidence of RP and the population of Western Australia, the number of 

patients in each genotype was reasonable and met our expectations. In addition, this 

limitation has been overcome by exploring previously unreported aspects of phenotype 

spectrum, genotype-phenotype correlation and natural history of different genes using 

modern multimodal imaging and microperimetry techniques. This has led to introducing 

novel trial endpoint candidates for upcoming clinical trials. The small sample size of the AO 

RCD cohort was partly due to the strict eligibility criteria that were chosen to increase the 

strength of the study. In addition, this was a prospective study and patient recruitment and 

follow-up examinations were affected by COVID-19 restrictions.  

Another limitation was the retrospective design for the natural history studies that led 

to inadequate follow-up examinations or short follow-up duration in some cohorts. Hence, the 

number of cases in those cohorts did not reach a reasonable count for evaluating usefulness of 

the candidate endpoint(s). For example, most RPGR female carriers and PRPF31 non-

penetrant cases were asymptomatic and never came back for a follow-up examination. Also, 

we had some patients from other states that were not able to travel to Western Australia for 

follow-up examination during 2020 and 2021, due to the COVID-19 restrictions. Moreover, 
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according to the WARD study design, follow-up schedule was 6–12 monthly. This means 

that for newly enrolled patients or prospective studies, it was challenging to collect adequate 

longitudinal data, considering that many visits were cancelled or re-scheduled due to the 

COVID-19 restrictions.  

Finally, it would be ideal if we could calculate and report short-term test-retest 

variabilities for the novel endpoints. However, this was not included in the WARD study 

protocols and complementary ethics approvals were required, which was beyond the scope of 

this PhD research project. 

 

8.4. Future directions 

The present thesis provided new insights into markers for phenotype characterization and 

disease progression monitoring in patients with RP. However, these markers require further 

validation in larger cohorts with longer follow-up durations. Large cohorts of RP patients 

have been investigated in multi-centre studies and reported endpoints derived from 

conventional functional and structural tests. However, newer techniques such as 

microperimetry, fundus autofluorescence and AO imaging that were shown to be useful in 

detecting disease progression are yet to be studied in large multi-centre cohorts. Including 

patients with other genotypes may extend the application of these new techniques and reveal 

other endpoints that can detect disease progression over a shorter period. We highlighted the 

critical role of standardization of imaging and image analysis protocols in reporting 

consistent and accurate results using AO imaging. Any future multi-centre study using cone 

metrics as structural endpoint should consider using similar protocols. 
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10.2. Thesis-related co-authored papers 

Paper 1 

Title: Determinants of Disease Penetrance in PRPF31-Associated Retinopathy 

Authors: McLenachan S, Zhang D, Grainok J, Zhang X, Huang Z, Chen SC, Zaw K, Lima A, 

Jennings L, Roshandel D, Moon SY, Heath Jeffery RC, Attia MS, Thompson JA, Lamey TM, 

McLaren TL, De Roach J, Fletcher S, Chen FK. 

Journal: Genes (Basel). 2021;12(10):1542. 

Abstract: Retinitis pigmentosa 11 (RP11) is caused by dominant mutations in PRPF31, however a 

significant proportion of mutation carriers do not develop retinopathy. Here, we investigated the 

relationship between CNOT3 polymorphism, MSR1 repeat copy number and disease penetrance in 

RP11 patients and non-penetrant carriers (NPCs). We further characterized PRPF31 and CNOT3 

expression in fibroblasts from eight RP11 patients and one NPC from a family carrying the 

c.1205C>T variant. Retinal organoids (ROs) and retinal pigment epithelium (RPE) were differentiated 

from induced pluripotent stem cells derived from RP11 patients, an NPC, and a control subject. All 

RP11 patients were homozygous for the 3-copy MSR1 repeat in the PRPF31 promoter, while 3/5 

NPCs carried a 4-copy MSR1 repeat. The CNOT3 rs4806718 genotype did not correlate with disease 

penetrance. PRFP31 expression declined with age in adult cadaveric retina. PRPF31 and CNOT3 

expression was reduced in RP11 fibroblasts, RO and RPE compared with controls. Both RP11 and 

NPC RPE displayed shortened primary cilia compared with controls, however a subpopulation of 

cells with normal cilia lengths was present in NPC RPE monolayers. Our results indicate that RP11 

non-penetrance is associated with the inheritance of a 4-copy MSR1 repeat, but not with CNOT3 

polymorphisms. 

Relevance to thesis and student’s contribution: This publication explores molecular bases of the 

inter-familial and inter-individual variations in RP11 phenotype discussed in Chapter 4 and Chapter 5 

of this thesis. I have contributed to writing of the methods, results and discussion related to the 

clinical findings and phenotype classification. 
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Paper 2 

Title: Evaluation of focus and deep learning methods for automated image grading and factors 

influencing image quality in adaptive optics ophthalmoscopy 

Authors: Sampson DM, Alonso-Caneiro D, Chew AL, La J, Roshandel D, Wang Y, Khan JC, 

Chelva E, Stevenson PG, Chen FK. 

Journal: Scientific Reports. 2021;11(1):16641. 

Abstract: Adaptive optics flood illumination ophthalmoscopy (AO-FIO) is an established imaging 

tool in the investigation of retinal diseases. However, the clinical interpretation of AO-FIO images 

can be challenging due to varied image quality. Therefore, image quality assessment is essential 

before interpretation. An image assessment tool will also assist further work on improving the image 

quality, either during acquisition or post processing. In this paper, we describe, validate, and compare 

two automated image quality assessment methods; the energy of Laplacian focus operator (LAPE; not 

commonly used but easily implemented) and convolutional neural network (CNN; effective but more 

complex approach). We also evaluate the effects of subject age, axial length, refractive error, fixation 

stability, disease status and retinal location on AO-FIO image quality. Based on analysis of 10,250 

images of 50 × 50 μm size, at 41 retinal locations, from 50 subjects we demonstrate that CNN slightly 

outperforms LAPE in image quality assessment. CNN achieves accuracy of 89%, whereas LAPE 

metric achieves 73% and 80% (for a linear regression and random forest multiclass classifier methods, 

respectively) compared to ground truth. Furthermore, the retinal location, age and disease are factors 

that can influence the likelihood of poor image quality. 

Relevance to thesis and student’s contribution: Determining suitability of the image for further 

image analysis is an important step in adaptive optics image analysis. In this paper, different methods 

of automated image grading were used for grading the quality of adaptive optics retinal images. This 

research was related to Chapter 2 of this thesis, and I contributed to image grading.  
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Paper 3 

Title: Retinal Differential Light Sensitivity Variation Across the Macula in Healthy Subjects: 

Importance of Cone Separation and Loci Eccentricity 

Authors: Sampson DM*, Roshandel D*, Chew AL, Wang Y, Stevenson PG, Cooper MN, Ong E, 

Wong L, La J, Alonso-Caneiro D, Chelva E, Khan JC, Sampson DD, Chen FK. 

*Equal contribution. 

Journal: Translational Vision Science & Technology. 2021;10(6):16. 

Abstract: Purpose: Microperimetry measures differential light sensitivity (DLS) at specific retinal 

locations. The aim of this study is to examine the variation in DLS across the macula and the 

contribution to this variation of cone distribution metrics and retinal eccentricity. Methods: Forty 

healthy eyes of 40 subjects were examined by microperimetry (MAIA) and adaptive optics imaging 

(rtx1). Retinal DLS was measured using the grid patterns: foveal (2°–3°), macular (3°–7°), and 

meridional (2°–8° on horizontal and vertical meridians). Cone density (CD), distribution regularity, 

and intercone distance (ICD) were calculated at the respective test loci coordinates. Linear mixed-

effects regression was used to examine the association between cone distribution metrics and loci 

eccentricity, and retinal DLS. Results: An eccentricity-dependent reduction in DLS was observed on 

all MAIA grids, which was greatest at the foveal-parafoveal junction (2°–3°) (-0.58 dB per degree, 

95% confidence interval [CI]; -0.91 to -0.24 dB, P < 0.01). Retinal DLS across the meridional grid 

changed significantly with each 1000 cells/deg2 change in CD (0.85 dB, 95% CI; 0.10 to 1.61 dB, P = 

0.03), but not with each arcmin change in ICD (1.36 dB, 95% CI; -2.93 to 0.20 dB, P = 0.09). 

Conclusions: We demonstrate significant variation in DLS across the macula. Topographical change 

in cone separation is an important determinant of the variation in DLS at the foveal-parafoveal 

junction. We caution the extrapolation of changes in DLS measurements to cone distribution because 

the relationship between these variables is complex. Translational relevance: Cone density is an 

independent determinant of DLS in the foveal-parafoveal junction in healthy eyes. 

Relevance to thesis and student’s contribution: This paper investigates normal distribution of cone 

metrics and pointwise retinal sensitivity and their relationships in normal eyes. Data resulted from this 

research were used as normative values for cone metrics and retinal sensitivity in Chapter 2, Chapter 

3, Chapter 6, and Chapter 7. My contribution as the co-first author includes data extraction, image 

analysis, statistical analysis, manuscript preparation and revision. 
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Paper 4 

Title: Deep clinical phenotyping and gene expression analysis in a patient with RCBTB1-associated 

retinopathy 

Authors: Huang Z, Zhang D, Thompson JA, Jamuar SS, Roshandel D, Jennings L, Mellough C, 

Charng J, Chen SC, McLaren TL, Lamey TM, Chelva E, De Roach JN, Chan CM, McLenachan S, 

Chen FK. 

Journal: Ophthalmic Genetics. 2021;42(3):266–275. 

Abstract: Background: Mutations in the RCC1 and BTB domain-containing protein 1 (RCBTB1) 

gene have been implicated in a rare form of retinal dystrophy. Herein, we report the clinical features 

of a 45-year-old Singaporean-Chinese female and her presymptomatic sibling, who each possesses 

compound heterozygous mutations in RCBTB1. Expression of RCBTB1 in patient-derived cells was 

evaluated. Materials and Methods: The natural history was documented by a series of ophthalmic 

examinations including electroretinography, fundus autofluorescence imaging, spectral-domain 

optical coherence tomography, visual field, microperimetry, and adaptive optics retinal imaging. 

Patient DNA was genetically analysed using a 537-gene Next Generation Sequencing panel and 

targeted Sanger sequencing. Expression of RCBTB1 in lymphocytes, fibroblasts, and induced 

pluripotent stem cells (iPSC) derived from the proband and healthy controls was characterized by 

quantitative PCR, Sanger sequencing, and western blotting. Results: The proband presented with left 

visual distortion at age 40 due to extrafoveal chorioretinal atrophy. Atrophy expanded at 1.3 (OD) and 

1.0 (OS) mm2/year. Total macular volume declined by 0.09 (OD) and 0.13 (OS) mm3/year. 

Microperimetry demonstrated enlarging scotoma in both eyes. Generalized cone dysfunction was 

demonstrated by electroretinography. A retinal dystrophy panel testing revealed biallelic 

frameshifting mutations, c.170delG (p.Gly57Glufs*12) and c.707delA (p.Asn236Thrfs*11) in 

RCBTB1. The level of RCBTB1 mRNA expression was reduced in patient-derived lymphocytes 

compared to controls. RCBTB1 protein was detected in control fibroblasts and iPSC but was absent in 

patient-derived cells. Conclusions: Atrophy expansion rate and macular volume change are feasible 

endpoints for monitoring RCBTB1-associated retinopathy. We provide further functional evidence of 

pathogenicity for two disease-causing variants using patient-derived iPSCs. 

Relevance to thesis and student’s contribution: This paper is an example of using adaptive optics 

imaging in monitoring disease progression in retinal dystrophies, which was examined systematically 

in Chapter 3. I contributed to adaptive optics imaging, image analysis, and interpretation, and writing 

methods and results related to cone metrics. 
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Paper 5 

Title: High-resolution iris and retinal imaging in multisystemic smooth muscle dysfunction syndrome 

due to a novel Asn117Lys substitution in ACTA2: a case report 

Authors: Mc Glacken-Byrne AB, Prentice D, Roshandel D, Brown MR, Tuch P, Yau KS, Sivadorai 

P, Davis MR, Laing NG, Chen FK. 

Journal: BMC Ophthalmology. 2020;20(1):68. 

Abstract: Background: Congenital mydriasis and retinal arteriolar tortuosity are associated with the 

life-threatening multisystemic smooth muscle dysfunction syndrome (MSMDS) due to mutations in 

the gene, ACTA2, which encodes alpha-smooth muscle actin (α-SMA). Previous reports attributed 

MSMDS-related congenital mydriasis to the absence of iris sphincter muscle. Similarly, it has been 

hypothesized that abnormal proliferation of the vascular smooth muscle cells causes the marked 

tortuosity of retinal arterioles in MSMDS. In this report, high-resolution ocular imaging reveals 

unexpected findings that reject previous hypotheses. Case presentation: The proband is a 37-year-old 

female with a history of neonatal patent ductus arteriosus (PDA) ligation, left-sided choreiform 

movements at the age of 11 and a transient aphasia with right-sided weakness at the age of 30. Her 

older sister also had PDA ligation and congenital mydriasis but no neurological deficit up to age 41. 

Magnetic resonance angiogram demonstrated cerebrovascular lesions resembling but distinct from 

Moyamoya disease, characterized by internal carotid artery dilatation, terminal segment stenosis and 

absent basal collaterals. Their mother had poorly reactive pupils with asymptomatic cerebral 

arteriopathy resembling her daughters. All three had prominent retinal arteriolar tortuosity. The 

daughters were heterozygous and the mother was a somatic mosaic for a novel c.351C > G 

(p.Asn117Lys) transversion in ACTA2. Iris optical coherence tomography (OCT) showed a 

hyporeflective band anterior to the pigment epithelium indicating the presence of dysfunctional 

sphincter muscle. Adaptive optics retinal imaging showed no thickening of the arteriolar vessel wall 

whilst OCT angiography showed extreme corkscrew course of arterioles suggesting vessel elongation. 

Conclusions: In addition to the known association between Met46, Arg179 and Arg258 substitutions 

and ACTA2-related arteriopathy, this case illustrates the possibility that Asn117 also plays an 

important role in α-SMA function within the cerebrovascular smooth muscle cell. MSMDS-related 

congenital mydriasis is due to reduced iris sphincter contractility rather than its absence. Retinal 

arteriolar tortuosity might be due to longitudinal proliferation of arteriolar smooth muscle cells. The 

described cerebrovascular and ocular signs are consistent with predicted effects of the novel 

Asn117Lys substitution in ACTA2. 

Relevance to thesis and student’s contribution: In this study, adaptive optics camera was used for 

high-resolution imaging of retinal arterioles in 3 cases with a rare genetic systemic vascular disease. 

Flood-illumination adaptive optics imaging allows quantitative measurement of vessel wall thickness 

and wall-to-lumen ratio. Role of vascular markers in RP remains to be explored. I contributed to the 

adaptive optics imaging, analysis of vascular metrics using the Artery module of the AODetect 

software and writing methods and results of adaptive optics imaging. 
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