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Phenotypic Conservation in Patients With X-Linked Retinitis 
Pigmentosa Caused by RPGR Mutations

Sarwar Zahid, MD, MS, Naheed Khan, PhD, Kari Branham, MS, Mohammad Othman, PhD, 
Athanasios J. Karoukis, BS, Nisha Sharma, Ashley Moncrief, BS, Mahdi N. Mahmood, Paul 
A. Sieving, MD, PhD, Anand Swaroop, PhD, John R. Heckenlively, MD, and Thiran 
Jayasundera, MD
Department of Ophthalmology and Visual Sciences, Kellogg Eye Center, University of Michigan, 
Ann Arbor (Zahid, Khan, Branham, Othman, Karoukis, Sharma, Moncrief, Mahmood, 
Heckenlively, Jayasundera); National Eye Institute, National Institutes of Health, Bethesda, 
Maryland (Sieving, Swaroop).

Abstract

IMPORTANCE—For patients with X-linked retinitis pigmentosa and clinicians alike, phenotypic 

variability can be challenging because it complicates counseling regarding patients’ likely visual 

prognosis.

OBJECTIVE—To evaluate the clinical findings from patients with X-linked retinitis pigmentosa 

with 13 distinct RPGR mutations and assess for phenotypic concordance or variability.

DESIGN—Retrospective medical record review of data collected from 1985 to 2011.

SETTING—Kellogg Eye Center, University of Michigan.

PATIENTS—A total of 42 patients with X-linked retinitis pigmentosa with mutations in RPGR. 

Age at first visit ranged from 4 to 53 years, with follow-up ranging from 1 to 11 visits (median 

follow-up time, 5.5 years; range, 1.4-32.7 years, for 23 patients with >1 visit).

MAIN OUTCOMES AND MEASURES—Clinical data assessed for concordance included 

visual acuity (VA), Goldmann visual fields (GVFs), and full-field electroretinography (ERG). 

Electroretinography phenotype (cone-rod vs rod-cone dysfunction) was defined by the extent of 

photopic vs scotopic abnormality. Qualitative GVF phenotype was determined by the GVF 

pattern, where central or peripheral loss suggested cone or rod dysfunction, respectively. 

Goldmann visual fields were also quantified and compared among patients.

RESULTS—Each mutation was detected in 2 or more related or unrelated patients. Five 

mutations in 11 patients displayed strong concordance of VA, while 4 mutations in 16 patients 

revealed moderate concordance of VA. A definitive cone-rod or rod-cone ERG pattern consistent 

among patients was found in 6 of 13 mutations (46.2%); the remaining mutations were 
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characterized by patients demonstrating both phenotypes or who had limited data or nonrecordable 

ERG values. Concordant GVF phenotypes (7 rod-cone pattern vs 4 cone-rod pattern) were seen in 

11 of 13 mutations (84.6%). All 6 mutations displaying a constant ERG pattern within the 

mutation group revealed a GVF phenotype consistent with the ERG findings.

CONCLUSIONS AND RELEVANCE—While VA and ERG phenotypes are concordant in only 

some patients carrying identical mutations, assessment of GVF phenotypes revealed stronger 

phenotypic conservation. Phenotypic concordance is important for establishing proper counseling 

of patients diagnosed as having X-linked retinitis pigmentosa, as well as for establishing accurate 

patient selection and efficacy monitoring in therapeutic trials.

Mutations in the retinitis pigmentosa GTPase regulator gene (RPGR) and RP2 are 

responsible for most cases of X-linked retinitis pigmentosa (XLRP), which is generally more 

severe than retinal diseases involving other patterns of inheritance.1,2 Disease from RPGR 

mutations is characterized by significant phenotypic variability. Studies into the etiology of 

this variability have been complicated by the elusive physiological function of RPGR,3-9 as 

well as multiple isoforms resulting from alternative splicing.10 Most phenotype studies have 

focused on comparing disease severity between mutations in the 2 predominant retinal 

RPGR isoforms3,11-14 and suggested that mutations in exon open reading frame 15 (ORF15) 

exhibit lesser disease severity compared with those in exons 1-14.12,13 In a study of 156 

patients with RPGR mutations, Sharon et al13 used multiple regression analysis to illustrate 

that patients with ORF15 mutations tended to have larger visual field areas and higher 

electroretinographic (ERG) amplitudes at comparable ages than patients with mutations in 

exons 1-14. Fahim et al12 recently reported increased phenotypic variability and reduced 

severity in a study of 98 patients with RPGR-ORF15 mutations.

While mutations in different regions of the same gene can differentially affect the ultimate 

protein outcome and result in different phenotypes,6,14 it is more difficult to explain 

variability among patients with the same mutation.15-19 The most dramatic example of this 

was demonstrated in a case report of dizygotic twins with an ORF15 mutation.20 One patient 

had a clear cone-rod dysfunction, color vision deficits, macular atrophy, minimal peripheral 

constriction, and a cone-rod pattern on ERG, while his sibling exhibited foveal sparing, 

severe peripheral field loss, and a nonrecordable (NR) ERG. Furthermore, Fahim et al 

reported phenotypic variability in large families with the same mutations.

For patients and clinicians alike, phenotypic variability can be challenging because it 

complicates counseling of patients regarding their likely visual prognosis. Furthermore, as 

new therapies are developed, variability in clinical course makes patient selection for 

clinical trials more challenging and clouds the assessment of treatment outcomes. In this 

study, we investigated phenotypic variability in a cohort of 42 patients with 13 distinct 

RPGR mutations by assessing different visual function parameters.

Methods

Mutation Screening

DNA from lymphocytes of patients was extracted using Qiagen blood DNA purification kits 

(Qiagen). For RPGR mutational screening, exons were amplified using polymerase chain 
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reaction using published primers.21,22 All mutations were originally identified in our 

laboratory with the exception of exon 2-3 deletion, which was first reported by another 

laboratory and then confirmed by our laboratory (for polymerase chain reaction conditions, 

see the eFigure in Supplement).

Patient Selection and Phenotype Analysis

A retrospective review was performed of 42 male patients with XLRP carrying mutations in 

RPGR who were seen at the Kellogg Eye Center, University of Michigan. All patients 

provided informed consent and the study was approved by the University of Michigan 

institutional review board. Medical records were reviewed for the following clinical 

features: visual acuity (VA), funduscopic appearance on color fundus photographs and in the 

medical record, standardized full-field ERG data, and Goldmann visual field (GVF) data. 

Clinical findings were recorded for each patient visit; however, not all outcome measures 

were available at all patient visits. Patients with the same mutation were grouped together, 

resulting in groups representing 13 distinct mutations.

Concordance in this study was defined as the similarity of clinical ophthalmic parameters 

between patients at comparable age. By assessing concordance among patients with the 

same mutation, we evaluated whether a certain mutation resulted in a similar phenotype in 

all patients.

Visual Acuity Concordance

Snellen VA values were converted to a logMAR scale before an average was obtained for 

both eyes. Because this was a retrospective study, the best available VA was recorded 

(whether correction or pinhole was used). Three brackets reflecting severity of VA were 

created as follows: 20/20 to 20/70 (relatively good acuity), 20/80 to 20/200 (moderate to 

limited acuity), and less than 20/200 (limited acuity). We compared the VA of patients in 

each mutation group who were closest in age and less than 7 years apart from each other. 

We tallied the percentage of age groupings within each mutation group that exhibited the 

same VA severity category. Based on this analysis, mutations were described as exhibiting 

strong (75%-100%), moderate (26%-74%), or low (0%-25%) Snellen VA concordance.

Because of possible testing unreliability in young patients (those who improved in VA with 

age), we excluded from this analysis VA measurements from patients younger than the age 

of 5 years and visits that occurred after the initiation of experimental treatments (eg, ciliary 

neurotrophic factor trial). We were unable to analyze 2 mutations for VA concordance 

because the available data were from patients who were greater than 7 years apart in age at 

visits. In addition to using average VA, this analysis was done by selecting all right or all 

left eyes.

Visual Acuity Progression

Progression of disease (worsening of vision) was assessed by plotting logMAR VA (average 

of 2 eyes) vs age at every visit, and best-fit lines were generated by least-squares regression 

analysis for each mutation group. Visual acuity measured from individuals younger than 5 

years and those occurring after initiation on an experimental treatment trial were not 
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included. Overall VA deterioration for all patients in our cohort was assessed by least-

squares and polynomial regression analyses.

Full-Field Electroretinography Concordance

Abnormal photopic and scotopic B-wave amplitudes were expressed as the percentage of the 

respective mean values de rived from control subjects. Patients whose scotopic deficiency 

was more severe (defined as a lower percentage of mean) were considered to have rod-cone 

dysfunction, while patients with a worse photopic deficiency were categorized as having 

cone-rod dysfunction.23 In addition, ERG phenotype was confirmed by assessment of the 

relative abnormalities in photopic vs scotopic B-wave implicit times by determining the 

percentage increase over 2 standard deviations above normal mean. Each mutation group 

was assessed for concordance, with concordance defined as consistent ERG phenotypes 

between patients in a group. We defined patients younger than 10 years of age with NR 

scotopic and photopic parameters as having a rod-cone phenotype based on our clinical 

experience. Older patients with NR ERG parameters were left unclassified because it is 

difficult to determine the ERG pheno-type in this situation. If a mutation group contained 

multiple older patients with NR ERG values, the mutation group was not assessed for 

concordance.

Goldmann Visual Field Concordance

Patients were grouped into specific GVF phenotypes based on each patient's pattern of 

visual field loss. Central loss over time with relative preservation of peripheral vision 

indicated a cone-rod GVF phenotype; peripheral visual field loss with the smaller target 

isopters showing greater peripheral constriction suggested a rod-cone phenotype (Figure 1). 

A tight ring scotoma with absence of smaller isopters centrally was interpreted as a cone-rod 

GVF phenotype.23 Concordance of GVF pheno-type was assessed within each mutation 

group and compared with the respective ERG phenotype, if available. Total planimetric 

areas for the I4e isopter were quantified in Adobe Photoshop CS3 in square degrees and 

square millimeters for all patients. We did not correct for cartographic distortion, given that, 

to our knowledge, most previous longitudinal studies of GVF progression have not included 

such corrections. Quantified areas were compared between patients with the same mutation 

who were fewer than 6 years apart in age and exhibited the same qualitative GVF 

phenotype.

Results

Patient Demographic Data and Mutational Findings

For all 42 patients, age at first visit ranged from 4 to 53 years, with follow-up ranging from 

1 to 11 visits (median follow-up time, 5.5 years; range, 1.4-32.7 years, for 23 patients with 

>1 visit). Mutations are numbered from 1 to 13 as shown; 10 mutations occurred in RPGR-

ORF15 and 3 in RPGR–exons 1-14 (Figure 2 and Table 1). Each mutation was identified in 

2 or more related or unrelated patients. Three mutations were novel (exon 2-3 deletion, 

p.Glu922fs, and p.Glu1014fs), while the others had been previously reported.13,22,24-29 

Individuals included for comparison in 8 of the mutations were related, while the remaining 

mutations were identified in at least 2 families.
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Visual Acuity Concordance

Five distinct mutations in 11 patients from 5 families displayed strong concordance of VA 

with age (Table 1). Four mutations in 16 patients from 11 families demonstrated moderate 

concordance of VA. Two mutations in 6 patients from 3 families exhibited low concordance, 

while the remaining 2 mutations could not be assessed for concordance because of a large 

difference in age of the patients. These findings are summarized in Table 1. Similar results 

were obtained if all right or all left eyes were selected for this analysis.

Visual Acuity Deterioration

Visual acuity data from each visit were plotted with respect to age for 40 patients and 

showed a tendency to worsen with age (best-fit slope: 0.015 logMAR units/y; R2 = 0.48 with 

least-squares regression and R2 = 0.55 with polynomial regression; Figure 3A and B, 

respectively). The R2 values of these analyses did not improve with setting a floor of 

analysis at higher age (eg, >20 years) to account for a possible latent phase of disease. 

Individually, 10 mutations appeared to worsen with age using least-squares regression 

analysis (Table 2). Whether considered individually or together, lines of best fit for most 

mutations exhibited low R2 values. Mutations 5, 7, and 10 revealed higher R2 values 

compared with other mutations. Three mutations (p.Glu905fs, p.Glu922fs, and p.Glu1014fs) 

exhibited negative sloping lines for VA progression, suggesting an improvement in VA with 

age. However, these 3 mutations included patients with visits at younger than 10 years of 

age.

Electroretinography Concordance

Electroretinography phenotypes were assigned to all patients with available ERG data 

(Table 3). Eleven patients displayed rod-cone dysfunction, while 12 exhibited cone-rod 

dysfunction. Patients with 9 of 13 mutations had adequate ERG data to categorize a 

definitive phenotype. The remaining had unavailable or NR ERGs, precluding 

categorization for each mutation as a whole. Of the 9 mutations with definable phenotypes, 

6 displayed phenotypic concordance, while 3 did not (Table 3). The 3 that did not exhibit 

concordance included patients with both cone-rod and rod-cone ERG dysfunction. The 

p.Glu839fs mutation was identified in a sibling pair (cases 8D and 8E) whose ERG 

phenotypes were contrasting. Thirteen of 14 patients with adequate implicit time data for 

phenotypic categorization exhibited the same ERG phenotype whether amplitude or implicit 

time was compared. Patients with mutations located at the 3′-end of ORF15 all exhibited a 

cone-rod ERG phenotype.

Goldmann Visual Field Concordance

Visual field phenotypes were determined for all patients with available data (Table 3). 

Overall, 12 patients (mean, 29.8 years; median, 33.0 years) exhibited a cone-rod pattern of 

field loss, while 27 (mean, 19.6 years; median, 16.0 years) exhibited a rod-cone pattern. 

Eleven of 13 mutations (84.6%) displayed concordant GVF phenotypes (7 rod-cone vs 4 

cone-rod), while 2 mutations exhibited both GVF phenotypes. All 6 mutations displaying a 

concordant ERG pattern revealed a GVF phenotype consistent with the ERG. Patients with 

mutations at the 3′-end of ORF15 consistently exhibited a cone-rod GVF pheno-type. 
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Examples of GVF discordance and concordance are shown in Figure 1. All phenotypic 

concordance data are summarized in Figure 4. Limited quantified GVF data were available 

for comparison between patients with the same mutation, given large differences in age. 

However, patients who had a cone-rod GVF phenotype tended to exhibit larger preserved 

areas than those with rod-cone phenotypes. Furthermore, patients who exhibited the same 

qualitative phenotype tended to exhibit similar quantified total areas (Table 4). Selected 

examples of quantified visual fields are shown in Figure 5.

Discussion

Genotype-phenotype relationships for XLRP caused by mutations in RPGR present a unique 

challenge for clinicians because of phenotypic variability reported in patients with the same 

mutation, the reasons for which are poorly understood. Further studies are needed to 

elucidate the possible causes, which may include genetic modifiers, epigenetic differences, 

environmental influences, or random effects. Phenotypic concordance is important to 

establish before therapeutic trials for appropriate patient selection and given that 

assessments of treatment efficacy would be more accurate if the expected natural disease 

progression were understood. Because of the high numbers of patients with XLRP with 

documented mutations in our retinal dystrophy clinic, we explored this question in 42 

patients with 13 distinct mutations. We explored data from multiple patients in each 

mutation to gain a better understanding of the phenotypic manifestations of each mutation.

Our study provided interesting insights into XLRP phenotypes. It is crucial to determine 

whether patients exhibit a cone-rod or rod-cone pattern of retinal degeneration because it 

helps in determining disease prognosis and management. Our finding of strong phenotypic 

concordance of GVF phenotype in 11 of 13 mutations was striking. Encouragingly, patients 

also exhibited quantitative concordance when their qualitative phenotype was similar. In 

contrast to the global reflection of photoreceptor function provided by full-field ERG 

testing, GVF provides a geographic indication of local photoreceptor dysfunction or 

degeneration. Given the distribution of cones and rods in the retina,30 patterns of loss 

facilitate phenotypic categorization of which type of photoreceptor is likely to be more 

severely affected. Grover et al31 and Heckenlively23 have previously described different 

patterns of field loss in retinitis pigmentosa. The concordance revealed with this modality 

suggests that studies assessing phenotypic conservation within mutations would benefit from 

GVF findings, which are often underappreciated clinically. This is especially important 

when full-field ERG testing reveals globally depressed cone and rod function, as observed in 

many of our patients.

Interestingly, we found that all patients with available data in the 3 non-ORF15 mutation 

groups (which were located proximally in the RPGR gene: splice mutant, exon 2-3 deletion, 

and p.Trp164X) exhibited a rod-cone pattern of degeneration using both ERG and GVF at a 

relatively young age. The high level of concordance in VA, ERG, and GVF reflects a severe 

rod-cone phenotype likely resulting from putative null-protein products in all 3 mutations. 

Although involving only 8 patients, the fact that the least severe ERG was found in a 15-

year-old subject is a strong indication of the necessity of the RPGR protein in retinal 

function and photoreceptor survival.
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Our cohort of patients with mutations in ORF15 was significantly larger. It is important to 

note that all 10 of these mutations were either frame-shift or nonsense mutations and would 

likely also prove catastrophic. These 34 patients exhibited much more heterogeneity with 

respect to VA, ERG, and GVF. Specifically, patients exhibited varying degrees of cone-rod 

or rod-cone disease severity spanning a broader range of ages. This variability in ORF15 

mutations as a whole is similar to past reports.12,13 When evaluating mutations for 

phenotypic conservation using our analytic framework, all patients in the 3 mutation groups 

closest to the C-terminal domain (p.Glu977X, p.Glu1014fs, and p.Glu1033fs) consistently 

exhibited a cone-rod ERG pattern of degeneration, as well as a cone-rod GVF pattern. This 

finding is consistent with the finding of mutations at the 3′-end of RPGR in X-linked cone-

rod dystrophy.22,32-35

Before beginning this study, we accepted multiple caveats of working with retrospective 

data in assessing pheno typic concordance. For example, we understood the complexities of 

comparing ophthalmic parameters measured at different times or by different operators, 

although standard testing methods were used for all patients. Furthermore, studies have 

shown similar variability in GVF testing.36 Limitations such as these and inadequate/

incomplete follow-up and missing data in many patients limited a more complete analysis. 

We attempted to overcome some of these by analyzing only mutations with adequate data 

for each analysis, comparing VA from patients who were closest in age, and by excluding 

visits from patients having interventions and from very young patients with unreliable 

testing.

Importantly, phenotypic concordance in our cohort was more commonly observed when 

mutations were in the same family. However, many mutations found in different families 

exhibited VA, ERG, and GVF concordance. A separate analysis did not show a relationship 

between coefficients of relatedness and concordance in any parameter, given that patients 

who were very distant exhibited phenotypic concordance as well.

Assessment of VA deterioration within mutations was complicated because some patients 

(most often those younger than the age of 10 years) actually improved with respect to VA 

with time. This is most likely secondary to improved patient testing acumen with age and 

the absence of a true best-corrected VA recording in some instances. While these 

retrospective results are important, more complete follow-up, ideally in a prospective study 

of VA over time, would be most useful in determining the natural course of VA 

deterioration for each mutation.

Electroretinography phenotypes are traditionally determined by the relative deterioration in 

cone vs rod function as reflected by percentage loss compared with the respective means.23 

A major problem encountered in our studies and other studies is the fact that many patients 

present with NR ERG values across all parameters. While useful as a marker of early 

panretinal dysfunction and disease severity, it precludes categorization in our analytic 

framework. Furthermore, some patients who have been lost to follow-up had unavailable 

ERG data. This limited the number of mutations available for comparison. Despite these 

limitations, 6 of 9 mutations displayed ERG phenotypic concordance. The 3 discordant 
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mutations displayed low (often both less than 10% of mean) or NR ERG values in both rods 

and cones, which made it difficult to categorize the pattern of photoreceptor degeneration.

It is possible that long-term trends in deterioration of cone or rod function may lend 

themselves to better phenotypic categorization. However, many patients often only received 

ERG testing at the beginning of their assessment. Only 1 patient (patient 12B in Table 3) in 

our cohort received ERG testing twice, at ages 10 and 13 years. He was characterized as 

exhibiting cone-rod dysfunction at both these points, given consistently lower photopic 

amplitudes. However, the degree of decline in both rod and cone parameters at these 2 

points were comparable, suggesting that both are severely affected quite early. In such 

situations where the decline in ERG function is similar in both classes of photoreceptors, the 

ERG phenotypes as described in this study are unhelpful phenotypic classifications given 

the non-specific degeneration.

Phenotypic concordance is important to establish for proper counseling of patients 

diagnosed as having XLRP, as well as for accurate patient selection and efficacy monitoring 

in therapeutic trials. In this context, it is an important finding that assessment of GVF 

exhibits striking concordance of phenotypes both qualitatively and quantitatively in different 

RPGR mutations.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Examples of Goldmann Visual Field (GVF) Phenotypes and Phenotypic Concordance 
and Discordance
Illustrations show an example of discordant GVF phenotypes in 2 cousins with the same 

mutation (p.Glu746fs) (A, cone-rod phenotype and B, rod-cone phenotype). The rod-cone 

phenotypes show an example of GVF phenotypic concordance in 2 brothers with the same 

mutation (exon 2-3 deletion) (C and D). Isopters shown in this figure include IV4e (red), 

III4e (green), and I4e (black).
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Figure 2. Graphical Representation of Mutations in RPGR Identified in Our Cohort
Ten of the identified mutations were located in ORF15. RCC1 indicates regulator of 

chromosome condensation 1.
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Figure 3. Overall Longitudinal LogMAR Visual Acuity (VA) Deterioration
Average logMAR VA from all visits from 40 patients was plotted against age, which 

showed that VA tended to worsen with age. A, Least-squares regression analysis with a 

slope reflecting VA deterioration with time (in logMAR units/y) and corresponding R2 

coefficient. B, Polynomial regression analysis with corresponding R2 coefficient. Visual 

acuity measurements from patients younger than age 5 years or those taken from patients 

after initiation of experimental therapies were excluded. The R2 values for these calculations 

did not improve with setting a floor of analysis at higher ages (eg, excluding data points at 

younger than age 20 years).
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Figure 4. Summary of Phenotypic Concordance in Visual Acuity (VA), Electroretinography 
(ERG), and Goldmann Visual Field (GVF) Data
Numbers of mutations exhibiting strong, moderate, or weak concordance for each modality 

are shown. Phenotypic concordance was highest when assessed by comparing GVF 

phenotypes between patients.
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Figure 5. Comparison of Quantified Goldmann Visual Fields for Select RPGR Mutations
Visual fields from patients with the same mutations who were within 6 years of age at time 

of testing were quantified using Adobe Photoshop CS3. Normal total I4e area was 

determined by calculating the average total I4e from 10 normal eyes to determine the 

percentage of normal in patients. A and B represent 2 siblings (exon 2-3 deletion) both 

exhibiting a rod-cone phenotype. The percentage difference between the 2 I4e areas was 

0.13%. C and D also represent 2 siblings with a rod-cone phenotype (p.Gly753fs), whose 

percentage difference was 0.09%. E and F represent 2 siblings with a mutation near the 3′-

end of RPGR (p.Glu1014fs) who both exhibit a cone-rod Goldmann visual field phenotype. 

Their quantified percentage difference was larger at 22.1%, but both patients displayed 

relatively large visual fields with the I4e isopter.
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Table 1

Characteristics of RPGR Mutations and VA Concordance in a Mutation Group

Patient No. Nucleotide Mutation
a Exon Domain No. of 

Patients (n = 
42)

No. of 
Families (n = 

24)

VA Concordance
b

1 c.28 + 1 G>A Splice24 1 NA 2 1 Indeterminate

2 Exon 2-3 deletion 2-3 RCC1 2 1 Strong

3 c.492 G>A p.Trp164X25 6 RCC1 4 1 Strong

4 c.2236_2237 del GA p.Glu746fs26 ORF15 GAR 4 3 Moderate

5 c.2257_2260 del GGAG p.Gly753fs27 ORF15 GAR 4 2 Strong

6 c.2260 C>T p.Glu754X28 ORF15 GAR 2 1 Weak

7 c.2405_2406 del AG p.Glu802fs28 ORF15 GAR 4 4 Moderate

8 c.2516_2520 del AAGGG p.Glu839fs13 ORF15 GAR 7 4 Moderate

9 c.2714_2715 del AA p.Glu905fs13 ORF15 GAR 4 2 Weak

10 c.2764 del G p.Glu922fs ORF15 GAR 3 1 Strong

11 c.2929 G>T p.Glu977X29 ORF15 GAR 2 1 Moderate

12 c.3039_3040 del GG p.Glu1014fs ORF15 GAR 2 1 Strong

13 c.3096_3097 del GG p.Glu1033fs22 ORF15 GAR 2 2 Indeterminate

Abbreviations: GAR, glutamic acid rich; NA, not available; ORF15, open reading frame 15; RCC1, regulator of chromosome condensation 1-like; 
VA, visual acuity.

a
Previously reported mutations are referenced. Mutations 2, 9, and 11 are novel.

b
Visual acuity concordance of each mutation using mean logMAR VA at each visit.
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Table 2

Longitudinal Visual Acuity Deterioration by Mutation
a

Mutation Slope R 2

1 0.0032 1.0000

2 0.0091 0.1739

3 0.0111 0.3602

4 0.0176 0.4217

5 0.0175 0.7391

6 0.0727 0.3370

7 0.0127 0.7977

8 0.0015 0.0053

9 −0.0065 0.0923

10 −0.0285 0.7817

11 0.0619 0.6558

12 −0.0455 0.6942

13 0.0196 1.0000

All 0.0153 0.4794

a
LogMAR visual acuity was plotted against age for all patients in each mutation. Slope of visual acuity decline (in logMAR units/y) and an R2 

value were calculated for every mutation using least-squares regression analysis and are shown.
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Table 4

Comparison of Quantified Goldmann Visual Fields in Patients With the Same RPGR Mutations and the Same 

Qualitative Phenotype
a

Mutation No. Patient Age, y Phenotype I4e Area, deg2 I4e Area, mm2 % Normal I4e Area % Difference

2

13

Rod-cone

98.8 142.3 0.80

0.13

14 83.1 119.7 0.67

4

24

Rod-cone

54.3 78.2 0.44

0.02

30 56.8 81.8 0.46

5

24

Rod-cone

93.3 134.3 0.76

2.04

27 292.5 421.2 2.80

5

27

Rod-cone

292.5 421.2 2.80

0.09

29 354.5 510.5 2.89

7

23

Cone-rod

326.9 470.8 2.66

2.47

29 23.8 34.3 0.19

8

19

Rod-cone

138.3 199.2 1.13

1.10

20 37.4 53.8 0.30

12

10

Cone-rod

4541.6 6539.9 36.99

22.13

10 7258.1 10 451.8 59.12

a
Goldmann visual fields from patients with the same mutations who were within 6 years of age at time of testing were quantified using Adobe 

Photoshop CS3. Normal total I4e area was determined by calculating the average total I4e areas from 10 normal eyes (12 276 deg2 or 17678.35 

mm2) to determine percentage of normal in patients. Only patients with the same mutations who were deemed to exhibit the same qualitative 
phenotype were compared. Data from all right eyes are shown. These comparisons show that areas are similar in patients who display the same 
qualitative Goldmann visual field phenotypes and have the same mutations.
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