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We are forever indebted to the individuals whose efforts have transformed the 
field of retinal dystrophies into the dynamic and growing field it is today. We 
dedicate this work to the spirit of collaboration critical to achieving major 
breakthroughs in genetic diagnosis and treatments.

Sarwar Zahid
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Although the practice of medicine has changed over the centuries, the core principle of “First, 
do no harm” laid down by Hippocrates remains a central tenet. As the field of genetic testing 
has rapidly advanced into next-generation sequencing and to whole exome and whole genome 
sequencing, there has been a rapid proliferation of information available to patients and physi-
cians. However, as a profession, we must exercise caution when giving patients genetic diag-
noses. We hope that this book will help health-care professionals make genotype-phenotype 
correlations. When we encounter genetic variants that were previously unreported or that are 
of unknown significance, we encourage physicians and genetic counselors to refer to the rele-
vant chapters in this book to gain an understanding of variable expression of these inherited 
retinal diseases.

Writing and collecting images for this book has been a team effort. Physicians, genetic 
counselors, and researchers from three institutions (Oregon Health & Science University, 
Casey Eye Institute; Moorfields Eye Hospital; and University of Michigan, Kellogg Eye 
Center) came together through friendship to complete the colossal task of compiling these 
book chapters, with the shared goal of helping physicians and patients better understand these 
conditions.

In Shakespeare’s King Lear, Gloucester, who has been blinded and thrown out of the king-
dom, hides, stripped of all his dignities, and Edgar, his banished son, comes to save him from 
his misery. This is not just an act of saving a blind individual but an act of love and obligation. 
We are all Edgars in medicine—we love our patients and our profession, and we are obligated 
to our patients from the day we decide to practice medicine.

It is only by working together that we can advance this field of “orphan” diseases. As thera-
peutic clinical trials are initiated, let us collaborate to share our precious patients as subjects in 
the trials that show the most promise. Let us stand united in protecting our patients, while also 
informing them of opportunities to partake in therapeutic trials. We must carefully weigh the 
risks and benefits for each patient rather than our obligations to companies running particular 
clinical trials.

Let us keep in perspective the reason for participating in these trials in the first place—the 
improvement of vision or halting of progressive loss of vision in patients affected by inherited 
retinal diseases. We want to be able to encourage children and adults newly diagnosed with 
retinal dystrophies that treatments for these conditions are in the not-too-distant future.

Ann Arbor, MI, USA� Thiran Jayasundera
August 2017

Preface



ix

The volume editors would like to acknowledge contributions throughout the atlas by Naheed Khan, 
PhD (University of Michigan, Kellogg Eye Center), Fernanda Abalem, MD (University of 
Michigan, Kellogg Eye Center), and Mahdi Mahmood (New York, NY).

Acknowledgment



xi

	 1	� ABCA4 ������������������������������������������������������������������������������������������������������������������������       1

	 2	� AIPL1��������������������������������������������������������������������������������������������������������������������������       7

	 3	� ALMS1������������������������������������������������������������������������������������������������������������������������     11

	 4	� ARL6/BBS3 ����������������������������������������������������������������������������������������������������������������     13

	 5	� BBS1����������������������������������������������������������������������������������������������������������������������������     15

	 6	� BBS2����������������������������������������������������������������������������������������������������������������������������     19

	 7	� BBS4����������������������������������������������������������������������������������������������������������������������������     23

	 8	� BBS5����������������������������������������������������������������������������������������������������������������������������     25

	 9	� BBS7����������������������������������������������������������������������������������������������������������������������������     27

	10	� BBS9����������������������������������������������������������������������������������������������������������������������������     29

	11	� BBS10��������������������������������������������������������������������������������������������������������������������������     31

	12	� BBS12��������������������������������������������������������������������������������������������������������������������������     33

	13	� BEST1�������������������������������������������������������������������������������������������������������������������������     37

	14	� CACNA1F��������������������������������������������������������������������������������������������������������������������     43

	15	� CEP290������������������������������������������������������������������������������������������������������������������������     47

	16	� CERKL������������������������������������������������������������������������������������������������������������������������     51

	17	� CHM����������������������������������������������������������������������������������������������������������������������������     55

	18	� CLN3����������������������������������������������������������������������������������������������������������������������������     59

	19	� CLRN1 ������������������������������������������������������������������������������������������������������������������������     61

	20	� CNGA3������������������������������������������������������������������������������������������������������������������������     65

	21	� CNGB1������������������������������������������������������������������������������������������������������������������������     67

	22	� CNGB3������������������������������������������������������������������������������������������������������������������������     71

	23	� CRB1���������������������������������������������������������������������������������������������������������������������������     75

	24	� CRX�����������������������������������������������������������������������������������������������������������������������������     79

	25	� C1QTNF5��������������������������������������������������������������������������������������������������������������������     83

	26	� CYP4V2 ����������������������������������������������������������������������������������������������������������������������     85

	27	� DHDDS������������������������������������������������������������������������������������������������������������������������     89

	28	� EFEMP1���������������������������������������������������������������������������������������������������������������������     91

Contents



xii

	29	� ELOVL4����������������������������������������������������������������������������������������������������������������������     93

	30	� EYS������������������������������������������������������������������������������������������������������������������������������     95

	31	� FAM161A��������������������������������������������������������������������������������������������������������������������     99

	32	� GNAT1 ������������������������������������������������������������������������������������������������������������������������   101

	33	� GNAT2 ������������������������������������������������������������������������������������������������������������������������   103

	34	� GPR98��������������������������������������������������������������������������������������������������������������������������   107

	35	� GUCA1A�����������������������������������������������������������������������������������������������������������������������  111

	36	� GUCA1B����������������������������������������������������������������������������������������������������������������������   113

	37	� GUCY2D����������������������������������������������������������������������������������������������������������������������   115

	38	� IMPDH1 (RP10) ��������������������������������������������������������������������������������������������������������   117

	39	� IMPG2 ������������������������������������������������������������������������������������������������������������������������   121

	40	� IQCB1��������������������������������������������������������������������������������������������������������������������������   123

	41	� KCNV2������������������������������������������������������������������������������������������������������������������������   125

	42	� KLHL7 ������������������������������������������������������������������������������������������������������������������������   129

	43	� LCA5����������������������������������������������������������������������������������������������������������������������������   133

	44	� LRAT���������������������������������������������������������������������������������������������������������������������������   137

	45	� MAK����������������������������������������������������������������������������������������������������������������������������   139

	46	� MERTK������������������������������������������������������������������������������������������������������������������������   141

	47	� MYO7A������������������������������������������������������������������������������������������������������������������������   147

	48	� NMNAT1 ��������������������������������������������������������������������������������������������������������������������   151

	49	� NR2E3 ������������������������������������������������������������������������������������������������������������������������   153

	50	� NRL������������������������������������������������������������������������������������������������������������������������������   161

	51	� NYX������������������������������������������������������������������������������������������������������������������������������   165

	52	� OAT������������������������������������������������������������������������������������������������������������������������������   169

	53	� OPN1LW and OPN1MW������������������������������������������������������������������������������������������   171

	54	� PDE6A ������������������������������������������������������������������������������������������������������������������������   175

	55	� PDE6B ������������������������������������������������������������������������������������������������������������������������   177

	56	� PDE6C ������������������������������������������������������������������������������������������������������������������������   181

	57	� PDE6G������������������������������������������������������������������������������������������������������������������������   183

	58	� PHYH��������������������������������������������������������������������������������������������������������������������������   185

	59	� PRCD ��������������������������������������������������������������������������������������������������������������������������   187

	60	� PROM1������������������������������������������������������������������������������������������������������������������������   189

	61	� PRPF3 ������������������������������������������������������������������������������������������������������������������������   193

	62	� PRPF31 ����������������������������������������������������������������������������������������������������������������������   195

	63	� PRPF8 ������������������������������������������������������������������������������������������������������������������������   197

	64	� PRPH2 (RDS) ������������������������������������������������������������������������������������������������������������   199

Contents



xiii

	65	� RDH12 ������������������������������������������������������������������������������������������������������������������������   205

	66	� RDH5 ��������������������������������������������������������������������������������������������������������������������������   211

	67	� RHO ����������������������������������������������������������������������������������������������������������������������������   215

	68	� RIMS1�������������������������������������������������������������������������������������������������������������������������   219

	69	� RLBP1 ������������������������������������������������������������������������������������������������������������������������   223

	70	� RP1������������������������������������������������������������������������������������������������������������������������������   227

	71	� RP2������������������������������������������������������������������������������������������������������������������������������   229

	72	� RPE65��������������������������������������������������������������������������������������������������������������������������   233

	73	� RPGR ��������������������������������������������������������������������������������������������������������������������������   237

	74	� RPGRIP1 ��������������������������������������������������������������������������������������������������������������������   243

	75	� RS1������������������������������������������������������������������������������������������������������������������������������   245

	76	� SAG������������������������������������������������������������������������������������������������������������������������������   251

	77	� SEMA4A����������������������������������������������������������������������������������������������������������������������   253

	78	� SNRNP200������������������������������������������������������������������������������������������������������������������   255

	79	� SPATA7������������������������������������������������������������������������������������������������������������������������   257

	80	� TIMP3��������������������������������������������������������������������������������������������������������������������������   259

	81	� TOPORS����������������������������������������������������������������������������������������������������������������������   263

	82	� TULP1 ������������������������������������������������������������������������������������������������������������������������   265

	83	� USH2A������������������������������������������������������������������������������������������������������������������������   269

	84	� VCAN��������������������������������������������������������������������������������������������������������������������������   273

�Index������������������������������������������������������������������������������������������������������������������������������������   275

Contents



1© Springer International Publishing AG, part of Springer Nature 2018
S. Zahid et al., Retinal Dystrophy Gene Atlas, https://doi.org/10.1007/978-3-319-10867-4_1

ABCA4

ABCA4 encodes an ATP-binding cassette transporter 
expressed in cone and rod photoreceptors that is responsible 
for the transport of N-retinyl-phosphatidyl-ethanolamine and 
all-trans-retinaldehyde as part of the visual cycle. Recessively 
inherited mutations can cause a variety of ABCA4-related 
retinopathies that includes Stargardt disease, fundus flavi-
maculatus, retinitis pigmentosa (rod-cone dystrophy)-like 
phenotype, cone dystrophy, and cone-rod dystrophy [1–3].

Patients with Stargardt disease (STGD) typically present 
with central visual dysfunction (reduced visual acuity, dys-
chromatopsia, and reduced contrast sensitivity) in the first-
to-second decades. A second common presentation is in early 
adulthood with less rapidly progressive disease than in those 
with the childhood-onset form. A minority of patients present 
in later life, in their 40s through 60s, with relatively stable 
visual acuity, and relatively preserved foveal structure and 
function – ‘foveal sparing STGD’ [4]. The extent of visual 
acuity deterioration is often variable and reflects involvement 
of the fovea, ranging from better than 20/40 to worse than 
20/200. Patients who present later are more likely to maintain 
acuity better than 20/200 than those who present with child-
hood onset disease [5]. The degree of photosensivity or night 
blindness/peripheral visual field loss is variable, ranging 
from unaffected to severely affected, and can be determined 
with electrophysiological assessment (see below).

Typical fundus findings include central macular atrophy 
and yellow-white flecks at the posterior pole, primarily at the 
level of the RPE (Figs. 1.1a, 1.2b, 1.3a, 1.4a, and 1.5a). There 
is, however, considerable phenotypic heterogeneity, including 
the presence/absence, distribution, and extent of flecks and 
retinal pigmentary changes (Fig. 1.2a), and the degree of mac-
ular atrophy, which can also have a bull’s-eye maculopathy 
(BEM)-like pattern (Fig. 1.3a, b). Approximately a third of 
patients with non-toxic BEM harbor disease-causing variants 
in ABCA4 [6]. Before the identification of the gene ABCA4, 
fundus flavimaculatus (FFM) was used to describe patients 
with retinal flecks but no ophthalmoscopic evidence of macu-
lar atrophy; following the discovery that ABCA4 mutations 
cause both STGD and FFM, the term FFM is now rarely used.

Three electrophysiological phenotypes with prognostic 
implications have been identified in STGD [7, 8]. Patients in 
group 1 have dysfunction confined to the macula; group 2 
have macular and generalized cone system dysfunction; and 
group 3 have macular, generalized cone, and generalized rod 
system dysfunction. A longitudinal study of patients with 
STGD found that all patients with initial rod dysfunction on 
electroretinography (ERG) demonstrated clinically signifi-
cant electrophysiologic deterioration; only 20% of patients 
with normal full-field ERGs at baseline showed clinically 
significant progression [8]. Patients with group 3 STGD have 
central scotomata on Goldmann visual field (GVF), in keep-
ing with all patients with STGD, with progressively con-
stricting peripheral fields, and thereby experience more 
severe visual impairment [9].

Fundus autofluorescence (FAF) can identify a character-
istic pattern of areas of increased and decreased autofluores-
cence (AF) at the posterior pole, with centrally reduced AF 
corresponding with macular atrophy, which can aid diagno-
sis, especially in childhood. In advanced disease, peripapil-
lary sparing of AF can be helpful in suggesting ABCA4-related 
disease [10, 11]. In addition, FAF has a role in monitoring 
progression by determining changes in AF over time 
(Figs. 1.1b and 1.5b) [8, 12]. A longitudinal study of FAF in 
STGD found that the AF pattern at baseline influences the 
enlargement of macular atrophy over time and has genetic 
correlates [8]. Fluorescein angiography (FA) may reveal a 
“dark choroid” (Fig. 1.4b), but this is less commonly seen 
since the advent of FAF and increasing accessibility of 
genetic testing have made FA less crucial to diagnosis [13]. 
If extensive atrophy precludes visualization of a dark cho-
roid, the diagnosis may be suggested by the presence of a 
peripapillary hypofluorescent ring on FA (peripapillary dark 
choroid ring), also seen as a preserved area on FAF imaging 
[14]. However, absence of a dark choroid does not exclude 
ABCA4-associated disease; some patients with less extensive 
disease may not exhibit a dark choroid [2]. Additionally, 
auto-contrast features on modern fundus cameras may ren-
der a dark choroid difficult to visualize.
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Bull’s-eye maculopathy (BEM) is characterized by a dis-
tinct lesion at the macula (Fig.  1.3a, b) [6]. Three distinct 
FAF phenotypes have been described by Kurz-Levin et  al. 
depending on relative hyper- or hypoautofluorescence inside 
and outside the bull’s-eye lesion [15]. BEM associated with 

ABCA4 mutations may be observed in the context of cone-
rod dystrophy or STGD. ABCA4 has been implicated in at 
least 30% of recessive cone-rod dystrophy [16]. These 
patients usually present in their first-to-second decades with 
blurred vision and reduced visual acuity; night blindness and 

Fig. 1.1  Case summary: 21-year-old female with Stargardt disease. (a) 
Color fundus photograph of the right eye showing minimal macular 
flecks with an area of central macular atrophy. (b) Fundus autofluores-
cence of the right eye showing increased macular autofluorescence with 

hyperautofluorescent small flecks. There is also central hypoautofluo-
rescence in the area of macular atrophy, which is better visualized with 
autofluorescence imaging.

Fig. 1.2  Case summary: 8-year-old with mutations in ABCA4. (a) 
Color fundus photograph at age 8 years showing a normal-appearing 
fundus except for an occasional fleck-like lesion in the macula in the 
right eye, despite 20/200 visual acuity. There was an  identical visual 

acuity and fundus appearance in the left eye. (b) Color fundus photo-
graph at age 11 years, showing the development of foveal atrophy and 
increased flecks in the posterior pole.
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peripheral visual field loss typically occur later [17]. Visual 
acuity may range from 20/30  in children to worse than 
20/200 to LP late in the disease process, but there is marked 
variability [17]. Some groups have also described individual 
patients with certain  solitary heterozygous mutations and 
milder, later-onset disease, but it is unclear if the single 
ABCA4 mutation in these patients is causative [18, 19].

Mutations in ABCA4 have rarely been reported to cause 
an autosomal recessive retinitis pigmentosa (RP)-like phe-
notype. These patients usually present with night blindness 
in the first-to-second decade with very poor visual acuity. 
Fundus findings include the classical findings of RP, such 
as optic disc pallor, attenuated vessels, and bone-spicule 
pigment deposits, as well as posterior pole atrophy [20]. 

Fig. 1.3  Case summary: 29-year-old male with bull’s-eye maculopa-
thy. (a) Color fundus photograph of the right eye showing a bull’s-eye 
atrophy lesion in the macula surrounded by retinal deposits. (b) 

Fluorescein angiography of the right eye (AV-transit phase) showing a 
window defect in the area of bull’s eye atrophy. The deposits exhibit 
hyperfluorescent staining.

Fig. 1.4  Case summary: 24-year-old female with mutations in ABCA4. 
(a) Wide-field color fundus photograph of the right eye showing diffuse 
pisciform flecks throughout the posterior pole without any associated 

atrophy. (b) Wide-field fluorescein angiography (AV-transit phase) 
showing hyperfluorescent staining of the flecks on the background of a 
dark choroid.
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ERG and GVF usually reveal a rod-cone pattern of degen-
eration (Fig. 1.6).

The carrier frequency of likely pathogenic ABCA4 alleles 
has been reported to be as high as 1:20, and over 700 ABCA4 
variants have so far been identified. The high allelic 
heterogeneity makes molecular genetic analyses of ABCA4-
associated retinal disease very challenging. It has been 
reported that direct Sanger sequencing of the entire ABCA4 
coding region (50 exons) detects between 66% and 80% of 

disease-causing alleles; however, this approach has 
significant limitations in large patient cohorts due to the 
prohibitive time and cost implications [21].

Since the development of the ABCA4 genotyping microar-
ray using arrayed primer extension (APEX) technology, sys-
tematic screening of all known previously reported ABCA4 
variants has been available; APEX detects approximately 
65–75% of all disease-associated alleles. However, by defini-
tion, novel variants are not detected by APEX technology, 

Fig. 1.5  Case summary: 13-year-old girl with Stargardt disease. (a) 
Color fundus photograph of the right eye showing flecks throughout the 
macula without any obvious macular atrophy. (b) Fundus autofluores-
cence of the right eye showing hyperautofluorescence of the flecks on a 

background of increased macular autofluorescence. There is a central 
focus of hypoautofluorescence suggestive of atrophy that is not obvious 
on fundus photography.

Fig. 1.6  Wide-field fundus photographs of the right and left eyes from 
a 64-year-old male with a rod-cone dystrophy-like phenotype with dif-
fuse bone spicule pigment deposition and atrophy with a non-recordable 

ERG and with peripheral islands of remaining visual fields on Goldmann 
Visual Field testing.
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necessitating the use of other methodologies for high-through-
put systematic screening of the entire coding region, espe-
cially in cases where one or both disease-causing alleles have 
not been identified by the array.

Zernant et  al. reported the capability of a next-genera-
tion sequencing (NGS) strategy to detect new ABCA4 vari-
ants that were not included on the APEX array; all 50 
ABCA4 exons of 168 patients were amplified in parallel 
using an amplicon tagging polymerase chain reaction 
(PCR) protocol, and NGS was applied to the resulting 
amplicons [22]. This NGS strategy has been repeated in 
another cohort with similar findings, identifying the second 
disease-causing allele in 48% of the cohort in whom only 
one allele had been previously found with APEX [8]. These 
findings suggest that many disease-associated mutations in 
the ABCA4 gene are very rare and yet unknown, supporting 
the validity of the PCR-enrichment-based NGS method 
either as the screening method of choice or as an additional 
screening method for patients in whom APEX does not 
reveal two variants.
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AIPL1

AIPL1 encodes aryl-hydrocarbon interacting protein-like 1, 
which is a protein that may be important for protein folding 
and trafficking, expressed in the developing and adult photo-
receptor layer. It has also been shown to affect photoreceptor 
function as well as signal transduction through its mediation 
of cone PDE6 and RetGC1, respectively [1]. Mutations in 
AIPL1 cause recessive Leber congenital amaurosis (LCA) 
and juvenile-onset rod-cone dystrophy, dominant cone-rod 
dystrophy has also been reported.

AIPL1 mutations cause 4–8% of LCA [2]. Patients typi-
cally present within the first year of life. Patients may expe-
rience night blindness, photosensitivity, or photoattraction. 
Franceschetti’s oculo-digital sign, pendular nystagmus, 
keratoconus (more common in patients with homozygous 
mutations), and cataracts are commonly observed. Visual 
acuities range from 20/400 to light perception (median of 
LP) [3]. The fundus may be normal at an early age, but later 
in disease it usually shows optic nerve pallor, bone-spicule 
pigmentary deposits in up to 84% of patients (ranging from 
mild mid-periphery deposits to severe, diffuse deposits and 
chorioretinal atrophy), and maculopathy in up to 80% of 
patients (ranging from mild foveal atrophy to macular stip-
pling, aplasia, or atrophy within first decade) that worsens 
over time (Figs. 2.1, and 2.2) [4, 5]. Retinal white dots have 
also been reported in some patients by Tan et  al. [6]. 
Maculopathy, keratoconus, and cataracts are more likely in 
patients with LCA caused by AIPL1 mutations than in those 
with RPE65 and GUCY2D mutations [4]. Electroretinogram 
(ERG) has been shown to be non-recordable in most 
patients at an early age, and Golmann visual field (GVF) 
reveals undetectable or very limited visual fields [7]. 

However, in three young patients with AIPL1 mutations, 
Pennesi et al. reported some residual scotopic ERG func-
tion and more preserved visual fields [8]. Tan et  al. have 
also reported residual rod function in a 2-year-old patient 
[6]. Optical coherence tomography (OCT) may reveal loss 
of foveal photoreceptors, loss of the outer nuclear layer, 
reduced foveal thickness, increased inner retinal thickness, 
or lamellar disorganization.

Juvenile-onset rod-cone dystrophy caused by recessively-
inherited mutations in AIPL1 has been reported in patients 
who presented with reduced acuity, decreased  peripheral 
vision, and night blindness in the first decade of life. These 
patients gradually lose acuity and peripheral vision with 
time. Visual acuity may be as good as 20/60  in their 40s, 
but  it declines steadily to worse than 20/400 within two 
decades [7]. Keratoconus has not been reported. Fundus 
findings may include preservation of RPE in the macula, 
with a bull’s-eye lesion and pigmentary atrophy in the mid-
periphery beyond the attenuated arcades (Fig. 2.3a–c). Optic 
nerve drusen have also been reported. Near-infrared imaging 
may reveal areas of depigmentation, and fundus autofluores-
cence may show areas of atrophy and hyperautofluorescent 
bone-spicule pigment deposits (using NIR-RAFI). OCT 
shows foveal atrophy, loss of photoreceptors and the ONL, 
and increased thickness in certain retinal areas [7]. GVF 
reveals a rod-cone pattern with peripheral constriction and 
loss, with a central functional island that is lost with age. 
ERG reveals residual but significantly reduced rod and cone 
parameters (90% reduction in one study) [7].

There has been a report by Sohocki et al. [2] of dominantly-
inherited cone-rod dystrophy caused by a mutation in AIPL1.
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Fig. 2.2  Case summary: Color fundus photographs of the right and left eyes of a 6-year old (CEI24800) showing RPE mottling without obvious 
atrophy. (Courtesy of Richard G. Weleber).

Fig. 2.1  Case summary: 24-year-old female with juvenile-onset rod-cone 
dystrophy. (a) Color fundus photographs of the right eye showing a bull’s-
eye lesion at the macula with atrophy at age 18. (b) Montage of color fun-

dus photographs of the right eye showing a bull’s-eye lesion at the macula 
with peripheral bone spicule pigmentation with atrophy at age 25. (c) 
Fluorescein angiography showing bull's eye lesion at the macula at age 18.
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Fig. 2.3  Case summary: Color fundus photograph of the right eye of a 
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and macular atrophy. (Courtesy of Richard G. Weleber).
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ALMS1

ALMS1 encodes a protein involved in ciliary function and/
or ciliogenesis and is located at the ciliary basal body [1, 
2]. Mutations are responsible for a progressive cone-rod 
dystrophy associated with systemic features—Alström 
syndrome (AS).

ALMS1 mutations are the only reported mutations 
responsible for AS [3], in the class of ciliopathies [4], and 
are inherited in an autosomal recessive pattern [5]. The 
prevalence of AS is about one per million [3]. Onset of the 
condition is in infancy, with photosensitivity and nystag-
mus as the commonly observed first symptoms [6–9]. 
Progressive cone-rod dystrophy is the hallmark of the dis-
ease [7]. The disease shows significant phenotypic interfa-
milial and intrafamilial variability with respect to age of 
onset and rate of progression [8]. In general, however, pro-
gression seems more rapid than is typical of other cone-rod 
dystrophies [8, 9]. In a cohort of three Swedish patients, all 
children showed 20/100–2/200 visual acuity at age 3 [8]. In 
another study of seven affected children from five unrelated 
non-consanguineous Chinese families, all patients observed 
(ages 5–14) exhibited best corrected visual acuity of 20/200 
to light perception [3]. Bilateral subcapsular cataracts may 
also be observed in patients with AS [8, 10]. Fundus exam 
shows attenuation of retinal vessels [3, 10], optic disc pal-
lor, retinal pigment epithelium (RPE) atrophy [8, 10], and 
may show the presence of drusen (Fig. 3.1a) [9]. Some indi-
viduals show narrowing of vessels and depigmentation 
early in life, but others may not show any abnormal features 
on fundus exam before the age of 8–10 years [8]. Asteroid 
hyalosis, optic disc drusen, and bone spicules may also be 
present [10]; one patient was reported to show a bull’s-eye 
lesion in the macula [8]. Optical coherence tomography 

(OCT) shows thinning of the RPE and ellipsoid zone [3, 9] 
and early arrest of macular development in 5-year-old chil-
dren [9, 10], with persistent inner retinal layers and absent 
connecting cilia in the outer retina (Fig.  3.1b) [9]. 
Electroretinography correlates with the degree of visual 
acuity loss, showing early cone involvement and subse-
quent rod degeneration. Cone response varies from unde-
tectable at 4–6  months [8, 10] to slightly reduced at 
10 years. Rod response is usually within normal limits in 
infancy and may show marked reduction or be nonrespon-
sive by 5–6 years [8, 10], or may have only minor loss by 
age 10 [8]. Goldmann Visual Field (GVF) results vary 
widely between patients, with some showing fields as con-
stricted as <5° on V:4e isopter by age 12 and others show-
ing 50° of field on the I:4e isopter at age 10 [8]. Color 
vision also varies greatly, with some patients showing nor-
mal color vision at age 10 and others showing a complete 
loss of color vision at age 12 [8].

Other symptoms include bilateral sensorineural hearing 
loss, which often presents in childhood, but can present at 
any time from infancy to adulthood [10], type 2 diabetes 
mellitus, truncal obesity, dilated cardiomyopathy, craniofa-
cial features, hypothyroidism, elevation of liver transami-
nases, renal insufficiency, gonadal dysfunction, menstrual 
irregularities [5, 11], and adolescent cessation of growth, 
leading to short stature and scoliosis [7]. Unlike Bardet-
Biedl Syndrome, another ciliopathy, polydactyly is not gen-
erally seen (although there have been reports of polydactyly 
and syndactyly in up to 2% of patients with AS [8]), while 
sensorineural hearing loss is [4]. Morbidity and mortality are 
usually due to multiple organ failure from hepatic, cardiac, 
pulmonary, and renal fibrosis [7].

3

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-10867-4_3&domain=pdf


12

References

	 1.	 Jagger D, Collin G, Kelly J, Towers E, Nevill G, Longo-Guess C, 
et al. Alström syndrome protein ALMS1 localizes to basal bodies 
of cochlear hair cells and regulates ciulium-dependent planar cell 
polarity. Hum Mol Genet. 2011;20(3):466–81.

	 2.	O’Neill MJF, McKusick VA.  ALMS1 GENE; ALMS1. OMIM. 
606844. 2012. Retrieved from http://www.omim.org/entry/606844.

	 3.	Liang X, Hui L, Huajin L, Xu F, Dong F, Sui R, et al. Novel ALMS1 
mutations in Chinese patients with Alström syndrome. Mol Vis. 
2013;19:1885–91.

	 4.	Piñeiro-Gallego T, Cortón M, Ayuso C, Baiget M, Valverde 
D. Molecular approach in the study of Alström syndrome: analysis 
of ten Spanish families. Mol Vis. 2012;18:1794–802.

	 5.	Kaya A, Orbak Z, Çayir A, Döneray H, Taşdemir Ş, Ozantürk A, 
et al. Combined occurrence of Alström syndrome and bronchiecta-
sis. Pediatrics. 2014;133(3):e780–3.

	 6.	Casey J, McGettigan P, Brosnahan D, Curtis E, Treacy E, Ennis 
S, et  al. Atypical Alstrom syndrome with novel ALMS1 muta-

tions precluded by current diagnostic criteria. Eur J  Med Genet. 
2014;57(2–3):55–9.

	 7.	Kuburovic V, Marshall JD, Collin GB, Nykamp K, Kuburović N, 
Milenković T, et al. Differences in the clinical spectrum of two ado-
lescent male patients with Alström syndrome. Clin Dysmorphol. 
2013;22(1):7–12.

	 8.	Malm E, Ponjavic V, Nishina PM, Naggert JK, Hinman EG, 
Andréasson S, et al. Full-field electroretinography and marked vari-
ability in clinical phenotype of Alström syndrome. Arch Opthalmol. 
2008;126(1):51–7.

	 9.	Vingolo EM, Salvatore S, Grenga PL, Maffei P, Milan G, Marshall 
J. High-resolution spectral domain optical coherence tomography 
images of Alström syndrome. J  Pediatr Ophthalmol Strabismus. 
2010;47 Online:e1–3.

	10.	Marshall JD, Maffei P, Collin GB, Naggert JK. Alström syndrome: 
genetics and clinical overview. Curr Genomics. 2011;12(3):225–35.

	11.	Bahmad F Jr, Costa CS, Teixeira MS, Barros Filho JD, Viana LM, 
Marshall J. Familial Alström syndrome: a rare cause of bilateral 
progressive hearing loss. Braz J  Otorhinolaryngol. 2014;80(2): 
99–104.

Fig. 3.1  Case summary: 11-year-old female (CEI24864) with homo-
zygous ALMS1 mutation c.6436C>T p.Arg2146X.  Poor vision (LP 
OU). History of diabetes mellitus type 2, vitreous hemorrhage in both 
eyes, status-post pars plana vitrectomy in the left eye. (a) Color fundus 

photograph of the left eye showing peripheral retinal RPE changes. (b) 
Spectral domain-optical coherence tomography showing outer retinal 
atrophy with loss of the ellipsoid zone throughout the macula.
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ARL6/BBS3

ARL6, or BBS3, encodes a protein that binds the ciliary 
membrane protein complex containing seven BBS (Bardet-
Biedl syndrome) proteins [1]. Mutations are responsible for 
rod-cone (86.9%) and cone-rod (13.1%) dystrophies [2] and 
for syndromic features associated with Bardet-Biedl syn-
drome (BBS). ARL6 mutations may also cause isolated reti-
nitis pigmentosa (RP) [3, 4].

ARL6 mutations are responsible for a large percentage of 
cases of autosomal recessive Bardet-Biedl syndrome in 
Saudi patients, reported by Abu Safieh et al. [4] to have been 
seen in three out of seven families with BBS. Mutations in 
ARL6 are rarely seen in other populations, however, with 
only two families affected with this mutation in a cohort of 
163 families affected with BBS of North American, 
European, Newfoundlandian, Turkish, Iraqi, Pakistani, and 
Indian descent [5]. In a Danish study, mean age at diagnosis 
for BBS was 11.8 years [6]. In a study conducted in Brazil, 
only 21% of patients with BBS had a visual acuity above 
20/40 in their better-seeing eye [2]. Night blindness may be 
observed in patients with ARL6 mutations as early as age 5 
[7]. Bilateral nystagmus has been observed in 26% of BBS 
patients, some of whom also demonstrated strabismus [2]. 
Central vision has been shown to decline 1 line per year on 
the logMAR chart, while peripheral vision declines at 0.19 
log units per year in dark-adapted environments [2]; 73% of 
BBS patients are legally blind by their teens or twenties [8]. 
Some reports suggest that individuals with BBS caused by 
mutations in BBS1 exhibit the mildest phenotype and best 
visual acuity [6, 9]. In contrast, Abu Safieh et al. [4] claim 
that mutations in ARL6 tend to cause the mildest phenotypes. 
Patients with mutations in ARL6 are also reportedly  more 
likely to be myopic [8]. However, some researchers claim 
that there is no significant genotype-phenotype correlation 
for BBS [2]. On fundus exam, 42.8% of BBS patients show 
disc pallor, 67% show attenuated retinal vessels, 67% show 
widespread retinal pigment epithelium abnormalities, 42.8% 
show macular abnormalities, and 23.8% show peripheral 

pigmentation [2]. While the fundus findings include surface 
wrinkling or mild bone spicule-like pigmentation in some 
patients, most patients were sine pigmento (without pig-
ment) [8]. Younger patients tend to show milder changes, 
such as peripapillary atrophy and mild patchy changes of the 
internal limiting membrane. Older patients with mutations in 
ARL6 typically show more advanced retinal atrophy  and 
macular atrophic changes. Some patients may exhibit poste-
rior subcapsular cataracts [8]. Optical coherence tomogra-
phy in patients with BBS shows thinning of the photoreceptor 
layer, with preservation of the inner retinal lamination [10]. 
On electroretinography, scotopic rod and maximal responses 
were non-detectable in 91.3%, while cone responses were 
non-detectable in 65.2%. All patients who could be assessed 
had elevated dark-adapted visual thresholds [2].

Syndromic features of those with Bardet-Biedl syndrome 
include hyperphagia-induced obesity, intellectual disability, 
renal anomalies, polydactyly, and hypogenitalism [11, 12]. 
Other features include developmental delay, speech delay, 
congenital heart disease, poor coordination, hypodontia, and 
increased incidence of diabetes mellitus and hypertension 
[11, 13]. It has been reported that individuals with mutations 
in ARL6 more often have polydactyly of all four limbs [13].

There has been a reported case of an individual with a 
mutation in ARL6 who had an isolated finding of retinitis 
pigmentosa [3, 4] without other systemic features.
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BBS1

BBS1 encodes Bardet-Biedl syndrome 1 protein, which is 
part of the BBSome complex (BBS1–9) and is thought to be 
involved in ciliogenesis. Mutations in BBS1 are associated 
with Bardet-Biedl syndrome (BBS) and non-syndromic reti-
nitis pigmentosa [1, 2]. BBS is characterized by retinal 
degeneration and several systemic manifestations, including 
truncal obesity, muscular-skeletal abnormalities (such as 
polydactyly, syndactyly, brachydactyly, and/or clinodac-
tyly), genitourinary tract abnormalities (renal cysts), 
impaired  secondary sexual development (e.g., hypogonad-
ism, virilism), deafness, and varying degrees of cognitive 
and behavioral abnormalities [3]. BBS1-related BBS follows 
an autosomal recessive pattern of inheritance. BBS1 is the 
most commonly affected gene in BBS, accounting for 
approximately 23% of cases. Polydactyly is typically diag-
nosed in infancy and often the only residual evidence of this 
may be scars at the sites of removed digits. Patients with reti-
nal manifestations may present with (syndromic) or without 
(non-syndromic) other  extraocular manifestations of the 
spectrum of BBS [2].

Patients typically present with night blindness within 
their first two decades of life. Visual acuities may be good 
(20/40 to 20/50) initially, but progressively decrease over 
time. Visual acuities may be better in BBS1-related disease 
than in BBS caused by other genes, such as BBS2, BBS3, 
BBS5, BBS7, BBS10, and BBS12 [4]. Cataracts are com-
monly observed in both the syndromic and non-syndromic 

RP populations with BBS1 mutations. Fundus examination 
typically reveals bone spicules and arteriole attenuation [5]. 
There also may be atrophic maculopathy as the disease pro-
gresses, as well as bull’s eye maculopathy (Figs. 5.1a, 5.2a, 
5.3a, and 5.4a). Retinal pigment epithelium (RPE) atrophy 
may also be observed in the arcades. Goldmann visual fields 
typically reveal ring scotomas with field loss predominantly 
in the periphery. Electroretinogram (ERG) typically shows a 
rod-cone pattern of degeneration and often becomes nonre-
cordable at an early age [2, 6]. ERG parameters have been 
shown to be higher in retinopathy caused by BBS1 than in RP 
caused by mutations in other genes [4]. Negative ERGs have 
also been reported in some patients [6, 7]. Optical coherence 
tomography (OCT) may reveal foveal, retinal, and outer 
nuclear layer thinning in the macula, including loss and dis-
ruption of the ellipsoid zone, but retinal lamination is usually 
maintained. Cystoid macular edema is common (Figs. 5.3c 
and 5.4c) [6–8]. Fundus autofluorescence may exhibit rings 
of foveal hyperfluorescence as well as hypofluorescent mac-
ular atrophy, sometimes in a bull’s eye pattern (Figs. 5.1b, 
5.2b, 5.3b, and 5.4b) [7]. There is significant phenotypic 
variability, even in patients harboring the same mutation, 
with manifestations ranging from a limited maculopathy to 
diffuse retinal dysfunction [6]. Some of the phenotypic vari-
ability is thought to be related to oligogenic epistatic interac-
tions with mutations at other loci [9], but variability has 
also been demonstrated in the absence of such modifiers [6].
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Fig. 5.1  Case summary: An 11-year-old boy with BBS. (a) Color fundus photograph of the right eye showing atrophic maculopathy with depig-
mentation at fovea. (b) Fundus autofluorescence showing abnormal macular hyperautofluorescence.

Fig. 5.2  Case summary: 35-year-old man with BBS. (a) Color fundus 
photograph of the right eye showing an atrophic maculopathy with 
foveal depigmentation. (b) Fundus autofluorescence showing foveal 

hypoautofluorescence. (c) Fluorescein angiography showing a window 
defect in the area of macular atrophy.

5  BBS1
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Fig. 5.3  Case summary: 35-year-old female (CEI28435) with retinitis 
pigmentosa with a history of polydactyly but without other syndromic 
features of BBS.  Mutations: BBS1 c.1169T>G:p.M390R; BSS1 
c.1169T>G:p.M390R. (a) Color fundus photograph of the right eye 

showing an atrophic maculopathy. (b) Fundus autofluorescence showing 
hypoautofluorescence at the fovea with a ring of hyperautofluorescence 
outside the arcades. (c) Spectral domain-optical coherence tomography 
showing outer retinal atrophy with loss of the ellipsoid zone.
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Fig. 5.4  Case summary: 26-year-old female  (CEI28552) with syn-
dromic retinitis pigmentosa with polydactyly. Mutations: BBS1 
c.T1169G:p.M390R; BBS1 c.T1169G:p.M390R. (a) Color fundus pho-
tograph of the right eye showing an atrophic maculopathy with periph-
eral pigment deposits and atrophy. (b) Fundus autofluorescence 

showing hypoautofluorescence at the fovea with a surrounding ring of 
hyperautofluorescence outside the fovea and a second more diffuse ring 
near the arcades. (c) Spectral domain-optical coherence tomography 
showing disruption of the ellipsoid zone (EZ) at the fovea, with mainte-
nance of the EZ outside this region.
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BBS2

BBS2 encodes one of seven Bardet-Biedl Syndrome (BBS) 
proteins that form the stable core of a protein complex 
required for ciliogenesis and that have a likely function in 
membrane trafficking to the primary cilium [1]. Mutations 
are responsible for rod-cone (86.9%) and cone-rod (13.1%) 
dystrophies [2] and for syndromic features associated with 
Bardet-Biedl Syndrome.

BBS2 mutations are responsible for about 8–18% of auto-
somal recessive Bardet-Biedl syndrome [3–6]. Mutations in 
this gene are most common in the Bedouin population in the 
Negev Desert in Israel [4, 7]. They have also been seen at the 
increased frequency of 28.6% in a cohort of 14 Iranian fami-
lies [8]. A recurring mutation in this gene is Y24X, which is 
most common in individuals with European ancestry [5]. 
Additionally, some researchers have reported digenic trial-
lelic inheritance of BBS, also known as the triallelic hypoth-
esis [3, 6, 9–11], but, statistically, this could just be due to the 
presence of rare polymorphisms or the recognized carrier 
frequency of mutations in these other BBS genes [6]. In a 
Danish study, mean age at diagnosis for individuals with 
mutations in BBS2 was 7.8 years [6]. In a study conducted in 
Brazil, only 21% of patients with Bardet-Biedl had a visual 
acuity above 20/40 in their better-seeing eye [2]. Night blind-
ness is typically observed in those with BBS by age 9, and 
bilateral nystagmus has been observed in 26% of BBS 
patients, some of whom also demonstrated strabismus [2]. 
Central vision has been shown to decline one line per year on 
the logMAR chart, while peripheral vision declines at 0.19 
log units per year in dark-adapted environments [2]; 88% of 
BBS patients (from a cohort with mutations in BBS6, BBS10, 
or BBS12) are legally blind by age 18 [10]. It has been 
claimed that individuals with mutations in BBS2 and BBS10 
have more severe phenotypes than those with mutations in 
BBS1 [6], but obesity tends not to be as commonly observed 

in patients with mutations in BBS2 [12]. Some investigators 
claim, however, that there is no significant genotype-
phenotype correlation for BBS [2, 13]. In general, visual 
function has been seen to deteriorate with age in BBS, but 
the range of refractive errors has no significant trend [10]. 
There appears to be no statistically significant genotype-
phenotype correlation for rod-cone vs. cone-rod dystrophy 
[10].

On fundus exam, 42.8% of BBS patients show disc pallor, 
67% show attenuated retinal vessels, 67% show widespread 
retinal pigment epithelium abnormalities, 42.8% show mac-
ular abnormalities, and 23.8% show peripheral pigmentation 
(Fig. 6.1a, b) [2]. In an Israeli family with with individuals 
affected with mutations in BBS2, surface retinal wrinkling 
was seen mostly in childhood, primarily at the posterior pole, 
and was mostly observed around the vessels in older patients. 
There was no significant bone spicule-like pigmentation in 
the family [7]. OCT in individuals with BBS shows thinning 
of the photoreceptor layer, with preservation of the inner reti-
nal lamination (Fig. 6.1c) [10]. On ERG, scotopic rod and 
maximal responses were non-detectable in 91.3% of those 
with BBS, and cone responses were non-detectable in 65.2%. 
In the Israeli family with BBS2 mutations, the youngest child 
(age 4) had a mixed cone-rod response that was 11% of nor-
mal, while the 17-year-old demonstrated a nonrecordable 
ERG response. All patients with BBS who could be assessed 
had elevated dark-adapted visual thresholds [2].

Syndromic features of those with Bardet-Biedl Syndrome 
include hyperphagia-induced obesity, intellectual disability, 
renal anomalies, polydactyly, and hypogenitalism [14, 15]. 
Other features include developmental delay, speech delay, 
congenital heart disease, poor coordination, hypodontia, and 
increased incidence of diabetes mellitus and hypertension 
(Fig. 6.1) [12, 14].
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BBS4

BBS4 encodes one of seven Bardet-Biedl Syndrome (BBS) 
proteins that form the stable core of a protein complex 
required for ciliogenesis and that have a likely function in 
membrane trafficking to the primary cilium [1, 2]. Mutations 
are responsible for rod-cone (86.9%) and cone-rod (13.1%) 
dystrophies [3] and for syndromic features associated with 
Bardet-Biedl Syndrome.

BBS4 mutations were responsible for about 14% of auto-
somal recessive Bardet-Biedl syndrome cases in a study of 
14 Iranian families [4] and for about 1.2% of cases seen at 
the Berman-Gund laboratory in Massachusetts [5]. BBS4 
mutations are more frequently found in populations in the 
Middle East [6]. It is the most commonly mutated gene in 
cases of Bardet-Biedl in Turkish and Pakistani populations 
[4, 7] and is also one of the more commonly mutated genes 
in cases of BBS in the Bedouin population in the Negev 
Desert in Israel [5].

Additionally, some researchers have reported digenic tri-
allelic inheritance of BBS, also known as the triallelic 
hypothesis [8–12], but, statistically, this could just be due to 
the presence of rare polymorphisms or the recognized carrier 
frequency of mutations in these other BBS genes [11].

In a study of three pairs of siblings with BBS due to 
mutations in BBS4, the mean age of onset of retinal dystro-
phy was 4 years, with a range of 2–7 years [13]. In a study 
conducted in Brazil, only 21% of patients with Bardet-Biedl 
had a visual acuity above 20/40 in their better-seeing eye [3]. 
Night blindness is typically observed in those with BBS by 
age 9, and bilateral nystagmus has been observed in 26% of 
BBS patients, some of whom also demonstrated strabismus 
[3]. Central vision for those with BBS is expected to decline 
one line per year on the logMAR chart, while  peripheral 
vision declines at 0.19 log units per year in dark-adapted 
environments [3]; 88% of BBS patients (from a cohort with 
mutations in BBS6, BBS10, or BBS12) are legally blind by 
age 18 [10].

It has been claimed that individuals with mutations in 
BBS4 are more likely to have high myopia than other 

patients with BBS [5, 14], that they tend to have more sig-
nificant and earlier-onset obesity [6, 15], and that they more 
frequently have polydactyly only of the upper limbs [6, 16]. 
Some researchers claim, however, that there is no signifi-
cant genotype-phenotype correlation for BBS [3, 17]. In 
general, visual function has been seen to deteriorate with 
age in BBS, but the range of refractive errors has no signifi-
cant trend [10]. There appears to be no statistically signifi-
cant genotype-phenotype correlation for rod-cone vs. 
cone-rod dystrophy [10].

On fundus exam, 42.8% of BBS patients show disc pallor, 
67% show attenuated retinal vessels, 67% show widespread 
retinal epithelium abnormalities, 42.8% show macular 
abnormalities, and 23.8% show peripheral pigmentation [3]. 
In a study with three pairs of siblings with BBS4 mutations, 
all six patients had “amorphous” pigment deposits rather 
than bone spicules [13]. Fundus autofluorescence may show 
hyperautofluorescence at the fovea and peripheral patchy 
hypoautofluorescence in areas of retinal pigment epithelium 
atrophy and pigment deposition (Fig. 7.1a). Optical coher-
ence tomography in individuals with BBS shows thinning of 
the photoreceptor layer, with preservation of the inner retinal 
lamination (Fig. 7.1b) [10]. On electroretinography, scotopic 
rod and maximal responses were non-detectable in 91.3% of 
those with BBS, and cone responses were non-detectable in 
65.2% [3]. In a study of three pairs of siblings with BBS4 
mutations, all had non-recordable rod and cone responses on 
ERG, and the youngest was 13 years old at the age of evalu-
ation [17]. In a study of 23 patients with BBS, all patients 
who could be assessed had elevated dark-adapted visual 
thresholds [3].

Syndromic features of those with Bardet-Biedl Syndrome 
include hyperphagia-induced obesity, intellectual disability, 
renal anomalies, polydactyly, and hypogenitalism [18, 19]. 
Other features include developmental delay, speech delay, 
congenital heart disease, poor coordination, hypodontia, and 
increased incidence of diabetes mellitus and hypertension 
[16, 18] (Fig. 7.1).
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Fig. 7.1  Case Summary: 13-year-old female  (CEI25963) with rod-
cone dystrophy as a manifestation of Bardet-Biedl Syndrome with a 
homozygous splicing donor site mutation (IVS10 + 1G > A. CEI 2011) 
in BBS4. (a) Fundus autofluorescence of the left eye showing hyperau-

tofluorescence at the fovea and peripheral patchy retinal pigment epi-
thelium atrophy. (b) Spectral domain optical coherence tomography 
showing a faint epiretinal membrane and extensive loss of the ellipsoid 
zone.
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BBS5

BBS5 encodes one of seven Bardet-Biedl Syndrome (BBS) 
proteins that form the stable core of a protein complex 
required for ciliogenesis and that have a likely function in 
membrane trafficking to the primary cilium [1]. BBS5 in par-
ticular has a possible role in regulating light-dependent 
translocation of arrestin1, which moves between photorecep-
tor inner and outer segments according to light conditions 
[2]. Mutations are responsible for rod-cone (86.9%) and 
cone-rod (13.1%) dystrophies [3] and for syndromic features 
associated with BBS.

BBS5 mutations are responsible for about 2–3% of auto-
somal recessive BBS [4–6], mostly from non-European eth-
nic backgrounds [7]. Mutations in BBS5, along with 
mutations in BBS4 and BBS8, are particularly common in 
patients with BBS from the Middle East and Africa [8]. 
Additionally, some researchers have reported digenic trial-
lelic inheritance of BBS, also known as the triallelic hypoth-
esis [9–13], but, statistically, this could be simply due to the 
presence of rare polymorphisms or the recognized carrier 
frequency of mutations in these other BBS genes [12].

In a Danish study, mean age at diagnosis for BBS was 
11.8 years [12]. In a study conducted in Brazil, only 21% of 
patients with BBS had a visual acuity above 20/40 in their 
better-seeing eye [3]. Night blindness is typically observed 
in those with BBS by age 9, and bilateral nystagmus has 
been observed in 26% of BBS patients, some of whom also 
demonstrated strabismus [3]. Central vision for those with 

BBS is expected to decline 1 line per year on the logMAR 
chart, while peripheral vision declines at 0.19 log units per 
year in dark-adapted environments [3]; 88% of BBS patients 
(from a cohort with mutations in BBS6, BBS10, or BBS12) 
are legally blind by age 18 [11]. Visual function has been 
seen to deteriorate with age in BBS, but the range of refrac-
tive errors has no significant trend [11]. There appears to be 
no statistically significant genotype-phenotype correlation 
for rod-cone versus cone-rod dystrophy [11].

On fundus examination, 42.8% of BBS patients show disc 
pallor, 67% show attenuated retinal vessels, 67% show wide-
spread retinal epithelium abnormalities, 42.8% show macu-
lar abnormalities, and 23.8% show peripheral pigmentation 
[3]. Optical coherence tomography shows thinning of the 
photoreceptor layer, with preservation of the inner retinal 
lamination [11]. On ERG, scotopic rod and maximal 
responses were non-detectable in 91.3% of those with BBS, 
and cone responses were non-detectable in 65.2%. All 
patients who could be assessed had elevated dark-adapted 
visual thresholds [3].

Syndromic features of those with BBS include 
hyperphagia-induced obesity, intellectual disability, renal 
anomalies, polydactyly, and hypogenitalism [14, 15]. Other 
features include developmental delay, speech delay, congeni-
tal heart disease, poor coordination, hypodontia, and 
increased incidence of diabetes mellitus and hypertension 
[14, 16].
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Fig. 8.1  Case summary:  42 year old man with Bardet-Biedl Syndrome. 
(a) Widefield color fundus photo of the right eye, showing diffuse reti-
nal atrophy and pigment clumping. (b) Widefield fundus autofluores-
cence of the right eye, demonstrating patches of hypoautofluorescence 

in the posterior pole, with widespread mottled hypoautofluorescence 
throughout the retina. (c) Spectral Domain Optical Coherence 
Tomography of the right eye, showing diffuse retinal thinning, loss of 
the ellipsoid zone, and foveal atrophy.
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BBS7

BBS7 encodes one of seven Bardet-Biedl Syndrome (BBS) 
proteins that form the stable core of a protein complex 
required for ciliogenesis and that have a likely function in 
membrane trafficking to the primary cilium [1]. Mutations 
are responsible for rod-cone (86.9%) and cone-rod (13.1%) 
dystrophies [2] and for syndromic features associated with 
BBS.  Ocular features vary widely, however. In a Chinese 
family with BBS7 mutations, patients were found to have 
macular dystrophy rather than typical retinitis pigmentosa 
(RP) findings [3].

BBS7 mutations are usually described as being responsible 
for about 2–9% of autosomal recessive Bardet-Biedl syn-
drome [4–8]. Additionally, some researchers have reported 
digenic triallelic inheritance of BBS, also known as the trial-
lelic hypothesis [9–13], but, statistically, this could be due sim-
ply to the presence of rare polymorphisms or the recognized 
carrier frequency of mutations in these other BBS genes [12].

In a Danish study, mean age at diagnosis for BBS was 
11.8 years [12]. In a study conducted in Brazil, only 21% of 
patients with Bardet-Biedl had a visual acuity above 20/40 in 
their better eye [2]. Night blindness is typically observed in 
those with BBS by age 9, and bilateral nystagmus has been 
observed in 26% of BBS patients, some of whom also dem-
onstrated strabismus [2]. Central vision for those with BBS 
is expected to decline 1 line per year on the logMAR chart, 
while peripheral vision declines at 0.19 log units per year in 
dark-adapted environments [2]; 88% of BBS patients (from 
a cohort with mutations in BBS6, BBS10, or BBS12) are 
legally blind by age 18 [11]. In general, visual function has 

been seen to deteriorate with age in BBS, but the range of 
refractive errors has no significant trend. There appears to be 
no statistically significant genotype-phenotype correlation 
for rod-cone vs. cone-rod dystrophy [11].

On fundus exam, 42.8% of BBS patients show disc pallor, 
67% show attenuated retinal vessels, 67% show widespread 
retinal epithelium abnormalities, 42.8% show macular 
abnormalities, and 23.8% show peripheral pigmentation [2]. 
In a Chinese family with BBS due to BBS7 mutations, 
patients had attenuated vessels, chorioretinal atrophy and 
scarring, as well as optic disc pallor [3]. OCT in individuals 
with BBS shows thinning of the photoreceptor layer, with 
preservation of the inner retinal lamination [11]. It was 
observed that five patients from Toronto with BBS7 muta-
tions had reduced retinal thickness, with less preservation of 
retinal layers across similar age groups than patients with 
mutations in BBS1 and BBS10, who had previously been 
reported [4]. On ERG, scotopic rod and maximal responses 
were non-detectable in 91.3% of those with BBS, and cone 
responses were non-detectable in 65.2%. All patients with 
BBS who could be assessed had elevated dark-adapted visual 
thresholds [2].

Syndromic features of those with Bardet-Biedl Syndrome 
include hyperphagia-induced obesity, intellectual disability, 
renal anomalies, polydactyly, and hypogenitalism [14, 15]. 
Other features include developmental delay, speech delay, 
congenital heart disease, poor coordination, hypodontia, and 
increased incidence of diabetes mellitus and hypertension 
[14, 16].
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BBS9

BBS9 encodes one of seven Bardet-Biedl Syndrome (BBS) 
proteins that form the stable core of a protein complex required 
for ciliogenesis and that have a likely function in membrane 
trafficking to the primary cilium [1]. Mutations are responsi-
ble for rod-cone (86.9%) and cone-rod (13.1%) dystrophies 
[2] and for syndromic features associated with BBS.

BBS9 mutations are generally reported to be responsible 
for about 1–4% of autosomal recessive BBS [3, 4]. In a 
cohort of 14 patients with BBS in Iran, however, 14% of the 
patients had mutations in BBS9 [4]. Additionally, some 
researchers have reported digenic triallelic inheritance of 
BBS, also known as the triallelic hypothesis [5–9], but, sta-
tistically, this could be due simply to the presence of rare 
polymorphisms or the recognized carrier frequency of muta-
tions in these other BBS genes [8].

In a Danish study, mean age at diagnosis for BBS was 
11.8 years [8]. In a study conducted in Brazil, only 21% of 
patients with Bardet-Biedl had a visual acuity above 20/40 in 
their better eye [2]. Night blindness is typically observed in 
those with BBS by age 9, and bilateral nystagmus has been 
observed in 26% of BBS patients, some of whom also dem-
onstrated strabismus [2]. Central vision for those with BBS 
is expected to decline 1 line per year on the logMAR chart, 
while peripheral vision declines at 0.19 log units per year in 

dark-adapted environments [2]; about 88% of BBS patients 
(from a cohort with mutations in BBS6, BBS10, or BBS12) 
are legally blind by age 18 [7]. In general, visual function has 
been seen to deteriorate with age in BBS, but the range of 
refractive errors has no significant trend [7]. There appears to 
be no statistically significant genotype-phenotype correla-
tion for rod-cone vs. cone-rod dystrophy [7].

On fundus exam, 42.8% of BBS patients show disc pallor, 
67% show attenuated retinal vessels, 67% show widespread 
retinal epithelium abnormalities, 42.8% show macular 
abnormalities, and 23.8% show peripheral pigmentation [2]. 
OCT in individuals with BBS shows thinning of the photore-
ceptor layer, with preservation of the inner retinal lamination 
[7]. On ERG, scotopic rod and maximal responses were non-
detectable in 91.3% of those with BBS, and cone responses 
were non-detectable in 65.2%. All patients with BBS who 
could be assessed had elevated dark-adapted visual thresh-
olds [2].

Syndromic features of those with BBS include 
hyperphagia-induced obesity, intellectual disability, renal 
anomalies, polydactyly, and hypogenitalism [10, 11]. Other 
features include developmental delay, speech delay, congeni-
tal heart disease, poor coordination, hypodontia, and increased 
incidence of diabetes mellitus and hypertension [10, 12].
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BBS10

BBS10 encodes a protein that is part of the type II chaperonin 
family and that, along with BBS12, localizes to the basal 
body of primary cilia and is responsible for ciliogenesis and 
adipogenesis [1, 2]. Mutations are responsible for rod-cone 
(86.9%) and cone-rod (13.1%) dystrophies [3] and for syn-
dromic features associated with Bardet-Biedl syndrome 
(BBS).

BBS10 mutations are responsible for around 20% [1, 4, 5] 
to 43% [6] of autosomal recessive Bardet-Biedl syndrome, 
which appears to have a similar frequency in families of 
European and Middle Eastern ancestry [4]. However, this 
frequency was found to be as low as 7.6% in a Spanish cohort 
[7]. The most common mutation in BBS10 is a 1-bp insertion 
(271dupT), causing premature termination 4 codons later 
(C91LfsX5). This mutation accounts for about 26% [1] to 
46% [4] of BBS10 mutant alleles and is most frequent in 
those of European descent [4, 8], but it is also seen in Turkish 
and Afghan families [4]. Additionally, some researchers have 
reported digenic triallelic inheritance of BBS, also known as 
the triallelic hypothesis [1, 6, 9, 10], but, statistically, this 
could just be due to the presence of rare polymorphisms or 
the recognized carrier frequency of mutations in these other 
BBS genes [6]. There has also been a reported case of an 
individual with four mutations in BBS10 who was shown to 
have a more severe phenotype overall [1]. In a Danish study, 
mean age at diagnosis for individuals with mutations in 
BBS10 was 8.7 years [6]. In a study conducted in Brazil, only 
21% of patients with Bardet-Biedl had a visual acuity above 
20/40  in their better eye [3]. Night blindness is typically 
observed in those with BBS by age 9, and bilateral nystag-
mus has been observed in 26% of BBS patients, some of 
whom also demonstrated strabismus [3]. Central vision for 
those with BBS is expected to decline one line per year on 
the logMAR chart, while peripheral vision declines at 0.19 
log units per year in dark-adapted environments [3]; about 
88% of BBS patients (from a cohort with mutations in BBS6, 
BBS10, or BBS12) are legally blind by age 18 [1]. It has been 

claimed that the phenotype of individuals with mutations in 
BBS10 is more severe and has a lower visual acuity and 
smaller visual field areas [11] than those with mutations in 
BBS1 [1, 5, 8, 11]. Some researchers claim, however, that 
there is no significant genotype-phenotype correlation for 
BBS [3]. In general, visual function has been seen to deterio-
rate with age, but the range of refractive errors has no signifi-
cant trend [1]. There appears to be no statistically significant 
genotype-phenotype correlation for rod-cone vs. cone-rod 
dystrophy [1]. For patients with mutations in BBS10, nystag-
mus was observed in 16 of 23 patients, and cataract (includ-
ing “mild” cataract) was noted in 9 of 20 [1].

On fundus exam, 42.8% of BBS patients show disc pal-
lor, 67% show attenuated retinal vessels, 67% show wide-
spread retinal pigment epithelium abnormalities, 42.8% 
show macular abnormalities, and 23.8% show peripheral 
pigmentation (Fig. 11.1a–d) [3]. On OCT, those with muta-
tions in BBS10 and BBS1 show preserved inner retinal lay-
ers and outer nuclear layer, disrupted IS/OS layer, thinned 
RPE, and reduced (but present) photoreceptor inner or outer 
segment layer in the foveal area (Fig. 11.1e–f) [11]. Deposits 
adjacent and anterior to Bruch’s membrane, which could be 
related to retinal reorganization, are more evident in those 
with BBS10 than with BBS1 mutations [11]. Internal limit-
ing membrane wrinkling was seen in 3 of 8 patients with 
BBS10 or BBS1 mutations [11]. On ERG, scotopic rod and 
maximal responses were non-detectable in 91.3% of those 
with BBS, and cone responses were non-detectable in 
65.2%. All patients who could be assessed had elevated 
dark-adapted visual thresholds [3].

Syndromic features of those with Bardet-Biedl syndrome 
include hyperphagia-induced obesity, intellectual disability, 
renal anomalies, polydactyly, and hypogenitalism [12, 13]. 
Other features include developmental delay, speech delay, 
congenital heart disease, poor coordination, hypodontia, and 
increased incidence of diabetes mellitus and hypertension 
[12, 14].
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Fig. 11.1  Case Summary: 26-year-old female with Bardet-Biedl 
syndrome with heterozygous mutations in BBS10 (c.899A  >  C; 
c.306delCAGA) with best-corrected visual acuity of 1/60  in both 
eyes. (a, b) Color fundus photos of the right and left eyes showing 
extensive macular atrophy with pigmentary changes and diffuse 
RPE dropout along the arcades and midperipheral retina with pig-

mentary changes. (c, d) Fundus autofluorescence of the right and 
left eyes showing macular and diffuse patchy areas of hypoautofluo-
rescence corresponding to areas of atrophy. (e, f) Spectral domain 
optical coherence tomography of the right and left eyes showing 
extensive macular ellipsoid zone loss and subretinal deposits above 
the RPE.

11  BBS10

http://www.omim.org/entry/610148
http://www.omim.org/entry/610148


33© Springer International Publishing AG, part of Springer Nature 2018
S. Zahid et al., Retinal Dystrophy Gene Atlas, https://doi.org/10.1007/978-3-319-10867-4_12

BBS12

BBS12 encodes a protein that is part of the chaperonin family 
and that, along with BBS10, localizes to the basal body of 
primary cilia and is responsible for ciliogenesis and adipo-
genesis [1, 2]. Mutations are responsible for rod-cone 
(86.9%) and cone-rod (13.1%) dystrophies [3] and for syn-
dromic features associated with Bardet-Biedl syndrome 
(BBS).

BBS12 mutations are responsible for about 3–11% [1, 4–7] 
of autosomal recessive Bardet-Biedl syndrome. A study con-
ducted in France and the US showed most of these families 
to be Caucasian [7], while a study conducted in Canada 
showed most of them to be of non-European ancestry [1]. A 
study of 14 Iranian families with BBS reported the preva-
lence of mutations in BBS12 to be as high as 21.4% [8]. 
Additionally, some researchers have reported digenic trial-
lelic inheritance of BBS, also known as the triallelic hypoth-
esis [1, 6, 9, 10], although statistically, this could just be due 
to the presence of rare polymorphisms or the recognized car-
rier frequency of mutations in these other BBS genes [6]. It 
also appears that BBS12 is rarely a partner in digenic inheri-
tance [11]. In a Danish study, mean age at diagnosis for BBS 
was 11.8 years [6]. In a study conducted in Brazil, only 21% 
of patients with Bardet-Biedl had a visual acuity above 
20/40 in their better eye [3]. Night blindness (nyctalopia) is 
generally observed in those with BBS by age 9, and bilateral 
nystagmus has been observed in 26% of BBS patients, some 
of whom also demonstrated strabismus [3]. Central vision 
for those with BBS is expected to decline one line per year 
on the logMAR chart, while  peripheral vision declines at 
0.19 log units per year in dark-adapted environments [3]; 
about 88% of BBS patients (from a cohort with mutations in 
BBS6, BBS10, or BBS12) are legally blind by age 18 [1]. It 
has been claimed that the phenotype of individuals with 
mutations in BBS12 and BBS10 have a more rapid progres-
sion of visual loss than those with mutations in BBS6 [1], but 
it has also been claimed those with mutations in BBS12 and 
BBS1 have a milder phenotype than those with BBS10 muta-
tions [12]. Some researchers claim, however, that there are 

no significant genotype-phenotype correlations for BBS 
[3, 7]. In general, visual function has been seen to deteriorate 
with age in BBS, but the range of refractive errors has no 
significant trend [1]. There appears to be no statistically sig-
nificant genotype-phenotype correlation for rod-cone vs. 
cone-rod dystrophy [1].

On fundus exam, 42.8% of BBS patients show disc pallor, 
67% show attenuated retinal vessels, 67% show widespread 
retinal pigment epithelium abnormalities, 42.8% show mac-
ular abnormalities, and 23.8% show peripheral pigmentation 
[3] (Fig. 12.1a–d). OCT shows thinning of the photoreceptor 
layer, with preservation of the inner retinal lamination [1] 
(Fig. 12.1e–f). On ERG, scotopic rod and maximal responses 
were non-detectable in 91.3% of those with BBS, and cone 
responses were non-detectable in 65.2%. All patients who 
could be assessed had elevated dark-adapted visual thresh-
olds [3].

Syndromic features of those with Bardet-Biedl syndrome 
include hyperphagia-induced obesity, intellectual disability, 
renal anomalies, polydactyly, and hypogenitalism [13, 14]. 
Other features include developmental delay, speech delay, 
congenital heart disease, poor coordination, hypodontia, and 
increased incidence of diabetes mellitus and hypertension 
[13, 15].

There has been a report of three individuals who carried 
the homozygous mutation p.S701X in the BBS12 gene, 
which is closer to the C-terminal end of the encoded protein 
than any other reported pathogenic mutations in BBS12 [15]. 
These patients were siblings from a consanguineous Pakistani 
family who exhibited a milder phenotype for BBS, showing 
only postaxial polydactyly, hypodontia, and late-onset reti-
nal dysfunction; with no renal or genital anomalies, obesity, 
learning disability, or other symptoms of BBS. Night blind-
ness for these patients began at age 13–15, while  daytime 
vision was only mildly impaired by the ages of 30, 27, and 
19. All three exhibited rod-cone dystrophy, myopia, and 
astigmatism, and none of them met clinical diagnostic crite-
ria for BBS [15].
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Fig. 12.1  Case summary: 51-year-old male with Bardet-Biedl syn-
drome with homozygous mutations in BBS12 (c.1418_1420del) with 
best-corrected visual acuity of 2/60 in the right eye and 3/20 in the left 
eye. (a, b) Color fundus photographs of the right and left eyes showing 
large circular areas of chorioretinal atrophy limited to the central macu-
lae in both eyes. Retinal pigment epithelium atrophy is also apparent in 
areas along the arcades in both eyes. (c, d) Fundus autofluorescence of 
the right and left eyes showing circular areas of hypoautofluorescence 
in the macula and outside the arcades in both eyes, corresponding to 

areas of RPE/photoreceptor atrophy. There are also areas of hyperauto-
fluorescence along the arcades in both eyes in areas without atrophy. In 
the right eye, there is progression of atrophy demonstrated along the 
superior arcades, with the areas of hypoautofluorescence extending to 
areas that were previously hyperautofluorescent. (e, f) Spectral domain 
optical coherence tomography of the right and left eyes showing pro-
found RPE and ellipsoid zone atrophy with areas of scarring in both 
eyes, and showing inner retinal cystic cavities and an epiretinal mem-
brane in the right eye.
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BEST1

BEST1 encodes bestrophin-1, a Ca2+-dependent protein in 
the RPE. Mutations in BEST1 cause dominant Best vitelli-
form macular dystrophy (BVMD), adult-onset foveomacu-
lar vitelliform dystrophy (AOFVD), autosomal dominant 
vitreoretinochoroidopathy (ADVRC), microcornea, rod-
cone dystrophy, cataract, posterior staphyloma (MRCS) 
syndrome, and autosomal recessive bestrophinopathy 
(ARB) [1].

BVMD is an autosomal-dominant macular dystrophy that 
presents with reduced visual acuity, metamorphopsia, photo-
phobia, or night blindness, with an age of onset ranging from 
early childhood to the sixties (mean 33 years) [1]. Hyperopia 
is very common. Visual acuity gradually declines with age, 
especially during the vitelliform disease stages, but may 
remain stable in some patients for many years. Choroidal 
neovascularization (CNV), which may result in a more rapid 
reduction of visual acuity, has been reported to occur in up to 
9% of patients with BVMD and usually occurs in the context 
of scarring (Fig. 13.1a–b). CNV typically responds to con-
ventional anti-VEGF treatments.

The fundus exhibits classical stages as depicted, begin-
ning with normal to slightly altered macular RPE changes 
(pre-vitelliform stage), and then progressing to a characteris-
tic “egg-yolk” macular lesion (Fig.  13.2a), which then 
becomes “scrambled” in the subsequent stage (Figs.  13.3 
and 13.4a). Thereafter, there is a “pseudohypopyon” stage 
that exhibits a fluid level containing yellow material inferi-
orly, which is followed by atrophy and scarring of the cho-
roid and retina. There was previously thought to be a linear 
progression between these stages, but there is evidence that 
patients can progress and regress between stages, and  they 
often exhibit two different stages in each eye; there may even 
be variable stages represented within a single lesion. There 
have been reports of patients in the final scarred stage who 
maintain good visual acuity [2].

In early stages of disease, fluorescein angiography reveals 
hypofluorescence due to the vitelliform lesion obstructing 
the choroidal signal, while later stages of disease are charac-
terized by hyperfluorescence in areas of atrophy, which man-

ifest as window defects. Fundus autofluorescence (FAF) 
reveals a high intensity signal in the areas where yellowish 
fundoscopic lesions are located (Figs. 13.2b and 13.4b); the 
inferior yellow material-filled region of the pseudohypopyon 
lesion is usually hyperautofluorescent on FAF.  As with 
AMD, this progresses to well-defined hypofluorescence in 
the atrophic stages.

The earliest OCT finding is thickening of the photorecep-
tor outer segments, which can be observed to elongate during 
light adaption. Later OCT findings, including scars and 
CNV, are characterized by hyperreflective sub-retinal mate-
rial and occasional sub-RPE deposits (Fig. 13.2c) [3]. As the 
disease progresses, the subretinal material often partially liq-
uefies and becomes hyporeflective on OCT.  In the final 
stages, OCT demonstrates central retinal atrophy.

The electro-oculogram (EOG), a measure of the ocular 
standing potential, is abnormal, with an Arden ratio less than 
1.5. This can be abnormal even before patients exhibit any 
fundoscopic signs of disease. The reduction in the light peak 
of the EOG is due to the mutant Bestrophin  (expressed in 
both and macular and peripheral RPE) having an abnormal 
large scale voltage-gated  chloride channel conductance in 
the RPE [4]. However, there have also been reports of several 
patients with BVMD with normal EOGs. Full-field ERG and 
dark adaptation are usually normal, while multifocal ERG is 
usually abnormal. One study, which used multifocal ERG in 
the context of subretinal fluid, has shown that the extent of 
structural abnormalities correlates with the extent of func-
tional abnormalities [5].

Of note, some mutations have been reported to exhibit a 
more rapid decline in visual acuity than others [1]. Genotype-
phenotype correlations have been challenging, given exten-
sive intra- and interfamilial phenotypic variability [1, 6–10]. 
There has also been a report of a patient with a homozygous 
dominant mutation and a more severe phenotype, with early 
reduction of rod ERG parameters and a multifocal vitelli-
form retinopathy [11].

Null BEST1 mutations carried in the homozygous or com-
pound heterozygous states cause autosomal recessive 
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bestrophinopathy (ARB), in which patients present at an 
average age of 23 years  (range 4–40  years) with central 
vision deficits, hyperopia, and shallow anterior chambers 
[12]. These patients are at elevated risk of developing angle-
closure glaucoma due to their shallow anterior chamber anat-
omy. Fundus findings include central RPE changes with 
vitelliform deposits, edema, and subretinal fluid. EOG, pat-
tern ERG, multifocal ERG, and full-field ERG are all usually 
abnormal. FFA reveals patchy areas of hyper- and hypofluo-
rescence corresponding to areas of atrophy and edema, while 
FAF shows areas of increased signal, with lipofuscin accu-
mulation and decreased signal in areas of atrophy. Carriers of 
mutations associated with autosomal recessive bestrophi-
nopathy are completely normal. There have been reports 
of  some patients with biallelic mutations in BEST1 who 
exhibit a BVMD phenotype rather than recessive bestrophi-
nopathy [13].

BEST1 mutations may also cause a proportion of AOFVD, 
a subtype of pattern dystrophy, with an average age of onset 
of reduced visual acuity and metamorphopsia in the fifties. 
Visual acuity may remain stable or progressively deteriorate 
with time, depending on foveal atrophy or CNV (up to 15%). 
The characteristic fundoscopic lesion is round and yellow/
white with a pigmented spot in the fovea bilaterally; the size 
of the lesion is variable, but  it is usually smaller than the 
optic disc. The lesion may appear similar to the lesions seen 
in the spectrum of BVMD (vitelliform “egg-yolk” lesion 
>1DD), and there may be multiple lesions in the same eye. 
EOG and full-field ERG are typically normal or mildly 

reduced, whereas multifocal ERG reveals central dysfunc-
tion. Color vision may be abnormal, and central scotoma 
may be present in up to half of patients [16]. Fluorescein 
angiography usually reveals blockage of fluorescence at the 
lesion, but, some may exhibit areas of patchy increased sig-
nal. FAF patterns seen in AFVD are variable. One study has 
shown that reduced foveal OCT cross-sectional thickness 
correlates with worse visual acuity [14]. Some studies have 
suggested that AOFVD caused by BEST1 mutations may 
actually just be a milder form of BVMD, given the later aver-
age age of onset and better visual acuity early in the disease 
course [15, 16].

BEST1 mutations also cause ADVIRC. This disease can 
present with rotary nystagmus, cataracts (usually at a 
young age and often posterior subcapsular), hyperopia, 
shallow anterior chamber, and nanophthalmos, and many 
patients develop angle-closure glaucoma. Fundus findings 
are characterized by circumferential dark pigmentary 
deposits  that start in the peripheral retina and progress 
inwards, chorioretinal atrophy surrounding the disc and in 
the mid-periphery, white punctate deposits, and fibrillar 
degenerative vitreous strands; retinal vascular attenuation 
and disc pallor may also be observed [17, 18].

Visual acuity is generally stable throughout life, given the 
macular sparing, but it  may deteriorate in patients who 
develop macular edema, central macular  atrophy, retinal 
detachment, or vitreous hemorrhage. EOG and full-field 
ERG are usually abnormal, displaying loss of rod and cone 
function, although both of these modalities have been 

Fig. 13.1  Case summary: 8-year-old with Best disease. (a) Color fun-
dus photograph of the left eye showing two pigmented lesions, one near 
the fovea and another superotemporal to the optic nerve. The central 
lesion represents choroidal neovascularization, is surrounded by RPE 

depigmentation, and appears to be elevated. (b) Late-phase fluorescein 
angiography of the left eye showing leakage at the neovascular mem-
brane in the central macula, and window defects with staining sur-
rounding the lesion.
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reported to be within normal limits in some patients. As in 
rod-cone dystrophy, the GVF reveals a gradually constricting 
peripheral field.

MRCS syndrome is caused by mutations in BEST1 and is 
characterized by microcornea, rod-cone dystrophy, cataract, 
and staphyloma [19]. Some patients experience night blind-
ness as the initial symptom, and visual acuity usually 
declines after the third decade due to a combination of cata-
racts and photoreceptor dysfunction. Posterior staphyloma 
with normal ocular axial lengths and pulverulent cataracts 
at a young age are  both very common. Fundus features 
include peripheral atrophy and pigment deposits that prog-
ress centrally with age. Full-field ERG reveals a rod-cone 
pattern of degeneration, and the EOG is invariably abnor-

mal. Some studies have suggested that MRCS syndrome is 
on a spectrum of disease with ADVIRC, given reports of 
some patients in a family carrying an MRCS-associated 
mutation exhibiting nanophthalmos without posterior staph-
yloma. Mutations affecting splicing are associated with 
ADVIRC and MRCS.

Of note, there has also been a case series showing an asso-
ciation between BEST1 mutations and retinoschisis in two 
siblings [20]. In these cases, patients presented with blurry 
vision and reduced visual acuity during childhood. 
Fundoscopy and OCT revealed retinoschisis, serous retinal 
detachments, and increased retinal thickness, while FFA 
demonstrated hyperfluorescent spots in the retina, and full-
field ERG parameters were within normal limits.

Fig. 13.2  Case summary: 7-year-old girl with Best disease. (a) Color 
fundus photograph of the right eye showing a classic egg yolk vitelli-
form lesion in the macula. (b) Fundus autofluorescence of the right eye 
showing hyperautofluorescence within the classic egg yolk vitelliform 

lesion. (c) Spectral domain optical coherence tomography of the right 
eye showing the extent of the vitelliform lesion in the subretinal space 
with disruption of the ellipsoid zone and shadowing posteriorly to the 
lesion.
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CACNA1F

CACNA1F encodes a voltage-dependent calcium channel 
involved in signal transmission from rod and cone photore-
ceptors to  the inner retina [1]. Mutations are X-linked and 
have been reported to cause 55% of congenital stationary 
night blindness (CSNB). They have also been associated 
with cone-rod dystrophy, Aland Eye Disease, and retinal and 
optic disc atrophy [2–7].

Patients with CSNB present in the first decade with nys-
tagmus (52%) or at a later age with reduced visual acuity 
(range 20/30–20/200), night blindness (observed in only 39% 
of patients), low-to-moderate myopia, abnormal color vision 
(normal, tritan, or non-specific), and strabismus (24%) [8]. 
The fundus is usually normal, but myopic degeneration can 
be seen in patients with high myopia (Figs. 14.1 and 14.2a). 
ERG reveals a characteristic negative ERG, in which the 
b-wave to a-wave ratio is less than 1 for the bright flash sco-
topic b-wave (Fig. 14.2b). Unlike patients with mutations in 
NYX, patients with CACNA1F mutations often demonstrate 
some preservation of the dim scotopic b-wave (giving rise to 
the term “incomplete CSNB”), and not all patients with 
CACNA1F mutations exhibit a negative ERG (75% in some 
studies) [8]. The flicker amplitude is often reduced, although 
not extinguished, and it can exhibit a double-peaked wave [2].

Cone-rod dystrophy caused by mutations in CACNA1F 
may present in childhood or adulthood [9, 10]. Patients pres-

ent with reduced visual acuity (20/40–20/300), central scoto-
mata, and color vision defects (protan defects or normal 
color vision is also possible). Myopia is commonly observed; 
nystagmus is uncommon. ERG reveals reduced flicker 
amplitudes and may exhibit a negative ERG. The fundus is 
often normal, but there may be myopic degeneration in 
patients with high myopia.

Mutations in CACNA1F can also cause Aland Eye 
Disease, which is characterized by a hypopigmented fundus, 
reduced visual acuity secondary to foveal hypoplasia, nys-
tagmus, and color vision deficits (often protan) [5]. It has 
been described as a stationary disease except for the progres-
sive myopia. ERG reveals defects in both rods and cones.

Nakamura et  al. have also reported a unique phenotype 
caused by mutations in CACNA1F [6]. These patients experi-
ence progressively deteriorating visual acuity and visual 
fields that correspond to funduscopic evidence of retinal and 
optic disc atrophy with attenuated retinal vessels. GVF may 
show central scotomata and visual field constriction. ERG 
has been reported to reveal a negative waveform, but it gen-
erally shows more severe and diffuse retinal dysfunction 
than is typically patients with CSNB as described above. The 
same mutations that cause this unique phenotype may also 
cause CSNB, illustrating the phenotypic variability associ-
ated with CACNA1F mutations.
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Fig. 14.1  Case summary: 28-year-old male with CSNB. Color fundus photograph showing a myopic-appearing fundus.
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Fig. 14.2  Case summary: 
19-year-old male (CEI26323) 
with CSNB. (a) Color fundus 
photograph, fundus 
autofluorescence and spectral 
domain-optical coherence 
tomography showing an 
essentially unremarkable left 
eye. (b) Full-field 
electroretinogram of both 
eyes, showing 
an electronegative b-wave on 
dark-adapted bright flash and 
a double-peaked wave on 
flicker.
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CEP290

CEP290 encodes a centrosomal protein involved in cili-
ary assembly and ciliary trafficking. Mutations are 
responsible for autosomal recessive Leber’s congenital 
amaurosis (LCA), Joubert syndrome, and Bardet-Biedl 
Syndrome [1–3].

Recessive CEP290 mutations are responsible for 15–20% 
of LCA.  Patients typically have profound vision loss that 
manifests at birth or within the first few months of life, with 
one study showing that 64% of patients exhibit CF acuity in 
the better eye at presentation [4]. However, there have been 
reports of intrafamilial variability in visual acuity in affected 
families, and some patients may have acuities better than 
20/200 [1]. In some patients, visual acuity may even be as 
good as 20/25 [4]. This same study suggests that vision may 
remain relatively stable over time in this disease. 
Symptomatology includes pendular nystagmus, high hyper-
metropia, photodysphoria, oculodigital sign, keratoconus, 
and cataracts [5]. Some patients may have associated sys-
temic findings, such as abnormal proprioception, infertility, 
and mental retardation. Funduscopic appearance is variable 
and may include peripapillary atrophy, arteriolar narrowing, 
foveal dysgenesis, RPE atrophy with nummular or bone 
spicule pigmentation, and optic disc pallor (Figs. 15.1a and 
15.2a). Fundus autofluorescence may show a hyperautofluo-
rescent ring around the fovea (Figs.  15.1b and 15.2b). 
Coloboma and Coats-like vasculopathy are also observed. 

Electroretinography (ERG) exhibits globally reduced rod 
and cone function.

Joubert syndrome is a genetic disease resulting from cer-
ebellar vermis hypo/a-plasia that manifests with hypotonia; 
ataxia; mental retardation; hyperpnea; oculomotor apraxia; 
polydactyly; cleft lip/palate; tongue, kidney, and liver 
defects; and seizures. Patients with recessive CEP290 muta-
tions may also exhibit retinopathy as part of Joubert syn-
drome and associated disorders, manifesting vision loss 
within the first few months to years of life [2]. Clinical find-
ings may include chorioretinal colobomas and classical find-
ings of retinitis pigmentosa (RP) (e.g., bone-spicule pigment 
deposits, retinal vascular attenuation, etc).

Recessively-inherited mutations in CEP290 are also associ-
ated with Bardet-Biedl Syndrome, a pleiotropic genetic disorder 
that includes a diverse array of manifestations, most commonly 
including obesity, polydactyly, hypogonadism, renal dysfunc-
tion, and retinitis pigmentosa [5–7]. The ophthalmic manifesta-
tions occur early in life and usually begin with night blindness 
in the first decade, progressing to peripheral visual loss and a 
maculopathy later in life, accompanied by the classical RP find-
ings of bone-spicule pigmentary deposits and progressive reti-
nal atrophy and concomitant loss of visual fields. However, 
patients may also present with central visual deficits and prog-
ress to subsequent peripheral vision loss. By the second to third 
decade, almost 75% of patients are legally blind.
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Fig. 15.1  Case summary: 14-year-old girl with LCA. (a) Color fundus 
photo of a 14-year-old girl showing peripheral RPE atrophy and a 
CHRPE superonasally. (b) Wide-field fundus autofluorescence image 

of the same patient’s eye at age 20 showing parafoveal hyperfluorescent 
ring and hypopigmented areas around the fundus.

Fig. 15.2  Case summary: 9-year-old male (CEI25602) (Image courtesy 
of Richard Weleber). (a) Wide-field color fundus photo showing diffuse 
RPE atrophy with peripheral retinal deposits. (b) Wide-field fundus auto-

fluorescence image showing a hyperautofluorescent ring around the fovea 
with hyperautofluorescence around the arcades. (c) Spectral domain-OCT 
showing diffuse outer retinal atrophy and an epiretinal membrane.
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CERKL

CERKL encodes ceramide kinase-like protein, and mutations 
in  this gene are associated with autosomal recessive cone-
rod dystrophy [1–7]. Biallelic CERKL mutations cause up to 
5% of recessive retinitis pigmentosa in Spain and are also 
common in the Yemenite Jewish population [2, 3, 5].

Patients with CERKL-related cone-rod dystrophy typi-
cally present in their teens or twenties (median of 23 years) 
with night blindness and central visual deficits, but symp-
toms may occur as early as the first decade [3, 5, 8]. 
Photophobia is very common. Some patients may exhibit 
early-onset posterior subcapsular cataracts [2, 5]. Visual 
acuity is usually maintained into early adulthood but then 
rapidly declines with macular atrophy (range from 20/50 to 
LP in older patients) [2]. Fundus findings feature macular 
abnormalities, ranging from mild pigmentary changes to 
macular atrophy, attenuated retinal vessels, and variable 
degrees of peripheral changes (ranging from mid-periph-
eral bone spicule deposits to a “salt and pepper” appear-
ance) [3, 8]. Macular and peripheral atrophy worsen with 
time and are clinically manifested as a progressive loss of 
visual fields and acuity. Some patients may exhibit pigment 
accumulation in areas of well-defined macular atrophy 
(Figs. 16.1a and 16.2a); atrophic areas may become conflu-
ent and resemble gyrate atrophy [2, 5]. Macular changes 

may be evident as early as 15  years of age, and in some 
patients with maculopathy, the periphery is initially normal 
[3]. Many patients exhibit normal coloration of the optic 
disc [1, 2]. Full-field ERGs demonstrate severe abnormali-
ties of both rod- and cone-driven function, and these record-
ings may demonstrate a cone-rod pattern in some patients 
[3, 4]. ERGs are non-recordable in many older patients [2]. 
GVF often reveals constriction of peripheral fields with a 
central scotoma in the context of macular atrophy or annu-
lar loss of fields surrounding a residual central island. Late 
in the disease process, some patients exhibit absolute sco-
toma [2–4]. FAF reveals hypoautofluorescence in areas of 
macular atrophy and a broad ring of hyperfluorescence 
around the perifovea (Figs.  16.1b and 16.2b). OCT may 
show thinning of the fovea with loss of the outer nuclear 
layer (ONL) or abnormal lamination. Some patients may 
exhibit areas of OCT hyperreflectivity in the ONL and 
inner segment-outer segment line (Fig. 16.1c); these areas 
exhibit heterogenous FAF signals, characterized by both 
hyper- and hypoautofluorescence [4]. The ONL and ellip-
soid zone are reduced in and around the fovea, especially 
in the areas of highest cone and rod densities [4]. Given the 
early macular involvement, many patients receive a diagno-
sis of cone-rod dystrophy.
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Fig. 16.1  Case summary: 20 year-old-man with a cone-rod dystrophy 
with mutations in CERKL. (a) Montage color fundus photograph of the 
right eye showing macular atrophy with subretinal deposits. (b) Fundus 
autofluorescence of the right eye showing macular hypoautofluores-

cence in areas of atrophy with a hyperautofluorescent ring near the vas-
cular arcades. (c) Spectral domain optical coherence tomography of the 
right eye showing extrafoveal ellipsoid zone and outer nuclear layer 
loss with subretinal deposits in areas of residual photoreceptors.

Fig. 16.2  Case summary: 37-year-old male with macular atrophy. 
(a) Color fundus photograph of the right eye showing macular atrophy. 
(b) Fundus autofluorescence of the right eye showing a dense hypoau-

tofluorescent area corresponding to the area of atrophy within a back-
ground of macular hyperautofluorescence.
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CHM

CHM encodes Rab Escort Protein, or REP1, which binds 
unprenylated Rab proteins involved in vesicle transport. 
Mutations in CHM are associated with choroideremia [1, 2].

Choroideremia is an X-linked progressive chorioretinal 
dystrophy. Affected male patients typically experience 
night blindness in the first or second decade of life, fol-
lowed by progressive visual field constriction [1]. Visual 
acuities are usually 20/40 or better in the first-to-fourth 
decades but subsequently deteriorate to 20/200 or less and 
in some cases to no light perception in the elderly [1, 3–5]. 
Visual fields show mid-peripheral isolated scotomata with 
progressive constriction over time [3, 5, 6]. Fundus exami-
nation typically shows lobular choroidal and retinal/RPE 
atrophy, which starts in the periphery and later coalesces 
into widespread chorioretinal atrophy down to bare sclera, 
with progressive constriction over time and macular spar-
ing until the fifth  to sixth decades (Figs. 17.1a, 17.2, and 
17.4) [1, 3, 5]. Unlike retinitis pigmentosa, retinal vascular 
caliber and optic nerve appearance remain relatively nor-
mal. Fundus autofluorescence (FAF) demonstrates isolated 

peripheral areas of reduced autofluorescence (AF) early in 
the disease, which progress to large lobular areas of reduced 
AF in advanced disease (Fig. 17.3a) [8]. Optical coherence 
tomography (OCT) shows outer retinal atrophy with foveal 
sparing until later stages and outer choroidal thinning with 
increased reflectance due to RPE loss (Figs.  17.1b and 
17.3b) [5, 9]. Cystoid macular edema may be seen. Full-
field electroretinograms (ERG) show significantly reduced 
rod and cone responses, which may be non-recordable in 
later stages of disease [5, 6]. Rarely, there may be a nega-
tive electroretinogram [8].

Female carriers are typically asymptomatic, but, due to 
skewed X-inactivation, may show areas of peripheral retinal 
and RPE pigmentary disturbance with variable increasing 
chorioretinal involvement with age  (Fig.  17.4). OCT of 
female carriers may vary, but when abnormal it may demon-
strate remodeling over time, including focal thickening of 
the outer retina and drusen-like deposits corresponding with 
areas of increased AF [9]. ERGs may be normal or show 
mild reduction of amplitudes [1, 6, 7].
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Fig. 17.1  Case summary: 8-year-old boy with choroideremia. (a) 
Montage color fundus photograph of the right eye showing lobular cho-
roidal and retinal/RPE atrophy starting in the periphery and extending 

to the vascular arcades. (b) Spectral domain optical coherence tomog-
raphy of the right eye showing extrafoveal loss of the ellipsoid zone and 
a trace epiretinal membrane.

Fig. 17.2  Montage color fundus photograph of the right eye from a 62-year-old male with choroideremia, showing extensive chorioretinal atro-
phy, associated with scant pigment deposits, which start in the periphery and extend to the vascular arcades.

17  CHM



57

References

	 1.	MacDonald IM, Hume S, Chan S, Seabra MC. Choroideremia. 2003 
[Updated 2015]. In: Pagon RA, Adam MP, Ardinger HH, et al., edi-
tors. GeneReviews [Internet]. Seattle: University of Washington; 
.1993–2017. Available from: https://www.ncbi.nlm.nih.gov/books/
NBK1337. Accessed 20 Jan 2017.

	 2.	Cremers FP, Sankila EM, Brunsmann F, Jay M, Jay B, Wright 
A, et  al. Deletions in patients with classical choroideremia vary 
in size from 45 kb to several megabases. Am J  Hum Genet. 
1990;47(4):622–8.

	 3.	Esposito G, De Falco F, Tinto N, Testa F, Vitagliano L, Tandurella 
IC, et  al. Comprehensive mutation analysis (20 families) of the 
choroideremia gene reveals a missense variant that prevents the 
binding of REP1 with Rab geranylgeranyl transferase. Hum Mutat. 
2011;32(12):1460–9.

	 4.	Roberts MF, Fishman GA, Roberts DK, Heckenlively JR, Weleber 
RG, Anderson RJ, et  al. Retrospective, longitudinal, and cross 

sectional study of visual acuity impairment in choroideraemia. Br 
J Ophthalmol. 2002;86(6):658–62.

	 5.	Lin Y, Liu X, Luo L, Qu B, Jiang S, Yang H, et al. Molecular analy-
sis of the choroideremia gene related clinical findings in two fami-
lies with choroideremia. Mol Vis. 2011;17:2564–9.

	 6.	Zhou Q, Liu L, Xu F, Li H, Sergeev Y, Dong F, et al. Genetic and 
phenotypic characteristics of three Mainland Chinese families with 
choroideremia. Mol Vis. 2012;18:309–16.

	 7.	Mura M, Sereda C, Jablonski MM, MacDonald IM, Iannaccone 
A. Clinical and functional findings in choroideremia due to complete 
deletion of the CHM gene. Arch Ophthalmol. 2007;125(8):1107–13.

	 8.	Renner AB, Kellner U, Cropp E, Preising MN, MacDonald IM, van 
den Hurk JA, et al. Choroideremia: variability of clinical and elec-
trophysiological characteristics and first report of a negative electro-
retinogram. Ophthalmology. 2006;113(11):2066 e1–10.

	 9.	Huang AS, Kim LA, Fawzi AA. Clinical characteristics of a large 
choroideremia pedigree carrying a novel CHM mutation. Arch 
Ophthalmol. 2012;130(9):1184–9.

Fig. 17.4  48-year-old female carrier of choroideremia. Montage color fundus photograph of the right eye, showing scattered patchy areas of 
peripheral retinal and RPE pigmentary changes.

Fig. 17.3  26-year-old man with choroideremia. (a) Fundus autofluo-
rescence of the right eye showing loss of macular autofluorescence with 
residual abnormal hyperautofluorescence in the central macula. (b) 

Spectral domain optical coherence tomography showing extrafoveal 
loss of the ellipsoid zone and outer nuclear layer as well as choroidal 
and RPE atrophy.
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CLN3

CLN3 encodes battenin, a protein involved in lysosomal 
function and neuronal transport. Mutations in this gene are 
associated with a syndromic retinal degeneration, Batten dis-
ease, or juvenile neuronal ceroid lipofuscinosis (JNCL), as 
well as non-syndromic retinal degeneration [1].

CLN3-related JNCL follows an autosomal recessive pat-
tern of inheritance. Although over 50 mutations in this gene 
have been reported, 80–90% of patients with JNCL have a 
1.02 kB deletion, resulting in a frameshift and prematurely 
truncated protein [2].

Children with JNCL usually present with vision impair-
ment as the first reported symptom. The average age of onset 
ranges from 4–10 years [2]. Patients typically exhibit a rap-
idly progressive deterioration in vision, leading to legal 
blindness within 3 years, which is atypical when compared 
with other juvenile-onset maculopathies [3]. Other visual 
symptoms include esotropia, photophobia, nyctalopia, nys-
tagmus, and dyschromatopsia [4]. Systemic features include 
seizures, behavioral abnormalities, motor dysfunction, 
impaired cognition, dementia, and premature death [3].

Fundoscopy may reveal a bull’s-eye maculopathy, macu-
lar or peripheral pigmentary retinopathy, optic atrophy or 
optic disc pallor, bone-spicule pigment deposits, and arterio-
lar attenuation (Fig.  18.1a) [5]. Fundus autofluorescence 
may show abnormal macular hyperautofluorescence and 
peripheral hypoautofluorescence in areas of RPE atrophy 
(Fig. 18.1b). Goldmann visual fields may demonstrate scoto-
mas or concentric constriction of peripheral fields.

Full-field electroretinogram (ERG) results are typically 
severely reduced or nonrecordable on initial presentation, or 
there may be a negative waveform present for the maximal/
mixed response [4, 6]. Reduced cone flicker, non-recordable 
scotopic parameters, and normal responses have also been 
reported [6].

CLN3-related non-syndromic retinal degeneration fol-
lows an autosomal recessive pattern of inheritance. Patients 
display features more consistent with retinitis pigmentosa, 
with peripheral pigment mottling and ellipsoid zone loss out-
side the fovea on OCT [1]. One family with cone-rod degen-
eration has also been described [1].
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Fig. 18.1  Case summary: 9-year-old male with Batten disease with CLN3 
mutations. (a) Wide-field color fundus photograph of the left eye showing 
RPE macular changes with scant bone spicule pigment deposition in the 

mid-periphery. (b) Wide-field fundus autofluorescence of the left eye show-
ing elevated abnormal parafoveal autofluorescence and hypoautofluores-
cence in areas of scant pigment deposition in the mid-periphery.
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CLRN1

CLRN1 encodes Clarin-1, expressed in the ribbon synapses 
of the cochlea and retina. Although its function in the human 
retina is unknown, mutations in the gene are associated with 
Usher syndrome type 3A (USH3A) and non-syndromic reti-
nitis pigmentosa/rod-cone dystrophy.

Mutations in CLRN1 are associated with hearing loss and 
retinitis pigmentosa, with or without vestibular dysfunction. 
Patients with CLRN1 mutations comprise a larger propor-
tion of patients with Usher syndrome in Finnish and 
Ashkenazi Jewish populations due to founder effects [1, 2]. 
Individuals first present with bilateral sensorineural hearing 
impairment, which ranges from normal to moderate at 
younger ages and may be profound at later ages [3]. Onset 
is typically postlingual, and hearing loss is progressive, in 
contrast to other types of Usher syndrome [4]. Individuals 
present with visual symptoms, which include nyctalopia or 
constricted visual fields, from the first to sixth decade, with 
an average age of diagnosis of retinitis pigmentosa in the 
second decade [5]. Other visual symptoms include hypero-
pia, astigmatism, and cataracts. Individuals may have pro-
gressive loss of visual acuity with age-related severity 
similar to that of other types of Usher syndrome [3]. 
Fundoscopy may reveal features typical of retinitis pigmen-
tosa, including peripheral bone spicule pigmentation, waxy 

pallor of the optic disc, arteriole attenuation, and loss of 
retinal pigment epithelium (Figs.  19.1a and 19.2a) [6]. 
Optical coherence tomography (OCT) may show distorted 
foveal architecture, normal or reduced parafoveal retinal 
thickness, and disruption of the ellipsoid zone (more promi-
nent outside the fovea), which tend to be worse in older 
patients (Figs.  19.1c and 19.2c) [6–8]. Near-infrared 
reduced-illuminance autofluorescence imaging may reveal a 
ring of parafoveal hyperautofluorescence (Figs.  19.1b and 
19.2b) [6]. Full-field electroretinogram (ERG) is typically 
consistent with a rod-cone pattern of degeneration and may 
be non-recordable [6, 8]. GVF testing tends to show ring 
scotomas and progressive peripheral losses [8, 9]. Adaptive 
optics may reveal reduced photoreceptor densities in areas 
outside the fovea, and microperimetry may show elevated 
response thresholds, both of which tend be more pronounced 
in advanced stages of disease [8].

CLRN1-related non-syndromic RP follows an autosomal 
recessive pattern of inheritance. Patients present with symp-
toms of RP without evidence of hearing loss/impairment. 
Fundoscopy may demonstrate  typical findings of retinitis 
pigmentosa, such as arteriole attenuation, waxy disc pallor, 
and peripheral bone spicule pigmentation [10]. ERG may 
reveal a rod-cone pattern of degeneration [10].
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Fig. 19.1  Case summary: 24-year-old male with RP and mild hearing 
loss since childhood. (a) Wide-field color fundus photograph of the 
right eye showing mid-peripheral RPE atrophy and bone spicule pig-
mentation. There is also RPE atrophy in the macula with peripapillary 
atrophy. (b) Wide-field fundus autofluorescence of the right eye show-

ing a faint ring of hyperautofluorescence surrounding the fovea and 
islands of hypoautofluorescence in areas of RPE atrophy in the mid-
periphery and along the vascular arcades. (c) Spectral domain optical 
coherence tomography showing extrafoveal loss of the ellipsoid zone 
and outer nuclear layer.
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Fig. 19.2  Case summary: 43-year-old female with Usher Syndrome. 
(a) Wide-field color fundus photograph of the right eye showing mid-
peripheral RPE atrophy, scant bone spicule pigmentation, and a bull’s-
eye maculopathy with peripapillary atrophy. (b) Fundus autofluorescence 
of the right eye showing a ring of hypoautofluorescence surrounding the 

fovea (corresponding to the bull’s-eye lesion seen in Fig.  19.2a) and 
islands of hypoautofluorescence in areas of RPE atrophy in the mid-
periphery. (c) Spectral domain optical coherence tomography showing 
extensive loss of the ellipsoid zone and outer nuclear layer with thin-
ning of the RPE band surrounding the foveola.

References



65© Springer International Publishing AG, part of Springer Nature 2018
S. Zahid et al., Retinal Dystrophy Gene Atlas, https://doi.org/10.1007/978-3-319-10867-4_20

CNGA3

CNGA3 encodes the alpha-subunit of the cone photoreceptor 
cGMP-gated channel involved in phototransduction. CNGA3 
mutations are associated with approximately 25% of autoso-
mal recessive achromatopsia (rod monochromacy) [1–3]. 
Similarly to patients with mutations in CNGB3, patients with 
achromatopsia caused by mutations in CNGA3 usually present 
in their first decade with poor visual acuity (20/200), photo-
phobia, nonspecific color vision deficits, and nystagmus [4, 5]. 
VA remains stable in some patients but can also deteriorate 
with time. Fundoscopic examination usually reveals a normal 
fundus in childhood (60%), while adult patients tend to exhibit 
loss of foveal structure, pigmentary changes, or bull’s-eye 

macular atrophy. Fundus autofluorescence may reveal foveal 
and parafoveal hyperfluorescence with normal cross-sectional 
retinal architecture on OCT in younger patients (Fig. 20.1). 
Older patients may exhibit focal foveal atrophy on FAF and 
OCT (Fig.  20.2). However, foveal abnormalities, such as 
hypolucency or loss of the ellipsoid zone, have  also been 
reported in patients as young as 8 months of age [6]. The mac-
ular thickness is reduced, with the reduction typically result-
ing from outer retinal loss in the context of a maintained inner 
retina [6]. Electroretinography (ERG) usually shows dimin-
ished or absent photopic responses, while scotopic responses 
are usually normal [6, 7].
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Fig. 20.1  Case summary: 24-year-old male with autosomal recessive 
achromatopsia with CNGA3 mutations. (a) Fundus autofluorescence of 
the right eye showing foveal hyperautofluorescence. (b) Spectral 

domain optical coherence tomography of the right eye showing thin-
ning of the ONL and retention of inner retinal layers.

Fig. 20.2  Case summary: 33-year-old woman with autosomal reces-
sive achromatopsia with CNGA3 mutations. (a) Montage color fun-
dus photograph of the right eye showing a normal fundus appearance. 

(b) Spectral domain optical coherence tomography of the right eye 
showing foveal ellipsoid zone disruption with outer retinal foveal 
cavitation.
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CNGB1

CNGB1 encodes one of the two subunits (the other is encoded 
by CNGA1) of the rod cyclic nucleotide-gated (CNG) chan-
nel. These CNG channels in the rod plasma membrane 
respond to light-mediated concentration changes in cGMP 
by causing an influx of calcium, creating calcium-gated volt-
age signals [1, 2]. Mutations in CNGB1 cause autosomal 
recessive retinitis pigmentosa (RP) [1].

CNGB1 mutations are responsible for about 4% of auto-
somal recessive RP cases [1]. While Bareil et  al. [3] 
described patients with CNGB1 mutations as having a 
severe form of RP, others have described patients with 
CNGB1 mutations as having less severe phenotypes, with 
later ages of onset of symptoms [4, 5]. As expected with 
RP, patients demonstrate night blindness, which may occur 
in early childhood [3], and a progressively restricted visual 

field. Significantly reduced visual acuity or legal blindness 
has been noted in later adult years [4, 5]. Fundus exam, as 
expected for RP, reveals bony spicule-shaped pigment 
deposits (Fig.  21.1a, b) [3–5]. Fundus autofluorescence 
demonstrates hypoautofluorescence corresponding to the 
areas of atrophy and pigment deposition and may exhibit a 
hyperautofluorescent ring around the fovea (Fig. 21.1c, d). 
Optical coherence tomography shows the extent of photo-
receptor loss, with progressive loss of the ellipsoid zone 
extending centrally from the periphery (Fig.  21.1e, f). 
ERG is eventually nonresponsive, but the age at which this 
is observed varies. Bareil et  al. [3] noted a lack of rod 
response on ERG in his patient at age 30, while Bocquet 
et al. [4] noticed nonresponsive ERG at age 44 and Kondo 
et al. [5] at age 55.
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Fig. 21.1  Case summary: 48-year-old female with autosomal recessive 
retinitis pigmentosa with homozygous mutations in CNGB1 (c.2544dupG) 
with best-corrected visual acuity of 20/20 in both eyes that declined to 
20/30 in the right eye and 20/40 in the left eye over the course of 3 years. 
(a, b) Color fundus photograph montages of the right and left eyes show-
ing mid-peripheral bone spicule pigment deposits and RPE changes in 
the macula. (c, d) Fundus autofluorescence of the right and left eyes 
showing a hyperautofluorescent ring in the parafovea that gradually 

shrinks over the course of 10 years (three panels show time points at 0, 5, 
and 10 years). There is also dense patchy hypoautofluorescence within an 
outside the arcades. As the hyperautofluorescent rings shrink with time, 
the areas surrounding the rings are gradually filled in by areas of hypoau-
tofluorescence suggestive of atrophy. (e, f) Spectral domain optical 
coherence tomography of the right and left eyes showing progressive loss 
of the foveal ellipsoid zone in both eyes over the course of 6 years with 
the formation of a pseudo hole in the left eye.
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Fig. 21.1  (continued)
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CNGB3

CNGB3 encodes the beta-subunit of the cone photoreceptor 
cGMP-gated channel, which is involved in calcium influx 
during phototransduction. CNGB3 mutations cause autoso-
mal recessive achromatopsia (rod monochromatism), which 
usually presents in childhood, and cone dystrophy, which 
generally presents in young adulthood. CNGB3 mutations 
are the most common cause (>50%) of achromatopsia [1].

Patients typically present in their first decade with poor 
visual acuity (20/100 to 20/200 or worse), photophobia, non-
specific color vision deficits, and nystagmus. While it was 
widely believed that visual acuity remains stable in achroma-
topsia, many patients experience progressive loss of central 
vision [2, 3]. Young patients usually exhibit normal fundi 
(>60%), while older patients may show loss of the foveal 
structure, pigmentary changes, or bull’s-eye macular atrophy 
(Figs. 22.1a, 22.2a) [4]. Fundus autofluorescence may reveal 
foveal and parafoveal hyperautofluorescence (Figs.  22.3, 
22.1b) with normal cross-sectional retinal architecture on 
OCT in younger patients (Fig. 22.1c), which may be charac-
teristic of achromatopsia. More advanced disease in older 

patients may exhibit focal foveal atrophy and “punched-out” 
outer retinal cavitation on FAF and OCT (Fig.  22.2b, c). 
However, foveal abnormalities, such as hypolucency or loss 
of the ellipsoid zone, have also been reported in patients as 
young as 8  months old [5]. Macular thickness is reduced, 
with the reduction typically resulting from outer retinal loss 
in the context of a maintained inner retina [5]. 
Electroretinography (ERG) exhibits diminished or absent 
photopic responses, which show progressive loss in some 
patients [6]. Scotopic ERG responses are usually subnormal 
but generally do not decline over time [7].

Autosomal recessive cone dystrophy caused by mutations 
in CNGB3 is characterized by progressive deterioration of 
visual acuity and abnormal color vision, which usually begin 
in the second decade of life [8]. Nystagmus is less common 
than in achromatopsia. Funduscopic findings are variable 
and may be normal or include RPE pigmentary changes or 
bull’s-eye maculopathy. ERG reveals a characteristic pro-
gressive deterioration of photopic ERG parameters with sco-
topic parameters in the normal range [7].
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Fig. 22.1  Case summary: 59-year-old woman with achromatopsia. (a) 
Color fundus photograph of the right eye showing foveal hyperpigmen-
tation and atrophy. (b) Fundus autofluorescence of the right eye show-

ing foveal hypoautofluorescence corresponding to the area of foveal 
atrophy. (c) Spectral-domain OCT showing outer retinal cavitation 
at the fovea with loss of the ellipsoid zone at the foveola.
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Fig. 22.2  Case summary: 11-year-old girl with achromatopsia. (a) 
Color fundus photograph of the right eye showing a normal macular 
appearance. (b) Wide-field fundus autofluorescence of the right eye 

showing foveal hyperautofluorescence. (c) Spectral-domain optical 
coherence tomography (OCT) showing a normal foveal architecture.
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Fig. 22.3  Wide-field fundus autofluorescence of the right eye from a 
4-year-old girl with foveal hyperautofluorescence.
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CRB1

CRB1 encodes a transmembrane protein involved in retinal 
development and organization. Mutations are responsible for 
Leber’s congenital amaurosis (LCA) and retinitis pigmen-
tosa (RP). CRB1 has been reported to be associated with RP 
with retinal telengiectasias and exudation (Coats-like vascu-
lopathy), RP with preservation of the para-arteriolar retinal 
pigment epithelium (PPRPE), and dominant pigmented 
paravenous chorioretinal atrophy [1–5].

LCA caused by CRB1 mutations is characterized by visual 
dysfunction at a very young age [6]. Patients typically pres-
ent before the age of 5 with visual acuities worse than 20/200, 
night blindness, photophobia, hyperopia, aberrant color 
vision, and nystagmus [4, 7, 8]. Keratoconus has also been 
reported in some studies [8, 9]. In the first 5 years, ERGs may 
be non-recordable or show a cone-rod or rod-cone pattern of 
dysfunction [10, 11]. Funduscopic and tomographic appear-
ances may be variable, but certain features are suggestive of 
mutations in CRB1 (Figs. 23.1a, 23.2, 23.3, 23.4, and 23.5), 

including white dots at the RPE level in younger patients and 
mid-peripheral nummular pigmentation (Fig.  23.3) (also 
seen in patients with NR2E3, NRL, and TULP1 mutations) in 
older patients [10]. Macular atrophy has been reported in 
about 50% of patients in some studies. OCT may show intra-
retinal cystic spaces, cystoid macular edema, or an overall 
increase in foveal thickness (Fig. 23.4b) [10]; Jacobson et al. 
[12] have reported thick unlaminated retinal architecture in 
LCA patients with CRB1 mutations. The most common 
mutation, C948Y, has been reported to result in LCA when in 
a homozygous state and to be more likely to be associated 
with RP when in a compound heterozygous state with another 
missense allele (Fig.  23.3) [3, 4]. However, another study 
was unable to recapitulate these findings, though they did 
report that LCA was more commonly associated with one or 
two null alleles [2]. Fundus autofluorescence may show loss 
of autofluorescence signal in areas of retinal pigment epithe-
lium atrophy (Figs. 23.1b and 23.5b).
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Fig. 23.1  Case summary: An 8-year-old boy with Leber’s congenital 
amaurosis (LCA). (a) Color fundus photograph of the right eye show-
ing diffuse retinal pigment epithelium (RPE) atrophy within and out-
side the vascular arcades associated with pigmentary changes and 

peripapillary atrophy. (b) Fundus autofluorescence of the right eye 
showing diffuse loss of autofluorescence, with focal pinpoint areas of 
autofluorescence throughout the fundus.

Fig. 23.2  Color fundus photograph of the right eye from a 31-year-old 
woman with LCA, showing diffuse RPE atrophy with dense bone-
spicule pigment deposits throughout the posterior pole.

Fig. 23.3  Color fundus photograph of the right eye from an 18-year-
old man with rod-cone dystrophy (retinitis pigmentosa), showing RPE 
atrophy outside the arcades with sparse pigment deposits.
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Up to 7% of recessive RP is caused by mutations in CRB1 
[13]. Patients usually present in the second decade of life 
with night blindness and reduced visual acuity (ranging from 
20/50 to LP in some studies), though in some patients, cen-
tral visual deficits and photosensitivity predominate. 
Hyperopia is often observed, while nystagmus is uncommon. 
These patients often exhibit a variable funduscopic pheno-
type, with both bone-spicule pattern or clumped nummular 
pigmentary deposits possible (Figs.  23.3, 23.4, 23.5a, and 
23.6). Other findings with CRB1 include PPRPE and Coats-
like vasculopathy, which are commonly observed in the con-
text of RP [2, 3, 5, 15, 16]. Most patients exhibit a 
maculopathy, with up to 50% of patients exhibiting CME 
(Fig. 23.5b) [2]. Some patients have been reported to develop 
angle-closure glaucoma and pupillary block as a result of 
peripheral telengietasias [10]. Nanophthalmos with RP has 
been reported [14].

Dominantly inherited pigmented paravenous chorioreti-
nal atrophy has also been reported to be associated with 
mutations in CRB1 [17]. McKay et al. [17] reported that the 

Fig. 23.4  Color fundus photograph of the right eye from a 28-year-old 
man, showing nummular pigment deposits with diffuse RPE and macu-
lar atrophy with peripapillary atrophy.

Fig. 23.5  Case summary: 8-year-old female (CEI28492) with Leber’s 
congenital amaurosis/Severe Early Childhood Onset Retinal Dystrophy 
(SECORD) with heterozygous mutations in CRB1. (a) Wide-field color 
fundus photograph of the left eye showing RPE atrophy with pigmen-

tary changes along the arcades. (b) Spectral-domain optical coherence 
tomography showing extensive loss of the ellipsoid zone with foveal-
sparing and cystoid macular edema.
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initial sign of this disease was symmetric chorioretinal atro-
phy, which progressed to paravenous pigmentation that 
begins peripherally and extends centrally.
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RPE atrophy.
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CRX

CRX encodes a transcription factor involved in the differen-
tiation of photoreceptor cells. Mutations are responsible for 
autosomal dominant cone-rod dystrophy, adult-onset domi-
nant retinitis pigmentosa (RP), and Leber’s congenital amau-
rosis (LCA) [1–5].

CRX mutations are responsible for about 5% of cone-rod 
dystrophy [3, 4, 6]. Patients typically present in the first-to-
third decades of life with progressively worsening visual 
acuity (20/25 to <20/200), poor color vision, and, commonly, 
nystagmus, photosensitivity, and hyperopia. Patients with 
certain mutations may have a later onset of visual acuity loss 
[7]. Night blindness and loss of peripheral vision typically 
occur later in the disease course. Fundus examination is 
characterized by progressive maculopathy, ranging from 
normal to pigment clumping in young patients to choroidal 
and retinal pigment epithelium (RPE) atrophy in later stages 
of disease, vessel attenuation, and variable pigment deposi-
tion peripherally (Figs. 24.1 and 24.2a) [8]. Fundus autofluo-
rescence (FAF) may reveal macular atrophy and a peri-foveal 
hyperfluorescent ring (Fig. 24.2b). A progressively deterio-
rating cone-rod electroretinogram pattern (ERG) pattern is 
characteristic, with initial cone abnormalities progressing to 
panretinal dysfunction; one study has also reported a nega-
tive ERG in one family [9]. Goldmann visual field typically 

reveals central scotomata with peripherally constricted 
fields.

CRX mutations are also responsible for about 3% of LCA, 
most often in an autosomal dominant manner [6, 10]. Patients 
present at birth or within the first year of life with visual 
abnormalities (such as poor visual pursuit and digital ocular 
signs), nystagmus, and a non-recordable ERG [2, 5]. Even 
when vision is maintained, visual acuity is usually no better 
than 20/200; night blindness and hyperopia are very com-
mon [11, 12]. Fundus examination may be normal initially 
(Fig. 24.3) but often exhibits features of retinal degeneration, 
such as macular atrophy, vessel attenuation, and peripheral 
bone-spicule pigment deposits [11]. Visual improvement has 
been reported in one case [13]. Autosomal recessive inheri-
tance has also been reported in one family [14].

About 1% of retinitis pigmentosa is attributable to muta-
tions in CRX [5, 6]. These patients may be asymptomatic 
until their 50s to 60s, when they present with peripheral 
visual defects that deteriorate over the course of a decade. 
Central visual acuity and ERG parameters are generally 
maintained until late in the disease course. Fundus features 
may mimic classical RP and contain pigmentary clumping in 
the periphery with no macular changes. ERG and GVF typi-
cally reveal a rod-cone pattern of retinal degeneration.
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Fig. 24.1  Color fundus 
photograph of the right eye 
from a 40-year-old man with 
isolated cone dysfunction, 
showing macular atrophy and 
pigment clumping.

Fig. 24.2  Case summary: A 43-year-old man with a cone-rod dystro-
phy associated with a mutation in CRX. (a) Color fundus photograph of 
the left eye, showing macular atrophy in a partial bull’s-eye pattern. (b) 

Fundus autofluorescence of the left eye, showing hypoautofluorescence 
in the areas of macular atrophy seen in Fig. 3a, surrounded by a hyper-
autofluorescent ring.
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Fig. 24.3  Montage color fundus photograph of the left eye from an 
8-year-old female with Leber congenital amaurosis due to mutations in 
CRX, showing no obvious atrophy or pigment deposition.
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C1QTNF5

C1QTNF5 (previously called CTRP5) encodes C1q tumor 
necrosis factor-related protein and is highly expressed in the 
retinal pigment epithelium (RPE), lens, and ciliary epithe-
lium. C1QTNF5 plays an important role in the adhesion of 
the RPE to the Bruch Membrane, and mutations are thought 
to impair the adhesion, resulting in sub-RPE deposits. 
Mutations in C1QTNF5 are associated with late-onset retinal 
degeneration (LORD).

C1QTNF5-related LORD follows an autosomal dominant 
pattern of inheritance. Patients with LORD usually experi-
ence a late onset of nyctalopia in the fourth to the sixth 
decades of life [1]. Best-corrected visual acuity may initially 
be normal and tends to worsen throughout the disease pro-
cess to as low as 20/400 [2]. There may be color vision 
abnormalities. Goldmann visual fields are typically normal 
early in life and tend to exhibit nasal field loss prior to defi-
cits in the temporal field. Some patients experience central 
vision loss late in the disease process, usually in their 60s [1]. 
Choroidal neovascular membrane associated with areas of 
atrophy may develop late in the disease [1, 3]. Many older 
patients have ocular hypertension/open-angle glaucoma, 
though it is unclear whether this is related to the elongated 
anterior lens zolules [3]. Characteristic ophthalmic findings 
include peripupillary iris atrophy and elongated anterior lens 

zonule insertions (Fig. 25.1e) [1–4]. Drusen deposits in the 
mid- and far-retinal periphery are also common early in the 
disease process, though the fundus may be normal, and many 
patients are asymptomatic at this early stage (Fig. 25.1a, b) 
[3, 4]. Some patients develop scalloped chorioretinal atrophy 
and bony spicule pigmentary changes in late stages 
(Fig. 25.2) [1]. Fundus autofluoresence (FAF) imaging may 
exhibit areas of hypoautofluoresence associated with regions 
of chorioretinal atrophy, with a surrounding hyperautofluo-
rescent border (Fig.  25.1c) [1, 2]. Similar to other retinal 
degenerations, spectral domain optical coherence tomogra-
phy (SD-OCT) may reveal widespread loss of the outer reti-
nal layers, with areas of absence of the ellipsoid zone 
suggestive of photoreceptor loss and thinning of the outer 
nuclear layer [1]. Hyper-reflective deposits may be present in 
the RPE-Bruch’s membrane complex, with some patients 
exhibiting areas of separation in this complex (Fig. 25.1d); 
choroidal thinning may also be observed [1, 2]. 
Electroretinography (ERG) may be normal early in the dis-
ease state but typically exhibits a rod-cone pattern of degen-
eration [1, 2]. Pattern or multi-focal ERG may display 
significant macular involvement in some patients [1]. 
Abnormal dark adaption may be found early, up to a decade 
before ophthalmic signs of LORD are exhibited [1, 3].
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Fig. 25.1  Case summary: 61-year-old female with a mutation in 
C1QTNF5. (a) Color fundus photograph of the right eye showing dru-
sen throughout the macula. (b) Higher magnification color fundus pho-
tograph of the right eye showing drusen throughout the macula. (c) 
Fundus autofluorescence of the right eye showing hyperautofluores-

cence surrounding hypoautofluorescent drusen throughout the macula. 
(d) Spectral-domain optical coherence tomography showing loss of the 
ellipsoid zone temporally and drusen. (e) Slit lamp photo showing 
anteriorly-placed lens zonules.

Fig. 25.2  Montage color fundus photograph of the right eye from an 
80-year-old woman, showing macular atrophy with pigmentation as 
well as atrophy nasal to the optic nerve.

25  C1QTNF5



85© Springer International Publishing AG, part of Springer Nature 2018
S. Zahid et al., Retinal Dystrophy Gene Atlas, https://doi.org/10.1007/978-3-319-10867-4_26

CYP4V2

CYP4V2 encodes cytochrome P450 4V2, an enzyme respon-
sible for  the oxidation of intermediates in the metabolic 
breakdown of fatty acids. Mutations in CYP4V2 are associ-
ated with Bietti Crystalline Dystrophy (BCD) [1].

BCD follows an autosomal recessive pattern of inheri-
tance, with an onset typically in the second-to-fourth decades 
of life. The presenting symptoms are variable, but patients 
experience reduced visual acuity, progressive nyctalopia, 
visual field constriction, and dyschromatopsia. BCVAs vary 
widely but tend to worsen with age [2]. Small crystalline 
deposits may be observed in the peripheral cornea with slit-
lamp biomicroscopy (similar crystals may also be seen in 
peripheral lymphocytes). Fundoscopy reveals crystals in the 
posterior pole (sometimes extending to the mid-periphery) 

associated with chorioretinal atrophy (Figs.  26.1a, b and 
26.2a) [3]. The crystals, usually in areas of mild degenera-
tion, are less pronounced in areas of chorioretinal atrophy in 
advanced stages of disease [2, 4, 5]. The crystals localize 
adjacent to the inner side of retinal pigment epithelium and 
can be better visualized with SD-OCT (Fig.  26.2b) [6]. 
Foveal thinning and interruptions in the ellipsoid band may 
also be seen, with a preservation of the external limiting 
membrane. In areas of RPE atrophy, presumed photorecep-
tor rosettes may be observed at the level of Bruch’s mem-
brane [2, 4, 6]. ERGs in BCD patients are usually diminished 
and reflect the severity of the chorioretinal degeneration, 
ranging from normal to non-recordable photopic and scoto-
pic parameters [7, 8].
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Fig. 26.1  Case summary: 44-year-old man with BCD. (a) Color fun-
dus photograph of the left eye, showing chorioretinal atrophy involving 
the macula and peripapillary regions and crystalline deposits in the 
macula and along and outside the vascular arcades. (b) Fluorescein 

angiography of the left eye showing severe retinal pigment epithelial 
and choroidal atrophy, permitting easy visualization of the deep choroi-
dal vasculature.

Fig. 26.2  Case summary: 43-year-old male with BCD (CEI25442). 
(a) Color fundus photograph of the right eye, showing chorioretinal 
atrophy along the arcades and in the macula (sparing the fovea), with 
scattered crystalline deposits. (b) Spectral domain optical coherence 

tomography of the right eye, showing extrafoveal RPE, ellipsoid zone 
and outer nuclear layer loss, with hyper-reflective deposits at the level 
of the RPE (at the outer nuclear layer as well as in the inner retina).
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DHDDS

DHDDS encodes dehydrodolichyl diphosphate synthase, an 
enzyme expressed in many tissues, which catalyzes the pro-
duction of dolichol, which is a glycosyl carrier lipid required 
for the synthesis of many types of glycoproteins. Autosomal 
recessive mutations in DHDDS cause retinitis pigmentosa 
(RP; rod-cone dystrophy). A founder mutation has been 
described in the Ashkenazi Jewish population, which may 
account for over 10% of recessive retinitis pigmentosa in this 
community [1, 2]. Patients tend to exhibit typical RP symp-
toms with a teenage onset of nyctalopia and peripheral vision 
loss. Visual acuities may vary widely but tends to be better in 
younger patients [2]. The rate of disease progression may 
vary; some patients decline to light perception visual acuity 
within a decade after exhibiting a non-recordable ERG in 
their late teens [3]. Fundus findings include characteristic RP 
findings, such as waxy optic nerve pallor, arteriolar attenua-
tion, and bone spicule-pigment deposition. Macular atrophy 

has been reported in some patients [2]. Optical coherence 
tomography (OCT) may reveal preservation of retinal thick-
ness and the photoreceptors at the fovea, which tends to 
become thinner with increased eccentricity. Some patients 
exhibit cystoid macular edema [2]. Near-infrared autofluo-
rescence imaging reveals islands of residual retinal pigment 
epithelium that correspond to areas of preserved photorecep-
tors visualized on OCT. The electroretinogram usually shows 
a rod-cone pattern of degeneration, while Goldmann visual 
field reveals peripheral visual field loss with central islands 
remaining in older patients [2]. Likewise, dark-adapted static 
perimetry reveals loss of rod function with age [2].

The chain length of dolichol in plasma and urine have 
been shown to be altered in patients carrying DHDDS muta-
tions [4]. The pathophysiology of retinal dysfunction is not 
fully understood, but knock-down studies in zebra fish result 
in photoreceptor degeneration [5].
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Fig. 27.1  Case summary: 41 year old man with retinitis pigmentosa. 
Color photo of the right eye, showing optic disc pallor, vascular attenua-
tion, diffuse retinal atrophy, and peripheral bone spicules.
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EFEMP1

Mutations in EFEMP1, which encodes a retinal pigment epi-
thelium (RPE) extracellular matrix glycoprotein of uncertain 
function, cause autosomal dominant drusen (Doyne’s 
Honeycomb Dystrophy, Malattia Leventinese) [1, 2].

Patients usually present in their 40s to 50s with reduced 
central acuity and delayed dark adaptation, although many 
patients are asymptomatic. The rate of visual acuity (VA) 
deterioration varies, with some patients remaining stable 
over the course of a decade and others experiencing signifi-
cant loss of VA. Progressive macular atrophy is the primary 
cause of vision loss, though choroidal neovascularization is 
a rare complication that may cause rapid vision loss 
(Fig. 28.1b). Fundus examination is characterized by bilat-
eral soft drusen throughout the macula, including nasal to 
the optic disc, which can become confluent (which may 
give the appearance of retinal fibrosis) and develop into 

areas of atrophy later in the disease course. The drusen are 
classically in a radial pattern in the maculae of both eyes 
(Figs. 28.1a and 28.2a). There are often interocular differ-
ences in VA and fundus appearance, but both eyes are 
almost always affected. The characteristics of the drusen 
exhibit significant intra- and interfamilial phenotypic vari-
ability, but they are typically absent in the periphery. 
Certain genotypes (e.g., R345W) [3] consistently exhibit 
peripapillary drusen. Fundus autofluorescence shows hype-
rautofluorescence in areas of drusen accumulation, while 
hypofluorescence corresponds to areas of atrophy in later 
stages of disease. Optical coherence tomography is helpful 
in imaging the extent and features of the drusen and may 
also show features of neovascularization. Nonpenetrance of 
disease has been reported in one patient with an R345W 
mutation [3].
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Fig. 28.1  Case summary: 51-year old woman with dominant drusen. 
(a) Color fundus photograph of the right eye showing drusen in a clas-
sical radial orientation in the macula. (b) Fluorescein angiography of 

the right eye showing staining of the drusen and a choroidal neovascular 
membrane in the nasal macula.

Fig. 28.2  OCT shows extensive drusenoid deposits classical of this 
condition. Case summary: 27-year-old man. (a) Color fundus photo-
graph of the right eye showing drusen in a classical radial orientation in 
the macula, with hyperpigmentation in areas suggestive of scarring. 

Also visible are drusen nasal to the optic disc. (b) Spectral-domain 
optical coherence tomography showing extensive macular drusen 
appearing to be between the retinal pigment epithelium and Bruch’s 
membrane.
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ELOVL4

Mutations in ELOVL4, which is required for the synthesis of 
fatty acids, cause an autosomal dominant macular dystrophy, 
also known as “Stargardt-like macular dystrophy” [1–4].

Patients usually present with reduced visual acuity (rang-
ing from 20/50 to 20/200 or worse) as early as the second 
decade of life, but onset can occur as late as the fifth decade 
[5]. Patients tend to lose visual acuity with age; color and 
peripheral vision are usually normal. Fundus examination 
may be characterized by macular flecks and atrophy similar 
to those seen in ABCA4-related disease, with a normal 

peripheral retina. However, fundus appearance may exhibit 
intra- and interfamilial variability, and patients may exhibit 
macular atrophy with or without flecks, subtle macular reti-
nal pigment epithelium (RPE) disruption, or pattern dystro-
phy. Full field electroretinography (ERG) is usually normal 
or mildly decreased, while multifocal ERGs are abnormal. 
Fluorescein angiography may show macular window defects 
but has not been reported to exhibit the “dark choroid” char-
acteristic of ABCA4-related disease (Fig. 29.1) [5].
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Fig. 29.1  Color fundus photograph from a 21-year-old man, showing 
subtle macular retinal pigment epithelium disruption.
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EYS 30

Mutations in EYS, which encodes a protein important for 
photoreceptor morphology, are a common cause of autoso-
mal recessive retinitis pigmentosa (rod-cone dystrophy) 
and rarely cone-rod dystrophy [1–9]. Patients may present 
as early as their teens or as late as their forties with night 
blindness and progressive loss of peripheral field. Visual 
acuity is usually maintained until late in the disease (often 
better than 20/50) and fundoscopy reveals optic disc pallor, 
bone-spicule pigment deposits in the mid-periphery to 
periphery that increase in density with age, and attenuated 
vessels. Cataracts have been reported to occur at a younger 
age (average of 50 years in one study) (Figs.  30.1a and 
30.2a) [7]. GVF reveals a rod-cone pattern with progres-
sively constricting fields  (Fig. 30.1b), and ERG reveals a 
rod-cone pattern of degeneration  (Fig. 30.1c). One study 
has shown that patients with homozygous mutations in EYS 

tend to deteriorate with respect to visual acuity and visual 
fields more rapidly than patients who are compound hetero-
zygotes for pathogenic mutations at the EYS locus [7]. 
Fundus autofluorescence may show hypoautofluorescence 
in areas of atrophy or hyperautofluorescence at the inter-
face between atrophic and residual (but dysfunctional) ret-
ina (Fig.  30.2b). Spectral domain optical coherence 
tomography may help delineate areas of residual photore-
ceptor and retinal pigment epithelium (RPE) loss 
(Fig. 30.2c). 

Phenotypic variability has been reported in EYS muta-
tions; some patients present with photophobia, night blind-
ness, and reduced visual acuity earlier in the disease course 
[4]. These patients may exhibit RPE changes or macular 
atrophy on funduscopy, central scotomata on GVF, and a 
cone-rod pattern of dysfunction on ERG testing.
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Fig. 30.1  Case summary: 34-year-old man with rod-cone dystrophy 
with mutations in EYS. Color fundus photographs of the left eye at age 
34  (left), showing midperipheral RPE atrophy and bone-spicule pig-

ment deposits. Wide-field photograph 7 years later (right), showing an 
increased density of pigment deposits.
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Fig. 30.2  Case summary: 58-year-old male with EYS mutations and 
rod-cone dystrophy. (a) Color fundus photograph (montage) of the left 
eye, showing optic nerve waxy pallor, retinal vessel attenuation, RPE 
atrophy along the arcades, and dense mid-peripheral bone spicule pig-
ment deposits. (b) Fundus autofluorescence of the left eye, showing 
dense hypoautofluorescence at and outside the arcades corresponding 

to RPE atrophy and pigmentation. There is hyperautofluorescence at 
the interface between central residual autofluorescent signal and periph-
eral hypoautofluorescence. (c) Spectral domain optical coherence 
tomography of the left eye, showing dense ellipsoid zone loss at the 
macula with a residual central island at the foveola. There are also focal 
areas of RPE atrophy/loss.
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FAM161A

FAM161A encodes a ciliary protein that appears to be 
involved in microtubule stabilization/transport. Mutations in 
FAM161A have been associated with autosomal recessive 
retinitis pigmentosa (RP) [1–3].

Limited literature is available on patients with mutations 
in FAM161A, but most present with the features of typical 
RP, although visual acuity may be worse than other muta-
tions. Patients with FAM161A-related RP have varying ages 
of onset, typically from their first-to-third decades of life. 
Myopia and low visual acuities (ranging from no light per-
ception to 20/200) are common, with count fingers acuity 
reported as young as age 15. Younger patients in their sec-
ond decade of life may have better visual acuities, which 
tends to decline to severe visual handicap by the third and 

fourth decades of life. Fundoscopy may reveal typical fea-
tures of retinitis pigmentosa, with arteriole attenuation, 
bone spicule pigment deposits, waxy optic disc pallor, cata-
racts, and optic atrophy [2]. There may be grayish dots 
extending from the arcades to the periphery. OCT imaging 
shows thinning of the outer nuclear layer with relative pres-
ervation under the fovea and may demonstrate the subreti-
nal depositis (Fig.  31.1) [3]. Fundus autofluorescence 
(FAF) imaging may reveal a ring of hyperautofluorescence 
around the fovea. Full-field ERGs usually exhibit signifi-
cantly reduced cone and rod responses and are often non-
recordable, though some patients retain residual cone 
function at earlier ages [1–3]. GVF typically reveals pro-
gressive peripheral field loss [3].
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Fig. 31.1  Spectral domain optical coherence tomography of the right 
eye from a 55-year-old woman with typical RP and gray dots extending 
from the mid-periphery. There is extensive loss of the ellipsoid zone 

(EZ) and outer nuclear layer (ONL), with central foveal sparing. 
Subretinal deposits are also visible the areas of EZ/ONL loss.
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GNAT1

GNAT1 (Guanine nucleotide-binding protein, alpha-
transducing activity polypeptide 1) encodes the alpha sub-
unit of rod transducin. Transducin is the G-protein involved 
in the phototransduction cascade that facilitates the interac-
tion between rhodopsin and cGMP.  Mutations in GNAT1 
have been shown to cause both autosomal  recessive and 
autosomal  dominant forms of congenital stationary night 
blindness (CSNB) and autosomal recessive rod-cone dystro-
phy [1, 2].

Autosomal dominant CSNB may show non-progressive 
night blindness from early infancy. Myopia is common, 
while visual acuities and color vision are typically within 
normal limits. GVF and fundus appearance are typically 
normal. The Nougaret type of CSNB, based on the pedigree 
of Jean Nougaret, demonstrates an electroretinogram (ERG) 
abnormality in which the rod a-wave is missing [2]. In con-
trast, a Riggs-type ERG pattern reveals an absent b-wave in 
response to flashes of dim light and a cone-like response to 
bright light in scotopic testing conditions. Light-adapted 
states are typically normal. Dark adaptation testing reveals 
reduction in rod sensitivities in most patients. Some studies 
have suggested that these ERG findings reflect a presynaptic 
defect in rod phototransduction in patients with CSNB [3].

Autosomal recessive CSNB has been reported in one study 
of a consanguineous family that had many  affected family 
members. Night blindness may start from early childhood, 
with unaffected visual acuity and color vision. Fundus find-
ings are typically normal, with no signs of arteriolar attenua-
tion or bone spicule changes. ERG recordings may reveal 
nearly absent a- and b-waves in scotopic conditions with nor-
mal photopic parameters [1]. 

There are a few case reports of patients with homozygous 
GNAT1 pathogenic variants  associated with  late-onset  rod-
cone dystrophy.
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GNAT2

GNAT2 encodes guanine nucleotide-binding protein G(t) 
subunit alpha-2, which is a part of the transducin complex 
that amplifies and transmits the visual signal in cone photo-
receptors. Autosomal recessive mutations in GNAT2 cause 
approximately 1–2% of achromatopsia [1, 2]. Patients with 
GNAT2-related achromatopsia exhibit nystagmus beginning 
in early infancy, photophobia, abnormal color vision, and 
poor visual acuity (VA) (usually worse than 20/200–20/400). 
Progressive deterioration of VA may be observed, while nys-
tagmus may improve in some patients [3]. Color vision test-
ing is usually abnormal, with rod monochromacy observed 
in many patients, although some patients may retain some 

color vision [3–5]. One study has suggested that the reten-
tion of color vision may be related to splice site mutations 
that sometimes result in functional protein product [5]. 
Fundoscopy usually reveals a normal retinal appearance, 
though some patients exhibit an abnormal foveal reflex or 
atrophy (Fig. 33.1a–d) [3]. Full-field ERG testing typically 
reveals varying degrees of abnormal cone function along 
with normal rod function, although scotopic a-wave ampli-
tudes are reduced in some patients [3–5]. Microperimetry 
may show central scotomas; SD-OCT usually reveals well-
maintained foveal architecture without hypoplasia but may 
exhibit a hyporeflective zone at the fovea (Fig. 33.1e–f) [6].
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Fig. 33.1  Case summary: 25-year-old male with cone dysfunction 
syndrome due to homozygous mutations in GNAT2 (c.139A > G) with 
best-corrected visual acuity 6/60 in both eyes. (a, b), Color fundus pho-
tographs of the right and left eyes, showing abnormal foveal reflexes, 
with RPE pigment mottling in both eyes. (c, d), Fundus autofluores-

cence of the right and left eyes, showing an essentially unchanged pat-
tern of autofluorescence over 5  years except for a mild increase in 
certain areas of macular autofluorescence in the right eye. (e, f), Spectral 
domain optical coherence tomography of the right and left eyes, show-
ing essentially unremarkable retinal architecture.
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GPR98

GPR98 encodes G-protein coupled receptor 98, which is 
expressed broadly in human cells. Autosomal recessive 
mutations in GPR98 cause Usher syndrome type 2C, which 
is characterized by congenital sensorineural hearing loss 
and retinitis pigmentosa. These patients tend to exhibit 
bilateral mild-to-moderate hearing impairment with a 
downward sloping audiogram, demonstrating more loss at 
higher frequencies [1, 2]. Visual acuity is maintained until 
later in the disease course, while nyctalopia and peripheral 
vision loss typically present between the second and third 
decades of life [2, 3]. Goldmann visual fields reveal pro-
gressive peripheral constriction [2, 4]. Color-vision testing 
may reveal errors in the Tritan axis [4]. Early-onset bilat-
eral cataracts are also common, although specific subtypes 
of cataracts have not been described in the literature [2]. 
Fundoscopy reveals typical findings of retinitis pigmen-
tosa, including bone spicule pigment deposits from the 
mid-periphery to the periphery, attenuated retinal vascula-

ture, optic nerve pallor, and RPE atrophy; maculopathy is 
less commonly observed (Figs. 34.1a, 34.2, 34.3 and 34.4) 
[3, 4]. Fundus autofluorescence reveals hypoautofluores-
cence in areas corresponding to atrophy, with some patients 
exhibiting a ring of macular hyperfluorescence (Fig. 34.1b) 
[4]. Some patients may have cystoid macular edema; 
patients with normal OCT architecture tend to exhibit a 
wide range of visual acuity [5]. Increased inner retinal 
thickness has also been reported in one family [1]. Full-
field electroretinography (ERG) tends to reveal a rod-cone 
pattern of degeneration and is often non-recordable by the 
fourth decade of life; multifocal ERG tends to reveal main-
tained function at the macula [1, 4, 5]. There have been two 
patients reported to exhibit a cone dystrophy on ERG 
examination in the context of a fundus resembling classical 
retinitis pigmentosa [1].

Mutations in GPR98 have also been associated with a 
subtype of childhood seizures [6]. 
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Fig. 34.1  Case summary: 23-year-old man with Usher Syndrome. (a) 
Wide-field color fundus photograph of the right eye showing RPE atro-
phy in the mid-periphery with scant bone spicule pigmentation. (b) 

Wide-field fundus autofluorescence of the right eye showing a hyperau-
tofluorescent ring surrounding the fovea and areas of hypoautofluores-
cence in the midperiphery corresponding to areas of RPE atrophy.

Fig. 34.2  Montage color fundus photograph of the right eye from a 
38-year-old man with Usher Syndrome,  showing RPE atrophy in the 
mid-periphery and moderate bone spicule pigmentation.

Fig. 34.3  Montage color fundus photograph of the right eye from a 
45-year-old woman with Usher Syndrome, showing dense bone spicule 
pigmentation in the retinal mid-periphery up to the vascular arcades 
with associated RPE atrophy; there is blunting of the foveal light reflex.
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GUCA1A

GUCA1A encodes guanylate cyclase-activating protein 1A 
(GCAP1), which is a calcium-binding protein located within 
the inner segments of the photoreceptors. It regulates guany-
lyl cyclase 1 by sensing calcium concentrations, which is 
important for the recovery of rod photoreceptors after light 
exposure and  for the overall phototransduction cascade. 
Mutations in GUCA1A cause autosomal dominant cone and 
cone-rod dystrophy [1–4].

Onset of visual symptoms for GUCA1A-related autoso-
mal dominant cone dystrophy generally occurs after the first 
two decades of life, between the 20s and 50s. Initial symp-
toms include reduced visual acuity, loss of color vision, and 
mild photophobia. Nystagmus is uncommon. Visual acuity 
usually deteriorates to between 20/200 and count fingers. A 
range of macular phenotypes may be observed; changes at 
the level of the retinal pigment epithelium (RPE) at the mac-
ula may be observed prior to vision loss. Funduscopic 
changes are minimal at an early age but may consist of subtle 
granularity of the RPE. Older patients may exhibit macular 
atrophy, bone-spicule like pigmentation, and retinal vascular 
attenuation. Goldmann Visual Fields (GVF) reveal full 
peripheral fields with central scotomas. Full-field electroreti-
nography (ERG) exhibits significant loss of cone function 
over time, usually in the context of normal rod parameters 
[1–7]. Some patients may exhibit rod abnormalities later in 
life. Intra-familial variability has been shown in some stud-
ies, with members of some families exhibiting symptoms of 
cone-rod dystrophy while others exhibit isolated macular 
dysfunction [3, 4].

Patients with cone-rod dystrophy experience similar 
symptoms to cone dystrophy patients but are more likely to 
experience nyctalopia and peripheral vision loss earlier in 
the disease process. In one study, symptoms (photophobia, 

poor acuity) were seen within the first decade in a Chinese 
family. Full-field ERG in these patients revealed a cone-rod 
pattern of degeneration. Fundus examination may reveal 
optic disc pallor, attenuated retinal arterioles, macular atro-
phy, or pigmentary changes in the macula [7, 8].
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GUCA1B

GUCA1B encodes guanylate cyclase activator 1b, which is a 
calcium-binding protein required for the stimulation of gua-
nylate cyclases in photoreceptors. It is particularly important 
for rod recovery after light exposure [1]. Mutations in 
GUCA1B cause retinitis pigmentosa (RP).

GUCA1B-related RP follows an autosomal dominant 
pattern of inheritance. Patients usually have typical features 
corresponding to RP. Visual acuities may vary from 20/20 to 
20/200, with a decline over the course of disease progres-
sion; acuity is usually maintained until late in the disease 
course. Fundoscopy may reveal variable distribution of pig-
mentary deposition, ranging from the mid-periphery to more 
diffuse deposition; some patients have been reported to 
exhibit signs of macular pigment deposition and atrophy [2]. 
Electroretinogram (ERG) findings may demonstrate severe 
deterioration of both rod and cone function, with greatly 
reduced or nonrecordable photopic and scotopic amplitudes 

[2]. Goldmann Visual Fields (GVF) usually reveal a rod-
cone pattern of field loss (progressive visual field constric-
tion). There may be significant intrafamilial variability; some 
patients with disease-causing mutations have been reported 
to be asymptomatic and to exhibit a normal fundus [2].
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GUCY2D

GUCY2D encodes guanylyl cyclase 1, which is an enzyme 
with unknown function expressed in rod and cone photore-
ceptors. Mutations in GUCY2D are associated with autoso-
mal recessive Leber congenital amaurosis (LCA), autosomal 
recessive cone-rod dystrophy (CORD), and autosomal domi-
nant cone dystrophy (COD).

LCA may be caused by autosomal recessive mutations in 
GUCY2D. These patients usually exhibit nystagmus and 
nonrecordable ERGs within the first months of life, in addi-
tion to other findings in LCA such as poor pursuit and ocu-
lodigital sign [1]. Within the first 2 years of life, photophobia 
and hypermetropia greater than +7.00 D are commonly 
observed, and visual acuities typically range from count fin-
gers to light perception [1]. Keratoconus may be observed in 
some patients, possibly secondary to chronic rubbing of the 
eyes [2]. Fundus examination can appear completely normal 
or display a “salt-and-pepper” appearance [2]. Older patients 
have been reported to exhibit early degeneration of the mac-
ular and peripheral retina, but it is unclear when this begins 
to develop and whether it always progresses from an earlier 
“salt-and-pepper” appearance [1]. Though published data is 
limited, some patients may exhibit relatively normal FAF 
imaging in the context of abnormal retinal lamination with 
normal macular thickness on time-domain OCT [2].

Recessive mutations may also result in a cone-rod dys-
trophy phenotype [3]. While age of onset may vary, these 
patients present with nyctalopia in addition to poor visual 
acuity, dyschromatopsia, and photophobia [3]. In contrast 
to patients with LCA, these patients tend to retain func-
tional vision during childhood. Fundoscopy may reveal 
bone spicule pigment deposits, optic disc pallor, and retinal 
arteriolar attenuation in the context of macular atrophy [3]. 
Goldmann visual field testing may reveal central scotomas 
within the first decade of life [4]. Electroretinography 
(ERG) tends to reveal reduced photopic and scotopic 
parameters [3, 4].

GUCY2D-related COD typically follows an autosomal 
dominant pattern of inheritance. Most patients have an 
onset of photophobia and bilateral visual acuity impairment 

within the first decade of life. Visual acuities are abnormal 
at presentation but vary widely from patient to patient, tend 
to decline with time, and are often less than 20/200 by the 
third decade of life. Nyctalopia is uncommon in this dis-
ease entity, while dyschromatopsia is commonly observed 
[5, 6]. In children less than 5 years of age, fundus findings 
may reveal optic disc pallor, macular white deposits, and 
granular RPE [5]. Fundus findings in adults are typified by 
macular atrophy, which is often well-defined [7]. Younger 
patients exhibit pigment mottling in the macula prior to 
developing perifoveal atrophy [8]. FAF imaging may reveal 
a ring of hyperautofluorescence surrounding a region of 
speckled macular hypoautofluorescence [8]. Full-field ERG 
is characterized by abnormal photopic parameters with nor-
mal scotopic function [5, 7]. GVF reveals central scotomas 
with full peripheral fields [7]. OCT may reveal a foveal loss 
of the ellipsoid zone early  in the  disease  process, which 
progresses to retinal thinning [2, 8]. Incomplete penetrance 
is possible; some patients within the same family and car-
rying the same disease-causing mutation may not experi-
ence symptoms or exhibit any signs of disease [7]. Certain 
dominantly-inherited mutations of GUCY2D have also 
been reported in families with a central areolar choroidal 
dystrophy (CACD) phenotype [9].

Cone-rod dystrophies have also been described in patients 
with autosomal dominant inheritance, although they may be 
part of the cone dystrophy spectrum described above 
(Fig. 37.1a) [4, 10, 11]. Notable differences in these patients 
include the fact that loss of peripheral visual fields is more 
common, and not all patients experience nyctalopia [10]. 
While visual acuity may be relatively maintained during the 
teenage years, most patients have visual acuity worse than 
20/200 by age 40; myopia has been reported in 62% of 
patients in one family [11]. Dark adaptation thresholds are 
elevated, and some patients may exhibit a negative ERG in 
the context of both rod and cone ERG abnormalities; multi-
focal ERG reveals reduced central responses [10]. FAF 
imaging tends to reveal hypoautofluorescence at the macula 
in areas of atrophy with a surrounding area of hyperautofluo-
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rescence, similar to GUCY2D-associated cone dystrophy 
(Fig. 37.1b). OCT findings range from photoreceptor layer thin-
ning with a maintained ellipsoid zone to a punched out localized 
cavitation with loss of the ellipsoid zone at the fovea [10].
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Fig. 37.1  Case summary: 63-year-old female (CEI16027, courtesty of 
Dr. Richard Weleber) with autosomal dominant cone-rod dystrophy 
with heterozygous missense mutations in GUCY2D. (a) Wide-field 
color fundus photograph of the right eye, showing peripheral retinal 
pigment epithelium atrophy (with a choroideremia-like appearance of 

the periphery) as well as central macular atrophy. (b) Wide-field fundus 
autofluorescence, showing central macular hypoautofluorescence cor-
responding to RPE atrophy, with a surrounding ring of 
hyperautofluorescence.
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IMPDH1 (RP10)

IMPDH1 (RP10) encodes inosine-5-prime-monophosphate 
dehydrogenase, which plays a key role in the purine biosyn-
thesis pathway. Mutations in IMPDH1 cause 2–3% of domi-
nant retinitis pigmentosa (ADRP) (rod-cone dystrophy) and 
rarely cause Leber congenital amaurosis (LCA) [1–8]. While 
IMPDH1 is a ubiquitously expressed gene, retina-specific 
isoforms may be responsible for a phenotype limited to reti-
nal degeneration [9–11].

Patients with ADRP caused by mutations in IMPDH1 
present between the first and third decades of life with 
night blindness and/or peripheral field loss that progress 
with time. There is often variability in age of onset even in 
patients with the same mutations, and symptoms may 
begin as late as in life as the 40s [3]. Visual acuity may be 
maintained until later in the disease course but has been 
shown to be severely reduced at an early age in some 
patients [6, 12, 13]. Some patients may have color vision 
deficits [13]. Early-onset posterior subcapsular cataracts 
are common (average onset of 34 years in one study [5]) 
[3]. Patients with IMPDH1 mutations present with typical 
fundus findings of RP, such as mid-peripheral to peripheral 
bone-spicule pigment deposits, optic disc pallor, and reti-
nal vessel attenuation; pigmented cells in the vitreous may 
also be observed (Figs.  38.1a and 38.3). Some patients 
may develop CME or subretinal fluid, best visualized with 
OCT [3, 13, 14]. Peripheral/mid-peripheral RPE atrophy 
develops over time (Figs.  38.1a, 38.2, and 38.3). Some 
patients develop bull’s-eye macular atrophy as well, 

though this is less commonly observed (Fig.  38.2) [2]. 
Most patients exhibit cataracts and pigment deposits after 
the middle of the third decade of life [3]. Fundus autofluo-
rescence shows hypoautofluorescence in areas of RPE 
atrophy (Fig.  38.1b). The full-field ERG is severely 
reduced, usually to a similar extent for both rod and cone 
parameters, but may be recordable in a rod-cone pattern in 
some younger patients [3, 5, 13, 14]. Multifocal ERG gen-
erally shows maintenance of central cone responses, which 
may be lost with time [14]. Dark adaptation thresholds are 
frequently elevated. GVF reveals severe progressive con-
striction of the visual field (Fig. 38.1c) [13].

Some mutations  in IMPDH1 have been associated with 
dominant LCA (e.g., Arg105Trp and Asn198Lys) [2]. One of 
these patients presented with roving nystagmus with absent 
fixation to light before age 1, with a mottled-appearing fun-
dus without pigmentary changes. The other patient presented 
at about 3 years of age with peripheral vision loss, though 
her central vision was maintained at 20/40 bilaterally. The 
fundus of the 3-year-old revealed optic disc pallor, diffuse 
depigmentation of the fundus, and attenuated retinal vessels. 
More recently, an additional patient with autosomal reces-
sive IMPDH1-associated disease presenting within the first 
few months of life with poor vision and nystagmus [15]. This 
patient had LP visual acuity and exhibited attenuated retinal 
vasculature, macular atrophy and pigment deposits in the 
fundus, and a non-recordable full-field ERG when evaluated 
at age 23.
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Fig. 38.1  Case summary: 19-year-old woman with rod-cone dystro-
phy. (a) Wide-field color fundus photograph of the right eye, showing 
typical findings of rod-cone dystrophy, including mid-periphery RPE 
atrophy with bone spicule pigmentation and sparing of the macula. (b) 
Wide-field fundus autofluorescence of the right eye, showing loss of 

mid-peripheral autofluorescence in areas with RPE atrophy, with rela-
tively normal appearing macular autofluorescence. (c) Goldmann visual 
field of the right eye, showing constricted fields in all isopters, sugges-
tive of a rod-cone pattern of visual field loss.
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Fig. 38.3  Color fundus photograph from a 20-year-old male 
(CEI26447) with Leber Congenital Amaurosis/Severe Early Childhood 
Onset Retinal Dystrophy (SECORD) with heterozygous mutations in 
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Fig. 38.2  Wide-field color fundus photograph of the left eye from a 
56-year-old male with rod-cone dystrophy with a bull’s eye lesion in the 
macula and dense mid-peripheral bone spicule pigment deposits.
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IMPG2

IMPG2 encodes a component of the retinal extracellular 
matrix (interphotoreceptor matrix proteoglycan 2), which 
allows for interaction between photoreceptor cells and 
between photoreceptor cells and the retinal pigment epithe-
lium (RPE) [1, 2]. It also has calcium-binding potential, 
which may permit it to have a role in sequestering extracel-
lular calcium released by photoreceptors in response to light 
[2]. Mutations in IMPG2 are responsible for autosomal 
recessive retinitis pigmentosa (RP) with early macular 
involvement [2, 3].

Thus far, IMPG2 mutations that have been described are 
severely pathogenic, leading to nonsense-mediated decay or 
to a nonfunctional gene product. The mean age of onset of 
symptoms for these patients is 10.5 years, with night blind-
ness being the most common initial symptom and the next 
most common being decreased visual acuity [2]. Many 
patients also have subcapsular posterior cataracts that appear 
later in life. Visual acuity ranges from 20/30–20/400, and 
mild-to-high myopia has been reported. Visual fields become 
progressively constricted with time, along with a gradual 
decrease in central sensitivity and/or the presence of para-
central scotomas [2]. Fundus exam shows optic disc pallor, 

attenuated retinal vessels, and bone spicule pigmentation at 
the periphery and midperiphery [2]. Macular changes range 
from subtle mottling of macular pigment epithelium to 
bull’s-eye maculopathy to macular chorioretinal atrophy 
(Fig. 39.1a). In all 17 patients (from 10 families) observed by 
van Huet et al. [2], fundus autofluorescence (FAF) showed 
macular involvement, with profound macular hypoautofluo-
rescence observed in later stages of the disease (indicating 
RPE atrophy) and with hypoautofluorescence in the midpe-
riphery with granularity (Fig. 39.1b). However, in two of the 
patients observed by van Huet et al. [2], only subtle macular 
FAF abnormalities were observed. Spectral domain optical 
coherence tomography shows loss of photoreceptor inner 
and outer segments (ellipsoid zone)  before RPE cell loss, 
which gives rise to severe outer retinal thinning (Fig. 39.1c). 
In all 17 patients observed by van Huet et al., ERG was either 
non-recordable (mean age of 51  years) or demonstrated 
a severely reduced rod-cone pattern of dysfunction [2].

A hypomorphic missense allele in IMPG2 has been iden-
tified, and the patient  carrying this mutation in a homozy-
gous state was found to have mild maculopathy and mildly 
affected visual function but no diagnosis of RP [2, 3].
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Fig. 39.1  Case summary: 23-year-old female with rod-cone dystro-
phy. (a) Wide-field color fundus photograph of the left eye showing 
subtle macular RPE abnormalities. (b) Fundus autofluorescence of the 
left eye, showing a subtle ring of macular hyperautofluorescence sur-

rounding the fovea. (c) Spectral domain optical coherence tomography 
of the left eye, showing  an extensive extrafoveal ellipsoid zone and 
outer nuclear layer loss.
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IQCB1

IQCB1 encodes IQ-Motif Containing Protein, which is 
expressed in the outer segment and connecting cilia of pho-
toreceptors and believed to be involved in ciliogenesis. 
Recessive mutations in IQCB1 can either cause Senior-
Loken Syndrome (SLSN), which is an oculo-renal condition 
characterized by nephronophthisis (medullary cystic kidney 
disease) and Leber congenital amaurosis (LCA), or non-
syndromic LCA [1].

Patients generally have an early-onset severe LCA pheno-
type, with pendular nystagmus and poor fixation from birth. 
Patients may be highly hyperopic and often have poor visual 
acuity (hand motion to light perception), but in the minority 
with better acuity, vision is 20/70 or worse. Patients may also 
have keratoconus or cataracts. It is important to note that 
while retinal examination of a 1–2 year-old patient is typi-
cally normal, one study found prominent retinal changes at 

18 months in a mutation-confirmed patient. The fundus may 
also reveal a “lobular” pattern of subtle alternating hypo- and 
hyperpigmentation around the vascular arcades or diffuse 
retinal pigment epithelial changes. Fundus autofluorescence 
may reveal patchy hyper- and hypoautofluorescence areas 
throughout the fundus or a hyperautofluorescent ring in the 
parafoveal region (Fig.  40.1a). Spectral domain optical 
coherence tomography is useful to demonstrate the extent of 
photoreceptor loss (Fig.  40.1b). ERGs typically are non-
detectable early in the disease course. There is a wide vari-
ability in the onset, severity, and presence of renal disease in 
these patients. When patients do develop nephronophthisis, 
it typically occurs from the second decade of life onward. 
Therefore, patients with IQCB1-related LCA should be rou-
tinely screened for renal disease due to the significant long-
term risk of renal failure [2].
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Fig. 40.1  Case summary: 14-year-old Asian female with a history of 
Leber congenital amaurosis (CEI25377) with a homozygous mutation 
in IQCB1 (courtesy of Richard Weleber). (a) Wide-field fundus auto-
fluorescence of the left eye, showing patchy hyper- and hypoautofluo-

rescence throughout the fundus, with a hyperautofluorescent ring in the 
parafoveal region. (b) Spectral domain optical coherence tomography 
of the right eye, showing extensive loss of the ellipsoid zone and the 
outer nuclear layer.
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KCNV2

KCNV2 encodes a subunit of a voltage-gated potassium chan-
nel expressed in human rod and cone photoreceptors. 
Autosomal recessive mutations in KCNV2 are associated with 
the unique phenotype of cone dystrophy with supernormal rod 
response (CDSRR), also known as KCNV2 retinopathy.

Onset is usually during infancy or early childhood, with 
slow but variable rates of progression, and a greater degree of 
cone loss over time compared to rod function. Within the first 
decade of life, patients typically experience reduced visual 
acuity, abnormal color vision (most commonly in the red-
green axis), and mild photophobia with impaired adaptation to 
bright conditions. Nyctalopia is variable and may be experi-
enced from childhood or develop in later stages of disease [1, 
2]. Nystagmus and strabismus may also be present in young 
patients [3, 4]. Patients often have myopia and varying degrees 
of astigmatism. Central scotomas are commonly observed; in 
patients with rod loss, peripheral fields may also constrict over 
time [4–6]. Best-corrected visual acuity ranges from 20/30 to 
20/400, but there is marked variability between patients. 
Fundus findings are variable but are generally limited to the 
macula and begin with an impaired foveal reflex and mild reti-
nal pigment epithelium (RPE) changes (Figs.  41.1a, 41.2a, 
and 41.3a) [7]. Bull’s-eye maculopathy may also be observed; 
this may be more readily visualized on optical coherence 
tomography (OCT) and fundus autofluorescence (FAF) imag-
ing (Figs.  41.1b and 41.3b) [1, 2]. Some patients exhibit a 
well-circumscribed area of macular atrophy [1]. Mild optic 
disc pallor may also be observed in some patients [2].

FAF imaging may reveal a perifoveal ring of increased 
autofluorescence (AF) (Figs. 41.1b and 41.3b) [1–3, 6, 8]. 
Some patients may also exhibit increased AF at the fovea, 
which can also be seen in some other cone/cone-rod dystro-
phies [6]. OCT findings range from reduced intensity of the 
foveal EZ without disruption and focal loss of the foveal 
ellipsoid zone (common finding) to significant loss of outer 
retinal structure at the fovea (Figs. 41.1c, 41.2b, and 41.3c) 
[1, 8]. Patients may also have a “hyporeflective zone” on 
OCT [6, 8].

Dark adaptation thresholds to red and green stimuli are 
elevated and may be more pronounced in patients with null 
mutations than in those with missense variants [1]. A unique 
characteristic  observed with full-field electroretinography 
(ERG) is that the scotopic b-wave in this disorder is delayed 
and markedly reduced or absent at low flash intensities yet 
normal or “supernormal” in amplitude at the highest flash 
intensities [3–10]. The light-adapted and flicker ERGs 
exhibit reduced amplitudes and prolonged implicit times, 
consistent with generalized cone system dysfunction [4, 11]. 
While some patients do not exhibit “supernormal” rod ampli-
tudes, all exhibit delayed implicit times and a notably greater 
increase in b-wave amplitude with small increases in light 
intensity. Multifocal ERG usually shows loss of amplitudes 
and prolonged implicit times that are more prominent in the 
central rings [1]. Adaptive optics imaging reveals foveal loss 
of cone photoreceptors [6].
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Fig. 41.1  Case summary: 14-year-old boy with KCNV2 retinopathy 
and 20/300 vision OU. (a) Color fundus photograph of the right eye, 
showing macular atrophy. (b) Fundus autofluorescence of the right eye, 

showing a small ring of hyperautofluorescence surrounding the fovea. 
(c) Spectral domain-optical coherence tomography, showing loss of the 
foveal ellipsoid zone and thinning of the outer nuclear layer at age 16.

Fig. 41.2  Case summary: 6-year-old girl with KCNV2 retinopathy and 20/200, 20/300 visual acuity. (a) Color fundus photograph of the right eye, 
showing loss of the foveal reflex. (b) Spectral domain-optical coherence tomography, showing disruption of the foveal ellipsoid zone at age 12.
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Fig. 41.3  Case summary: 
11-year-old girl (CEI26492) 
KCNV2 mutations. (a) Color 
fundus photograph of the 
right eye, showing macular 
atrophy. (b) Fundus 
autofluorescence of the right 
eye, showing a small ring of 
hyperautofluorescence 
surrounding the fovea. (c) 
Spectral domain-optical 
coherence tomography 
showing complete loss of the 
foveal ellipsoid zone.
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KLHL7

KLHL7 encodes Kelch-like protein 7, which is part of the E3 
ubiquitin ligase complex of the proteasomal pathway. 
Mutations in KLHL7 cause 1–2% of autosomal dominant 
retinitis pigmentosa (adRP) (rod-cone dystrophy) [1–3].

Broadly, when compared with adRP caused by mutations 
in other genes, adRP caused by KLHL7 mutations exhibits a 
later age of disease onset, with median age of diagnosis of 
50  years, although some patients may exhibit more rapid 
deterioration of visual function [3]. Interestingly, evaluation 
in one patient, aged 17 years, revealed a normal fundus with 
no deterioration in ERG parameters [2]. Initial symptoms are 
typical for RP, with patients presenting with nyctalopia and 
decreased peripheral vision. Visual acuity is usually main-
tained until late in the disease course, when macular atrophy 
may develop [3].

Fundoscopy may demonstrate a normal fundus in younger 
patients but usually shows mid-peripheral bone spicules in 
areas of RPE atrophy, attenuated vasculature, and disc pallor 
(Fig. 42.1a–d). Full-field ERG reveals a rod-cone pattern of 
degeneration but exhibits intrafamilial variability [2, 3]. Wen 
et al. [3] report a 3% rate of yearly decline in the photopic 
flicker response. Multifocal ERG usually reveals preserved 
responses until late in the disease course, when there may be 
macular atrophy. GVF testing reveals constriction of periph-
eral fields, paracentral scotomata, or normal visual fields in 
younger patients. Fields are usually limited to 10–20° by age 
65, although some patients may retain peripheral islands into 
their 60s [3]. OCT usually reveals retinal thinning and loss of 
the ellipsoid zone but with foveal preservation (Fig. 42.1e–f) 
[3]. CME has also been reported [2, 3].
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Fig. 42.1  Case summary: 56-year-old female with late-onset rod-cone 
dystrophy with a mutation in KLHL7, with best-corrected visual acuity 
of 20/40 in both eyes. (a, b) Color fundus photographs of the right and 
left eyes, showing RPE atrophy along and outside the arcades. (c) 
Fundus autofluorescence image of the right eye, showing hypoautofluo-

rescent areas along and outside the arcades in areas of RPE atro phy as 
well as hyperautofluorescent rings surrounding the foveae in both eyes. 
(d, e) Spectral domain optical coherence tomography, showing signifi-
cant ellipsoid zone and outer nuclear layer loss in both eyes, with spar-
ing at the fovea. There are also mild epiretinal membranes in both eyes.
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LCA5

LCA5 encodes lebercilin, which is involved in microtubule 
transport. Mutations in LCA5 cause 1–2% of autosomal 
recessive Leber congenital amaurosis [1–5].

Patients with LCA5 mutations typically present within 
the first few months of life with poor pupillary reflexes, 
roving eye movements, oculodigital sign, high hyperopia, 
and pendular nystagmus. Given poor visual function and 
nonrecordable electroretinogram (ERG), pupillary response 
thresholds using direct transient pupillary light reflex mea-
surements have been used to quantify function and were 
found to be elevated by over 5.5 log units in one study [6]. 
Bilateral keratoconus has been reported in one family [5]. 
Visual acuity is generally very poor and may range from 
20/100–20/400 or worse (Mohamed et  al. and Jacobson 
et al. reported LP in all patients from two families [2, 6]). 
Very young patients may exhibit a normal fundus, but 
patients eventually develop attenuated vasculature, pig-
ment mottling, and bone spicule deposits (Figs.  43.1 and 

43.2a). White dots, posterior staphyloma, macular atrophy, 
and early-onset cataracts have also been reported in one 
family; macular atrophy may progress to a coloboma-like 
appearance [2]. Metallic sheen of the macula [7] and optic 
disc drusen [1, 6] have also been reported. Hyperopia may 
progress with age [3]. Fundus autofluorescence may show 
hyperautofluorescence at the fovea (Fig. 43.2b). The full-
field ERG is extinguished at an early age [3]. When record-
able, it may show a rod-cone pattern of degeneration [5]. 
When fields are recordable, Goldmann visual field testing 
may show small central islands of vision [6]. Jacobson 
et  al. reported that optical coherence tomography (OCT) 
reveals abnormal retinal lamination that worsens with 
eccentricity from the fovea; outer retinal structures may be 
maintained at the fovea (Fig. 43.2c). Infrared autofluores-
cence may show preserved RPE in younger patients in 
areas of maintained photoreceptor integrity  (as seen on 
OCT) [6].
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Fig. 43.1  Case summary: 22-year-old man with  Leber congenital 
amaurosis. (a) Color fundus photograph of the right eye, showing mac-
ular atrophy and midperipheral patchy retinal pigment epithelium 
changes.

Fig. 43.2  Case summary: 
20-year-old with Leber 
congenital amaurosis, onset at 
birth, visual acuity 1.3 
logMAR (Snellen 20/400). (a) 
Color fundus photograph of 
the left eye, showing a mildly 
pale disc, attenuated 
vessels, and mid-peripheral 
retinal pigment epithelium 
mottling in the macula. (b) 
Fundus autofluorescence of 
the left eye, showing a small 
central residual 
hyperautofluorescent island. 
(c) Spectral domain-optical 
coherence tomography, 
showing ellipsoid zone loss 
outside the fovea.
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LRAT

LRAT encodes lecithin retinol acyltransferase, which cata-
lyzes the earlier reactions in the retinoid visual pathway in 
the retinal pigment epithelium (RPE). Recessive mutations 
in LRAT cause a spectrum of disease that ranges from Leber 
congenital amaurosis (LCA) to forms of “juvenile” or “early-
onset” retinitis pigmentosa (RP) that present slightly later in 
life [1–3].

Patients with recessive mutations in LRAT may present 
within the first few years of life (often less than 3 years of 
age) with poor visual acuity, progressive and severe night 
blindness, impaired dark adaptation, and photophilia; some 
patients may have nystagmus and abnormal color vision [2, 
4]. Fundus findings include retinal vascular attenuation, disc 
pallor, and bilateral peripheral atrophy; retinal pigmentation 
or bone-spicule deposits are uncommon. Some patients may 
have RPE mottling at the macula that extends to the arcades. 
Epiretinal membranes and asteroid hyalosis have been 
reported as well. Fundus autofluorescence (FAF) reveals 

globally reduced signal intensity, reflecting reduced lipofus-
cin accumulation, though there may be rare patchy increased 
signal intensity in the macula or around the optic disc. OCT 
may show a broadened foveal pit and outer retinal hyperre-
flective deposits, with poorly defined retinal lamination [4]. 
The inner segment/outer segment (IS/OS) (ellipsoid zone) 
line, which reflects photoreceptor integrity, may be main-
tained in younger patients [4]. A “saw-tooth” pattern in the 
nerve fiber layer was reported in three of four patients with 
LRAT mutations [4]. The visual field is significantly reduced, 
and the full-field electroretinogram (ERG) is non-recordable 
at an early age. When the ERG is recordable, it is usually 
only photopic responses that are detected, corresponding to a 
rod-cone pattern of degeneration. Goldmann Visual Field 
(GVF) reveals constricted visual fields in a rod-cone pattern. 
Further specialized testing, such as static threshold perimetry 
and dark-adapted spectral sensitivity testing, may reveal the 
extent of loss of rod and cone function [4].
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MAK

MAK encodes a protein kinase involved in the regulation of 
photoreceptor-connecting cilium length in its longer isoform 
[1], which is present in the inner segments, cell bodies, and 
axons of rod and cone photoreceptors [1, 2]. Its shorter iso-
form predominates in the testes [3]. Mutations are responsi-
ble for autosomal recessive retinitis pigmentosa (RP).

The most frequently encountered mutation in MAK is a 
353-bp insertion of an Alu repeat in exon 9 [1, 2], which 
has a carrier frequency of 1 in 55 in the Ashkenazi Jewish 
population, suggesting that it would be responsible for 
about 33% of RP in this group of individuals [1]. Nonsense 
and missense mutations in MAK have been identified in 
other populations, although at a lower frequency, with 
homozygous mutations present in 11 of 334 individuals 
screened with isolated or autosomal recessive RP [4]. Age 
of onset for individuals with MAK mutations varies from 20 
to 60  years, and symptoms appear to be less severe than 
other types of RP. Visual acuity is often 20/50 or better in at 
least one eye until the 70s [1, 4]. On fundus exam, individu-
als display typical pigmentary changes in the midperipheral 
retina, vessel attenuation, and waxy pallor of the optic 
nerve head (Fig. 45.1a) [1]. Fundus autofluorescence may 

show areas of macular hyperautofluorescence and hypoau-
tofluorescence in areas of retinal pigment epithelium (RPE) 
atrophy (Fig. 45.1b). In the population homozygous for the 
Jewish founder mutation, Optical coherence tomography 
(OCT) shows decreasing foveal photoreceptor layer thick-
ness with increasing distance from the fovea (Fig. 45.1c), 
and some patients display hyperthickness of the paracentral 
inner retina. On electroretinography (ERG) in this same 
population, only 4 of the 24 patients had detectable rod 
ERG b-waves, while 13 had a detectable cone flicker. All 
showed rod-cone dysfunction. On Goldmann visual field 
testing, visual field was seen to decrease at 11% per year 
for the large  isopter target and 18.4% per year for the 
smaller target. Early loss was seen in the superior-temporal 
quadrant, later loss in the superior and midperipheral fields, 
and only central islands were present at late stages of dis-
ease. The nasal field was relatively spared [1]. In popula-
tions with other mutations in MAK, visual field was also 
observed to be significantly constricted, with half of the 8 
subjects in the study by Ozgul et al. [4] demonstrating tun-
nel vision of 25° or less. However, two of these patients had 
only sectoral RP [4].
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Fig. 45.1  Case summary: 34-year-old man with RP. (a) Wide-field 
color fundus photograph of the left eye, showing nasal RPE atrophy and 
bone spicule pigmentation prominent in the mid-peripheral retina. (b) 
Wide-field fundus autofluorescence of the left eye, showing areas of 
abnormal macular hyperautofluorescence and nasal areas of hypoauto-

fluorescence corresponding to RPE atrophy and pigment deposition. (c) 
Spectral domain optical coherence tomography of the left eye, showing 
essentially normal macular architecture except for temporal loss of the 
ellipsoid zone.
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MERTK

MERTK encodes the widely-expressed tyrosine-protein 
kinase Mer, which is a receptor tyrosine kinase involved in a 
signal transduction pathway that regulates numerous cellular 
processes. In the retina, it is expressed in the RPE and plays 
a role in the phagocytosis of rod outer segments. Autosomal 
recessive mutations in MERTK cause retinitis pigmentosa 
(rod-cone dystrophy) [1–4].

Visual symptoms include nyctalopia, progressive con-
striction of peripheral visual fields, and loss of visual acuity. 
Symptom onset occurs within the first two decades of life. 
Visual acuities are usually 20/50 or better before age 16, 
although in one family with macular atrophy, patients had 
light perception only vision by age 9; acuity declines pro-
gressively and is often light perception only before age 50 [1, 
2, 4]. Posterior subcapsular cataracts are common. Fundus 
examination findings reveal arteriolar attenuation and bone-
spicule pigment deposits in the mid-periphery with atrophy. 
Many patients have been reported to have macular abnor-
malities, including crystalline deposits, RPE pigment mot-
tling, macular atrophy, and bull’s eye maculopathy 

(Figs. 46.1a and 46.2a). Some patients exhibit a ring of hype-
rautofluorescence around a hypoautofluorescent fovea 
(Figs. 46.1b, 46.2b, d, and 46.3a). Areas of macular atrophy 
are hypoautofluorescent and are sometimes surrounded by a 
region of hyperautofluorescence similar to that seen in geo-
graphic atrophy associated with advanced dry age-related 
macular degeneration [3, 5]. Optical coherence tomography 
(OCT) usually reveals thinning of the outer retina, debris-
like material in the subneurosensory space, and disruption of 
the external limiting membrane/ellipsoid zone/RPE 
(Figs. 46.1c, 46.2c, and 46.3b) [4, 5]. Full-field electroreti-
nography demonstrates a rod-cone pattern of degeneration 
within the first decade of life and tends to decline with age 
[1–4]. Goldmann visual field (GVF) testing may be normal 
in young teenagers but typically illustrates progressive 
peripheral constriction in a rod-cone pattern.

In one study, a homozygous loss of function of MERTK 
due to uniparental disomy was reported. The ophthalmic 
phenotypes described in this patient were similar those 
described above [6].
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Fig. 46.1  Case summary: 12-year-old male with rod-cone dystro-
phy associated with mutations in MERTK. (a) Color fundus photograph 
of the left eye, showing macular atrophy and retinal pigment epithelium 
(RPE) changes. (b) Fundus autofluorescence, showing macular hypo-

autofluorescence with surrounding abnormal hyperautofluorescence. 
(c) Spectral domain-optical coherence tomography (SD-OCT), show-
ing significant ellipsoid zone (EZ) loss in the macula.

46  MERTK



143

Fig. 46.2  Case summary: An 11-year-old male with MERTK retinopa-
thy. (a) Color fundus photograph of the right eye, showing RPE mot-
tling and pigment clumping in the macula. (b) Fundus autofluorescence 
of the left eye, showing macular hyperautofluorescent foci. (c) Spectral 

domain-OCT, showing EZ loss with foveal-sparing, with epiretinal 
membranes in both eyes and cystic changes in the right eye. (d) Fundus 
autofluorescence (55°) of the same patient at age 14, showing marked 
cystoid macular edema and macular hyperautofluorescent foci.
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Fig. 46.3  Case summary: A 16-year-old patient with MERTK-related 
disease. (a) Fundus autofluorescence of the right and left eyes, show-
ing central hyperautofluorescent foci in both eyes, with hypoautofluo-
rescent spots along the superior arcades in the right eye and  

superotemporal to the fovea in the left eye. 55-degree autofluores-
cence demonstrates hyperautofluorescent foci outside the arcades in 
both eyes. (b) Spectral domain-OCT of the right and left eyes, show-
ing epiretinal membranes and diffuse macular EZ loss.
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Fig. 46.3  (continued)
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MYO7A

MYO7A encodes an unconventional myosin, which acts as an 
ATPase-driven motor protein to transport melanosomes and 
phagosomes along actin filaments in the RPE and opsin and 
other phototransduction proteins in photoreceptors [1]. 
Mutations in MYO7A are associated with Usher Syndrome 
type 1B (USH1B).

MYO7A-related Usher syndrome type 1B follows an auto-
somal recessive pattern of inheritance. Type 1 Usher syn-
drome is characterized by severe-to-profound non-progressive 
sensorineural hearing loss (SNHL), pre-adolescent onset 
retinitis pigmentosa (RP), and often vestibular areflexia [2–
4]. Visual acuities are typically better than 20/60 in the first 

two decades of life [2]. Visual fields in USH1B patients start 
with mid-peripheral loss and progress to residual small cen-
tral islands, with a small temporal peripheral field in the most 
advanced stages of the disease. Funduscopy reveals arterio-
lar attenuation  and RPE atrophy with bone-spicule like 
pigmentation (Figs.  47.1, 47.2a, and 47.3) [4–7]. Fundus 
autofluorescence may show a ring of hyperautofluorescence 
in the macula (Fig.  47.4a). Optical coherence tomography 
(OCT) reveals loss of outer retinal structure, sparing the 
fovea, and cystoid macular edema  is frequently present 
(Figs. 47.2b and 47.4b). Full-field electroretinogram (ERG) 
shows severely reduced or nonrecordable parameters.
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Fig. 47.1  Color fundus photograph of the right eye from a 15-year-old 
male with Usher Syndrome, showing RPE atrophy outside and along 
the arcades, with macular-sparing.

Fig. 47.2  Case summary: 26-year-old male  (CEI19845) with Usher 
Syndrome Type 1. (a) Color fundus photograph of the right eye, show-
ing patchy RPE atrophy along the arcades, with sparse bone spicule 
pigmentation and peripapillary atrophy. (b) Spectral-domain optical 

coherence tomography (OCT), showing extensive loss of the ellipsoid 
zone and outer nuclear layer (sparing the foveola), with intraretinal cys-
tic changes (Images courtesy of Dr. Richard Weleber).
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deposition. (b) Spectral-domain optical coherence tomography (OCT), 
showing extensive loss of the ellipsoid zone and outer nuclear layer 
(involving the foveola), with foveal intraretinal cystic changes.

Fig. 47.3  16-year-old male (CEI26125) with Usher Syndrome Type 1. 
Color fundus photograph of the left eye, showing typical findings of 
retinitis pigmentosa, with mid-peripheral RPE atrophy and bone spicule 
pigment deposits.
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NMNAT1

NMNAT  (nicotinamide mononucleotide adenylyltransfer-
ase) is an enzyme involved in catalyzing NMN (nicotinamide 
mononucleotide) into NAD (nicotinamide-adenine dinucleo-
tide). It also acts as a chaperone for neuronal maintenance 
and protection, particularly axonal protection [1]. The 
NMNAT1 gene product protects against neuronal activity-
induced degeneration in mature photoreceptors. Mutations 
are responsible for a severe form of Leber congenital amau-
rosis (LCA) [2]. The c.769G > A (p.Glu257Lys) mutation 
(allele frequency ≈ 0.001 [3]) is the most common and is 
hypothesized to be a founder mutation in those of European 
descent [2, 4, 5].

NMNAT1 mutations likely cause <5% of LCA [5, 6]. The 
inheritance pattern is autosomal recessive. Patients present in 
the first years of life with severe and rapidly progressive 
macular degeneration, causing severe central atrophy with 

congenital macular coloboma in the neonatal period, and 
with early-onset atrophy of the optic nerve. Pseudocoloboma 
and optic atrophy are not present at birth; they are likely due 
to rapid degeneration of central photoreceptors and ganglion 
cells due to light exposure after birth [2]. As seen in other 
forms of LCA, patients also demonstrate nystagmus and 
severe vision loss [4]. Symptoms associated with NMNAT1 
mutations tend to be earlier onset and more rapidly progres-
sive than in other LCA patients. Homozygotes and com-
pound heterozygotes are legally blind, with some 
demonstrating light perception or hand motion visual acuity 
[5]. Fundus exam shows macular atrophy with macular colo-
boma or pseudocoloboma, attenuated blood vessels, pigmen-
tary retinal changes, and optic disc pallor (Figs.  48.1a, b)  
[4, 5]. ERG is typically undetectable [7].
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Fig. 48.1  Nine year old girl with Leber congenital amaurosis with onset 
at 2 months of age and light perception visual acuity. (a) Color fundus 
photograph of the right eye, showing a pale disc, attenuated vessels, 

peripheral RPE atrophy, and marked macular retinal/RPE/choroid atro-
phy. (b) Spectral domain-optical coherence tomography, showing a colo-
boma in the setting of extensive macular outer retinal atrophy.
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NR2E3

NR2E3 encodes a nuclear receptor that plays a role in retinal 
photoreceptor differentiation [1]. Mutations in NR2E3 cause 
autosomal recessive enhanced S cone syndrome (ESCS), 
Goldman-Favre Syndrome (GFS), clumped pigmentary reti-
nal degeneration (CPRD), recessive retinitis pigmentosa, and 
dominant retinitis pigmentosa [2, 3].

Patients with autosomal recessive ESCS caused by 
NR2E3 mutations present in the first decade with night 
blindness and reduced visual acuity [2]. Color vision is 
often defective, showing tritan sparing. Many patients are 
hyperopic, and cataracts have been observed; nystagmus is 
uncommon. The fundus is classically characterized by 
nummular pigment deposits at the level of the RPE along or 
outside the vascular arcades with RPE atrophy (Figs. 49.1a–
c and 49.2a, d). However, the fundus may be normal in 
some young patients, and other patients may exhibit only 
mild focal hyperpigmentation or yellow-white dots rather 
than the classic nummular pigmentation [4]. Foveal schisis 
is commonly observed (Figs.  49.1e and 49.2c). Vitreous 
cells are common, and some patients have other vitreous 
opacities, such as haze and veils [4]. OCT may reveal 
foveal schisis, intraretinal cysts, increased retinal thickness 
early in disease, and lamellar disorganization with disease 
progression (Figs. 49.1e and 49.2c) [5]. Fundus autofluo-
rescence may reveal hypoautofluorescence outside the 
arcades, patchy hyperautofluorescence inside the arcades, 
and spoke-like hyperautofluorescence at the fovea in the 
context of foveal schisis (Fig. 49.1d). The ERG is charac-
terized by these pathognomonic findings: undetectable rod-
only responses, similar waveforms in response to a bright 
flash under scotopic and photopic conditions, reduced 
flicker amplitude, and increased latency for the single flash 
photopic response [6]. These findings result from rod pho-
toreceptor precursors being directed to a different fate, 
resulting in an increase in the concentration of S-cones. 
This phenomenon is also illustrated by increased ampli-
tudes in response to shorter wavelength stimuli. Certain 
mutations have been shown to retain residual rod function 

and therefore may represent milder disease [7, 8]. GVF 
may reveal constricted peripheral fields, ring scotomata or 
relative central scotoma (Fig. 49.2b).

NR2E3 mutations can also cause Goldmann-Favre syn-
drome, which is part of a clinical spectrum of disease that 
includes ESCS [9]. It is also characterized by childhood 
onset of night blindness and reduced visual acuity. Posterior 
subcapsular cataracts (PSC) are commonly observed. 
Common funduscopic findings include progressively 
increasing clumped pigment deposits, peripheral or macular 
schisis, and liquefaction or fibrillary vitreous degeneration 
(Figs. 49.1 and 49.2). ERG often reveals non-recordable or 
severely reduced rod and cone parameters and may show 
enhanced S-cone function [10].

Recessive NR2E3 mutations have also been identified in 
clumped pigmentary retinal degeneration (CPRD) and in RP, 
which may both be parts of the spectrum of ESCS. CPRD, 
first described by To et al., is characterized by night blind-
ness, gradually constricting peripheral fields, and progres-
sively increasing clumped pigment deposits in the fundus 
(especially in the mid-periphery) [11, 12]. Hyperopia is com-
mon in these patients. Subretinal white dots, macular holes, 
vessel attenuation, and atrophic scars may also be seen.

Most patients with recessive RP caused by mutations in 
NR2E3 present with reduced visual acuity, hyperopia, and 
clumped pigmentary deposits (similar to CPRD) [13–15]. 
Some of these patients exhibit reduced rod parameters and 
supranormal dark- and light-adapted cone parameters, simi-
lar to patients with ESCS, but others have significantly 
reduced cone and rod parameters. Fundus features are vari-
able, even in patients with the same mutations [13]. Findings 
range from flecks similar to ABCA4-related disease, cystoid 
macular edema and schisis, macular atrophy, and nummular 
pigmentation outside the arcades.

There is significant intra- and interfamilial phenotypic 
variability in disease caused by NR2E3 mutations [13]. 
Escher et  al. [16] reported a family with some members 
that had ADRP while others had ESCS [16]. There are 
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Fig. 49.1  Case summary: 34-year-old female diagnosed with RP 
at age 12 presented with photopsias in the right eye for 6–8 months and 
“dark spots in the inferior field” for 1–2 months; good general health 
otherwise; no other affected family members; visual acuity 20/40 
OD and 20/30 OS. (a) Fundus photos OD and OS, showing RPE atro-
phy and pigment clumping outside the arcades. (b) Peripheral photos 

OD, showing peripheral RPE atrophy and pigment clumping. (c) 
Peripheral photos OS, showing peripheral RPE atrophy and pigment 
clumping. (d) FAF OD and OS, showing hyperautofluorescence in the 
parafovea with hypoautofluorescence outside the arcades correspond-
ing to areas of RPE atrophy and pigment clumping. (e) Spectral domain 
OCT OD and OS, showing inner retinal schisis temporal to the fovea.
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Fig. 49.1  (continued)
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Fig. 49.2  Case: 23-year-old female with poor vision in both eyes 
(courtesy of Dr. Rosa Dolz-Marco, MD, PhD and Lawrence 
A. Yannuzzi, MD, Vitreous Retina Macula Consultants of New York). 
(a) Fundus photos OD and OS with OD showing signs of macular schi-
sis. (b) Spectral domain-OCT of the nerves, showing full retinal nerve 
fiber layer thickness (OD and OS). Humphrey visual field testing shows 

reduced central sensitivities (OD greater than OS). (c) Spectral domain-
OCT of the macula OD and OS, showing macular schisis OD greater 
than OS; arrows show cystic changes OS. (d) Wide-field fundus photos 
and spectral domain-OCT composite OD and OS, showing clumped 
pigmentary deposits and macular schisis OD greater than OS.
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Fig. 49.2  (continued)

reports of subfoveal neovascularization and cystic macu-
lopathy associated with NR2E3 mutations. One study 
reported diffuse subretinal bleeding and fibrosis, and 
another reported reduced visual acuity with bilateral sub-
retinal helicoid fibrosis without other fundus features in a 
consanguineous family with homozygous mutations [17, 
18]. In addition, this same homozygous mutation (p.
R311Q) has also been reported to result in ESCS, GFS, 

CPRD, and recessive RP in different patients, further 
emphasizing the phenotypic variability associated with 
mutations in this gene.

Autosomal dominant RP has also been reported to be 
caused by mutations in NR2E3 [3, 19]. These patients pres-
ent with night blindness and sometimes with photophobia 
between the first and third decades. Funduscopy may reveal 
pigmentary deposits in a mixed bone spicule and nummular 
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clumped pattern, optic nerve pallor, vessel attenuation, and 
peripheral atrophy. ERG usually reveals a rod-cone pattern 
of degeneration but may be non-recordable, especially in 
older patients. Unlike autosomal recessive mutations in 
NR2E3, S-cone function has not been reported to be 
increased in patients  with autosomal dominant NR2E3-
related RP. Fundus autofluorescence often reveals two rings 
of hyperfluorescence  - a ring in the macula (which con-
stricts with age) and another ring along the arcades, which 
can expand with time [20]. Escher et al. [20] report that the 
IS-OS line (ellipsoid zone), which reflects photoreceptor 
integrity, is lost within the confines of these two hyperfluo-
rescent rings [20]. Nummular hypoautofluorescent areas 
have been reported around the arcades in patients without 
funduscopic evidence of pigmentation. GVF reveals con-
stricted fields and peripheral loss with mid-peripheral 
scotomata. One study has shown that pupil responses to 
rod-specific stimuli may be useful to detect progression of 
disease [21].
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NRL

NRL encodes the transcription factor neural retina leucine 
zipper, which is involved in regulating the expression of rod-
specific genes. It is essential for rod photoreceptor differen-
tiation during retinal development. Mutations in NRL are 
associated with retinitis pigmentosa and clumped pigmen-
tary retinal degeneration [1–3].

NRL-related retinitis pigmentosa most commonly follows 
an autosomal dominant pattern of inheritance, with autoso-
mal recessive disease less commonly described. Patients 
experience night blindness initially, with an onset between 
early childhood and the second decade of life, with signifi-
cant peripheral visual field constriction by their third to 
fourth decades of life [1–3]. Fundoscopy reveals typical 

signs of RP (Figs.  50.1a and 50.2a). Peripapillary atrophy 
may also be observed in both younger and older patients [1]. 
Fundus autofluorescence imaging may identify a perifoveal 
ring of increased autofluoresence at an early stage in young 
patients (Figs.  50.1b, c and 50.2b) [1]. Spectral domain-
optical coherence tomography (SD-OCT) is useful to dem-
onstrate the extent of photoreceptor loss in the macula and 
may show foveal-sparing early in the disease course 
(Figs. 50.1d and 50.2c). Full-field electroretinograms (ERG) 
may reveal non-recordable scotopic responses, but well-
preserved photopic responses in younger patients. Older 
patients may have both non-recordable scotopic and phot-
opic ERGs [1–3].
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Fig. 50.1  Case Summary: Male patient with a mutation in NRL. (a) 
Color fundus photos of the right and left eyes at age 12, showing an 
unremarkable macular appearance with peripheral pigment deposits 
visible outside the arcades (OD > OS). (b) Macular fundus autofluores-
cence of the right and left eyes at age 13, showing a macular ring of 
hyperautofluorescence. (c) Wide-field fundus autofluorescence of the 

right and left eyes at age 13, showing the macular rings of hyperauto-
fluorescence as well as hypoautofluorescence outside the arcades, cor-
responding to areas of atrophy and pigment deposition. (d) Spectral 
domain-optical coherence tomography (SD-OCT) of the macula in the 
right and left eyes, showing outer nuclear layer and ellipsoid zone (EZ) 
loss outside the foveal center, with a faint epiretinal membrane.
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Fig. 50.1  (continued)
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Fig. 50.2  Case Summary: (a) Color fundus photo left eye at age 63 
(media opacity over optic nerve suspected to be secondary to cataract), 
showing extensive macular atrophy with pigment deposition as well as 
peripheral chorioretinal  atrophy with dense pigmentation outside the 
arcades. There appears to be a residual area of parafoveal retinal pig-
ment epithelium (RPE) surrounding the central atrophy. (b) Fundus 
autofluorescence of the right eye at age 70, showing macular and 

peripheral hypoautofluorescence corresponding to areas of atrophy and 
pigmentation. The residual RPE in the parafovea exhibits abnormal 
hyperautofluorescence. (c) Spectral domain-OCT at age 70, showing 
extensive loss of the EZ in the macula with  a residual (abnormal-
appearing) scattered RPE band corresponding to hyperautofluorescent 
areas in the macula shown in Fig. 50.2b.
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NYX

Mutations in NYX, which encodes nyctalopin, causes 45% of 
X-linked congenital stationary night blindness [1]. Males 
with CSNB caused by mutations in NYX often present in the 
first decade with reduced visual acuity (20/30–20/200), night 
blindness in up to 97.2% of patients, myopia (average refrac-
tion −9.19  diopters in one study, more myopic than 
CACNA1F patients), usually normal color vision, nystagmus 
(40%) and strabismus (29.4%) [2, 3]. The fundus usu-
ally appears normal on fundoscopy (Figs. 51.1a and 51.2a), 
fundus autofluorescence (Figs. 51.1b and 51.2b), and optical 
coherence tomography (Fig.  51.2c), but patients with high 
myopia may exhibit myopic degeneration. Full-field ERG 
reveals severely decreased responses to dim scotopic flashes; 
a characteristic negative ERG on maximum scotopic stimu-

lation testing, in which the b-wave to a-wave ratio is less than 
1; and squaring of the photopic a-wave due to loss of the 
second oscillatory potential. These changes are thought to 
reflect an ON-pathway [2]. At high flicker frequencies, the 
photopic flicker amplitudes were attenuated in one study [4]. 
One study has shown that patients with NYX mutations 
exhibit less phenotypic variability with respect to visual acu-
ity, refractive error, and scotopic b/a wave ratio than patients 
with mutations in CACNA1F [2, 3]. Female carriers of NYX 
mutations tend to be asymptomatic and exhibit normal fun-
duscopic and electrophysiologic examinations.

Studies by Zhang et al. [5] and Yip et al. [6] have reported 
high myopia without features of CSNB in some patients with 
mutations in NYX.
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Fig. 51.1  Case Summary: 6-year-old male with CSNB with a mutation in NYX. (a) Wide-field color fundus photograph of the right eye, showing 
an essentially unremarkable right fundus. (b) Wide-field fundus autofluorescence, showing a normal pattern of autofluorescence.

Fig. 51.2  Case Summary: 
11-year-old male (CEI28443) 
with complete CSNB with a 
mutation in NYX. (a) Montage 
color fundus photograph of 
the right eye, showing an 
essentially unremarkable 
fundus. (b) Wide-field fundus 
autofluorescence, showing a 
normal pattern of 
autofluorescence except for 
patchy hyperautofluorescence 
around the optic nerve. (c) 
Spectral domain optical 
coherence tomography, 
showing good preservation of 
the retinal layers.
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OAT

OAT is a nuclear gene that encodes a mitochondrial enzyme 
that acts as an ornithine aminotransferase. Mutations in OAT 
are associated with gyrate atrophy of the choroid and retina, 
which follows an autosomal recessive pattern of inheritance 
[1–5]. Patients typically present with nyctalopia and/or loss 
of peripheral vision in their second decade of life, though 
some patients may present with progressive myopia or poor 
central vision. Patients may also manifest early cataracts 
(typically in the second decade of life) [2, 3, 6, 7]. Visual 
acuities vary within age groups, ranging from 20/40 to light 
perception, and decline with age [1].

Patients with gyrate atrophy typically have higher plasma 
ornithine levels (usually 10–20 times higher than normal) [8, 
9]. Fundoscopy reveals scalloped retinal pigment epithelium 
(RPE) and circular chorioretinal atrophic areas in the periph-
ery (Fig.  52.1a). Optic disc atropy, macular changes, and 
arteriolar attenuation may also be observed. The macula and 
central vision are typically preserved until the fourth and 
fifth decades of life. Fundus autofluorescence (FAF) imaging 
reveals characteristic areas of hypoautofluorescence corre-
sponding to areas of atrophy; a hyperautofluorescent region 
may surround these areas. Some patients may exhibit a hype-
rautofluorecent ring in an otherwise normal parafovea, while 
others may reveal speckled hyperautofluorescence in areas 
of the macula with normal retinal cross-sectional architec-
ture [5, 10]. Spectral-domain optical coherence tomography 
(SD-OCT) may reveal cystoid spaces in the inner nuclear 
layer and exhibit hyper-reflective deposits in the ganglion 

cell layer (Fig.  52.1b) [2, 5]. Areas of preserved ellipsoid 
zone (EZ) have been noted to correspond to areas of normal 
or hyperautofluorescent areas on FAF imaging, similar to 
other retinal dystrophies [2]. As would be expected, the areas 
corresponding to hypoautofluorescent atrophy on FAF 
exhibit thinning and loss of outer retinal layers [2, 5]. 
Thickening of the foveola may be observed in younger 
patients, while older patients may exhibit outer retinal tubu-
lation, which is characterized by tubular hyporeflective 
spaces surrounded by hyperreflective borders [2, 3]. There 
are varying degrees of retinal atrophy in areas of peripheral 
chorioretinal degeneration, or, at a minimum, interruption of 
the ellipsoid zone [2]. Cystoid macular edema has also been 
reported in some patients [2, 3]. Full-field electroretinogra-
phy (ERG) recordings are variable but typically show both 
abnormal cone and rod responses, which can sometimes be 
completely extinguished [1, 10].

Microperimetry reveals that areas with maintained reti-
nal architecture and normal autofluorescence may exhibit 
reduced sensitivity, while areas corresponding to atrophy 
show no response to bright stimuli [2]. Patients with gyrate 
atrophy may be treated with a low arginine protein diet to 
slow progression of disease [10–13]. There is a subset of 
patients that may respond to pyridoxine (vitamin B6), 
which is a cofactor for the OAT enzyme. These patients 
exhibit reduced plasma ornithine levels and slower pro-
gression of disease with daily pyridoxine supplementation 
[14, 15].
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Fig. 52.1  Case Summary: 30-year-old woman with gyrate atrophy, 
diagnosed based on elevated ornithine levels, OCT performed at age 34. 
(a) Wide-field color fundus photograph of the left eye, showing scal-
loped chorioretinal atrophy with pigment deposition and retinal vessel 

attenuation. (b) Spectral domain optical coherence tomography of the 
left eye, showing intraretinal cystic changes with overall maintenance 
of the ellipsoid zone in the macula.
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OPN1LW and OPN1MW

OPN1LW and OPN1MW lie side by side on the X-chromosome 
and encode the long-wavelength (red) and middle-wavelength 
(green) cone opsins, respectively. Mutations in these genes 
cause a wide array of X-linked conditions ranging from red-
green dyschromatopsia, blue cone monochromacy (BCM), 
cone/cone-rod dystrophy, and high myopia.

BCM is caused by mutations involving both OPN1LW 
and OPN1MW (sometimes from unequal crossing over that 
results in a single mutated hybrid gene) or in the locus con-
trol region lying upstream of these genes [1–5]. Patients typi-
cally present within the first decade with photophobia, 
pendular nystagmus, and poor visual acuity (typically 
between 20/60 and 20/400) [3, 6, 7]. Patients may exhibit 
central scotomas and eccentric fixation. Patients also typi-
cally exhibit severe color vision defects, observed with vari-
ous types of testing (i.e. Mollon-Rifflen [RF] Minimal and 
Hardy-Rand-Rittler [HRR] pseudoisochromatic Plates), 
showing poor discrimination along the protan and deutan 
axes but maintained discrimination of tritan axes [3]. Myopia 
is very common in patients with BCM [3, 8]. Fundus exami-
nations in younger patients are often unremarkable or show 
mild macular retinal pigment epithelium (RPE) changes, 
while older patients may exhibit macular atrophy, which 
may be better visualized with fundus autofluorescence (FAF) 
imaging (Figs. 53.1 and 53.2a) [3, 9, 10]. Spectral domain 
optical coherence tomography may reveal reduced foveal 
thicknesses and varied disruption of the ellipsoid band 
around the foveal center (Fig.  53.2b) [10–12]. Patients 
crossing-over mutations may exhibit a wider area of ellip-
soid band loss than those with missense mutations [12]. 
Adaptive optics may be useful in further evaluating the 
degree of foveal cone photoreceptor loss in areas of ellipsoid 
disruption [10, 12]. Electroretinograms (ERG) usually show 

normal rod responses but severely reduced photopic param-
eters. ERG testing using monochromatic stimuli may reveal 
absent green and red responses and normal responses to blue 
light [11].

Certain mutations have also been reported to cause 
X-linked cone/cone-rod dystrophy [2, 5, 13–16]. These 
patients also tend to present with poor visual acuity within 
the first decade; myopia is common (not high myopia), while 
nystagmus is uncommon [13]. One study reported that these 
patients may present in the second or third decades and retain 
better visual acuity [2] than those with BCM. Similar to those 
BCM, most of these patients retain discrimination along the 
tritan axis, with abnormalities in the protan and deutan axes 
[13]. Fundus findings range from mild RPE pigment changes 
at an early age to macular atrophy in older patients. FAF may 
be normal in young patients or exhibit a parafoveal ring of 
hyperautofluorescence; there is hypoautofluorescence in 
areas of atrophy [13]. ERG usually reveals abnormal phot-
opic parameters with normal scotopic parameters [2, 5, 13]. 
Some patients may exhibit a cone-rod dystrophy phenotype 
with progressive deterioration in both photopic and scotopic 
ERG parameters [2].

Some patients exhibit a phenotype described as X-linked 
myopia with cone dysfunction [14]. These patients exhibit 
moderate-to-high myopia, reduced visual acuity, and prota-
nopia. The fundoscopic exam is usually normal except for 
myopic changes in some patients. The full-field ERG 
reveals abnormal cone function that does not deteriorate 
with time [14].

Female carriers are typically clinically unaffected, but 
some may exhibit evidence of cone dysfunction with ERG 
testing [13] There has been a report of BCM in a female 
resulting from an abnormal X-inactivation pattern [11].
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Fig. 53.1  Case Summary: 3-year-old male with BCM. Color fundus photograph of the right eye, showing a normal fundus.

Fig. 53.2  Case summary: 49-year-old man with BCM. (a) Color fundus photograph of the right eye, showing loss of the foveal reflex and foveal 
atrophy. (b) Spectral domain optical coherence tomography, showing foveal ellipsoid zone loss with cavitation.
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PDE6A

PDE6A encodes the alpha-subunit of the cGMP phosphodies-
terase in rod photoreceptor cells that transmits visual signals 
during phototransduction. Mutations in PDE6A cause 2–5% of 
autosomal recessive retinitis pigmentosa (rod-cone dystrophy) 
[1–5]. Increased intracellular calcium and apoptosis resulting 
from reduced cGMP phosphodiesterase activity is thought to 
be a possible mechanism for rod photoreceptor cell loss [6].

These patients typically present with nyctalopia and 
peripheral field loss in early childhood. Visual acuity is usu-
ally maintained until later in the disease course. Fundus find-
ings demonstrate typical signs of RP, including optic disc 

pallor, retinal vascular attenuation, and classic bone-spicule 
deposits in the mid-peripheral retina, which may be exten-
sive (Fig. 54.1a) [4]. The full-field electroretinogram reveals 
a rod-cone pattern of degeneration; scotopic responses are 
often non-recordable. Tsang et  al. [4] reported that vitreo-
macular traction is seen in some patients, and this may be 
best visualized on optical coherence tomography (Fig. 54.1c); 
fundus autofluorescence may reveal a hyperautofluorescent 
ring in the macula (Fig. 54.1b), in which the microperimetric 
thresholds are elevated. Bilateral cystoid macular edema has 
also been reported [4].
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Fig. 54.1  Case Summary: 15-year-old female with retinitis pigmen-
tosa (simplex) (CEI26433) with mutations in PDE6A. (a) Montage 
color fundus photograph of the left eye, showing bone spicule pigmen-
tation and RPE atrophy in the mid-peripheral retina. (b) Wide-field fun-
dus autofluorescence of the left eye, showing hypoautofluorescence 
associated with bone spicule pigmentation, with surrounding foci of 

hyperautofluorescence. There is also a hyperautofluorescent ring in the 
macula. (c) Spectral domain optical coherence tomography of the left 
eye, showing extrafoveal loss of the ellipsoid zone and outer nuclear 
layer, cystoid changes at the fovea, as well as a faint temporal epiretinal 
membrane.
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PDE6B

PDE6B encodes the beta-subunit of the cGMP phosphodies-
terase in rod photoreceptor cells that plays a key role during 
phototransduction. Mutations in PDE6B cause 2–5% of 
autosomal recessive retinitis pigmentosa (rod-cone dystro-
phy) [1] and rarely autosomal dominant congenital station-
ary night blindness (CSNB) [2].

Patients with recessive mutations in PDE6B report nycta-
lopia and peripheral field loss starting in early childhood [1, 
3, 4]. Visual acuity is generally maintained (better than 
20/40) until later in the disease course. Fundus findings are 
typical for retinitis pigmentosa, including optic disc pallor, 
retinal vascular attenuation, and bone-spicule deposits in the 
mid-peripheral retina, which progresses to peripheral atro-
phy that may ultimately involve the macula (Fig. 55.1); some 
patients may exhibit cystoid macular edema. The full-field 
electroretinogram (ERG) reveals a rod-cone pattern of 
degeneration; scotopic responses are often non-recordable 
[4]. Dark adaptation thresholds are elevated, and Goldmann 
visual field testing reveals constriction starting in the mid-
peripheral fields followed by extension to the periphery and 

finally constriction centrally. Spectral domain-optical coher-
ence tomography may demonstrate outer retinal atrophy 
with ellipsoid zone loss, faint epiretinal membrane, and inner 
retinal cystic changes (Fig.  55.2a, b). Fundus autofluores-
cence reveals areas of hypoautofluorescence corresponding 
to areas of retinal pigment epithelium atrophy; some patients 
may exhibit a ring of hyperautofluorescence surrounding the 
fovea (Fig. 55.2c, d) [4]. Microperimetry shows reduced sen-
sitivities in areas of hypoautofluorescence [4].

Certain mutations in PDE6B can cause dominant CSNB 
[2, 5]. These patients typically experience stable night blind-
ness but maintain good central visual acuity and color vision. 
Funduscopy usually reveals a normal fundus, and testing 
reveals elevated dark adaptation thresholds, reduced to 
absent dark-adapted a- and b-waves, and normal photopic 
responses. A negative ERG, in which the b-wave to a-wave 
ratio is less than 1 for the scotopic b-wave under dark-
adapted maximum stimulus conditions, may be observed in 
patients with dominant CSNB associated with mutations in 
PDE6B [5].
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Fig. 55.1  Color fundus photograph of the right eye, showing mid-
peripheral bone-spicule pigmentation and peripheral retinal atrophy. 
Case Summary: Twenty-eight year old woman with rod-cone 
dystrophy.

55  PDE6B



179

Fig. 55.2  Case Summary: 
33-year-old female with 
cystoid macular edema. (a) 
Spectral domain-optical 
coherence tomography of the 
right eye, showing outer 
retinal atrophy with ellipsoid 
zone (EZ) loss outside the 
fovea, with a faint epiretinal 
membrane and inner retinal 
cystic changes. (b) Spectral 
domain-OCT of the left eye, 
showing EZ loss involving the 
fovea, with a trace ERM and 
inner retinal cystic changes. 
(c) Fundus autofluorescence, 
showing a ring of 
hyperautofluorescence 
surrounding the fovea and 
patchy hypoautofluoresence 
outside the arcades in the 
right eye. (d) Fundus 
autofluorescence, showing 
macular 
hyperautofluorescence and 
patchy hypoautofluorescence 
outside the arcades in the left 
eye.
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PDE6C

PDE6C encodes cone cGMP-specific 3′,5′-cyclic phospho-
diesterase subunit alpha (cGMP phosphodiesterase 6C), 
which is an enzyme expressed in cone photoreceptors. 
Autosomal recessive mutations in PDE6C cause cone-
specific disorders ranging from achromatopsia to cone dys-
trophy [1, 2].

Patients can present within the first decade with poor 
visual acuity, photophobia, abnormal color vision, and nys-
tagmus; most tend to be myopic. Fundoscopy may be unre-
markable or reveal mild macular pigment changes with an 
absent foveal reflex in the context of a normal peripheral 
retina; some patients may exhibit atrophy at the macula 
(Fig. 56.1a) [1, 2]. The electroretinogram (ERG) is notable 
for abnormal cone function with normal rod function, 
although reduced rod parameters have been reported in 
some patients [1–4]. Cone function worsens with age in 

many patients  until responses are extinguished, but some 
patients may exhibit a non-recordable cone ERG within the 
first decade of life. Goldmann visual field testing and micro-
perimetry reveal central scotomas [1, 3]. Fundus autofluo-
rescence may show abnormal foveal autofluorescence, 
ranging from hyperautofluorescence to hypoautofluores-
cence in cases with foveal atrophy (Fig.  56.1b). Spectral 
domain optical coherence tomography typically reveals a 
loss of the photoreceptor layer at the fovea that appears as a 
cavitation (or empty optical cavity) at the foveola with loss 
of the ellipsoid zone (Fig. 56.1c) [2, 3, 5]. While mutations 
in PDE6C cause a spectrum of disease from progressive 
cone dystrophy to achromatopsia, the final phenotype may 
be determined by the type and nature of inherited disease-
causing mutations and the degree to which enzyme activity 
is affected [5].
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Fig. 56.1  Case summary: 10-year-old girl with achromatopsia. (a) 
Color fundus photograph of the right eye, showing an abnormal foveal 
reflex at age 10  years. (b) Fundus autoflourescence of the right eye, 
showing abnormal areas of hyperautofluorescence at and surrounding 

the fovea at age 12 years. (c) Spectral-domain optical coherence tomog-
raphy, showing outer retinal foveal atrophy with ellipsoid zone loss and 
cavitation in the context of a broadened foveal pit at age 10.
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PDE6G

PDE6G encodes the gamma-subunit of the cGMP phospho-
diesterase in rod photoreceptor cells that plays a key role 
during phototransduction. Mutations in PDE6G are a rare 
cause of autosomal recessive retinitis pigmentosa (RP; rod-
cone dystrophy) and autosomal dominant congenital sta-
tionary night blindness [1, 2]. Due to the rarity of mutations 
in this gene, limited information is available on the pheno-
type. Compared to other forms of RP, it exhibits an earlier 
onset of photoreceptor dysfunction on electroretinography 
(ERG); however, best corrected visual acuity was relatively 
good (as high as 20/40 at age 10–16). Patients present with 
the typical features of RP, including night blindness, reduced 
peripheral vision, and preserved central visual acuity. 
Funduscopic findings demonstrate retinal pigment epithe-
lium (RPE) atrophy and bone-spicule pigment deposits 
starting in the mid-periphery and spreading to the periphery, 

retinal vascular attenuation, and optic disc pallor. Macular 
atrophy and cystoid macular edema may also develop in 
some patients. Full-field ERG is usually non-recordable at 
an early age (as early as 4 years). Visual field testing usually 
reveals a central island of remaining vision (<5–10°) from 
10–16 years of age. [1].
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PHYH

PHYH (also called PAHX) encodes the peroxisomal protein 
phytanoyl-CoA hydroxylase, which is involved in the per-
oxisomal α-oxidation of phytanic acid. Mutations in PHYH 
cause adult Refsum disease, which is an autosomal-recessive 
peroxisomal disorder resulting from serum and tissue accu-
mulation of phytanic acid. The disease has numerous fea-
tures, including retinitis pigmentosa (RP) as well as 
peripheral polyneuropathy, anosmia, hearing loss, cardiomy-
opathy, cerebellar ataxia, and elevated protein levels in the 
cerebrospinal fluid [1, 2]. It is as yet unclear how elevated 
levels of phytanic acid result in disease.

All cases of adult Refsum disease exhibit retinitis pig-
mentosa, and most patients report ophthalmic symptoms 
long before other systemic issues [3]. There is typically an 
onset of night blindness and visual field constriction from 
early childhood to the second decade of life [2, 4, 5]. Visual 
acuities may be normal early in the disease course to very 
severely affected (hand movement vision) in older patients 
[2]. Concentric narrowing of the visual field is also common, 
as with other types of rod-cone dystrophy. However, progres-
sive visual field and acuity deterioration occur over several 
decades after the initial onset of night blindness [2, 4]. Some 
patients may exhibit earlier macular atrophy, resulting in loss 
of visual acuity at a younger age [6]. Electroretinography 
(ERG) usually reveals significantly reduced or non-
recordable rod and cone responses, although it is reasonable 

to expect a rod-cone pattern of degeneration in patients [1]. 
Dietary restriction of phytanic acid levels (to less than 10 mg/
day) has been shown to successfully improve ichthyosis and 
neurologic symptoms such as ataxia and peripheral neuropa-
thy, but it is unknown whether this affects the progression of 
retinal disease [4–7].
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PRCD

PRCD encodes progressive rod-cone degeneration protein, 
whose function is poorly defined, but which is known to be a 
membrane protein expressed in photoreceptors [1]. Autosomal 
recessive mutations in PRCD cause retinitis pigmentosa (rod-
cone dystrophy) [2, 3]. A founder mutation has been identi-
fied in the Muslim Arab population in Israel [3]. Symptoms 
include nyctalopia and reduced visual acuity within the first 
decade, with most patients exhibiting very poor visual acuity 
by the second decade. Myopia and posterior subcapsular cata-
racts are common findings [3, 4]. Fundus findings include 

classic RP features, such as bone-spicule pigment deposits, 
optic nerve pallor, and arteriolar attenuation (Fig. 59.1a, b). 
Many patients also exhibit abnormal findings at the macula, 
such as macular puckering, central atrophy, or a bull’s eye 
maculopathy [2–4]. The full-field ERG has been reported to 
be non-recordable in all published patients, including a child 
only 6 years of age [2–4]. Goldmann visual field testing tends 
to reveal peripheral field loss [2]. Spectral domain OCT 
reveals reduced foveal thickness, with shortened outer seg-
ments and loss of the ONL and RPE [4].
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Fig. 59.1  Case summary: 45-year-old woman with pericentral retinitis 
pigmentosa. (a) Color fundus photograph of the right eye, showing 
pericentral pigment deposits and retinal pigment epithelium (RPE) 
atrophy along the inferior arcades with an otherwise unremarkable 

fundus. (b) Fundus autofluorescence, showing hypoautofluorescence 
along the inferior arcades in areas of RPE atrophy with surrounding 
areas of hyperautofluorescence and with hyperautofluorescence along 
the arcades.
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PROM1

PROM1 encodes prominin-1, a membrane protein involved 
in disk morphogenesis. Mutations in PROM1 cause autoso-
mal dominant macular dystrophy, autosomal recessive or 
dominant retinitis pigmentosa (RP), or  recessive cone-rod 
dystrophy [1–3].

Patients with macular dystrophy may present in their 
teens to thirties and with reduced visual acuity, photophobia, 
and abnormal color vision [4]. Funduscopic findings are 
characterized by bilateral macular degeneration and may 
include retinal pigment epithelium (RPE) changes, bull’s-
eye maculopathy with atrophy, or flecks (Fig.  60.1a). 
Fluorescein angiography usually shows hyperfluorescent 
macular lesions with window defects; a dark choroid has 
been reported in one patient but is not necessarily pathogno-
monic for this mutation. FAF may reveal a hyperautofluores-
cent perifoveal ring (Fig. 60.1b). In cases of isolated macular 
involvement, the full-field electroretinogram (ERG) is nor-
mal, while rod-cone or cone-rod pattern dysfunction sug-
gests more widespread retinal involvement. Goldmann visual 
field (GVF) usually shows central scotomata. Optical coher-
ence tomography (OCT) may reveal macular atrophy 
with  retinal thinning such as a loss of the ellipsoid zone, 
reflecting lack of photoreceptor integrity (Fig. 60.1c); retinal 
tissue in the more peripheral macula may be less affected [4].

PROM1 mutations have also been shown to cause domi-
nant RP.  The initial symptom is usually reduced central 
vision, with night blindness becoming more noticeable with 
time. Age of onset may be variable, between the teens to the 
50s. Unlike many other forms of RP, funduscopy commonly 

reveals a bull’s eye maculopathy, with variable other features 
of RP, including attenuated vessels, optic disc pallor, periph-
eral pigment, and macular atrophy. Fluorescein angiography 
has never been noted to exhibit a dark choroid. ERG reveals 
rod-cone dysfunction. OCT may reveal reduced retinal thick-
ness, macular atrophy, or loss of photoreceptor outer 
segments.

Recessive RP may also be caused by PROM1 mutations 
[5]. The presenting symptoms are usually night blindness 
and reduced acuity, which begin in early childhood. Visual 
acuity reduces rapidly to significantly worse than 20/200 
before age 20. Nystagmus may be observed, but photophobia 
and keratoconus are uncommon. Fundus findings include 
disc pallor, progressive macular atrophy beginning with pig-
ment clumping (often exhibiting a bull’s-eye lesion), vascu-
lar attenuation, and bone-spicule pigment deposits in the 
mid-periphery. ERG reveals rod-cone dysfunction and is 
often non-recordable by the third decade. Polydactyly has 
been reported in one patient [5].

Recessive cone-rod dystrophy has also been reported to 
be caused by mutations in PROM1 [2]. Patients present in 
early childhood with reduced visual acuity (may progress to 
counting fingers before age 20), photosensitivity, and color 
vision defects; night vision is affected later in life. High 
myopia and nystagmus are commonly observed. Fundus 
findings are usually limited to the macula, including bull’s-
eye maculopathy, with rare deposits in the periphery 
(Fig. 60.2). ERG is characterized by cone dysfunction with 
progressively deteriorating rod function over time.
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Fig. 60.1  Case summary: 25-year-old woman with dominant macu-
lar dystrophy. (a) Color fundus photograph of the right eye, showing 
faint RPE abnormalities in the macula. (b) Fundus autofluorescence 
of the right eye, showing a ring of hyperautofluorescence surround-

ing the fovea. (c) Spectral domain optical coherence tomography, 
showing a broadened foveal pit and focal disruption of the ellipsoid 
zone surrounding the foveola, with an anatomically intact underly-
ing RPE.
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PRPF3

PRPF3 encodes U4/U6 small nuclear ribonucleoprotein 
Prp3, a nuclear protein that plays a role in mRNA splicing. It 
is highly expressed in the retina, among many other tissues; 
mutations affect its interaction with the U4/U6 snRNP com-
plex of the spliceosome [1]. Mutations in PRPF3 cause 
about one percent of autosomal dominant retinitis pigmen-
tosa (rod-cone dystrophy) [2–6]. It is not well understood 
how mutations in the components of the spliceosome result 
in a phenotype that affects only the retina [7].

Patients usually present with night blindness in childhood 
(first and second decades), then progressively lose peripheral 
fields into their thirties and forties, and usually exhibit a non-
recordable electroretinogram (ERG) by the fourth decade 
[8–10]. Some studies, however, have reported a later onset of 
night blindness, as late as age 40 [4, 6]. Patients with an ear-
lier onset of nyctalopia (within the first decade) tend to lose 
visual acuity more rapidly than those who experience nycta-
lopia in the second and third decades [6]. Most patients are 
myopic; nystagmus and color vision abnormalities are 
uncommon. Some patients develop photophobia later in the 
disease course [10].

Fundus findings feature classic features of rod-cone dys-
trophy, such as retinal vascular attenuation, optic disc pallor, 
retinal pigment epithelium (RPE) mottling, and bone spic-
ule pigment deposits in the mid-periphery and peripheral 
retina that progresses to atrophy later in the disease course. 
Younger patients may exhibit a normal fundus [6]. FAF 
reveals hypoautofluorescence in the peripheral and mid-
peripheral retina due to atrophy; some patients may exhibit 
granular hyperautofluorescence at the macula [8]. A hyper-
autofluorescent ring in the macula is common, the inner ring 
of which may correlate with the extent of the remaining 
visual field detected with the I-4e or I-3e isopters [6]. This 
ring may be present early in the disease course in the con-
text of a relatively normal fundus, before any symptoms 
manifest. The full-field ERG is often non-recordable by the 
fourth decade of life, and Goldmann Visual Field (GVF) 

reveals visual field constriction in a rod-cone pattern. When 
the full-field ERG is recordable (usually earlier in life), it 
exhibits a rod-cone pattern of degeneration. Dark-adaptation 
thresholds are elevated, as would be expected for a rod-cone 
dystrophy. Cystoid macular edema (CME) is uncommonly 
observed with mutations in PRPF3. Phenotypic variability, 
even in patients within the same family, is common, and 
there may be differences in visual acuity, field size, and 
ERG findings in patients harboring the same mutations [6].
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PRPF31

PRPF31 encodes U4/U6 small nuclear ribonucleoprotein 
Prp31, which is involved in mRNA splicing. Mutations in 
PRPF31 cause 8–9% of autosomal dominant retinitis pig-
mentosa (adRP) (rod-cone dystrophy) [1–4].

Patients with adRP caused by PRPF31 mutations present 
in the first-to-third decades with nyctalopia and reduced 
peripheral fields but generally maintain visual acuity until 
late in the disease course.  PRPF31 has incomplete pene-
trance, as many patients carrying the disease allele do not 
manifest signs of disease [3–6]. There is also a great deal of 
variable expressivity in PRPF31-related disease: even 
patients who carry the same mutations may exhibit variable 
phenotypes and disease severity [2]. There is evidence that 
this may be caused by haploinsufficiency (reduced levels of 
wild-type Prp31) and has led to a model of pathogenesis in 

which higher levels of normal protein are protective against 
disease [7, 8]. Co-occurrence of disease-causing alleles of 
PRPF31 and RHO in a family has been reported [9].

Fundus findings are typical for RP, including peripheral 
bone spicule deposits and pigment mottling, optic disc pal-
lor, and attenuated retinal vessels. As with other forms of RP, 
patients often develop CME and posterior sub-capsular cata-
racts [2, 10, 11]. OCT may reveal normal retinal lamination 
or exhibit CME, ERMs, or foveal thinning. FAF may reveal 
hypoautofluorescence outside the arcades with patchy loss of 
signal in the macula; there may be a perifoveal ring of hype-
rautofluorescence, or, rarely, hyperfluorescence at the fovea. 
Full-field ERG and GVF reveal a rod-cone pattern of degen-
eration, while multifocal ERG shows preservation of 
responses at the central hexagons (Figs. 62.1 and 62.2).
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Fig. 62.1  Color fundus photograph from a 22-year-old man, showing 
attenuated retinal vasculature and midperipheral bone spicule pigment 
deposits.

Fig. 62.2  Color fundus photograph from the 44-year-old mother of the 
patient in Fig. 62.1, showing attenuated retinal vasculature and more 
extensive midperipheral bone spicule pigment deposits.
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PRPF8

PRPF8 encodes pre-mRNA-processing-splicing factor 8, 
which interacts with the 5′ and 3′ ends of pre-mRNA mole-
cules and plays a role in the assembly of spliceosome com-
ponents onto pre-mRNA molecules. Mutations in PRPF8 
cause about 2–3% of autosomal dominant retinitis pigmen-
tosa (rod-cone dystrophy) [1–10].

Patients present within the first-to-second decades of life 
with nyctalopia, usually followed by peripheral field loss. 
However, there is often significant phenotypic variability, 
even in family members carrying the same mutation [3–5]. 
For example, patients with the p.H2309P mutation were 
shown to exhibit an earlier age of onset (age of 6.6 years) 
than patients with the p.H2309R(10.7 years) and p.
R2310K(22 years) mutations [3]. Visual acuity may be main-
tained until later in the disease course (e.g., in a family 
described in Walia et al, some members of the family retained 
visual better than 20/30 into their 40s while a few members 
had acuities as poor as 20/400 in their 20s [5]), though some 
patients may experience reductions in visual acuity as early 
as the second decade [4, 7]. Some mutations (p.R2310K) 
may exhibit a milder phenotype, with patients presenting as 
late as their forties and exhibiting better visual acuity over 
time [3].

As is typical for RP, patients may develop early-onset 
posterior subcapsular cataracts (Towns et al. reported 17 of 
75 patients with cataracts [3], while Maubaret et  al. [4] 
reported bilateral PCS cataracts in nearly half of their 

patients). Fundus findings usually feature diffuse bone-
spicule pigment deposits and retinal vessel attenuation and 
may also show optic disc pallor with or without optic nerve 
drusen (Fig. 63.1a) [3, 5]. Like other forms of RP, cystoid 
macular edema (CME) is common (11 of 17 patients per 
Towns et al. [3]). Some patients may exhibit macular pig-
ment clumping and RPE atrophy [3, 4]. FAF reveals areas 
of hypoautofluorescent RPE atrophy, usually beyond the 
arcades, while some patients may exhibit a hyperautofluo-
rescent perifoveal ring in the macula (Fig.  63.1b) [4, 6]. 
Full-field ERG is often non-recordable; when detectable, it 
exhibits a rod-cone pattern of degeneration [6]. Dark adap-
tation thresholds are elevated. GVF testing exhibits a rod-
cone pattern of field loss that ultimately leaves behind a 
central island of vision. OCT may reveal CME, thinning, 
and atrophy at the macula (Fig. 63.1c), or loss of the outer 
retinal layers at the fovea; the outer retinal layers and archi-
tecture are usually maintained within the confines of the 
macular hyperautofluorescent ring on FAF imaging [3, 4]. 
There is often significant phenotypic variability, even in 
family members carrying the same mutation [3–5]. 
Maubaret et al. [4] reported one patient who developed a 
monocular Coats-like retinal telangiectasia that caused vit-
reous hemorrhage in his mid-thirties; they also reported 
one mutation-carrying patient who reported only mild 
symptoms and did not manifest any clinical signs of 
disease.
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Fig. 63.1  Case summary: 10-year-old boy with retinitis pigmentosa 
(rod-cone dystrophy). (a) Color fundus photograph of the left eye, 
showing peripheral RPE atrophy with bone spicule pigment deposits 
and retinal vascular attenuation. (b) Fundus autofluorescence,  showing 
a ring of hyperautofluorescence in the parafovea with midperiperal 

hypoautofluorescence corresponding to RPE loss and bone-spicule 
deposits. (c) Spectral domain optical coherence tomography, showing 
extensive loss of the ellipsoid zone and outer nuclear layer outside the 
central fovea, with a mild epiretinal membrane and with mild cystoid 
macular edema visible in the inner nuclear layer.
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PRPH2 (RDS)

PRPH2 encodes a membrane protein involved in 
photoreceptor disc morphogenesis. There is significant inter- 
and intrafamilial phenotypic variability with PRPH2 muta-
tions dystrophy [1–4]. For example, mutations in this gene 
have been associated with dominant retinitis pigmentosa 
(including retinitis punctata albescens), pattern macular dys-
trophy, central areolar choroidal dystrophy (CACD), or 
cone-rod dystrophy [5–7].

Seven-and-a-half percent of dominant RP may be caused 
by PRPH2 mutations, and there is significant phenotypic 
variability [8–11]. Patients present with abnormal night 
vision and progressively constricting peripheral vision in the 
third to fifth decades, though some mutations may present in 
the first to third decades [12]. Visual acuity is usually main-
tained until the fifth decade. The fundus typically resembles 
classical RP and features bone spicule pigment deposits, 
peripheral atrophy, disc pallor, and vascular attenuation. 
ERG and GVF reveal a rod-cone pattern of degeneration. 
Dark adaptation thresholds are elevated, and color vision is 
usually normal. Some studies have reported patients with 
dominant RP who exhibit a maculopathy, which may range 
from a bull’s-eye lesion to atrophy [4, 13–15]. This subset of 
patients may exhibit extinguished electroretingram (ERG) 
parameters as early as the second decade (Fig. 64.1).

PRPH2 mutations have also been associated with a phe-
notype resembling retinitis punctata albescens (RPA), which 
is characterized by distinctive white round deposits present 
diffusely throughout  the retina, with progressive vessel 
attenuation (Figs. 64.2a–c and 64.3a, b) [16, 17]. Kajiwara 
et al found their patients to have a predominant rod photore-
ceptor degeneration [18].

PRPH2 mutations can also cause macular pattern dystro-
phies, which are a diverse group of diseases characterized by 
deposits, pigment, and/or atrophy in the macula [19–22]. 
PRPH2 mutations have been associated with adult-onset 
foveomacular vitelliform dystrophy (AOFVD), butterfly-
shaped pattern dystrophy, and multifocal pattern dystrophy 
resembling ABCA4-related disease [23–25]. Onset of disease 
is variable, but many patients are asymptomatic until their 50s 

[5]. Central vision is lost gradually with time; many patients 
(up to 50%) exhibit severe vision loss because of atrophy or 
choroidal neovascularization [5, 20]. Fluorescein angiography 
can be helpful in distinguishing between different types of pat-
tern dystrophy [26]. Importantly, a dark choroid may not be 
not observed with pattern dystrophies associated with PRPH2 
mutations [26]. AOFVD typically illustrates bilateral round 
yellow-white subretinal lesions with central pigmentation in 
the macula (Figs.  64.4, 64.5, 64.6, and 64.7). These appear 
bright on fundus autofluorescence (FAF) due to lipofuscin 
accumulation and dark on fluorescein angiography (FA) (sur-
rounded by a bright ring) [23]. Optical coherence tomography 
(OCT) can be useful in delineating the lesion. AOFVD may be 
confused with Best vitelliform macular dystrophy but may be 
distinguished by a normal electro-oculogram (EOG) [23]. 
AOFVD typically exhibits a normal full-field ERG. In butter-
fly-shaped pattern dystrophy, the fundus is characterized by a 
spoked “butterfly-shaped” pigment deposit at the center of the 
macula, surrounded by depigmentation (Figs. 64.6 and 64.7) 
[20]. The lesion may have regions of low and high autofluores-
cence on FAF, while FA reveals hypofluorescence in areas 
with pigment deposits and elevated signal in areas with depig-
mentation and atrophy. Full-field ERG is usually normal, but, 
unlike AOFVD, color vision and the EOG are abnormal. 
Multifocal pattern dystrophy (MPD) resembles ABCA4-
related disease in many ways [26, 27]. The flecks seen in MPD 
greatly resemble the yellow flecks in the macula and beyond 
the arcades frequently seen in ABCA4-related disease 
(Fig. 64.1a, b). Differences include a later onset of disease and 
a dominant inheritance pattern. The appearance of the macula 
ranges from pigmentary abnormalities and deposits to atro-
phy; some patients may exhibit AOFVD or butterfly lesions 
early in the disease course. As with ABCA4-related disease, 
flecks are hyperautofluorescent on FAF and FA (Fig. 64.1b). A 
dark choroid is usually not observed, but Kim et  al. [28] 
reported one case of MPD with a dark choroid and 
CNV. Patients may develop atrophy at the macula, which may 
result in more diffuse posterior pole atrophy. MPD patients 
may experience night blindness, but central vision deficits 
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may also be present; they typically exhibit progressively dete-
riorating retinal function on GVF and ERG (either mixed, rod-
cone or cone-rod), which is unique among pattern dystrophies 
[29]. As with MPD patients exhibiting vitelliform or butterfly 
lesions early in the disease, some patients may progress from 
one class of pattern dystrophy to another class; there are also 
reports of interocular phenotypic asymmetry.

PRPH2 mutations also cause CACD, in which patients 
present in their 30s to 40s (later with some mutations) with 
reduced visual acuity, metamorphopsia, or photophobia [30]. 
Some mutations (e.g. p.Arg172Trp) are associated with sig-
nificant phenotypic variability, with variable penetrance and 
expressivity (with reports of cone-rod dystrophy, ADRP, and 
CACD observed within the same family), while others 
exhibit a more consistent phenotype [3, 4]. The p.Arg172Trp 
mutation may exhibit a worse visual prognosis than other 
mutations [2]. Funduscopic findings range from subtle pig-
mentary changes early in life to areas of well-defined atro-
phy (broken into stages I–IV) that eventually include the 
fovea and optic disc in the late stages. Bull’s-eye maculopa-
thy has also been reported with CACD. As with other macu-
lar degenerative diseases, FAF and FA are useful to define 
the extent of retinal atrophy. FAF ranges from patchy 
increases in autofluorescence to hypoautofluorescent conflu-
ent areas reflecting atrophy that may resemble the late atro-
phic stages of dry AMD. ERG may be normal or may exhibit 
a cone or cone-rod pattern of degeneration in the late stages 
of disease. Given that this is a disease affecting the macula, 
multifocal and pattern ERG are frequently abnormal.

Mutation in PRPH2 may also cause an autosomal domi-
nant maculopathy that is similar to age-related macular 
degeneration (AMD) (named “AMD-like late-onset macu-
lopathy”) [31]. Patients present during the fifth decade with 
reduced visual acuity and may exhibit features of dry AMD 

Fig. 64.2  Case summary: 37-year-old man with a multifocal pattern 
dystrophy. (a) Montage color fundus photo of the right eye, showing a 
multifocal pattern dystrophy resembling the pisciform flecks of 

Stargardt disease in the macula and along the vascular arcades. (b) 
Fundus autofluorescence of the right eye, showing hyperautofluores-
cence in the areas with fleck-like deposits.

Fig. 64.1  Color fundus photograph of the right eye from a 51-year-old 
female with a pattern dystrophy, showing a butterfly pattern.
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Fig. 64.3  Case summary: 51-year-old man with retinitis punctata albe-
scens (RPA). (a) Color fundus photograph of the right eye showing dif-
fuse white round deposits in the fundus. (b) Fundus autofluorescence of 
the right eye showing areas of hypo- and hyperautofluorescence associ-

ated with the white deposits. (c) Spectral-domain optical coherence 
tomography of the right eye, showing an overall maintained retinal 
architecture without ellipsoid loss, with deposits localized to the sub-
retinal space.

Fig. 64.4  Case summary: 74-year-old mother of the patient in Fig. 64.1 
with advanced RPA. (a) Color fundus photograph of the right eye, 
showing RPE atrophy in the macula with white deposits visible 
throughout the posterior pole. (b) Fundus autofluorescence of the right 

eye, showing areas of hypo- and hyperautofluorescence associated with 
the white deposits as well as hypoautofluorescence in the macula cor-
responding to the areas of atrophy.
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(drusen, geographic atrophy, etc.) or wet AMD (CNV, hem-
orrhage). FAF may be useful to detect the extent of atrophy; 
FA is useful to reveal the exudative changes of wet AMD 
associated with PRPH2 mutations.

Dominant cone-rod dystrophy has also been shown to be 
caused by mutations in PRPH2 [32]. Patients present in 
their 20s to 40s with reduced visual acuity with or without 
nyctalopia, abnormal color vision, and photophobia; periph-
eral vision is lost gradually later in the disease course. As 

with many other cone-rod dystrophies, the fundus is charac-
terized by changes at the macula that range from mild pig-
mentary changes,  to bull’s eye maculopathy, to atrophy 
(Fig. 64.5a). FAF may range from patchy increases in hype-
rautofluorescence early in the disease to areas of hypoauto-
fluorescence later in the disease course (Fig.  64.5b). 
Full-field ERG reveals a cone-rod pattern of degeneration 
[29]. Similar to CACD and pattern dystrophies, the pattern 
ERG is abnormal. 

Fig. 64.7  Case summary: 37-year-old man with cone-rod dystrophy. 
(a) Color fundus photograph of the right eye, showing a macular bull’s 
eye lesion and patchy RPE pigmentary changes within the arcades. (b) 

Fundus autofluorescence of the right eye, showing hypoautofluores-
cence at the macula in the areas with atrophy.

Fig. 64.6  Color fundus photograph of the left eye  of a 51-year-old 
woman with a pattern dystrophy.

Fig. 64.5  Color fundus photograph of the right eye from a 62-year-old 
man with pattern dystrophy, showing the late stage of a butterfly pattern 
and macular atrophy with hyperpigmented spots.
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RDH12

RDH12 encodes retinol dehydrogenase, which reduces 9-cis 
and all-trans-retinol in the retina. Mutations in RDH12 may 
cause a spectrum of disease, ranging from autosomal reces-
sive Leber congenital amaurosis (LCA), which classically 
begins within the first year of life, to early-onset retinitis pig-
mentosa (rod-cone dystrophy), which starts within the first 
decade [1–5]. Given the phenotypic overlap between autoso-
mal recessive LCA and early-onset rod-cone dystrophy, it 
may be more useful to see these diseases as part of the same 
spectrum of differential disease severity. There has also been 
a report of autosomal dominant retinitis pigmentosa associ-
ated with a mutation in RDH12 [6].

Homozygous or compound heterozygous mutations in 
RDH12 cause about 4% of LCA, in which patients present 
with poor vision within the first year of life [1, 6]. Visual 
acuity is reduced at an early age, and some patients may 
exhibit nyctalopia, pendular nystagmus, early-onset poste-
rior subcapsular cataracts, and/or color vision abnormali-
ties. Walia et al. reported that these patients exhibit visual 
acuities ranging from 20/63 to 20/200 (average 20/125) 
[7]. These patients exhibit extensive mid-peripheral bone 
spicule pigment deposits, RPE atrophy, waxy pallor of the 
optic disc, and retinal vessel attenuation (Fig.  65.1a). 
Some patients may have a “beaten bronze” appearance of 
the fundus or macular atrophy (Figs.  65.2a, 65.3a, and 
65.4a) [6]. The ERG has been reported to become non-
recordable at as early as 4 years of age in one study and 
reveals severe pan-retinal dysfunction in both rods and 
cones when recordable [8]. GVF may reveal defects rang-
ing from no residual visual field, only temporal islands 
remaining, or a central scotoma with scattered surrounding 
scotomata. A monocular Coats-like reaction has been 
reported in some patients [1, 9].

Some patients may present within the first decade with a 
clinical picture resembling early onset RP [2, 6, 10]. These 
patients experience nyctalopia (19% overall) [10] and visual 
field constriction (22% overall) [10] at an early age, which 
progress with time. Visual acuity in these patients is typically 
better than patients with the LCA phenotype described above 
and may exhibit mild improvement before deteriorating fur-
ther [2, 10]. Walia et al. [7] reported the median VA in these 
patients to be 20/80 (at a mean age of 18), with 87.5% of 
patients having acuities better than 20/200. Fundus findings 
feature peripheral pigment deposits that eventually progress 
to a large area of macular atrophy later in the disease process. 
Cystoid macular edema (CME) and optic atrophy have been 
reported [11]. Some patients may exhibit para-arteriolar spar-
ing of the retinal pigment epithelium [10]. FAF reveals hypo-
autofluorescence in areas of atrophy, such as the macula, but 
may also exhibit foveal hyperautofluorescence in some 
patients; the intervening areas between atrophic regions and 
the peripapillary region may also exhibit hyperautofluores-
cence (Figs. 65.2b, 65.3b, and 65.4b) [10]. Optical coherence 
tomography is helpful to visualize the extent of photoreceptor 
and retinal pigment epithelium loss (Fig. 65.2c and 65.3c). 
Full-field ERG shows severely reduced values in both rod and 
cone parameters when recordable [9]. GVF usually reveals 
bilateral constriction of peripheral fields [9], but some patients 
may show central scotomas or undetectable fields [8].

Autosomal dominant retinitis pigmentosa has also been 
reported with a mutation in RDH12 [12]. Patients in this 
family presented at an average age of 28, ranging from 12 to 
43  years. Visual acuity was maintained into the eighth 
decade. Fundus findings featured classical RP, with diffuse 
peripheral to mid-peripheral bone spicule deposits and RPE 
atrophy, vessel attenuation, and macular sparing.
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Fig. 65.1  Color fundus photograph of the left eye from a 28-year old woman with a history of juvenile-onset RP, demonstrating optic disc pallor, 
vessel attenuation, macular atrophy, and peripheral pigment deposition (densest in the mid-periphery outside the arcades).
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Fig. 65.2  Case summary: 11-year-old male with Leber congenital 
amaurosis (a) Color fundus photograph of the right eye, showing retinal 
pigment epithelium atrophy in the macula and outside the arcades and 
beaten bronze appearance of the macula. (b) Fundus autofluorescence, 
showing radial hypoautofluorescent regions in areas of RPE atrophy, 
each with a surrounding band of hyperautofluorescence. There is also 

foveal hyperfluorescence, as well as hyperfluorescence in the residual 
RPE around the optic nerve head. (c) Spectral domain-optical coher-
ence tomography (SD-OCT), showing extensive loss of the ellipsoid 
zone (EZ) and the outer nuclear layer (ONL) band, as well as a faint 
epiretinal membrane, with hyperreflective deposits above the RPE.
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Fig. 65.3  Case summary: 27-year-old with LCA, onset at birth, visual 
acuity 1.6 logMAR (20/800 Snellen). (a) Color fundus photograph of 
the right eye, showing retinal vessel attenuation, extensive chorioretinal 
atrophy in the macula (with staphyloma), atrophy outside the arcades 
with bone spicule pigment deposits, as well as peripapillary atrophy. (b) 
Fundus autofluorescence imaging shows diffuse hypoautofluorescence 

regions in areas of atrophy (including the macula), with residual auto-
fluorescence in the intervening regions. There is also hyperfluorescence 
in the residual RPE around the optic nerve head outside the area of 
peripapillary atrophy. (c) Spectral domain-OCT of the macula, showing 
a staphyloma in the setting of extensive outer retinal atrophy, with loss 
of the EZ and ONL band as well as the RPE band in some areas.
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Fig. 65.4  Case summary: 3-year-old Hispanic female (CEI24625). (a) 
Color fundus photograph of the right eye, showing retinal vessel attenu-
ation, macular atrophy with pigment deposition, RPE depigmentation 
and atrophy inside and outside the arcades, and peripapillary atrophy. 
(b) Fundus autofluorescence, showing diffuse hypoautofluorescence 

regions in areas of atrophy (including the macula), with residual auto-
fluorescence in the intervening regions. Again, there is hyperautofluo-
rescence at the border of the residual RPE around the optic nerve head 
surrounding the area of hypoautofluorescent peripapillary atrophy.
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RDH5

RDH5 encodes retinol dehydrogenase, which catalyzes the 
conversion of 11-cis retinol to 11-cis retinal in the final step 
in the synthesis 11-cis retinaldehyde, the chromophore in 
visual pigments. Mutations in RDH5 cause fundus albipunc-
tatus (FA), which follows an autosomal recessive pattern of 
inheritance.

Initial symptoms start in early childhood and usually 
begin with complaints of impaired dark adaptation and nyc-
talopia [1]. Most patients have good visual acuities, which 
are usually 20/30 or better. Fundus examination reveals the 
presence of extensive fine white dots extending to the mid-
periphery of the retina, usually excluding the macula 
(Fig. 66.1a) [2–4]. Cone and macular dystrophies are gener-
ally observed in older patients later in the disease course. In 
one study, however, a 9-year-old patient with FA exhibited 
symmetric atrophic macular lesions in both eyes [5]. These 
white dots typically have very discrete borders and may 
range in size from 50 to 150 μm in diameter. In general, fun-
dus autofluorescence imaging varies, sometimes showing a 
localized crescent or bull’s-eye pattern with macular hypoau-
tofluorescence (Fig.  66.1d) [6–8]. In younger patients, 
fundus autofluorescence imaging may reveal hyperautofluo-
rescent spots, which correlate with the retinal white dots, 
though not all fundoscopic white dots autofluoresce [5]. 
Some patients may also have a ring of hyperautofluorescence 

surrounding the fovea [6]. It is important to note that the 
overall autofluorescence signal is lower than in that of con-
trol patients, which may reflect reduced lipofuscin in the 
outer retina as a result of the pathway defect in RDH5 muta-
tions, similar to LCA caused by mutations in RPE65, LRAT 
or vitamin A deficiency [6, 8]. Given this limitation, infrared 
reflectance (IR) imaging has been reported to be useful in 
revealing greater detail. IR imaging has been reported to bet-
ter reveal the hyper-reflective dots that correspond to white 
dots seen on fundoscopy [7]. SD-OCT demonstrates triangu-
lar-shaped deposits corresponding to the white dots seen on 
fundus exam, which extend from the Bruch’s membrane 
through the ellipsoid zone and even the external limiting 
membrane (Fig. 66.1c, e) [6–8]. These deposits are notably 
different from the dome-shaped deposits seen in retinitis 
punctata albescens. ERG responses are usually mildly dimin-
ished for both photopic and scotopic parameters, although 
prolonged dark adaptation will result in improvement of the 
scotopic responses (Fig. 66.1b) [3, 4, 6, 7, 9]. Scotopic bright 
flash ERG may have a b:a ratio low enough to be classified 
as a negative ERG [6]. One study observed that 38% of 
patients with FA exhibit extensive cone dysfunction and 
that cone-ERG b-wave amplitudes tend to decline with 
increasing age [10].
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Fig. 66.1  Case summary: 10-year-old female (CEI25381) with fun-
dus albipunctatus. (a) Color fundus photograph of the right eye, 
showing typical findings of fundus albipunctatus, with extensive fine 

white dots extending from the arcades to the mid-peripheral retina. 
(b) Full-field electroretinogram of the right and left eyes, showing 
mildly diminished photopic and scotopic parameters. 
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Fig. 66.1   (continued) (c) Spectral domain-optical coherence tomog-
raphy (SD-OCT) of the right eye at age 10, showing the white dots as 
hyperreflective lesions in the subretinal space. (d) Fundus autofluo-
rescence of the right eye  at age 12  years, showing overall reduced 

retinal autofluorescence, with numerous discrete foci of hyperauto-
fluorescence corresponding to the white dots around the vascular 
arcades. (e) Spectral domain-OCT of the right eye at age 15 years, 
showing subretinal deposits corresponding to the white dots.

References



215© Springer International Publishing AG, part of Springer Nature 2018
S. Zahid et al., Retinal Dystrophy Gene Atlas, https://doi.org/10.1007/978-3-319-10867-4_67

RHO

RHO encodes rhodopsin, which is the visual pigment found 
in rod photoreceptors. Pathogenic mutations have been asso-
ciated with autosomal dominant retinitis pigmentosa 
(ADRP), including sectoral RP, with autosomal dominant 
congenital stationary night blindness (CSNB), and, rarely, 
with autosomal recessive RP. RHO mutations are the most 
common cause of ADRP, accounting for 25–30% of ADRP. 
p.Pro23His is the most frequently identified mutation in 
RHO in the USA [1, 2].

Patients with RHO-associated ADRP typically complain 
of difficulties with night vision and peripheral vision, with 
onset in the second-to-fourth decades [3, 4]. Fundoscopic 
features include the typical bone-spicule pigmentation seen 
in RP, which, when not generalized, is most commonly seen 
confined to the inferior retina (sectoral RP) (Figs. 67.1a–c, 
67.2a, and 67.3a). Sectoral RP is associated with a milder 
visual deterioration, with patients occasionally being 
asymptomatic and identified at routine examination [5]. 
Loss of visual field generally precedes declines in visual 
acuity [6, 7]. There are over 150 RHO pathogenic vari-
ants identified to date [8], with some known genotype-phe-
notype correlations. For example, the p.Pro23His variant is 

associated with a relatively mild but variable phenotype [9]. 
Electroretinography (ERG) usually shows a rod-cone pat-
tern that progresses to broader retinal dysfunction with time. 
Fundus autofluorescence imaging may exhibit a hyperauto-
fluorescent perifoveal ring that progressively constricts over 
the course of disease (Figs. 67.2b and 67.3b) [10]. Optical 
coherence tomography may show cystoid macular edema as 
well as the extent of outer retinal atrophy (Figs. 67.2c and 
67.3c).

Infrequently, autosomal recessive RP may be caused by 
mutations in RHO. Carriers are asymptomatic but have 
mildly abnormal scotopic ERGs.

Dominantly-inherited CSNB may also be caused by 
certain mutations in RHO [11]. These patients typically 
experience nyctalopia from infancy but maintain rela-
tively good central visual acuity and color vision. 
Fundoscopy usually reveals a normal fundus. Patients 
may have electrophysiological evidence of inner retinal 
rod system dysfunction (electronegative ERG in response 
to a bright white flash in the dark-adapted eye, with a 
reduced b-wave-to-a-wave ratio) in association with nor-
mal cone ERGs.
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Fig. 67.1  Case summary:  Fifty-four-year-old man with sectoral RP. 
(a) Color fundus photograph of the right eye, showing inferior 
RPE atrophy with bone spicule pigment deposits extending to the infe-
rior arcades. (b) Fundus autofluorescence of the right eye, showing 
hypoautofluorescence in the inferior retina extending peripherally from 

the inferior arcades; this area corresponds to the area of atrophy and 
bone spicule pigment deposition. There are also foci of hypoautofluo-
rescence in the temporal and superior macula, as well as a streak of 
hyperautofluorescence across the inferior macula. (c) Goldman visual 
field testing, showing sectoral loss of visual field.
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Fig. 67.2  (a) Color fundus photograph of the left eye from a 13-year-
old boy, showing an essentially unremarkable fundus. (b) Fundus auto-
fluorescence of the left eye, showing a macular hyperautofluorescent 

ring in the parafovea. (c) Spectral domain-optical coherence tomogra-
phy of the macula, showing cystoid macular edema.
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RIMS1

RIMS1 encodes Rab-3 interacting molecule, which is a pho-
toreceptor synaptic protein involved in regulating vesicle 
exocytosis. Mutations in RIMS1 are associated with autoso-
mal dominant cone-rod dystrophy (CORD7) [1, 2].

RIMS1-related CORD7 has a variable age of onset, rang-
ing from the second to the fifth decade of life. Patients ini-
tially experience deterioration in central vision, with 
subsequent nyctalopia. Some patients may experience mild 
photophobia. Visual acuity varies from 20/20 to 20/400. 
Fundus changes range from mild RPE disturbance to exten-
sive atrophy and pigmentation in the macula but may also 

involve the periphery in some patients (Fig. 68.1a). Vessel 
attenuation and bull’s eye maculopathy (BEM) may also be 
observed (Fig. 68.2a). Fundus autofluorescence (FAF) imag-
ing may reveal (i) areas of reduced FAF corresponding to 
atrophy seen clinically, (ii) a BEM appearance, and/or (iii) a 
perifoveal ring of increased FAF (Fig. 68.2b, c) [1]. This ring 
of increased FAF may enlarge with time, with the size of the 
ring correlating with age. FAF imaging may be helpful to 
identify young pre-symptomatic patients. Full-field ERG 
reveals reduced cone and rod responses, with the cone sys-
tem affected to a greater extent than the rod system [2, 3].
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Fig. 68.1  (a) Color fundus photos of the right and left eyes, showing 
macular atrophy and RPE changes in both eyes, with the appearance of 
bull’s eye maculopathy in the left eye. (b) Fundus autofluorescence of 

the right and left eyes, showing patchy hypoautofluorescence surround-
ing the fovea, corresponding  to areas of atrophy, with a surrounding 
ring of hyperautofluorescence.
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Fig. 68.2  (a) Color fundus 
photos of the right and left 
eyes in a different patient, 
showing macular bull’s eye 
atrophy changes. (b) Fundus 
autofluorescence of the right 
and left eyes, showing 
hyperautofluorescent rings 
surrounding the foveae. (c) 
Fundus autofluorescence of 
the right eye at follow-up, 
showing foveal 
hyperautofluorescence with 
surrounding patchy 
hypoautofluorescence in areas 
corresponding to atrophy; a 
patchy hyperautofluorescent 
ring surrounding the fovea 
can still be appreciated.
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RLBP1

RLBP1 (also known as CRALBP) encodes cellular retinalde-
hyde-binding protein, which acts primarily as an acceptor of 
11-cis retinal during the isomerization step of the visual 
cycle. Mutations in RLBP1 cause Bothnia retinal dystrophy, 
fundus albipunctatus, Newfoundland rod-cone dystrophy, 
and retinitis punctata albescens [1].

The retinal phenotype is similar to most forms of Retinitis 
Pigmentosa (RP; rod-cone dystrophy), although there may 
be marked variation in severity between affected individuals. 
Three early-onset forms of autosomal recessive RP caused 
by mutations in the RLBP1 gene are associated with multiple 
white deposits at the level of the RPE. One of these is retini-
tis punctata albescens, while the other two have been 
described in genetic isolates from North-Eastern Canada 
(Newfoundland rod-cone dystrophy) and Northern Sweden 
(Bothnia dystrophy).

RLBP1-related retinitis punctata albescens (RPA) follows 
an autosomal recessive pattern of inheritance. Patients have 
early onset (usually in the first decade of life) of nyctalopia. 
Best corrected visual acuities (BCVA) are typically 20/20 or 
better [2]. Fundoscopy reveals round punctate white deposits 
throughout the entire retina (Fig.  69.1a) [2–4]. Pigment 
mottling, hypopigmentation, arteriole attenuation, waxy disc 
pallor, and blunted foveal reflexes may also be seen in older 
patients [2]. Fundus autofluorescence may show a reduction 
of overall autofluorescence, with hyperautofluorescent foci 
corresponding to the white subretinal deposits (Fig. 69.1b). 
Optical coherence tomography (OCT) may reveal diffuse 
retinal thinning in the macular area, particularly in the outer 
nuclear layer, and may show subretinal hyperreflective 
lesions corresponding to the white deposits in the earlier 
stages of disease (Fig. 69.1c) [4]. Electroretinogram (ERG) 
may show significantly reduced rod and cone responses, 
with a predominant loss of rod function [3, 5].

RLBP1-related fundus albipunctatus is characterized by 
symmetrical white dots in the fundus, with higher 
concentrations in the mid-periphery, which is similar to the 
irregular white deposits of RPA (Fig. 69.1a). Initial symptoms 
begin in early childhood with nyctalopia and dim-light vision 

difficulties. Visual acuities may vary, ranging from 20/40 to 
20/200, but younger patients may be less affected [6, 7]. 
Fundus photography typically shows multiple round white 
deposits (about 100–125  μm in diameter) in the mid-
peripheral retina. At early ages, the central macula is usually 
spared of dots, but at later ages the deposits may be promi-
nent in the major vascular arcades (Fig.  69.1a) [7]. In the 
fifth-to-sixth decades of life, optic disc pallor, arteriole atten-
uation, bone spicules, and atrophy may also be observed [7]. 
Electroretinography reveals low or nonrecordable scotopic 
readings and low photopic responses with slightly prolonged 
implicit times [6, 7].

Bothnia dystrophy (BD) is an atypical variant of autoso-
mal recessive retinitis pigmentosa (RP). Individuals with 
RLBP1-related BD typically have an onset of nyctalopia in 
their early childhood [8]. Visual acuities often deteriorate to 
legal blindness with disease progression. Vision loss often 
starts in the second decade of life, with evidence of paracen-
tral and central scotomas [8]. Fundoscopy may reveal exten-
sive white-yellow spots similar to those found in retinitis 
punctata albescens. The midperiphery may have a mottled 
appearance, and there may be circular confluent atrophic 
areas (especially in later stages of disease). Macular atrophy 
reminiscent of central areolar atrophy may also be found in 
patients after the third decade of life [8]. OCT may show 
general retinal thinning at the fovea, surrounding the fovea, 
and in areas of the outer macula; RPA-like deposits are usu-
ally visualized at the level of the RPE (Fig. 69.1c) [9, 10]. 
ERGs typically show non-recordable scotopic responses and 
prolonged dark adaptation [10, 11].

Newfoundland rod-cone dystrophy (NFRCD) is similar to 
RPA and BD but with a younger age of onset and a more 
rapid progression [1]. Nyctalopia is typically present from 
birth or infancy. From childhood to the second-to-fourth 
decades of life, patients experience progressive loss of 
peripheral, central, and color vision, with early maintenance 
of visual acuity. Goldman visual field testing may reveal a 
ring scotoma close to fixation instead of in the midperipheral 
field (where it is often found in typical RP). The ring sco-
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toma may become a complete central scotoma with disease 
progression. Color vision abnormalities may be found 
initially as mild protanomaly/deutanomaly and/or 
tritanomaly, but these typically progress to eventual loss of 
color perception. Funduscopy may reveal a normal fundus or 
mild arteriolar attenuation until later in the disease 

progression, when there may be macular atrophy with a 
“beaten bronze” appearance [1]. In young patients, a 
perimacular ring of white stippling may be observed, along 
with scalloped-bordered lacunar atrophy of the midperipheral 
RPE over time (similar to that seen in gyrate atrophy, but 
without elevated ornithine levels) [1]. ERG scotopic 

Fig. 69.1  (a, b) Color fundus photograph of the right eye from a 
6-year-old female patient, showing multiple round white deposits 
around the arcades, with macular-sparing. (c) Fundus autofluorescence 
of the left eye, showing an overall reduction of autofluorescence, with 
foci of hyperautofluorescence corresponding to the white deposits 

shown in (b). (d) Spectral domain-optical coherence tomography of the 
right and left eyes, showing generally maintained retinal cross-sectional 
architecture without atrophy, as well as a subretinal hyperreflective 
lesion in the temporal macula of the left eye.

69  RLBP1



225

responses may be low in young patients, while both scotopic 
and photopic responses may be extinguished later in the dis-
ease process.
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RP1

RP1 encodes oxygen-regulated protein 1, which is involved 
in photoreceptor development, the organization of photore-
ceptor outer segments, and the regulation of photoreceptor 
microtubules. Mutations in RP1 cause autosomal dominant 
retinitis pigmentosa (ADRP) (rod-cone dystrophy), often 
associated with a relatively good prognosis [1–5]. There 
have also been reports of RP1 mutations that cause autoso-
mal recessive RP [6–8].

Patients with ADRP often present in their early twenties 
with complaints of night blindness and/or peripheral field 
loss, though some patients may present as late as in their 50s. 
Good visual acuity is usually maintained until late in the dis-
ease course. Patients with dyschromatopsia are more likely 
to exhibit worse visual acuity. Patients may develop cataracts 
at an earlier age (often posterior subcapsular) or develop cys-
toid macular edema (CME). Fundus examination usually 
demonstrates typical findings of RP (Figs.  70.1a–c and 
70.2a). Fundus autofluorescence reveals areas of RPE atro-
phy, which may be present in the periphery outside the 
arcades or in the macula (sometimes with patchy hypoauto-
fluorescence at the macula). Full-field ERG usually reveals 
both rod and cone dysfunction, usually in a rod-cone pattern. 
Multifocal ERG usually shows maintained responses at the 
centrally-located hexagons. GVF reveals a rod-cone pattern 
of degeneration with constricted fields. OCT may show 

maintained macular retinal lamination, although some 
patients exhibit thinning at the macula, loss of the outer 
nuclear layer (ONL), or cystoid macular edema (CME) 
(Fig. 70.2b). Incomplete penetrance and variable expressiv-
ity have been reported in patients with RP1 mutations and 
result in phenotypic variability with respect to disease onset, 
fundus features, visual acuity, visual fields, and ERG find-
ings (Figs. 70.1a–c and 70.2a) [3, 9, 10]. Monocular disease, 
with the contralateral eye exhibiting a completely normal 
fundus and full-field ERG, has been reported in one patient 
with a mutation in RP1 [11].

Patients with certain homozygous or compound heterozy-
gous mutations in RP1 may exhibit autosomal recessive reti-
nitis pigmentosa [6, 7]. These patients typically present early 
in childhood with nyctalopia and rapidly lose vision by the 
second decade of life. Fundus findings may feature optic disc 
pallor, vessel attenuation, macular stippling, and bone-spicule 
deposits in the mid-periphery, but these are not universal find-
ings. The full-field ERG is often non-recordable or shows 
severe loss of both rod and cone function. Carriers of these 
mutations usually have no symptoms or signs of disease.

Of note, homozygosity of the p.N985Y variant at the RP1 
locus has been associated with an elevated risk of hypertri-
glyceridemia, though the mechanism and clinical signifi-
cance of this association are unknown [12].
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Fig. 70.1  Color fundus photographs from three different patients with 
RP1 mutations, showing different variations and degrees of typical find-
ings of retinitis pigmentosa (RP), including optic nerve pallor, retinal 

vascular attenuation, and peripheral atrophy with bone spicule pigment 
deposits. (a) Right eye from a 23-year-old male patient. (b) Left eye from 
a 24-year-old female patient. (c) Left eye from a 56-year-old male patient.

Fig. 70.2  Case summary: 6-year-old boy with compound heterozy-
gous mutations and early-onset RP. (a) Color fundus photograph of the 
right eye, showing typical findings of RP. (b) Spectral domain-optical 

coherence tomography at age 7, showing foveal preservation and outer 
retinal degeneration (loss of the ellipsoid zone and outer nuclear layer) 
outside the fovea.
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RP2

RP2 encodes a protein that localizes to the base of photore-
ceptor cilia and is thought to be involved in cellular transport 
regulation. RP2 mutations are responsible for 10–20% of 
X-linked retinitis pigmentosa (XLRP) [1, 2].

Broadly, XLRP has an earlier onset than dominant or 
recessive RP [3]. Patients present within the first decade of 
life with night blindness and reduced visual acuity [2, 4]. 
Visual acuity typically deteriorates to worse than 20/200 as 
early as the third decade. Several studies have noted high 
myopia [4, 5]. Funduscopic findings usually show more 
severe disease at the macula than at the peripheral retina 
when compared to retinitis pigmentosa caused by other 
genes. The appearance of the macula varies greatly: it may 
be normal or may show granular changes, bull’s-eye atrophy, 
perimacular atrophy, or generalized macular atrophy 
(Figs. 71.1, 71.2, 71.3, 71.4, and 71.5) [4, 6]. Optic disc pal-
lor and atrophy (either peripapillary or temporal) are often 
observed (Figs.  71.1 and 71.2). The peripheral retina may 
exhibit granularity, depigmentation, variable degrees of 

pigment deposits, or chorioretinal atrophy (Figs.  71.1 and 
71.2). Tapetal sheen, which is commonly seen in RPGR 
mutations, has not been reported in patients with RP2 muta-
tions. ERG usually exhibits a rod-cone pattern of degenera-
tion, although a cone-rod pattern has been reported [4]. GVF 
reveals central scotomata in up to 50% of patients and is 
often observed in patients younger than 12. Most patients 
exhibit constricted peripheral fields. Superior field loss (also 
seen in patients with RHO mutations) has been reported as 
well. Studies comparing the phenotype to RPGR have shown 
that patients with RP2 mutations generally have worse visual 
acuity when adjusted for age but no significant difference in 
dark adaptation thresholds, visual field area, or ERG [7].

Some patients have been reported to exhibit choroideremia-
like peripheral retinal atrophy with no pigment deposits 
(Figs. 71.1 and 71.4) [4].

Manifesting carriers may also exhibit a wide range of 
signs of disease, including myopia, macular atrophy, reduced 
visual acuity, asymmetrical disease, and central scotomas [4].
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Fig. 71.1  Color fundus photography of the right eye from a 13-year-
old male patient, showing peripheral atrophy with bone spicule pigment 
deposits and peripapillary atrophy in the context of a choroideremia-
like appearance.

Fig. 71.2  Color fundus photographs of the right and left eyes from a 
41-year-old woman with an RP2 mutation, showing asymmetric dis-
ease burden, with the left eye having an essentially unremarkable 

fundus and the right eye demonstrating peripheral atrophy with bone 
spicule pigment deposits and peripapillary atrophy.
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Fig. 71.5  Color fundus photographs of the right eye from a 13-year-
old male patient, showing peripapillary atrophy and peripheral bone 
spicule pigment deposits.

Fig. 71.3  Color fundus photographs of the left eye from the 5-year-old 
son of the patient from Fig. 71.2, showing macular atrophy.

Fig. 71.4  Color fundus photographs of the left eye from a 13-year-old 
male with macular atrophy in the context of a choroideremia-like 
fundus.
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RPE65

RPE65 encodes retinoid isomerase, which generates (and 
regenerates) 11-cis retinal in the RPE as part of the canonical 
retinoid visual pathway [1]. Mutations in RPE65 cause early-
onset autosomal recessive retinitis pigmentosa (rod-cone 
dystrophy), Leber Congenital Amaurosis (LCA), and Severe 
Early Childhood Onset Retinal Dystrophy (SECORD) [2]. 
RPE65 mutations may also cause dominantly inherited RP 
[3]. Sequence variants in RPE65 have also been identified in 
patients with a retinal appearance similar to Fundus 
Albipunctatus [4].

RPE65 mutations account for 3–16% of LCA and 
SECORD, with LCA characterized by poor vision beginning 
within the first year of life and SECORD before age 5 [5, 6]. 
Patients with LCA tend to exhibit poor visual pursuit, roving 
eye movements, reduced or absent pupillary responses, and 
nystagmus. Night blindness may be noted in some infants. 
Patients with LCA exhibit poor visual acuity from infancy. 
The fundus may be normal at birth, but patients may exhibit 
RPE mottling or granularity at the macula or periphery, RPE 
thinning, vessel attenuation, and peripapillary loss of pig-
mentation; some patients may exhibit macular atrophy later 
in life (Figs. 72.1, 72.2, 72.3a, and 72.4).  The ERG is usu-
ally non-recordable in LCA, and GVF reveals gradual con-
centric loss of peripheral fields. The full-field stimulus test 
(FST) can detect sensitivity to specific light stimuli and 
determine the presence of residual rod and cone function in 
patients [10–12]. Fundus autofluorescence usually reveals 
hypoautofluorescence due to lack of production of chromo-
phores [13, 14], though some studies have reported reduced 
autofluorescence in patients with hypomorphic mutations 
[9]. Foveal hyperautofluorescence may also be observed 
(Fig. 72.3b).

Two percent of recessive RP is caused by mutations in 
RPE65 [2]. This diagnosis is part of a spectrum that includes 
LCA and has been given to those presenting in early child-
hood (Severe Early Childhood Onset Retinal Dystrophy) but 
not as early as LCA. Many of the symptoms described above 

may be present in these patients as well. Night blindness is a 
prominent symptom early in life in these patients, and they 
generally have better visual acuity  (20/50 to LP; median 
20/80) than those with LCA [15–17]. Patients with SECORD 
retain measurable visual acuity in the first/second decades 
and sometimes beyond, with slow progressive loss over time 
[7]. Several studies have reported improvement in visual 
acuity for a period of time in association with SECORD [7, 
8]. Nystagmus early in life is common; photophobia is 
uncommon in these patients, though some patients may 
develop it later in life [7, 18]. Fundus findings range from 
RPE granularity to optic disc pallor, peripapillary hypopig-
mentation, retinal vascular attenuation, and peripheral circu-
lar patches of atrophy and macular atrophy. Bone spicule 
deposits may be observed but are uncommon in these patients 
(Fig.  72.4). Weleber et  al. [8] reported that some patients 
with RPE65 mutations display discrete intraretinal fine white 
dots with chorioretinal atrophy. The ERG may reveal a rod-
cone pattern of degeneration in patients with a recordable 
full-field ERG. One study described a patient who presented 
within the first year of life with poor vision, nystagmus, and 
non-recordable ERG, suggestive of a diagnosis of LCA, who 
maintained good central visual acuity into their late teens, 
highlighting the overlap between these two disease entities 
[8]. A milder phenotype may be associated with residual 
activity from hypomorphic alleles [9]. One study showed 
that the majority of loss of visual acuity and field occurs dur-
ing the mid-teenage years (Fig. 72.3c) [7].

A dominantly-acting RPE65 mutation was reported in a 
family with RP with involvement of the choroid [3]. Patients 
in this family presented in their second-to-fifth decades with 
night blindness and poor dark adaptation. As the disease 
progressed, peripheral vision was gradually lost. Fundus 
findings ranged from mid-peripheral bone-spicule or num-
mular pigment deposits and RPE thinning to diffuse outer 
retinal atrophy. The ERG showed a rod-cone pattern of 
degeneration.
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Fig. 72.1  Color fundus photograph of the left eye from a 2-year-old girl with Leber congenital amaurosis (LCA), showing macular retinal pig-
ment epithelium (RPE) granularity and a choroideremia-like fundus.

Fig. 72.2  Color fundus photograph of the right eye from a 22-year-old 
woman diagnosed with Severe Early Childhood Onset Retinal 
Dystrophy (SECORD) at the age of 3. Fundus images show intraretinal 

white dots in the periphery, macular atrophy, and midperipheral RPE 
granularity, with sparse bone spicule pigment deposits in the 
periphery.
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Fig. 72.3  Case summary: 5-year-old with LCA. (a) Color fundus pho-
tograph of the right eye, showing RPE granularity. (b) Fundus autofluo-
rescence of the right eye, showing foveal hyperautofluorescence. (c) 

Goldmann visual field of the right eye, showing mildly constricted 
visual fields.
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Fig. 72.4  Color fundus photograph of the right eye from a 23-year-old 
female with LCA, showing diffuse RPE granularity with mid-peripheral 
atrophy and bone spicule pigment deposits.
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RPGR

RPGR encodes retinitis pigmentosa GTPase regulator, which 
plays a role in photoreceptor ciliary function. Mutations in 
RPGR are inherited in an X-linked manner and have been 
shown to cause X-linked retinitis pigmentosa (XLRP), 
cone/cone-rod dystrophy, and macular dystrophy [1, 2]. 
Sequence variants in RPGR account for approximately 
70–80% of XLRP. RPGR exhibits significant phenotypic 
variability, which partly results from two predominant 
alternatively-spliced isoforms [Exons 1–14 and Open 
Reading Frame 15 (ORF15)] that can each harbor mutations 
[3]. However, the vast majority of mutations are located in 
ORF15.

XLRP has an earlier onset and more rapidly progressive 
natural history than many other forms of retinitis pigmentosa 
(RP). Studies have shown that patients with mutations in 
RPGR experience a more rapid deterioration than patients 
with mutations in RHO [4]. Broadly, studies have suggested 
that mutations in ORF15 are associated with greater pheno-
typic variability than are mutations in other regions of RPGR 
[4–6]. Male patients usually present in childhood with nycta-
lopia and reduced peripheral vision. This progresses over 
time to involve central vision, with severe visual acuity loss 
between ages 30 and 50 [7]. Many patients exhibit myopia. 
Male patients have typical fundus findings of RP. 
Fundoscopically, this corresponds to mid-peripheral bone-
spicule deposits that progressively increase with time with 
increasing peripheral atrophy; retinal vascular attenuation, 
tapetal reflex, and optic disc pallor are also commonly 
observed (Fig.  73.1a) [8]. Patients often show severely 
reduced or absent full-field electroretinography (ERG) at 
presentation. Carrier females are usually asymptomatic. 
Although some carriers may be mildly affected, they are 
rarely severely affected. Carrier status can often be deter-
mined with clinical examination, fundus autofluorescence 
imaging, or electrophysiological testing.

There is some degree of genotype-phenotype correlation, 
with sequence variants at the 3′-end of RPGR-ORF15 more 
often associated with a cone/cone-rod phenotype and 5′ vari-
ants associated with a rod-cone phenotype. Patients with 

cone-rod dystrophy present with reduced visual acuity, 
abnormal color vision, and photophobia [9]. They experi-
ence progressive deterioration in central vision over time, 
with later rod involvement, nyctalopia (occurring 5–10 years 
after onset of initial reduced visual acuity), and peripheral 
visual field loss. In contrast, patients with cone dystrophy 
have isolated cone dysfunction [9–11]—a far less frequently 
observed phenotype, since the vast majority of patients 
develop rod involvement over time, resulting in significant 
overlap between cone dystrophy and cone-rod dystrophy 
[12]. Fundus abnormalities are typically confined to the mac-
ula, ranging from mild retinal pigment epithelium (RPE) 
changes to bull’s-eye maculopathy and macular atrophy 
(Fig.  73.2). Peripheral changes are less common, but they 
have been observed in older patients, consisting of typical 
signs associated with RP.  A parafoveal ring of increased 
autofluorescence on fundus autofluorescence imaging can be 
observed in both RP and cone-rod dystrophy associated with 
RPGR (Fig. 73.1b). This hyperautofluorescent ring has been 
shown to constrict over time in rod-cone dystrophy and 
expand over time in cone-rod dystrophy, allowing it to be a 
marker of disease progression with prognostic implications 
[11, 13, 14]. Optical coherence tomography is helpful in 
visualizing the extent and distribution of photoreceptor and 
RPE loss (Fig. 73.1c).

RPGR mutations have also been reported to cause “atro-
phic macular degeneration” [15]. Patients present in their 20s 
to 40s with reduced visual acuity without symptoms 
of peripheral visual field loss or nyctalopia. Myopia is com-
monly observed. Fundoscopy is characterized by localized 
macular RPE atrophy in both eyes with normal peripheral 
retina and vasculature. Full-field ERG is usually within nor-
mal limits, although it may be reduced in a minority of 
patients. Goldmann visual field testing exhibits a central sco-
toma with normal peripheral fields.

RPGR mutations may be associated with significant intra- 
and inter-familial phenotypic heterogeneity [7, 11, 16, 17]. 
Walia et al. and Zahid et al. described siblings who exhibited 
discordant phenotypes (cone-rod vs. rod-cone)  despite 
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harboring the same mutation [18, 19]. Some studies have 
reported RPGR mutations in families thought to have 
dominantly-inherited disease, highlighting the importance of 
considering X-linked inheritance even when females are also 
affected [20]. X-linked inheritance should be considered in 
both isolated male cases and in any family where males are 
more severely affected than females. RPGR variants can also 
be associated with syndromic inherited retinal disease, with 
signs and symptoms of systemic ciliary dysfunction, includ-
ing respiratory problems, deafness, and infertility [21, 22].

Fig. 73.1  Case summary: 8-year-old male with X-linked retinitis 
pigmentosa (XLRP) associated with a mutation in RPGR. (a) 
Widefield color fundus photo of the right eye, showing diffuse retinal 
atrophy. (b) Widefield fundus autofluorescence imaging of the right 

eye, demonstrating a hyperautofluorescent ring centered in the mac-
ula. (c) Spectral Domain Optical Coherence Tomography of the right 
eye, showing loss of the ellipsoid zone perifoveally and presence of 
microcysts.

Fig. 73.2  Color fundus photography of the right eye from a patient 
with macular atrophy.

73  RPGR



239

Fig. 73.3  (a) Widefield color fundus photos of both eyes, showing retinal 
atrophy in the posterior pole, extending temporally. (b) Widefield fundus 
autofluorescence of both eyes, demonstrating patches of hyperautofluores-

cence surrounded by areas of hypoautofluorescence corresponding to the 
areas of retinal atrophy. (c) Spectral Domain Optical Coherence tomogra-
phy of both eyes, showing diffuse retinal and choroidal atrophy.
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Fig. 73.4  (a) Color photo of the right eye, showing a relatively normal 
fundus. (b) Fundus autofluorescence of the right eye, demonstrating a 
hyperautofluorescent ring centered in the macula. (c) Spectral Domain 

Optical Coherence Tomography of the right eye, showing diffuse disrup-
tion of the outer retina, more prominent in the fovea.
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Fig. 73.5  Case summary: 48 year old man with a cone dystrophy. (a) 
Widefield color photograph of the left eye, showing a normal fundus. (b) 
Widefield fundus autofluorescence of the left eye, showing no evident 
abnormalities. (c) Spectral Domain Optical Coherence Tomography of 
the left eye, showing a subtle disruption of the ellipsoid zone in the 

fovea. (d) Goldman visual field of the left eye, demonstrating a small 
central scotoma. (e) Scotopic full-field electroretinogram of the left eye, 
showing b-wave with normal amplitude. (f)  Photopic full-field electro-
retinogram of the left eye, showing reduced a-wave amplitude.
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RPGRIP1

RPGRIP1 encodes X-linked retinitis pigmentosa GTPase 
regulator-interacting protein 1, which is important for the 
function of RPGR and plays a role in photoreceptor disc 
morphogenesis. Autosomal recessive mutations in RPGRIP1 
cause about 5% of Leber congenital amaurosis (LCA) as 
well as cone-rod dystrophy [1–4].

Patients with LCA usually present within the first year of 
life with poor vision, nystagmus, roving eye movements, 
poor fixation to light, and the oculo-digital sign [5]. 
Photophobia is more common than night blindness at an 
early age [5–7]. In a cohort of four Pakistani families with 
mutations in RPGRIP1, night blindness and photoaversion 
were reported in 38% and 31% of patients, respectively [8]. 
Patients are often hyperopic [6, 7]. Cataracts and keratoco-
nus are usually observed in older patients [5, 7, 8]. Visual 
acuity may range from 20/400 to CF [6], but it often deterio-
rates to LP or NLP within the first decade [7]. McKibbin 
et al. [5] reported a visual acuity range of 20/200 to LP in 
four families [8]. The full-field ERG is usually non-
recordable at an early age. Fundus abnormalities may be lim-
ited to mild vessel attenuation at an early age, but they 
eventually include optic disc pallor, RPE mottling, and 
peripheral pigment deposits in the second or third decade 
(often in a bone-spicule pattern, but may be nummular) [5, 
9]. White drusen-like deposits have been reported in some 
patients [7]. The foveal structure may be normal in younger 
patients [7, 8]. Macular atrophy develops later in the disease 
course, often not until the third decade [8]. FAF may show 
macular loss of autofluorescence [5]. OCT imaging may 
reveal normal retinal architecture or show maintained 

thickness at the fovea and peripheral retina with reduced 
thickness in the parafovea [9]. Developmental delay has 
been reported in some patients with LCA caused by 
RPGRIP1 mutations [5].

In keeping with other genetic loci causing LCA, there is 
phenotypic variability in LCA caused by RPGRIP1 muta-
tions. Some patients may have an early-onset rod-cone dys-
trophy. One patient reported visual difficulties since 
childhood but experienced more nyctalopia and peripheral 
vision loss along with loss of visual acuity [10]. The patient 
had horizontal nystagmus and a fundus characterized by 
optic disc pallor, attenuated vessels, and peripheral pigmen-
tary changes. GVF revealed only central islands of vision 
remaining (rod-cone pattern). OCT in this patient showed 
maintained foveal architecture with atrophy in the para- and 
perifoveal regions. In another study, visual acuity of 0.1 (≈ 
20/25) at age 15 was reported in a patient with an onset of 
2  years  of age and a history of nyctalopia and poor color 
vision. This patient exhibited macular atrophy and a severely 
reduced ERG [4].

RPGRIP1 mutations have also been reported to cause 
autosomal recessive cone-rod dystrophy in two consan-
guineous Pakistani families [3]. These patients experienced 
photophobia beginning early  in childhood, with color 
blindness and gradual loss of central vision. Hameed et al. 
[3] report a rapid loss of visual acuity to 20/1200  in the 
mid-teenage years. Fundus features include granularity and 
macular atrophy (sometimes in a bull’s-eye pattern). Full-
field ERG revealed a cone-rod pattern of degeneration 
(Fig. 74.1).
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Fig. 74.1  Case summary: 17-year-old patient with RPGRIP1-
associated Leber congenital amaurosis, onset at birth, and hand motion 
visual acuity. (a) Color fundus photograph of the right eye, showing a 
hyperemic disc, attenuated vessels, peripheral pigmentary changes, and 

retinal pigment epithelium atrophy most prominent along and outside 
the arcades. (b) Spectral domain-optical coherence tomography, show-
ing a preserved ellipsoid zone (EZ) at the fovea with EZ and outer 
nuclear layer loss outside the fovea.
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RS1

RS1 encodes retinoschisin, which is expressed in retinal 
photoreceptors and bipolar cells and plays a role in the orga-
nization of retinal architecture and retinal function. Mutations 
in RS1 cause X-linked juvenile retinoschisis (XLRS).

Males with mutations in RS1 may rarely present in infancy 
with nystagmus, but they more commonly present in child-
hood with mild loss of central vision. Hyperopia is common. 
Visual acuity may deteriorate to 20/100, but there is signifi-
cant variability among patients [1–5]. Visual acuity may 
remain relatively stable until adulthood [6], but it has been 
shown to decline with age [3]. Prognosis may be good as 
long as retinal detachment and vitreous hemorrhage do not 
occur. The disease usually affects both eyes symmetrically 
unless complications of the disease (vitreous hemorrhage or 
retinal detachment) dramatically reduce vision in one eye. 
Fundoscopy usually reveals foveal schisis, which presents as 
a characteristic “spoke-wheel” pattern of foveal cysts in the 
macula (Fig. 75.3a). The macular findings may progress to 
atrophy in later stages of the disease (Figs. 75.1, 75.2, and 
75.4a, b). Peripheral retinal abnormalities, including bilat-
eral schisis cavities (usually infero-temporal), “vitreous 
veils,” vascular closure, inner retinal sheen, and pigmentary 
retinopathy, are seen in approximately 50% of cases.

There have been reports of some patients who exhibit white 
flecks [7] and others who exhibit the Mizuo phenomenon (loss 
of the tapetal reflex with dark-adaptation and recovery with 

exposure to light) [8]. FAF may provide a better illustration of 
the “spoke-wheel” pattern, which results from schisis at the 
fovea and may be associated with increased FAF (Fig. 75.3b) 
[5]. OCT is the most useful testing modality for diagnosis and 
reveals cystoid changes in the inner retina, which may wax 
and wane over time (Figs. 75.3c and 75.4c) [10, 11]. The reti-
nal nerve fiber layer may be thinner in some patients than in 
controls [12]. Older patients may not exhibit retinoschisis on 
OCT, but they may have reduced macular thickness and ERM 
[13]. Full-field ERG testing may reveal a negative ERG, in 
which the b-wave to a-wave ratio is less than 1 for the scotopic 
b-wave, or may show prolonged implicit times for the cone 
flicker parameter [9, 14], while multifocal ERG (mfERG) 
illustrates the areas of cone dysfunction [15, 16]. Goldmann 
visual field testing typically shows central visual field loss 
(Fig.  75.4d). However, several studies have shown that the 
ERG may be normal, especially early in the disease course 
[17, 18]. About 5% of cases of XLRS are complicated by vit-
reous hemorrhage and retinal detachment, and these have been 
reported as early as the first year of life [19, 20]. Macular holes 
have also been reported [21].

Female carriers of RS1 disease alleles usually do not 
exhibit any signs of structural or functional retinal abnor-
malities, although some may have abnormalities on mfERG 
[22], making molecular genetic testing invaluable in con-
firming carrier status.
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Fig. 75.1  Color fundus photo of the left eye from a 26-year-old man with X-linked juvenile retinoschisis (XLRS), showing macular atrophy.

Fig. 75.2  Color fundus photo of the right eye from a 9-year-old boy with XLRS, showing macular atrophy and atrophy with pigmentation along 
and outside the inferior arcades and retinal periphery.
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Fig. 75.3  Case summary: 12-year-old boy with a mutation in RS1. (a) 
Color fundus photograph of the left eye, showing macular schisis. (b) 
Fundus autofluorescence of the left eye, showing hyperautofluores-

cence at the fovea in areas of schisis. (c) Spectral domain-optical coher-
ence tomography, showing schisis and segmentation of the inner retinal 
layers at the fovea.
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Fig. 75.4  (a) Color fundus 
photograph of the right eye, 
showing macular atrophy 
with minimal pigmentary 
changes at age 48. (b) Color 
fundus photograph of same 
eye at age 78, showing an 
increased area of macular 
atrophy with significant 
pigment deposits. (c) Spectral 
domain-OCT of the same eye 
at age 78, showing extensive 
outer retinal and retinal 
pigment epithelium atrophy. 
(d) Goldmann visual field of 
this eye at age 77, showing 
dense central field loss with 
all three isopters.
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SAG

SAG, also known as S-antigen or S-arrestin, encodes a rod 
photoreceptor protein involved in the recovery phase of light 
transduction. It is present in the retina and pineal gland and 
plays an inhibitory role in the activated phototransduction 
cascade [1, 2]. Mutations are responsible for Oguchi disease 
and for retinitis pigmentosa (RP).

SAG mutations are responsible for the majority of cases of 
Oguchi disease in the Japanese population and have an auto-
somal recessive pattern of inheritance. The most frequent 
mutation in this population is c.926delA; p.N309Tfs*12 
(previously reported as 1147delA) [2, 3]. Hayashi et  al. 
(2010) reported that 5 out of 6 Japanese patients with Oguchi 
disease are homozygous for the c.926delA mutation [3]. 
Oguchi is a form of congenital stationary night blindness 
(CSNB) where the only symptom is generally a childhood-
onset of nyctalopia [4]. Visual acuity, visual field, and color 
vision are usually all within normal range. A characteristic 
feature of Oguchi is the diffuse golden yellow or gray discol-
oration of the fundus, which disappears after prolonged 
dark-adaptation and reappears almost immediately upon re-
exposure to light (called the Mizuo-Nakamura phenomenon) 
[2–4]. Full-field electroretinogram (ERG) is non-recordable 
after 30 minutes of dark adaptation, but cone and flicker 
ERG recordings are essentially normal. Combined rod-cone 
ERG responses show a significantly reduced a-wave, a non-
detectable b-wave, and well-preserved oscillatory potentials 
[3, 4].

SAG mutations have variable expressivity. Some patients 
have Oguchi disease only [2] and some manifest symptoms 
RP along with the Mizuo-Nakamura phenomenon [4]. There 
is a report of a patient with autosomal recessive RP with a 

homozygous c.926delA mutation in SAG who has pigmen-
tary retinal degeneration and retinal pigment epithelium 
(RPE) atrophy along the vascular arcades. This patient has 
constricted visual fields and paracentral visual field defects 
and also exhibits the Mizuo-Nakamura phenomenon [3].

More recently, Sullivan et  al. described a dominantly-
acting mutation in SAG (c.440G>T; p.Cys147Phe) that is 
reponsible for 36% of the autosomal dominant retinitis pig-
mentosa in Hispanic patients in the United States. All these 
patients demonstrated classic fundus features of retinitis 
pigmentosa with a rod-cone pattern of ERG loss; none 
demonstrated the Mizuo-Nakamura phenomenon [5].
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SEMA4A

SEMA4A encodes semaphorin-4A, a cell surface receptor 
involved in cell-to-cell signaling, which plays a role in adap-
tive immunity as well as in inhibition of angiogenesis and 
axonal growth. One study showed that mutations in SEMA4A 
result in RPE cell susceptibility to light, oxidative, and endo-
plasmic reticulum stress in vitro [1]. Mutations in SEMA4A 
have been shown to cause autosomal recessive and autoso-
mal dominant retinitis pigmentosa (rod-cone dystrophy) and 
recessive cone-rod dystrophy [2]. 

Patients with dominant or recessive rod-cone dystrophy 
present initially with night blindness and progressive periph-
eral vision loss, with central vision loss later in the disease pro-
cess. Fundus findings include peripheral and mid-peripheral 

bone spicule pigmentation with vascular attenuation; macular 
involvement is typically found in older patients. Optical coher-
ence tomography may reveal foveal-sparing of photoreceptors 
(Fig. 77.1b). 

Cone-rod dystrophy is typified by early loss of visual acu-
ity and dyschromatopsia, with nyctalopia and peripheral 
vision loss occurring later; photophobia and photosensitivity 
are common in these patients. The fundus appears granular, 
with macular atrophy and peripheral pigmentation. Fundus 
autofluorescence may reveal increased macular autofluores-
cence and patchy areas of hypoautofluorescence in the mid-
peripheral retina (Fig. 77.1a). 
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Fig. 77.1  Case summary: 52-year-old Hispanic male (CEI28386) with 
a family history of dominant retinitis pigmentosa with a mutation in 
SEMA4A. (a) Wide-field fundus autofluorescence of the right eye, show-
ing increased macular autofluorescence, with patchy areas of hypoauto-

fluorescence in the mid-peripheral retina. There are also circular areas of 
hypoautofluorescence corresponding to RPE atrophy in the inferior ret-
ina. (b) Spectral domain optical coherence tomography of the right eye, 
showing extrafoveal ellipsoid zone and outer nuclear layer loss.
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SNRNP200

SNRNP200 (also known as ASCC3L1) encodes hBrr2, an 
RNA helicase essential for pre-mRNA splicing. Mutations in 
this gene have been associated with autosomal dominant 
retinitis pigmentosa (RP) [1–3].

Patients with SNRNP200-related RP typically present 
with nyctalopia, with an onset in the late first to early second 
decades of life. Patients exhibit a gradual decline in visual 
acuity and narrowing  of visual fields with age, leading to 
eventual peripheral field loss with relatively conserved cen-
tral vision. Fundoscopy may reveal waxy pallor of the optic 
disc, arteriolar attenuation, bone-spicule pigmentary changes 

in the mid-periphery, and atrophy of the retinal pigment epi-
thelium, which typically increases with age (Figs. 78.1 and 
78.2) [1–3]. Macular atrophy may be seen in some older 
patients [2]. In one study, two patients in their 40s were also 
diagnosed with angle-closure glaucoma [1]. Full-field scoto-
pic rod electroretinogram (ERG) may reveal reduced or non-
recordable responses. In severe cases, both rod and cone 
function may be reduced, but in younger patients, cone cell 
function may be better preserved. Multi-focal ERG may dis-
play reduced signals over the entire test field or show reduc-
tion in the peripheral macula [1–3].
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Fig. 78.1  Color fundus photograph from a 59-year-old woman with 
rod-cone dystrophy, showing typical findings of bone spicule pigmen-
tary changes, waxy pallor of the optic nerve, and attenuation of the reti-
nal vessels.

Fig. 78.2  Color fundus photograph from a 45-year-old man with rod-
cone dystrophy, showing typical findings of retinitis pigmentosa.
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SPATA7

SPATA7 encodes spermatogenesis-associated protein, whose 
retinal function is poorly defined. Autosomal recessive muta-
tions in SPATA7 are associated with Leber congenital amau-
rosis (LCA) and retinitis pigmentosa (RP).

SPATA7 mutations are a rare cause (1–2%) of autosomal 
recessive LCA. Patients with SPATA7-related LCA may have 
an early onset of visual symptoms, typically beginning in 
infancy. Similar to LCA caused by other genes, infants 
exhibit poor visual fixation and pupillary reflex, nystagmus, 
nyctalopia, hyperopic astigmatism, and transient photopho-
bia [1–3]. In one study of 10 patients with SPATA7 muta-
tions, keratoconus was present in one patient, and mild 
cataracts were present in two patients under the age of 21 [1]. 
Visual acuity may present as poor as hand movements or 
worse, and Goldmann visual fields show less than 5° central 
field preservation within the first decade of life [1]. Fundus 
examination of patients may reveal a  normal fundus at an 
early age or a gradually deteriorating “salt-and-pepper” 
appearance with atrophic retinal changes and pigment migra-
tion, with arteriolar attenuation and optic disc pallor [1, 3]. 
Fundus autofluorescence imaging often shows a hyperauto-
fluorescent parafoveal ring, with hypoautofluorescence from 
the mid-periphery to the periphery as well as along the 

arterioles. SD-OCT shows diffuse retinal thinning and 
preservation of the ellipsoid zone at the foveal region. ERGs 
in younger patients may reveal normal/subnormal rod-ERG 
b-wave amplitudes, but by the first decade of life, the rod 
ERG tends to become completely undetectable [1].

SPATA7-related early-onset retinal dystrophy has an 
autosomal recessive pattern of inheritance and is rare. 
Phenotypes are very similar to SPATA7-related LCA but 
tend to exhibit less severe disease [2]. Onset of symptoms 
occurs in early childhood, with complaints of vision loss 
and nyctalopia. Visual fields may be reduced to 5° within 
the first decade of life [2]. Visual acuities are normal at an 
early age but deteriorate over time to 20/200 to hand 
motion  vision. Fundus examination reveals widespread 
RPE degeneration, arteriolar narrowing, optic disc pallor, 
and bone-spicule like pigmentary changes, typical of clas-
sical RP (Fig. 79.1a). Older patients may exhibit a macu-
lopathy. Full-field ERG is typically non-recordable at an 
early age in both rod and cone parameters [4]. Fundus auto-
fluorescence may show a ring of hyperautofluorescence in 
the macula (Fig. 79.1b), and optical coherence tomography 
is helpful to visualize the extent of photoreceptor and reti-
nal pigment epithelium loss.
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Fig. 79.1  Case summary: 
17-year-old with SPATA7-
associated Leber congenital 
amaurosis, onset at birth, 
hand movement visual acuity. 
(a) Color fundus photograph 
of the left eye, showing 
attenuated vessels, peripheral 
retinal pigment epithelium 
atrophy, and white retinal 
dots/deposits. (b) Fundus 
autofluorescence, showing a 
macular ring of 
hyperautofluorescence 
surrounding the fovea. (c) 
Spectral domain-optical 
coherence tomography,  
showing a broadened foveal 
pit with perifoveal macular 
loss of the ellipsoid zone and 
outer nuclear layer.

79  SPATA7



259© Springer International Publishing AG, part of Springer Nature 2018
S. Zahid et al., Retinal Dystrophy Gene Atlas, https://doi.org/10.1007/978-3-319-10867-4_80

TIMP3

Mutations in TIMP3, which encodes an inhibitor of matrix 
metalloproteinase, have been shown to cause Sorsby fundus 
dystrophy, an autosomal dominant macular degeneration 
[1–4].

Patients usually present in their 40s to 50s with a sudden 
loss of central vision that results from choroidal neovascular-
ization and subretinal fluid [5, 6]. Some patients experience 
nyctalopia before central visual deficits, but most patients are 
asymptomatic before sudden central vision loss. In one 
study, median ages of visual acuity deterioration to below 
20/200 were 45 and 59 for the first and second eyes [5]. 
Choroidal neovascularization (CNV) tends to cause vision 
loss earlier than macular atrophy, occurring as early as age 
45 in the first eye [4]. Some patients may not show CNV in 
the fellow eye until 3-5 years later [5]. Fundoscopic exami-

nation often reveals a normal fundus in patients younger than 
20 years, but most patients exhibit drusen-like deposits at the 
posterior pole by the third decade, which may not affect 
visual acuity [5, 7]. These deposits are usually not visualized 
on fluorescein angiography, although patchy hypofluores-
cence is observed throughout the retina. Macular atrophy 
may occur with or without CNV and can result in visual acu-
ity less than 20/200 in the 50s (Figs. 80.1 and 80.2). Some 
studies have shown that drusen-like deposits may precede 
CNV by three to twelve years, though CNV can occur in the 
absence of these deposits [5]. CNV occurs in both eyes in 
50% of patients, occurring as early as 37 years and as late as 
61 years [5]. CNV has been reported to be recurrent and mul-
tifocal in patients with certain mutations [5]. Peripheral atro-
phy is rare.
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Fig. 80.1  Color fundus photo of the right eye of a 54-year-old woman with Sorsby Fundus Dystrophy, showing drusen along the arcades and 
macular chorioretinal atrophy with scarring and pigmentation. This patient had a history of neovascularization that led to the macular findings.

Fig. 80.2  Color fundus photo of the right eye of another 54-year-old 
woman with Sorsby Fundus Dystrophy, showing extensive chorioreti-
nal atrophy, with scarring and pigmentation involving the macula and 

extending to outside the arcades. There is also atrophy in the retinal 
periphery, with dense pigmentary changes.
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TOPORS

TOPORS encodes E3 ubiquitin-protein ligase Topors, 
which is an enzyme involved in the proteasomal degrada-
tion pathway. Mutations in TOPORS cause 1% of autoso-
mal dominant retinitis pigmentosa (adRP) (rod-cone 
dystrophy) [1–3]. Patients typically present between 10 and 
50 years of age with night blindness and peripheral vision 
loss, although some affected patients may be asymptomatic 
[1, 2]. Visual acuity is usually maintained until late in the 
disease process (range: 20/20 to CF). The fundus is charac-
terized by RPE atrophy located uniquely around the retinal 
vessels (“perivascular cuff of RPE atrophy”) in very young 
patients, which progresses with age to diffuse pigment 
deposits with atrophy (Figs.  81.1 and 81.2) [1]. Patients 
may also exhibit optic disc pallor and macular RPE atrophy 
[2]. The full-field ERG reveals a rod-cone pattern of degen-
eration but exhibits variability [1, 2]. Some patients who 
carry the mutation may exhibit a normal fundus, even in the 
context of abnormal ERG parameters [1]. GVF also exhib-
its a rod-cone pattern, but the extent of visual field loss may 
vary within the same family [1]. Static perimetry may show 
loss of sensitivity beyond 10° of eccentricity, with preser-

vation of foveal sensitivities [2]. It has been suggested that 
the pathogenicity of truncating mutations results from hap-
loinsufficiency [1, 2].

One missense TOPORS mutation has been reported to 
cause autosomal dominant pericentral retinal dystrophy in a 
family [4, 5]. These patients may be asymptomatic or report 
central vision defects or pericentral scotomas. Nyctalopia 
generally begins after age 25 but may not occur until as late 
as age 50. Color vision abnormalities are uncommon. Fundus 
findings feature bone spicule deposits near the vascular 
arcades rather than the mid-periphery, minimal vessel atten-
uation, and a normal optic disc. Full-field ERG is usually 
abnormal but is less severely affected than in rod-cone dys-
trophy as described above and with other forms of 
adRP. Multifocal ERG usually reveals reduced amplitudes in 
the macula. Dark-adaptation thresholds may be minimally 
elevated. GVF reveals a ring scotoma within 30 degrees that 
spares the fovea. One patient in this family progressed to a 
clinical picture identical to rod-cone dystrophy, with periph-
eral bone-spicule deposits and atrophy, vessel attenuation, 
and eventual involvement of the macula [4].
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Fig. 81.1  Color fundus photograph of the left eye of a 27-year-old 
female patient, showing an unremarkable fundus exam, with only sub-
tle retinal pigment epithelium (RPE) changes and without significant 
bone spicule pigmentation or atrophy.

Fig. 81.2  Color fundus photograph of the right eye of a 56-year-old 
patient (father of patient in Fig. 81.1), showing midperipheral RPE atro-
phy with bone spicule pigment deposits. Some of these deposits and 
atrophy are near the  retinal vasculature. There is also macular RPE 
depigmentation in the parafovea.
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TULP1

TULP1 encodes tubby-like protein 1, which is a retina-
specific protein involved in trafficking of proteins and trans-
port of rhodopsin in photoreceptors. Recessive mutations in 
TULP1 cause a range of diseases from Leber congenital 
amaurosis (LCA) and early-onset retinitis pigmentosa to 
classic rod-cone dystrophy [1–4].

In one study, Hanein et al. found that mutations in TULP1 
cause 1.7% of LCA. TULP1-related LCA patients may show 
signs of nystagmus, profound visual deficits, and nonrecord-
able ERGs within the first few months of life. Within their 
first and second years, patients generally experience nyctalo-
pia more commonly than photophobia. Peripheral visual 
fields are also reduced [3].

Mutations in TULP1 cause less than 1% of autosomal 
recessive retinitis pigmentosa. Patients may exhibit nystagmus 
(pendular, vertical, or horizontal) shortly after birth as well as 
visual field loss, poor visual acuity, and night blindness within 
the first decade of life. Patients may also experience nyctalo-
pia, photoaversion, and head bobbing at early ages. Some 
patients may have exotropia or early-onset cataracts. Fundus 
findings may include arteriolar attenuation and typical bone 
spicule pigmentation in the midperipheral retina (Figs. 82.1a 

and 82.2a). RPE mottling, posterior staphyloma, and Fuch’s 
spots have also been reported. Optic disc pallor may also be 
seen in older patients; one study also found cellophane reflexes 
from the macula in two patients [5]. Typically, patients exhibit 
visual acuities less than 20/200 in their 30s and exhibit rod-
cone ERG and GVF patterns [1]. Some patients demonstrate 
non-recordable ERGs for both rod and cone parameters at a 
younger age. Visual field constriction may progress to abso-
lute scotoma later in the disease process [2, 4, 6–9]. Fundus 
autofluorescence may show a macular ring of hyperautofluo-
rescence and  show hypoautofluorescence in areas of retinal 
pigment epithelium (RPE) atrophy (Fig.  82.2b). Optical 
coherence tomography is helpful in demonstrating areas of 
macular RPE and photoreceptor loss (Fig. 82.1b).

One study described two unrelated patients with a homo-
zygous mutation (p.Arg420Ser) in TULP1 (inherited through 
maternal uniparental isodisomy) [10]. While TULP1 muta-
tions are predominantly associated with rod-mediated dis-
eases, these patients had significant cone dysfunction. They 
both exhibited progressive loss of visual acuity and bull’s-
eye maculopathy along with significant loss of cone ERG 
parameters and central scotomas.
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Fig. 82.1  Case summary: 17-year-old with early-onset retinitis 
pigmentosa. (a) Color fundus photograph of the right eye, showing 
peripheral retinal atrophy with bone spicule pigment deposits in 
the  midperipheral retina with apparent relative macular sparing. (b) 

Spectral domain-optical coherence tomography (SD-OCT), showing 
loss of the macular ellipsoid zone (EZ) and outer nuclear layer, with a 
small residual band at the fovea.

Fig. 82.2  Case summary: 21-year-old with Leber congenital amauro-
sis, onset at birth, visual acuity 0.4 logMAR in the right eye and 0.78 
logMAR in the left eye. (a) Color fundus photograph of the right and 
left eyes, showing macular retinal pigment epithelium (RPE) depig-
mentation in a ring surrounding the fovea, with midperipheral patchy 

RPE atrophy and scant pigment deposits in both eyes. (b) Fundus auto-
fluorescence of the right and left eyes, showing a ring of hyperauto-
flourescence with spots of hypoautofluorescence corresponding to RPE 
atrophy outside the arcades.
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USH2A

USH2A encodes usherin. Mutations in USH2A are the most 
common cause of autosomal recessive non-syndromic retini-
tis pigmentosa (10–15%) [1, 2] and of Usher syndrome type 
2 (RP and hearing impairment) [3–6].

In patients with non-syndromic RP, visual acuity is usu-
ally maintained until relatively late in the disease course [1, 
7–9]. Fundus findings show mild or no pigment deposits, 
peripheral retinal pigment epithelial atrophy or depigmenta-
tion, and cystoid macular edema in some patients (Figs. 83.1a 
and 83.2). Full-field ERGs and kinetic visual fields are con-
sistent with typical RP. Fundus autofluorescence (FAF) may 
reveal a peri-macular ring of increased AF (Fig.  83.1b), 
which constricts over time [8]. Sandberg et al. showed that 
patients with USH2A mutations reach legal blindness (due to 
either visual field or visual acuity loss) at a median age of 58 
and exhibit yearly rates of decline of 2.6%, 7.0%, and 13.2% 
for visual acuity, visual field area, and 30-Hz flicker ampli-
tude, respectively [10].

USH2A mutations account for about 80% of Usher syn-
drome type 2. Patients typically present with mild-to-
moderate sensorineural hearing loss from birth (more severe 

for higher frequency sounds), and are otherwise in good 
health, with normal vestibular responses. There is evidence 
suggesting that there may be progression of hearing loss with 
age in some individuals [11, 12]. The ophthalmic manifesta-
tions are characterized by nyctalopia and peripheral visual 
field loss within the first two decades, which progresses with 
age, though the rates of progression may vary, with signifi-
cant intra- and interfamilial phenotypic variability [10, 13–
16]. Fundoscopy may demonstrate mild or no pigment 
deposits (Figs.  83.1a and 83.2), peripheral retinal pigment 
epithelial atrophy, or depigmentation (Fig. 83.3); a macular 
hyperautofluorescent ring on fundus autofluorescence imag-
ing (Fig. 83.1b); and cystoid macular edema in some patients. 
The full-field ERG is often non-recordable [17, 18].

One study described a family with three unique patho-
genic variants in USH2A in which, depending on which two 
variants were inherited by an individual, that family member 
had either nonsyndromic RP or Usher syndrome [8]. 
However, no reliable genotype-phenotype correlations have 
been found thus far, as there is significant intra- and interfa-
milial variability [10, 15, 16].
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Fig. 83.1  Montage color fundus photograph of the right eye from a 
31-year-old man with rod-cone dystrophy, showing typical features of 
retinitis pigmentosa, with peripheral bone spicule pigmentation in the 
mid-periphery and retinal vessel attenuation.

Fig. 83.2  Case summary: 17-year-old female with Usher Syndrome (a) Wide-field color fundus photograph of the right eye, showing a blunted 
foveal reflex and peripapillary atrophy. (b) Wide-field fundus autofluorescence, showing a wide hyperautofluorescent ring in the macula.
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VCAN

VCAN encodes four extracellular matrix (ECM) isoforms 
(due to alternative splicing of introns 7 and 8) that are a com-
ponent of the vitreous and are likely involved in its mainte-
nance and structural integrity [1, 2]. Mutations, which have 
only been identified at the splice acceptor region of intron 7 
and the splice donor region of intron 8, cause an overexpres-
sion of isoforms V2 and V3 and are responsible for Wagner 
syndrome (WS) [1, 3].

VCAN mutations are responsible for all known cases of 
Wagner disease, which has an autosomal-dominant pattern 
of inheritance. The age of onset of the disease is usually dur-
ing adolescence, but it can also begin during early childhood 
[4]. Visual acuity and the progression of vision loss has a 
great deal of inter- and intrafamilial variability [3], but it is 

generally within normal range for younger patients (ranging 
from 20 to 50  years [4]) and severely reduced in older 
patients [5]. Other features include myopia, early-onset cata-
racts, progressive nyctalopia, and risk for retinal detachment 
[1, 3, 4]. Seen on slit-lamp examination, the hallmark feature 
of Wagner is an optically empty vitreous with strands, mem-
branes, or veils [1, 3, 4]. Chorioretinal atrophy with pigment 
migration into the retina has also been noted [3], in addition 
to instances of ectopic foveae, inverted papilla, and uveitis 
without the formation of synechiae [3, 4]. Scotopic and phot-
opic ERG responses are affected to varying degrees, in a 
family-specific manner, with reductions in both a- and 
b-wave amplitudes [2, 3]. Visual field shows ring scotomas 
with eventual loss of central vision [4].
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Fig. 84.1  Case Summary: 31 year old woman with VCAN mutations. 
(a) Color photograph of the right eye, showing diffuse retinal atrophy, more 
prosminent adjacent to the vascular arcades and in the fovea. (b) B-scan of 

the right eye, demonstrating vitreous membranes. (c) Spectral Domain 
Optical Coherence Tomography of the right eye, showing diffuse retinal 
thinning, loss of the ellipsoid zone, and foveal atrophy.
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