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PURPOSE. To assess clinical characteristics, foveal structure, mutation spectrum, and
prevalence rate of Åland eye disease (AED)/incomplete congenital stationary night blindness
(iCSNB).

METHODS. A retrospective survey included individuals diagnosed with AED at a national low-
vision center from 1980 to 2014. A subset of affected males underwent ophthalmologic
examinations including psychophysical tests, full-field electroretinography, and spectral-
domain optical coherence tomography.

RESULTS. Over the 34-year period, 74 individuals from 35 families were diagnosed with AED.
Sixty individuals from 29 families participated in a follow-up study of whom 59 harbored a
CACNA1F mutation and 1 harbored a CABP4 mutation. Among the subjects with a CACNA1F

mutation, subnormal visual acuity was present in all, nystagmus was present in 63%, and
foveal hypoplasia was observed in 25/43 subjects. Foveal pit volume was significantly reduced
as compared to normal (P < 0.0001). Additionally, outer segment length at the fovea was
measured in 46 subjects and found to be significantly reduced as compared to normal (P <
0.001). Twenty-nine CACNA1F variations were detected among 34 families in the total cohort,
and a novel CABP4 variation was identified in one family. The estimated mean birth
prevalence rate was 1 per 22,000 live-born males.

CONCLUSIONS. Our data support the viewpoint that AED, iCSNB, and X-linked cone–rod
dystrophy 3 are designations that refer to a broad, continuous spectrum of clinical
appearances caused in the majority by a variety of mutations in CACNA1F. We argue that the
original designation AED should be used for this entity.
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Åland eye disease (AED) was first described as an X-linked
disorder in a family from the archipelago of Åland in the

Baltic Sea.1 The disorder was initially categorized as a type of X-
linked ocular albinism, Forsius-Eriksson type (gene/locus
Online Mendelian Inheritance in Man [OMIM] No. 300600).2

However, the demonstration of normal retinocortical projec-
tions by visual evoked potential recording definitely excluded
the concept of AED being a type of ocular albinism.3 A similar
disorder was later categorized as incomplete congenital
stationary night blindness (iCSNB) type 2A (OMIM No.
300071), and in a separate report of a single family a
comparable entity was referred to as X-linked cone–rod
dystrophy 3 (OMIM No. 300476).4–6 The three entities were
subsequently shown to be caused by mutations in the
CACNA1F gene.7–9 The phenotype of this clinical entity is
highly variable and may comprise subnormal best-corrected
visual acuity, nystagmus, a broad refractive span from high

myopia to moderate hyperopia, photophobia, color vision
deficiency, and/or foveal hypoplasia with an otherwise normal,
sometimes sparsely pigmented fundus.1,10,11 Mild or moderate-
ly impaired dark adaptation is often present, but subjective
complaints are reported by a part of the patients only. None of
the clinical symptoms are specific and at least one major feature
(impaired night vision, nystagmus, or myopia) was absent in
75% of the subjects in a previous study.12 The full-field
electroretinography (ffERG) is diagnostic in most cases
showing a negative configuration of the dark-adapted cone–
rod response and a severely reduced photopic 30-Hz flicker a-
wave with a conspicuous double configuration.13–15 Electro-
physiologically, AED/iCSNB is a cone–rod synaptic disorder
with predominantly cone affliction, and the confusion with X-
linked and autosomal recessive complete CSNB mainly reflects
that both disorders show negative ERG. We recognize that AED,
CSNB2A, and cone–rod dystrophy 3, in the absence of distinct
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discriminating features, represent a broad overlap of symptoms
within a single entity, which historically was named Åland eye
disease. We convened a Danish national study of phenotypes
with emphasis on the foveal structure, mutation spectrum, and
prevalence of AED of a sizeable cohort of clinically and
molecularly diagnosed AED patients. New information was
added on prevalence and from optical coherence tomography
(OCT) imaging, which among other things showed that this
disorder also involves an effect on photoreceptor outer
segments.

METHODS

Subjects

This single-center study included a retrospective review of
the files on all subjects diagnosed with AED at the National
Eye Clinic for the Visually Impaired in Denmark from 1980–
2014. The study followed the tenets of the Declaration of
Helsinki and informed written consent was obtained from all
subjects or from the parents of subjects younger than 18
years. The criteria for referral to this clinic were subnormal
visual function or otherwise unexplained visual difficulties in
daily life. The subjects underwent a routine clinical evalua-
tion including fundus photography, ffERG, and Goldmann-
Weekers dark adaptometry with integral technique. All
affected males were invited to participate in a follow-up
study consisting of a reexamination at the National Eye Clinic
for the Visually Impaired. The diagnosis was based on clinical
evaluation and confirmed by molecular genetic analysis, as
described below.

Clinical Assessment

The study protocol included assessment of refraction, best-
corrected visual acuity (Snellen and ETDRS), biomicroscopy
with fundus examination, motility, Goldman manual kinetic
perimetry (III/4e), color vision testing (Ishihara, Farnsworth
panels D15 standard and D15 desaturé), Goldman-Weekers
dark adaptometry (normal median threshold: 4 3 10�3 cd/m2

after 30 minutes), color fundus photography, and ffERG
according to the standard protocol of the International Society
for Clinical Electrophysiology of Vision.16

Optical Coherence Tomography

Imaging of foveal structure was attempted by nonmydriatic
spectral-domain OCT (SD-OCT) in both eyes of all subjects
with one or both of two different instruments (Spectralis SD-
OCT, Heidelberg Engineering, Heidelberg, Germany; Cirrus SD-
OCT, Carl Zeiss Meditec, Humphrey Division, Dublin, CA,
USA). The respective ability of these two instruments to
overcome the effects of nystagmus differed from subject to
subject as reflected in the success rates described below. A
combination of fast and detailed protocols was used to mitigate
the effect of nystagmus during SD-OCT scanning. If fixation
was deemed by the operator to be more than 500 lm off the
anatomic center of the fovea, the scan was repeated at least
once (though this did not always result in an acceptable scan).
Morphologic measurements were made on scans where one or
more of the following findings suggested that they were made
through the anatomic center of the macula: the presence of a
reflex at the bottom of a depression on the inside of the retina,
a point of maximal depth in a foveal depression, a peak point
of attenuation of the middle layers of the retina, or scan line
that transected the center of the foveal avascular zone. Not all
subjects had scans that could be analysed, though when
possible the following measurements were made: (1) The SD-

OCT scans were qualitatively assessed for the presence of
hypoplasia (persistence of one or more inner retinal layers at
the foveal center)17,18; (2) The foveal pit volume was measured
and compared to normative values by using the method
described by Wilk et al.19; (3) The length of the photoreceptor
outer segments at the fovea was measured, taken as the
distance between the second (inner segment/outer segment
junction or ellipsoid zone) and third (interdigitation zone or
cone outer segment tips) hyperreflective bands; and (4) The
subfoveal choroidal thickness was measured, taken as the
distance between Bruch’s membrane and the chorioscleral
interface.

Molecular Genetics and Genealogic Studies

Venous blood samples were collected from all subjects and
available family members. Total genomic DNA was extracted
according to standard procedures. Mutation screening of
CACNA1F was performed by PCR amplification of genomic
DNA and Sanger sequencing of both DNA strands of the entire
coding region and the flanking intron–exon splice junctions.
Two samples were sequenced by next-generation sequencing
using a targeted approach with a gene panel of 124 genes,
among these CACNA1F, CABP4, and CACNA2D4. Target
regions were enriched by using Agilent SureSelect (Agilent
Technologies, Inc., Santa Clara, CA, USA) and sequenced by
using Illumina HiSeq2000 platform (Illumina, Inc., San Diego,
CA, USA). Raw image files were processed by Illumina HCS
software. Alignment to the human reference genome GRCh37/
hg19 was performed by using Burrows-Wheeler Aligner and
genotypes were called by using SOAPsnp software. Called
variants were filtered, leaving only coding nonsynonymous and
splice-site variants with a frequency in publicly available
databases under 1%. Reported variants were verified by Sanger
sequencing. Sequence variations were assigned into five
classes: pathogenic, likely pathogenic, variant of uncertain
significance, likely benign, or benign based on an in-house
classification system including type of variation, frequency in
databases, segregation analysis, previously reported in affected
individuals, functional assays, and in silico analyses using
prediction.

Genealogic investigation involved at least two generations
of ancestors in all families and was performed to identify
possible relations to the other families. The prevalence rate of
AED was expressed as the proportion of all live-born males that
were affected in the population during 3 decades.

RESULTS

Clinical Phenotyping Results

Retrospectively, we ascertained data on 74 males diagnosed
with AED in 35 families, including a previously described
large multigenerational family with 11 affected members.20

Reexamination according to the current institutional routine
was made in 60 affected subjects, 59 with a CACNA1F

mutation from 29 families. One individual, No. 59, with a
probably pathogenetic CABP4 variant was excluded from all
calculations and presented separately. Most of the families
were residing in Denmark as far as traceable, while three
families originated from Germany (subject No. 55), Norway
(subject No. 53), and Pakistan (subject No. 26). The
reexamined subjects had a median age of 22 years, range 4
to 76 years, and showed a median best-corrected binocular
visual acuity (BCVA) of 0.33, range 0.05 to 0.8 (Fig. 1;
Supplementary Table S1). None of the participants, except
No. 7 and No. 53, showed progression between the initial
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examination and the follow-up (median 9 years, range 0–40
years). Nystagmus was present in 63% (23/55) of subjects and
this subgroup had distinctly lower visual acuity. Ten subjects
showed color vision deficiency, six of whom belonged to a
family segregating deuteranomaly. The retina appeared to be
normally pigmented with normal retinal vessel diameters in
all subjects except in subjects with high myopia (��6.00
diopters [D]), which was present in 31% of the cases.
Seventy-six percent of the cohort had some degree of myopia
in at least one eye. The median refraction was �3 D, range
from �18 D toþ4.75 D. Cross-tabulation between nystagmus
(n¼ 34) and high myopia ��6 D (n¼ 18) among 59 subjects
showed no significant association (two-tailed Fisher exact
probability test, P ¼ 0.16). Dark adaptation was normal or
only moderately deficient (<2 log elevation) in all subjects,
except in subject No. 7. Goldmann perimetry (object III/4e)
was normal in all subjects. Full-field electroretinography was
performed in 54 subjects. Dark-adapted 3-ERG recordings
(combined rod–cone standard flash ERG) showed a-wave
amplitudes between 58 and 384 lV (median 202 lV), which
did not deviate markedly from controls (N ¼ 80, 63–387 lV,
median 205 lV) (Fig. 1D). The b-wave amplitudes were
distinctly subnormal resulting in an electronegative wave-
form of the scotopic bright flash ERG (Fig. 2). Scotopic
oscillatory potentials were present but reduced in number
and amplitudes. The photopic bright flash 30-Hz flicker
recordings showed severe reduction in amplitude and a
distinct b-wave separation resulting in a double-peak config-
uration (Fig. 2).

Disrupted Foveal Morphology in AED

Spectral-domain OCT scans (Cirrus and/or Spectralis) of
sufficient quality to judge the presence or absence of foveal
hypoplasia were available for 43 subjects, with the observed
incidence of hypoplasia being 58% (n¼25). For the 48 subjects
in whom both eyes were assessed on at least one device, we
observed 100% interocular symmetry. Cross-tabulation be-
tween foveal hypoplasia (n ¼ 25) and nystagmus (n ¼ 27) in
46 individuals with CACNA1F mutations showed no significant
association (two-tailed Fisher exact probability test, P ¼ 0.77).
Cross-tabulation between foveal hypoplasia and high myopia
(��6, n ¼ 19) versus low myopia/hypermetropia (n ¼ 19) in
the right eye also showed no significant association (two-tailed
Fisher exact probability test, P¼ 0.32). To further assess foveal
morphology, we quantified the volume of the foveal pit by
using Cirrus SD-OCT scans and a previously described
algorithm.19 Scans were available for 22 subjects, 19 images
from right eyes (mean 6 SD: 0.0328 6 0.0163 mm3), and 19
from left eyes (mean 6 SD: 0.0326 6 0.0153 mm3). Note that
subject 59 (CAPB4 mutation) was not included in the
calculation of mean values, though this patient’s foveal pit
volume was similarly shallow. These values were significantly
different from the normal values previously reported19 (mean
6 SD: 0.0864 6 0.0377 mm3) (P < 0.0001, Mann-Whitney
test). Of note, we used the right eye foveal volume from each
subject unless a right eye image was not available or could not
be processed because of its quality; if that occurred, the left
foveal volume was used, if available (Fig. 3; Supplementary
Table S2).

FIGURE 1. Distribution of four clinical characteristics in the Danish AED cohort. Age distribution among 59 Danish AED patients with a CACNA1F

mutation. (A) Refractive values in diopters (equivalent spherical values) in the right eye of 58 Danish AED patients. (B) Best-corrected visual acuity
(logMAR) of 58 Danish AED patients. (C) a-Wave amplitude of 51 Danish AED patients in response to a combined rod–cone standard flash ERG
(dark-adapted 3 ERG) (D).
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Abnormal Cone Development in AED

Elongation of the cone outer segments represents one aspect
of normal foveal development.22,23 Therefore, we measured
the outer segment length in subjects with AED from all
available scans. Foveal outer segment length (mean 6 SD) was
41.65 6 4.99 lm for OD and 42.07 6 5.65 lm for OS, based
on measurements from 48 subjects (OU¼ 45, OS¼ 3, OD¼ 3)
(Fig. 4; Supplementary Table S3). Normal values of 46.04 6
4.03 lm were derived from the study of Wilk et al.19

Comparing these distributions revealed significantly shorter

foveal cone outer segment lengths in patients with AED (Z

score test; P < 0.001).

Subfoveal Choroidal Thinning in AED

Among 36 subjects for whom subfoveal choroidal thickness

(micrometers) could be assessed in both eyes with Spectralis

SD-OCT, comparable thickness values in right and left eyes

(paired t-test, mean 6 SD: 192.0 6 79.3 and 190.7 6 83.1,

respectively, P ¼ 0.830) was found. The range of subfoveal

FIGURE 2. Full-field electroretinography recordings from the right eyes of three subjects with AED and a normal control (right column). (A–E)
Scotopic recordings. (F–G) Photopic recordings. (A) Rod ERG (dark-adapted 0.01 ERG). (B) Rod–cone response to single flash 1.22 cd-s/m2. (C)
Combined rod–cone standard flash ERG (3.0 cd-s/m2). (D) Strong flash ERG (10.0 cd-s/m2). (E) Dark-adapted 3 oscillatory potentials. (F) Standard
flash ‘‘cone’’ ERG (light-adapted 3 ERG). (G) Light-adapted flicker ERG (3.0 cd-s/m2).

FIGURE 3. Foveal hypoplasia in AED. Foveal hypoplasia was assessed by the presence of inner retinal layers at the foveal center. The subject in (A)
(No. 26) shows persistence of the inner plexiform layer (IPL) and ganglion cell layer (GCL), while the subject in (B) (No. 24) shows persistence of
the IPL, GCL, inner nuclear layer (INL), and outer plexiform layer (OPL). In our subjects, 53% showed some degree of foveal hypoplasia. Retinal
thickness maps from two normal controls (C, D) show foveal pits with volumes of 0.104 and 0.033 mm3, respectively. The AED patient in (E) has an
estimated foveal pit volume of 0.013 mm3. While there is some uncertainty as to the absolute accuracy of these measurements owing to the
unavailability of axial length measurements to correct for differences in the lateral magnification, the retinal thinning and smaller pit profiles are
readily visible and consistent with the high incidence of foveal hypoplasia in the AED population.
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choroidal thickness in our AED patients is shown in Figure 5
and Supplementary Table S4.

Molecular Genetics

In 34 families, a total of 29 variations in CACNA1F were
identified, among which 18 have not been reported previously
(Table 1). The variations were located in 21 of the 48 exons in
CACNA1F and included 11 missense and 10 nonsense
mutations, four frame-shift deletions, two splice-site deletions,
one in-frame deletion, and one duplication (Table 1). Further-
more, an apparently homozygous variant, c.773A>T, p.(As-
n258Ile), in CABP4 was detected in individual No. 59, though a
deletion of one allele could not be excluded.

Prevalence

The number of subjects born in the decades 1980–1989, 1990–
1999, and 2000–2009 were 8, 14, and 22, respectively,

corresponding to a mean birth prevalence of at least 4.6 per
100,000 live-born males (Table 2).

DISCUSSION

CACNA1F codes for the a1F subunit of the Cav1.4 calcium
channel. Cav1.4 maintains a continuous or tonic calcium-
dependent neurotransmitter release from the photoreceptors
and, with the ab2 subunit and the a2d4 auxiliary subunit,
participates in the formation and function of presynaptic cone
and rod photoreceptor ribbon synapses.24–28 Rod signal
transmission primarily occurs through depolarizing ON-bipolar
cells, whereas cones connect and transmit with both ON- and
hyperpolarizing OFF-bipolar cells. Therefore, in AED rod and
cone signal transmission from photoreceptors to bipolar cells
involves both ON and OFF pathway activity.

A second gene, CABP4, encoding the calcium-binding
protein 4 has been shown to be involved in a minor portion
of the patients and families diagnosed with AED or autosomal
recessive CSNB2B (OMIM No. 610427). The CABP4 protein
interacts with the C-terminal domain of the Cav 1.4a calcium
channel.12,29 The phenotype of this disorder is not yet fully
elucidated; however, the same discussion about nomenclature
as in AED was raised and the name ‘‘congenital cone–rod
synaptic disorder’’ proposed.30,31 It is generally accepted that
this disorder of AED/iCSNB-like patients with mutations in

FIGURE 4. Outer segment length in AED. Images from four patients
with AED demonstrating the variation in foveal outer segment length (A
¼ 35 lm, B ¼ 37 lm, C ¼ 43 lm, D ¼ 51 lm). On average, the outer
segment length in AED was significantly shorter than normal, consistent
with reduced foveal cone packing in these patients (see text).

FIGURE 5. Variability in choroidal thickness in AED. Shown are
subjects with (A) normal subfoveal choroidal thickness (subject No.
9; 341.8 lm), (B) moderate thinning (subject No. 17; 92.2 lm), and (C)
severe thinning (subject No. 30; 19.2 lm). On average, the AED
patients had significantly reduced subfoveal choroidal thickness (see
text).
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CACNA1F, is also not clinically a type of night blindness.
Historically, the original description of AED in 1974 has been
neglected since the publications by Miyake and coworkers4

and, despite the recent use of the designation of CSNB2, we
consider it appropriate to consider returning to the original
name of AED for this subgroup of vision disorders. Mutations in
a third gene, CACNA2D4, in the photoreceptor voltage-gated
calcium channel family have been associated with a rare retinal
dysfunction, retinal cone dystrophy 4 (RCD4) (OMIM No.
610478) with an overlapping phenotype including reduced
cone responses and negative or normal rod signals.32–34

The phenotypes in our cohort are in accordance with
existing knowledge. With regard to night blindness the term
‘‘incomplete’’ refers to a slight to moderate elevation of the
threshold after 30 minutes of dark adaptation, which is stated
to lie between 0.3 and 2.5 log units (median 1.8 log unit) above
normal threshold.11,13 Reports on the frequency of subjective
complaints of impaired night vision are scarce. Bijveld et al.11

have reported a frequency of 54%, reporting signs of night
blindness at medical history taking. The present investigation
did not address this issue; however, in an earlier publication20

we have reported subjective night blindness in only 2 of 13
patients with AED.

The anatomic observations reported here are consistent
with a generalized underdevelopment of the foveal pit, with
hypoplasia similar to that seen in conditions such as albinism
and achromatopsia.17–19 Segmentation of SD-OCTs of the
retinal layers in five individuals with X-linked and autosomal
recessive CSNB2 patients has shown thinning of both inner
and outer retinal layers, compared with those of myopic
controls.35 While we could not combine the data from the
Spectralis and Cirrus instruments owing to different segmen-
tation methods, the qualitative retinal thinning was visible in
many subjects (Fig. 3E). Furthermore, we found that AED
patients have, on average, reduced length of foveal cone outer
segments, which has been observed in some patients with
albinism.19 A scatterplot of foveal cone outer segment length
against dark-adapted 3-ERG a-wave amplitude showed no
correlation, while a nonparametric test found a weak trend
toward decreasing a-wave amplitudes with decreasing height
of the foveal cone outer segment layer (P¼ 0.082). The lacking
correlation was unexpected but may be due to the stimulus
intensity, which predominantly reflects rod function. No other
remarkable trends or associations were found. Based on mouse
models of Cav channelopathies, the ribbon synapse structure

TABLE 1. Overview of CACNA1F Mutations in 34 Danish Families With Åland Eye Disease

Family ID Exon Nucleotide Change Predicted Protein Change Mutation Type Reference

175 2 c.148C>T p.(Arg50*) Nonsense 42

309 2 c.208C>T p.(Arg70Trp) Missense 18

320 2 c.244C>T p.(Arg82*) Nonsense 42

4004 2 c.244C>T p.(Arg82*) Nonsense 42

4008 2 c.245G>A p.(Arg82Gln) Missense 21

4002 2 c.245G>A p.(Arg82Gln) Missense 21

317 2 c.272G>A p.(Trp91*) Nonsense Novel

305 6 c.685T>C p.(Ser229Pro) Missense 43

302 7 c.952_954delTTC p.(Phe318del) Deletion - in frame 42

4005 7 c.952_954delTTC p.(Phe318del) Deletion - in frame 42

165 IVS7 c.1015-1G>T p.? Splice-site mutation Novel

83 9 c.1301C>T p.(Ala434Val) Missense Novel

145 11 c.1485T>A p.(Cys495*) Nonsense Novel

90 13 c.1537C>T p.(Arg513*) Nonsense 21

310 14 c.1873C>T p.(Arg625*) Nonsense 42

4006 15 c.2071C>T p.(Arg691*) Nonsense 46

311 17 c.2314A>T p.(Lys772*) Nonsense Novel

312 19 c.2390A>T p.(Glu797Val) Missense Novel

288 19 c.2390A>T p.(Glu797Val) Missense Novel

316 21 c.2683C>T p.(Arg895*) Nonsense 8

4009 21 c.2683C>T p.(Arg895*) Nonsense 8

4007 23 c.2844delC p.(Ser949Valfs*17) Deletion - frameshift Novel

4010 24 c.2923C>G p.(Arg975Gly) Missense Novel

304 27 c.3212_3213delAT p.(Asn1071Serfs*15) Deletion - frameshift Novel

301 IVS27 c.3269þ1G>A p.? Splice-site mutation Novel

307 29 c.3512delG p.(Arg1171Profs*17) Deletion - frameshift Novel

164 30 c.3666G>T p.(Met1222Ile) Missense Novel

306 33 c.3895C>T p.(Arg1299*) Nonsense 8

77 33 c.3896G>T p.(Arg1299Leu) Missense Novel

315 37 c.4396T>C p.(Trp1466Arg) Missense Novel

314 38 c.4438_4439delTT p.(Leu1480Glyfs*88) Deletion - frameshift Novel

308 39 c.4579C>T p.(Leu1527Pro) Missense Novel

313 39 c.4594C>T p.(Arg1532Trp) Missense Novel

253 42 c.4874dup p.(Asp1626Glyfs*5) Duplication Novel

Novel, previously unreported mutation.

TABLE 2. Male-Specific Prevalence Rates of Subjects With AED

Decade of Birth 1980–1989 1990–1999 2000–2009

No. of live-born males 331,957 344,076 282,882

No. of diagnosed males 8 14 22

Sex-specific birth

prevalence 2.4/100,000 4.0/100,000 7.8/100,000
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maturation is disturbed or essentially absent and ectopic
synapses develop by sprouting from bipolar and horizontal
cells.25,28 Thus, the shortening of foveal outer segments
observed here may indicate still other direct or indirect impact
on the cone photoreceptors.27,36 Moreover, the disruption of
the dendritic branching pattern of horizontal cells in a murine
model of CSNB2A, which has a loss-of-function mutation in
Cacna1f, suggests that afferent signaling from photoreceptors
has downstream effects on retinal development.37

One limitation of our analysis was that axial length
measurements were not available. While this would affect
OCT measurements made laterally, the axial scale of the OCT
images is not affected by individual differences in axial length.
Thus, the only measurement that may be compromised is the
foveal volume measures. However, our quantitative findings of
smaller foveal pits in AED were supported by the qualitative
observations of a high incidence of foveal hypoplasia in this
group (58%). Thus, the difference reported between AED and
normal is likely correct, though the exact magnitude of the
difference may be more or less. Future analyses looking at
foveal pit dimensions should aim to integrate axial length
measurements in order to remove the possible confound of
differences in axial length. In a group of 54 healthy subjects—
mean age 31.8 years, BCVA 20/25–20/10, spherical equivalent
refraction �0.5 D, range �7.1 to 3.8 D—examined at our
institution (Rönnbäck et al., 2015), the subfoveal choroidal
thickness is 368.4 6 179.2 lm. The thickness of the subfoveal
choroid in patients with AED is substantially lower than in
healthy subjects, and the difference exceeds by far the effect of
myopia.35,38

All previously reported sequence variations that had been
detected in our AED patients were classified as either
pathogenic or likely pathogenic, including the three previously
reported missense mutations (Supplementary Table S5). Of the
18 novel sequence variations, 10 cause premature truncation
of the protein (nonsense, deletion-frameshift, or duplication-
frameshift) or are located in splice-site consensus sequences
and are thus classified as either pathogenic or likely
pathogenic, further supported by these variants being absent
in any population databases. None of the novel eight missense
mutations are present in 2000 Danish individuals and all but
one (p.Met1222Ile) are reported in the Exome Sequencing
Project, demonstrating that the missense mutations found
among our AED patients are not common polymorphisms.39

From our in-house classification system modified from Richards
and coworkers,40 three missense variations were classified as
likely pathogenic, while the remaining five were all classified as
variants of unknown significance.

In two individuals with CACNA1F mutations, the pheno-
types differed substantially from the rest, in particular as their
clinical presentation was progressive in contrast with the
ordinary nonprogressive course in AED. Subject No. 7 was one
of four examined males in family 320. He was reexamined at
the age of 76 years, 26 years after the initial examination at
which time he was highly myopic (�17.5/�20.0 D). At the first
visit the ERG was characteristic of AED and both color vision
and visual fields were normal. At reexamination, however, his
visual acuity had decreased, color vision was affected, both
retinas showed large peripapillary and upper temporal
atrophic areas (Fig. 6), and the visual fields were concentrically
restricted. No measurable ERG responses were recordable and
the dark-adaptation threshold was substantially elevated. In this
patient who had a known pathogenetic CACNA1F nonsense
mutation (c.244C>T, p.[Arg82*]; Table 1), an additional
potentially pathogenic mutation in the ROM1 gene
(c.47G>A) was identified. The variant is known in the Single
Nucleotide Polymorphism Database (dbSNP; https://www.
ncbi.nlm.nih.gov/SNP/, available in the public domain as

rs143166696). Exome sequencing of 2000 individuals residing
in Denmark has shown that six individuals out of 1965 are
heterozygous for c.47G>A.39 Three in silico programs (Align
GVGD, MutationTaster, and Polyphen2 [HumVar model])
predict the change as benign, while one (SIFT) predicts
deleterious. The variant is thus classified as a variant of
uncertain clinical significance. It can be speculated that the
missense mutation in ROM1 contributes to the atypical
phenotype in subject No. 7; however, not many sequence
variations in ROM1 have been reported in subjects with retinal
dystrophies and very often the pathogenicity is questionable.
Digenic inheritance has been reported for PRPH2 and ROM1,
and the gene products have been shown to form heterote-
tramers.41 No physical interaction between CACNA1F and
ROM1 gene products are known. We therefore find it unlikely
that the ROM1 sequence change contributes to the phenotype.
Moreover, it cannot be excluded that there is some other
variant/mutation present in another gene not represented
among the 124 sequenced genes, which has a more direct
impact on the phenotype in this subject.

The second subject (ID No. 53), who had a novel missense
CACNA1F mutation (c.3666G<T, p.[Met1222Ile]) (Table 1),
was the only subject who at reexamination 6 years after the
initial examination showed normal scotopic ERG responses,
nonmeasurable photopic responses, macular OCT abnormali-
ties, and acquired-type dyschromatopsia. These findings were
in accordance with a cone dystrophy rather than AED, and a
sequence variation in GUCA1A was also found to be present
(c.463G>A, p.[Glu155Lys]) in subject No. 53. This variation is
predicted pathogenic by four prediction programs (Align
GVGD, MutationTaster, Polyphen2 [HumVar model], and SIFT)
and is not reported in dbSNP or other population databases.
The variation is located in a functional domain (EF-hand
domain involved in Ca2þ ion binding). Mutations in GUCA1A

are known to cause autosomal dominant cone dystrophy 3
(OMIM No. 602093) and we find it likely that the variation

FIGURE 6. Fundus photographs of both eyes taken at an interval of 26
years, from subject No. 7 with high myopia and a mutation in both
CACNA1F and ROM1. The interpretation of this is treated in the
Discussion. (A) Fundus pictures when the subject was aged 50 years.
(B) Fundus pictures at the age of 76 years show distinct progression of
the dystrophy.
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found in GUCA1A is the main reason for the phenotype seen in
this patient. He was the only one affected in the family.
Generally, a clinical assessment including ffERG is sufficient for
a clinical diagnosis of AED. However, the case stories of
patients No. 7 and No. 53 show that even in the presence of a
pathogenic CACNA1F variation, an unusual course should lead
to reevaluation of the diagnosis and a search for additional
genetic variations. A retinal dystrophy resembling sector
retinopathy has been reported by Nakamura and coworkers42

in a patient with a stop mutation in CACNA1F, yet, without a
molecular explanation of the deviating phenotype.

An apparently homozygous missense variation in CABP4

(c.773A>T, p.[Asn258Ile]) was detected in a third subject, No.
59, diagnosed with AED and in whom no CACNA1F variation
was identified. The variant is classified of uncertain signifi-
cance; however, since it is present with a very low frequency
in the ExAC database (<0.002), it is located in a functional
domain (EF-hand domain), and all four in silico prediction
programs (SIFT, Polyphen2, MutationTaster, and AlignGVGD)
score the variant pathogenic and everything points in the
direction of a pathogenic missense mutation. This individual
was examined from the age of 10 years and reexamination as
described was performed at age 47 years. A right convergent
squint was noticed from early infancy. He had nystagmus and
was photophobic. He experienced no problems in the dark.
The visual acuity on right and left eye was þ0.8 and þ0.5
logMar and stationary, and the refractive values wereþ2.50 and
þ2.00 D. The color discrimination was reduced with a score of
248 and blue–yellow axis in Farnsworth-Munsell 100 hue test.
Nagel anomaloscope showed a deuteranomaly. Dark adaptation
had a normal final threshold, and dark-adapted ffERG with
standard flash was negative with a-wave amplitude of 138 lV.
The light-adapted cone response was severely reduced. Optical
coherence tomography exhibited foveal hypoplasia with foveal
volumes of 0.018 and 0.026 mm3, outer segments length were
normal with 38.94 and 33.41 lm on right and left eye.
Choroidal thickness was analyzable on left eye only and was
normal, 360.96 lm. The electroretinographic similarity with
the AED phenotype has been described earlier.11,31

The prevalence calculations for AED (Table 2) were based
on referrals to a national specialized low-vision eye clinic
covering the whole population of 5.5 million inhabitants in
Denmark. Electroretinography was routinely performed in
most children with impaired vision, including individuals with
congenital nystagmus, unexplained low visual acuity, and/or
high myopia. Åland eye disease was recognized as a relatively
common cause of visual impairment in such subjects. Table 2
demonstrates an increase in the number of diagnosed cases
over 3 recent decades of birth, which reflects a growing
awareness of the diagnosis of AED and the improved
accessibility to mutation analysis. A supplementary search in
the Danish National Database for visually impaired children
with visual acuity 6/18 or lower, based on mandatory
notifications, showed that ERG examination was missing in a
considerable number of recorded children who had not been
referred to the National Eye Clinic. This finding suggests that
AED may be underdiagnosed in Denmark, not unlike the
prevalence of this condition in other countries.43–45 This
postulated underestimation may be due to limited use of ERG
in cases with nystagmus, low vision with or without high
myopia. Thus, our frequency estimate of 4.6:100,000 live-born
males in Denmark likely represent an absolute minimum.

Since the first description more than 40 years ago, AED has
been classified as a type of ocular albinism, a cone–rod
dystrophy, and a type of congenital stationary night blindness.
All the proposed classifications are inappropriate and we argue
for a return to the original designation, which does not indicate
any specific category. In this article we presented data on

foveal morphology and prevalence in a fairly large sample of
cases with mutations in either CACNA1F or CABP4 genes.
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