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Purpose: Bietti crystalline dystrophy (BCD) is a rare monogenic autosomal recessive
(AR) chorioretinal degenerative disease caused by biallelic mutations in CYP4V2. The
aim of the current study was to perform an in-depth calculation of worldwide carrier
frequency and genetic prevalence of BCD using gnomADdata and comprehensive liter-
ature CYP4V2 analysis.

Methods: CYP4V2 gnomAD data and reported mutations were used to calculate carrier
frequency of each variant. An evolutionary-based sliding window analysis was used to
detect conservedprotein regions. Potential exonic splicingenhancers (ESEs)were identi-
fied using ESEfinder.

Results:We identified 1171 CYP4V2 variants, 156 of which were considered pathogenic,
including 108 reported in patients with BCD. Carrier frequency and genetic prevalence
calculations confirmed that BCD ismore common in the East Asianpopulation,with∼19
million healthy carriers and 52,000 individuals who carry biallelic CYP4V2mutations and
are expected to be affected. Additionally, we generated BCD prevalence estimates of
other populations, including African, European, Finnish, Latino, and South Asian. World-
wide, the estimated overall carrier frequency of CYP4V2mutation is 1:210, and therefore,
∼37 million individuals are expected to be healthy carriers of a CYP4V2 mutation. The
estimated genetic prevalence of BCD is about 1:116,000, and we predict that ∼67,000
individuals are affected with BCD worldwide.

Conclusions: Our analysis estimates BCD prevalence and revealed large differences
among various populations. Moreover, it highlights advantages and limitations of the
gnomAD database.

Translational Relevance: This analysis is likely to have important implications for
genetic counseling in each studied population and for developing clinical trials for
potential BCD treatments.

Introduction

Inherited retinal diseases (IRDs) are a large group
of retinal phenotypes showing large clinical variabil-
ity and extreme genetic heterogeneity. Most IRDs are
heterogeneous and can be caused by mutations in

one out of many causative genes. The most common
IRD is retinitis pigmentosa (RP), which is one of the
most heterogeneous conditions in humans, caused by
mutations in over 60 genes that can be inherited in
every knownpattern. The prevalence of RPwas studied
in specific geographic regions, yielding variable results,
with an average of 1:5000 individuals.1–4 Disease preva-
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lence can also be estimated by calculating the genetic
prevalence (GP) using data extracted from genetic
databases (such as the Genome Aggregation Database
[gnomAD]), allowing one to predict the prevalence of
individuals carrying a genotype that is expected to
result in a disease. Since most IRDs are noncongen-
ital, genetic prevalence is expected to be higher than
reported disease prevalence. In a previous comprehen-
sive IRD analysis, we used carrier frequency (CF) and
genetic prevalence data to predict that the number
of individuals affected with autosomal recessive (AR)
nonsyndromic RP is over 1 million.5,6

One of the most studied monogenic IRDs is Bietti
crystalline dystrophy (BCD; also known as Bietti
crystalline corneoretinal dystrophy, OMIM 210370),
a rare AR chorioretinal degenerative disease first
reported by G. B. Bietti.7 To date, over 100 publica-
tions have reported patients with BCD (for an updated
list of papers: https://reflectionbio.com/about-bcd/

bcd-around-the-world), with variable age of onset and
progression.8 BCD is caused by severe retinal degener-
ation, including severe atrophy of the retinal pigment
epithelium and loss of the outer retina, with near-total
degeneration of all functional elements of the retina by
the late stage of the disease,9 and there is currently no
approved treatment for BCD.

Most patients with BCD notice the first symptoms
between the second and fourth decades of life, and
progressive visual loss and constriction of the visual
fields lead to legal blindness usually in the fifth or
sixth decade.10 Abnormal retinal function evident
from diminished electroretinograms (ERGs) has been
documented in the early stage preceding loss of central
vision, and extinction of ERG occurs during the inter-
mediate stage, long before legal blindness occurrence.11
The disease hallmark is the accumulation of small
yellow/white retinal crystals and, in some cases, in the
cornea as well (Fig. 1). Retinal crystals may not always

Figure 1. The sparkling retina: representative retinal images of BCD. Retinal crystals are seen in fundus photography (A, B) and spectral
domain optical coherence tomography images (C, D) of patients with BCD. In late disease stages, retinal pigment epithelium (RPE) thinning
is severe and dilated choroid vasculature is visible (D), indicating that the RPE has degenerated significantly. In early-stage BCD, the outer
nuclear layer (ONL) is intact (C), while in advanced-stage BCD, the RPE and ONL have degenerated (D). Image credit: BCD fundus and OCT
images were provided by Invincible Vision (www.InvincibleVision.org), a BCD patient organization.

https://reflectionbio.com/about-bcd/bcd-around-the-world
http://www.InvincibleVision.org
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be visible. BCD symptoms are similar to other IRDs
and therefore can be misdiagnosed, making it even
more difficult to estimate disease prevalence. In 2004,
mutations in CYP4V2,10 a novel gene encoding a 525–
amino acid protein that is a member of the cytochrome
P450 protein family, were reported to cause BCD.

The prevalence of BCD is currently unknown, and
no well-designed prevalence study has been performed.
Two methods can be used to estimate BCD prevalence:
assessing disease prevalence based on the number of
diagnosed patients in a specific population and genetic
prevalence analysis based on genetic databases. The
first method is based on relatively small cohorts of
patients who belong to the same population, allow-
ing one to assess disease prevalence in this particular
population. Prevalence rough estimates have been
reported and show a high level of variability, mainly
due to population differences and difficulties in obtain-
ing the correct diagnosis. BCD is relatively prevalent
in East Asians, particularly the Chinese, Japanese,
and Korean populations. An epidemiologic survey of
genetic diseases in the Chinese population estimated
the gene frequency to be 0.005.12,13 In Europe, this
method generated different estimates varying from
2.5% of all patients with RP and 10% of those
with nonsyndromic AR RP,11 which translates to an
incidence rate of 1:67,000 to 1:4.5million individuals.14
We have previously reported seven cases of Yemenite-
Jewish origin who are biallelic for CYP4V2 mutations
in Israel,15 yielding an expected prevalence of 1:527,647
individuals. The second method is based on the analy-
sis of genetic information that is available in large
genomic databases (mainly gnomAD; https://gnomad.
broadinstitute.org),16 as well as mutation databases
(mainly HGMD [http://www.hgmd.cf.ac.uk/ac/index.
php] and LOVD [https://databases.lovd.nl/shared/
diseases/01680]). Such databases include variants
identified in the studied cohorts, while in the gnomAD
database, only a minority of these are disease causing.
Using this method, based on the gnomAD exome
database (V2), we previously estimated genetic preva-
lence and carrier frequency of all known IRD genes,
including CYP4V2, which was estimated to have a
genetic prevalence of 1:57,600, which can be trans-
lated to about 132,000 individuals worldwide who are
expected to be affected with BCD.5 Similarly, CF was
calculated for each suspected pathogenic variant that
appears in the gnomADdatabase, and the accumulated
carrier frequency for CYP4V2 is 1:181, and therefore,
43 million carriers worldwide are expected to carry a
CYP4V2 pathogenic variant.

In the current study, we performed an in-depth
worldwide CYP4V2 pathogenic variants carrier
frequency and BCD genetic prevalence calculation

in different subpopulations, which is based on our
previous analysis5 using updated gnomAD data and
comprehensive literature CYP4V2 analysis to more
accurately assess the number of individuals affected
with the disease.

Methods

GnomAD Data Analysis

AllCYP4V2 variants in gnomAD (V2 and V3) were
downloaded (May 25, 2021). The genomic positions in
gnomAD-V2 (based on GRCh37-hg19) and V3 (based
on GRCh37-hg38) were translated using LiftOver
(https://genome.ucsc.edu/cgi-bin/hgLiftOver). After
translation, we added up the total number of identi-
fied individuals and the size of each population in
gnomAD. The combination of gnomAD-V2 and
V3 enabled us to obtain an accurate analysis of
variants and to determine their pathogenicity. The
allele frequency calculation is based on the weighted
mean of both gnomAD versions.

In cases when a variant was found only in one
gnomAD version, we considered the frequency in the
other version as zero out of the size of the population.
In other words, for example, if a variant was not found
in a specific population in V2 (with a total allele count
of 150,000) but was found once in V3 (with a total allele
count of 100,000), the weighted mean would be 0+1

250,000 .

Published Mutations and Their Integration
into the Database

Not all previously published disease-causing
mutations appear in the gnomAD cohort. In those
instances, we decided to track down the population
that the disease-causing mutations were found in
and assess their allele frequency based on the size
of that population in gnomAD. We calculated the
carrier frequency as if there was one individual in
that population found in gnomAD and divided it by
2, meaning that carrier frequency for those disease-
causingmutations in that populationwould be between
0 and 1 out of the size of the population in gnomAD.

For mutations in which the specific population
was not published, we included them in an unknown
population and used the entire gnomAD cohort size to
calculate the allele frequency.

Carrier Frequency Calculation

Carrier frequency was calculated as reported previ-
ously.17 The gnomAD database provides the following

https://gnomad.broadinstitute.org
http://www.hgmd.cf.ac.uk/ac/index.php
https://databases.lovd.nl/shared/diseases/01680
https://genome.ucsc.edu/cgi-bin/hgLiftOver
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values for each subpopulation: “allele count” (repre-
senting the number of detected alleles in a given
subpopulation), “allele number” (total number of
genotyped alleles at the genomic position of the variant
considered), and “homozygote count”(total number of
homozygous individuals for that specific allele). Based
on these values, we calculated the following parameters
(Supplementary Table S1): allele frequency, the total
number of individuals, the number of heterozygous
individuals, and the number of wild-type individuals.
In addition, using the Hardy–Weinberg equation and
the abovementioned parameters, we calculated carrier
frequency as 2pq, where p = 1 – q, and q was calcu-
lated as the root square of the number of homozygous
patients plus half the number of compound heterozy-
gous patients divided by the population size, as shown
in the following equation (see also Supplementary
Table S1): q =

√
NHo+0.5∗NHe

NI in subpopulation .
When carrier frequency was calculated for a specific

mutation, only individuals heterozygous for a single
mutation in CYP4V2 were included, whereas homozy-
gotes were excluded.

Genetic Prevalence Calculation

Genetic prevalence was calculated as reported previ-
ously.5 In short, we calculated the genetic prevalence of
affected individuals for BCD in the worldwide subpop-
ulations using a product-based algorithm for allele
matrices. In order to calculate BCD prevalence, we
created a matrix of all the possible genetic combina-
tions of different mutations in CYP4V2 and multi-
plied the carrier frequency of the two mutations in
each pair, including both homozygous and compound
heterozygous combinations.We aggregated all the sums
of eachmultiplication based on the following equation:
(
∑

i, j xi, j +
∑

i xi,i)/4.

Demographic Worldwide Data

Demographic data on the worldwide popula-
tions (in terms of the number of individuals per
each subpopulation) are based on the Department
of Economic and Social Affairs of the United
Nations Secretariat 2019 published on August 2019
(https://population.un.org/wpp/Download/Standard/
Population/) as follows: total worldwide population
size, 7.8 billion; Africans, 1,340,598,113; East Asians,
1,678,089,627; South Asians, 1,940,369,605; Finnish,
5,540,781; European (non-Finnish), 742,095,327;
and Latino, 653,962,332 (other populations that are
not represented in the gnomAD database: Oceania,
42,677,809; North America, 368,869,644; West Asia,

279,636,774; Southeastern Asia, 668,619,854; Central
Asia, 74,338,926).

See Supplementary Methods for additional infor-
mation.

Results

Genetic Landscape of CYP4V2

Aiming to generate a comprehensive list of all
likely pathogenic variants in CYP4V2, we collected
information regarding 1171 variants from the scien-
tific literature (https://reflectionbio.com/about-bcd/
bcd-literature-list) and gnomAD (versions V2 and
V3) and performed an analysis of exonic sequence
enhancers (ESEs). Of the 1171 variants, 156 were
considered pathogenic (Supplementary Fig. S1),
including 108 that were reported in patients with BCD
and 48 that appear in gnomAD (but not reported in the
literature) and considered as truncating. We collected
the relevant information regarding these pathogenic
variants to create the “CYP4V2 global variants
database”(CGVD; Supplementary Fig. S1 and Supple-
mentary Table S2) data set. Twelve additional variants
were previously reported pathogenic, but available
genetic information (e.g., high population frequency,
part of a complex allele) excludes this possibility in nine
of these variants (Supplementary Table S3), while the
remaining two variants are unlikely to be pathogenic
unless they act as hypomorphic alleles (Supplementary
Table S4), and one variant (c.802-8_810del17insGC)
was listed using two different nomenclatures.

Among the 156 CGVD mutations (Supplementary
Table S2), 108 have been reported in patients, of which
60 were not found in gnomAD. Of the 96 mutations
found in gnomAD, 41 appear in both V2 and V3, 37
appear only in V2, and 18 appear only in V3.

The CYP4V2 protein contains various known
domains, including the transmembrane and cytoplas-
matic domains, coiled-coil domain, and the
cytochrome P450 cysteine heme–iron ligand domain
(Fig. 2A), as well as a large number of phosphoryla-
tion sites. We examined the distribution of pathogenic
mutations in CGVD along these domains. The most
common mutation types were missense (58 variants,
37% of disease-causing mutations), followed by
frameshift (41 variants, 26%), stop gained (25 variants,
16%), and splice-site (26 variants, 17%) (Supplemen-
tary Fig. S2). While null mutations are spread along
the protein (Fig. 2B), missense are centralized and
show some level of aggregation at specific regions,
mainly the C-terminal portion within the cytoplasmic
domain and the cytochrome P450 cysteine heme–iron

https://population.un.org/wpp/Download/Standard/Population/
https://reflectionbio.com/about-bcd/bcd-literature-list
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Figure 2. CYP4V2 protein structure, mutation location, and evolutionary analysis. (A) A schematic representation of the CYP4V protein and
the protein’s domains. CC, coiled-coil domain; CD, cytoplasmic domain; CYP450, cytochrome P450; Non CD, noncytoplasmic domain; TM,
transmembrane domain. (B) Mutation types and their location along the protein. In-frame variants (missense and deletion) are above the
horizontal black linewhile truncating variants (frameshift, nonsense, splicing, and intronic) are below the line. (C) A summary of amino acid
sliding window (length of 50 amino acids) comparing the human protein sequence to selected orthologs (chimpanzee, rhesus monkey,
rabbit, horse, dog, cow, rat, mouse, chicken, frog, and zebrafish) is presented. Average of only mammalian sequences (blue) versus all
the sequences (orange) is presented. (D) Representative images of amino acid sliding window comparing the human protein sequence
to representative orthologs (rhesus monkey, cow, dog, mouse, and zebrafish) is shown. x-axis: amino acid number; y-axis: percentage of
amino acid identity in a 50–amino acid window. Accession numbers are as follows: human (NP_997235.3), chimpanzee (XP_001165629.1),
rhesus monkey (NP_001180767.1), rabbit (XP_002709379.1), rat (NP_001129072), mouse (NP_598730.1), horse (XP_023486491.1), dog
(XP_038546059.1), cow (NP_001029545), chicken (NP_001001879), frog (NP_001072667.1), and zebrafish (NP_001071070.1). The average
percentage of amino acid identity for each studied sequence: chimpanzee (99%), rhesus monkey (96%), rabbit (85%), rat (83%), mouse
(82%), horse (80%), dog (81%), cow (77%), chicken (60%), frog (80%), and zebrafish (57%).

ligand domain (Fig. 2B). We subsequently performed
a sliding window analysis comparing the human
CYP4V2 amino acid sequence to various orthologues
(Fig. 2C). A few highly conserved regions were identi-
fied: the coiled-coil domain (amino acids 163–183),
amino acids 330 to 370 and 390 to 420 in the

cytoplasmic domain, and the cytochrome P450
cysteine heme–iron ligand domain (460–469). A
relatively large number of missense mutations occur in
the last three conserved regions. We therefore predict
that these areas are highly conserved and cannot
tolerate alterations.
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Table. Worldwide Carrier Frequency of CYP4V2Mutations and Genetic Prevalence of Biallelic Cases

Population Population Size
Carrier

Frequency
Total Number of

Carriers
Genetic

Prevalence
Total Number of
Biallelic Cases

Top 3 CYP4V2Mutations and Carrier
Frequency

African 1,340,598,113 1:291 4,603,731 1:332,661 4030 c.987+3A>G: 1.87E-03
c.990del, p.His331Thrfs*8: 1.39E-04
c.1355G>A, p.Arg452His: 2.11E-04

East Asian 1,678,089,627 1:90 18,743,394 1:32,014 52,417 c.802-8_810del17insGC: 3.27E-03a

c.992A>C, p.His331Pro: 1.70E-03
c.1091-2A>G: 9.29E-04

European 742,095,327 1:277 2,675,220 1:301,508 2461 c.130T>A, p.Trp44Arg: 3.96E-04
c.400G>T, p.Gly134*: 5.98E-04
c.1198C>T, p.Arg400Cys: 2.43E-04

Finnish 5,540,718 1:257 21,598 1:263,566 21 c.1A>G, p.Met1?: 2.84E-04
c.414-1G>A: 2.81E-03
c.1167del, p.Arg390Alafs*25: 5.60E-04

Latino 653,962,332 1:164 3,978,575 1:108,064 6052 c.130T>A, p.Trp44Arg: 2.05E-03
c.254G>A, p.Arg85His: 1.77E-03
c.1338del, p.Glu447Argfs*22: 6.02E-04

South Asian 1,940,369,605 1:566 3,427,060 1:1,282,417 1513 c.197T>G, p.Met66Arg: 6.39E-04
c.1169G>A, p.Arg390His: 1.19E-04
c.1199G>A, p.Arg400His: 2.82E-04

Worldwide 7,794,798,729 1:210 37,123,684 1:116,051 67,167

The genetic prevalence and carrier frequency data are presented graphically in Figure 3.
aListed as c.802-8_807del in genomAD. For relationships among c.802-8_807del, c.802-8_810del17insGC, and c.810del

mutations, see the Discussion section.

Analysis of Potential ESEs and Splice-Altering
Intronic Variants

Aiming to identify CYP4V2 variants that might
be located within ESEs and therefore affect splicing,
we analyzed the 1171 variants and identified 126 that
are located within the open reading frame of coding
exons (1–11). ESE analysis of these 126 variants using
ESEfinder revealed 38 (7 null, 25 missense, 5 silent, and
1 inframe deletion) that result in an ESE score that
was below the threshold (Supplementary Table S5).
Three out of the 31 inframe variants were reported in
patients as pathogenic but were not considered poten-
tial ESE-related mutations. The remaining 28 variants
(not reported in patients and not expected to cause
protein truncation; Supplementary Table S6) were
excluded from the CGVD, and the carrier frequency
and genetic prevalence results are shown in Table.
Recently, twoCYP4V2missense variants among the 28
suspected ESE variants (c.1382C>T and c.1199G>T)
were reported in patients with BCD as pathogenic.18,19

In addition, we analyzed all gnomAD CYP4V2
variants, identified 176 noncanonical intronic variants
with allele frequency (AF) <0.5%, and performed
splice artificial intelligence analysis on each of these
variants. The analysis revealed 105 variants with a zero
score, 55 variants with a benign score, 8 with an uncer-
tain score, 6 with a low splice-altering score, and 2
with a splice-altering score of >0.5 (Supplementary
Table S7). One of these variants, c.987+3A>G, unique

to the African population, is included in our analysis
as a pathogenic variant. The second suspected splice-
altering variant, c.605-6T>G, is unique to the Latino
population, with a low AF of 0.00001, and if indeed
proved pathogenic (either by a splicing assay or by
biallelic presence in patients with BCD), it will have an
extremely small effect on carrier frequency and genetic
prevalence.

Carrier Frequency and Genetic Prevalence
Analysis

Carrier frequency and genetic prevalence analy-
sis of the CGVD in various populations showed
large variability, similar to previous disease preva-
lence results. The population in whom BCD was
reported to be most common is East Asian, and
our analysis shows that ∼19 million (1:90) healthy
individuals are expected to be carriers for a CYP4V2
mutation, and 52,000 individuals (GP of 1:32,014)
carry biallelic CYP4V2 mutations and are expected
to be affected (Figs. 3, 4 and Table). In other words,
over 1% of the East Asian population are carriers of
a CYP4V2 mutation. We therefore predict that 50%
of healthy carriers and 78% of affected individuals
worldwide are of East Asian origin. The relatively
high contribution of the East Asian population is
mostly due to a number of founder mutations that are
common in this population (c.802-8_810del17insGC
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Figure 3. Worldwide carrier frequency and genetic prevalence values based on CYP4V2 pathogenic variants. (A) A dual bar graph showing
carrier frequency of CYP4V2 mutations and BCD genetic prevalence in various worldwide populations. The green bars and left-hand axis
represent the carrier frequency values. The purple bars and the right-hand axis represent the genetic prevalence values. (B) The number of
expected biallelic CYP4V2 cases in various populations.

Figure 4. Worldwide carrier frequency and genetic prevalence
values based on CYP4V2 pathogenic variants, ESE-related variants,
andhypomorphic variants. (A)Abargraph showingcarrier frequency
of CYP4V2mutations in various worldwide populations. The fuchsia
bars represent data from the CGVD database, blue bars represent
the added values of suspected 28 ESE variants, and light and
dark orange represent the hypomorphic variants c.1328G>A and
c.237G>T, respectively. (B) A bar graph showing genetic prevalence
of biallelic CYP4V2mutations in various worldwide populations. The
blue bars represent data from the CGVD database, dark green bars
represent the added values of suspected 28 ESE variants, and light
and dark yellow represent the hypomorphic variants c.1328G>A and
c.237G>T, respectively.

[listed as c.802-8_807del in gnomAD V3 or c.802-
8_807delTCATACAGGTCATC in gnomAD-V2] and
p.His331Pro).

The African population has a genetic prevalence of
1:333,000 and about 4000 expected affected individ-
uals, as well as a carrier frequency of 1:291 with
∼4.6 million healthy carriers for BCD (Fig. 3A). The
most common variant in the African population is
c.987+3A>G, which was previously reported in a
homozygous state only in a single patient with BCD
from the United Kingdom20 in cis with a missense
variant (p.Gly26Asp). While the missense variant
is considered nonpathogenic by most analysis tools,
c.987+3A>G is predicted to abolish the donor splice-
site at the 3′ end of exon 7.20 This variant was
found in 62 individuals in gnomAD in the African
population and might represent an example of under-
representation of the African patient population in
previous publications. The population with the small-
est carrier frequency is South Asians, with only 3.4
million individuals expected to be healthy carriers and
about 1500 individuals expected to be affected. Since
the “Other” population in gnomAD corresponds to
individuals who are not directly related to any of
the specific populations mentioned in gnomAD, very
few individuals in gnomAD are considered part of
the “Other” population, and variants found in these
individuals do not represent the entire 1.4 billion
individuals frompopulations not included in gnomAD.
Hence, the carrier frequency and genetic prevalence
calculated in this study for the “Other” population
resulted in very small values. These values would likely
be higher once more populations are included and a
larger number of individuals from those populations
are sequenced.

Based on the current study, the estimated overall
carrier frequency of CYP4V2 mutations is 1:210, and
therefore ∼37 million individuals are expected to be
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healthy carriers of a CYP4V2 mutation worldwide.
The estimated genetic prevalence of BCD is about
1:116,000, and we predict that ∼67,000 individuals are
affected with BCD worldwide (Fig. 3B). These values
can be higher if the 28 suspected ESE variants are being
considered pathogenic (CF, 1:190, 41 million; genetic
prevalence, 1:99,600, 78,000).

Hypomorphic BCDMutations

Two variants that were reported as pathogenic,
c.237G>T (p.Glu79Asp) and c.1328G>A (p.Arg443
Gln), show high AF and are unlikely to be pathogenic
(see Supplementary note for additional information).
If indeed these variantswere fully penetrant pathogenic
variants, they could have a dramatic effect on carrier
frequency and genetic prevalence, as shown in Figures
4A and 4B, respectively. These variants are therefore
unlikely to be pathogenic but might have some effect
as hypomorphic variants, which are generally defined
as variants that cause disease only when paired in trans
with a variant affecting protein function. The relatively
high AF of hypomorphic variants usually does not
correlate with the expected number of affected individ-
uals reported with such mutations. In some cases,
healthy homozygous individuals for these variants are
identified in genetic databases, further increasing their
definition as hypomorphic.

Discussion

Estimating disease prevalence in various popula-
tions worldwide is an important task, mainly for
obtaining decisions regarding development of thera-
peutic modalities. However, studies in which disease
prevalence is actually measured are rare, and such
studies would be relevant only for the specific studied
population, since genetic variability among popula-
tions is pronounced. Therefore, there is currently no
reliable estimate of BCD prevalence worldwide. Rough
estimations of BCD prevalence range dramatically
between extremely rare (1:4.5 million individuals
in Spain14 and 1:∼0.5 million in Israel) and a
relatively common disease (1:24,000 individuals among
Chinese). One can alternatively calculate genetic preva-
lence from large data sets of nonaffected individuals,
bearing in mind that genetic prevalence should always
be larger than reported disease prevalence in noncon-
genital diseases.

In the current study, we used different sources
of information and mainly gnomAD variants and
pathogenic variants reported in patients to calculate

both carrier frequency and genetic prevalence for BCD.
The combined data set we created is more accurate
and more reliable compared to using each information
source as is. The gnomAD database, which by far is
the largest multiethnic genomic database, is a powerful
tool for genetic disease epidemiology research, provid-
ing many advantages over the traditional approach
of estimating disease prevalence in a specific popula-
tion or region. Compared to BCD prevalence rough
estimates from prior studies,11–14 the gnomAD-based
results not only confirm that BCD is more common
in East Asians but also elucidate prevalence in other
populations, whose prevalence either varies widely
in prior studies or has not been studied previously.
Further, the gnomAD-based results revealed dramatic
differences in genetic prevalence and top CYP4V2
mutations among different populations. This highlights
the importance of including patients from different
populations in clinical research and development of
potential treatments for BCD.

However, in the course of this study, we noticed
that gnomAD also has certain limitations, some of
whichwere discussed in detail by the gnomAD research
team.16 First, gnomAD has currently two data sets, V2
and V3, each with its own pros and cons. The larger
one, V2, contains primarily exome data from 141,456
individuals, whereas V3 contains genomic data from
76,156 individuals. These structural differences may
lead to materially different results. In the current study,
among 96 pathogenic variants in gnomAD, 55 appear
in either V2 or V3, most of which (n = 46) are rare
with only a single allele. However, a few variants had a
relatively large number of heterozygotes (up to 12) in
V2 while none appear in V3. Among the 41 variants
that appear in both data sets, a reasonable correla-
tion coefficient of 0.70 was obtained. However, there
are exceptions. For example, the status of the c.802-
8_810del17insGC mutation being the most common
CYP4V2 mutation with a founder effect in the East
Asian population has been well established by multiple
studies in patients.19,21,22 Its carrier frequency varies
dramatically between the two versions (9.67 * 10−3 in
gnomAD V3 vs. 1.61 * 10−3 in gnomAD V2, a ∼6-
fold difference), a difference that might stem from the
variant nature (indel) and its intronic location that
might be more accurately called in genome analysis.
Indeed, c.802-8_810del17insGC is the most common
CYP4V2 mutation in V3 in the East Asian popula-
tion, a result that is consistent with its relatively high
prevalence among patients with BCD. Second, despite
the large sample size of gnomAD, rare mutations are
absent. In the current study, 60 of 108 mutations
previously reported in patients with BCD are absent
from gnomAD, and most (∼63%) of these variants
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appear in patients of East Asian origin. It is therefore
reasonable to predict that the data presented here are
more accurate in well-represented populations, such as
the European population, but this gap is expected to
narrow over time as gnomAD includes more samples
with higher-quality data. On the other hand, gnomAD
may capture mutations that have not been reported
in patients, especially for rare diseases. Based on the
current study, gnomAD contains 48 likely pathogenic
variants that have not been reported in patients.
This is not surprising as new CYP4V2 mutations
are continuously being reported in patients, even in
the East Asian population, in whom BCD has been
well studied.19,22 As new mutations are discovered,
reanalysis of genomic data can increase genetic diagno-
sis of patients who harbor mutations that have not
been published previously.23 Third, the small sample
size of some populations in gnomADmay result in the
absence of mutations fromgnomAD, especially for rare
ones. For example, V3 has data for the Middle Eastern
population based on a sample size of only 158 individ-
uals, leading to a calculated genetic prevalence of zero
for BCD, a value that does not reflect disease prevalence
in this population, since mutations were reported in the
Arab-Muslim,21 Iranian,24 Jewish,25 and Lebanese26
populations.

Furthermore, our results show that there is signif-
icant variability in carrier frequency and genetic
prevalence among different populations. Consistent
with existing knowledge on reported patients with
BCD, our results confirm that carrier frequency and
genetic prevalence in East Asians (1:90 and 1:32,014
respectively) are much higher than in other popula-
tions. Moreover, our results provide a more accurate
estimate of BCD prevalence in other populations.
For example, previous studies in Europe have gener-
ated dramatically different BCD prevalence, ranging
from 1:67,000 to 1:4.5 million individuals. Accord-
ing to our calculation, carrier frequency and genetic
prevalence in the European population are estimated
as 1:277 and 1:∼302,000 respectively, which is within
the reported values. Furthermore, this study provides
insights on BCD prevalence in populations for whom
no prevalence estimates have been performed previ-
ously. Importantly, besides significant differences in
genetic prevalence among different populations, we
found that the topCYP4V2mutations with the highest
carrier frequency also vary significantly among differ-
ent populations (Table).

Among all CYP4V2 mutations, the founder East
Asian mutation, c.802-8_810del17insGC, has the
highest carrier frequency, and it also appears in
Europeans at a much lower carrier frequency and
in European patients with BCD.20 In gnomAD, it

is listed as two separate variants: c.802-8_807del and
c.810del, and the allele count for c.810del is higher than
that of c.802-8_807del by one allele, suggesting that
although in most cases, these two mutations appear
in-cis to form the c.802-8_810del17insGC mutation,
c.810del is an independent mutation in very rare
cases.

The data and analysis we present here might suffer
from some limitations. For example, some mutation
types (e.g., structural variants and deep intronic) are
not well identified in whole exome sequencing (WES)
data while others are not recognized as pathogenic by
next generation sequencing (NGS) analysis schemes
and therefore will not be presented in our data set.
This includes mainly intronic mutations that affect
splicing and exonic silent mutations that affect ESEs.
Aiming to better address this issue, we performed an
ESE analysis of the whole open reading frame (ORF)
and identified potential ESE variants that were added
to the genetic prevalence and carrier frequency analy-
ses, but their aggregated contribution is relatively low.
Additional work is needed to prove that these variants
affect ESEs and therefore splicing. In addition, some
of the reported variants might have a dual-mutation
mechanismormight actually act only as ESEs.Another
limitation stems from the lack of knowledge regard-
ing the pathogenicity of mainly missense variants that
appear in gnomAD but were not reported to cause
disease in patients with IRD and therefore are expected
to slightly reduce our estimates.

Another aspect that can affect BCD prevalence is
misdiagnosis. BCD symptoms can be similar to other
IRDs and therefore BCD might be misdiagnosed and
underestimated. A prior study reported that only 1:6
patients with BCD was correctly diagnosed, while the
remaining were initially diagnosed with RP.11 BCD
can also be misdiagnosed as choroideremia,27 late-
onset retinal degeneration, other retinal diseases with
refractile crystal-like deposits in the retina (Stargardt
disease type 3, dominant forms of RPE65, PRPH2,
or other crystalline retinopathies),28,29 and nongenetic
retinal disease. Although often used in diagnosing
BCD, retinal crystals are not unique to BCD29 and
may not be visible in early or late disease stages.30,31
Near-infrared imaging can enhance detection of retinal
crystals and improve correct diagnosis.20,32,33 There-
fore, there is in low awareness of BCD among
ophthalmologists, and genetic testing for CYP4V2
mutations is the ultimate tool to confirm BCD
diagnosis.34

The high carrier frequency and genetic prevalence
of BCD in East Asians indicate that BCD is a leading
IRD in China, Japan, Korea, and Singapore. Our data
indicate that over 52,000 individuals of East Asian
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origin are biallelic for CYP4V2 mutations (about 78%
of the total number of biallelic individuals world-
wide). Moreover, the prevalence of BCD should not
be overlooked outside of East Asia since thousands
of biallelic individuals are expected in the African (6%
of worldwide biallelic individuals), European (3.7%),
Latino (9%), and South Asian (2.3%) populations.

Taken together, these findings indicate BCD is
a genetic disease, affecting different populations
throughout the world. Because the top CYP4V2
mutations vary among different populations, it would
be helpful to include patients from multiple worldwide
populations in future clinical trials aiming to better
assess the clinical benefits to patients with different
CYP4V2 mutations.
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