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Abstract
Objective
To investigate to what extent low-frequency genetic variants (with minor allele frequencies
<5%) affect the risk of intracranial aneurysms (IAs).

Methods
One thousand fifty-six patients with IA and 2,097 population-based controls from the Neth-
erlands were genotyped with the Illumina HumanExome BeadChip. After quality control (QC)
of samples and single nucleotide variants (SNVs), we conducted a single variant analysis using
the Fisher exact test. We also performed the variable threshold (VT) test and the sequence
kernel association test (SKAT) at different minor allele count (MAC) thresholds of >5 and >0
to test the hypothesis that multiple variants within the same gene are associated with IA risk.
Significant results were tested in a replication cohort of 425 patients with IA and 311 controls,
and results of the 2 cohorts were combined in a meta-analysis.

Results
After QC, 995 patients with IA and 2,080 controls remained for further analysis. The single
variant analysis comprising 46,534 SNVs did not identify significant loci at the genome-wide
level. The gene-based tests showed a statistically significant association for fibulin 2 (FBLN2)
(best p = 1 × 10−6 for the VT test, MAC >5). Associations were not statistically significant in the
independent but smaller replication cohort (p > 0.57) but became slightly stronger in a meta-
analysis of the 2 cohorts (best p = 4.8 × 10−7 for the SKAT, MAC ≥1).

Conclusion
Gene-based tests indicated an association for FBLN2, a gene encoding an extracellular matrix
protein implicated in vascular wall remodeling, but independent validation in larger cohorts is
warranted. We did not identify any significant associations for single low-frequency genetic
variants.
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Intracranial aneurysms (IAs) have a strong familial compo-
nent.1 To date, genome-wide association studies (GWAS)
have detected several risk loci for IA: common genetic var-
iants (defined as a minor allele frequency [MAF] ≥5%) near
the genes STARD13-KL, RBBP8, SOX17, CDKN2BAS,
CNNM2, EDNRA, and HDAC92–5 and low-frequency var-
iants (MAF <5%) near FSTL1 and EPM2A found to be as-
sociated with IA.6 However, these variants explain only a small
part of the estimated heritability of IA,4,6 suggesting that ad-
ditional genetic variation can contribute to IA.

Whole-genome and whole-exome sequencing studies have
shown that low-frequency genetic variants play a role in
complex diseases.7 Because these studies are expensive to
perform on a large scale, the exome chip has been designed
as an affordable alternative to detect low-frequency genetic
variants within the coding regions of the genome.8,9 With
this method, low-frequency variants have recently been
detected for several common diseases and traits, including
insulin processing and secretion,10 macular degeneration,11

cholesterol levels and myocardial infarction,12 and esopha-
geal carcinoma.13

We aimed to assess to what extent low-frequency variants in
the exome affect the susceptibility to IA by performing an
exome-wide association analysis using the exome chip in
patients with IA and controls. In addition, we looked up the
association of low-frequency variants at established GWAS IA
loci to search for additional variants that could be responsible
for the associations of common variants with IA.14 Finally, we
applied gene-based association analyses to test whether
multiple variants within the same gene may be collectively
associated with IA.

Methods
Study populations
In the discovery cohort, we included Dutch patients with IA (n
= 1,056) treated at the University Medical Center Utrecht, the
Netherlands, between 1997 and 2011. IAs were identified by
conventional angiogram, CT angiogram, or magnetic reso-
nance angiogram. Patients with fusiform IA, possible traumatic
subarachnoid hemorrhage, arteriovenous malformations,
polycystic kidney disease, or other connective tissue diseases
were excluded. As controls, we retrieved a subgroup of 2,097
participants from the Utrecht Health Project (UHP). The
UHP (lrgp.nl/research/) is an ongoing dynamic general

population-based cohort that includes residents of the Leidsche
Rijn area within the city of Utrecht. An extensive overview of
the study has been published previously.15 All new inhabitants
were invited by their general practitioner to participate in the
UHP. Written informed consent was obtained, and an in-
dividual health profile was made by dedicated research nurses.
All controls were >18 years of age, were from European de-
scent, and were not genetically related to other people in the
cohort.

For the replication cohort, we used the Familial Intracranial
Aneurysm (FIA) study.5 Samples in this study were recruited
from 26 clinical sites (41 centers) in North America, New
Zealand, and Australia. Only families with at least 2 members
who had IAs were included. Samples with the following
conditions were excluded: (1) a fusiform-shaped unruptured
IA of a major intracranial trunk artery; (2) an IA that is part of
an arteriovenous malformation; (3) a family or personal his-
tory of polycystic kidney disease, Ehlers-Danlos syndrome,
Marfan syndrome, fibromuscular dysplasia, or Moya-Moya
disease; or (4) failure to obtain informed consent from
the patient or family members. A Verification Committee
reviewed all medical records and related data. For the present
analysis, a set of unrelated cases was created by selecting 1
affected individual from each FIA family. Controls were
individuals without IA from the Genetic and Environmental
Risk Factors for Hemorrhagic Stroke Study (GERFHS;
NS036695) and were identified through random digit dialing
to match cases of hemorrhagic stroke by age (±5 years), race,
and sex. The Cincinnati Control Cohort was a supplemental
control cohort using an identical interview from the GERFHS
study. TheCincinnati Control Cohort used a frequency-based
matching algorithm to a stroke population and were also
identified through random digit dialing. Individuals with
spontaneous brain hemorrhage or intracerebral hemorrhage
were excluded, but prior stroke was permitted.

Standard protocol approvals, registrations,
and patient consents
For the discovery cohort, the study has been approved by the
Medical Ethics Committee of the University Medical Center
Utrecht. All participants provided written informed consent.
The design of the UHP has been discussed with representatives
of the Dutch Patient and Healthcare Consumer Platform and
has been approved by theDutchHealth Care Inspectorate. The
masking of all personal data for researchers and for other
possible users of LRGP has been regulated in a legal document.

Glossary
CI = confidence interval; FBLN2 = fibulin 2; FIA = Familial Intracranial Aneurysm; GERFHS = Genetic and Environmental
Risk Factors for Hemorrhagic Stroke Study;GWAS = genome-wide association studies;HWE = Hardy-Weinberg equilibrium;
IA = intracranial aneurysm; IBD = identity by descent;MAC = minor allele count;MAF = minor allele frequency; OR = odds
ratio; PC = principal component; QC = quality control; SKAT = sequence kernel association test; SNV = single nucleotide
variant; UHP = Utrecht Health Project; VT = variable threshold.
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For the replication cohort, the FIA study was approved by the
Institutional Review Boards/Ethics Committees at all clinical
and analytical centers and recruitment sites.

Genotyping
DNA was isolated from peripheral blood drawn during study
inclusion. Cases and controls of the discovery cohort were
genotyped together, as part of the Netherlands ExomeChip
Project (bbmri.nl), on the Illumina HumanExome Beadchip
version 1.1 (Illumina, San Diego, CA). In total, 242,901 single
nucleotide variants (SNVs) were genotyped. Genotypes were
subsequently called with the GenomeStudio software from
Illumina. We used zCall16 to call genotypes of variants that
could not be called by GenomeStudio.

Cases and controls of the replication cohort were genotyped
on the IlluminaExome-12 version 1.1 (Illumina). Illumina
Genome Studio (version 2010.3, Genotyping Module version
1.8.4) was used to call genotypes with the default clustering
algorithm (GenCall). Of the 242,901 markers on the array,
218,523 were successfully genotyped.

Quality control
For the discovery cohort, we performed quality control (QC)
using PLINK version 1.0717 in the cases and controls sepa-
rately and then again after merging cases and controls. Sam-
ples with a call rate <95% were removed. We included
common, independent, high-quality SNVs using the following
criteria: SNVs without deviation from Hardy-Weinberg
equilibrium (HWE) (p > 0.001), with MAF >5%, rate of
missing genotypes <1%, and linkage disequilibrium r2 < 0.05.
Using this subset of SNVs, we removed participants on the
basis of the following criteria: discordant sex, heterozygosity
(participants were excluded if the inbreeding coefficient de-
viated >4 SDs from the mean), and cryptic relatedness (by
calculating identity by descent [IBD] for each pair of indi-
viduals). In each pair with an IBD proportion of >20%, an
individual was excluded, if that individual exhibited distant
relatedness with >1 individual. For case-control pairs, we re-
moved the controls. In case-case or control-control pairs, the
individual with the lowest call rate was excluded.

Next, we performed principal component (PC) analysis using
EIGENSTRAT18 on the remaining study participants and
HapMap-CEU participants. We created PC plots with the first
4 PCs using R version 2.11.19 On the basis of visual inspection
of these plots, we excluded individuals who appeared to be
outliers with respect to the CEU or the study population. A
PC plot of the first 2 PCs after outlier removal is shown in
supplementary figure 1 available from Dryad (doi.org/10.
5061/dryad.099bk53). PCs were recalculated for only the
study participants after outlier removal and tested for asso-
ciation with case-control status (logistic regression) to be
used in the single variant analysis (see below).

After sampleQC, we excluded SNVs that weremonomorphic,
had >5% missing genotypes, had a missing genotype rate

higher than MAF, deviated from HWE (p < 0.001), or had
a differential degree of missing genotypes between cases and
controls (p < 1 × 10−5, χ2 test).

For the replication cohort, SNVs with call rates <95% or
evidence of deviation from HWE (p < 1.0 × 10−10) were
excluded. Pairwise IBD calculated from PLINK was used to
detect cryptic relatedness. PCs were calculated with
EIGENSTRAT.18 Only samples clustering with HapMap-
CEU were included in the analysis. Samples with discrep-
ancies between genetically identified sex and reported sex
were excluded.

Single variant association analysis
For this analysis, we selected all SNVs with a minor allele
count (MAC) > 5 in either of the 2 cohorts. Association
testing was carried out in PLINK with the Fisher exact test.
We calculated a genomic inflation factor (λGC) for the single
variant analysis.20 After Bonferroni correction for the number
of SNVs tested, we considered SNV associations with p < 1.07
× 10−6 (= 0.05/46,534 SNVs) as statistically significant, but
only after visual inspection of the cluster plots. If the cluster
assignment of GenomeStudio did not match the visual cluster
assignment, the SNV was removed from further analyses.

We compared the allele frequencies of the significantly asso-
ciated variants between our study samples and the European
population reported by the Exome Aggregation Consortium
database.21

Gene-based association analysis
We tested the collective effect of multiple low-frequency var-
iants within the same gene on IA risk using SCORE-Seq.22 All
SNVs that passedQCwith anMAF <0.05 were included in this
analysis.We performed 2 separate association analyses in which
we included only the subset of SNVs with a minor allele ob-
served at least 6 times (MAC >5) or at least once (MAC >0).

For both analyses, with MAC thresholds of 5 and 0, we ap-
plied 2 different gene-based tests. The first test is the variable
threshold (VT) test,23 which includes SNVs at different MAF
thresholds <0.05. The second test is the sequence kernel as-
sociation test (SKAT),24 a weighted sum of individual score
statistics. This test includes the association evidence across all
SNVs considered within a gene but weighted inversely pro-
portionally to their MAF.

In the first analysis including SNVs with MAC >5, genes with
a value of p < 7 × 10−6 (after Bonferroni correction for the
number of tested genes: 0.05/7,110) were defined as statis-
tically significant. In the second analysis with MAC >0, the
significance level was set at p < 3 × 10−6 after adjustment for
14,648 tested genes.

Replication
Significant results from the single variant analyses were tested
in the replication cohort and the 2 cohorts combined using
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methods similar to those described above. Significant results
from the gene-based analyses were also tested in the replica-
tion cohort with Rvtest.25 Then both cohorts were meta-
analyzed with RAREMETAL (genome.sph.umich.edu/wiki/
RAREMETAL).

Look-up of known IA loci
We selected SNVs and genes in 11 known IA risk loci (sup-
plementary table 3 available from Dryad, doi.org/10.5061/
dryad.099bk53)2–6 and looked up their association results in
our single variant and gene-based analyses. The selection of IA
risk loci was based on genome-wide significance (p < 5 ×
10−8) in previous GWAS in European populations. Geno-
typed SNVs within 500 kb from the selected index SNV were
included. We were particularly interested in low-frequent
SNVs (MAF <0.05) associated with IA with a value of p < 8 ×
10−4 (after Bonferroni correction for the number of low-
frequent SNVs: 0.05/64) to detect low-frequency causal
variants responsible for the associations of these risk loci.

Power calculation
Given our sample size of 995 cases and 2,080 controls in the
discovery cohort (after QC), we have >80% power to detect
an association of individual genetic variants with MAF = 1%
with an effect size of 3.3 (p < 5 × 10−8).26

Data availability
The authors agree to share summary statistics of any un-
published data on request. For some cohorts, individual-level
genetic data are also available on request.

Results
Study population and QC
After QC, the discovery sample included 995 cases of IA and
2,080 controls, while the replication sample included 425
cases of IA and 311 controls. The baseline characteristics of
the patients and controls of the discovery cohort and the
replication cohort are shown in table 1. The number of
samples and SNVs removed at each QC step in the discovery
cohort is shown in supplementary table 1 available from
Dryad (doi.org/10.5061/dryad.099bk53). PC plots after re-
moval of outliers showed well-matched cases and controls

(supplementary figure 1 available from Dryad). None of the
first 10 PCs were significantly associated with case-control
status (p ≥ 0.09 in logistic regression). The final discovery
sample analysis included 46,534 SNVs.

We performed visual inspection of genotype cluster plots for
all SNVs that showed statistically significant associations with
IA in the single variant association analysis. In total, we
identified 20 SNVs associated with p values ranging from 6.5 ×
10−7 to 2.8 × 10−56 (supplementary table 2 available from
Dryad, doi.org/10.5061/dryad.099bk53), but on close in-
spection of the genotype cluster plots, we concluded that they
were incorrectly clustered.9 These were all rare SNVs in
controls (MAF <0.02) with higher frequencies in cases (MAF
up to 0.08). Supplementary figure 2 available from Dryad
shows an example of one of these cluster plots. After appro-
priate manual adjustment of the clusters, none of the associ-
ations were statistically significant. Consequently, we
interpreted all these associations as false-positive results and
excluded these SNVs from further analyses. This illustrates
the difficulty and importance of high-quality genotype calling
for lower-frequency variants.

Single variant association analysis
In total, 46,514 SNVs were tested for association with IA in
the discovery cohort. We did not observe inflation of the test
statistic distribution to the expected median (λGC = 0.92;
supplementary figure 3 available from Dryad, doi.org/10.
5061/dryad.099bk53), and we did not observe any statisti-
cally significant associations (other than the false-positive
associations mentioned above). Supplementary figure 5
available from Dryad shows the results of the association
analysis.

Gene-based association analysis
The results of the gene-based association analyses are pre-
sented in table 2. In the first analysis including SNVswithMAC
>5, we found 1 statistically significant association of the fibulin
2 gene (FBLN2) on chromosome 3, with p values of 1.0 × 10−6

(VT test) and 6.0 × 10−6 (SKAT) in the discovery cohort. Only
2 SNVs in this gene were analyzed in the gene-based tests:
exm292082/rs111389908 and exm292166/rs201160150. In
a second analysis, which also included SNVs with an MAC
between 1 and 5, the associations became slightly weaker, with
p values of 8.2 × 10−6 (SKAT) and 0.26 (VT test), based on
a total number of 13 SNVs in this region. After visual inspection
of the cluster plots of all 13 SNVs, we did not detect incorrect
cluster assignment by GenomeStudio (supplementary figure 4
available from Dryad, doi.org/10.5061/dryad.099bk53). No
other statistically significant gene-based associations were
found in this second analysis.

In the replication cohort, 11 SNVs in the FBLN2 region were
available for further analyses. HWE p values of these SNVs
were between 0.005 and 1. Gene-based tests of FBLN2 did
not reveal a significant association, with p values of 0.57
(SKAT, MAC >0), 0.68 (SKAT, MAC >5), and 0.78 (VT,

Table 1 Baseline characteristics of the study populations

Discovery cohort Replication cohort

Patients, n 995 425

Mean age (range), y 55 (15–89) 50 (7–81)

Women, % 69 80

Controls, n 2,080 311

Mean age (range), y 40 (18–91) 67 (28–90)

Women, % 53 42
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MAC >0). However, the directions of effect were the same as
those in the discovery cohort. A VT test with an MAC >5 was
not applied in the replication cohort due to the presence of
only 1 SNV. The association of FBLN2 became slightly
stronger in the meta-analysis of the 2 cohorts, with p values of
4.8 × 10−7 (SKAT, MAC >0), 5.5 × 10−6 (SKAT, MAC >5),
and 0.17 (VT, MAC >0).

In the single variant analysis, 3 of 13 FBLN2 SNVs showed
a nominal level of association (p < 0.05) with IA in the dis-
covery cohort: exm292082/rs111389908 (p = 2.0 × 10−3,
odds ratio [OR] 2.6, 95% confidence interval [CI] 1.40–5.01
for A allele), exm292166/rs201160150 (p = 6.3 × 10−4, OR
3.4, 95% CI 1.62–7.41 for T allele), and exm292103/
rs113265853 (p = 1.8 × 10−3, OR 4.2, 95% CI 0.06–0.67 for
allele C). Two of these SNVs (exm292082 and exm292166)
were also present in the replication cohort, with similar
directions of effect (table 2). After data from the 2 cohorts
were combined, the association of exm292082 became
slightly weaker (p = 3.5 × 10−3, OR 2.31, 95% CI 1.29–4.21),
while the association of exm292166 became stronger (p = 7.4
× 10−5, OR 3.39, 95% CI 1.76–6.80).

According to the Exome Aggregation Consortium database
(exac.broadinstitute.org),27 exm292082 (p.Ala311Thr) is a mis-
sense variant with anMAF of 0.011 in the European population.
The variant exm292103 (p.Pro409Leu; MAF 0.005) is also
a missense variant, and exm292166 (c.2433C>T,MAF 0.004) is
located at the splicing region. Further details about the associ-
ations of all tested SNVs in FBLN2 are shown in tables 2 and 3.

Look-up of known IA loci
The association results in the discovery cohort for SNVs and
genes in 11 established IA GWAS risk loci are shown in sup-
plementary table 3 available from Dryad (doi.org/10.5061/
dryad.099bk53). We observed no statistically significant asso-
ciations of low-frequent SNVs in these loci. We observed sta-
tistically significant associations (p < 3.3 × 10−4 with Bonferroni
correction)with only 2 previously reported common risk SNVs:
rs10958409 at 8q11 (MAF 0.18 in cases, p = 1.7 × 10−4) and

rs10931779 (MAF 0.42 in cases, proxy of known risk SNV
rs919433 with r2 = 0.92) at 2q33 (p = 6.9 × 10−5).

Discussion
In our exome-wide association analysis, we found no statis-
tically significant associations of individual low-frequency
genetic variants with IA. A gene-based test indicated that
variants in FBLN2 may be associated with IA, but further
validation is necessary. We did not find evidence of low-
frequency variants within established IA GWAS loci2–4 that
contribute to the IA associations due to common variants.

The FBLN2 gene may be an interesting candidate gene for IA
because it encodes an extracellular matrix protein that belongs
to the fibulin family28 and plays a role in the formation of the
elastic lamina of blood vessels.29

A principal limitation of this study is the sample size and
therefore the statistical power to detect modest effects due to
genetic variants (either on their own or collectively within
genes). The lack of significant findings in our study is in line
with other genome-wide studies of low-frequency variants in
common diseases. Indeed, a published study of intracerebral
hemorrhage with a similar sample size (n = 1,553) also did not
reveal any novel associations.30 In contrast, larger studies (n >
8,000) of insulin secretion,10 myocardial infarction and cho-
lesterol levels,12 and blood pressure31 reported statistically
significant associations of single low-frequency variants.

It remains an empirical question to what extent the gene burden
tests actually help boost the power to find genes compared to
the simpler approach of testing all variants, one by one, which
has worked so well for GWAS. To date, we are aware of only
a single example: rare loss-of-function variants in SETD1A are
associated with schizophrenia and development disorders.32

Another recent exome-chip study in meningitis, with a sample
size comparable to ours, also reported a gene-based association,
although this still requires further validation.33

Table 2 Association results of gene-based tests in the discovery cohort, replication cohort, and meta-analysis of the 2
cohorts

Test MAC threshold

Discovery cohort Replication cohort Meta-analysis

p Value (No. of SNVs) p Value (No. of SNVs) p Value

SKAT >5 6.0 × 10−6 (2) 0.68 (1) 5.5 × 10−6

VT >5 1.0 × 10−6 (2) NA (1) NA

SKAT >0 8.2 × 10−6 (13) 0.57 (6) 4.8 × 10−7

VT >0 0.26 (13) 0.78 (6) 0.17

Abbreviations:MAC =minor allele count; NA = not applicable; SKAT = sequence kernel association test; SNV = single nucleotide variant; VT = variable threshold
test.
The gene-based tests showed statistically significant associations for the fibulin 2 gene (FBLN2), with the strongest association for VT (p = 1 × 10−6, MAC >5).
Associations became slightly stronger in a meta-analysis with the replication cohort.
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Table 3 Association results of 13 SNVs in FBLN2 gene on chromosome 3 in the Dutch study cohort of 995 cases and 2,080 controls, replication cohort of 425 cases and 311
controls, and the 2 cohorts combined

SNV BP A1/A2

Discovery cohort Replication cohort Combined analysis

MAC cases MAC controls p Value OR 95% CI MAC cases MAC controls p Value OR 95% CI p Value OR 95% CI

exm292050 13612224 T/G 1 3 1 0.70 0.01–8.68 — — — — — — — —

exm292057 13612319 T/C 2 5 1 0.84 0.08–5.11 — — — — — — — —

exm292058 13612327 T/C 0 4 0.31 — — — — — — — — — —

exm292070 13612459 C/G 4 8 1 1.05 0.23–3.91 1 1 1 0.73 0.01–57.5 1 0.93 0.25–3.11

exm292082 13612786 A/G 25 20 2.0 × 10−3 2.63 1.40–5.01 5 2 0.71 1.83 0.30–19.3 3.5 × 10−3 2.31 1.29–4.21

exm292088 13612901 A/G — — — — — 1 0 1 — — — — —

exm292091 13612921 A/G 2 5 1 0.84 0.08–5.11 2 1 1 1.46 0.08–86.5 1 1.12 0.23–4.74

exm292097 13613015 C/A 5 11 1 0.95 0.26–2.97 10 9 0.65 0.81 0.29–2.27 0.49 1.26 0.60–2.60

exm292103 13613081 T/C 4 35 1.8 × 10−3 0.24 0.06–0.67 — — — — — — — —

exm292123 13655548 G/A 2 2 0.60 2.09 0.15–28.9 — — — — — — — —

exm292152 13661319 A/G 1 1 0.54 2.09 0.03–164 1 0 1 — — 0.56 3.37 0.18–198

exm292158 13663365 T/C 1 3 1 0.70 0.01–8.68 — — — — — — — —

exm292162 13667983 T/C — — — — — 1 0 1 — — — — —

exm292166 13669333 T/C 21 13 6.3 × 10−4 3.40 1.62–7.41 9 2 0.13 3.31 0.68–31.6 7.4 × 10−5 3.39 1.76–6.80

exm292194 13670791 T/C 2 2 0.60 2.09 0.15–28.9 2 2 1 0.73 0.05–10.1 0.48 1.68 0.31–9.05

exm292198 13671392 A/G — — — — — 1 0 1 — — — — —

exm292215 13672930 G/A — — — — — 1 0 1 — — — — —

exm292217 13677946 T/C 1 2 1 1.05 0.02–20.1 — — — — — — — —

Abbreviations: A1 = allele 1 (minor allele); A2 = allele 2 (other allele); BP = base pair position; CI = confidence interval; FBLN2 = fibulin 2; SNV = single nucleotide polymorphism; MAF = minor allele frequency; OR = odds ratio.
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The exome chip has the advantage that low-frequency variants
in coding regions of the genome can be genotyped and tested
cheaply for large groups of participants. However, variants in
noncoding regions remain untested, although these can also
play a role in complex traits. In addition, the exome chip
contains only predetermined variants, so novel variants re-
main undetected. In contrast, sequencing studies can identify
novel variants, but these are more expensive to perform on
a large scale.

Another possible drawback of this exome-chip study is the
genotype calling of low-frequency variants, which can be in-
efficient because the number of minor alleles is very small.9

Although we used appropriate methods for calling of these
variants, we still observed some errors in cluster assignment.
We were able to distinguish true-positive from false-positive
associations by visual inspection of the cluster plots of the
associated SNVs, but theoretically, true associations may have
gone undetected due to clustering errors.

This study indicates a possible role of the FBLN2 gene in IA
pathology based on the collective association of coding low-
frequency variants in this gene. The known role of FBLN2 in
blood vessels make this gene an interesting candidate gene for
IA, but functional studies are needed to further investigate
how this gene is involved in IA pathology. In addition, further
replication in larger cohorts and detection of additional as-
sociated low-frequency variants in this region are needed to
further confirm these findings.
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