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Abstract
Background and Objectives
Based on previous case reports and disease-based cohorts, a minority of patients with cerebral
small vessel disease (cSVD) have a monogenic cause, with many also manifesting extracerebral
phenotypes. We investigated the frequency, penetrance, and phenotype associations of putative
pathogenic variants in cSVD genes in the UK Biobank (UKB), a large population-based study.

Methods
We used a systematic review of previous literature and ClinVar to identify putative pathogenic
rare variants in CTSA, TREX1, HTRA1, and COL4A1/2. We mapped phenotypes previously
attributed to these variants (phenotypes-of-interest) to disease coding systems used in the
UKB’s linked health data from UK hospital admissions, death records, and primary care.
Among 199,313 exome-sequenced UKB participants, we assessed the following: the proportion
of participants carrying ≥1 variant(s); phenotype-of-interest penetrance; and the association
between variant carrier status and phenotypes-of-interest using a binary (any phenotype
present/absent) and phenotype burden (linear score of the number of phenotypes a participant
possessed) approach.

Results
Among UKB participants, 0.5% had ≥1 variant(s) in studied genes. Using hospital admission
and death records, 4%–20% of variant carriers per gene had an associated phenotype. This
increased to 7%–55%when including primary care records. Only COL4A1 variant carrier status
was significantly associated with having ≥1 phenotype-of-interest and a higher phenotype score
(OR = 1.29, p = 0.006).

Discussion
While putative pathogenic rare variants in monogenic cSVD genes occur in 1:200 people in the
UKB population, only approximately half of variant carriers have a relevant disease phenotype
recorded in their linked health data. We could not replicate most previously reported gene-
phenotype associations, suggesting lower penetrance rates, overestimated pathogenicity, and/
or limited statistical power.
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Cerebral small vessel disease (cSVD) refers to a variety of
pathologic processes affecting the brain’s small arteries, arteri-
oles, venules, and capillaries.1 It is estimated that 20% of is-
chemic strokes, and most hemorrhagic strokes, are caused by
cSVD. cSVD is also the most frequent pathology underlying
vascular dementia and vascular cognitive impairment.2-4

An unknownminority of cSVD cases are consideredmonogenic,
i.e., caused by a pathogenic variant(s) in one of several genes.
While NOTCH3 (implicated in CADASIL [cerebral autosomal
dominant arteriopathy with subcortical infarcts and leukoence-
phalopathy]) is the best known of these, since its first description
in 1996,5 several additional cSVD genes have been identified.
Examples include CTSA, TREX1, HTRA1, COL4A1, and CO-
L4A2, but there are additional genes where cSVD is either not
the primary associated phenotype (e.g., ADA2 and GLA) or, to
date, there is weaker causal evidence (e.g., FOXC1, PITX2, and
COLGALT1).2 Many monogenic cSVD cases also show over-
lapping systemic and neurologic features.2,6,7

To date, our knowledge of monogenic cSVD variants’ fre-
quency, penetrance, and phenotype associations comes pri-
marily from case reports, small case series, and family pedigree
studies.6 The resulting data are therefore affected by various
biases, including investigation bias (patients with clinically se-
vere and previously described manifestations are more likely to
have genetic testing and undergo investigations for known
expected associated pathologies if a pathogenic variant in a
relevant gene is found), publication bias (clinicians/researchers
are more likely to publish a case report/series about clinically
severely and/or unusually affected patients), and reporting bias
(published case reports/series tend to discuss previously
reported or particularly unusual clinical signs and symptoms
rather than describe case’s health in an unbiased and systematic
way).6,8,9 There have also been few disease-based studies ex-
ploring rare variation in cSVD genes in apparently sporadic
cases of cSVD,10-13 but the population frequency and clinical
consequences of these variants remain unknown.

Data from large-scale population-based studies collecting
health outcomes in a systematic, unbiased way would provide
additional information on the frequency and clinical effect of
monogenic cSVD rare variants in a different setting. In-
vestigating routinely collected, linked, health care records
would overcome some of the limitations of previous studies.

We aimed to use the UK Biobank (UKB) to assess the pop-
ulation frequency of putative pathogenic rare genetic variation

in 5 known monogenic cSVD genes—CTSA, TREX1,
HTRA1, COL4A1, and COL4A2 (excluding NOTCH3 be-
cause it has already been investigated in the UKB14). These
genes are included in the recommended clinical framework
for diagnosingmonogenic cSVD by the European Academy of
Neurology.15 We studied their apparent penetrance (i.e., the
proportion of participants with a variant manifesting a rele-
vant cerebral and/or extracerebral clinical phenotype) and
gene-phenotype associations in the general population, not
selected on the basis of disease or disease risk (Figure 1).
Understanding the effect of these variants in the general
population will aid the interpretation of variant consequences
and inform the clinical response.

Methods
Study Population
The UKB cohort is a prospective study of approximately
500,000 UK residents recruited from 2006 to 2010, aged
40–69 years during recruitment. It has extensive phenotypic
information derived from linked health care and death record
data, with whole-exome sequencing (WES) data available for
approximately 200,000 participants as of October 2020. Full
details of the UKB have been previously described.16-18

Our population of interest comprised the 200,603 UKB partici-
pants with WES data available from October 2020. We excluded
the following individuals: (1) related individuals based on genetic
relatedness pairings as provided by the UKB Field 22011, ex-
cluding 1 individual from each related pair but preferentially
retaining participants carrying a variant-of-interest and (2) par-
ticipants with sex mismatch (reported sex did not match genetic
recorded sex). After these quality control exclusions, our study
population comprised 199,313 UKB participants. The following
data were available for the whole sample: (1) WES; (2) coded
hospital inpatient admissions and death record data (UKB Fields
41270, 40001, and 40002); (3) baseline characteristics (age at the
last follow-up on March 2020 [derived from UKB Fields 34 and
52], sex [UKBFields 31 and 22001], self-reported ethnicity [UKB
Field 21000], and Townsend deprivation index—a marker of
socioeconomic deprivation [UKB Field 189]). Coded primary
care data (UKB Field 42040) were also available for a 48% subset
(95,459 participants).

Variant Selection
We identified putative pathogenic rare variants in CTSA, TREX1,
HTRA1, COL4A1, and COL4A2, which we refer to as variants-of-

Glossary
CADASIL = cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy; cSVD = cerebral
small vessel disease; FE = functional equivalence; ICD-10 = International Classifications of Diseases—10;MAF = minor allele
frequency;OMIM = online mendelian inheritance in man;UKB = UK Biobank; VEP = variant effect predictor;WES = whole-
exome sequencing.
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interest (Supplemental Methods Putative pathogenic variants file).
Wedefinedputative pathogenic rare variants as follows: (1) variants
that are reported as causing disease in the published literature based
on our systematic review (SysRev variants)6; and/or (2) variants
that are reported as pathogenic or likely pathogenic in the ClinVar
database (ClinVar variants)19; and (3) those that have aminor allele
frequency (MAF) <1% in theUKBiobank. An exception to this
was theTREX1 andCTSA genes that in addition tomonogenic
cSVD are also associated with other specific monogenic dis-
orders (Aicardi-Goutieres syndrome and Galactosialidosis,
respectively).20-22 Hence, for these 2 genes, variants reported to
be specific for conditions other than cSVD were excluded. We
used the Ensembl variant effect predictor (VEP) to describe the
variants-of-interest and estimate their pathogenicity and pro-
tein effect based on SIFT (Sorting Intolerant From Tolerant),
PolyPhen, and SnpEff.23

Phenotype Selection and Mapping
We first compiled a list of cerebral and extracerebral phenotypes
previously attributed to CTSA, TREX1, HTRA1, COL4A1, and
COL4A2 variants-of-interest (eTable 1, links.lww.com/NXG/
A541). We included phenotypes reported as being associated
with these genes in online mendelian inheritance in man
(OMIM) and/or in our recent systematic review,6,22 from
hereon referred to as phenotypes-of-interest. We mapped these
phenotype descriptions to the disease coding systems used for

recording hospital inpatient admissions, death record, and pri-
mary care data in the UKB, i.e., International Classifications of
Diseases—10 (ICD-10) and Read V2 and Read V3 disease
coding systems, using clinical expertise where needed to ensure
phenotype descriptions were mapped to the most appropriate
codes. Further detail regarding the mapping process is provided
in the Supplemental Methods, and the code lists used for this
study can be found in the eMethods (links.lww.com/NXG/
A541) Mapped Phenotype codes file.

Data Analyses

Assessing Variant Carrier Frequencies in the UKB and
Their Demographic Characteristics
Using Functional Equivalence–derived PLINK files,17,18 we calcu-
lated the total number and proportion of UKB participants with≥1
variant-of-interest (from hereon referred to as variant carriers). We
used the χ2 and2 sample t tests to assess differences between variant
carriers and noncarriers in age, sex, Townsend deprivation index,
ethnicity, and the presence of vascular risk factors (0–1 vs ≥2 risk
factors described below).

Assessing the Proportion of Variant Carriers With
Phenotypes-of-Interest
As a measure of genetic variant penetrance, we calculated the
proportion of variant carriers with ≥1 phenotype-of-interest in
the hospital inpatient admissions and/or death record data for the

Figure 1 Summary of Study Methods and Outcomes

cSVD = cerebral small vessel disease; OMIM = online mendelian inheritance in man. Created with BioRender.com.
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whole study population and in hospital admissions, death record,
and/or primary care data for the 48% subset of the study pop-
ulation with linked primary care data. We further explored the
proportion of variant carriers with a stroke diagnosis, one of the
main clinical manifestations of cSVD.2-4

AssessingWhether Variant Carrier Status Is Associated
With Phenotypes-of-Interest
We tested for statistically significant associations between variant
carrier status and phenotypes-of-interest by gene. We undertook
the primary analyses in the whole cohort and repeated these as
secondary analyses in the subgroup with primary care data.

Association With Phenotype-of-Interest Status
For each of the 5 genes, we checked for differences in the
proportion of participants with any phenotype-of-interest, and
with stroke specifically, among variant carriers compared with
noncarriers. We used a χ2 test and set a Bonferroni-corrected
p value of <0.01 (corrected for the 5 gene-level tests).

AssociationWith Phenotype Burden (Phenotype Score)
We assessed for difference in overall phenotype burden between
variant carriers and noncarriers, creating for each gene and partici-
pant: binary variant scores using an unweighted gene-based col-
lapsing approach24 (with carriers given a score of 1 and noncarriers
a score of 0) and unweighted phenotype scores (based on the
number of the phenotypes-of-interest associated with the gene).
For example, HTRA1 is associated with 6 phenotypes-of-interest,
and a participant could therefore have a minimum HTRA1 phe-
notype score of 0 (if they did not manifest any phenotypes-of-
interest) and a maximum score of 6 (if they manifested all 6
phenotypes-of-interest) (eTable 1, links.lww.com/NXG/A541).
We used Poisson regression (due to the phenotype scores being
based on exact counts) to investigate, for each gene, the association
between carrying a rare variant and phenotype score including age

at last follow-up, sex, Townsend index, and 20 genetic principal
components (PCs) as covariates.We used aBonferroni-corrected p
value threshold of <0.01 to determine significance (corrected for 5
gene-level tests).

For primary analyses, we additionally performed the following:
(1) adjusted for vascular risk factors, including body mass index
(<30 kg/m2 vs ≥30 kg/m2), smoking status (nonsmoker vs
current/previous smoker), alcohol consumption (≤twice a week
vs > twice a week), and hypertension and diabetes (present vs
absent),25,26 (2) checked for interactions between variant carrier
status with sex and ethnicity; and (3) ran leave-one-out sensitivity
analyses, where each phenotypewas removed from the phenotype
score one by one (using logistic instead of Poisson regression in
the case of COL4A2, which only had 2 phenotypes-of-interest to
start with).

Standard Protocol Approvals, Registrations,
and Patient Consents
All UKB participants provided informed consent as part of the
UKB recruitment process, in accordance with the Declaration
of Helsinki 1964 and its later amendments or comparable
ethical standards.

Data Availability
Anonymized phenotype and genotype data are available from
the UK Biobank16; the UK Biobank resource can be accessed by
approved researchers (ukbiobank.ac.uk/). ICD-10 and Read v2/
3 code lists used for analysis are available in the eAppendix
(Supplemental code list, links.lww.com/NXG/A541).

Results
We identified a total of 260 variants-of-interest across the 5
genes to investigate in the UKB: 152 exclusively from SysRev,

Table 1 Demographic Characteristics of UK Biobank Participants With WES Data

All UKB participants with
WES (N = 199,313)

Variant carriers
(N = 1,050)

Noncarriers
(N = 198,263) p Value

Age at last follow-upa

Mean (SD) 68.2 (0.018) 67.7 (0.26) 68.2 (0.018) 0.43

Sex

Female 109,739 (55%) 589 (56%) 109,150 (55%) 0.52

Male 89,574 (45%) 461 (44%) 89,113 (45%)

Townsend deprivation score

Mean (SD) −1.34 (0.01) −0.44 (0.11) −1.34 (0.01) <2.2 × 10−16

Self-reported ethnic groupb

White 187,035 (94%) 783 (75%) 186,252 (94%) <2.2 × 10−16

Non-White 11,319 (6%) 256 (25%) 11,063 (6%)

Abbreviations: N = No. of participants; UKB = UK Biobank; WES = whole-exome sequencing.
a Age at last follow up is the participant’s age in March 2020, when the linked health record data are complete from all sources.
b Eleven variant carriers and 948 noncarriers had missing ethnicity information.
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52 exclusively from ClinVar, and 54 from both sources. We
found a total of 37 variants present in ≥1 of the 199,313 included
UKB participants: 24 exclusively from SysRev, 2 exclusively from
ClinVar, and 11 from both sources, but these did not include any
TREX1 or CTSA variants-of-interest. The number of variants
represented in theUKB varied for each gene: 5COL4A2 variants
(3 SysRev, 1 ClinVar, and 1 from both sources), 15 HTRA1
variants (8 Sys Rev and 7 from both sources), and 17 COL4A1
variants (13 SysRev, 1 ClinVar, and 3 from both sources). Across
these variants, MAF in the UKB ranged from 0.0005% to 0.14%.
(eTables 2 and 3, links.lww.com/NXG/A541).

VEP predicted 92% (22/24) SysRev, 100% (2/2) ClinVar, and
100% (11/11) variants from both sources to be missense or
nonsense variants. Of the remaining 2 SysRev variants, one was
in the 59 untranslated region and the other an intronic splice
donor variant. SnpEff predicted the nonsense variants and the
splice donor variant to have a high effect, while all but one of the
remaining variants were of moderate effect. Overall, 21/37 var-
iants (50% SysRev; 50% ClinVar, and 73% both sources) were
predicted to have probably damaging and deleterious effects on
protein structure and function (eTable 4, links.lww.com/NXG/
A541). It is of note that VEP cannot provide potential protein
structure and function effects of variation in untranslated regions,
intronic regions, or splice acceptor/donor sites.

We identified 2 to 12 phenotypes-of-interest per gene (eTa-
ble 1, links.lww.com/NXG/A541). When mapping these to
disease coding systems, the number of codes per phenotype
varied widely, ranging from 6 codes for dry mouth to 173 codes
for degenerative spine disease (Supplemental code list, links.
lww.com/NXG/A541).

Assessing Variant Carrier Frequencies in the
UKB and Their Demographic Characteristics
Among 199,313 UKB participants, 1,050 participants (0.5%) had
≥1 variant-of-interest, resulting in 234 HTRA1, 481 COL4A1,
and 336 COL4A2 variant carriers, with 1 participant carrying a
variant in bothHTRA1 andCOL4A1. When variant carriers were
not preferentially selected from related pairs, their overall fre-
quency remained the same. Most variant carriers (96%; 1,003/
1,050) possessed a SysRev variant, 0.3% (3/1,050) a ClinVar

variant, and 4% (44/1,050) a variant represented in both SysRev
and ClinVar (eTable 2, links.lww.com/NXG/A541).

The mean age (at the last follow-up) of all included UKB
participants was 68.2 years. The mean Townsend deprivation
index was −1.34, and 55% of participants were female. There
was no significant difference in age at the last follow-up, sex, or the
presence of vascular risk factors between variant carriers and
noncarriers. Carriers had significantly higher levels of deprivation
than noncarriers (the mean Townsend index = −0.44 vs −1.34, p
< 2.2 × 10−16) and weremore likely to be of non-White ethnicity
(p < 2.2 × 10−16) (Table 1).

Based on these findings, we performed post hoc analyses
comparing variant carriers and noncarriers in terms of: (1) the
mean Townsend index stratified by manifestation of a
phenotype-of-interest and (2) the Townsend index breakdown
by quintiles derived from the QResearch database,27,28 com-
paring the frequency of phenotypes-of-interest. Variant carriers
had significantly higher levels of deprivation compared with
noncarriers regardless of whether or not they manifested a
phenotype-of-interest (−0.31 vs −1.07, p = 0.0004 and −0.44 vs
−1.4, p < 2.2 × 10−16, respectively). Comparing the frequency of
participants manifesting a phenotype, among variant carriers, it
was similar in the least and most deprived quintiles (23% vs
24%), whereas among noncarriers, the least deprived had a
lower frequency compared with the most deprived (17% vs
23%) (eTable 5, links.lww.com/NXG/A541).

Exploring the ethnicity distribution further, most HTRA1 and
COL4A1 variant carriers (≥97%) were of self-reported White
ethnicity. For COL4A2, however, 57% (190/336) of variant
carriers were of self-reported Black ethnicity, driven by 2 variants
c.3448C>A and c.5068G>A present in 1.2% and 4.7% of Black
participants, respectively. A further 14% of COL4A2 variant
carriers were of mixed and other ethnic groups (Table 2).

Assessing the Proportion of Variant Carriers
With Phenotypes-of-Interest
The proportion of variant carriers (N = 1,050) with ≥1
phenotype-of-interest in the hospital inpatient admissions and/or
death record data was as follows:HTRA1 9% (21/234);COL4A1

Table 2 Variant Carriers in the UK Biobank by Gene and Ethnic Group

Gene

Self-reported ethnic group

All White Black Asian Mixed Other Unknown

HTRA1 234 229 (98%) 1 (0.4%) — — 1 (0.4%) 3 (1.3%)

COL4A1 481 465 (97%) 4 (0.8%) 5 (1%) 2 (0.4%) 5 (1%) —

COL4A2 336 90 (27%) 190 (57%) 3 (0.9%) 14 (4%) 31 (10%) 8 (2%)

Any gene-of-interest 1,050 783 (75%) 195 (19%) 8 (0.8%) 16 (2%) 37 (4%) 11 (1%)

“Other” ethnicity includes Chinese. There was 1 participant with a variant in both HTRA1 and COL4A1. There were no participants carrying variants in TREX1 or
CTSA.
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20% (95/481); and COL4A2 4% (15/336) (Figure 2A). This
proportion increased when we explored the smaller subset of
the variant carriers for whom primary care data was also available
(N= 484):HTRA1 55% (64/117);COL4A1 40% (93/236); and
COL4A2 7% (9/132) (Figure 2B). Among variant carriers
manifesting a phenotype-of-interest, stroke was not always the
most common phenotype: HTRA1 13%–52%, COL4A1
15%–19%, and COL4A2 93–100% (Figure 2, A and B).

Assessing Whether Variant Carrier Status Is
Associated With Phenotypes-of-Interest

Association With Phenotype-of-Interest Status
For phenotypes-of-interest in the hospital inpatient admis-
sions and/or death record data, a higher proportion of
COL4A1 variant carriers compared with noncarriers had a
COL4A1-related phenotype (20% in carriers vs 15% in
noncarriers, p = 0.01). We found no significant associations
for HTRA1 and COL4A2 and no significant associations for
any gene in the secondary analyses, also including primary

care data. There was also no significant difference in the
proportion of stroke cases seen between carriers and non-
carriers for any of the genes.

AssociationWith Phenotype Burden (Phenotype Score)
COL4A1 carriers also had a greater phenotype score compared
with noncarriers (OR = 1.29, p = 0.006). We found no significant
associations for HTRA1 and COL4A2, or for any gene in the
secondary analyses including primary care data (Figure 3).

The associations remained similar after adjusting the primary
analyses for the presence of vascular risk factors (eTable 6,
links.lww.com/NXG/A541). We found no significant inter-
actions with sex (HTRA1 p = 0.41; COL4A1 p = 0.14; and
COL4A2 p = 0.49) and ethnicity (HTRA1 p = 0.60; COL4A1
p = 0.88; and COL4A2 p = 0.19) for any gene.

Leave-one-out sensitivity analyses did not change the results
significantly forHTRA1 or COL4A2 (eFigure 1, links.lww.com/
NXG/A541). For COL4A1, removing cataract, migraine, or
stroke from the phenotype score rendered the association no
longer significant, suggesting these phenotypes are important in
driving the association seen in the primary analyses (Figure 4).

Discussion
We found that while 1:200 UKB participants carry a previously
reported putative pathogenic rare variant in one of the 5 cSVD
genes included in our study, only 4%–20% of variant carriers per
gene had an associated phenotype recorded in their hospital
admission/death records, and this rose moderately to 7%–55%
when also including primary care records.COL4A1 variant carrier
status was associated with having phenotypes-of-interest com-
pared with noncarriers, but we did not see significant associations
with expected phenotypes for other genes.

We are not aware of previous studies investigating these 5 genes
in a population-based setting. There has, however, been a study
of anothermonogenic cSVDgene, which demonstrated that;1:
450 UKB participants carry a putative pathogenic (i.e., cysteine-
altering) variant NOTCH3.14 Among the few disease-based
studies exploring rare variation in cSVD genes in apparently
sporadic cases, one large study found that ;1:70 patients with
lacunar stroke had a monogenic cause.11 However, this study
included only patients with stroke (one of several manifestations
of cSVD), excluded already diagnosed monogenic cSVD cases,
and involved an overlapping but not identical set of genes with a
different definition of putative pathogenicity compared with our
study, limiting direct comparisons.

We did not find any carriers of CTSA or TREX1 putative
pathogenic rare variants in the UKB. Potential reasons include
the following: (1) variants in these genes are extremely rare in
general and/or rare in a population-based setting owing to their
severe phenotypemanifestations; this is particularly relevant for
TREX1, where most of the variants were frameshifts that were

Figure 2 Proportion of Variant Carriers With a Phenotype-
of-Interest

N = total number of variant carriers; n = number of variant carriers with any
phenotype-of-interest or stroke.
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not as highly represented in the UKBWES data compared with
single-nucleotide variants18; (2) the overall number of variants-
of-interest in these genes was smaller, and they are not present
in the UKB by chance.

We found a significantly higher level of deprivation among
variant carriers compared with that among noncarriers.
Further post hoc analyses suggested that this difference is
not explained by variant carriers manifesting a disease
phenotype. Exploring the Townsend deprivation index
distribution by quintiles suggested that carrying a putative
pathogenic rare variant increases the chances of having a
phenotype among the least deprived but not among the
most deprived participants. One possible explanation might
be that participants in the most deprived group have an
already increased risk due to environmental factors,
whereas in the least deprived group, genetic variation plays
a more important role. However, this was not the primary
aim of our study and requires further research.

Most of theCOL4A2 carriers in the UKBwere of non-White self-
reported ethnic group. The 2 genetic variants driving the fre-
quency among non-White participants had previously been
reported in the literature as causing intracerebral hemorrhage in
persons of White Hispanic and African American background.29

Earlier studies have focused mainly on investigating European
populations, while case reports and series are often missing eth-
nicity information,6,11,30,31 leaving monogenic cSVD and relevant
genetic variation prevalence estimates among non-White ethnic-
ities largely unknown.11,31 One study that did investigate this in
the Genome Aggregation Database among 7 ethnic groups did
not find a similar enrichment of COL4A2 carriers among partic-
ipants of Black and other ethnicities, although interestingly,

COL4A1 pathogenic variants were most prevalent among
Africans/African Americans.30 Furthermore, epidemiologic stud-
ies have demonstrated racial and ethnic differences in cSVD
manifestations and burden, which may have a genetic compo-
nent.32 These findings underline the importance of extending
future genetic studies to include a broader range of ethnic groups.

Evidence from the existing literature summarized in a sys-
tematic review demonstrated a higher proportion of variant
carriers manifesting a relevant phenotype compared with our
study, with estimates of 59% for COL4A2, 75% for COL4A1,
and 77% for HTRA1.6 Considering the mean age of UKB
participants is older than the mean age of individuals included
in the systematic review,6 it is unlikely this difference is
explained by a limited duration of follow-up in the UKB and
our analysis capturing participants who will go on to develop
the phenotypes in the future. Our results suggesting lower
frequency of phenotypic manifestations in carriers of variants
associated with cSVD in a population-based setting are in
keeping with findings from other monogenic disease investi-
gations. Similar results have been shown for monogenic di-
abetes and CADASIL,14,33-35 demonstrating ascertainment
context is crucial when interpreting the consequences of
monogenic variants. This has important implications for ge-
netic screening and counseling in the clinical setting, as well as
potentially demonstrating the need for further investigations
of some of these putative pathogenic variants to confirm their
causal role in monogenic cSVD.

We identified a significant association for COL4A1
between variant carrier status and phenotype score. Leave-
one-out subgroup analyses indicated that migraine, cata-
ract, and stroke contributed most to the association seen.

Figure 3 Association of Variant Carrier Status With Phenotype Burden

*The association between COL4A1 variant carrier status and phenotype score was significant. CI = confidence interval; OR = odds ratio.

Neurology.org/NG Neurology: Genetics | Volume 8, Number 5 | October 2022 7

http://neurology.org/ng


We did not find significant associations between HTRA1/
COL4A2 and phenotypes previously attributed to putative
pathogenic variants in those genes. This may suggest that
these variants: (1) have reduced penetrance; (2) have
variable expressivity; (3) are not all pathogenic despite
previous reports; (4) have previously been incorrectly
associated with certain disease phenotypes in the litera-
ture and OMIM; and/or (5) were not present in large
enough numbers limiting statistical power.

Our variants-of-interest had evidence from the literature and
ClinVar to support that they are pathogenic. Using Ensemble VEP
to further investigate these variants generally corroborated this
assumption—all but onehad amoderate or high effect according to
SnpEff, and approximately two-thirds were bioinformatically pre-
dicted to be deleterious and probably damaging to protein structure
and function.

Our study has several strengths. By using all available sources of
routinely collected health data, we were able to systematically
capture the full range of phenotypes previously reported to be
associated with monogenic cSVDs, both cerebral and extracere-
bral. This approach limits several of the biases that affect case
reports and series and is feasible among large numbers of partic-
ipants. Our study is the first to explore rare variation in these 5
genes in a population-based setting and as such provides valuable
information on their frequency and spectrum of clinical conse-
quences, supplementing existing knowledge derived mainly from
case reports and series. This in turn can inform clinicians of
various specialties and clinical geneticist in selecting patients to test
and when counseling variant carriers in the clinical setting.

There are also limitations that need to be considered. First, our
efforts to ensure we have identified variants with good evidence of
pathogenicity by relying on published literature and the ClinVar
database may have caused some other pathogenic variants to be
excluded from this study. Second, we used routinely collected
coded administrative health data to identify disease phenotypes.
While we made significant efforts to map the phenotypes-of-
interest systematically and transparently to relevant disease codes,
driven by clinically informed selection, these coded data are likely
to identify some false-positive and miss true-positive cases. In
addition, it was more challenging to map some phenotypes than
others, and some health conditions (e.g., alopecia, migraine, or
muscle cramps) are less likely to lead the person to seek medical
help and hence be captured by the coded data. It is important that
for the stroke phenotype, our code lists capturedUKBparticipants
who had experienced any stroke subtype, rather than cSVD-type
of stroke specifically. Third, the number of phenotypes-of-interest
varied between genes, introducing a potential bias when in-
vestigating the proportion of carriers with phenotypes-of-interest.
Despite finding associations between variant carrier status and the
presence of phenotypes, it is possible that the phenotype is the
result of other causes, especially if the phenotype is prev-
alent in the population. Fourth, the UKB population is
highly likely affected by the healthy volunteer bias,16 with
clinically severely affected variant carriers less likely to
enroll in the first place. Hence, the variants identified
among the UKB population may be those with lower
overall penetrance, variable expressivity, and weaker evi-
dence of pathogenicity. Fifth, even when collapsing the
variants across each gene, statistical power for detecting
small and moderate variant-level genotype-phenotype

Figure 4 COL4A1 Leave-One-Out Analyses

**Association no longer significant. CI = confidence interval; OR = odds ratio.
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association effects remained low. Furthermore, routinely
collected administrative disease codes did not provide data
on preclinical cognitive decline and cerebral radiologic
features of UKB participants, important (and sometimes
the only) manifestations of cSVD.4

Future studies will be required to extend these findings to other
populations, aiming to better understand and minimize healthy
volunteer biases and assessing a broader range of ages and so-
cioeconomic and ethnic groups with even larger sample sizes. As
methods of disease identification from routinely collected health
data develop further, this will also allow more comprehensive
and reliable capture of phenotypes-of-interest. Investigations
including preclinical phenotypes, such as cognitive impairment,
could also provide greater understanding of the overall mani-
festations of putative pathogenic variants. Future work could also
explore all rare variants in these genes, stratifying them by level of
evidence for pathogenicity and using the richness of the routinely
collected health data to undertake phenome-wide association
studies. Finally, expanding this work to include a broader list of
genes of importance in monogenic cSVD, as more evidence
becomes available, may allow us to gain a better understanding of
the phenotypic manifestations and mechanisms of cSVD.

In conclusion, putative pathogenic rare variants in 5monogenic
cSVD genes occur in the population at a frequency of 1:200,
but only up to half of variant carriers have a relevant disease
phenotype recorded in their linked health data. We could not
replicate most previously reported gene-phenotype associa-
tions, suggesting lower penetrance rates, overestimated path-
ogenicity, and/or limited statistical power. We also highlight
the importance of considering the wider spectrum of pheno-
typic manifestations in cSVD.
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