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Prevalence of FH-Causing Variants and Impact
on LDL-C Concentration in European, South
Asian, and African Ancestry Groups of the UK
Biobank—Briet Report

Jasmine Gratton®, Steve E. Humphries®, Marta Futema

BACKGROUND: Familial hypercholesterolemia (FH) is a monogenic disease that causes high low-density lipoprotein cholesterol
(LDL-C) and higher risk of premature coronary heart disease. The prevalence of FH-causing variants and their association
with LDL-C in non-European populations remains largely unknown. Using DNA diagnosis in a population-based cohort, we
aimed to estimate the prevalence of FH across 3 major ancestry groups in the United Kingdom.

METHODS: Principal component analysis was used to distinguish genetic ancestry in UK Biobank participants. Whole exome
sequencing data were analyzed to provide a genetic diagnosis of FH. LDL-C concentrations were adjusted for statin use.

RESULTS: Principal component analysis distinguished 140 439 European, 4067 South Asian, and 3906 African participants with
lipid and whole exome sequencing data. There were significant differences between the 3 groups, including total and LDL-C
concentrations, and prevalence and incidence of coronary heart disease. We identified 488, 18, and 15 participants of European,
South Asian, and African ancestry carrying a likely pathogenic or pathogenic FH-variant. No statistical difference in the prevalence
of an FH-causing variant was observed: 1 out of 288 (95% Cl, 1/316-1/264) in European, 1 out of 260 (95% Cl, 1/5626~1/173)
in African, and 1 out of 226 (95% Cl, 1/419-1/155) in South Asian. Carriers of an FH-causing variant had significantly higher
LDL-C concentration than noncarriers in every ancestry group. There was no difference in median (statin-use adjusted) LDL-C
concentration in FH-variant carriers depending on their ancestry background. Self-reported statin use was nonsignificantly highest
in FH-variant carriers of South Asian ancestry (55.6%), followed by African (40.0%) and European (33.8%; ~=0.15).

CONCLUSIONS: The prevalence of FH-causing variants in the UK Biobank is similar across the ancestry groups analyzed.
Despite overall differences in lipid concentrations, FH-variant carriers across the 3 ancestry groups had similar LDL-C levels.
In all ancestry groups, the proportion of FH-variant carriers treated with lipid-lowering therapy should be improved to reduce
future risk of premature coronary heart disease.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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terol (LDL-C) concentrations caused by rare vari- they are exposed to increased LDL-C concentrations
ants in the LDLR, APOB, or PCSK9 gene.! Carriers of  from birth.2 Likely pathogenic and pathogenic variants

Familial hypercholesterolemia (FH) is a monogenic ~ an FH-causing variant are predisposed to a high risk
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Nonstandard Abbreviations and Acronyms

Highlights

CHD coronary heart disease

FH familial hypercholesterolemia
IQR interquartile range

LDL-C low-density lipoprotein cholesterol
Lp(a) lipoprotein (a)

PCA principal component analysis

SA South Asian

vus variants of unknown significance

in LDLR, APOB, or PCSK9 can be found in 1 in 2560
individuals (95% Cl, 1:345-1:192), as demonstrated in
a recent meta-analysis.® Despite FH being one of the
most common Mendelian diseases, it remains highly
underdiagnosed worldwide,' and even when diag-
nosed, it is often inadequately treated.* The majority
of available data on the prevalence of FH come from
studies conducted on individuals of European ances-
try; therefore, significant gaps in the understanding of
the disease burden in non-European ancestry groups
remain.® A previous study using the predominately male
Million Veteran Program data observed differences
in FH-variant frequency between individuals of Euro-
pean and African background®; however, the authors
used a genotyping array for FH-variant identification,
which is likely to miss some rare pathogenic variants,
especially those unique to non-European populations.
A recent systematic review observed differences in FH
prevalence between different ethnicities; however, FH
diagnosis was mainly based on a mixture of clinical cri-
teria with a limited number being confirmed by genetic
testing.” One of the research needs highlighted in the
Scientific Statement from the American Heart Asso-
ciation is to determine the prevalence of FH-variants
in non-European populations.® Potential differences
in FH-variant frequency between ancestry groups are
important to consider when evaluating national screen-
ing strategies.

In this study, we assessed the prevalence of FH-
causing variants in the UK Biobank and compared it
between the 3 major ancestry groups available: Euro-
pean, South Asian (SA), and African. We analyzed dif-
ferences in LDL-C concentration between FH-variant
carriers across these 3 groups and compared them with
non-FH participants.

METHODS

Because of the sensitive nature of the data generated for
this study, requests to access the raw dataset from qualified
researchers trained in human subject confidentiality protocols
may be sent to the UK Biobank at https://www.ukbiobank.
ac.uk/enable-your-research/apply-for-access.
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* Prevalence of familial hypercholesterolemia—caus-
ing variants is similar across European, South Asian,
and African genetic ancestry groups of UK Biobank.

* Despite some overall differences in lipid concentra-
tions between the ancestry groups, individuals with
familial hypercholesterolemia have similar LDL (low-
density lipoprotein)-cholesterol regardless of their
ancestry.

* Gaps in lipid-lowering treatment exist across all 3
ancestry groups.

UK Biobank Cohort

The UK Biobank longitudinal study recruited half a million par-
ticipants (aged 40-75 years) from 2006 to 2010.° Various
biological (eg, biomarker measures) and nonbiological (eg,
lifestyle, family history of disease) measures were recorded,
including whole exome sequencing of participants.'® The cur-
rent study was conducted under the approved UK Biobank
application 40721.

Principal Component Analysis

The genetic ancestry of participants was determined using
principal component analysis of the genotyping data as pre-
viously described in more detail in the supplemental content
of the article by Giannakopoulu et al." In principal component
analysis, participants were confirmed to belong to an ancestry
group based on whether they clustered around a known refer-
ence group using the PC-Air method."?

Whole Exome Sequencing Analysis

The LDLR, APOB, and PCSK9 gene regions =100 kb (genomic
positions shown in Table S1) were extracted from the whole
exome sequencing data for available participants at the time of
study completion 200 000). Variants were first filtered based
on a minimum read depth of 10, genotype quality of 20, and
a minor allele frequency of <0.0006 (ie, the frequency of the
most common FH variant p.Arg3527GIn in APOB).

Variant Interpretation

Variants that passed the initial quality control were interpreted
using the American College of Medical Genetics guidelines.'
Variants classified as likely pathogenic or pathogenic in Table
S2 were used to provide a genetic diagnosis of FH. Variants
of uncertain significance (VUS) were excluded from the main
analysis and presented in Table S3. FH-causing variants in the
APOB and PCSK9 genes were filtered based on a list of vari-
ants with functional assay backing.'* The frequency of the likely
pathogenic p.Leu167del variant in APOE was also analyzed."™

LDL-C Concentration Data

Missing LDL-C data was singly imputed using the R package
MICE version 3.10.0." The LDL-C concentration of partici-
pants who reported using statins was adjusted with the correc-
tion coefficient 1.43.""
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Statistical Methods

All statistical analyses were performed in R version 4.0.2. The
nonparametric Kruskal-Wallis rank-sum test was used to com-
pare the median (interquartile range [IQR]) of >2 groups, and the
Mann-Whitney U test—Wilcoxon Test when comparing 2 groups.

RESULTS
Ancestry Groups Characteristics

Using principal component analysis, we identified
140439 White European, 4067 SA, and 3906 African
ancestry individuals with whole exome sequencing data
within UK Biobank. Significant differences between the
3 groups were observed (Table S4), with the median age
being slightly older in European (58 versus 53 years in
SA, and 50 years in African ancestry, /<0.001) and hav-
ing highest total cholesterol and LDL-C concentrations
(median [IQR] total cholesterol, 5.68 [4.94—6.45] mmol/L
versus 5.32 [4.56-6.03] mmol/L in SA and 5.24 [4.52—
5.94] mmol/L in African, A<0.001; LDL-C adjusted for
statin use, 3.67 [3.14—4.25] mmol/L versus 3.54 [3.02—
4.08] mmol/L in SA and 3.36 [2.84-3.95] mmol/L in
African, R<0.001). Median [IOR] triglyceride concen-
trations were highest in SA group: 1.67 [1.18-2.40]
mmol/L (versus 1.49 [1.05-2.14] mmol/L in European
and 1.04 [0.78—1.46] mmol/L in African, A<0.001), who
also had the highest proportion of prevalent and incident
type 2 diabetes and CHD and of prevalent hypertension
(Table S4). Median Lp(a) (lipoprotein [a]) values were sig-
nificantly higher in the African ancestry group, followed by
the SA and European groups (overall P<0.001; Table S4).
The lowest proportion of prevalent and incident CHD was
observed in the African ancestry group (Table S4).

Frequency of FH-Causing Variants

FH-causing variants, classified as pathogenic or likely
pathogenic (Table S2), were found in 488 European, 18
SA, and 15 African ancestry participants. These equated
to an FH-causing variant prevalence of 1:288 (95% Cl,
1:3156-1:263), 1:226 (95% ClI, 1:381-1:143), and 1:260
(95% Cl, 1:465-1:158), respectively, which was not sta-
tistically different between the ancestry groups (P=0.57;
Table 1). The majority of FH-causing variants were seen
in the LDLR gene, with APOB variants (p.Arg3527GIn and
p.Arg3527Trp) accounting for 21%, 20%, and 6% FH
causes in those of European, African, and SA ancestry,
respectively. No pathogenic or likely pathogenic FH-causing
variants were seen in PCSK9in any of the ancestry groups,
while the likely pathogenic variant in APOE (p.Leu167del)
was found only in those of European ancestry. The highest
proportion of VUS was found in European (n=661; 1 in
2192), followed by African (n=10; 1 in 391) and SA (n=13;
1 in 313) ancestry groups (Table S3), with no significant
difference in prevalence between groups (P=0.06).
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FH-Causing Variant and LDL-C Concentrations

Individuals with African ancestry and an FH-causing vari-
ant had the highest median [IQR] adjusted LDL-C concen-
tration (4.87 [3.49-5.90] mmol/L), followed by European
(4.43 mmol/L [3.67-5.43 mmol/L]), and SA (4.39 mmol/L
[3.80-5.68 mmol/L]; Table 1); however, the differences
were not statistically significantly (Pvalue of ancestry group
differences for FH-variant carriers only=0.67; Table 1).
African ancestry individuals without an FH variant had the
lowest median [IQR] adjusted LDL-C concentration (3.35
[2.84-3.94] mmol/L; Table 1), which differed significantly
between the groups (P value of ancestry group differences
for non-FH-variant carriers <2.2x107'%). Carriers of an
FH-causing variant had significantly higher LDL-C con-
centration than noncarriers in all ancestry groups (Figure).
The median [IQR] LDL-C concentration (adjusted for statin
use) in participants with a VUS was intermediate between
the FH-positive and FH-negative groups in European (391
[340, 455]mmol/L; RK0.001) and African (3.83 [3.13,
4.78] mmol/L; A<0.001), and lowest in SA (291 [2.22,
3.80] mmol/L; A<0.001).

The proportion of FH-positive individuals with LDL-C
concentration above the Simon Broome FH diagnostic
threshold of 49 mmol/L was not statistically different
between the ancestries: 46.7% (95% ClI, 24.8%—70.0%)
in African, 37.7% (95% Cl, 33.56%-42.1%) in European,
and 33.3% (95% Cl, 16.3%-56.3%) in SA (Table Sb).'®
The highest detection rate and the lowest false posi-
tive rate when using the diagnostic LDL-C cutoff of 4.9
mmol/L was achieved in African ancestry group (detec-
tion rate, 46.7% [95% Cl, 24.8%-70.0%)]; false positive
rate, 5.7% [95% Cl, 5.0%-6.4%)]) albeit overlapping Cls
between groups (Table Sb).

Self-Reported Statin Use

Overall, self-reported statin use was highest in SA (20.3%),
with 55.6% of SA FH-variant carriers being treated (Table
S6). Among European and African ancestry individu-
als, 13.1% and 12.5% have reported using statins, with
33.8% and 40.0% of FH-variant carriers being treated,
respectively. The differences in treatment use between
FH-variant carriers of these ancestry groups were not sta-
tistically significant according to the Kruskal-Wallis rank
sum test (P=0.15) and the pairwise Wilcoxon rank sum
test (P=0.17 between European-SA, P=0.78 between
European-African, A=0.78 between African-SA).

DISCUSSION

Although mean LDL-C concentration between European,
SA, and African ancestry participants of the UK Biobank
was significantly different, the frequency of FH-causing
variants was not. Racial and ethnic minority groups are
underrepresented in FH registries and cardiovascular
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Table 1. FH-Variant Prevalence and Baseline Characteristics of European, South Asian, and African Ancestry Groups Stratified

by Variant Status
European South Asian African
P value P value P value
of group of group of group
FH -ve FH +ve differences | FH -ve FH +ve differences | FH -ve FH +ve differences
n 139 291 488 4036 18 3881 15
FH-variant prevalence (95% CI) 1:288 (1:315-1:263) 1:226 (1:381-1:143) 1:260 (1:465-1:158)
Age, y (median [IQR]) 58.00 58.00 0.803 53.00 53.50 0.963 50.00 53.00 0.509
[561.00-63.00] | [51.00-63.00] [46.00-60.00] | [45.25-60.50] [45.00-58.00] | [44.00-59.50]
Sex (male), % 63 382 (45.5) | 207 (42.4) 0.187 21283 (52.6) 7 (38.9) 0.354 1560 (40.2) 2(18.3) 0.064
Statin use, % 18139 (13.0) | 165 (33.8) <0.001 813 (20.1) 10 (55.6) 0.001 478 (12.3) 6 (40.0) 0.004
Body mass index, kg/m? (median 26.67 27.07 0.689 26.58 26.88 0.858 28.73 30.14 0.306
[IQR]) [24.10-29.78] | [23.89-29.75] [24.21-29.45] | [24.21-29.76] [25.74-32.42] | [28.17-33.08]
Biomarkers
Total cholesterol, mmol/L (median 5.68 6.10 <0.001 5.32 5.49 0.166 5.23 5.38 0.032
[IQRI]) [4.94-6.44] [5.20-7.31] [4.56-6.03] [4.87-6.54] [4.562-5.94] [6.11-8.42]
Imputed LDL-C (unadjusted), 3.63 3.90 <0.001 3.35 3.46 0.155 3.28 3.61 0.011
mmol/L (median [IQR]) [2.96-4.13] [3.16-4.82] [2.78-3.91] [3.01-4.38] [2.72-3.80] [3.21-5.42]
Imputed LDL-C (adjusted for statin | 3.67 4.43 <0.001 3.54 4.39 <0.001 3.35 4.87 <0.001
users), mmol/L (median [IQR]) [3.14-4.24] [3.67-5.43] [3.02-4.08] [3.80-5.68] [2.84-3.94] [3.49-5.90]
HDL-C, mmol/L (median [IQR]) 1.41 1.38 0.086 1.21 1.19 0.577 1.39 1.34 0.577
[1.18-1.69] [1.17-1.63] [1.03-1.45] [1.01-1.38] [1.18-1.66] [1.25-1.66]
Triglycerides, mmol/L (median 1.49 1.26 <0.001 1.67 1.47 0.400 1.04 1.22 0.448
[IQR]) [1.05-2.15] [0.92-1.91] [1.18-2.40] [1.06-2.00] [0.78-1.47] [0.92-1.40]
Lipoprotein (a), nmol/L (median 20.00 27.60 0.083 31.99 54.31 0.235 67.15 71.93 0.749
[IQR]) [9.30-59.81] | [10.33-59.20] [13.60-64.10] | [22.66-63.20] [38.40-107.10] | [61.10-90.76]
Disease status
Prevalent T2D, % 3593 (2.6) 11 (2.3) 0.757 378 (9.4) 1 (5.6) 0.882 180 (4.6) 0 (0.0) 0.812
Incident T2D, % 4948 (3.6) 19 (3.9) 0.776 462 (11.4) 5 (27.8) 0.073 294 (7.6) 3(20.0) 0.186
Incident CHD, % 5370 (3.9) 32 (6.6) 0.003 248 (6.1) 0 (0.0) 0.553 95 (2.4) 0 (0.0) 1.000
Prevalent CHD, % 3890 (2.8) 40 (8.2) <0.001 220 (5.5) 2(11.1) 0.593 56 (1.4) 0(0.0) 1.000
Prevalent hypertension, % 10 747 (7.7) 48 (9.8) 0.096 460 (11.4) 2 (11.1) 1.000 461 (11.9) 2(18.3) 1.000
Incident hypertension, % 19844 (14.2) | 68(13.9) 0.895 681 (16.9) 3(16.7) 1.000 678 (17.5) 4(26.7) 0.652

CHD indicates coronary heart disease; FH, familial hypercholesterolemia; FH —ve, FH-variant negative; FH +ve, FH-variant positive; HDL-C, high-density lipoprotein

cholesterol; LDL-C, low-density lipoprotein cholesterol; and T2D, type 2 diabetes.

clinical trials,>'® and our results suggest that it is not due
to differences in FH-variant frequency in these popula-
tions. We observed that FH-variant carriers have signifi-
cantly higher mean LDL-C concentration than noncarriers,
regardless of their ancestry. However, we found that in all
3 ancestry groups studied, FH-positive individuals were
undertreated, therefore not benefiting from lipid-lowering
treatment and reduction in CHD risk. In the UK National
Health System, lipid-lowering therapy is affordable and
readily available, but in countries where medication is
more expensive this gap in treatment may be even greater
between ancestry groups. We further found that median
plasma triglyceride concentrations and the incidence and
prevalence of type 2 diabetes and prevalence of hyperten-
sion were highest in SA ancestry participants, which, as
noted in previous studies?®?' probably contribute to the
higher rates of incident and prevalent CHD in this group.
The underlying causes for these higher rates are unclear,
but is likely to be a combination of both socioeconomic
and lifestyle factors, and genetic background. By contrast,
and again as noted previously?°?? the prevalence and
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incidence of cardiovascular disease was lower in those of
African origin, although this effect was largely explained
by sociodemographic, lifestyle, environmental, and clini-
cal factors.?® However, overall, as more efforts are needed
to improve FH diagnosis, our findings suggest that FH-
variant carriers in all 3 ancestry groups have similar mean
LDL-C concentration and that the commonly used FH
diagnostic threshold of LDL-C>4.9 mmol/L might per-
form similarly at detecting affected FH individuals.

As expected, in all 3 ancestry groups, over 77% (80%
in African, 94% in SA) of the identified pathogenic/likely
pathogenic variants were in the LDLR gene, with 91 dif-
ferent variants found in the European, 11 in the SA, and 9
in the African ancestry groups (Table S2). The FH-variant
spectrum in SA was different, with 9 out of the 11 LDLR
variants being unique to SA (the remaining 2 were also
found in European individuals). However, in African ances-
try group only 2 LDLR variants were unique to African,
with 7 also found in European. The APOB gene 2 pre-
viously reported pathogenic variants were identified 232
while only VUS were identified in the gene for PCSK9,

Arterioscler Thromb Vasc Biol. 2023;43:1737-1742. DOIl: 10.1161/ATVBAHA.123.319438
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Figure. Low-density lipoprotein cholesterol (LDL-C) concentration in familial hypercholesterolemia (FH) variant carriers and
noncarriers in European, South Asian, and African ancestry groups of the UK Biobank.

LDL-C concentration was adjusted for statin use. FH-variant carriers are represented in red, and noncarriers in blue. P value differences of
LDL-C concentration between carriers and noncarriers are indicated for each ancestry group.

and with the APOE likely pathogenic variant seen only
in the European ancestry group. For the European and
African ancestry groups, VUS carriers had intermediate
median LDL-C concentration (ie, higher than non-FH but
lower than FH-variant carriers), which suggests that some
of the VUS are likely to be pathogenic. If this is the case,
the prevalence of FH in these ancestry groups would be
higher than estimated in this study. These data support
the view that a next-generation sequencing approach
including all 4 genes is required to provide a comprehen-
sive genetic diagnostic test for FH."® A possible limitation
to our analyses is that the variant classification, especially
VUS, may change in the future as more evidence is gath-
ered and curated by expert panels such as the FH Clin-
Gen consortium.2® Such changes may have a slight effect
on the FH prevalence, detection rate, and false positive
rate values found in our study.

Although the UK Biobank study provides a large
dataset for studying FH in different ancestry groups,

Arterioscler Thromb Vasc Biol. 2023;43:1737—-1742. DOI: 10.1161/ATVBAHA.123.319438

limitations include the relatively smaller number of non-
European ancestry participants. Other study limitations
leading to potential inaccuracies of the results are the
use of the self-reported statin treatment data field and
the adjustment of LDL-C concentration in these individu-
als. The adjustment we have adopted might result in an
overestimation or underestimation of untreated LDL-C
concentration, with greater potential bias in the smaller
FH-positive African and SA groups, as the true effect will
be statin type and dose-dependent as shown previously.?
However, this will not influence the FH prevalence esti-
mates obtained using whole exome sequencing. Regard-
less of the limitations, this study provides important
information on the genetically confirmed prevalence of
FH in individuals of African and SA ancestries.

ARTICLE INFORMATION
Received April 13,2023; accepted June 20, 2023.

September 2023 1741

(<]
—
(—
[—)
m
DK
1
==
=

NOILYINdOd ANV TYJINITI




STUDIES - AL

=
S
=
—
—]
o
=
o=
o
=
=
—l
=
=
=

G20z ‘2T JequenoN uo Agq Bio'sfeulnofeye//:dny woly papeojumod

Gratton et al

Affiliations

Institute of Cardiovascular Science, Faculty of Population Health Sciences, Uni-
versity College London, United Kingdom (J.G,, SE.H, M.F). Cardiology Research
Centre, Molecular and Clinical Sciences Research Institute, St George's Univer-
sity of London, United Kingdom (M.F.).

Acknowledgments

This research has been conducted using data from UK Biobank (application num-
ber 40721), a major biomedical database. The authors are grateful to UK Biobank
participants. UK Biobank was established by the Wellcome Trust medical charity,
Medical Research Council, Department of Health, Scottish Government, and the
Northwest Regional Development Agency. It has also had funding from the Welsh
Assembly Government and the British Heart Foundation.

Sources of Funding

J. Gratton was supported by the British Heart Foundation studentship
FS/17/70/33482. SE. Humphries and M. Futema received additional support
from the National Institute for Health Research University College London Hospi-
tals Biomedical Research Center. SE Humphries and M. Futema were supported
by a grant from the British Heart Foundation (BHF grant PG 08/008).

Disclosures
None.

Supplemental Material

Supplemental Methods
Table S1-S6

REFERENCES

1. Nordestgaard BG, Chapman MJ, Humphries SE, Ginsberg HN, Masana L,
Descamps OS, Wiklund O, Hegele RA, Raal FJ, Defesche JC, et al; European
Atherosclerosis Society Consensus Panel. Familial hypercholesterolaemia is
underdiagnosed and undertreated in the general population: guidance for
clinicians to prevent coronary heart disease: consensus statement of the
European Atherosclerosis Society. Eur Heart J. 2013;34:3478-390a. doi:
10.1093/eurheartj/eht273

2. Sharifi M, Rakhit RD, Humphries SE, Nair D. Cardiovascular risk stratifica-
tion in familial hypercholesterolaemia. Heart. 2016;102:1003-1008. doi:
10.1136/heartjnl-2015-308845

3. Akioyamen LE, Genest J, Shan SD, Reel RL, Albaum JM, Chu A, Tu JV.
Estimating the prevalence of heterozygous familial hypercholesterolaemia:
a systematic review and meta-analysis. BMJ Open. 2017;7:e¢016461. doi:
10.1136/bmjopen-2017-016461

4. Vallejo-Vaz AJ, Stevens CAT, Lyons ARM, et al. Global perspective of famil-
ial hypercholesterolaemia: a cross-sectional study from the EAS Familial
Hypercholesterolaemia Studies Collaboration (FHSC). Lancet (London,
England). 2021;398:1713-1725. doi: 10.1016/S0140-6736(21)01122-3

6. Mszar R, Santos RD, Nasir K. Addressing gaps in racial/ethnic rep-
resentation in  familial hypercholesterolemia registries: implica-
tions and recommendations for equitable access to research and
care. Circ Cardiovasc Qual Outcomes. 2021;14:E007306. doi:
10.1161/CIRCOUTCOMES.120.007306

6. Sun YV, Damrauer SM, Hui Q, Assimes TL, Ho YL, Natarajan P, Klarin D,
Huang J, Lynch J, DuVall SL, et al. Effects of genetic variants associated with
familial hypercholesterolemia on low-density lipoprotein-cholesterol levels
and cardiovascular outcomes in the Million Veteran Program. Circ Genomic
Precis Med. 2018;11:e002192. doi: 10.1161/CIRCGEN.118.002192

7. Toft-Nielsen F, Emanuelsson F, Benn M. Familial hypercholesterolemia
prevalence among ethnicities—systematic review and meta-analysis. Front
Genet. 2022;13:77. doi: 10.3389/FGENE.2022.840797/BIBTEX

8. Gidding SS, Champagne MA, De Ferranti SD, Defesche J, lto MK
Knowles JW, McCrindle B, Raal F, Rader D, Santos RD, et al; American
Heart Association Atherosclerosis, Hypertension, and Obesity in Young
Committee of Council on Cardiovascular Disease in Young, Council on
Cardiovascular and Stroke Nursing, Council on Functional Genomics and
Translational Biology, and Council on Lifestyle and Cardiometabolic Health.
The agenda for familial hypercholesterolemia. Circulation. 2015;132:2167—
2192. doi: 10.1161/CIR.0000000000000297

9. Bycroft C, Freeman C, Petkova D, Band G, Elliott LT, Sharp K, Motyer A,
Vukcevic D, Delaneau O, O'Connell J, et al. The UK Biobank resource with
deep phenotyping and genomic data. Nature. 2018;5662:203-209. doi:
10.1038/541586-018-0579-z

1742 September 2023

20.

21.

22.

23.

25.

26.

FH in Different Ancestries of UK Biobank

. Backman JD, Li AH, Marcketta A, Sun D, Mbatchou J, Kessler MD,

Benner C, Liu D, Locke AE, Balasubramanian S, et al; Regeneron Genetics
Center. Exome sequencing and analysis of 454,787 UK Biobank partici-
pants. Nature. 2021;5699:628-634. doi: 10.1038/s415686-021-04103-z

. Giannakopoulou O, Lin K, Meng X, Su M-H, Kuo P-H, Peterson RE,

Awasthi S, Moscati A, Coleman JRI, Bass N, et al; 23andMe Research
Team, China Kadoorie Biobank Collaborative Group, and Major Depres-
sive Disorder Working Group of the Psychiatric Genomics Consortium. The
genetic architecture of depression in individuals of East Asian ancestry: a
genome-wide association study. JAMA Psychiatry. 2021;78:12568-1269.
doi: 10.1001/jamapsychiatry.2021.2099

. Conomos MP, Miller MB, Thornton TA. Robust inference of popula-

tion structure for ancestry prediction and correction of stratification in
the presence of relatedness. Genet Epidemiol. 2015;39:276-2983. doi:
10.1002/gepi.21896

. Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, Grody WW,

Hegde M, Lyon E, Spector E, et al; ACMG Laboratory Quality Assurance
Committee. Standards and guidelines for the interpretation of sequence
variants: a joint consensus recommendation of the American College of
Medical Genetics and Genomics and the Association for Molecular Pathol-
ogy. Genet Med. 2015;17:405-424. doi: 10.1038/gim.20156.30

. Lézaro C, Lerner-Ellis J, Spurdle A. Clinical DNA Variant Interpretation Theory

and Practice. Academic Press;2021.

. Awan Z, Choi HY, Stitziel N, Ruel I, Bamimore MA, Husa R, Gagnon M-H,

Wang RL, Peloso GM, Hegele RA, et al. APOE p.Leu167del mutation in
familial hypercholesterolemia. Atherosclerosis. 2013;231:218-222. doi:
10.1016/j.atherosclerosis.2013.09.007

. van Buuren S, Groothuis-Oudshoorn K. mice: Multivariate imputa-

tion by chained equations in R J Stat Softw. 2011;45:1-67. doi:
10.18637/jss.v045.i03

. Trinder M, Francis GA, Brunham LR. Association of monogenic vs polygenic

hypercholesterolemia with risk of atherosclerotic cardiovascular disease.
JAMA Cardiol. 2020;5:390-399. doi: 10.1001/jamacardio.2019.56954

. Marks D, Thorogood M, Neil HAW, Humphries SE. A review on the diagno-

sis, natural history, and treatment of familial hypercholesterolaemia. Athero-
sclerosis. 2003;168:1-14. doi: 10.1016/s0021-9150(02)00330- 1

. Clark LT, Watkins L, Pifia IL, Elmer M, Akinboboye O, Gorham M, Jamerson B,

McCullough C, Pierre C, Polis AB, et al. Increasing diversity in clinical tri-
als: overcoming critical barriers. Curr Probl Cardiol. 2019;44:148-172. doi:
10.1016/j.cpcardiol.2018.11.002

Razieh C, Zaccardi F, Miksza J, Davies MJ, Hansell AL, Khunti K, Yates T.
Differences in the risk of cardiovascular disease across ethnic groups: UK
Biobank observational study. Nutr Metab Cardiovasc Dis. 2022;32:2594~
2602. doi: 10.1016/j.numecd.2022.08.002

Muilwijk M, Ho F, Waddell H, Sillars A, Welsh P, lliodromiti S, Brown R,
Ferguson L, Stronks K, van Valkengoed |, et al. Contribution of type 2 dia-
betes to all-cause mortality, cardiovascular disease incidence and cancer
incidence in white Europeans and South Asians: findings from the UK
Biobank population-based cohort study. BMJ Open Diabetes Res Care
2019;7:e000765. doi: 10.1136/BMJDRC-2019-000765

Tillin T, Hughes AD, Mayet J, Whincup P, Sattar N, Forouhi NG,
McKeigue PM, Chaturvedi N. The relationship between metabolic risk fac-
tors and incident cardiovascular disease in Europeans, South Asians, and
African Caribbeans: SABRE (Southall and Brent Revisited) -- a prospec-
tive population-based study. J Am Coll Cardiol. 2013;61:1777-1786. doi:
10.1016/jjacc.2012.12.046

Gaffney D, Reid JM, Cameron IM, Vass K, Caslake MJ, Shepherd J,
Packard CJ. Independent mutations at codon 3500 of the apolipoprotein
B gene are associated with hyperlipidemia. Arterioscler Thromb Vasc Biol.
1995;156:1025-1029. doi: 10.1161/01.atv.15.8.1025

. Innerarity TL, Weisgraber KH, Arnold KS, Mahley RW, Krauss RM, Vega GL,

Grundy SM. Familial defective apolipoprotein B-100: low density lipopro-
teins with abnormal receptor binding. Proc Nat/ Acad Sci. 1987,84:6919-
6923. doi: 10.1073/PNAS.84.19.6919

Chora JR, lacocca MA, Tichy L, Wand H, Kurtz CL, Zimmermann H, Leon A,
Williams M, Humphries SE, Hooper AJ, et al; ClinGen Familial Hypercho-
lesterolemia Expert Panel. The Clinical Genome Resource (ClinGen)
Familial Hypercholesterolemia Variant Curation Expert Panel consensus
guidelines for LDLR variant classification. Genet Med. 2022;24:293-306.
doi: 10.1016/j.gim.2021.09.012

Ruel |, Aljenedil S, Sadri |, de Varennes E, Hegele RA, Couture P, Bergeron J,
Wanneh E, Baass A, Dufour R, et al. Imputation of baseline LDL cholesterol
concentration in patients with familial hypercholesterolemia on statins or ezet-
imibe. Clin Chem. 2018;64:355-362. doi: 10.1373/clinchem.2017.279422

Arterioscler Thromb Vasc Biol. 2023;43:1737-1742. DOIl: 10.1161/ATVBAHA.123.319438



