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ABSTRACT

Background Most people with autosomal dominant
familial hypercholesterolaemia (FH) remain undetected,
which represents a missed opportunity for coronary heart
disease prevention.

Objective To evaluate the performance of two-stage adult
population screening for FH.

Design Using data from UK Biobank, we estimated the
screening performance of different low-density lipoprotein
cholesterol (LDL-C) cut-offs (stage 1) to select adults for
DNA sequencing (stage 2) to identify individuals with FH-
causing variants in LDLR, APOB, PCSK9 and APOE. We
estimated the number of additional FH cases detected by
cascade testing of first-degree relatives of index cases
and compared the overall approach with screening in
childhood.

Setting UK Biobank.

Participants 140439 unrelated participants of European
ancestry from UK Biobank with information on circulating
LDL-C concentration and exome sequence.

Main outcome measures For different LDL-C cut-offs,
we estimated the detection and false-positive rate, the
proportion of individuals who would be referred for DNA
sequencing (stage 1 screen positive rate), and the number
of FH cases identified by population screening followed by
cascade testing.

Results We identified 488 individuals with an FH-causing
variant and 139951 without (prevalence 1 in 288). An
LDL-C cut-off of >4.8 mmol/L had a stage 1 detection rate
(sensitivity) of 40% (95% CI 36 to 44%) for a false-positive
rate of 10% (95% Cl 10 to 11%). Detection rate increased
at lower LDL-C cut-offs but at the expense of higher false-
positive and screen positive rates, and vice versa. Two-
stage screening of 100000 adults using an LDL-C cut-off
of 4.8 mmol/L would generate 10398 stage 1 screen
positives for sequencing, detect 138 FH cases and miss
209. Up to 207 additional cases could be detected through
two-generation cascade testing of first-degree relatives. By
comparison, based on previously published data, childhood
screening followed by cascade testing was estimated to
detect nearly three times as many affected individuals for
around half the sequencing burden.

Conclusions Two-stage adult population screening for
FH could help achieve the 25% FH case detection target
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Familial hypercholesterolaemia (FH) affects around
1:250-300 individuals in the population and is still
highly underdiagnosed. Affected individuals are at
increased risk of premature coronary heart disease
and benefit from early treatment with low-density
lipoprotein cholesterol (LDL-C) lowering therapies.
The National Health Service (NHS) Long Term Plan
aims to detect 25% of FH cases over the next few
years but has not outlined a strategy for doing so.
Childhood screening of FH has been evaluated
but was turned down by the National Screening
Committee.

WHAT THIS STUDY ADDS

= Adult screening for FH could help achieve the NHS
Long Term Plan goal of detecting more cases in the
general population but is less efficient than child-
hood screening.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Two-stage adult screening for FH could be imple-
mented as a national screening programme to
identify at-risk individuals and reduce the burden
of premature coronary heart disease in the general
population. Policy-makers will need to consider the
cost and efficiency of adult versus childhood screen-
ing in deciding which route to follow.

set in the National Health Service Long Term Plan, but less
efficiently than childhood screening and with a greater
sequencing requirement.

INTRODUCTION

Autosomal dominant familial hypercholeste-
rolaemia (FH) is caused by a heterozygous
DNA variant in either LDLR, APOB, PCSK9
or APOE genes, leading to defective clear-
ance of low-density lipoprotein cholesterol
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(LDL-C).'5 Affected individuals have an increased risk
of coronary heart disease (CHD) at all ages: standard-
ised incidence ratios for CHD in men and women are
11.1 and 17.3 at ages 25-39, 6.7 and 8.7 at 40-49, 3.3 and
4.5 at 50-59, and 3.3 and 3.1 at 60—69.° Once diagnosed,
especially at a young age, people with FH can benefit
from drugs to lower LDL-C and reduce the risk of a coro-
nary event.”’

Adults with autosomal dominant FH have a higher
risk of CHD than people who have a similar LDL-C but
without a causative genetic variant.' Moreover, first-
degree relatives of people with autosomal dominant FH
have a one in two chance of carrying the same causative
genetic variant and can be identified by cascade testing
in families of index cases."™" Because FH cases are
currently identified opportunistically rather than system-
atically, either when presenting with CHD at a young
age, or after an incidental finding of an elevated LDL-C
concentration, cascade testing is constrained by the small
number of index cases identified.

Consequently, FH is highly underdiagnosed world-
wide.'"* In the UK, only 19000 (7%) of the estimated 270
000 FH cases are known."” ' The National Health Service
(NHS) Long Term plan sets a target of detecting at least
25% of FH cases (~49000 additional cases) over the
next 5 years, but does not specify a screening strategy.”
Measurement of circulating LDL-C concentration in
adults performs poorly when used alone in distinguishing
people with an FH genetic variant from those with a high
LDL-C due to diet, lifestyle, or carriage of a high burden
of common genetic variants that affect LDL-C concen-
tration.'® ' LDL-C concentration in children differenti-
ates people with FH more accurately than in adults and
underpins the concept of childhood screening followed
by cascade testing.'” In the latter approach, children
are screened by the age of 2years by measurement of
LDL-C, followed by genetic testing of stored samples
with an LDL-C beyond a prespecified cut-off (‘reflex
screening’).”’ #' Affected parents, older siblings and
grandparents (three generations) are then identified by
cascade testing in families of affected children.

The feasibility and efficiency of childhood screening
was reported previously, and several countries are now
running pilot studies.”” However, a 2019, review by UK
National Screening Committee concluded screening
is not recommended in childhood, mainly because of
uncertainty regarding the long-term benefit and the age
at which screening should occur though these concerns
were countered.” ** Statin treatment in children carrying
an FH variant should be considered by the age of 8 years
according to the European recommendations, or by the
age of 10 years as per UK National Institute for Health
and Care Excellence (NICE) guidelines.9 2

Different genes and DNA variants will cause FH in
different families. Thus, sequencing of the four relevant
FH-causing genes is needed to identify the causative
variant in an index case after which cheaper single-
mutation detection methods can be employed for cascade

testing of family members.*® Although DNA sequencing
is more accurate than biochemical screening, and could
be used at any age, it is currently too expensive to be
considered as the primary screening method for FH.

An approach that minimises sequencing burden while
avoiding concern about FH screening in childhood is
a two-stage adult screening design. LDL-C, an inexpen-
sive but unspecific test is measured at stage 1, followed
by sequencing of FH genes (stage 2) but only in those
whose LDL-C concentration exceeds a specified cut-off,
mitigating the currently high cost and limited availability
of sequencing technologies. However, the performance
of two-stage adult screening has not been evaluated or
compared with childhood screening.

Participants in UK Biobank, a national, population-
based cohortstudy, have already had LDL-C measurement
and whole exome sequencing, which offers an opportu-
nity to model the performance of two-stage adult popu-
lation screening for FH. The age range of UK Biobank
participants at recruitment overlaps with that of individ-
uals who, until the COVID-19 pandemic, were invited to
NHS Health Checks in England.”” NHS Health Checks
evaluate a range of cardiovascular risk factors and blood
is routinely drawn for the measurement of circulating
lipid concentration. Since genomic sequencing could
subsequently be undertaken from a stored blood sample
in those with an LDL-C above a prespecified cut-off (adult
reflex testing), the NHS Health Check programme, if it
continues, could serve as a possible setting for an adult
FH screening programme.

Here, we model the performance of two-stage adult
population screening to identify index FH cases and
compare it with the previously reported performance of
two-stage childhood screening for FH.'**’

METHODS

Participants

UK Biobank recruited ~500000 participants between 40
and 75 years of age, between 2006 and 2010.*® Partici-
pants completed questionnaires, undertook a variety of
physical assessments, and provided biological samples
for genotyping, sequencing and other measurements.”’
The current study is a cross-sectional analysis within UK
Biobank. We compared demographic characteristics of
UK Biobank participants whose data were analysed in
this study with those of individuals enrolled into the NHS
Vascular Health Checks in 2017-2018 using data from a
previous report.g0

LDL-C measurement

In a total of 486459 UK Biobank participants, serum
was obtained from a blood draw in the non-fasting state
at the time of recruitment and stored at -80°C and
liquid nitrogen for later analysis. LDL-C was measured
directly by enzymatic protective selection analysis with a
Beckman Coulter AU5800 and the values were recorded
in mmol/L.31 The choice of the instrument for LDL-C
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measurement and procedures around this process have
been decided by the UK Biobank committee, with the
main aim to minimise and mitigate the effects of error
(both systematic bias and random error) and to provide
high-quality biomarker data.

Where an LDL-C measurement was missing for an
included participant (7007 participants in total), we
imputed it using single imputation with the R package
MICE V.3.10.0.”* Where an included participant was
already recorded as receiving a statin, we adjusted their

LDL-C concentration using the correction coefficient
1.43.%

Identification of carriers of FH-causing genetic variants

A blood sample was drawn for DNA analysis in 454787
participants of UK Biobank and stored at -80°C.* Exome
capture was done using the IDT xGen Exome Research
Panel V.1.0, and exome-sequencing was performed on
the Illumina NovaSeq 6000 platform.*

We identified 140439 European ancestry participants
from data-field 22006 of the UK Biobank at the time
of analysis with whole exome sequence data and valid
(directly typed or imputed) measurements of LDL-C
and included them in the study. Each participant was
assigned to one of three groups: (1) individuals with an
established FH-causing variant in LDLR, APOB, or PCSK9
genes, or the p.Leul67del variant in APOE (online
supplemental tables 1 and 2)%%: (2) individuals with vari-
ants of unknown significance (VUS) in LDLR, APOB or
PCSK9 (online supplemental table 3); and (3) individuals
with no FH causing variant or VUS. We classified individ-
uals from the first group as ‘affected’ and those from the
other two groups as ‘unaffected’. Further details of the
annotation and classification of FH variants is provided
in online methods.

Evaluation of two-stage adult FH screening performance

We counted the number of individuals with an FH-causing
variant above and below different LDL-C cut-off values
and used this to estimate the stage 1 detection rate (the
proportion of eligible participants with an FH-causing
variant whose LDL-C value exceeded the cut-off (sensi-
tivity) ), the stage 1 false-positive rate (the proportion of
eligible participants with no FH-causing variant whose
LDL-C value exceeded the cut-off (I-specificity)), the
odds of being affected given a positive result (the ratio of
true to false positives), and the stage 1 screen positive rate
(the proportion of individuals whose LDL-C exceeded
the cut-off regardless of FH-causing variant status).
We assumed that all individuals with an LDL-C value
above the cut-off would undergo targeted sequencing
(stage 2). We assumed that targeted sequencing has a
100% detection rate for individuals with FH-causing
variants, and that individuals with a VUS identified on
sequencing would not be taken forward into the cascade
testing phase.

Comparison of screening performance of two-stage adult and
childhood screening

We compared the number of samples requiring
sequencing, index FH cases detected (and missed)
between adult screening in the present study and
childhood screening using information from previous
reports.'' 2% We assumed that samples with an LDL-C
concentration beyond a prespecified cut-off would
undergo targeted sequencing of FH-causing genes, with
a 100% detection rate and 0% false-positive rate.

Modelling cascade testing in families of index cases

Adult screening

Using previously described methods, we estimated the
number of additional FH cases that would be identified
by cascade testing in families of each adult index case. We
assumed cascade testing of first degree relatives only, and
that each index case has one sibling and two offspring
on average.” We also assumed that cascade testing was
limited to two generations since each index case would
be between 40 and 75 years of age and so their parents
may not be available for testing.

1120

Childhood screening

Using the same assumptions about family structure, but
assuming that parents and grandparents of affected chil-
dren would be available (three generation testing), we
compared the number of affected family members that
would be identified by population screening in chil-
dren compared with adults. We estimated the number
of people that need to be screened in adulthood versus
childhood to achieve the NHS Long Term Plan target
of identifying 25% of FH cases. We assumed that none
of the cases identified by cascade testing was previously
identified in the population screening phase. However,
we note that Morris et al have previously accounted for
the fact that a proportion of cases identified through
cascade testing would have previously been identified in
the population screening phase.'!

Statistical analyses

All the analyses were performed in RV.4.0.2. The p values
of group differences in table 1 were calculated using the
Kruskal-Wallis Rank sum non-parametric test for contin-
uous variables, and the Fisher’s Exact Test for count data.

Patient and public involvement

Regular public involvement events for UK Biobank
participants are organised by UK Biobank. We did not
conduct any further activities involving patients or public
for this particular study.

RESULTS

Demographic and other characteristics of UK Biobank
participants

We identified 140439 white British participants from
UK Biobank with a valid (directly measured or imputed)
LDL-C value and whole exome sequencing data available

Gratton J, et al. BMJ Public Health 2023;1:€000021. doi:10.1136/bmjph-2023-000021
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Table 1 Characteristics of the study participants

P value of group

No FH-causing variant FH causing variant differences

n 139291 488
LDLR variant (%) 0 (0.0 374 (76.6) <0.001
APOB variant (%) 0 (0.0 101 (20.7) <0.001
APOQE variant (%) 0 (0.0 13 (2.7) <0.001
Age (median (IQR)) 58 (51-63) 58 (51-63) 0.803
Sex (male) (%) 63382 (45.5) 207 (42.4) 0.187
BMI, kg/m? (median (IQR)) 26.7 (24.1-29.8) 27.1(23.9-29.8) 0.689
Townsend Deprivation Index (median (IQR)) 2.4 (-3.8t0 0.0) 2.2 (-3.7t00.2) 0.346
Smoking status (%) 0.827

Non-smoker 79618 (57.2) 281 (57.6)

Former smoker 51177 (36.7) 173 (35.5)

Light smoker (<10 cigarettes/day) 2021 (1.5) 7(1.4)

Moderate smoker (10-19 cigarettes/day) 3497 (2.5) 13 (2.7)

Heavy smoker (>20 cigarettes/day) 2978 (2.1) 14 (2.9)
Statin use (%) 18139 (13.0) 165 (33.8) <0.001
Family history of CHD (%) 67013 (48.1) 306 (62.7) <0.001
Blood biomarkers

LDL-C (unadjusted), mmol/L (median (IQR)) 3.5 (3.0-4.1) 3.9 (3.2-4.8) <0.001

LDL-C (adjusted for statin users), mmol/L

(median (IQR)) 3.7 (3.1-4.2) 4.4 (3.7-5.4) <0.001

Total cholesterol, mmol/L (median (IQR)) 5.7 (4.9-6.4) 6.1 (5.2-7.3) <0.001

Triglycerides, mmol/L (median (IQR)) 1.5(1.1-2.2) 1.3 (0.9-1.9) <0.001

HDL-C, mmol/L (median (IQR)) 1.4 (1.2-1.7) 1.4 (1.2-1.6) 0.086
Disease prevalence

CHD prevalence (%) 3890 (2.8) 40 (8.2) <0.001

CVD prevalence (%) 5686 (4.1) 45 (9.2) <0.001

Type 2 diabetes prevalence (%) 3593 (2.6) 11 (2.3) 0.757

Missing (%) refers to the proportion of missing data in each field.

BMI, body mass index; CHD, coronary heart disease; CVD, cardiovascular disease (defined as CHD, ischaemic and haemorrhagic stroke,
heart failure, and atrial fibrillation); FH, familial hypercholesterolaemia; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density

lipoprotein cholesterol.

at the time of analysis. The baseline characteristics of the
analysed UK Biobank participants (median age 58 years,
45% male) are shown in online supplemental table 4.
The analysed UK Biobank participants were slightly older
than individuals evaluated in the NHS Health Check in
2017-2018 but had a similar gender distribution (online
supplemental table 4).* About 16% of those undergoing
NHS Health Checks self-reported as non-white, whereas
the dataset we analysed from UK Biobank was limited to
those of who self-reported as being white (online supple-
mental table 4).%

UK Biobank participants with an FH-causing variant or VUS

Of the 140439 participants studied, 488 had an
FH-causing variant interpreted as ‘pathogenic’ or ‘likely
pathogenic’ according to American College of Medical
Genetics and Genomics guidelines,” giving a prevalence

of 1 in 288, which is similar to previous reports. A
further 660 individuals were found to carry a VUS. Of the
FH-causing variants, 374 were located in LDLR (1 in 376),
101 in APOB (1 in 1390), and 13 were the p.Leul67del
in APOE (1 in 10 803). None of those analysed carried
an FH-causing variant in PCSK9. A full list of FH-causing
variants and VUS is provided in online supplemental
tables 2 and 3. LDL-C concentration was higher in those
with an FH-causing variant (median 4.43 mmol/L, IQR
(3.67-5.43)) than those without (median 3.67 mmol/L,
IQR (3.14-4.24)) (figure 1 and table 1). Median LDL-C
concentration of APOE p.Leul67del variant carriers was
3.68mmol/L (IQR (3.55-4.98)) which was lower than
the LDL-C concentration in carriers of FH-causing vari-
ants in APOB and LDLR (online supplemental table
5). FH-causing variant carriers had significantly lower

4
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Figure 1 Distributions of the adjusted low-density lipoprotein cholesterol (LDL-C) concentrations in monogenic familial

hypercholesterolaemia (FH) carriers and non-carriers of the study cohort. Unaffected individuals are shown in blue and affected
individuals in red. The histograms represent the distribution of the data, and the smoothed distributions are constructed based
on the mean and SD of the affected and unaffected participants. The means of the distributions are represented by the dotted

vertical lines.

triglyceride concentration than non-carriers (median
1.3mmol/L, IQR (0.9-1.9) vs 1.5mmol/L, IQR (1.1-
2.2), p<0.001), which is in line with recent findings that
low triglyceride concentration was found to be one of the
major predictors of monogenic FH.*

There was no significant difference between those
with and without FH-causing variants in age, sex, body
mass index, Townsend deprivation index, smoking status,
high-density lipoprotein cholesterol or lipoprotein(a)
concentration (table 1). Of those with FH-causing vari-
ants, 34% were on statins, compared with 13% of those
without FH-causing variants (p<0.001) (table 1). There
was a higher proportion of people with a family history
of CHD in those with FH-causing variants than those
without (63% vs 48%; p<0.001), as well as more than
double the prevalence of both CHD (8% vs 3%; p<0.001)
and cardiovascular disease (CVD) (a composite of CHD,
ischaemic and haemorrhagic stroke, heart failure and
atrial fibrillation) (9% vs 4%; p<0.001) (table 1).

Performance of two-stage adult screen for autosomal
dominant FH

For a range of LDL-C cut-offs between 3 and 8.5 mmol/L,
we estimated the detection and false-positive rate of stage

1 screening, the proportion of samples that would be
referred for sequencing (stage 1 screen positive rate),
and the number and proportion of FH cases identified
by the two-stage screen (online supplemental table 6 and
figure 1).

Selecting a particular LDL-C cut-off for the stage 1
screening involves a tradeoff between detection and
false-positive rates. The lower the LDL-C cut-off, the
higher the detection rate but also the false-positive rate
and therefore the number of stage 1 screen positive
samples that would be submitted for sequencing (table 2
and figure 2). For example, using an LDL-C cut-off of
5.0 mmol/L gave a detection rate of 35% (95% CI 31% to
39%) for a 7% false-positive rate (95% CI 7% to 7.3%) at
stage 1, with a screen positive rate of 7%. An LDL-C cut-
off of 4.0mmol/L gave a stage 1 detection rate of 656%
(95% CI60% to 69%) but at the expense of a 35% (95%
CI 35% to 35%) stage 1 false-positive rate and screen
positive rate.

For illustration, figure 3 shows the performance of the
two-stage screen scaled to a cohort of 100000 people,
using a stage 1 LDL-C cut-off of 4.8 mmol/L selected to
provide a reasonable trade-off between detection and
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Table 2 Performance of a two-stage adult population screen for monogenic FH using different stage 1 LDL-C cut-offs

LDL-C cut- False- Stage 1 (LDL-C) Stage 2 (Sequencing)
off Detection positive rate Cases Cases False Number Cases

(mmol/L) rate (%) (%) OAPR detected missed positives sequenced confirmed VvUS
3 91 (88-93) 81 (80-81) 1:255 315 32 80258 80573 315 417
85 80 (76-83) 59 (58-59) 1:211 277 70 58346 58623 277 331
4 65 (60-69) 35 (35-35) 1:154 225 122 34678 34903 225 218
4.1 62 (57-66) 31 (30-31) 1:143 214 133 30556 30770 214 196
4.2 59 (55-64) 27 (27-27) 1:129 206 141 26628 26834 206 177
4.3 54 (50-59) 23 (23-23) 1:123 188 159 23075 23263 188 159
4.4 51 (46-55) 20 (20-20) 1:112 177 170 19835 20012 177 139
4.5 48 (43-52) 17 (17-17) 1:102 166 181 16997 17163 166 124
4.6 46 (41-50) 15 (14-15) 1:92 158 189 14470 14628 158 108
4.7 43 (39-48) 12 (12-12) 1:81 150 197 12195 12345 150 92
4.8 40 (36-44) 10 (10-11) 1:74 138 209 10260 10398 138 79
4.9 38 (34-42)  9(9-9) 1:65 131 216 8572 8703 131 70

5 35(31-39) 7 (7-7) 1:59 121 226 7116 7237 121 59
6.8 4 (3-6) 0.2(0.2-0.2) 1:15 14 333 211 225 14 1
8.5 0.4 (0.1-2) 0 (0-0) 1:15 1 346 15 16 1 0

Reported counts are based on a screened population of 100000 adults with 347 monogenic FH cases and 470 individuals with a VUS.
FH, familial hypercholesterolaemia; LDL-C, low-density lipoprotein cholesterol; OAPR, odds of being affected given a positive test result;

VUS, variant of uncertain significance.

false-positive rates. The 10398 stage 1 screen positive
individuals include 138 (40%) of the expected 347 FH
cases, all of whom would be identified by sequencing at
stage 2. Individuals who are screen positive from stage 1
would also include 10 181 individuals with no FH-causing
variant or VUS, as well as 79 individuals with a VUS; the
two groups together giving a stage 1 false-positive rate of
10% (95% CI 10% to 11%). All these individuals would
be correctly classified by DNA sequencing at stage 2,
giving a stage 2 false-positive rate of 0%, with a VUS rate
of 0.8%. Table 2 documents the corresponding values for
the detection, false-positive and screen-positive rates for
different LDL-C cut-offs.

Comparison of two-stage adult and childhood screening

Wald et al previously evaluated the performance of
Child-Parent Familial Hypercholesterolemia Screening
in Primary Care.” They screened 10095 children. A total
of 37 children were eventually found to have an FH muta-
tion: 30 of these were identified by mutation testing using
a genotyping panel, and a further 7 children, those with
a total cholesterol (TC)>1.53 multiples of the median
value (MoM), were identified using sequencing. This
gave a prevalence of mutation positive FH of 1 in 273,
slightly higher than we identified in the UK Biobank
cohort in the current analysis where the prevalence was 1
in 288. Using a test cut-off for TC of 1.35 MoM (the 95th
centile for the TC distribution), Wald et al found that 28
of the 37 children with an FH mutation had a TC above
the cut-off, giving a detection rate of 28/37=76%. A total

of 477 of 10058 children without an FH mutation had
a TC greater than 1.35 MoM, giving a false-positive rate
of 4.7%. To enable comparison with adult screening, we
applied the same test cut-off for TC concentration and
the same calculated detection and false-positive rate, but
applied it to a hypothetical cohort of 100000 children in
which the prevalence of FH is 1 in 288 (rather than 1 in
273). This equates to 347 affected children of whom 263
would be identified (detection rate=76%) and 84 would
be missed.

Two-stage adult screening of 100000 individuals based
on an LDL-C cut-off of >4.8 mmol/L therefore identifies
just under half as many index FH cases (138 vs 263) for
twice the burden of sequencing (10398 vs 5000 samples)
when compared with childhood screening of 100000
participants at age 2years using a TC cut-off of 21.35 MoM
(table 3).'2 % Childhood screening identifies one index
case per 380 individuals screened and 19 sequenced,
whereas the corresponding values for two-stage adult
screening are one index case per 725 screened and 75
sequenced (table 3).

Cascade testing following the two-stage adult and childhood
screening

Childhood screening can seed cascade testing of three
generations whereas adult two-stage screening at the
average age of participants in UK Biobank allows cascade
testing of only two generations (assuming parents of an
index case are unavailable for screening by virtue of their

age).
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Figure 2 The number of samples sequenced, and the number of familial hypercholesterolaemia (FH) cases detected using
various low-density lipoprotein cholesterol (LDL-C) cut-off values in the adult reflex screening population strategy for FH for
a hypothetical population of 100000 individuals. The orange vertical line represents the total number of 347 FH cases in the
hypothetical sample population of 100000 individuals (for an FH prevalence of 1:288).

Cascade testing in the families of the 138 index adult
cases would detect 69 affected siblings and 138 affected
children on average. Cascade testing in the families of
the 263 affected children would identify 263 affected
parents of the index child, 263 affected grandparents of
index child and 132 affected siblings of index child, on
average. In total (including index cases), 921 affected
individuals would be identified from screening 100000
children followed by 3 generation cascade testing in
families of index cases. This means that cascade testing
following childhood screening has the potential to iden-
tify almost three times as many familial cases as adult
screening (up to 921 vs 345 cases for 100000 individuals
screened) (table 3). Overall (combining screening and
cascade testing of index cases), childhood screening
could identify one FH case per 109 individuals screened
and 5 sequenced, whereas the corresponding values in

adult screening are one FH case per 290 screened and
30 sequenced.

Achieving the target set in the NHS long-term plan

Best case scenario

Under a bestcase scenario, and using the simplifying
assumption that none of the individuals identified through
cascade testing was previously identified in population
screening, ~14million adults would need to be screened and
~1.5million sequenced to reach the NHS Long Term Plan
goal of identifying all 25% of UK FH cases (49000 additional
cases),'” whereas only ~5.3million children would need to
be screened and ~500000 sequenced to achieve the same
goal. On the assumption that NHS Health Checks screen
around 1million adults annually,” it would take around 14
years to reach this goal. Assuming 2020’s 681 560 live births in
England and Wales and a 95% childhood vaccination uptake

Gratton J, et al. BMJ Public Health 2023;1:€000021. doi:10.1136/bmjph-2023-000021
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Two-stage population screen

Cascade screening of first

degree relatives

[ Stage 1 sereen: LDL-C cut-off »4.8 mmol/L ] |[ Stage 2 screen: sequencing ]
Overall
‘;l 209 missed
Relatives
i DR 39.8% E[m 100% | / sit1:|i3r?gs - aﬁ:cgted |

347

screened 174 screen positive

99,653 10,260 false

unaffected positive
FPR 10.3%

138 : . |138 index cases |

VUS rate
0.8%
10,260 ——» 78 VUS
unaffected

affected B | affected | detected |
\ 276 [ 138 |
offspring | affected |
100,000 OAPR stage 1 10,398 stage 1

10,181 unaffected
stage 2

» 89,393 unaffected
stage 1

Figure 3 lllustration of the two-stage screen and subsequent cascade screening of first-degree relatives of index FH
cases scaled to 100000 individuals using an LDL-C cut-off value of 4.8 mmol/L in the first stage screen. DR, detectionrate

(sensitivity); FPR, false-positive rate (1-specificity); OAPR, odds of
uncertain significance.

at 2 years when an LDL-C measurement could be made,“ 42

around 650000 children would be eligible for screening each
year in the childhood screening strategy, which would achieve
the 25% FH case detection rate in 8 years.

Realistic scenario

However, the best case scenario is unlikely to be achieved
for several reasons: (1) uptake of cascade testing is about
84% and in practice identifies only about one additional FH
case per family on average (HEART UK 2022 conference
communication) ®*; (2) cascade testing reidentifies affected
individuals from the population screen; and (3) the best
case scenario assumes family members identified through
cascade testing are never counted twice. Using a model that
accounts for reidentification and double counting, Wald and
Bestwick estimated that it would take 8 years for childhood
screening followed by cascade testing to identify 25% of FH
cases.” Given adult screening is about one-third as efficient
as childhood screening but that 1.5 times as many adults as
children might be screened each year (1 000 000,650 000;
based on health check and vaccination data), achieving the
NHS Target through adult population screening might take
twice (3x2/3=2) as long as through childhood screening.

DISCUSSION

We have modelled the performance of a two-stage screen
for FH in individuals between the age of 40 and 75 years
(median age 58 years) using data available from UK
Biobank. The two-stage screen combines an inexpen-
sive test with a high false-positive rate at stage 1 (LDL-C
concentration), with an expensive test with low false-
positive rate at stage 2 (DNA sequencing). An LDL-C

being affected given a positive result; VUS, variant of

cut-off of 4.8mmol/L at stage 1 was estimated to detect
40% (95% CI 36% to 44%) of those affected for a false-
positive rate of 10% (95% CI 10% to 11%). This cut-off
would result in 10 398 samples being sequenced for every
100000 people screened. Lowering the LDL-C cut-off
would increase the number of people with FH who are
detected but increase the sequencing burden and vice
versa.

If the adult two-stage population screening approach
were used to seed a cascade testing programme among
first-degree relatives of index cases, this would lead to
the detection of a three further affected family members
for every two index cases, under the best case scenario.'”
This means that 1 FH case would be detected for every
290 participants screened instead of 1 case detected for
every 725 individuals for the population screen alone.

The approach to screening modelled here is less effi-
cient than childhood screening followed by cascade
testing proposed and evaluated previously.% 2% Two-
stage adult screening with two-generation cascade testing
identifies about a third as many FH cases as childhood
screening with three-generation cascade testing, for twice
the sequencing burden. Detecting 25% of all FH cases
(~49 000 additional cases; the target set in the NHS Long
Term Plan) requires screening around 14 million adults
and sequencing of 1.5million of them, or 5.3million
children and sequencing 500000 of them, assuming no
reidentification and double counting. Despite this effi-
ciency advantage, childhood screening was not endorsed
by the National Screening Committee when last reviewed
on the grounds that it does not immediately benefit the
children who are screened at around 1year of age.”” The
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Table 3 Comparison of childhood and the two-stage adult screening for FH followed by cascade testing

Population screen Childhood Adult two-stage
Target population Children Adults
Number screened 100000 100000
Estimated FH population prevalence 11in 288 1in 288
Estimated FH cases 347 347
Test Total cholesterol LDL-C
Test cut-off >1.35MoM (95th centile) >4.8mmol/L
Index FH cases missed 84 209
Index FH cases detected 263 138
False positives 4737 10260
Number eligible for sequencing 5000 10398
Index FH cases confirmed on sequencing 263 138
Cascade testing (best case scenario)*
Generations screened 3 2
Affected siblings of index case 132 69
Affected parents of index case 263 Not applicable
Affected grandparents of index case 263 Not applicable
Affected offspring of index case Not applicable 138
Combined
Number of FH cases detected 921 345
Screening efficiency
Number needed to screen to identify one FH case (population screen) 380 725
Number needed to sequence to identify one FH case (population screen) 19 75
Number needed to screen to identify one FH case (combined) 109 290
Number needed to sequence to identify one FH case (combined) 5) 30

The FH prevalence of 1:288 of the UK Biobank was applied to the modelled childhood screen and counts were adjusted based on the

detection and false-positive rate for childhood screening reported in.

*Estimates are based on figures from the Office of National Statistics where the average UK family comprises of two children.® The best
case scenario for cascade testing refers to all first degree relatives with FH identified through cascade testing (see reference 12),
FH, familial hypercholesterolaemia; LDL-C, low-density lipoprotein cholesterol; MoM, multiple of the median.

developers of the approach have countered this and
other concerns that were raised,23 * put at present, child-
hood screening is not in general use in the UK, though
some pilot studies are underway.

The NHS Long-Term Plan has a stated aim of increasing
the proportion of detected FH cases from 7% to 25% in
the next 5 years, but does not elaborate on how this is to
be achieved.'” Cascade testing has been endorsed by the
NICE (CG 71),"” but the efficiency of cascade testing is
dependent on the flow of index cases. The approach we
have modelled involves a two-stage population screen in
adults in which the high false-positive rate of a stage 1
LDL-C measurement is mitigated by the low false-positive
rate of a stage 2 DNA sequencing test. Although less effi-
cient than childhood screening, it avoids concerns about
screening for FH in childhood raised by the National
Screening Committee. Based on estimates here for adult
screening and on those made by others for childhood
screening, achieving the NHS Long Term plan target
of 25% of FH cases detected in the next Hyears seems

unrealistic, with childhood screening offering the chance
of achieving this target about twice as quickly as adult
screening.

Nevertheless, if two-stage adult screening followed by
cascade testing for FH were to be the preferred approach
several practical issues require consideration including:
(1) the potential setting of such a screening programme;
(2) the capacity of the NHS Genomic Medicine Service
to undertake sequencing on the necessary, scale; and (3)
the capacity to undertake cascade testing of first-degree
relatives of index cases identified through population
screening.

Potential setting of a two-stage adult screening programme

An NHS Health Check was operating in England since
2009 and was offered to men and women aged 40-74
without previously diagnosed hypertension, diabetes
mellitus, FH, CHD, heart failure, atrial fibrillation, stroke
or transient ischaemic attack, peripheral arterial disease,
or chronic kidney disease. Those already on statins or
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known to have a 10-year CVD risk of 220% were excluded.
Of those invited, about 50% attended; about 1million
people per annum, and participants in the NHS Health
Check better represent the ethnic mix of the English
population.® Thus, if reintroduced, the NHS Health
Check could, in principle, provide the setting for a two-
stage population screen for FH modelled here.

DNA sequencing capacity in the NHS

The National Genomic testing service was established to
enable the NHS to harness the power of genomic tech-
nology and science to improve the health of the popula-
tion and deliver on the commitments of the NHS Long
Term Plan.*® One of its stated aims is the ‘early detec-
tion and treatment of high-risk conditions including
expanding genomic testing for familial hypercholestero-
laemia’. If 1 million adults per annum underwenta stage 1
screen via the NHS Health Check, the National Genomic
Medicine Service would need to develop capacity to offer
targeted sequencing of FH-causing genes in around
100000 people per annum.

Cascade testing capacity

NICE Guideline CG71 has already drawn up recom-
mendations for cascade testing in families where an
FH-causing variant has been detected in an index case."
Under the current guidance, NICE suggests case finding
should be based on identification of individuals whose
TC concentration exceeds 7.5 mmol/L below and over
9.0mmol/L above 30 years of age, which is very high
and therefore likely to miss many FH-variant carriers.
However, it makes no recommendation on the systematic
measurement of cholesterol concentration and implies
that potential cases are identified through surveys of
existing health records, which is not a comprehensive
approach. If one million individuals attend their health
check per annum, we estimated 103980 people would
be referred for sequencing after a stage 1 screen for FH
using LDL-C; this would likely result in around 1327
index cases being detected which would greatly increase
the burden on cascade testing services and likely require
investment in workforce and infrastructure to meet this
need.

Limitations

Some limitations of our modelling are noteworthy. We
used UK Biobank as a convenience sample because
participants (aged between 40 and 75 at the time of
recruitment) have had LDI-C measurements and
exome sequencing data available for analysis. However,
the median age of participants (58 years) is older than
might be considered optimal for FH screening adults.
Screening at a younger age (eg, 40-50 years) would have
the advantage of a potentially higher stage 1 detection
rate, because LDL-C concentration better separates FH
cases from those with an elevated LDL-C for other reasons
at younger than older ages," and because screening
parents of index cases as well as siblings and children may

then become possible (three-generation rather than two-
generation screening).

Our analysis was also retrospective not prospective.
The participants we studied are not representative of the
ethnic mix of the UK population, and additional valida-
tion of screening performance will be needed, particu-
larlyamong a sample who better represent the population
diversity of England and the devolved nations. The ‘Our
Future Health’ programme offers a potential setting
for such a validation. Our Future Health has the aim of
‘testing more effective approaches to prevention, earlier
detection, and treatment of diseases’.”” Our Future
Health is aiming to recruit 5 million participants with the
aim of testing a range of genomic and other technologies
for disease prediction with around 100000 individuals
already expressing interest in participating.”® * Impor-
tantly, a strategic aim of Our Future Health is to include
a more representative and diverse group of participants
than UK Biobank. Thus, a prospective validation of two-
stage screening for FH could be embedded within the
Our Future Health protocol, with many of the necessary
elements already planned and funded and could provide
an early key finding from the study.

Classification of some variants, especially VUS, may
change in the future, as more evidence about a variant’s
effectis gathered and curated by expert panels such as the
FH Clinical Genome Resource (ClinGen) consortium.”
Should a VUS subsequently be designated as pathogenic,
individuals with such a variant would be reclassified as
affected. This would increase the detection and reduce
the false-positive rate of the two-stage screen and increase
the number of cases identified by cascade testing.

In summary, we have used data from UK Biobank
to model the performance of two-stage population
screening to identify index FH cases and to estimate the
performance of cascade screening in affected families.
We compared the performance with childhood screening
and although we found it to be about half as efficient as
childhood screening followed by cascade testing and take
twice as long to achieve the target of detecting 25% of FH
cases as stated in the NHS Long Term Plan. Nevertheless,
if adopted, the approach could be evaluated prospec-
tively through the Our Future Health programme, and
if feasible and cost-effective, then the foundations for a
national programme may already be in place through the
NHS Health Check, the NHS Genomic Medicine Service,
and the NICE endorsed frameworks for cascade testing.
However, substantial investment in workforce and infra-
structure is likely to be needed, which would need to be
weighed against the cost and efficiencies of childhood
screening.
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SUPPLEMENTAL MATERIAL

ONLINE METHODS

We annotated FH causing variants as follows. All variants called in LDLR, PCSK9, APOE,
and APOB genes were extracted from the exome data using the GRCh38 coordinates listed
in Supplemental Table 1. Multiallelic sites for single nucleotide polymorphisms (SNPs) and
insertions and deletions (indels) were normalised (i.e. converted to biallelic records) with
BCFtools version 1.11,[1] and all variants were annotated using Ensembl Variant Effect
Predictor (VEP) release 103.1.[2] Individuals with a heterozygous p.Leu167del in-frame
deletion in the APOE gene were considered to be FH-variant positive.[3] FH-causing variants
in the PCSK9 and APOB genes were selected based on a list of curated variants that have
been validated in functional assay.[4] Variants in the LDLR gene were filtered by minor allele
frequency (MAF) of <0.0006, which is the frequency of the single most common FH mutation,
the p.Arg3527GiIn in APOB, as reported in the gnomAD database.[5] Sequencing quality filters
were applied using BCFtools: variants with a read depth of less than 10, a genotype quality of
less than 20 were removed. We used the canonical transcript ENST00000558518 for LDLR,
and the SAMtools plugin split-vep was used to further filter the variants.[1] LDLR variants were
retained if they had a predicted consequence of missense or more severe, and were excluded
if they had a SIFT annotation matching “tolerated” or a PolyPhen entry matching “benign”.[6,7]
Heterozygous and homozygous variants were manually curated by two independent expert
reviewers (M.F. and S.E.H.), who followed the Association for Clinical Genomics Science
(ACGS) guidelines for variants classification and the evidence curated in the gene specific
database.[8,9] A full list of the FH-causing variants identified can be found in Supplemental
Table 2. A further 660 individuals were identified variants of uncertain significance (VUS) in
LDLR, PCSK9 and APOB genes (listed in Supplemental Table 3).
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Supplemental Table 1. Genetic coordinates of the LDLR, APOE, APOB and PCSK9

genes

. The genetic coordinates used to extract the FH-causing genes from the whole

exome sequencing data are mapped to GRCh38.

Gene name Chromosome number Start coordinate End coordinate
LDLR 19 11,089,262 11,133,820
APOB 2 21,001,429 21,044,073
APOE 19 44,905,791 44,909,393
PCSK9 1 55,039,347 55,064,852
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Supplemental Table 2. Autosomal dominant FH-causing mutation identified in our study cohort. Genetic coordinates are mapped to

GRCh38.
Number UKB
Gene | Chromosome | Position Reference allele Alternate allele N:::‘I::::e Protein of frequency
carriers (1/n)
21006289 G A ¢.10579C>T p.Arg3527Trp 2 70,220
APOB 2
21006288 C T ¢.10580G>A p.Arg3527GiIn 99 1,419
APOE 19 44908791 GCTC G c.499_501del p.Leu167del 13 10,803
11100236 C G c.81C>G p.Cys27Trp 1 140,439
11100291 T G c.136T>G p.Cys46Gly 1 140,439
11100294 G A c.139G>A p.Asp47Asn 5 28,088
11102705 C T €.232C>T p.Arg78Cys 13 10,803
11102714 C T c.241C>T p.Arg81Cys 2 70,220
11102732 T G ¢.259T>G p.Trp87Gly 6 23,407
LDLR 19 11102741 G A c.268G>A p.Asp90Asn 5 28,088
11102765 G A c.292G>A p.Gly98Ser 10 14,044
11102774 G A c.301G>A p.Glu101Lys 12 11,703
11102787 G A c.313+1G>A 5 28,088
11102787 G C c.313+1G>C 1 140,439
11102787 G GT ¢.313+2dup 2 70,220
11105249 C T €.343C>T p.Arg115Cys 2 70,220
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11105268 G T c.362G>T p.Cys121Phe 2 70,220
11105324 G A c.418G>A p.Glu140Lys 1 140,439
11105339 GTGCTCACCTGTGGTC g 0.435_457del p.Leu146ProfsTer ’ 140,439

CCGCCAGC 26

11105407 C A c.501C>A p.Cys167Ter 2 70,220
11105408 G A ¢.502G>A p.Asp168Asn 14 10,031

11105415 AC A ¢.513del :F;-4A5p1 7eThrisTer 1 140,439
11105448 C G c.542C>G p.Pro181Arg 2 70,220
11105549 C T €.643C>T p.Arg215Cys 4 35,110
11105567 G A c.661G>A p.Asp221Asn 2 70,220
11105568 A G C.662A>G p.Asp221Gly 5 28,088
11105585 GAC G €.680_681del :).2A3p227GnysTer 4 35,110
11105585 GAC GAG c.681delinsG p.Asp227Gilu 2 70,220
11105588 G T c.682G>T p.Glu228Ter 2 70,220
11105589 AG A c.685del zéGIu229LysfsTer 1 140,439
11106579 C T c.709C>T p.Arg237Cys 1 140,439
11106588 G A c.718G>A p.Glu240Lys 20 7,022

11106592 T C c.722T>C p.Phe241Ser 1 140,439
11106631 A C c.761A>C p.GIn254Pro 1 140,439
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11107432 C A c.858C>A p-Ser286Arg 1 140,439
11107433 G A c.859G>A p.Gly287Ser 4 35,110
11107436 G A c.862G>A p.Glu288Lys 1 140,439
11107461 G A c.887G>A p.Cys296Tyr 1 140,439
11107481 C T c.907C>T p.Arg303Trp 2 70,220
11107486 C G €.912C>G p.Asp304Gilu 4 35,110
11107512 G A €.938G>A p.Cys313Tyr 2 70,220
11110660 G A c.949G>A p.Glu317Lys 35 4,013

11110678 G A c.967G>A p.Gly323Ser 1 140,439
11110714 G A c.1003G>A p.Gly335Ser 3 46,813
11110738 G A c.1027G>A p.Gly343Ser 8 17,555
11110759 C T c.1048C>T p.Arg350Ter 4 35,110
11110760 G C c.1049G>C p-Arg350Pro 4 35,110
11111571 G A c.1118G>A p.Gly373Asp 1 140,439
11111619 C T c.1166C>T p.Thr389Met 8 17,555
11113286 G A c.1195G>A p.Ala399Thr 1 140,439
11113287 C A c.1196C>A p.Ala399Asp 1 140,439
11113292 CTCTTC CTCT ¢.1205_1206del 2.7Phe403HisfsTer 1 140,439
11113307 c.1216C>T p.Arg406Trp 5 28,088
11113308 c.1217G>A p.Arg406Gin 4 35,110
11113313 c.1222G>A p.Glu408Lys 1 140,439
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11113322 A G c.1231A>G p.Lys411Glu 1 140,439
11113329 C T c.1238C>T p.Thr413Met 14 10,031

11113337 C T c.1246C>T p.Arg416Trp 2 70,220
11113419 G C c.1328G>C p.Trp443Ser 1 140,439
11113426 C G €.1335C>G p.Asp445Giu 5 28,088
11113554 CA C €.1379del Z.7His460ProfsTer 1 140,439
11113590 G T c.1414G>T p.Asp472Tyr 6 23,407
11113608 G A c.1432G>A p.Gly478Arg 2 70,220
11113612 T C c.1436T>C p.Leud79Pro 2 70,220
11113620 G A c.1444G>A p.Asp482Asn 29 4,843

11113650 G A c.1474G>A p.Asp492Asn 1 140,439
11113678 C T c.1502C>T p-Ala501Val 5 28,088
11113705 C T c.1529C>T p.Thr510Met 3 46,813
11113743 G A c.1567G>A p.Val523Met 1 140,439
11116095 T G c.1588T>G p.Phe530Val 10 14,044
11116125 G A c.1618G>A p.Ala540Thr 2 70,220
11116141 G A c.1634G>A p.Gly545Gilu 1 140,439
11116198 A G c.1691A>G p.Asn564Ser 2 70,220
11116873 C T c.1720C>T p.Arg574Cys 2 70,220
11116898 T C c.1745T>C p.Leu582Pro 1 140,439
11116918 G A c.1765G>A p.Asp589Asn 1 140,439
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11116928 G A c.1775G>A p.Gly592Gilu 1 140,439
11116936 C T c.1783C>T p.Arg595Trp 6 23,407
11116937 G A C.1784G>A p.Arg595GIn 2 70,220
11116976 C G ¢.1823C>G p.Pro608Arg 1 140,439
11120091 G A C.1846-1G>A 1 140,439
11120106 G T C.1860G>T p.Trp620Cys 1 140,439
11120110 GAT G c.1867_1868del P-lle623HistsTer2 1 140,439
11120143 C T c.1897C>T p.Arg633Cys 9 15,604
11120144 G A C.1898G>A p.Arg633His 1 140,439
11120152 G A c.1906G>A p.Gly636Ser 3 46,313
11120212 C A C.1966C>A p.His656Asn 8 17,555
11120370 G A c.1988G>A p.Gly663Glu 1 140,439
11120408 G A C.2026G>A p.Gly676Ser 5 28,088
11120436 C T C.2054C>T p.Pro685Leu 12 11,703
11120441 A T C.2059A>T p.lle687Phe 5 28,088
11120442 T TC ¢.2061dup ZéASﬂeSSGInfSTer 1 140,439
11123200 G T c.2167G>T p.Glu723Ter 1 140,439
11128027 C CA c.2332dup Z'ArgWBLYSfSTer 1 140,439
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Supplemental Table 3. List of variants of unknown significance (VUS) identified in White British participants of the UK Biobank. Genetic
coordinates are mapped to GRCh38. Count refers to the number of participants having the VUS.

Gene Chromosome Position Reference | Alternate HGVSe HGVSp Count
number allele allele
APOB 2 ENST00000233242:c.13480_13482del
21001939 | ACTG A |cAG ENSP00000233242.1:p.GIn4494del 132
21006196 c T |[ENST00000233242:c.10672C>T ENSP00000233242.1:p.Arg3558Cys 299
21006239 c G  |ENST00000233242:c.10629C>G ENSP00000233242.1:p.Asn3543Lys 3
21006349 c T |[ENST00000233242:c.10519C>T ENSP00000233242.1:p.Arg3507Trp 1
21015387 G C  |ENST00000233242:c.3491G>C ENSP00000233242.1:p.Arg1164Thr 1
| 1 55044021 A G |ENST00000302118:c.386A>G ENSP00000303208.5:p.Asp129Gly 2
PCSK9 55052698 G A |ENST00000302118:c.706G>A ENSP00000303208.5:p.Gly236Ser 4
55058543 c G |ENST00000302118:c.1399C>G ENSP00000303208.5:p.Pro467Ala 3
‘ LDLR 19 11100261 G C ENST00000558518.6:c.106G>C ENSP00000454071.1:p.Asp36His 1
11100322 c T  |ENST00000558518.6:c.167C>T ENSP00000454071.1:p.Ser56Phe 1
11100328 A T |[ENST00000558518.6:c.173A>T ENSP00000454071.1:p.Glu58Val 2
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11100340 C T ENST00000558518.6:¢.185C>T ENSP00000454071.1:p.Thr62Met 10
11102720 A T ENST00000558518.6:c.247A>T ENSP00000454071.1:p.lle83Phe 1
11105262 G C ENST00000558518.6:¢.356G>C ENSP00000454071.1:p.Gly119Ala 1
11105337 C T ENST00000558518.6:¢.431C>T ENSP00000454071.1:p.Pro144Leu 1
11105379 C T ENST00000558518.6:¢.473C>T ENSP00000454071.1:p.Ser158Phe 1
11105414 G A ENST00000558518.6:¢.508G>A ENSP00000454071.1:p.Asp170Asn 22
11105415 AC GC ENST00000558518.6:¢.509delinsG ENSP00000454071.1:p.Asp170Gly 1
11106580 G A ENST00000558518.6:¢.710G>A ENSP00000454071.1:p.Arg237His 10
11106593 C A ENST00000558518.6:¢.723C>A ENSP00000454071.1:p.Phe241Leu 3
11106601 C G ENST00000558518.6:¢.731C>G ENSP00000454071.1:p.Ser244Cys 1
11106639 C T ENST00000558518.6:¢.769C>T ENSP00000454071.1:p.Arg257Trp 2
11107472 A G ENST00000558518.6:¢.898A>G ENSP00000454071.1:p.Arg300Gly 1
11111538 A C ENST00000558518.6:¢c.1085A>C ENSP00000454071.1:p.Asp362Ala 60
11111558 G A ENST00000558518.6:¢c.1105G>A ENSP00000454071.1:p.Val369Met 3
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11111609 G T ENST00000558518.6:¢.1156G>T ENSP00000454071.1:p.Asp386Tyr 5
11113278 G T ENST00000558518.6:c.1187G>T ENSP00000454071.1:p.Gly396Val 1
11113287 C T ENST00000558518.6:¢.1196C>T ENSP00000454071.1:p.Ala399Val 1
11113292 CTCTTC | CTCTTG |[ENST00000558518.6:c.1206delinsG  |ENSP00000454071.1:p.Phe402Leu 1
11113362 C T ENST00000558518.6:¢.1271C>T ENSP00000454071.1:p.Pro424Leu 3
11113374 A C ENST00000558518.6:¢.1283A>C ENSP00000454071.1:p.Asn428Thr 1
11113409 A G ENST00000558518.6:c.1318A>G ENSP00000454071.1:p.Arg440Gly 4

TCTCTTCCT| TCTCTTA
11113561 A CTA |[ENST00000558518.6:c.1391delinsA  |ENSP00000454071.1:p.Serd64Tyr 2
11113625 G T ENST00000558518.6:¢.1449G>T ENSP00000454071.1:p.Trp483Cys 1
11113751 T G ENST00000558518.6:¢.1575T>G ENSP00000454071.1:p.Asp525Glu 6
11113762 G T ENST00000558518.6:¢.1586G>T ENSP00000454071.1:p.Gly529Val 1
11116101 T C ENST00000558518.6:¢.1594T>C ENSP00000454071.1:p.Tyr532His 1
11116132 T A ENST00000558518.6:c.1625T>A ENSP00000454071.1:p.lle542Asn 1
11116205 C G ENST00000558518.6:¢.1698C>G ENSP00000454071.1:p.lle566Met 1
10
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11116885 G A ENST00000558518.6:¢.1732G>A ENSP00000454071.1:p.Val578lle 2
11116914 C G ENST00000558518.6:¢.1761C>G ENSP00000454071.1:p.Ser587Arg 4
11116949 T C ENST00000558518.6:¢.1796T>C ENSP00000454071.1:p.Leu599Ser 4
11116970 C A ENST00000558518.6:c.1817C>A ENSP00000454071.1:p.Ala606Asp 14
11120454 C T ENST00000558518.6:¢.2072C>T ENSP00000454071.1:p.Ser691Leu 4
11120484 G T ENST00000558518.6:¢.2102G>T ENSP00000454071.1:p.Gly701Val 1
11120507 A G ENST00000558518.6:¢.2125A>G ENSP00000454071.1:p.Arg709Gly 1
11123315 C T ENST00000558518.6:¢.2282C>T ENSP00000454071.1:p.Thr761Met 11
11128062 C A ENST00000558518.6:¢.2366C>A ENSP00000454071.1:p.Ala789Asp 1
11129553 G C ENST00000558518.6:¢.2430G>C ENSP00000454071.1:p.Trp810Cys 1
11129573 A T ENST00000558518.6:c.2450A>T ENSP00000454071.1:p.Asn817lle 1
11129582 G A ENST00000558518.6:¢.2459G>A ENSP00000454071.1:p.Ser820Asn 1
11129633 A G ENST00000558518.6:¢.2510A>G ENSP00000454071.1:p.His837Arg 18
11129653 G A ENST00000558518.6:¢.2530G>A ENSP00000454071.1:p.Gly844Ser 1
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11131299 ENST00000558518.6:¢.2566G>C ENSP00000454071.1:p.Glu856GIn

G ‘ C
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Supplemental Table 4. Participant characteristic comparison between the UK Biobank
participants of our study cohort and the NHS Health Check 2017-2018.[10]

NHS Health Check

UK Biobank study

(2017-2018) cohort
Count of participants 1,108,841 140,439
Sex (male) 509,752 (46.0%) 63878 (45.5%)
Age
39 0 (0%) 2 (0.001%)
40 to 44 240,438 (21.7%) 13,338 (9.5%)
45 10 49 205,722 (18.6%) 17,577 (12.5%)
50 to 54 209,088 (18.9%) 21,066 (15.0%)
55 to 59 180,624 (16.3%) 25,385 (18.1%)
60 to 64 147,444 (13.3%) 35,473 (25.3%)
65 to 69 125,525 (11.3%) 26,938 (19.2%)
70to 74 0 (0%) 660 (0.5%)

Self-reported ethnicity

Any other ethnic group

Asian or Asian British

Black or African or Caribbean or Black British

Mixed or multiple ethnic groups

White

Ethnicity not stated or recorded

17,531 (1.6%)

98,692 (8.9%)

45,674 (4.1%)

13,498 (1.2%)

864,173 (77.9%)

69,273 (6.2%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

140,439 (100%)

0 (0%)
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Supplemental Table 5. Study participants characteristics categorised by FH-causing gene. Missing (%) refers to the proportion of missing

data in each field. IQR = interquartile range; BMI = body mass index; CHD = coronary heart disease; LDL-C = low-density lipoprotein cholesterol;

HDL-C = high-density lipoprotein cholesterol; CVD = cardiovascular disease (defined as CHD, ischaemic and haemorrhagic stroke, heart failure,

and atrial fibrillation).

n
Age (median [IQR])
Sex (male) (%)
Townsend deprivation index (median [IQR])
Smoking status (%)
Non-smoker
Former smoker
Light smoker (<10 cigarettes/day)
Moderate smoker (10-19 cigarettes/day)
Heavy Smoker (>20 cigarettes/day)
BMI, kg/m2 (median [IQR])
Family history of CHD (%)
Statin use (%)
Biomarkers

LDL-C (unadjusted), mmol/L (median [IQR])

LDL-C (adjusted for statin users), mmol/L (median [IQR])

HDL-C, mmol/L (median [IQR])
Total cholesterol, mmol/L (median [IQR])

Triglycerides, mmol/L (median [IQR])

374
58.00 [51.00, 63.00]
156 (41.7)

-2.22[-3.64, 0.16]

217 (58.0)

131 (35.0)

5(1.3)

10 2.7)

11(2.9)

26.92 [23.84, 29.61]
237 (63.4)

128 (34.2)

3.74[3.05,4.71]
4.28[3.56,5.23]

1.38 [1.18, 1.64]
5.93 [5.06, 7.02]

1.28[0.92, 1.91]

APOB

101
57.00 [51.00, 62.00]
45 (44.6)

-2.20[-3.98, 0.13]

59 (58.4)
35 (34.7)

2(2.0)

2(2.0)

3(3.0)

27.78 [24.02, 30.06]
61 (60.4)

33 (32.7)

435 [3.81,5.32]
5.01 [4.28,5.76]

1.34[1.15, 1.58]
6.56 [5.70, 8.03]

1.26 [1.00, 1.93]

APOE

13
63.00 [53.00, 66.00]
6 (46.2)

-1.37[-3.47, -0.12]

5 (38.5)

7 (53.8)

0(0.0)

1(7.7)

0(0.0)

25.73 [24.81, 27.26)
8 (61.5)

4(30.8)

355 [3.01, 4.25]

3.68 [3.55, 4.98]
1.73 [1.50, 1.86]
558 [5.21, 6.58]

0.76 [0.69, 1.13]

P-value of group differences

0.378
0.844
0.848

0.825

0.245
0.857
0.932

<0.001
<0.001
0.037
0.001

0.019

Missing (%)

0.0
0.0
0.4
0.0

0.2
0.0
0.0

0.0
0.0

145
6.1

6.1
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Lipoprotein(a), nmol/L (median [IQR]) 29.00[11.52, 60.52] 26.35 [8.52, 50.35] 8.50[4.77,57.71] 0.245 26.8

Apolipoprotein A, g/L (median [IQR]) 1.46 [1.33, 1.64] 1.44 [1.26, 1.60] 1.67 [1.56, 1.75] 0.029 15.0

Apolipoprotein B, g/L (median [IQR]) 1.11 [0.96, 1.34] 1.31[1.12, 1.46] 0.99[0.81, 1.16] <0.001 7.2

C-reactive protein, mg/L (median [IQR]) 1.19 [0.58, 2.20] 1.25 [0.69, 2.64] 1.45[0.76, 1.93] 0.402 6.4

Disease prevalence & incidence

CHD prevalence (%) 30 (8.0) 10 (9.9) 0(0.0) 0.457 0.0

CVD prevalence (%) 34(9.1) 11 (10.9) 0(0.0) 0.435 0.0

Type 2 diabetes prevalence (%) 10 (2.7) 1(1.0) 0(0.0) 0.514 0.0
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Supplemental Table 6. The counts obtained from the two-stage screen in our study cohort of 140,439 individuals for various LDL-C cut-

off values. OAPR = odds of being affected given a positive test result; VUS = variant of unknown significance.

Cut-off Detection rate False positive rate  Positive Negative OAPR Cases missed True positive False positive Number sent for ~ Number of VUS
(sensitivity) (1-specificity) predictive value  predictive value cases cases sequencing above threshold
(PPV) (NPV)
3 90.6 (87.7-92.9) 80.5(80.3-80.7)  0.4(0.4-0.4) 99.8 (99.8-99.9) 1:255 46 442 112713 113155 586
35 79.7 (75.9-83) 585 (58.3-58.8) 0.5 (0.4-0.5) 99.8 (99.8-99.9) 1:211 99 389 81940 82329 465
4 64.8 (60.4-68.9) 34.8 (34.6-35) 0.6 (0.6-0.7) 99.8 (99.8-99.8) 1:154 172 316 48702 49018 306
4.1 61.5 (57.1-65.7) 30.7 (30.4-30.9) 0.7 (0.6-0.8) 99.8 (99.8-99.8) 1:143 188 300 42913 43213 275
42 59.2 (54.8-63.5) 26.7 (26.5-27) 0.8 (0.7-0.9) 99.8 (99.8-99.8) 1:129 199 289 37396 37685 248
4.3 54.1 (49.7-58.5) 23.2(22.9-23.4)  0.8(0.7-0.9) 99.8 (99.8-99.8) 1:123 224 264 32406 32670 223
4.4 50.8 (46.4-55.2) 19.9 (19.7-20.1) 0.9 (0.8-1) 99.8 (99.8-99.8) 1:112 240 248 27856 28104 195
45 47.7 (43.3-52.2) 17.1 (16.9-17.3) 1(0.9-1.1) 99.8 (99.8-99.8) 1:102 255 233 23871 24104 174
4.6 45.5 (41.1-49.9) 14.5 (14.3-14.7) 1.1 (0.9-1.2) 99.8 (99.7-99.8) 1:92 266 222 20322 20544 151
4.7 43.2 (38.9-47.7) 122 (12.1-12.4) 1.2 (1.1-1.4) 99.8 (99.7-99.8) 1:81 277 211 17127 17338 129
4.8 39.8 (35.5-44.2) 10.3 (10.1-10.5) 1.3 (1.2-15) 99.8 (99.7-99.8) 1:74 294 194 14409 14603 111
49 37.7 (33.5-42.1) 8.6 (8.5-8.7) 15(1.3-1.7) 99.8 (99.7-99.8) 1:65 304 184 12038 12222 99
5 34.8 (30.7-39.2) 7.1(7-7.3) 1.7 (1.4-1.9) 99.8 (99.7-99.8) 1:59 318 170 9994 10164 83
6.8 3.9 (2.5-6) 0.2(0.2-0.2) 6(3.9-9.2) 99.7 (99.6-99.7) 1:16 469 19 297 316 2
85 0.4 (0.1-1.5) 0 (0-0) 8.7 (2.4-26.8) 99.7 (99.6-99.7) 1:10 486 2 21 23 0
16
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Supplemental Figure 1. The detection rate (DR) and false positive rate (FPR) depicted
as a receiver operating characteristic (ROC) curve for various LDL-C cut-points. The
AUC (95% confidence intervals) of the ROC curve is specified on the figure.

LDL-C
1.00 1
AUC: 0.704 (0.678-0.73)
3.0 mmol/L
0.751
4.0 mmol/L
& 0.50-
4.8 mmol/L
0.251
6.8 mmol/L
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0.00 0.25 0.50 0.75 1.00
FPR
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