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Elevated lipoprotein(a) [Lp(a)], a predominantly genetic disorder, is a causal risk factor for
atherosclerotic cardiovascular disease (ASCVD) and calcific aortic valvular disease,
particularly in patients with familial hypercholesterolemia (FH), a Tier | genomic
condition. The combination from birth of the cumulative exposure to elevated plasma
concentrations of both Lp(a) and low-density lipoprotein is particularly detrimental and
explains the enhanced morbidity and mortality risk observed in patients with both
conditions. An excellent opportunity to identify at-risk patients with hyper-Lp(a) at
increased risk of ASCVD is to test for hyper-Lp(a) during cascade testing for FH. With
probands having FH and hyper-Lp(a), the yield of detection of hyper-Lp(a) is 1 individual for
every 2.1-2.4 relatives tested, whereas the yield of detection of both conditions is 1
individual for every 3-3.4 relatives tested. In this article, we discuss the incorporation of
assessment of Lp(a) in the cascade testing in FH as a feasible and crucial part of models of
care for FH. We also propose a simple management tool to help physicians identify and
manage elevated Lp(a) in FH, with implications for the care of Lp(a) beyond FH, noting that
the clinical use of RNA therapeutics for specifically targeting the overproduction of Lp(a) in
at risk patients is still under investigation.

Keywords: cascade testing, familial hypercholesterolemia, lipoprotein (a), Lp(a), inherited hypercholesterolemia,
hyper-Lp(a), FH model of care

INTRODUCTION

A century ago, a few case reports of patients with sudden cardiac death and xanthomata by Dr.
Francis Harbitz, led to the discovery of a heritable condition, that in the words of Dr. Carl Miiller was
“inherited as a pronounced dominant quality” (Miiller, 1938; Goldstein and Brown, 2009). The
condition is now known as Familial Hypercholesterolemia (FH). In the 1970s, Joseph Goldstein and
Michael Brown discovered the low density lipoprotein (LDL) receptor and the concept of receptor-
mediated endocytosis, which explained that FH was due to defective or deficient LDL receptor
function (Goldstein and Brown, 1974).

Another clinically important lipoprotein disorder that is under strong genetic influence is elevated
plasma lipoprotein(a) [Lp(a)] concentration. Lp(a) was first discovered in 1963 by Kare Berg as an
antigenic variant of LDL (Berg, 1963). Large epidemiological, Mendelian randomization, and
genome-wide association studies have shown that elevated levels of Lp(a) increase the risk of
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atherosclerotic cardiovascular disease (ASCVD) and calcific
aortic valve disease (CAVD) (Kamstrup et al., 2008; Clarke
et al, 2009; Emerging Risk Factors et al, 2009; Kamstrup
et al, 2009; Kamstrup et al, 2014; Burgess et al, 2018;
Langsted et al,, 2019; Perrot et al., 2019; Trinder et al., 2020a).
Lp(a) is an LDL-like lipoprotein consisting of a single
apolipoprotein ~ B-100  (apoB)  covalently bound to
apolipoprotein(a) [apo(a)] (Schmidt et al., 2016), a preferential
carrier of oxidized phospholipids that also has plasminogen-like
properties (Boffa and Koschinsky, 2019). Lp(a) particles
accordingly have  proatherogenic, prothrombotic, and
proinflammatory properties (Nordestgaard et al,, 2010; Boffa
and Koschinsky, 2019).

The ASCVD risk associated with hyper-Lp(a) is accentuated in
patients at high-risk of ASCVD, especially FH. Hence,
recommendations on measuring Lp(a) in high-risk patient
groups have been integrated into recent clinical guidelines and
consensus statements (Grundy et al., 20182019; Cegla et al., 2019;
Mach et al., 2019; Wilson et al., 2019; Handelsman et al., 2020;
Pearson et al., 2021; Reyes-Soffer et al., 2022). In this article, we
review hyper-Lp(a) in the context of FH, particularly in respect of
testing for Lp(a) during cascade testing of relatives of probands
with a definite diagnosis of FH. We also refer to the impact of
elevated Lp(a) on the phenotypic diagnosis of FH.

DOUBLE-TROUBLE: FH AND HYPER-LP(A)
AS DUAL RISK FACTORS

Two Monogenic Defects in Atherogenic
Lipoproteins: FH and Hyper-Lp(a)

FH has long been considered a highly penetrant disease, with
rarely anyone having a plasma LDL cholesterol (LDL-C)
concentration below the 95th percentile of the general
population (Miserez and Keller, 1995), however a recent
finding that pathogenic or likely pathogenic FH mutations
were present even in subjects with LDL<3.3 mmol/L
contributing to 27% of total mutation-positive subjects in a
large study suggests large heterogeneity in the clinical
expression of monogenic FH (Khera et al,, 2016; Sniderman
et al, 2022). The majority of FH (80%-85%) is caused by
mutations of the LDLR gene, with over 1700 mutations
identified (Iacocca et al, 2018), causing either deficient or
defective LDL receptors (Usifo et al, 2012). Other mutations
are APOB gene missense mutations (5%-10%), gain-of-function
mutations in proprotein convertase subtilisin/kexin type 9
(PCSK9) (1%), and mutations of LDLRAPI (Nordestgaard
et al., 2013; Fellin et al, 2015). The inheritance of FH is
autosomal-codominant except for LDLRAPI which is
autosomal recessive (Fellin et al., 2015). The phenotype of FH
is severe in cases with deficient or null LDL receptors, but milder
in cases with missense mutations in LDLR that do not inactivate
LDL receptors completely (Khera and Hegele, 2020), or in
familial defective APOB mutations (Miserez and Keller, 1995).
The cumulative exposure of LDL-C in patients with FH begins in
fetal life (Brown et al., 1978). Hence the majority of untreated
patients with homozygous FH (HoFH) and heterozygous FH

FH and Lp(a): Cascade Testing

(HeFH) develop symptomatic atherosclerotic coronary artery
disease (CAD) before 20years old and 60years old
respectively (Nordestgaard et al,, 2013).

Young men with FH have >25-fold increased relative risk of
CAD compared with patients without FH (Hopkins, 2017). A
recent meta-analysis highlighted that FH was highly prevalent
among patients with ASCVD (1 affected individual in 17
patients), an 18-fold higher frequency than in the general
population (Hu et al., 2020). Early initiation of cholesterol-
lowering treatment can achieve a 10-fold decreased risk of
ASCVD in patients with FH (Perez-Calahorra et al,, 2019).
However, despite lowering LDL-C to target levels, there is still
a residual risk in some patients, a particular culprit being elevated
plasma Lp(a) levels (Alonso et al., 2014; Vuorio et al, 2017;
Rosenson and Goonewardena, 2021).

Although FH and hyper-Lp(a) are both autosomal co-
dominantly inherited, the genetics of FH and hyper-Lp(a)
differ. The LDLR is located on chromosome 19 and LPA on
chromosome 6. The LPA gene is considered to be fully expressed
by 2 years of age, adult plasma Lp(a) concentrations achieved by
age of 5years (Wilson et al, 2019; Strandkjeer et al., 2021).
However, a very recent report has suggested that Lp(a)
increases by = 20% from childhood to adulthood in a large
cohort of children with mostly a diagnosis of FH (de Boer
et al., 2022). Unlike FH, a pure monogenic disorder, elevated
Lp(a) levels are consequent on a combination of heritable factors
that contribute to >90% of plasma concentrations. Lp(a)
concentrations are mainly determined by copy number
variation of the Kringle IV type 2 (K-IV,) repeats, with over
2000 gene variants in the wider LPA gene region (Burgess et al.,
2018; Trinder et al., 2020a; Hoekstra et al., 2021; Said et al., 2021),
and apoE genotypes (Moriarty et al, 2017). Owing to the
inheritance of >40 possible different allelic LPA variants, the
multiple copies of K-IV, domain of the apo(a) isoform result in a
widely variable molecular mass of Lp(a) that contributes up to
1000-fold differences in plasma Lp(a) concentrations (Schmidt
et al., 2016). Over 500 gene variants in the K-IV, repeats region
have a major effect on Lp(a) concentration (Coassin et al., 2019).
The relationship between Lp(a) genetics and concentration varies
with ethnicity (Dumitrescu et al., 2011; Paré et al., 2019). Higher
Lp(a) concentrations are observed among people of African
descent and Indians, whereas lower concentrations are
reported in Chinese and Hispanic populations (Enkhmaa
et al, 2016; Paré et al, 2019; Loh et al., 2021; Patel et al,
2021). Studies, in general, support the clinical use of Lp(a)
rather than apo(a) isoforms or single nucleotide
polymorphisms (SNPs) in predicting the risk of ASCVD (Paré
et al., 2019; Trinder et al., 2020a; Page et al., 2020). Phenotype,
and hence the penetrance of the genetic defect, appears to be
more important in influencing ASCVD risk than genotype with
both FH (Perez-Calahorra et al., 2019) and elevated Lp(a) levels
(Paré et al.,, 2019; Trinder et al., 2020a).

The risk of ASCVD is directly related to the plasma
concentration of Lp(a). An analysis of 460,506 participants
from the United Kingdom Biobank database showed that
Lp(a) was linearly associated with ASCVD risk after a median
follow up of 11.2 years, with a hazard ratio (HR) of 1.11 per
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50 nmol/L increments within each ethnicity (White, South Asian,
Black), despite ethnic differences in median Lp(a) values (Patel
et al,, 2021). Lp(a) concentration >150 nmol/L (=70 mg/dL) was
associated with increased incidence of CAD in both primary and
secondary prevention groups (HR 1.63 and HR 1.23 respectively),
with weaker associations being found with ischaemic stroke
(Patel et al., 2021). An early meta-analysis by the Emerging
Risk Factors Collaboration of 126,634 people without prior
history of CAD or stroke at baseline showed a curvilinear
relationship between Lp(a) and cardiovascular outcomes, with
the highest risk of CAD and ischaemic stroke being seen at
extremely high Lp(a) levels (Emerging Risk Factors et al., 2009).
Extremely high plasma Lp(a) concentrations (>95th percentile)
are associated with the highest risk of ASCVD (Kamstrup et al.,
2008; Burgess et al., 2018; Loh et al., 2021), CAVD (Kamstrup
etal., 2014; Guddeti et al., 2020), and heart failure (Kamstrup and
Nordestgaard, 2016) in the general population. Mendelian
randomization studies employing polygenic risk scores suggest
that an extremely elevated Lp(a) (>430 nmol/L or >180 mg/dL) is
arisk factor for ASCVD equivalent to HeFH (Burgess et al., 2018;
Trinder et al., 2020a).

Is Hyper-Lp(a) More Common in FH?

Plasma Lp(a) concentration above 50 mg/dL
(=100-125 nmol/L), that is above the 80th percentile for a
Caucasian population, is commonly accepted in clinical
practice as an elevated level (Nordestgaard et al., 2010;
Grundy et al., 20182019; Wilson et al., 2019; Pearson et al.,
2021), and is used as a clinically meaningful threshold level in
many studies. Hyper-Lp(a) is more prevalent in HeFH than in
the general population (29.3% vs. 22.2%), as shown in a large
study of 2,917 patients with HeFH by (Alonso et al., 2014).
The prevalence of hyper-Lp(a) may be as high as 30%-50% of
patients with HeFH (Vuorio et al., 2020). Although the genetic
control of Lp(a) and FH is a priori orthogonal (Ellis et al,,
2019), a defective LDL receptor pathway may contribute to
elevating Lp(a) levels. Patients with HoFH due to LDLR
mutations have been reported to have an almost 2-fold
higher Lp(a) level than those with HeFH signifying a gene
dosage effect (Kraft et al., 2000), although not all studies are
concordant (Sjouke et al., 2017). Also, Lp(a) concentrations
were reported to be higher in patients with FH (LDLR and
PCSK9 mutations) compared with controls (Tada et al., 2016),
and Lp(a) levels are modestly lowered by PCSK9 inhibitors
(Bittner et al., 2020; O’Donoghue et al., 2019). Lp(a) levels
were numerically higher in FH patients with LDLR null
mutations compared with those with defective mutations in
the SAFEHEART study (Alonso et al., 2014). Although Lp(a)
concentrations have been reported to be high in FH, it
remains unclear whether this involves decreased Lp(a)
clearance via the LDL receptor (Vuorio et al., 2020). Lp(a)
levels are not altered or even increased by statin, which
upregulates LDL receptors (Tsimikas et al., 2020a). It has
been suggested that elevated levels of Lp(a) in FH may be due
to ascertainment bias (Trinder et al., 2020b) and population-
based studies do not suggest that FH is associated with Lp(a)
(Langsted et al., 2016).

FH and Lp(a): Cascade Testing

Hyper-Lp(a) as a Risk Enhancer in FH
About 10% of patients with HeFH have ASCVD events even after

12years of high intensity cholesterol-lowering treatment,
pointing to significant residual risk (Perez-Calahorra et al,
2019). An important cause is hyper-Lp(a) (Alonso et al., 2014;
Vuorio et al., 2017; Rosenson and Goonewardena, 2021; Alonso
et al., 2022). Premature ASCVD risk conferred by excessive
exposure to LDL-C in patients with FH is further accentuated
by elevated Lp(a) levels and this appears to be independent of the
type of FH mutation (Alonso et al., 2014; Vuorio et al., 2020). In a
Spanish cohort of HeFH patients (SAFEHEART), patients with a
combination of null LDLR mutation and hyper-Lp(a) > 50 mg/dL
had the worst CVD-free survival time compared with patients
with non-null LDLR mutation and/or Lp(a) < 50 mg/dL (Alonso
et al,, 2014). The risk of ASCVD or mortality of relatives of
patients with FH was also highest in relatives with both FH and
hyper-Lp(a) (HR 4.40) than in those with FH alone (HR 2.47),
and hyper-Lp(a) alone (HR 3.17) when compared with
individuals with neither disorder (Figure 1) (Ellis et al., 2019).
These studies suggest that hyper-Lp(a) is an independent residual
risk factor for ASCVD in FH. Several other prospective studies
have also shown a significant association between elevated Lp(a)
levels and increased risk of ASCVD in FH and are summarized in
Table 1.

Lp(a) may be useful in improving ASCVD risk prediction in
high-risk groups (Grundy et al., 20182019; Wilson et al., 2019;
Cegla et al., 2019; Handelsman et al., 2020; Pearson et al., 2021),
particularly in FH (Santos et al., 2016; Pérez de Isla et al., 2017;
Paquette et al., 2021). The two major risk equations, the
SAFEHEART-RE (Pérez de Isla et al.,, 2017) and the FH-Risk-
Score (Paquette et al., 2021), were derived from large prospective
FH populations and included hyper-Lp(a) [Lp(a) > 50 mg/dL
(Pérez de Islaetal., 2017) or 250 mg/dL (Paquette et al., 2021)] as
a predictor of ASCVD risk in patients with the FH in primary
(Pérez de Isla et al., 2017; Paquette et al., 2021) and secondary
prevention settings (Pérez de Isla et al., 2017). Figure 2 shows an
example of using the SAFEHEART-RE to predict 5- and 10-year
risks of developing incident ASCVD in FH. The SAFEHEART-
RE risk equation was based on an exclusively genetically defined
population, whereas the FH-Risk-Score was based on a
population defined using a mixture of genetic and phenotypic
criteria. In the multivariate analyses that formulated these two
risk equations, the hyper-Lp(a) variable was associated with
similar hazard ratios in both studies; HR 1.5 [SAFEHEART
RE: HR1.52 (95% CI 1.05-2.21) (Pérez de Isla et al., 2017),
FH-Risk-Score: HR 1.53 (1.14-2.04) (Paquette et al, 2021)],
Table 1. In the FH-Risk-Score, the risk attributed by Lp(a)
>50mg/dL as a binary variable (yes/no) carried more
weightage than untreated LDL-C 5.5-7.5 mmol/L (Paquette
et al, 2021). It follows that extremely elevated Lp(a)
concentrations (>95 percentiles, 100 mg/dL or 200 nmol/L)
would be strongly predictive of future ASCVD in FH.
Conversely, low Lp(a) levels (1-74th percentile, 0-30 mg/dL or
0-60 nmol/L) may contribute to resilience against ASCVD in FH
(Perez de Isla et al., 2021).

Hyper-Lp(a) is also an independent risk factor for CAVD in
both the general population (Kamstrup et al., 2014; Guddeti et al.,
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FIGURE 1| Kaplan-Meier survival analysis showing a significant association between the FH and Lp(a) diagnoses of relatives and ASCVD events. Cox proportional
hazard ratio (HR) of patients with dual FH and Lp(a) diagnoses, elevated Lp(a) alone, FH alone compared with individuals with neither disorder are shown in the figure.
Modified from Ellis KL et al. Value of Measuring Lipoprotein (a) During Cascade Testing for Familial Hypercholesterolemia. J Am Coll Cardiol. 2019; 73:1029-1039, with

= FH+ Elevated Lp(a) = 50mg/dL
— Elevated Lp(a) = 50mg/dL alone
FH alone

= Neither

2020) and in patients with FH (Vongpromek et al., 2015; Mata
etal., 2021). The mechanisms are unclear, but are likely mediated
by oxidized phospholipids carried by Lp(a) (Yeang et al., 2016;
Kamstrup et al, 2017), with contributions also from the
cumulative burden of LDL-C, increasing age, and a history of
hypertension (Mata et al., 2021; Pérez de Isla et al., 2021). CAVD
itself is a risk factor for ASCVD, heart failure, and mortality,
further contributing to residual risk in FH (Yeang et al., 2016;
Kamstrup et al., 2017; Mata et al., 2021). The prevalence of aortic
valve calcification is two-fold more common in HeFH than in
controls (Ten Kate et al., 2015), and is present in 40%-60% of
asymptomatic HeFH (Ten Kate et al., 2015; Vongpromek et al.,
2015). In a family study of 17 patients with both calcific aortic
valve stenosis and Lp(a) >60 mg/dL, (Perrot et al., 2019) showed
that their first-degree relatives were at increased risk of aortic
valve microcalcification and stenosis compared with a control
group of normal Lp(a) levels . Although this was a small and
underpowered study, the relatively high yield of detection of
48.5% of aortic valve microcalcification suggests that cascade
screening of families for CAVD and elevated Lp(a) may be
potentially useful (Perrot et al., 2019), but further studies are
required.

Cumulative ASCVD Burden Due to Two

Genetic Risk Factors

Although governed by different genetic pathways, the cumulative
effects of these two pro-atherogenic risk factors are more than
additive. The lifetime cumulative effect of these dual heritable risk
factors was recently illustrated by (Vuorio et al, 2017) using the
concept of compound LDL-C and Lp(a)-particle cholesterol burden

(Figure 3). Using the combination of the burden of LDL-C-years
and Lp(a)-cholesterol years in FH (Vuorio et al.,, 2017), an earlier
onset of CVD burden of 4 years was estimated in patients with
untreated HeFH, comparing patients with Lp(a) levels of 100 mg/dL
with patients with levels of 30 mg/dL (Vuorio et al., 2020). Because of
the significant contribution to ASCVD and CAVD risk, Lp(a)
concentration should be measured on at least one occasion as a
priority in patients with FH (Grundy et al., 20182019; Cegla et al,,
2019; Wilson et al,, 2019; Langsted and Nordestgaard, 2022).

INCORPORATING LP(A) IN SCREENING
FOR FH

Cascade Testing for FH

Despite much guidance on best practices for the care of FH, FH
remains mainly underdiagnosed (Nordestgaard et al.,, 2013). One in
250 people has HeFH, while 1 in 300,000 people has HoFH
(Nordestgaard et al., 2013; Watts et al, 2015; Akioyamen et al.,
2017; Berberich and Hegele, 2019; Hu et al., 2020; Khera and Hegele,
2020). The prevalence of HeFH may be up to 1% in gene founder
populations and up to 20% in patients with premature ASCVD (De
Backer et al,, 2015; Berberich and Hegele, 2019). The Center for
Disease Control and Prevention recommends cascade testing for FH
(the leading and actionable Tier condition), because early diagnosis
can be aided by genetic testing, and implementation of ASCVD
prevention measures can have a significant public health impact.
Cascade testing for FH has been shown to be highly cost-effective in
multiple populations (Marang-van de Mheen et al.,, 2002; Ademi
etal,, 2013; Kerr et al., 2017; Knowles et al., 2017; Lazaro et al., 2017),
including children (Wald et al., 2016; Ademi et al.,, 2020; Jackson
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TABLE 1 | Selected prospective studies in familial hypercholesterolemia showing the association between lipoprotein(a) levels and atherosclerotic cardiovascular disease

risk.

Characteristics, number
of subjects (n)

Study population, published
year

Copenhagen General Population Study Langsted et al.
(2016)

Phenotypic Diagnosis of
FH using modified DLCN,
Simon Broome, MEDPED

Probable or 184

definite FH

Possible FH 3082

Unlikely to 42934

have FH n=
46200

SAFEHEART Pérez de Isla et al. (2017) (Spanish) Genetic diagnosis
(includes patients with and
without history of ASCVD)

n = 2404

SAFEHEART Ellis et al. (2019) (Spanish) Relatives of probands with

genetic diagnosis of FH

Genetically 1944
positive FH
No FH 983
n=
2927
Cao et al. (2019) (Chinese) Phenotypic diagnosis of FH

using DLCN score >6
(definite and probable FH)
from a patient population
with suspected CVD

n =393

Multicenter study from 5 registries Paquette et al.,
2021 (Montreal, British Columbia, United Kingdom
Biobank, Ontario, France), 2021

Phenotypic diagnosis of FH
(DLCN =6 points) or
genetic diagnosis (74%),
without prior history of
ASCVD n = 3881

Outcome, Hazard ratios (95% confidence p value
follow up (yr) interval) for ASCVD risk
multivariable regression analysis
Ml Neither disorder 1 <0.001 (log-

Median follow up:

(reference), n = 35153

Lp(a) > 50 mg/dL

1.4 (1.1-1.7)

rank trend)

3.9 years alone, n = 6921
FH alone, n = 2300 3.2 (2.5-4.1)
FH and Lp(a) > 5.3 (3.6-7.6)
50 mg/dL, n = 715
ASCVD event or death Lp(a) <560 mg/dL 1 0.028
(reference)
Mean follow up 5.5 years  Lp(a) > 50 mg/dL 1.52
(1.05-2.21)
ASCVD event or death Neither disorder 1
Mean follow up 3.5 years  (reference), n = 780
Lp(@) =50 mg/dL 3.17 0.024
alone, n = 203 (1.16-8.64)
FH alone, n = 1413 2.47 0.036
(1.06-5.74)
FHand Lp(a) =50 mg/ 4.40 <0.001
dL, n =531 (1.92-10.07)
ASCVD event Mean Lp(a) per log unit 2.03 0.002
follow up 3 years increase (1.28-3.21)
Lp(a) Tertile 1 1
(reference)
Lp(a) Tertile 2 4.99 0.015
(1.36-9.25)
Lp(a) Tertile 3 6.96 0.001
(2.24-9.32)
ASCVD Mean follow up  Lp(a) < 50 mg/dL 1 0.004
8 years (reference)
Lp(@) =50 mg/dL 1.63
(1.14-2.04)

ASCVD, atherosclerotic cardiovascular disease; DLCN, dutch lipid clinic network; FH, familial hypercholesterolemia; Lp(a), lipoprotein (a); MEDPED, make early diagnosis to prevent early

death criteria; MI, myocardial infarction.
Reference: refers to this group being the reference group for comparison.

etal, 2021). A related approach is child-parent testing, following the
detection of a child at immunization at 2 years old (Wald et al,
2016). Ademi et al. (2020)recently showed that cascade screening in
ten-year-old children followed by early initiation of statin in children
with HeFH is cost-effective compared with usual care, with a
predicted significant lifetime reduction in hospitalization costs. In
this study, the prevalence of a positive FH mutation among children
detected through cascade screening was 56.8% (Ademi et al., 2020).

Cascade Testing for Both FH and
Hyper-Lp(a)

The distribution of Lp(a) in the general population is positively
skewed to the right, with hyper-Lp(a) coinciding with the top
20th percentile of the population distribution (Nordestgaard
et al., 2010). This equates to 1 in 5 people having hyper-Lp(a)

in the general population, although studies have shown that there
are ethnic differences in prevalence (Paré et al., 2019; Patel et al.,
2021). It is estimated that worldwide hyper-Lp(a) is a common
disorder affecting 1.4 billion people and that at least five million
have both HeFH and hyper-Lp(a) (Vuorio et al., 2020). Hyper-
Lp(a) is, therefore, more common than HeFH and may be more
prevalent in patients with HeFH (Alonso et al., 2014) than those
without. Cascade testing from affected probands with FH or high
Lp(a) levels is useful in identifying these conditions. Figure 4
shows examples of the pedigrees of three families who were
cascade tested for FH and high Lp(a).

Two major studies showed that incorporating Lp(a) into the
genetic cascade testing of FH in families of probands with FH
mutations is an effective way of identifying hyper-Lp(a) in this
high-risk group (Ellis et al., 2019; Chakraborty et al., 2021). In
these two studies, the yield of detection of FH via cascade
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screening was 1 individual for every 1.5-1.6 relatives screened.
The yield of detection of hyper-Lp(a) in FH cascade screening
was also high: 1 individual of hyper-Lp(a) was detected for
every 2.1-2.4 relatives screened, whereas the yield of detection
of both hyper-Lp(a) and FH was 1 individual for every 3-3.4
relatives screened (Figures 5). Unsurprisingly, screening from
probands with FH and hyper-Lp(a) levels compared with
screening from probands without hyper-Lp(a) had a higher
yield of detection of relatives with hyper-Lp(a) and FH (1 in 3.4
vs. 1in 7.6) (Ellis et al., 2019). With FH probands in absence of
hyper-Lp(a), the yield of detection of hyper-Lp(a) among
relatives (1 individual in 5.8 relatives) was similar to the
general population (1 in 5 people) (Nordestgaard et al,
2010). Ellis et al. (2019) also showed that the yield of
detection of hyper-Lp(a) decreases with increasing
generational separation from the proband with hyper-Lp(a):
1 individual in 2 of 1st degree relatives screened have hyper-
Lp(a), 1 individual in 2.9 of 2nd degree relatives, and 1 in 3.3 of
3rd degree relatives. Concordance of detection of FH and Lp(a)
was low and non-significant, implying that the conditions are
genetically orthogonal.

Cascade Testing for Hyper-Lp(a) Alone

The autosomal co-dominant heritability of Lp(a) is confirmed by
pedigree studies (Utermann et al., 1987; Genest et al., 1991).
Genest et al. (1991) showed that Lp(a) levels were significantly
correlated between parents-and-offsprings, whereas Lp(a) levels
of proband-and-spouse were not. Studies correlating Lp(a) levels
of the younger generation and family history showed that the
serum Lp(a) levels of the offspring were significantly and directly
associated with a positive CAD history of parents (Kostner et al.,

1991; Srinivasan et al., 1991; Routi et al., 1996), but less so with
CAD history in second- and third-degree relatives; higher Lp(a)
levels in children were associated with a positive CAD history in
their grandparents in one study (Wilcken et al., 1993) but not
another. (Routi et al., 1996).

Small apo(a) isoforms are associated with higher Lp(a) levels
(Kronenberg, 2016). The alleles of genes determining the apo(a)
isoform size are randomly inherited from each parent and the
expression of the inherited alleles is dominated by the alleles
controlling small apo(a) isoform size (high Lp(a) levels)
(Kronenberg, 2016). This explains the observation that an
offspring with extremely high Lp(a) level may have both or
one parent with elevated Lp(a). Children from parents with
low Lp(a) levels have low Lp(a) levels, unless there is a
secondary cause for elevated Lp(a). When only 1 out of 2
parents has elevated Lp(a), the Lp(a) level of the offspring will
on average range from normal to moderately elevated in most
instance (Genest et al., 1991).

Non-genetic factors should be considered if the Lp(a) levels of
the offspring differ greatly from parents. This also applies to
testing adult relatives of the proband with high Lp(a). Acquired
causes that could markedly elevate Lp(a) level (up to 3-fold)
include nephrotic syndrome, severe renal impairment, use of
growth hormones, and pregnancy, while Lp(a) levels may be
moderately elevated by 20%-50% from hypothyroidism,
menopause, inflammatory conditions, and testosterone
deficiency (Kostner et al., 2013). Other causes that markedly
lowered Lp(a) include cholestatic liver disease (up to 90%
reduction) (Chennamsetty et al, 2011), whereas Lp(a) levels
are moderately lowered by PCSK9 inhibition, niacin, post-
menopausal hormone replacement therapy (25% reduction)
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(O’Donoghue et al., 2019), as well as mildly lowered by other
medications e.g. fibrates, aspirin, angiotensin-converting enzyme
inhibitor, calcium antagonist (<10% reduction) (Nordestgaard
et al.,, 2010). Owing to a recent observation that Lp(a) may rise
with age, especially in children with suspected FH, Lp(a) level
should be rechecked in adulthood (de Boer et al., 2022). A
probable increase in Lp(a) may relate to the effects of age,
endocrine changes, use of statin, and other secondary factors
(de Boer et al., 2022).

PROPOSED MANAGEMENT OF ELEVATED
LP(A): LESSONS FROM MODELS OF CARE
FOR FH

Assessment of Lp(a) is valuable in stratifying the risk of ASCVD
in FH (Thanassoulis, 2019; Tsimikas and Stroes, 2020; Watts
et al, 2020). We propose the principles of management of
patients with elevated Lp(a) according to five salient points,
guided by the mnemonic LILAC (Figure 6). Starting with
detection, Lp(a) should be tested in all patients with FH as
this is a necessary step in the risk stratification of ASCVD in
FH. Hyper-Lp(a) is defined as >50 mg/dL (=100-125 nmol/L)
(Grundy et al., 20182019; Wilson et al., 2019; Pearson et al., 2021),
noting that patients with extremely high Lp(a) levels (>150 mg/
dL or 300 nmol/L) have the highest risk. Management of hyper-
Lp(a) includes a thorough history taking of family and personal
history of premature ASCVD, as well as identifying early signs of

ASCVD. Knowledge of Lp(a) can be utilized in these specific risk
equations for ASCVD (Pérez de Isla et al., 2017; Paquette et al,,
2021). Blood testing should exclude secondary causes of elevated
Lp(a), such as hypothyroidism, kidney impairment, proteinuria,
and cholestatic liver disease. Investigation for subclinical
atherosclerosis e.g., CT coronary calcium score may be
considered because this can enable decisions to intensity
treatment plans (Santos et al., 2016; Gallo et al.,, 2021). In FH
with high Lp(a) levels, an echocardiogram to confirm calcific
aortic valve stenosis at an appropriate age is essential. Treatment
for modifiable risk factors such diabetes mellitus, reducing
obesity, alcohol, and smoking cessation, should be optimized.
Healthy lifestyle, heart-healthy diet, and improving modifiable
cardiovascular risk factors should be emphasized in patients with
FH, as well as in patients with hyper-Lp(a) as this has significant
cardiovascular benefit even in the absence of effective Lp(a)
lowering treatment (Figure 7) (Perrot et al., 2017).

There is currently a lack of effective Lp(a) lowering therapies, and
thus a lack of concrete evidence yet showing that specific Lp(a)-
lowering can reduce ASCVD risk and mortality. This evidently
applies to FH. The HORIZON study is a cardiovascular outcome
trial of the antisense oligonucleotide APO(a)-Lrx (TQJ230) that
targets the mRNA transcript of the LPA gene and can lower Lp(a) by
80% (NCT04023552) (Tsimikas et al., 2020b). A phase 2 study of
GalNac3-conjugated-siRNA  (Olpasiran) is also undergoing
(NCT04270760) will proceed to the clinical outcome trial. While
we await these studies, the effect of Lp(a) lowering onto ASCVD is
estimated to be significant. Mendelian randomization analyses
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suggest that Lp(a) lowering of approximately a 65 mg/dL (Lamina
et al, 2019) or 100 mg/dL (Emerging Risk Factors et al, 2009)
(ie., >150-200 nmol/dL) is required to achieve to CAD risk
reduction equivalent of 1 mmol/L LDL-C lowering. From Danish
population-based studies, the authors of another study estimated
that an Lp(a) lowering of 50 mg/dL (105 nmol/L) may be needed to
reduce CVD risk by 20% in a secondary prevention setting (Madsen
et al., 2020).

However, it is likely that even smaller sustained reductions of
Lp(a) level would confer significant clinical benefit in ASCVD risk
reductions in patients with established ASCVD, as suggested by
post-hoc analyses of PCSK9 inhibitor clinical outcome trials
(O’Donoghue et al,, 2019; Bittner et al., 2020) and lipid apheresis
studies (Jaeger et al., 2009; Leebmann et al., 2013; Waldmann and
Parhofer, 2016). PCSK9 monoclonal inhibitors have Lp(a) lowering
effect of =25%. (O’Donoghue et al,, 2019; Bittner et al., 2020). In the
FOURIER study, investigating evolocumab versus placebo in
patients with ASCVD, it was estimated that reduction of Lp(a)
level of 34 nmol/L (95% CI 18.5-97 nmol/L) is associated with a
relative risk reduction of 20% of cardiovascular events (O’Donoghue
et al,, 2019). Although lipid apheresis reduces Lp(a) immediately by
60-75%, this effect is not sustained, with the mean inter-apheresis
reduction of Lp(a) being approximately 35% for weekly apheresis
(Waldmann and Parhofer, 2016). Studies show that patients with
elevated Lp(a) who underwent weekly lipid apheresis have a reduced
risk of major coronary events through its Lp(a) lowering effect, even
in patients who achieve target LDL-C levels (Jaeger et al., 2009;
Leebmann et al., 2013).

IMPLICATIONS OF RECENT STUDIES ON
LIPOPROTEIN (A): FAMILIAL
HYPERCHOLESTEROLEMIA AND BEYOND

In patients with very high Lp(a) levels, Lp(a) cholesterol may
contribute to 30%-45% of the measured LDL-C (Yeang et al,,
2015). Whilst correction of LDL-C concentrations for the
cholesterol content of Lp(a) remains contentious, it is clear
that in patients with very high Lp(a) concentrations, the
cholesterol content of this lipoprotein particle may
confound estimation of LDL-C and hence lead to a false
positive clinical diagnosis of FH (Chan et al., 2019). This
could result in unnecessary DNA testing in individuals with
DLCN scores >5. Clinical and population studies have shown
that up to 25% of patients with probable/definite FH can be
reclassified by adjusting LDL-C for the cholesterol content of
Lp(a) (Langsted et al., 2016; Chan et al., 2019). We have
previously demonstrated that the diagnostic accuracy of
DLCN and SB criteria in predicting the detection of a
pathogenic mutation of FH is reduced when Lp(a) level is
very high, and that adjusting LDL-C for Lp(a) cholesterol
using a correction factor of 30% greatly improved the
specificity of DLCN and SB criteria when Lp(a) > 100 mg/
dL except when LDL-C was as high as 6.5 mmol/L or more
(Chan et al,, 2019). It is clinically relevant to clarify the
diagnosis of clinical HeFH because patients with dual
diagnosis of clinical HeFH and hyper-Lp(a) have the

FH and Lp(a): Cascade Testing

highest risk of myocardial infarction compared with
patients with either diagnosis alone (Langsted et al., 2016)
(Table 1). The effect of Lp(a) cholesterol on the measured
LDL-C also has important clinical implications in achieving
the target “LDL-C” in patients irrespective of FH status.
However, correction factors use assumptions that a certain
percentage of cholesterol makes up Lp(a) mass which can
range from 30% - 45%; there are so far no consensus on
the usage of correction factor(s) to adjust LDL-C for Lp(a)
cholesterol content in clinical practice. Quantification of Lp(a)
cholesterol with a recently described assay, which allows for
more accurate estimates of true LDL-C, may be recommended
over the use of correction factors (Yeang et al., 2021; Yeang
et al., 2022).

Studies of cascade testing for high Lp(a) within the context of
genetic cascade testing for FH provide proof of principle for the
effectiveness of this method for screening for elevated Lp(a) (Ellis
etal,, 2019; Chakraborty et al., 2021). Cascade testing can identify
affected family members with varying risks of ASCVD. Cascade
testing for Lp(a) does not require genetic testing for Lp(a)
variants or use of a polygenic score (Ellis et al, 2019;
Chakraborty et al., 2021). The data also suggest that the yield
of identifying relatives with high Lp(a) is directly proportional to
the level of Lp(a) in the proband (Ellis et al., 2019; Chakraborty
et al, 2021), providing a guide to the design of effective
implementation strategies. However, formal health economic
evaluations that focus not only on cost-effectiveness, but also
on cost-utility analyses are recommended. Studies of patient-
reported outcomes and experience measures are also needed. The
estimation of ASCVD risk in both probands and affected relatives
employing the outcome of measuring Lp(a) can be carried out
using a recently validated risk equation (Gallo et al., 2020). The
importance of measuring Lp(a) in all patients with FH also relates
to predicting increased risk of calcific aortic valve stenosis, which
is also related to LDL-C burden and history of hypertension
(Pérez de Isla et al., 2021).

While cascade testing for elevated Lp(a), particularly in the
context of FH, is likely to be cost-effective, identification of
affected probands without FH is essential to trigger the cascade
testing of relatives. Universal testing of the population for markedly
elevated Lp(a) concentrations above 180 mg/dL (>430 nmol/L) has
been promulgated by certain guidelines (Mach et al., 2019; Pearson
et al,, 2021). An alternative, and not mutually exclusive approach, is
to consider the screening of adults with established ASCVD,
particularly when testing may lead to the initiation or a change
in therapy (e.g., statin, aspirin, antihypertensive treatment), as well as
when Lp(a) is being used to restratify ASCVD in people with the
following conditions: family history of premature ASCVD (Grundy
et al,, 20182019; Cegla et al., 2019; Mach et al., 2019; Wilson et al.,
2019; Handelsman et al., 2020; Pearson et al., 2021), family history of
high Lp(a) (Cegla et al., 2019; Wilson et al., 2019; Handelsman et al,,
2020), FH (Grundy et al., 20182019; Cegla et al., 2019; Mach et al.,
2019; Wilson et al., 2019; Pearson et al., 2021; Watts et al., 2021),
diabetes mellitus, renal impairment or family history of
thrombophilia (Tsimikas et al, 2018). Measurement of Lp(a)
should also be considered in patients at intermediate or
borderline risk of ASCVD, particularly when the decision to
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initiate cholesterol-lowering therapy remains undecided (Cegla et al.,
2019; Mach et al,, 2019; Wilson et al.,, 2019; Pearson et al., 2021).
Testing for Lp(a) should also be considered in patients with
suboptimal reduction in LDL-C despite good adherence to statin
therapy, as well as in those with a history of progressive CAVD
(Cegla et al., 2019; Wilson et al., 2019; Handelsman et al., 2020). This
recommendation applies mainly to adults, although consideration
may also be given to testing children or adolescents with FH with
premature ischemic stroke or within the context of cascade testing
for high Lp(a) and FH (Wilson et al., 2021).

Clinical use of Lp(a) has to be seen in the context of other
cardiovascular risk factors and, hence, the estimation of an
individual’s absolute cardiovascular risk in individuals. This
implies that health economic evaluations are most likely to be
favorable when background risk is increased, as in the presence of
established or recurrent ASCVD, FH, diabetes, or multiple
cardiovascular risk factors. This notion requires verification.

The detection of Lp(a) seems to be to meet most, but not all,
classical criteria for screening for a condition (Wilson et al,
1968). The important ones that are not met are that, with the
exception of lipoprotein apheresis, there is no accepted or specific
treatment for elevated Lp(a) and hence no agreed policy on who
should be treated, noting that policy also depends on a favorable
health economic evaluation. Amongst FH patients, the case for
offering specific treatment with lipoprotein apheresis relates to is
those with recurrent ASCVD and evidence of progressive CAVD.
Lowering of Lp(a) with PCSK9 inhibitors has been shown to
contribute to a reduction in ASCVD events in post-ACS and
high-risk patients (Bittner et al., 2020; O’ Donoghue et al., 2019),
but trials have not been undertaken specifically in patients with
FH. Future studies should address the potential impact of
additional therapies that can lower Lp(a), including
obicetrapib (a CETP inhibitor) (Hovingh et al., 2015) and
resmetirom (a selective thyroid hormone receptor-f agonist)
(Harrison et al., 2019). Ongoing studies with RNA based
therapies will establish whether specific lowering of Lp(a) of
the order of 80% (Tsimikas et al., 2020b), or a mean reduction
of 100 mg/dL (Burgess et al., 2018), confers improvement in
cardiovascular outcomes in high risk individuals, but none of
these trials are specifically being carried out in patients with FH.

CONCLUSION

Towards Implementation of Improved Care
for Hyper-Lp(a)

There is clear evidence that elevated Lp(a) is a causal risk factor
for ASCVD, CAVD, and cardiovascular and all-cause mortality in
both genders and multiple ethnic groups. This risk appears to be
particularly markedly increased in patients with FH, in whom the
case for cascade testing for elevated Lp(a) extends to the benefit of
relatives affected with FH and not affected with FH.

The phenotypic diagnosis of FH may be confounded by the
cholesterol content of Lp(a), particularly when this is extremely high
and this should be accounted (Langsted et al., 2016; Chan et al.,
2019); adjusting for the cholesterol content of Lp(a) is also important
when phenotypically cascade testing relatives based on age, gender,

FH and Lp(a): Cascade Testing

and LDL-C levels. Lp(a) is a key component of risk stratification
equations in FH (Pérez de Isla et al., 2017; Paquette et al.,, 2021). A
positive association has been reported between coronary artery
calcium score and Lp(a) in population studies among people who
have not yet developed a coronary event (Gallo et al,, 2021). The
value of measuring Lp(a) in predicting the risk of aortic stenosis in
FH is critically important, particularly so in patients with
homozygous FH (Ten Kate et al., 2015; Vongpromek et al., 2015;
Pérez de Isla et al., 2021). At present, reduction of Lp(a) in people
with FH relies on the use of PCSK9 inhibitors (Bittner et al., 2020;
O’Donoghue et al., 2019), noting that niacin is not recommended in
European countries. Lipoprotein apheresis is another modality but is
expensive, labor-intensive and not widely available. (Waldmann and
Parhofer, 2016). Apheresis is reimbursable, however, in certain
countries for those with progressive coronary disease and elevated
Lp(a) concentration (Leebmann al, 2013). Antisense
oligonucleotide and small interfering RNA approaches are
currently being trialed and could in the future be the treatment
of choice for patients with elevated Lp(a) and established ASCVD
or FH.

While the results of large clinical outcome trials are awaited to
fully establish the value of screening for high Lp(a), the use of
universal, opportunistic, and selective screening strategies can be
enabled by the use of implementation strategies. These are
relevant to patients and families with or without FH. Using an
isoform independent immunoassay is essential for accurate
measurement of Lp(a) (Tsimikas et al., 2018) and this should
be a reimbursable test (Pearson et al, 2021). Alerts and
interpretive comments on laboratory reports are used to
acknowledge the value of high Lp(a) in cardiovascular risk
assessment and consideration of referral to or discussion with
a specialist. Electronic health records should employ a specific
ICD code for elevated Lp(a) which may be utilized to trigger the
testing of Lp(a) in clinical practice, as well as linkage studies and
economic valuations. The management of Lp(a) at present
requires wider promotion and acceptance by practitioners who
should develop skills in the clinical use of the test and in shared
decision-making concerning risk assessment, cascade testing of
first-degree relatives, and modification of behavioral and
standard cardiovascular risk factors.

In conclusion, evolving models of care for FH have important
lessons that can inform models of care for patients with elevated Lp(a)
and other risk factors other than FH, including familial combined
hyperlipidemia, diabetes mellitus, and hypertension (Watts et al,
2020). Finally, it is worth emphasizing that most studies to date have
been carried out in white, Caucasian populations and further
investigation of the significance and management of Lp(a) are
needed in other ethnic groups, including black Africans and
Southern and Eastern Asians (Tsimikas et al., 2018; Paré et al., 2019).

et

AUTHOR CONTRIBUTIONS

WL and GW contributed to the conceptualization. WL, DC, and
GW drafted the manuscript, and WL, DC, PM, and GW
contributed to the revision. All authors contributed to the
article and approved the submitted version.

Frontiers in Genetics | www.frontiersin.org

April 2022 | Volume 13 | Article 905941


https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Loh et al.

REFERENCES

Ademi, Z., Norman, R, Pang, ., Liew, D., Zoungas, S., Sijbrands, E., et al. (2020).
Health Economic Evaluation of Screening and Treating Children with Familial
Hypercholesterolemia Early in Life: Many Happy Returns on Investment?
Atherosclerosis 304, 1-8. doi:10.1016/j.atherosclerosis.2020.05.007

Ademi, Z., Watts, G. F,, Juniper, A., and Liew, D. (2013). A Systematic Review of
Economic Evaluations of the Detection and Treatment of Familial
Hypercholesterolemia. Int. J. Cardiol. 167 (6), 2391-2396. doi:10.1016/j.
ijcard.2013.01.280

Akioyamen, L. E., Genest, ]., Shan, S. D., Reel, R. L., Albaum, J. M., Chu, A,, et al.
(2017).  Estimating  the Prevalence of Heterozygous Familial
Hypercholesterolaemia: a Systematic Review and Meta-Analysis. BMJ Open
7 (9), €016461. doi:10.1136/bmjopen-2017-016461

Alonso, R., Argueso, R., Alvarez-Banos, P., Muniz-Grijalvo, O., Diaz-Diaz, J. L.,
and Mata, P. (2022). Familial Hypercholesterolemia and Lipoprotein (A): Two
Partners in Crime? Curr. Atheroscler. Rep. (In Press).

Alonso, R., Andres, E., Mata, N., Fuentes-Jiménez, F., Badimén, L., Lopez-Miranda,
J., et al. (2014). Lipoprotein(a) Levels in Familial Hypercholesterolemia. J. Am.
Coll. Cardiol. 63 (19), 1982-1989. doi:10.1016/j.jacc.2014.01.063

Berberich, A. J., and Hegele, R. A. (2019). The Complex Molecular Genetics of
Familial Hypercholesterolaemia. Nat. Rev. Cardiol. 16 (1), 9-20. doi:10.1038/
541569-018-0052-6

Berg, K. (1963). A New Serum Type System in Man--The Lp System. Acta Pathol.
Microbiol. Scand. 59, 369-382. doi:10.1111/].1699-0463.1963.tb01808.x

Bittner, V. A, Szarek, M., Aylward, P. E., Bhatt, D. L., Diaz, R., Edelberg, J. M., et al.
(2020). Effect of Alirocumab on Lipoprotein(a) and Cardiovascular Risk after
Acute Coronary Syndrome. J. Am. Coll. Cardiol. 75 (2), 133-144. doi:10.1016/j.
jacc.2019.10.057

Boffa, M. B., and Koschinsky, M. L. (2019). Oxidized Phospholipids as a Unifying
Theory for Lipoprotein(a) and Cardiovascular Disease. Nat. Rev. Cardiol. 16
(5), 305-318. doi:10.1038/s41569-018-0153-2

Brown, M., Kovanen, P. T., and Goldstein, J. L. (1978). Prenatal Diagnosis of
Homozygous Familial Hypercholesterolgmia Expression of a Genetic Receptor
Disease In Utero. The Lancet 311 (8063), 526-529. d0i:10.1016/s0140-6736(78)
90552-4

Burgess, S., Ference, B. A, Staley, J. R,, Freitag, D. F., Mason, A. M., Nielsen, S. F.,
etal. (2018). Association of LPAVariants with Risk of Coronary Disease and the
Implications for Lipoprotein(a)-Lowering Therapies: A Mendelian
Randomization Analysis. JAMA Cardiol. 3 (7), 619-627. doi:10.1001/
jamacardio.2018.1470

Cao, Y.-X,, Jin, J.-L., Guo, Y.-L., Sun, D., Liu, H.-H., Wu, N.-Q., et al. (2019).
Baseline and On-Statin Treatment Lipoprotein(a) Levels for Predicting
Cardiovascular Events in Patients with Familial Hypercholesterolemia.
Atherosclerosis 291, 27-33. doi:10.1016/j.atherosclerosis.2019.10.010

Cegla, J., Neely, R. D. G., France, M., Ferns, G., Byrne, C. D., Halcox, J., et al. (2019).
HEART UK Consensus Statement on Lipoprotein(a): A Call to Action.
Atherosclerosis 291, 62-70. doi:10.1016/j.atherosclerosis.2019.10.011

Chakraborty, A., Pang, J., and Chan, D. C. (2021). Cascade Testing for Elevated
Lipoprotein(a) in Relatives of Probands with Familial Hypercholesterolaemia
and Elevated Lipoprotein(a). Atherosclerosis S0021, 01417. doi:10.1016/j.
atherosclerosis.2021.11.00

Chan, D. C,, Pang, J., Hooper, A. J., Bell, D. A, Burnett, J. R, and Watts, G. F.
(2019). Effect of Lipoprotein(a) on the Diagnosis of Familial
Hypercholesterolemia: Does it Make a Difference in the Clinic? Clin. Chem.
65 (10), 1258-1266. doi:10.1373/clinchem.2019.306738

Chennamsetty, I, Claudel, T., Kostner, K. M., Baghdasaryan, A., Kratky, D., Levak-
Frank, S., et al. (2011). Farnesoid X Receptor Represses Hepatic Human APOA
Gene Expression. J. Clin. Invest. 121 (9), 3724-3734. doi:10.1172/jci45277

Clarke, R,, Peden, J. F., Hopewell, J. C., Kyriakou, T., Goel, A., Heath, S. C,, et al.
(2009). Genetic Variants Associated with Lp(a) Lipoprotein Level and
Coronary Disease. N. Engl. ]. Med. 361 (26), 2518-2528. doi:10.1056/
nejmoa0902604

Coassin, S., Schonherr, S., Weissensteiner, H., Erhart, G., Forer, L., Losso, J. L., et al.
(2019). A Comprehensive Map of Single-Base Polymorphisms in the
Hypervariable LPA Kringle IV Type 2 Copy Number Variation Region.
J. Lipid Res. 60 (1), 186-199. d0i:10.1194/jlr.m090381

FH and Lp(a): Cascade Testing

De Backer, G., Besseling, J., Chapman, J., Hovingh, G. K., Kastelein, J. . P., Kotseva,
K, et al. (2015). Prevalence and Management of Familial
Hypercholesterolaemia in Coronary Patients: An Analysis of EUROASPIRE
IV, a Study of the European Society of Cardiology. Atherosclerosis 241 (1),
169-175. doi:10.1016/j.atherosclerosis.2015.04.809

de Boer, L. M., Hof, M. H., Wiegman, A., Stroobants, A. K., Kastelein, J. J. P., and
Hutten, B. A. (2022). Lipoprotein(a) Levels from Childhood till Adulthood:
Data in Nearly 3,000 Children Who Visited a Pediatric Lipid Clinic.
Atherosclerosis $0021,00124. doi:10.1016/j.atherosclerosis.2022.03.004

Dumitrescu, L., Glenn, K., Brown-Gentry, K., Shephard, C., Wong, M., Rieder, M.
J., et al. (2011). Variation in LPA Is Associated with Lp(a) Levels in Three
Populations from the Third National Health and Nutrition Examination
Survey. PLoS One 6 (1), e16604. doi:10.1371/journal.pone.0016604

Ellis, K. L., Pérez de Isla, L., Alonso, R., Fuentes, F., Watts, G. F.,, and Mata, P.
(2019). Value of Measuring Lipoprotein(a) during Cascade Testing for Familial
Hypercholesterolemia. J. Am. Coll. Cardiol. 73 (9), 1029-1039. doi:10.1016/j.
jacc.2018.12.037

Emerging Risk Factors, C., Erqou, S., Kaptoge, S., Perry, P. L., Di Angelantonio, E.,
Thompson, A., et al. (2009). Lipoprotein(a) Concentration and the Risk of
Coronary Heart Disease, Stroke, and Nonvascular Mortality. JAMA 302 (4),
412-423. doi:10.1001/jama.2009.1063

Enkhmaa, B., Anuurad, E., and Berglund, L. (2016). Lipoprotein (A): Impact by
Ethnicity and Environmental and Medical Conditions. J. Lipid Res. 57 (7),
1111-1125. doi:10.1194/jlr.r051904

Fellin, R., Arca, M., Zuliani, G., Calandra, S., and Bertolini, S. (2015). The History
of Autosomal Recessive Hypercholesterolemia (ARH). From Clinical
Observations to Gene Identification. Gene 555 (1), 23-32. doi:10.1016/j.
gene.2014.09.020

Gallo, A., Pérez de Isla, L., Charriére, S., Vimont, A., Alonso, R., Muniz-Grijalvo,
0., et al. (2021). The Added Value of Coronary Calcium Score in Predicting
Cardiovascular Events in Familial Hypercholesterolemia. JACC Cardiovasc.
Imaging 14 (12), 2414-2424. doi:10.1016/j.jcmg.2021.06.011

Gallo, A., Charriere, S., Vimont, A., Chapman, M. J., Angoulvant, D., Boccara, F.,
et al. (2020). SAFEHEART Risk-Equation and Cholesterol-Year-Score Are
Powerful Predictors of Cardiovascular Events in French Patients with Familial
Hypercholesterolemia.  Atherosclerosis 306,  41-49.  doi:10.1016/j.
atherosclerosis.2020.06.011

Genest, J., Jr., Jenner, J. L., McNamara, J. R., Ordovas, J. M., Silberman, S. R.,
Wilson, P. W. E,, et al. (1991). Prevalence of Lipoprotein (A) [Lp(a)] Excess in
Coronary Artery Disease. Am. J. Cardiol. 67 (13), 1039-1045. d0i:10.1016/0002-
9149(91)90862-f

Goldstein, J. L., and Brown, M. S. (1974). Binding and Degradation of Low Density
Lipoproteins by Cultured Human Fibroblasts. J. Biol Chem. 249 (16),
5153-5162. doi:10.1016/s0021-9258(19)42341-7

Goldstein, J. L., and Brown, M. S. (2009). The LDL Receptor. Arterioscler. Thromb.
Vasc. Biol. 29 (4), 431-438. doi:10.1161/atvbaha.108.179564

Grundy, S. M, Stone, N. ], and Bailey, A. L. (2018). AHA/ACC/AACVPR/AAPA/
ABC/ACPM/ADA/AGS/APhA/ASPC/NLA/PCNA  Guideline on  the
Management of Blood Cholesterol: A Report of the American College of
Cardiology/American Heart Association Task Force on Clinical Practice
Guidelines. Circulation 139 (25), e1082-e1143.

Guddeti, R. R., Patil, S., Ahmed, A., Sharma, A., Aboeata, A., Lavie, C. J., et al.
(2020). Lipoprotein(a) and Calcific Aortic Valve Stenosis: A Systematic
Review. Prog. Cardiovasc. Dis. 63 (4), 496-502. doi:10.1016/j.pcad.2020.
06.002

Handelsman, Y., Jellinger, P. S., Guerin, C. K., Bloomgarden, Z. T., Brinton, E. A.,
Budoff, M. J., et al. (2020). Consensus Statement by the American Association
of Clinical Endocrinologists and American College of Endocrinology on the
Management of Dyslipidemia and Prevention of Cardiovascular Disease
Algorithm - 2020 Executive Summary. Endocr. Pract. 26 (10), 1196-1224.
do0i:10.4158/cs-2020-0490

Harrison, S. A, Bashir, M. R,, Guy, C. D, Zhou, R, Moylan, C. A,, Frias, J. P., et al.
(2019). Resmetirom (MGL-3196) for the Treatment of Non-alcoholic
Steatohepatitis: a Multicentre, Randomised, Double-Blind, Placebo-
Controlled, Phase 2 Trial. The Lancet 394 (10213), 2012-2024. doi:10.1016/
$0140-6736(19)32517-6

Hoekstra, M., Chen, H. Y., Rong, J., Dufresne, L., Yao, J., Guo, X,, et al. (2021).
Genome-Wide Association Study Highlights APOH as a Novel Locus for

Frontiers in Genetics | www.frontiersin.org

12

April 2022 | Volume 13 | Article 905941


https://doi.org/10.1016/j.atherosclerosis.2020.05.007
https://doi.org/10.1016/j.ijcard.2013.01.280
https://doi.org/10.1016/j.ijcard.2013.01.280
https://doi.org/10.1136/bmjopen-2017-016461
https://doi.org/10.1016/j.jacc.2014.01.063
https://doi.org/10.1038/s41569-018-0052-6
https://doi.org/10.1038/s41569-018-0052-6
https://doi.org/10.1111/j.1699-0463.1963.tb01808.x
https://doi.org/10.1016/j.jacc.2019.10.057
https://doi.org/10.1016/j.jacc.2019.10.057
https://doi.org/10.1038/s41569-018-0153-2
https://doi.org/10.1016/s0140-6736(78)90552-4
https://doi.org/10.1016/s0140-6736(78)90552-4
https://doi.org/10.1001/jamacardio.2018.1470
https://doi.org/10.1001/jamacardio.2018.1470
https://doi.org/10.1016/j.atherosclerosis.2019.10.010
https://doi.org/10.1016/j.atherosclerosis.2019.10.011
https://doi.org/10.1016/j.atherosclerosis.2021.11.00
https://doi.org/10.1016/j.atherosclerosis.2021.11.00
https://doi.org/10.1373/clinchem.2019.306738
https://doi.org/10.1172/jci45277
https://doi.org/10.1056/nejmoa0902604
https://doi.org/10.1056/nejmoa0902604
https://doi.org/10.1194/jlr.m090381
https://doi.org/10.1016/j.atherosclerosis.2015.04.809
https://doi.org/10.1016/j.atherosclerosis.2022.03.004
https://doi.org/10.1371/journal.pone.0016604
https://doi.org/10.1016/j.jacc.2018.12.037
https://doi.org/10.1016/j.jacc.2018.12.037
https://doi.org/10.1001/jama.2009.1063
https://doi.org/10.1194/jlr.r051904
https://doi.org/10.1016/j.gene.2014.09.020
https://doi.org/10.1016/j.gene.2014.09.020
https://doi.org/10.1016/j.jcmg.2021.06.011
https://doi.org/10.1016/j.atherosclerosis.2020.06.011
https://doi.org/10.1016/j.atherosclerosis.2020.06.011
https://doi.org/10.1016/0002-9149(91)90862-f
https://doi.org/10.1016/0002-9149(91)90862-f
https://doi.org/10.1016/s0021-9258(19)42341-7
https://doi.org/10.1161/atvbaha.108.179564
https://doi.org/10.1016/j.pcad.2020.06.002
https://doi.org/10.1016/j.pcad.2020.06.002
https://doi.org/10.4158/cs-2020-0490
https://doi.org/10.1016/s0140-6736(19)32517-6
https://doi.org/10.1016/s0140-6736(19)32517-6
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Loh et al.

Lipoprotein(a) Levels-Brief Report. Arterioscler Thromb. Vasc. Biol. 41 (1),
458-464. doi:10.1161/ATVBAHA.120.314965

Hopkins, P. N. (2017). Putting into Perspective the Hazards of Untreated Familial
Hypercholesterolemia. J. Am. Heart Assoc. 6 (6), 006553. doi:10.1161/JAHA.
117.006553

Hovingh, G. K., Kastelein, J. J. P., van Deventer, S. J. H., Round, P., Ford, J.,
Saleheen, D, et al. (2015). Cholesterol Ester Transfer Protein Inhibition by TA-
8995 in Patients with Mild Dyslipidaemia (TULIP): a Randomised, Double-
Blind, Placebo-Controlled Phase 2 Trial. The Lancet 386 (9992), 452-460.
doi:10.1016/s0140-6736(15)60158-1

Hu, P., Dharmayat, K. I, Stevens, C. A. T., Sharabiani, M. T. A, Jones, R. S., Watts,
G. F,, et al. (2020). Prevalence of Familial Hypercholesterolemia Among the
General Population and Patients with Atherosclerotic Cardiovascular Disease:
A Systematic Review and Meta-Analysis. Circulation 141 (22), 1742-1759.
doi:10.1161/circulationaha.119.044795

Tacocca, M. A., Chora, J. R,, Carrié, A., Freiberger, T., Leigh, S. E., Defesche, J. C.,
et al. (2018). ClinVar Database of Global Familial Hypercholesterolemia-
associated DNA Variants. Hum. Mutat. 39 (11), 1631-1640. doi:10.1002/
humu.23634

Jackson, C. L., Huschka, T., Borah, B., Agre, K., Zordok, M., Farwati, M., et al.
(2021). Testing for
Hypercholesterolemia in the United States: A Simulation Analysis. Am.
J. Prev. Cardiol. 8, 100245. doi:10.1016/j.ajpc.2021.100245

Jaeger, B. R, Richter, Y., Richter, Y., Nagel, D., Heigl, F., Vogt, A., et al. (2009).
Longitudinal Cohort Study on the Effectiveness of Lipid Apheresis Treatment
to Reduce High Lipoprotein(a) Levels and Prevent Major Adverse Coronary
Events. Nat. Rev. Cardiol. 6 (3), 229-239. doi:10.1038/ncpcardio1456

Kamstrup, P. R, Benn, M., Tybjerg-Hansen, A., and Nordestgaard, B. G. (2008).
Extreme Lipoprotein(a) Levels and Risk of Myocardial Infarction in the General
Population: the Copenhagen City Heart Study. Circulation 117 (2), 176-184.
doi:10.1161/circulationaha.107.715698

Kamstrup, P. R., Hung, M.-Y., Witztum, J. L., Tsimikas, S., and Nordestgaard, B. G.
(2017). Oxidized Phospholipids and Risk of Calcific Aortic Valve Disease: The
Copenhagen General Population Study. Arterioscler. Thromb. Vasc. Biol. 37 (8),
1570-1578. doi:10.1161/atvbaha.116.308761

Kamstrup, P. R., and Nordestgaard, B. G. (2016). Elevated Lipoprotein(a) Levels,
LPA Risk Genotypes, and Increased Risk of Heart Failure in the General
Population. JACC: Heart Fail. 4 (1), 78-87. doi:10.1016/j.jchf.2015.08.006

Kamstrup, P. R., Tybjaerg-Hansen, A., Steffensen, R., and Nordestgaard, B. G.
(2009). Genetically Elevated Lipoprotein(a) and Increased Risk of Myocardial
Infarction. JAMA 301 (22), 2331-2339. doi:10.1001/jama.2009.801

Kamstrup, P. R, Tybjeerg-Hansen, A., and Nordestgaard, B. G. (2014). Elevated
Lipoprotein(a) and Risk of Aortic Valve Stenosis in the General Population.
J. Am. Coll. Cardiol. 63 (5), 470-477. doi:10.1016/j.jacc.2013.09.038

Kerr, M., Pears, R,, Miedzybrodzka, Z., Haralambos, K., Cather, M., Watson, M., et al.
(2017). Cost Effectiveness of cascade Testing for Familial Hypercholesterolaemia,
Based on Data from Familial Hypercholesterolaemia Services in the UK. Eur. Heart
J. 38 (23), 1832-1839. doi:10.1093/eurheartj/ehx111

Khera, A. V., and Hegele, R. A. (2020). What Is Familial Hypercholesterolemia, and
Why Does it Matter? Circulation 141 (22), 1760-1763. doi:10.1161/
circulationaha.120.046961

Khera, A. V., Won, H.-H,, Peloso, G. M., Lawson, K. S., Bartz, T. M., Deng, X., et al.
(2016). Diagnostic Yield and Clinical Utility of Sequencing Familial
Hypercholesterolemia Genes in Patients with Severe Hypercholesterolemia.
J. Am. Coll. Cardiol. 67 (22), 2578-2589. d0i:10.1016/j.jacc.2016.03.520

Knowles, J. W., Rader, D. J., and Khoury, M. J. (2017). Cascade Screening for
Familial Hypercholesterolemia and the Use of Genetic Testing. JAMA 318 (4),
381-382. doi:10.1001/jama.2017.8543

Kostner, G. M., Czinner, A., Pfeiffer, K. H., and Bihari-Varga, M. (1991).
Lipoprotein (A) Concentrations as Risk Indicators for Atherosclerosis. Arch.
Dis. Child. 66 (9), 1054-1056. doi:10.1136/adc.66.9.1054

Kostner, K. M., Marz, W., and Kostner, G. M. (2013). When Should We Measure
Lipoprotein (A)? Eur. Heart J. 34 (42), 3268-3276. doi:10.1093/eurheartj/
eht053

Kraft, H. G., Lingenhel, A., Raal, F. ]., Hohenegger, M., and Utermann, G. (2000).
Lipoprotein(a) in Homozygous Familial Hypercholesterolemia. Atvb 20 (2),
522-528. doi:10.1161/01.atv.20.2.522

Cost-effectiveness of cascade Genetic Familial

FH and Lp(a): Cascade Testing

Kronenberg, F. (2016). Human Genetics and the Causal Role of Lipoprotein(a) for
Various Diseases. Cardiovasc. Drugs Ther. 30 (1), 87-100. doi:10.1007/s10557-
016-6648-3

Lamina, C., Kronenberg, F.,, and Lp, G. C. (2019). Estimation of the Required
Lipoprotein(a)-Lowering Therapeutic Effect Size for Reduction in Coronary
Heart Disease Outcomes: A Mendelian Randomization Analysis. JAMA
Cardiol. 4 (6), 575-579. doi:10.1001/jamacardio.2019.1041

Langsted, A., and Nordestgaard, B. G. (2022). Lipoprotein(a) as Part of the
Diagnosis of Clinical Familial Hypercholesterolemia. Curr. Atheroscler. Rep.
doi:10.1007/s11883-022-01002-0

Langsted, A., Kamstrup, P. R., Benn, M., Tybjarg-Hansen, A., and Nordestgaard,
B. G. (2016). High Lipoprotein(a) as a Possible Cause of Clinical Familial
Hypercholesterolaemia: a Prospective Cohort Study. Lancet Diabetes
Endocrinol. 4 (7), 577-587. doi:10.1016/s2213-8587(16)30042-0

Langsted, A., Nordestgaard, B. G., and Kamstrup, P. R. (2019). Elevated
Lipoprotein(a) and Risk of Ischemic Stroke. J. Am. Coll. Cardiol. 74 (1),
54-66. doi:10.1016/j.jacc.2019.03.524

Lazaro, P., Pérez de Isla, L., Watts, G. F., Alonso, R., Norman, R., Muiiz, O., et al.
(2017). Cost-effectiveness of a cascade Screening Program for the Early
Detection of Familial Hypercholesterolemia. J. Clin. Lipidol. 11 (1), 260-271.
doi:10.1016/j.jacl.2017.01.002

Leebmann, J., Roeseler, E., Julius, U., Heigl, F., Spitthoever, R., Heutling, D., et al.
(2013). Lipoprotein Apheresis in Patients with Maximally Tolerated Lipid-
Lowering Therapy, Lipoprotein(a)-Hyperlipoproteinemia, and Progressive
Cardiovascular Disease. Circulation 128 (24), 2567-2576. doi:10.1161/
circulationaha.113.002432

Loh, W. J.,, Chang, X,, and Aw, T. C. (2021). Lipoprotein(a) as Predictor of
Coronary Artery Disease and Myocardial Infarction in a Multi-Ethnic Asian
Population. Atherosclerosis S0021, 01446. doi:10.1016/j.atherosclerosis.2021.
11.018

Mach, F,, Baigent, C., Catapano, A. L., Koskinas, K. C., Casula, M., Badimon, L.,
etal. (2019). 2019 ESC/EAS Guidelines for the Management of Dyslipidaemias:
Lipid Modification to Reduce Cardiovascular Risk. Eur. Heart ]. 41 (1),
111-188. doi:10.1093/eurheartj/ehz455

Madsen, C. M., Kamstrup, P. R,, Langsted, A., Varbo, A., and Nordestgaard, B. G.
(2020). Lipoprotein(a)-Lowering by 50 mg/dL (105 nmol/L) May Be Needed to
Reduce Cardiovascular Disease 20% in Secondary Prevention: A Population-
Based Study. Arterioscler Thromb. Vasc. Biol. 40 (1), 255-266. doi:10.1161/
ATVBAHA.119.312951

Marang-van de Mheen, P., ten Asbroek, A. H. A,, Bonneux, L., Bonsel, G. J., and
Klazinga, N. S. (2002). Cost-effectiveness of a Family and DNA Based Screening
Programme on Familial Hypercholesterolaemia in The Netherlands. Eur. Heart
J. 23 (24), 1922-1930. doi:10.1053/euhj.2002.3281

Mata, P., Alonso, R., Pérez de Isla, L., and Badimon, L. (2021). Dyslipidemia and
Aortic Valve Disease. Curr. Opin. Lipidol. 32 (6), 349-354. doi:10.1097/mol.
0000000000000794

Miserez, A. R., and Keller, U. (1995). Differences in the Phenotypic Characteristics
of Subjects with Familial Defective Apolipoprotein B-100 and Familial
Hypercholesterolemia. Arterioscler. Thromb. Vasc. Biol 15 (10), 1719-1729.
doi:10.1161/01.atv.15.10.1719

Moriarty, P. M., Varvel, S. A, Gordts, P. L. S. M., McConnell, J. P., and Tsimikas, S.
(2017). Lipoprotein(a) Mass Levels Increase Significantly According to APOE
Genotype: An Analysis of 431 239 Patients. Arterioscler. Thromb. Vasc. Biol 37
(3), 580-588. doi:10.1161/atvbaha.116.308704

Miiller, C. (1938). Xanthomata, Hypercholesterolemia. Angina Pectoris 95
(S89), 75.

Nordestgaard, B. G., Chapman, M. J., Humphries, S. E., Ginsberg, H. N., Masana,
L., Descamps, O. S., et al. (2013). 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. 34 (45), 3478-3490. doi:10.
1093/eurheartj/eht273

Nordestgaard, B. G., Chapman, M. J., Ray, K., Borén, J., Andreotti, F., Watts, G. F.,
et al. (2010). Lipoprotein(a) as a Cardiovascular Risk Factor: Current Status.
Eur. Heart J. 31 (23), 2844-2853. doi:10.1093/eurheartj/ehq386

O’Donoghue, M. L,, Fazio, S., Giugliano, R. P., Stroes, E. S. G., Kanevsky, E., Gouni-
Berthold, I, et al. (2019). Lipoprotein(a), PCSK9 Inhibition, and Cardiovascular

Frontiers in Genetics | www.frontiersin.org

13

April 2022 | Volume 13 | Article 905941


https://doi.org/10.1161/ATVBAHA.120.314965
https://doi.org/10.1161/JAHA.117.006553
https://doi.org/10.1161/JAHA.117.006553
https://doi.org/10.1016/s0140-6736(15)60158-1
https://doi.org/10.1161/circulationaha.119.044795
https://doi.org/10.1002/humu.23634
https://doi.org/10.1002/humu.23634
https://doi.org/10.1016/j.ajpc.2021.100245
https://doi.org/10.1038/ncpcardio1456
https://doi.org/10.1161/circulationaha.107.715698
https://doi.org/10.1161/atvbaha.116.308761
https://doi.org/10.1016/j.jchf.2015.08.006
https://doi.org/10.1001/jama.2009.801
https://doi.org/10.1016/j.jacc.2013.09.038
https://doi.org/10.1093/eurheartj/ehx111
https://doi.org/10.1161/circulationaha.120.046961
https://doi.org/10.1161/circulationaha.120.046961
https://doi.org/10.1016/j.jacc.2016.03.520
https://doi.org/10.1001/jama.2017.8543
https://doi.org/10.1136/adc.66.9.1054
https://doi.org/10.1093/eurheartj/eht053
https://doi.org/10.1093/eurheartj/eht053
https://doi.org/10.1161/01.atv.20.2.522
https://doi.org/10.1007/s10557-016-6648-3
https://doi.org/10.1007/s10557-016-6648-3
https://doi.org/10.1001/jamacardio.2019.1041
https://doi.org/10.1007/s11883-022-01002-0
https://doi.org/10.1016/s2213-8587(16)30042-0
https://doi.org/10.1016/j.jacc.2019.03.524
https://doi.org/10.1016/j.jacl.2017.01.002
https://doi.org/10.1161/circulationaha.113.002432
https://doi.org/10.1161/circulationaha.113.002432
https://doi.org/10.1016/j.atherosclerosis.2021.11.018
https://doi.org/10.1016/j.atherosclerosis.2021.11.018
https://doi.org/10.1093/eurheartj/ehz455
https://doi.org/10.1161/ATVBAHA.119.312951
https://doi.org/10.1161/ATVBAHA.119.312951
https://doi.org/10.1053/euhj.2002.3281
https://doi.org/10.1097/mol.0000000000000794
https://doi.org/10.1097/mol.0000000000000794
https://doi.org/10.1161/01.atv.15.10.1719
https://doi.org/10.1161/atvbaha.116.308704
https://doi.org/10.1093/eurheartj/eht273
https://doi.org/10.1093/eurheartj/eht273
https://doi.org/10.1093/eurheartj/ehq386
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Loh et al.

Risk. Circulation 139 (12), 1483-1492. doi:10.1161/CIRCULATIONAHA.118.
037184

Page, M. M., Ellis, K. L., Pang, J., Chan, D. C., Hooper, A. ], Bell, D. A, et al. (2020).
Coronary Artery Disease and the Risk-Associated LPA Variants, Rs3798220
and Rs10455872, in Patients with Suspected Familial Hypercholesterolaemia.
Clinica Chim. Acta 510, 211-215. doi:10.1016/j.cca.2020.07.029

Paquette, M., Bernard, S., Cariou, B., Hegele, R. A., Genest, ]., Trinder, M., et al.
(2021). Familial Hypercholesterolemia-Risk-Score: A New Score Predicting
Cardiovascular Events and Cardiovascular Mortality in Familial
Hypercholesterolemia. Atvb 41 (10), 2632-2640. doi:10.1161/atvbaha.121.
316106

Paré, G., Caku, A., McQueen, M., Anand, S. S., Enas, E., Clarke, R,, et al. (2019).
Lipoprotein(a) Levels and the Risk of Myocardial Infarction Among 7 Ethnic
Groups. Circulation 139 (12), 1472-1482. doi:10.1161/circulationaha.118.
034311

Patel, A. P., Wang, M., Pirruccello, J. P., Ellinor, P. T., Ng, K., Kathiresan, S., et al.
(2021). Lp(a) (Lipoprotein[a]) Concentrations and Incident Atherosclerotic
Cardiovascular Disease: New Insights from a Large National Biobank.
Arterioscler Thromb. Vasc. Biol. 41 (1), 465-474. doi:10.1161/ATVBAHA.
120.315291

Pearson, G. J., Thanassoulis, G., Anderson, T. J., Barry, A. R., Couture, P., Dayan,
N., et al. (2021). 2021 Canadian Cardiovascular Society Guidelines for the
Management of Dyslipidemia for the Prevention of Cardiovascular Disease in
Adults. Can. J. Cardiol. 37 (8), 1129-1150. doi:10.1016/j.cjca.2021.03.016

Pérez de Isla, L, Watts, G. F., and Alonso, R. (2021). Lipoprotein(a), LDL-
Cholesterol, and Hypertension: Predictors of the Need for Aortic Valve
Replacement in Familial Hypercholesterolaemia. Eur. Heart J. 42 (22), 2201.
doi:10.1093/eurheartj/ehaal 066

Perez de Isla, L., Watts, G. F., and Muniz-Grijalvo, O. (2021). A Resilient Type of
Familial Hypercholesterolaemia: Case-Control Follow-Up of Genetically
Characterized Older Patients in the SAFEHEART Cohort. Eur. J. Prev.
Cardiol. zwab185. doi:10.1093/eurjpc/zwab185

Pérez de Isla, L., Alonso, R., Mata, N., Ferndndez-Pérez, C., Muiiz, O., Diaz-Diaz,
J. L, et al (2017). Predicting Cardiovascular Events in Familial
Hypercholesterolemia: The SAFEHEART Registry (Spanish Familial
Hypercholesterolemia Cohort Study). Circulation 135 (22), 2133-2144.
doi:10.1161/circulationaha.116.024541

Perez-Calahorra, S., Laclaustra, M., Marco-Benedi, V., Lamiquiz-Moneo, L., Pedro-
Botet, J., Plana, N,, et al. (2019). Effect of Lipid-Lowering Treatment in
Cardiovascular Disease Prevalence in Familial Hypercholesterolemia.
Atherosclerosis 284, 245-252. doi:10.1016/j.atherosclerosis.2019.02.003

Perrot, N., Thériault, S., Dina, C., Chen, H. Y., Boekholdt, S. M., Rigade, S., et al.
(2019). Genetic Variation in LPA, Calcific Aortic Valve Stenosis in Patients
Undergoing Cardiac Surgery, and Familial Risk of Aortic Valve
Microcalcification. JAMA Cardiol. 4 (7), 620-627. doi:10.1001/jamacardio.
2019.1581

Perrot, N., Verbeek, R., Sandhu, M., Boekholdt, S. M., Hovingh, G. K., Wareham,
N. J, et al. (2017). Ideal Cardiovascular Health Influences Cardiovascular
Disease Risk Associated with High Lipoprotein(a) Levels and Genotype: The
EPIC-Norfolk Prospective Population Study. Atherosclerosis 256, 47-52. doi:10.
1016/j.atherosclerosis.2016.11.010

Reyes-Soffer, G., Ginsberg, H. N., Berglund, L., Duell, P. B., Heffron, S. P,
Kamstrup, P. R, et al. (2022). Lipoprotein(a): A Genetically Determined,
Causal, and Prevalent Risk Factor for Atherosclerotic Cardiovascular
Disease: A Scientific Statement from the American Heart Association.
Arterioscler Thromb. Biol. 42 (1), e48-e60. doi:10.1161/ATV.
0000000000000147

Rosenson, R. S., and Goonewardena, S. N. (2021). The Residual Risk Odyssey:
From LDL to Lp(a). J. Am. Coll. Cardiol. 78 (5), 434-436. doi:10.1016/j.jacc.
2021.04.103

Routi, T., Ronnemaa, T., Jokinen, E., Viikari, J., Niinikoski, H., Leino, A., et al.
(1996). Correlation of Toddlers” Serum Lipoprotein(a) Concentration with
Parental Values and Grandparents’ Coronary Heart Disease: the STRIP Baby
Study. Acta Paediatr. 85 (4), 407-412. do0i:10.1111/j.1651-2227.1996.tb14051.x

Said, M. A, Yeung, M. W,, van de Vegte, Y. J., Benjamins, ]. W., Dullaart, R. P. F.,
Ruotsalainen, S., et al. (2021). Genome-Wide Association Study and
Identification Variant on Lipoprotein(a)
Concentration Variant on  Lipoprotein(a)

Vasc.

of a Protective Missense

Protective Missense

FH and Lp(a): Cascade Testing

Concentration-Brief Report. Arterioscler. Thromb. Vasc Biol 41
1792-1800. doi:10.1161/atvbaha.120.315300

Santos, R. D., Gidding, S. S., Hegele, R. A., Cuchel, M. A,, Barter, P. J., Watts, G. F.,
et al. (2016). Defining Severe Familial Hypercholesterolaemia and the
Implications for Clinical Management: a Consensus Statement from the
International Atherosclerosis Society Severe Familial Hypercholesterolemia
Panel. Lancet Diabetes Endocrinol. 4 (10), 850-861. doi:10.1016/s2213-
8587(16)30041-9

Schmidt, K., Noureen, A., Kronenberg, F., and Utermann, G. (2016). Structure,
Function, and Genetics of Lipoprotein (A). J. Lipid Res. 57 (8), 1339-1359.
doi:10.1 194/j1r.r067314

Sjouke, B., Yahya, R,, Tanck, M. W. T., Defesche, J. C., de Graaf, J., Wiegman, A.,
et al. (2017). Plasma Lipoprotein(a) Levels in Patients with Homozygous
Autosomal Dominant Hypercholesterolemia. J. Clin. Lipidol. 11 (2),
507-514. doi:10.1016/j.jacl.2017.02.010

Sniderman, A. D., Glavinovic, T., and Thanassoulis, G. (2022). Key
Questions about Familial Hypercholesterolemia: JACC Review Topic
of the Week. J. Am. Coll. Cardiol. 79 (10), 1023-1031. doi:10.1016/j.
jacc.2022.01.010

Srinivasan, S. R, Dahlen, G. H,, Jarpa, R. A., Webber, L. S., and Berenson, G. S.
(1991). Racial (black-white) Differences in Serum Lipoprotein (A) Distribution
and its Relation to Parental Myocardial Infarction in Children. Bogalusa Heart
Study. Circulation 84 (1), 160-167. doi:10.1161/01.cir.84.1.160

Strandkjeer, N., Hansen, M. K., and Nielsen, S. T. (2021). Lipoprotein(a) Levels at
Birth and in Early Childhood: The COMPARE Study. J. Clin. Endocrinol.
Metab. 107 (2), 324-335. doi:10.1210/clinem/dgab734

Tada, H., Kawashiri, M.-a., Yoshida, T., Teramoto, R., Nohara, A., Konno, T, et al.
(2016). Lipoprotein(a) in Familial Hypercholesterolemia with Proprotein
Convertase Subtilisin/Kexin Type 9 (PCSK9) Gain-Of-Function Mutations.
Circ. J. 80 (2), 512-518. doi:10.1253/circj.cj-15-0999

Ten Kate, G.-J. R,, Bos, S., Dedic, A., Neefjes, L. A., Kurata, A, Langendonk, J. G.,
et al. (2015). Increased Aortic Valve Calcification Familial
Hypercholesterolemia: Prevalence, Extent, and Associated Risk Factors.
J. Am. Coll. Cardiol. 66 (24), 2687-2695. doi:10.1016/j.jacc.2015.09.087

Thanassoulis, G. (2019). Screening for High Lipoprotein(a). Circulation 139 (12),
1493-1496. doi:10.1161/circulationaha.119.038989

Trinder, M., Uddin, M. M., Finneran, P., Aragam, K. G., and Natarajan, P. (2020).
Clinical Utility of Lipoprotein(a) and LPA Genetic Risk Score in Risk Prediction
of Incident Atherosclerotic Cardiovascular Disease. JAMA Cardiol. 6, 1. doi:10.
1001/jamacardio.2020.5398

Trinder, M., DeCastro, M. L., Azizi, H., Cermakova, L., Jackson, L. M., Frohlich, J.,
et al. (2020). Ascertainment Bias in the Association between Elevated
Lipoprotein(a) and Familial Hypercholesterolemia. J. Am. Coll. Cardiol. 75
(21), 2682-2693. doi:10.1016/j.jacc.2020.03.065

Tsimikas, S., Fazio, S., Ferdinand, K. C., Ginsberg, H. N., Koschinsky, M. L.,
Marcovina, S. M., et al. (2018). NHLBI Working Group Recommendations to
Reduce Lipoprotein(a)-Mediated Risk of Cardiovascular Disease and Aortic
Stenosis. J. Am. Coll. Cardiol. 71 (2), 177-192. doi:10.1016/j.jacc.2017.11.014

Tsimikas, S., Gordts, P. L. S. M., Nora, C., Yeang, C., and Witztum, J. L. (2020).
Statin Therapy Increases Lipoprotein(a) Levels. Eur. Heart ]. 41 (24),
2275-2284. doi:10.1093/eurheartj/ehz310

Tsimikas, S., Karwatowska-Prokopczuk, E., Gouni-Berthold, I, Tardif, J.-C., Baum,
S.J., Steinhagen-Thiessen, E., et al. (2020). Lipoprotein(a) Reduction in Persons
with Cardiovascular Disease. N. Engl. J. Med. 382 (3), 244-255. doi:10.1056/
nejmoal905239

Tsimikas, S., and Stroes, E. S. G. (2020). The Dedicated "Lp(a) Clinic": A Concept
Whose Time Has Arrived? Atherosclerosis 300, 1-9. doi:10.1016/j.
atherosclerosis.2020.03.003

Usifo, E., Leigh, S. E. A,, Whittall, R. A,, Lench, N,, Taylor, A., Yeats, C,, et al.
(2012). Low-density Lipoprotein Receptor Gene Familial Hypercholesterolemia
Variant Database: Update and Pathological Assessment. Ann. Hum. Genet. 76
(5), 387-401. doi:10.1111/j.1469-1809.2012.00724.x

Utermann, G., Menzel, H. J., Kraft, H. G., Duba, H. C., Kemmler, H. G., and Seitz,
C. (1987). Lp(a) Glycoprotein Phenotypes. Inheritance and Relation to Lp(a)-
Lipoprotein Concentrations in Plasma. J. Clin. Invest. 80 (2), 458-465. doi:10.
1172/jcil13093

Vongpromek, R., Bos, S., Ten Kate, G.-J. R,, Yahya, R, Verhoeven, A. J. M., de
Feyter, P. J., et al. (2015). Lipoprotein(a) Levels Are Associated with Aortic

(5

in

Frontiers in Genetics | www.frontiersin.org

14

April 2022 | Volume 13 | Article 905941


https://doi.org/10.1161/CIRCULATIONAHA.118.037184
https://doi.org/10.1161/CIRCULATIONAHA.118.037184
https://doi.org/10.1016/j.cca.2020.07.029
https://doi.org/10.1161/atvbaha.121.316106
https://doi.org/10.1161/atvbaha.121.316106
https://doi.org/10.1161/circulationaha.118.034311
https://doi.org/10.1161/circulationaha.118.034311
https://doi.org/10.1161/ATVBAHA.120.315291
https://doi.org/10.1161/ATVBAHA.120.315291
https://doi.org/10.1016/j.cjca.2021.03.016
https://doi.org/10.1093/eurheartj/ehaa1066
https://doi.org/10.1093/eurjpc/zwab185
https://doi.org/10.1161/circulationaha.116.024541
https://doi.org/10.1016/j.atherosclerosis.2019.02.003
https://doi.org/10.1001/jamacardio.2019.1581
https://doi.org/10.1001/jamacardio.2019.1581
https://doi.org/10.1016/j.atherosclerosis.2016.11.010
https://doi.org/10.1016/j.atherosclerosis.2016.11.010
https://doi.org/10.1161/ATV.0000000000000147
https://doi.org/10.1161/ATV.0000000000000147
https://doi.org/10.1016/j.jacc.2021.04.103
https://doi.org/10.1016/j.jacc.2021.04.103
https://doi.org/10.1111/j.1651-2227.1996.tb14051.x
https://doi.org/10.1161/atvbaha.120.315300
https://doi.org/10.1016/s2213-8587(16)30041-9
https://doi.org/10.1016/s2213-8587(16)30041-9
https://doi.org/10.1194/jlr.r067314
https://doi.org/10.1016/j.jacl.2017.02.010
https://doi.org/10.1016/j.jacc.2022.01.010
https://doi.org/10.1016/j.jacc.2022.01.010
https://doi.org/10.1161/01.cir.84.1.160
https://doi.org/10.1210/clinem/dgab734
https://doi.org/10.1253/circj.cj-15-0999
https://doi.org/10.1016/j.jacc.2015.09.087
https://doi.org/10.1161/circulationaha.119.038989
https://doi.org/10.1001/jamacardio.2020.5398
https://doi.org/10.1001/jamacardio.2020.5398
https://doi.org/10.1016/j.jacc.2020.03.065
https://doi.org/10.1016/j.jacc.2017.11.014
https://doi.org/10.1093/eurheartj/ehz310
https://doi.org/10.1056/nejmoa1905239
https://doi.org/10.1056/nejmoa1905239
https://doi.org/10.1016/j.atherosclerosis.2020.03.003
https://doi.org/10.1016/j.atherosclerosis.2020.03.003
https://doi.org/10.1111/j.1469-1809.2012.00724.x
https://doi.org/10.1172/jci113093
https://doi.org/10.1172/jci113093
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Loh et al.

Valve  Calcification in  Asymptomatic  Patients  with ~ Familial
Hypercholesterolaemia. J. Intern. Med. 278 (2), 166-173. doi:10.1111/joim.
12335

Vuorio, A., Watts, G. F., and Kovanen, P. T. (2017). Depicting New
Pharmacological Strategies for Familial Hypercholesterolaemia Involving
Lipoprotein (A). Eur. Heart ]. 38 (48), 3555-3559. do0i:10.1093/eurheartj/
ehx546

Vuorio, A., Watts, G. F., Schneider, W. J., Tsimikas, S., and Kovanen, P. T. (2020).
Familial Hypercholesterolemia and Elevated Lipoprotein(a): Double Heritable
Risk and New Therapeutic Opportunities. J. Intern. Med. 287 (1), 2-18. doi:10.
1111/joim.12981

Wald, D. S., Bestwick, J. P., Morris, J. K., Whyte, K., Jenkins, L., and Wald, N.
J. (2016). Child-Parent Familial Hypercholesterolemia Screening in
Primary Care. N. Engl. J. Med. 375 (17), 1628-1637. doi:10.1056/
nejmoal602777

Waldmann, E., and Parhofer, K. G. (2016). Lipoprotein Apheresis to Treat
Elevated Lipoprotein (A). J. Lipid Res. 57 (10), 1751-1757. doi:10.1194/jlr.
1056549

Watts, G. F,, Sullivan, D. R,, Hare, D. L., Kostner, K. M., Horton, A. E,, Bell, D. A,
et al. (2021). Integrated Guidance for Enhancing the Care of Familial
Hypercholesterolaemia in Australia. Heart Lung Circ. 30 (3), 324-349.
doi:10.1016/.h1c.2020.09.943

Watts, G. F., Gidding, S. S., Mata, P, Pang, ., Sullivan, D. R, Yamashita, S., et al.
(2020). Familial Hypercholesterolaemia: Evolving Knowledge for Designing
Adaptive Models of Care. Nat. Rev. Cardiol. 17 (6), 360-377. doi:10.1038/
541569-019-0325-8

Watts, G. F,, Shaw, J. E., Pang, ., Magliano, D. J., Jennings, G. L. R., and Carrington,
M. J. (2015). Prevalence and Treatment of Familial Hypercholesterolaemia in
Australian Communities. Int. J. Cardiol. 185, 69-71. doi:10.1016/j.ijjcard.2015.
03.027

Wilcken, D. E. L., Wang, X. L., Greenwood, J., and Lynch, J. (1993). Lipoprotein(a)
and Apolipoproteins B and A-1 in Children and Coronary Vascular Events in
Their Grandparents. J. Pediatr. 123 (4), 519-526. doi:10.1016/s0022-3476(05)
80944-8

Wilson, D. P., Jacobson, T. A., Jones, P. H., Koschinsky, M. L., McNeal, C. J,
Nordestgaard, B. G., et al. (2019). Use of Lipoprotein(a) in Clinical Practice: A
Biomarker Whose Time Has Come. A Scientific Statement from the National Lipid
Association. J. Clin. Lipidol. 13 (3), 374-392. doi:10.1016/j,jacl.2019.04.010

Wilson, D. P., Koschinsky, M. L., and Moriarty, P. M. (2021). Expert Position
Statements: Comparison of Recommendations for the Care of Adults and

FH and Lp(a): Cascade Testing

Youth with Elevated Lipoprotein(a). Curr. Opin. Endocrinol. Diabetes Obes. 28
(2), 159-173. doi:10.1097/med.0000000000000624

Wilson, J. M. G., Jungner, G., and World Health, O. (1968). Principles and Practice
of Screening for Disease /]. M. G. Wilson, G. Jungner. Geneva: World Health
Organization.

Yeang, C., Karwatowska-Prokopczuk, E., Su, F., Dinh, B,, Xia, S., Witztum, J. L,
et al. (2022). Effect of Pelacarsen on Lipoprotein(a) Cholesterol and Corrected
Low-Density Lipoprotein Cholesterol. J. Am. Coll. Cardiol. 79 (11), 1035-1046.
doi:10.1016/j.jacc.2021.12.032

Yeang, C., Wilkinson, M. J., and Tsimikas, S. (2016). Lipoprotein(a) and Oxidized
Phospholipids in Calcific Aortic Valve Stenosis. Curr. Opin. Cardiol. 31 (4),
440-450. doi:10.1097/hco.0000000000000300

Yeang, C., Witztum, J. L., and Tsimikas, S. (2015). ’LDL-C’ = LDL-C + Lp(a)-C:
implications of achieved ultra-low LDL-C levels in the proprotein convertase
subtilisin/kexin type 9 era of potent LDL-C lowering. Curr. Opin. Lipidol. 26 (3),
169-178. doi:10.1097/mol.0000000000000171

Yeang, C., Witztum, J. L, and Tsimikas, S. (2021). Novel Method for
Quantification of Lipoprotein(a)-Cholesterol: Implications for Improving
Accuracy of LDL-C Measurements. J. Lipid Res. 62, 100053. doi:10.1016/j.lr.
2021.100053

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

The handling editor AJV declared a past co-authorship with the author GFW.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Loh, Chan, Mata and Watts. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Genetics | www.frontiersin.org

15

April 2022 | Volume 13 | Article 905941


https://doi.org/10.1111/joim.12335
https://doi.org/10.1111/joim.12335
https://doi.org/10.1093/eurheartj/ehx546
https://doi.org/10.1093/eurheartj/ehx546
https://doi.org/10.1111/joim.12981
https://doi.org/10.1111/joim.12981
https://doi.org/10.1056/nejmoa1602777
https://doi.org/10.1056/nejmoa1602777
https://doi.org/10.1194/jlr.r056549
https://doi.org/10.1194/jlr.r056549
https://doi.org/10.1016/j.hlc.2020.09.943
https://doi.org/10.1038/s41569-019-0325-8
https://doi.org/10.1038/s41569-019-0325-8
https://doi.org/10.1016/j.ijcard.2015.03.027
https://doi.org/10.1016/j.ijcard.2015.03.027
https://doi.org/10.1016/s0022-3476(05)80944-8
https://doi.org/10.1016/s0022-3476(05)80944-8
https://doi.org/10.1016/j.jacl.2019.04.010
https://doi.org/10.1097/med.0000000000000624
https://doi.org/10.1016/j.jacc.2021.12.032
https://doi.org/10.1097/hco.0000000000000300
https://doi.org/10.1097/mol.0000000000000171
https://doi.org/10.1016/j.jlr.2021.100053
https://doi.org/10.1016/j.jlr.2021.100053
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

	Familial Hypercholesterolemia and Elevated Lipoprotein(a): Cascade Testing and Other Implications for Contextual Models of Care
	Introduction
	Double-Trouble: FH and Hyper-Lp(a) as Dual Risk Factors
	Two Monogenic Defects in Atherogenic Lipoproteins: FH and Hyper-Lp(a)
	Is Hyper-Lp(a) More Common in FH?
	Hyper-Lp(a) as a Risk Enhancer in FH
	Cumulative ASCVD Burden Due to Two Genetic Risk Factors

	Incorporating Lp(a) in Screening for FH
	Cascade Testing for FH
	Cascade Testing for Both FH and Hyper-Lp(a)
	Cascade Testing for Hyper-Lp(a) Alone

	Proposed Management of Elevated Lp(a): Lessons From Models of Care for FH
	Implications of Recent Studies on Lipoprotein (a): Familial Hypercholesterolemia and Beyond
	Conclusion
	Towards Implementation of Improved Care for Hyper-Lp(a)

	Author Contributions
	References


