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Abstract

Background. The frequency, clinical characteristics and atherosclerotic cardiovascular
disease (ASCVD) risk of the different types of hypercholesterolemia is not well
established. The objectives of this work were to identify the cause of
hypercholesterolemia and whether such cause confers a different ASCVD prognosis.
Methods. The analysis included 3476 probands with primary hypercholesterolemia, of
whom 3283 (94.8%) were followed a mean of 9.33+5.8 years for ASCVD. Genetic
analysis of canonical familial hypercholesterolemia (FH) genes, polygenic risk score for
hypercholesterolemia and lipid concentrations including lipoprotein(a) (Lp(a) ) were
used to classified hypercholesterolemia.

Results. The diagnoses were: heterozygous FH (HeFH), n=400 (11.5%);
hyperlipoproteinemia(a) (HyperLpa), n=181 (5.2%); polygenic hypercholesterolemia,
n=434 (12.5%); hyperLpa+polygenic hypercholesterolemia, n=128 (3.7%);
multifactorial, n=1562 (45.0%); and idiopathic, n=769 (22.1%). At baseline, LDL
cholesterol was higher in HeFH, and ASCVD prevalence higher in HyperLpa. Other
clinical and biochemical characteristics did not differ among hypercholesterolemia
subgroups. HyperLpa subjects showed a lower survival rate than the other
hypercholesterolemia groups (p=0.001). The variables independently associated with
ASCVD events during the follow-up were age, male sex, the presence of ASCVD,
diabetes or hypertension at baseline, current smokers and Lp(a) and HDLc
concentrations, the latter inversely associated with ASCVD events. Total mortality was
independent of the type of hypercholesterolemia.

Conclusion. Genetic hypercholesterolemia has a worse prognosis for ASCVD than non-

genetic hypercholesterolemia. Among them, those with elevated Lp(a) have the worst



prognosis. Conventional lipid-lowering treatment for LDLc appears to be less effective

in hypercholesterolemia due to HyperLpa than in other hypercholesterolemias.

Keywords: primary hypercholesterolemia, classification, familial hypercholesterolemia,

mortality



Introduction

The increase in the blood concentration of cholesterol transported in low-density
lipoproteins (LDLc) is an independent factor for the development of cardiovascular
diseases due to atherosclerosis (ASCVD) (1). LDLc reduction has been shown to be
very effective in reducing ACVD events, which is why important scientific societies (2-
4) and health systems (5) recommend LDLc reduction in people at high ASCVD risk or
very high LDLc concentrations.

High LDLc concentrations are usually considered >190 mg/dL (6,7), and
pharmacological treatment is usually indicated in adults if significant reductions are not
achieved with lipid-lowering diet and life style modifications (2-5). Many subjects with
LDLc concentrations >190 mg/dL have a primary form of hypercholesterolemia; around
2% are due to the monogenic form called Familial Hypercholesterolemia (FH) (8), and
more often a polygenic contribution (9) or very high concentrations of lipoprotein(a)
(Lp(a)) (10,11) are responsible. In a substantial high percentage (>50%) (12), the cause
of the increase in LDLc is unknown, and it has been proposed to call this type of
hypercholesterolemia “idiopathic primary hypercholesterolemia” (13).

Despite the heterogeneity in the etiology of primary hypercholesterolemia, lipid-
lowering treatment recommendations do not take into consideration the etiology of
hypercholesterolemia (2). However, the etiological basis of hypercholesterolemia plays
an important role in the prognosis of patients and, at least subjects with mutations in
LDLR, the gene that encodes the LDL receptor and the main cause of FH, had a higher
risk of CV disease than other hypercholesterolemias with similar levels of LDLc (8,14).
The objectives of this work are to identify the cause of hypercholesterolemia and to

identify whether such cause confers a different ASCVD prognosis.

Material and Methods



The data supporting the findings of this study are available from the corresponding
author upon reasonable request.

Subjects

This is an observational study, in which all consecutive unrelated subjects aged >14
years who were studied at the Lipid Unit of the Hospital Universitario Miguel Servet,
Zaragoza, Spain, from January 2000 to December 2024 with the clinical diagnosis of
hypercholesterolemia (LDLc > 130 mg/dL or non-high-density lipoprotein cholesterol
(non-HDLc) > 160 mg/dL) without the use of lipid-lowering drugs, and following a
lipid-lowering diet were included in this study (n=4109). After excluding secondary
causes, including the presence of renal disease with glomerular filtration rate <30
mL/min and/or macroalbuminuria (n=30, 0.6%), cholestasis (direct bilirubin >1 mg/dL,
n=47, 1.1%), hypothyroidism (thyroid-stimulating hormone >6 mIU/L, n=86, 2.1%),
pregnancy (n=0), autoimmune diseases (n=6, 0.1%), or treatment with protease
inhibitors, high doses of steroids, retinoids or cyclophosphamide treatment (n=7, 0.2%)
(10), a total of 3933 subjects, 2053 (52.2%) men and 1880 (47.8%) women were
included in a protocol for the etiological diagnosis of their hypercholesterolemia.

Lipid Analysis

Lipid and lipoprotein analyses were performed on EDTA plasma samples collected after
at least a 10-hour overnight fast, following a lipid-lowering diet, and without lipid-
lowering drugs for at least 4 weeks in the absence of cardiovascular disease or very high
risk. In subjects under lipid-lowering drug therapy, total cholesterol (TC) and
triglycerides (TG) concentrations were estimated by multiplying by 1.43 corresponding
to a mean reduction of 30% in patients receiving statins or fibrates, respectively (15).
TC and TG levels were determined by standard enzymatic methods. HDLc was

measured directly by an enzymatic reaction using cholesterol oxidase (UniCel DxC 800;



Beckman Coulter, Inc, Brea, CA). LDLc was calculated using Friedewald’s formula if
TG <400 mg/dL. Apolipoprotein (apo) B and Lp(a) were determined by IMMAGE
kinetic nephelometry (Beckman-Coulter, Inc) (16).

Protocol for the diagnosis

The protocol for the diagnosis of the different types of primary hypercholesterolemia is
represented in Figure 1 and derived from reference 13. After exclusion of secondary
causes (n=176), homozygous APOE2/E2 (n=25), and subjects with TG > 400 mg/dL
(n=432), the diagnosis of primary hypercholesterolemia was considered in presence of
LDLc > 130 mg/dL or non-HDLc > 160 mg/dL with a diagnostic genetic study or
strong family history, or in presence of very high values of LDLc or non-HDLc (= 190
mg/dL and 220 mg/dL, respectively) (n=2429).

Definitions

Heterozygous (mono-allelic) familial hypercholesterolemia (HeFH):
Hypercholesterolemia being heterozygous for a rare variant identified in LDLR, APOB
or PSCKY genes classified as “pathogenic” or “likely pathogenic,” according to the
guidelines of the American College of Medical Genetics and Genomics (ACMG) (17)
or the p.(Leul67del) variant in APOE (18).

Hyperlipoproteinemia(a) (HyperLpa): Presence of very high values of LDLc or non-
HDLc (> 190 mg/dL and 220 mg/dL, respectively) with Lp(a) >100 mg/dL + adjusted
for Lp(a) LDLc < 190 mg/dL and non-HDLc < 220 mg/dL and absence of HeFH.
Polygenic hypercholesterolemia (PH): Presence of very high values of LDLc or non-
HDLc (> 190 mg/dL and 220 mg/dL, respectively) with PRS >75th percentile of the
distribution in our population and absence of HeFH.

Idiopathic primary hypercholesterolemia (IPH): Primary hypercholesterolemia in

the absence of HeFH, hyperlipoproteinemia(a) and polygenic hypercholesterolemia
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criteria and LDLc >190 mg/dL and/or non-HDLc >220 mg/dL and any predisposing
secondary condition or promoting factor including type 2 diabetes, obesity (body mass
index (BMI) >30 kg/m?2) or high alcohol consumption (=30 g/day in men and >20 g/day
in women).

Multifactorial hypercholesterolemia (MH): Hypercholesterolemia with LDLc >130
mg/dL or non-HDLc >160 mg/dL and absence of criteria for primary and secondary
hypercholesterolemia.

Genetic Analysis

The presence of functional mutations in LDLR (NM_000527.4), APOB
(NM_000384.2), and PCSK9 (NM 174936.3) genes were determined using the
Progenika Biopharma Grifols (Derio, Spain) (19) or GENinCode (Terrassa-Barcelona,
Spain) (20) platforms in all subjects suspected of having monogenic
hypercholesterolemia because of severe hypercholesterolemia with tendon xanthomas in
the proband or first degree relative, or in the presence of LDLc >220 mg/dL if age <40
years or >230 mg/dL if age >40 years in the proband or in a first-degree relative plus
dominant hypercholesterolemia pattern, with vertical transmission in multigenerational
pedigrees and approximately 50% affected first degree relatives, with only one affected
parent (13). These platforms include single nucleotide variations (SNVs), large
rearrangements, and copy number variations. Monogenic hypercholesterolemia was
considered in all subjects with severe primary hypercholesterolemia, vertical
transmission of hypercholesterolemia in the family, and LDLc >95th percentile of the
Spanish population in at least one first-degree relative. Additionally, a polygenic risk
score (PRS) for hypercholesterolemia was calculated in subjects with primary
hypercholesterolemia based on 12 common SNVs previously identified as LDLc-raising

from genome-wide association consortium studies from European-Caucasian



populations (21). Genotyping to calculate the PRS was performed with the Genotype of
Beadchip Infinium Global Screening Array-24 v3.0 and TOPMED imputation at the
Spanish National Cancer Research Center (CNIO), Madrid, Spain.

All patients provided informed consent to a protocol previously approved by the Ethics
Committee of our institution. The samples from patients at Hospital Universitario
Miguel Servet were provided by the Biobank of the Aragon Health System
(PT17/0015/0039), integrated into the Spanish National Biobanks Network, and were
processed following standard operating procedures.

Follow-up

Since their inclusion in the study, all patients were reviewed once or twice per year in
the unit until death. The treatment protocol was homogeneous, aiming for
concentrations of LDLc and/or the concentration of non-HDLc in subjects with TG
>200 mg/dL according to individual ASCVD risk. Treatment objectives were
established according to the main international recommendations, considering the
presence of risk factors in the subject. Cardiovascular morbidity and mortality were
defined by the primary International Classification of Disease (ICD) -9 and ICD-10 and
was defined as a composite of nonfatal ischemic stroke, nonfatal myocardial infarction,
hospitalization for unstable angina, revascularization procedure and cardiovascular
death. Survival status was analysed by reviewing the electronic medical records of the
subjects, from which information on ASCVD and death was extracted. All subjects
followed at least 1 year were included in the follow-up study.

Statistical Analysis

Analyses were performed using the statistical computing software IBM SPSS Statistics
21.0. Quantitative variables are expressed as mean + standard deviation, except for

variables not following a normal distribution, expressed as median (interquartile range).



The p-value was calculated by ANOVA test or Kruskal-Wallis H test as appropriate.
Qualitative variables are expressed as a percentage and were analyzed by the chi-square
test. ASCVD during the follow-up was calculated using Kaplan-Meier estimates, and
the groups were compared by log-rank tests. The association between mortality and
hypercholesterolemia groups was calculated using proportional hazards Cox regression.
A multivariable Cox regression model was generated and included the covariables
showed in Table 1. Afterwards, we fitted the new model keeping all the variables that

showed p < 0.2 and major CVD factors including hypercholesterolemia groups.

Results

Subjects

The study included 3476 probands after ruling out secondary causes (n=176), subjects
with APOE2/2 genotype (n=25) and subjects with TG >400 mg/dL (n=432). 2429
(69.9%) were classified as having primary hypercholesterolemia, and 1504 (61.9%) met
criteria for possible monogenic disease. The final diagnoses of the 3476 subjects were:
HeFH, n=400 (11.5%); HyperLpa, n=181 (5.2%); polygenic hypercholesterolemia,
n=434 (12.5%); hyperLpa+polygenic hypercholesterolemia, n=128 (3.7%);
multifactorial, n=1562 (45.0%); and idiopathic, n=769 (22.1%) (Figure 1 and Table 1).
At the start of follow-up in the Lipid Unit, the mean age was 50+13.6 years, with
subjects with HeFH (45.3£14.9 years) being younger than the rest of the groups.
Women predominated in all groups except in the multifactorial subgroup. Total
cholesterol, LDLc, non-HDLc, and apoB concentrations were higher in subjects with
HeFH. The lowest prevalence of diabetes was in subjects with HeFH, and the lowest
prevalence of ASCVD was in the idiopathic subgroup. Except for Lp(a) concentrations,

PRS value, and presence of diabetes, which were classification criteria, the rest of the



clinical and laboratory variables were similar between the idiopathic, polygenic and
HyperLpa subgroups (Table 1).

Polygenic risk score for hypercholesterolemia (PRS)

The PRS value was normally distributed across the entire population. There was a
positive association between the PRS value and LDLc concentration only in subjects
with primary hypercholesterolemia excluding HeFH and subjects with HyperLpa
(Supplementary Table 1). The difference between the first and last decile of PRS was 14
mg/dL (Supplementary Figure 1), and the differences were concentrated in the last
quartile compared to the other quartiles (Supplementary Figure 2). In the regression
analysis, the PRS was not associated with LDLc concentration in subjects with HeFH or
HyperLpa. In contrast, PRS was an independent factor associated to LDLc
(Supplementary Table 2)

Total mortality during follow-up

The mean follow-up was 9.33+5.8 years. 3283 probands (94.8% of the probands) were
included in the follow-up. The reasons for exclusion were follow-up <1 year (n = 20,
0.6%) and loss to follow-up (n =171, 4.9%). There were 168 deaths (5.1%), distributed
as cancer 64 (38.1%), ASCVD 52 (31.0%), infectious 21 (12.5%), neurodegenerative 19
(11.3%), other 7 (4.2%) and unknown 5 (3.0%).

There were no significant differences in overall mortality when all subjects were
analyzed by type of hypercholesterolemia or when only death before the age of 90 years
were considered (Log Rank=0.362) (Supplementary Figure 3). Factors independently
associated with mortality in the Cox regression analysis before the age of 90 included
male sex, presence of ASCVD at baseline, current smoking at baseline, and HDLc
concentrations, the latter negatively associated (Supplementary Table 3).

ASCVD during lifetime




Only the first ASCVD event was considered in this analysis and included events before
and after the study in the Lipid Unit. There were 424 subjects with ASCVD events, 307
before the start of follow-up and 117 during follow-up. The vascular distribution was as
follows: coronary 283 (66.7%), cerebro-vascular 78 (18.4%), peripheral or aortic 59
(13.9%), and mesenteric 4 (0.9%).

Variables negatively associated with a first ASCVD event were female sex and HDLc
concentration, and positively associated variables were a family history of premature
ASCVD, the presence of diabetes and hypertension, personal history of tobacco
consumption, PRS and Lp(a) concentration (Table 2).

In the survival analysis by hypercholesterolemia group, there were significant
differences in the ASCVD-free period, with shorter survival in subjects with HyperLpa
and longer in idiopathic forms (P<0.001) (Figure 2, panel A); lower in genetic forms
(HeFH, HyperLpa and polygenic) with respect to non-genetic forms (multifactorial and
idiopathic (p=0.001) (Figure 2 panel B); lower in genetic forms versus idiopathic forms
(p<0.001) (Figure 2 panel C); and considering only genetic forms, it was lower in forms
with HyperLpa versus the rest (p=0.002) (Figure 2, panel D). The estimated differences
in ASCVD event-free survival were approximately 14 years between subjects with
HyperLpa with respect to idiopathic forms (Figure 2, panel A).

ASCVD during follow-up

Since the start of the study in the Lipid Unit there were 188 ASCVD events, 71 were
recurrent events (23.1% of subjects with ASCVD at the beginning of the follow-up) and
117 first ASCDV events (3.7% of subjects without ASCVD at the beginning of the
follow-up). The vascular distribution was as follows: coronary n=137 (65.2%), cerebro-

vascular n=42 (20.0%), peripheral or aortic n=29 (13.8%), and mesenteric n=2 (1.0%).



In the survival analysis, only HyperLpa subjects showed a lower survival rate than the
other hypercholesterolemia groups (p=0.001) (Figures 3 and 4). The variables
independently associated with events during follow-up were age, male sex, the presence
of ASCVD, diabetes, hypertension at baseline, current smokers and Lp(a) and HDLc

concentrations, the latter inversely associated with ASCD events (Table 3).

Discussion

In this work, we establish the frequency, clinical characteristics, and ASCVD risk of
different types of hypercholesterolemia, classified according to the pathogenetic
mechanism of their production. This study confirms that primary hypercholesterolemia
has diverse etiological bases, and that only in slightly less than half of them can a
genetic basis be demonstrated with current procedures. This study supports the idea of
designation of those primary hypercholesterolemia without demonstrated genetic
background as "idiopathic" until we can better understand their production mechanisms
(13). It also confirms that in 7.5% of subjects with primary hypercholesterolemia, this
can be explained by their elevated Lp(a) concentration, so the term "HyperLpa" seems
very appropriate for this population (10,22).

Several additional results of this study are worth highlighting. Except for some subjects
with HeFH, who have differential clinical stigmata and higher LDLc concentrations, the
remaining clinical forms of hypercholesterolemia have almost identical clinical features
(12). They are predominantly female, have similar mean LDLc, TG, and HDLc
concentrations, as well as age, BMI, prevalence of diabetes or hypertension, and a
family history of premature ASCVD. Thus, they can only be differentiated through
genetic testing and Lp(a) concentrations. This clinical overlap of the different clinical

forms also includes monogenic clinical forms, since, as previously observed (23,24). In



our study, only 27% of subjects with primary hypercholesterolemia and clinical
suspicion of HeFH can demonstrate a pathogenic variant in the canonical FH genes. We
cannot rule out the possibility that variants in other genes, yet to be discovered, may be
the cause, or that genetic techniques may fail to detect some pathogenic variants,
although this is unlikely because several genome-wide studies in these type of subjects
fail to identify associated /oci other than those already known (25), and very rare FH
phenocopies such as sitosterolemia or lysosomal acid lipase deficiency (26) have been
rule out in our genetic analysis. Therefore, it seems important at this time to perform a
genetic study for the diagnosis of HeFH and to reserve this designation for those
families in which a pathogenic variant is detected (13). Several factors have contributed
to the overdiagnosis of HeFH, including phenotypic overlap between different lipid
disorders (23,24), limited availability of genetic testing in certain settings (27), and the
clinical imperative to diagnose a genetic condition that facilitates access to specific
treatments (15). Something similar occurs with polygenic hypercholesterolemia, which
should be reserved for those subjects in whom can be reliably demonstrated that they do
not have HeFH and that their polygenic load is high. Our data shows that subjects above
the 75% percentile of the PRS population distribution are those who have a higher
LDLc and that there are no differences in LDLc in the highest three deciles of the PRS.
While the characterization of the etiopathogenic basis is important for a better
understanding of the disease and the development of new therapeutic strategies in the
future, our study demonstrates that knowledge of the etiology has prognostic
implications for present-day ASCVD. Our study confirms the data from the UK
Biobank, showing that subjects with genetic forms of hypercholesterolemia of genetic
origin have a higher risk than those in which this component cannot be demonstrated,

and all of them are independent of LDLc concentration (12). This fact is striking and



possibly reflects that concentration at a given time in life is not a faithful reflection of
LDLc burden throughout life. Unlike the UK Biobank cohort, in our cohort, subjects
with HyperLpa have a worse ASCVD risk than other forms of hypercholesterolemia,
including HeFH. The criteria used in the aforementioned study are any Lp(a) > 50
mg/dL, whereas our study uses higher concentrations and diagnostic criteria that are
very different from the concept of HyperLpa. There are no prospective studies in our
setting on the contribution of Lp(a) to ASCVD. The paradox of the lower impact of
ASCVD risk factors in Mediterranean countries compared to other populations is well
known (28), but this may not apply to Lp(a). Regardless of the comparative risk with
respect to HeFH, our study clearly confirms that elevated Lp(a) concentrations are an
independent factor in ASCVD, as has been demonstrated in recent years (29).

A final striking result is the worse prognosis of subjects with HyperLpa once studied in
the Lipid Unit. This is probably due, on the one hand, to the excellent prognosis of
subjects with primary hypercholesterolemia who receive intensive and early treatment
(30). In subjects with HeFH whose only risk factor is elevated LDLc, early correction
drastically reduces their risk, and our data confirm the good prognosis observed in other
treated HeFH cohorts (31). However, this increased risk in HyperLpa subjects may also
be due to the reduced benefit of conventional lipid-lowering therapy in subjects with
very elevated Lp(a). The ongoing clinical trials with antisense oligonucleotides (32) and
RNA interference against Lp(a) (33,34) will determine the benefit of this reduction.
Our study has several limitations. Lipid-lowering treatment may not have been
homogeneous between subjects before and after the study in the Lipid Unit. Subjects
with HeFH, having a higher familial burden of ASCVD and higher LDLc
concentrations, likely received earlier and more intensive treatment. This is unlikely

after their study in the Lipid Unit, where a protocol based on ASCVD risk regardless of



etiology is followed, although in recent years HeFH patients have had easier access to
PCSKD9 inhibitors than the rest. Actually, most genetic studies have been performed
long after the start of treatment in the Unit. Our study is an observational study with
retrospective data; therefore, its interpretation with respect to causality should be taken
with caution. Although the mean age of participants is 50 years, we cannot exclude
some survivorship bias because only those participants who have survived long enough
are included in the study. Finally, the percentage of subjects lost to follow-up was 5%.
Although this is not a high percentage for an observational study, differential morbidity
and mortality in this population could have been missed. However, most of the subjects
lost to follow-up (80%) belongs to MH, which was not the main objective of this work.
In summary, in more than 50% of primary hypercholesterolemia, a significant genetic
component cannot be demonstrated with current techniques. Genetic
hypercholesterolemia has a worse prognosis for ASCVD than non-genetic
hypercholesterolemia. Among hypercholesterolemia groups with a significant genetic
component, those with elevated Lp(a) have the worst ASCVD prognosis. Conventional
lipid-lowering treatment for LDLc appears to be less effective in hypercholesterolemia

due to HyperLpa than in other hypercholesterolemias.

Financial support: This study was supported by grants P122/01595 and PI19/00694
from the Spanish Ministry of Economy and Competitiveness, CIBERCV and Gobierno
de Aragon B-14. These projects are co-funded by Instituto de Salud Carlos III and the
European Regional Development Fund (ERDF) of the European Union “A way to make

Europe”.

Conflict of interest: Authors declare no conflict of interest with the content of this work

Author Contributions



Conceptualization, Fernando Civeira and Ana Cenarro; Formal analysis, Fernando
Civeira; Investigation, Ana Bea, Ana Cenarro, Itziar Lamiquiz Moneo, Rocio Mateo-
Gallego, Estibaliz Jarauta, Irene Gracia-Rubio, Martin Laclaustra, M. Teresa Tejedor,
Victoria Marco-Benedi and Fernando Civeira; Methodology, Salvador Olmos, Martin
Laclaustra and Fernando Civeira; Resources, Fernando Civeira; Writing — original draft,

Fernando Civeira.

References

1. Ference BA. Ginsberg HN. Graham I. Ray KK. Packard CJ. Bruckert E. Hegele RA.
Krauss RM. Raal FJ. Schunkert H. Watts GF. Borén J. Fazio S. Horton JD. Masana L.
Nicholls SJ. Nordestgaard BG. van de Sluis B. Taskinen MR. Tokgdzoglu L.
Landmesser U. Laufs U. Wiklund O. Stock JK. Chapman MJ. Catapano AL. Low-
density lipoproteins cause atherosclerotic cardiovascular disease. 1. Evidence from
genetic. epidemiologic. and clinical studies. A consensus statement from the European
Atherosclerosis Society Consensus Panel. Eur Heart J. 2017 Aug 21;38(32):2459-2472.
doi: 10.1093/eurheartj/ehx144. PMID: 28444290; PMCID: PMC5837225.

2. Grundy SM. Stone NJ. Bailey AL. Beam C. Birtcher KK. Blumenthal RS. Braun LT.
de Ferranti S. Faiella-Tommasino J. Forman DE. Goldberg R. Heidenreich PA. Hlatky
MA. Jones DW. Lloyd-Jones D. Lopez-Pajares N. Ndumele CE. Orringer CE. Peralta
CA. Saseen JJ. Smith SC Jr. Sperling L. Virani SS. Yeboah J. 2018
AHA/ACC/AACVPR/AAPA/ABC/ACPM/ADA/AGS/APhA/ASPC/NLA/PCNA
Guideline on the Management of Blood Cholesterol: Executive Summary: A Report of
the American College of Cardiology/American Heart Association Task Force on
Clinical Practice Guidelines. J] Am Coll Cardiol. 2019 Jun 25;73(24):3168-3209. doi:
10.1016/j.jacc.2018.11.002. Epub 2018 Nov 10. Erratum in: ] Am Coll Cardiol. 2019
Jun 25;73(24):3234-3237. doi: 10.1016/j.jacc.2019.05.012. PMID: 30423391.

3. Mach F. Baigent C. Catapano AL. Koskinas KC. Casula M. Badimon L. Chapman
MJ. De Backer GG. Delgado V. Ference BA. Graham IM. Halliday A. Landmesser U.
Mihaylova B. Pedersen TR. Riccardi G. Richter DJ. Sabatine MS. Taskinen MR.
Tokgozoglu L. Wiklund O; ESC Scientific Document Group. 2019 ESC/EAS
Guidelines for the management of dyslipidaemias: lipid modification to reduce
cardiovascular risk. Eur Heart J. 2020 Jan 1;41(1):111-188. doi:
10.1093/eurheartj/ehz455. Erratum in: Eur Heart J. 2020 Nov 21;41(44):4255. doi:
10.1093/eurheartj/ehz826. PMID: 31504418.

4. Mostaza JM. Pint6 X. Armario P. Masana L. Real JT. Valdivielso P. Arrobas-Velilla
T. Baeza-Trinidad R. Calmarza P. Cebollada J. Civera-Andrés M. Cuende Melero JI.
Diaz-Diaz JL. Espildora-Hernandez J. Ferndndez Pardo J. Guijarro C. Jericé C.



Laclaustra M. Lahoz C. Lopez-Miranda J. Martinez-Hervas S. Muiiiz-Grijalvo O.
Péaramo JA. Pascual V. Pedro-Botet J. Pérez-Martinez P. Puzo J. SEA 2024 Standards
for Global Control of Vascular Risk. Clin Investig Arterioscler. 2024 May-
Jun;36(3):133-194. English. Spanish. doi: 10.1016/j.arteri.2024.02.001. Epub 2024 Mar
15. PMID: 38490888.

5. Sikorski A. 2014 NICE cholesterol guidelines. Br J Gen Pract. 2017 Oct;67(663):446.
doi: 10.3399/bjgp17X692729. PMID: 28963409; PMCID: PMC5604804.

6. Expert Panel on Detection. Evaluation. and Treatment of High Blood Cholesterol in
Adults. Executive Summary of The Third Report of The National Cholesterol Education
Program (NCEP) Expert Panel on Detection. Evaluation. And Treatment of High Blood
Cholesterol In Adults (Adult Treatment Panel III). JAMA. 2001 May 16;285(19):2486-
97. doi: 10.1001/jama.285.19.2486. PMID: 11368702.

7. Emerging Risk Factors Collaboration. Major lipids. apolipoproteins. and risk of
vascular disease. JAMA. 2009; 302(18):1993-2000. [PubMed: 19903920]

8. Khera AV. Won HH. Peloso GM. Lawson KS. Bartz TM. Deng X. van Leeuwen EM.
Natarajan P. Emdin CA. Bick AG. Morrison AC. Brody JA. Gupta N. Nomura A.
Kessler T. Duga S. Bis JC. van Duijn CM. Cupples LA. Psaty B. Rader DJ. Danesh J.
Schunkert H. McPherson R. Farrall M. Watkins H. Lander E. Wilson JG. Correa A.
Boerwinkle E. Merlini PA. Ardissino D. Saleheen D. Gabriel S. Kathiresan S.
Diagnostic Yield and Clinical Utility of Sequencing Familial Hypercholesterolemia
Genes in Patients With Severe Hypercholesterolemia. ] Am Coll Cardiol. 2016 Jun
7;67(22):2578-89. doi: 10.1016/j.jacc.2016.03.520. Epub 2016 Apr 3. PMID:
27050191; PMCID: PMC5405769.

9. Talmud PJ. Shah S. Whittall R. Futema M. Howard P. Cooper JA. Harrison SC. Li K.
Drenos F. Karpe F. Neil HA. Descamps OS. Langenberg C. Lench N. Kivimaki M.
Whittaker J. Hingorani AD. Kumari M. Humphries SE. Use of low-density lipoprotein
cholesterol gene score to distinguish patients with polygenic and monogenic familial
hypercholesterolaemia: a case-control study. Lancet. 2013 Apr 13;381(9874):1293-301.
doi: 10.1016/S0140-6736(12)62127-8. Epub 2013 Feb 22. PMID: 23433573.

10. Merino-Ibarra E. Puzo J. Jarauta E. Cenarro A. Recalde D. Garcia-Otin AL. Ros E.
Martorell E. Pinté X. Franco M. Zambon D. Brea A. Pocovi M. Civeira F.
Hyperlipoproteinaemia(a) is a common cause of autosomal dominant
hypercholesterolaemia. J Inherit Metab Dis. 2007 Nov;30(6):970-7. doi:
10.1007/s10545-007-0585-z. Epub 2007 Oct 20. PMID: 17955342.

11. Hedegaard BS. Nordestgaard BG. Kanstrup HL. Thomsen KK. Bech J. Bang LE.
Henriksen FL. Andersen LJ. Gohr T. Larsen LH. Soja AMB. Elpert FP. Jakobsen TJ.
Sjel A. Joensen AM. Klausen IC. Schmidt EB. Bork CS. High Lipoprotein(a) May
Explain One-Quarter of Clinical Familial Hypercholesterolemia Diagnoses in Danish
Lipid Clinics. J Clin Endocrinol Metab. 2024 Feb 20;109(3):659-667. doi:
10.1210/clinem/dgad625. PMID: 37862146.

12. Berry ASF. Jones LK. Sijbrands EJ. Gidding SS. Oetjens MT. Subtyping Severe
Hypercholesterolemia by Genetic Determinant to Stratify Risk of Coronary Artery



Disease. Arterioscler Thromb Vasc Biol. 2023 Oct;43(10):2058-2067. doi:
10.1161/ATVBAHA.123.319341. Epub 2023 Aug 17. PMID: 37589137; PMCID:
PMC10538409.

13. Civeira F. Arca M. Cenarro A. Hegele RA. A mechanism-based operational
definition and classification of hypercholesterolemia. J Clin Lipidol. 2022 Nov-
Dec;16(6):813-821. doi: 10.1016/j.jacl.2022.09.006. Epub 2022 Sep 30. PMID:
36229375.

14. Tada H. Kawashiri MA. Nohara A. Inazu A. Mabuchi H. Yamagishi M. Impact of
clinical signs and genetic diagnosis of familial hypercholesterolaemia on the prevalence
of coronary artery disease in patients with severe hypercholesterolaemia. Eur Heart J.
2017 May 21;38(20):1573-1579. doi: 10.1093/eurheartj/ehx004. PMID: 28159968.

15. Stone NJ. Robinson JG. Lichtenstein AH. Bairey Merz CN. Blum CB. Eckel RH.
Goldberg AC. Gordon D. Levy D. Lloyd-Jones DM. McBride P. Schwartz JS. Shero
ST. Smith SC Jr. Watson K. Wilson PW; American College of Cardiology/American
Heart Association Task Force on Practice Guidelines. 2013 ACC/AHA guideline on the
treatment of blood cholesterol to reduce atherosclerotic cardiovascular risk in adults: a
report of the American College of Cardiology/American Heart Association Task Force
on Practice Guidelines. ] Am Coll Cardiol. 2014 Jul 1;63(25 Pt B):2889-934. doi:
10.1016/j.jacc.2013.11.002. Epub 2013 Nov 12. Erratum in: J Am Coll Cardiol. 2014
Jul 1;63(25 Pt B):3024-3025. Erratum in: J Am Coll Cardiol. 2015 Dec 22;66(24):2812.
PMID: 24239923.

16. Bea AM. Larrea-Sebal A. Marco-Benedi V. Uribe KB. Galicia-Garcia U. Lamiquiz-
Moneo I. Laclaustra M. Moreno-Franco B. Fernandez-Corredoira P. Olmos S. Civeira
F. Martin C. Cenarro A. Contribution of APOE Genetic Variants to Dyslipidemia.
Arterioscler Thromb Vasc Biol. 2023 Jun;43(6):1066-1077. doi:
10.1161/ATVBAHA.123.318977. Epub 2023 Apr 13. PMID: 37051929.

17. Richards S. Aziz N. Bale S. Bick D. Das S. Gastier-Foster J. Grody WW. Hegde M.
Lyon E. Spector E. Voelkerding K. Rehm HL; ACMG Laboratory Quality Assurance
Committee. Standards and guidelines for the interpretation of sequence variants: a joint
consensus recommendation of the American College of Medical Genetics and
Genomics and the Association for Molecular Pathology. Genet Med. 2015
May;17(5):405-24. doi: 10.1038/gim.2015.30. Epub 2015 Mar 5. PMID: 25741868;
PMCID: PMC4544753.

18. Cenarro A. Etxebarria A. de Castro-Oros 1. Stef M. Bea AM. Palacios L. Mateo-
Gallego R. Benito-Vicente A. Ostolaza H. Tejedor T. Martin C. Civeira F. The
p-Leul67del Mutation in APOE Gene Causes Autosomal Dominant
Hypercholesterolemia by Down-regulation of LDL Receptor Expression in
Hepatocytes. J Clin Endocrinol Metab. 2016 May;101(5):2113-21. doi:
10.1210/jc.2015-3874. Epub 2016 Mar 25. PMID: 27014949.

19. Palacios L. Grandoso L. Cuevas N. Olano-Martin E. Martinez A. Tejedor D. Stef M.
Molecular characterization of familial hypercholesterolemia in Spain. Atherosclerosis.
2012 Mar;221(1):137-42. doi: 10.1016/j.atherosclerosis.2011.12.021. Epub 2011 Dec
23. PMID: 22244043.



20. Amor-Salamanca A. Castillo S. Gonzalez-Vioque E. Dominguez F. Quintana L.
Lluis-Ganella C. Escudier JM. Ortega J. Lara-Pezzi E. Alonso-Pulpon L. Garcia-Pavia
P. Genetically Confirmed Familial Hypercholesterolemia in Patients With Acute
Coronary Syndrome. J Am Coll Cardiol. 2017 Oct 3;70(14):1732-1740. doi:
10.1016/j.jacc.2017.08.009. PMID: 28958330.

21. Futema M. Bourbon M. Williams M. Humphries SE. Clinical utility of the
polygenic LDL-C SNP score in familial hypercholesterolemia. Atherosclerosis. 2018
Oct;277:457-463. doi: 10.1016/j.atherosclerosis.2018.06.006. PMID: 30270085.

22. Hedegaard BS, Nordestgaard BG, Kanstrup HL, Thomsen KK, Bech J, Bang LE,
Henriksen FL, Andersen LJ, Gohr T, Larsen LH, Soja AMB, Elpert FP, Jakobsen T1J,
Sjel A, Joensen AM, Klausen IC, Schmidt EB, Bork CS. High Lipoprotein(a) May
Explain One-Quarter of Clinical Familial Hypercholesterolemia Diagnoses in Danish
Lipid Clinics. J Clin Endocrinol Metab. 2024 Feb 20;109(3):659-667. doi:
10.1210/clinem/dgad625. PMID: 37862146.

23. Berberich AJ, Hegele RA. The complex molecular genetics of familial
hypercholesterolaemia. Nat Rev Cardiol. 2019 Jan;16(1):9-20. doi: 10.1038/s41569-
018-0052-6. PMID: 29973710.

24. Medeiros AM, Alves AC, Miranda B, Chora JR, Bourbon M; investigators of the
Portuguese FH Study. Unraveling the genetic background of individuals with a clinical
familial hypercholesterolemia phenotype. J Lipid Res. 2024 Feb;65(2):100490. doi:
10.1016/j.j1r.2023.100490. Epub 2023 Dec 18. PMID: 38122934; PMCID:
PMC10832474.

25. Futema M, Plagnol V, Li K, Whittall RA, Neil HA, Seed M; Simon Broome
Consortium; Bertolini S, Calandra S, Descamps OS, Graham CA, Hegele RA, Karpe F,
Durst R, Leitersdorf E, Lench N, Nair DR, Soran H, Van Bockxmeer FM; UK 10K
Consortium; Humphries SE. Whole exome sequencing of familial
hypercholesterolaemia patients negative for LDLR/APOB/PCSK9 mutations. J] Med
Genet. 2014 Aug;51(8):537-44. doi: 10.1136/jmedgenet-2014-102405. Epub 2014 Jul 1.
PMID: 24987033; PMCID: PMC4112429.

26. Di Taranto MD, Fortunato G. Genetic Heterogeneity of Familial
Hypercholesterolemia: Repercussions for Molecular Diagnosis. Int J Mol Sci. 2023 Feb
6;24(4):3224. doi: 10.3390/ijms24043224. PMID: 36834635; PMCID: PM(C9961636.

27. Marco-Benedi V, Cenarro A, Vila A, Real JT, Tamarit JJ, Walther LAA, Diaz-Diaz
JL, Perea V, Civeira F, Vaz AJV. Impact of conducting a genetic study on the
management of familial hypercholesterolemia. J Clin Lipidol. 2023 Nov-
Dec;17(6):717-731. doi: 10.1016/j.jacl.2023.08.008. Epub 2023 Sep 9. PMID:
37813710.

28. Estruch R, Ros E, Salas-Salvadé J, Covas MI, Corella D, Arés F, Gomez-Gracia E,
Ruiz-Gutiérrez V, Fiol M, Lapetra J, Lamuela-Raventos RM, Serra-Majem L, Pint6 X,
Basora J, Mufioz MA, Sorli JV, Martinez JA, Martinez-Gonzalez MA; PREDIMED
Study Investigators. Primary prevention of cardiovascular disease with a Mediterranean
diet. N Engl J Med. 2013 Apr 4;368(14):1279-90. doi: 10.1056/NEJMo0a1200303. Epub



2013 Feb 25. Retraction in: N Engl J Med. 2018 Jun 21;378(25):2441-2442. doi:
10.1056/NEJMc1806491. Erratum in: N Engl J Med. 2014 Feb 27;370(9):886.
Corrected and republished in: N Engl J Med. 2018 Jun 21;378(25):e34. doi:
10.1056/NEJMo0a1800389. PMID: 23432189.

29. Nordestgaard BG, Langsted A. Lipoprotein(a) and cardiovascular disease. Lancet.
2024 Sep 28;404(10459):1255-1264. doi: 10.1016/S0140-6736(24)01308-4. Epub 2024
Sep 12. PMID: 39278229.

30. Perez-Calahorra S, Laclaustra M, Marco-Benedi V, Lamiquiz-Moneo I, Pedro-Botet
J, Plana N, Sanchez-Hernandez RM, Amor AJ, Almagro F, Fuentes F, Suarez-Tembra
M, Civeira F; Dyslipemia Registry of Spanish Arteriosclerosis Society. Effect of lipid-
lowering treatment in cardiovascular disease prevalence in familial
hypercholesterolemia. Atherosclerosis. 2019 May;284:245-252. doi:
10.1016/j.atherosclerosis.2019.02.003. Epub 2019 Feb 12. PMID: 30827715.

31. Iyen B, Qureshi N, Kai J, Capps N, Durrington PN, Cegla J, Soran H, Schofield J,
Neil HAW, Humphries SE; Simon Broome Familial Hyperlipidaemia Register Group.
Cardiovascular disease morbidity is associated with social deprivation in subjects with
familial hypercholesterolaemia (FH): A retrospective cohort study of individuals with
FH in UK primary care and the UK Simon Broome register, linked with national
hospital records. Atherosclerosis. 2025 Feb 18;403:119142. doi:
10.1016/j.atherosclerosis.2025.119142. Epub ahead of print. PMID: 40037086.

32. Assessing the impact of lipoprotein (a) lowering with TQJ230 on major
cardiovascular events in patients with CVD—full text view—ClinicalTrials.gov
[Internet]. https://clinicaltrials.gov/ct2/show/NCT04023552

33. O'Donoghue ML, Rosenson RS, Gencer B, Lopez JAG, Lepor NE, Baum SJ, Stout
E, Gaudet D, Knusel B, Kuder JF, Ran X, Murphy SA, Wang H, Wu Y, Kassahun H,
Sabatine MS; OCEAN(a)-DOSE Trial Investigators. Small Interfering RNA to Reduce
Lipoprotein(a) in Cardiovascular Disease. N Engl J Med. 2022 Nov 17;387(20):1855-
1864. doi: 10.1056/NEJMo0a2211023. Epub 2022 Nov 6. PMID: 36342163.

34. Nissen SE, Linnebjerg H, Shen X, Wolski K, Ma X, Lim S, Michael LF, Ruotolo G,
Gribble G, Navar AM, Nicholls SJ. Lepodisiran, an Extended-Duration Short
Interfering RNA Targeting Lipoprotein(a): A Randomized Dose-Ascending Clinical
Trial. JAMA. 2023 Dec 5;330(21):2075-2083. doi: 10.1001/jama.2023.21835. PMID:
37952254; PMCID: PMC10641766.


https://clinicaltrials.gov/ct2/show/NCT04023552

Table 1. Baseline clinical characteristics and comorbidities of subtypes of hypercholesterolemia

HeFH HyperLpa PH HyperLpa+PH MH IPH Total
Sample Size, n 400 181 434 128 1562 769 3474
Prevalence, % 11.5 52 12.5 3.7 45.0 22.1 100
Prevalence within PI, %* 16.5 7.5 17.9 53 21.1 31.7 100
Age, years 45.2 (14.9) 52.8(13.2) | 51.6(11.9) 54.4 (11.8) 49.2 (14.1) | 51.7(12.2) 50.0 (13.6)
Women, n (%) 226 (56.5) 99 (54.7) 230 (53.0) 81 (63.3) 727 (46.5) 402 (52.3) 1765 (50.8)
Total cholesterol, mg/dL 372 (70.4) 299 (24.2) 306 (35.1) 311 (43.2) 256 (38.5) 308 (33.6) 292 (56.1)
Triglycerides, mg/dL 124 (64.9) 160 (76.7) 165 (85.5) 149 (76.4) 157 (85.2) 154 (78.1) 153 (81.6)
HDL cholesterol, mg/dL. 57.3 (16.4) (igg) 57.5(15.2) 62.5 (18.8) 55.7(17.8) 59.1 (16.1) 57.3(17.0)
LDL cholesterol, mg/dL 290 (68.4) 208 (22.9) 216 (31.7) 219 (36.4) 169 (33.3) 218 (29.8) 204 (53.8)
Non-HDL cholesterol, mg/dL 314 (70.8) 240 (20.0) 249 (32.2) 249 (38.7) 201 (35.5) 249 (30.3) 234 (53.7)
Apolipoprotein B, mg/dL 183 (45.1) 161 (28.6) 162 (32.3) 171 (38.2) 134 (28.3) 159 (30.6) 152 (36.2)
Lipoprotein(a), mg/dL 30.0 (11.4-69.9) 1623(;;2_ 23'520.(27)'9- 144 (118-182) 26'647.(59)'8_ 25'557(.12())'9_ 31 ;‘8(16; 1-




Body mass index, ke/m? 255 (4.4) 26742) | 272142 262(3.8) | 27448) | 25229 | 26643)
Active smokers, n (%) 107 (26.8) 41 (22.7) 108 (24.9) 20 (15.6) 344 (22.0) 198 (25.7) 818 (23.5)
Diabetes, n (%) 12 (3.0) 13 (73) 24 (5.5) 7(5.5) 180 (11.8) 0 236 (7.0)
Hypertension, n (%) 69 (17.6) 47(273) | 124 (28.6) 3527.6) | 452(312) | 170(263) | 897(27.8)
ASCVD, n (%) 36 (9.0) 34(188) | 38(8.8) 17 (13.3) 13989) | 43(5.6) 307 (8.8)
Family history of premature

ASCVD. 1 (o1 131 (34.8) 48(28.6) | 95(22.3) 31248) | 275(193) | 134(209) | 714 (22.6)
Polygenic risk score 0.917 (0.199) 0889 1 1 1550.076) | 1.1490.072) | 2879 102899 (0.142) | 0.977 (0.184)

(0.147) (0.154)

HeFH denotes heterozygous familial hypercholesterolemia; HyperLpa, hyperlipoproteinemia (a); PH, polygenic hypercholesterolemia; MH,
multifactorial hypercholesterolemia; IPH, idiopathic primary hypercholesterolemia; HDL, high-density lipoprotein; LDL, low-density
lipoprotein; ASCVD, atherosclerotic cardiovascular disease

Quantitative variables are expressed as mean (standard deviation), except for variables not following normal distribution ((lipoprotein (a)),
expressed as median (interquartile range). Qualitative variables are expressed as total number (n) and percentage (%).

* Prevalence within PI refers to the percentage of subjects within the group of subjects with primary hypercholesterolemia (n=2429), which
includes probands with LDLc >190 mg/dL or non-HDLc >220 mg/dL or LDLc >130 mg/dL or non-HDLc >160 mg/dL with strong family

history of hypercholesterolemia.




Table 2. Variables associated in the Cox regression analysis with a first event of
ASCVD from birth

B P Exp(B)| 95% CI for
Exp(B)

Low | High
Gender, woman -1.118 | 0.000 | 0.327 | 0.253 | 0.424
Family history of precocious 0.376 | 0.001 | 1.456 | 1.163 | 1.823
ASCVD, yes
Diabetes, yes 0.489 | 0.001 | 1.631 [ 1.231 | 2.161
Hypertension, yes 0.332 | 0.002 | 1.394 | 1.128 | 1.721
HDL cholesterol, mg/dL -0.025 | 0.000 | 0.975 | 0.967 | 0.983
Polygenic risk score 0.704 | 0.042 | 2.021 | 1.025 | 3.985
LogLpa 0.005 | 0.000 | 1.005 | 1.004 | 1.007
Smoking, former or current 0.730 | 0.000 | 2.075 | 1.617 | 2.664

ASCVD denotes atherosclerotic cardiovascular disease; HDL, high-density lipoprotein;
LogLpa, logarithm lipoprotein(a)
Variables included in the regression model without statistical significance: triglycerides,

body mass index, LDL cholesterol.



Table 3. Variables independently associated with ASCVD during the follow-up in the

Cox regression analysis.

95% CI for Exp(B)

B P |Exp(B)| Low High
[Age at baseline, year 0.044 10.000| 1.045 | 1.029 1.062
ASCVD at baseline, yes 1.150 |0.000| 3.157 | 2.208 4.514
Sex, woman -0.528 | 0.006 | 0.590 | 0.404 0.860
Diabetes, yes 0.588 10.005| 1.801 | 1.198 2.707
Hypertension, yes 0.568 [0.001 | 1.764 | 1.269 2.453
HDL cholesterol, mg/dL. | -0.013 1 0.053 | 0.987 | 0.975 1.000
Loglpa 0.003 10.014| 1.003 | 1.001 1.005
Smoker at baseline, yes 0.350 10.048| 1.419 | 1.003 2.007

ASCVD denotes atherosclerotic cardiovascular disease; HDL, high-density lipoprotein;
LogLpa, logarithm lipoprotein(a)
Variables included in the regression model without statistical significance: triglycerides,

body mass index, LDL cholesterol, polygenic risk score.



Figure legends

Figure 1. Flowchart of the study and frequency of the different
hypercholesterolemia subgroups

Figure 1 legend

LDLc denotes low-density lipoprotein cholesterol; HDLc. high-density lipoprotein
cholesterol; Lp(a). lipoprotein (a); PRS. polygenic risk score; HyperLp(a).
hyperlipoproteinemia (a); PH. polygenic hypercholesterolemia; MH. multifactorial
hypercholesterolemia; IPH. idiopathic primary hypercholesterolemia; VUS. genetic
variant of uncertain significance.

Strong family history includes the presence of a first-degree relative with primary LDLc
>190 mg/dL.

Monogenic criteria include: tendon xanthomas in the proband or first degree relative, or
in the presence of LDLc >220 mg/dL if age <40 years or >230 mg/dL if age >40 years)
in the proband or in a first-degree relative plus dominant hypercholesterolemia pattern
with vertical transmission in multigenerational pedigrees, and approximately 50%
affected first degree relatives with only one affected parent.

*Of the 63 subjects with genetic variants of uncertain significance (VUS). 9 had
HyperLpa criteria. 25 had PH criteria. and 6 had both. The remaining 23 subjects were
classified as having HeFH.

Figure 2. Kaplan-Meier survival curves of ASCVD from birth: Panel A, according to
the subgroup of hypercholesterolemia; Panel B, hypercholesterolemia of the genetic
origin versus non-genetic hypercholesterolemia; Panel C, hypercholesterolemia of the
genetic origin versus idiopathic hypercholesterolemia; Panel D, among genetic

subgroups of genetic hypercholesterolemia.



Figure 3. Kaplan-Meier survival curves of ASCVD from the beginning of the study in
the Lipid Unit divided by subgroup of hypercholesterolemia
Figure 4. Kaplan-Meier survival curves of ASCVD from the beginning of the study in

the Lipid Unit in subjects with and without HyperLpa.



