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Familial hypercholesterolemia (FH) is a common genetic disorder of lipid metabolism, still underdiagnosed and undertreated in the general population. Pathology registers could play a crucial role in the
creation of a comprehensive and integrated global approach to cover all aspects of this disease. Systematic data collection of patients affected by FH has increased dramatically worldwide in the past few
years. Moreover, results from registers already established for the longest time showed their potentialities in the implementation of the knowledge of FH, comparing country-speciﬁc approaches and
providing real-world data about identiﬁcation, management and treatment of FH individuals in the
clinical practice.
The potential ﬁelds of research through registers are related to the deepening of the genetic basis of
disease, the study of genotype-phenotype correlation, the local adaption and implementation of diagnostic algorithms, the comparison of pharmacological approaches and treatment gaps in real-life clinical
practice, the evaluation of speciﬁc subpopulations, and the identiﬁcation of factors modifying cardiovascular disease risk. Registers could become also a valid resource for other rare dyslipidaemias,
contributing towards the evidence-based enhancement in the worldwide care of uncommon diseases.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Familial hypercholesterolemia (FH) is a common genetic disorder of lipid metabolism, characterized by raised total cholesterol
(TC) and low-density lipoprotein-cholesterol (LDL-C) concentrations since birth. Affected patients cannot clear LDL particles from
the circulation, and that predisposes to early atherosclerotic lesions
and premature coronary heart disease (CHD).
In the last decade, the prevalence of FH has been consistently
shown to be more common than what traditionally estimated,
reaching 1:200/250 [1] and 1:160,000/320,000 [2,3] for heterozygous FH (HeFH) and homozygous FH (HoFH), respectively. This
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suggests that the number of subjects affected by this disease could
potentially reach 4.5 million of HeFH individuals in Europe and
possibly 35 million worldwide. Although prompt identiﬁcation and
treatment are crucial to prevent CHD and improve clinical outcomes, FH still remains underdiagnosed and undertreated in the
general population [4].
As remarked in 2015 with the “global call to arms” prompted by
the European Atherosclerosis Society FH Studies Collaboration
(FHSC), huge efforts are needed to deal with the FH burden
worldwide. Vallejo-Vaz et al. underlined how a comprehensive and
integrated global approach is necessary to cover all aspects of this
disease (e.g. early detection, a cost-effective screening, continuous
research activities, raise of awareness and education, improved
health policies, adequate therapy), identifying a crucial role for
pathology registers [5]. Following this statement, the creation and
dissemination of systems for the systematic collection of
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country-speciﬁc approaches, and providing real-world data about
how FH subjects are identiﬁed, managed, and treated in clinical
practice (Fig. 1).

information on FH patients have increased dramatically, as evinced
also by the exponential growth of related publications over the last
5 years: published articles describing the design of the FH registers
or data results increased tenfold, with more than 20 new national
registers activated in recent years [6]. Moreover, also national
programs were implemented in order to investigate for the prevalence of FH and the genetics of lipid disorders [7,8]. A consortium
of major FH registers was then created, including data from more
than 70 countries. Pooling together information of country-speciﬁc
pathology registers allow to obtain large-scale real-world data
necessary to ﬁll the gaps in knowledge, evaluate the impact of FH in
general population, improve the collective awareness of this pathology, and ensure a continuous care program for patients.
The potential of this type of initiatives are well illustrated by
results published by registers established for the longest time:
among them, the CASCADE FH Registry in United States, the
SAFEHEART registry in Spain, the FH Canada in Canada, and the
LIPIGEN study in Italy.
CASCADE FH (CAscade SCreening for Awareness and DEtection of Familial Hypercholesterolemia) registry was created in
2013 by the FH foundation [9], a patient-led, non-proﬁt, charitable
organization in the United States. The enrolment is characterized by
a hybrid recruitment using a variety of mechanisms: clinical
enrolment in specialized lipid clinics, self-enrolment using an online screening mechanism available to general public, and the case
identiﬁcation through electronic health records (EHRs). Inclusion
criteria are based on the presence of clinical or genetic diagnosis of
FH or on untreated or treated LDL-cholesterol and total cholesterol
levels (untreated LDL-C > 190 mg/dL or TC > 300 mg/dL; treated
LDL-C > 124 mg/dL or TC > 195 mg/dL). At the end of 2018, the
study accounted for more than 5000 subjects followed by 40 sites
(of which 5 were paediatric) in 23 US states [10].
SAFEHEART registry (The SpAnish Familial HypErcHolEsterolaemiA CohoRt STudy), an open, multicentre, longterm prospective cohort study, began in 2004 in 19 outpatient
lipid clinics in Spain [11]. Based on the inclusion criteria, all the
index cases with a genetic diagnosis of FH and their relatives older
than 15 years with a genetic diagnosis of FH, and relatives over 15
years old without a genetic diagnosis of FH as control group, are
included in the registry. At October 2015 [12], more than 4000
subjects (19% index cases) from 25 lipid clinics were enrolled in the
study. About the 90% of them were adults (2746 FH and about 1000
unaffected relatives).
Canadian FH registry was established in 2013 in the province of
British Columbia, and then expanded to include 19 academic centres across Canada, as well as numerous peripheral sites. At the end
of December 2017, data of more than 3000 subjects (14 with HoFH)
were entered in the database. To be enrolled, patients should
receive a diagnosis of HeFH according to the Dutch Lipid Clinic
Network (DLCN) score criteria (possible, probable, deﬁnite) or to
the Canadian deﬁnition (probable, deﬁnite), or a physician diagnosis of HoFH [13]. Genetic testing, which is not routinely available
in most of Canada, was not considered to be necessary for the
enrolment into the register.
LIPIGEN-FH (LIpid TransPort Disorders Italian GEnetic
Network) study is an observational, multicentre, retrospective and
prospective study [14], sponsored by the Foundation of Italian
Atherosclerosis Society (SISA) and established in Italy since 2009 to
promote the diagnosis of genetic dyslipidaemias, with a primary
focus on FH. At July 2020, more than 50 Italian clinical centres are
involved in the project, accounting for more than 8500 FH patients
(about 15.0% of whom under 18 years), with a clinical (based on
DLCN score criteria) and/or genetic diagnosis of FH.
These registers allow to implement the knowledge on FH from
various points of view, through comparing different strategies and

1. Deepening of the genetic basis of disease
When genetic testing is performed in individuals with FH, causal
LDLR mutations are found in about 60e80% of cases [15]. The
identiﬁcation of families with phenotypic FH without LDLR mutations led to the search for other causal genes: the gene encoding
apolipoprotein B (apoB), which is now thought to account for 4e5%
of familial hypercholesterolemia cases (more in certain populations), or the proprotein convertase subtilisin kexin 9 (PCSK9)
gene, so far accounting for less than 1% of FH overall [15].
Although genetic testing has notably improved the identiﬁcation of patients suffering from FH [16,17], a relevant proportion
[18,19] of individuals clinically diagnosed with FH does not present
a causative mutation in any of the conventionally tested genes.
Importantly, a negative genetic test does not rule out an underlying
genetic cause [16]. Recently, the failure in detection of mutation in
patients with a clinically diagnosis of FH raises the question of the
presence of a polygenic aetiology due to co-inheritance of common
LDL-C raising variants [20] or the existence of other still unknown
variants/genes. The continuous progress in the knowledge of the
genetic basis of this disease is illustrated, for example, by the
identiﬁcation of new variants associated with the disease, or by the
characterization of pathogenic variants among those previously
deﬁned as “of uncertain clinical signiﬁcance” (VUS) [21]. The genetic results of 2938 FH subjects enrolled in the SAFEHEART study
[22] identiﬁed 194 variants (88% classiﬁed as pathogenic or likely
pathogenic), 24 (21 in LDLR and 3 in APOB) of them have not been
reported before. Likewise, among 213 variants detected in 1076
subjects enrolled in the LIPIGEN study, 36 mutations had not been
described before [23]. In silico analysis showed that among 32 new
variants on LDLR gene, 27 could potentially be deﬁned as pathogenic or likely pathogenic while only one of the four not previously
reported variants on LDLRAP1 gene could be presumed to be
pathogenic. The increase of number of variants associated with FH
discovered for LDLR, the gene implicated in the greatest number of
cases, is emblematic: it has gone from about 300 at the end of the
nineties [24,25] to 2600 (ClinVar database, https://clinvarminer.
genetics.utah.edu) nowadays. Finally, registers may also offer the
opportunity to identify new FH-causing genes, due to possibility to
detect several individuals (or families) with a FH-like phenotype,
but without sequence variations in the canonical genes.
2. Genotype-phenotype correlation
For any genetic disease, one of the most important questions is
whether there is a relationship between any disease-causative
mutation and the risk of developing a speciﬁc outcome. In this
context, registers allow to study the relationship between genotype, LDL-C levels and outcomes. In 2000, Bertolini et al. [26]
started to evaluate the impact of LDLR mutation on clinical
expression of FH in an Italian FH heterozygous cohort, stratifying by
LDLR residual activity. They showed that receptor-negative subjects
presented a more severe phenotype compared to receptordefective group. In the same way, Bourbon et al. [22] classiﬁed
the SAFEHEART cohort with a LDLR mutation according to the LDLR
residual activity: carriers of a null allele variant, or carriers of a
defective allele variant. Also in this case, individuals who carry LDLR
mutations that completely abolish LDLR activity have even higher
LDL-C levels (264.1 mg/dL vs 253.9 mg/dL, p < 0.001) and a worse
clinical status (presence of xanthomas, 16.6%, vs 10.7%, p < 0.001;
history of premature atherosclerotic cardiovascular disease, 10.2%
36
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Fig. 1. Fields of research potentially investigable through the registers.

vs 9.1%, p ¼ 0.114) than patients with defective allele variants. The
same pattern was observed in Chinese [27], Greek [28], and German
[29] FH patients. Moreover, recent genetic studies highlighted the
great variability of the clinical phenotypes in homozygous FH and
heterozygous FH and the large clinical overlap between them, as a
consequence of the variations in the number of genes involved and
the speciﬁc pathogenic mutations. Analysing HoFH patients from
LIPIGEN study, Bertolini et al. [30] showed that true homozygotes
(carrying two identical pathogenic variants) showed a more severe
lipid phenotype (LDL-C 607 mg/dL vs 520 mg/dL, p ¼ 0.005) and
higher prevalence of atherosclerotic cardiovascular disease (66.6%
vs 43.1%, p ¼ 0.009) as compared with compound heterozygotes
(two different pathogenic variants). A less severe phenotype was
also observed in the few double heterozygotes (carrying a pathogenic variant in LDLR in combination with a variant in either APOB
or PCSK9 gene). Similar results were obtained in an analysis of HoFH
Spanish patients [31].
Registers allow also the comparisons between index cases and
affected (or unaffected) family members [32,33]. For instance, it is
possible to ﬁnd people (and families) with classic FH mutations but
without a previous history of CHD. Similarly, there are families with
‘mild’ mutations that have a much higher prevalence of CHD than
might be expected. Finally, it is possible to study to what extent
environmental factors, such as diet, and other classical risk factors
play a signiﬁcant role in modulating the FH phenotype [34].

In the last decade, taking advantage from information retrieved
within registers, efforts have been made to overcome these limitations. In Canada, a new simpliﬁed diagnostic criteria has been
proposed through modiﬁcation and adaptation of DLCN and SimonBroome Registry criteria to Canadian population [40]. Authors
identiﬁed major criteria (DNA mutation, tendon xanthomas or LDLC  8.5 mmol/L) and minor criteria (family history of LDL-C >95th
percentile, as evaluated in Canadian population, according to age
and sex; or a history of ASCVD in the index patient or in a ﬁrstdegree relative younger than 55 years for men or < 65 years for
women). A suspect of FH should be considered in case of LDL-C
level  5 mmol/L (or LDL-C 4.0 mmol/L for age <18 years; LDLC  4.5 mmol/L for age 18 years and <40 years). A deﬁnite diagnosis of FH is also performed based upon the presence of one or
more major criteria. When no major criteria are present, a probable
diagnosis of FH could be performed if at least one of minor criteria
is present. This simpliﬁed deﬁnition of FH showed excellent
agreement with the most widely used FH criteria, and was well
adapted to the Canadian population.
In the LIPIGEN cohort, the performance of the DLCN score was
evaluated in 1337 adult patients with a genetic diagnosis of FH,
addressing the question whether missing information may affect
the identiﬁcation of FH subjects [38]. Compared with subjects
without missing data, the lack of information related to the family
clinical history did not modify the rate of patient identiﬁcation; in
contrast, the lack of information concerning the physical signs,
typical of FH, or the personal history of cardio/cerebrovascular
events strongly reduced the percentage of subjects with a probable/
deﬁnite FH diagnosis. Recently, this evaluation was deepened carrying out a stepwise logistic regression analysis on the LIPIGEN
cohort to identifying which factors among conventional DLCN
criteria and other additional covariates (i.e. non-HDL-C, lipoprotein
(a) [Lp(a)], LDL-C>180 mg/dL since age<18) had a greater impact in
predicting the probability of having monogenic FH. We found that,
among the nine items of the DLCN score calculation, the presence of
tendinous xanthomata and very high LDL-C levels (either in the
patient or in ﬁrst degree relatives) showed the strongest association with the outcome. Regarding the additional factors, the only
one included in the ﬁnal model was the detection of LDLC>180 mg/dL before 18 years old.
In Wales, Haralambos et al. [41] implemented a scoring system
based on a modiﬁcation of the DLCN score criteria, extending the

3. Local adaption of diagnostic algorithms
Conventionally, clinical scores such as Simon Broome (from UK)
[35], DLCN (from the Netherlands) [36], and Make Early Diagnosis
to Prevent Early Death (MEDPED) (from the USA) [37], are used to
diagnose FH. These scores consider patients’ lipid levels, cutaneous
stigmata, and personal and family history of CHD to some extent.
Nevertheless, their ability of efﬁciently diagnose FH subjects could
be affected due to the fact that they have been created and validated long ago, and could result to be less efﬁcient in an era in
which lifestyle modiﬁcations, the widespread therapy with statins
and more recent new lipid-lowering drugs have modiﬁed the
epidemiology of some conditions classically associated with FH
[3,8]. Moreover, they have not been adapted by country and by age
groups, and some data, required for the calculation of scores, can be
difﬁcult to be found [38,39].
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impact of different approaches, policies and care-pathways on
identiﬁcation and treatment of FH. Pooling together this information was identiﬁed, for example, a variability between countries
related to the mean age at diagnosis, age at which therapy is started, type of lipid-lowering treatment prescribed, and proportion of
subjects above 10 years not treated but with LDL-C levels higher
than recommended levels. In Italy, as the LIPIGEN-FH cohort
included both adults and children/adolescents, in 2018 a paediatric
group was established. This sub-study is aimed at improving
detection, diagnosis, and management of FH patients <18 years
throughout Italy. At July 2020, 30 lipid clinics were involved, and
more than 1300 subjects were entered in the database. This
network, established between lipid clinics and paediatric centres,
allowed to implement the baseline data collection, integrating
follow-up data and additional speciﬁc information (i.e., presence of
premature CHD in second-degree family members, lipid levels of
both parents, puberty status, and waist circumference), with the
aim of reﬁning diagnostic approach in paediatric patients.

detection of family history criteria to 2nd degree relative,
increasing the points for tendon xanthoma in 1st and 2nd degree
relatives to 6 points, identifying a negative value for raised triglycerides, and providing different points according to the age of
premature CHD in the index patient. The new score system was
shown to efﬁciently guide selection of patients for DNA testing
when applied by health professionals, targeting resources to those
individuals and families that are most likely to beneﬁt from FH
genetic testing.
4. Pharmacological approaches and treatment gaps
The nature of registers makes them a useful tool to obtain information from real-life clinical practice, and to evaluate the
effectiveness of the available lipid-lowering treatment to achieve
LDL-C goals in FH patients.
A cross-sectional analysis of HeFH adults enrolled in the
CASCADE-FH Registry [42], demonstrated limited use of highintensity statin therapy (42%) and combination of LDL-lowering
therapy (45%); among the 25% of patients not receiving statin
treatment, reported reasons for the lack of statin use were mainly
intolerance or allergy (60%), patient preference (11%), and physician
preference (11%). Another evaluation from the same registry suggested that sex and racial/ethnic factors may contribute to undertreatment [43]. In a longitudinal analysis [10], during a mean
follow-up of 20 months, only 48% of patients achieved LDLC < 100 mg/dL and 22% achieved LDL-C < 70 mg/dL.
Taking advantages by longitudinal data collected in the SAFEHEART study, authors investigated the achievement of LDL-C
therapy goals in 2170 FH subjects [44], detecting a failure in the
majority of subjects in reaching LDL-C goals: over a mean follow-up
of 5 years, despite a signiﬁcant increase in the use of high-intensity
statins and combined lipid-lowering therapies, and a reduction in
mean LDL-C values, less than 10% of FH subjects reached the LDL-C
goals. Similar low rates were reported in the analysis of PLANET
registry from Czech Republic and Slovakia [45] and in an evaluation
of the German CaReHigh Registry [46]. Currently the most effective
way of reducing LDL-C levels in HoFH patients is lipoprotein
apheresis. An evaluation from a Turkish registry [47] showed that,
in these subjects, there is a long delay between FH diagnosis and
the initiation of this treatment. Although apheresis is a lifesaving
therapy for patients with HoFH, in real clinical practice, most patients experience it as ineffective, and fail to reach LDL goals.
Overall, this observation emphasizes that FH patients should
receive more intensive lipid-lowering treatment, but also highlight
a medical need for new therapies to help patients to reach lower
LDL-C levels and prevent development of premature ASCVD. The
analyses from registers could determine the factors leading to late
referral, undertreatment, and treatment failure on country level,
supporting the development of structured approaches.

In FH subjects, the exposure to elevated level of LDL-C since
birth confers high risk of cardiovascular disease (CVD). The
phenotypic variability that characterizes FH offers the opportunity
to stratify affected patients, identifying those at the highest CV risk,
and therefore deserving of a closer monitoring and a more
aggressive treatment. Part of the heterogeneity in risk may be
attributable to non-LDL-C traditional risk factors. Since genotype
has a major impact on these subjects, well-established risk calculators such as the Framingham algorithm [53] or the European
SCORE [54] are not applicable to FH patients, which made accurate
CV risk calculation challenging [55]. Consequently, speciﬁc algorithms were developed in the recent years, to predict the CV risk of
FH subject.
The presence of follow-up data in a large cohort of FH patients
enrolled into the SAFEHEART registry allowed to build a risk
equation (SAFEHEART-RE) [56] to predict incident ASCVD events in
genetically-conﬁrmed HeFH adults, based on age, sex, history of
ASCVD, blood pressure, body mass index, smoking, and plasma
LDL-C, and Lp(a) levels.
Another combination of cardiovascular risk factors greatly
increasing CVD in FH was identiﬁed in Canadian subjects with a FH
causative mutation in the LDLR gene. This developed novel tool
incorporated several independent risk factors (age, HDL-C, gender,
hypertension and smoking) in the Montreal-FH-SCORE [57]. This
model was derived from a cohort of 670 adult French Canadian FH
individuals carrying a mutation in the LDLR gene; it has been
further validated in another French Canadian cohort of FH patients,
and additional validation in the FH Canada national registry is
currently underway.

5. Evaluation of speciﬁc subgroups

Conclusions and future perspective

Local registers could also provide useful information on speciﬁc
subpopulations, such as children and adolescents [48]. They could
be studied with ad hoc registers, or data could be extrapolated from
ongoing national registers including also adults. The UK National
Paediatric Familial Hypercholesterolaemia Register, established in
2012 to collect baseline and long-term follow-up data on all children with HeFH in the United Kingdom [49], the Czech MedPed
registry, a paediatric care network well established in the Czech
Republic since 1998 [50], or the Greek Paediatric FH Register,
started in 1993 [51], are valuable examples. International collaborations of country-speciﬁc databases, such as the International
Paediatric FH register [52], offer the opportunity to compare the

Despite recent progress, FH is still underestimated, underdiagnosed, and undertreated, and it represents a signiﬁcant problem as a common risk factor for CV morbidity and mortality.
Pathology registers have proven to be a valuable resource for
increasing our knowledge and improving patient management. In
the future, the efforts around the world will have to focus on
increasing the number of patients included in national databases,
promoting the awareness in the general population and among
medical experts, supporting patient organizations, and promoting
the standardization of registries to facilitate the comparison of the
results and to allow the construction of large multinational databases pooling several local experiences [58].

6. Identiﬁcation of factors modifying cardiovascular risk
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As registers could signiﬁcantly contribute towards the evidencebased enhancement in the worldwide care of uncommon diseases,
they can become a resource for other rare dyslipidaemias besides
FH. As well depicted by the recent Consensus Statement by EAS
[59], although each rare disease affects a small number of people,
collectively these conditions pose a considerable health burden.
The development of registers has the potential to improve awareness, management, and access to effective therapy for these
conditions.
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