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Abstract: The majority of familial hypercholesterolemia index cases (FH-IC) remain underdiagnosed
and undertreated because there are no well-defined strategies for the universal detection of FH.
The aim of this study was to evaluate the diagnostic yield of an active screening for FH-IC based
on centralized analytical data. From 2016 to 2019, a clinical screening of FH was performed on
469 subjects with severe hypercholesterolemia (low-density lipoprotein cholesterol ≥220 mg/dL),
applying the Dutch Lipid Clinic Network (DLCN) criteria. All patients with a DLCN ≥ 6 were
genetically tested, as were 10 patients with a DLCN of 3–5 points to compare the diagnostic yield
between the two groups. FH was genetically confirmed in 57 of the 84 patients with DLCN ≥ 6, with
a genetic diagnosis rate of 67.9% and an overall prevalence of 12.2% (95% confidence interval: 9.3%
to 15.5%). Before inclusion in the study, only 36.8% (n = 21) of the patients with the FH mutation had
been clinically diagnosed with FH; after genetic screening, FH detection increased 2.3-fold (p < 0.001).
The sequential, active screening strategy for FH-IC increases the diagnostic yield for FH with a
rational use of the available resources, which may facilitate the implementation of FH universal and
family-based cascade screening strategies.
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1. Introduction
Familial hypercholesterolemia (FH) is the genetic disorder most frequently associated
with premature atherosclerotic cardiovascular disease (ASCVD) [1] due to lifelong elevated
levels of low-density lipoprotein cholesterol (LDL-C). Its prevalence in the general population ranges from 1 in every 200 to 300 individuals [2–5]. It has an autosomal dominant
transmission pattern whose causative mutations are mainly in the LDL receptor gene (LDLR) and, less frequently, mutations in the apolipoprotein B (APOB) and proprotein convertase
subtilisin/kexin type 9 (PCSK9) genes.
Clinical diagnosis of FH is based on clinical and analytical criteria, of which the most
widely used and recommended are the Dutch Lipid Clinic Network (DLCN) criteria [6,7],
as they have been validated with genetic diagnosis [8,9]. Genetic study is the gold standard
for confirming FH, and it is necessary once the clinical diagnosis is probable or definite [10].
FH is markedly related to the development of ASCVD [11,12] with up to 22-fold increased
risk compared to the general population [13–15]. Therefore, early detection is essential to
both start and optimize treatment, which drastically reduces the risk of ASCVD [16–19],
and perform family-based cascade screening. Despite international recommendations in
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FH clinical and genetic diagnosis [10], the main problem is the lack of clearly defined
screening strategies for the identification of FH index cases in the general population,
as well as insufficient genetic test availability [20]. This is why diagnosis is currently
performed either after the development of clinical ASCVD or after the fortuitous detection
of abnormally high LDL-C levels. Consequently, the majority of patients with FH remain
underdiagnosed and undertreated [21].
The aim of this study was to evaluate the genetic diagnostic yield of a sequential,
active screening of FH index cases in a population with severe hypercholesterolemia (HCL),
based on centralized analytical data, to perform clinical and genetic family-based cascade
screening. This screening strategy can contribute to changing how this severe disease is
currently detected in Spain.
2. Materials and Methods
2.1. Population Study and Clinical Diagnostic Criteria for Familial Hypercholesterolemia
We conducted a selective, single-phase, active screening of patients aged ≥18 years
with severe HCL, defined as total cholesterol ≥ 290 mg/dL, LDL-C ≥ 220 mg/dL, and
triglycerides (TG) ≤ 200 mg/dL, the recommended values at which to start FH screening [7].
Analytical records from both primary and hospital care settings of the whole health area,
which are centralized in the Biochemical Laboratory of the Hospital Complex, were reviewed. All samples with the stated profile for the years 2013, 2014, and 2015 were selected.
Health professionals not connected with our study had previously requested the biochemical analyses for a variety of reasons. Blood samples were extracted after fasting, and
LDL-C levels were calculated using the Friedewald formula [22]. A sample of saliva was
taken for genetic testing. The lipid-lowering treatment (LLT) of each patient and their
adherence to it was analyzed before inclusion in the study, with LDL-C levels adjusted
according to Masana’s correction [23], as long as the patient was correctly following the
treatment. Maximal lipid-lowering therapy was defined as any LLT that reduces LDL-C
levels ≥50% [24].
Demographic and clinical variables, age, classic cardiovascular risk factors, and physical examination were included. We considered ASVCD whenever medical records included
a clinical diagnosis of non-thromboembolic stroke, peripheral artery disease (PAD), or
ischemic heart disease, both stable and acute coronary syndrome (ACS).
All patients consecutively underwent a medical assessment from December 2016
to March 2019 and were classified following DLCN criteria [25]. These criteria assign a
score according to LDL-C levels, family history of HCL in children and/or parents (of
the index case), history of premature ASCVD in the index case and/or family members,
and the presence of tendon xanthoma or corneal arcus in a person <45 years (Table S1).
Consistent with the score obtained, the diagnosis of FH may be possible (3–5 points),
probable (6–7 points), or definite (≥8 points). We excluded subjects with a secondary cause
of HCL (uncontrolled thyroid condition, HIV on antiretroviral therapy, nephrotic syndrome,
end stage chronic kidney disease, uncontrolled diabetes, combined hyperlipidemia, and
hepatobiliary diseases), the deceased, subjects with a diagnosis of terminal illness, anyone
who refused to participate in the study, and those who were impossible to contact.
This study was approved by the Ethics Committee of the Complejo Hospitalario
de Toledo (16 June 2016) and conducted in compliance with the Declaration of Helsinki
recommendations for medical research involving human subjects. All of the patients who
participated signed informed consent for the purposes contemplated in legislation current
at the time the study began.
2.2. Genetic Testing
The genetic testing was performed using the Lipid inCode® test (GENinCode, Barcelona,
Spain), which is based on next-generation sequencing (NGS). Subsequently, ultrasequencing was used to detect abnormalities in the DNA sequence of the promoter regions that
codify and form the exon-intron boundaries of 7 genes: LDLR, APOB, PCSK9, APOE,
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STAP1, LDLRAP1, and LIPA. The laboratory used the Gendicall 3.0, a bioinformatics tool
developed by GENinCode (Gendicall 3.0, GENinCode, Rambla d’Ègara, Terrassa, Spain),
to analyze the obtained results. The Lipid inCode® test methodology has previously
been used in Spanish studies [26]. Variant annotation was based on the Human Genome
Variation Society standard [27] using isoforms from the Reference Sequence (REFSEQ)
database, Ensembl 81 source (www.ensembl.org accessed on 10 February 2021). Variant
interpretation and pathogenicity classification followed information from the Gendiag.exe
database of genetic variants, adhering to the rules published by the American College of
Medical Genetics and Genomics (ACMG) [28]. Consistent with ACMG criteria, clinically
relevant variants were classified as pathogenic (class I), likely pathogenic (class II), and
variants of unknown significance (class III). Since STAP1 is very unlikely to be a causative
FH gene, variants in this gene were not considered [29].
2.3. Statistical Analysis
Quantitative variables are presented as a mean ± standard deviation, whereas qualitative variables are given as numbers (%). The Kolmogorov–Smirnov test was used to
check the normal distribution of variables. We used standardized effect size measures for
baseline characteristics, estimated Cohen’s D for quantitative variables, and calculated the
odds ratio for qualitative variables, with the respective 95% confidence intervals. Pearson’s
chi-square test and Fisher’s exact test were used to compare the ASCVD percentages between FH mutation and no FH mutation in the DLCN ≥ 6 group, as well as the diagnostic
rate before and after the screening. Odds ratios were estimated to assess the probability of
a positive genetic result according to the clinical diagnosis of FH.
The statistical significance level was established at p < 0.05. All calculations were
performed using the IBM SPSS Statistics program, version 25.0 (Chicago, IL, USA).
3. Results
3.1. Clinical Characteristics of the Studied Population
A total of 752 subjects were evaluated, of which 283 were excluded. Therefore,
469 subjects were included and medically assessed. Of them, 385 subjects (82.1%) received
a diagnosis of possible FH, whereas 84 (17.9%) had a diagnosis of probable or definite FH.
Genetic tests were performed in all patients with DLCN ≥ 6 as well as 10 patients with
DLCN 3–5, selected by means of consecutive sampling to compare the yield of genetic
testing between both groups (Figure 1).
Of the 469 subjects, the proportion of men was 40.7%, and the mean age was 53.2 ± 12.8 years.
The mean levels of total cholesterol and LDL-C were 331.7 ± 48.3 and 246.8 ± 38.2 mg/dL,
respectively. Regarding the treatment, 73.4% of the subjects were on LLT; however, only
23.2% of this treatment was maximal lipid-lowering therapy. Concerning cardiovascular
events, 5.5% of the patients had developed ASCVD, which was premature in 42.3% of them.
Patients with DLCN ≥ 6, compared with the DLCN 3–5 group, were younger, had higher
levels of total cholesterol and LDL-C, and had higher proportions of active or past smoking,
LLT, and a family history of premature ASCVD and hypercholesterolemia (Table 1). Finally,
the proportion of ASCVD was markedly higher in the DLCN ≥ 6 group, both globally and
premature, and these findings were particularly notable in the group with FH mutation
who had a global rate of 19.3%, and within this group, events occurred at a premature age
in 63.6%. Coronary artery disease was the most frequent ASCVD in DLCN ≥ 6 with FH
mutation (Table 2).
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Figure 1. Patient selection: Flowchart showing sequential steps during patient selection. * Selected
by means of consecutive sampling. T-Col: Total cholesterol. DLCN: Dutch Lipid Clinic Network.
HIV: Human immunodeficiency virus. LDL-C: low-density lipoprotein cholesterol. TG: triglycerides.
Table 1. Baseline characteristics.
Variable

Overall
(n = 469)

DLCN 3–5
(n = 385)

DLCN ≥ 6
(n = 84)

Standardized Effect
Size (95% CI)

Male

191 (40.7)

162 (42.1)

29 (34.5)

0,73 (0.44 to 1.19)

Mean age, years

53.2 ± 12.8

54.6 ± 12.3

47.1 ± 12.9

0.59 (0.36 to 0.82) *

Hypertension

148 (31.6)

130 (33.8)

18 (21.4)

0.54 (0.31 to 0.94) *

Diabetes

47 (10.0)

43 (11.2)

4 (4.8)

0.39 (0.14 to 1.14)

Current or past smoking

233 (49.7)

181 (47.0)

52 (61.9)

1.83 (1.13 to 2.97) *

Body Mass Index

27.7 ± 4.4

27.8 ± 4.3

27.0 ± 4.7

0.19 (−−0.04 to 0.43)

ASCVD

26 (5.5)

13 (3.4)

13 (15.5)

5.24 (2.33 to 11.77) *

Premature ASCVD

11 (2.3)

3 (0.8)

8 (9.5)

13.4 (3.48 to 51.68) *

Family history of premature ASCVD

34 (7.2)

15 (3.9)

19 (22.6)

7.21 (3.49 to 14.91) *

Family history of HCL

131 (27.9)

61 (15.9)

70 (83.3)

26.48 (14.02 to 49.99) *

Corneal arcus (<45 years)

7 (6.2)

0

7 (20.6)

-

Tendon Xanthoma

1 (0.2)

0

1 (1.1)

-

−

−

−
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Table 1. Cont.
Variable

Overall
(n = 469)

DLCN 3–5
(n = 385)

DLCN ≥ 6
(n = 84)

Standardized Effect
Size (95% CI)

Total cholesterol (mg/dL)

331.7 ± 48.3

317.7 ± 21.03

396.2 ± 77.5

−1.62 (−1.97 to −1.27)

LDL-C (mg/dL)

246.8 ± 38.2

234.9 ± 15.6

301.5 ± 58.5

−1.74 (−2.08 to −1.41)

HDL-C (mg/dL)

56.2 ± 14.0

56.4 ± 13.6

55.2 ± 15.9

0.89 (−1.47 to 0.33)

Triglycerides (mg/dl)

128.3 ± 36.3

129.5 ± 35.8

122.8 ± 38.4

0.18 (−0.05 to 0.42)

TSH (mLU/L)

2.1 ± 2.12

2.1 ± 2.3

2.2 ± 1.30

−0.08 (−0.32 to 0.17)

Lipid-lowering treatment

344 (73.4)

269 (69.9)

75 (89.3)

3.59 (1.74 to 7.42) *

Maximal lipid-lowering therapy

109 (23.2)

64 (16.6)

45 (53.6)

5.79 (3.49 to 9.59) *

Values are mean ± standard deviation (SD) or n (%). * p < 0,05. ASCVD: atherosclerotic cardiovascular disease. CI: Confidence interval.
DLCN: Dutch Lipid Clinic Network. HCL: Hypercholesterolemia. HDL-C: high-density lipoprotein cholesterol. LDL-C: low-density
lipoprotein cholesterol. TSH: Thyroid stimulating hormone.

Table 2. Atherosclerotic cardiovascular disease rates in DLCN ≥ 6.
DLCN ≥ 6 no FH Mutation
(n = 27)

DLCN ≥ 6 FH Mutation
(n = 57)

p-Value

ASCVD

2 (7.4)

11 (19.3)

0.33

ASCVD without previous FH diagnosis
Premature ASCVD
Premature ASCVD without previous FH diagnosis
Coronary artery disease
Cerebral vascular disease
Peripheral vascular disease

2 (100)
1 (50)
1 (100)
2 (100)
0
1 (50)

7 (63.6)
7 (63,6)
3 (42.9)
7 (63.6)
4 (36.4)
1 (9.1)

0.47
0.43
1
0.72
0.51

Values are n (%). FH: Familial hypercholesterolemia. Other abbreviations as in Table 1.

3.2. Genetic FH Diagnosis
Among the 84 subjects with DLCN ≥ 6, clinical FH diagnosis was confirmed with
genetic testing in 57 (12.2% of the 469 included, 67.9% of those genetically studied). Differentiating by FH clinical diagnosis, 33 (58.9%) of the 56 patients with probable FH and
24 (85.7%) of the 28 patients with a definite FH (≥8 points) were genetically confirmed.
The rate of genetic confirmation among patients with a clinical diagnosis of possible FH
was 20%. The odds ratio for detection mutations in the DLCN ≥ 6 group compared to the
DLCN 3–5 group was 8.44 (95% CI (1.68 to 42.49); p = 0.005; Figure 2, Table 3).
Before their inclusion in the study, only 21 out of the 57 patients (36.8%) with genetic
diagnosis had been clinically diagnosed with FH. Following the study strategy used in this
research, the real detection rate in the cohort increased from 5.3% to at least 12.2% (2.3-fold
increase; p < 0.001); it was also possible to reclassify four patients with no FH mutation
who had been clinically diagnosed with FH before the present study (Figure 3).
Table 3. Genetic testing results.
All

FH Mutation

No FH Mutation

Odds Ratio (95% CI)

p-Value *

Previous FH diagnosis

26

21 (80.8)

5 (19.2)

2,94 (0.99–8.73)

0.08

Possible FH
Probable FH
Definite FH
DLCN ≥ 6

10
56
28
84

2 (20)
33 (58.9)
24 (85.7)
57 (67.9)

8 (80)
23 (41.1)
4 (14.3)
27 (32.1)

1 (Reference)
5.74 (1.12–29.54)
24.0 (3.68–156.7)
8.44 (1.68–42.49)

0.037
0.001
0.005

Values are n (%). * p < 0.05. ** Percentages according to no FH mutation of the respective DLCN group. Abbreviations as in Tables 1 and 2.
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100%
4

90%
80%

27

23

70%
60%

8

50%
24

40%
30%

57

33

20%
10%
0%

2
DLCN 3–5

DLCN 6–7
Positive

DLCN ≥ 8

DLCN ≥ 6

Negative

Figure 2. The positive and negative rates in the genetic study. Bar graph presenting the percentages
of genetic diagnosis according to DLCN criteria. DLCN: Dutch Lipid Clinic Network.

n = 469
100

90

80

70

60
385 (82,0%)

444 (94,7%)

50

36 new FH
diagnoses

40

30

20
27 (5,8%)

10

0

57 (12,2%)

4 previously diagnosed
with negative genetics

25 (5,3%)

Before screening
FH

X 2,3 (p<0,001)

After screening
No FH

Not studied

Figure 3. Diagnostic percentage of familial hypercholesterolemia, before and after screening, Bar
graph where we can appreciate the percentage of diagnosis of familial hypercholesterolemia (FH)
in the DLCN ≥ 6 group before carrying out the screening strategy (25 patients, 5.3%; although 4,
0.9%, had negative genetics and 21, 4.4%, were positive) and after the strategy (57, 12.2%, genetically
confirmed with 2.3-fold increase in FH diagnosis, p < 0.001). The 10 patients with DLCN 3–5 and
genetic study were counted as not studied. DLCN: Dutch Lipid Clinic Network.
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The most frequent mutation was in the LDLR gene (92.9%), followed by APOB (5.3%)
and APOE (1.8%). In our study, a mutation of the LDLR or APOB genes explained 98.2% of
the total mutations (Tables S2 and S3).
4. Discussion
This study showed a high diagnostic yield with a universal, sequential active screening
of FH index cases. The prevalence of FH within the studied cohort of patients with severe
HCL was 12.2%, with a genetically confirmed FH rate in the DLCN ≥ 6 group of 67.9%.
We estimate that the strategy proposed in this study will contribute to modifying how FH
index case screening is conducted because in our health setting, where only 36.8% of the
patients with FH mutation had been previously diagnosed, the FH detection increased
2.3 times.
Our screening strategy presents several advantages that might justify the higher detection rates obtained. It focuses on patients with a higher probability of having FH by
clinical diagnosis (DLCN ≥ 6), since this is the group that is really considered FH [10]
and, therefore, are candidates for advanced lipid-lowering therapies in accordance with
the recommendations of Spanish guidelines [7,30]. Additionally, it allows optimization
of diagnostic yield in accordance with the available resources. This is why, unlike cascade screening, potential index cases with DLCN 3–5 were not genetically tested, except
for 10 patients, to estimate the diagnostic yield of our study (20%), in a similar way as
previously described [31–33].
The first step in the search for patients was to detect those who had high LDL-C levels
using widely available tools such as the computerized, centralized analytical data of the
population in the health area obtained from both primary and hospital care. The exclusive
use of LDL-C levels for the FH screening may be debatable, as not all patients with genetic
mutations express the HCL phenotype [10]. Nevertheless, it is the most useful tool for
initial screening because it is the most characteristic and frequent phenotype abnormality,
particularly among the young [34], it is easily recognizable by any clinician, and it is the
indicator that best predicts a later positive diagnosis of FH [9,35]. The advantage of this
study was supplementing the initial analytical screening with a direct medical assessment,
which increased diagnostic accuracy with a concise check of the items included in the
DLCN criteria. In fact, 83.3% of the genetically tested patients had a family member with
a history of hypercholesterolemia that would score points on the DLCN, data that might
easily be omitted from digital medical records.
Recent studies have evaluated the genetic yield of FH with NGS. Reeskamp et al. [36]
reported an overall prevalence of genetically confirmed FH of 14.9% within a cohort of
1528 patients with clinical FH diagnosis at a national referral center for genetic diagnosis.
The FH detection rate in subjects with DLCN ≥ 6, once stratified by higher LDL-C levels
and stricter diagnostic FH criteria, was more than 50%. The higher prevalence in this study
may be related to including subjects with DLCN 3–5 for genetic testing. Our better diagnosis yield in the DLCN ≥ 6 group could be because our cohort exhibited higher mean LDL-C
levels, fewer missing patient data for DLCN calculation, and restricted access to genetic
testing. In Wang et al. [37], among 313 patients with severe HCL (LDL-C ≥ 190 mg/dL),
65.5% of them with DLCN ≥ 6, a FH causative mutation was identified in 148 (47.3%). The
detection rate increased up to 88% in those with LDL-C ≥ 310 mg/dL. Trinder et al. [38]
found a pathogenic FH variant in 275 of 626 patients (43.9%) with previous clinical FH
diagnosis who were referred for NGS. Of their cohort, 456 patients (72.8%) had a probable
or definite clinical FH diagnosis. The percentage of genetic confirmation in patients with
DLCN 6–7 and DLCN ≥ 8 was 37.4% and 74.3%, respectively. We reported a lower prevalence of genetically confirmed FH compared to these two studies. However, only 17.9%
of our cohort had DLCN ≥ 6, and subjects with possible FH were not genetically tested
(except for 10). Despite this, in our study, the LDL-C level was the most weighted item
of the DLCN criteria, and the greatest diagnosis rate was in DLCN ≥ 8, as in Wang et al.,
where the higher the LDL-C level, the higher the diagnostic yield. Our higher percentage of
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genetic diagnosis in both the DLCN 6–7 and DLCN ≥ 8 groups, compared to Trinder et al.,
could be explained because the same professional who applied the DLCN criteria also
obtained the samples for genetic analysis. Consequently, there might have been stricter
patient classification.
Other screening strategies for FH have previously been studied, both among general
and selected populations. Khera et al. [15] studied a population with severe HCL without
ASCVD and obtained a 2% prevalence of FH. The difference in the results may be explained
because the definition of severe HCL was LDL-C ≥ 190 mg/dL, with the consequent loss
of specificity compared to our cut-off point of LDL-C ≥ 220 mg/dL. In addition, this
study did not include patients with ASCVD, and there was no direct medical assessment.
Benn et al. [2] reported a prevalence of 5% of FH in subjects with LDL-C ≥ 220 mg/dL,
conducted using a large cohort of the general Danish population. The best diagnostic yield
was obtained in patients with LDL-C ≥ 230 mg/dL (13%). Nevertheless, the percentage
of genetic diagnosis of FH in DLCN 6–7 and ≥8 points was 6% and 24%, respectively,
whereas our study showed 58.9% and 85.7%, respectively. This result may be due to only
having analyzed four genetic variations and not performing a direct medical assessment of
the patients, therefore omitting important data. However, our study represents a selected
population sample, which might explain the difference in FH prevalence compared to
the two previous studies. Abul-Husn et al. [39] described a similar situation in their
randomized cohort of patients whose digital medical records they analyzed to perform a
retrospective diagnosis of FH according to DLCN criteria. Of their cohort, 10% had the
severe HCL phenotype, with 2.5% prevalence of FH and 12.8% of genetic diagnosis in
the group with LDL-C ≥ 250 mg/dL. Finally, in Amor-Salamanca et al., the prevalence
of genetically confirmed FH was 9% in those cases ≤65 years admitted for ACS and with
LDL-C ≥ 160 mg/dL [28]. Nonetheless, index cases were detected after the development
of clinical ASCVD; therefore, following such a strategy does not allow the identification of
asymptomatic FH patients.
As previously stated, this study confirms that the diagnosis of index cases continues
to be random [1,25] and clearly improvable [20]. Given the prognostic significance of early
detection and treatment both for FH index cases and relatives, we consider it necessary to
apply screening strategies at the general population level. The screening strategy presented,
which focuses on the search for patients with a higher probability of having FH, increases
diagnostic accuracy and allows subsequent family-based cascade screening, in addition to
an efficient and rational use of healthcare resources [40].
One of the notable limitations of our study is that it was not conducted among the
general population, but rather in a severe HCL population. The objective of this study
was to establish a realistic scenario, which is why we focused on subjects with a higher
probability of having FH. Self-selection bias may exist in patients with previous ASCVD
as well as family history of hypercholesterolemia and/or premature ASCVD. In addition,
selection bias may have existed with the patient selection strategy and may have influenced
the final result due to the deliberate exclusion of patients with an apparent secondary cause
of hypercholesterolemia who could have FH. It is also possible that this strategy may have
allowed subjects with FH and not such abnormally high LDL-C to go unnoticed, as well as
those with a clinical possible FH diagnosis, although it was estimated that this represents
a small number of the adult population [10], the majority of whom can be identified in a
family-based cascade screening. Likewise, due to financial restrictions, it was not possible
to conduct genetic testing of all the medically assessed patients, although we indicate that a
large number of tests was performed. Finally, it was not possible to analyze some data from
the medical records of relatives of index cases, such as the presence of tendon xanthoma,
nor data related to non-resident relatives in the health area studied.
5. Conclusions
In conclusion, after applying a strategy of active, sequential screening of index cases,
the prevalence of FH in the severe HCL cohort of patients was 12.2%, with a high per-
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centage of genetically confirmed FH among the target population (67.9%). It is essential
to accurately select patients who should undergo genetic testing based on centralized
analytical data for a subsequent medical assessment, which can reliably stratify the patients
who have suspected FH. Our data support the applicability of an active screening strategy at the general population level, with a rational use of the available resources, which
would facilitate the early detection and treatment of FH index cases and the application of
family-based cascade screening.
Supplementary Materials: The following are available online at https://www.mdpi.com/2077-0
383/10/4/749/s1, Table S1: Dutch Lipid Clinic Network criteria, Table S2. Causative mutations in
DLCN ≥ 6 group, Table S3: Genetic variants in DLCN ≥ 6 group.
Author Contributions: Conceptualization: F.S.-P., J.S.-P., P.M. and L.R.-P.; Methodology: F.S.-P.,
P.M. and L.R.-P; Investigation: F.S.-P. and J.S.-P.; Formal analysis: F.S.-P., V.M.B.-M. and J.H.A.-B.;
Writing—original draft: F.S.-P.; Writing—review & editing: F.S.-P., J.S.-P., V.M.B.-M., J.H.A.-B., P.M.
and L.R.-P.; Supervision: J.S.-P., P.M. and L.R.-P.; Funding acquisition: L.R.-P.; Project administration:
L.R.-P. All authors have read and agreed to the published version of the manuscript.
Funding: This research received funding support for genetic testing from Sanofi-Aventis España SA
and Amgen España SA, as well as support for statistical analysis and translation from the Chair of
Advanced Therapies in Cardiovascular Pathologies, University of Málaga.
Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Ethics Committee of the Complejo Hospitalario de
Toledo (16 June 2016).
Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: Data is contained within the article and supplementary Materials.
Acknowledgments: The authors would like to thank Mario Gutiérrez Bedmar, professor in the Department of Preventive Medicine and Public Health at Malaga University, Spain, for his invaluable help.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.

3.
4.

5.
6.

7.
8.

9.

Watts, G.F.; Gidding, S.S.; Mata, P.; Pang, J.; Sullivan, D.R.; Yamashita, S.; Raal, F.J.; Santos, R.D.; Ray, K.K. Familial hypercholesterolaemia: Evolving knowledge for designing adaptive models of care. Nat. Rev. Cardiol. 2020. [CrossRef] [PubMed]
Benn, M.; Watts, G.F.; Tybjærg-Hansen, A.; Nordestgaard, B.G. Mutations causative of familial hypercholesterolaemia: Screening
of 98 098 individuals from the Copenhagen General Population Study estimated a prevalence of 1 in 217. Eur. Heart J. 2016, 37,
1384–1394. [CrossRef]
Beheshti, S.O.; Madsen, C.M.; Varbo, A.; Nordestgaard, B.G. Worldwide Prevalence of Familial Hypercholesterolemia: MetaAnalyses of 11 Million Subjects. J. Am. Coll. Cardiol. 2020, 75, 2553–2566. [CrossRef]
Hu, P.; Dharmayat, K.I.; Stevens, C.A.T.; Sharabiani, M.T.A.; Jones, R.S.; Watts, G.F.; Genest, J.; Ray, K.K.; Vallejo-Vaz, A.J.
Prevalence of Familial Hypercholesterolemia Among the General Population and Patients With Atherosclerotic Cardiovascular
Disease. Circulation 2020, 141, 1742–1759. [CrossRef]
Akioyamen, L.E.; Genest, J.; Shan, S.D.; Reel, R.L.; Albaum, J.M.; Chu, A.; Tu, J.V. Estimating the prevalence of heterozygous
familial hypercholesterolaemia: A systematic review and meta-analysis. BMJ Open 2017, 7, e016461. [CrossRef] [PubMed]
Mach, F.; Baigent, C.; Catapano, A.L.; Koskinas, K.C.; Casula, M.; Badimon, L.; Chapman, M.J.; De Backer, G.G.; Delgado,
V.; Ference, B.A.; et al. 2019 ESC/EAS Guidelines for the management of dyslipidaemias: Lipid modification to reduce
cardiovascular risk: The Task Force for the management of dyslipidaemias of the European Society of Cardiology (ESC) and
European Atherosclerosis Society (EAS). Eur. Heart J. 2019, 41, 111–118. [CrossRef]
Alonso, R.; Perez de Isla, L.; Muñiz-Grijalvo, O.; Mata, P. Barriers to Early Diagnosis and Treatment of Familial Hypercholesterolemia: Current Perspectives on Improving Patient Care. Vasc. Health Risk Manag. 2020, 16, 11–25. [CrossRef] [PubMed]
Damgaard, D.; Larsen, M.L.; Nissen, P.H.; Jensen, J.M.; Jensen, H.K.; Soerensen, V.R.; Jensen, L.G.; Faergeman, O. The relationship
of molecular genetic to clinical diagnosis of familial hypercholesterolemia in a Danish population. Atherosclerosis 2005, 180,
155–160. [CrossRef] [PubMed]
Civeira, F.; Ros, E.; Jarauta, E.; Plana, N.; Zambon, D.; Puzo, J.; Martinez de Esteban, J.P.; Ferrando, J.; Zabala, S.; Almagro,
F.; et al. Comparison of Genetic Versus Clinical Diagnosis in Familial Hypercholesterolemia. Am. J. Cardiol. 2008, 102, 1187–1193.
[CrossRef] [PubMed]

J. Clin. Med. 2021, 10, 749

10.
11.

12.

13.

14.
15.

16.

17.
18.

19.

20.

21.

22.
23.
24.

25.

26.

27.

28.

29.

30.

10 of 11

Sturm, A.C.; Knowles, J.W.; Gidding, S.S.; Ahmad, Z.S.; Ahmed, C.D.; Ballantyne, C.M.; Baum, S.J.; Bourbon, M.; Carrié, A.;
Cuchel, M.; et al. Clinical Genetic Testing for Familial Hypercholesterolemia. J. Am. Coll. Cardiol. 2018, 72, 662–680. [CrossRef]
Nanchen, D.; Gencer, B.; Muller, O.; Auer, R.; Aghlmandi, S.; Heg, D.; Klingenberg, R.; Räber, L.; Carballo, D.; Carballo, S.; et al.
Prognosis of Patients with Familial Hypercholesterolemia after Acute Coronary Syndromes. Circulation 2016, 134, 698–709.
[CrossRef]
Pérez De Isla, L.; Alonso, R.; Mata, N.; Fernández-Pérez, C.; Muñiz, O.; Díaz-Díaz, J.L.; Saltijeral, A.; Fuentes-Jiménez, F.; De
Andrés, R.; Zambón, D.; et al. Predicting cardiovascular events in familial hypercholesterolemia: The SAFEHEART registry
(Spanish Familial Hypercholesterolemia Cohort Study). Circulation 2017, 135, 2133–2144. [CrossRef]
De Isla, L.P.; Alonso, R.; Mata, N.; Saltijeral, A.; Muñiz, O.; Rubio-Marin, P.; Diaz-Diaz, J.L.; Fuentes, F.; De Andrs, R.; Zambn,
D.; et al. Coronary heart disease, peripheral arterial disease, and stroke in familial hypercholesterolaemia: Insights from the
SAFEHEART registry (Spanish familial hypercholesterolaemia cohort study). Arterioscler. Thromb. Vasc. Biol. 2016, 36, 2004–2010.
[CrossRef] [PubMed]
Perak, A.M.; Ning, H.; de Ferranti, S.D.; Gooding, H.C.; Wilkins, J.T.; Lloyd-Jones, D.M. Long-Term Risk of Atherosclerotic
Cardiovascular Disease in US Adults With the Familial Hypercholesterolemia Phenotype. Circulation 2016, 134, 9–19. [CrossRef]
Khera, A.V.; Won, H.H.; Peloso, G.M.; Lawson, K.S.; Bartz, T.M.; Deng, X.; van Leeuwen, E.M.; Natarajan, P.; Emdin, C.A.; Bick,
A.G.; et al. Diagnostic Yield and Clinical Utility of Sequencing Familial Hypercholesterolemia Genes in Patients with Severe
Hypercholesterolemia. J. Am. Coll. Cardiol. 2016, 67, 2578–2589. [CrossRef]
Versmissen, J.; Oosterveer, D.M.; Yazdanpanah, M.; Defesche, J.C.; Basart, D.C.G.; Liem, A.H.; Heeringa, J.; Witteman, J.C.;
Lansberg, P.J.; Kastelein, J.J.P.; et al. Efficacy of statins in familial hypercholesterolaemia: A long term cohort study. BMJ 2008,
337, a2423. [CrossRef] [PubMed]
Besseling, J.; Hovingh, G.K.; Huijgen, R.; Kastelein, J.J.P.; Hutten, B.A. Statins in Familial Hypercholesterolemia: Consequences
for Coronary Artery Disease and All-Cause Mortality. J. Am. Coll. Cardiol. 2016, 68, 252–260. [CrossRef] [PubMed]
Kastelein, J.J.P.; Ginsberg, H.N.; Langslet, G.; Hovingh, G.K.; Ceska, R.; Dufour, R.; Blom, D.; Civeira, F.; Krempf, M.; Lorenzato,
C.; et al. ODYSSEY FH I and FH II: 78 week results with alirocumab treatment in 735 patients with heterozygous familial
hypercholesterolaemia. Eur. Heart J. 2015, 36, 2996–3003. [CrossRef] [PubMed]
Raal, F.J.; Stein, E.A.; Dufour, R.; Turner, T.; Civeira, F.; Burgess, L.; Langslet, G.; Scott, R.; Olsson, A.G.; Sullivan, D.; et al. PCSK9
inhibition with evolocumab (AMG 145) in heterozygous familial hypercholesterolaemia (RUTHERFORD-2): A randomised,
double-blind, placebo-controlled trial. Lancet 2015, 385, 331–340. [CrossRef]
Wilemon, K.A.; Patel, J.; Aguilar-Salinas, C.; Ahmed, C.D.; Alkhnifsawi, M.; Almahmeed, W.; Alonso, R.; Al-Rasadi, K.; Badimon,
L.; Bernal, L.M.; et al. Reducing the Clinical and Public Health Burden of Familial Hypercholesterolemia: A Global Call to Action.
JAMA Cardiol. 2020, 5, 217–229. [CrossRef]
Nordestgaard, B.G.; Chapman, M.J.; Humphries, S.E.; Ginsberg, H.N.; Masana, L.; Descamps, O.S.; Wiklund, O.; Hegele, R.A.;
Raal, F.J.; Defesche, J.C.; et al. Familial hypercholesterolaemia is underdiagnosed and undertreated in the general population:
Guidance for clinicians to prevent coronary heart disease. Eur. Heart J. 2013, 34, 3478–3490. [CrossRef]
Friedewald, W.T.; Levy, R.I.; Fredrickson, D.S. Estimation of the concentration of low-density lipoprotein cholesterol in plasma,
without use of the preparative ultracentrifuge. Clin. Chem. 1972, 18, 499–502. [CrossRef] [PubMed]
Masana, L.; Ibarretxe, D.; Plana, N. Maximum Low-density Lipoprotein Cholesterol Lowering Capacity Achievable With Drug
Combinations. When 50 Plus 20 Equals 60. Rev. Española Cardiol. Engl. Ed. 2016, 69, 342–343. [CrossRef]
Escobar, C.; Anguita, M.; Arrarte, V.; Barrios, V.; Cequier, Á.; Cosín-Sales, J.; Egocheaga, I.; López de Sa, E.; Masana, L.; Pallarés,
V.; et al. Recommendations to improve lipid control. Consensus document of the Spanish Society of Cardiology. Rev. Esp. Cardiol.
2020, 73, 161–167. [CrossRef]
Mata, P.; Alonso, R.; Ruiz, A.; Gonzalez-Juanatey, J.R.; Badimón, L.; Díaz-Díaz, J.L.; Muñoz, M.T.; Muñiz, O.; Galve, E.; Irigoyen,
L.; et al. Diagnóstico y tratamiento de la hipercolesterolemia familiar en España: Documento de consenso. Aten Primaria 2015, 47,
56–65. [CrossRef]
Amor-Salamanca, A.; Castillo, S.; Gonzalez-Vioque, E.; Dominguez, F.; Quintana, L.; Lluís-Ganella, C.; Escudier, J.M.; Ortega, J.;
Lara-Pezzi, E.; Alonso-Pulpon, L.; et al. Genetically Confirmed Familial Hypercholesterolemia in Patients with Acute Coronary
Syndrome. J. Am. Coll. Cardiol. 2017, 70, 1732–1740. [CrossRef]
Den Dunnen, J.T.; Dalgleish, R.; Maglott, D.R.; Hart, R.K.; Greenblatt, M.S.; Mcgowan-Jordan, J.; Roux, A.F.; Smith, T.; Antonarakis,
S.E.; Taschner, P.E.M. HGVS Recommendations for the Description of Sequence Variants: 2016 Update. Hum. Mutat. 2016, 37,
564–569. [CrossRef] [PubMed]
Richards, S.; Aziz, N.; Bale, S.; Bick, D.; Das, S.; Gastier-Foster, J.; Grody, W.W.; Hegde, M.; Lyon, E.; Spector, E.; et al. 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, 17, 405–424. [CrossRef]
Loaiza, N.; Hartgers, M.L.; Reeskamp, L.F.; Balder, J.-W.; Rimbert, A.; Bazioti, V.; Wolters, J.C.; Winkelmeijer, M.; Jansen, H.P.G.;
Dallinga-Thie, G.M.; et al. Taking One Step Back in Familial Hypercholesterolemia. Arterioscler. Thromb. Vasc. Biol. 2020, 40,
973–985. [CrossRef] [PubMed]
Ascaso, J.F.; Civeira, F.; Guijarro, C.; López Miranda, J.; Masana, L.; Mostaza, J.M.; Pedro-Botet, J.; Pintó, X.; Valdivielso, P.
Indications of PCSK9 inhibitors in clinical practice. Recommendations of the Spanish Sociey of Arteriosclerosis (SEA), 2019. Clin.
Investig. Arterioscler. 2019, 31, 128–139. [CrossRef]

J. Clin. Med. 2021, 10, 749

31.

32.

33.
34.
35.

36.
37.

38.

39.

40.

11 of 11

Graham, C.A.; McIlhatton, B.P.; Kirk, C.W.; Beattie, E.D.; Lyttle, K.; Hart, P.; Neely, R.D.G.; Young, I.S.; Nicholls, D.P. Genetic
screening protocol for familial hypercholesterolemia which includes splicing defects gives an improved mutation detection rate.
Atherosclerosis 2005, 182, 331–340. [CrossRef]
Taylor, A.; Wang, D.; Patel, K.; Whittall, R.; Wood, G.; Farrer, M.; Neely, R.; Fairgrieve, S.; Nair, D.; Barbir, M.; et al. Mutation
detection rate and spectrum in familial hypercholesterolaemia patients in the UK pilot cascade project. Clin. Genet. 2010, 77,
572–580. [CrossRef]
Palacios, L.; Grandoso, L.; Cuevas, N.; Olano-Martín, E.; Martinez, A.; Tejedor, D.; Stef, M. Molecular characterization of familial
hypercholesterolemia in Spain. Atherosclerosis 2012, 221, 137–142. [CrossRef]
Wald, D.S.; Bestwick, J.P.; Wald, N.J. Child-parent screening for familial hypercholesterolaemia: Screening strategy based on a
meta-analysis. BMJ 2007, 335, 599. [CrossRef] [PubMed]
Kirke, A.B.; Barbour, R.A.; Burrows, S.; Bell, D.A.; Vickery, A.W.; Emery, J.; Watts, G.F. Systematic Detection of Familial
Hypercholesterolaemia in Primary Health Care: A Community Based Prospective Study of Three Methods. Hearth Lung Circ.
2015, 24, 250–256. [CrossRef] [PubMed]
Reeskamp, L.F.; Tromp, T.R.; Defesche, J.C.; Grefhorst, A.; Stroes, E.S.G.; Hovingh, G.K.; Zuurbier, L. Next-generation sequencing
to confirm clinical familial hypercholesterolemia. Eur. J. Prev. Cardiol. 2020. [CrossRef]
Wang, J.; Dron, J.S.; Ban, M.R.; Robinson, J.F.; McIntyre, A.D.; Alazzam, M.; Zhao, P.J.; Dilliott, A.A.; Cao, H.; Huff, M.W.; et al.
Polygenic Versus Monogenic Causes of Hypercholesterolemia Ascertained Clinically. Arterioscler. Thromb. Vasc. Biol. 2016, 36,
2439–2445. [CrossRef]
Trinder, M.; Li, X.; DeCastro, M.L.; Cermakova, L.; Sadananda, S.; Jackson, L.M.; Azizi, H.; Mancini, G.B.J.; Francis, G.A.; Frohlich,
J.; et al. Risk of Premature Atherosclerotic Disease in Patients With Monogenic Versus Polygenic Familial Hypercholesterolemia.
J. Am. Coll. Cardiol. 2019, 74, 512–522. [CrossRef]
Abul-Husn, N.S.; Manickam, K.; Jones, L.K.; Wright, E.A.; Hartzel, D.N.; Gonzaga-Jauregui, C.; O’Dushlaine, C.; Leader, J.B.;
Kirchner, H.L.; Lindbuchler, D.M.; et al. Genetic identification of familial hypercholesterolemia within a single U.S. Health care
system. Science 2016, 354, aaf7000. [CrossRef] [PubMed]
Lazaro, P.; Perez de Isla, L.; Watts, G.F.; Alonso, R.; Norman, R.; Muniz, O.; Fuentes, F.; Mata, N.; Lopez-Miranda, J.; GonzalezJuanatey, J.R.; et al. Cost-effectiveness of a cascade screening program for the early detection of familial hypercholesterolemia. J.
Clin. Lipidol. 2017, 11, 260–271. [CrossRef]

